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PROJECT OF SEMICONDUCTOR HIGH-POWER HIGHREPETITION RATE COMPACT ACCELERATOR
E. Gastjan*, L. Kazanskiy, MRTI,
Warshawskoe Shosse 132, Moscow 113519, Russia
Abstract

2 ACCELERATOR PROJECT

The paper describes project of a compact accelerator
(120 kV, 2 kA, 15-25 ns pulse duration, 1 kHz repetition rate). To attract an attention of accelerator
community to abilities of modern power fast
semiconductors, this device is suggested to create by
using modem high-power super-fast semiconductor
switches.L

Let's consider more in detail principle of operation of
the accelerator. In Fig. 1 one section of the device is
shown. A toroidal inductor Lp is inserted in a
transmission line

1 INTRODUCTION
The tendency of the last years in the field of
development of high-power pulse and accelerating
facility is the maximum extension of possible areas of
its application. It demands development simple in
circulation, reliable in maintenance, and, principal,
whenever possible of compact devices. On the otherAB
hand, for the last two decades of research in the field,
of a solid state physics have resulted in creation of
semiconductor devices [1-2], which parameters have
allowed to create generators of high-voltage highpower impulses working in a repetitive mode [1, 2].
Figure 1: Principal schematic of the accelerator
However, till now these semiconductor devices have
section
not found the place directly in development of TL, which generally can be a coaxial line or can be
accelerating facility. The presented paper is devoted loaded with a beam of charged particles. Originally
to exposition of idea of possible usage of modem capacitor C is charged by an external source up to
semiconductor devices [2] for creation of a compact primary voltage Up, reaching several kilovolt, then it
accelerator device, which, on our opinion, can find starts to be discharged through walls of the inductor
rather broad application. In the basis of this device connected by a semiconducting switch S. There is a
the principle stating lies that the inductive storage of transfer of the energy, accumulated in the capacitor,
electrical energy combined with possibilities of modem in an energy of a magnetic field of the inductor and
semiconductors, is most perspective for creation of at reaching a maximum value of a current in the
high-power pulse devices working with a high inductor, when the voltage on the capacitor C
repetition rate. Instead of gas discharges, which limit becomes equal to zero, the switch S is turned off,
a pulse-repetition rate and have enough wide jitter switching the inductor on a load. Thus on the gap
in a response time, it is offered to use new AB there is a high voltage U2, which generates electnic
senmiconducting switches. These switches are capable pulse in a coaxial line or accelerates charged particles
to reconnect for extremely short time (0,1 - 1 ns) of a beam.
currents by magnitude 1- 10 kA at an operation voltage
The simple estimates display, that at small time
10 - 100 kV [2]. In addition, the process of switching of switching At the maximum voltage on the gap AB

TL

is controlled with split-hair accuracy, as the jitter in

operation of keys does not exceed 20 ps. Thus the
repetition rates of switching limits only by conditions
of heat rejection from the device and can reach tens
of meghertz.its
*)E-mail address: galstjan@aha.ru
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

has magnitude U2=

U101weet

L-12,t

Lp/Z 2referencwhee
oftime
chprging an icagn
of the inductor. The front of high-voltage impulse is
determined by time of a rupture of a current At, and
duration - discharge time of the inductor t2. Thus,
though scheme of the section reminds to section used
in linear electron accelerators, actually it works
=
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completely in another way. In usual linear accelerator
the energy, transforming in accelerating impulse, is
stored in capacitors, and in our accelerator - directly
in the inductor of the section, that allows effectively
generating short (10 - 15 ns) high-power electric
pulses. Besides it is possible to shape very short
impulses (3 - 5 ns) of rectangular form by using
matched radial lines as the inductors.
However incarnation of all these ideas in actual
devices requires a solution of a lot of engineering
problems. For this purpose now in Institute of
Experimental Physics (Sarov, Russia) in cooperation
with the authors the construction of an accelerator
grounded on the above-described principles is
developed. This accelerator is designed to operate
with the cold explosive-emission cathode, for which
it is necessary to create an operation voltage not less
than 100 kV. Therefore, a series connection of several
described above sections is supposed. As the first
variant it is supposed to connect sequentially such
three sections. At primary voltage U, = 4 kV and the
relation t0/t
2 = 10, the output voltage on the cathode
should be 120 kV at pulse duration about 15 - 25 ns,
working current up to 2 kA and repetition rate of
working impulses I kHz. On this accelerator it is
supposed to decide engineering problems, bound up
with a construction, an electrical circuit, matched
operation all sections etc.
D Icould
Sw

Lt

M

C

___

T1
L3

C2
L2

R

7The

T

I•described

T2
Figure 2: Electrical circuit of the section.
(CF= C2=
Elc0.4
,cLra L2 t 30 H,
10 Ohm)
L3 = 0.2 pHt, R,
In fig. 2 one of possible variants of the principle electrical circuit of a section of the above-described accelerator is shown. A semiconductor switch, first of
all, defines the view of this circuit, as it demands
initial pump by electrical carriers in a forward directioand the rup e oTchashnikov
tion,pture
of a current happens at opposite direction of a current, when it reaches a maximum value. In addition, the charge, which is flow-

in the opposite direction. This condition also determines choice of the circuit. The circuit operates as
follows. Originally the capacitors C, and C 2,
connected in series, are charged through inductances
L, and L2 up to the primary voltage. Further capacitor
C, is used for direct pump of the semiconductor
switch. For this purpose the thyristor T, is turned on
at a closed thyristor T2, and the capacitor C1 is
completely recharged through the inductor and the
switch. After the recharge process is over, the thyristor T2 is turned on and, as a result, capacitors C,
and C 2 are connected in parallel. It results in that the
above-stated condition of equality of an amount of
the flowed past charges is fulfilled for a quarter of
phase of oscillation of a reverse current. At a maximum value of a current in the inductor L3, the switch
produces cutoff of this current and the voltage pulse is
shaped on a load resistance R,.
It is necessary to mark that the selected operational mode of semiconductor switches in the given
circuits is far from limiting on output voltage. For
this reason, expected rate of acceleration can reach
only moderate magnitude - 0.2 MV/m, but this value
may be gained. Besides it is known, that an electron
beam generated by a cold cathode with an explosive
emission, has no enough high quality. It limits its
applications, for example, in Free Electron Lasers.
In our variant of the accelerator the generated beam
be additionally accelerated up to a necessary
energy in a set of the same sections, loaded on the
beam. In this case, quality of the beam could be
essentially improved.
Thus, usage of modem semiconductor switches
allows creating the compact device both a generator
of power electric pulses, and an accelerator of charged
particles. The generator of electric pulses can be used
in medicine and biology, where a possibility of selective action of short electric pulse on a cell now is
researched [3].
accelerating devices, assembled from above
sections, are good sources of charged particle (electrons, protons, and ions) bunches, which
can be used for generation of electromagnetic
radiation, for surface treatment, in an ecology etc.
Besides it is possible to gather classical Linacs with a
possibility of acceleration of bunches up to large
energies.
3 REFERENCES
11]. Lyubutin S. K., Mesyats G. A., Rukin S. N., at al. In
Proc.: XI Int. Conf. on High Power Particle Beams.
Prague, Czech Republic, 1996. V.I. P.1211-1214.
12]. Efanov V.M., Karavaev V.V., Kardo-Sysoev A.F.,
I.G. Fast ionization dynistor (FID) - a new
semiconductor superpower closing switch. H/In Proc.: XI
IEEE Int. Pulsed Power Conf. Baltimore, USA, 1997.
P. 988-991.

ing past through the switch in a forward direction,

[3J. Schoenbach H. at al. The effect of pulsed electrical fields

should coincide with the charge that has flowed past

on biological sells. //In Proc.: XI IEEE Int. Pulsed
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THE ITEP-TWAC INJECTION AND EXTRACTION KICKER
V. Krasnopolsky, S. Krylov, G. Mamaev*, S. Mamaev, S. Poutchkov,
I. Tenyakov, V. Fedorov, MRTI RAS, Moscow
A. Sidorov, JINR, Dubna
N. Alekseev, ITEP, Moscow

Table 2: The specification of the kicker 2.

Abstract
The system multi-turn injection and fast extraction for
installation ITEP-TWAC is developing in MRTI RAS. In
this paper one kicker in injection ring and one extraction
kicker in storage ring are described. In both kickers rise
time of magnetic field is not more 300 ns, and platen
duration 300-500 ns. The total length of the injection
kicker is 1.8 m, aperture is 0.1x0.1 m and kicker
strength is 0.16 T-m. The total length of the extraction
kicker is 1.5 m, aperture is 0.09x0.09 m and kicker
strength
0.14 T.m.
kickersofarenumber
situated uniform
outside
vacuum is
chamber
andBoth
consisted
vacum
ancambr
cosised f nuberuniorm
sections 0.3 m length. In each section ferrite magnet,
pulse former line, matched resistor 2.5 Ohm and 50 kV
ceramic metal thyratron with grounded grid are used.
Pulse
current
magnet
in orderline
to
magnetic
fieldin each
not more
0.i1achieves
T. In 7-8
eachkAformer
concentration capacitors and inductance in order to
storage energy and pulse correction are used. The
compact pulse power supply system in each section gives
the possibility connection with magnet short feed buses
without low-impedance 2.5 Ohm cable.
1 GENERAL DESIGN
The kicker of the injection ring (kicker 1) and the kicker
of the storage ring (kicker 2) are parts of installation
ITEP-TWAC [1]. A performance specification for the
kickers is given in table 1 and table 2.

Magnet total length
Magnetic field
Rise time (1-95%)
Flat top
Fall time
Flat top tolerance
Repetition period:
Beam aperture in magnet
Field uniformity in half-aperture

Series parameters each kicker is near parameters kicker
for installation "Mirabel" [2]. For this reason each
for instltion
"Mirabel"
2.
r i
eas ach
magnet consist of sections like "Mirabel" magnets and
pul
unit.
Kicker 1The
consist
of sixbeam
sections,
consist
of
five sections.
ceramic
tubekicker
is used2 in
kickers
because the vacuum in the insallation IP-TWAC is
very high (10-10 _ 10-13 torr).

2 MAGNETS
The cross section of magnets is shown in Fig. 1.
Kickerl:
h = 100 mm; s= 100 mm, D =80 mm.
Kicker2:
h = 90 mm; s =90 mm, D =70 m-.
mm
$S

Table 1: The specification of the kicker 1.

Magnet total length
Magnetic field
Rise time (1-95%)
Flat top
Fall time
Flat top tolerance
Repetition period
Beam aperture in magnet
Field uniformity in half-aperture

-

1.812 m,
0,0883 T
300 ns
(300-500) jis
Unlimited
±5%
1s
80 mm-diam.
±3%

_I

bus/ ceramic

*E-Maai: mamaev gamail.sitek.ru

0-7803-5573-3/99/$10.00@ 1999 IEEE.

1,51 m
0,0947 T
300 ns
(300-500) ns
Unlimited
±5%
1s
70 mm- diam.
±3%

ferri

bus

Figure 1: Cross-section of magnets.
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The length of each section of each magnet is equal to
300 mm, and ratio h/s of each section is equal to 1. In the
results the inductance of each section is equal to 400 ni.
The magnetic circuit consist of ferrite 600 NN. The
thickness of ferrite plate is 20 mm. Epoxy compound is
used for gluing. The feed buses are manufactured from
aluminium. For target magnetic field we have to receive
the current near to 8 kA in feed buses. The fermte and
feed buses are situated in air and in the result the aircooling is possible.
(Look right for continue),

•3 PULSE SUPPLY UNIT
The rise time of pulse 300 ns gives the possibility to use
in forming line concentrated capacitors and inductances
[3]. The commutator for current 8 kA is the main
problem in our case. The thyratron TGII-2500/50 is
used. It works at voltage 40-50 kV and connected on the
circuit with a grounded grid [4,5]. In this circuit the
main current of a load going through the gap anode-grid
and the gap grid-cathode is used only for initial pulse. In
this case the oxide-coated cathode is not destroy. Each of
magnet section connected to self-contained pulse supply
unit, which electric circuit is shown in Fig. 2.

5OnF

5OnF

R2

C

C

C

5,OnF

RI
2.5Ohm

180nil

180nil

Rb

250niH

450nHl

C1
1.nF

2
14nF
400nHl

2.50hm•

---

50kV

2.50hm

50nF

50nF

-current

Initiale-pulse

Figure 2: Electric circuit pulse supply unit in connection of the magnet.
Own inductances of capacitors and buses are not shown
in Fig. 2, but were considered in the pulse current
calculation. Own inductance of a magnet Lm fulfils
functions of inductance of the first cell. Common number
of cells is equal to five. The small number of cells has
required for optimization of the form of pulse to use
forming line with various inductances L1-L4 in cells. For
correction of front of pulse two additional cells RI Cl
and R2 C2 were added also. The matched resistor R=2,5
Ohm is connected between anode of the thyratron and
output of line. The small value of resistor R=2.5 Ohm
could make difficulty for connection of a forming line
with magnet by a long cable with a low impedance Z=
2,5 Ohm. Taking into account difficulties of using of
such cable we decided to place each unit near to
appropriate section of the magnet and to use for
connection the pair of short buses. Buses are connected to
the grounded grid of the thyratron and to another output
of line. Their inductance is not more than 180 ni. Due
to this the high voltage on buses is absent during
charging a line and on a flat top when U=Lm.dI/dt - 0.
The voltage arises only during the rise time and the fall
time of pulse and is not more than 25 kV. It simplifies

the high-voltage insulation of buses and ferrite in magnet
located on an air.
During development one or two type ceramic and oil
capacitors were tested. As a result oil capacitors IK1000.05 were used in cells of line C and ceramic capacitors
KVI-3 were used in cells RIC1, R2C2.
The experimental model of the unit kickerl was
manufactured as a result of development. It consists of
the pulse supply unit and the section of magnet. The
general view of the model is shown in Fig. 3.

Figure 3: Experimental model of the unit kickerl.
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4 EXPERIMENTAL RESULTS AND
FUTURE DEVELOPMENTS

6 REFERENCES

On experimental model electrical durability, form of

pulse of a current in buses of a magnet and pulse of a
magnetic field in a working clearance and also
uniformity of a magnetic field were investigated. Single
break-down in air on constant charge voltage were

observed only 35 kV up, nevertheless they have not

[1] N. Alekseev, D Koshkarev, B. Sharkov et. al., "Modernization of the
Accelerator-storage Facility in ITEP-project ITEP-TWAC, 15" Russian
Charged Particle Accelerator Workshop, v.2, p. 319., Protvino, 1996
[2] A. Aseev, A. Afonin, A. Drogdin et. al., "Proton Quick Ejection from
70 GeV Accelerator for Liquid Hydrogen Chamber "Mirabel",
Proceedings 3d Charged Particle Accelerator Workshop, v.2, p. 160, M.,
"Science", 1978
[3] Y. Vahrushin, A. Anackiy, "Line Induction Accelerators", M.

Atomisdat, 1978, p. 78-82.

hindered to lift charge voltage up to 47 kV and to

[4] Ceramic Metal grid Thyratrons, EGG Electro-Optical Division, Data

achieve the calculated current 8 kA. There were no
breakdowns in insulation of buses of a magnet during

[5] A. Belaev et. al., "Investigations of the Start and Commutation
Thyratrons TGI 1-2500/50, JINR, 9-103 13, Dubna, 1976

a
pulse voltage. The form of pulse of a current in buses of
magnet and pulse of a magnetic field in clearance was
further defined. The measurements were carried out by
two types of monitors and have shown satisfactory
coincidence with calculated form of pulse.
The outcome is shown in Fig. 4.
.98e-02

T_

7.18e-02 B.T
0.00e.0

_

7.50e-07

1.50-06

2.25#-06

3.00e-06

Figure 4: Magnetic field pulse in the median plane
(charge voltage U=20 kV).
The necessary charge voltage was defined as the result
of measurements. For kicker 1 it is equal 48 kV, for
kicker 2 it is equal 46 kV. The oil insulation in a power
supply unit was decided to use for the guaranteed
electrical reliability. This oil insulation is used for all
parts of unit, where constant charge voltage is, including
a thyratron. The construction of a power supply unit with
oil insulation is developed.
Preliminary measurements the uniformity of a magnetic
field in the median plane were made also. At the distance
15 mm from the center of ceramic tube the uniformity is
equal (2.0 - 2.5)%.
The test of the power supply unit with oil insulation and
the measurement uniformity of a magnetic field in full
aperture are planed for nearest future.
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INFLUENCE OF THE TECHNOLOGICAL PROCESS CONDITIONS
TO PARAMETERS OF MAGNETIC CORES FROM
RIBBON AMORPHOUS ALLOYS*
I. Bolotin, G. Mamaev#, S. Mamaev, S. Poutchkov, A. Ctcherbakov,
MRTI RAS, Moscow
Abstract
In an electrical engineering and items of powerful impulse
engineering are actively applied amorphous magnetically
soft alloys, which can substitute electrotechnical steel,
permalloy and ferrite. A high specific electrical resistance
and low specific losses, especially in items working on
high frequencies characterize the amorphous alloys. The
characteristics of items from amorphous magnetically soft
alloys essentially depend on chemical structure of a ribbon
as cast and conditions of technological processing
(winding, applying of interlayer insulation coating,
thermomagnetic processing and measurements).
Especiallycores,
this dependence
propertiespulse
of
magnetic
intended for appears
use in onmagnetic
compression circuit, magnetic switches, inductors for
linprear a cclraito
n
,highmvoltagnet
lswhes,
t
ns
torrs
e.
linear accelerators, high voltage pulse transformers etc.
The outcomes of researches on controlled effect through
the technological process on parameters of magnetic cores
from amorphous and nanocrystalline alloys are reduced.
The properties of magnetic cores are investigated in two
frequency ranges: on frequency 50 Hz and of large speeds
of magnetic reversal - up to 30 T/ps (in this range the
losses in cores are analyzed).

1 INTRODUCTION
The influence of an interlayer insulation to properties of
manufactured cores from amorphous alloys is now well
explored. It is known, the coat by thickness - 1 micron for
a theoretically smooth tape allows to yield a core with
record
low
losses.
Substantially
tapes
have
inhomogeneities (salients, peaks, nicks-and-burrses),
resulting in necessities of thickening of a coat. It gives in
diminution of a pack factor and magnification of losses,
We have tried to find requirements of a manufacturing
process permitting to reach an optimum relation between
these parameters.
The analysis of influence of requirements of a
manufacturing process on the most relevant parameters of
cores was carried out on cores intended for usage in
switching devices, i.e. having a so-called rectangular

hysteresis curve. All cores had been manufactured of an
amorphous tape (2605SA1, 2605SC from AlliedSignal,
(USA), 30KCP, 9KCP, 2HCP, 5BDSR from Amet
(Russia)) of width 20-25 mm and thickness 25±10 Pim.
The cores were made with insulation interlayer based of a
fluid soda-ash glass (technology MRTI RAS) and
annealed in a longitudinal magnetic field. Mass of cores
were from 0.2 up to 2 kg.

2 RESULTS AND DISCUSS
It is easy to effect on the mentioned above two basic
cinterlions of quality of cores by thickness of interlayer
insulation
and by of
tension
of theoncores.
The influence
tape during
tension winding
at winding
magnetic
parameters of the cores is well-studied [1]. Is exhibited
that the overflow of gain of a tension of quantity in 10 N
carries on to slope of parameter Br, therefore opportunity
of magnification of a pack factor at the expense of gain of
a tension is restricted. Thus, the searching of an optimum
relation between the indicated criterions of quality of the
thickness of coating using an opportunity to change
thickness of coating available by MRTI RAS technology.
It was explored influence of thickness of the coating to
losses in cores manufactured from a widely known alloy
2605SA1. The cores with different coating, which had the
values of breakdown voltage from 10 up to 40 V, were
winded with gain of a tension in ION and were tested. The
cores were manufactured on special installation, which
allow to realize the whole chain of the process (winding,
coating, annealing, test measuring of parameters) [2].
The estimation of dependence of losses in cores from a
value insulation breakdown voltage at magnetization rates
of about 19 TIps and 12 Tips was done. The master data
obtained during experiments at different magnetization
rates are represented in Fig. 1 and 2 accordingly.
As display the diagrams in Fig. 1 and 2, the dependence
of losses in cores from a breakdown voltage value has the
exponential character. The fracture of an exponential
curve is in region 15 - 20V of the breakdown voltage of
insulation. Therefore reduction rate of losses in the core at
increasing of the thickness of insulation at

"Worksupported in part by LLNL
*E-mail: mamaevg@mail.sitek.m
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.
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on 20V of a breakdown voltage, depending from
magnetization rate from 8 up to 27 Tips are shown.
In Fig. 4 the graphs of change of losses in cores
manufactured of such iron-based alloys of the Russian
production as 30KCP, 9KCP, 2HCP with insulation for
20V, depending on magnetization rate function are given.
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breakdown voltage greater 20V will be less than reduction
rate of the packing factor. We consider that optimum for
the insulation is the insulation providing breakdown
voltage not less than 20V. With such thickness of the
insulation (20V of a breakdown voltage coated on
technique MRTI RAS), we reached on alloys 2605SA1
and 2605SC the magnitude of a packing factor more than
80%. In Fig. 3 dependence of losses in cores from of
alloys 2605SA1 (thickness of tape - 22pm) and 2605SC
(thickness of tape - 17pm) wound with tension in ION
with insulation,

The major contribution for reaching
of the good results
is given by surface quality and geometry (squareness of
section) of the tape. The preliminary grinding of a tape as
cast helps considerably to improve total parameters of
cores from the tapes with medial and poor surface quality
and geometry. The preliminary grinding also allows to
reduce thickness of insulation without magnification of
losses in the core. The results of measuring of losses in
the cores manufactured from a customary and ground
tapes from a cheap electrotechnical alloy 9KCP with
insulation, calculated on 1OV of a breakdown voltage are
shown in Fig. 5.
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Figure 3: Losses for 2605SA1 and 2605SC for flux swings
2.OT and 2.5T.

Figure 5: Losses for customary and grinding 9KCP for
flux swing 2.5T
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As it is clear from the graphs, the values of losses in the
Thus, if the information on the opportunity of
core from the ground tape are comparable with losses in
magnification of an induction of saturation up to 1.5 the core from the alloy 2605SC, distinguished by
1.65T will be confirmed, the alloy 5BDSR has
extremely low losses,
indisputable advantage before usual amorphous alloys.
It is necessary to mark essential influence to losses in
2.1 Technique of monitoring and measuring of
cores of a magnetic annealing, which one should be
conducted with a major exactitude (temperature, time of parameters
annealing and cooling) to receive optimum properties and
to not suppose a partial crystallization, which one reduces
O a n
highfe
nyt
m
nti onerte upt3
greatly
the
magnetic
properties.
It
is
necessary
to
mark
Tipas)
installation
shaping
high-current
impulse
advantages, which one can obtained with using the
of a discharge current beforehand of the one-time
charged capacitor
modemantanocrstahic
ne calloys ie fromRussia.
with
t
is applied. For deriving results PC with built-in doublemodemNanocrystalline alloyshave themminiumosse. lchannel
8 bit analog-digital converters with a frequency of
Nanocrystalline alloys have the minimum losses, low
s m ln
0 ~
s a pi
m a ui g ofo
coercive force and constant of magnetostriction. The
sampling 100 MHz is applied.d Onnd
datat off measuring
alloercie foresno constain
suchst
materias, asTahcel
magnetization field magnitude and the inductions in the
alloy does not contain such scarce materials, as a nickel
further
and
cobalt.
The
5BDSR
alloy
has
a
coercive
force
and
cores
curve
of
a
hysteresis
aurter
value of a magnetic permeability comparable with the
analysis will be carried out on obtained hysteresis curves.
accordingavaluestof permebision am orphousralloys 82
t
P
The accuracy of such combined measurings - is not worse
according values of precision amorphous alloys 82K3XCP
thn110 %.
than
and 82K2XCP (Russia) containing more of 80% of a
cobalt, also the value of an induction Bs for an alloy
3 CONCLUSION
5BDSR is much higher (1.2 against 0.5). For these alloys
the procedure of annealing became rather simple - the
The opportunity of reaching the optimum relations
only critical parameter is the holding period of the core at
between magnitudes of a packing factor and interlayer
fixed temperature -540°C.
insulation thickness is exhibited.
In a Fig. 6 results of measuring of losses in the core
The advantages of usage of modem nanocrystalline
manufactured from nanocrystalline alloy 5BDSR in
alloys to production of cores are shown.
comparing with losses in the core manufactured from an
alloy 2605SC with insulation, calculated on 20V, at flux
4 REFERENCES
swing IT are represented.
[l] D.M.Nathasingh, C.H.Smith and A.Datta IEEE Trans. Mag. MAG(1984)
[2] http://www.triumf.ca/PAC97/papers/pdf/7P095.pdf
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Figure 6: Losses for 2605SC and 5BDSR for flux swing
IT
As it is visible from the graphs the losses in the core
from 5BDSR are two times less than in the core from
2605SC. But the nanocrystalline alloy has the low
induction of saturation Bs=1.2T. However Russian
manufacturers assert that they can raise an induction of
saturation of this alloy up to Bs=1.5-1.65T. The cost of an
alloy 5BDSR of the same order, as well as amorphous
alloys with the small content of a cobalt - 40-50 $/kg. At
the ordering of major lots (order 2-5 tons) the cost can
diminish till 10-15 $/kg.
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RESULTS OF START OF THE 150 KV MAGNETIC
PULSE COMPRESSOR
S. Krylov, G. Mamaev*, S. Mamaev, T. Latypov, S. Poutchkov,
I. Tenykov, V. Fedorov, MRTI RAS, Moscow,
A. Sidorov, JINR, Dubna

Abstract
The powerful pulse generator with target parameters 150
kV, 37 kA and duration of a pulse 150 nsec was
described in article [1]. The magnetic cores from
amorphous alloys with ratio Br/Bs more than 0.9 were
used as the key elements in the generator. We have
carried out process of start, adjustment and have obtained
the designed parameters. The researches on improvement
of electrical durability of installation and the researches
of losses in cascades of the generator have been carried
out. The greatest attention devoted to the research of
work and modernization of the second step of
compression, to the reduction of its inductance with the

purpose of to reduce built-up time of a pulse. We
managed to receive built-up time (at a level from 0.1 up
to 0.9) of the generator pulse about 40 nsec.
1 GENERAL DESIGN
The general parameters of the generator are:
Output voltage
150 kV
Output impedance
4 Ohm
Output pulse duration
150 us
40 ns
Build-up time
Pulsed-oscillator starting
10 ns
time (jitter)
1 pulse/min
rate
Repetition

one-turn
choke
Zr LD2

three-turn
R2choke
+50kV Ri

1.0hrn

ffLI

Fl

Initiate-pulseT

Figure 1: The generator design.
The generator includes an energy store Cl, thyratron

chokes is performed. After that the induction of all cores

switch Vi and step-up transforner (there were used two
transforners Ti and T2 connected in parallel). The

is equal to maximum• residual induction - Br. The
demagnetization pulse current Idem is creating by the

secondary energy store C2 is connected to secondary
winding of transformer. By means of saturable choke
LDi1, energy of the store supplied to pulse forming line
(PFL). Charged PFL connects to load RL by means of
second saturable choke LD2. After each pulse, the
demagnetization of the cores of the transformers and

demagnetization unit, which is not shown in Fig. 1. The
choke LD4 and capacitor C3 forms a filter for the
protection of the demagnetization unit from high voltage
of the secondary windings of Ti and T2.
The demagnetization current branches on 2 parts. First
saturates transformer cores. It magnitude is limited by
resistor R2, R.3. The second part saturates a circuit of the

• Email: mamaev g~mail.sitek.ru

0-7803-5573-31991$10.00@1999 IEEE.

series connected chokes LD1, LD3, LD4, LD5. The
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choke LD5 shunts a load. It allows reducing
demagnetization unit power. As this circuit is saturated
after saturation of transformers, it is not necessary to
limit this current.

Ca.0.aro

Figure 2: The basic voltage diagrams.

Stpu

Below there are the results of starting up of the
generator.
1. 1

1.1

rimay cicuitFor

rimay cicuittransformation

It is the battery of store capacitors (Cl) and charged discharged circuits, connected to it. We had the
breakdowns near capacitor buses at the 50 kV voltage
level. To achieve calculated high-voltage durability the
heating of the oil in pumping out vessels was made. We
have achieved breakdown voltage of the oil 65-70 kV
(before drying it was 30-3 5 kV) on VDE0370
measurement, which is equivalent - 58 kV on VTE. We
have to improve the high voltage buses and other
elements with the purpose to reduce strength of the field,
and also to improve the reliability threading joints, as the
discharge current exceeded 50 kA.
ranmisson f eerg tothe
1. 2Yheciruitof

1.2o he
trasmisionof
ircut
nerg tothe
secondary store

*trC

Choke

trns

Figure 3: The basic elements of the generator first step.
achieving the voltage 300-3 10 kV we have to raise
ratio from 7 up to 8.5 and the same time
the conditions of transmission of the energy had been
improved a little.
The reduced value of capacity C2 to the primary
winding of the transformer with new factor became
closer to capacity of a primary store, than before.
After testing the efficiency of the first step, which is
equal to ratio of energy of secondary and primary stores
became 0.7.
1
hk
ftefrtse

13Coeo h is

tpL

Choke of the first step has three turns wound around
ferromagnetic core with rectangular square loop of a
9KCP). The cross section of the steel
hysteresis (material
S = 290 cm 2, weight of a material of the core - 200 kg.
The choke is realized from 4 in series connected sections.
It was made with the purpose of a voltage reduction
between choke turns (Fig. 4).

We used two transformers connected in parallel in order
to receive the necessary power using one of our
transformer design and also with desire to reduce the
weight of each unit. In Fig. 3 the basic elements of the
first step of a generator - primary energy store, thyratron
unit, step-up transformer and also choke are shown.
Basic work, which was carried out with the transformer,
is an optimization of its factor of transformation with the
purpose of deriving on the secondary store C2 of
necessary voltage - 300-3 10 kV. In Fig. 2a the
oscillogram of voltage on the secondary store C2 is
shown. As to duration of charging pulse, this parameter
has not caused the problems; i.e. the time was close to
calculated one - about 1.5 microsecond. The voltage on
C2 had appeared a little less than expected on 10-15%.
The research has shown that it was connected to active
losses in an outline of transmission of energy. For*
localization of losses the work of the first stage of a
generator with disconnected second stage was Figure 4: The view of the first step choke.
investigated and it was shown that the main losses were
At the beginning of the work there were the
the losses in capacitors. On resonance frequency (f = 300 breakdowns between the turns of output section because
kHz) their quality factor Q = 7. Quality factor of the of non-uniform distribution voltage along sections. After
transformer together with buses is 80.
saturation of the choke water line is charged during 0.5
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microsecond. The stray capacitance, which is derived by
last section on a grounded screen, is charged up to 300
kV. The terminal of the last section connected to a water
line after it discharging appears under a zero potential,
that means that on winding of the section there is a full
voltage - 300 kV. For it elimination the capacity divider
was installed, which aligned voltage along sections. Also
the clearance between the first and third turns in last
section was enlarged. After these changing the choke
worked reliable. The calculated time of charging of a
water line 0.45 - 0.5 microsecond was obtained without
additional regulation and adjustment. The moment of
saturation choke Ll approximately corresponded to a
maximum of a charge of a secondary store without

1.5 Diagnostics
In a construction of a generator the measuring voltage
dividers and also measuring transformers of a current are
installed.
The measuring voltage divider is connected in a
parallel way to capacitor C2 (Fig. 3). Two measuring
voltage dividers are built in the water line. The resistive
divider is connected in a parallel way to the load of the
generator. Measuring transformers of the current are
installed on the input and output of the PFL. In Fig. 4 the
resistive divider and also measuring transformer included
in one of six parallel resistors of a load of the type TBO60 are shown.

2 REFERENCES

additional regulations.

1.4 Choke of the second step L2

[1]G. Mamaev, S. Mamnaev, T. Latypov, S. Poutchkov, A.Ctcherbakov,
L Tenyakov, (<150 kV Magnetic Pulse Compressom>, Vancouver,

Originally installed double-turn choke with additional
sharpener of voltage was replaced by two connected in
parallel single-turn chokes. We used additional material,
but simplified deriving a necessary sharpness of the front
of impulse. A cross-section of the steel is equal 237 cm 2.

Chokes were made from the same type of the
ferromagnetic cores, using material 9KCP. The voltage
waveform on a load (4 Ohm) is shown in Fig. 2b.
Efficiency of installation as a whole, defined by a ratio
of output pulse energy to energy of a primary store is
equal about 0.5. If to take into account, that the efficiency
of the first step is equal 0.7, it is received, that in the
second step the efficiency is 0.7. The reason of losses in
the second step was not investigated, since losses were
not the defining factor for the installation.

Figure 5: The view of the second step loads area.
Nevertheless, the losses can be explained by some
mismatching of the water line and load, and also by
incomplete transmission of the energy from a secondary
store to PFL. In Fig. 5 the chokes of the second step with
an on-line load are represented.
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A PULSED MODULATOR POWER SUPPLY
FOR THE g-2 MUON STORAGE RING INJECTION KICKER"
J. Mi, Y.Y. Lee, W. M. Morse, C.I. Pai, G.C. Pappas,
R. Sanders, Y.K. Semertzidis D. Warburton, and R. Zapasek, BNL, Upton, NY, USA
K. Jungmann, HU, Heidelberg, Germany, L. Roberts, BU, Boston, MA, USA
Abstract
This paper describes the pulse modulator power supplies
used to drive the kicker magnets that inject the muon
beam into the g-2 storage ring that has been built at
Brookhaven National Laboratory. Three modulators built
into coaxial structures consisting of a series circuit of an
energy storage capacitor, a damping resistor and a fast
thyratron switch are used to energize three magnets that
kick the beam into the proper orbit. A 100 kV charging
power supply is used to charge the capacitor to 95kV. The
damping resistor shapes the magnet current waveform to a
450 nanosecond half-sine to match the injection
requirements. This paper discusses the modulator design,
construction and operation.

INTRODUCTION
The goal of high energy physics experiment AGS 821 is to
make precision measurements of the muon g-2 value,
These measurements require the use of a super-conducting
storage ring to store a circulating muon beam. The muon
beam intensity in the storage ring is increased by moving
the beam into the proper orbit with three kicker magnets
after injection,
The kicker magnets are located in the ring, down
stream of the inflector. Each of the three kicker magnets
is driven by its own pulse modulator power supply. The
kicker system deflects the 3.094GeV/c momentum beam
10 mrad'.
The initial development of the pulse modulator can
best be described as long and arduous. The first prototype
model used a sparkgap as a switch. While the modulator
was able to produce the correct current amplitude and
waveform,
switch life was limited
at most one million
ere
maufaturrs
vaiouto manufacturers
gps off various
pulsS2.Thespak
pulses 2. The spark
gaps
were
tested with no improvement in switch life. Many months
of R&D were invested into looking for causes and a
solution to electrode deterioration. The gap electrodes'
were replaced with electrodes of different materials but
they failed because of metal migration, pitting and
sputtering.

The prototype structure was modified and the sparkgap
was replaced by a high voltage thyratron. The modulator
was pulsed over three million times without failure.
The modulator is a simple low inductance coaxial
structure consisting of a grounded cathode thyratron in
series with a damping resistor, an energy storage capacitor
and the kicker magnet. The capacitor is charged by a
resonant charging power supply. The series discharge
resistor provides a load for the circuit. The resistor value
was chosen to limit the thyratron current during discharge
and to reduce the pulse reverse voltage.
Because of the sensitivities of other systems and
instrumentation associated with the storage ring, much
thought was given to electromagnetic compatibility
(EMC).
Consideration was given to the isolation and
grounding of all parts of the system. Prevention of
electromagnetic interference (EMI), from the high energy
circuits was accomplished by using a totally enclosed
outer conductor of the modulator and the magnet chamber.
Power supply and magnet currents are kept inside to
provide a continuous low noise grounding circuit with no
external conducted or radiated EMI. All power-wiring
conductors are filtered. Instrumentation shields and
cabinets also required planning and carefully placed point
grounds.
The associated trigger timing system, auxiliary power
supplies, and controls are located inside the g-2 ring
adjacent to the modulators.

DESIGN AND SIMULATION
The modulator is required to generate a nominal 450 nsec
half-sine 4.3 kA peak current pulse in the kicker magnet.
30 Hz
of six pulses at a nld
modeuuerqieet
operate in a burst
It mustiha25scn
rt
eid
rate with a 2.5 second period. Future requirements include
doubling the number of pulses to 12.
Computer simulations were used to optimize the
simple RLC circuit so that the current amplitude and pulse
length requirements could be met with realizable

"Work performed under the auspices of the U.S. Department of Energy
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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components. The kicker magnet consists of a single turn
aluminum conductor in vacuum. The inductance of the
kicker magnet and its high voltage feedthrough is 1.1 Jf-I.
The inductance of the coaxial line section and thyratron is
0.4 pH. The simulations confirmed the need for an energy
storage capacitor of 10 nF, a damping resistor of 11.5
ohms and a charging voltage of 95kV. The simplified
circuit model is shown in Figure 1.
1__

_

_

_section

SW

The capacitor and resistor stack are coaxially mounted
in an aluminum pipe filled with a silicon insulating fluid.
The thyratron is housed in an accessible rectangular box
section filled with the same fluid, at one end of the coaxial
line. The other end of the line is provided with a ceramic
high voltage feedthrough insulator in a separate section
filled with Flourinert FC40 insulating liquid. This
insulator provides an interface between the modulator and
the magnet vacuum chamber. The outer pipe of the line
is the magnet return conductor. Figure 4 shows the
modulator and kicker magnet assembly.

L

Figure 1. Simplified simulation circuit model.

HIGH VOLTAGE DISCHARGING
CIRCUIT ASSEMBLY
The discharge switch is an EEV type CX1699 four gap
hydrogen thyratron shown in Figure 2. It is rated at a 130
kV maximum peak forward anode voltage. The 10 nF
storage capacitor is rated for 100kV. The dumping resistor
is a stack assembly consisting of 12 each, 3.75 inch in
diameter by 1 inch thick Cesiwid washer resistors
sandwiched between copper cooling fin disks for
improved internal cooling. The Damping resistor stack is
shown in Figure 3.

Figure 4. Modulator and kicker magnet assembly.

RESONANT CHARGING SYSTEM
The system repetition rate of 30 Hz requires a timing
sequence that will allow charging of the energy storage
capacitor to the operating voltage in 28 msec, and then fire
the thyratron 3 msec later. This requirement is
accomplished by using a resonant charging power supply.
Figure 5 shows the resonant charging power supply. It
consists an 85 to 1 step-up transformer with a resonant
secondary, that is pulse driven by a lower voltage power
supply with energy storage and a switching SCR. The low
voltage power supply is inhibited when the SCR and
thyratron are conducting.

CAPACITOR
BANK

R

SCR

LOWER

c

-

Fiue
yeCX199tyato.VOLTAGE
.EV

L

- -Figure

5. Resonant charging power supply

TRIGGER TIMING SYSTEM
Figure 3. Damping resistor stack assembly.

The operation of the power supplies depends on proper
timing and triggering. The major system components are
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located in both the g-2 control room and in the center of
the g-2 ring as shown in Figure 6. Fiber optic and
transformer links are used where it is necessary to provide
noise isolation.

Adessi, P. Benjamin, K. Hartmann, S. Kochis, S. Perlstein
and D. Vonlintig for their expeditious help in
manufacturing and assembly.
MEASURE

8-Jun-g8

:126:03

A real time pulse, "AGS Pre-pulse" which is converted
to a 27ms charge gate for the ALE charging supplies by a
digital delay generator, initiates the kicker cycle. An SCR
firing trigger is internally generated one millisecond after
the end of this gate. The SCR discharges a storage
capacitor bank into the resonant charge transformer,
charging the main discharge capacitor. At approximately
2 ms after the charging, an AGS "beam request" trigger
which is synchronous to the beam rf phase is received and
delayed by approximately 56us. Then, it is fanned out to
three individually variable channels (to accommodate
individual tube characteristics) and sent to a three channel
sequential delay chassis used to minimize timing
variations over the 6 burst pulses. These signals are then
sent to the MOSFET trigger amplifiers that are
transformer coupled to the thyratron grids firing the tubes.
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Figure 6. Trigger timing system.

REFERENCE
TEST RESULT DATA AND CONCLUSION

1. Muon g-2 Design Report, AGS 821 July 1992, Brookhaven National
Laboratory, AUI.

The three modulators and their kicker magnets have been
operating successfully without failure for the August 1998
and also the January and February 1999 g-2 physics runs.
They have been running at 92 kW. Figure 7 shows a
typical magnet current pulse at 95kV. The present
operating mode is a six pulse burst. In the future the
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SOLID STATE MODULATOR APPLICATIONS IN LINEAR
ACCELERATORS
M.P.J. Gaudreau, J.A. Casey, T.P. Hawkey, J.M. Mulvaney, M.A. Kempkes, P. Ver Planck
Diversified Technologies, Inc. 35 Wiggins Ave., Bedford, MA 01730
1. ABSTRACT
The next generation of linear colliders will require an
order of magnitude leap in pulsed power to millions of
volts at thousands of amperes, delivered at much higher
efficiency than is presently available. The current
technology base of thyratrons, PFNs, etc., is inherently
limited in scaling to meet these new requirements.

from 50A-1200A continuous. They also feature the very
low drive current requirements of Field Effect Transistors
(thus the Insulated Gate). This eliminates the need for
cascaded stages of bipolar drives required by the low
betas of early high current bipolar circuit designs.
To use IGBTs for high voltage switching, many devices

Diversified Technologies, Inc. (DTI), has had
tremendous success since 1993 in the application of high

controls/
Gate Drive Power

T

T

J-17

Storage Capacitor

Series Resistor

Puildolwn

ResistorO

Figure2: Solid State Modulator Components
must be cascaded in series. (Figure 2). This concept
provides the flexibility of a modular design, with no
inherent limit to voltage handling. However, it also.
necessitates the formidable task of ensuring that the load
is shared equally between devices so that no single device
sees harmful or destructive voltages. The gate drives must
be highly synchronized to accomplish this. DTI has
developed and patented the technology to achieve this
synchronization, which has been demonstrated at up to
160 IGBTs in series, and up to six IGBTs in parallel.
Figure 1 DTI's HVPM 100-500 100 kV,
50 MW Peak PulseModulator.
voltage IGBT devices to large, high-voltage and highcurrent modulator systems. DTI has sold commercial
solid-state modulators capable of 20 tol60 kV and 150 to
2000 A for customer applications ranging from RF tube
testing to ion-implantation. This technology is rapidly
becoming the preferred alternative to conventional
vacuum tube modulators and switches for future
accelerator designs.

The benefits of solid-state switching of high voltage
include high reliability, significantly higher efficiency,
and fast, repeatable switching characteristics. Our
analyses have shown that these solid state systems are
capable of providing 15x improvements in power
efficiency during switching, and orders of magnitude
improvements in reliability compared to vacuum tube and
thyratron based switches.
3. SOLID STATE MODULATOR PRINCIPLES
3.1 Simple Switch - Ideal Pulse

2. BACKGROUND
2.1 IGBTs

Ideally, a modulator acts as a simple switch between a

Solid state devices are, in general, low voltage devices.
Transistors
Bipolar
Gate
in Insulated
Recent
Recet advances
hadvanesinmpr
sed
Ghevoltate
Bpandcurret
Tansiss
(IGBTs) have improved the voltage and current handling
Typical devices have
characteristics considerably.
voltage ratings from 1200V-3300V and current ratings

high
voltage
andof its
(such switch
as a
klystron).
The power
desired supply
properties
suchload
an ideal
lsrn.Tediedportsofucandalwth
would be infinite voltage holdoff, infinite off-resistance,
zero on-resistance, and full immunity to transients and
voltn-resisals.
voltage reversals.

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Achieving, as closely as possible, this ideal pulse is
critical to the performance of a number of pulsed power
applications. Generating pulses which closely approach
this ideal pulse is typically a critical objective of high
pulsed power system design.

V0 _an

0
t

•can

4.1 Cathode Modulator
There are two principal approaches to applying high
voltage solid-state modulators to accelerators. First, very
high voltage and moderate current operation can be used
to switch microwave devices directly. This also has the
direct benefit eliminating the need for a separate crowbar
circuit, since the switch can open rapidly in the event of
arc. Alternately, lower switch voltages at high currents
can be used in conjunction with pulse transformers to
provide pulses of energy. In either case, very fast
risetimes and falltimes are required for operational and
cost efficiency reasons. Furthermore, these basic circuits
be used either as cathode modulators or mod-anode
modulators in typical accelerator systems.

Figure 3: Ideal Pulse
Historically, vacuum switch tubes or thyratrons,
alone, or in combination with Pulse Forming Networks
(PFNs) and pulse transformers, have been used for this
purpose. The non-ideal behavior of these conventional
Tek
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4.2 CrowbarReplacement
The response time of DTI's technology provides a new
level of protection to sensitive high power electronics,
such as vacuum tubes. A typical crowbar, at 100 kV and
100 A current, will allow 20 J of energy through the arc
even with a fast 2 piS response- below the 50 J which may
cause damage, but enough to degrade the lifetime of the
tube.
"DTI's switches can open and close in less than 0.5 pS.
fast response allows these switches to operate as
effective 'fast fuses'. Under the conditions described
above, the energy available to cause tube damage is
reduced by 75% to 5 J. Unlike a typical crowbar,
however, the solid state switch can be closed again almost
immediately. Furthermore, this cycle can be repeated

,indefinitely.
ýCHI

Figure 4: Nearly Ideal HVPM 100-500
Pulse 80 kV, 90A Into Water Resistor
switches includes a large effective voltage drop, limited
current capability and speed, high maintenance, and
complex driving and protection circuitry. As future
system requirements extend to higher voltage and power,
the use of vacuum tubes becomes increasingly impractical
due to the inherent voltage and current limits of these
devices.

4.3 Mod-Anode Modulator
The same switching solid state switching technology can
be applied to mood-anode modulators - either directly
in conuncton with aipuls
(hardsied o

Fldown

4. APPLICATIONS

Figure6: Mod-Anode Modulator

T

transformer. Typically, the lower power required for modanode modulation allows very fast operation. DTI has
demonstrated a 20 kV mod-anode modulator for a Navy
radar application capable of 400 kHz operation.

Figure5: CathodeModulator! Crowbar Replacement
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5.2 HigherReliability
Due to arcing and emissions/outgassing within the tube
itself and short cathode life, vacuum tubes have an
inherently limited lifetime. Although improvements have
been made in tube manufacturing since WWH, tube
lifetime is still limited to the thousands (tens of thousands
in some case) of hours.
DTI's solid state modulators provide nearly infinite
flexibility in pulse parameters (pulsewidth, PRF, peak
current, voltage, and duty cycle). Typical rise / fall times
for DTI's PowerModTM Systems are <0.5 pS for high
power (MWs) pulses.
Line modulators and PFNs use resonant circuits to
achieve high power pulses. These systems are designed to
provide a very narrow range of PRFs and pulsewidths.

Figure 7: 45 kV, 30 a DTI Solid State Switch
with Klystron at SLAC
TL

WHO

M5.3

Increased CurrentHandling Capability

With DTI's solid state modulators, maximum current

tow-"-"5.0p

capability is a design parameter. DTI has built modulators
capable of handling 2000A, and placing switch modules
in parallel can accommodate higher currents.

........

CHI 5.00V CH2 5.00kV M51s

..........
... ........

5.4 Ruggedness
DTI's PowerModTM solid state modulators are inherently
rugged, isolated from external conditions, and able to
provide consistent performance over a wide range of
conditions. High voltage tubes, by virtue of their
construction, are relatively fragile and susceptible to
variations in performance due to operating conditions.

CHI_

Figure 8: SLAC Prototype 45 kV, 30 A
Switch Result @ 22 W,
dHigh
80 a Into Resistive
Load

5.5 Safety from X-rays
voltage power tubes produce X-rays due to inherent
grid emission leakage or primary electron conduction.
Shielding of the tube is required for safe operation. DTI's
PowerModTM systems do not create X-rays.

5. BENEFITS
The primary benefit of a full voltage (cathode) switch for
advanced accelerators will be economic. The principal
power loss in a direct switched system is the fCV2 losses
to the parasitic capacitance. The fast risetime capability of
a direct switch will reduce power lost on ramp-up and
settling time. A PFN or hybrid modulator/transformer
approach will generally have a slower risetime because of
series inductance, as well as additional magnetizing
current and parasitic capacitance in the magnetics. This
also allows fully programmable pulse-width, and the
adaptability of the accelerator system to varying physics
requirements.
5.1 IncreasedEfficiency
Switch tubes have an inherently high voltage drop across
them. At high peak power, this results in significant
power loss across the tube, and drives the need for
substantial cooling systems for the tube itself.
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The combination of the technology required for advanced
accelerators, and DTI's ongoing efforts to move to higher
voltages, peak power, and frequency, provides both our
government and commercial customers significant
advantages in future high voltage, high power systems.
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A SOLID STATE INDUCTION MODULATOR FOR SLAC NLC*
R.L. CASSEL, G.C. PAPPAS, M.N. NGUYEN, J.E. DeLAMARE
Stanford Linear Accelerator Center
Abstract
The Next Linear Collider accelerator proposal at SLAC
requires a high efficiency, highly reliable, and low cost
pulsed-power modulator to drive the 500 KV, 260A X
band klystrons. With a pulse width of less than 1.5
microseconds, it is difficult for the present SLAC type
modulator with conventional pulse transformer to have a
high efficiency due primarily to the inherently slow rise
and fall time of the video pulse. The proposed induction

with a one turn secondary. This configuration is similar to
an induction accelerator with a conductor in place of the
beam. The resulting secondary leakage inductance is
extremely low (<1 thy). The major part of the leakage
induction coming from the multiple primary connections
and the drivers.
To obtain 500 kV for 1.5 usec. (0.75 volt seconds) with
one turn secondary requires a large magnetic core cross
sectional area. To drive
a lare
without using a matched
PFN requires a switch that can not only turn on fast at

modulator utilises a pulse transformer similar to an
induction accelerator driven by Solid State high voltage
IGBTs. The performance of the IGBTs, induction cores
and a low voltage model will be discussed as well as the
design and construction of a prototype modulator capable
of driving up to 8 of the X band klystrons

high power levels but also turn off. This switching devices
now exists'in the form of IGBT's (Isolated Gate Bipolar
Transistors). IGBT's are now available from several
manufactures which can switch on and off in < 100 Trsec
to power levels of 5 megawatts per device. High voltage
devices capable of switch > 10 megawatts for 1.5 Jtsec.

under development.
1.0 Design consideration efficiency, availability are
The use of one turn secondary fractional turn transformer
& cost

The major problem with the conventional PfN type
modulator use at SLAG and around the world for the Next
Linear Collider (NLC) is the efficiency of the modulator
for the
for short pulse operation. The leakage inductance
pulse transformer and the stray inductance of the
switching circuit inherently limit the rise and fall time of
the klystron voltage waveform. To reach the efficiency
goals of > 75% for the modulator for the NLC it is
necessary to have a rise and fall time of the klystron
voltage pulse of less than 200 rlsec. With the high voltage
of the NLC klystron of 500 kV and large stray capacitance
of > 100 pfd per klystron (RC time constant of 200 rlsec.)
it is difficult to obtain a fast rise time with a matched
impedance PEN modulator.
The operational availability of the standard SLAC type
modulator is limited by the failure rate of hydrogen
thyratron used for switching. In addition thyratron are
subject to a high incidents of spontaneous triggering,
which effects the overall accelerator availability.
The peak power of. thyratron and circuit & PFN
impedance limits the practical peak power of a SLAC type
modulator to about 300 megawatts peak, or capability of
driving more than two NLC klystron at one time. This
makes the cost of modulators >100k$ per klystron for the
conventional SLAC modulator expensive to build.

combined with high current IGBT allows for the driving
of 8 klystron with one modulator or approximately 1000
megawatts of power for 1.5 tsec. The larger number of
klystrons per modulator reduces the overall cost anid size
of the modulator. Figure 1.
......... .................

F
'

. ..

!2

. .............. . .. .....................
Figure 1. Induction Modulator Layout

To obtain a low leakage inductance, the pulse transformer
configuration selected was the fractional turn transformer

0 NUMBER OF NLC KLYSTRONS
* OPERATING PULSED VOLTAGE
a OPERATING PULSED CURRENT
* REPETITION RATE
* VOLTAGE REGULATION FLAT TOP
a RISE /FALL TIME
* PULSE DURATION FLAT TOP
aENERGY EFFICIENCY

"Work supported Department of Energy contract DE-AC03-76SF515

*

1.2) ConfigurationSelection
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NUMBER SECONDARY TURNS

8 EACH
500 kV
2120 AMPS
120 Hz
<±1.0 %
<200 Tlsec
1.5 jtsec
>75%
1
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"*NUMBER FRACTIONAL TURNS
"*NUMBER OF CORE STACKS
"*NUMBER OF CORE PER STACK
"*MAGNETIC CORE SIZE
"*VOLTAGE PER CORE
" CURRENT PER CORE

104
4
26
2"H,3.75"W
5 kV
2.3 kA.....
<10thy
* TOTAL LEAKAGE INDUCTANCE
* SECONDARY STRAY CAPACITANCE <400 pfd

turn off. The IGBT and its driver are grounded. The
energy storage capacitor is charged through the
transformer core. A pulse reset circuit consisting of four
lower voltage IGBT's resets the core. Figure 3.
......... ,

..... "..-

1.4 Transfonner Core design
If the efficiency goal is to be obtain the losses in the large
core must be small. The core area is set by the volt second
requirement and voltage clearance to support the 500 kV
pulses. To deduce the core volume and losses, the
transformer core will be made of small inside diameter
Metglas uncut tape wound cores. Each of the four core
stacks has a different inside diameter core to corresponded.
to a average voltage gradient in the secondary winding oil
insulation of < 250 volts/mill and a peak gradient of < 400
volt/mill. We have been studying different amorphous
magnetic materials. The first modulator well be made with
AlliedSignal 2605SA1 Metglas because of its availability,
however Hitachi Fl-1 Finmet or nanocrystalline alloys
which are now becoming available may be used to reduces
the core losses even further. (Figure 2.)

(....

1U) '7.5' 01

--

_v__

__

Figure 3. IGBT Drive circuit
We have tested several different IGBTs for turn on and
turn off characteristics. The EUPEC FZ800R33KF1 is the
best so far. It's turn on and off times are consistent with a
200 Tisec. rise time of the output pulse. The first prototype
modulator well consists of two of the 3.3 KV IGBT in
series, to be replaced with one 6.5 kV IGBT when they
are available. Figure 4.
.

.

,•......
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.ot~d Voltage

/

2605SAI CORE

~ ~4.25'
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rtl.
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Figure 4. EUPEC FZ80R33KF Pulse

Si

QV.

••,..............

Te drivers well be mounded on a PC Board in air and
plugged
they can be
so that
arranged
5. into the transformer
Figure
replacement.
core for easy

Po

Figure 2. Test Core Magnetising current

1.5 Solid State Drive
With the use of IGBT's the drive for the core is simple,
consisting of a DC charge capacitor in series with the
IGBT driving the individual magnetic core. A prechared
snubber capacitor with fast diode is used across the core to
absorb the reflected energy from stray inductance and
capacitance under normal and fault conditions. A pulse
reset of the core is used to insure that the core is totally
reset before the next pulse. The addition of transorbs from
collector to gate of the IGBTs absorbs the stray inductive
energy of the IGBTs and capacitor in the IGBT during
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Figure 5. PC Board Core Driver circuit
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The model demonstrated that the concept was workable.
The total reset of the magnetic cores, allowed for one ore
more of the IGBTs to be not functional or shorted with
only a reduction in the output voltage in the overall
performance of the system. Figure 8.

1.6 Simulations & Calculations
Spice simulations were made on the induction modulator
driving eight klystron with a 100 cell induction modulator
using the turn on and turn off characteristics of the
EUPEC IGBTs. The resulting waveform had a small
amount of overshoot ringing. By delaying turn on of less
than 20 % of the cells the waveform performance can be
improved. Figure 4. The Spice simulations did not
adequately take into account the losses introduced by the
transformer cores, which should help in reducing the
waveform ringing. The resulting rise time was
approximately 200 rlsec. The resulting waveform power
efficiency of better than 89%, which indicates the
possibility of reaching the 75% efficiency goal. Figure 6.

........
6 Core 4 Turn Induction Modulator Model

A"

2kVH,

\_

__

!

_

\
.

_____________

otag.

B

400 n./div

20 kV

SFigure 8. Model Waveform

1.8 Induction modulatoradvantages
There are several addition advantages of the Solid State
induction modulator over the conventional modulator. All
of the high voltage parts are inside the transformer core
and not exposed. The core drivers are at ground potential
Fgr6SpcSmltomoderate
Figure 6. Spice Simulation with Delayed Turn On

1.7 Model of Induction modulator
A model of the induction modulator was fabricated to
study the performance of the cores and IGBT's. It
consisted of 6 core with 0.004 Volt-Second driven from 6
1700 volt IGBTs. There were 4 secondary turns. In
addition there was a saturated core to increase the rise
time and lower the IGBT losses. Figure 7.

voltages. The addition of more driver cells then
are required for the 500 kv results in redundancy so that
an individual driver or core could fault without effecting
the overall operation of the modulator. The pulse duration
is only determined by the volt-seconds in the core so that a
shorter pulse can be obtained by timing for conditioning of
the klystron or accelerator or if operated at a lower voltage
a longer pulse is available.

1.9 Conclusions
From the modelling, measurement of core, and IGBT and
calculation it appears that the induction modulator is
feasible and practical. It has the potential of high
efficiency and reliability and low cost. Figure 9.
..........
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Figure 9. Efficiency Calculation
Figure 7. Model Induction Modulator

The R&D on a prototype modulator is underway with a
collaboration of SLAC and LLNL to produce a working
unit by the end of FY 00.
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FAST SCR THYRATRON DRIVER*
M. N. Nguyen
Stanford Linear Accelerator Center
Stanford, California 94309
Abstract
As part of an improvement project on the linear
accelerator at SLAC, it was necessary to replace the
original thyratron trigger generator, which consisted of
two chassis, two vacuum tubes, and a small thyratron. All
solid-state, fast rise, and high voltage thyratron drivers,
therefore, have been developed and built for the 244
klystron modulators. The rack mounted, single chassis
driver employs a unique way to control and generate
pulses through the use of an asymmetric SCR, a PFN, a
fast pulse transformer, and a saturable reactor. The
resulting output pulse is 2 kV peak into 50 Q load with
pulse duration of 1.5 pts FWHM at 180 Hz.' The pulse
risetime is less than 40 ns with less than 1 ns jitter.
Various techniques are used to protect the SCR from
being damaged by high voltage and current transients due
to thyratron breakdowns. The end-of-line clipper (EOLC)
detection circuit is also integrated into this chassis to
interrupt the modulator triggering in the event a high
percentage of line reflections occurred.

1 INTRODUCTION
The original thyratron driver had been designed and used
since the beginning of SLAC modulator operations in the
middle sixties. It could generate up to 5 kV at 1.5 ls
pulses. However, it was large and heavy, required
frequent intervention, and used PCB dielectric capacitors
and unreliable thyratron and vacuum tubes. In 1992, a

SRI

R2

RI

modulator reliability improvement project was established,
and one phase was to replace these original drivers with
solid-state trigger drivers utilizing modem components
and packaging techniques. Besides meeting certain
electrical and mechanical requirements, the new trigger
generator reliability and manufacturing cost were of major
concerns. Fast and extremely stable thyratron drivers had
been designed and built for the kicker systems at SLAC
[1-2], but they were quite expensive because of high part
and assembly costs. This report describes the design and
performance of an economical, reliable, fast, and high
voltage thyratron driver.

2 DESIGN
A simplified circuit diagram of the driver is shown in
figure 1. The basic pulse generating circuit consists of four
essential components. They include a pulse- transformer, a
PFN, a thyristor, and a saturable reactor.
The pulse transformer T2 was commercially made by
Stangenes Industries. It has a turns-ratio of 6 to 1 with a
primary leakage inductance of only 100 nH.
The PFN, which comprises C2, C3, and Ll, is a 1-section
voltage-fed network that simulates an open-ended
transmission line [3]. Its characteristic impedance, Zn, was
designed to match with the load impedance reflected
through the transformer. Lumped parameters were
determined as follows.

of

usu

Fig. 1: Simplified ciruit d*i

m
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voltage power supply. Subsequent pulses of 5 pts and 120
pts are then used to trigger SCR Q2 and MOSFET Q1.
While the MOSFET serves to turn off the SCR by
shunting anode current, it is also used as a switching
element to regulate the PFN charging voltage by way of
error amplifier U2. Figure 2 shows waveforms of Q1
switching regulation and PFN charging voltages.
Comparator Ul monitors peak and average currents of the
modulator EOLC, and turns off the power supply when
these currents exceed a predetermined value.

C2 = Cn
C3 = Cn /2
L1 = 2 Ln/ 12
where network capacitance Cn and inductance Ln were
derived from the desired 50 91 load impedance and 1.5 pgs
pulse duration.
Zn = Zload / N2
= 50 / 62 = 1.4 91
Cn=tc /2Zn
=1.5x10"6/2x1.4--0.6 VF

1.8kV

Ln = Cn Zn2
= 0.6 x 10"6 x 1.42

/div

200V

1.2 p.H

The thyristor Q2 is an asymmetric SCR from Mitel model
ACR44. It is rated at 1200 V, 69 A RMS, and was
particularly selected for its high di/dt rate of 2000 A/pts.

-2ooV
18.04ms

gms/dlv
-1.96Mm

The saturable reactor L2 reduces the output risetime by a
factor of three. It has a volt-second product of 225 Vpts,
which was determined from the capacitor C6 charging
voltage. Fair-Rite 43 NiZn material was used because of
its relatively high magnetic flux density and low cost. An
off-the-shelf ferrite bead P/N 2643540202 was then
selected to fit in the available space on the PC board. The
core o.d., i.d., and length h is 14.3 mm, 6.35 mm, and
13.8 mm respectively. From common transformer
equations, the number of turns (N), the current required at
saturation (Is), and the saturated inductance (Ls) were
calculated as follows.
N = Epk ts / AB Ac
where:
AB = Bs = 0.275 T at Hs = 795 A/m
2
Ac=h(od-id)/2 =55 x 106m
le =21r(od+id)/4=32x 10 3 m
N

= 225

x 106 / 0.275 x 55 x 106

Fig. 2: Typical MOSFET and PFN charging voltages.
When the AC line supplies 120 V to power transformer
TI, the secondary voltage is rectified and filtered and
shunt-regulated to = 640 VDC by BRI, C1, RI, R2, and
Q1. The PFN is resistively charged at the same time by the
regulated voltage via R2, R3, and D2. Once Q2 is turned
on, the PFN discharges one-half of its voltage into the
primary of pulse transformer T2. The secondary voltage is
then applied to saturable reactor L2 which, when
saturated, sharpens the output voltage rise. The resulting
pulse output of 2 kV peak into 50 92 resistive load (4 kV
open circuit) at 1.4 pts FWHM is shown in figure 3.
_

_

_

_

_

/air

14 Turns

and:
Is = Hs le / N
= 795 x 32 x 10-3/ 14
= 1.8 A = 5% load current

-1.5kV
-i.232u,

400nfl/div

2.7681a

Fig. 3: Output voltage waveform.

and:
Ls = p. N2 Ac / le
where:
p. = p.0 ptsat = 1.256 x 10-6 x 2 = 2.5 x 10.6 H/m

The following is brief description of the circuit operation.

Figure 4 shows the effect of saturable reactor on output
risetime. A 1-stage pulse sharpener shortens the voltage
rise as shown from 119 ns (10 - 90%) to 36 ns. A second
stage, which has been tested with CMD-5005 core but not
been implemented on this chassis, further reduces the
risetime to 12 ns.

Low-level voltages simultaneously trigger three
retriggerable monostables of I second, 120 pts, and 5 pts
wide pulses. The first pulse of 1 second, which is gated
by U5, switches on solid-state relay KI for the high

Thyratron breakdowns as a result of either misadjusted
reservoir voltages or aging thyratrons [4] can generate
destructive transient voltage and current for the SCR;
therefore, several SCR protection devices are necessary.

Ls

=

2.5 x 10.6 x 142 x 55 x 10-6/ 32 x 10-3 = 0.85 p.H
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at 120 Hz with a sample size of 5000 shots. A typical
result of jitter distribution is shown in figure 6. The graph
displays a peak-to-peak jitter of 320 ps with standard
or RMS jitter of 72 ps. Throughput delay,
as the timing difference (on rising edges at half
maximum) between the trigger input and the pulsed
output, is 580 ns. A 24-hrs run test at 20'C temperature
excursion resulted in a timing drift of less than 3 ns.

4.MV

5o0v

/defined

Idly

.deviation

40n~
F-1_
45 ig -

-gM-3igns
V

....

50ne/div

17o'.ins
8p

•)07

35' Y:Aooo 3 PI

lain$

I

30 -

Fig. 4: Voltage rises before and after 1-stage sharpener,
and saturating reactor voltage.

]

25

Fast turn-on diode D3 and transzorb D4 are used to limit
the anode reverse and forward blocking voltages. On the
output side, VRI, which consists of two series GE metaloxide varistors rated 180 joules at 1.2 kV each, clamps
down transient voltages while diode D5 blocks the
reverse current. To further reduce the chance of an SCR
failure by a soft turn-on due to high ground potentials,
which can sometimes build up on the gate after a rapid set
of thyratron fire-throughs, an active feedback scheme is
employed. A portion of the output voltage is gated
through U6 with the 120 gxs command trigger pulse. A
thyratron arc that randomly occurs outside this timing
window would immediately turn on the SCR and shut off
the high voltage supply for a period of 1 second before
returning to normal operation.
For ease of manufacture and low assembling cost, all
connectors and electrical components were mounted on a
single 0.093 inches thick PC board. One exception was
the output HN connector that must be mounted directly
on the chassis for mechanical strength. The driver was
simply constructed by fitting together the PC board, front,
rear, and side panels of a standard 19 x 5.25 x 8 inches
rackmount chassis. Figure 5 shows a photograph of the
complete trigger generator PC board.

i
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bins- 5W

Fig. 6: Histogram of jitter distribution.
The mean time to failure (MTTF) rate, which was
calculated based on actual data collected over several
years, is 195,000 hours. More detailed discussions of the
modulator reliability can be found in the report [5].

4 CONCLUSION
New thyratron drivers for the 244 SLAC klystron
modulators have been economically built and operated
since 1994. In several years of operation, these drivers
have contributed to the modulator stability and proven to
be very reliable.
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3 PERFORMVIANCE
Jitter and long-term timing drift were measured with SR620 Universal Time Interval Counter. The test conducted
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Damping Ring Kickers for the Next Linear Collider*
C. Pappas, R. Cassel
Stanford Linear Accelerator Center
ABSTRACT
.

The Next Linear Collider (NLC) uses a damping ring for
the electron beam, a pre-damping ring and a main
damping ring for the positron beam to reduce the beam
emittances. The requirements of the main damping ring
kickers are to bend a 2 GeV beam by an angle of 2 mrad
over a length of 1.2 m. This results in a required field of
139 G. The magnet aperture is 30x30 mm. The predamping ring kicker requirements are based on a 2 GeV
beam with a bend angle of 8 mrad in 1.2 m, or a field of
308 G. The magnet aperture is 62x45 mm (HxV). A
pulse width is 130 ns with rise and fall times of less than
60 ns is the same for both the pre-damping ring and main
damping ring kickers. The three rings operate at a 180 Hz
repetition rate'.

Figure 1. Proto type slotted kicker magnet.
The kicker magnets being developed to meet these
requirements consist of two strip line conductors in the
vacuum chamber, for the pre-damping ring kickers they
may be loaded with ferrite, to give a matching impedance
of 25 Q. The buses are separated from magnetic flux
linkage by a grounded flux excluder, which also serves as
a low impedance return for the beam current. Both busses
of the magnet are driven in parallel from the same
modulator and are grounded at the end opposite the feed.
The modulator uses two IGBT stacks which both act as
opening switches in order to meet the rise time
requirements.

I..
.
zr,

j

rr'
Z

1

i

•.bE

to meet the
Several types of magnets were considered
difficult rise time parameters for the damping ring
kickers. An air core, strip line, matched impedance
magnet was decided upon because of its simplicity, low
cost, and it uses no non-linear materials 2. The magnet is
made from a slotted pipe which is housed in the vacuum
chamber. A metal strip is brazed onto the top and bottom
of the slotted pipe to prevent magnetic coupling between
the two busses during the pulse rise time. A drawing of
the magnet is shown in Figure 1. This magnet was
analyzed with the electro-magnetic field solver
MAXWELL. The impedance of the magnet was
calculated to be 32 Q, and the one way transit time to be
3.49 ns per meter. A plot of the B field magnitude with a
drive current of one ampere is shown in Figure 2.
*Work supported by Department of Energy contract DEAC03-76SF515.
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1. Damping Ring Kicker Magnets
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Figure 2. Calculated B field magnitude.
A one meter long, stainless steel magnet was built and
tested. An oscillograph of the magnet current, B dot, and
the B field are shown in Figure 3. It can be noted from
this data that the current in the magnet is constant while
the B field rises as time progresses. After eliminating the
B dot probe, electric fields, digitization error, and other
measurements errors, it was determined that the slope of
the B field might be explained by skin depth effects
caused by the stainless steel. Because the resistivity of
stainless is approximately fifty times greater than copper,
the steel magnet structure will allow the currents to
penetrate further into the conductors, essentially
increasing the width of the slits, and hence the magnetic
field. The magnetic filed was recalculated allowing the
currents to penetrate further into the magnet busses by
increasing the permeability of the conductors. It was
found that the magnetic field intensity increased by a

1500

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
I,
PAM

R

factor of approximately 12 % with a decrease in the
permeability of the conductors used in the calculations
for 0.001 to 0.01. Based upon these calculations the
magnet was plated with 10 mils of copper, and tested
again. The results of this testing are shown in Figure 4,
where it is clearly seen that the B field no longer

increases during the pulse.N
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4.Bfield and current of the copper plated magnet.
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Figure 3. B field and current in the stainless steel magnet.
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Further measurements were then made bothS0.00036
with and

•i

without the shield in place, and the results where
compared with the calculated values of the magnetic gain.

I

The B dot probe was rotated 180 'for each measurement
and the traces were subtracted to eliminate the effects of
electric field. Figure 5 shows the magnet current, and
integrated B-1 curve with the shield, and Figure 6 shows
the same curves without the shield. The measured gain of
the magnet with the shield is approximately 69 mG/A,
while the calculated gain is approximately 71 mG/A.
With the shield removed the gain is measured to be
approximately 118 mG/A, and the computed gain is 117
mG/A.
The impedance of the magnet was then measured with a
TDR and compared with the calculated values. The
measured impedance with the shield was approximately
35 92 and the computed impedance was 32 Q2. Without
the shield we measured the impedance to be 61 0, and
calculated it to be greater than 53 9. Initial beam
impedance measurements performed at Lawrence
Berkeley National Laboratory indicate that the magnet
structure will not seriously impact beam performance.
2.

The IGBT Based Modulator

A solid state modulator which uses a set of IGBTs as the
switching element is being developed. A schematic of the
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Figure 5. Magnet current and integrated field with shield.
circuit is shown in Figure 7. The operation of the circuit
is as follows. The IGBT stack to the right is turned on to
begin charging of the capacitors through the diodes.
When the capacitors are fully charged the IGBT stack to
the left is turned on, putting the full voltage across the
saturable reactor. Just as the core of the reactor saturates,
the IGBTs to the right are opened, transferring the current
to the load. The pulse is ended by opening the IGBT
stack on the left. This switching scheme is done to utilize
the opening characteristics of the IGBT modules, which
are faster than the closing speed. A model of the circuit
has been built which uses three Eupec BSM-300GA170DN2S, 1700 V, IGBTs in each stack. The circuit has
been fully tested, and was used as the pulser for the data
in this paper3 . Higher voltage devices (3300 V) have also
been purchased, and have been found to have better
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switching characteristics. We are currently waiting
delivery of 6500 Vdevices4.
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problem with a ferrite loaded magnet, besides complexity
and cost, is that some method would have to be
incorporated to make sure that there are no large air gaps
between the ferrite and the conductors. The ferrite could
be put into the vacuum chamber and sandwiched between
the conductors and a sheet of soft metal such as indium,
or the ferrite could be potted between the busses, which
would necessitate a ceramic beam pipe. Another problem
is that he ferrite would load the beam, which would
require cooling for the ferrite.
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Figure 6. Magnet current and integrated field without
shield.
Figure 8. Magnetic flux lines in ferrite loaded kicker.
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Figure 7. Schematic of solid state modulator.
3. The Pre-damping Ring Kickers.
Work has begun on the pre-damping ring kickers, with
several different types of magnets under consideration. A
slotted pipe kicker similar to the one above, a similar
magnet which would be ferrite loaded, and a traveling•
wave C-magnet similar to the SLAC damping ring
kickers5 are being studied. With the simple geometry
shown in Figure 8, the magnetic gain and impedance of
both an air core, and ferrite loaded kicker magnet have
been calculated. For the air core magnet the gain is
approximately 35 mG/A, with an impedance of 46 Q.
This magnet would therefore require the IGBT to switch
4400 A, if a circuit similar to Figure 7 were used. When
the magnet is loaded with ferrite, the magnetic gain is
increased to approximately 160 mG/A, and the
impedance is reduced to 27 Q, therefore the IGBT current
would be reduced to 963 A. The field is also slightly
more uniform if the magnet is load with ferrite. One

A slotted pipe kicker magnet is being developed at SLAC
for the NLC damping rings, which does not appear to
have any major problems. It can be driven by a solid
state, IGBT based modulator. The overall cost and
reliability of such a kicker system should be much better
than for a conventional type of kicker system.
of a pre-damping ring kicker system has
begun, with several options available. Further research is
required before a decision can be reached as to which
technology is preferable.
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IMPLICATIONS OF NEW INDUCTION CORE MATERIALS AND
COATINGS FOR HIGH POWER INDUCTION ACCELERATORS
A. W. Molvik+, W. R. Meier, R. W. Moir, LLNL, Livermore, CA;
A. Faltens, LBNL, Berkeley, CA
Abstract

where Vc is the voltage induced across an insulated gap for

*Two recent developments .enable induction accelerators to
achieve better and more consistent performance with
higher efficiency. First, better and more consistent performance is achieved with insulating coatings that allow
magnetic cores to be annealed after winding. Second,
losses are reduced by a factor of 2-3 with nanocrystalline
alloys, while the flux swing is only slightly reduced to
2.0 T compared with 2.3 T with economical amorphous
alloys. One metric for selecting between the alloys is the
cost-of-electricity, COE. A systems code optimizes an
accelerator and compares the COE for higher flux-swing
amorphous and higher-efficiency nanocrystalline materials
and for several variations in assumptions.

a time At, by a core with a cross-sectional area (equivalent
solid metal area) A, and a magnetic flux swing AB.
Short pulse performance is strongly degraded by
interlaminar eddy currents, unless interlaminar insulation
is provided. By applying Faraday's law to a single
lamination (15-25 jim thick and 0.025-0.2 m wide) with a
flux swing of AB=2.3 T for durations between -0.2 gis and
20 9ts, we find the average interlaminar voltage can reach
-60 V. The difficulty of insulating cores is increased by
the necessity of magnetic annealing (at 300-550' C in
-80A-turns/m magnetic field parallel to the laminations
and perpendicular to the core axis) in order to maximize
AB and minimize the core losses. The insulation must not
only withstand the temperature but must not apply
significant mechanical stress to the alloy during cooldown, or the performance will be degraded.
We have used mica-paper insulation, co-wound with
orni
inu
p rpr in
and
av usC[
M

1 INTRODUCTION
Heavy ion inertial fusion (HIF) has attractive prospects for
generating electrical power at reasonable cost, with high
availability, safety, and low activation.[1,2] These advantages are, in large part, due to the use of thick liquid walls
of Flibe, a lithium-containing, low-activation molten
salt.[2] The liquid walls shield the vacuum chamber solid
walls from neutrons and gamma rays and also generate
tritium in a continuously replaced blanket that eliminates
the need to shutdown for blanket replacement, thereby
providing high availability.
Induction accelerators have been selected by the U.S.
HIF program because their high current and high power
capability eliminates the need for one or more storage
rings to accumulate, then rapidly extract the ion beams,
Acceleration occurs from pulsing a voltage across the
primary winding of a magnetic core, which then couples
through an insulating vacuum barrier to induce a voltage
along the beam. By timing the pulsers to reach full
amplitude as the beam arrives, the ion beam experiences a
succession of D.C. accelerating fields.
Induction cores and pulsers form one of the major cost
areas[3] for HIF: to achieve GeV range ion energies and
several MJ beam energy per pulse requires of the order of
107 kg of magnetic alloy tape. The coupling of the cores
to the beams is determined by Faraday's Law, which for
our purposes is conveniently expressed as

lating coatings supplied by core manufacturers in the tests
described here. After surveying a variety of alloys,[51 we
selected two distinct types to examine with a driver and
power plant systems code.[3] The alloys are 2605SC from
Allied Signal, selected for a larger usable flux swing of
2.3
T and moderately low losses,
alyFnmtF-Hfo
the nanocrystalline
iah andVTOEM80
alloy Finemet FT-1H from Hitachi (VITROPERM 800F
from VACUUMSCHMELZE is similar), selected for a
moderate flux swing of 2.0 T and very low losses, as
shown in Fig. 1 and listed in Table 1. Core losses account
for most of the pulsed energy losses in an induction linac,
so minimizing the core loss decreases the capital costs of

1000
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Vc At = AAB
*Work performed under the auspices of the U.S. Department of
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Figure 1: Loss data (plus) and fits for 2605SC amorphous
(solid line) and FT-1H nanocrystalline (dashed line) cores.
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Table 1: Loss coefficients and loss in J/m 3 for two pulse
durations 0.42 and 1.0 .ts.
Alloy
2605SC
+bias
FT-1H
+ bias

Loss coef.
81, 193, 119
89, 213, 132
51, -49, 200
55, -54, 220

Loss(O.42,1.0)
1044, 577
1433, 782
565, 241
855, 363

pulsers and increases the accelerator efficiency.
losses are fit by[6]
U(J
-- 3

C(Ag

-

+(AC2

(, dBB 0

)=C)

Core

(AB2(dB•
+C2'-)••
+
,
•d•)

where B is in Tesla, dB/dt is in T/is, and the coefficients
are listed in Table 1.
We use $5/kg as a cost goal for assembled cores of
2605SC. Based on estimated niobium costs of -$30/kg,
the 3% Nb in nanocrystalline materials would add -$1/kg
to the cost, so we assume $6/kg for assembled
nanocrystalline cores.

2 ACCELERATOR SYSTEMS STUDY
The accelerator design parameters are chosen to satisfy
constraints imposed by the fusion target design. For this
paper, we design to a close-coupled target[7] which
minimizes accelerator costs by requiring less beam energy
(3.3 MJ) to deliver a yield of 430 MJ vs. 5.9 MJ to
deliver a yield of -400 MJ with a previous distributed
radiator design.[8] The disadvantage of using the close
coupled target is that each elliptical beamlet must be
focused to an area with an equivalent circular spot radius
of 1.7 mm, as compared with 2.7 mm for the distributed
radiator target. The close-coupled target calculation used a
lead ion beam, but the systems code finds lower costs
with lower mass ions.
Systems studies have shown that lower M/Q ions with
their lower ion energy will shorten the accelerator and
reduce costs.[9] The target performance is essentially
invariant to the beam-ion mass, if the ion energy is
adjusted to keep the range (stopping distance) constant,
and the pulse duration and beam energy (MJ) remain the
same. The optimum is below M/Q=50, but the higher
beam current requires better space-charge neutralization[ 10]
in order to focus the beam to the 1.7 mm spot radius
required on target. Kr+ was chosen as a compromise: it is
near the minimum cost for present concepts of induction
linacs, without requiring the maximum neutralization.
The target requirements are met with a 1.3 GeV Kr+ main
pulse ion beam to deliver 2.8 MJ in 8 ns and a 0.85 GeV
Kr+ prepulse ion beam to deliver 0.5 MJ in 30 ns. A
lower ion mass could further reduce the costs by -20%.
The accelerator architecture is simplified by
transitioning to magnetic quadrupole focusing at a low
energy of 1.6 MeV, and omitting beam combining,
Several optimizations by the systems code for 2605SC
are shown in Fig. 2, where the cost multiplier is plotted

vs. the reference value multiplier. The nominal energy at
which the beam radius becomes fixed at 0.01 m, rather
than continuing to decrease with energy, is 500 MeV.
Allowing the radius to decrease further reduces costs by
decreasing the core volume at fixed area, but magnetic
quadrupole construction and beam alignment become more
difficult. Even the minimum radius of 0.01 m, assumed
here, is quite challenging. Increasing the number of beams
to beyond 140 (30 in the prepulse and 110 in the main
beam) does not decrease costs because not only is the
minimum beam radius fixed, but the beam-to-wall
distance, and the thickness of cryo-insulation are also
fixed. The cost vs. initial pulse duration apparently
optimizes near 24 gIs, but beyond 20 gs, the spot size on
target exceeds the required 1.7mm, so 20 gts is the usable
optimum. (The beam duration is reduced to
200 ns as
rapidly as possible after injection. It then remains constant
for the rest of the accelerator, where the core pulse
duration has a minimum of 420 ns.) Finally, increasing
the quadrupole magnetic field decreases the core inner radii,
until the superconducting cable thickness builds up faster
than the beamlet radius decreases.
The current per beamlet of the prepulse (main pulse) is
1.0 A at the injector, 96 (97) at the end of the accelerator,
and 650 (2450) at the target. The prepulse beam is
separated from the main pulse beams at 0.85 GeV. The
main pulse beams are then accelerated further to 1.30
GeV. A velocity tilt is applied to the beams near the end
of the accelerator to compress them to 30 (8) ns over a
drift compression distance of a few hundred meters. During
drift compression, the beams are also split into 2 groups
that impinge on the target from opposite directions.
The core geometry is optimized, subject to constraints
on the axial voltage gradient. The core costs scale with the
core mass or metal volume V, which is given by
V = nr epFL AR (2Ri + AR)
where £PF is the packing fraction, L is the length, Ri the
inner radius, and AR the radial build up. Since the crosssectionalarea A = EPF L AR must satisfy Faraday's Law,
the acceleration voltage Vc from a core is
Vc = (ePF L AR) AB/At
The core efficiency Tr, in terms of core loss is
=
=

(I Vc At)/(I Vc At + Loss(AAt) V)
(I AB) / (I AB + Loss 7t (2Ri + AR),

so high beam current and low losses increase efficiency.
The pulser efficiency TiP is taken as 75% or 50%.
Our results, comparing 2605SC with nanocrystalline
materials, are shown in Table 2. We find that, as expected
for its higher flux swing, 2605SC requires less mass of
cores, and has lower direct costs; whereas nanocrystalline
materials have lower losses for higher efficiency and
reduced circulating power in the driver. These effects
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Table 2: Systems code results, second value is for back-

1.2

biased core.
2605SC

FT-1H

Flux swing, Tesla
Core mass 106kg
Ave. core eff., %

2.3, 2.43
15.5, 14.4
50.4, 47.9

2.0, 2.15
18.5, 16.9
57.5, 54.4

Accelerator direct
costs, $M
COE, cents/kWh

612, 602

669, 650

4.55, 4.53

4.70, 4.65

Table 3: Sensitivity of COE (Cents/kWh) to core alloy,
.pulsed power efficiency ip and cost C, and back-biasing.
COE

0.90.5
-

1

1.5

4.55

0.0

Lower pulser.efficiency, TiP =50%
Higher pulser cost, C=$10/J

4.62
4.79
4.99

+1.5
+5.3
+9.7

4.53
4.70
5.08

-0.4
+3.3
+11.6

4.62
4.58

+1.5
+0.7

Both, rip =50%, C=$10/iJ
Base case, back-biased 2605SC
Use Finemet FT-1H @$6/kg
Use FT-IH with Tip =50% and

Energy for fixed beam radius (500 MeV)
Number of beams (140)
Initial pulse duration (20 microsec)
Quad field (3.5 T) at winding

Figure 2: Accelerator optimizations

C=$ 10/J

partially cancel, leaving 2605SC with a lower cost-ofelectricity, COE, by 3.3%. Increasing the flux swing
slightly by back-biasing the cores reduces the COE for
2605SC by 0.4%, and for FT-1H by 1.1%, resulting in
2605SC still 2.6% lower. The COE, quoted in Table 2,
are relatively low for a 1 GWe fusion plant. Economies of
scale reduce the COE to 3.4 cents/kWh for a 2 GWe plant.
These are competitive with other sources of power except
natural gas without carbon sequestration.
Three design choices lead to the low costs with an
increase in the technical risk: (1) The low-mass ion Kr+
requires a lower energy, higher current accelerator, only
1000 m long; but requires 99% beam neutralization at
final focus. (2) The close-coupled target has lower beam
energy requirements, but a demandingly small focus radius
of 1.7 mm and tighter tolerances on beam-target aiming.
Focus and neutralization are costed at $8 M.[3] Target
injection experiments to date show an ability to determine
target position in the target chamber to within 0.22
mm.[ll] (3) The beam radius is only 0.01 m in the
accelerator. The minimum beam radius is determined by
alignment accuracy, cryo-insulation thickness, quadrupole
magnet design (typically 0.05 m radius), and other issues.
The direct costs for the driver are $600 M, compared
with $1400 M for a 5.9 MJ Pb+ accelerator.[3] This
shows the high cost-leverage of developing effective
beam-neutralization techniques combined with a precise
final focus and target injection and steering techniques.
The sensitivity of the COE to our assumptions about
the core and pulser parameters is listed in Table 3. Engineering studies, by industry, of thyratrons and capacitors
neeyng
oHeavy

Finemet FT-1H @ $5/kg
Back-bias FT-1H @$5/kg

12% of the costs in the magnetic focus portion of the
accelerator, down from 40% in earlier studies.43]
Core efficiency becomes more important with more
expensive and lower efficiency pulsers, as shown in Table
3. The lower flux swing of the nanocrystalline material is
as important as its higher price in increasing the COE: at
core costs of $5/kg, the COE still increases by 1.5%.
Back-biasing either material results in a slight decrease in
the COE, assuming that the pulser cost increase is only
due to increased energy storage. Because the COE
difference is small between amorphous and nanocrystalline
materials, and because their magnetic performance and
impedance variations are distinctly different, these other
characteristics may also .play a significant role in the
selection decision.
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A HIGH POWER LINEAR SOLID STATE PULSER
Boris Yen, Brent Davis, Bechtel Nevada - Livermore/Las Vegas Operations
Rex Booth, E2 Consulting Engineers
Abstract
Particle accelerators usually require high voltage and high
power. Typically, the high voltage/power generation
utilizes a topology with an energy store and switching
mechanisms to extract that stored energy. The switches
may be active or passive devices. Active switches are
hard or soft vacuum tubes, or semiconductors. When
required voltages exceed tens of kilovolts, numerous
semiconductors are stacked to withstand that potential.
Such topologies can use large quantities of crucial parts
that, when in series, compromise a system's reliability and
performance. This paper describes the design of a linear,
solid state amplifier that uses a parallel array of
semiconductors, coupled with unique transmission line
transformers. This system can provide output signals with
voltages exceeding 10 kV (into 50-ohms), and with rise
and fall times (10-90 percent amplitude) that are less than
10-ns. This solid state amplifier is compact, modular, and
has both hot-swap and soft-fail capabilities,

1 INTRODUCTION
Development of the High Power Linear Solid State Pulser
(HPLSSP) is a continuation of kicker modulator work at
Livermore, CA. The present hybrid solid state and planar
triode kicker modulator [1] is being upgraded; the solid
state complimentary stage hybrid microcircuit (HMC) will
replace the first stage (YU-176 planar triodes) that drives
the grids of the Y-820 output tubes.
Recent advances in high power impedance "matchers"
[2], [7] (Transmission Line Transformers or TLTs)
I ----------------------The
INPUT

DRIVERMODULE
F

1

DE

2

MT

I

AGE/MOOL

ACTUATOR

encouraged us'to develop an all, solid state, linear pulser.
This pulser uses Coplanar Kelvin leaded MOSFETs [3] in
an open loop, delayed feedback architecture, and relies
upon distortion compensation [41 to assure an acceptable
output. Figure .1 is a simplified block diagram of that
system. All of the signal paths from the 84X splitter to the
50-ohm load are in transmission line configurations.

2 SYSTEM RELIABILITY
Key to the success of any system is reliability; reliability is
dependent upon operating time and failure rate. Failure
rate is related to the number of crucial parts that must
function in order for the system to perform its mission.
For applications (such as beam splitting) in large scientific
machines, down time translates into wasted expenditures.
Reliability can be enhanced by 1) Pre-screening
components. 2) Pre-testing components and modules, 3)
Reducing the quantity of critical serial parts, 4) Designing
redundancy into the operating system, and 5) Using
passive components when possible.
A parallel, modular system with passive voltage
multiplying TLTs is especially attractive for highly
reliable systems. Such a system's reliability or probability
of success can be expressed mathematically [51 as:
PN = 1 - (1-Po) N
Where: PN = Success Probability of N parallel systems.
P0 = Success Probability for one system.
N = Number of parallel systems.
current HPLSSP system has a 20% redundancy.
There are six parallel channels in each module (five active
and one backup) and 14 modules (12 active modules) in

D)OWN
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this system. This topology, however, will adapt to any
number of parallel modules/systems, limited only by time
and cost constraints.
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Figure 1: Simplified HPLSSP system block diagram
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system will tolerate failures in any two of its twelve
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modules without service interruptions. The system also
has hot swapping capabilities for servicing and
maintenance,
Compactness and weight advantages of the HPLSSP
make it attractive for airborne and space applications,
These advantages are possible because of parallel-ground
referenced modules, open loop architecture and high ratio
impedance TLTs that use less magnetic material than
conventional TLTs. See section 4 for TLT descriptions.

3 SOLID STATE MODULE
A simplified block diagram of the solid state module is
shown in Figure 2. It has three stages; 1) An Operational
Trans-conductance Amplifier (OTA), 2) A TLT, and 3)
The MOSFET pair.
FAULT
SIGNAL

FAULT DETECTOR]

INHIBIT•FET-i

1/FET-2X

I

SPLITTER

Solid State Module

L
OUT
S
TO TLT#2

--

,--

4.27 uF
I
NzI/16
0TA
-----------------------

O

SIGNAL

- - o

|_GA,,U,

-11

FROM

z

TLT#1

I

Figure 2: Solid State Module simplified circuit.
Within the OTA stage is a voltage-to-current (V/I)
converter, video amplifier, two bipolar transistors and a
high bandpass RF transistor.
A current source is
necessary because of the large dynamic changes to the
video amplifier's input impedance during its operation.
The V/I converter can supply ±75 ma. The OTA's video
amplifier is biased from the dc rails (to avoid signal saturation) and has a fixed voltage gain of about 20. Its
output signal swings from 5 to 75 volts. The ac coupled
final stages of the OTA (the complimentary pair and R.F.
transistor) are all in emitter-follower configurations. Their
rise and fall times (10-90%) are less than 3-ns. The
maximum linear output from the OTA is about 2.4-amps
into 25-ohms.
RF techniques are used in the PC board's layout and in
its construction. The output of the OTA's is through two
edge-launched,
50-ohm connectors whose center
conductor merge to provide a 25-ohm input to TLT1. The
OTA stage is driven by a 500-mV signal from the
system's 84-way splitter. Figure 3 depicts the display of a
typical output signal from the OTA.
......
TLT1 has a 16:1
50...
impedance ratio (25input, 1.640.
ohms output). See
0-1
section 4 for more
details on TLT1.
1 The low impedance
from TLT1 is used
0
to
charge
and
-ohms

-

-

o

20

40

60

s

10

(m)
Figure 3: OTA Signal Output
TM

(from Directed Energy, Inc). This particular MOSFET is
chosen specifically because of its physical and thermal
attributes that are conducive to high speed and power
applications [3]. The MOSFET parallel combination will
deliver over 400-volts into a 3.2-ohm load. The MOSFET
footprint (excluding leads) is 1.80-cm x 2.54-cm.
Z
The MOSFET operates at less than
450-volts (it is a 500volt device). A 4.27pF signal coupling
capacitor isolates the
450-volts from all
components downstream of the MOSFET. Figure 4 is a
photograph of the test
setup used to dupFigure 4: Single channel setup of licate one of the

discharge the gate
capacitance of two
parallel MOSFETs

Solid State Module's
five active channels.
The TLT for this experiment is oversized, but the output
impedance is the same as that of TLTI. Figure 5
graphically depicts
-.
the signal output
from that simulated
10
channel. The data
_

W3W
4 0-

_

_

were acquired by

driving the gates of
the MOSFET pair
to about 15-volts
with a series, 0.5-

-

-

ohm gate resistor
while having a 450Figure 5: Single channel output of volt drain voltage,
Solid State Module
and a 3.2-ohm load.
The signal's fall
time is about five nanoseconds.
This test clearly
demonstrates the Solid State Module's ability to deliver an
acceptable input to TLT2.
TIME (

4 NEW TLTS
The TLTs described in this paper differ significantly from
traditional TLTs [6] by combining both strip and semirigid transmission cables so that signal propagation is
uninterrupted by segmented, coaxial connectors or lines.
Moreover, not all of the new TLT's transmission lines
need magnetic cores. These improved TLTs can have
impedance ratios as high as 250:1 with sub-nanosecond
response even at relatively high power levels. They use
balanced windings of both strip and semi-rigid coaxial
transmission lines on cores of Mn-Zn ferrite. Figure 6
shows the general winding diagrams of TLT1, TLT2 and
TLT3. The winding turns, T, are relative opposed to
absolute numbers. The core's physical dimensions are
2.54 x 3.18 x 0.64 cm. for TLT1 and 6.45 x 8.08 x 2.40
cm for both TLT2 and TLT3.
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repeatedly check for the operational integrity of the Solid
State Modules. Shown in the block diagram of Figure 1

Nz=6

Figure 6:Diagrams of TLT1, TLT2 & TLT3
TLT1 provides a 1.56-ohm drive from the OTA. This
low impedance allows a rapid charge and discharge of the
FET gate capacitance (includes the Miller effect). Rise
and fall times of TLT1 are less than 600-ps, i.e. TLT1 has
only minor effects on the system's overall bandpass. This
is also true for TLT2 and TLT3.
TLT2 increases the 400-volt signal from the FET to
about 1.6 kV. TLT2's input and output characteristic
impedance is 0.6 and 10.0-ohms respectively. A TLT
similar to TLT2, but with a 16:1 imped-ance ratio, was
0
0eval-uated
relative to
signal droop caused
by- core non-linearity
and/or
saturation.
Figure 7 (input) and
Figure 8 (output)
show the experimental results. Note that
this particular TLT
Figure 7: TLT Input Signal
inverts
the
input
signal. Without core
biasing, its output
signal follows the
input signal for almost
800-ns before core
effects become evident.
TLT3 steps up the
1.6 kV signal output
from TLT2 to about
6.4 kV. This signal
Figure 8: TLT Output Signal
amplification
is
possible because of
the TLT's characteristic impedance change from an input
of 1.6-ohms to a 25-ohms output.
A cable multiplier sums the two TLT3 output signals
into 50-Ohms resulting in a final output of about 12 kV.

5COMPUTER CONTROL
The front end of the Solid State Module needs optimizing
to bring the temporal behavior of its signal into acceptable
parameters - to "linearize" the signal. We implement
defined, pre-distortion to the input signal to obtain sharp
rise and fall times of the solid-state module's output
signal. A similar algorithm [1], [4] is used to linearize the

(of section 1) is a fault sensor network for each module of
the HPLSSP. As describe in section 2, if components or
modules malfunction within the system, the computer will
sense the problem and replace the faulty components or
modules with their spares through electrical inhibitors and
actuators.

6 SUMMARY
We have presented the description and supporting data for
an ultra reliable, computer-controlled, HPLSSP. With
proper linearization the HPLSSP performs as a high
powered (10-kV, 200-amp), fast rise and fall time (<10ns) arbitrary waveform generator with the following
features:
1) A ground referenced, low voltage, parallel
component, modular system
2) A low cost, easily fabricated/maintained system using
state-of-art components.
3) A passive, high bandpass (sub-nanosecond rise time),
V/I multiplying TLT design.
4) A graceful degrading system with low component
count.
5) An open loop, computer controlled pulser.
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HIGH VOLTAGE MEASUREMENTS ON A PROTOTYPE PFN FOR
THE LHC INJECTION KICKERS
M.J. Barnes, G.D. Wait*, TRIUMF. Vancouver, B.C., Canada
E. Carlier, L. Ducimeti~re, G.H. Schr6der, E.B. Vossenberg, CERN, Geneva, Switzerland
Abstract
Two LHC injection kicker magnet systems must produce
a kick of 1.3 T.m each with a flattop duration of 4.25 ts
or 6.5 ts, a rise time of 900 ns, and a fall time of 3 1ts.
The ripple in the field must be less than ±0.5%. The
electrical circuit of the complete system has been
simulated with PSpice[3]. The model includes a 66 kV
resonant charging power supply (RCPS), a 5 f pulse
forming network (PFN), a terminated 5 Q2 kicker magnet,
and all known parasitic quantities. Component selection
for the PFN was made on the basis of models in which a
theoretical field ripple of less than ±0.1% was attained. A
prototype 66 kV RCPS[1,6] was built at TRIUMF and
shipped to CERN. A prototype 5 Q2 system including a
PFN[2], thyratron switches, and terminating resistors, was
built at CERN. The system (without a kicker magnet) was
assembled as designed without trimming of any PFN
component values. The PFN was charged to 60 kV via the
RCPS operating at 0.1 Hz. The thyratron timing was
adjusted to provide a 30 kV, 5.5 gis duration pulse on a
5 fQ terminating resistor. Measurement data is presented
for the prototype PFN, connected to resistive terminators.
A procedure has been developed for compensating the
probe and oscilloscope amplifier calibration errors. The
top of the 30 kV pulse is flat to ±0.3% after an initial
oscillation of 600 ns total duration. The post-pulse period
is flat to within ±0.1% after approximately 600 ns from
the bottom of the falling edge of the pulse. A calculation
was performed in which a measured 27.5 kV pulse with a
5.5 gs flattop was fed into a PSpice model of a kicker
magnet with a 690 ns delay length. The resultant
predicted kick rise time, from 0.2% to 99.8%, is 834 ns
and the fall time 2.94 jis, for a field pulse with a flattop of
4.69 p.s and a ripple of less than ±+0.2%.

Fig. 1 shows a schematic of the prototype LHC injection
kicker system. The 5 Q PFN consists of two lumped
element delay lines, each of 10 92 impedance, connected
in parallel. There are two thyratron switches connected to
the PFN, referred to as a main switch (MS) and a dump
switch (DS). Each 10 K2 PFN consists of 23 seven-turn
cells, a five-turn cell at the DS end, and a nine-turn cell at
the MS end. A cell consists of a series inductor, a
damping resistor connected in parallel, and a capacitor
connected to ground. Each capacitor is mounted in a
coaxial housing to minimise parasitic inductance. The
prototype PFN capacitors are selected in pairs from a
batch of capacitors with ±5% tolerance to provide an
effective tolerance of ±+0.5% for each pair [2]. Each
capacitor per pair is mounted in the same corresponding
cell of the parallel lumped element delay lines. The
capacitance values are graded linearly from the MS to the
DS with a gradient of +0.09% per cell [7]. Two* 3.85 m
long, 175 turn coils are mounted on rigid fibreglass coil
formers: The total inductance variation per pair of 7 turn
coils over the length of the coils is 3%.
SIF,

T1?TDUMP

1 INTRODUCTION
The European Laboratory for Particle Physics (CERN) is
(LHC) to be installed
designing
dnanexisiingaa Large
Large
7 Hadron
HaroncoumCollider
idere(LHc
t ). onbe in
lle
in an existing 27 km circumference tunnel. The LHC will
be equipped with Injection Kicker Systems, devices for
providing a fast deflection of the incoming particle beams
onto the accelerator's circular trajectory. Two pulsed
are required for
and 4 PFN's each, drin
systems, of 4 magnets
nomal
Te
ijecionseqenc,
injetio.
injection. The injection sequence, during normal
operation, consists of 12 pulses with a period of 16.8 s.
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Figure 1: Prototype LHC injection kicker system.
Fig. 1. of reference [6] shows a simplified schematic of
the prototype RCPS. The prototype RCPS consists of a
2.6 mF storage capacitor bank (Cstoage) charged up to
2.8 kV. A GTO [5] was used to switch the energy on the
storage capacitor bank onto the primary of a 1:23 step-up
transformer of low leakage inductance. The output of the
secondary
to aeach
two loads
cable, a 70 isf2 connected
resistor and
diodeof stack.
Each through
5 f2 PFNa
N
cala7QreitrndaioesckEch52
can be considered as a 0.96 tF capacitor during the charge
cycle, which will later be discharged through a kicker
ai
throng
sches
magnet using thyratron
Since
171A[4].
CX1
a
is
thyratron
DS
the
CX2003m[4] and
there is only one prototype PFN, the test set-up included a
r wit a parllel
to
6
dummy oad (
dummy load (a 0.96 gF capacitor with a parallel
500 kU2 discharge resistor) connected in place of a second
PFN. Thus the RCPS was properly loaded. The DS
thyratron connects one end of the prototype PFN, via 10
parallel 50 Q1 coaxial cables to the 5 fQ prototype dump
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resistor. The MS connects the other end of the PFN via 10
parallel 50 Q cables, to a kicker magnet (not installed for
these tests) terminated with a 5 9 MS resistor.

2 MEASUREMENTS
The prototype PFN was charged to various voltages up to
60 kV and the timing of the thyratron trigger pulses were
varied. The stability and the pulse to pulse reproducibility
of the PFN voltage, the ripple of the flattop of the pulse
measured
in the post pulse period were
and the ripple withhig
roceurewas
with high precision. Acalbraton
Apreisin.
calibration procedure
was
a
of
ripple
the
on
developed to provide measurements
30 kV pulse to a precision of ±0.1% [12].

2.1 Stability
The overall stability of the RCPS and PFN was
determined by measuring the magnitude of the flattop
voltage on the MS terminator voltage divider (VD), on
successive pulses. A TDS744A oscilloscope[8] was used
to determine the average value of the flattop of the MS
VD voltage over a 4 gls time window, permitting 5 figures
of accuracy to be displayed on the oscilloscope. Although
the absolute value of voltage is not known to such a high
precision, the relative value is mainly of interest. The
value of the average voltage was noted for several
consecutive pulses, under a variety of conditions, such as
a cold start-up, and also after operation for several hours.
The maximum excursion of the MS VD voltage for 20
consecutive pulses, with the PFN pre-charged to 60 kV,
was ±0.035%, compared with a goal of ±0.2%.

The calibration depends on the oscilloscope amplifier
gain and on the waveform shape. Thus the calibration
pulse must have approximately the same duration, rise
time and fall time as the pulse to be measured, and the
oscilloscope settings must be the same for the calibration
data collection as for the PFN pulse data collection [12].
sstone
co
temna tor pulsewas a
the3
istor disk tat make up the
Seri
Te
terminating resistor. Thus the P6015 probe was used to
6
w
rt
clwas
measu rea 3 kV ple an
e
th
ratn si
ame amplif
pulse
the same amplifier gain settings on the
withoscilloscope.
pulse
TDS744A

2.3 Flat-top
Fig. 2 shows a measured 29 kV pulse, after compensation
for the 6015 probe and the oscilloscope amplifier, with the
DS not turned on. The waveform has been corrected to
account for the calibration. The top of the measured
voltage pulse is flat to within ±0.3% 600 ns after the end
of a rise time of approximately 60 ns, without any
adjustments of the PFN.
-
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A 1 kV FET, precision, calibration pulse generator[9]
with a transition time of 30 ns (5% to 95%) has been
designed and built at TRIUMF. This pulse generator was
used to obtain calibration data for a freon filled P6015[8]
high voltage probe connected to a TDS744A oscilloscope.
The calibration of a 6015A (freon free) probe was found
to be sensitive to slight changes in parasitic capacitance to
ground of the surroundings. A PSpice model of the
precision pulser shows that the output waveform is flat to
within ±0.1%, 100 ns after the start of the pulse. The
required compensation can not be achieved using the
available adjustments in the P6015 probe compensation
box. Thus a procedure was developed to provide a
relative precision of ±0.1% for a 6015 probe as follows:
"* Use a FET based pulse generator to generate a
"known" waveform. Compensate the probe and store
this reference waveform digitally. The compensation
at this stage is only approximate.
"* Comparison of the reference and "known"
waveforms gives the calibration curve (for a given
waveform shape), as a function of time, for the probe
and oscilloscope amplifier (for a given gain),
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Figure 2: Measured and predicted flattop portion of PFN
voltage pulse each normalised to 100%.
Measurements on a 7 turn section of the PFN coil
showed that the copper tube from which the coil is made
was no longer round. The outside diameter of the tube on
the length of the helix was between 0.2 mm and 0.3 mm
larger than the nominal 8 mm. Since the coil former has
grooves to fit the 8 mm circular cross section of copper
tubing, the coil diameter is slightly too large. Detailed
measurements of the outside diameter of the PFN coils at
each cell, showed that the average mean coil diameter is
1.4% greater than the designed mean diameter, giving rise
to an average increase in inductance of 2.8%. The average
diameter of the cells near the centre of the PFN is 1.5%
and 0.8% greater than at the MS and DS ends,
respectively. The prediction in Fig. 2 is a PSpice
calculation with measured coil diameters used to scale the
PFN cell inductance. A PSpice prediction for an ideal PFN
coil (constant diameter) gives a waveform that is flat from
an elapsed time of 1.2 Jts through to 8 pts. The variation in
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the coil diameter explains the small dip in the voltage
waveform at approximately 6 Jts in Fig. 2.
Analysis of measurements made at low voltage, (up to
50 V) indicate that the inductance of each cell of the PFN
is approximately 4% greater than predicted for an ideal
(constant radius) coil. Thus there is still an unexplained
anomaly of 1.2% error in the total PFN inductance. The
relative
difference
between
the predicted
flattop
the actual
measured
waveform
is _+0.2%,
fromripple
1400and
ns
afterthe sctartofathedflattop of theul.2%, fr600
after th e start of the fl attop of th e pulse.
The field strength was calculated from a measured
27.5 kV pulse with a 5.5 jis flattop, fed to the model of
the ickr
wihmgne
a690 s dlaylenth.The
the ickr
wihmgne
a690 s dlaylenth.The
resultant predicted kick rise time from 0.2% to 99.8%, is
834
ns of
and4.69
the pas
falland
time
is 2.94of ps,
a field
pulse with a
flattop
a ripple
lessfor
than
_+0.2%.

the MS thyratron. There is also a probe calibration error,
since the calibration pulser fall time is 30 ns and the fall
time of the measured pulse is approximately 1 g.s. A new
calibration pulser has been designed to permit calibration
with pulses of representative fall time [11].

3 CONCLUSION
The top of the 29 kV pulse is flat within ±+0.3% after
ns from the start of
of the pulse. The postp l e p r o s f a othew tflattop
i
04
f e
ei d o
pulse period is flat to within bo0t1% after a period of
approximately 600 ns from the bottom of the falling edge
of the pulse, providing the resistance of the DS terminator
is slightly less than 5 Q2. The PSpice calculations of the
systly le
th 5
the P.ic lculatio s the
temre
a
cat
t
0.%lev
adth
us th
theoretical model can bee applied
with confidence
to
evaluate future PFNs and RCPSs.
A kicker magnet is
being fabricated, and measurements will be carried out to
confirm that the field pulse can meet the stringent
requirements. The prototype PFN and RCPS have met the
design specifications so TRIUMF can now proceed to
fabricate 9 PFNs and 5 RCPSs for installation into the
LHC.

2.4 Post Pulse
It was thought that the 3 stage thyratrons would block
reverse voltages up to a few kV and would conduct at
higher reverse voltages[10]. In order to confirm that small
reverse voltages are blocked, the post pulse period of a
waveform was measured at the MS terminator for two
different values of DS terminating resistor. The results are
shown in Figure 3 for a 27.5 kV pulse.
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DESIGN OPTIMIZATION AND CONSTRUCTION OF THE THYRATRON/PFN BASED
COST MODEL MODULATOR FOR THE NLC*
Roland Koontz rfkap@slac.stanford.edu,Saul Gold, Anatoly Krasnykh, John Eichner,
Bin #33 SLAC P. 0. Box 4349, Stanford, CA 94309
Abstract
As design studies and various R&D efforts continue on
Next Linear Collider (NLC) systems, much R&D work is
being done on X-Band klystron development, and
development of pulse modulators to drive these X-Band
klystrons. A workshop on this subject was held at SLAC
in June of 1998, and a follow-up workshop is scheduled at
SLAC June 23-25, 1999. At the 1998 workshop, several
avenues of R&D were proposed using solid state
switching, induction LINAC principles, high voltage hard
tubes, and a few more esoteric ideas. An optimised
thyratron-PFN-pulse
version of the conventional
transformer modulator for which there is extensive
operating experience is also a strong candidate for use in
operatin
Suh
mduatrs
urenwhich
the NLC.

Such

a

modulator

is

currently

under

construction for base line demonstration purposes. The
performance of this "Cost Model" modulator will be
compared to other developing technologies. Important
parameters including initial capital cost, operating
maintenance cost, reliability, maintainability, power
efficiency, in addition to the usual operating parameters of
pulse flatness, timing and pulse height jitter, etc. will be
considered in the choice of a modulator design for the
NLC. This paper updates the progress on this "Cost
Model" modulator design and construction.

the components to meet the design criteria [2]. In the last
year, various pulse discharge capacitors have been
These results indicate that at present, a
evaluated.
conventional polypropylene design with attention to
reducing series inductance is the best compromise where
power transfer efficiency and reliability are prime
considerations. Some work has been done by thyratron
manufacturers to develop an appropriate thyratron having
a 50,000-hour MTBF (mean time between failure). There
is an effort to develop or co-ordinate development of a
high voltage charging power supply with 95+% efficiency.
A solid state on-off switch is being considered as a
replacement for the thyratron-PFN in a conventional
For a conventional modulator, a
modulator design.
proposed physical size and layout has been developed
efrsta

efforts that interact with modulators.
Table 1 delineates the latest requirements for the
klystron-modulator assembly. It is expected that these
parameters can be achieved using current component
technology.
Table 1 Baseline Modulator
Parameter
Peak Klystron Voltage
Total Peak Current
Pulse Width(usable FT)
Pulse Top Flatness
Pulse Top Ripple
Pulse-p Ripple
Pulse-pulse Jitter
P.R.F.
Charing Voltage
Charging Splyaoe
Charging Supply Power.
Charging Supply Efficiency.

1 INTRODUCTION
The history of conventional modulator development for
the NLC is covered in previous papers enumerated in the
references. A brief description of the NLC concept is
repeated here for reader's benefit. The NLC is a ITEV,
electron-positron linear collider, wherein two 500GEV
linear accelerators are aimed at each other. Each LINAC
is 10 km long, and operates at X-band, (11.424 GHz).
Each LINAC employs over 3,000 75 MW klystrons, two
klystrons per modulator. LINACS are divided into
Sectors, each Sector containing 72 klystrons and 36
modulators in the Base Line configuration. An 8-pack
induction modulator concept described in the Cassel
paper in this conference could reduce the modulator count
per sector to 9, each modulator powering 8 klystrons.
This is new technology, however, so at the present time,
both conventional modulator and induction modulator
developments are moving ahead in the NLC R&D.
Efficiency, reliability and performance are major
elements in the design requirements. SLAC's cost model
modulator is based upon conventional technology and
components that exist today, with the idea of optimising

0-7803-5573-3/99/$ 10.00 @1999 IEEE.

is being used in other areas of the NLC design
neatwt
ouaos

Reliability (MTBF)

Requirements
Value
500 kV
530 A
1.5gts
2%
2%
2%
I0ns
120 Hz
80kV max.
75 kW
75 kW
90%
8,1 00hr

2 ENERGY STORAGE CAPACITORS
Pulse shape can be very dependent on the type of energy
storage capacitor used. A fast rate of rise of current can
be limited by the internal inductance of the capacitor
itself, especially during a high current discharge. R.
Cassel and Saul Gold have tested film and ceramic
capacitors for their internal inductance and found
inductance of greater than 100nHy in most designs. A
Sicond solid dielectric capacitor from Russia [2] was
tested and found to have less than 30nHy of internal
inductance, but at the expense of increased losses. After
all of this testing, a standard polypropylene capacitor with
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special attention to end connections to minimise series
inductance has been chosen for the "Cost Model"
development.

3 THYRATRON SWITCHES
There is a long history of thyratron operation at SLAC.
Presently, high power thyratrons have an average lifetime
in excess of 15,000 hours [4]. A lifetime of 50,000 hours
is desired for the NLC. Discussions with EEV, Litton and
Triton, the three main thyratron manufacturers, have
indicated that life increases with decreasing peak and
average current. The 80kV charging voltage of the "Cost
Model" modulator dictates a peak thyratron current at
about 7500 amperes and an average current below 2
amperes. Three gap thyratrons are currently being
developed by all three manufacturers to meet these
requirements. The "Cost Model" modulator design will
accept any of these three new thyratron models. In the
next two years, samples of these thyratrons will be
operated continuously in the SLAC LINAC and Klystron
Test Lab to establish basic lifetime and reliability profiles.

4 PULSE TRANSFORMERS
Pulse transformer design, for the most part, is a mature
technology, which can produce high reliability, relatively
low loss voltage step-up to klystron cathode pulse
potential. For most prior applications, energy transfer
efficiency, and pulse rise time were not primary
requirements of the transformer design. In the case of the
NLC, these two parameters are of significant interest as
they affect the operating cost of the two LINACs. Both
Stangenes Industries and North Star Research have
supplied SLAC with prototype NLC transformers. The
testing
results
of these
twotransformer
units are given
Out of
this initial
testing,
a new
designin is[5].
emerging
which will be used in the first version of the "Cost Model"
modulatorl

5 PHYSICAL TANK LAYOUT
The physical layout of the modulator is of critical
importance to performance, reliability and maintainability
and manufacturability. The sheer numbers of modulators
required demands a layout, which affords ease of
manufacturing and cost minimisation. We have built a
full-scale partial mock-up of the modulator tank to help in
this design effort, and have further modified it as the
design was optimised. A photo of this mock-up is shown
in the adjacent column.
The cross-section view of the modulator tank is shown
in Fig 3. All components that are part of the pulse power
delivery system are housed in a single tank, which also
mounts the two X band klystrons. The two klystrons and
modulator tank assembly forms a single maintenance unit
that will be removed to a repair facility when any of the
modulator components, or the klystrons fail.
This
removes the need to handle oil in the Klystron Alcoves.

Fig.2 Modulator Tank Physical Mock-up
One exception to this procedure may be the replacement
of the thyratron if that unit requires more frequent
replacement. The tank design is such that the thyratron
can be plugged and unplugged through the oil expansion
column on the top of the tank without removal of the oil.
A key to designing a fast rise time, electrically quiet
modulator is to take into account, and minimise, all
interconnecting impedances and stray capacitance that do
not show up on the schematic diagram. Thecomponent
layout in this tank design is based on minimising these
murrnt this
elements Each high
lopoucin
path is
current
high
Each
elements.
loss-producing
mapped separately and isolated to its intended circuit via
very low impedance connections, and ferrite isolated
supports.withCircuit
elements
move up and down in
voltage
the pulsing
are that
designed
to have minimum
capacity to the grounded walls of the tank. Voltage holdoff margins are adequate for 500 kV pulses, but excessive
size and spacing which leads to inductive or capacitive
losses are minimised.
Most of the components needed to build the first version
of the "Cost Model" modulator are on hand. A detailed
design of the tank assembly was completed and given to
tank fabricators for costing. The resulting cost for a
prototype unit was much higher than expected, so at this
time, the design is being modified to reduce the
fabrication cost. It is expected that an order for a reduced
scope modulator tank will be placed in the next two
months, and a "Cost Model" modulator will be in
operation by the end of this fiscal year.
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Oil expansion reservoir &
Thyratron removal port

Charging

High voltage power
supply input

diode

Two X band PPM 75 MW
Klystrons
r

stack

ver~e

Reverse
clipper diode
stack

khyratron

End-of-line clipper diode stack

Pulse Transformer
PFN Capacitors (2 lines)

Roll-out component base

Mutually coupled PFN Inductors

Figure 3: Cross-section views of modulator components in tank

*Work supported by Department of Energy contract
DE-AC03-76SF00515.
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TRIGGER CONTROL AND FAULT REACTION CIRCUITRY FOR THE
SOLID-STATE SWITCH MODULATOR DECK AT THE MIT-BATES
S-BAND TRANSMITTER
R. Campbell, A. Hawkins, W. North (Consultant), L. Solheim, C. Wolcott#,
A. Zolfaghari, MIT Bates
Abstract

output. The center deck contains the power supplies and
various vacuum-tube power-circuitry that sends highvoltage pulses to the BSTs modulating anodes. These
pulses "turn on" the BSTs to the desired current-regulation
level and allow a current pulse to be sent through each
klystron. The klystron current pulses are initiated by a Start
trigger signal and cut off by a Stop trigger signal. The new
modulator system creates two separate modulators, one for
each klystron, using the existing switch-tube decks and
BSTs. The center deck is eliminated. At the heart of the
new design is a 20kV, 10OAmp solid-state switch (built by
Diversified Technology, Inc. in Bedford, MA) which is
connected to the parallel BSTs in a cathode switching
configuration. A 0-20kV DC power supply is connected
between the negative high voltage of the HVPS and the
modulating anodes of the BSTs to set them for the desired
current pulse amplitude. A fiber-optic gate signal is used to
close the switch. When light is transmitted, the switch closes
until the light is removed. With the closing of the switch,
the cathodes of the BSTs are taken to the negative highvoltage (-180kV) of the transmitter and the klystrons are
pulsed. When the switch opens, the BSTs stop conducting,
thereby blocking the current through the klystrons.
Because of the basic differences between the two
systems, and due to new fault monitoring devices, a new
approach was needed to trigger the new modulator.
Therefore, a new trigger control chassis was designed and a
prototype built. The control circuitry was designed at Bates
and ModPower, Inc. in Taunton, MA designed the power
supply and built the complete prototype system. The
system contains its own power supply, power monitoring,
remote and local trigger control, trigger filtering, modulator
fault detection and latches, crowbar control, and fail-safe
safety features. The circuitry is designed with noise
suppression techniques with a high level of noise immunity
(5 volts or more) to ensure fault-free operation in a noisy,
transient-filled environment.

This paper describes the trigger control and fault reaction
circuitry for the new solid-state switch modulator at the
MIT Bates Linear Accelerator Center. This new circuitry
has been designed and built to control the new cathodeswitching solid-state modulator that replaces the old
vacuum-tube technology modulator. The old modulator
used a start signal to commence its pulses and a separate
stop signal to end its pulses. The new system uses a single
gate signal to control the modulator pulse.
The trigger control circuit is a stand-alone control
unit that can operate in a local (manual) mode or a remote
modle. In the local mode the unit uses its own oscillator to
run the transmitter. In the remote mode the acceleratorcontrol computer can turn triggers on or off (enable the
triggers), can reset the unit, and can send the gate signal that
triggers the modulator. There is no microprocessor fault
control of the transmitter. The trigger control chassis
receives all necessary signals from the transmitter and
performs all necessary trigger control and fault reaction
functions by itself. These fault reactions can be to turn off
the solid-state switch, to fire the crowbar, or simply to light
LEDs. The main accelerator-control microprocessor
receives report signals from the trigger control unit to alert
the accelerator operators to the status of the transmitter,
The trigger control circuitry limits the modulator
pulse width to 5 microseconds longer than the gate signal up
to a maximum of 55 microseconds and limits the pulse
repetition frequency to under 2 kHz. All the circuitry is
designed with noise suppression techniques and with a high
level of noise immunity (5 volts or more) to ensure faultfree operation in a noisy, transient-filled environment,

1

INTRODUCTION

The MIT-Bates Linear Accelerator is powered by six RF
transmitter stations that each contain two RF amplifying
klystrons. The old modulator design, which pulses highvoltage across the klystrons, uses vacuum-tube technology
that is prone to failures and is difficult to maintain. This
design consists of a center-deck and two outboard switchtube decks that each hold two parallel-connected L-5097
"BeamSwitch Tubes (BSTs) that are in series with each
ysoan
SwitchTubes
High-Vothag
are Supply
serie (HVPS)
each
klystron and the High-Voltage Pow
Power
Supply

2

The main power to the chassis is 120 VAC. The AC input
is fir
disden asd f l
ito nual by AC to
back zener diodes and a linF capacitor (cap). The AC is
then filtered with a line filter. The filter output is bypassed
from line to neutral by a IpF cap, back to back zener diodes
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and a 100k resistor. The line filter output from line to
ground is bypassed by a 4.7nF cap as is the output from
neutral to ground. A power switch switches the AC on to
the power supply. The power supply outputs are +5VDC,
+7.5VDC, +10VDC, +12VDC, +15VDC, and +20VDC.
These voltages are used to power Integrated Chips (ICs),
pulse fiber-optic transmitters, and as reference voltages for
Comparators (LM339s). Comparators were used because
of their high noise immunity features. Each DC voltage is
produced from a separate fused transformer whose output is
full-wave rectified and then filtered. An adjustable
regulator with an adjustable reference set by a 12-turn
potentiometer (pot) sets the voltages precisely. Every IC
power supply input travels through a ferrite bead and is
bypassed by a 0. 1 iF and IO1F cap. The power supply is
self-monitoring and if any DC voltage fails, the crowbar is
fired and the modulators are latched off, stopping all
transmitter operation. If this occurs a red LED is lit to show
which voltage has failed. As with any fault the trigger
control needs to be reset (either locally or by remote) to
resume operation. As long as the power supply is
functioning properly a green LED is lit to indicate a good
power supply.

the gate can pass through the enable circuit to gate a
transistor. This transistor switches 15 VDC to a pair of
parallel-connected fiber-optic transmitter circuits (one for
each modulator). In each path are five fiber optic
transmitters (one for each module of the solid-state switch),
a resistor, and a switch that allows for the manual shut-off of
either modulator so that one klystron can be pulsed while
the other is not used. When the gate signal switches the
transistor on, current flows through the fiber optic
transmitter LEDs. The lights are transmitted via fiber optic
cables to the solid state switch. The switch closes and
pulses current through the klystron. At the bottom of each
fiber-optic transmitter string is a viewing resistor that
develops a voltage whenever current is flowing through the
fiber-optic transmitters. A front panel BNC bulkhead is
connected across each resistor to allow monitoring of the
trigger signals. This signal is also connected to a panelmounted meter that displays the PRF of the modulators, and
is also sent to the switch-status fault detection circuit
discussed below.
If the local oscillator is selected to gate the
modulator, the signal is taken from an oscillator circuit
inside the chassis. This circuit supplies a gate that is
variable from 3-55ps long with a PRF variable from
0-2kHz. These parameters are controlled by panel mounted
potentiometers.

3 TRIGGER CONTROL
The primary function of the trigger control chassis is to
gate the modulator on and off in a controlled fashion. This
can be done by two sources: a remote gate signal or a gate
signal from the local oscillator. A front panel break-beforemake switch labeled Remote/Local selects the trigger
source. If the remote source is selected (a computer
generated signal transmitted from the control room via fiber
optic cable) the control room's gate signal will run the
modulator. The remote trigger is input to the circuitry
through a pulse transformer to ensure galvanic isolation.
The gate signal then undergoes two filtering processes. The
first filter blocks any pulse that is longer than 551S. If any
remote gate signal longer than 55jis is sent it is cut off at
55ps, the modulator is latched off, and an LED is lit to show
that a remote width fault has occurred. The second filter is
a pulse repetition frequency (PRF) filter. It blocks any
frequencies higher that 2kHz. If any pulse is detected
within 50 0ps of another (2kHz), the pulse is blocked, the
modulator is latched off, and a red LED is lit to indicate a
remote PRF fault. If a gate signal gets past these filters it
passes through the Remote/Local switch and then to the
Enable Triggers circuit. The transmitter system has many
interlocks that must be satisfied before the main highvoltage can be turned on. If all these interlocks are
satisfied, and high voltage is turned on, a 24 VDC signal is
sent to the trigger control chassis. If this signal is not
present the triggers cannot be enabled and the gate signal
cannot get past the enable circuit. If the 24VDC signal is
present, a green LED labeled "Ready for Triggers" is lit.
Only then can the triggers be enabled, either remotely or by
a local pushbutton. When the triggers have been enabled
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4

FAULT DETECTION

The trigger control chassis must monitor many modulator
signals to protect the modulator and klystrons from system
faults. Besides the remote width, remote PRF, and power
supply faults already discussed the system monitors each
modulator's BST difference current, each klystron's body
current and collector current, and the total ground current of
the entire transmitter. These signals are sent from current
monitor transformers via coaxial cables that pass through
pulse baluns to attenuate any shield noise. The circuitry
also monitors the status of each module in both solid-state
switches to verify its operation.
As stated, each modulator deck contains two
parallel-connected BSTs. If one of the BSTs arcs there will
be a huge difference between the current in the arcing tube
and the current in the non-arcing tube. This difference
current is monitored, and if a large enough difference is
detected the system crowbar is fired and the triggers are
disabled. The collector current of each klystron is
compared to a width window that is the original gate signal
plus 5ps. If any collector current in either klystron is
detected outside this window, indicating a wide pulse or
spontaneous current, the crowbar is fired and the triggers
are latched off. The body current of each klystron is
monitored and if either exceeds 10 Amps the triggers are
latched off. In this way, if a klystron arcs, but the BSTs do
not, the klystron arc can be extinguished by simply shutting
off the solid-state switch. The body current signal will be a
very useful new tool. The total ground current fault is more
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complicated. Because it is desirable not to fire the crowbar
in the event of a klystron arc, the ground current fault
detection circuit must be slowed down slightly. A klystron
arcs to ground and this shows up as both klystron body
current and ground current. Therefore, if the ground current
detection circuit is allowed to fire the crowbar instantly, the
switch will not have time to extinguish the arc. So a delay
of l 0[s was introduced into the ground current detection
circuit. However, if the detected ground current is still
present after the l Ops delay, indicating a problem other than
a klystron arc, the crowbar is fired. All of these fault
detection circuits have their own latches and LEDs that will
indicate what fault occurred. Each circuit latches a set of
relay contacts which alerts the control room computer to the
fault condition. Each one of these signals can be monitored
by an oscilloscope from front panel BNC connections.
Another set of signals that is monitored is the
switch status signals from the solid-state switch. The switch
contains 5 switch modules connected in series. Each
module sends back a fiber-optic signal indicating if it is
open or closed. Every switch status signal is compared to
each gate signal to check for proper operation. If a fault
occurs, an LED is lit to indicate which module is bad and an
overall switch fault signal is sent to the control room by a
relay contact.

voltage because of their low impedance. If either end of
any coaxial cable that carries fault signals is disconnected,
the trigger control will act as if that fault occurred; either by
firing the crowbar or shutting of the triggers. Also, every
comparator, transistor, latch, or logic gate in any fault
circuit sinks current or voltage in its "good" condition. If
any IC is removed, loses power, or if any connection is
misaligned or broken, the circuit will act as though that fault
had occurred.

7

CONCLUSION

Beastholmdutrhsbcmeboeean
Bneiause thnod modulatornhasbetom obsicletemaindanw
unreliabe andehograsl iprovenob
toodniffiul toanmaintainrw
havelicthe chanceto, gndrelatlyimpov thae dientiretrnster.
Smpdlictysfey
and
tigrcnrelabilt aem drsive.ntentiew y
modultategor
an runigge controlnsysttem deign. Anentrl
newlstrategy foTunnhe
o
transmrcittry
will boiefrerout
adfimlemaene. Ithuescotold circuitryodisanoisree robuasta
andl fail-safobe.tte fuses
olandro
netmduatorgignas,
bthat
wl lo o etrfutcnrlsrtgebte
monitoring and easier troubleshooting. It has been designed
toieraewhacnrlcmperbtdsntdendn
a microprocessor or software for equipment and personnel
safety. The combination of a new modulator system with
new trigger control circuitry will replace obsolete and
CON ROLthe
5 CRWBA
5 CRWBA
CON ROLfailing technology and significantly improve the reliability
and performance of the accelerator and the RF transmitters.
The crowbar control chassis receives a signal from the
trigger control chassis and then sends a high-voltage pulse
(15kV) to a large step-up pulse transformer which fires the
system crowbar and dumps the high-voltage of the
transmitter. Because the old crowbar control chassis will be
replaced eventually, two crowbar firing circuits were built
into the trigger control chassis; one for the old crowbar
chassis and one for the new. The circuit for the old crowbar
chassis sends a 15VDC pulse. Because the old system
requires a pulse it was not possible to make it fail-safe. The
new system, however, will be fail safe. A current sinking
field-effect transistor (FET) will hold a voltage generated in
the new crowbar chassis down through an interconnecting
cable. If the cable is removed, if the trigger control chassis
is shut off, or if the FET drive fails the crowbar will fire
rendering the system safe for equipment and personnel. In
the event of a fault requiring a crowbar the FET is turned
off and the crowbar will fire. A Crowbar Test button is
mounted on the front panel that sends a high signal to all the
fault detection circuits and not only fires the crowbar but
tests all the latches as well.

6

FAIL-SAFE FEATURES

The trigger control circuitry was designed to be as fail safe
as possible. When the unit is turned on or off, all the faults
are set to ensure that no spurious signals occur. All the
current transformers inside the transmitter actually sink
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PRODUCTION OF HALO PARTICLES BY COLLECTIVE MODE
EXCITATIONS IN HIGH INTENSITY CHARGED PARTICLE BEAMS
Sean Strasburg and Ronald C. Davidson, Princeton Plasma Physics Laboratory
to the transverse focusing frequency, the transverse focusing coefficient K, is defined by Vfr = wf/1 3bc, which has
units of inverse length. We further assume axisymmetric
0s =a/Oz), and
gtio f (/
unbunchebea
potent
sl-id
mion
intuce te norald
potential
self-field
dimensionless
introduce the normalized
We assume a kinetic or warm-fluid[(4] KapchinksijVladimirskij (KV) beam equilibrium, and for this case the
equilibrium density profile na(r,s) has the uniform value
iin the hewn interior and is equal to zero outside
the beam, defined by r > R(s), where R(s) is the solution
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eject particles from the beam core to large radii,

1

to the envelope equation[2]. We further assume a matched,
Ro, a
constant-radius beam equilibrium with R(s)
2
/Ro.0 Here c is
constant, given by (tK- K/R1 )Ro =
the unnormalized transverse emittance, and K is the selffield perveance defined by K = 2Nb(Ze) 2 /y3m(flbC) 2 .
The "depressed" oscillation wavenumber f (dimensionless
units) is defined in terms of the transverse focusing coeffi-

INTRODUCTION

It is increasingly important to develop improved theoretical
models of halo production and control for chargedparticle
beam propagation in high-intensity accelerators
and transport systems[l], with applications to spallation
neutron sources, heavy ion fusion, nuclear waste treatment,
and tritium production. While halo formation mechanisms,
such as beam mismatch and nonlinearities associated with
nonuniform space-charge forces have been explored both
analytically and numerically[2, 3], a fundamental understanding of halo production is incomplete. In this paper,
we consider a new mechanism for the production of halo
particles. Namely, we consider, for the first time, the effects of self-consistent collective oscillations excited in a
high-intensity ion beam on the motion of a test particle
in the beam core. Even under ideal conditions, assuming
a constant transverse focusing force (smooth focusing approximation), and perturbations about a uniform-density,
constant-radius beam, it is found that collective mode excitations, in combination with the applied focusing force
and the equilibrium self fields, can eject particles from the
beam core to large radii.

2

THEORETICAL MODEL AND
ASSUMPTIONS

We consider an intense nonneutral ion beam with char3
acteristic beam radius R and axial momentum ybm/ bc
propagating in the z-direction with average axial velocity Vb = /#bc = onst .. The applied transverse focusing force in the smoothfocusing approximation is modeled
(X- + y-9). The effects of selfby Fp, (x) = -rybrMW2
electric and self-magnetic fields on the particle dynamics
are retained in a self-consistent manner, consistent with the
that Budker's
paraxial approximation, and the assumption
2
2
Nb
parameter satisifes vB = Nb(Ze) //mc < yb. Here,
is the number of beam ions per unit axial length, related
to the number density of beam ions nb(Xy,s ) by Nb =
f dxd9 b, where s = /3bct. The wavenumber equivalent
0-7803-5573-3/99/$ 10.00 @1999 IEEE.

perveance2, K, and equilibrium beam radius Ro, by
1 - K/IKRO. The "depressed" oscillation wavenum2
ber w (dimensional units) is given by w = K 2.
A key focus of the present analysis is to investigate the
motion of a test ion in the combined force of the applied
focusing field Fp , the equilibrium self fields, and the perturbed self fields associated with self-consistent collective
oscillations excited in the beam. We express the total selffield potential as (f s ) = o0(f) + SO (r,s ), where 0Po(r)
is produced by the step-function equilibrium density profile and j = r/Ro is the normalized radial coordinate.
For the perturbed potential 6o(f,s ), we make use of the
warm-fluid model developed by Lund and Davidson[4].
This model, simplified by the assumptions of cylindrical
symmetry, predicts an infinite class of collective modes
JO,, vanishing outside the beam core, with purely radial
dependence, and stably oscillating with eigenfrequency
w,. The radial eigenfunction SOb, (r) in the beam interior (0 < f < 1) is defined in terms of the Legendre
polynomials (of the first kind), P,-.(x) and Pn(x), by
2•2) + Pn(1- 21)], where
2~"n(•
= ½An[Pn-l(The normal-mode oscillaamplitudes.
constant
{AIn} are
tion wavenumbers {wK} are defined in Ref. [4] by wn
2
It[2-r- v2 (2n 2 - 1)].
It is readily shown that the equation of motion in the
applied and equilibrium self fields, together with the oscillating collective modes, is given by
P0•
(
2
d2f
(1
P
+--2
R2
cient
F/=

-

-V)

where Po is the (normalized) canonical angular momen- yx', which is a constant of the motion.
tum, R oPe
(fk0()
+JiP(f,s ), where the eigenfunctions
Here 0i(f,s) =
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are the Legendre polynomials defined above and the eigenfrequencies are {wfn}. Equation (1) is a valid description
of the test ion motion, both inside the beam (f < 1) and
outside the beam (f > 1).
For test-particle motion inside the beam, we obtain[6]
+

L_ = K

WS 2 +

~

j

n=1

~~~~
n
ows

edge R 0 of a beam with an n = 1 mode is not a node of the
perturbed potential, and so particles may escape.
Test Ions With Nonzero Angular Momentum As a
simple example for particles with nonzero angular momentum P9 : 0, we consider perturbations around an interior
circularorbit with constant radius f, = rc/Ro, requiring
that P2 = jlW 2 . The frequency of small radial oscillations
about the equilibrium orbit is found to be w, = 2w, independent of the equilibrium radius i;. If these orbit oscillations resonate with the collective mode, the particle will

(
2

On the other hand, for particle motion outside the beam,
Eq. (1) reduces to the nonlinear autonomous equation
'
dS2

K
K+R22
j

experience a significant energy change.
The linearization for small radial oscillations has fundamental and principal resonances when the ratio wl/w, =
1, 2m for integers m < n. For n = 1, the fundamental
resonance is at P2- 1, and the Mathieu (or principal) resonance is at 2= . Both have important effects on the
dynamics of a single particle.

f
i;

=

0.

(3)

For case of vanishing angular momentum (meridionalparticles), setting Pe = 0 in Eqs. (2) and (3) and replacing f
with i = x/Ro yields the appropriate equations.
Equations (2) and (3), supplemented by the associated
definitions of 8,0 {w, etc., constitute the final forms of
the test-particle orbit equations to be investigated analytically and numerically in Secs. 3 and 4.

3

3.2 Non-Resonant Behaviour
It is also possible for a test particle to nonresonantly gain

THEORY OF THE DYNAMICAL

enough energy in the beam interior to escape the beam, disrupting the process of giving the energy back. All pirticles
with sufficient energy in the unperturbed case to attain a

SYSTEMS
In this section we examine several features of the test ion
motion analytically, using numerical solutions as verification.

3.1

Resonant Behaviour

Meridional Test Ions We begin by considering meridional particles with Re = 0 in a beam supporting a single collective mode with eigennumber n. The functional
relationship between the n th mode frequency w,, and the
depressed transverse oscillation frequency w makes fundamental and principal resonances "inaccessible" for all
mode numbers n. The Hamiltonian expansions predict resonances for the nth mode at wn /w = ±2m for integers
m < n. Using {wn}, we can easily obtain an expression
for wn/w 2 - gn The minimum ofgn occurs at p2 = 1
at which gn - 2n, the uppermost resonance. However, as
this resonance is approached, the coefficient which multiplies the mode amplitude, K/R 2
¢(1 - i 2 ), approaches
zero.
Equation (2) for meridional particles inside a beam supporting an n = 1 mode is a Mathieu equation, the same as
that generated by an envelope oscillation R(s) = Ro(1 +
1, cos wos) in the limit of small 6, taking , = 1 and
we = wl. However, it is important to distinguish what
constitutes inside the beam for the two cases. The fluid
modes are derived for perturbations about a constant radius beam, so inside the beam corresponds to I£1f < 1,
or fxJ < R0 . The mismatch ripple, however, requires
JxI < R(s) = Ro(1 + ½6ecosw s). Since R(s) is the
projection of an energy level, particles initially inside the
energy shell of the beam will remain confined in the interor of a mismatched beam for all time, whereas the beam
-

radius greater than tN < 1 will be ejected by the collective modes into the highly nonlinear region exterior tothe
beam at some point of their trajectory. This minimum expelled radius ia is a strong function of the mode amplitude strength r, defined as the rmis field energy in the nth
mode divided by the rms electrostatic energy in the beam
core. The function tA may be calculated for low n by
transforming the perturbation in the Hamiltonian to higherorder[5], yielding a new energy-like invariant, the new action J, whose maximum is directly related to the maximum
excursion of the perturbed particle trajectory. For n = 2, the
unperturbed maximal radius which will just reach the beam
edge due to the collective mode is given by[6]
2
-(1 + CC
2 ) ± [(1 + cc2 ) + 2cclw]

(4)
CWc(
The values cl and c2 depend only on the depressed transverse frequency and the ratio a = w2/w, which in turn depend only on P, and are given by cl = C3(21a - ýa3 ) and
c2 = C3W(-16a +a 3 ), where c; 1 = w3 (64-20a 2 + a 4 ).
Here, we define c = (K/Ro)v/-r. This expression gives,
within a few percent over a wide range of parameters, the
extent of the region near the beam edge which will be
ejected from the beam at some point of the trajectory. Figure I shows fia as a function of normalized mode energy
r in a range over which it is an accurate approximation.
2

=

4 NUMERICAL RESULTS
The dynamics become more complicated when a trajectory
spends time both inside and outside the beam, and numerical solutions of the equations are easiest under these conditions.
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Particles whose energy corresponds to a maximum unperturbedtrajectory, which we denote to, between jýA and
1 will be ejected from the beam at some point, with the
possibility of large energy gains. In general, ejected particles either (i) experience negligible energy gains, or (ii)
obtain a well-defined maximum excursion X 1 • 1.5. This
behaviour is a function of space-charge depression P, rms
field energy in the nth mode relative to rms electrostatic energy in the beam core IF - n/go, and the ejected particle's
unperturbed maximum radius to.

1.4

particles can explore out to X 2 • 2 (see Fig. 3). It is
plausible that, for extremely intense beams, larger collective mode amplitudes would make accessible even greater
regions of phase space.

5

CONCLUSIONS

We have explored the range of particles capable of being
expelled from the beam core by collective mode excitations, and the maximum radii they can attain as KAM surfaces are successively destabilized with increasing perturbation strength. These processes occur under even ideal
conditions, assuming constant transverse focusing force
and a uniform-density matched-beam equilibrium.

1.3

6

tmax
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SIMPLIFIED THEORY OF THE HEAD-TAIL INSTABILITY OF
COLLIDING BUNCHES
E. A. Perevedentsev, Budker Institute of Nuclear Physics, Novosibirsk, 630090, Russia
Abstract

A proposed theoretical model incorporates in an averaged
form both the conventional head-tail effect in a single
bunch (due to impedance elements in the machine), and

the dipole moment around the circle, across the boxes, and
we follow variations of di in each box: no need to interchange the boxes when evaluating their interaction.
The dipole moments obey the betatron oscillation equa-

the linear part of the coherent beam-beam interaction, with
the account of the finite bunch length.

tion in the Courant-Snyder normalization, with the coupling in the RHS:

1

INTRODUCTION

Here

For the strong head-tail effect in the beam-beam system we
construct here an averagedversion of the space-time domain formalism [1, 2], aiming at clarity and solvability, at
the sacrifice of localized interaction effects. This holds in
situations when all the mode spectrum of interest lies far
off the (half)integer tunes, i.e. for machines where the synchrotron tune and collective tuneshifts are much less than
fractional betatron tune.
Applied to strong-strong collisions, the new theory predicts the coherent dipole beam-beam instability of head-tail
type; estimates show that the chromaticity is effective in
control of its increments.

Wb

d'i + wdi = -2 WbDikdk .
(1)
is the betatron frequency, the machine azimuth is

used as quasi-time, and the dynamic matrix Dik approximates the integral linear operator of collective interaction.
First of all we use the ansatz di = aie-iWb t + c.c. and standard averaging to get rid of a! in the shortened equations:

N complex amplitudes ai of oscillating dipole moments
sitting in each box, form a complete set of dynamic variables of the averaged problem. In fact, ai are sampled values of the continuous function of the synchrotron phase V:
ai = a (Vi, t), its total time derivative
Oa
&(,t= Oa +0 Oa = Oa
T + W,,5-V
t
O
att

2 CIRCULANT EQUATIONS
The main difficulty
multi-particle
models in
The of
oaindificuty
muti-artclemodes
i the
th spacespcetime domain is seen already in the educational 2-particle
model in A. Chao's text [3]: the wake acts in alternating
mode on either the 1st or the 2nd particle, resulting in timedependent coefficients in the equations of motion even with
the constant wake.
The model employed in [2] and here is not based on real
macroparticles which move longitudinally. It considers the
synchrotron phase circle' divided into N fixed equal boxes
with fixed longitudinal position in the bunch, see Fig. 1.
These boxes are uniformly populated with particles each
carrying its transverse dipole moment.

"1a2
"1

2b)mode

should
represented
in our difference
equations
correct be
N-point
approximation
of Oa(•, t)
/O• --+ with
'ikak. a
circaa
special
be
to
is
known
a
For periodic functions,
circul
fine another
For perix;
lant matrix; we define another circulant C = -iwon, and
ii

C3 =

(3)

Dik) ak.

V

-1

0

(4)

-1
)

Substituting for the proper modes ai(t) = vie-int in (3),
with Dik = 0, we find the mode frequencies 0 and eigenvectors v from the eigensystem of C 3 :

IFortheneedsofthispaperthehoIllow beammodelwillsuffice, i.e. all
the particles are assumed to have the same amplitude of the synchrotron
oscillation.
9-9,9-"E

0-7803-5573-3/99/$10.00@ 1999 IEEE.

(Cik +

In what follows we will refer to Eqs. (3) as CirculantEquations, with the notation CE3 and CE2, for 3 and 2 boxes,
respectively. Their remarcable feature is that the circulant
matrix C responsible for the free synchrobetatron motion,
and the interaction matrix D on the RHS are additive.
The synchrobetatron mode spectrum emerging from
CE should first be checked for free oscillation. We start
with N = 3, Fig. 1a, and accordingly define the proper
numbers m as -1, 0, +1. The 3-point circulant is:

Figure 1: Division of the synchrotron phase into boxes,
populated with particles; a) 3 divisions, CE3 formalism;
b) 2 divisions for the CE2 formalism.
A variable dipole moment di is ascribed to each ith box,
i = 1,.. . , N. The synchrotron oscillation just transports

=
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Indeed, the free oscillation mode spectrum comprises the
betatron frequency and two its synchrotron sidebands:
Wb, Wb ± Ws. Mind that all frequencies in the shortened
equations are counted from Wb, e.g. those in (5). The
mode eigenvectors v give sampling of the Fourier harmonics eim4', with m = +1, 0, -1 (cf. [3], Eq. (6.185)), at 3
equidistant values of Wk according to division into 3 boxes.
In many cases coupling of only two modes in all the
spectrum is important, those with the least separation in
frequencies. N = 2 boxes (Fig. lb) then suffice to represent them. Coupling of these two modes to the other ones is
neglected. Thus we come to the extremely simple circulant
equation CE2, where free motion of the only two modes in
question is given by (3) with D 0, and the 2 x 2 circulant:
( C=
.
(6)

-1)

0_1=(,
T

--WS

The mode spectrum here consists of the betatron frequency
Wb and only one sideband Wb -Ws with exceptionally simple
mode structure. It is convenient to take w, = 1 hereafter,
i.e. to measure all the frequencies in the units of ws.

3

Eigenvalues of C + By give the new mode tunes 2 , see
(8) with w = 0. The mode coupling results in repulsion

4

C

(1

The impedance element(s) inevitably present in the machine act on each of the colliding bunches individually; in
CE2 formalism they are plugged in the wake matrix W,
e.g. for the constant wake 3 we have:

-2

0
0
1
1

-bI

2

-2

1
1

W= w2 (01

1

1

1
-2
0

1
0
-2

We consider here equal currents I in each bunch, b is the
beam-beam tune slope in units of the synchrotron tune,
bI = I/Qs, ý is the conventional beam-beam parameter.
Four proper modes, doubly degenerate, are given by the
eigensystem of C + B:

0

2b
=

0

Vo,= (1 1, -1, -1),
0T

-la)

-

=

T
bI-1 vT-l

-17r)

fL-1,

=

bi- 1 vT-7 ,.

(

(17

I is the beam current, w is the coherent tune slope.
The chromaticity X will cause the chromatic phase lag
2x oc -X, (cf. [3], Eq. (4.88)), of the trailing box oscillation with respect to the leading one; we have to modify the
wake matrix accordingly:
In combination with the beam-beam interaction, impedance elements completely change the situation. Consider first
the case of very short bunches, y < 1. The mode tunes
are eigenvalues of C + B + W, put x = y = 0 in (8).
The beam-beam tuneshift results in reduction of the modes
Oo0,-lo merge threshold: (b + 2w)Ith = 1, the closest
one. The head-tail + beam-beam problem corresponding to
this short bunch limit was studied numerically in the 2x2particle model [4], predictions on possible reduction of the
head-tail
threshold
due toours.
beam-beam collisions and some
of
the results
agree with
accounting for the finite
slippage
phase
The betatron
f a new inB gives
matrix
beam-beam
the
bunch length in
w inves
wi
combinatix
in
bilength
can see
we
wakes;
with
combination
in
acts
stability, when
2

Or) 0o,

2)

2
2
W), = diag{1, e-2ix, 1, e-2i}'Wdiag{1, e i 1, e ix}.

C(

0

since they are relevant to each of the two bunches.
The beam-beam matrix B (written for 2 boxes in each
bunch) represents the linearized beam-beam force:

0u)

BEAM-BEAM INSTABILITY

BEAM-BEAM MODES

Now our task is to study the linear coherent dipole beambeam oscillations of longitudinally non-rigid bunches with
finite length and incoherent synchrotron motion. We have
to perform the same division into boxes in the both colliding bunches, like in Fig. 1, thus the set of variables ai in
(2) is duplicated. All the matrices of the previous section
have to be replaced accordingly, i.e.:

B

2
By = diag{1, e2-iy1, e-2iy} . B . diag{1,e2iy, 1, e iV}.

between the mode tunes; they are always real and never
merge. Thus, no instability can appear in this beam-beam
model, unless we introduce some impedance elements.

Its eigensystem reads:
90'0,-1 = 0,

In the basis of these beam-beam modes all the matrices.
of Section 4 are blockwise diagonal: the interaction preserves orthogonality of the a-modes subset to the subset of
ir modes. Thus the characteristic equation of our 4-mode
system always breaks up into a pair of quadratic equations,
in CE2 formalism (a pair of cubuc equations in CE3), making the mode analysis so clear.
Finite bunch length 1 of the order of the beta-function
value 5* at the IP, results in substantial betatron phase slippage over the interaction length. We include this effect in
the phase lag parameter y (0 < y : l/2/3* < 1), and
modify the beam-beam matrix:

1
(1,--1,

= (1,-i1,

,1
1,-1)

-1,

Saving the space, we omit here expressions for the mode tunes since

they are available from the general formula (8) presented at the end of
Section
4, being its particular cases.
3
With a known wake function other than constant the coefficients in

1).

W are available from the complete theory [2]. Or they may be considered
as phenomenological coefficients, to be tuned to fit experimentally known
head-tail parameters for a particular machine.
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this from the eigenvalues of C + By + W (put x = 0
in (8)). Simple analysis shows that modes 0a and -1ir
are unstable without a current threshold, as if in conventional head-tail instability, see Fig. 2, left. However,
their increments J start quadratically at low beam current:
Jo,,-,, = ImO ,t btI2 sinycosy; J-1a, o =
Changing our normalized units to ordinary ones, we have:
and rewrite the
J -+ wo, bI -+ QQ, wI -+ AQc h/Q,
0
increment via the revolution period TO:
J ; bwI 2 sin ycosy -+ 21rýAQAh/ToQQ.

One should take here Q, > ý, AQco, large enough, to stay
in the validity range of our 2-mode model. At high currents
J - w, roughly, we deal with afast instability.
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Figure 3: IIm•j vs. the chromatic phase x at two fixed
beam currents I, left column: I = 0.8, right column: I =
1; for two bunch lengths y, top row: y = 0.2, bottom row:
y = 0.5. Other parameters are the same as in Fig. 2. All

5

i' + 2w)Ie-2i)).

CONCLUSION

A new formalism with Circulant Equations predicts stability of coherent dipole oscillations of non-rigid colliding bunches with finite length, in the linear beam-beam
force model. Adding wakefields to the above strong-strong
model, we find in such a combination a new beam-beam
instability of head-tail type, arising without any current
threshold. Its possible cure is the positive chromaticity.
Indeed, rather large positive chromaticities are known
to help in improvement of the beam-beam performance on
existing machines, e.g. VEPP-2M.
Any instability found in a linear theory is not necessarily
lethal for a highly nonlinear beam-beam system. The amplitude growth is most likely to saturate at a certain level,
but the onset of the instability may be a detriment to. a low
emittance regime.
Discussions with V.Parkhomchuk who has drawn my attention to the beam-beam problem with non-rigid bunches,
are gratefully acknowledged.
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(b- w)I T (1 - bIe2i(x+Y))½
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1.2

Physically, the phase slippage is somewhat similar to the
chromatic phase effect. So, the chromaticity tuning gives
us a possible cure of this instability. The chromatic phase
lag x is involved in both beam-beam and impedance action,
and therefore the eigenvalues of C + B+,+y + W. are now
needed:
-

0

\

Figure 2: Effect of the positive chromaticity on the mode
increments (plotted vs. the beam current) for combined action of the wake and betatron phase slippage in collision,
Left: x = 0, right: x = -1.42. Parameters in (8): y = 0.2,
b = 1.1, w = 1. All the a modes are shown in thick lines,
7r modes in thin lines, the 0 modes in green, the -1 modes
in black.
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ON SELF-CONSISTENT p-FUNCTIONS OF COLLIDING BUNCHES
A. V. Otboyev and E. A. Perevedentsev
Budker Institute of Nuclear Physics, Novosibirsk, 630090, Russia
Abstract

#-functions in the special case of round beams:

The flip-flop effect with the linearized beam-beam force is
formulated through self-consistent fl-functions and equilibrium emittances which are both affected by collision. We
give the results of two models of emittance dependence.
The effect of finite bunch length is also discussed.

1

INTRODUCTION

From many observations of the beam-beam effects on existing e+e- colliders, it is known that under some conditions the sizes of opposing bunches become very different.
This phenomenon is called the flip-flop effect. Such a state
is not stable and the bunches may exchange their sizes. The
flip-flop effect leads to reduction of the luminosity, because
of the difference in bunch sizes resulting in reduction of the
effective interaction area.
The problem is greatly simplified by linearizationof the
beam-beam force; it has been studied in terms of evolution
of the 2nd moments of the beam distribution, involving the
radiation effects: damping and quantum excitation [1, 2, 3].
Another way to understand this problem is formulation
in terms of self-consistent dynamic #-functions of colliding beams at the interaction point(IP) [4]. The equilibrium
emittances of the bunches are affected by the linear part
of the beam-beam force: action of the opposing bunch is
roughly equivalent to insertion of a (thin) lens modifying
the arc lattice [5]. So, a correct account for these dynamic
emittance variations should be done in a self-consistent
way.
This paper gives results of the self-consistent model for
round colliding beams, and calculation of the equilibrium
radiation emittance with the thin lens insertion. We also
discuss the simple model representing the bunch length effect.

2

b2
X2-2
e2
2

(1)

The problem is periodic in v with the period 1/2, therefore
we only consider 0 < v < 1/2 in what follows.
We start with the case of constant emittances. Unequal
solutions of (1) bi correspond to the flip-flop situation.
They are real and positive when v E (0, 1/4) and x belongs to the interval:
2 + 3c 2 + C / 8
2(1 + c2 )

+9c2

<

X

<

c

+

1' +

2

c .

(2)

For v E (1/4, 1/2) the inequalities should be reversed.
Small v are of predominant interest for a high beam-beam
performance. One can obtain the threshold value of x for
small v by taking the limit c -+ oo in the LHS of (2):
Xth =
3
This is a very large and unrealistic value of x, which
corresponds to 0o• 0.26.
Another way to get Xth is the graphical method [6], applied to (1): we consider b, as function of b2 , and evaluate
the derivative abi /Ob2 at the point of equal bi, thus inspecting a possibility for unequal solutions to appear. Then the
flip-flop threshold x = Xth satisfies the equation:
Ob-

1,

6b2 bl=b2

(3)

-

yielding the same Xth as in the LHS of (2).
In contrast to the above solution, one may expect a nonround flip-flop state, e.g. a cross-shaped one: hi,
b2 y, bly = b2 ,. Using (3) we obtain this threshold:

X>4
£

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

_

1 + 2xc- - x6--•
el
el

b2

SELF-CONSISTENT 3-FUNCTIONS

Consider a collider lattice with one IP and the betatron
phase advance on the arc p0 = 2trv. We can get the resulting matrix of one revolution M = M0 • F multiplying the
arc matrix M0 by the thin lens matrix F, involving the size
of the opposing bunch and its intensity expressed through.
the nominal beam-beam parameter ý0. From M we obtain
new values of p andfl-function, modified by collision. Let
us consider equal intensities of the colliding bunches (equal
c0). After simple calculations [4], using a convenient notation: x = 27rr 0 , c = cot 27ri, bi = fl* /f3, and ei for
the normalized emittances (here i = 1, 2 refer to the two
bunches in collision), we get equations on self-consistent

b
1 + 2xc-2
e2

b21

>

+ 5c2 + cv/24 + 25c2
Xth=

(1

2

2(1 + C2 )
It appears to be even higher than that for the round flip-flop
state: the round beam shape seems to be "flip-proof', cf.
[7].

3

RADIATION EMITTANCE

Assuming the emittances unchanged by collision, we see
from the above section that the flip-flop thresholds are
rather high in terms of o0.
Let us now evaluate the radiation emittance of the bunch
with a thin lens insertion at the IP, representing the linear
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where D = 4b2 k + (1 + (b, - b2 )k) 2 .
Now we may solve the problem using method [6]. With
k > 0, the flip-flop situation appears only at high values
of x = 27r• 0 (Fig.1). In this case the values of the selfconsistent /3-functions are small enough and the emittances
exceed their nominal values.

effect of collision. Zero dispersion at the IP is assumed for
simplicity.
The equilibrium emittance is determined by the one-turn
average of the Courant-Snyder quadratic form with the dispersion function:
H(s) = /3(s) /'(s)2 + 2a(s) r(S) (s) + 7(s) r(s)2.

4.5
4
3.

The lens insertion modifies the Twiss parameters involved
in H(s) thus changing the radiation emittance. In the Floquet parametrization H(s) = IW(s)12, the appropriate
Wronskian reads:
W(s)

3
2.5

ei,2

w(s)

77(s)
7'('(s)

W'(s) +i/w(s)

-

1.5

and the modified Floquet function w(s) ei'O should be decomposed via the basis of the unperturbed Floquet vectors
at the IP, then propagated through the unperturbed arc to get
the modified vector on the current azimuth of integration s.
Thus we obtain the effect of collision:
H(s) -l+pcot
Ho(s)

V1 + 2 p cot 2rV

-

p2

=

1 + kb2

=

1+

e2

e2

0.3
k

0.4

0.5

The case k < 0 is more interesting. There is some limiting value of x, which depends on the values of k and v.
If x is above this limit, the system (5) has no solutions.
And when x is close to its threshold, there is a range of
x, where (5) has two different solutions with equal bi. We
may avoid this situation by increasing the value of v. Before x approaches its maximal value, (5) has one solution
with equal bi.
The 2nd model: we assume linear variation of the beam
er
te b
of
strent of the lens
The
some calculations, this model is expressed by equations

k -L1,

=

bl(±kxb)2,
e2

=

b 2 (1+ kx

2

e2

(4)2

e2

el

)2,

(6)

reducible to 2 variables ei/bi and e2 /b2 only. Hence, we
solve (6) for these and substitute into (1) to obtain solutions
for bi.
The resultant of two equations in (6) has simple factorization:
R

=

(e2 + 2b 2 e2 kx + b2k 2 x 2 - b2e2k 2x 2 ) X
2
(e 3 - b2e 22 - 2b22
2e 2 kx - b3k 2 ).

The first factor gives two solutions:

k is the linear slope coefficient; it should be kept not too
large for our model to be valid. We solve (4) for el and e2
first, substitute these solutions into (1) to obtain two equations on the two variables (bl, b2 ):
b•2
1 + 4b2X(c(1 + (b, - b2)k + /-D) - b2X)
1
+
(1 + 0 1 - b2)k +
)- 2 )
(1 + (b1 - b2)k + V/)2
b

0.2

Figure 1: The flip-flop threshold Xth VS. the positive slope
k in (5), v = 0.01 (top), v = 0.1 (bottom).

MODELS OF EMITTANCE
VARIATION

We can implement the above conclusion in simple models
of variable emittance, to be used jointly with (1) for the
self-consistent analysis.
The 1st model assumes the linear variation of emittance
with the strength of the lens of the opposite bunch: we have
then for the normalized emittances:

2(1

0.1

2irv+pcsc 2irv cos 2(arg Wo(s)-irv)

where p = P/b"/2 is the normalized strength of the lens,
and the 0 subscript marks the quantities relevant to the unperturbed lattice.
The ter
+ cointhenumrato
2m
gies osiive
and comemittance,
radiation
the
to
definite contribution
pares to the result of [5]. But the 2nd term, proportional
to cos 2(arg Wo(s) - 7rv), depends on the arc lattice, and
generally its contribution to the radiation integral does not
vanish. It may well override the effect the 1st term in some
particular lattices, resulting in a linear slope of either sign
in the emittance dependence on ý0,contradicting to [2, 51.

4

*

(b - b)k + vD) - bx)(5)
1 +4bx(c(1 +
+ 0(22 - b_)k + v'P)2

1
e2=-b 2 kx(kx

-

2 + Vkx(kx-4)).

(7)

So, for k > 0 the flip-flop threshold is high: we need kx >
4 for el,2 to be real. The second factor in R has one real
root, if k > 0. It corresponds to normal solution b, = b2.
Another situation is in the case of k < 0. Now (7) are always real and positive and correspond to the flip-flop solutions. After substitution (7) into (1) we get b,2 and require
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2.2

that they be positive; this yields the condition on existence
of the flip-flop solutions:
X

< X(k) =tan rv (cot 7rv +

1/k)

2

2

"; tan 7rv < -k.

1.8
x
1.6

avoid the unwanted
These expressions indicate how to
flip-flop situation: at some x and a given value of k in the
linear dependence of emittances, we may raise the tune to
shift it in the area of only equal solutions, crossing the flipflop border shown in Fig 2.

•

*

1.4

0

1.75

1.75
1.5

0.2 0.4 0.6 0.8

1

Figure 3: The flip-flop threshold
the bunch length.

Xth

1

1.2 1.4

vS.

I

in the model of

1.25

6

S1
0.75

0.5
0.25
0
0.1

______
--

0.15

0.2

0.25

0.3

Betatron Tune

Figure 2: The flip-flop threshold Xth vS. the tune v in the
case of k < 0 in (6), k = -0.8. The flip-flop area lies
under the curve,

5

CONCLUSION

The flip-flop effect is studied in terms of self-consistent
/3-function in the case, when the emittances of colliding
bunches are influenced by the linear part of the beam-beam
force. Evaluation of the radiation emittance of the bunch is
presented in the case of one additional thin lens at the IP,
with the emphasis on the term omitted in [5].
We have presented two models of variable emittances.
One of them, when the emittance has a linear dependence
on the strength of the lens of opposite bunch, gives high
flip-flop thresholds in the area of positive slope k in (4)
and no but equal sizes of colliding bunches if k < 0 and
the beam intensity is below a certain limit. The second

EFFECT OF THE BUNCH LENGTH

In this section we present the constant emittance model, accounting for the effect of bunch length in collision by splitting either of the colliding bunches into 2 equal infinitely
short ones spaced by I (in units of fib):

model (6) also predicts low flip-flop thresholds only when
we assume k < 0, i.e. the size of the bunch is decreased
by the force of opposite lens. We can avoid the flip-flop
situation here by the working point manoeuvre. However,
lattices with k > 0 seem to be generally preferable against
the flip-flop effect.
The influence of the bunch length on the flip-flop effect

in our simple model is weak.
We acknowledge useful discussions of the subject with
P.M.Ivanov, I.A.Koop, I.N.Nesterenko and D.V.Pestrikov.

pthresholds

The interaction process then has three phases: 1) collision of particles 2 and 3 at the IP; then 2a) collision of 2
and 1, and 2b) collision of 3 and 4 at the points positioned
at the distance of qFl/ 2 from the IP; finally, 3) collision of
particles I and 4 at the IP. All values of the Twiss parameters a and /3 for each particle are taken at the IP and traced
to the respective collision point.
From the matrix of one revolution for each particle Mi
(i = 1..4) we get the new values of the phase advance p, /3and a-functions and then obtain the equations on the selfconsistent /3-functions. This system is very complicated
and can only be studied numerically. The first conclusion:
if I = 0, there is no situation, when all /3-functions are
equal. We have the state in our system, when parameters of
front and back particles are equal. We define the flip-flop
situation when all the 4 parameters are different; the threshold for these solutions to appear is high (Fig.3). Therefore
we conclude that the finite bunch length effect is not detrimental in the round beam case.
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METHODS AND COMPLEX OF PROGRAMS FOR RADIATING
PARTICLE 3DOF NONLINEAR DYNAMICS ANALYSIS
Y.Alexahin#, JINR, Dubna, Russia
Abstract

1

2 PERTURBATION THEORY
2.1 Equation of motion of radiatingparticle
Introducing 6D phase space column vector of coordinates
and momenta
(1)
8 p)r
z = (x, p, y, Pr,,
and O=s/R we have the following equation of motion
d = F = S- a H + F(d)
(2)
dz=
-•
*Email: alexahin@sunse.jinr.ru_6

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

1)

01)'.-

(3)

which is driven by the Hamiltonian and radiation reaction
F(rad), which can be decomposed into the mean (classical)
and fluctuating (quantum) parts [3]:
F(md) = FPc) + F •
(4)
We will proceed as follows: solve for the nonlinear
dynamics in the Hamiltonian and classical radiative fields
and then add the quantum field, Pq), to find the
.q)

INTRODUCTION

To meet the strict requirements on the beam quality and
lifetime in high energy ee- rings used as circular
colliders, synchrotron radiation sources and damping
rings of linear colliders, a tool for nonlinear dynamics
analysis is necessary which takes into account the
synchrotron radiation and coupling of all three degrees of
freedom in the presence of errors.
An efficient tool bringing a Hamiltonian dynamical
system to the normal form with the help of the Lietransform perturbation theory was presented in [1]. It
permits to evaluate separately contributions of various
sources of nonlinearity (kinetic energy, magnetic
multipoles, RF field) to the resonance excitation (with a
possibility to keep some multipole strengths in symbolic
form); the transformation generating function being
known all over the lattice may be important for analysis of
the off-resonance "smear" and nonlinear emittance
production in the case of weak synchrotron radiation.
In the case of strong synchrotron radiation (such as
LEP2) the dependence of the radiation reaction force in
quadrupoles on the transverse coordinates introduce
strong radiative beta-synchrotron coupling [2] which
should be included in the normalization process. The
corresponding generalization of the Lie-transform
perturbation theory is outlined in the present report, as
well as its implementation in a complex of Mathematica
notebooks permitting to study high order nonlinear effects
in machines as complicate as LEP or HERA-e.

( 0

S __•S
2@S2@S2 ,

The Lie-transform perturbation theory for nonsystems
and
its
autonomous
non-Hamiltonian
implementation in a complex of Mathematica programs
are described. On the example of LEP 108/90 lattice the
radiation effects are shown to play an important effect on
particle stability at high energies.

distribution of an ensemble of particles.

2.2 Linear normal modes
The first step is subtraction of the finite closed orbit due
to misalignments and (the mean part of) the energy losses
(see e.g.[4]). We assume it to have been performed so that
the power series expansion of the Hamiltonian starts with
quadratic terms in the dynamical variables, whereas the
mean part of the radiative force starts with linear terms.
For the next step we ignore nonlinearities and
introduce eigenvectors w and eigenvalues X,, of the 1-turn
transfer matrix M(21r+0, 0). They form three complex
conjugate pairs which we numerate as follows
X = exp[2x(iQn - yJ)], X., = V., n = 1, 3,5 (5)
Alternatively we will use Greek indices for numbering the
normal modes, so that Qu =Qe, Q3 = Qi1, Q5c Qs, Qeng <t0
aove the so energy.
above the transition energy.
.S.
= i(6)
at 0=0 and then propagate the eigenvectors so that to
make them 27t-periodic:
w (0)=e-(iQn-Y
W),O).wy(0),
(7)
th
e
iQtw ca ) i a matrix(0),
(7)
Using the eigenvectors we can build a matrix, W, with the
elements W,,=(,w)i and expand the phase space vector as
follows
(8)
z = W(0) a
The 6-tuple of the coefficients
{a=(a,
a;, a, a,*,, a,, a,*(9)
may be regarded as a new phase space vector. In the
absence of nonlinearities
(10)
a, (0) = &IL'exp[(iQ, - y)0]

with I, being the initial values of the action variables of
the linear normal modes.

2.3 Nonlinear normalization
In the presence of nonlinearities we may use (8) just as a
linear change of variables after which the equation of
motion becomes
= A°) -a + R c)(g, 0; F_),
(11)
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0

where A( ) is a diagonal matrix with elements At0)kk =
iQk - yk,

vector

-

R(c)= FW 1 .[S• (W-)T
-

-

-on
hot-

includes terms of order 2 in a and higher (subscript "hot"
standing for higher order terms), e is the perturbation
parameter (introduced here in the simplest way).
We may try to treat the nonlinear problem (11) with
the method of averaging [5] which does not involve
canonical transformations, however it is not convenient
for practical calculations in higher orders in the
perturbation parameter.
In the Hamiltonian case there is an efficient Lietransform based algorithm, Deprit's algorithm (see e.g.
[6]), which in principle permits to perform calculations to
an arbitrarily high order in an automated way. Here we
present its generalization for the non-Hamiltonian case.
Let us look for a continuos set of transformations
A A(a, 0;0 -=T(a, 0; e)a, T(a, 0; 0) = I, (13)
which renders equation of motion in the new dynamical
variables
(14)
A =G(A, 0; E), G(A, 0; 0)-= A!° •A,
the
by
transformation
the
Defining
as simple as possible.
equation
(15)
0;
0;
SA(a, 0; F-)
De 0; )2.4

a

-

G

T- -R,

V=-4V, (18)

(19)

-+-n

-On

-n

A-'=A,
A.'
0(

A-'

I~n
n

~~
,n

m

+,ml""-n--

•q..jrjq,_•m-••
(25)

----

To find particle distribution in the phase space, 9, one
should resort to the Fokker-Planck equation which has the
standard form [3] in the complex variables as well.
With known
we can obtain the true emittance of
nonlinear normal modes, e (tme) = <IA 12>, and, with the
help of (24), the apparent emittance of linear normal
modes, ,(app)= <Ia.1 2>, related to the observable beam
characteristics via eq.(8).

... (20)
' -- - =0 n!
-O!
we can reduce general equation (19) to the following set
of homology equations
a
+group

+-_oG.
-n

-

In the result of this projection additional nonlinear
transverse components of the fluctuating force can appear
from the longitudinal component enhancing diffusion in
the transverse planes.

which in principle permits to find V for a given G_()or
vice versa. But it is not clear in advance for which G(dc)
solution of (19) may exist. Perturbation theory allows to
specify G..) in the process of normalization so as to assure
existence of the (formal) solution.
Expanding everything in power series
c) )(20-K __io.V,+l,. G(0= 'J"--G,(c) k)R(

where

F A
A'(A,0),

G+
-- - R-

The Lie-dragging field V is related to the original and
new vector fields by the following basic equation [1]
-

)l-

-

us now consider the fluctuating part of the radiative
Fq) as a perturbation of the deterministic motion.
Transforming and expanding it on the analogy of the
classical radiative field in (12), (20) (note that expansion
in F now starts with zero order) we can project it onto the
normal form coordinates A by the following recursion
scheme:

~~

J=_-•*'
-4U-U-

. R

Distributionof radiatingparticles

Arbitrary vector fields are transformed with the help of
the matrix operator
•1
aA
(17)
--

(-l)m]c)
.

where A is again a diagonal matrix independent of 0.
Having solved eq.(14) for A, we can transform back to the
original variables as follows:

(16)

which satisfies the equation

-

to zero unless (&R_(c) - I) contains a term with the basis
function which eigenvalue is close to an integer times i,
i # k, m2k = m2k-1 -1)
these being the detuning (Ml2 = m%4,
2
and the resonance terms. The corresponding Fourier
harmonics of such terms should be added to GG(') to avoid
small denominators in V.
If no close resonance is encountered in the orders of
interest, we will obtain in the result of the normalization
process
(23)
Fe). A,
G(A ,0; e) = A(IA,0A,F,[A1..

_V being called a Lie-dragging field, we obtain the
equation for
the inverse operatorLet
equation
the inverse
fo o
r
afield
-•T-' =-LT- , L, = V- .-

l

Eqs.(21) for the autonomous system (D/I0=0) were first
obtained by Kamel [7]. In the Hamiltonian case they
reduce to Deprit's equations [6].
Introducing unit 6-vectors e, with the components
(_e)k = Sikwe can build the vector basis functions
!kr.
=!ekHlA"I
, _-kO _m= (nýmA•°) -A•)ý) __,.m
to solve eqs.(21) by expansion in them. We may set G)

(12)

+

G_

'-I

1

3 COMPLEX OF PROGRAMS
The described above theory was implemented in a
complex of Mathematica notebooks (see Fig.1). One
of the notebooks perform symbolic computations
and generate analytical expressions for subsequent
numerical calculations.
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Another group of the notebooks find linear
eigenvectors with radiation, components of the Liedragging field, resonance and diffusion coefficients for a
particular lattice. As the starting point it uses the closed
orbit due to imperfections and classical radiation and the
linear eigenvectors of the Hamiltonian motion around it
computed by MAD [8]. Employing Mathematica for
numerical calculations permits to operate with nonlinear
element strengths in symbolic form which may be
convenient for determination of the multipole correctors
strength. At present the treatment is limited to the second
order effects in the thin lens approximation.

4 LEP2 108/90 LATTICE
The lattice with phase advances in the arc cells
I,1
ti= 1080/900 was once considered as a strong
candidate for LEP operation at the highest energy.
However some problems were encountered with this
lattice tested at the beam energy of 86 GeV: sporadic
onsets of particle losses and by almost a factor of three
larger vertical emittance than expected from the linear
theory (0.5 nm vs. 0.2nm). Though the large vertical
emittance (but not particle losses) was obtained also in
simulation by quantum tracking with MAD [9], the
physics is not still clear. To get an insight the developed
methods were applied for the particular misaligned lattice

used in [9].

(1-1) Q.-Qs

I V3_12

I vI,2

resonance

(1-1) Qx- Q,
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Table

usedin_[9].
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weakened longitudinal damping can contribute to particle
losses at smaller l.
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-
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....................
.

1.50.106

radiative
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Table 1 presents for some resonances squared absolute
values of the first order Lie-dragging field components

o

"Uedrag2.nb'

averaged over the arcs. One can see that the influence of

integration of the 2d order
homology equations,

the transverse motion on the longitudinal one is much

stronger than vice versa, which is a manifestation of the
radiative beta-synchrotron coupling [2]. Also, the nearest
to the working point
102.280, Qy =96.192, IQl=0. 107
totewrin
on Q.,=
~=0.8,Q~9.9,IQl017

4th

complex detuning
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synchro-betatron resonances appear too weak to produce
noticeable vertical emittance.

Table2

order resonance strength,

'dico.nb"
l

computation

Iof the diffusion coefficients miatrix

Table 2

A,
All

-509+51261 i
-11- 34329 i

-74 - 34702 i
56 +35806 i

-0.10 - 80 i
0.01 - 1.2 i

A,,,

928 + 4949 i

-127 + 1124 i

-0.02 + 8.5 i

perturbative solution of the
L Fokker-Planck equation

The second order perturbation theory gives
dependence of the tunes and damping rates on the
oscillation amplitudes. Table 2 presents derivatives of
Ag = iQg - y. w.r.t. the action variables of the nonlinear
normal modes Iv. Due to large derivative aRe(A,11)/lj,the
longitudinal damping fails at I, =2.9 gtm. Though this
value exceeds the dynamic aperture (-2.5 pom), the
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CORRECTION OF THE BETATRON COUPLING BY LOCAL ORBIT
CROSS TALK
A. Loulergue, J. Payet
CEA/DSM/DAPNIA/SEA, Saclay, 91191, Gif-sur-Yvette Cedex, France.

Abstract
Analytical expressions, in presence of skew quadrupoles
errors, have been derived to estimate the betatron
coupling contribution to the vertical beam size and
emittance [1]. The treatment of the betatron coupling is
based on the matrix transport perturbation and related
eigen vectors. The advantage of this approach is to be free
of the usual resonant approximation and to allows a
compact formulation of the vertical emittance. In addition,
this approach gives a fast analytical statistical analysis.
From this analytical expressions, we propose a new
scheme of the betatron coupling correction also based on
the closed cross orbit correction [2]. This method, called
local cross orbit correction, improve the correction of the
betatron coupling with few judicious measurements [3]. It
allows also to fully uncoupled the beam locally on the
lattice,

1 INTRODUCTION

zc°= XCýA

with

C =c' +Jcdic
cOT

i
D =

C

[(2KLD)q A4Dq - (KL)q zc°0

quad

+
+
+ I c s(2SLD)s [Az, + zic
sext

zic

cij is the vertical response matrix from j to i. We
generalize this response matrix Cij including the sum over
the correctors : each element djc represents the value of
the corrector c induced by the default j. K, S, L and D are
respectively, the strength of the quadrupoles, sextupoles,
their length and the horizontal unperturbed dispersion.
To derive a complete analytical formulation of the beam

The third generation synchrotron machine are designed
with a very small beam emittance to produce very high
brilliance beams of synchrotron radiation in the VUV and
soft X-ray regions. This requires relatively strong
focusing, and magnet errors will therefore introduce large
distortions in closed orbit (C.O.) as well as residual
dispersion and large betatron coupling. To achieve these
performances we need to control the coupling value,
define by the ratio of the vertical emittance ez by the
horizontal emittance ., in a range from few 0.1% to
about 10 %. We have studied the correction of the
spurious vertical dispersion and betatron coupling on the
SOLEIL [4] and ESRF [5] machine from an analytical
and statistical point of view, using the BETA-LNS code.

2 COUPLING SOURCES
The vertical emittance is generated in two ways, directly
when a photon is radiated in a region where there is
nonzero vertical dispersion, or by betatron coupling
between the two planes horizontal and vertical. This two
sources of vertical emittance are induced by the presence
of misalignment errors and by the resulting closed orbit.

0-7803-5573-3/99/$10.00@ 1999 IEEE.

Noting Azj the vertical kick in j, A^q the tilt of the
quadrupoles and Az, the vertical misalignment of the
sextupoles, we have for the vertical corrected closed orbit
and the vertical spurious dispersion in i:

envelop and emittance induced by betatron coupling
between the two transverse planes in presence of
synchrotron radiation, we study the eigen vectors of the
one turn transport coupled matrix. After a tedious
calculation, we find that we could simply estimate
analytically the coupling K in presence of misalignment
by the means of the vertical dispersion and the two
complex function A and B with [1]:

[(i
K=

(

)2 BI2 +(in

2

')'+i-

(4sing+t sinit-)2

+AI
U 12
UA
e j

[

ABI

[[8sin
AB
i 4, sin t.

12

and

p.t

2

2
o
and S~x are the tune and the horizontal emittance.
=tan

Using the same notation than for the spurious dispersion,
with P3
and (pthe optical function and phase advance, the
two complex functions A and B are:
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(ei(¢- 4[(2KL)qA(Iq]1

B =•

6.

quad

+

V,,r

'(-i--9.se( )(2SL)sAz, + z•Ol

sext

2 and 2 are constant along
The two quantities
the lattice except at each skew errors
(or correctors),
where they have a jump. This jump tends to cancel
near the resonance.

1A1

1B1

U3 is the second invariant at four dimension (Courant and
Snyder invariant) in average in the bending magnets. This
term is function of A, B and the vertical dispersion.

3 COUPLING CORRECTION

Once we have develop the dispersion and the two function
A and B over the errors, it is straight forwards to estimate
their rms and mean values, The coupling K being a
ti
function of the errors, its mean value, <K>, can
be expressed in function of the square standard deviation
of the errors 1uo.

In order to correct the coupling, we have to reduced the
two sources of vertical emittance the vertical dispersion
and the betatron coupling. In both case the correctors are
skew quadrupoles. The vertical dispersion is corrected at
each Beam Plot Monitor (BPM) using a Singular Value
Decomposition (SVD) in a similar manner than the closed
orbit. In addition we prospect few techniques to correct

In summarize, the relevant items concerning the betatron
coupling are:

simultaneously the betatron coupling. The principal
difficulties in correcting the betatron coupling is to be
able to estimate and to measure his contribution to the
vertical emittance. Actually, among others, two schemes
used to correct the betatron coupling are : correction of
the two resonances, sum and difference, and correction of

1. All the quantities such as the tree moments and the
coupling
vertical emittance induced by the betatron
uncion A
ofthetow
are nlydepnden
A ad
and Band
B and
are only dependent
of the tow functions
They
B*.
and
A*
conjugates
-their respective complex
are the generating functions of the linear betatron
coupling.

Cross Talk Orbit (OCT) at each BPM (closed orbit
induced by the kick of a steerer in the other plane via the
skwers[2)
skew errors [2]).

2.

All the cross terms of the one-turn transverse
transport matrix T are only dependent of A and B and
their complex conjugates A* andeB*.
t

The resonance correction need to shift the tunes to set the
mcieo
h w
eoacs
ti
eeal
o
machine on the two resonances. It is generally not
sufficient to reach the desired coupling. From the
analytical point of view, it corresponds to correct the two

3.
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(along the lattieast a independent
r
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a lest
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pontwe
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uncoupled one turn transport matrix T
an uncoupled beam matrix (or optical functions)
Sthe two vertical and horizontal emittances are
equal to their respective invariant
=an

=i

4.

5.

are the sum of
A/
The two quantities B/.
/sing-L /sing,
all the coupling resonances.

square modules of the functions A and B (items 4 and 5)
once the tunes are shifted. The OCT corrections tend to
improve the coupling correction, but the relation between
the OCT and the coupling was not clear [5]. It could be
way rea tion be
That the ionlyne
sho
between ha
that there is only a one way relation
stee:n
segment of the Cross Orbit induced by a steerer and the
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betatron coupling via the correction of the cross orbit
(item 1).

generating functions, A and B, of the betatron coupling
(item 1).

To test this new technique of correction, we compared the
mean resulting coupling of the four betatron correction
methods :

An other application of the one way relation between the
Cross talk Orbit and the two functions A and B, is the
possibility to fully uncouple the beam (item 4) (and the
one turn transport matrix (item 3)). By correcting the
Cross Orbit induced by two steerers on two BPM
judiciously localized (figure 2), we get four constraints
(function of A and B) that can be cancelled with four
skew correctors.

1. Theoretical via directcorrection of the square module
of A and B in each dipoles, named AB.
2. Alltheto eOnanCes
correctionateh,
named
O.
3. All the OCT correction at each BPM, named OCT
a
4. All the OCT corrected only at the nearest BPM,
Local Cross Talk Orbit (LOCT) correction, named
LOCT.Skew
on the SOLEIL (table 1) and ESRF (table 2) machine. In
each case, we correct a weighted function of both
dispersion and betatron coupling using one of the above
technique varying the number of correctors. In order to
simplify the computation, we only set tilted quadrupoles
(2.10-4 rad rms) and sextupoles vertical displacement
(1.10-4 m rms). Without any correction, the mean coupling
of the SOLEIL and ESRF machine are respectively of 1.4
10-2

and 17.

10-2.

AB+Disp

07 4 1.
0.75 10.2

LOCT+Disp

0.78 10.2

AB4sp

_

0188 102
0.18 10.2

16
063
0.63 10-3

0.22 10-2

0.15

errors

s
2 BPM
Figure 2
A
numerical test offsc
such a Cross
h
orcinoon the
ri correction
rs Orbit
Anmrclts
SOLEIL machine with four correctors effectively cancel
the local coupling as well as the one turn transport matrix.

4 CONCLUSION

10.2

01b-.5-210

0.22
10-2

LOCT+Disp

0.78910.2

1062

10.2

AB+Disp
RES+Disp
LOCT+Disp
OCT+Disp

00 10.2
4.00 10-2
0.72 10.2
2.50 10.2

0.26 10-2
0.32 10-2
0.28 10.2
0.36 10.2

2 Horizontal eerers

OCT+Disp
0.91 10.2
0.33 10-2
0.22 10
Table 1 : Mean coupling on SOLEIL for the four schemes
of correction versus the number of skew correctors.
0
2
0.41 10.2
0.10_10-2
0.64 10-3

From a complete analytical treatment of the betatron
coupling, we proposed a new technique of the coupling
correction based on the local cross talk orbit
minimization. By simply correct the cross orbit to the
nearest BPM from the active steerer, we improve notably
the reduction of the coupling induced by the betatron
coupling by a better targeting of the correction. An other
advantage of this technique, is to reduce the amount of
constraints to handle.
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0.88 10-3

Table 2 : Mean coupling on ESRF for the four schemes of
correction versus the number of skew correctors.
*Standard corrector setting **New corrector setting [6]
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Abstract
The lengthening of the trajectory is determined by the momentum compaction factor a and the betatron oscillation
contribution term c. When the first order term of the
momentum compaction factor a, is small, the second order term a 2 and c have to be included in the longitudinal equations of motion. In this case, the RF bucket form
changes and the energy acceptance can be significantly reduced. This leads to a decrease in Touschek beam lifetime,
In this paper we show that the value of a 2 in the standard
low emittance lattice of SOLEIL is large and can reduce the
energy acceptance of the machine. We discuss the magnitude of this reduction and the difficulties encountered in
minimizing the value of a2 in the case of a low emittance
lattice. We also show that the lengthening of the trajectory induced by horizontal and vertical betatron oscillations
vanishes when the chromaticities are corrected to zero.

1

2 NONLINEAR LONGITUDINAL
MOTION
The momentum compaction factor is defined as the relative change in orbit path length, A-' with relative particle
energy, 6= -2 :
P
d(Al/lo)
a
d6
where p0 is the momentum of the reference particle and l0
the length of the reference orbit.
The expression for particle position contains betatron oscillation, closed orbit distortion and off momentum orbit
terms :
X = XO + Xco + 7715 + 772j2 +
(2)
77,and 172are respectively the first and the second order
terms of the dispersion function. Assuming that x,,o ;. 0.,
the resulting variation in orbit length with energy (up to the
second order) and betatron amplitudes, can be written in
the following way:

INTRODUCTION

Al

-AC

+,1"-

10-

In a storage ring, the Touschek relevant energy acceptance
may be determined by the RF bucket momentum height,
by the physical aperture or by the dynamic aperture associated with off momentum particles if the induced amplitude

AC
Co
a, =-

(3)

+ x'f_
-[+-)ds
1 f

J
00

a2 =

7

-

(4)

172
(72

p

+

'

2

)ds

(5)

AC is the term representing lengthening effects due to
betatron oscillations, a, and a 2 are respectively the first and
the second order terms of the momentum compaction factor.
The longitudinal motion equations including these terms
can then be written as:
2

d
dt

assuming that the other momentum factor terms are negligeable. In our case, the second order term of the momentum compaction factor a 2 is significant and must be consid-

-

-- wrf[a13 +a262

_

eVrfqo.]
[sin V - sin

AC

+-]
(6)

d6

ered in the equations of longitudinal motion. The expected

dt

ET

they can be derived from the following Hamiltonian:
AC
62
63
H(6, W)
--+-a," "-+
a 2 7g- +
eVrf (cos V- cos V.+
ET
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171

using the first order momentum compaction factor, a 1 , thus

problem is that the synchrotron motion being nonlinear, the
buckets become asymmetric which can reduce the RF energy acceptance and therefore the Touschek beam lifetime.

2

where

after a Touschek scattering event exceeds one of these two

transverse limits. In the case of the SOLEIL project, a great
effort has been made to increase the dynamic aperture for
off-momentum particles leading to a transverse energy acceptance of up to ± 6 % [1]. The Touschek beam lifetime
calculations take into account the higher order effects in
energy which become important for such large values [2].
The use of superconducting cavities with a peak voltage
fixed at 3.8 MV insures a longitudinal energy acceptance
larger than ± 6 %. Nevertheless, this value was determined

23
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where wrf is the angular frequency of the RF cavity, Vf1
is the RF peak voltage, E is the particle energy and T the
revolution period, Vp,and Vpare respectively the phases of
the reference and the test particles,
In the case where a2 5 0 and • #0 we obtain two
stable fixed points and two unstable fixed points which correspond to the existence of a second zone of stability in addition to the well-known stable linear RF-bucket. According to the values of a2 and 6C, the synchrotron diagram/
presents different aspects, particularly the separatrices are
no longer symmetric in +6 and -6 [3],[4].

3

THE CASE OF THE SOLEIL OPTICS

The small beam emittance is obtained by increasing the
amount of horizontal focusing. The dispersion in the
bending magnets is then very small and consequently we
find naturally small values of a,. At its nominal energy,
2.5 GeV, the lattice has a horizontal emittance of 3 nm.rad.
In this case a 1 is about 4.722 x 10-4 and using the values
of the sextupoles corresponding to the optimized dynamic
aperture the value of the a 2 term is about 4.513 x 10-3.
Figure 1 shows the longitudinal phase space diagram
corresponding to these two values but assuming that
ACq = 0.
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Figure 2: Horizontal dynamic and physical acceptances as
a function of 6.

[2] then becomes:
=
min

C

0 "A(6)

Phy$sIacceptance
(vacuum
chanter)

1.210-

;3

The energy acceptancefrouschek lifetime module of the
BETA code [5], described in detail in [2] has been modito take into account the non-linear synchrotron motion.
Instead of assuming, as we did in [2] that a particle having
been Touschek scattered to 6 will oscillate between 6 and
-6 during one synchrotron period, we now calculate the
mapping, by integration of the longitudinal equations (6),
"from6 to the maximum opposing energy Smax(6) which
occurs one half synchrotron period later. Expression (3) of

,fled

0)

the synchrotron motion becomes in fact nonlinear. A particle with a positive energy deviation of +5.2 % for example
can be lost because its separatrix can bring it to a negative
energy deviation as high as -10.5 %.

4

5

Figure 1: Longitudinal phase space.
We can see that the effect of a 2 is important. The RFbucket, centered around 6 = 0., is asymmetric in energy,
the upper limit is at +5.2 % (l " I) and the lower limit is at
-10.5 % (-I '•I.The impact 2-2
of this asymmetry can be understood by inspecting figure 2 which shows the dynamic
and physical apertures calculated as a function of 6. We
recall that in the linear case, the RF bucket height is about
± 6 %. In figure 2, one can see that a particle with an energy deviation of +6 % is still inside the lowest transverse
aperture (the vacuum chamber aperture) when its energy
deviation changes to -6 %. Unfortunately, the low value of
a, renders significant the contribution of the term a 2 and

{min[Aphys(6), Adyn(6)]}.

(8)

We also take into account the asymmetric longitudinal acceptance which is determined during the process of calcu(6 ).
lating
Figure 3 presents the results for the energy acceptance
along one period of the ring. The corresponding value of
the Touschek beam lifetime is about 26 hours instead of
40.5 hours in the linear case. This calculation is performed
for multibunch operation using the following parameters :
the bunch current is 1.26 mA, the horizontal-vertical coupling is 0.01 and the natural bunch length is 11.6 ps.
To reduce synchrotron motion nonlinearity and thus recuperate some extra beam lifetime, we must reduce the
value oft a 2 . The expression giving this term shows that,
d
machine. 772 can be made positive or negative with sextupoles and can compensate the term 771. The adjustment
of a 2 by the sextupoles can be made as follows:
AS(73
AC12
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10 ................

Secondly, in a linear machine (i.e. sextupoles and higher
multipoles off), the betatron motion can be represented by
X0 (s) =
o
cosqox (s). Introducing this expression
and its derivative into formula (4), one can easily obtain an
average value for the term
which is in this case always

..............

.......

.

positive

noninear
synchron mtion

o

0

2

>Cx
(12)
3
4
During the injection of the beam or after a Touschek colliIneaiisynchr*06 motion
sion for example, the particle can undergo large amplitude
betatron oscillations, the combination of equations (11) and
.(12) gives an upper limit to x0i.
asnhrol "•
•,•'
"This
could have been a problem without the fortunate effeet of chromatic sextupoles. In fact, using the BETA code,
.........
..... 7...
.....
M
M
M
M
M Mo we have calculated the variation of A- as a function of the
800c
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amplitude x0 for the case where the two transverse chros (in)
maticities are corrected to zero. In contrast to the linear
Figure 3: Energy acceptances.
case, the average value (over several turns) of A is very
0.)~

0
"

.....

-5•

...........
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where AS(m- 2 ) is the change in the sextupole strength,
71 (m) is the horizontal dispersion at the sextupole and
lo(m) is the orbit length. Even if we take the sextupole
(S4) [1], where the dispersion is maximum (0.27 m), its
efficiency in reducing a 2 is small. As an example, increasing the strength of the 16 type S4 sextupoles by a factor
2 would reduce a 2 by only a factor 2, which is not nearly
enough to restore the linearity of the longitudinal motion.
The objective is to reduce the term a2 while compensating the two transverse chromaticities and obtaining a very
good dynamic aperture. This seems to be extremely difficult in the case of a very low emittance lattice for which
the dispersion is low and the circumference is large. Up
to now, we have not performed an exhaustive study in this
direction.

EFFECT OF THE TERM AC
Co

4
When A

5 0, the longitudinal equations (6) have the

Co

following stable fixed points:

2AC

aa

E1aa2Co

1,2a2

AC

a2
< 4a2)
I

AC
--Co < 1.235 x 10-5

-

+--

quadrupoles]

(13)

5

CONCLUSION

Because of the very low emittance, the effect of a2 is significant in the SOLEIL lattice. It reduces the Touschek lifetime by a factor 1.5. Although the correction of a 2 term
seems to be difficult in such lattice, further reflexions on
how to reduce its effect are needed.

6
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and using expression (11), we can

see that there is a limit for A
I Aff 1< 4.3 kHz.

r3X2
- -[6sextupoles

where ýquadrupoles is the natural chromaticity of the ring
and 6sextupoles is that due to the chromatic sextupoles.
As is well known a zero chromaticity corresponds to
6quadrupoles +
-- sextupoles ' 0.

(11)

First, we can determine the maximum RF frequency
variation, by taking into account the well-known relation AC
- Af

to

AC
-o" -

( 10)

whose locations depend on the value of the betatron amplitude and the closed orbit. In order for the fixed points to be
real we must require:
-o

near to zero. The analytical developments taking into account the presence of sextupoles corroborate perfectly the
simulations performed with the BETA code which show
that the term L is on average zero when the transverse
chromaticities of a storage ring are corrected to zero. In
fact the analytical result gives in this case the following expression:
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Abstract

•

Abstact

collider
The 0-factory DA4DNE is an electron-positron
cm-2 s-1 at the enwith a design luminosity of 5.2*1032
ergy of the O-resonance (1020 MeV c. m.) [1]. In order to
achieve the design luminosity high current multibunch
electron and positron beams are stored in two separate
rings and collide in two common interaction regions.
Since the beams arrive at the interaction points from the
different rings, a careful longitudinal timing and precise
transverse scan of the colliding bunches are necessary to
optimize the collider luminosity. In this paper we describe
luminosity measurement techniques adopted in DA4DNE,
discuss measures aimed at maximizing the luminosity in
the beam-beam collisions and report the achieved results.
The experimental data are compared with the results of
numerical simulations.

1 INTRODUCTION
We describe DA4NE beam-beam performance optimization at the commissioning stage before the installation of
the experimental detectors. A beam-beam interaction study
at this stage was necessary to check and calibrate all the
luminosity measurement set-ups, to study and apply
methods and techniques for luminosity improvement and
to demonstrate DA(DNE's capability of achieving the high
luminosity goals in both the single and multibunch
modes. In Section 2 we describe the main set-ups used for
the luminosity measurements such as the single bremsstrahlung and the beam-beam tune split detectors. Section
3 deals with the techniques and methods applied to optimize the luminosity performance. In particular, longitudinal timing, transverse scanning and the phase jump procedure are discussed. Finally, the results achieved so far in
both single and multibunch beam interaction modes are
given in Section 4.

2 LUMINOSITY

MEASUREMENTS

The DA4NE luminosity monitors [21 (see Fig. 1) am
based on the measurement of the photon production in the
single bremsstrahlung (SB) electromagnetic reaction at the
interaction point during the collisions. Among other possible reactions, SB has been selected for DA4NE since its
high counting rate allows to perform "on line" luminosity
measurements which are very useful during machine tuneup. Moreover, the sharp SB angular distribution' significantly simplifies the geometry of the detector and makes
the counting rate almost independent from the position
and angle of the beams at the Interaction Point (IP).
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.
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Figure 1: Schematic layout of the luminosity monitor.
The detector is a proportional counter consisting of alternated layers of lead and scintillating fibers with photomultiplier read-out. The charge signal from the photomultiplier is proportional to the photon energy. The data
acquisition system provides energy analysis and photon
counting.
The main background affecting the measurement is due
to photons from bremsstrahlung on the residual gas (GB).
This contribution is statistically subtracted by measuring
the GB rate while beams are longitudinally separated,
obtaining the SB counting rate N and the luminosity:
L=

1

d 22SB

EEmaxd

dE fT df
LET

doll

OT

where Emax is the maximum photon energy; crSB is the
SB theoretical cross section; 1 2 T is the solid angle covered
by the detector, defined by a collimator placed in front of
the proportional counter. The minimum photon energy ET
accepted by the system is found by a calibration procedure
using the GB spectrum.
The direct luminosity measurements with the luminosity monitors were supported and cross-checked by the coherent tune split measurements which allow to estimate
the space charge tune shift parameters. The fractional part
of the vertical and horizontal tunes were measured simultaneously in both the positron and the electron rings during the beam-beam collisions.
The betatron tunes are measured by exciting the beam at
RF frequency with transverse stripline kickers and measuring the beam response in the excitation plane with a
transverse pick-up. Two different setups have been adopted
to perform the tune measurements: in the first one a
Network Analyzer HP 4195A (10 Hz - 500 MHz) RF
output, amplified up to 100 W by class A amplifiers,
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provides the sweeping excitation. The horizontal and
vertical coherent beam response is picked-up by strip line
pairs and detected with the Network Analyzer. In the
second system the other beam is excited with white noise
and the beam oscillations signal, from a dedicated beam
position monitor (BPM), is sent to a Spectrum Analyzer
(HP 70000 system) operating in zero span (detector)
mode. The Spectrum Analyzer IF output is downconverted with a HP 89411 module and processed by a
real time FF1' analyzer HP 3587S.
The knowledge of the tune shift parameter ýy contributes to the luminosity evaluation from the following
expression:
IfNPýy( I+ ay
Lfy.
~+ 1 ~.)collision
Here the beta function at the IP fly,is found from lattice
measurements; the beam size ratio is measured by the
DA(DNE synchrotron light monitors [3] while the number
of particles per bunch Npis calculated from the current
measured by a DCCT. The results from the two kinds of
measurement are in agreement.

3 LUMINOSITY

(full scale is equal to 10 min.). The dip in the counting
rate corresponds to the beam separation obtained with an
RF phase change.
Closed orbit bumps in the IR with four correctors have
been applied to adjust angle and displacement at the IP and
overlap the beams. Bumps have been also used to separate
vertically the beams in one of the IRs when colliding in
only one IP. In the horizontal plane the crossing angle
has been set to be 25 mrad and the horizontal orbit
displacement has been adjusted to be much smaller than
the horizontal beam size of 2.1 mmn at the IP. Since the
vertical beam size is much smaller than the horizontal one
(-. 20 jgm), fine tuning of the vertical orbit has been performed by changing the position at the IP in steps of
5 gim and the angle in steps of 50 Wrad. The optimal
configuration has been found by scanning the
beam in the vertical plane looking for maximum
luminosity monitor signal.

'':

546.18 -k
1.282

OPTIMIZATION

For the collider commissioning two provisional
Interaction Regions (IR) with seven conventional
quadrupoles were installed in the experimental pits. One
of the quadrupoles is placed at the IP. Such a scheme
allows to reduce the machine chromaticity.
The beam orbit measurements in the IRs are performed
by seven BPMs distributed along each IR. Since the position of both beams is measured by the same monitors,
monitor offsets cancel out. One of the BPMs in each IR
is installed at the IP position. This simplified beam superposition and beta functions measurements at the IP
during collision tuning. Averaging over 100 RPM readings provided precise beam position measurements in the
IRs with a standard deviation below 10 gim.
In order to achieve high luminosity the longitudinal and
transverse positions of the two beams must be adjusted to
provide maximum overlap at the IP. Moreover, the waists
of the vertical beta functions should be the same for the
two rings and coincide with the crossing point. Since the
IP is not a symmetry point of the machine, the tuning of
the IR optics has been done iteratively to obtain symmetric beta functions with equal minima for the two rings,
The longitudinal overlap of colliding bunches at the
nominal IP has been synchronized by monitoring the distance between the combined signals of the two beams on
two sets of symmetric BPMs on either side of the IP. The
final precise longitudinal timing has been achieved by
varying the RF phase of one of the two beams in order to
maximize the luminosity monitor signal.
In Figure 2 we can see an image from the luminosity
monitor showing the counting rate as a functions of time

.

Figure 2: Luminosity monitor output.
It has been observed that during injection in the collision mode the intensity of the beam being injected saturated below the nominal level. This has been explained by
the fact that the injected bunch performs both longitudinal
and transverse oscillations during a time comparable with
the radiation damping one. Such a bunch interacting with
an opposite, already stored bunch, looses current. A
"phase jump" procedure has been adopted to fix this problem [4]. Initially, the two bunches are injected into noninteracting RF buckets in order to avoid beam-beam interactions during accumulation. Then, when the nominal intensity is reached, the stored bunches are brought into collision by changing rapidly the phase of one of the two RF
cavities. In this way the orbit length in one of the main
rings is changed for a short time to cancel the initial longitudinal separation of the bunches. If the phase shift is
performed with a fast ramp (of the order of few synchrotron oscillation periods) the bunch follows the RF
phase and no synchrotron oscillations are excited. Th e
procedure has proved to be efficient in both single and
multibunch collision modes. The highest luminosity values reached so far have been achieved by applying the
"phase jump" technique.
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We have performed a luminosity scan changing the
tunes around the working point (5.15; 5.21) with steps of
0.01 in both horizontal and vertical directions. The experimental results are in a good qualitative agreement with
the numerical ones. For example, an increase of the horizontal tune from 5.15 to 5.16 resulted in a substantial increase of the horizontal beam size observed on the synchrotron light monitor while the lifetime was improved,
in agreement with the simulations. In fact, for the point
(5.16; 5.21) (see Fig. 3 (c)) the beam core is blown up
horizontally and the vertical distribution tails are shorter
than for the point (5.15; 5.21). In turn, by decreasing the
vertical tune to 5.14 a sharp degradation of the lifetime
was observed, as foreseen from the tail growth predicted
numerically in Fig. 3 (a).

4 NUMERICAL SIMULATIONS AND
EXPERIMENTAL RESULTS
During commissioning it was decided to run on the working point (5.15; 5.21) situated farther from integers than
the one (5.09; 5.07) proposed earlier [5]. This choice was
based on beam-beam numerical simulations with tlhe
LIFETRAC code [6] and dictated by several reasons taken
into account during machine start up. Among these:
(a) closed orbit distortions are less sensitive to machine
errors for working points situated far from the integers;
(b) the second order chromaticity responsible for the
parabolic tune variation as a function of the particle moI
mentum deviation is much smaller for these points;
(c) the dynamic aperture is large enough for this working point even without switching on the dedicated sextupoles for the dynamic aperture correction;
(d) it is easier to correct machine coupling during the
initial operation when the vacuum pressure is higher than
the design value of 10- Torr.
According to the numerical simulations, the maximum
luminosity in single bunch collisions which can be
reached on this working point without remarkable beam
blow up is 2.2*1030 cm"2 s-1 [7]. This value corresponds
to tune shift parameters 4x,y of 0.03. The equilibrium

Luminosity (cmA-2sA-1)

10

Lg- lIMAY

10s

o"0ororA

,

M

A

NOVEMvBR

,
,j

.

102
-

density contours on this working point are shown in
Fig. 3 (b).
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Figure 4: Measured luminosity versus beam current.
Only two days were dedicated to multibunch beam collision operation. During these days a luminosity in the
range of 1031 cm-2 s-1 was obtained by accumulating
about 200 mA in 13 bunches in each beam and applying
the "phase jump" procedure. Just a first attempt has been
0.
•o10. 0.0
S.
Figure 3: Equilibrium density in the normalized betatron
amplitudes space. Adjacent contour levels are at a constant
ratio .le.

As it can be seen, the tails of the distributions are well
within the machine dynamic aperture, which is 10 yx
times 70 ay for a machine coupling of 1%. Experimentally, a good lifetime and the present maximum achieved
single bunch luminosity of 1.6*1030 cm-2 s-1 have been
reached at this working point. The measured luminosity is

made to collide the bunches at the two IPs simultane-

luminosity At
per present,
IP was lower
than in
ously.
The IP
reached
the
single
configuration.
a simulation
optima tion
sibee con p ofind
the
study [7] has been performed to find optimal working
conditions for two IP interactions and the lattice adjustments have been prepared for the next shifts with two experiments in DA4NE.
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COMPUTING TRANSFER FUNCTIONS OF MULTIPOLE DEVICES
DIRECTLY FROM MAGNETIC FIELD DATA, INCLUDING FRINGE
FIELD EFFECTS AND HIGHER ORDER ABERRATIONS
R.M.G.M. Trines', 2 , J.I.M. Botman2 , S.J.L. van Eijndhoven'
H.L. Hagedoorn 2 , T.J. Schep3
Abstract
The scalar and vector potentials of a magnetic multipole
device are described in terms of magnetic field measurements gathered on either a cylindrical surface or a median
plane [1]. Fringe field effects and multipole contributions
of arbitrary order, as well as the discrete nature of the field
measurements, are taken into account. This description has
been used to calculate the transfer function of the device,
directly in terms of the field measurements. The method as
described in this paper can be applied to single beam guiding elements as well as to clusters of elements, and can be
extended to calculate the transfer function for a complete
beam line setup or a storage ring. The accuracy of the resuits is only limited by the accuracy of the field measurements.

1

I

2
a02u
11u
1 09
u
0 2u
r2 +
+- +
=
r
r2 192
aZ2
u(1, W,z)
U(W, z)
on r.

2

grad u = B = curl X•,

(1)

Au =0,

(2)
(3)

curl curlX = 0.

The vector potential A will be chosen such that div, = 0.
In this case, we have AA = 0.
We apply these equations to the magnetic field inside a
magnetic multipole device which has the z-axis as its central axis. Our region of interest G is, in cilindrical coordinates, given by: G : 0 < r < R, -7r < V < 7r, -oo <
z < oo, with boundary F : r = R. Here, R > 0 is a convenient maximal radius of the multipole device, e.g. the
aperture radius. We assume u to be known at r, and introduce dimensionless coordinates r* = r/R, z* = z1R.
The potential problem for u is then given by (we drop the
stars for convenience):

(4)

FIELD DESCRIPTION

The general solution to (4) can be expanded into 2m-pole
contributions [1]:

(
m

rzA

while the associated vector potential X is given by:
00
d
A,7 =
Jm+l (r-)(B. cos(mV) - A, sin(md)),
A
s
m=_
00
d

A0

E Jm+l(r-)(Am cos(mdz)+Bm sin(nq)),
m0
Az = E Jm (r -)(_Bm cos(mo) + Am sin(mcp)).
m=1
The functions Am (z) and Bm (z) are to be determined from
the boundary conditions at r = 1. Let Vm(z) and Wmi(z)
denote the Fourier coefficients of U(ýp, z), then
=

Jk(r-)Am(z) =
g•,(r, z - ()Vm(()d(.
(6)
dz
cc
A similar result holds for Jk (rjL)Bm(z). The basic funcion g (r, z) is given by
1 f 00 Ik (wr)jk..~w~

g•(r, z) =

Eindhoven University of Technology, Den Dolech 2, P.O.Box 513,
5600 MB Eindhoven, The Netherlands, Department .ofMathematics and
Computer
Science
2

on G,

In order to have a unique solution to this problem, we have
to impose the additional conditions
( lim u(r, W,z) = C± < co,
0<r < 1
Z-+±0(
lim uz (r, , z)= 0,
0<r<1.
(5)
Izl--,o
Here, C+ and C_ are constants such that
lim.zi-4oo u(r, W,z) = C±. For non-solenoidal fields (no
W-independent terms), we have C± = 0. In practical cases,
the conditions (5) will always be satisfied.

INTRODUCTION

From Maxwell's equations for the static electromagnetic
field, we find that, for a magnetic field . in a region without free charges or currents, there exists a scalar potential
u, and a vector potential A, satisfying:

0

Ie

27

oo Im(W)

Eindhoven University of Technology, Department of Applied Physics

Any field-related quantity can be expressed in the same

FOM Institute for Plasma Physics "Rijnhuizen", P.O.Box 1207, 3430
BE Nieuwegein, The Netherlands

manner as the potentials by differentiating or integrating

3
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this basic function.
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3
3.1

FITTING THE MULTIPOLE FIELD
Boundary conditions known

N

In practice, we obtain approximations of Vm or its derivatives by interpolating a discrete set of measurements by a
piecewise constant or linear function. First, assume Vm
is piecewise constant. Then there are pairs (Ai, zi) with
Ei Ai = 0 such that U,, = Ei Ai6(z - zi). Then, after
integration,

d(7)
whr k (r

)

a 2 (r,z;A)

-

a 3 (r, z;

-

where Gn(r,z) = f g,(r,()d(- If Vm is supposed

zER

1=1

A surplus of angles and/or radii can be used to improve on statistics.
* The wi-values at which signal is dominant over noise
should be used to define M(A, /t); the remaining wivalues only serve to improve on statistics.
9 Further improvement on the statistics can be obtained
by using a weighted average for the sum of squares in

the definition of M(A, lu).
It should also be noted that the former method yields
better results for individual multipole contributions, while

the latter yields a better approximation of the total field,

Expressions for the potential can also be obtained in case
measurements were performed at points not on the surface r = 1. Assume measurements of u(r, W,z) were
taken at the points with scaled coordinates (rk, Vi, Wj),
k= 1,... ,M,i = 1,... ,P,j = 1,... ,N. In this case,
we are able to fit at most M different multipole contributions simultaneously; in most cases, the 2m-pole contributions corresponding to m = 1, ... , M, will be fitted. If
less than M multipole coefficients are fitted, the remaining,
data can be used to improve the statistics of the fit.
As an example, assume that u contains dominant
normal-oriented quadrupole and sextupole contributions,
and that all higher order contributions are negligible:

distributing higher order multipole contributions among the
lower order multipole coefficients.

4
4.1

TRANSFER FUNCTIONS

Numerical calculation

Having obtained a complete field description in terms of
field measurements, we show how to obtain the transfer
function from numerical integration of the equations of motion. The system of Hamiltonian equations of motion for a
charged particle in the field can be written in the following
form:
(q',p')(z) = f(q,p, A(z, q), -A-(z, q)).

cos(21) + a 3 (r, z) cos(3V).

The coefficients a 2 and a 3 are then approximated by

NV

* Measurements at at least two different angles are
needed to fit both-normal and skew multipole contributions.

zER

= a 2 (r, z)

zi),

The optimal values for A,1i are then obtained by minimizing M(A, ,i) under the conditions Et At = E--•l =I=0.
Again, knowledge of the values for A, i completely determines the corresponding multipole contribution.
There are a few remarks to be made concerning this example:

sup ISVm(z)1,

Boundary conditions unknown

u(r, V, z)

P

k=l i=1

This justifies the use of the given approximations.

3.2

pi)
1G3 (r, z -

EMPt(A,
E EN(fkij--u(rk,NWi,Wj))2.

the same way.
It should be noted that, in order to determine the 2mpole contribution, one needs measurements performed at
2m different angles CWi.
The errors in am(r, z) are limited by those in Vm:
rm

•

where z1 = ((w,+w1+ 1 ). This corresponds to a piecewise
constant approximation of the multipole coefficients of u at
r
1. We denote the measured value of u at (rk, pi, wj)
by fkij, and define the quantity M(A, pI) by:
M

sup 16am (r, z)I1

z),

N

zk

to be piecewise linear, then Um = Ei AiJ(z - zi), in
which case we need to replace Gk(r, z) by Gk(r, z) =
fo Gm (r, C)d(. As was shown above, related quantities
can easily be derived by replacing the functions Gm and
Gm by functions related to these quantities, while retaining the pairs (Ai, zi).
The values for Ai are obtained from measurements. For
example, assume B, has been measured at the points
(1, Wj, wi). The Fourier coefficients of Bz (1, W,z) are Um
and Wn; these are obtained from the measurements using
Fourier series theory. Employing a piecewise constant approximation for U,,,, we write Ai = U~m (wi+i) - Un (wi),
and
am(r, z) = E"ji
z-zi), where zi =
in2). Measurements AiGm(r,
of other components can be ½(wi+1
treated in

G2(r,Z-

Here, q = (r, W,t), p = (pr,pp,p.), and 9 = (r, Wo,z).
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As derived in the previous section, the components of I
and their partial derivatives all take the form as in (7).
The system (8) will be solved by means of a finite difference method. The discrete version of (8) reads:
(q,p)(wi+1 ) =(q,p)(wi- 1 ) + (wi+1 - wi-1)x

aoX

xf(q(wi), p(wi),

(wi,q(wi)), -5y(wi, q(wi))).

We apply the initial condition (q,p)(wo)
calculate (q, p)(w 1 ) from

=(qo,Po),

(wo, q-o),

2

and

(wo, q).

We then find (qf , pf) by repeated application of (9), described in terms of (qo,Po) and the field measurements.
By varying (qo,po), we can calculate the complete transfer
function of the device, directly in terms of these measurements.
Since the steps of this finite difference method are located precisely at the points z = wi, where the field measurements were performed, we find that there are no interpolhtion errors in the values for A used in the calculations.
By optimizing the interpolation of the boundary values at
r = 1, such that not only the boundary values, but also their
z-derivatives are matched at the points z = wi, we can also
remove interpolation errors from the values of the partial
derivatives of A for better results.
Note that for the numerical scheme, we need a best possible overall approximation of the magnetic vector potential, so the least squares method is preferred over direct integration of the boundary values in this case.
4.2

Analytical results

In the past, aberration coefficients for the transfer functions of many magneto-optical devices have been derived
analytically. (See Smith [2], Lee-Whiting [3], Matsuda &
Wollnik [4], Nakabushi & Matsuo [5].) Often, these coefficients are expressed in the on-axis r-derivatives of the field
of such devices. The methods presented here can be used
to obtain these gradients directly from field measurements
away from the z-axis.
By expanding the functions g, into powers of r, one
can expand the coefficients am and bm into powers of r.
For example:

am (r, z)

=

aml (Z)

=

(z)rm+

Ea"
1=0

=

,

4111(

1
+

(Z

i(),

-14'1!(l + 2)!a 2 ,1(z).

P0

From this, we find that we can avoid measuring the onaxis r-derivatives of the magnetic field, and obtain k2, and
thus the aberration coefficients, directly from measuring
the magnetic field away from the z-axis, which is easier.
The same holds for the aberration coefficients corresponding to higher order multipole contributions.
Note that, in order to calculate the various aberration
coefficients properly, we need a best possible approximation
of the individual multipole coefficients, so direct integration of the boundary values is the preferred method to obtain them.

5

CONCLUSIONS

The magnetic field inside a magnetic multipole, and its harmonic scalar and vector potentials, have been explored in
the area 0 < r < 1 and -oc < z < co. The various multipole contributions to these quantities have been fitted using
field measurements at the boundary r = 1 and shifted basic functions. An alternative least-squares method has been
developed for measurements not at the boundary. The same
set of measurements and shiftings can be used to fit many
field-related quantities.
The developed procedure is independent of the exact
form of the boundary conditions and can be used to fit the
field of one device or various consecutive devices.
The procedure works for any order multipole contribution, but will be most useful for lower order multipole contributions, since higher order multipole contributions are
more difficult to obtain from measurements and their effect
on particle trajectories will often be small.
A numerical method for calculating the transfer functions from the field description has been derived. The field
description has also been applied to existing analytical results. The least squares method is preferred in the first, direct integration of the boundary values in the second case.
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()=gm
g-1 (z)

21

(k 2)(1) (z)

(9)

(q,p)(wl) =(q,p)(wo) + (w, - wo) x
x -L(-o' -o

tion coefficients. The aberration coefficients for a normaloriented magnetic quadrupole, for example, are all expressed in terms of the quantity k2 (z) and its derivatives,
which are, for a particle with charge q and momentum Po,
given by

W)!rJ
I()
cos(wz)dw.

The z-dependent coefficients of these power series and
their derivatives are used in the expressions for the aberra1541
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STUDIES ON IMPERFECTIONS IN THE SLS STORAGE RING
M. B6ge, A. Streun, M. Mufioz, Paul Scherrer Institute, Switzerland
Abstract

monitors
J \ ',

Studies on linear and nonlinear imperfections in the SLS
storage ring operated at 2.4 GeV are presented. The influence of spurious vertical dispersion and linear coupling
on the vertical emittance and possible correction schemes
are discussed. The deterioration of the Dynamic Aperture caused by higher order multipoles is investigated based
on field calculations. Furthermore the influence of ground
waves on the orbit stability is estimated.
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horizontal/vertical correctors

1

THE MACHINE MODEL

For a successful operation of the SLS storage ring [I] it is
crucial to keep the tolerances on linear and nonlinear imperfections as small as possible. Correction schemes have
to compensate for the remaining errors. In order to simulate the imperfect SLS ring a realistic machine model has
been developed utilizing the 6D code TRACY[2][3].
Horizontal and vertical alignment errors, magnet tilts,
strength distortions and higher order multipoles are included. The fact that the elements are mounted on girders
and the dipoles are chaining adjacent girders introduces a
correlation which has to be taken into account in the simulation. The elements on the girders are assumed to have an
san igmentdf
the girders
pm
t
s
and t thgirder joints 100im.
The roll of the girders is controlled to 25prad by a hy-

Figure 1: Corrector/Monitor layout of one sector (1/12th)
of the SLS storage ring
SVD scheme requires a good knowledge of the linear machine optics in order to determine the inverse of the correct.
tornmonics correto detrix
An'.
tor/monitor correlation matrix
in bot plane
in
itors and 72 correctors at the same locations both planes)
(see Figure 1) the SVD and the sliding bump orbit correction scheme converge to the same correction state. This
can be explained by the fact that A` is a sparse tridiagonal matrix containing the kick ratios of interleaved three
corrector bumps. It should be noted that the properties of
A` have implications on the implementation of the fast
global orbit feedback [4].

allowed
drostatic leveling system. Individual elements are
to have residual rolls of l0Oprad rms. In order to get a
proper statistics 200 different error sequences (seeds) have

.i".-'

been chosen in the simulation. It should be noted that all
assigned errors are gaussian distributed with a cut at two
sigma.

2

0.000
*6

.

0.0006

ORBIT CORRECTION

0.00o04."

Once the errors have been assigned a first turn steering algorithm ("threader") is used to find the initial closed orbit. After setting the sextupoles to 50% of their strength
a closed orbit correction is performed which is based on
the information of beta functions and phases for the ideal

P
4

sextupole strength until the monitors have zero readings.
For the orbit correction two schemes are considered.
One is based on the Singular Value Decomposition (SVD)
algorithm. The other involves interleaved three corrector
bumps "sliding" around the machine.
The global SVD scheme has the advantage of being
able to handle an unequal number of monitors and correctors in the case of faulty monitors and/or saturated correctors and is therefore very flexible. On the other hand the

.

.

0

0

optics. This is followed by another correction loop at full
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Figure 2: Mean, rms and maximum vertical orbit for 200
seeds for 1/3rd of the lattice.
After the correction rms values of about 200 pm (zero
monitor readings) are observed in both planes. As an example Figure 2 visualizes the mean, rms and maximum
orbit in the vertical plane. The maximum corrector kicks
needed are 50% below the design maximum of ;1 mrad.
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In the vertical direction about 20% more corrector strength
is needed than in the horizontal plane although the rms horizontal kick is about 30% larger. This can be explained by
a 50% less efficient correction in the vertical plane.

1/3rd of the D2A lattice after the tune change. The contribution from quadrupoles is nicely compensated by the
dispersion generated by the nearly adjacent orbit correctors in the sextupoles. Thus the remaining vertical dispersion of 0.3 cm is mainly induced by sextupoles. Another
source of emittance coupling is the feeddown of horizontal
dispersion through skew quadrupole components induced
by nonzero vertical orbits in sextupoles and quadrupole
errors. This contribution can be minimized utilizing
dedicated skew quadrupoles. Foreseen are three families
two magnets per family paired around the three long
straight sections. The idea is to use the foreseen additional
windings on the sextupoles to generate the necessary field. The effectivness of the correction scheme has
been tested for the 200 seeds. The resulting histograms for
the emittance ratio r. are depicted in Figure 4. It can be seen
that the mean r. value is reduced from 0.25% (see curve
labeled sextupoles+tilterror+no correction) to 0.1% (see
curve labeled sextupoles+tilt error+correction).Furthermore the r. spread has been reduced from 0.16% to 0.06%.
It can be also deduced from the graph that magnet tilt errors have only a marginal influence on rK(see curves labeled sextupoles+tilterror+(no)correction). Switching of
the sextupoles results in a K of 0.02% (see curve labeled no
sextupoles+tilt error+correction)which illustrates that the
residual coupling is dominated by sextupoles. Quadrupoles
plus correctors alone account for a i of 0.01% (see curve
"labeledno sextupoles+no tilt error).
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Figure 3: Top: Mean, rms and maximum beam ellipse twist
0 for 200 seeds for 1/3rd of the lattice, bottom: correspond-
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Betatron and emittance coupling have been estimated
from the calculation of generalized emittances and sigma

0

•
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matrices [5]. The beam ellipse twist in the straight sections
of the SLS storage ring has been found to be ;z40 mrad (see
top graph of Figure 3).
The corresponding value for the emittance coupling in
mode DI which allows 5-8 cm horizontal dispersion in the
straight sections is calculated to be 0.2% and 1% in the zero
dispersion mode DO. This relatively large coupling factor
for the latter mode can be explained by the fact that the
vertical working point had been initially chosen very close
to the integer (vm = 7.08) in order to optimize the Dynamic Aperture. At the same time this results in a significant increase of the spurious vertical dispersion. A change
of the vertical tune to vy = 8.28 (D2A lattice) leads to
a reduction of the emittance coupling to 0.25%. The bottom graph of Figure 3 shows the sigma ratios orH/a' for

'
•

•
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\

&..

0.0001

0.001

0.01

emittance ratio c
Figure 4: Histograms of the emittance ratio K for 200 seeds
with and without coupling correction.

4 MULTIPOLE ERRORS
Results from 2D field calculations [11] for quadrupoles and
dipoles have been investigated concerning the impact on
Dynamic Aperture [10]. Alignment errors and orbit correction have been included. It has been found that the multipoles cut off all Dynamic Aperture outside the physical
aperture which is simply due to the fact, that the multipole decomposition is only valid within the pole inscribed
radius. Tracking including physical limits virtually does
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not show any Dynamic Aperture deterioration. Subsequent
tests using data from 3D field calculations for quadrupoles
and sextupoles have confirmed this result.
The vertical correctors with dipole coefficient b, which
are integrated into the sextupoles create a large decapole
component b5 . The ratio of the multipole coefficients b 5 /b,
is calculated to be 5.25 105 m- 4 . Assuming a linear scaling
of b5 with b, the Dynamic Aperture has been calculated
for 200 distorted and orbit corrected machines operated in
the DO lattice mode. It has been shown that the Dynamic
Aperture is only reduced for large momentum deviations
dp/p>2%.
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5

GROUND WAVES

The magnets of the SLS storage ring are mounted onto 48
girders with the 36 bending magnets of the 12 TBAs sitting on the ends of two adjacent girders [7]. The amplitude
of stored beam orbit oscillation excited by groundwaves is
calculated by convolution of the seismic spectrum on site,
damping by the concrete slab of the hall, girder mechanical amplification factors, closed orbit distortion amplification factors and attenuation factors of the fast feedback
system [4].
For a rough worst case estimate the following assumptions are made:

Figure 5: Amplification factors defined as ratio of closed
orbit (averaged over ground wave incident angle and phase)
to ground wave amplitude for single elements (dotted) and
elements mounted on girders (solid). For high frequency
the factors approach the values from random magnet misalignments which are for single elements, girder to girder
and girder absolute alignment given by 58, 22, 6 horizontally and 25, 4, 3 vertically. An increase of the factors is
observed where A equals the betatron wavelength, which
occurs at 36 Hz for the horizontal and at 14 Hz for the vertical. Speed of sound was assumed to be 500 m/s (soft
ground).

6

"*The largest ground noise observed was recorded while
a heavy truck was passing by on the nearby road.
Peaks of 300 nm at 30 Hz and 30.nm at 60 Hz [8] were
found. Continuos ground noise however is at least one
order of magnitude lower.
"*Within the worst case estimate the damping effect of
the hall's 40 cm concrete slab are neglected.
"*The mechanical amplification factors of the girder
were measured to be < 10 on resonance horizontally and vertically over a frequency range from
0... 50 Hz [9].
* Amplification factors for the closed orbit with and
"wAmplificathout
gird are
rs s how
in
osd
5
girdes
ith
w ithout girders are show n in Ft
Fig. 5. W ith girders ooneri
sees horizontal [vertical] amplification factors of 8 [5]
at 30 Hz and 25 [5] at 60 Hz.
"•The attenuation provided by the fast feedback system
is about -55 dB at 30 Hz and -35 dB at 60 Hz (assuming that there is only one dominant peak) [4].
Multiplying these numbers one arrives at rms average orbit
distortions of 25 [15] pm herizontally [vertically] at 30 Hz
and 7.5 [1.5] pm at 60 Hz without feedback. Including the
feedback the orbit distortions are well below 1 um over the
whole frequency range.
With this as the result of a worst case estimate we are
looking forward to achieve a rather quiet beam at SLS.
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DIFFUSION MECHANISM OF PARTICLE BEAMS IN THE PRESENCE
OF PHASE MODULATION IN DOUBLE RF SYSTEMS*
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Abstract

2

SYNCHROTRON EQUATION OF
MOTION

The particle diffusion mechanism due to phase modulation
on one of the rf cavities in a double rf system is studied.
We find that the Einstein relation is satisfied if there is a
global chaos in the phase space. On the other hand, the existence of dominant parametric resonances forces the particles streaming along the separatrix, which may result in
anomalous diffusion
The or
particle
tracking
simulatins process.
ase ontheHamltoian
he oube
r sytem
lations based on the Hamiltonian for the doublemf system
is employed to reveal the essential diffusion mechanism.
Also for the first time, a coherent octuple mode has been
observed in the bunch beam excitation. The phase space
evolution of the octuple mode is displayed.

h1 (9 -O0)
(1)
J = (h 1 IJn/vs)(Ap/po)
(2)
where h, is the harmonic number of the rf cavity, 0 and 0s
are respectively the orbiting angles of a non-synchronous
and synchronous particles, q is the phase slip factor, p0 is
the momentum of a synchronous particle, Ap = p - po
is the momentum deviation, v. = (hieVJr??/2-7r0 2E) 1 / 2 is
the synchrotron tune, V is the voltage, e is the particle's
electric charge, and 3 and E are the Lorentz velocity factor

1 INTRODUCTION

and energy of the particle, the synchrotron motion of a
particle in a double-rf system with phase modulation can
then be written as
6 = -v, [sin (+ ± A•q 1 ) - r sin (h! + Aq5 2)]'

The normalized conjugate phase space coordinates are defined as

-A6 + Dý,
Controlled particle beam diffusion has many applications
in beam physics such as phase space painting for beam injection, beam dilution for minimizing the growth due to
the collective instabilities, stochastic beam scraping and
stochastic slow beam extraction. Practically, the diffusion
process is dominated by the chaos generated by overlapping resonances[l]. Particles in the existence of Langevin
force diffuse in the phase space following the Einstein relation: a2 - Dt, where U2 is the mean square of the beam
bunch, D is the diffusion coefficient and t is the evolving
time. However, there are anomalous diffusion processes
that do not follow the Einstein relation. They occur in
plasma physics, Levy dynamics, turbulent flow and space
charge dominated beams [2]. Understanding the causes and
detail dynamics of the anomalous diffusion is particularly
important in those areas.
Experimentally, We studied the particle diffusion processes in phase space by applying a phase modulation on
one on a double rf system at the Indiana University Cyclotron Facility (IUCF) Cooler ring. The experiment data
alone with in-depth beam tracking simulation will be presented in this paper.

(3)
(4)

where r = V2/V1 is the ratio of the primary and secondary
rf voltages, h = h 2/hl is the ratio of harmonic numbers
where V1 and 1V2 are the voltage gains for the primary and
secondary rf systems, respectively, h, and h2 are the harmonic numbers for the primary and secondary rf system,
respectively, A is the damping decrement, the white Gaussian noise ý where (•(O)•(0')) = 6(O - 0') with (6) = 0,
and D is the amplitude of the white noise. At the Cooler
ring, typically A and D are set about 3 x 10-6 and 2 x 10-4.
The phase modulation term in Eq.3 is given by
A01 (t) = A1 sin(vn10),
(5)
A02 (t) = A2 sin(vmn2 9) + Abo
(6)
where Ai and 1v ni = fm•/f, are the modulation amplitudes and the modulation tunes, respectively, where i = 1
and i = 2 represent primary and secondary cavities, respectively, fmi is the modulation frequency and fý is the
synchrotron frequency with primary cavity alone; and Aqbo
is a relative phase difference between the two rf systems.
Without damping and fluctuation terms, the double rf system with phase modulation can be described in the following Hamiltonian form
11-csq5+A
V
=
2
"0
Ho__

__
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=
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+- [1 - cos(ho + A0 2)]}.
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Multi-particle tracking simulation follows Eq.3 and 4.
We focus on several important factors, namely, mean
square of beam width, averaged beam center and the
Poincard surfaces of section of the system.

3

a-d

4000
2000

EXPERIMENTS

the ring.
After injection, the proton beam was cooled by an electron beam cooling system to reduce its momentum spread
and transverse emittances. The electron cooling rate for the
Cooler ring was measured to be about 3 ± 1 s-I at this enacelratr
tie
nd the
he
erg [3. Teccl
set aat 10s, and
was st
time ws
cycle
ergy [3]. The accelerator
were
system
acquisition
data
the
and
system
rf
secondary
was
turned on 3 s after the completion of injection, which
much longer than the needed 300 ms cooling time. The
cooled beam bunch rms length was about 15 - 20 ns with
a momentum spread less than 0.1%. The primary rf voltage was set at about 300 V, which resulted in a synchrotron
frequency, f8, of about 705 Hz while operating with the
primary rf cavity alone.
Beam profile was taken from a BPM sum signal passing through a low loss cable, and recorded by a fast digital
scope which was set at a sampling rate of I GHz for a total
of 512 or 1024 channels for each turn. The bunch profiles
were digitized every 25 to 75 turns. A pretrigger to start
data recording was set at least 100 ns prior to the arrival
of the beam bunch. This sampling rate can provide the detailed evolution of beam profile in the diffusion process.

4

DATA ANALYSIS

We tried to understand the diffusion mechanism by looking at physics quantities such as mean square of longitudinal beam size, Fast Fourier Transform (FF1) spectra of
mean square beam size and averaged beam center position and actual beam evolution profiles. The evolution of
the beam profile can be characterized by the mean square
bunch length < a 2 > which is defined as

z

e

b

4000

4
"vi-2000

The main purpose for our experiment was to systematically study the beam dilution mechanism in the presence of
phase modulation of a double rf system. The IUCF Cooler
ring is a 6-sided proton storage ring with electron cooling
and two rf acceleration cavities. The primary MPI cavity
operates at a harmonic number hi = 1, and the secondary
PPA cavity operates at the harmonic number h 2 = 9. The
ring can accelerate protons from 45 to 500 MeV in kinetic
energy. In this experiment, the beam current was between
100 to 500 jA for a 45 MeV single bunch proton beam in

0

..

C

4000
2000

0
0

1000

2000
v,(Hz)

3000

0

1000

2000
v,(Hz)

3000

Figure 1: Averaged final rms beam size versus modulation
frequency for various modulation amplitude (on the secfr
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size over the last 1 ms of the data taking (< aý >). The
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100°, c: the
1250,
d: 150°, amplitudes,
e: 1750, andA2f:,
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a: 600,
letters
b: indicate
alphabetic
2000.

a function of the modulation frequency for the modulation
amplitudes 600, 1000, 1250, 1500,' 1750, and 200'. Since
our results indicate that the beam response appeared to be
important at the modulation frequencies above and near the
harmonics of the synchrotron frequency [4]. The data analysis is mostly focused on the modulation frequencies about
integer factors of the synchrotron frequency. Fig. 2 shows
that by properly adjusting the parameters, fs, A/0 and a,
the tracking results match quite well with the data.
The sensitivity of beam diffusion mechanism on the
modulation frequency can be visualized by the FFT spectra
of experimental data. Fig. 3 shows the FFT spectra of the
rms beam widths of all data with a modulation amplitude of
1500. A direct response line is visible diagonally across the
figure. Furthermore, the quadruple and the octuple modes
arising from the dominant parametric resonances are particularly strong when the modulation frequencies are driven
at 2f. and 4f,. We note also that when the beam is driven
into chaotic sea, the data show characteristic strong low
frequency response.

5

CONCLUSION

(8)

Our experimental data show that the linear growth of mean
square of beam width, < a2 >, with time arises from the
diffusion process in a complete chaotic region in the phase

where N is the number of particles in a beam bunch and
.
-'Nj=kI j is the average value of q5 and where Oj
is the 0 value of the j-th particle.
Fig. 1 summarizes our data for modulation on the secondary rf cavity, where the final beam width is plotted as

space. If the phase space possess a layer of chaotic sea with
invariant tori embedded inside, < 0r2 > will show characteristics of anomalous diffusion. On the other hand, if stable islands still exist in the chaotic background as shown in
a and f of Fig. 4, the evolution of < 0r2 > will be strongly

N
<0 2 >= 1 Eavg)9,
( 3 =1
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3000
2

<a2> (ns )

dominated beams.
have experimentally measured the evolution of beam
distribution as a function of rf parameters in a storage ring.
These parameters are the ratio of rf voltages r, the modulation frequency fm2, the modulation amplitude A 2 , and
the relative phase Aqbo. We have found that the evolution
of the bunch beam can be divided into a fast process that is
related to particle diffusion along the dominate parametric
resonances, and a slow process that particles diffuse inside
the chaotic sea.
We have also observed for the first time the coherent octuple excitation in beam. The corresponding phase space

.We
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Figure 2: Comparison between data (solid curves) and
simulation (dashed curves) for modulation on the secondary cavity near 2:1 resonance. The set parameters are
f,,,2 •1200 Hz, A _100' and r -0.11. The parameters
used in tracking are fs=719 Hz. The only difference betwe'en the two figures is for the top one A0o
2150 and
for the bottom one Abo - 143'.

evolution for the octuple excitation has been clearly measured. Particles stream through the separatrix of the 4:1
parametric resonance, and then diffuse into the chaotic sea.
The signature of the beam signal can easily be identified by
comparing the data and tracking simulation shown in Fig.4,
which also clearly indicates that the chaotic area strongly
depends on Aqbo.
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Figure 4: The Poincar6 surfaces of section for the modulation frequency of 2700 Hz with different relative phases,
Aqbo, where a: 20', b: 600, c: 1000, d: 1400, e: 1800 and
2200. Note that the chaotic structure arises mainly from
the overlapping resonances of 4:1 parametric resonances.

2000

100

f

1f:

data of
Figure 3: The FFT1spectra of the experimental
mean square beam widths fgr the modulation amplitude
of 1500. We note that the low frequency response in the
data arises from the chaotic sea, the quadruple and octuple
modes arises from strong parametric resonances.
oscillatory. Our experiments, with numerical simulations,
have systematically verified these conditions. The understanding of the signature of the beam phase space evolution can be used to diagnose sources of emittance dilution
mechanisms in high brightness beams and space charge

6
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Abstract

2 NONLINEAR BETATRON
RESONANCE AND EXPERIMENTAL
METHOD

Experimental data on particle motion near the separatrix
of the one dimensional (I -D) fourth-integer islands are analyzed. When the beam bunch is initially kicked to the
separatrix orbit, we observed a strong decoherence in the
coherent betatron motion. We find that, through intensive
particle tracking simulation analysis, the decoherence has
resulted from the beam being split into beamlets in the betatron phase space. However, we also observe an unexpected
recoherence of coherence signal, which may result form a
modulated closed orbit or the homoclinic structure near the
separatrix.

1

Particle motion in accelerators is governed by the linear Hill's equation, where dipoles provide a closed orbit,
and quadrupoles provide linear focusing for beam stability. However, sextupole and higher multipoles are needed
to correct chromatic aberration, and are inherent components in magnets. By design, the nonlinear perturbation in
accelerator is small except when the nonlinear resonance
condition is encountered, i.e. mv, + nv2 = f, where m, n
and f are integers. This paper studies the 4v, = 15 resonance.
Near an isolated single resonance (mu = f, hereafter,
the subscript is neglected) in the resonance rotating frame,
the Hamiltonian can be approximated by [5] i

INTRODUCTION

1

Particle motion along the separatrix is important in the
stochastic slow beam extraction. Since the stochasticity
layer at the separatrix orbit is further enhanced by the
time dependent dipole and quadrupole modulations [1, 2],
the study of particle motion near separatrix can provide
needed information on the dynamical aperture and lifetime
of stored beam particles. Thus it is important to study the
dynamics of particle motion near the separatrix.
In our previous studies [3, 4], we studied particle motion
at the fourth order resonance, and examined the effects of
tune modulation on particle motion inside the island. We
mapped out a boundary of stability by analyzing our experimental data on the tune modulation to the particle trapped
at the center of the resonance islands. This paper studies
the dynamics of particle motion near separatrix.
Although the particle motion near the separatrix is cornsize
plicated by rapid decoherence and inherent finite beam
in our experiments, we can re-analyze our data to explore
the effects of inherent noise for particle motion near separatrix because we have made many progresses in understanding the dynamics of particle motion near the separatrix. [2]
The paper is organized as follows. Section 2 outlines our
experimental setup and gives a brief review of the nonlinear
Hamiltonian model. Section 3 discusses the data analysis.
The conclusion is given in Sec 4.

C

2+

6 J +-aJ + gJa cos(m4'),

H

(1)

where J and V) are the conjugate action-angle variables,
6 = v - (e/m) is the resonance proximity parameter, v
is the betatron tune, a is the nonlinear detuning parameter
arising from higher-order multipoles, and g is resonance
strength. The phase 4 in the resonance rotating frame is
related to the betatron phase 0 by
f

X

m

m

The 0 is orbit angle serving as the time coordinate and X
is the resonance phase that depends on the measurement
location.
This Hamiltonian is time-independent. A torus is the
Hamiltonian
flow at a constant
i.e. H(J,4) = E.
Hmlo'
qain
fmto 'energy,'
r

J

=

6 + a J + 7,-g J
2
mag J1 sin(m 4)

ý-1 cos(m

4'),
(2)

where the overdot corresponds the derivative with respect
to the time coordinate 9.

2.1

Experimental setup at the IUCF Cooler

Ring
*Work

supported by U.S. Department of Energy DE-FG02-

92ER40747 and National Science Foundation PHY-9512832.

0-7803-5573-3/99/$10.00@ 1999 IEEE.

The procedure of our experiments is as follows. The 90
MeV H+ beam was stripped injected into the Cooler for
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attaining 45 MeV protons. The cycle time was 10 s. The
beam was electron cooled for 3 s before we started our experiments. The cooling time was about 0.3 s. Typical, we
had about 3 x 108 protons per bunch with a bunch length
of about 5.4 m (or 60 ns) FWHM. The revolution period
was 969 ns, and the rf cavity was operating at a frequency
fo = 1.03168 MHz with the harmonic number h = 1. The
95% emittance was about 0.3 7r mm-mrad, and the stability of the horizontal close orbit was smaller than 0.05 mm
FWHM. Details of our experimental setup have been published [6].
To study the nonlinear resonance at 4v2, = 15, we adjusted our horizontal betatron tune to the resonance line. A
ferrite kicker with the rise and fall time of about 100 ns and
a flat top of about 700 ns was used to impart a transverse
angular kick to the beam. The subsequent beam positions
were tracked and digitized by two beam position monitors.
The data (Xl, x 2)i are transformed to the normalized phase
space (x,p. )i with known betatron amplitude functions,
and BPM calibrations. Figure 1 shows the Poincar6 maps
for some typical Hamiltonian tori with five different kicker
amplitudes. The separatrix orbit is also drawn to compare
our experimental data. Properties of this fourth-integer resonances have been successfully explored [3].
8

.

...
.

.

*

-4

:

-2

0

4

27

1

e(x2+P•

2

0,2

where C is the normalization constant, H is the Hamiltonian, "kT" is the effective thermal energy, x and Px
are the normalized conjugate phase space coordinates, and
r2 = 3• erms with an rms emittance Crms. Here, we have
assumed a linear Hamiltonian at the center of the phase
space.
The phase space evolution of Eq. (2) can be attained by
the symplectic map:
m

=-c
J.+1

2

J. + m g Jfm sin(m V,.+,),

(4)

which preserves the phase space area. For particle motion near the separatrix, two hundreds steps is used for
each orbital revolution. Typically, 4000 test particles with a
Gaussian distribution, distributed in 3 or region of the phase
space are used in our numerical simulations.

3

DATA ANALYSIS

-emittance

trix is given by two intersecting ellipses.
The decoherent of betatron motion a beam with finite
can be used to determine the nonlinear detuning

-

2

-

"
.Hamiltonian

-.

•

= Ce-H/kT

BPMs. This procedure establishes the method of transforming our digitized data to the normalized phase space
coordinates. Our results are shown in Fig. 1. Since the
of Eq. (1) is a quadratic equation, the separa-
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.
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-8

.

-

p(x,px)

we analyze Poincard maps that are outside the resonance region and obtain a consistent set of betatron amplitude functions, and the phase difference between two

-First,

.

rium emittance [7]:

6

parameter ca. Similarly, the FF1T spectra and the size of the
resonance islands can be used to determine the resonance
proximity parameter, and the resonance strength g. These
analysis provide us a self consistent set of data for the effective nonlinear Hamiltonian.

8

X (m m)
Figure 1: Poincar6 map shows beam sampling the nonlinear fourth-integer resonance by exciting particles with five
different kicker amplitudes, increasingly kicker amplitudes
corresponding the lager radius contours. The line is the
predicted separatrix. Beam motion close to separatrix is
evident,

2.2 MultiparticleSimulationModel
Our experiments were intended to explore the single particle motion near a betatron resonance. However, the beam
bunch in accelerators is composed of many particles. Because of the electron cooling, and the random noises inherent in all accelerators, the beam bunch reaches an equilib-

3.1 Motion Near the Separatrix
Figure2 shows the centroid of beam motions a 300 revolutions when the beam is kicked onto the separatrix, where
solid points correspond to the first 50 revolutions. To understand the rapid decoherence, we carry out multiparticle simulations. Figure 3 shows the beam distribution after 500 revolutions for a beam with an initial emittance of
0.3 7r-mm-mrad. The decoherence arises from the fact that
the beam bunch splits into beamlets under the action of the
separatrix. Particles inside the separatrix move in one direction, while the particles inside the resonance island are
trapped. Such a rapid decoherent is very sensitive to the
emittance of the beam. Our multiparticle simulations show
that the beam emittance of 0.31r mm-mrad describes very
well the strong decoherence.
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significant recoherence in the coherence betatron motion
at 520 and 1000 revolutions. The recoherence is associated
with a phase where particles recongregate into the unstafixed points. Numerical simulation has not been able to
the recoherence of the experimental data.
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It is worth noting that our long-term experimental data
shows significant recoherence of the coherent betatron motion shown in Fig. 4. Our model can not explain such a
rapid recoherence, instead, it predicts a very strong recoherence at 1600 revolutions. The sizable early recoherence
may arise from either closed orbit modulation of the order
of 0.2 mm or the sensitivity of particle motion (homoclinic
structure) near the UFP.

4

CONCLUSIONS

the beam moIn conclusion, we have analyzed the data for
tion near the separatrix, and find that the decoherence of the
beam signal arises from the beam being split at the UFP. We
observe a significant recoherence in our data, that can not
be explained by our model.

In general, there are many time-dependent terms in the
actual nonlinear Hamiltonian. Our model of the Hamiltonian (1) should include these terms in the simulations. The
stochasticity near the separatrix orbit arises from these time
dependent terms in the Hamiltonian. A more realistic numerical simulation is need for modelling the beam motion.
The experimental data offer a unique challenge for the understanding of particle diffusion process in accelerators.
5

REFERENCES

[1] F. Vivaldi, Rev. Mod. Phys., 56, 737 (1984).
[2] S.Y. Lee, Nonlinear Beam Dynamics Experiments at IUCF
Cooler Ring, Acceleratorphysics at the SSC, AIP1 ProceedinsN.36edtdbY.anndMSper,.
(95)
ings No. 326, edited by Y. Yah and M. Syphers, p.13 (1995).
[3] M. Ellision et al., in Stability of Particle Motion in Storage
Rings, AIP Conf. Proc. No 292 (AIP New York 1992), p. 170.
[4] Y. Wang et al., Phys. Rev. E 49, 5697 (1994).
[5] S.Y. Lee, AcceleratorPhysics, (World Scientific, Singapore,
1999).
[6] S.Y. Lee et al., Phys. Rev. Lett. 67, 3768 (1991);
D.D. Caussyn et al., Phys. Rev. A 46, 7942 (1992).
[7] M. Bai et al., Phys. Rev. E55, 3493 (1997).

1550

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

USING MARYLIE WITH THE PARTICLE BEAM OPTICS
LABORATORY
George H. Gillespie, Barrey W. Hill, Hendy Martono, John M. Moore
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Abstract

graphical beamline construction kit. The beamline is
composed of four identical cells, with each cell containing
a sector bend, two quadrupoles and two sextupoles, all
interspersed with drifts. Figure 1 also illustrates two
approaches (described below) for using the MARYLIE
Module to fit magnet strengths.

A MARYLIE module has been developed for a new
version of the Particle Beam Optics Laboratory (PBO
Laba'). MARYLIE is an optics code based on a Lie
algebra formulation of charged particle trajectory
calculations and is particularly useful for particle tracking
and for the analysis of linear and nonlinear lattice
properties. The PBO Lab provides an intelligent graphic
user interface based upon the Multi-Platform Shell for
Particle Accelerator Related Codes (S.P.A.R.C. MP), a
software framework developed
support
and training. toTransport
simulation specifically

(a) Achromat cell layout
.

!; •-•:

!!!1: ••

accelerator modeling,

17

1i

element icons are selected from a palette and assembled
into beamlines by graphical construction. Optical cells
and lattices composed of element groups may be defined as
sublines, and elements or sublines can be replicated using
an alias element. An icon-based description of MARYLIE
commands and procedural processes has also been
developed. The icon-based beamlines and commands
generate entries for the MARYLIE Master Input File
(MIF). Frequent computations are encapsulated into
interactive commands which create the needed entries in
the MIF, call MARYLIE to execute the required
computations, and then return output data to the graphic
interface for display. Use of the PBO Lab MARYLIE
module is described and illustrations from the Windows95
implementation are presented.

(b) Fitting interactively
-

U

( B
(c) Batch-job fitting

1 INTRODUCTION

V_

The MARYLIE program [1] is a powerful tool for
studying nonlinear optics. The version of MARYLIE 3.0
described in [2] is being integrated with PBO Lab 2.0 [3]
to provide a unique graphical environment for beamline
studies. PBO Lab provides an easy-to-use graphic user
environment, customized to the needs of the accelerator
community for both particle optics education [4] and
beamline design [5]. This paper discusses selected features
of the new MARYLIE Module.

.. ,

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

.

.
Figure 1. Selected images from the PBO Lab MARYLIE
Module showing icon representations of: (a) the four-cell
achromat, (b) creation of MARYLIE procedure loops
used to fit first-order and second-order optical constraints
interactively, and (c) the use of two MARYLIE procedure
loops to fit both sets of conditions as a "batch job." All
images are from the Windows95/98/NT implementation.

2 MARYLIE MODULE FOR PBO LAB
The use of the PBO Lab MARYLIE Module is perhaps
best illustrated via an example: designing and then
studying the performance of a four-cell, second-order
achromatic bend. (It should be noted that MARYLIE can
also be used to design a third-order achromat.) The basic
layout of the example beamline is illustrated in Figure 1,
using the iconic representation provided by the PBO Lab

,

The construction of a scalable version of this type of
achromatic bend had been discussed previously [5,6].
With the PBO Lab, formulas can be used to incorporate
dependent parametric relationships between elements [5],
while intelligent alias elements replicate either identical or
near-identical elements with no redundant data [3,6]. The
graphical construction of a beamline defines all data
necessary to run any of the particle optics modules
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installed in the PBO Lab. The PBO Lab takes care of all
I/O requirements for each code, with no knowledge required
of the user concerning command syntax, file formats, or
similar code-specific details.
The principal design tasks are to determine: (a) the
quadrupole strengths that are necessary for each cell to
have phase advances of 90* in both transverse directions
(i.e. quarter-wave transformer), and (b) the sextupole
strengths that are required to eliminate (second-order)
chromatic aberrations. The primary performance studies
involve simulating beams with different momentum
spreads passing through the beamline. MARYLIE can
perform both of these functions (as well as many more).
The remainder of this paper illustrates how this is done
using the PBO Lab.

2.1 Solving Fitting Problems

The first-order fit may be carried out interactively,
and then the Lie Map coefficients examined to select the
largest non-linear terms to minimize as a second step.
This is easily done using a graphic display of the
polynomial coefficients for a Map Piece of the beamline.
The desired fitting conditions for second-order are:
f 3(33) = 0 and f 3(67) = 0
(2)
The first procedure loop is removed and a second procedure
loop containing all four cells is then defined. This loop is
also shown in Figure 1(b), with the aims (2) specified
using the Marker Piece at the end of the achromat, and the
first two sextupole strengths selected as fitting variables.
Alternatively, two separate procedure loops may be created
as illustrated in Figure 1(c), to define a single "batch job,"
which will sequentially carry out both the first- and
second-order fitting using a single interactive command.

22

Fitting with MARYLIE is done using procedure loops
[1]. A procedure loop is readily defined graphically in the
PBO Lab: the user selects (with the mouse) a beamline
segment containing one or more Marker Pieces, and then
chooses the "Create Procedure Loop" option from the
Commands menu. The steps are similar to the actions
used to interactively create a Map Piece [6]. Figure l(b)
illustrates the selection of elements and creation of the
procedure loop for fitting the first-order properties of the
achromat. Desired optical conditions are set using Marker
Pieces in a procedure loop, while the parameters to be
varied are set using "S" buttons in the Piece Windows of
elements, similar to those of the PBO Lab TRANSPORT
Module [5]. The first Marker Piece is used to specify the
desired phase advances for the first cell, and the field
gradients of the first two Quad Pieces are selected as
variation parameters. MARYLIE uses tunes v, related to
the phase advances gt by v = g./(2nt), so for transverse
phase advances of 1t/2 the MARYLIE fitting aims are:
v, = 0.25

and

vy = 0.25

Comparison of Results to Other Calculations
The results from MARYLIE may be readily compared to
results from any other code integrated with PBO Lab 2.0.
The ease of carrying out such comparisons is difficult to
over-emphasize. For example, to compare beamline
transfer maps or output beam distributions, one simply
selects a different sub-menu from the Commands Menu
[3] and executes an appropriate command. The PBO Lab
takes care of correctly formatting the input to each code,
executing the selected command, and displaying the
results. Appropriate TRANSPORT fitting constraints
equivalent to those given by (1) and (2) are easily defined
with PBO Lab [5]:
(3)
R 11 + R 22 = 0 and R 3 3 + R44= 0
(4)
T 126 = 0 and T 3 4 6 = 0 .
Table I summarizes the fitting results obtained for
the quadrupole and sextupole field strengths using the
MARYLIE and TRANSPORT Modules of PBO Lab 2.0.

(1)

Table 1. Comparison of quadrupole and sextupole fitting results using the MARYLIE and TRANSPORT Modules with
PBO Lab 2.0 for the achromatic bend described in reference [5]. Tolerances for all aims were set at 10-6.
Computation Engine
MARYLIE
TRANSPORT

Quadrupole I (B')
9.6843595 T/m
9.6843590 T/m

Quadrupole 2 (B')
-10.180100
-10.180092

2.3 PerformanceSimulations of Beamlines
Once the fitting tasks are complete, MARYLIE may then
be used to simulate the performance of the achromat for
different initial beam conditions. Several ray tracing and
tracking options are available in MARYLIE. Figure 2
illustrates results using the element-by-element ray tracing
command. Six output beam cross sections are shown:
three for the achromat with the sextupole correctors turnedoff, and three with the sextupole strengths set to the

T/m
T/m

Sextupole 1 (S)
107.41
107.04

T/m 2
2
T/m

Sextupole 2 (S)
-146.74
-145.67

T/m22
T/m

values given in Table 1. The initial beam for all cases
was a 6-D uniformly filled ellipsoid of 1000 particles with
semi-axes parameters from Table 1 of reference [7].
Results are shown for three different initial momentum
spreads. The second-order achromat performs very well for
this beam with a 9% momentum spread, nearly identical
to that for a beam with 3% momentum spread, and may be
adequate for use with momentum spreads up to 27%,
depending upon the application.
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(a)

(e)
Figure 2. Two-dimensional scatter plots of the beam cross-section at the end of the achromatic bend, without sextupole
correctors [top (a)-(c)] and with sextupole correctors [bottom (d)-(f)]. In both cases, results are shown for three different
values of the initial momentum spread 8: 3%, 9% and 27%, increasing from left to right. Window images are from the
PBO Lab 2.0 MARYLIE Module as implemented for Windows95/98/NT platforms.

3 SUMMARY
An innovative MARYLIE Module for the PBO Lab [8]
has been developed that provides an easy-to-use graphic
interface for setting up problems and executing
commands. The unique S.P.A.R.C. MP framework [3]
provides both for the graphical construction of beamlines
yformulating MARYLIE procedures.
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FREQUENCY MAPS OF LHC MODELS
Y Papaphilippou*
CERN, CH-1211 Geneva 23, Switzerland
Abstract
The Frequency Map Analysis method is applied in models of LHC optics versions 5 and 6 in order to study their
non-linear dynamics. The maps present a global picture
of the resonance structure of the phase space. They enable us to view the dangerous zones tracing the limits of
the dynamic aperture. This approach, assisted by detailed
resonance analysis, is used as a guide for exploring possible correction schemes, which are subsequently verified by
long-term tracking.

1 INTRODUCTION
the major concern
The long term stability of the beam is
for the design of a hadron collider, as the LHC [1]. Especially during long injection period of more than 10i turns
needed to fill the LHC with 2835 bunches per beam, particle trajectories are perturbed strongly by non-linear magnet
fields, mainly attributed to the multipole errors of the superconducting magnets. In order to estimate the dynamic aperture (D.A.), the region of the phase space where particles
survive after a long time, particle tracking is usually employed, with codes optimised for this task [2, 3]. Nevertheless, even in the upgraded multiprocessor system now
available at CERN [4], tracking studies of the full injection plateau are extremely time consuming. Simulations
are thus limited to 1% of the total injection period and a reduction factor of 7% [5,6] is taken into account for the estimation of the D.A. [7]. Beside the numerical difficulties,
the main drawback comes from the fact that tracking cannot
provide enough information about the system's phase space
structure. The application of high-order perturbation theory has been extensively used in beam physics [8,9] in order to give some insight regarding the systems' non-linear
dynamics. However, the construction of some optimal set
of variables (normal forms or action-angle) for the evaluation of the phase space distortion cannot be applied in
the parts of the phase space which are close to instabilities,
such as resonances or chaotic regions. In fact, an approach
giving in a direct way a global view of the phase space
structure is needed. This later can be achieved by the Frequency Map Analysis (F.M.A), a method extensively used
in celestial mechanics [10, 11] and in Hamiltonian toy models [12-14] but only recently in real accelerators, as the
ALS [15] or the LHC [7]. The method relies on the high*
precision calculation [ 18] of another fixed feature of KAM
orbits, the associated frequencies of motion and can be directly applied in short term tracking data. Moreover, the
variation of the frequencies over time [7, 13, 14] can provide an early stability indicator as good as, if not better

than, the Lyapounov exponent.
After a brief introduction to the method (Sect. 2), we
display in frequency maps the global dynamics for cases of
interest of LHC optics version 5 and 6, show many interesting features of the phase space structure and demonstrate
the efficiency of the method in comparing different designs
through a diffusion quality factor (Sect. 3). The last section
is devoted to the final conclusions and perspectives.

2

FREQUENCY MAPS

The first step is to derive through the NAFF algorithm [10]
or variants of this code (e.g. SUSSIX [17]), a quasiperiodic approximation, truncated to order N,
N

(t)

E ajkeiWik(
k=1

with f (t), aj,k E C and j = 1, ... , n, of a complex function fj (t) = qj (t) + ipj (t), formed by a pair of conjugate variables of a n degrees of freedom Hamiltonian system, which are determined by usual numerical integration,
for a finite time span t = r. The next step is to retain
from the quasi-periodic approximation the frequency vector v = (vi, 1 2 ,... , Vn) which, up to numerical accuracy [18], parameterises the KAM tori in the stable regions
of a non-degenerate Hamiltonian system. Then, the construction of the frequency map can take place [12-15], by
repeating the procedure for a set of initial conditions which
are transversal to the orbits of interest. As an example, we
may keep all the q variables constant, and explore the momenta p to produce the map F1-:
(2-)
(2)

q

The dynamics of the system is then analysed by studying

3 APPLICATION TO THE LHC
The F.M.A is applied to the short-term tracking data (r =
103 turns) issued by SIXTRACK [3], for a large number of
initial conditions (P 104). We select an arbitrary section
of the phase space, setting the initial transverse momenta
to zero. The particle coordinates are chosen equally spaced
in the transverse linear Courant-Snyder invariants I.o and
Ivo, at different ratios Io/Iyo. Hence, we construct the
ma
map
:R(3) R2
(3))
(Vy,
(I., Iy)Ip.,pY,=O,
-f

and proceed to the dynamical analysis of the accelerator
*
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Figure 1: Frequency and amplitude maps for LHC optics version 5 target table without ((a),(c)) and with ((b),(d)) the
high a4 value of error table 9712 on the dipoles.
In order to reach the target D.A. of 12o, for the LHC inresonant lines are "hot spots", from which particles can easjection optics, giving a necessary safety factor of 2 with
ily diffuse: as an example, we show the evolution of the frerespect to the position of the collimators at 6or, a target er- quency of an orbit starting close to the crossing of the (7, 0)
ror table was proposed. A frequency map for optics ver- with the (-3, 6) and (4,6) resonances. The orbit diffuses
sion 5 with this error table and for the nominal working
along the unstable manifold of the 7th order resonance and
point (Q., = 63.28, Qy = 59.31) is shown in Fig. Ia. is lost after a few thousand turns. This is a clear demonThis specific machine gives an average D.A. over I11 dif- stration of the importance of this resonance with respect to
ferent invariant ratios of 13.1o, and a minimum of 12.1o- the D.A. of this model.
(at arctan(1
One of the main issues in the specification of the LHC
1 1 o/1 2,o) = 15'), values which are close to
the average and minimum D.A over' all the 60 random re- injection optics, is the correction of the systematic part of
alisation of the magnet errors ("seeds") usually produced the lowest order multipole errors of the super-conducting
for 6D tracking. Each point in the frequency space cor- dipoles, which limit the D.A. [6]. This is usually done by
responds to a different orbit. The different colours in the
magnetic coils ("spool pieces") placed at the ends of the
map correspond to orbits with different initial amplitude dipoles. In the case of the last 9712 error table, where biI =
.T 2 ý+ y 2 (from 0 - 16o,) and the black dots la- ases of the normal and skew octupoles have been signifibel initial conditions with different ratios (from 150 to cantly raised, there was an important loss of the dynamic
75'). The orderly spaced points correspond to regular oraperture [19] with respect to the target error table. A frebits whereas the dispersed points to chaotic ones. This
quency map for the same "seed" as for the previous case
plot is a snapshot of the so called Arnold web, the comwith the skew octupole error of the 9712 table in the dipoles
plicated network of resonances av., + bvy
+
c
=
0,
which
is shown in Fig. lb. The phase space now looks much
2
appear as distortion of the map (empty and filled lines) and more distorted. The most remarkable feature concerning
can be easily identified. For example, we put in evidence
the system's dynamics is the explosion of the detuning,
the importance of three 7th order resonances ((a, b) =
to the point that particles, especially the ones with initial
(7, 0), (6, - 1) and (-2, 5)). Especially, the crossings of the amplitude ratio of 450 are diffusing towards the diagonal
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"spool pieces" are positioned in every dipole and correct
the average value of b4 and b5 systematic per arc, whereas
worst machine corresponds to a correction with spool
in every second dipole. In both cases only the systematic per arc b4 and b5 errors are switched on, which
explains the relatively weak distortion of the phase space
for small amplitudes. On the other hand, in tha "bad" case,
dangerous resonances are shifted towards lower amplitudes, as the detuning is higher, especially for horizontal
motion. In fact, this correction option is not good for the
LHC, due to the odd number of dipoles per half cell.
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Figure 2: Positioning of the main resonances the initial amplitude space for two different correction schemes of the b4 ,
b5 error on the main dipoles of LHC optics version 6.
(1, -1) in the right corner of the map. On the other hand,
particles close to horizontal motion at the top of the map
are approaching the (0, 3) resonance and the ones close to
vertical motion the (4, 0). This finding has been confirmed
with Normal Form analysis. The dynamic aperture could
be recovered by tuning the skew octupole spool pieces such
as to cancel the (1, -1) resonance [19]. The global dynamics of these two cases can be also displayed in the physical
space of the system by mapping each initial condition with
a diffusion indicator: -the tune can be calculated for two
equal and successive time spans which correspond to half
of the total integration time r-, giving a diffusion vector:
Dt=T

1

= V-

(4)

==Vt(o,-/2] -t(-/2,,
(4)
the amplitude of which can be used for characterising the
instability of each orbit. In Figs. Ic and d, we plot the
points in the (I.o, Io)-space with a different colour corresponding to different diffusion indicators in logarithmic
scale: from grey for stable (IDI _<10-7) to black for
strongly chaotic particles (IDI > 10-2). Through this representation we are able to view the traces of the resonances
in the physical space, and set a pessimistic threshold for
the minimum D.A.. Moreover, we can compute a diffusion
quality factor defined as the average of the local diffusion
coefficient to the initial amplitude of each orbit, over a domain R of the phase space:

DQF

K(J

2

0

_
DI

CONCLUSIONS

+ i2 )1/2 )R
YO

(5)

This quantity can be used for the comparison of different
designs and the optimisation of the correction schemes proposed. For example, for the normal octupole and decapole
correction of LHC optics version 6, five schemes where
proposed, regarding the positioning of the "spool pieces".
In Fig. 2, we display the strongly excited resonances (four
of 7th and one 9th order) in the amplitude space for the best
and worst case, as suggested by the diffusion quality factor.
The best one corresponds to the nominal scheme, where the

namics of different LHC machines with the injection optics
version 5 and 6. All the fine details of the systems' phase
space are directly viewed in frequency maps. Through the
evolution of the tunes with time, the drifting of chaotic orbits is followed in the frequency space and different types
of diffusion are shown. Moreover, the tune difference for
two successive time spans enables the representation of the
resonance structure and phase space distortion on the initial
amplitude space. This instantaneous diffusion coefficient
allows the computation of a global quality factor which
can be efficiently used for comparison of different accelerator models with respect to their phase space stability. The
method can be applied to the study of many open problems
regarding the LHC non-linear dynamics, as the beam-beam
effect, the optimal choice of the working point and its sensitivity to small variations or the influence of tune modulation. For this, it is envisaged to extend the approach to
the full 6D phase space. Indeed, the challenge will be to
establish the statistical correlation of early indicators such
as the frequency variation with the beam lifetime.
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MEASUREMENT OF RESONANCE DRIVING TERMS FROM
TURN-BY-TURN DATA
R. Bartolini, L.H.A. Leunissen, Y Papaphilippou, F. Schmidt, A. Verdier
CERN, Geneva, Switzerland
Abstract

2

It has been shown that the Fourier analysis of recorded
turn-by-turn tracking data can be used to derive resonance terms of an accelerator. Beside the resonance driving
terms, the non-linear one-turn map can be obtained with
all non-linearities arising from magnetic imperfections and
correction elements. This could be interesting for the LHC
which will be a machine dominated by strong non-linear
fields. The method works very well for tracking data and is
expected to work equally well for turn-by-turn beam data.
The precision to which these terms can be determined relies on the frequency analysis tool. To demonstrate the feasibility of the method, measurements of real accelerators
are presented in which the beam is kicked once and the
beam oscillations are recorded over several thousand turns,
Besides the tune, the strengths of resonance driving terms
have been measured and the results are compared with numerical calculations.

EXPERIMENTS

Several measurements were carried out in 1998. One with
LEP and two with the SPS [6, 7]. We show the detuning as a function of the linear invariant I, = E_-/2 and
the three first-order horizontal spectra lines which are due
to sextupoles in both machines. These are the (3,0) resonance (f3o0o term) and the (1,0) resonance (f2loo and f1200
term) [2].

2.1

SPS experiment

3. Linear coupling [5]

The SPS is an ideal test bed for this kind of investigation.
The machine has practically no multipolar components so
that particles exhibit mainly linear oscillations. Moreover,
closed orbit, linear coupling and chromaticity have been
well corrected. This "ideal" machine is made non-linear
with the use of eight strong sextupoles.
In the experiment, the beam is kicked to various amplitudes and the turn-by-turn data is recorded by all pickups
in one sixth of the machine (to which the SPS turn-by turn
recording system is presently limited).
As expected from earlier experiments [1] the detuning
as a function of the linear invariant (Fig. la) is very well
predicted by tracking (all solid lines in Fig. 1 are tracking
results obtained with SIXTRACK [8]). Very promising is
the agreement between the tracking and the experiment for
the (3,0) resonance (Fig. Ib), the experimental data are systematically lower by a few percent only. When studying the
first (1,0) resonance (Fig. Ic) a problem of the closed orbit
measuring system becomes apparent. This line is the amplitude dependent offset of the FF1' signal after the kick.
To calculate this line one has to measure and subtract the
signal offset before the kick which was not possible with
sufficient precision. Moreover, the number of data samples
were limited to 170 turns and there had been unavoidable
electronic spikes. Lastly, we present the other (1,0) resonance (Fig. ld)) which should suffer less from the limitations of the measurement system. Indeed, we find less
noise signals in that case. However, there is a significant
discrepancy with the tracking data which remains to be un-

4. Detuning versus amplitude

derstood.

5. Driving terms of resonances

2.2

6. Full non-linear model of the accelerator

The electron storage ring LEP was used for another exper-

1

INTRODUCTION

The application of perturbative techniques for the analysis
of tracking and also of experimental data has proven to be
difficult since it requires a detailed knowledge of all the
magnetic elements in the accelerator lattice. Checking such
a model experimentally [ 1] may prove even more difficult.
More recently it has been shown [2] that frequency analysis Ala Laskar [3] of tracking data does allow to derive all
driving and Hamiltonian terms in an order-by-orderprocedure without any knowledge of the accelerator model [4].
In 1998, first experiments at the SPS and LEP have
been performed to show the feasibility of this method using
turn-by-turn data from pickups instead of tracking. Eventually, the goal is to measure simultaneously the following
information:
1. Phase advance between pickups
2. /3-beating

Once the method has been proven to work reliably in
the case of real accelerators, it will be possible to use it
for feed-back control of linear coupling, but also for the
planned LHC b3 and b5 spool piece correction.
0-7803-5573-3/99/$10.00@ 1999 IEEE.

LEP experiment

iment. Five different cases were studied with the 90/60 optics used for physics runs in 1997: one tune close to the
(3,0) resonance and two tunes at increasing distance to that
resonance. In the latter two cases the beam was kicked to 2
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Figure 1: Detuning and First Order Sextupole Driving Terms
Part (a): Detuning versus linear Invariant I.; Part (b): (3, 0) Resonance versus Amplitude;
Part (c): (1, 0) Resonance (f210o) versus Amplitude; Part (d): (1, 0) Resonance (f1200) versus Amplitude;
-Lines are from tracking -Symbols are experimental data
different amplitudes (each case is represented by another
symbol in Fig. 2). In Fig. 2a the detuning curves are
recorded with a sliding window in time for two different
kick strengths. Both curves lie fairly well on top of each
other. The effect of radiation can be directly observed and
there is no sign of filamentation [9]. Moreover, the detuning is well predicted by tracking (solid line as calculated with MAD [10]). Both terms of the (1,0) resonance
(part (c) and (d) of Fig. 2) show good agreement between
the tracking and the experiment after inclusion of radiation (the straight curve in part (c) is obtained without radiation). However, the (3,0) resonance has a significant
discrepancy with the tracking data even when radiation is
properly treated. We find almost a factor 10 between experiment and tracking. Although we do not yet have a full

20

understanding of the cause of this difference it can probably
be addressed to random sextupole components which are
not included in the tracking.

3

CONCLUSIONS

Since the detuning versus amplitude can be well predicted
from tracking (for the SPS as well as LEP) we are confident
that our model includes the proper systematic part of the
non-linearities. With respect to the first-order sextupole
resonances the results are promising, but not yet conclusive. In the case of the SPS one resonance (3,0) is well
predicted, but only one of the (1,0) resonances can be measured with sufficient precision but is wrong by a factor of
two. For LEP the (3,0) resonance is largely underestimated,
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probably due to the effect of the machine errors which increase the driving terms by more than one order of magni-
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EFFECTS OF SEXTUPOLE TIME DEPENDENCE ON THE LHC
DYNAMIC APERTURE
Y. Papaphilippou, F. Schmidt and F. Zimmermann, CERN, Geneva, Switzerland
Abstract

Table 1. It will take about 7 minutes to inject both LHC
aperture
beams;
a three
longer time period is required for acA primary concern regarding the LHC dynamic m
aetris is
celeration
to toptimes
energy
gy
c a
the time dependence of persistent-current sextupole fields
[6]
code
SIXTRACK
with the
simulation
The tracking
in te spercndutingmagets
slowly durur-models
Decaying sloly
a time-span
of 105 turns,
which
corresponds
to apmagnets. Decyin
in the superconducting
ap
ti
rrespod.
co
mo x im e -spanof 105total inje
ing injection, these fields are reinduced rapidly at the start
particle
of the acceleration ("snap-back"). If uncompensated, this proximately 1% of the total injection period. Initial
snap-back would cause a chromaticity change by some 130 coordinates are chosen equally spaced in the transverse lininvariants 40,o and I1,0, at a constant
units. We investigate how this time dependence and the ear
tooCourant-Snyder
z/y
uuly1.Teiiiltases
oet raramp rate affect the stability of particle motion and we evalare set to zero and the initial energy error is J = 1.6o,
uate the efficiency of different correction schemes.arsetozoanthiiileegyrors6
16'
(or 7.5 x 10-4), roughly 75% of the rf bucket
half size.
Twin particles with slightly different initial conditions are
1 INTRODUCTION
tracked in order to determine the onset of chaotic motion
Superconducting magnets provide high magnetic fields at by computing the Lyapunov exponent [7]. The tracking
low operating costs. Therefore, they are the magnets of is repeated for 10 random seeds of the multipole errors,
choice for the present and next-generation highest-energy
and we infer both the average and the minimum dynamic
proton storage rings, e.g., for the Large Hadron Collider aperture over all error seeds. Throughout this report, the
(LHC) now under construction at CERN [1]. The super- dynamic aperture a refers to a simultaneous 'amplitude in
conducting magnets exhibit large nonlinear field errors, both transverse planes, in units of the rms beam size. The
These are partly caused by the geometry of the superconaperture is calculated from the transverse phase space areas
ducting coils, and partly due to "persistent currents" (p.c.), A.,y inscribed by a particle during its betatron motion, via
which are eddy currents in the superconducting cable. The a = /(A. + Ay)/(21r).
nonlinear field errors are expected to limit the LHC "dyOur simulation study assumes a realistic set of nonlinnamic aperture" (the stable region of phase space where ear field components for the main dipoles known by the
particles are not lost) at injection energy.
acronym "9712". The strengths of the sextupole field erIn order to ensure an adequate dynamic aperture of 6or rors for this error set are given in Table 2. Higher multias required by the collimation system [1], the effect of the poles and their variation up to order 11 (not listed in the
strongest magnet nonlinearities, such as the normal sex- table) are also taken into account. The simulation is pertupole component, will be compensated by dedicated mul- formed for LHC optics version 6, with a 4-integer tune split
tipole correctors. At the injection plateau, where the mag- between the horizontal and vertical plane. The linear opnet field quality is most critical, the p.c. errors decay in tics is considered to be constant. Thus, changes of dipole
time [2, 3]. This decay is caused both by a slow flux creep
and quadrupole fields or feeddown from higher-order mulin the superconductor and, more importantly, by a current tipoles for off-center orbit are disregarded.
redistribution between the strands of the superconducting
cable. At the start of the acceleration the p.c. fields are reinduced rapidly, a phenomenon called the "snap-back" [2].
Table 1: LHC injection parameters.
During acceleration a new kind of eddy current is inparameter
symbol
value
duced in the loops formed by the twisted strands in the suproton energy
E
450 GeV
perconducting cable [4, 5]. The resulting dynamic field imtransv, norm. emittance
4fv
3.75Gm
perfections are proportional to the ramp rate and inversely
transv. rms beam size in arc
X,'
,- 1.2 mm
proportional to the inter-strand resistance.
rms energy spreadsiz
4.7 x 10-4
In this report we employ particle tracking to investigate
rms bunch length
a,
13 cm
the influence of the persistent-current decay, the snap-back
betatron tunes
Qx,y
63.28, 59.31
and the ramp-induced field imperfections on the dynamic
aperture, and we estimate the implied tolerances on chromatic correction and ramping speed.

2

3

PARAMETERS

The LHC, a double storage-ring with a circumference of
26.7 km, is designed to collide two 7-TeV proton beams.
Relevant parameters at injection energy are compiled in
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

CHROMATICITY

The decrease of the average sextupole
fields due to
persistent-current decay at injection energy, if uncompensated, results in a huge chromaticity variation of AQ, ;t:
+144, and AQ' ; -129 (where Q' is defined as
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AQ/(Ap/p)). The opposite chromaticity change occurs,
in less than 1 minute, during the snap-back. To permanently maintain a small net chromaticity, sextupole correction coils must be powered synchronized with the accelerating cycle. It is of interest to estimate the correction
accuracy required.

1

LD

1.

16
4
0

Table 2: Normal and skew sextupole components in the
main LHC dipoles, assumed in this study. The errors are
quoted in units of 10-4, normalized to the main dipole
field, for a reference radius of 17 mm. The different rows
show the field errors due to p.c. decay, geometry & iron,
persistent currents, and acceleration at the nominal ramp
rate of 8T/20min, respectively. In each case the first number is the mean change, the second the uncertainty (the rms
difference between octants), and the third the rms variation
between magnets. The table does not show the multipole
errors of order n = 4 to 11, which were also included in
the simulation.
mean uncert, rms
contribution
b3
sextupole
normal
0.3
1.1
-10.7
P.C.
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Figure 1: Dynamic aperture as a function of uncorrected
chromaticity, at the start of the injection plateau. Top:
equal sign for horizontal and vertical chromaticity, bottom: opposite sign. Shown are the mean (circles) and the
minimum (diamonds) amplitudes beyond which particles
are lost in less than 105 turns (open symbols) and beyond
which the particle motion is found to be chaotic (closed
symbols). The chromaticity was varied by changing the
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14.
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10.

Figure I presents the simulated dynamic aperture at the
start of LHC injection as a function of equal and oppositesign chromaticity in the two transverse planes. The case of
opposite-sign chromaticity, which naturally occurs during
p.c. decay or snap-back, shows a stronger effect on the dynamic aperture. In either case a chromaticity of a few units
seems acceptable. Larger chromatic variations could seriously reduce the dynamic aperture which scales roughly
inversely with the chromaticity,
In Fig. 2 we depict the dynamic aperture after the persistent current decay, near the end of the injection plateau.
Comparing with Fig. 1 (top) shows that the effect of the
p.c. decay on the dynamic aperture is insignificant, provided that the chromaticity is held constant. The smallness
of this effect can be attributed to the fact that, firstly, an
increase of either random or systematic sextupole components leads to a comparable reduction of the dynamic aperture (see Fig. 3) and that, secondly, during the p.c. decay
the systematic sextupole decreases while the random component increases, by roughly 40% and 22%, respectively
(see Table 2).
A frequency map analysis [8, 9] of the two cases, before
and after p.c. decay, reveals that resonances are encountered at approximately the same amplitudes as illustrated
in Fig. 4. This implies that these resonances remain fixed

64.
42
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60

+-.+Q-,
Figure 2: Dynamic aperture as a function of uncorrected
chromaticity, at the end of the injection plateau (after the
p.c. decay), considering equal horizontal and vertical chromaticity. The plotting symbols are the same as in Figure 1.

during the entire decay process. Hence, the dynamic aperture should not be influenced by the time dependence.
A correction of the chromaticity change due to p.c. decay (or snap-back) can be performed either locally with the
(or p-bc k) cn be
permed er
with the
sextupoles. Figure 5 shows that the two correction methods
would provide about the same aperture.
It should be mentioned that a large negative chromaticity may induce the fundamental-mode head-tail instability.
To insure beam stability at nominal current, the chromaticity should be larger than -1 unit. On the other hand for
itive
luer th anc-1munity is
te o a for
positive values, the chromaticity is limited to a few units
to avoid the m = 1 head-tail mode [10] and to restrict the
tune footprint.
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demonstrates that the dynamic aperture is not much af-
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Figure 3: Dynamic aperture as a function of random (diamonds) and systematic (circles) sextupole components in
units of the nominal strength. Solid lines represent the
mean value, dashed lines the minimum over all seeds.
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CONCLUSIONS

Assuming the linear optics stays constant, we found that
the time variation of the higher-order field errors-induced

0
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'by
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p.c. decay at injection or by the subsequent snap-backhas only minor effects on the LHC dynamic aperture, as
long as the overall chromaticity is corrected and remains
within a few units. Under the same assumptions, the dynamic aperture during acceleration shows little dependence
on the ramp rate. Correcting the chromaticity with the main
arc sextupole magnets is about as effective as correcting it
with the sextupole spool pieces in the bending magnets.
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Figure 4: Initial amplitudes of particles locked to three
strong resonances, determined by tracking and frequency
map analysis [8].

4

RAMP RATE

The additional imperfections caused by interstrand coupling during acceleration are proportional to the ramp rate
(see Table 2 for the change in sextupole field). Figure 6
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OPTIMISATION OF THE LHC DYNAMIC APERTURE
VIA THE PHASE ADVANCE OF THE ARC CELLS
F. Schmidt and A. Verdier
SL Division
Abstract

only those resonances are excited which satisfy,

The phase advances of the arc cells of storage rings are
traditionally chosen to be simple fractions of 7r in order to
take advantage of second order achromats they constitute.
For the LHC, such a choice is not relevant because of the
existence of high order systematic multipole components in
the main dipoles. In this case it is better to choose the phase
advances to cancel the driving term for the largest possible number of non-linear resonances, which is straightforward for an ensemble of identical cells. This can also be
achieved for an actual LHC arc featuring dispersion suppressors. The associated improvement of the dynamic aperture is shown in this paper.

1

INTRODUCTION

The working point in the tune diagram is usually determined by a systematic scanning. The SPEAR upgrade
projects is a good example [1].
A more subtle approach consists of building a machine
from blocs which do not contribute to the excitation of
non-linear resonances. The details are explained in [2] and
the application to the LHC is shown in section 2 below,
In order to have a basis for comparison, several LHC optics have been constructed. Their characteristics are given
in section 3.
the resonance
In order to help
the
In oderto
he understanding
hlp
udertandng
he rsonnce
strengths have been computed by Normal Form [4]. Lastly,
tracking results, performed with SIXTRACK [3], are presented for these optics.

2

nxkl + nrk

= k3Nc,

(1)

where k3 is any integer.
Nc is determined for the LHC as follows. Each arc is
composed of 23 FODO cells plus one dispersion suppressor at each end. Each cell is composed of two quadrupoles
and six dipoles. The dispersion suppressors consist of four
quadrupoles and eight dipoles. Thus, a dispersion suppressor is a little longer than one cell, it has a larger phase advance and it contains one third more dipoles. Even though,
each dispersion suppressor is taken as one cell. The number
of cells is therefore 25 (23 cells plus 2 dispersion suppressors).
The phase advance of the arc cells must be close to 900
because the quadrupole gradient and the aperture of the
vacuum chamber have been designed in view of these phase
advances. This leaves two possibilities for (k1 , k2): (7,6)
or (6,5). Nevertheless there remain systematically excited
single resonances satisfying equation (1). Below order 10
they are: 4,8,9 and 5,6,9 for these two cases respectively.
The pair (7,6) has been kept for tracking studies due to its
lower/3 functions.

3

LHC OPTICS STUDIED

In order to have a relevant basis of comparison, several optics have been constructed:

A "RESONANCE FREE" LHC ARC

1. A simple model with 25 FODO cells and at each end
a transfer matrix to simulate a LHC arc
2. An optics with a tune-split of 5 (Qx=64.28,
Qy=59.3 1). A tune-split of 5 has been chosen as the

The main problem associated with multipole errors in the
LHC arises from the arc dipoles. These dipoles are constructed by several different firms. Each fabrication line
may produce dipoles with different systematic multipole
errors. As the number of fabrication lines is comparable
with the number of LHC arcs, which is eight, the concept
of "systematic multipole per arc" comes naturally into the
game. Such a component takes a constant value over a
given arc and this value varies randomly from arc to arc.
In this context it is attractive to design the arc optics such
that it does not contribute to the excitation of low order
resonances [2]. To this end both cell phase advances have
to be set to the values k1 . 27w/Nc in the horizontal plane
and k2 .27r/Nc in the vertical plane. Under these conditions
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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nominal LHC lattice version 6.
3. An optics which minimises some adverse effects of
the same value in all dipoles Qx=65.28, Qy=58.31 [5].
Such an optics is likely not to bring any improvement
in the case where the systematic by arcs dominate.
4. A "resonance free" lattice with the phase advances
per cell: mu.,, = 25
- x 2.7r and
ad ruy,, = 1 x
x2527r..
Qx=68.28, Qy=59.31. The phase advance in the cells
has been set and the insertions have been rematched
using the minimum number of variable parameters.
Then the tunes have been adjusted by means of IR4
and IR6 to the closest values with the same fractional
-
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parts as above. For this lattice, the resonances are not
cancelled as they should be for the case of 25 FODO
cells, nevertheless their driving term is substantially
reduced compared with other lattices,

lattice are: systematic per arc and random. The error tables
can be found in ref. [6]. The resonance cancellation per
octant appears quite clearly in figure l(b): the value of the
driving term at the end of the lattice is the same both with
and without realistic octupole components.

4 RESONANCE COMPUTATION
5

In order to test the efficiency of the resonance cancellation procedure, the resonance driving terms have been computed by means of the formalism in ref. [4].
At first this has been done for the simple model composed of 25 cells and two insertions for which the resonance
driving term is exactly zero. It is found to have a
value smallngterm
by
exacy
o
erof m nitfunde compared wh
value smaller by five order of magnitude compared with
the otherconsistency betwe the twoaprocomputation
and the consistency betw een the tw o approaches, namely
perturbation
and map transformation to calculate resonancecalculation
driving terms.

0.02.

J

(a)

o.016,
0.012.

Target Error Table

-

*

DYNAMIC APERTURE

For the simple model, trajectories have been tracked over
1000 turns without synchrotron oscillations. The maximum initial amplitudes with zero slopes for which the trajectory remains stable are shown on figure 2.
jetrrmansaberehonnfiue2
For realistic lattices (case 2, 3 and 4 in section 2), trajectories have been tracked for 105 turns with two sets
of initial conditions. One set has identical coordinates
in b t pl es th o h r s t ha an m l tu e aio f
inbtplesthohrsthaanmltueaiof
tan(150 )=0.27, the two trajectory slopes are zero. Both /3functions have the value of 18m at the starting
point. The
beam emittance is 3.75nm at lao. Synchrotron oscillations
with an initial relative momentum deviation of 0.00075 are
included. 60 different realizations of the multipole errors
have been studied in order to achieve a 95% confidence
level of the minimum dynamic aperture.
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Figure 1: Build-up of the driving term of the (1012) subresonance over the length of the LHC. The light gray
(green) curve is associated with the "target error table" [6].
The dark gray (red) curve is obtained with larger b4 and a4
systematic by arc multipole components, respectively 0.35
and 0.555 in units of 10-4 and at a reference radius 17mm.
Part (a) Case 2 in section 2.
Part (b) Case 4 in section 2.
The build-up of the resonance driving term along the
LHC lattice is shown in figure 1(a) for the optics with a
tune-split of 5 and in figure l(b) for the "resonance free"
lattice respectively. The multipole errors introduced in the

Figure 2: '000 turn dynamic aperture of the LHC model
for three phase advances per cell: LHC lattice version 5,
case 3 and case 4 of section 2. The dynamic aperture is
defined as the ensemble of points in the {x,y} plane for
which the trajectories starting with the initial coordinates x
and y and zero slopes at the beginning of the lattice where
both ce's are zero, are stable over 1000 turns. Both horizontal and vertical fl functions are equal to Im at the starting
point. The multipole errors are b4 =0.5, a4=0.5 and b5=1.4
in units of 10-4 and at a reference radius 17mm.

The tracking results are shown in table 1. For the "target error table" (the first three cases) we observe no difference in the values for the dynamic apertures. When realistic octupole components b4 and a4 are introduced the dynamic aperture is not changed for quasi horizontal motion
(yo = 0.27x 0 ). For equal amplitudes (yo = x0 ) there is
a 10% reduction of the minimum dynamic aperture for the
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cases 3 and 4 in section 2. This reduction is fully recovered
for the "resonance free" lattice.

[Realistic

[Case

I b4&a 4
3 (V6nom.)
4
5(Res. free)
3(V6nom.)
4
5 (Res. free)

off

on

yo
min.
12.4
12.4
12.5

x0
av.
14.6
14.5
14.8

10.9
11.3
12.6

13.4
13.8
14.5

1yo =
min.
11.3
11.0
11.3

.27x
I av.
12.7
12.8
12.6]

11.1
11.3
10.8

1

In order to observe the beneficial effect of the resonance
suppression the same exercise was repeated with values of
the realistic b4 and a4 components increased threefold. The
efficiency of the "resonance free" lattice appears clearly in
2. these three sets of tracking results
table
From
we conclude that
the dynamic aperture of the "target error table" is far from
being dominated by low order resonances driven by systematic multipoles.

3 (V6 nom.)
5 (Res. free)

Yo=
min.
7.7
10.2

XO

av.
10.3
13.5

16..

12.8
12.9 I
12.7 d

Table 1: Minimum and average dynamic aperture in units
of r.m.s. beam size for a series of 60 distributions of errors, both random and systematic per arc. For the first three
cases, the values are taken from the "target error table".
For the following three cases the errors are the same except for the systematic by arc octupole components which
have been set to the more realistic values of a4=0.555 and
b4=0.35 (in units of 10-4 at a reference radius of 17mm)
without compensation. From our current experience, the
dynamic apertures can be overestimated by 0.2 for the average and 0.5 for the minimum.

Case

some 2o, for all amplitude ratios. The minimum dynamic
apertures (lower two curves) show a sizable improvement
except for quasi vertical motion. This lack of improvement
is probably due to higher order effects.

-

12

..

u

.
4

0a
0

30
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45

i

i

I

60

75

90

0 arctan(A/A,)
Figure 3: Dynamic aperture in the x,y plane for the two
cases of table 2.

6

CONCLUSION

We have demonstrated, for the case of the LHC, that the
dynamic aperture can be increased by a suppression of first
order resonances with a proper choice of the cell phase advances in the arcs. This is closely associated with the fact
that we expect large systematic per arc multipole components to dominate the dynamic aperture.
This optimisation of the cell phase advances provides
a large safety margin against unexpected large systematic
components of the LHC dipoles.

7
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SIMULATION OF GROUND MOTION INDUCED PROTON BEAM ORBIT
VIBRATION IN HERA
C. Montag, DESY, Hamburg, Germany*
Abstract
A ground motion model based on realistic spectra and correlation properties has been developed in order to simulate
ground motion induced beam orbit vibration. This model
has been used to simulate the motion of the HERA proton
beam. Simulation results and comparisons with orbit measurements will be presented.

1

INTRODUCTION

Ground motion induced beam jitter plays an important role
for many kinds of accelerators, like future linear colliders, synchrotron radiation sources or storage rings. The resulting beam orbit vibration potentially leads to luminosity
degradation in colliding beam facilities due to beam offset
at the interaction point and/or emittance growth.
The sensitivity of beam orbits to quadrupole motion depends strongly on the correlation length of ground motion
at a specific frequency. Quadrupole motion with a correlation length exceeding the betatron wavelength has only
little influence on beam jitter [1]. Therefore any simulation
of ground motion effects has to take into account not only
the power spectrum of motion at a single point but also the
coherence properties of ground motion.
This paper presents a ground motion simulation model
which has been originally developed for linear accelerators
[2]. It is based on measured power spectra and coherence
properties of ground motion. This model is extended to circular machines in order to simulate ground motion induced
beam jitter in the HERA proton ring.

2

According to Equations (1)and (2), this is violated for frequencies w > Vf(B/(A . L)). Therefore Equation (2) can
only be valid for frequencies below this limit, while it has
to be modified in the frequency domain above. This is
achieved by a redefinition of p(w, L) as

2

wo
w

where B is some proportionality constant characteristic of
the site, and w = 27rf. According to the ATL rule [4], the
power spectrum p(w, L) of the uncorrelated motion of two
points at a distance L is [3]
p(w,L)

(5)

2

(6)

• Pn+i(w).

In the low frequency limit, this spectrum reflects the ATL
rule:
A. Ln+A
(7)
2
RIM, Puncorr,n-tl
w-.o

(7)

where Ln+l is the distance between the nth and the (n +
1)st magnet.

As can be shown, Pcorr,n+e ± Puncorr,n,+i =
4
td B/w2n+l
, while the resulting coherence
culated as [21

I1+11

Obviously, the uncorrelated part of motion must be smaller
than the total motion, thus

/ PuIcorrl
Pcorr,n+l
FIsi2 +:

1+

is =
is cal-

N

Pcorr,n+l
+ Puncorn+)1

o2

B/(A. L)

(3)

2
s11
+ B/(A" L)"
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B

The corresponding uncorrelated part of motion of the (n +
1)st magnet with respect to the nth one is calculated applying a first order high pass filter with the same cutoff frequency wo to an independent motion signal x,,+l (t) with
power spectrum Pn+l, resulting in

A.L
W2(2)

p(w, L) • Ptot(w) for all w.

2.

__+_wo

B

(1)

. Ptot,n(w)

Pcorr,n+l(W)

PunSorr,n+i(W) =

As measurements at different geographical locations show,
the power spectrum Ptott(w) of ground motion at a single
point can be roughly approximated as [3]

(4)

For the description of transverse motion of N quadrupoles
in a circular accelerator, we start with N + 1 independent
time series x, (t), each of them having the same power
spectrum PR = Ptot = B/w4 .
The coherent part of the motion of the (n + 1)st magnet with respect to the nth one can be calculated by applying a first order lowpass filter with cutoff frequency
wo = •/B/(A . L) to the motion yn(t) of the nth magnet.
The resulting power spectrum of this correlated motion in
terms of the Laplace variable s = iw is

THE SIMULATION MODEL

Ptot(W) = w 4 ,

AL., w < /B/(A. L)
B/(A.L).
7__-,

p(w, L) =
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This scheme is repeated for all N magnets, starting with
y, (t) = x, (t). To reflect the periodicity of the circular accelerator, the motion YN+1(t) of an (N + 1)st magnet is
formally calculated from the.motion YN (t) of the Nth magnet by application of the corresponding filters, with LN+1
being the distance between the Nth and the 1st magnet.
Obviously, the motion of the (N + 1)st magnet has to be
identically the same as the motion of the 1st magnet. Therefore all magnet positions y. (t) are corrected according to
y•(t)=- y 1n(t)

YN+1(t)

-

yi(t).

Ltot

•
Zl
E

100
c.
0
E

B(0

0.01

(10)

S7.10-6

2

± s2 + 9.425 Hz s + 246.74 Hz 2
0
s 2 + 0.528 Hz- s + 0.774 Hz2

m2H
2

m 2Hz 3 .

In the low frequency limit this spectrum is dominated by
behaviour oy
leing to
trmuthus
the
InB/ low term,
the
thus leading
to anectLumik
an ATL-like behaviour
of
the uncorrelated motion. The second term represents some
additional cultural noise at high frequency, while the third
and the fourth term reflect some 2.5 Hz resonance of the
upper earth's crust and the microseismic peak at 1/7 Hz,
respectively.

3

0° 0.0001

f/Hz
Figure 1: Power spectrum of simulated vertical beam jitter
in HERA-p, normalized to/3mon = 1 m.

m2 .Hz
s
+ 4.225-10-14

7.1

1

(9)

.
nN+1,

Here Ltot,n =
k-i=2 Lk is the total distance between the
1st and the nth magnet, i. e. Ltot,N+l is the circumference
of the machine.
To get a more realistic model, the experimentally obtained
ground motion data in the HERA tunnel at DESY are fitted
as [2]
Ptot

10000

RESULTS

The ground motion model described in the previous section has been applied to the vertical motion of the HERA
proton ring, using A = 4 . 10-6 /4m 2 /(m - sec) as obtamined on the DESY site [5]. The parameter B is chosen
at B = 3 . 10-2 pm 2 • Hz 3 , resulting in good agreement
of the power spectrum (Eq. (10)) as well as the coherence
(Eq. (8)) with measured data.
Starting with a perfectly aligned machine, the orbit change
is obtained by tracking a single particle, with initial conditions being on the design orbit, while the transverse
quadrupole positions y*(t) are changed from turn to turn.
For this tracking, only linear elements are taken into account. The resulting beam motion is monitored at a single point in such a way that the motion of this "monitor"
itself is subtracted. This motion signal is normalized to
a /3-function of 3 rmon = 1 m. Figure 1 shows the resulting power spectrum, which has been averaged over several samples. As a comparison with measured data (Fig. 2)

shows, the simulated spectrum reflects the general properties of observed beam motion. The enhancement of orbit
vibration amplitudes around 2.5 Hz is clearly seen in both
spectra, but the frequency region in which this enhancement occurs stretches to higher frequencies (up to 50 Hz) in
the measured beam motion. This can possibly be explained
by mechanical resonances of magnet supports which are
not reflected by the ground motion spectrum used for simulation. The same argument also holds for the clearly visible
50 Hz peak caused by either mechanical vibration of some
5
electric equipment or by direct noise on the cables.
In both spectra the microseismic peak at 1/7Hz almost
vanishes due to the large correlation length of this lowfrequency motion.
Quantitatively, both power spectra agree within a factor of
10, which corresponds to a factor of V1h in amplitude.
This difference can possibly be explained by the uncertainties in the parameters A and B.
4

CONCLUSION

As has been shown, simulated ground motion induced
beam orbit vibration amplitudes in the circular accelerator
HERA agree within a factor of about 3 with measured data.
For a more realistic simulation, mechanical resonances of
the magnet supports, for example, should be taken into
account in order to achieve a better agreement in the frequency region above a few Hertz.

5
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NEWS ON BEAM DYNAMICS AT SUPER-ACO*
P. Brunelle#, J.-C. Besson, L. Cassinari, J.-M. Cousin, J. Darpentigny, G. Flynn, F. Girault,
J.-F. Lamarre, A. Nadji, B. Rieul, M. Sommer
LURE, Universit6 Paris-Sud, Bat. 209A, BP 34, 91898 Orsay Cedex, France
Abstract
The 0.8 GeV storage ring Super-ACO is now fully
equipped with undulators. Two new undulators have been
recently installed. Their effects on beam dynamics have
been studied. In addition, new developments are
continuously in progress in order to optimize the beam
performances for the users. A beam position feedback
system is now operational. A 500 MHz RF cavity allows
to reduce the bunch length and increase the FEL gain. A
feedback system on betatron tunes has been tested using a
very precise detection. Some experiments on beam
dynamics have been performed in order to understand and
improve beam lifetime. The variation of tunes with
momentum has been measured, for several configurations
of undulators (up to 6 undulators closed), and compared
with computed results.

1. INTRODUCTION
Since three years, the LURE machine group has
developed new equipments for the Super-ACO storage
ring. A 500 MHz cavity is now operational and used for
Free Electron Laser (FEL) operation in addition to the
100 MHz cavity. Two undulators have been installed in
the two last free straight sections of the ring. A feedback
system on beam position is fully tested and will be used
routinely this year. A feedback system on horizontal and
vertical tunes has been developed in order to compensate
for tune variation introduced by field variations in
undulators. In parallel, studies on beam dynamics have
been performed in order to evaluate undulator field
tolerances and to improve the optical model of the
machine.

2. THE 500 MHz HARMONIC CAVITY
Anstallew active 50
in
hanuarmn RE97
criavity was
th
installed on Super-ACO in January 1997 primarily for the
purpose of reducing bunch length for EEL and timeresolved synchrotron radiation experiments [1]. To date
bunch length reduction factors up to 3.5 have been
obtained but many single-bunch coherent beam instability
phenomena are observed with very short bunches [2].
Nevertheless,
significant
improvements
in FEL
performance have been obtained [3].

*Work supported by CNRS, CEA and MENESR.
Email: brunelle@lure.u-psud.fr.
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In the future we will attempt to operate the harmonic
RF system at higher power levels (25 kW rather than
14 kW currently) and observe the effect on beam stability
and bunch length. In addition we will attempt to use the
cavity in a bunch-lengthening mode in the hope of
improving beam lifetime in normal operation. This will
require operating the cavity at very low field levels
(roughly 1/5 of the principal RF voltage) of about 34 kV.
In this configuration a direct RF feedback system will be
needed to avoid type II Robinson instability. Tests of such
a system are currently underway both on the principal and
harmonic RF systems.

3. INSERTION DEVICES
The two last undulators installed on Super-ACO are
SU8 (a planar symetric hybrid undulator made by
Danfysik) and OPH6LIE (an electromagnetic crossed
overlapped undulator). The design, construction and
commissioning of OPH6LIE are described in [4]. The
SU8 characteristics are Bmax = 0.48 T, N x X=
21.5 x 100 mm with a minimum gap of 39 mm. This
undulator has no field integral default at any gaps. The
transverse peak field homogeneity was limited to 50 T.m-2
in order to avoid strong non linear effects. An automatic
global compensation of its strong focusing effect
(Avznx = 2.8 102) is made at each gap using two
quadrupole families. An increase of the vertical
chromaticity, due to the beta-function beat, was measured
at minimum gap, with a 10 % reduction of the beam
lifetime [5].

4. BEAM POSITION FEEDBACK
A fast global feedback system is used on Super-ACO in
order to improve beam stability [6]. The feedback uses all
the 16 machine BPMs and 8 correctors in each plane to
correct the orbit at a 16 kHz rate. The goal is to provide a
correction from DC to 100 Hz, both in horizontal (x) and
vertical (z) plane. The BPM signal processors are Bergoz
developed heterodyne receivers working at 200 MHz
(twice the RF frequency) with a resolution of 0.5 gtm/4Hz.
The fast corrections are computed by 8 DSP boards which
acquire the x and z signals from the 16 BPM processors (2
BPMs per DSP). The 8 DSP boards are linked via a fast
high rate digital serial link and form a ring controlled by a
DSP master board. It takes 60 ps to complete the whole
acquisition, transmission, checking and calculation cycle
for the 32 data (16 x and 16 z).
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The correction kicks are produced by 8 coils in each
plane, located inside quadrupole magnets. They are
wideband power
powered by current-controlled
amplifiers,
Two correction algorithms have been tested, a
harmonic based method, and a direct inversion of the
response matrix using the SVD method.
The achieved bandwith of the feedback is 40 Hz in the
horizontal plane, and 150Hz in the vertical plane.
Additional tests are being carried out in order to have the
feedback operational during user sessions.

power of 1 600 Mips the DSP computes a spectrum every
10 ms, with the possibility of speeding up to every
1 ms (Fig. 3). This system is able to operate with low
stored beam current or with a low excitation level.
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Analog system (PLL) : The measurement presented
here 4).
uses an analogy with a resonant electronic circuit
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This system uses a data processing
Slow Feedback: This
microcontroller to analyze the video signal output of a
spectrum analyzer. The feedback is made by dialog with
the quadrupole power supply control system [7] (Fig. 1).
The correction is made every 1.2 s with a resolution of
± 1 1 0 -4.A typical response is shown in figure 2 where the
feedback compensates the tune shift due to the gap
variation of the SU3 undulator of Super-ACO.
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Fig. 4. Fast analog feedback system simplified schematic.
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Fig. 2. Slow feedback system typical response.
Fast feedback :Two fast feedback systems are
currently being developed. The first is based on digital'
analysis of the signal using a DSP while the second uses a
phase locked loop.
Digital system (DSP) [8]: A TMS320C6201 DSP is
used to determine the betatron tunes by FHT of a beam
4
electrode signal. A tune resolution of 10- (416 Hz) is
obtained by acquiring 32 000 samples. With a processing

given by the sum of the phase shifts and delays of the
various loop elements. If 0 = - 90' and is independant off
one obtains a phase locked loop by using the output
voltage, V, to control the generator frequency. The
generator is then locked to the betatron frequency. On
DCI [9] the precision obtained is 1 0 4 and the response
time is 1 is. The system currently under development acts
on the two betatron tunes independantly and is driven by a
microcontroller. The tune information obtained from this
system in either digital or analog form will be used to
directly control the storage ring magnetic element power
supplies thus providing the feedback.
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6. TUNE VARIATION WITH
MOMENTUM

Other tests have shown that an increase of vz leads to a
beam lifetime reduction when the Touschek effect is
dominant. In fact, when v. is increased, the effect of the
3v7 = 5 resonance does not occur any more for large
negative dp/p values. But the 4v7 =7 resonance, excited
by undulators, becomes a limitation for positive dp/p
values.
All these experimental results show the influence of the
tune variation with momentum in the Touschek lifetime
behaviour.

On Super-ACO, for large momentum deviations (dp/p >
0.3 %), tune variations are no longer linear and take into
account non linear effects due to higher order field
components and undulator fields. The aim of this study
was double: compare the tune variation computed with
the BETA code [10] to the one measured on the ring when
undulators are all open, and measure the effect of
undulators in order to understand energy acceptance
limitation. The experimental tune variation [11] was
measured using RF frequency variations up to ± 30 kHz
(dp/p =±+2 %). The higher order field components of
magnetic elements have been deduced from magnetic
measurements and introduced in the BETA code as thin
lenses. Figure 5 shows that the maximum stable dp/p
values are larger than the RF energy acceptance (± 1.8 %).
The computed v,, variation is rather different from the
experimental one for dp/p > 0 while the agreement is quite
good for v, variation. A good agreement for v,, can be
obtained by adjusting the decapolar component generated
by sextupoles.
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negligible.
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NONLINEAR DIAGNOSTICS USING AC DIPOLES *
S. Peggs, BNL, Upton, NY
There are three goals in the accurate nonlinear diagnosis
of a storage ring. First, the beam must be moved to amplitudes many times the natural beam size. Second, strong
and long lasting signals must be generated. Third, the measurement technique should be non-destructive.
Conventionally, a single turn kick moves the beam to
large amplitudes, and turn-by-turn data are recorded from
multiple beam position monitors (BPMs) [ 1-61. Unfortunately, tune spread across the beam causes the center of
charge beam signal to "decohere" on a time scale often less
than 100 turns. Filamentation also permanently destroys
the beam emittance (in a hadron ring). Thus, the "strong
single turn kick" technique successfully achieves only one
out of the three goals. AC dipole techniques can achieve all
three. Adiabatically excited AC dipoles slowly move the
beam out to large amplitudes. The coherent signals then
recorded last arbitrarily long. The beam maintains its original emittance if the AC dipoles are also turned off adiabatically, ready for further use.
The AGS already uses an RF dipole to accelerate polarized proton beams through depolarizing resonances with
minimal polarization loss [7]. Similar AC dipoles will be
installed in the horizontal and vertical planes of both rings
in RHIC [8]. The RHIC AC dipoles will also be used as
spin flippers, and to measure linear optical functions [9].

1

z

-- x±+ix = aeio

R zt

(1)

(2)

Ax'

=

3 eos(27rQDt + ¢bo)

(3)

where QD is the drive tune and V0 is the initial phase. The
AC dipole strength is 8 = (BL/(Bp)) /3D, where BL is
the integrated field amplitude, (Bp) is the rigidity, and13D
is the Twiss function at the dipole.
If z = zo just before the first dipole kick, then the net
displacement phasor on turn T is
ZT

=

Figure 1: Adiabatic excitation of an AC dipole, in the rotating frame. The circles represent single particle motion.

The exact general solution for linear motion is [101
ZT = •ei 27rxT + 5_ ei2 rQDT -+ ei 2 rQDT (5)
where F zo _+ J+ is a constant given by the initial

RTzo+(RTAzo+RT-lAz 1

..

6+

())

-

sin(TrQ+)
4
where Q
QD - Qx and Q+ = QD + QX.
The oscillatingclosed orbit is defined as that orbit which
exactly repeats itself after one modulation period. The solution on turn T is obtained by putting • = 0, so that
=

6+e-i27rQDT

_ ei27rQDT -

(7)

.+RIAzT_1 ) (4)

ized phase space. The semi-minor and semi-major axes are
116-I - 1I+
11and 16-I + 16+1 long. In practice the aspect ratio of the ellipse is close to 1 when the AC dipole is driven
at a tune close to the fractional betatron tune (Q- ; 0).
When
>5-l»
16+1 the approximate motion is
ZT

z:ý Fei 2 7rQxT + J_ ei27rQDT

(8)

Motion in the rotatingframe, which rotates with the AC
dipole drive at 21rQD per turn, is denoted by over-bars. Assuming the previous approximation to be accurate,
=

J_ +

]e

1

2

7Q_'

(9)

That is, a test particle slowly circulates the vector 6- at a
radius of constant length j1,as illustrated in Fig. 1.
When a bunch is considered, a distribution of ' values
must be used. A smoothly distributed beam has (2) = 0
and (22) = 2f0e, where 0 represents a bunch average, and
'e, is the unnormalized root mean square emittance. The
center of charge motion in the non-rotating frame is just

• Work supported by the DoE.

0-7803-5573-3/99/$10.00@ 1999 IEEE.

6 exp(-i[7rQ_ - V10])
sin(-rQ_3 exp(i[7rQ+ - O0])

6-

generally following a tilted ellipse, not a circle, in normal-

where R = exp(i 27rQx). Here Qx is the betatron tune,
and the normalized coordinates x and x' both have the dimensions of length. An AC dipole just after the reference
point gives a real normalized angular kick on turn t of
=

-

zco

so that the unperturbed one turn motion is just
Zt+l

z

z
Z

LINEAR MOTION

Horizontal motion is described using complex phasors

Azt

^z

(ZT)
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=

8- e i2rQDT
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Thus, the coherent bunch response to an adiabatically
driven AC dipole has a constant amplitude
actH

= 15-I=

6=

11

sin(irQ)

H 1 is independent of time, and is a good approximation to
a constant of the motion. The fixed points are given by
-

-±

1)6

0 = 27r(0JFP - Q-)T

This has been quantitatively confirmed in the AGS [7].
Any bunch tune spread (due to non-zero chromaticity or
nonlinear detuning) trivially modifies the rate of advance
around the 6_ vector for different particles. Less trivially,
the tune spread also modifies b-, which is a function of
Q_ (see Eqn. 6). This is not a practical problem if QD is
sufficiently far outside the bunch tune spectrum.

SHEAR MOTION

2

-

6
=

Aq

=

v•

6

"FP

aFp

(12)

1
s,27. cos(2-7rQDt) sin(q)

(13)

where 40 is set to 0, and the action J = a /2, 3 D has the
dimensions of length. Detuning with action is present, proportional to aJ, since (if 5 = 0)

9H 1/,9J

ijkl

1 j 2)

-

2Jj/

o2

=

J-

-

2irQDt7

where the appropriate set of indices (ijkl) depends on the
dominant nonlinearities [2]. Only in the simplest of models

Jx(t) = J.o -

Z

kV, ji/j/2
20ijk1)
inkl zO

W/o

=

W/10

=

7

sin(27rQklt +

(23)
A single harmonic dominates if QkI = kQx + 1Qy apbunch motion, Qx and Qy represent the drive tunes of
simultaneous horizontal and vertical
AC dipoles, and Jxo
and Jyo represent the average (fixed point) actions.
The Discrete Fourier Transform (DFIT) of a long action
time series generates action harmonic coefficients
D k-

(17)

New and old action-angle coordinates are related through
-

2

iiO

ijkl

Vij"*l rTl 2 jjl

-k

2 sin[lrQku]ii

J

Oijkl)

proaches an integer for some (k, 1) pair. With coherent

t

cos(2lrQDt) sin(q)
(16)

This Hamiltonian is marred by its time dependence.
A canonical transformation to the rotating frame is
achieved by applying the generating function
WJ,03t)

/sin(kk.,x+ly±+

can Vijkl and bijkt be predicted analytically. The horizontal action time series is then

(15)

Since H 1 represents a difference map, and not continuous differentialmotion, it is not (necessarily) even approximately a constant of the motion. In the case at hand
Hi=27r(QxoJ+2s'

(22)

H 1 = 27rQxoJ. + 27rQyoJy
+ ZVijk1JiJi

where () represents a time average. A one turn discrete
HamiltonianH 1 concisely describes this motion, through
AJ

(21)

The action-angle time series (J., 0x, Jz, Oz)t is derived
from turn-by-turn data (X1 , x 2 , Y1, Y2)t recorded at 2 horizontal and 2 vertical BPMs. This requires the empirical
adjustment of thei3 function ratio of each BPM pair, of the
phase advance of each pair, and of the closed orbit error at
every BPM, in a process which also corrects for the elliptical motion of the oscillating closed orbit [1, 3, 6].
The general 2-D one turn discrete Hamiltonian is

(14)

= Qxo +aJ

1I
47r

NONLINEAR MOTION IN 2-D

3

v/2"7 cos(27rQDt) cos(O)

- (Ao)/21r

2V='(-Q-1/2

agreeing with Eqn. 11 when Q_ is small!

DETUNING

+ 27r(Qxo + aJ)

Qx(J)

(20)

In general there is either one stable fixed point, or one unstable and two stable fixed points [7]. When detuning is
absent (a = 0) the fixed point amplitude is

The total approximate one turn difference map is
AJ

1

(18)
-recover

If one turn motion is small (Q-._ t 0), the transformation
(averaged over many turns) yields
HH
1 + eW/t
-1/ sin(o) (19)
-- = 27r-/J 2 _
- a-2ax

'

2

ei¢°ij"k

(24)

YO

The value of a coefficient (Dxki or Dyki) depends on the
Jxo and Jyo values used in that measurement. Multiple
measurements on a grid of (Jxo, Jyo) values can be used to

a complete set of Vijkt and Ooijli values.

Sometimes the motion is summarized by smear statistics [2]. The horizontal smear sxx is given by
.2i-4 2i
2(aax)k2V2
=
(25)
sx
(a.)(ax)
k2 i.jk, aaxO
n2 rjayO
_

1532++3S2[Q]
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Figure 2: 1-D motion near a decapole driven resonance
with an AC dipole OFF (TOP) or ON (BOTTOM).
(assuming i3. = )3y = 1). Similar expressions exist for the
vertical and correlation smears, syy and s,,. Predicted and
measured smears agree well in controlled experiments with
a small number of dominant nonlinearities [3, 4].
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BNL-BUILT LHC MAGNET ERROR IMPACT ANALYSIS AND
COMPENSATION
V. Ptitsin*, S. Tepikian, J. Wei, BNL, Upton, NY
2 TRACKING SETUP

Abstract

Superconducting magnets built at the Brookhaven National
Laboratory will be installed in both the Insertion Region
IP2 and IP8, and the RF Region of the Large Hadron Collider (LHC). In particular, field quality of these IR dipoles
will become important during LHC heavy-ion operation
when the /* at IP2 is reduced to 0.5 meters. This paper
studies the impact of the magnetic errors in BNL-built magnets on LHC performance at injection and collision, both
for proton and heavy-ion operation. Methods and schemes
for error compensation are considered including optimization of magnet orientation and compensation using local IR
correctors.

1

INTRODUCTION

An .important part of the USA contribution to the Large
Hadron Collider (LHC) project is the construction of superconducting magnets for the interaction and RF regions
of the future collider. The half of the total number of
IR triplet quadrupole magnets will be produced by FNAL
which is also responsible for the assembling another half
of IR quads produced by KEK into cryostat. The BNL
constructs superconducting dipole magnets for LHC experimental and RF insertions.
In the previous paper[ 1] we analysed the impact of magnet field errors in the IR quadrupoles and dipoles on LHC
collision performance for proton collisions at top energy.
In this article the accent is made on the evaluation of the
impact coming from the errors of BNL-made dipoles both
at collision and injection and on the case of heavy ion collision lattice with additional low-beta interaction point at IP2
in comparison with the proton collision lattice. The basic
parameters of proton and ion lattices used at the analysis
are listed in Table 1.

Quantity
E [GeV]
v•/vy
• /•
EN [m.r]

0rP

Table 1: Lattice parameters.
ion coll.
p coll.
p inj.
7000 per charge
7000
450
63.28/59.31 63.31/59.32 63.31/59.32
2/2
2/2
2/2
3.75x 10-6 1.5x 10-6
3.75x 10-6
1.14x 10-4
1.1 x 10-4
4.7x 10-4

Two beam dynamic characteristic quantities are used to
evaluate the error impact: the dynamic aperture (DA) and
the tune footprint. The target values for the LHC are more
than 121 of average DA, more than 10o minimum DA and
less than 10-3 tune spread.
* Email:

vadimp@bnl.gov

0-7803-5573-3/99/$10.00@ 1999 IEEE.

Fortran version of TEAPOT code was used for tracking
studies. We restricted our investigation to 1000 turn tracking. Previous study indicates that 105 turn tracking further
reduces DA by 0.5 - 1.0.
Ten seeds of magnet errors were created based on the error tables for all studied magnets (the errors of warm D1
dipoles at IRI and IR5 also were included). We excluded
from the consideration only sqew quadrupole component
of the errors assuming that the coupling is completely compensated.
The working point at collision (v. = 63.31, uy = 59.32)
and injection (v,- = 63.28, vy = 59.31) are both close
enough to the third integer resonance condition. Thus to
avoid the decrease in dynamic aperture the machine has to
be retuned to the nominal working point after the magnet
errors are introduced to the lattice. Also the arc sextupoles
are used to correct the chromaticity to the nominal values
of 2.0 in both X and Y planes.
The tracking is 6 dimensional with the RF system operating at nominal values of RF voltage. The particles to
track are taken with the initial 2.5o" energy deviation.

3

DIPOLE ERROR ANALYSIS

BNL superconducting dipoles include interaction region
beam separation magnets DI for 1R2 and IR8, interaction
region magnets D2 for all 4 IRs, and RF insertion magnets
D3A, D3B, D4A, D4B (Fig. 1). The magnet design is based
on the RHIC arc dipole. However, due to the specific LHC
requirements the magnets D2,D4A, D4B utilize 2-in-1 design with two magnet apertures in one yoke. Examples of
1-in- 1 and 2-in- I magnet designs fro BNL-built dipoles are
shown in Figure 2.
The expected dipole error sets for D1 and D3 magnets
at injection and collision used at the analysis are shown in
Tables 2, 3 where b2 , a 2 present quadrupole components.
The twin aperture magnets (D2,D4) have slightly different
the error set with b3 = -5.7 at injection and b3 = -0.48
at collision.
The big value of b3 at injection is caused by the effect
of persistent current. In comparison with RHIC case this
effect is relatively large. The magnet design was optimized
initially for RHIC but the current of RHIC magnet at injection is about 600 A while the magnets for LHC would
use the current as low as 300 A which leads to increasing
persistent sextupole component. The analysis showed the
persistent b3 at the arc LHC dipoles is of the same value
as shown in Table 4. The contribution of the the RF region dipoles (D3,D4) to the chromaticity variation is small
in comparison with the total contribution from the large
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Table 2: Expected DI &
mm
Normal
n
(bn)
d(bn)
Body [unit]
0.54
2
0.07
1.6
3
-1.5
4
0.00
0.08
5
0.11
0.17
7
0.11
0.02
9
0.00
0.01
[unit.m]
LE
2
-0.3
1.5
3
10.3
1.4
5
-0.1
0.2
RE
[unit-m]
2
0.2
1.2
3
2.8
1.2

D3 errors at collision. R0 = 17
'(bn)

(an)

Skew
d(an)

0.19
0.43
0.84 -0.12
0.03
0.01
0.09 -0.01
0.01 -0.00
0.00 -0.00
(Length=0.73 m)
0.7
-1.0
0.5
-4.6
0.1
0.5
(Length=0.73 m)
0.5
0.6
0.5
0.1

Table 3: Expected Dl &
mm
n
Normal
(bn)
d(bn)
Body [unit]
0.08
0.51
2
-6.3
2.5
3
0.07
4
-0.02
5
0.14
0.18
7
-0.04
0.02
9
0.01
0.01
LE
[unit-m]
2
-0.2
1.5
8.7
1.3
3
5
-0.1
0.2
RE
[unit.m]
2
0.2
1.3
3
1.8
1.1

o'(an)

2.4
0.27
0.34
0.04
0.01
0.00

1.1
0.10
0.13
0.01
0.00
0.00

2.9
0.5
0.1

1.2
0.2
0.0

3.1
0.5

1.3
0.2

amount of arc dipole magnets and does not require special
corrections. Furthemore, no noticable impact was found
from the saturation of b3 component at collision.
Compensation measures have been taken to diminish the
effect of the errors ofinteraction region dipole Dl on beam
dynamics. They include:
1. Magnet Orientation Optimization: DI lead end is oriented towards the interaction points where a b3 corrector is located.
2. Body-End Compensation for the systematic b3 :
ha(Body) = -0.095 B(LE)-0.116 Ba(RE) = -1.3[u]
Tracking studies were performed for the proton LHC lattice both at injection and collision with the whole set of
errors from dipole error tables. The studies indicated no
CMS

D3 errors at injection. Ro = 17
o-(bn)

Skew
d(an)

(an)

0.19
0.14
0.92 -0.03
0.03
0.04
0.09 -0.01
0.01
0.0
0.0
0.0
(Length=0.73 m)
0.7
-1.6
0.5
-4.6
0.1
0.5
(Length--0.73 m)
0.5
-0.2
0.5
0.1

ou(an)

2.8
0.24
0.37
0.04
0.01
0.0

1.1
0.09
0.13
0.01
0.0
0.0

2.9
0.5
0.1

1.1
0.2
0.0

3.
0.5

1.1
0.2

Table 4: Persistent current contribution from D3,D4
dipoles versus arc dipoles
Quantity
Arc dipoles D3,D4
Persistent b3 [u]
-9
-6
Dispersion [m]
1.5
0.1
Chromaticity
500
0.03
noticeable impact of the dipole errors on the beam dynamics. If only BNL dipole errors are taken into the account the
resulting dynamic aperture is beyond the physical aperture.
Figure 3 shows no difference in 11 r footprint at the injection energy for the cases with and without the BNL dipole
errors.

4

HEAVY-ION OPERATION

Heavy-ion collision lattice uses low-/P* IP2 in addition to
low-/3* collisions at IP1 and IP5. This produces large values of Pl functions in corresponding IR triplet quadrupoles
and D1 dipoles. Furthemore, all interaction regions utilize orbit separation and crossing angle schemes. Such
schemes lead to large orbit excursion inside IR quads and
dipoles thus shifting the beam to the field regions with
larger nonlinearity. The interaction region configuration
for ion lattice used at the tracking studies is shown in Table
5. The worst case is considered with the crossing angle of
+150/prad at each low-/3 interaction points.
The tracking used the two possible schemes of IR
0 0

o0

ATLAS

0

0
m

D2

M

D3A, D3B, D4A. D4B

Figure 1: BNL-made dipoles at LHC ring
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LHC-B
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'00
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.0
o

a

000

0

00
-
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Figure 2: Magnet body cross section of BNL-built DI and
D4A.
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It indicates that the non-linear correctors would
also be useful at IR2 in order to achieve the target value
S0..0of the results
of DA at the ion operation. The rms values
for DA with the errors at IR2 only are quite large. It is exby the big difference between horizontal and vertical dynamic aperture in this case. Vertical DA is about 4-5
o. smaller.
order to understand how effectively the local IR correction schemes compensate for the IR magnet errors the
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Table 5: Interaction region configuration parameters
IPI
IP2
IP5
IP8
sep. [mm]
0
0
0
1.5 h
angle[prad] ±150 v ±150 v ±150 h ±100 v
33,33
0.5,0.5 0.5,0.5 0.5,0.5
A,*',/A. [m]

The present correction strategy includes 3 correctors per
each triplet at IRI and IR5. It is still under discussions
and studies what the best choice of the layers of correction elements to be put into these correctors. The following
corrector configuration was considered:

quadrupole arrangement. In the unmixed scheme KEKbuilt magnets are installed at IRI, IR2 and FNAL-built
magnets at IR5, IR8. In the mixed scheme the each interaction region contains both KEK-built (Qi,Q3) and FNALbuilt (Q2A,Q2B) quadrupoles. The most tracking has been
done for the mixed scheme. Table 6 presents a summary of
the tracking results.

harmonic layers
corrector place
between Q2A and Q2B
b4 , b5
between Q2B and Q3
a 3 , a 4 , a6
b3 , b6 , (bl0 )
between Q3 and D1
In order to compensate for IR2 magnet errors the same
corrector scheme was put also into IR2. The results obtained for the cases with and without correctors at IR2 con-

Table 6: Effects of MQX and dipole errors in terms of 103turn 6D DA.
Case
DA (0.•y)
Min. DA
Unmixed case:
Full error
8.3±1.8
50.,y
Errors at IR2 only
9.7±2.4
60.xy
Quad error at IR2 only
11.8±3.7
60.,y
Mixed case:
Mixedcase:5
Full error
8.5±-1.5
50.,y
Full error, no cross.angle 13.1±2.1
90.,y
Quad error only
8.9±1.6
60.xy
Errors at IR2 only
10.2±2.3
60.,y
Quad error at IR2 only
11.7±3.5
60.,y
Systematic only
9.5±0.8
80.,y
Random only
12.4±2.2
8o-0,
Without n = 3, 4 errors
9.1±1.8
60.,y
Without n = 5, 6 errors
11.4±1.4
70.,y
Without n = 7, 8 errors
8.1±2.5
50.,y
Without n = 9, 10 errors 9.0±1.7
6u2,y
IR dipole error only
> physic.apert.

firmed the conclusion that the presence of the correctors at
IR2 considerably improves the nonlinear dynamics characteristics:
Case
DA (0,.y) Min. DA
Correctors only at IR1,IR5 10.5±3.0
60.7y
With IR2 correctors
17.0±1.7
130.,y

The beam dynamic characteristics are mainly determined by the errors in IR quadrupoles. The dipoles, especially cold D1 at IR2, enhance the impact by further reducing the DA by up to 2o.. The mixed quad arrangement
scheme provides slightly better results for DA as well as
for the 6o- footrpint size:
scheme
mixed
separated

footprint [10-3]
2.7±1.5
3.6±1.9

max.footprint [10-a]
4.9
6.6

CONCLUSION
Field quality of BNL dipoles is adequate for nominal proton operation both for injection and collision lattices.
In the case of the ion lattice the contribution from IR2
magnets are considerable. The use of the non-linear correctors at IR2 is preferable if the crossing angle as large as
±150prad to be used.
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The important case is when the errors were installed only
at IR2 quads and dipoles. The resulting average DA of
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NEW CAPABILITIES OF THE SPIN TRACKING CODE SPINK*
A.Luccio#, A.Lehrach, J.Niederer, T.Roser, M.Syphers, and N.Tsoupas, BNL, Upton, NY
Abstract
The code SPINK, originally written to track polarized
protons in RHIC, underwent several modifications and
additions that have added substantial new capabilities to it.

Fig. 1. Here, we assumed random errors of the order of 1
mm and 1 mrad in position and angle of all magnets,
respectively. The momentum spread in the beam was
0.03%.

1 BASIC FEATURES OF SPINK
A tracking code: SPINK [1] was written for the RHIC
SPIN project at Brookhaven [2] to study the behavior of
polarized protons in the Relativistic Collider during
injection, acceleration and storage at fixed energy. From
the output of MAD [3] SPINK reads the first order
matrices for each machine element and the second order
Transport maps as well as the Twiss functions along the
lattice. Then, a subset of matrices is being created, where
all elements that do not generate any spin rotation or any
bend in the trajectory are lumped together. To the newly
created elements a keyword is attached, such as BEND,
QUAD, SEXT, HELIX, SNAKE, RFCAV, etc. Particle
orbits are tracked through the first and second order maps
(thick elements, with edge effects, as described in MAD).
The spin of each proton, represented by a real 3dimensional vector of length one, is also tracked using
spin rotation matrices created by the code. At the present,
with the exception of Helices, spin rotation matrices are
for thin elements.
SPINK has been used for years, both in RHIC and the
AGS, in particular to study the survival of the spin
polarization in passing through resonances. The most
significant new features of the code are described below.

2 LATTICE ERRORS
Angle, position and field errors in the machine lattice
generate a distorted closed orbit. Since the strength of spin
resonances depends on the average distance of a particle
from the design equilibrium orbit, depolarization at a
resonance is affected by lattice errors. In an actual
accelerator the closed orbit distortions are being corrected
with the use of horizontal and vertical steering magnets,
whose currents are calculated with various algorithms.
Orbit correction in MAD is accomplished through the
Micado algorithm, that solves in the least square
approximation an under constrained system of equations.
To correctly track phase space and spin, we had to
transmit from MAD to SPINK the information related to
the errors (measured or randomly assumed) of each
machine element, and displace and rotate accordingly the
relevant orbit transport maps. This task is accomplished
using the BNL version of MAD [4].
Results of proton spin tracking in the RHIC lattice in
the presence of errors for two intrinsic resonances, for an
ideal orbit (no lattice errors), and for errors in the lattice
but with a corrected orbit (to 0.2 mm), are shown in

0.9

0.8 -

0.7

0.6

0.5

.5.
390

410

430

Figure 1: Spin tracking in RHIC, crossing the Gy,=
381.82 and 422.18 intrinsic resonances. The upper curve
is for an ideal orbit. The lower, for a distorted orbit due to
lattice errors. Average over a few hundred particles tracked.

3 SECOND ORDER EFFECTS
Second order effects in SPINK are dealt with using the
second order Transport maps from MAD. Important effects
on spin resonances arise from crossing of sextupoles and
higher order multipoles in the lattice.
Since in building maps for orbit tracking some
elements are lumped together as explained in Sec. 1,
matrices have to be multiplied, and also second order maps
are convoluted to produce an overall map for the new
element. This is done using the expression
6 (
6
..
(1
Tijk =
R'nTjk +
TinmRnjRk
(1)
nmRk
Where R and T are the first order and the second order orbit
Transport maps, respectively, and the index (') or (C)
denotes the order in which maps are taken.
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Two comments are necessary: (i) Second order tracking
considerably reduces the speed of calculation, which is an
unpleasant factor when many particles for many turns are
tracked. (ii) Second order Transport maps are truncated and
therefore non-simplectic.
In conclusion, in performing second order tracking one
has
caution
the conservation
of quantities
like totheexercise
emittance
is anwhen
important
issue. Using
of better
maps, like the one derived with Lie algebra will be
implemented in the future.

4 BEAM-BEAM EFFECTS
In RHIC, the two acceleration chambers intersect at six
locations around the circumference, where the counter
rotating beams can be brought to collide. Collisions affect
both orbit and spin dynamics, since the electric and
magnetic field of a beam exercise forces on the particles of
the other beam, producing defocusing and spin rotation.
In SPINK, we modeled one beam as a Gaussian
distribution of charges in motion and we studied the effect
of the fields on the single particles of the other beam [5].
The expression of the resulting betatron tune shift in a
collision is
(2)](2)
_
Av
utlI- e-IouJ
(2)
where u = r/26, and ý is the tune shift on axis,
proportional to the number of particles per bunch n and
inversely to the normalized emittance. E.g. for n =
2x1011, emittance 10n mm-mrad and #f = 1 m, it is on
axis ý = -0.015. Tune distribution in the beam can be
calculated by Eq. (2). SPINK tracking agreed very well
with Eq. (2) and was also used to calculate the effect of
beam-beam on spin. Fig. 3 shows how the vertical
component of the spin is affected by beam-beam at fixed
energy corresponding to Gy = 261, close to the strong
intrinsic spin resonance at Gy = 232 + uy.
For this simulation run, the beams are first accelerated,
then brought to constant energy and made to collide,
,0.04
0.008

5

STABLE SPIN AXIS. SPIN TUNE

For each position along the accelerator lattice and for each
position in phase space, there is a stable spin axis. If the
spin of a proton is initially aligned along this direction, it
will remain stable, if it isn't, it will precede in a cone
wrean
ifcit Finding
int
t wil
in cone
cone
around thiss direction.
the stablee spin
corresponding to a given phase space distribution of the
particles in the beam is particularly important at injection,
since we should make it coincide with the spin
cone of the
injected beam.
On the closed orbit the spin tune for a polarized particle
is the number of spin precesions per turn in an accelerator.
It is measured by the quantity G y, and increases with the
energy of the beam. When, during the acceleration cycle,
the spin tune crosses some specific values, spindepolarizing resonances appear. Siberian snakes in the
lattice make the spin tune independent of energy. For
RHIC, with two Siberian snakes, the spin is made equal
to one. This means that the spin pattern should remain
identical and repeat at each turn.
To calculate the stable spin axis direction, SPINK uses
the method of Stroboscopic Average [6], as implemented
in the code SPRINT [7]. A number of protons with
different initial spin directions are tracked for a certain
number of turns, then only one proton with the average
spin is tracked back to reach the initial phase space
location. The spin at this starting point, averaged over the
multiple passages through the same location in the lattice,
is applied to the proton, and the process continues with
forward and backward tracking until the process eventually
converges.
Fig. 3 shows an example of calculated stable spin axis
in RHIC for very small emittance of the beam, at
injection ( Gy = 41.5). The two snakes were set for spin
rotation of 1800 and 1000, respectively, around several
settings of mutual perpendicular axes. This arrangement
produces a stable spin axis on a cone of semi-aperture 0 =
400. For each snake axis orientation there is a
corresponding angle ý for the stable spin axis.

% 0.08
S

ySnake
y

0.12

-0.500

axis

0.6angle

I

"
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............... .......

.30".A5

45
0.0

5000 tumns

........

n-0
n-=2-10"

0.187

0.177

AVY

0.167

Spin axis

0.157

Figure 2: Beam-beam in a resonance crossing. The tune of
particles at various vertical distances from axis determines
the resonance strength. No space charge, and n=2xlO".

0"400

-

Figure 3:t spin axis for spin rotation 1800 and 1000
in two snakes around different axis settings
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For the same example, Fig. 4 shows the pattern of the
three components of the stable spin axis along the
circumference of RHIC. The vertical component of the
spin axis is flipped at the two locations of the snakes.

y=27 (moh.map) 31 parts. e=20 mrn-mrad

50

__x

-

E

1.0

nz
0.5.
0

0.0

.

...

2

4
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z [-mm]
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12
AUL9603001

Figure 5: Envelope of trajectories used to calculate R and
T orbit and spin maps in a 4-helices Siberian snake.
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DYNAMIC APERTURE MEASUREMENTS AT THE ADVANCED LIGHT
SOURCE *
W. Decking t , D. Robin, LBNL, Berkeley, USA
Abstract

sion 77this aperture is reduced by the off-momentum orbit.
The invariant physical horizontal aperture is the minimum
around the ring of Aphys,, (6) = (x,,c. (s) - ij(s)6) 2/fi (s)
with 6 = dP the relative momentum deviation. DispersO
leaving
planeindepenthe horizontal
only present
is usually
sion
momentum
physical
apertureinAphys,y,
the vertical

A large dynamic aperture for a storage ring is of importance
for long lifetimes and a high injection efficiency. Measuregeneration synof the third
ments of the dynamic aperture
sorceAdvncedLigt
chroronligt
Light Surce(AL)
Source (ALS) uing
using
chrotron light source
Advanced
longical moture of electro ns i ndepenthe
beam excitation with kicker magnets are presented. The
by the
the accelerating
rf-bucket provided
is limitedvoltage
of the
expeimets
eredon
vaiousacclertorconitinsheight
motion ofbyelectrons
longitudinal
dent. The
various accelerator conditions,
for
done fo
experiments were
the cavity.
allowing us to investigate the influence of different working in
the ctri
points, chromaticities, insertion devices, etc.. The results
efborde
cotic api
leadingtronantior
are compared both with tracking calculations and a simple
borThe
growth.
amplitude
leading to resonant or chaotic
model for the dynamic aperture yielding good agreements.
der of this motion is called the dynamic aperture Adyn,n (T)
This gives us confidence in the predictability of the nonaperes ofte estimedtug tracking calcuyni
linear accelerator model. This is especially important for
namic aperture is often estimated through tracking calculafuture ALS upgrades as well as new storage ring designs.
tions.

1

One can also estimate the dynamic aperture using a simple model in the following way: Electrons are lost when

DEFINITION OF THE APERTURE

The aperture of an electron storage ring is the maximum
transverse and/or longitudinal deviation from the design orbit an electron can experience without being lost. The size
of the aperture can effect both injection and lifetime. At the
ALS where one injects horizontally offset from the stored
beam the on-momentum aperture has to be large enough to
accept the injected electron beam. From the point of view
of lifetime it is important to have both sufficiently large
on-momentum and off-momentum apertures. In particular
the lifetime of a low energy, low emittance electron storage ring like the ALS' is usually given by the scattering of
electrons within a bunch (Touschek effect) and/or by elastic
and inelastic scattering of electrons with the residual gas.
When electrons scatter within a bunch, they may transfer
enough momentum to be outside the momentum aperture
of the storage ring. Depending on the dispersion function
at the scattering position, scattered electrons start a betatron oscillation in addition to the momentum offset. An
electron with a large betatron amplitude usually reaches the
off-momentum aperture at smaller momentum deviations,
Elastic scattering of electrons with the residual gas excites
betatron oscillations. The elastic scattering lifetime is thus
proportional to the on-momentum aperture. For more details about aperture measurements using lifetime investigations see [1], [2].
The aperture can be limited by several effects. The linear transverse motion of electrons is limited by the vacuum chamber aperture x,,.. In the presence of disper• This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division, of the U.S.
Department of Energy, under Contract No. DE-AC03-76SF00098.
t Now at DESY, Hamburg, Germany.
' The ALS is operated with an energy of 1.5 - 1.9 GeV and an emittance of 3.5 - 5.6 x 10-9 radm.

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

their tune satisfies a resonance condition. From knowing
the
amplitude,
2!L11-,
a
A,
a•y and moth tune shift terms with &2V
mentum deviation, W, WF, one can compute the tune
shift due to momentum and transverse deviations:
Av0JdJ,+_

0AX

Y

6

(1)
where Avy is the distance to the closest 'deadly' resonance,
and te is the emittance coupling factor. Knowing the distance to the resonance defines a momentum dependent dynamic aperture.
From equation 1 several ways to increase the dynamic
aperture can be seen:
* Increase the distance to the closest 'deadly' resonance
by choosing a'good' working point.
* Decrease the tune shift for large amplitude electrons.
This is addressed in the design phase by adequately
distributing the nonlinear elements. During operation
one can lower the chromaticity 8'y to small numbers.
* Avoid excitation of resonances, which is achieved in
high periodicity machines, where a large number of
identical basic cells decreases the number of excitable
resonances.
The total aperture is the minimum of all the aperture limitations discussed above. It is often difficult to distinguish
clearly between dynamic and physical limits in the measurements. Only good knowledge of the vacuum chamber
dimensions, the optical functions and the emittance coupling allows the separation of the two effects. We will thus
only use the term dynamic aperture in the following if we
can exclude physical limits.
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2

MEASU REMENTS OF THE
APERTURE

2

A tool for aperture measurements is a beam kicker magnet.
This is a fast magnet which permits the kicking of the beam
over a single turn. A criteria for the aperture could be to
increase the kick amplitude until the beam is lost. A measurement of this maximum kick amplitude as a function of
an artificial aperture limit (horizontal scraper) is shown in
figure 1. This measurement serves as a calibration for the
kicker voltage. It also shows that at a certain point the kick
amplitude is independent of the scraper position. This is
when the kicked beam hits another aperture in the ring.
15-
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To measure the aperture for off-momentum electrons,
the storage ring if-frequency is changed to change the storage ring energy. This simulates a 'static' off-momentum
situation, as the bunch centroid is not performing synchrotron oscillations. If the main reason for the dynamic
aperture is the tune shift with momentum deviation, this
'static' measurement should be sufficient.
Figure 2 shows a measurement of the aperture versus
momentum deviation. The measured aperture is asymmetric in momentum due to higher order tune shift terms,
which shift the lower momentum electrons faster towards
the integer resonance. At a momentum deviation of
-0.03 one can see a dip in the curve, which is interpreted
as a resonance which is overcome for lower momentum
electrons when the tune is shifted beyond this resonance.
To estimate the dynamic aperture with synchrotron oscillations, the dynamic aperture is assumed to be the smallest envelope fitting into the measured aperture. With synchrotron oscillations it may be possible for electrons to
cross through resonances like the one at 6 _- -0.03 in figure 2. The synchrotron tune at the ALS is v,' ;zt 0.008 or approximately 125 turns per synchrotron oscillation. Therefore the dashed-dotted line, representing the inner envelope, is a somewhat pessimistic approximation of the dynamic aperture including synchrotron oscillations,
Figure 3 shows a comparison of the measured aperture
with tracking calculations and with the tune-shift model.
Electrons were tracked through the ALS lattice with a sixdimensional symplectic integrator 2 . The following errors
2

-0.02
0
0.02
relative momentum deviation

0.04

0.06

Figure 3: Comparison of measured aperture (dashed-dotted
line), tracking calculations (solid line / circles), and tuneshift model with a Av1, = -0.14. The tune was v.', =
14.31, vy = 8.22.

and constraints were included in the model to simulate the
realistic machine:
aperture borders were included in the tracking to prevent electron oscillations outside the realistic
vacuum chamber. This is important because large amplitude electrons may perform large, but stable oscillations which would be outside the physical aperture
but not lead to a loss of the electron in the tracking.
* Linear field errors are simulated according to the optics measurements done at the ALS with the responsematrix fitting method [3]. This errors lead to a fl-beat
and thus a break in periodicity.
* Random skew quadrupole errors were distributed in
all quadrupoles of the lattice and adjusted to obtain a
1 %coupling.
* The wiggler (see below) was simulated as a chain of
hard edge dipoles obtaining the correct linear focusing
and longitudinal dynamics properties.
*Physical

The tune-shift Av1 , for the tune-shift model was chosen to
fit the measured aperture. Measurements, tracking and the
model agree rather well for large off-momentum

_________________tune-shift

The tracking code TRACY2 was used,

-0.04

electrons. For on-momentum electrons the measurement
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j 2o ........ ....................................................................

show s sm aller horizontal am plitudes. The horizontal physical aperture of the ALS is ; 20 mm, thus the measurement
(and the tracking) show that the horizontal aperture is limited through dynamic effects.
To investigate the dependence on the tune, the tune is
moved towards the integer resonance, parallel to the coupling resonance.
...
Figure 4 shows the aperture for this
tune setting, again compared with tracking calculations and
the model. The measured dynamic aperture is only slightly
smaller than in the previous case (figure 3) and the tracking
and tune-shift model agree better with the measurements.
The integer resonance defines a clear limit for the dynamic
aperture. The tracking thus shows the expected behavior
(increase of dynamic aperture with distance to the integer resonance) while the measurements indicate that onmomentum electrons are lost at almost the same large transverse amplitudes. Large transverse amplitude particles are
for instance more sensitive to additional nonlinear fields,
which we have not included in the tracking.
The effect of periodicity breaking in a highly periodic
machine can be shown with the insertion of a wiggler3 in
the ALS lattice. The vertical focusing effect of the wiggler is locally compensated, which leaves a breaking of the
ideal 12-fold symmetry. The aperture measurement shows
a slight degradation of the dynamic aperture when the wiggler is closed (see figure 5 compared with figure 4). This is
in good agreement with tracking calculations.
To show the importance of coupling, an aperture measurement was performed with the skew quad circuits powered. This should decrease the on-momentum dynamic

S15 .......

e• 10 .

CONCLUSION

The aperture of the ALS was measured with the help of a
horizontal kicker magnet. The results of this measurement
agree very well with previous measurements using lifetime
techniques [1], [2]. The dynamic aperture is also derived
from tracking studies and from a rather simple model. The
agreement between measurement and tracking is good. The
nonlinear accelerator model has to be improved to predict
the
behavior
transverse
amplitude
The
simple
modelofcanlarge
be used
to understand
theparticles.
tracking data
and to optimize the operating conditions of the ALS.
3The wiggler has a peak field of 2 T, 0.16 mnperiod length, and 3 m
total length.
4
The smallest vacuum chamber gap in the ALS has a full height of
,s 8rnm at3fl = 4m.
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Figure 4: Comparison of measured aperture (dashed-dotted
line), tracking calculations (solid line / circles), and tuneshift model with a Ay= -0.11. The tune was shifted to
, = 14.27, vy 8.18.
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Figure 5.: Comparison of measured aperture (dashed-dotted
line), tracking calculations (solid line / circles), and tuneshift model with a Avy = -0.1. The tune was v.,
14.27, vy 8.18 and the wiggler was closed.
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aperture considerably, because electrons with large horizontal amplitudes are coupled in the vertical plane,
where
4
they are lost at the small gap vacuum chambers . This situation was also modeled in the tracking. The results are
displayed in figure 6. The agreement between measurement and tracking is good. The tune-shift model fails in
this case, because it does not take into account the vertical
limit.
aperture lrelative
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Figure 6: Comparison of measured aperture (dashed-dotted
line), tracking calculations (solid line / circles), and tuneshift model with a Av. = -0.09. The tune was V., =
14.27, vy = 8.18 and the wiggler was closed. In addition
the skew quadrupole circuit was powered.
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OPTICS CHARACTERIZATION AND CORRECTION AT PEP-II*
J. Safranek t, M. H. Donald, SLAC, Stanford, CA

Abstract
e

The linear optics of both the high energy ring (HER) and
low energy ring (LER) for SLAC's PEP-Il B-Factory were
characterized with two algorithms: analysis of the measured closed orbit response matrix and analysis of betatron
phase advance measurements. The results of the two analyses were in good agreement. When the HER was first run
in a low /3 optics in autumn 1997, the measured /3functions
showed more than a factor of two discrepancy from the design. The source of the optics distortion was diagnosed and
corrected using these methods.
1

300 -
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esurement
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model from LOCO
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200
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-40
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II

The PEP-II collider consists of two storage rings - a high
energy ring (HER) for 9 GeV electrons and a low energy
ring (LER) for 3 GeV positrons. The storage rings are each
2.2 km long, and they intersect at a single interaction point
(IP) to produce collisions for high energy physics experi-

40

Figure 1: The /3y measured at quadrupoles compared to the
design and to the model fit by LOCO. The IP is at the center
of the graph.

2

ments.

In order to maximize luminosity, the LER and HER optics were designed with small /3 functions at the IP. When
the HER was first commissioned in this low /3 optics during the autumn of 1997, the measured /3y showed a large
discrepancy from the design model. Fig. 1 compares the
measured and design model /3 in the region of the ring
±60 meters from the IP. The beam size is large in the final focus doublet (QD4 and QF5), and the beam is focused
tightly at the IP. The measured /3, data points were generated by measuring the tune shifts, Av,1 , from small changes
in integrated quadrupole gradients, AKL.

0

Distonce(m)

2.1

LOCO FOR HER

Method

The measured /3 differed by as much as a factor of 2.5
from the design model. The error in /3y was seen throughout the ring. The measured /3= agreed much better with the
design.
Two methods were applied to investigate the source of
this optics distortion - analysis of the measured closed orbit response matrix, and analysis of betatron phases determined using turn-by-turn measurements of betatron oscillations.

The closed orbit response matrix is the shift in orbit at each
BPM for a change in strength of each steering magnet. The
HER has 144 horizontal and 143 vertical steering magnets with about 150 horizontal and 150 vertical BPMs, so
the HER orbit response matrix has more than 40,000 data
points. Differences between the model and measured response matrix can arise from quadrupole gradient errors,
BPM gain errors, and steering magnet calibrations errors.
The computer code LOCO[1] (Linear Optics from
Closed Orbits) was used to vary the quadrupole gradients,
BPM gains, and steering magnet calibrations in a computer
model of the HER to minimize the X2 difference between
the model and measured response matrices. In total about
770 parameters were varied to fit the model to the 40,000
measured data.
The HER has about 300 quadrupole*. The number of
BPMs in the ring and the accuracy of the BPM measurements are not sufficient to accurately calibrate the gradient
in each of these quadrupoles independently. For this reason it was assumed that all quadrupoles driven by the same
power supply had the same gradient. Also the gradients of

* This work was performed under the auspices of the U.S. Department

the two QD4's as well as the two QF5's were assumed to be

=

Av.(
AKL

of Energy.

t Email: safranek@slac.stanford.edu

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

(1)

the same, even though each of these quadrupoles are powered with its own supply. In total this gave 68 families of
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quadrupoles varied,
The fl for the model fit to the response matrix is included in Fig. 1. The prediction of the measured ,3 is
greatly improved. The fit model also accurately reproduced
the measured i36. The difference between the fit and design model gradients, AK, is plotted as a function of position around the ring in Fig. 2 for all 300 HER quadrupoles.
Rather than simply plotting AK, the plot shows 3yAKL,
the integrated quadrupole gradient error multiplied by #y at
each quadrupole. /3)AKL is the contribution tofly distortion from each quadrupole gradient error. (The #y distortion from a single quadrupole gradient error, AKL, is[2]

calibrated to about 1 part in 10,000., and the QD and QF
quadrupoles in the arcs with many magnets on one supply
can be calibrated to 5 parts in a million. Of course, with
systematic errors included, the error bars are much larger.
(Not to mention that the QD and QF power supplies are not
even stable to this level.)
.
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where the quadrupole is at position so.) The LOCO fit indicated that errors in the IP doublet quadrupoles, QD4 and
QF5, drove nearly all of the 3 distortion.
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Figure 3: The error bars for Fig. 2 due to the random 4 lm
BPM measurement error.
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Nonetheless, Fig. 3 is useful in demonstrating that the
expected error bars on/3y AKL for quadrupoles on individual supplies tend to be the same order of magnitude from
1 ......

... , I Iliii,

quadrupole to quadrupole. In other words, QD4 and QF5

sticking out like sore thumbs in Fig. 2 indicates a real problem with these quadrupoles, not just uncertainty in the fit
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Figure 2: The magnitude of the driving term for Oy distortion
as a function
of position around the ring according to
the LOCO
fit.QFby.0

2.2 ErrorAnalysis
Once LOCO had converged to find the model with the best
statistical fit to the data, the rms difference between the
measured and model response matrices was 88 pm horizontal and 32 pm vertical. The accuracy of the fit was
considerably worse than the noise level of the closed orbit
measurements (4 pm), presumably due to systematic errors
associated with gradients from horizontal orbit offsets in
sextupoles as well as variation in gradients of quadrupoles
powered by the same power supply. The steering magnet
kicks used to measure the response matrix gave rms orbit
shifts of 1.7 mm, so the model orbit shifts fit the measured
shifts to 5% and 2% horizontally and vertically.
Figure 3 shows the error bars for Fig. 2 from the 4 pm
random BPM measurement error. The error bars were calculated analytically assuming a normal measurement error
distribution. The error bars are quite small, indicating the
quadrupoles on individual supplies around the IP can be

Optics Correction

Starting from the fit optics model and reducing QD4 and
QF4 by .60% and
.49% restored theeopisttedsg.
optics to the design.
an.4%rsoe
QD4 and QF5 were reduced in the ring, and measurements
confirmed that the design optics were restored. No good
explanation of the gradient errors was found. It was noted
that longitudinal displacement of the IP doublets 3 cm
closer to the IP would give nearly the same optics distortion as the strength errors. Measurements of the quadrupole
positions indicated no such large position errors.
When the IP was rebuilt during the installation of the
LER, the effective error in the IP doublet strengths was
greatly diminished, to about 0.13%.

3

PHASE FITTING

Using buffered data acquisition of Beam Position Monitor
(BPM) data, which records beam position for 1024 consecutive turns, the relative phase of the betatron motion between the BPMs may be found. The phase fitting is now
available on-line [4]. Because of beta function mismatch,
this phase will be different from the ideal (model) phase
between the BPMs. It is possible to fit this phase error using errors in the strength of quadrupole families as the fit-
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ting variable. We used the program LEGO [5] as the fitting
code.
The results obtained by such fitting were consistent with
the LOCO results. The whole table of quadrupole gradient
errors showed some correlation between the two methods
but was conclusive only when the beta functions were taken
into account. The comparison between the errors found by
the two methods is given in Table 1.

quadrupole strengths in the interaction region and the main
QD,QF strings.
0.012

. o.01
0.00

A

Table 1: Comparison of results obtained by LOCO and
phase fitting method
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MEASUREMENT OF SEXTUPOLE ORBIT OFFSETS IN THE APS
STORAGE RING *
M. Borland, E.A. Crosbie, and N.S. Sereno ANL, Argonne, IL
Abstract
Horizontal orbit errors at the sextupoles in the Advanced
Photon Source (APS) storage ring can cause changes in
tune and modulation of the beta functions around the ring.
To determine the significance of these effects requires
knowing the orbit relative to the magnetic center of the sextupoles. The method considered here to determine the horizontal beam position in a given sextupole is to measure the
tune shift caused by a change in the sextupole strength. The
tune shift and a beta function for the same plane uniquely
determine the horizontal beam position in the sextupole.
The beta function at the sextupole was determined by propagating the beta functions measured at nearby quadrupoles
to the sextupole location. This method was used to measure
the sextupole magnetic center offset relative to an adjacent
beam position monitor (BPM) at a number of sextupole locations. We report on the successes and problems of the
method as well as an alternate method.

However, we encountered persistent disagreements between our model of the ringg and measurements of the beta
functions. Hence, a program to measure the beam position in sextupoles directly was undertaken. Note that while
we sometimes speak of measuring sextupole "offsets" or
"positions" and of "sextupole miscentering," we are in fact
measuring the position of the beam relative to the sextupole
center for a particular lattice configuration and steering.

2

The measurement relies on the quadrupole field component
generated by a displaced sextupole magnet. It also makes
use of the existence of individual power supplies for the
280 sextupoles and 400 quadrupoles in the APS. The effective geometric focusing strength (K 1) seen by a beam displaced by x from the magnetic center of a sextupole of geometric strength K 2 is just K 2x. If the sextupole strength
is changed between states 1 and 2 with no change in orbit,
then the tune change is related to the change in K 2 by a
well-known [2] equation, giving

1 INTRODUCTION

AV=

Given the strong sextupoles present in third-generation
light sources, miscentering of the beam in the sextupoles
can seriously impact one's ability to model the machine's
behavior. This affects one's ability to correct the orbit, adjust the tunes, and perform other corrections that tend to
make use of data from modeling. It may also have an adverse effect on dynamic aperture and injection.
There are several possible sources of such miscentering.
First, a sextupole may simply be improperly aligned. Second, an unknown or mistaken value for a BPM offset may
result in steering off axis in the sextupole. Third, the beam
may be moved deliberately to steer for a user. (At APS,
final beam alignment for users is performed by steering
of the electron beam.) Fourth, since some sextupoles are
in dispersion areas, a systematic miscentering may result
from a particular choice of the rf frequency.
At APS, many BPM offsets are derived using a scanning
technique using a quadrupole and a corrector bump [1].
This permits finding the offsets relative to quadrupoles
for those BPMs that are adjacent to quadrupoles. The
method relies on the fact that if the beam is centered in a
quadrupole, then changing the strength of that quadrupole
does not change the orbit. Because this method is relatively
straightforward to implement, we used it as the definition of
our BPM offsets. The assumption was that the sextupoles
were well-aligned relative to the quadrupoles, so that steering to the center of quadrupoles would also center the beam
in the sextupoles.
* Work supported by U.S. Department of Energy, Office of Basic Energy Sciences, under Contract No. W-31-109-ENG-38.
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PRINCIPLE OF THE MEASUREMENT

±

3AK2xL,

47r

where L, is the length of the sextupole, the + (-) sign is
used if horizontal (vertical) tune data is used, and the f
function should be for the same plane as the tune change.
In order to determine x, we change the strength of the
sextupole and measures the change in tune. To make the
tune change as large as possible, we chose to change the
sextupole from zero to maximum current. The value of
AK 2L, is then 4.974 m- 2 [3] for APS sextupoles.
In order to eliminate spurious tune changes due to orbit
motion elsewhere in the ring caused by the change in the
sextupole field, we employed continuous orbit correction
and a settling period (30-60s) to allow correction of any
orbit perturbation. Typical perturbations were 20-30 pim
peak and were easily corrected.
The beta function value needed to compute x was originally taken from the model. Later, we implemented a refinement of the technique that involves using measured beta
functions from two quadrupoles that bracket the sextupole.

3

MEASUREMENT TECHNIQUE AND
DATA ANALYSIS

The principle of this measurement is clearly quite simple, and it was readily implemented using existing software tools, notably the SDDS (Self-Describing Data Sets)
toolkit [1, 4, 5]. The measurement is available via a GUI
interface built using the Tcl/Tk script language. The script
uses SDDS tools for data collection, analysis, and display.
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The tune measurements were taken with a HewlettPackard Vector Signal Analyzer (HP VSA), which has low
noise and fast averaging compared to a typical network analyzer, using a frequency chirp to drive the beam. To save
time and allow higher tune measurement resolution, we
narrowed the span of the analyzer to include only one of the
tunes. We chose to use the vertical tune for most measurements as this increases Av, given that we have 3. > /3 at
most of the sextupoles of interest. Further, the vertical tune
is less subject to drift and wobble than the horizontal tune.
The script reads the tune spectra from the HP VSA for
the two sextupole settings (0 and full current). Typical
spectra are shown in Figure 1. The script processes the tune
spectra using either a smoothing and peakfinding algorithm
or a correlation-based algorithm. The results are very close
for the two algorithms, with maximum differences being
equivalent to about 30 jm in sextupole position.
-
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The same instrument and software tools are used for the
beta function measurements. Indeed, the equation underlying the beta function measurement is simply a variant
of Eq. (1), namely 3 = AK1/3Ls/(47r). We have verifled using simulations that this equation is accurate when
used for a single quadrupole at a time or for groups of up
to 40 quadrupoles; that is, any perturbation of the lattice
due to the measurement is negligible. The beta function
measurement script takes five tune measurements for five
different values of the quadrupole strength. The beta function is computed from the slope of the tune vs quadrupole
strength, where the strength itself is deduced from the excitation curve of the magnet. The script restores the tunes
by iteratively adjusting the quadrupole current, so that the
lattice is not perturbed by successive measurements. This
means we do not have to rely on knowing the hysteresis
behavior of the magnet in order to restore the lattice.
Figure 2 shows a histogram of the measurements made
to date, for S2 and S3 sextupoles, that bracket the dipoles in
our double bend acromat (DBA) lattice. The mean position
is -0.25 ± 0.04 mm. For the S2 sextupoles (which are in
a nominally zero-dispersion location), the mean is -0.13 ±
0.05 mm. For the S3 sextupoles (in a dispersion location),
the mean is -0.37 ± 0.05 mm. This suggests that we are

As mentioned in the introduction, one reason for wanting
to know the beam position in the sextupoles is to evaluate
the effect on the lattice. Although we have only made measurements for 160 of the 280 sextupoles, it is interesting to
compute the beta function resulting from the beam offsets
in these sextupoles. This is shown in Figure 3. In practice,
such beats are corrected using a singular value decomposi(SVD) technique [6] that does not require knowing the
beam position in the sextupoles. However, application of
that technique does not provide an explanation of the presence of beta beats. Although our data is incomplete and
cannot be taken to represent the actual beta function modulation, it does demonstrate the possibility that any such
modulations may be due to the position of the beam in the
sextupoles.
20!
15.

'

10

5
0
0

200

400

600

800

1 000

s (m)
Figure 3: Computed vertical beta function for the APS due
to beam positions in the 160 sextupoles for which measurements were done. APS has 280 sextupoles plus other potential sources of focusing errors, so this figure does not
purport to represent the actual beta function.

4

TESTS OF THE METHOD

We tested the method in two ways: First, we checked the
reproducibility of the measurement; when repeated within
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a short time, this was very good, with successive measurements reproducing at the 2-Itm level imposed by our tune
measurement resolution. Second, we checked the linearity and slope by making successive measurements with the
beam deliberately steered to different positions in a sextupole. This was done for two sextupoles. The linearity
was generally good, but the data showed slope errors; i.e.,
the change in BPM reading over the change in position
deduced from the sextupole-based measurement was not
unity. For example, in one case we found a reproducible
30% error in the slope, as seen in Figure 4. In another
case we found a 50% error. Possible sources of this error are the various calibrations of the BPM, sextupole, and
quadrupole, plus the particular bump shape that was used.
There is evidence from response matrix measurements of
15-25% errors in the calibration of the two BPMs in question. Since this is based on comparing a measured matrix
[7] to a computed matrix using a model that matches the
average beta functions [8], it is not necessarily accurate for
a given sector. However, because 30-50% of magnet calibration errors are difficult to conceive, we believe that BPM
calibration accounts for most of the discrepancy. If this is
correct, then the beam position measurements in the sextupoles are reliable. These measurements do not rely on
BPMs, but only on tune measurement,
0.5.
EDoto
Fit

,6

0.0

One problem discovered when doing the linearity tests
was that the results depended on the type of beam bump
used (i.e., the location and coefficients of the corrector
magnets). We interpret this to mean that different types of
local bumps may have sufficiently different shapes that the
relationship between the position at the nearest BPM and
the position in the sextupole changes appreciably. Hence,
in choosing the beam bump to use for the new method,
care needs to be taken that the beam is moved in a parallel
fashion through the sextupole and nearby BPMs. This also
implies that we may have a practical difficulty in steering
precisely to the center of all sextupoles, as such bumps are
likely to move the beam in several sextupoles.

5

CONCLUSION

A method of measuring the beam position in sextupoles by
measuring the tune shift caused by a change in sextupole
strength has been presented. The method is shown to be
linear with respect to BPM readout, although the slope was
in error by 30-50%. This implies that our measured positions may have errors of this magnitude; however, we
believe much of the error in the two cases studied is attributable to BPM calibration and hence that the measured
positions are accurate. The error in each individual measurement was found to reproduce at the 2-jim level (the
limit imposed by the tune measurements) when measurements were taken in quick succession. A modified technique that directly finds the beam-centering value to which
to steer on a nearby BPM was also discussed.
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Figure 4: Linearity test of measurement of beam position
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the magnet calibrations. Specifically, we will use beam
bumps in the sextupoles to steer the beam until the tune
change due to changing a sextupole current is nulled out.
The readout of the nearest RPM tells us where to steer the
beam in order to center it in the sextupole. As long as the
BPM calibration is not changed, this data could be used for
beam centering even if the calibration is not good in absolute terms. This method also requires no measurement of
beta functions and, being iterative, it does not rely on the
linearity of the BPMs. An initial test of this method showed
that it converged to the accuracy of our tune measurements
after three to four iterations.
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SCALING OF THIRD-ORDER QUADRUPOLE ABERRATIONS WITH
FRINGE FIELD EXTENSION*
M. Venturini t
Physics Department, University of Maryland, College Park, Maryland 20742
Abstract

The linear content of the dynamics is described by M 2
while the nonlinear part is represented by the Lie generators f,. The f,, are homogeneous polynomials of order n
in the dynamical variables and: fn : are the Lie operators
associated with fn, i.e. : fn :g = [f, g] with [-, being
the Poisson brackets.
A map can be calculated by solving the canonical equa-

l
We present absimplifiedeanalytical mode tasosh
fringe field aberrations depend on a quadrupole magnet
aperture. Itnis found that for a fixed magnet length and focal
length the fringe field aberrations are smaller if the magnet
aperture is larger (i.e. if the fringes are more extended).

tion M' = M : - H
map is a solution of

1 INTRODUCTION
In spite of the progress made in understanding the effects
of magnet fringe fields there still seems to be some confusion about the way the aberrations scale with the fringe
extension. A popular belief in the accelerator physics community is that the fringe extension should be contained as
much as possible. Although there may be some good reasons for that belief, limiting the strength of aberrations is
not one of them. A source for this misconception may have
been the fact that the intrinsic aberrations associated with
the fringes increase as the length of a magnet decreases.
That is, given for instance two quadrupoles with the same
focal length and same aperture, the aberrations are larger
for the magnet with shorter length. Short magnets are associated with relatively more extended fringe fields and this
fact may have generated the wrong perception that the more
extended the fringes are the higher the aberrations. In fact
the opposite turns out to be true. A clarification of this issue
is desirable because short-length, large-aperture magnets
are increasingly being used in a number of applications. In
this paper we calculate and compare the third order aberrations associated with the fringes of quadrupole magnets
having the same length and same integrated on-axis gradient but different apertures (and therefore different extension of the fringes). The calculation is done for a simplifled ID model for which one can calculate the third order
aberrations associated with the fringes analytically. The
approximated analytical formulas are compared with an exact numerical computation carried out using MARYLIE [1].
We find that the aberrations decrease exponentially with the
square root of the magnet aperture.

2

M

M'2 =

=

... exp(:

15

:)exp(:

14

:)exp(: f3 :)M 2 .

d
M••zH
2=
4 (z)dz,

fH
-

(3)

where with M z'--' we indicate the solution of (2) from
z = zi (some point before the magnet entry) to zf (some
point past the magnet exit). The generator f4 contributes
to the third and higher order aberrations that appear in a
Taylor representation of the transfer map. We now consider
a 1-D model of charged particle dynamics in a quadrupole
magnet described by the Hamiltonian:
x2

p

H

-±

=

p

k(z)±÷

" z
k" (z)+

4

+

X

k'(z). (4)

The focusing function k(x) equals the magnetic rigidity
times the on-axis gradient: k(x) = (q/p 0 )O(z). Apart
from the reduced dimensionality and omission of chromatic terms the Hamiltonian above is exact through 4 th order. By indicating with mij (z) the matrix representation of
the linear part of the map, the 4 th order Lie generator can
be written as f4 =.f4€ge,, + ffy, where:

fw

1

geom =

[f

(M 2 1X + M 22 Px) 4 dz.

8 Jz

(5)

2

and

(1)

dyn

1 fzf rk"(z) M_4

44
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(2)

: - H 2 :.

2

Here H 2 denotes the quadratic part of the Hamiltonain,
which we assume can be written as a series H = H2 +
H3 + H 4 +. .-.with H 3 being the cubic part, H 4 the quartic
part etc. . It can be shown that H 2 contributes to M 2 and
all the fn; H3 contributes to the fn with n = 3 and higher
and so on. For the case considered in this paper H3 = 0,
and therefore the first nonlinear generator is f4. It can be
shown [2] that:

TRANSFER MAP COMPUTATION

A convenient way to represent the dynamics of a charged
particle through a magnet is to write the associated transfer
map in the Lie form [2]:
M

In particular the linear part of the

:.

1590

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
where R and I are the magnet aperture and semilength.
A focusing function of the form (9) is typical of ironfree quadrupole magnets like those used in the Electron
Ring under construction at the University of Maryland
[3]. Here we are interested in comparing quadrupole magnets that have the same length 21 but different aperture
2R. The function (9) is defined in such a way that the
z-integral (and therefore the magnet focal length in first
approximation) does not depend on the quadrupole aperture: f k(z, R)dz = 8gol/3. Physically this is achieved
by powering the magnets in a way dependent on their aperture. The profiles for 4 different choices of the apertures are

2

0
z

0.1

0.05

0

-0.05

-0.1

(M)

Figure 1: Profiles of the focusing function (9) for different
values of the aspect ratio -y = l /R ; the quadrupole semilength is l = .022 m. The integrals of the various curves
are the same.

k (z )

-L

-is

1.

L

shown in Fig 1. The 'aspect ratio' -yis defined as the ratio
between the magnet length and aperture: y = 11R. Notice
that -y -4 0 (i.e. R --* 0) represents the hard edge limit.
In order to compute the integral (8) we first need to find the
linear part of the map. We do the calculation in an approximated manner by assuming that we can represent k(z) as a
stepwise function, (see Fig. 2). Two parameters need to be
specified: the length I1 and the peak value k, of kstep(z).
A constraint we impose is that the integral of k(z) equals
that of kstep(Z). Therefore we need to specify either ko or
71, for any given value of the aspect ratio. We can expect
that as the aspect ratio decreases and the extension of the
fringes increases, 1s should become larger and k, smaller.
A possible choice is to use the standard definition of a magnet effective length and write: ko = k(z = 0, R). Instead
we use a slightly modified expression

Figure 2: Approximation of the focusing function with a
stepwise function.
After an integration by parts, use of Eq. (2) and the relationship
1
H2 :

[H 2 ,x

4

1
1

fZf

=

2

1

kk(z)x 2 ,x 4 ]

-4x 3 px,
(7)

finally yield
fd4/n

=

1
12

3for

, k'(z)M 2 x 3 pxdz
12

kI(z)(mllx+m

(z).

12 px)3(m 2 1x

+ m 22 Pf)dz,
(8)

ir"

COMPUTING THE ABERRATIONS

the same reason we can approximate zi = -L ý- -co and
zf = L _"doo in the the integral (8). The Lie generator
for the third order aberrations for the motion in the x plane
consists of 5 monomials:

G(t)

=

1 2R 4t
1 t(3R 2 + 2t 2 )
2(R + t2)I + 3 (R 2 + t2)1

=

X4 fdyn

3

fd•nIf

+ x 2 p fdyn

(12)

±3fdn
4p.dyn.

Let us focus on 4dfn By using the approximations we have
indicated above we have:

Consider a family of quadrupoles with focusing function

k(z, R) = go[G(z + 1) - G(z - l)),

(11)

to allow for the presence of a free parameter yj to be determined later. The length I. is then determined by requiring that lk 0 is the same as the integrated gradient. With
these assumptions the elements mij of the transfer matrix
from z = -L to z E [-1s,,1] are mil = cosw(z + l1),
M21 = -wsinw(z + 1,), etc., with w = Vk-;. As a
further approximation we assume that these expressions
the elements of the transfer matrix can be extended to
Izl
> 1s. This is plausible because the error we introduce
in this way is small as k(z) decays rapidly for Izi > 1s. For

Because
does not depend on the quadrupole fields,
in the following we consider ffyn only. Our goal is now to
evaluate the integral (8) for a specific choice of k(z).

3

))

ko = k (z = 0, R(l +

(9)

0

fdyn
_1
-1fJ
X•4

J

3
+ ls][sin
'0k'(z)[cosw(z
[1
[W) w(z + 1,)]dz.

(13)
This integral can be expressed in terms of the modified
Bessel functions Ko and K 1 . Having introduced the defin1591
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2

Figure 3: Lie generator Ir4 (in units of m- 4) as a function
of the aperture ratio R/l for various values of the phase
advance i (expressed in deg). The solid lines represent
Eq. (15), the dots are from the MARYLIE calculation.

Figure 4: Lie generator f
(n3
)x
tion of the aperture ratio R/1 for various values of the phase
advance o (expressed in deg). The solid lines represent
Eq. (15) the dots are from the MARYLIE calculation.

ition of the function I(Q)
co
I(Q) k'(z) sin(Qz)dz

Notice that the aberrations decrease exponentially with
QR. For large values of R we have w cx 1/v•/I and therefore I(2w) cx exp(-v/-R x const). The limiting expression (19) deviates less than a few percents from the exact
expression (14) for 92R > 2. The Lie generators f."4 an
2
as functions of the magnet aperture ratio (= R11, i.e.
the inverse of the aspect ratio -y) are shown in Figs. 3 and
4. The solid lines are plots of the analytical formulas for
various values of the phase advance d [corresponding to
various choices of the constant go in the expression (9) for

=

-41
-3

QRsin(Ql) x

{ [4 + (QR)2 ] Ki(QR) + 2(QR)Ko(QR)},
(14)
we find
X"4

--48 [I(2w) cos -P + 2 I(4w) cos 21],
S

(15)

where ) = 2wl is the phase advance between z = -1,
and z = I1. In a similar way we can calculate
i(2,.,)
n
24 [sin i + 2(L - 1,)w cos ,]
X3 P
-

1(4w)
24 [sin 2D + (L - 1,)w cos 2],(l6)
as well as the remaining coefficients in (12) which we not
report here. They all contain terms proportional to either
I(2w) or I(4w). From the expression above one can recover the aberrations in the hard edge limit R --+ 0 (with 1
kept fixed). We have
lim I(Q) = -w

2

sin(D/),

(17)

k(z)]. Comparison is made with an exact numerical calculation of the transfer map carried out with MARYLIE (dots).
The best agreement is obtained with a value 7' = 1/1.17
for the free paramerer 71. Notice how the qualitative dependence of the generators on the aperture ratio is well described by the analytical formulas.

4

CONCLUSION

The conclusion of this paper is that for the kind of quadrupole magnets considered here less extended fringes carry
larger aberrations. The integral (6) defining the strength of
the aberrations depends on two opposing factors: the size
of the fringe field region (i.e. the interval in z in which the

R--0

and hence for example:
1
dyn = w3
44
- -- 8 [sin 2- +
± sin 44].

(18)
In the hard edge limit the quantities w and 4) appearing
in the expressions above are related by 2wl = D because
1, = 1. In the hard edge limit these expressions are exact
and are consistent with the analytical formulas found in the
literature. The limiting form in the infinitely soft limit can
also be written using
urn 1(Q)
R-.oo

=

41

isin(Ql)

exp(-fR)
39gV sn
[4(FR)½ + 2(FQR)' + ((OR)l](19)

integral is non vanishing) and the derivatives of the focusing function. As a quadrupole magnet aperture decreases
the fringe extension decreases but the derivative of the focusing function increases, and between the two the latter
prevails.

5
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COMPUTING TRANSFER MAPS FROM MAGNETIC FIELD DATA*
M. Venturinit and A. Dragt,
Physics Department, University of Maryland, College Park MD 20742
Abstract
In many cases the most accurate information about fields
in a magnet comes either from direct measurement (using
for example spinning coils) or from a numerical computation done with a 3D electromagnetic code. In this paper we
show how this information can be used to compute transfer
maps with high accuracy. The resulting transfer maps take
into account all effects of real beamline elements including fringe-field and multipole error effects. The method we
employ automatically incorporates the smoothing properties of the Laplace Green function. Consequently, it is robust against both measurement and electromagnetic code
errors. The method has been implemented in the code
MARYLIE as a pair of user-defined routines,

1

in the magnetic field data, which makes the method capable
of providing accurate computations of high order terms in
the desired Taylor expansion. An additional advantage is
that it applies, with minor modifications, to both magnet
data obtained by numerical computation and measured data
found with spinning coils (see [3] for more details).

DETERMINATION OF THE VECTOR
POTENTIAL

2

scribed most simply in terms of a scalar potential 0 (with
2
B = VOV) obeying the Laplace equation V V) = 0. In
cylindrical coordinates the general solution to this equation
(that is regular for small p) has the expansion

INTRODUCTION

000

The motion of charged particles through any beam-line element is described by the transfer map M for that element.
Through aberrations of order (n - 1) such a map has the
Lie representation [1, 2]
M.= IZ2 exp(: f3 :) exp(: f4 :) .". exp(:

f

:

(1)

The linear map RZ2 and the Lie generators fe are determined by the equation of motion M = M : -H : where
H = H 2 + H 3 + H 4 + ..- is the Hamiltonian expressed in
terms of deviation variables and expanded in a homogeneous polynomial series. The deviation variable Hamiltonian H is determined in turn by the Hamiltonian K. In
Cartesian coordinates with z taken as the independent variable, and in the absence of electric fields, K is given by the
relation
K= [p2/C 2 m 2
(pqA 2 (pqA
) 2 ]1/ 2 qA
t
Here A is the magnetic vector potential. We therefore need
a Taylor expansion for the vector potential components A.,
Ay, A, in the deviation variables x and y. How can the
coefficients of the Taylor expansion for the vector potential be determined from a knowledge of the magnetic field?
In this paper we review the method we proposed in [3].
The method uses information about the fields coming from
either direct measurement or numerical computation done
with a 3D electromagnetic code. It is based on the calculation of Fourier integrals with suitable kernels derived
from the Green function of the Laplace equation. Our approach is different from and more accurate than other methods based on numerical differentiation (e.g. [4]). A pleasant feature is relative insensitivity to the presence of noise
Work was supported by the US Department of Energy.

t venturin@physics.umd.edu
0-7803-5573-3/99/$10.00@ 1999 IEEE.

dketkzlm (kp)[bm sin mq + &mcos mo],
(2)
where the functions em = &m(k) and bm= bin(k) are
arbitrary, and Im is the modified Bessel function. This is
a "cylindrical multipole" expansion, where m is related to
the order of the multipole, and should not be confused with
a spherical multipole expansion. The first term on the RHS
of (2) describes a purely solenoidal field (m = 0). The
other terms in the series correspond to the dipole (m = 1),
quadrupole (m = 2), ..- components. For simplicity we
will treat the terms with m > 2. The solenoidal term
requires a separate, but analogous, treatment that entails
no new complications. The dipole case is more complicated. In the sometimes restrictive case that the sagitta of
the design orbit does not exceed the radius R introduced in
Sec. 3, the methods of this paper also apply. However other
methods are required if the sagitta is larger. If 0 is given
in the form (2), a suitable corresponding vector potential is
easily found. Since there is gauge freedom, a possible covenient choice, in the absence of a solenoidal component, is
to work in a gauge satisfying A0 = 0. Suppose 4 as given
by (2) is rewritten in the form
00

4m,s(p, z) sin mek + ?pm,.(p, z) cos mek
0.

0 =

(3)

m=1
with
-ik

4'm,s(p,

z)

=

dkezlm(kp)bm(k).

(4)

has the same form, with &m(k) replacing bm(k).]
Then it is easily verified that the remaining components of
[4'm,c
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the vector potential are given by the relations

, cos(me)

A0

A=

'

M

m=1
-

A,

Z
E

m
cos(mo)
-

M

transforms of Bm(R, z) and Am(R, z), e.g.,

-m's -sin(me)
¢i
M p 0 Zom'c,
1

,

P"a'om's +

3m(R, k)

m
sin(me)

(-1)tm! C[2t]
+ M)! m,'(

(z)p21+m

4

(5)

= 221f!(

COMPUTATION OF GENERALIZED
GRADIENTS FROM FIELD DATA

Suppose the radial component of the magnetic field Bp
is known, either by measurement or computation, on
the surface of some infinitely long cylinder of radius R.
Moreover, suppose that the field is given in terms of an angular Fourier series,
0

Bm(R, z) sin(mo) + Am(R, z) cos(mo). (6)

Bp= E

mal and skew harmonics, and the values of the integrated
harmonics respectively. An excerpt of a MARYLIE master
input file containing a setting for'usrlh' is shown below:
#menu
hrmncs
usr15
1
501
101 0.001 1 0.03
hrmpsl psl
40

It can be shown [3] that the generalized on-axis gradients
appearing in the expansion coefficients for the scalar potential (8) can be written as
m,,

=

1
2a!m! v2
in

0/ dkeikz

TESTS AND EXAMPLES

The method described in Section 3 has been implemented
in the code MARYLIE [2] as a pair of user-defined routines.
Versions of the two routines exist for both MARYLIE
3.0, which has recently been released [5] and MARYLIE
5.0, which is still under developement. The first routine,
"usrl5', reads the magnetic field data from an external file
and computes the functions Am(R, z) and Bmn(R, z). The
second routine, 'usrl6', uses the output of 'usrl5' to calculate the corresponding tranfer map. In the input file one
has to provide a listing of the .B. and B. components of
the magnetic field together with the coordinates (x, y, z) of
the points on the cylindrical surface of radius R on which
the field is defined. For a fixed z, there are no equally distributed points along a circumference of radius R centered
in z and there are nz such slices. A user-defined routine in
MARYLIE is invoked in the master input file like any other
MARYLIE command, together with the required parameters. For example, for 'usrlh' there are two sets of parameters
one needs to specify. The first set consists of the
file number
containing the magnetic field data, the numbers no and nz, a scaling factor for the z coordinate and
the magnetic field and the radius R. The second parameter
set contains the numbers of files in which to write the nor-

m=1

cnl (z)

(8)

the integrals (8) can be considered to have, in practice, finite limits of integration. With some care, an effective cutoff can also be found even if the fields extend to infinity
since they fall off sufficiently rapidly at infinity. Also, since
the generalized Bessel function Im (w) increases exponentially for large jwi, there is also, in effect, a cut-off in k for
the integral (7) defining the generalized gradients.

The index [2t] indicates the 2f derivative with respect to
the longitudinal variable z. The functions C°M40,,(z)are the
generalized on-axis gradients. Note that the generalized
gradients depend on the longitudinal variable z. For fields
produced by long well-made magnets, however, the z dependence will be significant only at the ends. We conclude
that the dynamics of a charged particle passing through
a region of space occupied by a magnetic field described
by the scalar potential (2) is completely determined by a
knowledge of the generalized on-axis gradient functions
C0k. (z) and their derivatives.

3

z).

iron dominated magnet, and is therefore localized in space,

From the two equations above it is clear that finding
Taylor expansions for the vector potential components Az,
A., and A. (what we need) is equivalent to finding Taylor
expansions for ,m,s and 1,bm,c in the variable p. This is easily done by a two-step process: first, we expand the modified Bessel functions Im(kp) appearing in (4) as Taylor
series in the quantity (kp). Doing so produces an expansion in powers of p with coefficients that involve integrations over various powers of k. Second, we observe that
the powers of k can be replaced by multiple differentiation
with respect to the variable z. The net results of these two
steps are the relations (a = c, s)

,

2 f 0dze -ikZBm(R,

In the case where the magnetic field is produced by an

9
M- p'-amp

m=1

Vkra(p, Z)

=0

42

#lines
harm
1*hrmpsl

12

0

0

0

1*hrmncs

In order to test both the routines and the method we
_

7m
I(k)

B_(_,

).

treated the case of an ideal iron-free Lambertson quadru-

-m(R,k).
(7)
The expression for C~M(z) has Am (R, k) replacing
Bm (R, k). Here B!m (R, k) and Am (R, k) are the Fourier

pole. The use of this case as an example has the virtue that
the various C01n1,(z) can also be determined analytically
(see [3]) given a knowldge of the location of the conductors. Results are shown in Figs. I and 2. In Fig. 1 the dashed

1594

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

0

0.5

-0.5
U

0.54

-1

-1 0.3
H 0.2

-2

0.1

-.

-0.3 -0.2 -0.1

0

Z

0.1

0.2

0.3

0.4

-0.2

0

-0.1

Wm
2,s

Z

Figure 1: Plot of the scaled harmonic B2 (R, z)/IR (dashed
line) and the on-axis gradient 2601 (z) as calculated from

0.2

o.1

Wm

Figure 3: Harmonic B2 (R, z) (quadrupole field component) for the Return End; R=3 cm.

surface data (dots) and analytically (solid line) for an ideal
Lambertson quadrupole.

1
1

line is the function B2R(R, z)/ R as calculated numerically
-. 6

by using the Biot-Savart law. The solid line represents the
on- i
on-axis gradient, which is equal to 2C6,1(z), as calculated
analytically, while the dots represent the same function as
calculated from the surface data. The deviation between
B 2 (R, z)/R and 2C601(z) is due 2,s
to terms in the multipole

-

o)

2
0

expansion containing derivatives of 2C010 (z). These terms

are the so called pseudo-multipoles. This can be seen by
writing the multipole expansion for B. through 6 th order
inp:
= +(2c6O P5
B

+

6C,.p

sin 6,

.

0.1

(9)

In Fig. 2, as an indication of the reliability of the method,
we report the 8th derivative of the generalized gradient
(needed for a 9 th order code) calculated from the surface
data (dots) compared to the anlytical profile (solid line).
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line) for an ideal Lambertson quadrupole.

REFERENCES

[1] A. Dragt, Lie Methods for Nonlinear Dynamics with Applications to Accelerator Physics, University of Maryland Physics Department Report (1998).
[2] A. Dragt, F. Neri, G. Rangarajan, D. Douglas, L. Healy, and
R. Ryne, Ann. Rev. Nucl. Part. Sci. 38 (1988) pp. 455-96.
[3] M. Venturini and A. Dragt, Accurate Computation of Transfer
Maps from Magnetic Field Data, to be published in NIM-A.
[4] S. Caspi, M. Helm, and L.J. Laslett, IEEE Trans. on Magnetics, vol.30, no. 4, (1994).
[5] A. Dragt, Release of MARYLIE 3.0, these proceedings.
[6] G. Sabbi, HGQSO3 End Field Analysis, Fermilab Report
TD-98-010 (1998); Private Communication.

Finally as an example of application, Figs. 3 and 4 show
the result of magnetic field analysis for the Return end of a
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RESEARCH ON DC-CLEARING ELECTRIC FIELD AND CHANGES OF
FOCUSING STRUCTURE PARAMETERS OF STORAGE RING
X.Q. Wang, Y.J. Pei, X.L. Dong, H.L. Xu, L. Shang, L. Wang,
K.J. Fan, G.C. Wang, C.G. Yao, S.M. Hu, X.F. Luo
NSRL, USTC, P.O. Box 6022, Hefei, Anhui 230029, China
Abstract

5 =

This paper presents DC clearing field to clear ions in
vacuum pipe offocusingtstructurenparameters
Hefei ring. It
also presents changes of
causedpbyetheiclexringrfield
focusing structure parameters caused by the clearing fielda
It concludes that tune shifts caused by the field are related
to real-time close orbit of the beam. The paper points out
that the field asymmetrically distributed along the ring
destroys the symmetry of focusing structure and decreases
the ring acceptance, which has negative effect to injection
and accumulation process in certain condition.
1 INTRODUCTION
Some clearing field patterns to suppress instability are
reported by the papers' 4 . One of them is produced by DCclearing electrode in circular tube, its function was
described 58- , but the potential reported in paper 9 and 10
isn't analytic in two-dimension boundary problem. The
force and potential functions presented in this paper are
analytic; the data are taken from Hefei ring. There are
thirteen electrodes in the tubes installed asymmetrically
along the ring, their length is 17.9 meters that is 1.86
times the length of all quadrupole magnets. They have
played an important role in clearing ion, suppressing ion
instability and storing beam since 198958 112. These
electrodes destroy the lattice symmetry, research on linear
influence of the field to betatron tunes of beam was
presented' 4'9 . This paper only discusses the influence of
the dipole and quadrupole of DC clearing field on beam:
Twiss parameters13,

ring acceptance and multi turn

2aR 2
R' + a2 - r' + V(R 2 + a'

a
- r2)

-

4aoR2

Here the coordinate origin is on pipe axis. x is radial
coordinate (horizontal on the cross section). z is vertical.
R is inner radius of the pipe, and r is radius of the wire.
a0 is the distance from the wire to the pipe axis, and
Vdce is DC clearing voltage. The unit of Vdce is DC
clearing voltage and other units are meter. The twodimension schematic diagrams of the clearing field are
shown in Fig. 1 for an example. The figure presents
equipotential lines and field lines.
v .....
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Fig.1 Schematic diagram of equipotential lines
and field lines of the DC clearing field

3 TUNE SHIFTS NEAR AXIS OF PIPE
There is focusing effect due to quadrupole of the field".

3.1 Linearformulation

injection.
The focusing effect of the field quadrupoles is

2 ANALYTIC EXPRESSIONS

r = K, (0,0)

Analyze the DC field in unaxial bicylindrical surfaceboundary, the analytic expressions of potential and field
caused by inner wire in circular pipe" can be get,
V
zfield
I(x,z)-Rx(
+ a)
la)

Sln(ar/RS)
v,

•÷(xIz)=

aVx2 + (z + b)2

[

ln(arlR8)

arg

V/_(xz)= +

rVde
ln(ar1R +)

a=a 0 +5,

b-=

J

R
a, + 8

JIa)(x<0)

Ts

- (K,

(ic)

-,(0,0)

-e(ba)
EcR' 4ln(ar/R

S)

_.

c

(2)

K)x
- K,)z = 0.

(3b)
ds'
Here, the unit of K., focusing strength of quadrupole

magnets, is m2 . The KE is always less than K.
the tune shifts of beam are

wangxaqi@ustc.edu.cn, xwang@ssrl.slac.stanford.edu (only before June 3, 1999)
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

=

in first-order approximation. The unit of KE is M-E, E is
i
eV and e is an electronic charge. So the quardupole of
is focusing (defocusing) on beam in vertical
(horizontal), and second-order differential equations are
= 0
(3a)

xO_=+z2+z(b+a)+R'1(x>O) (lb)
-a)
Xz)

=
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e(b

Av2

2

-a

2

=

)JL fl 2 (s)ds
ln

ar

(4a)

,

the DC voltage is -1kV, the baseline (square dot) is the
beam close orbit (energy of 800MeV) without DC-septum
magnetic field. The horizontal axes denote the
longitudinal coordinate of the ring. The difference among
the real orbits can be observed obviously in the fig.4.
B. Autin defined tune is the mean value of betatron
oscillations per turn over a great number of turns 14. The
differential equation (5b) contains the correction term
related to close orbit, the correction term sign indicates
vertical orientation of close orbit. Thus, we may calculate
accurately tune shift so long as we know close orbit along
ring. But, it's only a rough calculation if without enough
accuracy of monitor system.
........
.. .
..... ......

Vdc'

4'rEC R 4 in( ar
R2
e(b

2)

-_a

f,, fl, (s)ds
4(n ("a_)
CR
In R8

AVE=
4

(4b)

L,. implies that integrates in the clearing field sections.
It's obvious that tunes are linear relevance to voltage. The
coefficients rely only upon the lattice mode and the
electrode structure, and their sign reverse in different
direction. The relevance is illustrated in fig.2 and fig.3
(circle dot is calculated, square dot is measured). The
horizontal coordinates show applied voltage and the
vertical show tune. Here, the straight line segm ents being
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in horizontal at the same DC voltage. In linear
formulation, the effect of the quadrupoles of field on the
beam is calculated along the pipe axis. Neglect higher
order quantities such as (xla)0 , (xlb)2 , (zi a)2 and
(zlb)2 in the denominators, we can derive second-order
nonlinear differential equations,
dd2 + KQ-KE (1-2 a +ab+b
, (5a)
ds-

R 2 (a + b)
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4 CORRECTION OF RING LATTICE
Fig.5 shows the fitting curves of 8i and q7 functions of
the GPLS mode without clearing field, the starts of curves

are the midpoint of fourth long linear section.

Fig.2 and 3 show that tune shift is larger in vertical than

A
eV,,,(b
- a)
2
EcR ln(ar/R8)

30

...

3.2 Nonlinearformulation

d z

20

.....

(a) hori. close orbits
(b) verti. close orbits
Fig.4 The relative displacement measured
The tune shifts change obviously as close orbit moves
based on the nonlinear formulation. The vacuum chamber
of Hefei ring was opened at the first of 1997. When it was
closed, the injection working point changed and the
accumulation capability was bad when a couple of
electrodes didn't operate, the machine runs well after. all
electrodes operated again..

00...

'.'-"A.-0

approximately beeline is based on the (4), and another
line segments is based on measured data. We have three
conclusions from the figures. First, there is defocusing in
vertical and focusing in horizontal based on the (4) or the
measured data. Second, the tune shifts always increase as
the voltage rises based on numerical calculation or the
measured data. Third, relevance between the tune shifts
and voltage is nonlinear based on measured data, which
are different from the (4).

2
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Fig.2 Schematic change Fig.3 Schematic change
of tune in hori. Direction of tune in verti. Direction

s--

~~~~
~

............
..-.----.---.-
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(5b)

3.3 Relevance on close orbit
The right of (5b) is an analogue of close orbit
displacement. There is always a vertical dipole of the field
on the vertical symmetry plane"" 2, so the stored beam
leave from the central orbit, that is why the real focusing
strength is smaller than K. based on (4). The
displacement between close orbits is shown in fig.4,
which is respectively with or without DC-septum
magnetic field (electrons energy is 200MeV or 800MeV),

4.1 asymmetric distribution
Regarding whole ring as one period, by the help of
MULIN code (developed in the NSRL), the 8i and 17
functions of the GPLS mode with DC-clearing field can
be calculated, the DC voltage is -1.OkV, and other
parameters are the same as those without clearing field.
There are three cases: first, all of thirteen electrodes
operate; next, two of them turn off; last; fifteen electrodes
operate after Phase two project will been completed.
These f8 and q7 functions are shown in the fig.6, 7 and 8.
Obviously, the symmetry of GPLS mode is distorted and
f8 and 77 functions become asymmetry along the ring as
the electrodes operate in the fig.6 and 7. If fifteen
electrodes are in operation, the symmetry of GPLS mode
will approach those without clearing electrode.
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Three conclusions can be drawn. First, the clearing
electrodes can cause tune shifts. Second, the relativity
between tune shifts and DC voltage is linear and can be
calculated if no perturbation of closed orbit. Tune shifts
will be affected by real-time closed orbit if the orbit is
distorted, and can be calculated only based on nonlinear
the asymmetrically distributed electrodes can destroy the
periodic symmetry of Twiss parameters and decrease ring

effects will decrease. Therefor, clearing electrodes should
be installed symmetrically as possible.

W
0

Reference

8, with 15 electrodes.
7, with 13 electrodes.
Fig.5-8 Twiss parameter curves along the ring
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ON THE SANDS AND REES MEASUREMENT METHOD OF THE
LONGITUDINAL COUPLING IMPEDANCE
A. Argan, INFN- LNF; L. Palumbo+, Dip. di Energetica-Roma;
M.R. Masullo, INFN- Napoli; V.G. Vaccaro, INFN- Napoli/Dip. Sci. Fisiche
Abstract

2 LONGITUDINAL

COUPLING
IMPEDANCE BELOW CUTOFF

By means of a general theory we examine the Sands and
coupling
Rees method of measurement of the longitudinal
impedance between a particle beam and the vacuum
chamber components. We discuss the validity limits of
the method in relation to the presence of the central wire
which simulates the beam.

A point charge q moving, with velocity v = +ci, along z
axis of a conducting beam pipe of radius b has a current
density spectrum given by:
+62(reJkzi(3)

1 INTRODUCTION
The longitudinal coupling impedance (LCI) of an
ultrarelativistic point charge q, travelling on a beam pipe
axis, is defined as:
Z(0))=--1 +o
f Esz(r=0,z;co)eJko z dz
(1)
q--,
where k, is the Fourier transform of the longitudinal
electric field on the pipe axis and ko = to/c. The impedance
is often measured by means of the transmission Scattering
(S) parameter of the device. This method has been
proposed in 70's on the ground of intuitive considerations,
The basic idea is that the relativistic beam fields in the
vacuum chamber can be simulated by means of a TEM
wave propagating thanks to the presence of a central wire
[1,2,3]. Several formulae have been proposed to express.
the LCI as function of the transmission S-parameter. The
first in order of time is the so called relation of Sands and
Rees suggested for the estimate of Z(w) when the wire.
radius is very small [4]:

(

and produces electromagnetic fields k,± and F1,± on the
pipe walls given by:
q
kq±(r=b,(pz;co)= Zo-e'kr

j.

(4)

2rb
4(r = b,ep, z;o) = +

e+lJkoziq

(5)

2,b
where Z, is the characteristic impedance of the vacuum.
Let the beam pipe have an aperture SA on the conducting
wall which in general can couple to an external structure.
By using the Schelkunoff's Field Equivalence Principle,
we may consider a system of equivalent magnetic currents
J. on the aperture surface SA. The electromagnetic fields
into the waveguide can be written as:
/ =

"q +
+E

/ =q

+/t

(6)

where E, and if, are the fields scattered by the aperture,
REF

-DUT

Z(°) = 2R 0 S2 , 1 R- 212
roo 2,1 S
ie
under test, S2RfF the parameter of a portion of unperturbed
coaxial line of the same length and R0 is the characteristic
impedance of the transmission line.
lumped
An improved relation valid for a single
impedance has been provided by Hahn and Pedersen [5]
where S27F at the denominator of (2) has been replaced
by S,2.
Other expressions have been proposed for
distributed impedances [6,7] for which the Hahn and
Pedersen formula breaks down.
Aim of this paper is to give a more rigorous proof of the
relation (2) when the wire radius approaches zero. All the
results have been obtained using only the Schelkunoffs
Field Equivalence Principle and the Lorentz Reciprocity
Theorem.
0-7803-5573-3/99/$10.00@ 1999 IEEE.

i.e., the fields radiated by the surface currents J inside
the pipe.
In order to calculate the LCI as function of the magnetic
currents J,,, [8,9] we can apply the Lorentz Reciprocity
Theorem relating the fields
,
to the fields E,,H of
Theounperture tre.
the unperturbed structure. Below the cutoff frequency, for
an infinite pipe, we get [10]
1+-Esz(r =0,z)eJkZdz = -q.
q
SA

f

J-imsdS (7)

which recalling the definition (1) becomes:
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Z(o))

=2
21rqb

f JFbekdS
SAd

(8)
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3 BEAM SIMULATED BY A WIRE

) PkV

We assume, now, that in the same pipe a perfectly
conducting wire of radius a is streched along the z axis.
The beam pipe so modified becomes a transmission line.
In this new configuration, we consider a generator which
excites a TEM wave EiqH
, Hqif•treproducing the field

__1_.............

__

SQ

of the charge in the unperturbed waveguide. We have,
then:
q+-qZo
e-Jkozi ^9
-- 2qr e-Jkoz ir
Hqr+ -q
- 2 tr(9)

SA

II

'S

I
1i L

.

.

Z

--

'-

---

3-

..

Figure 1: Geometry of the structure.

Calling, now, Ei the electric field on the aperture and -J's Regarding the coaxial structure as a two-port network, it
the equivalent magnetic surface currents, we have that:
is possible to express the right-hand side of the equation
(16) by means of the circuital parameters of such device.
In fact, if the output line is terminated in a matched load
(10)
Jms = ir x EA
and on the input side we put a generator, matched to the
The electromagnetic field inside the coaxial line can be line, such as to produce the incident wave provided by (9),
expressed by the relations:
the transmission parameter of the S-matrix is given by:
E'= /'+ + Es' / ' = /N+ +/Hs
(11)
where Es' and f, are the fields scattered by the aperture.

S2,

(qz,/2i+a
+)
(q02
+-j~zl

DT=V2-

qZoe-jA+zq/2Z/27 eeV2=0

1+

e-jklt

Below the cutoff frequency of the coaxial line mode
TE1, 1, the fields k' and iI' at a sufficient distance from

(16)

the aperture can be represented by means of the TEM
components only:

where 1 z- z.
For a portion of unperturbed coaxial line of length 1, we
have:

Es+ ot = ''iZr
(X e-jkoz

f-is'=+

~

r

-

a

e(17)12

CREF = e-jkl17)

(12)

S2,1
Then, using (16) and (18), we obtain:
-

ZOr

In order to calculate the coefficients a' and a- we apply
the Lorentz Reciprocity Theorem to the volume V,
(fig.1), getting:

=+

1

J-spe+JzdS

Z
Z(w)

=

-2 Roo+
qZo/22R

|=2R
2'I F

_S2,1
DUT

18)
(18F

(13)

4 IMPEDANCE FOR A SMALL BUT
FINITE RADIUS OF THE WIRE

4r(ln~a)SA
fields
We observe that the TEM components of the
scattered by the aperture vanish as the wire radius a tends
to zero. Furthermore the eigenfunctions of the coaxial line
approach the cylindrical waveguide modes for a -+ 0,
therefore, the surface currents Jm• tend to the j,,,•. Thus

Our aim is now to account for the effect of the central
conductor with a small but finite radius.
Applying twice the Reciprocity Theorem in relation to
the volumes V2 and V1 (fig.1), with the equivalent

we can express the longitudinal coupling impedance:

currents (-J,-J,,)

a---•
lim

Z(o)=

27r~qb f

JJmspejozdS
SAz(0)

+ z'*(CO)=

x fl+ tx f*) -d
L+

-ff1 fs*.jsdS-J

I
=

2ml~b- ffs4,jz
SSA

RDo/2
qZ0 /27r

in V1 as fields

sources, and using the fields given by eqs.(8) and (11) we
get the equations:
qf•

(14)

Multiplying and dividing the right-hand side of the above
equation by the quantity 2Zo ln(b/a) it is readily found
that:

in V2 and (

(15)

SA

1600

H
fffl.JmsdS
SA

)
(19)
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f

sJrl*.hsdS + fJs"

SA

J;dS=

x-fir,
/•
i&*EsdS (20)

S

SA

Z(o) =2RO~ RFf -S2 'I

2r+a

sR DUT
where Z'(o) is the impedance in presence of the wire and
Sw is the whole wire surface.
For very small wire radius, we may put
EY(r=a,q7,z)=E,(r=O,z) and, assuming the aperture
smaller than the wavelenght, the equations (19) and (20)
give.
give:
Z'*((o)Z((o)
I
+E<,d
2 f

5 COMPARISON WITH
EXPERIMENTAL DATA

2 sv2

We have performed measurements with the coaxial wire
method on a device similar to fig. 1 with four narrow slots
as aperture [10]. The results are shown in fig.2, where the

)dS

f+

curves corresponding to: a) ref. [4]; b) ref. [5]; c) eq. (23);
d)
eq. (25).
Wec),notice
between
a) and
and b)that
andthere
d). are no visible difference

(21)
In this expression the perturbed terms are unknown and
for small
depend on the wire thickness. Assuming that
radius, there is a little difference between the perturbed and
unperturbed fields, we will consider two perturbative
approaches:
4.1 Substitution (:, )

Z, (Ohm)

70
500

We obtain:

................ ...............

:...
......

..... ....

----------------

4o

[Z'(o) (01

2
4M

0

-

1

,

30

(22)

2O
2R

2

Z'(o)A

2

which can be expressed by means of the transmission Sparameters:
Z(0o)=

(26)

which becomes similar to the Hahn and Pedersen formula
for a small radius.

r(•,,x

Z=O + Z (a))

J

qZ 0 /2 +a+ct

2

1....1

2E

0

-10

o

- siU,

1

(23)

--

We observe that when the wire radius a tends to zero the
above equation approaches the Sands and Rees formula.
4.2 Substitution (k', H',) -4 (f, f)
We get:
2
-Z'()

2Ro

-

Z'IZ,(O)2"

(.-

Z' (w)

(24)

Rb

which can be express by means of the transmission S_
parameters as:
para DUTeREF*
DUT j,1
RE•F
Z(
-2
2

2

Fs,1I

1.15

I.,

, I [1 , , , ,

1.16

,

I,

1.17

,

...
,

1.18

1.19
f (GHz)

Figure 2: Real part of impedance calculated using the
expressions given by: a) * ref. [4]; b) * ref. [5]; c) * eq.
(23); d) - eq. (25).
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The Ion Produced Transverse Instabilities in SRRC Storage Ring
J. C. Lee and M. H. Wang
SRRC, Hsinchu Science-Based Industrial Park, Hsinchu, Taiwan, ROC
Abstract
elctrn bam
b thcaturd
Theion

otetia ca inro-

to emit bremsstrahlung. Figure 1 shows the consistence
from the dip in beam lifetime and the sudden increasing
nnws
incutreang.Tedstapnghno
verified at commissioning phase. While this phenomenon
disappeared as the vacuum conditions getting better.

duce transverse instabilities and deteriorate the beamn quality. For SRRC storage ring, the transverse instabilities due
to trapped ions are found since commissioning and affect
the beam performance. In this paper, we summarize the
measurements of transverse instabilities which related to
the ions. The efforts used to reduced the instabilities are
also presented in the paper.
The

1

-

7-7-.

INTRODUCTION

TeSRRC storage ring is a dedicated synchrotron light

o, E20

10

100

source in the VUV and soft X-ray. It was design and operated at 1.3 GeV. While it was upgraded to 1.5 GeV in 1996
Figure 1: Indication of dust trapping from the dip of
to increase the emitted photon energy and the beam perbeam lifetime and the corresponding reading increasing in
formance. Since commissioning of the ring, the transverse
Cherenkov counter.
instabilities were found occasionally. The trapped ions effect was one of the suspicious. Since then measurements
3OSRAIN
NCNETOA
O
were performed to study these effects. They includes the
3EBSRATOS
ENCONETINLSO
general investigations from the conventional ion points ofEFCT
view, the tried cures and the venting H 2 gas studies. For
In the commissioning phase the transverse instabilities
effects of fast beam ion instability, the measurements are
were found from the pickup signal of stripline electrode,
very few due to instrument issues. Since the dust trapping
as shown in figure 2 for a all of buckets uniformly filled
has relations to the ions, this phenomenon is also discussed
pattern. The spontaneous betatron sidebands in horizontal
in the paper.
and vertical indicate the instabilities. The longitudinal sideFrom the commissioning phase till now, many efforts
bands is accompanied with the peaks of revolution and bewere down to improve the ring performance. Among them,
tatron sidebands. The emitted photon beam was observed
the energy upgrade and the improvement in vacuum presas the instrument was ready. It was found the beam size
sure reduce the instabilities by reducing the driven force
pulsated as there were the spontaneous betatron sidebands.
from ions. In contrast to the reduction of ion driven force,
Many efforts were tried to understand these instabilities.
the systems such as damper, beam shaking and clean elecThe ion trapping effect was one of the suspicious. It was
trode etc, eliminate the instability by interfering the beam.
found a very big empty gap in the filling pattern can reduce
There are the third kind methods such as empty gap in the
and dismiss the oscillation peaks. A big enough empty gap
bunch train and strong chromaticities. Most of the curing
in the filled bunch train is the typical curing method for
methods would be discussed in the paper.
the ion trapping phenomenon. Since then the ion trapping
phenomenon was studied and reported[1].
2 DUST TRAPPING
During the commissioning of the ring, the vacuum pressure was gradually pumped down as the increasing of beam
dosage. While at that time the beamn current and lifetime
had a sudden jump occasionally.

.20

-

00

.0- 40

-

In the latter operation

I~ x

61-Y

2.

2.

~

~

.,

the sudden beam lost became not obvious while the lifetime still had a dip. This effect was suspicious from the
dust trapping phenomenon.

To identify this assumption

the bremsstrahlung emitted from the beam was measured
by Cherenkov counter. As the beam encountered the massive dust, electron beam will interact with the protons in
the dust such that the beam would be bent and accelerated
0-7803-5573-3/99/$10O.00@ 1999 IEEE.

1602

12.

2.

0.

0.

0.020.

Figure 2: Spontaneous oscillation peaks at the revolution
of n=200 for a all of buckets filled pattern.
From the residual gas analyzer data, H 2 and CO are the

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
than 90% population and CO only takes about 4%. While
since the ionization rate for CO is larger than that for H 2,
these two species were suspicious for the ion instabilities
at the beginning. From the experimental results of how big
of the empty gap to avoid the spontaneous transverse peaks
and from theoretic prediction, the H 2 ion is the major contributor for the ion instabilities. This is also verified by the
venting H2 gas experiments recentlyb[2.
vhenting H ped iosepimeintsrodcean additioThe
The trapped ions will introduce an additional quadrupole
force on beam, which implies the lattice will be perturbed a
little bit such that the betatron tune will be shifted by the ion
force. This was basically confirmed by the measurements
of tune versus different empty gap.
For more understandings, a pattern was filled to have the
possibility to trap ions and chromaticities were applied to
damp the instabilities at the normal operation pressure. The
ion driven force was then increased by the trapped ion density, which is increased from the increasing of vacuum pressure by turning off some of the pumps. It was found that
the vertical betatron sideband showed up first at around 12
ntorr and then the horizontal sideband at higher vacuum
pressure. It was also found the transverse betatron peaks
have threshold current limits. The current limit for the vertical is smaller than that for horizontal.
4

The beam shaken at the betatron sidebands was effectie to r ove
stailite
from wos
in thispst
one 50cm long stripline electrode was modified to input
the power to shake the beam periodically. As the beam
was proper shaken the transverse peaks were dismissed.
The beam pulsation disappeared and the beam size reduced.
While the lifetime increased for around 2 hours at 1.3GeV.
studies also show the shaken frequency is not only effective at coherent betatron sidebands but also at the betatron sidebands of which no coherent oscillation peaks
showed up. The shaking frequency was applied by sweeping a range from 0 to 34 MHz. It was found the frequency
of betatron sidebands within this range are almost effective
to damp the instabilities. But it is more effective for the
sidebands of coherent oscillation. It was also found that
slow betatron sidebands were more effective than fast sidebands.
Though the goal of longitudinal beam modulation by the
second synchrotron sideband is try to cure the longitudinal
instabilities[41 , the transverse oscillation peaks are also reduced or damped, dependent on the operation conditions.
The pulsation and beam size are reduced in the modulation
process. These phenomena are similar to that of the transverse shaking at the betatron sidebands.
4.4

THE TRIED REMEDY METHODS

These improvements include the beam energy upgrade
from 1.3 GeV to 1.5 GeV[5] and the improvement in
vacuum[6]. Though the authors were not engaged in these

4.1 Empty gap and chromaticity
For the possible cures the empty gap in the filling pattern is an easy method to be applied. While the gap needed
to avoid trapping was large, around 120 or bigger from the
200 RF buckets at 250mA. The beam lifetime became small
since beam population per bunch getting large in big empty
gap operation. The compromise was the small empty gap,
say 20 to 40 buckets, with the damping mechanism from
chromaticities. The chromaticities were found very effchrotite
todapthe
s
hroaticitersepes wr fouhpand very
. e
feciv taodpteration tnly svellhrsepeaks
inrebtpnes.ed
Fothe
big gap operation only small chromaticities were needed
toere
dampnotransverse peaks. Ifn
athzergp
w asbigen
,
there were no transverse peaks even at zero chromaticities.
While the chromaticities should be increased up to +6.5 for
all of the buckets filled one at 1.3 GeV. The bad effect of appling strong chromaticities is that it increases the sextupole
strength such that the beam lifetime and the dynamic aperture reduced.
4.2 Clean electrode
The clean electrodes were also tried to remove ions. One
button type electron beam position monitor and one 15cm
long stripline electrode were modified for this studies. The
remedy is clearly shown form the reduction of tune and
tune spread as the clean voltage applied. While the clean
ability is not enough for only two electrodes.

Other improvements

two improvements, while the impacts were considerable.
Increased beam energy will benefit beam stabilities from
force as well as the other driven
driven
ionthe
the as
reducing
sources such
force of wake field etc. The improvethe ioven
ce
pressur
men on ac
riven
ion d
me on redum the capped
force by reducing the trapped ion density. Another method
of reducing ion driven force is to increase the beam size.
In the past year a high emittance lattice was operated for
users with the diluted beam size to reduce the instabilities. This can be taken as the example for increasing beam
size. While the emitted photon intensity is reduced in this
diluted beam size operation.
5 OBSERVATION IN FAST BEAM ION EFFECTS
The fast beam ion effect was proposed[7] and studied[8,91
in other laboratories. Due to the instrument issue, we can't
observe the bunch by bunch motion directly. For the undirect measurement, the scraper was used to scrape the beam
with a 75/200 filled pattern at 40mA to avoid conventional
ion trapping. Before scraping there were some of missing
bunches within the bunch train and the population in head
bunches is smaller than that of the tail bunches. While the
tail bunches are roughly uniformly filled. This experiment
was down as the vacuum chamber were replaced in January 1998. The local pressure of the replacing section was
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ter scraping is shown in figure 3 for the less population in
the tail of the bunch train, which indicates the increasing of
instability along the train. This result is similar to that in
6
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Figure 4: Measurement of vertical slow sideband for all of
buckets filled at 1.3GeV and 138mA in the normal operation vacuum pressure.
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Figure 3: Beam population along the bunch train after
scraping the beam.

creased by increasing the beam energy, diluting the beam
size or reducing the trapped ion density from the improvement on vacuum, the instability from ions could be dismissed. The shaking method knock out the ions by driving
the beam oscillated at some particular frequency. The electron bunch is also redistributed from shaking. The electron
density within bunches becomes smaller and less trapping

Since the H 2 ion is the dominate species in the ring and
would cause instability, the venting H 2 gas experiments
were performed at 1.5GeV recently to increase the H 2 density in different cases[3]. From the studied results the H 2
ion is confirmed to be the dominate source again for the ion
instability. The coherent peaks from the button electrode is
identified to be the H2 ion oscillation frequency as the gap
is not big enough or as the local pressure of H 2 increased
up to around 60 ntorr. The coherent peaks seem have periodic structure with the period of revolution. As the vacuum pressure as high up to 500 ntorr, additional peaks show
up besides the coherent frequency peak of H2 ion even at
a 75/200 buckets filled pattern of which no ions could be
trapped from the conventional theory prediction and no coherent oscillation before and after venting H 2 gas. Similar
spectrum, as shown in figure 5, was found for a all of buckets filled pattern at 1.3GeV in the normal operation vacuum pressure. Compared above two results, the coherent
peaks have a little different due to different operation conditions. While ion driven force is increased for these two
cases, which implies that the ion driven force could be the
key point for the instability. Increasing the vacuum pressure, reducing the beam energy and operated with the pattern of all of buckets filled arrive the same destinate. That
is increasing the driven force from ions. The known theories can't fully explain these additional peaks. Therefore
the 'impedance like' idea for the ion force is introduced to
explain these phenomena. While more works will be done
in the future, including the theory and experiments.
7

DISCUSSION

The ion produced instabilities were investigated in the
SRRC storage ring. From the studied results the driven
force from ions is the key for the instabilities. As the
empty gap is not big enough in the bunch train the trapped
ions would cause instability. While if the empty gap is big
enough to reduce the trapping and the driven force was de1604

potential from electron beam resulted. Ion produced instability is also reduced from this bunch redistribution process.
The damping mechanism from chromaticities complete
the instability. If chromaticities are strong enough, the instability from ion driven force could be eliminated. From
the transverse spectrum data, the coherent peaks of H+ oscillation frequency show up first as the ion force cause instability. While as the ion driven force getting larger, additional peaks appear fr6m the indication of venting H2 gas
experiment. This feature can't be fully explained from conventional ion and fast beam ion theory. The impedance like
behavior was suggested to explain this phenomenon. While
more works would be down in the future to verify this assumption.
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INVESTIGATION OF ION EFFECTS IN THE SRRC STORAGE RING BY
VENTING H 2 GAS
J. C. Lee, M. H. Wang, G. Y. Hsiung, K. T. Hsu and J. R. Chen
SRRC, Hsinchu Science-Based Industrial Park, Hsinchu, Taiwan, ROC
Abstract
of the issues in
The
the instabilities
lectronstoabilities produced
producd by
by ions
in are
a one
one of
the dissues
the electron storage ring. At SRRC, H2 ion is the dominate
wih oherspeies,142onsareune
speces.Comarig
species. Comparing with other species, H2 ions are uneasy
to be trapped from the conventional ion points of view for
its small atomic mass. While H2 ions could introduce fast
beam ion instabilities. In order to understand more details
of the ion produced instabilities in the ring, H 2 gas was
intentionally vented into the ring chamber. In this paper,
the instabilities which relate to the H 2 ions are described
and the physics is also discussed.

1

INTRODUCTION

As ions are trapped by the electron potential, the beam
and -the ions are mutually interacted with each other and
perform two beam oscillations. The linear equations of motion are

" y'(s,
t)+w2y (s,t0 = 2Aire
e

yi(s, t) - ye(s, t)
ay (s, t)(Oy(s, t) + ux(s, t))
(1)

ýi (s, t) + w4y(s, t) = w ye(s, t)

g

pp

2

VENTING SETUP

The venting port is around 140mm down steam Q2
quadrupole magnet in the R6 section. High purity H2 gas
was vented into the ring by using the electropolished tube.
For vacuum consideration, TMP, ion pump and NEG were
installed in the bottom of the venting port. During the studies the pressure was increased across a local area, dependents on how much venting, and no pressure increasing
outside this local area. The H2 gas was intentionly increased in the experiment and the other species were neglected small compared with the population of H2 . For the
normal operation the averaged vacuum pressure is around
0.3 ntorr and is around 0.7 ntorr in the local vented area.
While the local pressure is under lx10- 7 ntorr in the local
vented area for most cases as H2 gas vented.

(2)

in which the subindex e and i indicate the motion of electron and ion respectively. The derivative of Y, is w.r.t. coordinate s and 9i to time. Also A\ is ion charge density,
-ythe electron beam energy, a.,,y the horizontal or vertical
beam size and w~,6, the angular frequency for the beam and
ions respectively.
From equation (1) it is clear that the driven force from
ions is proportional to the trapped ion density and is inversely proportional to the beam size and beam energy.
Equation (2) can be treated with the help of periodic passing of the beam bunches to obtain stable conditions of ion
motion. From the stable conditions ions trapped by beam
potential can be investigated. It dependents on the operation conditions and ion atomic mass. For the smaller
atomic mass and the bigger empty gap the less ion trapping
in the ring. The ring operated with a big enough empty gap
to avoid ion trapping is the well known method[1 '2,3, 4] in
the world. While there is the possibility for the massive
ions to be trapped. It is also not easy to control the ion
species in the ring. For the SRRC storage ring even H+ ion
has the possibility to be trappedls]. While unfortunately the
H 2 ion is the dominate species in the SRRC storage ring.
This stimulated the studies by increasing the trapped density of H 2+1 ion from venting H 2 gas into the ring.
0-7803-5573-3/991$10.00@ 1999 IEEE.

There is another kind of ion produced instability which
is called fast beam ion instabilities[0'71 . This
kind offisa
instahskn
i aldfs eminisaiiis[,j
bility is very fast such that the ions accumulated by the prevosbnhcudafc h etcmn uce.Det
vious bunch could affect the next coming bunches. Due to
the instrument issues, no much measurements were down
about this kind of instability. While some discussions are

3

EXPERIMENTAL MEASUREMENT

The experiments were all performed at 1.5GeV. During
the experiments the global orbit feedback and transverse
damper systems are off to avoid unexpected driven on the
beam. But the large positive chromaticities are set to damp
instabilities in reasonable levels. The experiment was first
performed at 122mA with a pattern of big enough empty
pefrdat2mAwhaptenofbgnuhepy
gap, 120/200 buckets filled, to avoid conventional ion trapping (case A). The beam is stable for there are no transverse
peaks. Then the H2 gas was vented into the ring up to 60
ntorr in the local vented area. The coherent oscillation peak
in the vertical plane showed up. By measuring the slow betatron sideband at each revolution, the coherent spectrum is
obtained, as shown in figure 1. This coherent peak has the
periodic structure with the period of revolution. This peak
frequency is identified to the H2 ion oscillation frequency
according to[61

wi

=

4NrpC 2
(3L(e+ao(a

)1/2

)

(3)

where N, is the number of electrons per bunch, rp the classical proton radius, A the atomic number and Lsep the separation of bunches. The vertical beam size is dilute a little

1605

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
bit but no significant changing in horizontal. These results
are similar to that of ALS fast ion observations[7".
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Figure 3: Vertical tune spread with and without venting H 2
gas.

25

Figure 1: Coherent spectrum corresponding to the H+ ion
oscillation frequency.

From conventional points of view, case A has no conventional ion effects before venting H2 gas. The instabil-

In order to understand more details, a pattern with all
of the RF buckets filled was employed in the studied at
200mA (case B). In this case the transverse coherent peaks
were showed up, horizontally and vertically, and the beam
pulsated. The betatron tune peak shifted randomly across a
range of 3kHz. These features indicate the convention ion
effect plays an important role in this all buckets filled case.
The H2 gas was then intentionly vented into the ring up to
around 70 ntorr in the local vented area. It is found that a)
there are still the transverse coherent peaks and pulsation
on beam size, b) the betatron tune peak is also shifted in
a more wilder range, and c) the frequency of the coherent
peaks are almost the same as that of the before venting one
under almost the same beam size which is pulsated on both
cases, d) the vertical beam size increased as the increasing of H 2 gas but no significant variation in horizontal, as
shown in figure 2. The fluctuation on the vertical beam size
shows the instability in the vertical plane.

ities during venting is coming from fast beam ion effects.
While if we compare the venting results of case A with
case B, there are no big differences between two cases except the coherent oscillation amplitude is bigger for case
B, in which the conventional ion effect is important. From
the similar results of cases B and C it indicates the conventional ion effects play an important role in these two cases.
Also from the facts of venting H 2 gas and the frequency
information of the coherent oscillation, it concludes that
the H 2 ion is the suspicion of the ion instability for case
C without venting. For the routine operation in SRRC storage ring, the empty gap is smaller than that of case C, about
20 to 40 gap. While the transverse oscillation behavior in
routine operation is similar to that of case C when the feedback systems are off. Hence we arrives the following understandings form above results. There are a) the H 2 ion is
the dominate source for the conventional ion instability in
SRRC storage ring, which is consistent with our previous
estimation[N], b) the increased density of H 2 gas (or ions) is
enhance the instability, c) the vertical beam size increasing and no increasement in horizontal from venting H2 gas
are common features for the fast beam ion (case A) and
ion (cases B and C) effects.
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Figure 2: Beam size variation versus the vacuum pressure
in the local vented area.
Form the results in case B it can conclude that the coherent peaks are produced by the H2 ions before and during
venting H2 gas. It is also verified by the theoretical calculation of H+ oscillation frequency from ring parameters.
The experiments were reproduced with a big empty gap
in the pattern, around 125/200 buckets filled, to have vertical coherent oscillation peaks before venting H2 gas (case
C). The results of venting H2 gas are the same as that of all
of RF buckets filled one but with the less strength in coherent peaks. The tune is also shifted in a range of 2KHz for
without venting one and of 2.5KHz for venting H2 gas due
to instabilities. The averaged results of these shifted tune
peaks give the 'averaged' tune spread for the instability, as
shown in figure 3 for venting and without venting.
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Figure 4: Measurements of the vertical slow sideband for
95/200 filled patter at 156mA as H2 gas vented.

While the H2 ion is very easy to escape from trapping for
its small atomic mass. In order to understand more details,
the partial pressure of H 2 was increased further by venting
more gas into the ring, which was operated at 156mA with
around 95 buckets filled (case D). There were no coherent
peaks before venting. It is found that lots of the transverse
peaks show up, as shown in figure 4, besides the coherent
peak of H+ oscillation frequency, about 9.9MHz, as the local pressure increased up to 5x1 0- torr. The empty-gap
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of case D is smaller than that of case A. Therefore there
is no conventional ion effects also. While the results are
quite different during venting. The additional peaks shown
in figure 4 would not coming from other species for the
frequency of these additional peaks are larger than the coherent peak of H+ and other species will give smaller frequency peaks for the large atomic mass.
The electric potential produced by the electron beam
would not be changed by the vacuum pressure. That means
the trapping ability is almost the same for different pressure. If the pattern is filled such that the beam can accumulate ions, then the instabilities enhanced by the pressure is
reasonable for more ions are trapped in the higher vacuum
pressure. But if empty gap is big enough to avoid trapping
why there are additional peaks in high vacuum. One possible answer is that the theory we followed is only linear
one. It is valid for small amplitude. For the cases of drastic oscillation, the high order terms need to be included[81 .
People could criticized that the ions are trapped in cases
A and D since the instabilities could be damped off by the
strong chromaticities in the experiments. While since the
empty gap is larger than that for trapping this possibility is
excluded.
If we investigate what shown in figure 4, there is
something like the features of impedance. The idea of
impedance provides a trace to follow. The new idea is similar to that of the fast beam ion instability with the ions accumulated by previous bunch does affect on the following
coming bunches by the very fast time. But the period of the
affect time is larger than the revolution. If we compare this
new idea with the physics of impedance from wake field,
they are quite similar. The wake force affects on the beam
with the help of vacuum chamber. While the ion force is
coming from the interaction of beam and ions. If the idea
of impedance like behavior is accepted then what shown
in figure 4 and the above results are reasonable. Hence
we can arrive the following understandings (maybe suspicious only): the ion effects on the beam have some kind of
impedance behavior.

4

DISCUSSION

From above experimental results, it clear that the coherent peaks shows up during venting H2 gas are due to the H 2
ions. By comparing the frequency of the coherent peaks
with and without venting H2 gas it concludes the coherent oscillations appeared in the no venting cases are mainly
from the H 2 ion. This is also verified by theoretical calculation of ion frequency from ring operation parameters.
From what shown in above experimental results, especially
in case C, H 2 ion is the major contributor for the ion instability in SRRC storage ring. For case D with around
half buckets filled and no coherent peaks before venting, it
would not have conventional ion effects. While there are
lots of the coherent peaks besides that of the H+ frequency
as the vacuum was increased up to 5x10- 7 torr by venting
H2 gas. Does these peaks come from the fast beam ion in-

stabilities? However it is assumed the ions will lost in the
gap for the fast ion one. Otherwise it is difficult to distinguish the fast ion and the conventional ion effects. While
if the impedance idea is introduced for the ion effects this
problem can be solved and the behavior shown in figure 4
could be explained also.
This 'impedance like' behavior not only occurs in the
high vacuum but also found in the low vacuum. It is found
in SRRC storage ring at normal operation vacuum pressure at 1.3 GeV with a all of buckets filled pattern[a]. From
these facts it imply that the impedance like behavior could
happen as the ion driven force become large. This is understood from the driven term in equation (1), in which less
beam energy and high vacuum pressure enhance the driven
force. Ring operated with all of the buckets filled will increase the trapping ability. Though the ion could introduce
impedance like behavior, while the quantitative measurements are still in progress. In the next step the direct measurement on the impedance will be important.
From the additional peaks show up by the large driven
force, it imply there is the rise time issue. The instabilities
at some of the frequency could be damped by the radiation
damping, chromaticities etc. While the rise time could be
faster than above damping mechanism as the driven force
increased.
From the experiments the coherent peak of ion frequency
shows up first and then the additional peaks as the driven
force getting large. These peaks have the periodic structure
with the period of revolution. This fact is obvious for the
coherent frequency peak of H+. While the theory in conventional ion and fast beam ion instabilities can't explain
these coherent modes. Hence the theoretical studies and
the further measurements will be important in the future.
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TRANSVERSE BEAM STABILITY WITH "ELECTRON LENS'*
A. Burov, V. Shiltsev, FNAL, Batavia, IL
V. Danilov, ORNL, Oak Ridge, TN
Abstract

after a time interval t, the resulting electron transverse off-

Stability analysis is presented for an antiproton beam interacting with an electron beam of an "electron lens" proposed as a beam-beam tune shift compensator. Coherent
antiproton-electron interaction causes coupling of the antiproton synchrobetatron modes which may lead to a transverse mode coupling instability (TMCI). Analytical studies
and numerical simulations of this effect are presented.

sets are:
-(1 COS(WLt)), (3)
Xe = V-e sin(wLt);
Ye =
WL
WL
where WL = eB/(-yemc) stands for the Larmor frequency.
The originally horizontal displacement Ax resulted in both
horizontal and vertical displacements. The antiprotons at
the distance s behind the slice will experience momentum
changes
Api(s) = -- 2(Wd(S)AX - W.(s)Ay)

1 INTRODUCTION
An "electron lens" was proposed to compensate beambeam tune shift in the Tevatron collider [2]. A tune shift of
antiprotons on electron beam with total current J,, radius
to
ae, length Le, is equal

4,r 2(1 +evea,)JLr,

TWO-MODE MODEL

To find the dipole wake function, let us consider a thin antiproton slice with a charge q and transverse offset Ax travwith the
eling through the electron beam. After interaction
slice, electrons acquire a transverse velocity
2eqAx

Vxe = a%'emc,

Depending on the parameters, one or the other of the two
wake functions (5) can give a dominant influence on the
antiproton beam stability. The direct wake effects are suppressed if there are many Larmor oscillations periods over
the 1 bunch length a,, while the skew force impact decreases with increasing the x - y detuning.
For the parameters under study, the skew wake is found
to be more dangerous. To damp the instability, the longitudinal magnetic field B has to be high enough; a two-mode
model gives the threshold condition as
eN5
(6)
B > Bth zt 2.0 2
a VAV min(AV, 2.4v,)
For x = ýy = 0.01, N1 = 6 • 1010,vs = 0.001, Av =
0.01, a = 1 mm it comes out Bth = 12 kG.
In addition to these simplified analytical calculations, A
multi-mode numerical algorithm of Ref. [3] was applied
for the stability study. Typical eigenvalues behavior is presented in Fig. 1.
Fig.2 shows the tune shift threshold C, for the first coupling modes versus the tune split in units of the synchrotron
tune Av = (v, - usy) while the vertical tune is equal to
.555. The threshold grows linearly until Av (2 - 2.5)v.,
and then is approximately proportional to VA - in a good
agreement with the two mode model formula (6).
Transverse widening of the electron beam was found to
instability, decreasing the threshold field as
suppress the
Bth cc a- 2.

3

(2)

where m is the electron mass. Such a kick causes transverse
Larmor oscillations in a longitudinal magnetic field B, and
0-7803-5573-3/99/$10.00 @1999 IEEE.

Wd(s) = Wsin(ks), W 8 (s) = W(1 - cos(ks)), for s > 0
W = 47rneLe/(Ba 2 ), k = WL/((1 + 0.e)c)

(1)

8
here rp = e2 /(Mpc 2) :: 1.53. 10-1 m is the (anti)proton
classical radius, -yf is relativistic antiproton factor, Ve =
c/3 e is electron beam velocity, Ox,y is the beta function at
the set-up location,
The electron beam create a transverse impedance that
can result in collective instabilities of the antiproton bunch.
The electron beam is generated by an electron gun cathode,
transported through the interaction region, and absorbed in
the collector. Therefore, each portion of electrons passes
through the p beam only once, and only short distance transverse wake fields are of interest. When the bunch head collides off the electron beam center, it causes electron motion
and, as a result, the electron beam acquires a displacement
at the moment when it interacts with the tail of the p bunch.
This interaction can lead to the strong head-tail instability.
To suppress it, a longitudinal magnetic field in the interaction region is assumed to be applied. The magnetic field
couples the electron transverse degrees of freedom, transforming a kick in one direction into an offset in another.
In the result, the magnetized electron medium creates both
conventional and skew wakes.

2

(4)
Ap11(s) = - 2 (W. (s)Ax + Wd(s)AY)
where we introduced direct wake function Wd(s) and skew
W8 (s) wake function:

TRACKING SIMULATIONS

Three dimensional numerical simulations of the effects
have been done with ECWAKE code written in FORTRAN.
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Figure 3: Threshold solenoid field Bthr vs tune shift due to
electrons Iel at different bunch populations NP = 1, 6, 10.
1010. Focusing lattice tunes v_- = 0.585, vy = 0.575, synchrotron tune v.8 = 0.0012, maximum tune spread 6/v = 0,
the rms size of pi beam ap = 0.7 mm.
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is depicted in Fig.4.. Dots are simulation results with V., =
0.585, vy = 0.575, &e= -0.01, 6v = 0.002, N, = 6.
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orp = 0.7 mm. The solid line represents a fit Bthr =
17.5[kG]/y77/-O.O01 in line with the two-mode prediction
Eq.(6).
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Fig.3 shows the threshold strength of solenoidal magnetic field Bth vs. electron beam intensity parameter
of
for
antiproton bunch population equal to Np = (1, 6, 10)
10kG,10
- lower, middle and upper curves, respectively. We define
the threshold as the value of B which results in more than
10-fold increase of the initial centroid betatron amplitude
over the first 10,000 turns. One can see, that the field is approximately proportional to both &eand Np in accordance
with Eq.(6).
Dependence of the threshold on the synchrotron tune v.
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Figure 4: Threshold magnetic field vs synchrotron tune Vs.
Solid line is for Bthr = 12.4[kG]I/v'.
v-. = 0.585, V1y =
0.575, • = -0.01, 6v = 0, N1 = 6. 1010, up, = 0.7 mm.
In order to evaluate importance of the oscillation part of
the wakes Eq.5, we performed similar scan without constant
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part of the skew wake, i.e. with Wd(s) = W sin(ks) and
W.(s) = -W cos(ks) and found that about 5 times smaller
solenoid field is required for stability. It confirms decisive
role of the the constant part of skew wake that is a basic assumption of the two-mode model in Section II.

and can be displaced transversely by the bunch head particles. The resulting direct and skew wake forces act
on the tail particles and, thus, can lead to the instability. We pursue three approaches to study the instability: a two-mode model with analytical calculations, more
sophisticated multi-mode analysis which requires numerical solution of eigenmode equations, and straightforward
macroparticle tracking. The results coincide qualitatively
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tune v, = 0.001, the instability takes place if the longitudinal magnetic field in the set-up is below threshold of about
Bthr = 17.5kG. Essential features of the instability are:
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the threshold solenoid field Bthr is proportional to the
transverse charge density of the electron beam, to the
transverse charge density of the antiproton beam, and
inversely proportional to the product vlv
-'v in
vicinity of the coupling resonance v,, - vy = integer;

0.64

0.62

0.60

the constant skew wake plays a major role in the mode
coupling;

Tune X

-

Figure 5: Threshold magnetic field vs horizontal tune vx.
Dashed line corresponds to Bthr OC 1/1V/V -Z vyl; 'v =
0.575, v, = 0.001, •e = -0.01, &v= 0.0, Nju = 6. 1010,
o = 0.7 mm.
It is found that the TMCI threshold greatly depends on
operation point vx, vy. Fig.5 presents results of scanning of
the horizontal tune v' from 0.52 to 0.63 while the vertical
tune is vy = 0.575. In close vicinity of the coupling resonance Av = Iv. - vyl < 15v, the threshold magnetic
field depends on v, approximately as cc 1/I/Avl, where
2/5 < r < 1/2. The threshold also goes up near halfinteger resonance v., -+ 0.5.
In order to compare with the two mode model, one can
fit Bth, in the form similar to Eq.(6):
o2

17.5[kG]----

0.95eNpýe
-

0.01

m

_
•,0.7

0

(7)

Having the electron beam wider than the antiproton beam
results in lower threshold magnetic field Bthr Oc(cip/ae) 2 .
We plan to continue investigations of the instability in order to clear some inadequacies of the present studies. In
particular, the following effects have to be taken into consideration:
1. non-linear forces with general current distributions in

2. instability suppression due to betatron and synchrotron
tune spreads;
3. higher order transverse mode coupling.
We acknowledge stimulating discussions with Vasily
Parkhomchuk, Andrei Sery, Gerry Jackson and David Finley.

VO.001 0.01
V

Fig.5.
- see also dashed line in
These results are in a reasonable agreement with the twomode analysis and the coupled-mode calculations. The difference (- 40%) in numerical factors between Eq.(7) and
Eq.(6) lies within the accuracy limits of the wake calculations and two-mode model.

4

CONCLUSIONS.

We have considered strong head-tail instability of the Tevatron antiproton bunch due to the beam-beam compensation set-up. The head-tail interaction takes place because
of the fact that the electron beam is not rigid enough
1610
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INSTABILITIES IN THE SNS*
M. Blaskiewicz1 , BNL, Upton, NY
Abstract

predict strong, narrow, resonant impedances. These will be
considered in the future.
of the sort predicted by eq (1) and (2) are
rareInstabilities
or nonexistent below transition. The reason can be
bc be amsmod. assm a
rre fromeaisie
ent
has
l
ee
bunch
t
ie
ab
ibric
length
has
bunch
The
system.
rf
bucket
"brick wall" barrier
rb (radians) and peak current 10. The particles undergo perfect reflection at the edges of the bunch and the impedance
is given by Z = R - iwL. Use the machine azimuth 0 as

The 2MW Spallation Neutron Source (SNS) will have a
D.C. beam current of 40 A at extraction, making it one of
the worlds most intense accelerators. Coherent instabilities
are a major concern and efforts to predict beam behavior
are described.

1

INTRODUCTION

the time-like variable. Let r = w0 t - 0 and v = dr/dO
be the dynamical variables. Assume the unperturbed phase
space density is given by
1
To (r, v) =

For 2 MW operation the SNS will accumulate 2 x 1014,
1 GeV protons over 1 ms via charge exchange injection,
The machine circumference is 220 m with a transition energy of -ft = 4.9 and betatron tunes around 5.8[1]. The
baseline design calls for natural chromaticities ,-i -1, but
The machine
chromatic control is likely in the final design.
impedance below 200 MHz has been characterized[2, 3],
and measurements of the extraction kicker impedance are
in progress.

2

for 0 < r < rb and lvi < 0, and zero otherwise. This neglects the effect of R on the unperturbed distribution. Assume a solution to the Vlasov equation of the form
%I(r, v, 0) = 9o(r, v) + e - iQO9 I1 (r, v).

LONGITUDINAL INSTABILITIES

The pertubation satisfies

Two methods have been used to characterize longitudinal
stability in the SNS. First assume a coasting beam with a
rectangular energy distribution and do first order pertubation theory on the Vlasov equation with

+

x1 (7-, v)

The dispersion relation is given by,
2

Q2
2

Vn

ý_

=

+÷(7-)6(v-

J(v +,b))

,) + '_I(r)6(v

Fi(r) =n(R+woLd)(

,2+ i qIo 77 Z1j( 2+±nwo)
27rEo32
n

-

where

I = lo + 11 exp(in(O - wot) - iat).

:

%QF
I
=Fi(r)(J(v - -)
&r

-i~xl+

(1)

+ ,)

+(r)+9-r))

(3)

(4)

and
-_7qIo

where 77 = -0.193 is the frequency slip factor, Eo =47rb32Eo

-ymc , q is the proton charge, and b = iJqmax(E Eo)/Eo,32 ; 1 x 10-3 . With Io = 40A the terms on
the right had side are equal for Z11/n = i6500. The space
charge impedance is Z 11/n = i15002 and dominates the
magnitude of the impedance. Taking the square root of
eq(l) and assuming the second term is small compared to
the first yields
Im(92)

wo2je
20

2

Re(Z 11).

The equations for '+(r) and F-(r) are first order with
constant coefficients. To solve these equations let U-iV =
K(R - iwoL), S(-) = T+(T-) + 1_(r), and D(-r) =
%I+(r)- TI('r). Then
dD
-iQS + 0= 0,
(5)
dT
dS
-iQD + (0 - 2V)-Tr

(2)

When all objects other than the extraction kicker are included in the impedance budget the growth rate of the most
unstable mode below 700 MHz is <2/ms, which is benign. Near the cutoff frequency for transverse magnetic
microwave propagation : 1 GHz, codes such as ABCI [6]

2US.

(6)

For perfect reflection at r = 0 and -r = -rb the boundary
conditions are D(O) = D(rb) = 0, so
D(r) = exp(A+-r) - exp(A-r).
Equations (5) and (6) give
=
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3

The boundary condition at -rb gives A+ - A- = 27rik/-rb
with k 540 an integer. Solving for ( = woQ gives
U2

!Q2 =k27r2

=

o(

+ (0 -2V)

-

2

TRANSVERSE INSTABILITIES

Both coasting and bunched beam approximations have
been used to study transverse stability. The space charge
tune shift reaches z 0.2 while Ap/p < 0.01. For a coast-

)

(7)

I
The right hand side of (7) is positive as long as 0 > 2V or

This is very different from the coasting beam result. For

ing beam with a parabolic energy distribution a normalized
chromaticity ;, -16 is needed to Landau damp low frequency oscillations[7]. Such a chromaticity would have a
strong impact on dynamic aperture so no Landau damping
due to chromaticity will be assumed. A similar statement
slip
octupoles.
dampingndue
applies
forLandau
mode numbers
> 4tox frequency
0.2/1 ; 800.
becomestoeffective

the SNS space charge dominates (L < 0) and we are below
transition 7 < 0 so no amount of resistance makes the beam
unstable. For a resonator impedance there are 4 coupled
ODEs and numerical techniques apply [5]. Figure 1 shows
the eigentunes for a wake potential given by

This frequency is above cutoff for transverse electric microwave propagation
800 MHz where the transverse
impedance may have narrow resonances. Therefore, a cold
coasting beam dispersion relation is appropriate and the
growth rate is[7]

2qlrEof

L < '2.

qcIpeakRe(Z±(n -

W(r) = Wo(1 - 107rr/-rb)e - lmr-/-b,

corresponding to a critically damped resonantor with a frequency of 8 MHz in SNS. The tunes are in units of 21rb/!^
and are plotted versus the tune shift obtained by assuming
D(r) = sin(Irr/1rb). The system appears stable for all val-

10
8
6-4

2

0

0

0.2

0.4

0.6

0.8

simple dipole tune shift

1

(8)
47rEoQ0
where Qe ; 5.8, IA is the current in amps, ZK is the transverse impedance in kQ/m, and n > 0 for instability. For
the narrow band resistive wall growth rate IA = 40 and
Im(r() = 1.1/ms, which is benign. The stripline beam
position monitors (BPMs) have a transverse resistance of
25kQ/m near 100 MHz and a large bandwidth. Taking
IA = 100 gives Im(Q) = 5.3/ms. This is a large growth
rate, but the wide bandwidth of the BPM impedance requires that the finite bunch length be taken into account.
Bunched beam stability calculations have been done assuming an air bag longitudinal distribution in a square well
[4, 5]. The impedance budget includes the resistive wall,
BPMs, extraction kicker, bellows, and transitions. The high
frequency narrow band resonances associated with the latter were ignored. The extraction kicker impedance was
modeled using a slightly modified version of the Nassibian Sacherer formula[8].

12

E

2.12IAZKs•),

1.2

( iNcL
Figure 1: Exact coherent tunes versus tune shift for the
dipole mode in the weak coupling approximation
ues of Wo, not just those shown. This too is a curious result
and independent confirmation would be appreciated.,
For long range wakefields the residual fields from previous turns must be included in the equations of motion.
Studies in this direction continue and growth rates of order
the synchrotron frequency are expected. Since the entire
SNS cycle is about half a synchrotron period no serious instabilities are expected.
The final type of longitudinal stability is related to the rf
system. With large beam current the coupling between the
beam, cavity and power amplifier is a major consideration
in rf design. For SNS we have simulated the effects of beam
loading with realistic amplifier passbands and delays. As
of now the delays are large enough to keep the feedforward
and feedback amplifiers outside the tunnel. The amplifiers
will go into the tunnel if needed.

Zg(W) =

2

Zg/L
ZgIL - iw'

where N is the number of kicker modules, L is the inductance per module, g is the aperture in the kick direction,
and Zg is the generator impedance of the pulse forming
network. This formula differs from [8] in that Z± -+ 0 as
w -, oo here. Both have identical expressions for Re(Z±).
Table 1 shows the growth rate of the most unstable mode
as a function of space charge tune shift and kicker generator
impedance. The growth rates are for 2 x 1014 protons and
should be multiplied by 0.5ms to obtain the number of efolding times in the cycle. In the worst case there are 2.5
e-folding times in the SNS cycle. An initial offset of lmm
yields 1.2cm at extraction.

4

ELECTRON PROTON INSTABILITY

Very fast, high frequency, transverse instabilities have been
observed in the Los Alamos PSR and the AGS Booster.
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where Aw

= nwo - we. For unstable conditions the
of proton to electron amplitudes is given by

Table 1: Transverse bunched beam growth rates as a
Tableratio
generator
function of space charge tune shift and kicker
impedance.

p = wp

1
0.00

Z = oo
103 s- 1
1.27

Z = 500Ql
103 s-1
1.41

Zg =50Q
103s-1
2.01

Zg =5Q
103s-1

Ye.
Since jAwl < wo/2 for some n the beam will be unstable if w2 > W2W3/4we which gives fp WOYe/We «Ye.

0.05
0.10
0.15
0.20

1.37
1.37
1.37
1.37

1.52
3.14
4.27
4.99

4.58
4.87
4.99
5.05

3.69
3.70
3.70
3.70

Electrons with Ye = b (the pipe radius) will be created
by the familiar slow loss mechanisms. As f increases the
beam goes unstable and the electron amplitudes grow. An
electron striking the beam pipe leads to secondary emission which can cause an electron cascade and beam loss. A
key parameter is the kinetic energy the electron has when
it
strikes grazes
the wall.
estimated and
by assuming
electron
theThis
wall isoneasily
one oscillation
hits it on the
the
is involved
chamber
next. If only one side of the vacuum
th ectonly on i mpact is gv by

AQ 8 ,

3.85

The e-folding times ( r,• 10 turns) require a transverse resistance or order 1Mfl/m which is significantly larger than
can be accounted for by the lattice. Additionally, the freparamquency of the instability depends strongly on beam
eters like betatron frequency wp, which requires a broad
band impedance. An alternate driving mechanism is the
electrostatic interaction between the proton beam and electrons within the beam pipe[9, 10, 11, 12].
Assume a coasting proton beam of radius a with vertical
offset
Yp(9, t)

=

Yp, exp[ ir(O - wot) + i(w,3 + 6w , )t]

wherequency shist.
t
et achinelecto
ai
ut d bw sthped byhet
frequency shift. Let an electron cloud be trapped by the
beam with vertical offset

/

where wi = Im(6 we). Assuming Aw = 0, the electron
kinetic energy when striking the wall is
-mw
KEe = rme(web)2 jee
(11)
V'ymp Wf3

Table 2 summarizes the observations of the instability in
the AGS Booster and PSR. For f = 1% the electrons hit
the wall with an energy greater than 100eV, which results in
ascnayeiso
ofiin
rae hnoefrms
a secondary emission coefficient greater than one for most
metals. With f = 1 both machines have lYp/Yel < 0.1 so

where

Table 2: Coasting beam instability parameters
b
7- KEe/v
machine we/27r w3/21r

eIZo
27rmea 2

We =

(v/W1))

strong multipactoring is required for fast beam loss.

,'e exp[inO - i(we + JWe)t]

Ye(O, t) =

ve = b V4?wew (1 +
±

PSR
Booster

is the incoherent transverse frequency for electrons trapped

MHz

MHz

cm

I

keV

100
80

6.0
4.1

5
6

1.85
1.21

1.24
1.52

within the proton beam. Of course 6 We = -6w 1 + (nwo WO - We). The equations of motion are given by

P
Ye

=

-wY + W2(Ye

=

we(Yp

-

YP)

-

Ye)

(10)

where
2W=

2
me
.=---We.
fra
M e[4]

fractional neutralization due to the elecwith f being thetron.
we[5]
nd w,
Asumng
wo <wo
2iw , 6w1, Yp

-•WYe,

-2iWe6weYe

=

_4w±2

w2YP
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NONLINEAR ACCELERATOR PROBLEMS VIA WAVELETS:

1. ORBITAL MOTION IN STORAGE RINGS
A. Fedorova, M. Zeitlin, IPME, RAS, St. Petersburg, Russia * f

Abstract

2

In this series of eight papers we present the applications
of methods from wavelet analysis to polynomial approximations for a number of accelerator physics problems. In
this part, according to variational approach we obtain a representation for orbital particle motion in storage rings as a
multiresolution (multiscales) expansion in the base of welllocalized in phase space wavelet basis. By means of this
"wavelet microscope" technique we can take into account
contribution from each scale of resolution.

ORBITAL MOTION IN STORAGE
RINGS

We consider as the main example the particle motion in
storage rings in standard approach, which is based on consideration in [9]. Starting from Hamiltonian, which described classical dynamics in storage rings ?i((, f t)
2
}l/ 2 ±e and using Serret-Frenet parametriza0m+c
c{Ir2
tion, we have after standard manipulations with truncation
of power series expansion of square root the following approximated (up to octupoles) Hamiltonian for orbital motion in machine coordinates:
2

2
H . z] + [pz - H . x1
[1 + f(p,)]
2
+p, - [1 + Kx . x + KZ . z] . f(p,)

?1 1 [

1 INTRODUCTION
This is the first part of our eight presentations in which
we consider applications of methods from wavelet analysis to nonlinear accelerator
physics problems. This is a
y6s24
continuation of our results from [1]-[8], which is based on
our approach to investigation of nonlinear problems - general, with additional structures (Hamiltonian, symplectic or
quasicomplex), chaotic, quasiclassical, quantum, which are
considered in the framework of local (nonlinear) Fourier
analysis, or wavelet analysis. Wavelet analysis is a relatively novel set of mathematical methods, which gives us a
possibility to work with well-localized bases in functional
spaces and with the general type of operators (differential,
integral, pseudodifferential) in such bases. In the parts I8 we consider applications of wavelet technique to non-.
linear dynamical problems with polynomial type of nonlinearities. In this part we consider this very useful approximation in the case of orbital motion in storage rings.
Approximation up to octupole terms is only a particular
case of our general construction for n-poles. Our solutions
are parametrized by solutions of a number of reduced algebraical problems one from which is nonlinear with the
same degree of nonlinearity and the rest are the linear problems which correspond to particular method of calculation
of scalar products of functions from wavelet bases and their
derivatives,
*e-mail: zeitlin@math.ipme.ru
t http://www.ipme.ni/zeitlin.html; http://www.ipme.nw.ru/zeitlin.html

0-7803-5573-3/99/$10.00@ 1999 IEEE.

+1 . [K2
2
+

1

+ g± . x 2 + 1 . [K2 - g] . Z2 -

2

• (x3 - 3xz 2) + eV(s)
L

(1)
N . xz

(z4 - 6x 2z2 + x 4 )

1
L
- • cos h.+2
L
I
E0
+202 27r. h
Then we use series expansion of function f(p,) from [9]:
fT(pf) = f( s) + fsI(O)pa + funt(O)p /2n +
mp, 2/(2
P2/(2y2) + ... and the corresponding expansion of RHS
of equations corresponding to (1). In the following we take
into acononyaarirrpoyoil(ntrso
ccount only an arbitrary polynomial (in terms of dy-namical variables) expressions and neglecting all nonpolyof expressions, i.e. we consider such approxinomial types
mations
of RHS, which are not more than polynomial functionsin d
ynamical variables and arbitrary functions of independent variable s ("time" in our case, if we consider our
system of equations as dynamical problem).

3 POLYNOMIAL DYNAMICS
The first main part of our consideration is some variational
approach to this problem, which reduces initial problem to
the problem of solution of functional equations at the first
stage and some algebraical problems at the second stage.
We have the solution in a compactly supported wavelet basis. Multiresolution expansion is the second main part of
our construction. The solution is parameterized by solutions of two reduced algebraical problems, one is nonlinear
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and the second is some linear problem, which is obtained
from the method of Connection Coefficients (CC).

3.1

VariationalMethod

Our problems may be formulated as the systems of ordinary differential equations
dxi/dt = fi(x,, t), (i, j = 1, ..., n)
(2)
with fixed initial conditions xi(O), where fi are not more
than polynomial functions of dynamical variables xj and
have arbitrary dependence of time. Because of time dilation we can consider only next time interval: 0 < t < 1.
Let us consider a set of functions Di(t) = xidyi/dt + fiYi
and a set of functionals
F (x)

fo 0

(3)

D(t)dt - xiyi,
~~~/

=

where coefficients A) are roots of the corresponding reduced algebraical problem (6). Consequently, we have a
parametrization of solution of initial problem by solution
of reduced algebraical problem (6). The first main problem
is a problem of computations of coefficients of reduced algebraical system. As we will see, these problems may be
explicitly solved in wavelet approach. The obtained solutions are given in the form (8), where Xk(t) are basis
functions and A are roots of reduced system of equations.
In our case Xk(t) are obtained via multiresolution expansions and represented by compactly supported wavelets and
A' are the roots of corresponding general polynomial system (6) with coefficients, which are given by CC construction. According to the variational method to give the reduction from differential to algebraical system of equations we
need compute the objects 'y and pji, which are constructed
from objects:

1

fXti

where yi(t)(yi(O) = 0) are dual variables. It is obvious
that the initial system and the system
Fi(x) = 0

X)

Xi(0) + EA

Vk(t)
y2 (t)

(

=

(5)

where because of initial conditions we need only W'k (0) =
0. Then we have the following reduced algebraical system
of equations on the set of unknown coefficients )ý of expansions (5):
= 0
EZPkrAz - 7•'(Aj)

(6)

3

(r)dT,
(9)

1

=

.0 Xk(-r)XI(r)Xj(-r)dT

for the simplest case of Riccati systems (sextupole approximation), where degree of nonlinearity equals to two. For
the general case of arbitrary n we have analogous to (9) iterated integrals with the degree of monomials in integrand
which is one more bigger than degree of initial system.

3.2

r

k

vij-Xi(-)X

)dr,

fXi(-)X3 (r)d-,

Pj,

(4)

are equivalent. In the following parts we consider an approach, which is based on taking into account underlying
symplectic structure and on more useful and flexible analytical approach, related to bilinear structure of initial functional. Now we consider formal expansions for xi, yi:

d, vj=/o-~
'X() jTdr

Wavelet Computations

Now we give construction for computations of objects (9)
in the wavelet case. We present some details of wavelet
machinery in part 2. We use compactly supported wavelet
basis (Fig. 1, for example): orthonormal basis for functions
in L 2 (R).

k

Its coefficients are
I~kr

=

S=

1f Wk(t)ýOr(t)dt,

(7)

Jfi(xit)0r(t)dt.

Now, when we solve system (6) and determine unknown
coefficients from formal expansion (5) we therefore obtain
the solution of our initial problem. It should be noted if we
consider only truncated expansion (5) with N terms then we
have from (6) the system of N x n algebraical equations and
the degree of this algebraical system coincides with degree
of initial differential system. So, we have the solution of
the initial nonlinear (polynomial) problem in the form

Figure 1: Wavelets at different scales and locations
Let be f : R
C and the wavelet expansion is

N

Xi(t) = Xi(0) + YZAsXk(t),

00

f W) =

(8)

k=1

cfwe W Z
£EZ
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If in formulae (10) cjk = 0 for j > J, then f(x) has an
alternative expansion in terms of dilated scaling functions
only f(x) = "eEz ctjtecf(x). This is a finite wavelet expansion, it can be written solely in terms of translated scaling functions. Also we have the shortest possible support:
scaling function DN (where N is even integer) will have
support [0, N - 1] and N/2 vanishing moments. There
exists A > 0 such that DN has AN continuous derivatives; for small N, \ > 0.55. To solve our second associated linear problem we need to evaluate derivatives of
f(x) in terms of W(x). Let be Wn = dnqe(x)/dxn. We
consider computation of the wavelet - Galerkin integrals.
Let f d(x) be d-derivative of function f(x), then we have
f d(X) =
cWd (x), and values Wd(x) can be expanded
C
in terms of (p(x)
Od X

4

m
where A_
f cp'd(x)cn(x)dx are wavelet-Galerkin integrals. The coefficients Am are 2-term connection coefficients. In general we need to find (di Ž_0)
-

00

Adid2...d

d (x)dx

,,
-o0

1 1 2 ...•.

d

(12)

d

For Riccati case (sextupole) we need to evaluate two and
three connection coefficients
Ad1d2

=

W

1-00

di (X)Wd2 (X)dX,
1[5]

(13)

00
Adld2d3

od, (x)•d2 (x)Wdm (x)dx

=

W

-0

According to CC method [10] we use the next construction. When N in scaling equation is a finite even positive
integer the function Vo(x) has compact support contained in
[0, N- 1]. For a fixed triple (dl, d2 , d 3 ) only some Am
are nonzero: 2 - N < t < N - 2, 2 - N < m <
N -2,
Ie- mr < N -2. There are M = 3N 2 - 9N + 7
such pairs (f, in). Let Add2d3 be an M-vector, whose components are numbers Add2d3 Then we have the first reduced algebraical system : A satisfy the system of equations (d =d, + d2 + d3 )
AAdld2d3

=

Ae,m;q,r

=

.1-dAdld2da,

E

(14)

apaq-21+par-2m+p.

P
By moment equations we have created a system of M+d+
1 equations in M unknowns. It has rank M and we can obtain unique solution by combination of LU decomposition
and QR algorithm. The second reduced algebraical system gives us the 2-term connection coefficients. For nonquadratic case we have analogously additional linear problems for objects (12). Solving these linear problems we
obtain the coefficients of nonlinear algebraical system (6)
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and after that we obtain the coefficients of wavelet expansion (8). As a result we obtained the explicit time solution
of our problem in the base of compactly supported wavelets
with the best possible localization in the phase space, which
allows us to control contribution from each scale of underlying multiresolution expansions.
In the following parts we consider extension of this approach to the case of (periodic) boundary conditions, the
case of presence of arbitrary variable coefficients and more
flexible biorthogonal wavelet approach.
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NONLINEAR ACCELERATOR PROBLEMS VIA WAVELETS:
6. REPRESENTATIONS AND QUASICLASSICS VIA FWT
A. Fedorova, M. Zeitlin, IPME, RAS, St. Petersburg, Russia * f

Abstract

plectic vector space with symplectic form (,), then R e V

In this series of eight papers we present the applications of
methods from wavelet analysis to polynomial approximations for a number of accelerator physics problems. In this
part we consider application of FWT to metaplectic reprepartwe
considerapplicationan c of FpTromealecs)and
icrpresentation(quantum and chaotical problems) and quasiclas-

is nilpotent Lie algebra - Heisenberg algebra: [R, V]
0, (v, W] = (v, w) E R, [V, V] = R. Sp(V) is a group
of automorphisms of Heisenberg algebra. Let N be a group
with Lie algebra R D V, i.e. Heisenberg group. By Stonevon Neumann theorem Heisenberg group has unique irreducible unitary representation in which 1
i. Let us also

This is the sixth part of our eight presentations in which
we consider applications of methods from wavelet analysis to nonlinear accelerator physics problems. This is a
continuation of our results from [11-[81, in which we considered the applications of a number of analytical methods
from nonlinear (local) Fourier analysis, or wavelet analysis, to nonlinear accelerator physics problems both general
and with additional structures (Hamiltonian, symplectic or
quasicomplex), chaotic, quasiclassical, quantum. Wavelet
analysis is a relatively novel set of mathematical methods,
which gives us a possibility to work with well-localized
bases in functional spaces and with the general type of
operators (differential, integral, pseudodifferential) in such
bases. In contrast with parts 1-4 in parts 5-8 we try to
take into account before using power analytical approaches
underlying algebraical, geometrical, topological structures
related to kinematical, dynamical and hidden symmetry of
physical problems. In part 2 according to the orbit method
and by using construction from the geometric quantization
theory we construct the symplectic and Poisson structures
associated with generalized wavelets by using metaplectic
structure. In part 3 we consider applications of very useful
fast wavelet transform technique (FWT) (part 4) to calculations in quasiclassical evolution dynamics. This method
gives maximally sparse representation of (differential) operator that allows us to take into account contribution from
each level of resolution.

F-+

consider the projective representation of symplectic group
1 INSp(V): Ug92 = C(gl,g2) . U9,,2, where c is a map:
Sp(V) x Sp(V) -- St, i.e. c is S'-cocycle. But this representation is unitary representation of universal covering,
i.e. metaplectic group Mp(V). We give this representation without Stone-von Neumann theorem. Consider a new
group F = N' D Mp(V), D4 is semidirect product (we
consider instead of N = R @ V the N' = S1 x V, S' =
(R/27rZ)). Let V* be dual to V, G(V*) be automorphism
group of V*.Then F is subgroup of G(V*), which consists
of elements, which acts on V* by affine transformations.
This is the key point! Let q1, ... , qn; pi, ... ,p. be symplecpidqi and da be symplectic
tic basis in V, a = pdq =
form on V*. Let M be fixed affine polarization, then for
a E F the map a ý-4 1a gives unitary representation of G:
ea : H(M) -- H(M). Explicitly we have for representation of N on H(M): (Oqf)*(x) =- e-iqxf(x), evf(x) =
f(x - p) The representation of N on H(M) is irreducible.
Let Aq, Ap be infinitesimal operators of this representation
=

tim-[O-tq

-0

I],lA,

=-lim

-[O-t

-

af

I],

then Aqf(x) = i(qx)f(x), Apf(x) =
pj•
(X)
N
w g
Now we give the representation of infinitesimal basic elements. Lie algebra of the group F is the algebra of all (nonhomogeneous) quadratic polynomials of (p,q) relatively
Poisson bracket (PB). The basis of this algebra consists of
elements 1, q1, ... , qn, Pi, ..., Pn,, qq qP 3 , PiPj, i, j =
1, ..., n, i < j,

Of Og

Of Og

9
9B1aqi
fL}=•Opj
{1,g} = 0 for all g,

Oqe9p,

PBis I

2 METAPLECTIC GROUP AND
REPRESENTATIONS

and

Let Sp(n) be symplectic group, Mp(n) be its unique twofold covering - metaplectic group [9]. Let V be a sym-

Pi, qj} = ij, {Pqj, qk} =iqj,
{Piqj,Pk} = -tjkPi,
{PiPj,Pk} = 0,
{PiP, qk} = bikPi + 8jkPi,
{qiqj, Pk } = - 6 tkqj - 6jkqi

. e-mail: zeitlin@math.ipme.ru
t http'//www.ipme.ru/zeitlin.html: http://www.ipme.nw.ni/zeitlin.htmnl
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so, we have the representation of basic elements f
i,qk - iXk,
1
15~
o•x

-A

'-*

P

in phase
Let us consider classical and quantumý)dynamics
2
(x, and generated by
space QZ = R m with coordinates
Hamiltonian 7/((x, ý) E C'(Q; R). If Ci : n -- Q is
(classical) flow then time evolution of any bounded classical observable or symbol b(x, 6) E C' (Q, R) is given
Let H =OpW (7/) and
by bt(x, •) = b( (x,
B = OpW(b) are the self-adjoint operators or quantum
observables in L 2 (R'), representing the Weyl quantization
of the symbols 7H, b [9]

s)).

(2xrh)n

( R 2,
ei<(X-y),ý>/hu(y)dydý,

•

2

b
'

/

where u E S(Rn) and Bt = eivtolBe-it/h be the
Heisenberg observable or quantum evolution of the observable B under unitary group generated by H. Bt solves
the Heisenberg equation of motion et (i/h) [H, Bf]. Let
be(x, ; It) is a symbol of Bt then we have the following
equation for it
(1)
bt = {7, bt }M,
with the initial condition bo(x, C,h) = b(x, ý). Here
{f,g}M(x,C) is the Moyal brackets of the observables
f, g E C' (R 2"), {f, g} m(x, ý) = f g - gof, where f g
is the symbol of the operator product and is presented by
the composition of the symbols f, g
2

R4

((2rh)

ei<rp>h+<w,>

•f(x + w, p + ) . g(x + r, r + ý)dpdrdrdw.
For our problems it is useful that

{f, g}M(x, 0)

Z

(-1)I.

Ia•+/3116l

1

{f, g}M admits the formal

{f, g} + 2-i"

(IIl

+7i,
bt}±

=

QUASICLASSICAL EVOLUTION

(fg)(x,=

=

kQI+IlkIŽ1
s'x x

ok
1
i OxkaTx, qkq

(Bu)

arD

a, ,) is a multi-index, al= 1 +. .. +
-iha,. So, evolution (1) for symbol bt(x, ; h)
(a 1 ,.

is

This gives the structure of the Poisson manifolds to representation of any (nilpotent) algebra or in other words to
approach
continuous wavelet transform. According to this
quantizageometric
of
we can construct by using methods
tion theory many "symplectic wavelet constructions" with
corresponding symplectic or Poisson structure on it. Then
we may produce symplectic invariant wavelet calculations
for PB or commutators which we may use in quantization
procedure or in chaotic dynamics (part 8) via operator representation from section 4.

3

=

+j

-x9 Piqj

PkPtV

where a

(2)

hi(xO-xDtbt).(aO.btD-H).
At h
equation

0 this equation transforms to classical Liouville
bt = {7I, bt}.

(3)

Equation (2) plays a key role in many quantum (semiclassical) problem. We note only the problem of relation between quantum and classical evolutions or how long the
evolution of the quantum observables is determined by the
corresponding classical one [9]. Our approach to solution
of systems (2), (3) is based on our technique from [1]-[8]
and very useful linear parametrization for differential operators which we present in the next section.

4

FAST WAVELET TRANSFORM FOR
DIFFERENTIAL OPERATORS

Let us consider multiresolution representation ... C V2 C
V 1 C Vo C V- 1 C V- 2 ... (see our other papers from
this series for details of wavelet machinery). Let T be an
operator T : L2 (R) -- L 2 (R), with the kernel K(x, y)
and Pj : L 2 (R) -4 Vj (j E Z) is projection operators on the subspace Vj corresponding to j level of resolution: (pif)(x) = -k < fqj,k > Wj,k(x). Let
Qj = Pj-1 - Pj is the projection operator on the subspace Wj then we have the following "microscopic or telescopic" representation of operator T which takes into account contributions from each level of resolution from different scales starting with coarsest and ending to finest
scales [10]: T = E"jEz(QjTQj + QjTPj + PjTQj). We
remember that this is a result of presence of affine group inside this construction. The non-standard form of operator
representation [10] is a representation of an operator T as
a chain of triples T = {Ap, Bi, Fj}jEZ, acting on the subspaces Vj and Wj: Aj : Wj --* Wj, Bj : Vj - Wj, Fj :
Wj - Vj, where operators {Ap, Bp,Fi}jEZ are defined
as A 3 = QjTQ3 , Bj = QjTP3 , rj = PjTQj. The
operator T admits a recursive definition via
B 3+i
'
j+I Tj+
j =
and Tj works on Vj : V -- Vj.
where Tj = PjTPj
It should be noted that operator Aj describes interaction
on the scale j independently from other scales, operaall
tors B3, Fj describe interaction between the scale j and
of
version
"averaged"
coarser scales, the operator Tj is an
eTj-1. The operators A 3 , Bp,Fj, Tj are represented by ma,s i

trices ac,13f' ,

X
(8~f D~g)" (a6gDXf),

tk,k,
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c,k,

f f

=

K(x, y)4,,k (xX)•,kt(y)dxdy

(4)

J J

[J=

(X)?P,,k' (y)dxdy

K(x, 0

=

SJf

< L - 2, re = -r- 1 . For the representation of operator dn/dxn we have the similar reduced linear system
of equations. Then finally we have for action of operator
,Tj(Tj : Vj - Vj) on sufficiently smooth function f:

K(x, Y)Xj,,k(x)j',kI (y)dxdy

(Tf)()

We may compute the non-standard representations of operator d/dx in the wavelet bases by solving a small system
of linear algebraical equations. So, we have for objects (4)

2-i .(2x

04.

-

-

o(2-ix - i)V'(2-jx - t)2-'dX

2-3

=

.

2-i~ ,,i,

=

kEZ

where oj,k(x)
f, ,-1

=

2-j/2
2 2

i2-31

5

where
at(X

-

f

d
)•-

dx

(2-'x - k) is wavelet basis and

] f(x)•o(2-'x

-

k+

e)dx
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NONLINEAR ACCELERATOR PROBLEMS VIA WAVELETS:
7. INVARIANT CALCULATIONS IN HAMILTON PROBLEMS
A. Fedorova, M. Zeitlin, IPME, RAS, St. Petersburg, Russia * I

Abstract
In this series of eight papers we present the applications of
methods from wavelet analysis to polynomial approximations for a number of accelerator physics problems. In this
formulation
paper we consider
papeinvariant
inarint
weconide
ormuatin of
o nonlinear
nolinar (LaLastructure
semidirect
on
dynamics
Hamiltonian)
or
grangian
grelangiant orHaitin
dynamicalgroups) ond
coeseidirt stru
e
(relativity or dynamical groups) and corresponding invariVýMstructure
antia alclatons
ant calculations via CWT.

1

of the concrete problem. We consider the Lagrangian theory related to semiproduct structure and explicit form ofcr resp nd emidit Elr
vriati op rnipe and
3 we consider CWT and the
section
In
equations.
Poincare
consid
wh
techniu
cal
cresodnati
osd
hc lost
ehiu
crepnigaayia
er covariant wavelet analysis. In part 8 we consider in the
ercviatweltnlys.Iprt8ecoidrnth
particular case of affine Galilei group with the semiproduct
srcuetecrepnigobttcnqefrcntut
the corresponding orbit technique for constructing different types of invariant wavelet bases.

INTRODUCTION

2

DYNAMICS ON SEMIDIRECT

PRODUCTS
This is the seventh part of our eight presentations in which
we consider applications of methods from wavelet analyRelativity groups such as Euclidean, Galilei or Poincare
sis to nonlinear accelerator physics problems. This is a groups are the particular cases of semidirect product concontinuation of our results from [1]-[8], in which we con- group a h ic ular cses of semire
prou considered the applications of a number of analytical methods
struction, which is very useful and simple general construcfrom nonlinear (local) Fourier analysis, or wavelet analytion in the group theory [9]. We may consider as a basic
sis, to nonlinear accelerator physics problems both general
example the Euclidean group SE(3) = sSO(3)
ti
R 3 , the
and with additional structures (Hamiltonian, symplectic or semidirect product of rotations and translations. In general
quasicomplex), chaotic, quasiclassical, quantum. Wavelet case we have S goG tp V, where group G (Lie group or
analysis is a relatively novel
of mathematical
methods, dua
dualmorhisms
acts on
a vector
andgroup,
on its
us set
posiblit
towor
wih wll-ocaiz
V*. Let V group)
be a vector
space
and Gspace
is theV Lie
which gives uwhich
acts on the left by linear maps on V (G also acts on
bases in functional spaces and with the general type of the left on its dual space V*). The Lie algebra of S is the
operators (differential, integral, pseudodifferential) in such te left odu ct
Lie algebra
s
x
ith e
bases. In contrast with parts 1-4 in parts 5-8 we try to
semidirect product Lie algebra, s - g t V with brackets
62],'iv2 - 62Vl), where the in[(6i, v1 ), (62, v 2 )] = ([661,
take into account before using power analytical approachis denoted as 6 v2. Let
concatenation
by
G
of
es underlying algebraical, geometrical, topological struc- duced action
g x V, (p, a) E s* =
s
=
E
u)
(ý,
V,
x
G
=
E
S
v)
(g,
symtures related to kinematical, dynamical and hidden
denote the induced
ga
Adg*-,,u,
=
gy
,
Adg
=
gý
G*xV*,
of
9
metry of physical problems. We described a number
concrete problems in parts 1-4. The most interesting case
left action of g on a (the left action of G on V induces a left
the inverse of the transpose of the action
action on V*
is the dynamics of spin-orbital motion (part 4). In secV is a linear map given by Pv (ý) = ýv,
-G
:
Pv
V),
on
tion 2 we consider dynamical consequences of covariance
* is its dual. Then adjoint and coadjoint
p• : V* properties regarding to relativity (kinematical) groups and
continuous wavelet transform (CWT) (in section 3) as a actions are given by simple concatenation: (g, v) (, u) =
(gý, gu - (gý)v), (g, v) (p, a) = (gp + p* (ga), ga). Also,
method for the solution of dynamical problems. We introlet be p•,a = v o a Eg* for a E V*, which is a bilinduce the semidirect product structure, which allows us to
consider from general point of view all relativity groups. ear operation in v and a. So, we have the coadjoint action:
(g, v) (p, a) = (gp+ v o (ga),ga). Using concatenation nosuch as Euclidean, Galilei, Poincare. Then we consider
for Lie algebra actions we have alternative definition
tation
of
the Lie-Poisson equations and obtain the manifestation
ofv oa e •*. For allyv
V, a E V*, 'j E •7we have
on
group
symmetry
semiproduct structure of (kinematic)
dynamical level. So, correct description of dynamics is < 71a, v >= - < v oa, 71>.
Now we consider the manifestation of semiproduct
a consequence of correct understanding of real symmetry
structure of symmetry group on dynamical level. Let
• e-mail: zeitlin@math.ipme.ru
F, G be real valued functions on the dual space G*, P E
t http://www.ipme.ni/zeitlin.html; http://www.ipme.nw.ru/zeitlin.html
G*. Functional derivative of F at u is the unique ele0-7803-5573-3/99/$1 0.00@ 1999 IEEE.
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ment F/6Ip E G: lirm,_•o[F(p + ftp) - F(p)]/E =<
6p, F/6Ip > for all Sp E G*, <, > is pairing between G* and g. Define the (±) Lie-Poisson brackets by
{F,G}+(p) = ± < p, [6F/6p, .G/6p] > . The LiePoisson equations, determined by F = {F, H} or intrinsically j = F:adH/OMp. For the left representation of G on
V ± Lie-Poisson bracket of two functions f, k : s* -+ R is
given by
f/, k}±(p, a) = - < p,
< Sk
Jf
b-<atp
bia

-k

ff

6k

(1)

8f
bip Ta

where Jf/lp E G, Jf/la E V are the functional derivatives of f. The Hamiltonian vector field of h : s* E R
has the expression Xh (p, a) = :F(ad~h/61,p - Sh/la o

Then we have four equivalent descriptions of the corresponding dynamics: 1. If ao is fixed then Hamilton's
variational principle Jf2t• Lao (g(t), ý(t)dt = 0 holds for
variations Sg(t) of g(t) vanishing at the endpoints. 2. g(t)
satisfies the Euler-Lagrange equationst• for Lao on G. 3. The
constrained variational principle Jft . f((t), a(t))dt = 0
holds on G x V•, using variations of ý and a of the form
Jý = ý + [ý, 77], 6a = -77a, where 27(t) E G vanishes at the
endpoints. 4. The Euler-Poincare equations hold on G x V*
d
6> 61
d Ui adsti
sti
(3)
+ oa
=a
So, we may apply our wavelet methods either on the level
of variational formulation or on the level of Euler-Poincare
equations.

3

a, -Sh/6 pa). Thus, Hamiltonian equations on the dual of
a semidirect product are [9]:
6ih
=
"

ad6hl6p
.

--

a-

CONTINUOUS WAVELET
TRANSFORM

6ih

o a,

& = -- a

pgrangian

(2)

So, we can see the explicit contribution to the Poisson
brackets and the equations of motion which come from the
semiproduct structure.
Now we consider according to [9] Lagrangian side of
a theory. This approach is based on variational principles
with symmetry and is not dependent on Hamiltonian formulation, although it is demonstrated in [9] that this purely Lagrangian formulation is equivalent to the Hamiltonian formulation on duals of semidirect product (the corresponding Legendre transformation is a diffeomorphism).
We consider the case of the left representation and the left
invariant Lagrangians (t and L), which depend in additional on another parameter a E V* (dynamical parameter),
where V is representation space for the Lie group G and

L has an invariance property related to both arguments. It
should be noted that the resulting equations of motion, the
Euler-Poincare equations, are not the Euler-Poincare equations for the semidirect product Lie algebra G >o V* or
G N V. So, we have the following:
1. There is a left representation of Lie group G on the
vector space V and G acts in the natural way on the left
on TG x V* : h(vg, a) = (hvg, ha). 2. The function
L : TG x V* E R is the left G-invariant. 3. Let a0 E
V*, Lagrangian Lao : TG -+ R, L, (vg) = L(vg, ao).
Lao is left invariant under the lift to TG of the left action
of Ga, on G, where Gao is the isotropy group of ao. 4.
Left G-invariance of L permits us to define i : G x V* -+
R by £(g-lvg, g-lao) = L(vg, ao). This relation defines
for any f : G x V* -+ R the left G-invariant function
L : TG x V* -+ R. 5. For a curve g(t) E G let be
ý(t) := g(t)-'l(t) and define the curve a(t) as the unique
solution of the following linear differential equation with
time dependent coefficients t(t) = -ý(t)a(t), with initial
condition a(0) = a 0 . The solution can be written as a(t) =
g(t)-'a 0 .

Now we need take into account the Hamiltonian or Lastructures related with systems (2) or (3). Therefore, we need to consider generalized wavelets, which allow us to consider the corresponding structures instead of
compactly supported wavelet representation from parts 14. In wavelet analysis the following three concepts are
used now: 1). a square integrable representation U of a
group G, 2). coherent states (CS) over G, 3). the wavelet
transform associated to U. We consider now their unification [10]-[121. Let G be a locally compact group and
Ua strongly continuous, irreducible, unitary representation
of G on Hilbert space 71. Let H be a closed subgroup
of G, X = G/H with (quasi) invariant measure v and
o- : X = G/H -+ G is a Borel section in a principal bundle G -- G/H. Then we say that U is square integrable
mod(H, a) if there exists a non-zero vector 77E I7 such
that 0 < fX I < U(o(X))7lIt > 12dv(x) =< $lAoGt > <
oo, V4D E Ji. Given such a vector q E ?i called admissible for (U, or) we define the family of (covariant) coherent
states or wavelets, indexed by points x E X, as the orbit of
7 under G, though the representation U and the section 0r
[10]-[12]: S, = 17,(,) = U(o-(x))i1jx E X. So, coherent
states or wavelets are simply the elements of the orbit under
U of a fixed vector q in representation space. We have the
following fundamental properties: 1.Overcompleteness:
the set S, is total in W : (So)-' = 0. 2. Resolution property: the square integrability condition may be represented
as a resolution relation: fX I177
(x) >< 17,(.)[dv4x) = AG,
where A, is a bounded, positive operator with a densely defined inverse. Define the linear map W,, : i --+
L 2 (X, dv), (W,(b)(x) =< r7,(,)ItI > . Then the range
H0 of W0 is complete with respect to the scalar product

< -(II >0=< tIW 0A;lWT-1

> and W, is unitary op-

erator from ?i onto X4,. W,7 is Continuous Wavelet Transform (CWT). 3. Reproducing kernel. The orthogonal projection from L2 (X, dv) onto 4,, is an integral operator KG
and H,, is a reproducing kernel Hilbert space of functions:
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$(x) = fX K, (x, y) (y)dv(y), V4DE W
tent (this must be resemble the symplectic or Lie-Poisson
7 ,. The kernel is given explicitly by K , (x, y) =< r7,(,)A,- 1 a(y) >,
integrator theory). We use the point of view of geometif 71( ) E D(A- 1 ), Vy E X. So, the function 4> E
ric quantization theory (orbit method) instead of harmonic
L2 (X, dv) is a wavelet transform (WT) iff it satisfies this analysis. Because of this we can consider (a) - (e) analoreproducing relation. 4. Reconstruction formula. The WT gously. In next part we consider construction of invariant
W,, may be inverted on its range by the adjoint operator, bases.
WN7 '= W,,*on X4 to obtain for 77, (x) E D(A- 1 ), Vx E X
We are very grateful to M. Cornacchia (SLAC), W. HerWý`41o = fx T(x)A,-"?7, (,)dv(x), b E W,,. This is in- rmannsfeldt (SLAC) Mrs. J. Kono (LBL) and M. Laraneta
verse WT. If A; 1 is bounded then S , is called a frame, if (UCLA) for their permanent encouragement.
A, = AI then S , is called a tight frame. This two cases are
generalization of a simple case, when S6, is an (ortho)basis.
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Abstract

2

The Vlasov-Maxwell equations are used to investigate
properties of the electron-ion two-stream instability for a
continuous, high-intensity ion beam propagating in the zdirection with directed axial velocity Vb = obc through a
background population of (stationary) electrons. The analysis is carried out for arbitrary beam intensity, consistent
with transverse confinement of the beam particles, and arbitrary fractional charge neutralization. Stability properties are calculated for dipole perturbations with azimuthal
mode number f = 1 about monoenergetic ion and electron
distribution functions.

1

INTRODUCTION

Periodic focusing accelerators and transport systems[l, 2]
have a wide range of applications ranging from basic scientific research, to applications such as spallation neutron sources, tritium production, and heavy ion fusion,
For a one-component high-intensity beam, considerable
progress has been made in describing the self-consistent
evolution of the beam distribution function fb(x, p, t) and
the self-generated electric and magnetic fields in kinetic
analyses[ 1, 3, 4, 5, 6] based on the Vlasov-Maxwell equations. In many practical accelerator applications, however,
an (unwanted) second charge component is present. When
a second charge component is present, it has been recognized for many years[7, 8, 9, 10, 11, 12] that the relative streaming motion of the high-intensity beam particles
through the background charge species provides the free
energy to drive the classical two-stream instability[ 13].
In the present analysis, we apply the Vlasov-Maxwell
equations[l, 14] to describe the self-consistent interaction
of the ion and electron distribution functions with the applied field and the self-generated electric and magnetic
fields. The analysis can be applied to ion beams ranging from the emittance-dominated, moderate-intensity proton beams in proton linacs and storage rings, to the lowemittance, space-charge-dominated ion beams in heavy ion
fusion.
0-7803-5573-3/99/$10.00@ 1999 IEEE.

THEORETICAL MODEL AND
ASSUMPTIONS

The present analysis [14] considers a continuous ion beam
with distribution function fb(x, p, t), and characteristic radius rb and axial momentum 'Ybmb,3bC propagating in the
z-direction through a background population of electrons
with distribution function fe (x,p, t). The ions have directed axial velocity Vb = t3bC, and the background electrons are assumed to be nonrelativistic and stationary with
f d3ppzf, c- 0 in the laboratory frame. The appliedfocusing force on a beam ion is modeled by
F2oe = --Tbmbw~bXJ. ,i/
(1)
where x± = x6,, + ye, is the transverse displacement,
2
(7b - 1)Mbc is the ion kinetic energy, mb is the ion rest
mass, c is the speed of light in vacuo, and W,3b = const.
is the effective betatron frequency for the applied focusing field. Assuming that the ion density exceeds the background electron density, the space-charge force on an electron, provides transverse confinement of the background
electrons by the electrostatic potential q(x, t). It is further assumed that the ion motion in the beam frame is
nonrelativistic. The electrostatic potential O(x, t) is determined self-consistently from Poisson's equation V 20 =
-4-7re(Zbnb -- ne) , and the z-component of vector potential A, (x, t) is determined self-consistently from V 2 Az =
-47rZbe/3bnb , where the electrons are assumed to carry
zero axial current in the laboratory frame. Here, flb(X, t) =
f d3pfb(x, p, t) and ne(x, t) = f d3pfe(x, p, t) are the
ion and electron densities, respectively.
Finally, the stability analysis assumes perturbations with
sufficiently long axial wavelength and high frequency that
k2rI2wk,< 1, Iw/k
flbcI » VTbz, and
I > VTez.
2
Here, VTbZ = (2Tbz/'Ybmb)1/ and VTez = (2Tez/me)1/2
are the axial thermal speeds of the beam ions and the background electrons, respectively. Furthermore, the perturbed
axial forces are treated as negligibly small, and the analysis neglects the effects of Landau damping due to axial
momentum spread.
We make use of these assumptions to simplify the theoretical model[ 14]. First, we introduce the reduced distribution functions defined by Fj (x,p±, t) = f dpfj (x, p, t)
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for j = b, e. Because f dpzpzfe - 0 for the electrons, the
nonlinear Vlasov equation for Fe (x, p±, t) is given by
S++
)
F ,is
{
-e(x, P±, 0 = 0,
(2)
where -e is the electron charge, and V± -6 1,/8x +
4&/, 9 y. The ions, however, have large directed axial velocity Vb ý-- fbc, and the Vlasov equation for Fb(X, p1, t)
becomes
" ++ Vbz
+
Vb
i2X (-YmbW,3b2X_
bmb
X±
(3)
+ ZbeV±'P)

.

Here, hb and f, = fZbhb are positive constants corresponding to the ion and electron densities, f = const.
the fractional charge neutralization, and T±b and TLe
are constants corresponding to the on-axis (r = 0) values of the transverse ion and electron temperatures, respectively. Without presenting details[ 14], some algebraic manipulation of Eqs. (4) - (6) gives the step-function density
profiles n°(r) = fj = const., for 0 < r < rb, and
n°(r) = 0 for rb < r < rn, and j = b, e. Here, the
beam radius rb is related to other equilibrium parameters
by fr b2 = 2 t~b/Ybmb and .bb =r22T±e/me, where the
(depressed) betatron frequencies 1 'b and P, are defined by

a-IFb(x, p-,t) = 0.

=-2 23 --

Here, +Zbe is the ion charge, and ip(x, t) =- O(x, t) b(x, t) in
/3bAZ(x, t). The self-field potentials O(x, t), and from
Eqs. (2) and (3) are determined self-consistently
( 2 + O-y2)

0 = -41re (
aX2

+ a
S

0

-47re

j dpFb - f d p'e)
fzb

(

Y2

.
(4)

Under quasisteady equilibrium conditions with 0/Ot = 0,
we assume axisymmetric beam propagation and negligible variation with axial coordinate (0/00 = 0 = a/Oz).
The equilibrium distribution functions for the beam ions
and background electrons are of the general form F' =
F°(Hib) and F° = F-F(H±e), where

Hi1e

2

_____2

4

-

2

+

~

e

1 -w(kbV/r)
2

Wbb

q-

(rb/r'b)

-

b

:(W)
_p .

Fpe(w)Fr(l

-

kVb) .

&~2

e

2

(8)

b

ceptibilities are defined by[14]
1

(w

= 00O(r = 0) and 0 =_¢ 0 (r = 0) are
the motion, and
constants.
There is wide latitude in specifying the functional forms

-

kzVb)

= -

e

V
-

Y
-=

x

!(=

(i - 2m)ifb(

[(w - kýVb) - (f - 2m)i'b)
1
P
= E)(w)

of the equilibrium distribution functions[14]. In the present
analysis, we assume monoenergetic ions and electrons,
with distribution functions

(9)
(f - 2m)P,

M=0o
5(H-b - T±b) ,

for general azimuthal harmonic number 1.

(6)
6e(Hi - tie) •
27rme

F,2

+

where 2e = 47riiee/me. Here, the ion and electron sus-

.

Here, r = (x 2 + y2 )1/ 2 is the radial distance from the beam
axis, Hib and Hie are exact single-particle constants of

FO(H±L) =

(rb/rw) 2
C 2,2
5=£i

(5)

Fbo(AL b) = 2

STABILITY ANALYSIS AND
DISPERSION RELATION

For small-amplitude perturbations, a stability analysis proceeds by linearizing Eqs. (2)-(4). Perturbed quantities are
expressed as 6b(x,t) = 6ibt(r) exp(ikzz + ilO - iwt),
5Fb(x,P±,t) = 6Fb(r,p±)exp(ik.z + iVO - iwt), etc.,
where Imw > 0 is assumed, corresponding to instability (temporal growth), k, is the axial wavenumber, and 1
is the azimuthal harmonic number. The linearized Vlasov
equations are formally integrated by using the method of
characteristics[ 14]. For perturbations about the monoenergetic ion and electron distribution functions in Eq. (6), we
obtain[14] the kinetic dispersion relation

-+ 2'bmbWlbr + Zbe[-L'(r) - •0,

= 2mo].p± -_-e-m
[¢]

(7)

-)2b=on.
_ f)ýb =const.,

)squared.

[d2pFb-Id2pF,

EQUILIBRIUM PROPERTIES

HLb = 2-ybmb

[e

b
1bm___b
(i_2
2 Zbme (1

squaredandwpb
= 47rhbZ2 e2Ybmb is the ion plasma frequency-

I

We assume that the beam propagates axially through a perfectly conducting cylindrical pipe with radius r = r,. En= 0 readily
= [
forcing [EsIj,_ = [E
gives 0(r = r•,O,z,t) = 0, and 4p(r = r•,e,z,t) = 0.
Here, the constant values of the potentials at r = rw have
been taken equal to zero.

3

V-2 ==

f) Wpb
-2 = Const.,

A careful examination[14] of Eq. (8) for fhe - 0 shows
that the strongest instability (largest growth rate) occurs for
azimuthal mode number £ = 1, corresponding to a simple
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wf'/2(WtWb)'/ 2 ,

(dipole) displacement of the beam ions and the background
electrons. Fore = 1, we find ri (w) =
- ,2] and
r,((w - kVb) =
2/[p - kzVb) 2 - *2], and introduce
the collective oscillation frequencies defined by
2 -2
e -

2
1'
-C,
1+ 2
r2'-b
2 e 1-r2
2^2

Wb2=2

+

l1 r)

which occurs for Skz = 0. For example, for a proton beam (Zb = 1, mb/me = 1836) with
relativistic mass factor b = 1.85, a moderate value of
normalized beam intensity Wpb/W02b = 0.1, large wall
radius rw/rb - oo and fractional charge neutralization
f= 0.1, weobtain(Im~w)ma =O.12 7wob, corresponding to a particularly virulent growth rate for the electron-

2)

m

c)2-

_fr

Pb

212(
= W1 b + 2Wpb (f

proton (e-p) instability. For this choice of system parameters, the central oscillation frequency and wavenumber are

1lrb2

72 r2T

4
Wo = 13 .03W,9b and kzoVb = 1 .03WfOb.

(10)

5

where use is made of ,2,e = (Ybmb/Zbm,)fCp2pb. Substituting into Eq. (8) and rearranging terms, the t = 1 dispersion
relation can be expressed in the compact form
[(w - kzVb) 2

2
- W2J[W - W2]

4

The general kinetic formalism[14] outlined here can also
be applied to perturbations about a wide range of nonequilibrium distribution functions. A demonoenergetic
tailed, self-consistent
stability analysis based on Eqs. (2)(4) for continuously varying profiles is beyond the scope
of the present article. It is sufficient to note that the
spread in (depressed) betatron frequencies[7, 14] associ-

(11)

where wf is defined by
W

4

^4

= _bmb
r2]

Zbm-

CONCLUSIONS

'12)

ated with continuously varying profiles is expected to lead
to a threshold in beam intensity and/or fractional charge
neutralization for the onset of instability.

(

In the absence of background electrons (f = 0 and
0), Eq. (11) gives stable collective oscillations of

Wf '=

the ion beam with frequency w - kzVb

= ±Wb,

6

where Wb

is defined in Eq. (11). For f # 0, however, the ion and
electron terms on the left-hand side of Eq. (11) are coupled by the wtoterm on the right-hand side, leading to one
unstable solution with Imw > 0 for a certain range of axial wavenumber k,. It is important to recognize that the
dispersion relation (11) is applicable over a wide range of
normalized beam intensity and fractional charge neutralization. That is, Eq. (11) can be applied to the emittance2
< 0.2,
dominated, moderate-intensity ion beams (to2/bW

ACKNOWLEDGEMENT

This research was supported by the Department of Energy
and the APT Project and LANSCE Division of Los Alamos
National Laboratory.

7

REFERENCES

[1] R. C. Davidson, Physics of Nonneutral Plasmas (AddisonWesley Publishing Co., Reading, MA, 1990), and references

say) in proton linacs and storage rings. On the other hand,
Eq. (11) can also be applied to the low-emittance, very
hm(b/b approaching
for

[2] T. P. Wangler, Principles of RF Linear Accelerators (John
Wiley & Sons, Inc., New York, 1998).

f = 0) envisioned for heavy ion fusion.

[3]
[4]
[5]
[6]
[7]
[8]
[91

A careful examination of Eq. (11) shows that the
unstable, positive-frequency branch has frequency and
wavenumber (P, kz) closely tuned to the values (wo, k5 o)
defined by Wo = +we and wo - kzoVb = -Wb. In this
regime, expressing w = wo + 6w and k, = k_5 0 ± 6k,, and
assuming
g
Jwo 2 w, the dispersion relation (11)is given
to good approximation by
Sw(6w - SkzVb)[1 - (•w - JkzVb)/2Wb]
_.2_

4(13)

04web
At moderate beam intensities with r2 < 1, the unstable
F0
solution to Eq. (13) satisfies 16w - 6kzVbI < 2 Wb. In
this regime, Eq. (13) can be approximated by the quadratic
form 6w(6w - 6kzVb) = /4weWb. This
quadratic dispersion relation supports an unstable solu2
2
tion with growth rate Imrnw = r 0 [1 - (6kzVb/2Fo) ]1/
for 6kz in the (symmetric) interval, -2Fo < JkzVb <
6
2ro. The maximum growth rate is (Im w)max = r0 =

T. -S. Wang and L. Smith, Part. Accel. 12, 247 (1982).
J. Struckmeier and I. Hofmann, Part. Accel. 39, 219 (1992).
R. C. Davidson, Physics of Plasmas 5, 3459 (1998).
R. C. Davidson and C. Chen, Part. Accel. 59, 175 (1998).
D. Koshkarev and P. Zenkevich, Part. Accel. 3, 1 (1972).
E. Keil and B. Zotter, CERN-ISR-TH/71-58 (1971).
L. J. Laslett, A. M. Sessler, and D. Mdhl, Nuclear Instruments
and Methods 121, 517 (1974).

[10] D. Neuffer, E. Colton, D. Fitzgerald, T. Hardek, R. Hutson,
R. Macek, M. Plum, H. Thiessen, and T. -S. Wang, Nuclear
Instruments and Methods in Phys. Res. A321, 1 (1992).
[11] J. Byrd, A. Chao, S. Heifets, M. Minty, T. 0. Roubenheimer,
J. Seeman, G. Stupakov, J. Thomson and F. Zimmerman,
Phys. Rev. Lett. 79, 79 (1997).
[12] K. Ohmi, Phys. Rev. ES5, 7550 (1997).
[13] See, for example, pp. 240-271 of Ref. 1.
[14] "Kinetic Description of Electron-Proton Instability in HighIntensity Proton Linacs and Storage Rings Based on the
Vlasov-Maxwell Equations,' R. C. Davidson, H. Qin, P. H.
Stoltz, and T. -S. Wang, submitted for publication (1999).

1625

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

3D MULTISPECIES NONLINEAR PERTURBATIVE PARTICLE
SIMULATION OF INTENSE PARTICLE BEAMS
Hong Qin, Ronald C. Davidson, and W. Wei-li Lee
Plasma Physics Laboratory
Princeton University, Princeton, NJ 08543
Abstract

f3ci& are assumed to be nonrelativistic. While the non-

The Beam Equilibrium Stability and Transport (BEST)
code, a 3D multispecies nonlinear perturbative particle
simulation code, has been developed to study collective
effects in intense charged particle beams described selfconsistently by the Vlasov-Maxwell equations. This code
provides an effective numerical tool to investigate collec-

linear Jf formalism outlined here is readily adapted to the
case of a periodic applied focusing force, for present purpose we make use of a smooth-focusing model in which the
applied focusing force is described by

tive instabilities, periodically-focused beam propagation in
in alternating-gradient focusing fields, halo formation, and
other important nonlinear process in intense beam propagation.

where xj_ = xý& + y&iu is the transverse displacement,
and w~j = const is the effective betatron frequency for
transverse oscillation. For example, in the absence of background ions (fi = 0), to describe the two-stream interaction between the beam ions (j = b) and background electrons (j = e), we normally assume Ve = 3 eC =- 0. The
space-charge intensity is allowed to be arbitrarily large,
subject only to transverse confinement of the beam ions

1

INTRODUCTION AND THEORETICAL
MODEL

For accelerator applications to spallation neutron sources,
tritium production, and heavy ion fusion, space-charge effects on beam equilibrium, stability, and transport properties become increasingly important. To understand these
collective process at high beam intensity, it is necessary
to treat the nonlinear beam dynamics self-consistently using the nonlinear Vlasov-Maxwell equations[l, 2, 3]. Recently, the 6f formalism, a low-noise, nonlinear perturbative particle simulation technique, has been developed for
intense beam applications, and applied to matched-beam
propagation in a periodic focusing field[4, 5, 6, 7, 8] and
other related problems. This paper reports recent advances
in applying the Jf formalism to simulate the nonlinear dynamics of an intense beam. The BEST code described
here is a 3D multispecies nonlinear perturbative particle
simulation code, which can be applied to a wide range of
important collective processes in intense beams, such as
the electron-ion two-stream instability[9, 10], periodicallyfocused beam propagation[l11, 12], and halo formation. In
the the theoretical model[9, 10, 13], we consider a thin,
continuous, high-intensity ion beam (j = b), with characteristic radius rb propagating in the z-direction through
background electron and ion components (j = e, i), each
of which is described by a distribution function fh(x,p,t).
The charge components (j = b, e, i) propagate in the zdirection with characteristic axial momentum -jmj~ic,
where Vj = fjc is the directed axial velocity, yj =
(1 - /3•)-1/2 is the relativistic mass factor, ej and mj are
the charge and rest mass, respectively, of a j-th species particle, and c is the speed of light in vacuo. For each component (j = b, e, i), the transverse and axial particle velocities in a frame of reference moving with axial velocity
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

-(

F°c

2

(

by the applied focusing force, and the background electrons are confined in the transverse. plane by the spacecharge potential 4(z, t) due to the excess ion charge. In the
electrostatic approximation, we represent the self-electric
8
8
and self-magnetic fields by E = -Vo(x, t) and B V x A,(x, t)&,, respectively. For present purpose, assum1
b
ing perturbations with long axial wavelength
and neglecting the perturbed axial force on the charge components, the nonlinear Vlasov-Maxwell equation in the
five-dimensional phase space (x, p±) can be approximated
by[9, 10, 13]
a

a

2

- [ITjm'wMjx±

+1V

(2)
+ e3 V±(k -

)] •-j•f

3

(xp±,t)
P"A

=

0,

and
2

VI4

ej] d2pfh (x p, t),

-47r •

(3)

3

V2A,

=

-4-7r

ejfjd2pfj(Xp±,t).

Here, V- = &.9/Dx +
(-yjmj)- 1pj.

2

y,9/,9y and v = Vj&z +

NONLINEAR 5F SIMULATION
METHOD AND THE BEST CODE

In the nonlinear bf formalism, we express the total distribution function as fj = fjo + 6fj, where fjo is a known solution to the nonlinear Vlasov-Maxwell equations (2) and
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(3), and determine the detailed evolution of the perturbed
distribution function 6fj = fj - fjo. This is accomplished
by advancing the weight function defined by wj = 5fj/fj,
together with the particles' positions and momenta. The
equations of motion for the particles, obtained from the
characteristics of the nonlinear Vlasov equation (2), are
given by

wall. Even though it is a perturbative approach, the Jf
method is fully nonlinear and simulates the original nonlinear Vlasov-Maxwell equations. Compared with conventional particle-in-cell simulations, the noise level in 6f simulations is significantly reduced. In addition, the 6f method
can be used to study linear stability properties provided
the factor (1 - wji) in Eq. (5) is approximated by 1, and
the forcing term in Eq. (4) is replaced by the unperturbed
force (i.e., advancing particles along the unperturbed orbits). Implementation of the 3D multispecies nonlinear
5f simulation method described above is embodied in the
BEST code at the Princeton Plasma Physics Laboratory.
The code advances the particle motions using a 4th-order
Runge-Kutte method, and solves Maxwell's equations by
a fast Fourier transform and finite-difference method in
cylindrical geometry. Written in Fortran 90/95, the code
utilizes extensively the object-oriented features provided
by the computer language. The NetCDF scientific data
format is implemented for large-scale diagnostics and visualization. The code has achieved an average speed of
40Ijs/(particle x step) on a DEC alpha personal workstation
500au computer.

dwt-= Vjz + (^/mj)- 1 P1 j.,
ddt

eVj± (-/Az).

2

(4)

t -Here the subscript "'ji"labels the i-th simulation particle of
the j-th species. The weight functions wj, as functions of
phase space variables, are carried by the simulation particles, and the dynamical equations for wj are easily derived
from the definition of wj and the Vlasov equation (2). Following the algebra in Refs. [4, 5, 6, 71, we obtain
-1f
d

I

dwi)

fo .,
(5)

= dý

J v

_

dt,/)dt

)(6A)
---

3

where 6q =0 - Oo and 6A. = A; - Azo. Here, the
equilibrium solutions (€0, Azo, fjo ) solve the steady-state
(a/8t = 0) Vlasov-Maxwell equations (2) and (3) with
1/9z = 0 and 9/1O = 0. A wide variety of axisymmetric
equilibrium solutions to Eqs. (2) and (3) have been investigated in the literature. The perturbed distribution 6fj is obtained through the weighted Klimontovich representation

For brevity, we present here illustrative simulation results
for a single-species thermal equilibrium ion beam in a constant focusing field. In this case, equilibrium properties
depend on the radial coordinate r = (x2 + V2 )1/ 2. The
thermal equilibrium distribution function is given by
fbo(r, p±) =

N=
Nj

i, 1

wji6(x

-

xji)6(p_

pji),

-

(6)

where Nj is the total number of actual j-th species particles,
and N8 j is the total number of simulationparticles-for thejth species. Maxwell's equations are also expressed in terms
of the perturbed fields and perturbed density according to
V2 6 = - 4-7r Eejnj,
I
eand
a
V2JAZ = -47r

yejjrnj,
ejfis

6n3

=

[d~

J

b

21r-ybMbTb
pN2 /2-Ybmb + -Ybmbwbr 2 /2 + eb(OO -- /ibAzO)

Nsi

t5f 3

SIMULATION RESULTS

fjj-

)=

>j

=

wj3 U(X, xj).

ibeam

(7)
Here, U(x, xij) represents the method of distributing particles on the grids in configuration space. The nonlinear
particle simulations are carried out by iteratively advancing the particle motions, including the weights they carry,
according to Eqs. (4) and (5), and updating the fields by
solving the perturbed Maxwell's equations (7) with appropriate boundary conditions at the cylindrical conducting

Tb

e

"}

(8)

where nb is the density of beam particles at r = 0, and
Tb is the transverse temperature of the beam ions in energy
units. It is also assumed that the beam is centered inside
a cylindrical chamber with perfectly conducting wall located at r = r,. The equilibrium self-field potentials qo
Azo can be determined numerically from Maxwell's
equations (3). First, we examine the nonlinear propagation properties of the beam. A random initial perturbation
introduced into the system, and the beam is propagated
from t = 0 to t = 500-r, where r-o -- WVb. The simulation results show that the perturbations do not grow and the
propagates quiescently, which agrees with the nonlinear stability theorem[14, 15] for the choice of equilibrium
distribution function in Eq. (8). Shown in Fig. 1 is a plot of
the change in transverse emittance-squared (normalized by
2
2
Vb/wJb),
= E2 (t)
0e ,versus normalized time t/r,
3,
for perturbations about the thermal equilibrium distribution
in Eq. (8). The system parameters in Fig. 1 correspond to
protons with -tb = 1.85, and normalized beam intensity
9
Kf3bcT-/eo = 0,025, where K = 2Nbe 2/-y3 mbb3 C2
is the
self-field perveance, and Nb is the number of beam ions per
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ulation code, it provides several unique capabilities. Since
the simulation particles are used to simulate only the perturbed distribution function and self-fields, the simulation
noise is reduced significantly. The perturbative approach
also enables the code to investigate different physics effects
separately, as well as simultaneously. The code can be easily switched between linear and nonlinear operation, and
used to study both linear stability properties and nonlinear
beam dynamics. These features, combined with 3D and
multispecies capabilities, provide us with an effective tool
to investigate the electron-ion two-stream instability, periodically focused solutions in alternating focusing fields,
halo formation, and many other important problems in nonlinear beam dynamics and accelerator physics. Finally, the
BEST code is readily adapted to the case where the applied focusing force, Fifoc, corresponds to a periodic focusing quadrapole field or solenoidal field, and the effects
of the axial self-field field Fz = -i 2 ej0•(x,t)/azon
the particle dynamics are retained self-consistently. Results
of these studies will be reported in future publications.

unit axial length. The amplitudes of the initial random perturbation in weights in Fig. 1 is 10-4, which leads to the
very small offset in &52 . It is evident from Fig. 1 that the
2
variations in beam emittance, &e , remain extremely small
for perturbations about a thermal equilibrium beam. As a
0
-4
6 7-6
13 -_

0

100

200 300
t/'r,

400

500

Figure 1: Plot of & 2 versus t/T•
second example, we study the linear surface mode for perturbations about a thermal equilibrium beam in the spacecharge-dominated regime, with flat-top density profile and
KfobcT-O/o > 1. These modes are of practical interest because they can be destabilized by a two-stream electron-ion
interaction when background electrons are present[9, 10].
The BEST code, operating in its linear stability mode, has
recovered very well-defined eigenmodes with mode structures and eigenfrequencies which agree well with theoretical predications. For K/3bcr-/rf3o > 1, and azimuthal
mode number 1= 1, the dispersion relation for these modes
is given by[l, 9, 10]
r2r

Wpb

5
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Periodically-Focused Solutions to the Nonlinear Vlasov-Maxwel
Equations for Intense Beam Propagation Through
an Alternating-Gradient Quadrupole Field
Hong Qin and Ronald C. Davidson
Plasma Physics Laboratory
Princeton University, Princeton, NJ, 08543
Paul J. Channell
Los Alamos National Laboratory
Los Alamos, NM 87545
Abstract

fb(x, y, x'I, y, s) and the normalized self-field potential

as)l

This paper considers an intense nonneutral ion beam
propagating in the z-direction through a periodic focusing quadrupole field with transverse focusing force,
Ff0o = -nq(S)(xez - yfy), on the beam ions.
A third-order Hamiltonian averaging technique using a
canonical transformation is employed to transform away
the rapidly oscillating terms. This leads to a Hamiltonian, 7-H(X,Y, X', Y', s) = (1/2)(kk 2 + 'k"2) +
(1/2)rnjq(X 2 + f72) + *(,'
f2', s), in the transformed variX', k'), where the focusing coefficient lfq is
ables (X,,
constant, and many solutions and properties of the VlasovMaxwell system are well known.

1

{

say). In the present analysis, we apply this technique to
the Vlasov-Maxwell system for intense beams propagating through a periodic focusing lattice. Under the thinbeam assumption, the applied transverse focusing force
on a beam particle is Ffoe = -fq(S)(Xfix - yfy). The
Vlasov-Maxwell equations for the distribution function
0-7803-5573-3/99/$10.00@ 1999 IEEE.

C2 can be expressed

Zbe,(xy,S)/-Yb3M

+0x
+
-s +
-x
-q(s)y+
-

ay

(

+ L

-9x/x
a J

(1)

=0,

and

Here,
Kb

2arKbfd

2

92

INTRODUCTION

It is important to be able to investigate, based on the
nonlinear Vlasov-Maxwell equations, the equilibrium and
stability properties of general distribution functions for
periodically-focused beams[l, 2, 3]. Despite its limited practical interest due to the unphysical distribution
in phase space, the Kapchinskij-Vladimirskij (KV) beam
equilibrium[l, 4, 5, 6], including its recent generalization
to a rotating beam in a periodic focusing solenoidal field[7,
8], has been the only known periodically-focused equilibrium solution to the nonlinear Vlasov-Maxwell equations
describing an intense beam propagating through a periodic focusing field. The difficulty of solving the nonlinear Vlasov-Maxwell system in general lies in the fact
that the Hamiltonian for the motion of an individual beam
particle is time dependent. Channell[9] and Davidson
et al[10] have recently developed a third-order Hamiltonian
averaging
using
a canonical
transformation to
average technique
over the fast
time
scale associated
with
the betoaveroneosill
hefato
s.
thimesprcdre
issoxted
th e be tatron oscillations. Th is proced ure is expectedwito
to
be valid for sufficiently small phase advance (a < 60',ia

=

(

+2

=

23mb/3

yb

) 0Y2') NbIdxdyfb.

2

and Nb

=

dxdydx'dy'fb

(2)
(3)

are the self-field perveance and the number of beam ions
per unit axial length, respectively.

2

CANONICAL TRANSFORMATION

Because of the oscillatory time dependence of tq (s), there
is no general analytical method to solve the nonlinear
Vlasov-Maxwell equations. However, we can average over
the fast time scale associated with the betatron oscillations
when the phase advance is sufficiently small. The averaging process is accomplished by introducing a canonical coordinate transformation from the laboratory coordinate system (x, y,x', y') to a new coordinate system.
(X, Y, X', Y'). In the laboratory coordinates, the singleparticle Hamiltonian H(x, y, x', y', s) is
f1
1
]2
H = 1 (x'2 + y' 2) + i1q(S)(x 2 _ y) + ¢(X, y,
(4)
where e is a small dimensionless parameter proportional to
the focusing field strength. We use a near-identity canonic l t a s o m i n T : ( x y ,x ,y )X
,Y X ,Y )
rnfrainT:(
,,y)•(,Y
I i
that is generated by a generating function of the Von Zeipel
that isenc
form, i.e.,
S(x,y, X', Y', s) = xX' + yY'
0
(5)
+ ZE nSn(x'y,X',y',s).
n=1
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Consequently, the transformed Hamiltonian in the new
variables W(X, Y, X', Y', s) is given by
y, X', Y', s) . .(6)

" =S(x,
=

0, and odd half-period symmetry with nq(S - S/2)
-K-q[-(s - S/2)]. The definitions are given by

ZEOR-,,
n=1

H + -Sx

dsrq(s) , 3 q(s)

Caq(S) =

=

1

ds[aq(S) - (aq)]

()Jo

,XYs.

1

The corresponding coordinate transformation is given by
y
an
.

.

as
x = x-- + E 0 5XS X,YX,Y' ,S),l

Ia

(bq)

Kfq

20S

ds(..), 3q(s)

3

-()2

1

cr(s) - 20q(S)f 3q(S),
ds[c'(s) (aq)2 .

=

ý

(11)

n=
/ + 0In

=

= X

S

±--

addition, aq(s) and (caq) are of order e; /3 q(s) is of
order E2 ; and (aq),3q(S), aq(S),3 q(8) , (fo dsf3q(s)), and
(fo ds[6q(s) - (6q)])
are of order C3.

Sn Xl, YyX',Y',S)

The equations for Y and y' are similar in form.. We choose,
order by order, the generating function S, in such a way
that ')-n is independent of the fast time scale associated
with oscillations in nq(s), and solve for the coordinate
transformation iteratively when S, is known. Following
the detailed algebra presented in Ref. [101, we obtain the
transformed Hamiltonian correct to order Ea,
-=

(92 + 1,2) +

rnfq(k2 + k72) + '(X, Y, s),

3 VLASOV-MAXWELL EQUATIONS IN
THE TRANSFORMED VARIABLES
Because the transformation leading to the new Hamiltonian in Eq. (8) is canonical, the nonlinear Vlasov-Maxwell
equations for the distribution function Fb(X, Y, X', Y', s)
and self-field potential ,(X, Y, s) in the transformed variables are given by

(8)

where we have set

e =

1. Here,

Kfq

X9=X,

X'=X'-(aq)X,

Y

'= Y'+ (01q)Y.

[

+ (aq)/3q(S)

+

(J

-

aq(S)/3q(S)

dsIq (s)
ds/3 (s))

-()

+ 2

a X9Y)
_ (9
a k-

-

X+-

a

1

=)

(12)

(13)

where fiq = const. is defined in Eq. (11). Variables in
laboratory-frame coordinates can be obtained through the
pull-back transformation T* associated with the coordinate
transformation
T: (x, y, x', y')
(X, , X', Y').
(14)
-f

=J)Fb(t(X,

(X, Y)

axa

and

-0

rq

Here, t* pulls (transforms) functions on (X, Y, Xj', ")
back into functions on (x, y, x', y'). For example, the disfunction transforms according to
T[: Fb(X,
Y,X',fb(x, y,x',y',s)
Y',s)

s
()
'
0 ds/3q(s))Xg
0 ktribution

-(jds[6q(S)

g-a +-a

-ax
a
•lqk +-4 -)-a-IFb

(9)

Similarly, correct to order e3, we calculate the inverse coordinate transformation, x
X + EXi + f 2 X2 + E3 X3 ,
X,
=
X,
+
ex,
-4c
6
+
x
2
3 , etc. Setting e = 1, this
gives[10]

X(9,Ykk',k, S)= [1 -,q(s)]X

+

is defined in Eq.

(11), and we have introduced the additional (canonical)
fiber transformation to shifted velocity coordinates defined
by

Y,

-

Y, X', Y%),s

In addition, we obtain the following pull-back equation for
the beam density correct to order ea,

)

rib(X, y, s)

(10)

The coordinate transformation can be easily obtained by
solving Eq. (10) for X and X' in terms of x and x'. The
expressions for y and y' are identical in form to Eq. (10)
provided we make the replacements (x, x') - (y, y') and
(X, Y, X', Y') -4 (Y, X, Y', X') and reverse the signs of
aq(s) and /3q(s). In the above equations, aq(S), Oq(S),
and 6qq(s) are defined in terms of the lattice function rKq(S),

-

J

dYtdjdx'dy'

fb6(.t - x)6(p

- y)

dXd7dX'dY'Fb6(T-'Xk - x)6(t'- - y)

=

=

=

U d'd'
(Y

[1 - (x2 + x3)--

ax

aY

I

(f,9)-(X'y)
(16)

which is assumed to have zero average, f' dsnq(S) =
1630
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Here, x 2 , y2 and x 3 , y3, defined by Eq. (10), are the
second-order
and third-order
inverse coordinate
transforseciond-ordexpred
athird-orderinverse
coordinat, tr
f
mations expressed as functions of (X,
" f, ).
Because of the simple form of the Vlasov-Maxwell
equations in the transformed variables, with constant focusing coefficient nfq, = const., a wide riange of literature
developed for the constant focusing case[l, 11, 12, 13] can
be applied virtually intact in the transformed variables. For
example, it is readily shown that any distribution function
of the form
F°(X, Y, X', Y')

=

F•(7-t°),

(17)

where 7"t0 = (1/2)(C'2 + f"')+ (1/2)rKf(.k2 + f72) +
?1o0(X, Y) is the single-particle Hamiltonian, is an exact equilibrium solution to the Vlasov-Maxwell equations
(12) and (13) with 0/Os = 0. There is clearly enormous latitude[l, 7] in specifying the functional form of
F°o(7-o) in the transformed variables, with equilibrium
examples[10] ranging from the KV distribution, to the
waterbag equilibrium, to thermal equilibrium, to mention
a few examples. Once the functional form of F°?(H-t)
is specified, and Po is calculated self-consistently from
Eq. (13), periodically-focused equilibrium properties in the
laboratory coordinates, such as the density profile and the
transverse temperature profile, can then be determined by
the pull-back transformation. For example, to the leading
order, the density profile is of the form[ 10]
1

nb(X, Y, S)

where n°(.k, )

4

=

(18)

Yno

f df('dY" F°(X,14, f',

k1).

CONCLUSIONS

To summarize, the formalism developed here represents
a powerful framework for investigating the kinetic equilibrium and stability properties of an intense nonneutral ion beam propagating through an alternating-gradient
quadrupole field. First, the analysis applies to a broad class
of equilibrium distributions Fb(7-0 ) in the transformed
variables. Second, the determination of (periodicallyfocused) beam properties in the laboratory frame is relatively straightforward. Third, the analysis applies to beams
with arbitrary space-charge intensity, consistent only with
requirement for radial confinement of the beam particles
by the applied focusing field (fq/3qbC 2 > W-b/27b). Finally, the formalism can be extended[10] in a straightforward manner to the case of a periodic-focusing solenoidal
field BsoI(x) = Bz(s)46 - (1/2)B',(s)(x6x +y6y), and to
the case where weak nonlinear corrections to the focusing
force are retained in the analysis.
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Simulation of Longitudinal Multibunch Instabilities in CESR*
D. B. Fromowitz, CESR, LNS, Cornell Universityt
Abstract
A tracking simulation predicts beam current thresholds in
CESR (Cornell Electron-positron Storage Ring) based on
the longitudinal dynamics of multibunch beams in RF cavities. The simulated thresholds are found to have a very
strong dependence on the frequencies of the HOM cavity
wakefields and are consistent with CESR measurements.
Fourier transforms of simulated data are also consistent
with observed spectral lines in CESR. After the phase III
upgrade to SRF (Superconducting RF) cavities is completed in 1999, a significant increase in the thresholds is
predicted.

1 INTRODUCTION

fect is the change in the longitudinal displacement between
cavities due to a nonzero a.

3
3.1

SIMULATION RESULTS

Longitudinal OscillationEnvelopes

Using a nine-train, two-bunch (9x2) configuration, the envelope of the longitudinal displacement time evolution may
be obtained for a variety of conditions. First, if the bunches
are pointlike and only fundamental cavity mode wakefields
are allowed (i.e. there are no HOM's), then the envelope
at 72 mA total current is that seen in Fig. 1. The beam is
highly damped and remains small. (All four cavities have
parameters corresponding to copper CESR cavities in this

simulation.)

A new tracking code called "Oscil"[1] was created to study
how beam current thresholds are affected by longitudinal
motion in CESR. "Oscil" has no transverse degrees of freedom.,•
Section 2 lists some of the parameters and discusses the
physics used in Oscil. Section 3 shows how the simulated
thresholds depend on particle and lattice variables. Finally,
Section 4 states the theory connecting the growth rates with
Fourier spectra of the longitudinal motion.

9x2-42 ns, 1 mp/bunch, fund, mode only, 72 mA total

•
'•

0.1
0.09
0.08
S0.07

0.06

'80.05
0.04

• 0.03
• 0.02
S0.01
=GL
.

2TRACKING DETAILS
.
.
.
..
.
2 TRACKIG DS0.05
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time (s)
The Oscil code considers a single beam in a storage ring.
Other than RF cavities, there are no explicit optics; the mo- Figure 1: Envelope of longitudinal oscillations of 18 pointmentum compaction factor a represents all other accelerlike bunches (with a 42-ns intratrain interbunch spacing) at
ator elements. Synchrotron radiation effects are included
72 mA total current. The only wakefield is that due to the
and treated as continuous. Many parameters are specified
fundamental mode. The interior of the envelope is darkat run time including, but not limited to, the number of ened for clarity.
bunches, the bunch current, the number of macroparticles
comprising each bunch, and the quantities that define RF
When the total beam current is increased to 144 mA, the
cavity modes: w, R/Q, and QL.
longitudinal displacement undergoes a series of pulses as

2.1

Dynamics

There are four processes that fuel the longitudinal phase
Ther
pocesestha
ar for
fue th logitdinl pase
space motion of the simulated bunches. The first three processes modulate the bunch energy. First, the bends in the
ring cause synchrotron radiation losses. Next, the drive
(generator) voltage waveform changes the bunch energy.
The third source of energy variations is the cavity wakefields left by previous bunches. This third process is the
only way that different bunches (or even macroparticles
within a bunch) interact in Oscil. The last phase space ef* Work

supported by the NSF.
t Email: dbf5@comeUl.edu

O-7803-5573-3/99/$10.00@ 1999 IEEE.

seen in Fig. 2. (The RF drive wavelength is about 0.60
m.) Although the fundamental cavity and klystron drive
frequencies are set such that the machine is Robinson stable, the presence of multibunch modes causes the displacement amplitude to grow occasionally.
As the current is increased
even higher, both rai.A
the period
adteapiueo
h siltosbcm
and the amplitude of the oscillations become erratic. At
216 mA total current, chaos ensues as illustrated in Fig. 3.
cavity mode alone because there are no HOM's!
Representing a bunch by many macroparticles instead of
just one greatly increases the execution time. However, it is
necessary to examine multiparticle bunches to see how the
behavior changes. When each of the 18 pointlike bunches
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able 1: Differences between normal and superconducting
RF cavities in CESR.

. . . only,. 144 mA
. total
.
9x2-42 ns, 1 mp/bunch, fund. mode

0.18

"°"0.16
S0.14

Quantity
fundamental QL
fundamentalVcR/Q

NRF (Cu)
Cavity
6000
427
1.5 il/m
MV

SRF (Nb)
Cavity
200,000
145
SI/m
1.9 MV

cells per cavity
1400 MHz QL
"•1400
MHz R/Q

5
1100
12.6 l/:m

1
13.0
4.7 Q/mn

U0.12

0.0
E
10.06.

oo4typical

"" 0
a -0.02
4 0.0501

0.15

0.2

0.25 0:3
time (s)

0.35

0.4

0.45

0.5

Figure 2: Longitudinal oscillation envelope at 144 mA total
current.
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Figure 4: Damping-to-Pulses thresholds for the fundamental mode and a HOM (1399.8 MHz) for pointlike bunches
and for bunches of 200 macroparticles.

.

Figure 3: Longitudinal oscillation envelope at 216 mA total
current.
is instead represented by 200 macroparticles, the longitudinal displacement envelope (of the bunch centroid) becomes
narrower in several places as a result of Landau damping
among the macroparticles.

3.2

fSFcvte
200 macroparticleslounch

Beam CurrentThresholds

(with the total number of cavities constant at four). The
thresholds are very similar for 1- and 200-macroparticle
bunches.
The higher-current threshold is the boundary between
the pulsed-amplitude motion (as seen in Fig. 2 or 3) and
a higher-current beam where the initial growth rate is so
large that the beam immediately diverges. This threshold
is coined the "pulses-to-divergence" threshold and is illustrated in Fig. 5.

The CESR RF cavities are in the process of being replaced
by SRF cavities so that the thresholds may be increased.
RF) and
between
The main differences
The aindiffrenes
btwen the
te NRF
NR (normal
(nrmalRE)and
SRF cavities are shown in Table 1. The cavity voltage am1
plitude V. is one quantity that may vary quite a bit. Table
only shows a typical value.

zero-,observed
one-, andintwo
SRF cavity cases are close to what has
been
CESR.

There are two types of thresholds observed with the
Oscil code. The lower-current threshold is the current
at which the always-damped longitudinal motion (as seen
in Fig. 1) turns to a pulsed-amplitude motion (as seen in
Fig. 2). This "damping-to-pulses" threshold is plotted in
Fig. 4 as NRF cavities are replaced with SRF cavities in a
simulation that includes the fundamental and 1399.8 MHz
cavity modes. This HOM of about 1400 MHz is used because it has a high R/Q in both NRF and SRF cavities.
Parameters of this mode are shown in Table 1.
The most notable feature is that the current thresholds
rise as each NRF cavity is replaced with an SRF cavity

The current thresholds recently observed in CESR with one
or two SRF cavities were not noticeably higher than when
there were no SRF cavities. The reason is that the cavity
voltages have often been lowered in CESR as NRF cavities were replaced with SRF cavities. The thresholds introduced in Section 3.2 were based on simulations using the
typical V. from Table 1 as the voltages for the cavities. If
actual CESR voltages are used in the Oscil simulation, then
the simulated thresholds follow the trends of CESR.

the number of SRF
cavities.
However,
this threshold
Hwvrhstrsol
caies
thnubro
is markedly higherR with
multiparticle
bunches than with
th
5
thrn i
bunches
intlyke
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tuation, the actual temperature and shape differences from
cell to cell do amount to several MHz variations, causing a
significant threshold variation in time.

Pulses-to-Divergence Thresholds for 9x2-42 ns, fund. and HOM
600o

4

Tl

The level of the thresholds are partially explained by the
growth rates of the beam. Application of a
growth rate formula from Chao[2] shows that the initial

300
T

•2oo[
100
o

tlongitudinal

l

growth rate is related to the spectral sidebands (h - 1)wo +
w•8 and (h + 1)wo - w, where h is the harmonic number
w
of CESR, wo is the revolution frequency, and w, is the syn-

200 macroparticles/bunch

0

1

I macroparticle/bunch
2

GROWTH RATES

3

number of SRF cavities

chrotron frequency.
If at the first cavity the longitudinal displacement is
recorded for every pass of every particle (rather than just
for the envelope), then the data may be Fourier transformed
to find the sidebands. A spectrum of the first I ms of longitudinal displacement data from the 216 mA beam represented by Fig. 3 is shown as Fig. 7.

Figure 5: Pulses-to-Divergence thresholds for the fundamental mode and a HOM (1399.8 MHz) for pointlike
bunches and for bunches of 200 macroparticles. Compare
with the Damping-to-Pulses thresholds of Fig. 4.

3.4 Effect of HOM's
The precise values for the thresholds in CESR are not easily duplicated over time. Part of the reason is due to all
the different cavity cells present and the differences in temperature of each cell. In reality, there are many different
HOM's, and even one particular HOM, such as the 1399.8
MHz mode, will have a slightly different center frequency
in each cell. When the pulses-to-divergence threshold is
found for two different HOM conditions, one with all cells
having a HOM center frequency of 1399.8 MHz, the other
condition having 1398.8 MHz for all cells, it is seen that
the threshold depends strongly on the HOM frequency, as
shown in Fig. 6. Also shown are measured CESR threshone SRFand
cavity.
The
-SRF-cavity
oldsisforforzero
ns and
old
28 and
ns spacing
would
be 1higher
for 42 threshwith afhighr cavitysvoltageas explained
behine Setor2n3.
with a higher cavity voltage as explained in Section 3.3.
800
700 :;600
J

400

X

S
a
.

Wx-42 ns. I me/bunch, fund, mode only. 216 mA to.tal

1O0

1
0.1
o1

B O.O1
.
,o

499.3 499.4 499.5 499.6 499.7 499.8 499.9
frequency (MHz)

500

500.1 506b.2

Figure 7: Magnitude of the Fourier transform of the longitudinal displacement of a 216 mA beam. The vertical lines
indicate the (h ± 1)w0 revolution harmonics.

sidebands.

X

6300

1

The sidebands mentioned are significantly higher than
the surrounding features. As a comparison, a spectrum of
the 72 mA beam would show that the indicated sidebands
are slightly smaller than the sidebands on the other side
of the (h ± 1)wo revolution harmonics. This effect is evidence that the observed instability is associated with the
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Figure 6: Pulses-to-Divergence thresholds for pointlike.
bunches with the fundamental cavity mode and one HOM.
The upper data set is for a 1398.8 MHz HOM; the lower
set for 1399.8 MHz. The X's are measured CESR data, the
rightmost X having a 28 ns interbunch spacing.
This 1 MHz HOM shift corresponds to a 44 K change
in a given cell. Although this is a large temperature flue-
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NEW THEORY OF SINGLE BUNCH STABILITY IN A LINAC WITH
QUADRUPOLE DISPLACEMENTS.
G. Guignard, J. Hagel, CERN, Geneva, Switzerland
Abstract
The analytical treatment previously described [1] has been
extended to include the important effect of magnetic
quadrupole transverse displacements, the chromatic variation of the magnetic focusing, the energy spread along the
bunch and possible microwave quadrupoles, the last two in
relation to BNS damping. Both, the longitudinal and transverse equations of motion are solved, the second by using
the perturbation method with partial expansions developed
for this theory. The localized nature of the quadrupole displacements is preserved by using thin lenses and the superposition principle for the kick effects. The causality principle applied to the downstream beam oscillations due to
the kicks is introduced via Heaviside functions. The treatment presented [2] provides formulae for the tuneshift in
the bunch and first-order solutions for the transverse beam
off-sets within the bunch. It presents a break-through in the
recent efforts [3] to solve the problem of the bunch stability
theoretically, with realistic beam and linac models,

EQUATIONS OF MOTION

1

The equations of motion for the longitudinal and transverse
(vertical) plane in a linac with longitudinal and transverse
wakefields is given in the form of two semicoupled partial
and linear integro-differential equations [4] as:
a7(s, z) =eU

moc

tOs

cos (kRFz -

WLi 1BWLO

(z

K(s)[1 + Ak(z)]x

=

cjZ p(z*)[wLO+
0 2x(s, z)

(1)

RF) -

2

of the truncated bunch. The unknowns y(s, z) and x are
the energy Lorentz factor as well as the vertical transverse
displacement along the bunch at a given linac position. A
piecewise constant energy of the bunch along the different linac sectors is assumed so that no acceleration term
to x appears in the equation of motion. In
ve
additional
addition, a linear variation of the wakefield level along the
bunch in both planes is assumed. While WLO and WLt
represent the longitudinal wakefield (WL) at the head and
(WT) at the tail. We use a 4-th order Chebyshev expansion
of a normalized Gaussian charge distribution in the range
of ±2o-, given by:
75
p(z)
f

61

[ I (4z
)4 __41 (4z]
-- -2
-

B

B

5

2

+ 1

J

/

/

(5)
of
the
a
variation
The quantity Ak(z) in Eq. (2) represents
focusing force inside the bunch which is caused by the energy dependent focusing (chromatic effect) as well as by
the application of RF quadrupoles in order to reduce the
emittance blowup caused by the presence of wakefields.
The constant C is defined as C = 47rEoreN where co is
the permittivity of free space, N the number of particles in
the bunch and re the classical electron radius. The function
XQ (s) represents the actual quadrupole misalignments as
function of the position s. This function is either random
or given by recurrence relations representing a trajectory
correction [2].

2

-z*)]dz*

SOLUTION OF THE LONGITUDINAL
EQUATION

Eq. (2) can be solved in a straightforward way by simple
integration w.r.t the independent variable s. This yields

Os2

p(z*)(z - z*)x(s, z*)dz* +
70 f
+K(s)[1 + Ak(z)]xQ,(s)
WTOC

eUs
±,y(s, z) = -Yo + ; 0 cýos (kRFz

(2)

'RF)

-47r~oreNsR(z)

are:
The initial conditions
X(o, z) = 0
az (S O)

-

-

(6)

with
0

(3)
(4)

R(z)
In this notation,

The independent variables s and z represent the distance
along the linac and the coordinate inside the bunch. z is
zero at the head and equal to the bunch length 1B at the tail
0-7803-5573-3/99/$ 10.00 @1999 IEEE.

f

WL(Z - z*)p(z*)dz*

(7)

4IRF is the acceleration phase at the head
of the bunch. The function R(z) can easily be found by
using the linear variation of WL inside a single bunch and
the Chebyshev model (5) for the gaussian distribution.
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matrices gives the dependence of q

With the definition C = - , R(z) is given by
R(z) =
WLo ×

q(z)

_ 59(4 + 173 + 6

-16(6+ ._144(5

x

+WL1 x
/X16(6

x

+

((8)

485
23- + 79(4 +~ 1 3 + 3 2.~)'

=

3(1 + Ak(z))
x
L (3 - (1 + Ak(z)) 2 sin 2 2)

- cosu)[2 - (1+ Ak(z)) 2 (1

-/(1

Ak(z) = -6(z)

+ ao sin (kRFZ

-

(

+
2

3

teall
n pce,
2Lt

(14)

In this way, the actual equations of motion become
d2X

(9)

DRFQ)

cos p)]

In the case of the coherent equation (11) the tune follows
by substituting Ak(z) = 0 in the above equation
- [4],
2 =_
T3 [Lcot
4 2- 2-)q

The energy spread 5(s, z) inside the bunch is defined in the
usual way as 6(s, z) = (y(s, z) - y(s, 0))/y(s, z). However, as a simplification, only the asymptotic limit given as
6(z) = lim_.•5(s, z) is used. In this way the z - dependent detuning force Ak(z) is given by

-

(13)

q2 X

=

K(s)xQ(s)

(15)

a2y

j

where
ao isand
the4)RFQ
maximum
focusing
strength
ofbunch.
the RF
of the
its phase
at the head
quadrupole

x [ CW82
71B O p(z*)(Z -- z*)dz* - (q2 _ q2 (Z))j

+

"CWTo fz

3

SOLUTION OF THE TRANSVERSE

p(z*)(z - z*)y(s, z*)dz* +
YO1B JoZ
+K(s)Ak(z)xQ(s).
+

SOLUION
F TE TR NSVESE
EQUATION

The linear partial integro-differential equation for the transverse bunch displacement (2) can be solved in an easier
way by separating two types of solution, one only dependingonnn bbth
sand
i nedep endent
nden var
vaiabes,
an ~.
ing on s and one
oth indep
iables, s and
z.
Hence, the solution is decomposed as
x(s, z) = X(s) + y(s, z)

(10)

and two new equations are obtained, one for the coherent
part (independent of z) and one for the incoherent part (depending on s and z) of the bunch oscillation:
ds2
ds 2
2

y(s,
a
z)
as

X

[

K(s)X(s) = K(s)xQ(s)
Xk

(11)

K(s)[1 + Ak(z)]y(s, z) = X(s) x

2

{s)Acz) + CWTO

p(z*)(z - z*)dz* +

3.1

CWT

Solutionfor the coherent motion

The coherent equation (15) describing the betatron motion
in t e a s ce o
k f el
u erthe
h e influence
nl e ceoff
in the absence of wakefields
andnd under
quadrupole misalignments can be solved
by assuming localized kicks for the actual quadrupole displacements. In
between these kicks the solution is sinusoidal and its amplitude is defined by the effects of the kicks upstream of
the position considered. In order to describe this limitation
to upstream quadrupoles, the Heaviside Function H(s-sk)
is used which has the property to be strictly zero for negative arguments and equal to unity for positive ones. Here
denotes the k-th quadrupole position given by Sk = kL
if L is half a FODO period. In addition to this causality
principle, the method of superposition of all the solutions
due to single kicks is used. This is justified by the linearity
of the equation and the use of thin lenses. The solution is
then:
-•T s
qL

X
+

7 1B

Jj p(z*)(z - z*)y(s, z*)dz* +

+K(s)Ak(z)xQ(s)

(12)

The

While Eq. (11) represents the betatron motion in the absence of wakefields and acceleration, Eq. (12) contains'
chromatic contributions as well as terms responsable for
creating dispersion induced by the quadrupole misalignments. The weak focusing approximation is now introduced with the average tune defined by q = 1/B. However, this is used in the focusing forces but not in the terms
containing the quadrupole misalignments, to keep their discrete nature. Computing the 3 functions from the transfer

(16)

xk

(--1)
2

Xk si~n [q(s --

Sk)]H(s -- sk)
(

17)
(17)
are the actual quadrupole misalignements at posik

tion sk. In Fig. 1, a typical solution is shown for X in a
FODO lattice with misaligned quadrupoles with an RMS
displacement of 10 /pm, when p = 105'. The resonant
behaviour of the solution arises from the continuity of the
frequency spectrum of a random function which contains
the unperturbed betatron frequency on the left side of Eq.
(15).
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Evidently 11,2 permit a closed form solution and these
expressions contain denominators of the form q2 - q2(z)
which clearly exhibit the near resonance dynamics of the

Equation (16) can be rewritten as
a 2

+ q2(z; EAk(z))y
±92

=

single bunch problem with wakefields.
Fig. 2 shows a comparison of the perturbative analytical solution y(o) to a numerical one obtained by the
code MUSTAFA [5] for CLIC main linac parameters of
N = 6" l09 and an RMS bunch length of oz = 200 pmmat
the linac position s = 1000 m.

A(z)X(s) +

+K(s)Ak(z)xQ(s) +
CW
o p(z*)(z - z*)y(s,z*)dz*
+
t

(18)

B JO

with
A(z)

sinqs* sinq(s - sk)ds*. (24)
k

Solutionfor the incoherent motion

7Y

k

12(S, sk) =

Fig. I Solution X(s) in the presence of quadrupole
misalignments

3.2

(22)

k=

.

y[Am]
=

p(z*)(z - z*)dz*

--

-

-

(q2 - q2(z))

1500

= X(s)A(z) + K(s)xQ(s)Ak(z)

(20)
and this linear inhomogeneous second order equation is
solved as usual by adding the homogeneous solution Yh to
the particular one found applying Green's formula.
in is
y(O) (s, z) = Yh + sinqs
cosqs*g(s*)ds* cosqs

sin qs*g(s*)ds*

integration the final result becomes
y(°)(s, z)

=

Yo cosq(z)s + Yo sin q(z)s +
NQq(z)

NQ

2

+A(z) EI Lqt(z- sin (Iy/2)(-1)kxkH(s

-

Sk) X

1."

0
-500

-1500
Z/lB

Fig.2 Comparison of the analytical and the numerical
result for y(z) at s = 1000 m.
To conclude, it can be pointed out that the agreement in
amplitude and frequency of the analytical (full line) and numerical result (points) is very good. The local differences
in phase mainly originate from the fact that MUSTAFA
uses a strong focusing model while the theory is based on
the weak focusing approximation. In addition the sequence
of random numbers chosen in both examples is different although both sequences have the same RMS value.

(21)

4

q Jo
where g(s) represents the right hand side of Eq. (20). After

100m-

1000
500

(19)
Using the approximation (5) for p(z) the coefficient function A(z) becomes a sixth order polynomial. The formal
perturbation parameters E and c multiply small contributions such as the wakefields. However, the expansion is
only made with respect to one of them, namely cin order to keep the z dependent tune q to any order and in
this way avoid the occurence of secular terms. Hence
2
y = y(°)(s, z; E) + cy(1)(s, z; E) + O(E ). Already the
lowest order contribution y(o) (s, z) has been proven to describe the solution sufficiently well for the case of the CLIC
main linac. The equation for y(o) is
,92Y (0) + q2(z)y(0)
5s2
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Preliminary Design of the CLIC Drive-Beam Transfer Line.
T.E. d'Amnico and G. Guignard, CERN, 1211 Geneva 23, Switzerland.

only required before the injection into the decelerator
while Function 3 is essential into the accelerating linac
and immediately after the "turn-around" loop in order to
satisfy the conditions assumed for the bunch length,
considering the drive beam stability. Function 4 serves
mainly for the vertical translation needed after the turnaround because of the geometry adopted in the tunnel, but
also for the incoming drive beam which has to be lifted
up to the level of the "turn-around" loop. The whole
complex Which requires the four functions is briefly
described below.

ABSTRACT
In the drive-beam generation complex of CLIC there is an
important beam transfer line between the drive-beam
accelerator and the drive-beam decelerators, where the 30
GHz RF power is generated in the decelerator structures.
The design proposed for this transport system is based on
building blocks or beam optics subsystems, which have
been individually studied in detail and can be combined in
order to cover specific functions. One function consists of
bending the beams wherever required by the geometrical
layout, so as to preserve the bunch length and keep the
bending arc compact and compatible with acceptable

2

O EVE

OVR IW

FT ET R

R U D

FTLE U NAO ND

synchrotron radiation. Other functions are to adjust the

2

path length of each drive beam for synchronism with the
main-linac beam and to compress or stretch the bunch
according to the needs. Furthermore, there are vertical and
horizontal beam translations, isochronous or acting as a
compressor, and jP-function transformers for matching the
optics. All these functions are necessary in the drive-beam
transfer that precedes injection into the decelerators.

The drive beam accelerator and the combiner rings are
planned to be in a central position with respect to the two
main linacs of the collider, which means that all the drive
beams have to be first transported in a direction opposite
to the main beams, before being turned around through a
3600 loop and injected into the different decelerators [1]
where they travel parallel to the main beams. The
transport line for the beam going upstream is of course
situated in the same tunnel as the decelerators, near the
highest point in order to minimise the loss of space in the
accessible area (Fig. 1). This position offers the
advantage of keeping the "turn-around" loops near the
roofs of the tunnel and of the alcoves which will house
the loops. This prevents geometrical interference with the
main linac and the decelerators which are placed on a
common concrete support (Fig. 1), at about I mn above the
level of the tunnel floor. The difference in elevation of
the beams going upstream and downstream (1.5 mn
approximately) imposes the need for vertical bends to
bring the drive beams down before their injection in the
decelerators. In addition, the up-going beam is not exactly
above the down-going beam of the power-linac, since the
two have to run anti-parallel over a short distance near the
roof (where the path-length chicane is foreseen); they are
horizontally separated by 0.75 m. In addition, the
transport line carrying the up-going drive-beams must run
without interruption all the way to the starting point of the
main linac (also the injection-point of the first drivebeam). This transport line must therefore be placed
slightly below the level of the turn-around loop (0.25 mn)
to avoid a crossing at the same level. Each drive-beam
entering its specific loop is therefore deflected vertically'.
The relative vertical positions of the different beam lines
are shown in Fig. 1 and in the elevation of Fig. 2. The
latter shows the location of the vertical bends bringing the
beam from roof-level to decelerator level just above the
beam-dump line of the preceding drive-beam.

1

M~~AIN FUJNCTION DESCRIPTION

The different parts of the beam transport system between
the drive-beam accelerator and the many drive-beam
decelerators (making up the CLIC RF power source [1])
must in general terms cover four types of functions:
1. Bending the beams where required in order to follow
the geometrical lay-out of the drive beam generation
complex, in such a way that the bunch length is
preserved and the bending arc is as compact as
possible, compatible with tolerable synchrotron
radiation effects.
2. Adjusting the path length of each individual drive
beam in order to regulate of the synchronism of the
beams with the main linac beam, when they are
injected into the separated decelerating sections.
3. Compressing and also stretching the bunch length
according to the needs at the different stages of the
beam acceleration and multiplication,
4. Vertical or horizontal beam translation, isochronous
or combined in specific cases with a bunch
compression.
bee stdiedandare
he fur
unctonshav
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Figure I Tunnel cross-section with the transfer lines.
This compact design minimises the space lost for power
trarsfer. The various elements of the turn-around appear
in the plan view of Fig. 2. The up-going drive-beam
comes from the left through a FODO line. After a vertical
deflection, the selected drive-beam pulse enters the 3600
loop, consisting of a 900 right-turn followed by three 900
left-turns. Drifts are added to adjust the geometry and
separate the axes of the down- and up-going beams,
After the loop, the beam traverses a special kind of
chicane or "dipole-snake" that serves to adjust the path

- -

- - -- - -

--- --

-0 ---

-

length and compress the bunch. It then goes through a
dipole that is only turned on in case of emergency to
deviate the beam onto a dump. The drive beam pulse is
bent down to reach the decelerator injection-point. A
further bunch compression is done in this downward
Fig. 2 also shows part of the previous decelerator
(coming from the right) which ends with a dipole
half-quadrupoles to bend the spent beam (with a large
energy spread) into the same dump. The various elements
optics-modules of this area are described below.
The size of the alcove containing the turn-around as well
as its relative position in the tunnel are shown in Fig.2.
There are as many alcoves as there are drive beam pulses;
they can also be used to house electronics racks.

As seen in Section 2, the turn-around consists of four
each with a 900 bend. These modules are
"designedto be isochronous (R, = 0) in order to preserve
the
bunch length and
the design concept
ocp
ae onntedsg
r based
n are
tebnhlnt
elaborated for such applications with compact lattice and
acceptable synchrotron radiation effects [2]. A module
includes three dipoles of equal length, two quadrupole
doublets between them to control dispersion as well as
beam focusing and one triplet to join the modules. The
dispersion is adjusted such that the integral of D(s)l p(s)
is zero in the bending magnets (of bending radius p) and
D vanishes in the triplet. An optimisation of the magnetand drift-length provides compact modules with
reasonable P-amplitudes and magnetic fields. Fig. 3 gives
a sketch of one module as well as the j3-functions and the

-- - - - -- - - - - -- - - - - -- - - - - -- - - - -

TURN AROUND AREA OF CUC DRIE BEAM

24.9.95

Figure 2 - Sketched Layout of the transfer lines.
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dispersion achieved. Table 1 lists the main parameters,
Table 1 - Isochronous: module parameters.
_____________________

provided by the vertical translation that follows. In the

_______

Bending magnet length
Bending magnet fields

[in]

Bending angle per dipole
Bending radius
Quadrupole length
Quadrupole gradient
Module length
Transfer matrix coefficient R,,

[deg.]

90degreesisochronaus arc at
RS6000
-AJX
a,,,, 8.17/9

most of the bunch compression needed in addition, i.e.
R_, =0. 13 iii, the remaining compression of 0.03 mn being

[TI
[in]
[in]

[Tim]
[In]
[in

1.16 GeV

1.6
1.0 /1.8

drive-beam accelerator, the head of the bunch has an
energy above average and the tail below. Such a

23.5 /43
3.9 /2.15
0.3
26.0
11.0
0.00

correlation requires apositive R16for bunc cmrsion
and the consequent use of a double-bend with two dipoles
deflecting the beam in the same direction, i.e. with p and
00 of the same sign. To provide the desired R,6value, it is
necessary to have a succession of four double-bends
arranged in a geometry that looks like a long chicane
(Fig. 2). A single quadrupole between the two bends
controls the dispersion and a triplet of quadrupoles
focuses the beam in the two transverse planes. The
following paaeeswere seetdto give R6 0.1 m
me rs
elc d
0

22/05/98 10.44.15pa

n Al = 0.5 min/mrad:
0 16'
IB
.23n,B=0.88 TI

2506.

A path-length adjustment of 2 mm implies a change in the
angle of 4 mrad with 'dnft =0.5 mn.
The elevation difference of 1.5 mn between the upstream-

20.0
175bending
150.4

downstream-going beams (Fig. 2) implies a vertical

iand

15.0-

-3
12.5
.2

The coefficient R0 of this module is equal to 0.03 mn in
order to give with the path length module the total of 0. 16

096

00

50-

m that is required. The following parameters have been
for these two vertical double-bends:

25
-

.

2.

3.

translation that can be combined with some
compression of the bunch, using double-bends again.
This function is achieved by half a "dipole-snake", i.e.
two double-bends separated by a drift given by the

geometry, and bending the beam into opposite directions.

7.5-

0.0 0.0

0.2m, G -20 Tlm

4.

5.

a

,,

6.

7.

.~obtained

6.

9.

10.

11

B =1',I

m1
2.-

= 1.23 mi, B =0.6T, IQ -0.2mG. -38 Tim

68bc =0.
Table name

The drift in the middle of the module, containing a
matching quadrupole triplet, has a total length equal to
1.0 mn, to satisfy the translation amplitude required.

-IS

Figure 3 Optical functions of one isochronous module.
The total circumference of the turn-around is near 45 mn.
The coherent synchrotron radiation effect at 1.24 GeV is
tolerable. The path length variation within the bunch, for
a momentum spread Apip of ± 0.025, is strongly reduced
with one family of sextupoles placed near the doublets,
where the dispersion is relatively large.

4 OTHER BEAM TRANSFER MODULES

adjustment to a FODO type lattice or between two FODO

To adjust the phasing of each drive beam requires a fine
tuning of the path length before injection into the
decelerator and the addition of a kind of special chicane
or "dipole-snake", after the "turn-around" loop. This
chicane has to provide a non-zero R5%coefficient in order
to introduce a correlation between the path-length
variation A/ and a change AO of the deviation angle in the
"Snake", around a finite average value 0 ,, for the dipoles.
The sign of R,,, is not important since the sign Of AO is
free, but its amplitude must allow an adjustment Al
between ± 2 mm and ± 5 mm (i.e., half the RF period at
ben cose suh a toacheve
30 Gz).R.,hastheefoe

30tereore
Gz).R~hs eenchosn sch s toacheve

At various locations of the drive beam transport system,
matching Twiss functions at zero-dispersion is needed.
This happens at the junction between the transport line of
the incoming beam and the first 90' isochronous module,
between the turn-around and the path-length module, the
latter and the vertical translation, and this translation and
the drive-beam decelerator. In most cases, it is an
type lattices. This is best achieved by using quadrupole
triplets of the type "FODO transformer" (that transforms
a P3-crossing with equal and opposite derivatives into a
different JP-crossing with opposite slopes also), the
properties of which have been studied elsewhere [3].
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MEASUREMENTS OF THE ELECTRON CLOUD IN THE
APS STORAGE RING
K. C. Harkay ' and R. A. Rosenberg, Advanced Photon Source
Argonne National Laboratory, Argonne, IL 60439 USA
Abstract
Synchrotron radiation interacting with the vacuum chamber walls in a storage ring produce photoelectrons that can
be accelerated by the beam, acquiring sufficient energy to
produce secondary electrons in collisions with the walls. If
the secondary-electron yield (SEY) coefficient of the wall
material is greater than one, as is the case with the aluminum chambers in the 7-GeV Advanced Photon Source
(APS) storage ring, a runaway condition can develop. As
the electron cloud builds up along a train of stored positron or electron bunches, the possibility exists that a transverse perturbation of the head bunch will be communicated to trailing bunches due to interaction with the cloud,
In order to characterize the electron cloud, a special vacuuni chamber was built and inserted into the ring. The
chamber contains 10 rudimentary electron-energy analyzers, as well as three targets coated with different materials.
Measurements show that the intensity and electron energy
distribution are highly dependent on the temporal spacing
between adjacent bunches and the amount of current contained in each bunch. Furthermore, measurements using
the different targets are consistent with what would be
expected based on the SEY of the coatings. Data for both
positron and electron beams are presented.

1 MOTIVATION
Postulation of an electron-cloud instability (ECI) arose
from observations with stored positron beams at the KEK
Photon Factory [1]. Similar results were later obtained at
BEPC [2] and possibly at CESR [3]. Theoretical simulations predict large amplitude motions produced in the tail
of positron bunch trains, leading to beam loss [4]. Although results from the models are consistent qualitatively
with the observations, the electrons had not been directly
measured. The goal of the measurements at the APS storage ring is to characterize the electron cloud (EC) so as to
better predict conditions leading to a possible electroncloud instability. Of particular interest is to provide realistic limits on critical input parameters in the models: the
SEY of different surfaces in a real chamber and the influence of single or multiple reflections of the photons.

2 EXPERIMENTAL SETUP
In order to measure the properties of the electron cloud,
a special 5-m vacuum chamber, equipped with rudimen°Email: harkay@aps.ani.gov

0-7803-5573-3/99/$10.00@ 1999 IEEE.

tary electron energy analyzers, beam position monitors
(BPMs) and targets, was built and installed in a field-free
region in the APS storage ring [5] in May 1998. The locations of the components are shown in Fig. 1. EA6 is a
copper end absorber designed to intercept high-energy
photons to protect the downstream surfaces. Given that the
chamber is straight, the bending magnet synchrotron radiation fan penetrates slightly farther into the channel at
the downstream detectors.
The electron detector consists of two mesh grids in
front of a collector: the outermost grid is grounded, and a
bias voltage can be applied to the shielded grid. The collector is graphite-coated to lower the secondary-electron
yield (SEY) and is biased at +45 V with a battery to
maximize its collection efficiency. The average detector
resolution is 4% fwhm, measured using 100-eV electrons
from an electron gun.
The detectors are mounted on a 2-3/4 in. flange on a
standard-aperture vacuum chamber as close to directly
opposite the antechamber channel as its geometry will
allow, as shown in Fig. 1. The channel allows most of the
high-energy photons to escape without interacting with the
chamber walls. The penetration into the vacuum chamber
for the detectors was slotted for rf shielding and coupling
impedance considerations. A standard BPM is mounted
opposite a detector at three locations for comparison. The
BPM surface area and the detector aperture are both -1
cm2. A removable, water-cooled, target is shown inserted
in the channel to the right. Data were collected by measuring the collector current with a picoammeter as a function of bias applied to the retarding grid.

3 MEASUREMENTS
Amplification of the electron cloud due to secondary production is expected to be the most serious factor leading to
a possible EC instability. Machine studies at the APS storage ring were designed to characterize and distinguish
among the various contributions to the electron cloud. For
a fixed beam energy, the average total number of photoemitted electrons (PE) will be linear with beam current
and independent of the temporal distribution of the beam.
This contribution includes photoelectrons and secondaries
produced in the collision of the photons with the walls. In
the absence of multipactoring effects, the electron density
will depend primarily on the distance from the main electron source, the EA6 absorber, and in a minor way on
electrons produced by the bending magnet radiation and xrays that are emitted by fluorescence from EA6. In con-
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Figure 1: Modified chamber (top view) showing locations of: electron detectors 1-10; BPMs a, b, and c; and targets A,
B, and C. On the right is a cross-section schematic showing target and mounting of detectors.
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A typical measurement of the detector current, normalized
(Ito the total beam current, as a function of bias voltage
exthis
In
detectors.
V) is shown in Fig. 2 for four of the
ample, 20 mA are stored in 10 bunches spaced at 128 rf
buckets, or 0.36 .ts. The +45 V bias on the collector assures that all the electrons are collected when the bias grid
voltage is positive, i.e., the peak of the I-V curve is the
total number of electrons integrated over all energies. The
identinormalized electron current at this large spacing is
signaI-V
this
therefore,
bunch;
cal to that with a single
PE.
the
by
mostly
ture is believed to be determined
The dependence on the detector location is seen in Fig.
3. As expected, EA6 is the primary source of electrons,
dominating the signal at detectors 1-2 (< 0.3 in). The
nearly linear slope of the normalized current at the 128bucket spacing for detectors 4-9 (> 0.5 m) is consistent
with their location,
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Figure 2: Normalized detector current vs. bias voltage for
10 bunches spaced by 128 buckets.
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Beam-inducedMultipactoring
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A dramatic amplification of the signal is
7-bucket bunch spacing (-20 ns), shown in Fig. 3. This
can be attributed to the SE contribution. Detectors 6-9
(>1.4 m from EA6) show a higher amplification, which
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we speculate comes from multiple scattering of electrons
originating from the absorber. A scan in the bunch spacing
(10 bunches total) gives a peak in the normalized electron
8-10 buckets, shown in Fig.
current at a spacing between
bewen
bckes,
curentat spcin
4. In addition, there is a factor of 2.6 increase in the normalized electron current when increasing the beam current
from 10 to 20 mA, although the position of the peak remains roughly constant. A fine scan between 1-10 bucket
spacing reveals sharp peaks at 7 and possibly 9, shown in
the insert. A beam instability, likely unrelated to ECI,
limited the bunch current at short spacings. Figures 3 and
4 give evidence of a beam-induced multipactoring effect
[6]; the bunch spacing at the peak current equals the wallto-wall time-of-flight in the vertical direction (full height
42 mm) of electrons with an average energy of 8-12 eV.
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Figure 4: Comparison of normalized electron current as a
function of bunch spacing and current (10 bunches total).
The electron energy distribution is dominated by lowenergy electrons, seen in the derivative of the I-V curves
(Fig. 5). The derivatives have been normalized to high-
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light the differences in the energy distributions. The bunch
spacing affects the shape of the high-energy tail, giving a
longer tail for the multipactoring conditions.

decreased by 20% and the SE-dominated signal decreased
by 45%. This suggests that as the oxidized Al surface becomes more metallic as a result of conditioning, the SEY
is
lowered,
pared
to the which
PE. affects the SE to a greater degree com-
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Conversion to electrons in Sept. 1998 allowed comparison
of the electron cloud data with a positron beam. The results are qualitatively very similar. There is a peak in the
normalized electron current with bunch spacing, although
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Figure 5: Electron energy distribution vs. bunch spacing.
The buildup of the EC was measured for bunch trains of
varying lengths. As expected, the buildup was most pronounced at the 7-bucket spacing, and the most dramatic
increases occurred for detectors farthest from EA6. Figure
6 shows the normalized
current 1-for mA/unc.
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izedcurrent, and 50 times higher still in absolute electron
current. A pressure rise of a factor of 20 was observed for
these conditions over the pressure without multipactoring
(0.5 nTorr), indicative of enhanced desorption induced by
the secondary electrons, and giving independent evidence
of the multipactoring effect [6]. A saturation effect is observed beyond a certain number of bunches, beyond which
the increases becomes linear,
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Dramatic amplification has been observed in the electron
cloud in the APS storage ring under certain stored beam
conditions. Beam-induced multipactoring effects gave rise
g
to amplification factors up to 18,000 in long positron
bunch trains with 2 mA/bunch, spaced at 7 rf buckets (-20
ns). A pressure rise of an order of magnitude was obs). Aorese riseofsa orer omagnitud wasiobserved for these conditions, over that without multipactoring. More modest amplifications were seen for long
electron bunch trains, but at a spacing of 11 buckets. Although the electron cloud instability is not a resonant phenomenon, beam-induced multipactoring appears to be an
important effect in the amplification and buildup of the
electron cloud. Preliminary results with targets of different
materials show a reduction in the SE production for Cu or
TiN surfaces compared to oxidized Al. Comparisons of
these data with simulations are planned, with the goal of
developing an empirical model for realistic chamber geometries. A detailed report is in preparation.
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IMPEDANCE AND THE SINGLE BUNCH LIMIT IN THE
APS STORAGE RING
K. C. Harkay.÷, M. Borland, Y.-C. Chae, L. Emery, Z. Huang, E. S. Lessner,
A. H. Lumpkin, S. V. Milton, N. S. Sereno, B. X. Yang, Advanced Photon Source
Argonne National Laboratory, Argonne, IL 60439 USA
Abstract
The single-bunch current limit and tune shift with current
have been documented over time in the 7-GeV Advanced
Photon Source (APS) storage ring as a function of lattice,
chromaticity, and number of small-gap insertion device
(ID) chambers. The contribution to the machine coupling
was reported
impedance of the 8-mm-gap ID chambers
earlier [1]. One 5-mm-gap ID chamber was installed in
December 1997. This required changing the lattice to preserve the vertical acceptance. The new lattice reduced the
average vertical beta function at the 5-mm chamber as
well as at all the other ID chambers and so has also lowered the effect of the vertical coupling impedance. As additional 8-mm and 5-mm chambers are planned, a more
detailed characterization of the impedance is essential,
This includes separating the effects of the transitions between the small-gap chambers and the standard chambers
from the resistive wall impedance of the small-gap chambers themselves. In this paper, we report on the transverse
instabilities and thresholds observed in the vertical and
horizontal planes. From these observations, various con-....
tributions to the coupling impedance are derived.

The instability threshold, growth rate, and current limit
were studied as a function of chromaticity, rf voltage
(bunch length), rf frequency, and orbit position. The
growth rate was also measured as a function of current.
The instability was monitored using beam position mofnune
an t
eam
a
hst ory moduls,
Tor P
measurement system.

2 TUNE SLOPE
The present complement of twenty 5-m-long small-gap
chambers results in tune slopes of -0.0026 per mA vertically and -0.0008 per mA horizontally. The vertical tune
slope was reduced by 40% after reducing <P,> in the ID
chambers by 60%. Figures 1 and 2 show the vertical and
horizontal tune waveforms, respectively, as a function of
current. These were obtained by increasing the current in
small steps, while using an HP89440A vector signal analyzer to record the beam response to achirped rf signal.
4

4

1 INTRODUCTION

E

The maximum single-bunch current achieved in the APS
storage ring under standard operating conditions is 18 mA.
This current limit is most sensitive to the chromaticity,
= Av/Ap/p. For these conditions, the chromaticity was
(4, 7), where the parentheses indicate ý, and ýy in that order. The low P, lattice installed for use with the 5-mm-gap
ID chamber lowers the vertical coupling impedance, but
reduces the effectiveness of the chromaticity-correcting
sextupoles. The chromaticities are presently about (1.5, 4).
The single-bunch current limit is subsequently reduced to
-6 mA, determined by the transverse instability threshold.
Typical multibunch user operations require less than 2
mA per bunch in "triplets" mode, and about 4 mA/bunch
in "singlets" mode. Although present operations are not
limited by the single-bunch current limit, additional 8-mm
and 5-mm chambers are planned, which will increase the
machine coupling impedance. Experimental studies were
undertaken to characterize the single-bunch instabilities,
and theoretical studies (modeling) are being carried out to
determine the impedance model that best fits these data.
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Figure 1: Vertical tune vs. single-bunch current.
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The tune waveforms show rich details of the currentdependent beam response. In the vertical plane, the tune
(mode 0 is 0.285 at low current) crosses two synchrotron
sidebands as the current increases. The synchrotron tune is
0.007 at the nominal rf voltage of 9.4 MV. The tune appears to just reach mode -3 at the current limit of 5.5 mA.
In the horizontal plane, a self-excited tune appears above
3.5 mA. The tune shift over the range is about -0.005
(mode 0 is 0.195 at low current), approximately equal to
the synchrotron tune. It appears that the horizontal tune
begins to couple to mode -I near the current limit. At
large signal amplitudes, the tune is itself modulated at the
synchrotron frequency, which appear as sidebands.
The APS was switched from positron to electron operations in Sept. 1998, and no significant differences in the
transverse instability limits were seen.

fitted to find the frequency. The tune variation with amplitude appears to match a quadratic fit.
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Figure 3: Periodic blowup of horizontal centroid motion.

3 VERTICAL
In order to study the transverse planes independently, the
vertical chromaticity was reduced while keeping the horizontal almost constant: (1.0, 1.4). The single-bunch limit
was reduced to 1.9 mA, the lifetime was severely shortened, and the vertical modes 0 and -1 collided. This is
consistent with the tune "map" in Fig. 1.

so
T,

Ws
100w

4 HORIZONTAL
Observations of the horizontal instability reveal a higher
degree of complexity compared to the vertical. It is characterized by a self-excited horizontal tune at a threshold of
about 4 mA. Above 4.7 mA (nominal conditions), a periodic blowup of betatron oscillations of the bunch centroid
occurs. This can be seen in Fig. 3, which shows a BPM
history recording the x-position over 16,000 turns
(acquired every turn) with 5.2 mA. The maximum, selflimiting amplitude of the instability is 800 gim. This is
roughly 1.9 times the horizontal rms beam size.
This observation is confirmed using a visible streak
camera to image the bending magnet radiation. Figure 4
shows an image acquired in dual-sweep mode. The horizontal beam profile was captured on two time scales: T,,
which is fast compared to the betatron period, and T2,
which is slow compared to the instability rise time. Two
cycles are seen of the periodic betatron oscillations. Notably, cr does not appear to blow up as the coherent centroid
motion decays. Within the spatial resolution, no head-tail
motion was detected using streak camera imaging of the
x-t plane in synchroscan mode.
The instability growth rate, 1/i,, was computed as a
function of current by fitting the initial blowup in data
such as in Fig. 3, and using l/'r5 , = 1/,, - ll/d, where r, is
the transverse radiation damping time of 9.46 ms at 7
GeV. The results are shown in Fig. 5. A preliminary
analysis of the amplitude-dependent tune shift was made
by performing a fast Fourier transform on the BPM history data in 512-point slices. The horizontal tune peak was

10

2
T, (MS)

Figure 4: Horizontal oscillations observed using a streak
camera in dual-sweep mode.
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Figure 5: Instability growth rate vs. current.

4.1 Chromaticity
At the threshold of 4.7 mA, the periodic instability mode
could be stabilized with a A4, of 0.6 above nominal. The
instability growth rate increased approximately linearly
with negative changes in E. The instability threshold was
not sensitive to even large variations in the tune.

4.2 Rf voltage
The rf voltage was reduced from 9.5 MV to 7.1 MV, resulting in a 20% increase in the bunch
length at 5 mA. The
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current limit increased slightly, from 5.0 mA at 9.5 MV to
5.5 mA at 7.9 MV and 5.7 mA at 7.1 MV. More interestingly, with 7.9 MV, the beam underwent periodic blowups
around 4.7 mA, but this changed to steady-state, fixedamplitude betatron oscillations at higher currents up to the
limit of 5.5 mA (see Fig. 6). The amplitude of the motion
at this limit was about 2/3 of the peak value in the blowup
mode. At 7.1 MV, only steady-state oscillations were
seen; no blowups were observed at any current up to the
limit. In all cases, the threshold for the onset of the selfexcited horizontal tune remained about the same.
4.7

A

500

E

0
5

A

-500

approximately using the nominal damping decrements and
excitation rates.
Simulations of a broad-band resonator (BBR) impedance model (Q=I) reproduced the measured tune slopes,
namely, -0.0008/mA in the horizontal, and -0.0026/mA in
the vertical plane. Cutoff frequencies of 5 GHz in the
horizontal and 25 GHz in the vertical plane were assumed,
determined by the small-gap chambers. The simulations
assumed a linear lattice (zero chromaticity) to save computation time. The best fit to the measured values were
obtained for a shunt impedance, R., of 0.2 MKlm in the
horizontal plane and 1.2 M0Jm in the vertical plane. The
vertical impedance agrees well with the 53 kDJm per
chamber effective impedance value estimated in [1].
A mode-coupling instability (between modes 0 and -1)
occurs around 4.4 mA (horizontal) and 2.2 mA (vertical),
nearly reproducing the experimental observations under
low chromaticity conditions. Preliminary simulations using a BBR and a fully nonlinear lattice at the nominal
chromaticities show some of the instability features, but
do not reproduce the periodic blowup seen experimentally.
6 SUMMARY

0

20

40

60

time (msec)

8;0

10O0

The single-bunch current limit is believed to be dominated

120

by a horizontal instability because of the smaller E, com-

Figure 6: Instability as a function of current at 7.9 MV
(plotted offset for clarity).

4.3 Rffrequency and orbit
Orbit bumps were used to couple more strongly to the
transverse impedance at various places in the ring: 5-mmgap chamber, 19-mm-gap chamber with unique transitions
to the standard-aperture chambers, rf cavities, and injection region (septum magnet and kicker chambers.) No
changes were seen in the instability growth rate for either
A
vertical or horizontal orbit bumps with one exception.
+1.5 mm vertical bump in the 5-mmn gap chamber stabilized the periodic instability mode horizontally. In addition, changes of +/- 110 Hz in the rf frequency also stabilized this mode.

5 SIMIULATIONS
Tracking simulations employed the 6-D tracking program
elegant [2]. Resonator impedances are implemented using
the following algorithm. A histogram of current density
(or its first moment for transverse impedances) is first
made. The resonator voltage vs. bin is then obtained by
summing the phasor contributions of particles in preced-.
ing bins. Particles see only one-half their own induced
voltage (fundamental theorem of beam-loading). The voltosa dampedwith
sinusoidal
turn-to-turn
age
is propagated
cillation.
Tests show
excellentasagreement
analytical
wakefield expressions. elegant includes synchrotron radiation damping and quantum excitation, implemented

pared to 4,. Attempts to raise the instability threshold by
raising the chromaticity is hampered by the sextupole current limit. The vertical tune slope (o- <J3>R) is larger than
in the horizontal plane, but the beam is stable to mode -3
with 4. In the horizontal plane, mode -1 is unstable
with 4,= 1.5. The instability exhibits two modes: periodic
blowup and steady-state. The current threshold of the periodic mode decreases with both smaller chromaticity (i.e.,
(i.e.,
bunh es
tune spread)rand sh
rent), and the instability growth rate changes linearly with
pene nt
rroduc te curnte
. Simulati
rent
.

tune shift and mode-coupling instability thresholds using a
BBR model. The periodic instability mode will be further
explored through fully nonlinear simulations. Future machine studies include: additional chromaticity correction,
measure the bunch length on the instability time scale, test
a single-bunch feedback system and its effect on the instability threshold, and repeat the studies at lower energy.
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EFFECTS OF A HARMONIC CAVITY AT THE ESRF
J. Jacob, 0. Naumann, W. Beinhauer, ESRF, Grenoble, France
Abstract
The installation of a harmonic cavity to provide
bunch lengthening and thereby increase the Touschek
lifetime is considered for the ESRF storage ring.
Simulations with a particle tracking code have shown
that for few bunch operation - where the current per
bunch is large - a strong lengthening already results
from the coupling with the broad band impedance of the
vacuum chamber. Therefore the net gain with an
additional harmonic cavity is only moderate. For
multibunch operation, however, where the current per
bunch is small, a harmonic cavity is expected to increase
the bunch length by up to a factor six, with a
corresponding increase in Touschek lifetime. The
Landau damping provided by the additional nonlinearity of the RF voltage has also been studied in
detail. As an important and somewhat surprising result,
it turns out that the thresholds for longitudinal coupled
bunch instabilities may even be reduced when the
operation parameters of the ' harmonic cavity are
optimised to provide a maximum bunch lengthening.
1 INTRODUCTION
The installation of more and more narrow gap insertion devices at the ESRF has increased the transverse
impedance of the storage ring. Since this has lowered the
head-tail stability limits, higher chromaticities have to be
used as a remedy. This, however, reduces the dynamic
aperture and the energy acceptance, with the further consequence of a lower Touschek lifetime, especially in
single and few bunch filling, where the current per
bunch is high. To optimise the Touschek lifetime in few
bunch operation, the acceleration voltage used to date at
the ESRF is around 8 MV instead of the possible 12 MV:
this maximises the bunch length without penalising the
energy acceptance. Lengthening the bunches also has the
beneficial side effect of an increased head-tail stability
limit, since the overlap of the beam spectrum with the
broadband impedance is smaller for longer bunches.
A precise control of the bunch length without
reduction of the RF-acceptance should be possible with a
higher harmonic cavity. This paper summarises the
possible performance upgrade with such a cavity for the
ESRF storage ring. Section 2 describes the achievable
bunch lengthening as a function of the harmonic number
n and a deviation from the optimum working point. The
expected gain in bunch length for single and few bunch
operation is presented in section 3, taking into consideration the already strong effect from the impedance of the
0-7803-5573-3/99/$10.00@ 1999 IEEE.

storage ring. The results from a detailed analysis of the
effect on longitudinal coupled bunch instabilities, taking
into account Landau damping which results from the
non-linearity in the RF-voltage, are given in section 4.

2 BUNCH LENGTHENING WITH A
HARMONIC CAVITY
A double RF-system allows to shape the accelerating
voltage at the time of passage of the synchronous
particle [1]. Both the relative phase and the harmonic
voltage level V. can be used to adjust the harmonic
system. Two conditions allow the determination of the
operation values for optimum bunch lengthening: firstly,
for maximum bunch length the slope of the accelerating
voltage has to be horizontal at the bunch centre and,
secondly, the accelerating voltage should not be curved
at this point, to avoid the forming of micro-bunches. In
order to maintain the same time of synchronous passage,
it is additionally necessary to adjust the amplitude of the
normal voltage by a factor slightly different from unity.
All these quantities can be expressed in terms of the time
of synchronous passage and the harmonic number n.
Fig. 1 shows how the zero current bunch length
varies in the
case ee
of the ESRF
ofucthe
hroi
otg
ic ash a function
aiu
lengthening factor, of approximately 6 for n=3, is
reached only very close to the optimum value V 0 P. for
V, , finding and maintaining a good working point is
likely to become a delicate operation as very precise
control of the cavity parameters is necessary.
6
5n=

1"4

3
n= 7
---- n = 11
n = 19

/

3

2
I

VH/

OPT

Figure 1: Bunch length aL as a function of the harmonic
voltage level (crLo: bunch length for Ib=O and V =0)
Fig. 1 also shows how a variation of the harmonic
number n influences the dependency of the bunch
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lengthening factor on the harmonic voltage. Although
values of n > 7 are of merely academic interest, the
comparison shows how the choice of a higher value for
the harmonic number n reduces the sensibility on the
harmonic cavity parameters. This means easier operation
conditions, but limits the maximum possible increase in
bunch length.

to provide the optimum harmonic voltage with a driving
current of about 10 mA. The only feasible options would
therefore be either a passive superconducting or an
active normal conducting cavity. The final choice,
however, needs further investigations.

3 PARTICLE TRACKING FOR HIGH
CURRENT PER BUNCH

The effect of main interest in the application for
multi-bunch operation is the increase of the Touschek

With increasing current per bunch, several effects
occur. Firstly, transverse head-tail instabilities have to be
mastered by operating the.storage ring with an increased
chromaticity, which unfortunately also reduces the
dynamic energy acceptance and the associated lifetime,
Secondly, the higher charge density increases the
Touschek effect, leading to an overall lifetime of the
order of 4 hours in single bunch operation at 15 mA and
about 9 hours in 16 bunch operation at 90 mA. This
already takes into account the high natural bunch
lengthening due to the interaction with the broadband
impedance of the ring, as well as the choice of a rather
low accelerating voltage of 8 MV, as a compromise
between a maximum bunch length and sufficient RFacceptance.
The gain in bunch length that could be obtained with

lifetime, that accompanies the increased bunch length,
especially in the case where the effect of an increased
energy acceptance has an upper limit, as is the case at
the ESRF. In multi-bunch operation the per-bunch
current intensity is small (of the order of tenths of mA),
therefore single-bunch effects such as the head-tail
instability play only a minor role. Still, the additional
bunch lengthening should allow a further reduction of
the chromaticity.
As far as the effect on multi-bunch instabilities is
concerned, it is commonly assumed that the spread in
synchrotron frequencies within a bunch due to the
distorted RF-voltage leads to increased stability limits
because of the additional Landau damping. A closer
investigation, however, reveals that this need not
necessarily be the case.

a third harmonic cavity has been evaluated by adapting a

4.1 Effect on the synchrotronfrequency density

4 EFFECT ON MULTIBUNCH
OPERATION

multiple particle tracking code. It solves the synchrotron
equation turn by turn, taking into account the broadband
resonator model BBR (Q=I, R=42 kU2, fr=30 GHz) of
the ESRF storage ring [2]. For the present study, the
code has been modified to incorporate the harmonic
voltage distortion, assuming an optimum amplitude and
phase of the modulating voltage,
Table 1
Current per bunch
Lengthening factor

10 mA

15 mA

25 mA

3.6

4.2

5.4

6.2

6.6

The density p of the synchrotron frequency f, can be
calculated using the formula
2(''I(dA

p(f,)=-T (H)VI(H)l-

BBR and 3 harmonic
o
cavity
Net gain in bunch length with
a harmonic cavity

dT)

I

dH

dH

where A and T are the quantities defined on page 3 of
[1]. Inverting the relation T(H) gives a function in f• =
J/T(H).
Curve parameter,from left to right.
VH/VopT = 100%, 87 %, 75%, 66%, 50 %,33 %, 25 %, 0 %
1

from BBR only

Lengthening factor from

/[

7.6

0.1

I

0.01

,..
+72%

+57%

+41%
_

In the limit of zero current, the simulations
confirmed the theoretical bunch lengthening by a factor
6 for n=3 in Fig. 1. They also confirmed that the energy
spread is only affected by the BBR and not influenced
by the presence of a harmonic cavity. As shown in table
1, for the nominal single bunch current of 15 mA, the
interaction with the BBR already lengthens the bunch by
a factor 4.2, so that a harmonic cavity would at best give
57% additional lengthening.
If a passive cavity is to be used, it must exhibit a
shunt resistance of the order of several 100 MQ2 in order

__

__

_0.00_

Q.
0.0001
0.2

0.4

0.6

0.8

1.

ff 1
Figure 2: Synchrotron frequency distributions for various
levels of harmonic voltage and n = 3
Fig.2 shows a sequence of densities for the case n=3.
The natural frequency density spread for V,=O is
extremely small, because the non-linearity is weak. With
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compromise the multi-bunch instability thresholds. At
the ESRF, this can be achieved with the recently
commissioned highly accurate temperature control
system for the accelerating cavities (error < 0.1 °C).

a change in operation parameters, the centre of the
distribution is shifted towards smaller frequencies and
the spread increases, although only considerably so close
to the optimum choice of operation parameters. This can
be explained from the fact, that - especially for a small
harmonic number - the accelerating voltage is distorted
on a scale much larger than the bunch. Thus, switching
on the modulation changes the voltage slope for all
particles in almost the same way, the bunch being too
short to profit from the additional non-linearity.
Consequently the synchrotron frequency density is not
spread out, but is shifted in the mean because of the
overall reduced slope. It is only as the optimum voltage
is approached, that the bunch becomes large enough for
some particles to reach the region of increased nonlinearity, which then increases the frequency spread.

3

1'2.5
25

2

n
3
....
n= 7
---.... n= 11
............... n= 19

1.5
.I.

0.2

0.4

4.2 Dispersionrelation and threshold current

0.6

0.8

VH/ VOPT

In order to determine the net effect on longitudinal
multi-bunch instability thresholds due to cavity higher
order modes (HOM), a dispersion relation has to be
solved. The values entering into it are the impedance
ZHoM and the resonance frequency fHoM of the HOM and
several
machine
parameters:
a0 (momentum
complaction),iE(energy), Tp(ramet(me)and
compaction), E, (energy), To (revolution time), and 4,
(natural radiation damping).

a127fHoM ZHoM Ib=
f
To E 0 /e

-

1..
0.5

Figure 3: Multibunch instability threshold iLh as a
function of the harmonic voltage (Iho: value for V, =0)

An interesting alternative would be to operate the
harmonic system at a frequency of a multiple of the RFfrequency plus the revolution frequency ("harmonic plus
one" cavity). This modulates the RF-voltage around the
circumference of the storage ring and provides a bunchto-bunch frequency spread, which has a much stronger
Landau damping effect [4]. This, however, still requires
some investigation.

p(o)• )do),
(0f2 _ 0) + 2j-3,o)

5 SUMMARY AND CONCLUSIONS
This has to be solved for the real coherent
A harmonic cavity at the ESRF would provide only
synchrotron frequency co and the beam current lb in order
net increase of the bunch length for single and
a
limited
to determine the threshold current 1h [3].
few bunch operation, because of the already strong
The threshold current I, can be plotted as a function
impedance.
broadbandhowever,
due to theoperation,
shown in Flengthening
of ,,by tisforul,
ppyin
3.
standard multi-bunch
the For
net
formula, aas iis shwninFig.
this
of V, by applying
higher
somewhat
The
larger.
much
be
can
increase
to
up
I,,,
of
decrease
a
observes
first
one
Increasing V,,,
sensitivity to multi-bunch instabilities can easily be
a turning point, which is reached earlier the larger n is,
control.
temperatue
a ohvity
e
oer
a valley of decreased stability always has
but in any case to
by means of the cavity temperature control.
crosed.overcome
b
to be crossed.
6

4.3 Application to the ESRF
Investigating the values for the optimum operation
parameters that can be seen on Fig 3, we discover that a
value of n > 7 would at least allow to break even as far
as thresholds are concerned. However, in order to

provide real - protection against instabilities, a much
higher value would be necessary. Then, of course, one
has to pose the question of how to construct a harmonic
cavity with a high n. Such a choice would also be
discouraged as the optimum gain in bunch length would
be much smaller (Fig. 1).
Therefore, one important result is that for the
practical choices of n=3 or 5, additional means to damp
or tune HOMs away from synchrotron sidebands are
necessary, if a harmonic cavity is not to seriously
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OPTIMAL BEAM OPTICS IN THE TTF-FEL BUNCH COMPRESSION
SECTIONS: MINIMIZING THE EMITTANCE GROWTH
M. Dohlus, A. Kabel*, T. Limberg
Deutsches Elektronen-Synchrotron DESY
Notkestr. 85, D-22607 Hamburg, Germany
Abstract
In the bunch compressing sections of the Tesla Test Facility Free Electron Laser, short bunches travel on trajectories
with small bending radii. Thus, coherent synchrotron radibeam dynamics.
ation (CSR) will play a significant role in
The energy loss of the bunch will vary longitudinally as
well as transversally across the bunch and will induce an
emittance growth. This emittance growth will affect the
projective as well as the slice emittance (i.e., the emittance
of sub-ensembles of particles with equal longitudinal position). The computer code TraFiC 4 is a significantly augmented version of WAKE, which calculates these effects
from first principles. One result of simulations is the observation that the slice emittance growth depends crucially
on the initial Twiss parameters chosen for the beam. We
discuss the mechanisms leading to this dependence. Simulation results for a range of optics will be given.

1

INTRODUCTION

The Tesla Test Facility (TTF) aims to conduct a proofof-principle experiment for a self-amplified spontaneous
emission free electron laser. (SASE FEL). For FEL operation, high peak currents and low transversal emittances are
crucial. To reach these quality conditions, the bunch has to
be compressed longitudinally after it leaves the gun. In the
case of the =TF FEL experiment, this is done in magnetic
chicanes. Bunch Compressor II, which has been commissioned recently [1], is the only chicane to be used for the
proof-of-principle experiment.
All subsequent calculation are for the BC II design values; i. e. E = 140MeV, Q = 10- 9 As, aiinitial = 1mm,
az,final = 250m. The initial emittance used is EN,i Gun
mina ccanc e wcorrelation
Afurthestance,
otransformation
A
further stage of
FEL operation, using smaller waveanlengths, higher energy and a longer undulator, requires
11) 2].
cmpresio
othe stge f (BnchCompessr
other stage of compression (Bunch Compressor III) [2].n
The low-energy stage Bunch Compressor I will not be used
for EL oeraton.pends
for FEL operation.
When a short charged bunch travels on a bent trajectory,
coherent interaction of the bunch's tail with its head (as
opposed to usual wake field behavior) may occur. This is
*E-Mail: andreas.kabel@desy.de
IZhang Min, private communication
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1: Geometry of BC II: L,
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expected to be the main cause of emittance dilution in the
TTF bunch compression sections [3, 4, 5, 6].

2

SLICE EMITTANCE GROWTH

TraFiC 4 is a code written by the authors Which allows the
numerical computation of these emittance-diluting mechanisms. It is a full three-dimensional tracking code which
calculates the fields acting on the particles from first principles. It allows for the calculation of the slice emittance,
i. e., the emittance of a longitudinally small sub-ensemble
of the bunch. In the FEL process, only particles from
within a certain slippage length interact. The saturation
length of the process will be affected by the transverse
emittance of the sub-ensemble within that slice, while the
overall (or projective) emittance only affects beam optics
and the brightness of the FEL photon beam. Thus, the slice
is the primary quantity to use to judge beam quality. The
TTF FEL requires a slice emittance of EN < 2 - 10-6m.
(In this paper, we use the normalized statistical slice emittance EN with a slice length of 10m and its counterpart f
(which is conserved even in dispersive regions for 6' = 0),
where (x, x') = (x,x')- J(71, 7'). (x refersto thebending
plane of motion.)
When one considers a true slice, i. e. an ensemble whose
matrix projects to the, x, x' subspace, a linear
generate
a dependence of emittance growth onwould
initial not
Twiss
parameters.
f
however,
trcingtcalcuaios
Dongreat
Doing exact tracking calculations, however, one finds
quite a different behavior: the slice emittance growth depnssniieyo
h nta orlto
arxo h n
sensitively on the initial correlation matrix of the incoming slice. We thus can infer that nonlinear effects are
an important source of emittance growth.
This fact can also be concluded from typical phase-space
portraits of the chicane, indicating an effective sextupole
moment in the transport map.
Consequently, the TraFiC 4 code has been augmented to
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Figure 2: Transverse phase-space portrait of an initially
ellipsoidal-gaussian bunch after traveling through the chicane./3i = 30m, CN,i = 10- 6 m, a. = 0, Q = 10- 9 As.

extract nonlinear matrix elements from the transport of the
slice through the chicane under the influence of the selffield.
Expanding the transfer map into a power series, one has
00

6

-

i•k...kiXkl "•

I

n=o k,....,k=

where C' is the usual linear transport matrix.
The coefficients C(n) can be read off the transport function through the chicane by tracking an appropriate number
of polynomially independent particles and approximating
derivatives by difference quotients. For the time being, we
are restricted to coefficients up to second order, for which
this procedure is quite straightforwardly implemented.
Looking at the dominant coefficients for transverse
movement, one finds that, for example, Cr'1 I is in the order
of magnitude of 105/m, resulting in a significant contribution for realistic beam dimensions.

2.1

EMITTANCE GROWTH MECHANISMS

While traveling on the bent trajectory, the test particles
will experience collective radiative forces of the bunch as
a whole. Onie has a force longitudinal to the direction of
motion, which will induce an energy change, and a transverse force, which will kick the particle of its design orbit. The former causes an angular kick in the dispersive
region. Both forces lead to slice emittance growth; in the
case of BC I, theý growth is clearly dominated by the longitudinal forces, which can be seen by turning off the transverse kicks.in the TraFiC4 tracking simulations. Thus, the
problem -is virtually planar, i. e. the motion of the bending plane is 4.ecoupled from the one perpendicular to it,
in which emittance growth is benign, and we will ignore
(y, y') space in the sequel.

OPTICS DEPENDENCE

We can expect emittance growth due to non-linear dependence of the perturbing fields on the phase space coordinates. In principle, making the bunch extension as
small as possible in all directions cures all non-linear effects and we are left with the linear part of emittance
growth, so a beam approaching zero-emittance should be
left with only the linear effects acting on the emittance.
Starting with a finite-emittance beam, however, the
Twiss parameters must be subject to optimization. Mak(xI) as small as possible will minimize sampling the
nonlinear force component F11 components, due to both the
reduced size of the sampling slice in the transverse and longitudinal direction.
There are two trade-offs, however: (1) higher (x'12 ) will
lead to an induced uncorrelated energy spread, because, to
first order, PoJ' = Fil1 + x'Fj (where the subscripts refer
to the design orbit, not the individual particles). Thus, at
some point the effects due to the transverse force F1 will
be stronger than the ones due to the variation of F 11. One
can estimate this break-even point to be at3min - F1,
which is well below 10cm for BC II. (2) The chicane behaves (in the horizontal plane) basically like a drift space,
i.e., a low minimum/3 will lead to a high variation in/3 and
thus to uncompensated (see below) sampling of non-linear
field components.
The matter is further complicated by the fact that the
change in beam dimensions changes not only the sampling
range of the test particles, but also the shape of the sampled
fields. It turns out, however, that the latter dependence is
quite weak as long as the bunch is slim.
The longitudinal fields vary both longitudinally and
transversally (for analytic expressions for special cases, cf.
[41). The longitudinal fields scales with the bunch length
as 1- 3, so one can expect the dominant contribution in the
3rd magnet (where the bunch reaches its final length) and
4th magnet (where the dispersion is closed).
Thus, reduction of the slice emittance growth can be
achieved by minimizing the longitudinal dimensions of the
bunch as it travels along the chicane. A slice can acquire
longitudinal dimension by its initial uncorrelated energy
spread and due to its betatron movement.. For the transverse
slice, where 7}2 (62) < (X 2 ), the slice length is dominated
by the /3 function.
Since in a quadrupole-less magnetic chicane the curvatures of the bending magnets have signature + - - +, the
sign of the transverse gradient of the longitudinal field between the magnets changes. A test particle on the concave
side of the 3rd bend will be on the convex side of theAth
bend, so in principle the net transverse energy spread will
average out.
As the bunch length of the field-generating bunch and
its longitudinal distribution changes between magnets, the
sampling particles change their relative longitudinal position with respect to the generated field. The field itself will
grow in magnitude, as the bunch shortens. Thus, one can-
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not expect this cancellation to be complete.
However, the energy spread can actually decrease within
the compressor, which may lead to a decreasing induced
angular spread and, consequently, a subsequent lowering of
the emittance, which may-in principle-go down to its ini-\
tial value again. Due to the non-linear components of F11,
this mechanism depends on beam dimensions. This mechanism can be observed in figures 2.2,2.2. Similar effects
have been exploited in [7].
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LONGITUDINAL IMPEDANCE TUNER
USING HIGH PERMEABILITY MATERIAL
K.Koba 1 , D.Arakawa, M.Fujieda, K.Ikegami, Y.Ishi, YKanai, C.Kubota, S.Machida, YMori,
C.Ohmori, K.Shinto, S.Shibuya, A.Takagi, T.Toyama, T.Uesugi, T.Watanabe, M.Yamamoto,
T.Yokoi, and M.Yoshii, KEK, Tsukuba, Japan
Abstract
kHz), and L is the inductance at that frequency.
We have succeeded in canceling longitudinal space
The impedance tuner is installed in the KEK PS main
charge effects using the 'impedance tuner' [1] [2][3] at the
ring. Let us first calculate the space charge impedance. Since
KEK-PS. The impedance tuner consists of the new matethe size of beam pipe is about 150 mm and the average beam
rial, 'FINEMET'[4][5][6][7] which has large permeability
size is about 60 mm, the form factor go becomes 2.8. Toover the beam spectrum region. A frequency shift of cohergether with the other parameters of a 500 MeV beam, the
iment quadrupole mode is measured to infer the modified
space charge impedance becomes -j3pens.
It turns out that nonlinearity unavoidable in a lonpedance.
gitudinal rf bucket has to be treated carefully in order tocompensadigistudinarfedbuetmhinals.
te
trdeatedscaribefy ihor mtion
to
with the impedance tuner, an experiment was carried
digest observed beam signals. We will describe how to meaout using beams at the injection energy.
sure the impedance from the beam signal, how to analyze
We take the revolution frequency and characterize the
the effect of impedance tuner, and how to succeed in canimpedance by it because we observe the effects of the imceling space charge effects.
pedance tuner on a single bunch whose fundamental fre-

1. INTRODUCTION
In a high intensity proton synchrotron, some of the emittance growth and beam instabilities are caused by space
charge effects. In the longitudinal phase space, the space
charge forces weaken the rf focusing force. When a short
a muon
bunch is required, for example in a proton driver of
collider, the effects are further enhanced and they limit the
minimumTherefore,
An inductive device in a ring should be able to cancel
the space charge force. Recently a very high permeability
material, FINEMET, becomes available. It turns out that
the material has enough permeability at the beam frequency
region and possibly cancels the space charge impedance.
We designed a device, and named it "impedance tuner". It
consists of FINEMET cores and is installed in the KEK PS
main ring.

quency is the revolution. In order to cancel space charge
impedance of -j3 1O2 completely, the total inductance of
73.7 gH should be prepared with FINEMET.
The FINEMET
is wound
to a toroidal
the outer
diameters
of 340 mam,
the inner
diametercore
of with
140 mm,
and
of
inductance
the
the thickness of 25 mm. We measured
ie
inductive
is
frequen
of
asa
Fhe
ance is about j25.5g2 at the injection revolution frequency.
iecsof NeMEtor areqncof
th tot al
Tefe
the total of 12 pieces of FINEMET core are necessary to fully compensate space charge impedance.

3. EXPERIMENTAL SET UP
The impedance tuner consists of identical three units
and each unit has 4 pieces of FINEMET core, ceramic gaps
and cooper shields as shown in Fig. 1. All of the FINEMET
cores are placed outside of the ceramic gaps. There are short
to observe the difference between with and without the short
bars. The total length is 1.2m.

2. ESTIMATE OF IMPEDANCE
The space charge impedance is negative inductance and
written as,
Z.
. goZo

n
2--- 2'
(1)
where Z0 is the free space impedance, fl and y are Lorenz
factors, and go is a form factor defined by
g0=l1+21ln_..
go =(2)
Here a is the radius of beam pipe and b is the transverse
beam radius.
On the other hand, FINEMET has positive inductive
impedance. The inductive impedance is expressed as
- oL,
(3)
n
where o), = 21rf0 and f 0 is the revolution frequency (667

Fig. 1 Impedance tuner installed in the KEK PS.

koba@psacw01 .kek.jp
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4. RADIATION EFFECT
This is the first time to apply FINEMET to an accelerator. It may happen that radiation due to beam loss causes a
deterioration in the characteristic of FINEMET. We have
proved that the radiation dose not affect the impedance of
FINEMET with the following procedure. A small sample
of FINEMET was placed for three weeks at the section of
the beam extraction where the radio activation becomes
maximum in the main ring. Then the impedance was measured with a network analyzer. The same procedure was
repeated every three weeks.
Figure 2 show the imaginary part of the impedance. For
nine week, the total neutron flux applied to FINEMET was
1.83 X 1012 [n. cm-2 ]. We could conclude that the impedance of the FINEMET was not changed by the total neutron
flux of 1.83 x 1012 [n . cm-2 ]. The impedance tuner were
installed in the place where the beam loss was much less
than the beam extraction section.

The frequency of the quadrupole oscillations is measured as the envelope oscillations of a bunch signal from a
wall current monitor.
The frequency of the quadrupole oscillations was measured as a function of beam intensity using impedance tuner
and shown in Fig.3. The solid line is a fitted line of the data
when all of the ceramic gap were shorted. The dashed line
is the one when one ceramic gap was shorted and the rest of
the gaps were opened. The long-dashed line is the one when
all of the gaps were opened.
We estimate the non-perturbed quadrupole frequency f520 by extrapolating the measured frequency to that
of zero beam intensity, and list the results on the Table 1.
The average synchrotron frequency is 10.27 kHz. The reactive impedance on each condition is derived from the slope
using the average synchrotron frequency and listed in Table2.
As expected, the more inductance is installed, the lower
magnitude of impedance is obtained. That demonstrates the
space charge impedance is compensated with the impedance tuner.
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Fig.2 Imaginary impedance of the FINEMET.

5. MEASUREMENT
The frequency fo of synchrotron oscillations is perturbed with the potential of the space charge and the inductive impedance. We will measure the shift of synchrotron
frequency Af, as a function of beam intensity and obtain
total impedance as a coefficient.[8]
In fact, the shift of incoherent synchrotron oscillations
can not be measured directly. However, the incoherent frequency shift can be inferred from the coherent quadrupole
oscillations. If we take Af,2 as a frequency shift of the quadrupole oscillations, there is the following relation with the
incoherent shift[9].
Af, 2
1 Af,
L20
f•0(4) =4
f, 20 4 f
(4)
where fL20 is the coherent quadrupole frequency at zero
beam intensity.

Table 1: synchrotron frequency ( zero eat
intensity)
condition
f, [kHz]
10.34
without cores
with 1/3 of total cores
10.25
with total cores
10.21
Table2: Reactive impedance on each condition is
derived from the slope.
condition
reactive impedance [ g I
without cores
-j2475
with 1/3 of total cores
-j1554
with total cores
-jl 182

6. EFFECT OF THE RF NONLINEAR
FIELD
We have observed that the measured space charge impedance was reduced from -j2475K2 to -jl 182L2 by the
impedance tuner which consisted of 12 pieces of the
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FINEMET cores. However, the measured impedance of
-j247502 was 8 times as large as the impedance of -j3 101
obtained from the calculation. Moreover, the quadrupole
frequency at the zero beam intensity was lower than the
frequency, 12.44kHz, estimated by the following equation
(5) and Table 3.
7as
f S==
f 2 ,o =2xf•0 = 2X/,,i
eVo s4I
(5)

is influenced by the RF nonlinear field strongly, the impedance has been over estimated.
We have tried again the impedance analysis considering the RF non-linear effect. As a result, the impedance became -j697f0 and was closed to the result of the calculation
shown in Fig.4. The detail has been discussed in ref.[10].

2Tlrp T,"

4 loe

Table 3: Nominal values of the KEK PS main ring at

injection.
symbol
R; machine average radius
17; slippage factor
V0 ;RF voltage
h; harmonic number

0,; synchronous phase
fr,,; revolution frequency

nominal value
54m
-0.42
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Fig.4 Analyzed impedance including RF non-linearlity.
These two inconsistencies were causes by the
nonlinearity of the RF field. The equation (4) and (5) are
based on the assumption that an RF field is linear. The eq.(4 )
also assumes that the particles distribution matches to the
RF bucket shape. However, the bunch occupies the most of
the RF bucket area and not matches to it under the operational condition of the KEK PS main ruing. We have examined the difference between linear and non-linear effects by
the multiparticle simulation. The results of the simulation
are shown as follows.

6.1

Simulation with linearfield

Assuming a linear field without space charge (zero intensity), the frequency of the envelope oscillation (the coherent quadrupole frequency f, 20 ) is twice frequency of the
single particle motion in the bunch (incoherent frequency
f), which is 12.46kHz.
Assuming a linear field with space charge, the relation
4
of the frequency shift agree with the eq.( ).

6.2

Simulation with non-linearfield

It turns out that assuming the non-linear field without
space charge, the envelope oscillation frequency f, 20 dose
not agree with that estimated by eq.(5). We found that the
frequency obtained by the envelope oscillation becomes an
average frequency (f 0 ), which is 10.60kHz, because each
particle has each incoherent synchrotron frequency as a function of the amplitude. This value is consistent with the result of the measurement.
Assuming a non-linear field with space charge, the frequency shift is written by eq.( 6 ) rather than (4)
4f62

f420

1 Af
2 f

(6)

As a result of these examinations, we know that if the bunch

7. SUMMARY
We designed the impedance tuner consisting of the inductive material, FINEMET, to cancel the space charge
impedance in the longitudinal direction. It was installed in
the KEK PS main ring.
We observed the frequency shift of the coherent quadrupole oscillations and inferred the shift of the incoherent
synchrotron oscillation. Total reactive impedance can be
estimated as the coefficient between the shift and beam intensity. The measured impedance is reduced from -j24750l
to -jl 1820 by the impedance tuner which consists of 12
pieces of the FINEMET cores. We demonstrated the space
charge impedance is compensated by the impedance tuner.
This is the first time for FINEMET to be equipped with
as an accelerator component. We have proved that the radiation dose not affect the FINEMET even with the total
neutron dose of 1.83 x 1012 [n. cm- 2], which is considered
as the highest dose of the main ring.
We have analyzed the RF non-linear effect in detail with
calculation and simulation.
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CALCULATION OF PARTICLE MOTIONS AT THE HEAD AND TAIL OF
A BUNCH FOR THE UNIVERSITY OF MARYLAND ELECTRON RING *
Y.Li, R. Kishek, M. Reiser and J.G. Wanga,
Institute for Plasma Research, University of Maryland, College Park, MD 20742
the beam radius, the variation of the line charge density
X, and relative velocity Vr can be found in [5]. The
typical erosion process and formation of head and tail
is the
are shown in Figure 1, where
space charge wave velocity, M6tf V04ArhkmbqOtlih center
velocity.
Before reaching the "cusp" point, the expanded bunch
can be restored by an "ear field" produced by induction
gaps. After the bunch is contracted back into a
rectangular shape, it will repeat the expansion. Thus, the
energy of the head particles vary periodically from 1.5
keV higher than the beam to 1.5 keV lower than the
beam, with the same time-average value as particles in
the main part of the beam.

Abstract
The end effect in a bunched beam is caused by the
space-charge forces, which accelerate particles at the
bunch head and decelerate particles at the bunch tail. It
occurs in high-current linear accelerators and rings [1].
In the University of Maryland Electron Ring (UMER)
project [2,3,4], the energy of particles at the very ends of
a rectangular bunch is 15% different from that of the
main part of the bunch. Assuming a negligible transverse
space charge effect at the edge of the bunch, one
dimensional single particle calculation is performed by a
matrix formalism [6] to estimate the ratio of particle loss
due to the end effect. Two possible cases are examined:
with no induction gap, and with three induction gaps. If
three induction modules are used, for a small number of
turns, the particle loss is less than 0.15%, which is small
enough to be acceptable. Simulation by code CIRCE [8]
is in prges
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Figure 1: Bunch expansion process.

2 MODEL USED IN CALCULATION
In this paper, a simple one-dimensional model is
developed to estimate the ratio of particle loss due to the
end effect. It is supposed that the transverse space charge
effect can be neglected due to the relatively small line
charge density at the edge of the bunch. And the
longitudinal space charge only changes the energy of
particles, and therefore, the focus function of
quadrupoles and the bending radius in the dipole. The
particle motion is tracked by the matrix formalism [6].
The hard edge approximation is made for the
quadrupoles and dipoles. The focusing function of the
quadrupole is determined by the energy of the particle at
the time it passes through the quadrupole. The particle
gets a kick in the horizontal direction when it goes

ORNL and Visiting at BNL.
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-

2Cs

A compact electron ring, UMER, [2,3,4] is designed and
being developed at the University of Maryland for
transport of a low-energy, highly space-change
dominated beam in a circular lattice. A 10 keV, 100 mA,
50 ns electron beam is injected into the ring from the
injector. The ring has 36 dipoles and 36 FODO focusing
periods to keep the beam along the designed orbit.
When a bunch with a rectangular current profile is
transported, the strong longitudinal space charge force
causes an edge erosion and large energy spread [5].
Three induction gaps are used to restore the pulse shape.
The energy of the bunch edge varies periodically due to
the longitudinal expansion and restoration. In UMER,
the maximum energy difference between the edge and
the main part of the bunch is as large as 1.5 keV, which
is 15% of the beam energy. This large energy difference
leads to a serious deviation from the desired beam orbit
when these edge particles go through a circular lattice
with dispersion. Also, the focusing function of
quadrupoles, which depends on the particle energy, will
be different to the edge particles. Therefore, the head
and tail particles have different behaviour and may be
lost.
For a rectangular bunch with a uniform velocity
distribution, when the beam length is much larger than
'Work supportedby the US DepartmentofEnergy.
"Email: livun@glue.umd.edu

_
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through the dipole; the strength of the kick depends on
the particle energy. A MATLAB program is written to
calculate the particle trajectory by using the matrix
formalism.
The particles whose oscillation amplitude is larger
than 20mm are considered lost, and whose amplitude is
less than 20mm will remain in the beam pipe. By
varying the initial condition (x,x') of the particle at
some longitudinal location z and observing the
maximum deviation, the stable area in the phase space at
the location z for that particle is obtained. After
comparing the stable area with the matched beam
distribution in the phase space, the ratio of particle loss
at the position z is known. Several particles were picked
up in calculation according to their longitudinal positions
in the bunch. These particles are marked in Figure 1.
They are: head A, head E, tail A, tail E, and tail F.
There are three induction gaps in one revolution and
12 FODO periods between two adjacent induction gaps.
One period is defined as from the middle of the long
drift section to the middle of the next long drift section.
The matrix elements are as following [6]:

Quadrupole:
= [coskl
sŽ~ikl
,L sin kl cos kj
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Figure 2: Matched beam distribution and the acceptance.
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3 CALCULATION RESULTS
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The acceptance is obtained by sending an ideal
particle with initial condition (x,x') into the FODO
lattice, and observing its maximum amplitude of
betatron oscillation. Thq initial conditions (x, x') which
corresponding to maximum amplitude of 20 mm
compose the acceptance ellipse. For 10keV ideal
particle, the acceptance is shown in Figure 2 (the large
ellipse) with the matched beam distribution (the small
ellipse).
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In order to know the ratio of the particle loss, the
stable area is compared with the matched beam

1657

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
distribution. The stable area of the head particles and tail
particles are shown in Figure 3 and Figure 4. The ellipses
are corresponding to the initial condition (x,x') that
causes 20 mm deviation; so the particles outside of the
stable area ellipse will be lost.

In some experiments when we care more about beam
position, the induction gaps will be changed into
resistive beam position monitors, resulting in no periodic
energy variation. In Figure 5 and Figure 6, the stable
area in this case is compared with that of three induction
gaps. From the comparison we know that the stable area
is larger if there is no induction gap. The ratio of loss is
smaller compared to the case with three induction gaps.
However, this model only applies to the first three turns
before the "cusp" point. After that the model is no longer
correct.
Simulation by code CIRCE [8] is going on. But there
is no final result yet. The first author would like to
acknowledge Bill Sharp of LLNL for his great help in
using this code.
untso

From Figure 3, the ratio of particle loss for particle
head A and head E are 0.4 and 0. So the ratio of particle
loss in bunch head is less than
#of particles between AE 0.4 = 3.7%. 0.4 = 1.5%
# of particles between AH
From Figure 4, the ratio of particle loss for particle tail
A, tail E, and tail F are respectively 0.5, 0.3 and 0. So
the ratio of particle loss in bunch tail is less than
#of particles between AE
#of particles between EF
. 0.5+
.0.3
#of particles between AH
#of particles between AH
= 3.7% 0.5 + (12.5% - 3.7%)- 0.3 = 4.5%

4 SUM MARY

There is 5% of particles located in the head and tail. So,
the total ratio of particle loss is less than
5%x4.5%+2+5%x1.5%-2=0.15%
100
--- Acceptance ar MiddleA.ofdrift
-A--- Siabie Area of Heed A. 3 iaps
--- Stable Area of Head A,nogap
,- -

- :.,-,__
?j -
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The calculation results show that the end effect is not of
serious concern in UMER. In the case of no induction
gaps, for the first three turns considered here, the particle
loss rate is negligibly small. In the case of three
induction gaps, less than 0.15% particles will be lost for
a small number of turns. This number is small enough so
that no special arrangement is needed to overcome this
effect during the initial operation of UMER.
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OBSERVATION OF NONLINEAR BEHAVIOR OF LOCALIZED
SPACE-CHARGE WAVES IN SPACE-CHARGE DOMINATED
ELECTRON BEAMS*
J. G. Wang a y. Zou, H. Suk b, and M. Reiser
Institute for Plasma Research, University of Maryland, College Park, MD 20742
Abstract
We present an experimental observation of the abnormal
growth of localized nonlinear fast space-charge waves in
space-charge dominated electron beams passing through a
dissipative channel. High-perveance electron beams with
localized perturbations are launched from a gridded
electron gun and transported through a short resistive-wall
channel consisting of a resistive-film coated glass tube
inside a long solenoid providing uniform focusing. The
energy width of the space-charge waves developed from
the perturbations is measured on both ends of the channel.
The experiments have shown that the localized fast spacecharge wave appears to grow under nonlinear
perturbations; in the linear regime, as expected, the
energy width of slow waves increases, while the energy
width of fast waves decreases when they pass through the
resistive channel.

about I m in length and 3.81 cm in inner diameter. The
inner surface of the glass tube is coated with Indium-TinOxide (ITO). The total resistance of the tube employed in
the experiments is 5.44 kM, which corresponds to 0.673
kQ per square. The beam is focused by a 1.4-m long
uniform solenoid coaxial to the resistive-wall tube. Three
short solenoidal lenses are employed in the injector to
match the beam into this channel. The diagnostics
includes two retarding-field energy analyzers at the
entrance and the exit of the resistive tube to measure the
energy of beam particles and space-charge waves.
Typical beam parameters are 2-8 keV in energy, 20-100
mA in current, and about 100 ns in the pulse duration.
chmba
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CutMw2 •
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EM

The longitudinal instability of charged particle beams,
caused by the growth of slow space-charge waves due to
interaction with a dissipative wall, is an important issue in
particle accelerators, microwave generators, and plasmas.
We have been studying this instability in space-charge
dominated electron beams by perturbing the beams with
localized perturbations and transporting them in a resistive
environment. In the previous studies, linear waves were
employed and the experiment demonstrated the growth of
localized slow space-charge waves and the decay of fast
space-charge waves. The growth/decay rates of the
slow/fast waves were measured and the experiment was
In this paper, we report a
compared with theory [1].
unexpected observation that the energy width of localized
fast space-charge waves appears to grow in a resistive
channel if the perturbations are highly nonlinear,

2 EXPERIMENTAL SETUP AND
MIETHOD
The experimental setup, as shown in Fig. 1, consists of a
short-pulse electron beam injector, a resistive-wall
channel, and diagnostics. The injector [2] contains a
gridded electron gun, which can produce desired beam
parameters with localized perturbations.
The key
component of the resistive-wall channel is a glass tube of

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Fig. 1 Setup of resistive-wall instability experiment.
In the experiment, electron beams with localized
perturbations are generated in the gridded electron gun
and transported through the resistive-wall channel. Single
slow or fast waves can be developed on these beam pulses
by applying the technique described in a previous letter
[3]. The energy width of space-charge waves is measured
and compared at the both ends of the resistive-wall
channel. This is done as the follows: by increasing the
retarding voltage in the energy analyzers, the beams and
space-charge waves can be gradually suppressed in the
analyzer output. In this way, the energy levels of the
beam and the energy width of space-charge waves can be
determined. A typical measurement with the energy
analyzers is shown in Fig. 2. The beam is suppressed at a
retarding high voltage of 3.595 kV. The remaining signal
on the top trace is a fast wave in which the particles have
a higher energy than the beam average energy. When the
retarding high voltage further increases, the space-charge
wave signal decreases and eventually disappears at 3.608
kV. This results in an energy width of 13 eV for the fast
wave.
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Fast wave signals from an energy analyzer at
different retarding high voltage.

3 EXPERIMENTAL OBSERVATIONS

Fig. 4 Energy width of a fast wave from EA1 and EA2.

The measurement with the two energy analyzers for a
slow wave on a beam of about 2.5 keV and 39.2 mA is
shown in Fig. 3. Here the relative amplitude of the wave
from the two energy analyzers is plotted against the
difference between the retarding voltage and beam
voltage. The energy
of the
slow
increases
voltage width
width
Thelt
theit
enrg
slow wave
waveincrnte
from 28 eV to 43 eV due to the instability, corresponding
to a spatial growth rate of 0.45/m. Another measurement
for a fast wave is performed at a beam energy of 3.595 kV
and a beam current of 19.8 mA. The result is shown in
Fig. 4. The energy width of the fast wave decreases from
21 eV to 13 eV, giving a spatial decay rate of -0.50/m.

.

120
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Measurements with the energy analyzers are also
performed in the nonlinear regime where a rather large
line-charge density perturbation is introduced on the
beams. This is done by introducing a strong voltage
perturbation on the grid-cathode
lie-hagpulse of the electron gun,
that results in large line-charge density and current
perturbation on the beam. Figure 5 shows such a case,
where it can be seen that a beam current signal modulated
with a large localized space-charge wave, measured
before the resistive wall. The ratio of the wave amplitude
over the average beam current is nearly 40%, a highly
nonlinear case ! Under such nonlinear perturbations, the
energy width of a localized slow wave always increases
when the wave passes through the resistive channel. This
is shown in Fig. 6, where the growth rate of slow waves
vs. the perturbation strength is plotted.
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Fig. 3 Relative amplitude of a slow space-charge wave vs.
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beam voltage, where EA1 and EA2 are the energy
analyzer before and after the resistive wall,
respectively.
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Fig. 8. Growth rates vs. perturbation strength for fast
waves in a conducting wall pipe.

Nevertheless, the results for localized fast waves are
totally unexpected and counter-intuitive. The energy
width of the fast waves appears to increase under
nonlinear perturbations in the resistive wall channel. This
is shown in Fig. 7. Measurements have been performed
for fast waves under different perturbation strength. In the
linear regime, the fast wave decays, as expected. When
the perturbation is strong enough, a transition from decay
to growth takes place. The growth rate eventually levels
off for the strongest perturbations in the experiments.

We are so far not able to interpret this unexpected
phenomenon by the nonlinear dynamics, including the
solitary waves, explosive instability, etc. In order to
eliminate possible errors in the diagnostics, the resistive
wall is replaced by a conducting tube and any other
conditions remain the same. In this case, no growth or
decay is observed for the fast wave, as expected. The
results are plotted in Fig. 8.
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MICROWAVE INSTABILITY AND IMPEDANCE MODEL
A. Mosnier, SOLEIL, Gif/Yvette (France)
AbstractZc)
Tracking simulations, with the aim of studying the
microwave regime with short and intense bunches,
suggest different instability mechanisms, according to the
impedance model. In order to get a better insight of the
source of the instability, i.e. azimuthal or radial mode
coupling, we chose to follow the Vlasov-Sacherer
approach to investigate the stability of the stationnary
solution. The generalized Sacherer's integral, including
mode coupling and potential well distortion, was then
solved by using the "step function technique" for the
expansion of the radial function, as proposed by Oide and
Yokoya. For illustration, the effect of the resonant
frequency of a broadband resonator in the SOLEIL storage
ring was studied. When the resonator frequency is much
higher than the bunch spectrum width, azimuthal mode
coupling can occur before radial mode coupling. When the
resonator frequency is lower, radial mode coupling comes
usually first, but two or more bunchlets are produced at
relatively low current. The diffusion process between the
bunchlets, which leads to the well-known "saw-tooth"
behaviour, originates actually from a fast growing
microwave instability. Lastly, the beneficial effect of an
harmonic cavity on the microwave instability is estimated
and discussed.

1 INTRODUCTION
The Vlasov-Sacherer approach is chosen to investigate the
onset of the microwave instability, leading to abnormal
bunch-lengthening and energy spread widening in electron
storage rings. As soon as the potential well distorsion,
due to wakefields induced in the vacuum chamber, is
significant, single-particle trajectories are no longer
ellipses and the spread in synchrotron frequency must be
taken into account in the stability study of the stationnary
distribution, given by the Haissinski's equation [1]. The
Sacherer's integral equation with mode coupling [2] is
then generalized to [3]
(K2 - m 0o(J)) Rm (J) =
-mCO(J)ipo0 (J)k , JGm,,(JJ')RmJ')dJ'

(1)

""
As the synchrotron motion is strongly nonlinear, the
action-angle variables (JO) have been used. Vo and (0 are.
the amplitude-dependent distribution and synchrotron
frequency of the equilibrium state. The perturbation
distribution oscillates with the coherent frequency 02 and
has been expanded into the usual radial functions Rm. The
Kernel is an integral over the frequency, involving the
impedance:

0-7803-5573-3/99/$10.00@ 1999 IEEE.

Gmm,(J,J')

) K, (Co,J)Km,(o3,J')do)

-

(2)

where Km is an integral over the phase variable. The
integral equation (1) was solved by expanding the radial
function Rm.
Rm (J) =
C hn(J)
(3)
n
according to the "mesh technique", as suggested by Oide
and Yokoya [4]. This method uses step functions for
hn(J) which takes the constant value 1/AJn in the strip
around the n-th mesh with the thickness AJn, and zero
elsewhere, and converts (1) into an eigenvalue's problem..
For illustration, the parameters of the SOLEIL storage
ring [5] are used throughout the paper, as well as a
broadband resonator as impedance model of the vacuum
chamber. The shunt impedance was fixed to 3.6 kl, but
since the feature of the impedance, as seen by the beam,
changes with the resonant frequency, we resolved to vary
the resonator frequency on a wide frequency range, from 10
to 30 GHz, in order to study the effect on the phase space
topology and, above threshold, on the origin of the
microwave instability.

2 HIGH RESONANT FREQUENCY
The potential well distortion is first calculated by solving
the Haissinski's equation for a 30 GHz resonator (Fig.1).
A
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Figure 1: Charge distributions (top) - bunch head on the
right side - and synchrotron frequency (bottom) for
different beam currents (30 GHz resonator).
As usual, the distribution becomes asymmetric due to
the resistive part of the impedance and the bunch shifts
forward (positive momentum compaction) to compensate
for the energy loss. The actual synchrotron frequency
starts below the zero-current frequency due to the inductive
part of the impedance. However, above 3 mA, instead of
raising monotically towards unity as the amplitude
increases, it reaches a minimum due to the resistive
component.
The next task consists in studying the stability of the
stationary distribution. Looking first for eventual radial
mode coupling by calculating the eigenvalues for each
azimuthal mode m, separately, we find that the modes
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m=3 to 5 are unstable above 5 mA. Fig. 2 shows for about equal to the zero-current frequency at the center of
example the power spectra of the sextupole mode, the first island and twice the zero-current frequency at the
calculated by means of the eigenvectors just before and center of the second island.
after the instability threshold. The overlap of the
2
resistance with the power density is higher at positive o.
_.A,
frequencies than at negative frequencies above 5.5 mA,
-- , A '
,
1.
confirming the emergence of a radial mode coupling. If
6 .
0.6
.2"
o
now we pursue the analysis by solving thelsyste with
pairs of azimuthal modes, we find a strong coupling "0
between the modes m=1 and m=2 at relatively low
•-'-,
-.
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Figure 2: Power spectra the m=3 mode just before and
after the instability threshold of 5.5 mA..____....
Lastly, the coherent frequency is plotted in Fig.3, when
more azimuthal modes than enough are taken into account
(m=1 to 6). A complete mixing occurs at relatively low
current, after a rapid spread. The growth rate increases
dramatically with a current around 5 mA, which
represents the onset of the instability. For higher
intensity,
the growth
radiation
dampinte
y rthe
owthraterate isis larger
laringer than
tha the
hevraditis
O
damping rate of the SOLEIL ring. Several types of
instability - identified by solid circles - develop
simultaneously, the nature of the most unstable modes
changing with intensity : at the threshold of 5 mA, the
microwave instability is induced by a radial coupling of
the sextupole mode and a coupling of the dipole and
quadrupole modes; these instabilities are finally overtaken
by the radial m=5 mode coupling above 8 mA; an
octupole mode can be also identified, but with a smaller
growth rate.
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and
line)
solid
(left
voltage
net
Norm.
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Figure
constant-H contours in phase space (right) at 5 mA.

The next task consists in studying the stability of the
stationary distribution. The imaginary and real parts of Q2,
calculated
with a sufficient
of Fig.6.
modes, The
are
plotted as for
a function
of bunch number
current in
growth rate looks more chaotic than for the higher
frequency resonator, because of the rapid change of the
topology of the phase space, perturbated by the formation
of two or more bunchlets. Above 4 mA, which can be
considered as a threshold, two mode families with regular
growth rate increase (identified by solid circles on the
figure), stand out nevertheless. It is worth noting the
sudden change of behaviour at a current of 6 mA.
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Figure 3: Re(Q) and Im(92) vs. current (m=l to 6).

Again, tracking simulations confirmed a threshold of 4

3 LOW RESONANT FREQUENCY
Similarly, potential well distortion is first calculated for a
lower resonant frequency 11 GHz resonator (Fig.4). The
bunch becomes much more distorted than before and two
peaks appear above 3.5 mA, as soon as there are two or
more stable fixed points, forming distinct islands in the
phase space (Fig.5). We note that the synchroton
frequency is vanishing on the separatrix, whereas it is

mA, although some premonitory fluctuation of energy
spread can be observed slightly before, as predicted.
However, the so-called sawtooth instabilty, already
observed in existing machines appears suddenly at 6 mA,
Tracking results show a quick increase of both energy
spread and bunch length, followed by a slower decrease,
with a recurrence of about 150 Hz (Fig. 7).
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A density-plot of the most unstable distribution,
calculated from the eigenvectors, is given in Fig.8 at the
limit of emergence of the sawtooth behaviour (6 mA).
The azimuthal pattern reveals a pure dipole mode inside
the trailing bunchlet. It is worthwhile noting that this
unstable dipole mode widens so far as to reach the
separatrix of the tail island. Particles can diffuse through
the unstable fixed point and populate the head bunchlet,
leading to relaxation oscillations. A phenomenological
description of the sawtooth behaviour was suggested in
[6], but the diffusion process was assumed to originate
from the random eniission of radiation, instead of a strong
instability,
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0

frequency (OrUc,and has a broad minimum between 1 and
1.5. However, the threshold is not the only criterion; in
particular, lower frequency resonators are more harmful
since they can induce dipole or quadrupole oscillations of'
large amplitude and sawtooth type instabilities can
develop, owing to the formation of micro-bunches.
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The threshold of the microwave instability has been
estimated over a wide frequency range of the broadband
resonator. Although the source of the instability, radial or
azimuthal mode coupling, is changing and although the
azimuthal mode number is differing greatly (from m=l or
2 at low frequency to m=5 or 6 at high frequency), the
onset of the instability does not change a lot from 5 GHz
to 30 GHz. It is plotted in Fig. 9 as a function of the
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Figure 9: Microwave instability threshold as function of
normalized resonator frequency.
Although the primary goal of an harmonic cavity,
operating in the bunchlengthening mode, is to increase
beam lifetime in Synchrotron Light Sources, it has also a
beneficial effect on the microwave instability. As the use
of the harmonic cavity reduces strongly the peak current,
we could expect a large increase of the instability
threshold. Besides, since the final voltage, including the
wake potential, is smoothed off, it will suppress multiple
bunchlets, which would appear at relatively low current.
However, we found [3] that, even though the particle
density is divided by a factor of about 4, the instability
threshold enhancement is only a factor.' two. This
efficiency loss can be explained by the lower synchrotron
frequency spread due to a lower potential well distortion
(Fig.10). In case of short bunches, the non-linearity and
then the Landau damping effect of an harmonic cavity,
even operating at the third harmonic, is much smaller than
the wakefield's one.
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Single Bunch Monopole Instability*
Boris Podobedov and Sam Heifets
Stanford Linear Accelerator Center, Stanford University, Stanford, CA 94309
Abstract
We study single bunch stability with respect to monopole
longitudinal oscillations in electron storage rings. Our
analysis is different from the standard approach based on
the linearized Vlasov equation. Rather, we reduce the
thel nonlinearze Fokkerlasv
equation.Rathr we reduce t
like equation which is subsequently analyzed by perturbation theory. We show that the Haissinski solution [3] may
become unstable with respect to monopole oscillations and
become unstabilewith
critesponinte tofmonope
s
ociltioand.
derive a stability criterion in terms of the ring impedance.

1

diation rather than Hamiltonian forces define the dynamics of this mode. Since the monopole mode has the same
azimuthal structure as the Haissinski solution it is normally omitted from the standard linearized Vlasov analysis. There the radiation terms in the Fokker-Plank equation
define the Haissinski solution and then only Hamiltonian
terms remain in the linearized Vlasov equation. The possibility that a perturbation is monopole, but with radial structure different from the Haissinski solution, is neglected.
In this paper we are exploring the possibility that an instability can be associated with the monopole mode. Rather
than extending the linearized Vlasov technique we find it
more convenient to transform the Fokker-Plank equation to

INTRODUCTION

Single bunch longitudinal instability often limits the performance of electron storage rings. Theoretical analysis
of this instability is usually based on the Fokker-Planck
equation that includes the effects of both Hamiltonian and
stochastic forces. The Hamiltonian part describes the synchrotron motion while radiation terms account for the much
slower effects of the synchrotron radiation and define the
beam size at low intensity. A stationary solution of the
Fokker-Planck equation was first obtained in 1973 by J.
Haissinski [3]. Since then much of the instability analysis was done utilizing the linearized Vlasov equation technique, where the Fokker-Plank equation is linearized with
respect to the Haissinski solution. In this approach the
Haissinski solution is also used to introduce the actionangle variables that make the Haissinski Hamiltonian independent of angle. The linearized Vlasov technique leads to
the concept of azimuthal phase space modes, which are the
components of the perturbation to the Haissinski solution
with certain azimuthal symmetry. The first three of such
modes are sketched in Fig. 1. Neglecting the possibility of
several potential well minima we assume that action-angle
variables can be defined uniformly across the whole plane.

a Schrodinger-like equation and analyze the latter using the
Haissinski solution as a basis. Advantages of this approach
are that it is tractable and it allows us to use some well
known facts about Schrodinger equation solutions.
We assume below that the monopole mode can be considered separately from other modes. The validity and consequences of this assumption are discussed in [1].

2

NOTATION AND BASIC EQUATIONS

For a relativistic bunch longitudinal dynamics is often described in dimensionless variables
X = z/ 0t,

p = -J/Jo,

T

= W8ot,

(1)

where z is the position of a particle with respect to the
bunch centroid (z > 0 in the head of a bunch), 6 is the
relative energy spread, wo is the synchrotron frequency,
and the subscript "0" refers to zero-current quantities.
The Fokker-Planck equation for the distribution function
p(x, p, f) can be written [2] as
+Hyd+p
0
w=o 1 Lp +
+

+a
+(O(2)

where {...} denotes the Poisson brackets, yd is the radiation
damping rate, H(x, p, f) is the self-consistent Hamiltonian
H(x,p, f)

Figure 1: Example contour plots of the monopole, dipole
and quadrupole modes

- -+-±A

f dx'dp'p(x',p',-)S(x'-x),

(3)
and p is normalized to 1. We have neglected the nonlinearities of RF potential and defined the parameter
A = Nro(C'ya6•)-,

(4)

As seen from Fig. 1 the monopole mode is special because its physical space projection does not change significantly during a synchrotron period. This argues that ra-

where N is the number of particles in a bunch, ro is the
classical electron radius, C is the ring circumference and a
is the momentum compaction. We have also defined a di-

*Work supported by Department of Energy contract DE-AC0376SFOO515.

I; dx'W(rox') in terms
mensionless function S(x) _=t fo
of the wakefield W(z) for two particles separated by z.
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The Fokker-Planck equation
Haissinski solution [3]

4

(2) has a steady-state

PH(X,P) = ZHe-(zP)

(5)

After neglecting the i term equation (11) reads

where ZH is a normalizing factor and HH is defined by (3)
with p replaced by PH.
Canonical transformation from x,p to action-angle variables J, 0 can be defined to make the Hamiltonian HH
phase independent, HH(x,p) -+ HH(J). Ignoring nonzero azimuthal modes by assuming H = H(J,,F), p =
Po (J, f) the dynamics of the monopole mode is described
by (2) transformed to J, 0 variables and averaged over
phase. This can be done using the invariance of the Poisson
brackets [4]. Introducing the diffusion coefficient
D(J) =-J/WH(J),

SCHRODINGER EQUATION
ANALYSIS

(6)

1f

_2

f

9

-

2

1 7-O19

-- U(y -Of.

(13)

First, we solve a linear problem for which w(J) = w0 is
a constant. In this case y = 2v/iW--- and the Schr5dinger
potential is simply
Uy(g)
y22
=16
s
-

1
2

1
4y2'

(14)

which makes (13) a solvable eigenvalue
problem. The solution is

Z
00

and renormalizing time to the damping rate -r -ydt
can transform ([1]) equation (2) to the form
'(J)[OP + w (J, r)p],
T ,where
OHH (J) and w (J, r) =

where WH (J)

(7)
.H(J,)

TRANSFORMATION TO A
-EQUATION

The Fokker-Planck equation. (7) has a standard form that
permits transformation to a Schr6dinger-like equation [5].
Let us introduce a new independent variable
JdJ'
J1/
Jo ""
and two functions
f(y,7-) =

J')

2
ee'(Y"T)/
p(J(y),7-),

fo(yr) =

(8)

distribution exponentially approaches the Haissinski solution V)° (y) on the time-scale defined by radiation damping.
For the general case, w(J) 5 const, asymptotic behavior of the solutions of (11) is described by the solutions
to the linear problem (14),(16). In spite of the singularity
in the potential the eigenvalues Am are bounded from below [1]. Furthermore, because fH(Y) does not have zeros,
this solution has the lowest eigenvalue A0 = 0 and the rest
of Am are positive. Therefore, in this approximation, the
Haissinski solution is stable.

(9)

5 PERTURBATION THEORY

I,(y, -) =_ H(J(y), r) - (1/2) In D(J(y)),
(10)
Fokkerthe
Now
(8).
by
implicitly
given
is
J(y)
where
Planck equation (7) takes the form
=
9

02
j

f

Us(y,

Uy
~

(15)

V50 (y) = (y/2)1/2e-V 2/8L.(y2/4),
(16)
\1 = m = 0, 1,.2, ... are the eigenvalues and Lm is
the Laguerre polynomial of order m. As expected, the linear problem does not have unstable solutions.
Any initial

D(J(y))

Of

(

m=0

8

OP -

3

we

0f + 1'(y,)f,
f

2

(11)
(1)

where
Us(y, r) =_ [4'(y, 7)/212 - q"(y, i")/2

(12)

and dot and prime denote partial derivatives with respect to
rand y. Eq. (11) is nonlinear since is related to f by a
self-consistency condition ([1]) that follows from (3).
Note, that fH(Y) =_ ZHVD(J(y))e-H(J(y))/ 2 is the
steady-state solution of (11) and it corresponds to the
Haissinski solution. Without the last term (11) can be
thought of as a SchrSdinger equation for a particle in the
potential well Us(y, r). Since this term is zero for the
Haissinski solution, one can neglect it for solutions that are
close to fH. This includes the case of the early time behavior of a system initialized with the Haissinski distribution
at~r = 0.

How much the conclusion above depends on the assumption that the q term in (11) is negligible can be analyzed by
a perturbation technique. The approach is summarized below and the details can be found in [1]. We assume small
deviation from the Haissinski solution. This deviation is
expanded over I),m(Y) that are orthogonal eigenfunctions
of (13). Now (11) together with the self-consistency condition result in an infinite linear system for the expansion
coefficients. Looking for exponentially varying solutions
oc eli- transforms this system to a matrix equation. Its solutions are given by the roots of the determinant for the
infinite matrix
+ 2Ak
+ 2A pk 'k

M

(7

where
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Kn,k

Fn(V)

=

&-fo

f dv Z(v)F*(V),
2r
Fnv(1k

J

dJd

1

(18)

(19)

.r/7f(J6
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and Zo is the impedance of free space. Positive roots p > 0
mean instability to monopole excitation of a bunch.
Since the off-diagonal terms of ICn,k are small and the
others quickly converge to zero, a good approximation for
the roots p can be found by truncating the matrix M. If we
truncate it to the lowest nontrivial rank 2 then zero determinant occurs for ti = -A 1 (1 + 2AK1 ,j). Because A1 > 0,
this root is positive when
2ArK
1 , 1 < -1,

(20)

and this may be viewed as the criterion for the onset of the
monopole instability.
The sign of r1,1 is given by the odd part of the
impedance, ImZ(v) which is negative for inductive
impedance. As a result, for the most common case of
positive a and inductive impedance, Ar.1,1 > 0 and the
Haissinski solution is stabled
Hessinskisoluation is sifgtae
mtive
The situation is different for negative momentum comnpaction or in the case of capacitive impedance. Each of
these have been proposed to get shorter bunches and as a
remedy against longitudinal instabilities. For illustration,
we use a broadband (Q = 1) resonator impedance model
(e.g. [6]) with shunt impedance Re and resonator frethe
quency
Using (18)-(19) we numerically compute
quencity WR.
WR Using(u8)-(1o)we numericallyed buncm
tenthe
quantity 2AK1 ,1 as a function of normalized bunch length
ci -- wJOo/C at intensity I =_4irAR8 /Zo = -1, where minus is due to a < 0. The result and the threshold given by
(20) are plotted in Fig. 2. It shows that a bunch is monopole
unstable at this intensity provided u0 exceeds about 1/12 of
the resonator wavelength. Note, that this intensity is not
too high. For example, for a = 3, it only leads to about 5%
increase in the incoherent frequency spread [I].

become unstable as a result of an imbalance between radiation excitation and damping. Since this effect falls beyond
the scope of the linearized Vlasov approach, we employed
a different method that has not been used for instability
analysis. This method involves the transformation of the
phase-averaged Fokker-Planck equation to a Schrodingerlike equation which is analyzed by perturbation analysis.
Utilizing this technique we have obtained a criterion,
(20) for the onset of monopole instability. We have found
that this instability does not appear in the most common
case of storage ring operation with positive momentum
compaction when the impedance is largely inductive. However, for a < 0 bunches may become monopole unstable at
modest intensity. We expect a similar behavior for the case
of predominantly capacitive impedance and a > 0.
The monopole instability could be one of the factors preventing high current operation of storage rings with negamomentum compaction. Many attempts of such operation have been tried (e.g. [7], [8]) mainly to shorten a
bunch and to avoid the microwave instability [6]. Usually
only the static bunch shape and the energy spread measurements are reported and it is hard to infer what particular effect was the limitation. However, in some cases, it appears
that there is something other than the microwave instability,
because the threshold increase predicted [9] for this instability is not observed. An evidence of monopole instability
might include growth of the longitudinal beam size, in the
absence of synchrotron sidebands to the rotation harmonics
of a beam position monitor signal.
We hope
that the
technique
described in
this paper
can be
applied
to other
problems
in accelerator
physics
that lead
to
accequat ion.
onl
dee
the on
the one dimensional Fokker-Planck equation.
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We have investigated single bunch stability with respect to
longitudinal monopole oscillations. These oscillations may
1667

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

HIGH ENERGY BEAM-BEAM EFFECTS IN CLIC
D. Schulte, CERN, 1211 Geneva 23, Switzerland

Abstract
In order to achieve high luminosity, the Compact Linear Collider (CLIC) has to be operated in the highbeamstrahlung regime at centre-of-mass energies in the few
TeV range. Beam-beam effects for this case are simulated,
and
of luminosity, luminosity spectrum
The dependencebackroud
paameers
iffrentbea
he different
cndiionson
background conditions on
the
beam parameters

where hw is the photon energy, m the electron mass, B the
magnetic field and B, = m2 c2 /(eh). The coherent pair
production is thus small if T < 1 as it is the case for the
colliders at centre-of-mass energies of 1 TeV or below. The
number of coherent pairs is given in Table 1. It is negligible
at Ecru = 0.5 TeV. At Ecru = 1 TeV it is a possible source
rce
a ckground, whil At e n te-of-ma s energiesof
energies of Ecr, >_
at
centre-of-mass
background,
of
3 TeV
it plays awhile
very important role, since T»> 1.

waist
is investigated. In particular the effect of beam size,
shift and offsets are considered; as well as the background
due to beamstrahlung and secondary electro-magnetic and
hadronic processes.

The number of particles is, in the latter case, not only
important as a background but is not negligible even compared to the number of beam particles. The simulation code
had thus to be modified to also include the contribution of

1

INTRODUCTION

The beams in future linear colliders must have very small
transverse dimensions at the interaction point. This leads
to strong transverse electro-magnetic beam fields. In the
case of electron positron collision, the field of each beam
focuses the other beam. Therefore the luminosity is enhanced. The bending of the trajectories causes the beam
particles to emit photons, the beamstrahlung. This effect
is comparable to synchrotron radiation and is described by
the beamstrahlung parameter T = 2/3 . EC/E, where Ec is
the average critical energy of the emitted photon spectrum
and E is the beam energy. The CLIC parameters for different centre-of-mass energies are shown in Table 1. The main
focus of the paper is on the version with a centre-of-mass
energy Ecm,o = 3 TeV. The designs with Ecm,o < 1 TeV
have T < 1, while for higher energies T > 1 is used in
order to achieve the required luminosity. As a result, the average energy loss S of a beam particle due to beamstrahlung
varies from a small correction (3.6 % at Ecm,o = 0.5 TeV)
to a strong effect (42 % at Ecm,O = 5 TeV).
With large T the background due to the coherent pair
production process is also drastically increased. The additional charge due to this process starts to affect the beambeam interaction itself. This process has therefore been implemented into the program GUINEA-PIG [4].

2

COHERENT PAIRS

In a strong external field a photon can turn into an electronpositron pair [1]. This coherent pair creation is strongly
suppressed for small values K•
hw B
K=me2 B,

=

hw
E

0-7803-5573-3/99/$10.00@ 1999 IEEE.

these particles to the beam fields.
Since the two particles in the pair have opposite charge
and fly in the same direction their electro-magnetic fields
neutralise immediately after production. If the particles
move in. the direction of the electron beam they will not
experience a significant force from the electron beam since
the electric and magnetic forces cancel. The electron is
however focused by the oncoming positron beam while the
positron is deflected to the outside. The different charges
will thus separate. The equivalent is true for a pair moving in the direction of the positron beam. Effectively the
charges of the bunch centres are thus increased.
The effect on the other background sources is not
straightforward. While the total luminosity and number of
photons is increased the number of high-energy photons is
decreased since these have a larger probability of turning
into pairs.

3

RESULTS

The luminosity spectra for the different parameters in Table 1 are shown in Fig. 1. As expected the higher relative
energy loss at higher centre-of-mass energies leads to more
degraded spectra, but even at Em = 5 TeV the fraction of
the luminosity with Ecm > 0. 9 9 Ecm,O remains significant.
The spectrum of produced coherent pair particles is
shown in Fig. 2 and their angular distribution after the collision in Fig. 3. The particles are concentrated in small
angles, so they would enter a mask that covers the final quadrupoles at the two ends of the detector. However, if they hit material inside these masks-like the final
quadrupoles-they would produce secondaries, especially
photons and neutrons that could penetrate the mask. Due
to the enormous flux of particles this could lead to unacceptable background. It is therefore necessary to have an
exit hole of about 10 mrad so that the particles can leave
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Table 1: The beam parameters of CLIC at different centre-of-mass energies. All background numbers are per bunch
crossing. The values for Ecm > 3 TeV differ from previous ones in [4] due to the inclusion of coherent pair production.
centre-of-mass energy
Ecr
[TeV]
0.5
1
3
5
repetition frequency
frep
[Hz]
200
100
75
50
bunches per train
Nb
150
150
150
150
particles per bunch
N
[109]
4
4
4
4
emittances
"yfx/76y
[Am]
1.88/0.1
1.48/0.07
0.6/0.01
0.58/0.01
transverse beam sizes
0*X[nm]
196/4.52
123/2.7
40.4/0.58 26.7/0.45
bunch length
a,
[m]
50
50
30
25
beamstrahlung parameter
T
0.18
0.56
8.7
26.4
luminosity(wo/w coh. pairs)
£
[10 3 cm-2 s-1]
6.3
13.6
133/146
186/246
luminosity(Ecru > 0.99Ecm,o)
£1
[10 33 cm-2 s-1]
4.5
5.1
40
44.5
average energy loss
j
[%]
3.6
9.2
32
42
photons prod. per beam particle
ny
0.8
1.1
2.5
4.4
coherent pairs
Noh
3.4
2•105
8 108
2.9.109
pair p. (0 > 0.15,ppj > 20 MeV/c)
N±_
2.9
8.0
135
314
hadronic events (Ecm > 5 GeV)
NH
0.022
0.15
7.8
24
minijet pairs (pL > 10 GeV/c)
NMJ
2.3.10-5 3.9- 10-4
0.13
0.75
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Figure 3: Total energy of the coherent pair particles of one
beam with an angle of more then 00.

1

Figure 1: Normalised luminosity spectra for the different
centre-of-mass energies.
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Figure 4: Number of particles that hit a vertex detector for
different radii and magnetic fields. The angular coverage
was kept constant at cos 9 = 0.98.

the detector.

4

INCOHERENT PAIR BACKGROUND

Electron positron pairs can also be produced via incoherent processes. The main contributions are the BreitWheeler process "y-y -4 e+e-, the Bethe-Heitler pro-

cess ey -, e + e+e- and the Landau-Lifshitz process
ee -- ee + e+e-. The photons are the ones from the
beamstrahlung. The last two processes can be calculated
replacing the beam particle e± with an equivalent spectrum
of virtual photons which are treated as being real.
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The energy of the resulting pair particles is lower than
those from the coherent process. While they are deflected
the same way by the beam fields, they can have large initial
angles. Therefore they can hit a vertex detector and complicate the reconstruction of the trajectories from physics
events. Figure 4 shows the number of particles that hit the
inner layer of a vertex detector with an opening angle of
200 mrad. Since the crossing angle is not optimised its
small effect on the necessary radius is ignored.

5
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Figure 5: Relative luminosity for different offset normalised to the beam size. The curves correspond to total
luminosity, luminosity of collision with Ecm > 0.95Ecm,o
and Ecm > 0. 9 9 Ecr,,0.
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Here, a 2 = 215 nb is expected and a 2 = 297 nb the most
pessimistic value, which is normally used for the calculation of the number of hadronic events comparing different
colliderg [4]. The calculated number of events per bunch
crossing for the 3 TeV design is 7.8.
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An estimate of the hard transverse hadronic background
can be found by calculating the number of minijet pairs

.

0.5

with a transverse momentum p± > 10 GeV/c. For the

0.6

reference design 0.13 events per bunch crossing are found,
see Table 1.
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Figure 6: Luminosity for different horizontal spot sizes.

VARIATION OF THE BEAM

The curves correspond to total luminosity, luminosity of

PARAMETERS
Without disruption, the optimal positions of the waists of
the beam lay in the symmetry plane of the collision z =
0.
With strong disruption, it is advantageous to have the
vertical
waists of the two beams before this plane [2]. In
the case of CLIC this effect is visible, but the difference in
luminosity is very small.
Changing the horizontal spot size has a significant impact on the average energy loss of the beam particles during
collision. Figure 6 shows the luminosities with a centreof-mass energy larger than a fraction f = 0, 0.95, 0.99 of
the nominal one. While the luminosity in the high-energy
peak of the spectrums depends weakly on the horizontal
spot size, the total luminosity does so very strongly. At
small ac also the number of coherent pairs increases drastically, their contribution to the total luminosity becomes
significant. Depending on the requirements of the experiments, total luminosity can be traded against sharpness of
the luminosity spectrum.
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HADRONIC BACKGROUND

Two photon collisions can also result in the production of
hadrons. Except for the direct process -y/y - qqj, also the
one once resolved and twice resolved processes are possible. In these one or both of the photons interact as hadrons.
The ansatz for the total cross section follows reference [3]
CH0 =

"•
0.9

collision with Ecm > 0.95Ecm,0 and Ecr > 0.99Ecm,0 .
For comparison the variation of the geometric luminosity
is also shown.
at nominal energy. In contrast to lower energy machines,
the coherent pair production plays an important role and
not only as a background source. It also begins to affect the dynamics of the beam-beam interaction itself. An
analysis of the impact the calculated electro-magnetic and
on physics experiments remains to be done.

8
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MEASUREMENT OF ELECTROMAGNETIC CROSS SECTIONS IN
HEAVY ION INTERACTIONS AND ITS CONSEQUENCES FOR
LUMINOSITY LIFETIMES IN ION COLLIDERS
P. Grafstrtm 8 , CERN, CH, S. Datz, H.F. Krause, C.R. Vane, Oak Ridge, TN, U.S., H. Knudsen,
U. Mikkelsen, Aarhus Univ., Aarhus, DK, R.H. Schuch, MSL, Stockholm, S, C. Scheidenberger,
GSI, Darmstadt, D, Z. Vilakazi, Witwatersland Univ. Johannesburg, S. Africa.
1. INTRODUCTION
One of the principal limitations to the luminosity
lifetime in high energy heavy ion colliders is the loss of
beam particles due to the large cross section for beambeam interactions. At very high energies there are
essentially three processes that contribute to the losses:
Electron capture, electromagnetic dissociation and
hadronic processes.
The electron capture proceeds through several different
mechanisms. In Radiative Electron Capture (REC) the ion
picks up a target electron and simultaneously emits a
photon. The capture can also be non-radiative (NRC)
when an electron bound to an atom is picked up. However
at very high energies a third mechanism is dominant,
Electron-positron pairs are created in the strong
electromagnetic pulse produced when the ion passes near
the target nucleus and with a certain probability the
electron can be captured (ECPP; Electron Capture via Pair
Production). This later process, contrary to the two others,
does not require an electron in the initial state, and thus
the reaction can take place between two initially bare ions.
This fact, together with the large cross section, which
increases with energy, makes ECPP a potential limiting
factor for high energy heavy ion colliders.
The strong electromagnetic field between the ions is also
the origin of a possible nuclear dissociation of one or both
of the ions in the interaction. The electromagnetic
dissociation proceeds via photon excitation of the nucleus
followed by decay through particle emission. These
electromagnetic processes dominate at large impact
parameters of the collisions. However contributions from
hadronic interactions in more central collisions are not
negligible even for very relativistic energies.
In this paper we report measurements on the total cross
section for electron capture and measurements of the sum
the total nuclear loss cross
section through
electromagnetic dissociation and hadronic interactions,
The experiment was performed at the CERN Super
Proton Synchrotron (SPS) with completely stripped Pb'2÷
ions at 33 TeV (158 GeV/A). These measurements were
mainly motivated by their theoretical importance as a test
ground of QED under nonperturbative conditions.
However, using the data and extrapolating to the energies
of the RHIC and LHC colliders, limits on the beam
lifetimes can also be estimated. Similar estimates have

0-7803-5573-3/99/$ 10.00 @1999 IEEE.

been done previously [1,2,3,4], though our limits are
based upon the first measurements made in an energy
regime where the simple reliable scaling laws should be
valid [5].

2. DESCRIPTION OF THE EXPERIMENT
The SPS external beam lines are used to transport the
33 TeV Pb82+ beam from the extraction points, via
magnetic beam splitters, to a number of different
experiments located between 500 m and 1 km away. The
beam lines are comprised of a large number of bending
magnets and quadrupoles. In our application we used the
whole system of magnetic elements of one of the beam
lines as a spectrometer for charge and mass selection.
The first set of main bends of the beam line are used to
clean up the Pb82+ beam. There are contaminations of
different species in the Pb82÷ beam on the level of
permille. The source of this contamination is mainly
interaction in the steel of the beam splitters and in the
material of the beam monitors. Using the first part of the
beam line the contaminant species are identified and
eliminated with a collimator located at a position of
maximum dispersion. Thus a pure Pb82÷ beam impinges on
the target located in the middle of the transfer tunnel.
The second part of the beam line was used to analyse the
different masses and charge states exiting the target. This
was done by scanning a collimator slit across the beam
phase space at a point which had a large momentum
dispersion with a horizontal and vertical focus. The
transmitted ions were counted in a Cerenkov counter at
the end of the beam line. The momentum resolution of the
system was - 7x10"4 and the different species could easily
be separated and identified.

3. RESULTS
a) Electron capture
The cross section for electron loss is known to be several
orders of magnitude bigger than the electron capture cross
section. To separate the two cross sections it is necessary
to measure the yield of Pb81 ÷ ions as a function of different
thicknesses for each target type. Beyond a certain target
thickness, equilibrium between the number of Pb8 2÷ and
Pb8 l÷ ions will be established. It is important to choose the
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thicknesses of the target such that the Pb"÷ growth curve
is sampled below the equilibrium. Figure 1 gives an
example of the measured fraction of Pb 81 ions versus
thickness for Au targets.

T,

PB 82+ Aucaplu

8.10"

10

3.

-3
1.0.102

1.0101

4Ec1p
Figure 2: The measured

1

1.0.104

1.0"103

cross sections as a function

of Z 2T.

b) Electromagneticdissociation
2

4

6

8

t0

12

81+tuned

ions for different thicknesses of
Figure 1: Fraction of Pb"+
Au tagets.determined
Au targets.
The data of Figure 1 can be used to determine both the
capture cross section ((Y,) and the cross section for
electron loss (a1) by fitting the data using a two-state
model [6]:
Table l:Capture (a) and electron loss (a) cross sections.
Tl is derived from (see
los text).
Target

,Z

a', (kbarn)

a, (barn)

Be

4

0.15

0.23

C

6

0.31

0.44

Al

14

1.4

18
29
36

2.0
8.0
7.4

1.6
2.9
7.2
10.1

Sn
Xe
Au

50

21

19.2

54

16

20.7

79

53

44.3

transmitted beam intensities for a number of targets with
different thicknesses
The total experimental cross sections obtained for the
five targets are shown in Table 2.
The hadronic cross section and the electromagnetic cross
section have very different energy and Z behaviours.
Thus, it is necessary to separate the two contributions in
order to be able to make an extrapolation to higher
energies and other species. This has been done by a
theoretical estimate of the hadronic contribution [8]. The
calculated values of (Ih for the different targets are listed
in Table 2. The table also lists a small contribution to the
electromagnetic dissociation cross section from bound
electrons in the target [8]. This contribution has to be

a....

(barn)

Ar
Cu
Kr

In this case the full beam line optics and the slits were
for Pbs2 ions and the total cross section was
target.
the
asd
om
tened fr
from the measured attenuation in the target.
The attenuation was obtained by integrating the

0.18
0.36
1.5
2.6
6.8

9.6
18
20
43

As mentioned in the introduction three different reaction
mechanisms contribute to the total capture cross section.
Each of the processes has a different scaling behaviour
relative to the target atomic number (Zr) and the
relativistic Lorentz factor of the incoming ion (y). The
radiative capture scales as Zr /y and the non-radiative
capture has a Zr /y scaling. On the other hand, the capture
from pair production scales as Z In y [5] which makes
this process dominate at high enough energies. In order to
separate the ECPP contribution, which is the only one
relevant for estimation of lifetimes in colliders, the
calculated REC and NRC contributions [7] have been
subtracted from the measured total capture cross section.
The ECPP cross sections obtained in this way are
indicated in Table I and plotted in figure 2. A dependence
close to Zr2 is clearly seen.

subtracted as it will not be present in a collider. The last
column of Table 2 lists the electromagnetic dissociation
cross section from ion-ion interaction as obtained from
our measurement, subtracting the hadronic and the small
electron contribution.
Table 2: Measured total loss cross sections (a
Target
Z
a_
ah1.
.
(barn)
(barn)
(barn)
0.051
3.4
4.5
C
6

.

*

4.3

0.13

2.97

15.2

5.5

0.28

0.48

9.43
23.9

64.0

7.9

0.78

55.3

29

50

31.0

Pb

82

Sn

1.05

7.4

Al
Cu

14

(barn)

6.6

4. CONSEQUENCES FOR LHC AND RHIC
The luminosity lifetime of high energy heavy ion
collider is determined by the blow up of the beams due to
the intra-beam scattering and the losses in the
interaction(s) points due to beam-beam interactions. The
intra-beam scattering is machine dependent while the
losses due to interactions exclusively depend on the
underlying physics processes. Here we will only consider
the ultimate machine independent limit set by the physics
processes.
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To estimate the effect we have to extrapolate the
relevant cross sections from SPS energies to RHIC and
LHC energies. The Lorentz factor must be taken in a
system where one of the nuclei is at rest and we get

y = 2 ycco 2- 1

dN/dt =-L(t) atot n

(1)

The effective Lorentz factor y at RHIC and LHC with
100 GeV/u and 2.76 GeV/u, respectively, becomes
be
YRHIC = 2.3 I10 and YLHC = 1.7 d07. This should
compared to y= 168 at the SPS.
The electron capture from pair production cross section
has been shown to scale as A In y + B [5] where A and B
are independent of y at y = - 100. Including both
perturbative and nonperturbative contributions, B is
estimated to be -24 barn [9]. Applying this scaling to our
measured cross section of Pb 82+ on Au from Table 1 and
making a small correction for the Z-dependence going to a
symmetric Au or Pb system we obtain cap'urý
= 94 barn
and Gcapture LHc = 204 barn, respectively. For the target we
applied a Zr scaling and a ZP5 behaviour was assumed for
the projectile.
The scaling of the electromagnetic dissociation cross
section is somewhat less straightforward. The strong
electromagnetic field is simulated by an equivalent photon
spectrum and the cross section is essentially determined
by this spectrum folded with the photo-nucleon
dissociation cross section. The calculation has to be done
integrating over all photon energies. The energy
dependence is slightly different depending on what part of
the photon spectrum is considered [10]. The dominant
contribution comes from the giant dipole resonance in the
energy region up to 40 Mev and this part has a simple In y
scaling [10]. At SPS energies this part constitutes 85 % of
the total electromagnetic dissociation cross section [8].
Thus we have taken 85 % of our measured cross section
from Table 2 and scaled it to higher energies. For the
remaining 15 % we rely upon the calculation in Ref. [11]
RHIC
and adding this contribution we get cdis
= 123 barn and
LHC
= 225 barn.
The energy dependence of the hadronic cross section is
taken from a dispersion relation calculation based on
measurements of (yot and of the parameter p (ratio of real
to imaginary part of the forward amplitude) for protonproton interactions [12]. This calculation predicts an
increase of the cross section by a factor 1.2 for RHIC and
2.4 for LHC relative to SPS energies. Assuming the same
energy
or Pb interactions we get
RHIC dependence for Au
LHC
a had
-=-9.5 barn and (7a,
= 19 barn.
Adding the three cross sections together, we get

adisL

RHIC

The beam loss due to beam-beam interaction is
proportional to ot, the instantaneous luminosity and the
number of interaction points n. With N being the number
of ions in the beam we have:

= 227 b

= 27 barn and
tot
t
-- 448 barn. It should be
pointed out that these cross sections are somewhat larger
than what was originally used for RHIC and LHC
estimates.

(2)

Since L is proportional to N(t)2 we get as solution to (3)
N(t) = N0(1 + t/t,

(3)

where tb is given by
(4)
t, = N0(Lo.tn).
Defining the luminosity lifetime as if the decay were
exponential we have
(5)
Using the above formulae and taking the values of the
initial luminosity and number of ions in the beam from the
RHIC and LHC design reports [1,2] we can calculate the
luminosity half-life due to beam-beam interactions. We
get a luminosity half-life of 7.3 hrs at RHIC and 5.8 hrs at
LHC. These values are not far from those stated in the
design reports which were 14 hrs and 6.7 hrs, respectively.
They also are quite similar to those calculated by Baltz et
al. in Ref. [4]. These previous estimates were based upon
extrapolations from low energy data in combination with
theoretical considerations. Our measurement at SPS
energies, where the In y scaling is supposed to be valid,
basically confirms that the assumptions made earlier were
reasonable.
t1/2 = ln2 / 2 tb.
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STUDIES OF THE BEAM-BEAM INTERACTION FOR THE LHC#
S. Krishnagopal*, Centre for Advanced Technology, Indore, INDIA
M. A. Furman and W. C. Turner, LBNL, Berkeley, CA, USA
Abstract

2

code CBI to
We have used the beam-beam simulation
study the beam-beam interaction for the LHC. We find
that for nominal LHC parameters, and assuming only one
bunch per beam, there are no collective (coherent) beambeam instabilities. We have investigated the effect of
sweeping one of the beams around the other (a procedure
that could be used as a diagnostic for head-on beam-beam
collisions). We find that this does not cause any problems
at the nominal current, though at higher currents there can
be beam blow-up and collective beam motion.

RESULTS

2.1 Nominal LHC Parameters
LHC parameters used in the simulations are given below
in Table 1.
Table 1: Parameters for the LHC simulations.
Parameter
Energy (TeV)
Revolution period (uts)
Emittance (nm-rad)
Beta function (in)
ioH,(m)
tunes

1 THE CODE CBI
The code CBI (for Collective Beam-beam Interactions) is a
self-consistent code that models the transverse beam-beam
dynamics of beams of arbitrary distribution and ellipticity.
beamIt is a Particle-in-Cell (PIC) code that calculates the
(transverse)
Cartesian
beam
force
on isaevolving
two-dimensional
grid. The
code
and presently
has the following
features:

Nominal bunch current (mA)

Value
7.0
88.9
0.5
0.20.5
0.2

As can be seen from Table 1, the simulations use the
nominal LHC parameters [4], except for the fact that we
assume one bunch per beam, and therefore do
not model

(a) there is only one bunch per beam and there is only one
collision point;
(b) the beams are ultra-relativistic;
(c) longitudinal dynamics is not modeled;
(d) arc transport is linear;
(e) radiation damping and fluctuations are put in once a
turn and at one point in the ring;
(f) there is no crossing angle;
(g) transverse dimensions and distributions of the beams
can be completely arbitrary.

parasitic beam-beam collisions. This is a feature we hope
to incorporate into the code in the future.
We first ran our simulation for nominal LHC
parameters, with the nominal bunch current of 0.2 mA,
and with an idealized feedback system that takes out all
collective dipole effects (centroid motion). For reasons of
computer time, the simulations were run for only 90,000
turns. Figure la shows the rms beam sizes for the last
20,000 turns of the simulation: it is clear that for nominal
LHC parameters there are no collective quadrupole effects

Details of the code can be found in Refs. I and 2.
The code, as described above, is a strong-strong beambeam code that is best suited for studying collective beambeam effects in storage-ring e~e colliders, particularly
quadrupole effects (that affect the beam sizes). To our
knowledge, quadrupole collective effects have never been
studied for hadron colliders, and it seemed interesting and
relevant to undertake this study for the Large Hadron
Collider (LHC). In particular, in light of a proposal for
sweeping one beam around the other as a diagnostic for
head-on collisions [3], it seems relevant to look at
possible beam-size blow-up and distortion as a
consequence of quadrupole collective effects.

that could affect the performance. Beam sizes are pretty
much equal to their nominal value, and there is no sizable
beam blow-up. When the current is increased to mA
(Fig. lb) there is some beam blow-up, but all beam sizes
are the same, and there is no indication of collective
behavior.

Work supported by the US Department of Energy under contract
No. DE-AC-03-76SF00098.
"Email: skrishna@cat.emet.in
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Figure 1: For nominal LHC parameters, plot of beam
sizes as a function of turn number for the last 20,000
turns; (a) for the nominal current of 0.2 mA, and (b) for a
current of 1 mA.

2.2 Sweeping One Beam Around The Other
effect of sweeping one beam around
We next looked at the
W chseeamI aoun bem 2 In
o seep
the the.
the other. We chose to sweep beam 1 around beam 2. In
this case, after each turn, as before, the centroids of the
two beams are zeroed, implementing the idealized feedback
a fixed
system. Then the centroid of beam 1 is displaced
radial distance from the zero position. Two input
pradial
staers
gero
displacemero
n Tis enptaand
parameters
govern thisthis
displacement:pth
the displacement
is the
(in number of turns). The latter
the rotation period
swep eamI oce roud bam
numer ft trnstakn
number of turns taken to sweep beam 1 once around beam
2.
In the simulations described here, we fixed the rotation
period at 10 turns, and looked at the effect on the beam
sizes of different displacements and different currents. We
looked at two different displacements, (/5 and (Y/10, where
a is the nominal size of the beams (15.8 gim). We looked
at five different currents, starting from 0.1 mA, up to 2
mA. All simulations were run for 90,000 turns, and with
the idealized feedback system turned on. Note that only
one bunch is simulated in each beam: there are no
parasitic collisions.

70

Fig. 2b
run #10023
I=1 mA
sweep=cr/5

80

turn no.

90x10 3

Figure 2: Beam size as a function of turn number for
beam 1 being swept around beam 2 with a radial
displacement of (Y15; (a) at I = 0.2 mA,
and (b) at I = 1 mA.
Figure 2 shows the beam-sizes as a function of turn
number, for the last 20,000 turns, when the displacement
is 0•/5. One can see that for the nominal current of 0.2
the l nominal
a
b am-see al e
mA the
mA the beam-sizes are all equal, and equal to the nominal
size of 15.8 gim, indicating that there are no deleterious
collective beam-beam effects. At a current of 1 mA,
areng own-up,
tbeam s
howeve i ear
and by unequal amounts: in other words, the beams arm
becoming
elliptical, and uduoecletv
there is a flip-flop developing.
Ti sasgaueo
emba
e 3,aforea
The same picture islsentin
Ts
effects. The same picture is seen in Figure 3, for a
displacement of cr/10. Again, at a current of 0.2 mA the
picture is benign, but at 1 mA a flip-flop has clearly set
in.
Table 2 below gives a clearer picture of how the
dynamics evolve with current. At a current of 0.1 mA,
there is no discernible blow-up of the beam, and no
collective motion; all beam sizes are equal, and equal to
the nominal size of 15.8 jim. When the bunch current is
increased to the nominal LHC value of 0.2 mA, there is
slight beam blow-up, but all beam sizes are still equal,
which indicates there is no collective motion. At a current
of 0.5 mA there are the first signs of collective motion.
All beam sizes are no longer equal: a flip-flop instability
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has developed. As the current is increased further, the
beam blow-up as well as the flip-flop become larger.
'I
IThese
' I

It should be emphasized that our simulations do not
model multiple bunches and therefore parasitic collisions.
could have a significant impact on collective beambeam dynamics. We plan to extend the code to handle
these effects.
In the simulations reported here dipole motion is
removed by modeling an ideal feedback system in which
the centroids of the two beams are zeroed every turn. The
consequences of turning off this feedback, particularly on

I

20
,

Fig.

3a

Srun #90005
I=0.2 mA

18

sweep=ca/ 10

TIn

16

3

70

80

90x10 3

turn no.

2though

20

1

18

Fig.

3b

I=1

I102

collective dipole motion, need to be explored. We plan to
do this in the near future.
conclusion, we have studied the beam-beam
interaction at the LHC using the code CBI. We find that
for nominal LHC parameters, collective quadrupole effects
should not be an issue. If one beam is swept around the
other, for diagnostic purposes, then collective issues still
are unimportant at the nominal bunch current of 0.2 mA,
they could become important at currents around
and above twice the nominal value.
One of us (SK) would like to thank the other two for an
invitation to visit the Lawrence Berkeley National
Laboratory during the summer of 1998, when most of this
work was done. We are grateful to NERSC for
supercomputer support.
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CONCLUSIONS

It is clear from Figs. (la), (2a) and (3a), that for nominal
LHC parameters, particularly the nominal bunch current
of 0.2 mA, there is little beam blow-up, and no collective
motion, whether or not one beam is swept around the
other. When one beam is swept around the other,
collective effects are seen from a bunch current of around
0.5 mA (over twice the nominal value), though at this
current they are still small.
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Effect of the Beam-Beam Interactions on the Dynamic Aperture of the LHC at
Collision *
N. Gelfand, C. Johnstone, T. Sen, t and W. Wan, FNAL, Batavia, IL 60510
Abstract

Separation between the beams at the parasitic crossings
141

The dynamic aperture of the LHC at collision energy is limited by the field errors in the IR quadrupoles being built at
FNAL and KEK. The 300/ rad crossing angle, incorporated
in the design to reduce the effect of the long-range beam
beam interactions, enhances the effect of the multipoles on
the dynamic aperture. We have investigated the possibility
of a different crossing angle with a more accurate modelling
of the long-range interactions. Tune scans have been done
to determine if a better choice of the tunes exists.

10Omcrad
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200mcrad
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.• 10

/
-NX

"
o

8
-,\

6

2

4

-INTRODUCTION
15
-10
-5

At collision energy, nonlinear fields in the interaction region
(IR) quadrupoles are the most important in determining the
dynamic aperture of the LHC. The field quality "seen" by
the beam while traversing these quadrupoles depends on the
crossing angle of the beams at the IP. A study of the dynamic aperture, taking into account only the nonlinearities
of the IR quadrupoles [1], had assumed a crossing angle
of 300/trad. This was based on an earlier study [2] which
had determined this to be the optimum value when both the
IR quadupole fields and beam-beam interactions were included.
On each side of the IP, there are fifteen long-range interactions, six of which occur in the drift space before the
first quadrupole while the remaining nine occur in the triplet
quadrupoles or in the drift spaces between them. Over the
drift region the beams are round and the dimensionless separation Dsp between the beams (measured in units of the
rms beam size) stays nearly constant and equal to the crossing angle measured in units of the beam divergence at the
IP. Once the beams are focused by the triplets, Dsep is no
longer constant. Figure 1 shows, for example, that with a
crossing angle of 3001trad, the separation varies between
7.8o to 13.6o. In addition within the triplets, the beams are
no longer round and the aspect ratio varies between 0.6 to
1.9. The phase advance from the IP to the locations of the
long-range kicks varies from 820 to 890 through the drift
section while within the triplets, it remains nearly constant
at 900. In order to reduce tracking time, earlier studies of
the impact of the beam-beam interactions on the dynamic
aperture made several approximations in treating the longrange interactions, viz. i) the phase advances between the
long range kicks are negligible, ii) the beams are round at
all locations of the long range kicks, and iii) the dimensionless beam separation stays constant. As we have seen, these
assumptions break down in different regions within the IRs.
* Work supported by the U.S.

Department of Energy under contract No.

DE-AC02-76HO3000
t email: tsen@fnal.gov
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Figure 1: The separation between the two beams at each
of the 30 parasitic crossings in a high luminosity IR for total crossing angles of 100, 200 and 300 /srad. The separation, measured in units of the rms size of a beam, stays constant within the drift section (kicks from -6 to +6) but varies
within the triplet quadrupoles.

In order to determine the optimum crossing angle more accurately, we have not made any of these approximations.
Another reason for a second look at this issue is that the error harmonics in the IR quadrupoles have changed significantly since the last study was done. Specifically, reduced
measurement errors have lowered estimates of high order
harmonics by nearly an order of magnitude.
Among the several issues associated with the crossing
angle geometry are: reduction in luminosity, orbit offset in
IR quadrupoles which reduces the physical aperture, dispersion wave generated by the orbit offset, increase in the
strength of the coupling, change in the beam-beam tune
spreads, excitation of synchro-betatron resonances etc. The
optimal crossing angle will ultimately be determined during operations. Our aim here is to study the impact of the
choice of crossing angle on the required field quality of the
IR quadrupoles and the complexity of correction schemes.

2

LATTICE DESCRIPTION

The version used is derived from the MAD lattice V5_1.
The only lattice nonlinearities are the chromaticity correcting sextupoles and the systematic and random errors of the
body harmonics of the triplet quadrupoles but not the uncertainties in the systematic nor the errors in the ends. Two
different codes TEVLAT and MAD were used for tracking
to.10 3 turns.
Sixteen of the thirty two IR quadrupoles are to be built at
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3
4
5

Normal
[(bn), dbn, or(bn)]
FNALJKEK1
0, .3, .8/0, .51, 1.0
0, .2, .8/0, .29, .57
0, .2, .3/0, .19, .38

Skew
[(an), dan, o'(an)]
FNAL/KEK1
0, .3, .8/0, .51, 1.0
0, .2, .8/0, .29, .57
0, .2, .3/0, .19, .38

IR Magnet Description
FNAL only
FNAL + KEKI((blo) =-1)
FNAL + KEK2((bjo) =-0.25)
(no mixing)
FNAL + KEK2((blo) =-0.25)

6

0, .6, .6/0, .5, .19

0, .05, .1/0, .10, .19

(with mixing )

7
8
9
10

0, .06, .06/0, .05, .06
0, .05, .05/0, .02, .03
0, .03, .03/0, .01, .01
0, .03, .03/-1.0, .03, .01

n

0, .04, .06/0, .05,
0, .03, .04/0, .02,
0, .02, .02/0, .01,
0, .02, .03/0, .01,

(DA) ± C(DA)
11.2 ± 1.7
9.0 ± .9
11.1 ± 1.1
11.7 ± 1.2

.06
.03

.01
.01

Table 2: Dynamic aperture (with TEVLAT) with only systematic and random errors in the body of the IR quadrupoles
and without the beam-beam
interaction.

Table 1: Design field harmonics, at a reference radius of
17mm, of the IR quadrupoles to be built at FNAL and KEK.
KEK1 refers to the first version. In the revised version
KEK referslto the first versionicsInaeexrevsed vrunits
(KEK2), Ij(blo)JI 0. 25. Harmonics are expressed in
4
of 10- .

beam interactions at a crossing angle of 300prad was calcultdwt

ELTa

mltdsu

o6'adcmae

with that found by MAD [6]. The tune shifts with amplitude
ageenoiitits%
to within 10%.
agreed
20

Fermilab [3] and the other half will be built at KEK [4]. The
designs of the cross-sections of the quadrupoles at the two
laboratories differ and so do the expected error harmonics.
Earlier plans had called for the magnets in one of the high
luminosity insertions IR5 to be built at Fermilab while the
magnets in the other high luminosity insertion IRI would
be from KEK. In part due to the non-zero design value of
(bl 0) in the KEK magnets, it is presently proposed that the
outer magnets Q1 and Q3 of each triplet be KEK magnets
and the inner two magnets Q2a and Q2b (where the beam
size is large) be Fermilab magnets.
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DYNAMIC APERTURE

It is desirable to keep the minimum beam separation greater
than 5o, so the crossing angle must be greater than 100prad.
We have calculated the dynamic aperture for various scenarios with crossing angles 0 in the range 100 prad
!5
<
300,urad.
In the initial studies, particles were tracked assuming that
the error harmonics of all the triplet quadrupoles were those
of the Fermilab quadrupoles. Subsequently the first, and
later second, version of the KEK error harmonics was incorporated in the lattice. Table 2 shows the dynamic aperture
calculated for all these different cases at a constant crossing
angle of 300j-rad but without the beam-beam interaction,
The large value of (blo) - -1 in KEKI leads to a significant drop in the dynamic aperture of about 2or. The reduced
value (blo) = -0.25 in KEK2 improves the dynamic aperture by about 2o,. Mixing the magnets as described earlier
further increases the dynamic aperture by .6o,. In the following, all tracking calculations assume the mixed magnets
scenario,
The beam-beam interactions are modelled in a similar
fashion in TEVLAT and MAD, e.g. each kick is treated individually with theproperbeam separation and the BassettiErskine expressions are used for kicks from non-round
beams. As a check, the tune footprint with only the beam-

Figure 2: The dynamic aperture (in units of the rms beam
size) calculated with TEVLAT at different aspect ratios in
emittance space for different crossing angles. Triplet errors
and the beam-beam interactions are included. The dynamic
aperture clearly decreases with increasing crossing angle.
Figure 2 shows the dynamic aperture, averaged over 20
seeds, as a function of the transverse emittance ratio for
three crossing angles. We observe that as the crossing angle increases from 100 to 300 /irad, the dynamic aperture
decreases. We have also calculated the dynamic aperture
at crossing angles of 150, 225 and 250 ,radians. Taken together, our results show that the dynamic aperture, even after including the beam-beam interactions, decreases nearly
monotonically at all emittance ratios as the crossing angle
increases.
Two different distributions of 20 random seeds were used
with TEVLAT and MAD. Table 3 shows that the results
from the two codes, both without and with the beam-beam
interaction, are within 1-1.5 or of each other. Some of these
differences may be due to the different seeds used and are
within the statistical uncertainties of the averages. Both
of these codes show clearly that the dynamic aperture decreases with increase in crossing angle. This table also
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(DA) ± Or(DA)
TEVLAT
Beam-beam
OFF/ON
15.0 ± 0.9/14.7 ± 1.1
13.8 0.8/12.4 1.1
11.7 + 1.2 /11.0 ± 1.1

)
(Imrad)

100.0
200.0
300.0

(DA) ± Or(DA)
MAD
Beam-beam
OFF/ON
13.8 + 1.1/ 13.3 ± 1.0
12.9 1.2/12.7±1.1
+!
11.6 1.6/12.0 1.3

24

100 micro-rad

----.--

22200 mnicro-rad -- •300 icro-tad

22

20i

"
,

18

•.

16i-

/

/

a

Table 3: Dynamic aperture without and with the beambeam interaction calculated with TEVLAT and MAD at different crossing angles. The averages are over emittance
space and over 20 random seeds.
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Figure 4: Tune scan of the dynamic aperture with a constant
tune split, v. - v, -=0.01. The vertical line represents the
design tune, v , , = 0.31, vv = 0.32.
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A tune scan along the diagonal in emittance space and averaged over 10 seeds is shown in Figure 4. The tune split is
kept constant at vy - v., = 0.01. This figure suggests there
exist possible tunes with dynamic apertures larger than at

I

Figure 3: Normalized histograms of the relative amplitude
growth (shown on a log scale) due to the resonances 2v., +
vy = 186 (left) and 2v., + 2vy = 245 (right). The histograms represent data from tracking with 30 seeds.
of the beam-beam interactions is alshows that the effect
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tracking results have
300/Lrad,
of
angle
crossing
a
At
Ahownthat
csingh
leofder
irad tracking results have
also
showean thpacthigthe deramuipoapestubey[5]. We exp
halo
have an impact on the dynamic aperture [5]. We expect that
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fed-dwn.requirement
du to
educd
hengle

4

RESONANCES AND TUNE SCANS

Among the low order resonances we have identified two,
normal
the skew third order resonance 2v., + vy and the
fourth order resonance 2v., + 2vy, as being driven strongly
by the IR quadrupole nonlinearities. Figure 3 shows the
normalized histograms, obtained with 30 seeds, of relative
amplitude growth due to these resonances. For example, in
more than 85% of the cases, the 2v., + 2vy resonance leads
to a larger than 104fold amplitude growth. Compensating
these resonances with the MCBX and MCQS correctors
may improve the dynamic aperture. Since the beam-beam
interactions do not have a significant impact on the dynamic
aperture at the crossing angles of interest, any correction
scheme devised to correct for the nonlinearities of the IR
quadrupoles should be adequate even when the beams col-

the chosen tunes. More detailed tracking studies, including tracking for off-momentum particles undergoing synchrotron oscillations, will be required to confirm the preliminary results shown here.

5

CONCLUSIONS

Our results suggest that the target dynamic aperture of 12or
can be achieved with a 200 /.rad crossing angle, use of nonics of the
ndtheapresent desig an
ce a
lin
of the
design harmonics
presentexpected
correctors Itand
linear
IR quadrupoles.
is the
currently
that tuning shims
httnn hm
scretyepce
I uduoe.I
will not be included in the final cross section design given
the continuing improvement in field quality seen in the first
model magnets [7]. At 200iirad, the shims are even less of a
re stengths a
c
the
men and Also nolna
and also the nonlinear correctors strengths are
reduced. Our tune scans suggest that the dynamic aperture
may be improved by a different choice of working point.
Thanks to J. Gareyte, H. Grote, J. Kerby, J.P. Koutchouk,
M.
S. Peggs, R. Ostojic, F. Ruggiero, J. Strait, J. Wei
andLamm,
A. Zlobin.
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REALISTIC PREDICTION OF DYNAMIC APERTURE
AND OPTICS PERFORMANCE FOR LEP
John M. Jowett*, CERN, Geneva, Switzerland
Abstract

the eigenmodes), the 3 tunes, energy loss, damping rates,
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namic aperture limit. (Higher order multipole errors are
less important.)
A dynamic aperture scan is carried out by varyingpoathe
scan is c3rriedove arica
e
Actinariabl
iE [0,p2)
grid vr+x [0, (r/2]. At each point, the phase
is
e A d ami aetE
iscann
of t thi rdm is als o
the third mode is also scanned. A dynamic aperture is
typically the result of tracking 1000-2000 particles and is
returned
as a surface
in the 3Dapplied
action are
space
[3]. to emudesigned
procedures
The correction

INTRODUCTION

Persistent disagreement of, say, a factor of two between
computed and measured dynamic apertures would invalidate computation as a rational means of assessing the qualityof
potential of an optical configuration only
However, the
becomevear,
theftentia
onurational pfony
perforweeksoptca
of operational
clear
after some
some we
becomes
hardware
require
also
may
mance maximisation (and
Suh xpenivein argemacnes
chanes)
tets re
therefore vilike LEP. Accurate computational appraisal is
tal to estimate not only dynamic aperture but also--and
consistently-the gamut of optical quantities culminating
in the beam sizes at the collision points.
The conceptual framework and tools brought to bear
on the problem of performance prediction for LEP have
evolved considerably over some 20 years. Rather than review the history (traceable through the citations), this paper
will describe current best efforts to model the various LEP
optics, emphasising recent high energy operation (LEP2)
where the synchrotron radiation effects are strong.

2

as responses to meareal operational
late thequantities
knowledge of the imperfections,
sured
without procedures,
computationally.
rather
Ino than
ti the
ethbestopthat
cs could
vau be
i done
npr ed ei:

CONCEPTS AND METHODOLOGY

In this paper, computing the linear machine is shorthand
for the calculation of the 6D closed orbit including radiation, the eigenvectors of linear oscillations around it (hence
all optical functions and the canonical transformations to
_________________(a)

ideal machine (with solenoids, RF and radiation on) as
a reference.
5. Generate an ensemble (typically 30) of machines with
typical random misalignments, tilts and field errors in
all dipoles, quadrupoles and sextupoles.
For each machine in the ensemble,
Correct the non-radiating closed orbit independently in the two planes (to V/x

* John.Jowett@cem.ch, http://wwwslap.cern.ch/ jowett/

0-7803-5573-3/99/$10.00@ 1999 IEEE.

1. Generate ideal machine with detector solenoids, RF,
and radiation switched off.
2. Install vacuum chamber elements in all quadrupoles
to provide aperture limitations in tracking.
3. Compute solenoid compensation with tilted
quadrupoles, to be applied in calculations with
the solenoids on.
4. Compute linear machine and dynamic aperture scan of
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Figure 1: Shrinking of the dynamic aperture at the ultimate energy: the upper row shows survival plots in the normalised
phase planes (all co-ordinates in v6E) of the 3 normal modes at 94 GeV with J, = 1 and a comfortable VRF = 2961 MV.
The lower row shows the same imperfect machine at 100 GeV with J. = 1.5 and VRF = 3265 MV just sufficient.
Contours of 1 and 5.5o of the notional gaussian distributions are shown to give the scale. Most of these 6400 particles
rotate anti-clockwise from the initial conditions shown. Initial conditions are coloured with a hue indicating survival time,
ranging from violet ( dark central stable zone) to red (loss in one turn).
V
= 0.4 mm).
(b) Switch on solenoids, RF and radiation. For the
e+ beam, correct the IP optics (p6) and tunes
using "knobs" as in operation.
(c) Save all the imperfections and their corrections,
reverse the ideal machine structure and rebuild
the physically equivalent machine for the ebeam. Thus, some corrections appropriate for
the positrons are applied to the electron beam
and may enhance the differences between the
beams. Tune splits between beams can be >
0.01, depending on the distribution of VRF.
(d) Compute the linear machine and carry out a dynamic aperture scan for each beam.
(e) Track with quantum fluctuations [2] (for ;> 200)
damping times) to estimate non-linear effects on
the emittances and beam sizes.

ports [6] on an optics. These include orbit and optics at
key elements, emittances, tunes, survival data and dynamic
apertures and differences between beams. The environment
is open-ended and congenial: it is easy to compute derived
quantities such as beam-overlaps or centre-of-mass energies at the experiments; several databases can be loaded to
make comparisons across optics, etc.

3
3.1

SAMPLE RESULTS

Dynamic aperture

LEP has operated with several optical configurations [3, 7]
with varying arc cell phase advances (j, ,). Dynamic
aperture measurements have been made, where
possible,
with two or three different methods.
For certain optics, results of tracking with radiation
are
quantitatively in agreement with earlier calculations with-

This process involves ;> 1000 multifarious runs of -out radiation. This is the hallmark of certain physical
MAD, all managed by a Mathematica [4] notebook inter- mechanisms, e.g., detuning with amplitude onto an inteface that prepares the input and absorbs the results into a ger resonance. Including radiation, or even imperfections,
structured database of function definitions,
makes little quantitative difference although the radiative
Other notebooks load the database to display and cor- beta-synchrotron coupling instability (RBSC) [2, 3] effect
relate machine parameters or generate comprehensive realways steps in to accelerate initial amplitude growth. In
1681

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
7 c

/nm

1.2

6

Fit:

2.5

~

5

2
+
4___

1.5
2(±

0.9

0.5
1

2

3

4

5

+ 0.1

2

/-°J2.
0.8

3

( ýay2.3

•m=826

6

0*
*
_•inm
0.02

0

D
LS/m
0.04

0.06

0.08

0.1

Figure 2: Correlation of vertical emittance and damping partition numbers between e+e-; correlation of vertical emittance
(both beams) and RMS vertical dispersion, DRMS. The fit tests the hypothesis 6 2 " a(D RMS) 2 /J 2 +±C= a(D MS)P+Ec.
other cases, e.g., higher order resonances or pure RBSC, radiation and imperfections are important, the dynamic aperture has a spread and is less than for an ideal machine. Radiation effects are essential in all cases to determine the
stability limit of mode 3 ("momentum acceptance").
There is no space to discuss measurements here. However a recent survey [8, 5] showed that calculation and measurement agree within about 10 % in all cases where satisfactory measurements have been made.
Figure 1 has been computed for the present optics with
(p.x, py) = (1020, 90') to show the effect of moving from
a situation with a reserve of RF voltage to "ultimate" LEP
parameters at 100 GeV where VRF is just sufficient according to the conventional quantum lifetime calculation.
All details of this figure can be understood by analysing
the orbits of individual particles. At 94 GeV, the stability
limit of mode 1 is determined by the cross-detuning effect:
Q2 moves down to the integer resonance with increasing
/1. The boundary between stability ýand loss in one turn is
sharp. At 100 GeV, the transverse dynamic apertures are
sharply reduced because the limit is now determined by the
RBSC instability. Since the growth time of this instability is !- 2/Q3 • 20 turns, a "ghost" of the former dynamic
aperture remains visible. Similar effects are visible in mode
2 which was already limited by RBSC.
In mode 3, the dynamic aperture becomes simpler in
shape although this example shows why a scan of 03 is
essential. It is clear that the approximations underlying
existing analytic approaches to the calculation of quantum
lifetime are inadequate in this regime.

3.2

Vertical emittance

The emittance of mode 2, 62, is a crucial parameter determining luminosity. It is determined almost entirely by
machine imperfections
so can
be estimated
statismachneand
mpefecionsandso
an only
nlybe
etimtedstaisat
optics
same
the
for
predictions
shows
2
tically. Figure
partly
arise,
can
beams
94 GeV. A mismatch of E2 between
because the damping partition numbers J 2 can be different.
Fitting shows that 6 2 is determined mainly by the RMS ver-

tical dispersion. The dependence is stronger than quadratic
because J 2 tends to decrease with the dispersion (because
of combined dispersion and closed orbit in quadrupoles).
The statistical distribution of vertical emittance in the ensemble is typical of measurements during the life-cycle of
an optics. Operational procedures seem to select corrections that reduce 6 2 to the smallest values.
Synchro-betatron resonances can increase 62 further.
Such effects can be estimated by tracking particles with
quantum fluctuations [5].

4

CONCLUSIONS

By carefully constructing ensembles of model machines,
simulating the operational correction procedures and using
a physically faithful model of single particle dynamics, it
is possible to predict the distribution of beam parameters
and their differences between the beams in LEP. Dynamic
aperture can be predicted to within about 10 % in a variety
of optical configurations.
At the highest accessible energies, the dynamic aperture
of LEP will be sharply reduced by the RBSC instability.
Acknowledgements: I thank A. Verdier for valuable collaboration, K. Goral for help with software development.
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INFLUENCE OF VERTICAL DISPERSION AND CROSSING ANGLE ON
THE PERFORMANCE OF THE LHC
L;H.A. Leuiiissen,* CERN, Geneva, Switzerland
Abstract

beam-beam interaction but treats the rest of the machine in
linear approximation.
The dispersion at the RF cavities is assumed to be zero,
so thatthis is not an additional source of synchro-betatron
resonances.
Where it'is posgible to do so, the results of BbC are
compared with existing analytical theory apd other models. Further details are giyen in [3].

Misalignments, magnetic field deviations and the beam
crossing angle induce closed orbit deviations and residual dispersion at the interaction points of the LHC. These
in turn excite synchro-betatron resonances. We present
a immerical investigation of these effects and their influence on the luminosity. Bunch length effects are impormtntand are included in dth model by means of the munerical code BBC [1]. The crossing angle excites resonances
that-increase particle amplitudes when the tunes are near
resmance while vertical dispersion changes the resonance
strcigth. The influence on the beam core size is studied.
For the nominal LUC working point, a 13th-order resomance may be crossed by Ihe particles in the beam. The
width of the synchrotro sidebands ap eyaluated.

Relativistic factor -y
Normalised emittance e.
bunch length a,
relative energy spread ae
Particles per bunch Nb
Number of bunches k,

INTRODUCTION
At collision energy in the LHC, local orbit bumps are used
to separate the beams or make them cross at an angle.
These••upips have the unwaoted side effect of creating dispersiona the interaction points (IPs). Besides this, the random misalignments and imperfections of the machine generate fiadrer random components of the dispersion at the
IPs. The crossing angle and dispersion in turn modify the
beam-b4am interaction at the IPs through the excitation of
synchrou-betatron resonances.
The calculations in this paper can be divided into two
main closes: To study optical effects, we calculate the
vertical dispersion that can be expected to arise from the
sources and its effect on the beam size. For these calculations, we wte the MAD [2] model of LHIC Version 5 with
error table 9607. Two different types of calculations are
carried out:

Revolution frequency f,

11245.5 Hz

T3" (IPI, IP2, IP5, IP8)
Q., Qy, Q.
Q" Q1'

(0.5 m, 250 m, 0.5 m, 33 m)

63.31,59.32,0.00212
2.0,2.0
Table 1: Beam parameters of the LHC at collision energy.

2

I.P.
IP1
IP2
IP5
1P8
.

*Email: Leonardus.Lentissen@ci•&tab
0-7803-5573-3/99/$10.00@ 1999 IEEE.

D. [m]
Dy [m]
-0.001 ± 0.008 -0.006 ± 0.028
0.003 ± 0.169
-0.087 ± 0.508
-0.002 ± 0.009 0.004 ± 0.015
0.006 ±= 0.071
-0.029 ±= 0.213
02±.1
.006±.7

Table 2: Horizontal and vertical dispersion at the four experimental interaction points from residual closed orbit.

are summarised.

3

To study the beam-beam effects we use the tracking program BBC- [1; it includes an apropriate model of a single

PARASITIC DISPERSION DUE TO
THE CLOSED ORBIT

The dispersion functions for the ideal machine Are zero at
the IPs. In Table 2 the horizontal and vertical dispersion are
shown at the experimental interaction points together with
the calculated standard deviation over the ensemble of 20
closed orbit calculations.

1. Misalignments are introduced and the resulting closed
orbit deviations are corrected to RMS values of 1 mm
in both horizontal and vertical plans (simulating the
typical quality of correction in a real-machine).
2. The crossing angles and separation bumps are then
introduced at IP1, IP2, IP5 and IP8, modifying the
closed orbit again. The linear coupling is corrected
in both cases again simulating the quality of correction in a real machine and the resitdual dispersion in
the horizontal and vertical plane is calculated. In Table 1 the machine parameters of immediate interest

7461
3.75 10- M.rad
0.-077 m
1.11 X 10-4
1.05 x 1011
2835

PARASITIC DISPERSION DUE TO
THE CROSSING ANGLE

The dispersion created at the IPs by orbit bumps were calculated with MAD. They are presented in Table 3.
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I.P.
IPI
- IP2
IP5
IP8

D= [m]
0.021
-0.087
-0.002
0.059

Dy [ml
-0.006
-0.035
-0.005
-0.028

A separate numerical simulation was carried out to calculate the coupling of the transverse and longitudinal oscillations. This program is based on the equations of motion
as derived from a Hamiltonian [5].
The tracking was done with both programs over 10000
turns. The largest amplitude during this number of turns
was recorded. The resonance q Q, ± r Q, = 4 is scanned
(q = 13) in this study.
The following plots (Figure 1 and 2) compare the maximum amplitude on the resonance as a function of the initial
betatron amplitude as found by BBC calculation and the
simulation with the equations of motion. Because of the

Table 3: Horizontal and vertical dispersion at the four experimental interaction points from crossing angle.

4

LUMINOSITY CHANGE WITH THE
BEAM CROSS SECTION

symmetry of the beam-beam potential the satellites with
even q + r are stronger than those with odd q + r.

Dispersion will contribute to the beam size in the following
way:
+ (ceD z 2

(o.*)2 = c0

(1)

Here, 0z, Dz and Oz* are the beam size, the dispersion
and the )3-function value at the interaction point with z E
{x, y}. The energy spread of the beam is denoted by o0,.
The increase of the beam size leads to a change in the
luminosity approximated by:

Q

(2)

•

kbfr
N~
cr*
•ro
4

L-

and€6

1

1+62

2*.

1.08

1.06

This equation holds when the crossing angle 0 is small and
the 03* does not vary much near the interaction point.
Inserting Eq. 1 in Eq. 2 and then Taylor expanding with
respect to D. shows that £ decreases.
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=
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2
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Figure 1: Resonance strength of 13Q,+ 3Q
function of the initial amplitude of the particles.

The design luminosity is Lo = 1034 cm- 2 s- 1. The luminosity changes at most by about 5% due to the changes of
horizontal and vertical beam size at the IP.
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5 RESONANCE EFFECT OF CROSSING
ANGLE

I

1.18

~1.16

E1.14

The effect of one single beam-beam interaction is studied
with the program BBC. This FORTRAN code analyses a
beam-beam collision with a crossing angle in a symplectic way in 6 dimensions. The bunch length effect influthis,
ences the synchro-betatron resonances. To represent
the strong beam is split into several longitudinal slices. The
parameters R = o//3 and 4 = ¢o0/00 (Piwinski angle)
show the necessity of the slicing. For R > 1, the hourglass
effect (depth of focus) [4] is important. This means that
bunch length effects need to be included in the calculations
by using slices. When D > 1, the tilt effect is important.
For the LHC R=0.15 and D=0.5 (at IPI the crossing angle is +150jurad), the same order of magnitude. One might
expect that the bunch length effects are not important, but
the numerical results show that this is not the case. Calculations show that it is necessary to split the beam into five
slices [3].
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.
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Figure 2: Resonance strength of 13Q., Q,
tion of the initial amplitude of the particles.
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RESONANCE EFFECT OF
DISPERSION

The effect of dispersion is similar to that of a crossing angle: it excites the same synchrotron satellites close to each

1684

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
beam-beam resonance. The strength of the satellites are the
same in both cases when the dispersion at the IP is equal to
[5]:
,(

Djp =

MR(

2

(Q,

where am is the momentum compaction factor and R is
the mean radius of the accelerator. For a dispersion of
about 10 cm the resonances would be excited with the same
strength as with the nominal crossing angle. In Figure 3 the
four resonance lines described earlier (r E {1, 3}) are recalculated including a 10 cm vertical dispersion at the IP.

1.10

BBc Dy-0.m
....

1.08
4

.

C

1.o0i;/6

bumps of about 2 mm have to be used. The correction magnets can generate kicks of at most 70Jrad. This generates
a maximum dispersion of 2 cm at IPI and IP5 (leaving the
dispersion at all other IPs zero).

.

.and
-

8

CONCLUSIONS

The random closed orbit deviations due to misalignments
and magnetic field errors result in a few cm of residual dispersion at the interaction points of the LHC. The local orbit
bumps in the interaction region are a further deterministic
source of dispersion. This dispersion increases the beam
size by less than 10%.
Higher-order resonances will still be crossed by particles in the tail of the beam (large amplitudes). Their influence has been studied in detail, by tracking particles
with initial amplitudes of 3, 4, 5 and 6r, bboth with BBC
with another program based on the equations of motion derived in [5]. Without dispersion, both methods
gave
similar results for the studied resonances. For example, the sidebands of the 13th order
betatron resonance
(13QO ± rQ 8 = 4 with r E {1, 3}) have a width of approximately 1.5 x 10-4 The crossing angle increases the
amplitude of the particle oscillation by less than 10%. BBC

e1.04

1.02

10

1

2

8

Figure 3: Resonance strength of 13Q ,
rQs = 4 as a
function of the initial amplitude of the particles with r E
{1, 3} and Dy = 0.1m.
The two outer resonances become stronger and the two
inner are weakened, resulting in a global equal strength of
the four resonance lines. The initial amplitude is increased
by about 7.5% with respect to the resonance free part.
Numerical calculations show that the width of the resonances 13Q ± 3Q, = 4 is 1 X 10-4 (BBC). The other
program yields 9 x 10-5. The resonances 13Q,3 ± Qs = 4
have a width of about 1.5 x 10-4 (BBC) whereas the other
program yields 2 x 10-4. First-order theoretical investigations [5] result in a width of the resonance islands of
6 x10.

shows that the nominal crossing angle combined with vertical dispersion of 10 cm at the IP changes the strength of
the resonance, giving an increase of amplitudes of 7.5%
with respect to the unperturbed case. Thus, the strengths of
some sidebands are reduced.
Correction of residual dispersion at the IP is possible
with closed orbit bumps in the arcs. The dispersions at
IPI and IP5 can be changed independently of each other
by ±2 cm without affecting the dispersion at the other IPs.
They can therefore be used to correct the dispersion arising
from the beam crossing angle.

9

REFERENCES

[1] K.Hirata, "BBC User's Guide; A Computer Code for BeamBeam Interaction with a Crossing Angle, version 3.4", SLNote 97-57 AP (1997)
[2] H. Grote and F.C. Iselin, The MAD program (Methodical
Accelerator Design) version 8.16, User's reference manual,
CERN/SL/90-13(AP) (rev.4) (1995)

[3] L.H.A. Leunissen, Influence of Vertical Dispersion and
Crossing Angle on the Performance of the LHC, LHC Project
7 CORRECTION OF VERTICAL
report, to be published
DISPERSION
[4] G.E. Fisher, Measurements on beam-beam interaction at
Spear, IEEE Trans Nucl. Sci. NS-20 (1973) p.838
The closed orbit in quadrupoles and sextupoles is the drivSpaIETrnNulSc.S-0(93p83
Ing tserm forbithe paaitic vertical andispersion. Spediaverof the Luminosity by Satellite Resoing term for the parasitic vertical dispersion. Special ver-nacs[5] A. Piwinski,E Limitation
nances, DESYY7/8(9
77/18 (1977) )
tical orbit bumps can create vertical dispersion to compensate the dispersion generated by the beam crossing scheme
at the IP or the closed orbit deviations. Usually a closed
orbit bump starts at the beginning of one arc and is closed
at the end of the same arc. To cancel the dispersion wave
a second orbit bump (in the following arc) is used. In the
case of a vertical dispersion of 6 mm (at IPI and IP5) orbit
1685

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

ODYSSEUS: DESCRIPTION OF AND RESULTS FROM A STRONG-STRONG BEAM-BEAM SIMULATION FOR STORAGE RINGS
"E.B. Anderson *, T. I. Banks, J. T. Rogers, LNS, Cornell University, Ithaca, NY
Abstract

ODYSSEUS is written in Fortran77 for portibility.

ODYSSEUS is a simulation of the beam-beam interaction in e+e- storage ring colliders which is specifically intended to reveal the dynamic collective behavior of the colliding beams. This program is a true sixdimensional strong-strong simulation in which the electromagnetic fields of longitudinal slices of the colliding beams
are recalculated for each slice collision. Broadband wake
fields are included. No constraints are placed on the distribution of particles in the beams. The program achieves
its speed through adaptively choosing between alternative
electromagnetic field calculation methods. Benchmarking
tests and various results will be presented.

1

INTRODUCTION

In storage ring colliders the beam-beam forces produce
changes in the distribution of particles that can be important
to the stability of the beams and the luminosity. Because
the beam-beam force is strongly nonlinear, exact calculations are difficult and particle tracking simulations are more
suitable. Strong-strong simulations, in which the force exerted on each beam by the opposing beam is calculated, are
capable of generating self-consistent charge distributions
and have been used to examine the collective behavior of
round beams [1, 2], charge-compensated round beams [3],
and beams of arbitrary ellipticity [4]. These simulations are
very time-intensive because of the need to repeatedly calculate the electromagnetic field of each beam, and previous
unconstrained strong-strong simulations have therefore included only transverse degrees of freedom.
This paper presents a new beam-beam simulation program, ODYSSEUS (Optimized DYnamic Strong-Strong
E-plus e-minUs Simulation). To the authors' knowledge, ODYSSEUS is the first six-dimensional strongstrong beam-beam simulation in which no constraints are
placed on the beams and is the first to include wake fields.
These features make it possible to investigate any mode
of oscillation of the colliding beams, including head-tail

modes.

0-7803-5573-3/99/$10.00 @ 1999 IEEE.

2.1

The Storage Ring

On each simulated turn through the storage ring, each
macroparticle is propagated from the collision point and
back again through the linear optics of the storage ring, including chromaticity, synchrotron radiation excitation and
damping, RF phase focusing, and wake field deflections.
Macroparticles which have migrated past a transverse aperture are no longer considered in the simulation. Longitudinal and transverse short-range wake fields are included in
the simulation. An input file contains a list of longitudinal
and transverse resonators with values for the resonant frequency wR, shunt impedance R,, and quality factor Q of
each resonator.

2.2

Collisions

During its passage though the opposing bunch, the transverse position of each macroparticle may change appreciably because the vertical interaction point beta function,
/3 , in CESR and many other colliders is comparable to
the bunch length, a,,. ODYSSEUS handles the longitudinal variation of the electromagnetic field of the beam
by dividing the beam into slices. The simulation collides
each pair of slices sequentially, updating the transverse momenta and positions of each macroparticle after each pairwise collision of slices. For each slice collision the slice
electromagnetic field is calculated by one of the methods
described below. Macroparticles undergoing longitudinal
oscillations may migrate from slice to slice, so on each turn
the macroparticles are sorted according to their longitudinal position and reassigned to slices.
3

3.1

ODYSSEUS is capable of rapidly calculating the electromagnetic field of a beam divided into many longitudinal
slices because it adaptively chooses from a variety of different field computation methods. Different algorithms are
used for the core, the transverse tails, and the longitudinal
tails of the beam. The parameters of the program can be
changed to model flat or round beams. Further, inclusion
of the longitudinal degree of freedom and wake fields allows the investigation of previously inaccessible physics.
Email:ebal @cornell.edu

2 PARTICLE TRACKING

ELECTROMAGNETIC FIELD
CALCULATION

Beam core

If the number of macroparticles, N, within a slice is very
small, the integrated field at a probe beam macroparticle is
calculated from the exact radius vector from each opposing
source beam macroparticle. The field must be calculated
at the position of each macroparticle in the probe beam, so
the number of calculations goes as N 2 , making this method
efficient only for N < 50.
For larger values of N, the electromagnetic field is calculated on a rectangular grid using pre-calculated Green's
functions for charges on the grid points. The macroparticle
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core has little influence on the field in the transverse tails,
so the core is assumed to be a two-dimensional Gaussian
charge distribution with the same total charge and transverse moments as the slice. The field from this Gaussian
charge distribution is calculated from the rational approximation of Talman and Okamoto [7].

rn

:Swg

!bwgi

3.3 Interpolation techniques
Whenever a grid-based technique is used, it is necessary

to interpolate from the fields on a grid to arbitrary particle locations and from the particle locations to the grid
when depositing charge. Odysseus gives the user a choice

between two interpolation methods: a four-point Cloud-

Stwg

Figure 1: The beam is divided into longitudinal slices and
the collision of each pair of slices is simulated in sequence.
Slices are marked as either "weak" (white) or "'strong"
(gray) and the appropriate technique is applied when they
interact. No two weak slices ever interact.

In-Cell (CIC) technique and a nine-point extension of the
Triangular-Shaped Cloud (TSC) technique[5]. Higher order interpolation schemes tend to blur the detail in the
charge distribution. In ODYSSEUS a "sharpening function" is used during the convolution of the charge density
and Green's function in wavenumber space [6].

4
charge is assigned to the grid points using one of two areaweighted techniques described in below. If the number of
grid points N. is less than about 200, the convolution of
the charge density and Green's function is done as a summation in real space. The number of calculations required
for this convolution goes as N'.
For larger values of N.., the convolution of the Green's
functions and charge density is done as a simple multiplication in wavenumber space. The speed of this method is
limited by the speed of the necessary Fourier transform to
wavenumber space and the inverse transform back to real
space. The number of calculations goes as Ng log2 N9.-To
suppress edge effect problems in the Fourier transforms,
the size of the wavenumber space can be doubled in both
directions and padded with zeros [5] although this is found
to be unnecessary for a typical, Gaussian-like, charge distribution.

3.2

PRE- AND POST-PROCESSING

A user interface, PENELOPE, has been written to produce
the input files used by ODYSSEUS. Parameters may be
read from existing files and modified, or may be entered
through the keyboard. PENELOPE works with a set of accelerator parameters which is convenient for the user, but
which is larger than the set of independent parameters. As
new parameters are entered, derived parameters are calculated and displayed. Thus, self-consistency between parameters is enforced, unless the user specifically chooses
otherwise.
ODYSSEUS was designed to investigate the coherent
oscillations of the bunch, so post-processing to analyze the
bunch spectrum is necessary. Post-processing is done in a
Mathematica [8] notebook designed to look at beam-beam
modes and their growth and damping rates.

5

SPEED AND ACCURACY
CONSIDERATIONS

Beam tails

The tails of the beam, typically taken to be paricles with
a displacement of more than (1013)o, in any direction, are
treated differently than the core particles. The tail particles have very little effect on the beam-beam force. They
do, however, respond to the beam-beam force, so a weakstrong calculation is used.
Longitudinal tail particles are subject to forces from the
core of the opposing beam. This is a weak-strong calculation. A full calculation of the field from the opposing
(strong) beam slice is performed, but the tails are assumed
to have no effect on the other beam. All slices may be
treated as strong-strong slices if the user so chooses,
The transverse tail particles are subject to a beam-beam
force of similar magnitude to that experienced by the core
particles. The fine structure of the charge distribution of the

5. 1

Field errordue to transverse grid

For round beams a field calculation grid can be constructed
out of square cells with equal numbers of cells in each dimension. This construction allows for accurate field calculation with low numbers of grid squares. In contrast, the
often extreme aspect ratios of flat beams force the use of
either large numbers of cells or individual cells with poor
aspect ratios. When trying to model flat beams with a minimum number of grid cells, one may give the grid cells an
aspect ratio other than unity, but there are dangers in this
choice. If a potential is used to calculate the fields, then the
choice of the value of the Green's function at the origin is
important. ODYSSEUS uses a separate Green's function
for each component of the electric field and the maximum
aspect ratio usually allowed is 1.4.
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Figure 2: The figure above shows the vertical beam-beam
tune shift, Avy, as a function of the number of slices. The
straight line is an estimate of the maximum beam-beam parameter, ý., from slicing errors alone (See Equation 1).

5.2

Field errordue to longitudinalslicing

Previous investigators [9] had indicated that few slices, five
or less, are necessary to model the colliding beams. We
instead found that the error introduced by slicing increases
the simulated emittance of the beam, so that the simulation
produces a maximum value of 6. This limit is severe when
3. is so small that it is comparable to the bunch length ao.
In a particle-tracking simulation using longitudinal slices
of uniform width, particles at the front and back of each
slice receive a different deflection than would actual beam
particles. From this we find that a horizontal tune shift can
be produced due to the finite slice length. We find this to
be:
4-F3

CONCLUSIONS

Green's function grid used in the PIC calculations is pregenerated and recalculated as necessary. Approximations
are used in the transverse and longitudinal tails in order
save time on calculations. ODYSSEUS incorporates
wake fields, enabling the user to calculate collective instathresholds for colliding beams. Runs can be done
in reasonable amounts of time, ranging from an hour to a
few days depending on the approximations used and beam
shape.
Three unexpected results became evident during this
work. The first is the necessity for grid aspect ratios close
to 1:1 when using an electric field Green's function, and exactly 1:1 when using an electric potential Green's function.
The second was the discovery of a minimum (simulated)
emittance due to the nonzero longitudinal slice width. The
third was that using zero-padding in the Fourier transform
was not the most efficient means to minimize errors.
Three interesting results have already been found. The
ratio between the beam-beam parameter and the coherent
tune split has been calculated, the shift in head-tail mode
frequencies for colliding beams have been investigated, and
the effect of additional wiggler magnets on CESR's luminosity approximated.
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(1)

Other physical or numerical effects may further reduce 6y
Fig. 2 shows the vertical beam-beam tune split as a function of the number of slices. The behavior supports the
result of Eq. 1 that there is a maximum tune split that is
inversely proportional to the slice length. Simulations of
storage rings with a small natural vertical emittance require
a large number of slices. Slices of non-uniform length [9]
may reduce the effect.

5.3 Speed
ODYSSEUS is currently being run on a farm of 500 MHz
Alpha-chip personal computers running Linux. The fast
Fourier transform takes almost 90% of the time taken by the
code for a typical run. The speed of ODYSSEUS may be
compared to that of a non-adaptive PIC-only calculation by
running with PIG-only options and comparable parameters.
runnng ith IC-nlyoptins
nd cmpaabl parmetrs.
The calculation takes five times longer than a calculation
withthe
ode.Noteptimzed
with the optimized code.
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ENERGY RESOLUTION AT INTERACTION POINT
FOR ASYMMETRIC BEAMS
S. Petracca*, K. Hiratat, KEK, Tsukuba, Japan
Abstract

(E± - Eo)/Eo is the energy deviation from the nominal
value
Eo and
omlzdbby it.t as well as the luminosity L,
n normalized
vleE
In the monochromatization,
+ ,
onofheoision er w a 2e l
the
s
the spread o0-,,of the collision energy w - 2Eo _=e+ + cimportant. The luminosity can be expressed as

adopted
scheme
The monochromatic
The schme
onohroati
doped in
n the
th tau-charm
ta-chrm facactories uses a large dispersion at interaction point to obtain
a very high collision
resolution.
a veyenergy
nerg
hih cllison
reoluton.is
Due to the presence of dispersion, however, the beambeam interaction induces the synchro-betatron coupling.
Even if in the linear regime, it can lead to potentially serious effects. One of the most serious is the rapid decrease
of the energy resolution when the beam-beam parameter increases, even if the motion is stable. In this paper we study
this effect in detail either for symmetric and asymmetric
beams and give formula for the energy resolution.

L = const x

(1)

Here f± (y± ±) is the distribution function in the
(y±, c±) space. If we assume
•y 2 2A 1 2
2ye+_Al4\
2 2 ±_A
E±
2 det A+,
exp 27rVetA

1 INTRODUCTION
Recently the monochromatization has been considered seriously for future tau-charm factories [1], where a rather
large dispersion exists at the IP with opposite signs for both
beams. In this case, the dispersion effects can no longer be
discussed in the perturbative sense as in the conventional
colliders .[2, 3]. In a previous paper [4] we discussed the
effects of the dispersion at the IP paying enough attention
to the mutual interaction between the betatron and the synchrotron degrees of freedom, and the possible problems associated with the monochromatization within the linear approximation of the beam-beam force.
The purpose of the monochromatization is to make the
shepureaposof the ollisionenergymuch
ismarthman
spread o-,. of the collision energy much 'smaller
than the
the
of
merit
figure
nominal one or. Thus this quantity gives the
of the machine as well as the luminosity. The monochromatic scheme uses beams with opposite dispersion D, and
realizes a distribution (centered at the IP) in vertical position y analogue (Gaussian) to that one (centered at Eo) in
energy E. In this way the particles with energy E0 - e
collide with those at the same quote in the other beam but
with different energy Eo + e, then getting as collision energy ECM - 2 E0 .

2

f+(y, e+)f_(y, c_)dyds+dE_.

ENERGY RESOLUTION

with A being
A±

(y 2 )

(ye)+

(y_)+

(•2 )±,

we get

1
L

const x

(3
(3)

' 1

(4)
+ A,-1
The luminosity density with respect to w is defined as [10]
=

"'•/A+j

A(w)
A
LJJ•we+)f

,

(5)

Here w stands for the deviation of the collision energy from
the nominal one (2Eo). Then we have
(
1
w2(6
A(w)
exp--2o-2 ),
(6)
W

and the formula for the energy resolution for asymmetric
beams is
a2 =
(7)
A+I + A-1
with
11l±A
- -+Tll(AA2 Ad
- A2 A• 2
(8)
2 2
d+d.J
(4d+
d)
)
d
4
If we assume that two beams are modified symmetrically, we have A+ =A ,A+
A- and A+ =ec
w
11 22 = 22,
12
12,
1
A± = A and the formula for the energy resolution becomes
2
2 det A
WAll
(9)
A(

_

For simplicity we consider the synchrotron motion and
one betatron (vertical) oscillation degree of freedom only.
The physical variables of a particle for the betatron and
Z±E), where
synchrotron motions are x± = (y±, p,±, zI,
y± is the vertical coordinate, py± the vertical momentum
normalized by the (constant) momentum Po of the reference particle, z± the time advance relative to the reference particle multiplied by the light velocity c, and E± =

following:
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±

Ad,

2'002
=

0

±D0 (o0-) 2

±DoIocT0)
(0.0)

2

(10)
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4

which implies [10]
2

2(a0)
D2
--

1+

2

(11)

1± 2
,I3

In Fig. 1 we show that the energy resolution a. increases
rapidly with ýo and approaches its nominal value o°, then
making the monochromatization less effective or even useless. This, obviously, gives a more stringent limit for the
maximum value of ýo than the single particle instability [4].

3 EQUILIBRIUM ENVELOPE

Furthermore, from Fig. 1, it is clear that this effect
weakly depends on the betatron tunes and is almost indipendent on the synchrotron ones.

The equilibrium value of the envelope matrix a, where

arij = ((Xi - t)(xj -

DISCUSSIONS

(12)

is determined by the following equation [9]:

a==

1
Mb
b [Marca(kMarc)t + (I - A 2 )E](Mbb)1 2 ,

(13)

0.0004

where
1
A HoBoA(HoBo)- ,

E

=

0.0003..."

0.0003

t
HoBoE(HoBo) , (14)

(15)
0.0001

AV'z = exp(1/Ty,z) being the damping constants and f,
the nominal
i emittances. The one turn matrix from IP (s0
0)toIPis[5]:
M"l2 M
M
•rl1 1 2
(16)
bb

M

0

C
0

0.004

0.008

0.012

(16

Marc~g

Figure 1: The energy resolution a.. versus Co with Do
0.4m and other parameters are in Table 2.

where:
Marc = M(0_, 0+) = HoBoMarc Bo1Ho',
(17)
kLrc = diag(r(p°), r(/1°)),
Bo
diag(b°, b°), (18)

with
-

diag(•
o(/ I
H = ho

E ,,1/

cos/0Co
0
=\P 6

0

Table 1: Legenda of Figure 1
___________
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0
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(20)

Po= 27riw, v° being the nominal tune, f30 the nominal
betatron functions at IP (/30 - a
z/a2,
o' being the nominal bunch length), and Do the dispersion at IP. Note that
Ho, Bo, and Mar are symplectic. Finally the beam-beam
interaction is described as a linear kick
1
Mbb=

-4ir~o
47 /°3
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Table 2: Parameters for both beams
130
0.03m
i30
26.3m
f
410-9m E° 3.810- 6m
Oro 3.810-4 a°
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T;
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(21)

with ýo being the vertical (nominal) beam-beam parameter
2

oV+ 7Y -

z
0
(19)
)sn(19),dash-dot
0.05V 0.05 0.03

27r-/rN)30
o 2ir:7roo +o•(22)
7r~o'o (0o ± 00)~

The reason of the rapid growth of the energy resolution
with ýo is due to one of all and in particular of U22 [8],
hence of the vertical and longitudinal emittances respectively. They increase in a similar manner regardless of the
sign of v°, even if for negative v° the increase might be
easier to understand, because the system is unstable [4].

Note that the nominal synchrotron tune vo is negative for
conventional electron machines with positive momentum
compaction factor ep,and we have assumed that there is
only one IP which is a symmetric point with respect to betatron and synchrotron motions. We have also implicitly
assumed that dispersion does not exist in cavities.

The emittances are obtained from the envelope matrix a
as follows:
Eigenvalues[Ju] = {iy, -iE_
, -icz}.
(23)
In Fig.2 we plot the emittances Ey'z as functions of ýo, for
zis= 0.08. This shows that the longitudinal emittance
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influenced considerably by the the beam-beam force. This
effect has been usually overlooked in the literature where
the synchrotron oscillation is assumed to be unaffected.
Also, the vertical emittance e%, grows up quite rapidly.

[4] S. Petracca and K. Hirata, Phys. Rev. D59, 1, R 40 (1999).
[5] K. Ohmi, K. Hirata and K. Oide, Phys. Rev. E-49, 751
(1994).
[6] S. X. Fang et al. Part.Acc. 51, 15 (1995).
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[7] K. Hirata, H. Moshammer and F. Ruggiero, Part. Acc. 40,
205 (1993).
[8] S. Petracca and K. Hirata, KEK Preprint 97-28 (1996).
[9] K. Hirata and F Ruggiero, Part. Acc., 28, 137 (1990).
[10] M. Bassetti and J. M. Jowett, IEEE Proc. of the PAC 1987,
115 (1987).
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Figure 2: The synchrotron emittance e. (top) and the betatron one ey (bottom) as functions of ýo with vo = 0.08
and all other parameters are listed in Table 2.

As conclusion, within the linear analysis used in this paper, it seems difficult to avoid this dangerous effect. However there can be some other effects in nonlinear regime
which is worth to study. In deciding the machine parameters one should pay enough attention to the energy resolution.
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Electron Beam Distortions in Beam-Beam Compensation Setup
V. Shiltsev, FNAL, Batavia, IL 60510
and A. Zinchenko, JINR, Dubna, Russia
Abstract
This article is devoted to electron beam distortions in the
"electron compressor" setup for beam-beam compensation
in the Tevatron collider. The distortions are due to interaction of the electron beam with impacting elliptical antiproton beam. We estimate of longitudinal magnetic field necessary to keep the distortions low.

1 INTRODUCTION
Compensation of the beam-beam effects in the Tevatron
with use of high current, low energy electron beam is discussed in [ 1]. The electron beam travels in the direction opposite to the antiproton beam and interacts with an antiproton bunch via its space charge forces. The proton beam has
to be separated from the electron and antiproton beams. A
10 kV electron beam about 2-m long, 2-mm diameter, with
1-2 Amperes of current is to be installed in a place with
large beta-function(-l100m), away from the main interaction points. Experimental results from an "electron lens"
prototype set-up are discussed in [2]. The electron beam
is born on an electron gun cathode, transported through the
interaction region, and absorbed in the collector. Strong
longitudinal magnetic field plays a significant role in maintaining stability of both electron and antiproton beams. It
also suppresses the electron beam current distribution distortions and, therefore, the electron space charge force distortions.
This article is focused on the time-dependent deviations
of the electron beam shape due to interaction with antiproton beam in the "electron lens" [3].

2

ELECTRON BEAM DISTORTIONS

ZBEAM code [4] is used for tracing electron trajectories. This is essentially two dimensional code which takes
into account only transverse components of the electric and
magnetic forces. It is a good approximation for the forces
due to ultra-relativistic p bunch. The electrons are nonrelativistic, but their space charge forces are mostly transverse, too. The code tracks number of particles by integrating their equations of motion over successive small time
steps.
Interaction with round p bunch in strong magnetic field
conserves axial symmetry and radial size of the electron
beam. As the result, the electron beam space charge forces
are the same for antiprotons at the head and at the tail of
the p bunch. That is no longer true if electron or antiproton
beam is not round. Roundness of the electron beam can be
assured by using round cathode in the electron gun and by
0-7803-5573-3/99/$10.00@ 1999 IEEE.

appropriate choice of the magnetic field in the transport section of the set-up. In opposite, the p beam roundness can be
achieved in very few Tevatron locations where vertical and
= fly (vertical
horizontal beta-functions are the same
and horizontal emittances of 1000 GeV beamsmm
in the
Tevat mrad
GeV
of 1
equal
aproxial
are
tron are approximately equal -",3rm:z 3.37r mm • mrad).
This condition can not be fulfilled a priori.E.g., at present
stage we consider to install one of the "electron lens" devices at the Tevatron F48 location which is characterized by
fz = 101.7 m and fy = 30.9 m, and, consequently, the rms
bunch sizes are o, = 0.61mm and ay = 0.31mm [2].
Fig.1 shows what happens with round electron beam (radius a, = 0.31mm) when it interacts with such an antiproton beam being in 2T solenoid field. ZBEAM code is used
for the electric field calculations and electron tracing. Top
left plot shows an ellipse which corresponds to la of the
Gaussian p bunch and a circle of the electron beam cross
section uniformly filled with electron macroparticles before
the interaction with p-s. Top right plot demonstrates traces
of the electrons under impact of asymmetric electric field
of the antiproton bunch. Resulted macroparticle positions
and the shape of the electron beam in x - y and r - 0
planes are shown in lower left and right plots of Fig. 1 respectively. One can see that the electron beam becomes a
rotated ellipse to the moment when the tail of antiproton
bunch passes through it, while the head of the bunch sees
originally undisturbed round electron beam. This might
be of concern because of two reasons: 1) there appears a
"head-tail" interaction in the 5 bunch via higher than dipole
wake fields propagating in the electron beam; 2) in addition to useful defocusing effect, electric fields of the elliptic
electron beam produce effective x - y coupling of vertical
and horizontal betatron oscillations in the p beam.
Distortion of electron density. The continuity equation
for the electron charge density p(x, y, z, t) can be written
as
+ d• Vpo = 0, where po stands for initial charge
density, and drift velocity of an electron in crossed electric
and magnetic fields f and B is equal to
=td
cl4-6_. The
resulted distortion due to elliptic Gaussian relativistic p
beam is given by [3]:
6p(x,y,t=

(_A(z')dz'
f
x
I
T1±+ 3)c
\0 0
2eNI dpo(r 2 ) xyl(x, y)(02 - a02)
2 2
_iB d(r 2) *
0 0
x y

(1)

where now z is the coordinate inside the p bunch and
Ii.e. z - -co is for thebunchhead and fz A(z')dz' is proportional
to the antiproton charge which passedthroughthe given part of the electron
beam.
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Figure 1: Narrow electron beam distortion due to bunch.
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2..
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'

OrX
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Now we can see major features of the resulted distortion:
a) it is absent in the case of round/pbeam when ax = ac;
b) it performs two variations over azimuth Jp oc xy sin(20); 3) it vanishes with the solenoid field B increase,
or with decrease of antiproton intensity Np; 4) most of the
distortion takes place at the radial edge of the electron beam,
-Po/e,
/.
then wider electron
and, since dpo(r 2 )/d(r2 ) L poma/a2,
beam gets smaller density distortions during the interaction.
Finally, the scaling of the maximum distortion strength is:
Jprna
6pmax

, 0.2eNp
0.eN

0.6[Np/6 -1010],

(3)

a0[mmJB[kG]

(3)

and value of 0.2 comes from geometrical factor oc xy •
I(x, y). For example, the distortion is about 3% for 1 mm
radius electron beam in B = 20kG-=2T solenoid field. As
soon as the elliptic distortion is excited, it starts the rotation drift in the crossed fields of the electron space charge
and the solenoid field. Under conditions of the Tevatron
beam-beam compensation setup the rotation is small. E.g.,
one gets that over time of the p bunch passage ±2az/c =
2ns, the angle in the field of B = 20kG is about 0 d ;
4jazae/leB ; 0.1rad.
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Figure 2: Distortions Jp/p of an electron beam wider than
antiproton beam ae = 2.5 - ao, . x and y coordinates are
given in units of a,

Distortion of other than constant electron density can
be calculated analytically with use of Eq.(l). For example, Fig.2 shows contour lines of the electron beam distortion
1 6p/p in the case when initial density is po(r) =
2
1+(r/a.) P, Iu = 3, with a, = 2.5 mm, a , = 0.61
mam, ay = 0.31 mm ), the antiproton bunch population
NP = 6 - 1010, the magnetic field B = 4kG. Resulted distortion 5p/p is now less than 0.05.
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0.84[Np/6. 101°1
o,.2[mmjB[kG]
Brackets < ... > denote averaging over antiproton betatron oscillations. In the above equation we used an approxrelation 13x zz 30ly. Fig.3 shows numerical factor
S(x, y) for electron distributions po (r) = T+(r/a I p
3,with a, = 2.5ax. The maximum value of is factor of
Srax (x, y) =0.13. The coupling vanishes for small betaamplitude particles and at very large amplitudes. The
is larger in the plane of the longer antiproton ellipse
axis (horizontal in our case).
For example, having parameters ox = 0.61mm, Np =
66 1010, Avx !- 0.01 we get maximum numerical factor
about < S(x,y) >naxý 0.5 . Smax (x, y), i.e. 0.065
for a, = 2 .5a,. Now, with solenoid field of B = 2T, one
gets the maximum coupling spread J ý_ 7 . 10-5 for the
electron beam. The value is rather small with respect to the
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Coupling due to distorted electron beam. Electric and
magnetic fields of the elliptic electron beam lead to effective x - y coupling of vertical and horizontal betatron
osciltivex-yons
the
in
g vbeam
Sincel aorigintaly
oscillations in the f beam. Since originally the btheaeltron
electron
plaming fore, Bte heas of
the
ele
unchnxdent
irtionce gow
c
as f A(Bz')dz', the coupling grows proportionally. Patialthir
cles in the head and in the tail of the bunch change
positions while performing synchrotron oscillations, thus,
an average coupling effect is half of the maximum coupling
spread. The average coupling can be corrected in the Tevatron, while there are no tools to compensate the spread in
coupling.
the spread
has to be small enough in
order not toTherefore,
affect 5 beam
dynamics.
orde
f bam
notto ynamcs.the
ffec
The tunes of a small amplitude particle can be written as
+ AV.) +
( =

[(v. + A

AvY)

2

-2
Awith
++Ir.+AK12,

3

We have considered distortions of the electron beam
density due to interaction with an antiproton beam in the
beam-beam compensation set-tip. For a given number of
antiprotons per bunch, both the electron density distortion
and the coupling due to the distortion are inversely proportional to the magnetic field B in the set-up. In the case when
the transverse sizes of the electron and antiproton beams
are about the same (as it should be in the nonlinear electron
lens for compensation of nonlinear beam-beam
effects in
the Tevatron), one needs more than 2T longitudinal field to
keep the electron charge distribution distortions less than
3% with respect to original axisymmetric distribution and
tead
of
the
con less tha 4f n
etE
ban
t
h
tine
srelr
les
(o
c-mesatidno
the
bunch-to-bunch tune spread) has to be 2-3 times wider than
antiproton beam, and because of that in the same field
the
beam an
s maoftha
in the
sethen 1%,
l
of Bansiproion
= 2T the distortion 3 p/p is smaller, less

(4)
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V. Parkhomchuk, S. Danilov, A. Sery, P. Bagl ey, and
A. Burov.

where v,, and vy are the unperturbed horizontal and vertical tunes, in the 0.57
current
Tevatron
lattice they
are decriing
0.585 and
umbe
n s a ompex
coresondigly
0.575 correspondingly. ¢ is a complex number describing
the coupling. For a satisfactory operation of the Tevatron
collider, the global coupling is corrected down to value of
n. 0.001 [5]. A's in Eq.(4) represent the changes of
these quantities that arise from the interaction with the electron beam. E.g., the horizontal tune shift due to electron
lens is about Av, = -0.01. The maximum coupling shift
can be calculated from Eq.(l):
eIA

CONCLUSION.

and the coupling spread in the antiproton bunch becomes
negligible I' 1< 7. 10-5.

+ (

_[
) 4

Tevatron global coupling correction goal of about 0.Q01.
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BEAM-BEAM STUDY IN BEPC MINI- P SCHEME
Sheng Wanng, Shouxian Fang, Chuang Zhang
Institute of High Energy Physics, Beijing 100039
Abstract

For the finite bunch length, the beam-beam force
experienced by a particle does not act on a betatron phase
point, but a phase interval. The total beam-beam force is
"averaged" by the phase interval. For the resonance

For performing mini- P colliding on Beijing Electron
Positron Collider(BEPC), high RF voltage is supplied for
shortening the bunch length, but beam experiments show
that high RF voltage results in the luminosity decrease.
The conclusions of detailed study are that, for BEPC, the
averaging over the betatron phase during the collision has
occurred. The ratio of bunch length over beta function at
interaction point is too small , and the mitigating of
averaging over the betatron phase causes the luminosity
decreases.

pVy = m

1INTRODUCTON

-s -ds = 27s
- *
NO

(2)

one can obtain that the smaller P, /a. contributed more to
increase the effect of the averaging over betatron phase as
well as to decrease of the resonance strength. This agrees
to the result of theoretic derivation [2].
In BEPC machine study, we found that for 2.015GeV
mini-fO mode, when the nominal value of 0,* is 5cm, the
measurement value is about 8.7cm, and P,*/a, >1.5. Just
under this condition , the special phenomenon that the oF
increase with increasing of RF voltage, resulting in the
decrease of the luminosity. So we infer that the increase
of the vertical beam size resulting from high RF voltage
is related to the decrease of the effect of averaging over
betatron phase resulting from the compression of the
bunch length. This reference is supported by the later
simulation and results of machine study.

2 SIMULATION
The code BBC(Beam Beam with Crossing angle) [4],
used in
inter onimulation s
interaction
simulations. The bunch length used in
simulation is calculated by the following scaling law,
Ib (mA)ap,

(y, (cm) = 0.651 * (EýeV)

E(GeV)V2

3.49

(3)

which is given by the bunch length measurement with
an
um compaction factor.
stream camera, and a is moment

The works supported by President Foundation of Chinese Academy of Sciences and Post Doctor Science Foundation of China.
E-mail: wangs@bepc5.ihep.ac.cn
0-7803-5573-3/99/$10.00@ 1999 IEEE.

(1)

in which Vy is the betatron tune, the effect of averaging
decreases the resonance strength. Roughly speaking, the
effect is proptional to the size of the interval . The size of
phase interval is

,p=
Mini-P3 scheme is one of the most important way of
Beijing Electron Positron Collider(BEPC) luminosity
upgrades. For performing Mini-J3 scheme on BEPC, high
RF voltage is supplied for shortening the bunch length.
But the abnormal phenomenon was observed during
machine study [1]. For 2.015GeV colliding mode, the
vertical beam size ac increases with the RF voltage
increasing and result in the luminosity decrease. Learned
from the machine study that the increase of cr, is
correlated with the beam-beam interactions, but we did
not know why and how to overcome it. This abnormal
phenomenon seriously influenced on the performance of
the Mini-jP scheme. Here, authors are aiming to explain
the abnormal phenomenon and overcome it.
The higher RF voltage not only shorten the bunch
length, but also increase the synchrotron frequency. Here,
our study are concentrated on the effects of bunch length,
and for the change of the synchrotron frequency induced
by the RF voltage, as shown in the later simulation and
machine study, do not influence on the vertical beam size
and luminosity obviously. We also can know from the
beam experiments that the synchrotron betatron
resonance is not the reason of the abnormal phenomenon.
The "hourglass" effect lets the luminosity increase with
the increasing of the ratio /a,l, where P,* is the vertical
j3 function at the interaction point, and aj is the bunch
length. On the other hand, there is another bunch length
effect on beam-beam interaction, i.e. effect of averaging
over the betatron phase. In BEPC, this effect occurred.

p , m integer,
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running on J/Nf (1.548Gev) energy region, and the later
machine study are also at 1.548GeV colliding mode. So
we can compare the machine study results with the
simulation here directly.
Fig.3 shows the simulation results with E=1l.548GeV,
Py'=5cm, bunch intensity Ib=15mA, and gives simulation
results of total 6 different working point, v.=5.81, vy is
from 6.73 to 6.78, with step 0.01. One can obtain that the
luminosity with RF voltage 0.85MV is higher than the
one with RF voltage 0.30 MV, except one working point
(5.81,6.71), which close to resonance 3v,+2vy+2v =4.
Fig.4 gives the simulation results with iPy'=8.5cm, same
energy and bunch intensity as Fig.3. Totally 10 working
points, v,=5.81, v. is from 6.67 to 6.76, with step 0.01,
are involved in the simulation. The figure tell us that the
result here is not only different from Fig.3, but also
different from Fig.2. The luminosity do not vary with RF
voltage regularly. From Fig.5 in the later section, we can
get the answer: under this condition, P*/a. is too large to
observe varying of luminosity with different RF voltage.

2.1 Simulation results of 2.015GeV
In the first two figures give simulation results of total 6
different working point, v.=5.81, v, is from 6.75 to 6.80,
with step 0.01, and under the different RF voltage,
compare the luminosity.
Fig. 1 shows the simulation results with parameters of
E=2.015GeV, I3y=8.7cm, bunch intensity Ib=35mA. One
can obtain from Fig.1 that the luminosity with RF voltage
O.9MV is higher than the one with RF voltage 1.5MV,
except one working point. So when Py is larger than
nominal value, luminosity decrease with RF voltage
increase. Then if we set Py=5cm(nominal value), how
about the results?
Fig.2 shows the simulation results with same
parameter as Fig.1, except Py=5cm. One can learn from
Fig.2 that luminosity increase with RF voltage increase,
totally contrary to the Fig. 1.
In Fig.1 and Fig.2, all the parameters except Py* are
same, but the results are totally different. From this we
also can draw another conclusion that the synchrotron
frequency changed with RF voltage do not influence the
luminosity obviously.
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2.3 Simulation study on the relation between

2.2 Simulation results of 1.548 GeV mode

luminosity and / f3y* in BEPC

The simulation results of 2.0GeV colliding mode are
given in the above section. We are more interesting in the
1.548GeV mini-P colliding mode, because now BEPC is

In the above simulation study, our purpose is to observe
how the luminosity change with higher and lower RF
voltage, and so only two RF voltage value(bunch length)
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were simulated. According to the theoretic analysis, for
the existing of "hourglass" effect and averaging over
betatron phase, how will the luminosity vary with a/t3,1
continuously? For BEPC, is there the most optimal a1/%3
I"c
which give highest luminosity? If there is, what its value
is? To answer these questions, a group of simulations
were done. Different from the above simulations, here
synchrotron frequency v, do not change with RF voltage.
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the increase of RF voltage. Fig.7 shows the results of
3y=5cm, the luminosity increase with the increase of RF
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4 CONCLUSIONS
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Fig.5 Relations between luminosity and (Y/ Y*in BEPC
Fig.5 shows the simulation results of two working
points (5.81,6.75) and (5.81,6.77). We can obtain that the
most optimal value of /j3Yy* is about 0.9-1.1 .

3 MACHINE STUDY
Machine study is done at 1.548GeV mode. Under the
condition of 53,=8.5cm and 3y =5cm, change RF voltage,
and oberserve the change of luminosity. RF voltage was
changed from 0.3MV to 0.85MV. For each given RF
voltage, five luminosity readings are recorded to reduce
the measurement error of luminosity. The bunch intensity
should decrease during the changing of the RF voltage,
and this change are corrected by Lc•:Ilb when process data.
In the following figures the line indicates the average
value.

The study on problem of the beam-beam effects which
come from mini-f3 scheme BEPC luminosity upgrades
draws the following conclusions:
For BEPC, the bunch length oy influences the beambeam interaction mainly through the "hourglass" effect
and averaging over the betatron phase during the collision,
and these two contrary effects make the luminosity be
maximum only when /ff/y is near the optimal value. If
aM/myV is more than the optimal value, the luminosity
decreases resulting from the hourglass effect, and if the
aY/Py* is less than the optimal value, the luminosity
decreases resulting from mitigating of averaging over the
betatron phase as well as the increasing of resonance
strength. The most optimal value of o;/[,* for BEPC
given by the simulation is about 0.9-1. 1. All the recorded
machine study results about bunch length influencing on
luminosity agree to the theoretic analysis and simulations.
At the suitable range of cr,/f, ,the luminosity can be
increased by shortening the bunch length, for BEPC, as
well as increasing of RF voltage.

3
5
•2-

C0

5 REFERENCES

--

[I] Li Ma etc., BEPC/MD/95.

2-- -------------------------

A•

[2] S. Krishnagopal and and R. Siemann, Physics, Review

D, Volume 41, No.7, April 1990.
[3] Yingzhi Wu,
Guangxiao Li and Aimin Xiao,
Proceeding of the Workshop in on BEPC Luminosity

•* Vrf=O. 85MV
U Vrf=0. 35MV

15

Vrf=0. 85MV
0Vrf=0.35MV
-

1

2

3

Upgrades,Beijing, June, 1991.

4

5

[4] K. Hirata, Nucl. Instr. Meth. A269(1988) 7.
[5] C. Zhang and K. Hirata, KEK, Preprint 96-91.

Fig.6 Machine study results, E=l.548GeV, Py*=8.5cm

1697

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

NEW PROJECTS AT CRYRING
H. Danared, G. Andler, L. Bagge, A. Killberg, P. L6fgren, A. Pail, K.-G. Rensfelt, 0. Skeppstedt,
A. Simonsson, M. af Ugglas, Manne Siegbahn Laboratory, Stockholm, Sweden
H. Cederquist, H. T. Schmidt, S. H. Schwartz, Stockholm University, Stockholm, Sweden
Abstract
Major recent developments at CRYRING include the
installation of a superconducting gun solenoid on the
electron cooler one and a half years ago, the construction
of a gas target for studies of fast ion-atom collisions that
will be operating in the late spring of this year, and an
ECR ion source on a high-voltage platform that will be
used as an additional injector into CRYRING. Smaller
projects relate to the continuous requests for new atomic
and molecular ions in the ring, including now negative
ions, which leads to a demand for new detector positions
and, since these ions often are difficult to produce in an
ion source, also to improvements of the diagnostics of
weak beams in injection lines and in the ring.

1 ELECTRON COOLER
The electron cooler was rebuilt during the summer of
1997 for the installation of a superconducting gun solenoid and a new electron gun of 4 mm diameter [1]. The
aim with this modification was to reduce the transverse
electron temperature further and to improve the condielecrontemeraure
urter nd o imrov th codielectron-ion recombination.
with
tions for experiments
The superconducting magnet has a nominal maximum
field of 5 T, but it is usually run at 3 T together with
300 G in the rest of the cooler magnets. This gives an
adiabatic electron-beam expansion with a factor of 100
and, theoretically, a reduction of the transverse energy
spread of the electrons from 100 meV to 1 meV. With the
n
eer
gnfmdiameter,
then
the elecoect
be 40mm
ron-bealas
diameter in the cooling section will then be 40 mm as
before the introduction of the beam expansion.
Some measurements of the longitudinal drag force with
the 100 times beam expansion have been performed.
They showed an increase in the drag force compared with
the data for 10 times beam expansion by 25-50% at
relative velocities in the vicinity of the drag-force maximum. This increase is presumably larger than the measurement errors, but it is possible that the longitudinal
electron temperature in the new measurements was lower
incethenew
thanin
than in those wit
with 10tims
10hos
times exanson
expansion since
the new
then
may
This
construction.
electron gun is of a different
force
drag
longitudinal
The
effect.
the
of
explain some
thus still agrees reasonably well with a binary-collision
model with a value of kT. approximately equal to 3 meV
[2]. Note, however, that this model does not include the
effect of the magnetic field in the cooler, and the com0-7803-5573-3/99/$ 10.00 @1999 IEEE.

parison thus does not necessarily mean that kTL actually
is 3 meV.
Preliminary studies with the new cooler where the expansion ratio has been changed have also been made, and
here the difference between 10 and 100 times expansion
was of the same size as the measurement errors.
To some extent, information about the transverse drag
force can be obtained by studying so-called transverse
Hopf bifurcations [3-4]. When an angle is introduced
between the ion and the electron beam, a transverse
instability will occur at an angle where the transverse
electron velocity (relative to the ion beam) exceeds the
velocity where the transverse drag force has its maximum. The ions will then start to perform transverse
oscillations with an amplitude that depends on the electron-beam angle.
We measured the oscillation amplitude using a beam
profile monitor and compared the measured profile with
tracking results. These profiles have the form of two
distinct peaks whose separation corresponds to the
oscillation amplitude and weaker intensity between the
peaks. The tracking program uses a drag force calculated
in three dimensions according to the model described in
atron oscibedtin
ts
cludensions a
in
ref. [2] and include such effects as betatron oscillations,
dispersion, the space charge of the electron beam, and the
position and alignment of the electron beam relative to
the ion beam.
Figure 1 shows a preliminary comparison between
measurements and tracking simulations. The shape of the
curves
reasonably
similar, showing
a sharp
for the are
onset
of the transverse
oscillations,
and threshold
again the
the binary-collision
measurements seem to agreein with
modelrwitheaiktrosomewher
betweenam
anda10imeV
e0 meV.
model with a kTc somewhere in between I and
The most accurate way of measuring the electron temperature is to look at the peak shape of sharp recombination resonances. The asymmetry of such peaks that occur
provided that the relative energy between ions and
electrons is sufficiently low makes it possible to determine the transverse and longitudinal temperature simultaneuy.norrtobsniivtoem rarsaslws
neously. In order to be sensitive to temperatures s low as
around I meV, the recombination resonances should be at
a relative energy of at most 10 meV, preferably lower. In
addition, the peak should be well apart from other resonances and must have a narrow natural line width. The
best systems studied so far at CRYRING is C" [5] and F6
[6], where the two latter criteria are essentially fulfilled,
but where the resonance energy is somewhat too high
Although the high
pctively
(01 and 02e res
(0.17 and 0.12 meV, respectively). Although the high
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resonance energy gives some uncertainty, the best fits to
the peak shapes gave a transverse electron-energy spread
of about 3 meV in both cases,
20
15
-
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Z/0
3

10

E
M

/

5
00
0

/nel,

12gas

Angle (mrad)
Figure 1: Beam width, defined as the peak separation (see
text), as a function of electron-beam misalignment. The
left curve is tracking results with a theoretical drag force
and kT±=l meV and the right curve with kTL=10 meV.
The middle curve represents measured values,
Several facts thus points at a transverse energy spread
that is higher than the expected 1 meV, but there remains
to make a conclusive measurement. It could also be noted
that we do not expect that the straightness of the magnetic
field in the cooling solenoid (which was carefully measured when the cooler was built) or a misalignment between ion and electron beams could explain the observed
transverse temperature.

from the source, the ECR is mounted on a 300 kV highvoltage platform. On the platform, and separated from the
source by an einzel lens, is a 1020 double-focusing
analysing magnet. Due to space restrictions and ripple
and leakage current considerations, the 300-kV platform
is separated into two units. The 350-kVA motor-generator
unit and the 300-kV 2.5-mA Glassman high-voltage
supply are placed in another hall and connected to the
ECR platform by 40 m long high-voltage cables. The
platform will be fully enclosed in a metal cage, and in
order to limit the risk for flashover and to protect personthe inner cage will in addition be enclosed in an outer
cabinet, separated by a least 60 cm from the inner shield.
After installation on the platform, an acceptance test of
the source was performed. The three injection systems,
only (Ar), furnace for molten metals (Pb), and sputtering for metals and compounds (Ta) were tested, and
the currents obtained were in fair agreement with the
values guaranteed by the manufacturer. Table 1 shows
some of the results of these tests, as well as the result
when the source was running in the so-called afterglow
mode.
Table 1: Examples of measured ion currents in electrical
pA during the acceptance test for various charge states q.
*Afterglow mode in which case the current in continuous
mode was 24 pA.
q
Ar
Ta
Pb

2 ECR ION SOURCE

Ar"

An ECR ion source has now been installed at the laboratory. The source as such has been tested, and work with
the beamlines that will connect it to the experimental
facilities is in progress. We expect that it will be able to
deliver ions to the storage ring next year.
The ion source is a single stage HYPERNANOGAN
device delivered by Pantechnik. It has an operating
frequency of 14.5 GHz and a maximum rf power of
2 kW. The solenoidal field is generated by an electromagnet, while the hexapolar field is given by permanent
magnets. The magnetic structure enables a future upgrade
to 18 GHz. Extraction voltages of up to 30 kV can be
used.
The ECR source with its cw beams of heavy ions in
intermediate charge states will serve as a complement to
the present EBIS source both for injection into the ring
and for atomic collision and surface physics with the ions
directly from the source. It will also be able to deliver
singly charged atomic and molecular ions, for which the
high-voltage platform will facilitate injection into the ring
in some cases.
In order to improve the injection into the ring and to
allow a wider range of experiments using ions directly
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3 GAS TARGET
A gas-jet target to be installed in CRYRING later this
spring has been designed and constructed in a collaboration between the Physics Department of Stockholm
University, the Manne Siegbahn Laboratory, Frankfurt
University, GSI, and Freiburg University [7]. The main
purpose of the gas-jet target is detailed investigations of
collisions between the fast CRYRING ions and the
molecules or noble-gas atoms of the gas jet by means of
the technique of COLd Target Recoil-Ion-Momentum
Spectroscopy (COLTRIMS).
The target is designed for helium for which the aim is
to create a cold (<5 mK) target with a density of about
1012 cm"3 in a 1.0 mm narrow jet at the point of intersection with the ion beam. At the same time the ultra-high
vacuum of the CRYRING should remain unaffected.
The target operates such that precooled (30 K) gas expands through a 30 gm nozzle from a container with a
helium pressure of p&=2 bar into an expansion chamber,
where a pressure of the order of 103 mbar is maintained
by means of a 1000 I/s turbomolecular pump. After this a
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beam is formed by narrow skimmers before the interaction region is reached. Finally the jet is disposed of in a
three-stage differentially pumped jet dump.
The target has been tested off-line with the helium-gas
container at room temperature. In one particular test, the
load of helium in the collision chamber was measured by
means of a commercial He leak detector while the jet was
running. In this way, the load of helium gas lost to the
collision chamber and thereby affecting the CRYRING
vacuum was found to be less than 5x10 1 ° mbar I/s, which
with the increased helium pumping capacity (as discussed
below) corresponds to a pressure increase of less than
10-12 mbar in CRYRING. This load is expected to increase
by a factor of 10"' when the gas is pre-cooled to 30 K.
By blocking the jet with a scraper in the collision
chamber, the full load of the jet (2x10 6 mbar l/s) was
measured by the leak detector, and the jet diameter was
determined by considering the load as a function of the
scraper position. The diameter of the jet was found to be
1.0 mm as expected. From the full jet load, the diameter
and the expected jet velocity, the He density at the intersection point was found to be about 3x10 10 cm-3. The
density is expected to increase by a factor of 10 when the
gas is pre-cooled to 30 K, so it seems that we will not
quite achieve the desired density with this choice of gastarget parameters. On the other hand, with this parameter
choice we are on the safe side regarding the CRYRING
vacuum conditions, and a density of 3x10" cm"3 will be
sufficient for all planned experiments. If, at a later stage,
a higher density is needed, a wider nozzle and improved
pumping of the expansion chamber seem to be the most
feasible alternative.

4 OTHER PROJECTS
is
The rest gas in CRYRING, where the average pressure
11
around lx10 mbar, consists to 90% of hydrogen.
However, it is to a large extent the remaining 10% that
reduces beam lifetime and increases the experimental
background in studies of processes like ion-electron
recombination. Furthermore, with the use of helium in the
gas-jet target, there will inevitably be some increase in
the helium pressure in the ring, and this helium is not
pumped efficiently neither by the NEG (non-evaporable
getter) pumps nor by the ion pumps used at present. In
fact, the memory effects of the ion pumps will lead to an
increased helium background even long after the gas
target has been turned off.
For these reasons, the vacuum system of the ring will
be upgraded with eight high-compression turbomolecular
pumps. On the high-pressure side of each of these pumps
a smaller turbo pump will be connected, providing a
backing pressure of around 10- mbar, and mechanical
forepumps to each of these turbo-pump assemblies. On
the low-pressure side there will be NEG strips to reduce
the outgassing of H2 from the turbo pumps themselves.

A complete reconstruction of the vacuum chambers
after the electron cooler (the dipole chamber behind the
cooler and the straight section up to the following dipole)
has been made in order to allow detection of a wider
range of ions that have undergone charge exchange in the
cooler. Now there are detector positions that allow the
interception of almost all ions with charge states from I
to around 55 that have decreased the charge by one unit
in the cooler. There are also manipulators in the dipole
magnet after the cooler for the detection of ions that have
increased their charge state (i.e. that bend more than the
primary beam in the dipole), and for ions whose charge
has changed sign (that bend in the opposite direction).
These detector positions are particularly interesting for
the study of charged fragments produced in dissociative
recombination of molecular ions.
Since several years there have been proposals for experiments with negative ions in CRYRING. When the
ring was constructed, this option was foreseen, and it is
fairly straightforward to change the polarity of magnets
and electrostatic deflectors. Tests with negative ions in
the ring will be performed during the spring, and if these
tests are successful, a dedicated ion source for negative
atomic and molecular ions will be purchased.
Finally the efforts to improve the sensitivity of the diagnostics in the beam lines and in the ring are continuing.
These include the installation of sensitive electronics for
strip detectors in the injection lines [8], the use of integrating CCD cameras with image processing at fluorescent screens, and improvement of the noise level of the
amplifiers for the electrostatic pickups in the ring. For the
latter, the use of state-of-the-art integrated-circuit amplifiers and an input stage with several low-noise field-effect
have reduced the noise level to less
transistors in11parallel
than 1 nV/Hz 2.
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Optical Notch Filter for the Stochastic Cooling System of COSY
U. Bechstedt, J. Dietrich, K. Henn, A. Lehrach, R. Maier, D. Prasuhn, A. Schnase, H. Schneider,
R. Stassend, H. Stockhorst, R. Toelle, Forschungszentrum Juelich GmbH, D-52425 Juelich
Abstract
Two cooling methods are installed in the cooler
synchrotron COSY. The electron cooler is used for
stacking and cooling of proton beams with energies
between 45 MeV and 180 MeV. After last year's
commissioning the stochastic cooling system became a
standard tool for beam cooling in the momentum range of
1.5-3.3 GeV/c. The stochastic cooling pickups also serve
for precision measurements of the chromaticity [6]. One
advantage of COSY is the possibility to set up different
machine settings in a 'supercycle'. Internal experiments
can take data below, close at and far above the threshold
in one supercycle. The transversal stochastic cooling
system was updated using the COSY software timing
system to allow cooling in all three experiments. For
longitudinal cooling a new notch-filter was fabricated.
The delay-line of the notch-filter was substituted by an
optical delay line. We will present the characteristics of
the optical notch filter and the enhancement of the beam
quality for an internal gas target using the longitudinal
cooling system with the new notch-filter. In order to use
the longitudinal cooling in a 'supercycle' the optical
delay line has been further improved. A part of the
optical signal path is carried free through an air section.
This section is adjusted according to the beam travelling
time with the aid of a motor-driven prism.

1 INTRODUCTION
The transversal stochastic cooling system operates in the
frequency range from 1 to 3 GHz divided into two bands.
[1]. The stochastic cooling has been used for the internal
gas cluster target experiment COSY1 1. The cycle length
has been increased up to 1 hour. Less than 10% of the
stored protons were lost. The cooling system reached an
1:2 divider

IN

attenuator

frequency dependent

the longitudinal cooling system. The shape of the
distribution remains unchanged until the end of the spill
[3,4].
The longitudinal cooling was realized by using the
vertical band 1 system in sum mode including a simple
notch filter (fig. 1) [2]. The attenuator in the short branch
compensates the loss of the delay-line especially its
frequency dependence. This attenuator is fixed once.
There is no remote control of the value and the frequency
slope.

2 STOCHASTIC COOLING IN A
'SUPERCYCLE'
The possibility to group up different machine settings
within a 'supercycle' is a major advantage of COSY [5].
The transversal stochastic cooling system has been upgraded using the COSY timing system to allow transversal cooling in all settings. The installed programmable
delay-lines allow a change of proton momentum from
2.15 to 3.4 GeV/c or with an additional fixed length of 5
m from 1.68 to 2.15 GeV/c in one supercycle with
transversal stochastic cooling. Longitudinal cooling in a
supercycle needs a system adjusting the length of the
delay-line in the notch-filter. Both accuracy and
resolution are required to be in the order of 1*10-6. An
envisaged realization using commercial RF components
seems to consume too much time and costs. The solution
transferring the RF signals into the terahertz region of a
laser source was more praiseworthy [3].

3 OPTICAL NOTCH-FILTER
The first version of the notch-filter was fabricated in a
similar structure like our coaxial notch-filter. The delay
line was substituted by an optical structure (Fig. 2).
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Fig. 2: Optical delayed notch filter

Delay-Line

Fig. 1: Notch filter for the longitudinal cooling
equilibrium state after 20 minutes, where the energy loss
of the protons through the gas target was compensated by
'Email: r.stassen@fz-juelich.de

0-7803-5573-3/99/$10.00@ 1999 IEEE.

The modulator attenuates the laserlight synchronously to
the longitudinal RF signal of the pick-up. The infrared
signal is delayed by a fibre optic coil. The RF signal is
afterwards reconstructed by the photodetector. The equal
phase power divider [2] was substituted by a hybrid
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having a better decoupling between the short and the long
branch of the notch filter. The frequency dependence of
the attenuation in the optical delayed branch is negligible
because the small relative bandwidth required of the
optical system is around 3*1O0 at the RF frequency band
of 1-1.8 GHz. Therefore, the RF attenuator in Fig. 2 is
now a frequency independent one. Equalizing the
attenuation between the short and the long branch of the
notch filter is simply fulfilled by regulating the power of
the laser light.
The longitudinal cooling was improved by the optically
delayed notch filter in the following items:
The notch depths over the whole frequency band exceed
values of 35 dB compared to 25 dB of our first RF
delayed filter. The dispersion of the optical notch filter
can be neglected. Frequency shifts of only 25 Hz relating
to the proton revolution frequency were measured at the
RF band end caused by small phase deviations between
both branches of the notch filter. The dispersion of the
coaxial line used for the delay in the coax notch filter is
essentially larger.
o th
NotlifequncyWhen
Chane
C100hHangeof the ic oTemperature
(100th Hrmonc)
s Teperaurefrequency
1,5369
1,53685notch
1,53685notch
S 1,536ý8 -and
1,53675The

the amplifier of the cooling system are switched
off the distribution would be shifted upwards in
due to energy loss in the target. The resulting
frequency distribution is smaller compared to the old
filter. Both longitudinal cooling systems (the old
filter of commercially available RF components
the optical one) were used alternately in a COSYl 1
run time at different energies.
cycle lengths were successfully increased up to 2
with the aid of the optical notch-filter. After filling
COSY ring for the COSY 11I experiment the beam of
the cyclotron was used for radionuclide production during
tee2hus
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a
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chnewith reference to the
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-30 The temperature behaviour of the optical notch filter was
measured. Fig. 3 shows the change of the notch-40frequency versus temperature. The frequency change is so
small that no further steps like the use of a temperature
-5
stabilized fibre optic has to betaken [7].
0
'
The horizontal Band 1 cooling system was extended by a
-6
new path for the longitudinal optical cooling system.
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Amplitude and phase of this new signal path have been13986196031397551989813984
frequency / GMz
adjusted by automated ITF measurements. The optical
notch filter was installed and tested with beam. After
-1.
notch-measurement
--after 200 cycles
several minutes most of the particles are concentrated at
the momentum given by the frequency of the notch filter.
Fig. 5: Accuracy of the repeatability of the adjustable
Fig. 4 shows the resulting Schottky signal measured at the
notch filter
revolution frequency over 1.5 h.
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We added an adjustable delay line to the notch filter in
order to use the longitudinal cooling system in a
supercycle. Fig.6 shows the implemented changes of the
RF

laser

modulator

A regulating circuit compensates this loss of the laserlight by adjusting the laser light according to the
monitored photo current of the diode in the
photodetector. The vertical position of the incoupling
collimator is additionally motored with a accuracy of 1
g•m. If the available laser power reaches its highest limit
the vertical direction will be adjusted to reach the optimal
RF-power.

4 CONCLUSION
SWt

;

The fine adjustment of the optical notch filter has been
installed in the COSY ring and successfully used in
COSYl 1 user run at 3.2 GeV/c. The experiments can
now take data below, close at and far above the threshold
with a stochastically cooled beam in one 'supercycle'.
The adjustable notch filter allows longitudinal cooling in
the momentum range from 3.4 GeV/c down to 2.6 GeV/c
in one supercycle. Different momentum ranges down to
1.5 GeV/c will be available by adding different lengths of
additional fibre optics. The signal paths of the transversal
cooling systems can be adjusted within a similar
momentum range. The beam size of 1*10'° protons is
reduced by a factor of two although the gas target is
permanently heating the beam.

i
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RF
Fig. 6: Adjustable delay line
optical delay line. The system for the fine adjustment was
gof about 5m.
fabricated with a planned adjustable length
This length difference is realized by an air section. This
section is adjustable according to the beam travelling time
with the aid of a motor-driven prism.
Fig. 5 presents the first measurements of the adjustable
notch filter around the 900d-hannonic of the beamrevolution frequency.
The motored prism was moved 200 times over the
moving range and back. 200 cycles are a realistic number
for a 1 week COSY 1 user run of a cycle length of 1
hour. We reached a reproducibility of 1.5* 10-.
The temperature changes of the system are now very
critical. Small variations of the room temperature caused
a displacement of the laser spot after the air-section. The
laser light is not coupled completely into the 50gtm multimode fibre-optic. The amplitude of the demodulated RFsignal decreased and changed the notch depth rapidly to
smaller values.
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ELECTRON COOLING ASSISTED BEAM ACCUMULATION
IN THE HEAVY ION SYNCHROTRON SIS
BY REPEATED MULTITURN INJECTION
M. Steck, L. Groening, K. Blasche, H. Eickhoff, B. Franczak, B. Franzke, T. Winkler,
GSI Darmstadt, Germany; V.V. Parkhomchuk, BINP Novosibirsk, Russia
Abstract
The heavy ion synchrotron SIS has been equipped with an
electron cooling system for fast beam accumulation at the
injection energy. Optimization of injection and cooling resuited in synchrotron pulses with more than an order of
magnitude higher intensity. For highly charged ions the intensity is limited by recombination with free electrons. The
rate coefficients have been measured thus allowing a selection of the most favorable charge state in order to maximize
the beam intensity for highly charged ions.

Table 1: Typical parameters of the SIS electron cooling device for ion beam accumulation.

1 INTRODUCTION
The heavy ion synchrotron SIS [1] is filled by horizontal
multiturn injection which results in a horizontal emittance
E ! 150 ir mm mrad. It can presently not be operated
with highly charged ions up to the space charge limit. The
intensity for beams of highly charged heavy ions is limited by the ion source and the low energy section of the
injector linac. In order to facilitate beam accumulation by
repeated multiturn injection with interspersed cooling an
electron cooling system has been designed [2].
Short transverse cooling times allow fast repetition of
multiturn injection into the outer part of the horizontal ring
acceptance, while the inner part is reserved for the cooled
accumulated ion beam. As the typical synchrotron cycle
times are a few seconds and transverse cooling times of order 100 ms are aimed at the intensity gain can be up to one
order of magnitude. The cooling time decreases proportional to A/q 2 promising the highest intensity gain for the
heaviest ions which can be injected with the lowest intensities.
After an intensity upgrade of the linac the electron cooler
will be ready for accumulation of beams of rare isotopes
and preparation of high quality beams.

2 ELECTRON COOLING SYSTEM
The electron cooling system was designed and manufactured in a collaboration between GSI and BINP, Novosibirsk. The design parameters of the electron cooling
system [2] were specified according to the requirement
of transverse cooling times for ions with mass numbers
A > 100 of around 100 ms. Use of adiabatic magnetic
expansion for reduction of the transverse electron temperature and for matching of the electron beam diameter to the
ion beam size was included in the design. Cooling at an
0-7803-5573-3/99/$10.00@ 1999 IEEE.

6.3 keV
electron energy
cathode diameter
25.4 mm
cathode temperature
- 1200 K
gun perveance
29z
2.9 uP
maximum electron current
1.5 A
relative loss current
< 1 X 10-4
magn. expansion factor
3
magn.
ens in cor
magn. field parallelism in cool. section
<_ 1 10-4
vacuum pressure
< 1io 10-10 mbar

intermediate energy (between 55 and 65 MeV/u) will allow rebunching at the second harmonic of the revolution
frequency for generation of high density ion bunches.
The complete electron cooling system was assembled at
GSI and tested with electron beam outside the synchrotron
before installation in the ring tunnel [3]. The typical parameters of the electron cooling device for operation at the
injection energy of the synchrotron, which requires an electron energy of 6.3 keV, are listed in Table 1.
The control hardware for the electron cooling system has
been prepared for ramped operation synchronized with the
acceleration cycle. Since the cooler has been used for beam
accumulation at the injection energy to date operation with
static magnetic field and constant electron energy and current was sufficient for commissioning in the synchrotron.

3

SYNCHROTRON OPERATION WITH
ELECTRON COOLER

For the operation of the electron cooler in one straight section of the synchrotron additional corrections of the closed
orbit had to be implemented. A small dipole magnet at both
ends of the cooler and the correction coils in the adjacent
main dipole magnets correct the horizontal kick introduced
by the toroids and allow an adjustment of the ion beam displacement and the beam direction in the cooling section.
The coupling of horizontal and vertical phase space due to
the longitudinal field of the cooler is not corrected. For
optimum injection the ring tune and the setting of the injection beam line have to be fine tuned after powering of
the cooler magnetic field and of the closed orbit corrections. Multiturn injection with the cooler magnetic fields
presently results in about 65 % of the standard multiturn
gain factor.

1704

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
For beam accumulation with cooling the amplitude of
the orbit bump in the injection section is slightly reduced.
Thus free space between the closed orbit and the electrostatic septum is provided for the cooled circulating beam
to pass by the septum when new beam is injected. Beam
accumulation starts when the electron beam is switched on
with the electron velocity matched to the ion velocity after
injection. Additional fine adjustment of the spatial and angular alignment between electron and ion beam minimizes
of the
the transverse cooling time as well as the emittance be
inbeam can
ion
the
of
intensity
The
cooled beam.
creased by more than one order of magnitude after proper
setting of all cooler and ring parameters (Fig. 1).
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Figure 2: Accumulation rate as a function of the electron
current for different expansion factors.
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Figure 1: Accumulation of 1 x 10i Au6"+ ions in less than
5 s. The ion beam was cooled at the injection energy with
a 300 mA electron beam expanded by a factor of 3.

4

multiturn injection) beam instabilities arise due to the high
phase space density of the ion beam. A maximum intensity
of 7 x 109 Kr34 - (7 mA) has been achieved [4]. The ion
beam approaches the space charge limit, but also coherent
transverse oscillations may be excited by interaction with
transverse impedances. A transverse feedback system is
presently designed for damping of coherent oscillations.

BEAM ACCUMULATION

For high average beam intensity from the synchrotron the
accumulation rate, i.e. the intensity filled into the synchrotron per unit of time divided by the current in the injection beam line, has to be maximized. Systematic variations
to
of the injection and cooler parameters were performed
2 shows
Figure
conditions.
accumulation
find the optimum
the influence of the electron beam current for three different electron beam expansion factors on the accumulation
rate for optimized injection rate. An expansion factor of
three and typical electron currents of 0.3-0.5 A are usually
applied for beam accumulation. Higher electron currents
result in slightly faster accumulation, but the recombination losses also increase and limit the maximum intensity
(see Sect. 5).
The variation of the accumulation rate with the time between successive injections exhibits a maximum for rather
short time intervals (Fig. 3). A time of about 200 ms is
required for transverse cooling, for larger time intervals
the additional cooling time will not accumulate the beam
more efficiently and the accumulation rate decreases proportional to the injection rate.
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Figure 3: Accumulation rate versus the time interval between successive injections.

With highly charged heavy ions the limitation of the
maximum beam intensity unambiguously is related to
beam losses by recombination with free electrons in the
cooling section which have been studied in more detail.
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5

RECOMBINATION OF HIGHLY
CHARGED IONS

Before injection into the synchrotron the ions are usually
stripped at the injection energy 11.4 MeV/u in order to
reach the highest final energy. At the injection energy
heavy ions are produced with 10-20 bound electrons in
largest abundance.
The recombination rate for two species of highly charged
ions was studied experimentally for the various charge
states available after the injection line stripper. The recombination rate was evaluated from the exponential decrease
of the ion current when injection was stopped and the ion
beam continued to circulate at the injection energy. Measurements of the beam lifetime for different electron currents allowed to distinguish between losses due to recombination with electrons in the cooler and the losses caused
by interaction with the residual gas. The recombination
rate with electrons showed a linear increase with electron
density and for fixed electron current a scaling inversely
proportional to the square root of the expansion factor as
expected [5].
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ergies. The difference between Au and Bi is likely to be
caused by changes in the vacuum pressure and the composition of the residual gas between the two experiments.
The recombination rate in the electron beam is in disagreement with calculations of radiative electron capture
which is expected to be the dominant recombination process. Neither the absolute value of the rate coefficient nor
the variations with the charge state which can amount up
to a factor of five are comprehensible assuming radiative
electron capture only. The recombination rate maxima for
the two ions are not correlated with the electronic configuration. Resonant electron capture at small relative energy,
e.g. by dielectronic recombination, could be an explanation for the enhanced recombination rates and the strong
variations with the charge state which have been reported
previously [6].
The charge states with high recombination losses must
be avoided if accumulation of the maximum beam intensity is aimed at. Even for the more favorable charge states
the beam lifetime due to recombination losses with free
electrons is below 10 s for the typical electron densities
of 3 - 5 x 107 cm- 3 , the lifetime due to the residual gas
is on the order of some 10 s depending on the vacuum conditions. Therefore for the heaviest ions a careful choice
of the most favorable charge state with respect to recombination is mandatory to take greatest advantage of beam
accumulation. After selection of the most favorable charge
state Au 65 + the number of ions in a SIS pulse could be increased to 1.5 x 109 which is a factor of 15 higher than the
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DESIGN OF ANTIPROTON ELECTRON COOLING IN THE RECYCLER
A. Burov, J. MacLachlan, J. Marriner and S. Nagaitsev, FNAL, Batavia, IL
Abstract

2

A conceptual design of electron cooling of 9 GeV antiprotons for the Tevatron is discussed. Analytic and numeric
calculations of the cooling process determine the basic requirements of the cooler.
l

PURPOSE

During a Tevatron store, emittances of the colliding
bunches grow and the luminosity decreases. For RUN
II, the luminosity is calculated to drop by a factor of 2
after 6-7 hours [1], so the beams should be renewed after
this time. The purpose of the Recycler storage ring is
to accept the unspent antiprotons (pi) from the Tevatron,
to recool them transversely and longitudinally, and to
redeliver them to the collider. The Recycler must also
accept fresh antiprotons from the Accumulator, and this
process requires longitudinal cooling too. For RUN II, the
stochastic cooling system is thought to be adequate; an
example of simulations for the transverse cooling is shown
in Fig. 1.
.-

3.5

.

A possible scenario for the periodic cooling-stacking process in the Recycler could be following:
. t = 0 : 100 bunches of (hot) antiprotons leave the
Tevatron, are decelerated in the Main Injector, and arrive at the Recycler, sharing its circumference with already cooled antiproton beam. Then, the cold portion
is transfered to the Main Injector, releasing the phase
space for the hot beam with N = (2.5 - 10). 1012 !)'s
occupying A = 400 eVs of the longitudinal phase
space and 307r mm mrad of the normalized 95% emittance. Transverse stochastic precooling starts.
e Every quarter of an hour, a fresh pbar batch arrives
from the Accumulator. Its population is 1011 in 10eVs
and 157r mm mrad (normalized 95%). It is adjoined
longitudinally to the whole stack by means of the
barrier-bucket technique [2].
* t = 1-2 h: Stochastic precooling finishes; beam emit-

tance is 15Srmm mrad. Electron cooling begins.
* t = 3 - 8 h: Electron cooling finishes producing a

beam with 107r emittance and 150 eVs or less of the
phase space. The cycle is then repeated.

-longitudinal

3

SIMULATION RESULTS

To simulate electron cooling processes, a multi-particle
C++ code has been written. This code tracks the time evolution of an ensemble of cooled particles, optimizes the
cool-

E
1.5

ing process under various conditions and finds the tolerances on imperfections.
In distinction to usual situation in low-energy coolers,

-C
LU

SCENARIO

0.5

,

0

0

relative velocities between the cooled particles and the electrons are supposed here to be determined by the cooled particle (pi) velocities. Electron velocities are assumed to be

__,_____

2000

4000
6000
Time (sec)

6000

10000

Figure 1: Evolution of the (unnormalized) emittance of
5. 1012 particles in the Recycler with the full momentum
spread ±2 • 10-3 during stochastic cooling with 2-4 GHz
bandwidth.

low enough not to depress the cooling rates. In this case,
the longitudinal and transverse cooling rates All and A± are
strong functions of the p longitudinal and transverse velocities in the beam frame vi, and v± [3]:
All oc (vjvll)- 1 ,

However, the efficiency of the stochastic cooling decreases with intensity of the cooled beam, which could
make it insufficient for the future TeV 33 program. Electron
cooling might be a good supplement to stochastic cooling
because of its independence on the beam intensity. On the
other hand, electron cooling is much more efficient if the
beam is already precooled. Thus, a hybrid cooling scheme
could be used in the Recycler, with stochastic cooling for
the first stage and electron cooling for the second.
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

A± cLvI

3

for vll _ v±.

The smaller the pi velocity is, the faster it decreases. Thus,
electron cooling tends to shape a narrow core of supercooled particles inside the distributions. For flat pbar distributions, i.e., vi <« vj, the longitudinal rates are higher
than the transverse and the longitudinal core is created first.
Actual size of this core is determined by an equilibrium between cooling and IBS diffusion which is calculated separately (see section 5). The evolution of the recycled p's
from the initial state is shown in Figs. 2 and 3.
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ELECTRONCOOLING
PROCESS
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Figure 2: Evolution of the transverse p distribution from
the initial Gaussian one with the rms normalized emittance
2.5 mm mrad.

Figure 4: Evolution of the longitudinal phase space area in
the cooling-stacking process
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Figure 3: Evolution of the p momentum distribution from
an initial parabolic one.
The conclusion from the simulations is that transverse
cooling of the recycled i's from e = 157r mm mrad to
S= 107r mm mrad requires 0.9 Amperexhour (Ah) of
(cooler length) x (cooling time), for a 20 m cooling section.
For beam from the Accumulator, this value is 0.7 Ah.
The longitudinal phase area A shrinks with a rate r0
1.2 A-lh-1 over the whole interesting interval 150 eVs <
A <400 eVs. This approximate rate is used in the stacking
model discussed below.

4
4COOLING-STACKING PROCESS
The phase space evolution in the cooling-stacking process
can be described as:
A= -roA + f8 Ab+ f±,ASA
where f, is the stacking frequency, the number of injections
per hour, Ab is the batch phase area, and A, is the fractional

110
Dllution per Batch, %

Figure 5: Tolerances on the longitudinal phase space dilution due to the stacking imperfection.

phase area dilution due to the stacking imperfection. The
solution reads:

A(oo) + (A(O) - A(oo)) exp(-(ro - fsA 8 )t)
A(oo) = Abfs/(ro - f 8 A,)
(1)
The asymptotic phase space area A(oo) is related to an
equilibrium between factors which tend to increase the
phase space (stacking, dilution) and the factor tending to
shrink it (cooling). The phase area evolution is presented
in Fig. 4, a tolerance for the dilution can be found from the
results shown in Fig. 5. The conclusion is that for the injection frequency f, = 4h-1 and dilution A, < 1%, the
current I, = 300 mA is sufficient for antiproton accumulation.
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5

INTRA-BEAM SCATTERING OF
ANTIPROTONS

are simplified by
Intra-beam scattering (IBS) calculations
assuming that first, the longitudinal 3 velocities are smaller
than transverse (typical for hadron beams), and second,
beam envelope variations are small enough (about 30% in
the Recycler) to apply the smooth approximation.
Under these assumptions, IBS is reduced to a heat transfer from the hot transverse degrees of freedom to the cold
longitudinal one which can be described as a diffusion in the
longitudinal degree of freedom. The diffusion imposes a
limit on the width of the longitudinal distribution: it cannot
be smaller than the one determined by the cooling-diffusion
equilibrium. If the equilibrium width is smaller than the
design value, IBS can be neglected; otherwise, IBS puts a
limit on the final width of the distribution.
Conventionally, the IBS diffusion coefficient is calculated as a single number for the whole distribution. This
number results from an averaging of the local diffusion coefficient, which depends on actions of the scattered particle,
over the distribution. However, to derive the equilibrium
distribution with a good accuracy, a knowledge of the average diffusion is not sufficient; more detailed information
contained in the local diffusion dependencies is required.
The diffusion coefficient D as a function of velocity amplitudes vx, vy of the given particle which scatters on other
particles distributed with rms velocity vj is calculated from
the Landau collision integral [3]. For a Gaussian transverse
distribution

D

The Fokker-Planck equation (3) with the diffusion coefficient (2) and the cooling force (4) can be analytically resolved for the equilibrium distribution:
f = exp(-w/zi)/1i,

yielding the equilibrium longitudinal phase space (95%) averaged over the transverse distribution
1 Ip rp L a 2
A = --4 qIle -r, L11 a?•ETo.
r
This phase space is sufficiently small; for Np = 1.1013 and
I, = 300 mA, A = 30 eVs. As long as the desired phase
space area is larger than this equilibrium, the IBS may be
neglected.
The main parameters of the electron cooling in the Recycler for the 100 bunch scenario are summarized in Tab.
1.

Table 1: Electron Cooling for 100 Bunches
Parameter
Circumference
Pbar momentum
Number of pbars, total
Init. long. area recycled pbars
Fin. long. 98% area, goal
Init. norm. 95% emittance
Fin. norm. 95% emittance
Batches per hour
Batch area
norm. 95% emittance

4irn-r2 L=
42=PLp 1,
D=
.,vBatch

2

V3

2

Cooling length
Beta-function in the cooler
current
Electron
Time
of cool-stack
cycle
Electron beam radius
rad
Electron an
Electron temperature
Electron momentum spread

vI

r V/(v2 + v, + 2v2 /1r)(v2 + 2v2/7r)(v2 + 2v2/7r)
(2)
IBS
the
is
Lp
axis,
beam
the
at
density
pbar
the
where np is
emittance.
rms
normalized
the
is
E6
and
Coulomb logarithm
The calculated diffusion is consistent with the average diffusion coefficient reported in [4] to an accuracy better than
10%; it is also consistent with numerical calculations of the
average diffusion that are free from the above simplifications [5].
The evolution of the longitudinal distribution is described by the Fokker-Planck equation:
Of
w
p /.f
()6
--=• •w F f + P-L-w ; w = Jp/p.
(3)
ý9t~w
2 Ow )[1]
Here

Value
3319.4 m
8.9 Gev/c
(5 - 10). 1012
400 eVs
150 eVs
307r mm mrad
10 ir mm mrad
4 h-'

lOeVs

15 ir mm mrad
20 m
20 m
300 mA
7 hour
0.6 cm
< 1 eV

<5• 10-

The authors are thankful to Ya. S. Derbenev and
V. V. Parkhomchuk for fruitful discussions.

8(Ie/e)rrp77LI1
F =

v = D/2F,
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SUPPRESSION OF TRANSVERSE BUNCH INSTABILITIES BY
ASYMMETRIES IN THE CHAMBER GEOMETRY*

Abstract

A. Burov, FNAL, Batavia, IL and V. Danilov, ORNL, Oak Ridge, TN
a)
b)
c)

The wake forces produced by a beam bunch can be reduced..
by making the vacuum chamber cross-section axially asymmetric. Furthermore, the asymmetry results in a betatron
tune shift for particles in the tail of the bunch. As a result,
transverse instabilities of the bunch should be significantly
suppressed for an asymmetric vacuum chamber.

q

q

q

d
_q

,2p
1 INTRODUCTION
The net effect of wake fields is determined by integrating
the force over a structure period of the vacuum chamber L.
The integrated transverse force F caused by a slight offset
ro of the leading particle from the chamber axis is conventionally expressed in terms of the wake function [2]:

Figure 1: Three types of beam surroundings.
forces can be presented as follows:
fL Fxds = -q2xT4oW(z) + q2xD(z)
(2)

2

[Fds = -q roW(z),

fL Fyds = -q yoWY(z) - q2yD(z),
2

(1)

where q is the particle's charge and z is the distance between
head and tail particles,
However, the linear approximation for the wake force
(1) contains generally an additional term, proportional to
the tail offset r [3], which vanishes for round chambers.
It means that, for round chambers, all the particles in the
bunch are in resonance with each other. For axially asymdrive
metric structures, however, the wake fields not only
the oscillations of the tail particles but also detune them
from the resonance with the driving force . Similar electrodynamic properties of external RF fields in asymmetric
to
structures were used in Ref. [4], where it was proposed
utilize simultaneous accelerating and focusing to provide
the acceleration and BNS damping [5] in linacs.
The importance of the betatron tune spread along a bunch
in a storage ring was shown in Ref. [6]. It was demonstrated
that this spread, introduced by means of an RF quadrupole,
has a stabilizing role for the transverse bunch oscillations.
It is natural to suppose that the tune spread produced by the
wake fields is a stabilizing factor as well. If so, the detuning part of the wake
may increase
the thresholds of bunch
tranvere
istablites.For
transverse instabilities.

where insignificant constant terms are omitted. The first
terms on the right hand sides describe the forces caused by
the offsets of the leading particle; the functions W(z) can
be referred to as the driving wake functions. The second
terms are responsible for the tune shifts of the tail particle;
the function D(z) can be called the detuning wake function.
Due to the mirror symmetry, the detuning terms for x and y
axis are described in Eqs.(2) by the single function D(z).
As follows from the form of Eqs.(2), there is no detuning
for chambers invariant over a 900 rotation; D(z) = 0 in this
case. To give examples, wake functions caused by the wall
resistivity
presented
below
forfor
three
simplified
cases,
namely, forare
a round
chamber,
then,
an infinite
plane
and
finally, for a small cylinder. The three cases are sketched at
Figs. la, lb and Ic.
For the first case of the round vacuum chamber the wake
functions can be found in Ref. [2]:
W.(z) = Wy(z)
2 1-c-L
W)
7rb3 V
where c is a velocity of light, b is the vacuum chamber radius, and is a wall condactivity.
diu s
ind reistavwall theity.
the single resistive plane, the trannsverse wake functions follow:

W.(z) = Wy(z) = D(z)

2 DRIVING AND DETUNING WAKES
The transverse wake forces are regular functions of the
transverse offsets of the leading and trailing particles, ro
and r and can be expanded in terms of these offsets [3].
Assuming for simplicity mirror symmetry for at least one
transverse axis and neglecting the nonlinear terms, the
0-7803-5573-3/99/$10.00@ 1999 IEEE.

L Vc

21rh34) T

,

(4)

where h = Ihis the distance from the beam to the plane.
This geometry demonstrates the possibility for the detuning
wake to be equal to the driving wake.
The final example treats the case of the beam passing
along a small resistive cylinder, Fig. (1c); the detuning
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wake is shown to dominate here. Taking into account that
the image charge is located at the position r' = rp 2 /r 2 and
assuming the cylinder radius p to be much smaller than the
distance between the beam and the cylinder, p <2 ro=
dl = d, the longitudinal electric field is:
E8 -. /and
2rr o+Cl~rp,
E.~
~~~~
1 + 1prr02
± CIn(r/p),

[2]), the transverse equation of motion is written
d2 x 0
2
dtX + W2X(¢)2
= -- mL J-q'l(W(z)x(0)
FX(

(8)
Here 0 is the synchrotron phase, Wb and w, are the betatron
the synchrotron frequencies, and N is the number of
particles in the bunch. An expansion of the deviation x(¢)

5
(5)

over the synchrotron harmonics
+00
x(q5) = e-ibt E xnei•w•t+in¢,

which includes an arbitrary constant C. The small dipole
term in the brackets reflects a weak dependence of the fields
on the source position ro. To find the constant C, it can be
assumed that this system is bounded by a conducting cylinder with the radius R > ro. Then the constant C is found
by equating the expression for the monopole part of E8 to
zero at this remote surface, giving C = p In(Rp)"'M=
2---LaThen, one can obtain the integrated transverse force and
finally the wakes:
D(z)

W (z)

=

=

-p

(6)

z"

(7)

7r2pl(L

e
7rd~pln(R/p) FGZ

Wy(z)

=--rd

Lp4

c

=
Introducing the detuning factors nr
D(z)/W (z), nr, = D(z)/Wy(z), the results for the
various geometries are expressed as ., = ±-1 for the single
plane, ., = -d 2/(p 2 ln(R/p)) for the small cylinder, and
n. = 0 for the round chamber.
The driving wake function W(z) for the small cylinder
(7) is a factor Xcp/d < 1 smaller than the wake functions
of the round chamber (3) or parallel plates (4) with the same
aperture. This result demonstrates how the transverse instability can be suppressed by the decrease of the driving wake
function. The detuning wakes work in the same direction;
they damp the instability even more.
Finally, note that the plane wall result K. = +1 is valid
not only for the resistive wall wake. It applies as well to the
wake generated by a longitudinal variation of the chamber
cross-section, when the cross-section is a significantly elongated figure such as a rectangle or ellipse,

3

COHERENT STABILIZATION BY THE
DETUNING WAKE

The detuning wake modulates the betatron frequencies
along the bunch. Such a modulation introduced by means
of an RF quadrupole was studied in Ref. [6]. It was
shown there that the transverse instabilities can be strongly
damped in this case because the particles are kept out of resonance with each other. Following Ref. [6], the numerical
results for the influence of the detuning wake on the transverse mode coupling instability are presented below.
Assuming the bunch to consist of particles with the same
synchrotron amplitude a and a homogeneous distribution
over the synchrotron phase (the so-called air-bag model

- D(z)x(o))d.0

(9)

n=-oo

reduces Eq. (8) to a set of algebraic equations for the eigenvector components Xn and the eigenvalues a:

x, (a - n) =

K

Knm

fo cos(nh)dO fo

=

+

xmKnm•,

K=

27r 2 -Yrnwtw.L

W(z)cos(m¢')dq'-

(10)
fo cos((n - m)¢)do fo D(z)d(',
where the influence of the coherent interaction is taken to be
small in a comparison with the transverse focusing, aw, <«
Wb. To resolve such equations, the sum has to be truncated
to a finite number of the modes. In the numerical calculations, five modes were taken initially; then, the results were
compared with nine- and fifteen-mode truncations. All the
resistive wall wake functions have the following form:
W(z) = -Q/V/'z,
D(z) = -KQ/vz,
where Q is the geometry factor. The examples for the detuning factor K are given above.
Figure 2 presents plots for dimensionless eigenvalues a
as functions of the dimensionless intensity parameter
I = KQ /(11)
at various detuning factors n. The dependence of the mode
behavior on this factor is seen to be significant.
The mode coupling instability threshold is least for the
symmetric case, K = 0. At K = 1, coupling and decoupling
thresholds merge (degenerate case) and the beam is stable
for any current. This result is valid for any mode truncation, so it appears to be an exact property. A small couplingdecoupling instability area appears again at higher K.
Fig. (3) shows the threshold behavior versus coefficient
of asymmetry K for the five, nine and fifteen modes calculation. The instability threshold has its minimum for the symmetric chamber, n = 0. Then it increases with the absolute
value of the detuning factor and has two asymmetrical maxima at K, ,Z•-1.5 and K Z 2.
The results shown in this figure should be interpreted
carefully, taking into account that an asymmetry not only
introduces the detuning wake but also changes the driving
wake. For instance, the thresholds for the resistive wall, examples a) and b) (Fig. 1) with h = b, differ approximately
by a factor of 4 x 1.5 = 6, where the factor 4 is related to
the driving wake damping and the factor 1.5 is the benefit
due to the detuning for K = -1, according to the Fig. (3).
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4

Only one kind of wake function, called here the driving
wake function, has been conventionally taken into account
for the beam stability analysis. It has been shown that
this conventional approach can lead to significant underestimation of the beam stability thresholds for non-round
vacuum chambers. For asymmetric vacuum chamber elements,which are usual in practice, the detuning wake function must be taken into account; conventional codes like
MAFIA need to be improved accordingly. For all of the examples here, an asymmetry-driven increase of the detuning
wake combines with a decrease of the conventional wake;
both of these factors favor beam stability. These properties
of asymmetric cross-sections look promising for design of
future accelerators.
The authors are grateful to Bruno Zotter, Sam Heifets and
Shiltsev for interesting discussions. Our special
thanks are to Jim Maclachlan and Jeff Holmes for their nustylistic corrections of the manuscript.
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SLOTTED WAVEGUIDE SLOW-WAVE STOCHASTIC COOLING
ARRAYS*
D. McGinnis%, FNAL, Batavia, IL
shown in Figure 1. The structure consists of two
rectangular waveguides that are coupled to a rectangular
beam pipe by a series of slots. The transverse signal is
derived from the difference between the two waveguides
and the momentum signal is derived from the sum of the
two waveguides.
The image current that flows along the walls of the
beam pipe due to a charged particle beam travelling in
the center of the beam pipe excites electromagnetic

Abstract
The slotted waveguide slow-wave stochastic cooling
arrays are an integral part of the 4-8 GHz Debuncher
Upgrade at FNAL. Unlike the standard array of stripline
electrodes, these structures are designed to work when
the beam pipe can support many microwave modes. The
design theory and beam measurement results of this new
type of pickup structure will be presented in this paper.

magnetic waves in the slots which in turn excite
travelling waveguide modes in the side waveguides and
beampipe. Since the phase velocity of the unperturbed
waveguide modes is faster than the beam velocity, the
slots also act to "slow down" the waveguide modes by
multiple reflections so that the phase velocity of the
waveguide modes along the structure matches the beam
velocity.

1 INTRODUCTION
In previous collider runs at Fermilab, all of the
stochastic cooling pickup and kicker arrays consisted of
stripline or planar loop electrodes. The signals from
these electrodes areý combined with a binary combiner
tree formed by microstrip or stripline transmission lines.
With a binary combining scheme, there must be no
waveguide modes traveling down the beam pipe that
would provide an alternate signal path in parallel to the
binary combiner tree.
The nominal Debuncher transverse aperture is 30 7cmm-mrad (95% un-normalized). To account for closedorbit variations, the design aperture of the cooling arrays
was set at 40 ir-mnm-mrad. With lattice beta functions on
the order of 10 meters, the transverse dimensions of the
beam pipe will be about 40 mm which will propagate
waveguide modes above 4 GHz. The presence of
travelling waveguide modes in the beam pipe will limit
the workable fractional bandwidth of the cooling arrays.
....

L

..

Te.- inat.on

2 MOMENT METHODS
The structure can be analyzed using the moment
method technique.[1] Using the equivalence principle[2],
the slots in the sides of the waveguides can be replaced
with metal walls and an equivalent magnetic current
source as shown in Figure 2. The magnetic current
source is derived from the tangential electric field in the
slot. The magnetic field in Region I is:
(inc) + •lHt
tx /
(1)
1
t
t
where the first term on the RHS of Eqn. 1 is the
magnetic field as if the slot did not exist and the second
term is the field due to the magnetic current source
inside the slot. The magnetic field across the slot must be
.(1)

|continuous:
-- (inc)
t

*Bon.-

Output
S...-

-

2

(inc)
t

(2)
I

t

This is the key equation of the moment method. Since
H(inc) is known, this equation can be inverted to
determine Et in the aperture. Because Eqn. 2 is an

-•......

"integral
Output
To.nmmi.n
Figure 1: Conceptual drawing of a slow wave pickup

equation, it is best solved by numerical methods.
Let the tangential electric field in the aperture be given
by:

The solution was to divide the 4-8 GHz bandwidth
into 4 narrower bands with each band having a
bandwidth of about 1 GHz. The cooling arrays are built
with slot coupled "slow-wave" waveguide structures as

0 n(X,Z) + 'Ezn
(3)
Vnn(X,Z)
nExOn
n
n
where 0n(x,Z) and Vn(x,z) are a set of orthogonal
functions. If the slots are very narrow in the z direction,
the x component of electric field can be neglected.
Equation 2 can be turned into a matrix equation by
multiplying it by a set of orthogonal weighting functions
0m(x,z) and integrating over the entire x-z plane.

Work supported by the United States Department of Energy under
contract No. DE-AC02-76CH03000

"Email: mcginnis@fnal.gov
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(dm IHnc)l)-@(m H(inc))

=

miOnH~xl)lVn)+(imlH~x2)xVn) Ezn(4

where:

-

(PmIHvk) Vn)= ffJOinm(x,z)Hvrk)(xNn(xz)))dxdz

M

-

E+

)E

X,Z

and:

(5)
Inc)

(0i

x

)

ici(,Z

d

6

z'-

Figure 3: Elemental volume in waveguide containing
sources

n l)
Equation 4 forms a set of linear equations, which can be
inverted to find the electric field coefficients Ezn. If the
electric field expansion functions, 0 and Ni, are chosen to
be as close to the actual solution as possible then only a
few terms of the expansion will be needed and the size
of the matrix to be inverted will be minimized,
The electromagnetic fields leaving a region of sources
as shown in Figure 3, can be expanded in terms of
waveguide modes:
F:Ijnz
(7)
n
fIiC=jc +(tn +hi V:"jlnz
(8)
n
where en and h,. are the waveguide modes. Using Lorentz
reciprocity, the mode coefficients C, are given as[3]:
C+n =1 ii(et
±em)"
jlmZdv (9)
= m- v

3 ARRAY IMPEDANCE
For the transverse mode, the pickup impedance of the
array is derived from the relationship between the
difference in power excited in opposing output
waveguides as a function of beam current and beam
position traveling through the array:
1

1Z
ib 2
2
(13)
PAtotal = 2 Ap ("2
d/2(
The kicker impedance of the array is derived from the
2

relationship between the transverse change in beam
momentum as a function of input power supplied to
opposing input waveguides:
Apc 2
Pk =
Zk13

_(:Fltm +hizm)MJI2=-

k

(13)

where

where
Pmin =

St

(tiXtm

Apc

(10)

)e idS

For example, the magnetic field in a waveguide due to a
charged particle beam travelling in the +z direction
located at xb,yl:
•_
J(x,y,z)=2
•(Xb)A(y-yb)e-jrz
(11)
is given as:
Hinc.
x
•

Yb)

2jPn

•e (12)
hnxn(, y)e-1zS

!c2 -Pn2

nixn

-•--2ezn
4

2 n

Pn

Bear

=

Ywhere

M,= Etx y

Z

Region I
Region ll

=
Ms

AperEre

Figure 2: Equivalent magnetic source in slots,

(14)
= T(Ey
Hx jzdz
q
-for a beam travelling in the -z direction. Since the ends
of the array are not well defined, the limits of this
integral are difficult to evaluate numerically.
Another way to evaluate the integral is to use Lorentz
reciprocity on the geometry shown in Figure 4. The
fields for the pickup case and the kicker case are related
by:
fxyf)=X
PXfk_tkXfjP)-.fdS
so
-

(ikelpk

pv

(15)

the k indicates the kicker fields an sources and the
p indicates pickup fields and sources. If the absorber
kills the pickup and kicker fields at ports 2 and 4 and
only the fundamental waveguide mode propagates in
ports 1 and 3, then the left hand side of the reciprocity
integral of Eqn. 14 is zero for ports 2, 3, and 4. The
integral is non-zero only at port 1. If a current
distribution:
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J

than the revolution frequency of the Debuncher

-greater

b=
5(x- xb(y-Yb

M•p _=jrl •~
b S(x- Xb W5Y - yb )e-j'

(16)

so as to average over the momentum distribution of the

(17)

beam. The sum mode impedance is:
N hrf
Z( =(g-1)
eldc
The difference mode impedance is

2
(which is unphysical) is substituted into Eqn. 14 and a
pickup impedance of the following form is defined:
1)2

S(ib

ra•B'
o

-

5tp,_
:w•z

,

P

n•mRe

in

K

Wave*r.-,cko

oTnnulon

epc,,

when there is no beam in the machine:
g = Pbeam + Pnoise
(22)
Pnoise
The results are shown in Figures 6 and 7. The calculated
impedance had to be adjusted by 4 dB to account for the
measured cable and- hybrid loss between the array and
pre-amplifier.

4 MEASUREMENTS
A vertical slow wave pickup centered at 6 GHz was
installed in the Debuncher ring. The pickup consisted of
50 slots. The length of each slot was 17.5 mm and the
width was 2mm. The metal spacing between each slots
was 3mm. The height of the output waveguide was 20

low

mm and the width was 40mm. The width and the height
of the beam pipe were 40 mm.
_-

J:::7 my-44[
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(21)

revolution band when there is beam in the machine to

t1

Figure 4: Slow wave array showing surface for
reciprocity integral

-50

ZA =(g-1) N fStherm.

d
where Nf is the noise figure of the pre-amplifier, S,. is
the power spectral density of white thermal noise (which
is equal to -174 dBm/Hz at room temperature), Id is the
beam current, a is the r.m.s transverse size of the beam,
and d is the transverse size of the beam pipe. The
quantity "g" is defined to be the ratio of the power per

then the kicker impedance defined in Eqn 13 is given as:
2
(19)
ZAP = ZAk
3

(20)
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Figure 6. Difference response of the slow wave pickup.
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Figure 5. Narrow-band signal of the slow wave pickup in
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the difference mode at several microwave frequencies
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Unbunched, coasting beam was injected into the
Debuncher and stored. The beam was transversely

.

excited with RF noise until the beam filled the transverse

4

.
4.5

5

15

6

&5

7

7.5

8

aperture. The power spectrum was measured with a
spectrum analyzer at several frequencies as shown in
Figure 5.. The transverse aperture could be varied by
means of a mechanical beam-scraping device (scraper).

mqw-y (,W
Figure 7. Sum response of the slow wave pickup.

The transverse beam distribution was determined by

[1] R.F. Harrington, "Matrix Methods for Field Problems," Proceedings
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measuring the amount of beam current remaining as a

function of scraper position.

The impedance of the array was determined by
measuring the power spectral density with a spectrum
analyzer with and without beam. The resolution
bandwidth of the spectrum analyzer was set much
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MODELING THE MUON COOLING CHANNEL USING MOMENTS*
B. A. ShadwickW and J. S. Wurtele, Department of Physics, UC Berkeley
A. M. Sessler, C. M. Celata, and P. B. Lee, Center for Beam Physics, LBNL
Abstract
Usrting ah moment formaoolism [1, 2wnnel. model
b
ansport in the muon collider cooling channel. This model contains much of the physics we believe to be relevant to muon
cooling such as ionization energy loss and multiple scattering. Space-charge forces are currently neglected but can,
in principle, be added to the model. Previously, this model
has been shown to closely agree with particle tracking [P]
while being significantly less computationally intensive,
Presently our simulation is limited to the six-dimensional
dynamics of the transverse cooling section. A matrix representation of an emittance exchange section is presented.
This formulation of emittance exchange can either be ideal
(conserving 6-d emittance) or can include energy loss and
heating representative of the effects expected in a realistic
emittance exchange section. These elements should give
our model sufficient generality to enable the preliminary,
yet realistic, design of a complete muon cooling channel.

1

INTRODUCTION

A significant technological challenge in the design of a
high-luminosity /+/z- collider is the cooling of the muon
beam. When the muons are produced the initial beam occupies such a large volume in phase space that efficient acceleration is impractical. The successful reduction of the initial phase-space of the muon beam by a factor of 105-106 is
necessary to reach the luminosity goals demanded by highenergy physics applications [3]. Furthermore, this cooling
must take place on a time scale that is set by the muon lifetime. Thus, cooling
suchndas synchrotron
atio, mechanisms
mcroavestohasic
oolng
ymptheic radieam
ation, microwave stochastic cooling and sympathetic beam
cooling are all too slow. Of several possible rapid cooling
mechanisms, ionization cooling appears to be the most attractive technologically [3]. The basis physics of ionization
cooling is well understood [4, 5] but detailed simulations
are necessary for the design of a realistic cooling channel.
The design process necessarily entails exploration of a
large parameter space. The initial stages of the design essentially amount to rejecting unsuitable configurations and
identifying promising candidates for further study. Per-d
forming this task via particle tracking is laborious. We
present a moment description [1, 2] of the cooling process
that is significant less computationally intensive than full

tracking but still contains much of the physics relevant to
ionization cooling. While this approach is useful in identifying promising designs, particle tracking [6, 7] remains
anestiltptoflyvideadotmzeucprinary designs.

2

d(8px)
dt
d(6p•)
dt

_S

MS

(2)

distribution as given by Lynch and Dahl [8]. Ionization
energy loss (EL) enters the single particle equations as a
frictional force in the direction of the particle momentum
and subsequently enters the moment equations of motion
as
d(pz)
dt

(6p) + (spy) [dE'
dE
2
dd((P))
((M) (p.)

EL

+ dE (())
d(Sp2)
dt

_

dt

_p_

= 2 (

(ru)

EL
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= (Pz2 d(z) dO
=MS
dt ds
2 d(z) dO(
1(pz)0

where 00 is the (energy dependent) width of the Moli~re

_________________d(Sp.)

t email: shadwick@beams. ibl. gov

MOMENT MODEL

Details of a formalism for describing beam dynamics by
moments of arbitrary order is given in Ref. [2]. Here, we
study transverse cooling considering only moments up to
second order. In this model, the centroid is acted upon by
the full nonlinear Lorentz forces while the quadratic moments are subjected to forces linearized about the centroid
position. For simplicity, we restrict to the case where the
beam centroid deviates little from the axis of the channel.' This results in a reduced model where the transverse centroid motion is eliminated and we follow the
evolution of (z), (pz), (5x 2 ), (6y 2 ), (6z 2 ), (6p'), (Jpy),
(6p!), (* x5pX), (5y 6py), (6Sx y), (Jx 5py), (6y 5px), and
(Jpx 6py), where (.) denotes an average over the beam distribution and 6x = x - (x) etc.
The lowest-order effects of multiple-scattering (MS) are
incorporated into the moment equations as

EL

=

+ (6p dE" 0)
2
d ((Ph))
dE(P4
sz)ds((Pz))

2(jp2)• (pE )
dSp•4P))
2

(3)

(5)

IThis assumption is consistent with ICOOL results of simulating the
nominal cooling channel [3].
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Figure 1: Results of the moment model compared with
particle tracking neglecting the longitudinal spread of the
beam.
d(3p. 6x)
dt

_

N

0.80

S0.75 -

...........
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(6p.6x) dE
(P

EL

0.5"
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S
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d(tp: y)
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Figure 2: Results of the moment model compared with particle tracking including full longitudinal dynamics.

= 2 (6px6py) dE
2
pEL d ((pz))

(9)

3 RESULTS

EL =

where dE/ds is the average energy loss due to ionization as
given by the Bethe-Bloch model and equations for (6p2),
(6py 6y), and (5py Sx) are given by the obvious substitutions. Energy (Landau) straggling has been neglected but
its inclusion, in a statistically averaged sense, is planned for
the future.

We present results from two variants of our model. In the
first, shown in Fig. 1, we approximate the initial beam as
having no longitudinal extent and use a simple constant
gradient model for the linac. Even with this idealization,
we obtain excellent agreement with ICOOL tracking results and the only discrepancies can be attributed to dif-
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ferences in the linac models. As can be seen, the normalized transverse emittance (defined as the determinant of the
second-order transverse covariance matrix) is constant except where the beam passes through the absorbers. Note
even the high-frequency oscillations in (Jpx) and (69) are
reproduced by the moment model. In the second variant,
shown in Fig. 2, the full longitudinal dynamics, as discussed above, are included and the linac is modeled as
a traveling wave structure. Here again good agreement
with ICOOL is obtained in the transverse dynamics. The
longitudinal agreement is less perfect, with the moment
model showing a factor of 1.5 increase in longitudinal emittance compared with the ICOOL prediction of 2.1. Possible sources of this discrepancy are differences in the linac
model (most notably an absence of Beryllium windows in
the traveling wave linac) as well as incompleteness in our
treatment of the material interaction.

4

EMITTANCE EXCHANGE

As the beam proceeds through the transverse cooling section, not only is the transverse emittance reduced but the
longitudinal emittance is increased due to Landau strangling as well as to the dependence of the ionization energy loss on the beam energy. To prevent the longitudinal
emittance from growing without bound it is necessary to
periodically exchange emittance between the longitudinal
and transverse dimensions. For a preliminary design we
feel that it is sufficient to represent this exchange process
in a simplified form. One such simplification is shown in
Fig. 3. The combination of dispersion and phase rotation
has overall effect of converting a beam with large spread in
bpz and small Sx into one with a small spread in '5Pz and
correspondingly larger ax.
(I

d1l

(0lJ

pz

-6-.

ii1!i--------------

[W
L

r(69)
10

0
(6pz)
(jX2)+d2(jp2.)

0
(Sp2) (Sx2)d(II)

0

)
(6x2) + d 2 (Jp2z)

A similar matrix can be used to in the y-hpz plane completing the transverse-longitudinal exchange. This formulation
can be easily extended to reflect the heating and energy loss
that occurs in the wedge absorbers of the actual exchange

5

CONCLUSIONS

We have demonstrated that a moment description of muon
cooling contains sufficient physics to yield results equivalent to particle tracking insofar as the average transverse
dynamics are concerned. With regard to the longitudinal
dynamics the degree of agreement is harder to judge due
to the differences in accelerator geometry as well as to
physics missing from the moment model. Further work
towards understanding the source of the discrepancy with
particle tracking results is underway. We are also working
to improve the material interactions model in the simulation. The inclusion of an analytic expression for emittance
exchange, as discussed above, in the simulation allows for
the design a full cooling system.

6
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TRANSVERSE INSTABILITY DUE TO THE SPACE CHARGE DURING
THE ELECTRON-COOLING BUNCHING OF ION BEAMS
".Takanaka, T. Katayama, RIKEN, Wako, Japan
Abstract

induced through the transverse broad-band impedance ZT!'
and the transverse resistive wall impedance have newly
been taken into account as forces acting on ions. The notation bb

A beam-tracking simulation has been done for study of the
electron-cooling bunching of ion beams around a few hundred MeV/u. In the simulation, the field due to the space
charge of a beam in a round vacuum chamber is calculated
from the charge distribution of macro-particles and the image particles due to the macro-particles. The simulation
results show that the bunched beams meet a transverse instability more easily than coasting beams.

bb

Z

Collision experiments with ion-electron beams and ionion beams are planned at the Double Storage Ring of
RIKEN RI-beam factory project. Ion-beam bunching under electron cooling has been investigated by using a beamtracking simulation for realization of the bunched beams
required for the experiments. The previous-simulation rebeam of 3.4
+U2-Ion
suits for the case of a 150-MeV/u
mA[1] have shown that 1) the beam has wide incoherenttune spreads longitudinally and transversely, 2) the beam
is not trapped into resonances due to the nonlinear fields
of magnets, and 3) the beam is stable longitudinally under
the longitudinal broad-band impedance of lZ4b/nl = 5 9
based on the broad-band impedance model.
The transverse space-charge impedance for a circle type
of dipole charge distribution is described as follows;
.

-Rc

1

2

0-7803-5573-3/99/$10.00@ 1999 IEEE.

(2
(2)

instability described later is seen to have no relation with
the displacement. 4) The effects of nonlinear fields of the
magnets on beams are neglected because of the authors' focus just on the instability. 5) The transverse field due to the
space charge is calculated from the transverse charge distribution that is made vertically symmetry by counting half a
macro-particle at the coordinates (x, y) located at (x, -y).
Otherwise, the instability can occur in the horizontal and
the vertical directions, and the analysis of the beam behavior becomes more complicated.

1-

where Z 0 is the free space impedance, ? the mean radius
of a ring, a vx/xrms beam size, and b the inner radius of
a rounid vacuum chamber. Such a type ot impedance becomes no cause of instability, as the force induced through
the impedance is proportional to the transverse beam position from the chamber center. There is a question ývhether
the description is applicable to the cases of the'spacecharge-dominated beams or not, or a questiokr wlether a
transverse space-charge force induced through the vacuum
chamber becomes a cause of instability or not. For the sake
of answering the question, the field due to the space charge
in a round vacuum chamber is calculated from the charge
distribution of the macro-particles and the image particles
due to the macro-particles in the simulation on the assumption that the longitudinal component of the field is negligible.
Besides the above calculation of the field, in the simulation where coupled-bunch phenomena are not dealt, forces

[2]

The transverse broad-band impedance of IZ[g /nl =
50 Q2has been used on the assumption of the broad-band
impedance model. The ring and the beam input parameters
to the simulation have been listed in[l]. The longitudinal
and transverse cooling times for a zero-current beam are 5
ms and about 20 ms in the simulation, respectively. The
following simplification has been done in the simulation.
1) The vacuum chamber has a round cross section of inner radius b around the ring. 2) The 3 functions along the
ring are equal to the average ones, and a functions equal
to 0. 3) The transverse position displacement of an ion due
to the momentum difference is neglected in order that the

INTRODUCTION

1

2R Zjb
b 2RZ n

SMALL VACUUM CHAMBER

In the vacuum chamber of b = 40 mm, a 150-MeV/u U3ion coasting beam of 3.4 mA is initially electron-cooled to
6 x rms momentum spread of 5 x 10-, and is bunched by
applying a fundamental RF (harmonics no., or h =87) voltage. Every RF bucket is filled with the beam. The bunch
spacing is 3.0 m. The RF voltage is increased gradually
with the momentum-spread kept constant in order that the
bunch length is made short.
Such a process was simulated with results as shown in
Fig 1. The amplitude of the horizontal beam position becomes increased a synchrotron period after applying the RF
voltage. After then, the horizontal emittance is blown up
ten-times large within two synchrotron periods. The maximum instantaneous current at 5.1 ms is 10 mA at the bunch
center. The horizontal phase-space distribution at 5.1 ms is
shown in Fig 2. The instability is seen to be of the transverse dipole mode. The betatron-oscillation-phase differ-
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Figure 3 shows the spectrum of the horizontal dipole moment around 5.2 ms. There is no remarkable different spectrum between the fast waves with n > 0 and the slow waves
with n < 0. A single peak of the major structure of the signal along Q/wo - nh P p + 0.38 ( the integer p=fixed,
the integer n=variable ) means that the head-tail mode of
the instability is the so-called rigid-bunch mode. The signal has synchrotron satellites on the both sides, as shown
in two lower of Fig.3. The fractional coherent tune is read
0.3733 and 0.3867 from peak's coordinates of the signals
with p > 0 and p < 0, respectively, while the fractional
incoherent tune is estimated at 0.380 - 0.005 from an FFT

ence from the head to the tail of the dense bunch 1.5 m long
is about 1/27r. The difference O-b is understood in terms
of the slippage factor 17,the chromaticity •, and the bunch
length 1b;
Obb = •-b
(3)
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Figure 1: Instability in the vacuum chamber of 40 min inner
radius during the electron-cooling bunching.
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LARGE VACUUM CHAMBER

The dipole moment of a coherent transverse oscillation
(transverse displacementx I - I,) is Fourier-expanded as
follows;
(A
(.Q
.+ns'
(
S(t, s) =
(, n) exp + ,
(4)

The simulation was done on the same condition as described in Section 2 except for the double-sized vacuum
chamber of b = 80 mm. The simulation results show that
the beam is as stable as in the previous case[l] up to on
the way. After the beam is bunched by applying the fundamental RF voltage 20 kV and becomes shorter than 1 m
to the degree that the third harmonic RF voltage can be applied, the bunching is prompted by applying the third harmonic RF voltage. The beam meets the instability when
the 6 x rms bunch length reaches 0.6 m. Figure 4 shows the
emittance blowing-up on two impedance conditions; the
one being the broad-band impedance of Zbb/n = 50 Q

where A is the component amplitude, t the time, s the longitudinal position, Q the coherent frequency, and the integer n the oscillation number around a ring. wo, described
later, is the revolution frequency.

and the resistive wall impedance, and the other no broadband impedance nor the resistive wall impedance. The
maximum instantaneous currents at 38.5 ms and 39.5 ms
are 37 mA and 39 mA at the bunch center, respectively.
The instability threshold is seen to be dependent not only

Figure 2: Horizontal phase-space distribution. The ellipse
is for a reference.

3

COHERENT TRANSVERSE
OSCILLATION

1720

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
1.5

1 10.,

"9

1.4 10-4 '

v•

~E 4,-o.
E-¢"
-5,8
h4 ~4

lOr

>

10

-.2~~1.0.5~

~~~~~
CC

•"

li034

34~~.3835,5ie35

10-4

•

SI 3Il,
,'1' l 7 "11r8 ", 9

35

10

.P/

0.001

o10
l

0l°I

.

.0

•

uu

-

oscillationsynchrotron-oscillate
is not diluted for the following
reason. Localremain localized
in

"•".0.01
37
"V

365

100

chaberof inner radius b=-40 mm.
os case of a bunched beam,
nh the coherenttrss
In the

RF separatrix, although ions localized near the boundary
of the separatrix spread along the boundary in time owing
34~~~ 353l7383
0imitations
syncthroettron-oscilateadrmion-ph
dcalieiffrnc
d theb=-80 mm during the electron-cooling bunching. The Thick to the non-linearity of the synchrotron frequency. There is
curves are for the high impedance condition, and the thinoh
eren
e
Time [is]

Figure 4: Instability in the vacuum chamber of inner radius

curves for no-impedance condition.

tween an ion and the synchronous particle. The variation

on the inner radius of the vacuum chamber but also on the
transverse broad-band impedance.
It is preferable from the viewpoint of the instability cure
that the inner sizes of the vacuum chamber surroundings
around the ring are designed to be as wide as possible to
the degree that the broad-band impedance of the ring does
not increase so high.

5

Eq. (3) in which lb is replaced with -zi. Therefore, the
distribution of the phase difference of the beam is periodic
at the synchrotron frequency.
It can be said from the above that coherency of the transverse oscillation is very low for a coasting beam and high
for a bunched beam. Such high coherency is considered
to be one of causes that make the bunched beams meet the
instability more easily than coasting beams.

COASTING BEAMS

For the sake of checking whether the instability described
in Section 2 is merely due to the increase of the instantaneous beam current or not, the simulation was done of
higher-current coasting beams under the electron cooling
in the small chamber of b = 40 mm.
The simulation results, as shown in Fig. 5, show that the
coasting beam is stable even in the case where the coastingbeam current of 70 mA is 7 times higher than the maximum
instantaneous current of the bunched beam. This means
that the increase of the current is the necessary condition
for the instability of the bunched beams but not the sufficient condition.

6

of the difference is described in the term of the longitudinal distance zi to the ion from the synchronous particle by

COHERENCY OF TRANSVERSE
OSCILLATION

In the case of a coasting beam, even if the beam has coherent transverse oscillation on some account, when the
electromagnetic interaction between the beam and the vacuum chamber surroundings are negligibly small, the coherent oscillation is diluted to disappear for the following reason. Localized ions spread around the ring and spread azimuthally 21r on the transverse phase planes in time owing
to the momentum difference.

7

CONCLUSIONS

A beam-tracking simulation of the electron-cooling bunching of ion beams showed the following results. The spacecharge dominated beams meet a transverse instability when
they are bunched by using an RF system and an electron
cooler. The instability is due to the transverse field induced
through the vacuum chamber by the space charge of the
beam, or through the transverse space-charge impedance.
The instability has the dipole mode as the transverse mode
and the rigid-bunch mode as the head-tail mode. The
bunched beams meet the instability more easily than coasting beams at least by 7 times in the regard of the instantaneous beam current.
Coherency of the transverse oscillation is higher for
the bunched beams than for coasting beams. Such high
coherency is considered to be one of causes that make
bunched beams meet the instability more easily than coasting beams.

8
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DEVELOPMENT OF MUSES-ACR ELECTRON COOLER
T. Tanabe*, T. Rizawa', K. Ohtomo*, and T. Katayama, RIKEN, Saitama, JAPAN
Abstract
An electron cooler (EC) device for the Accumulator
Cooler Ring (ACR) in the MUSES project [1] is currently
under development. The electron beam energy is varied
from 30 keV to 250 keV with a maximum current of 4.1
A. An axial magnetic field of 0.2 T in a 3.6 m solenoid is
chosen to satisfy the magnetization condition for the
lightest ions and the expansion factor of 20 corresponds
to the field of 4 T in the gun section. The details of the
design and technological issues are discussed.

1 INTRODUCTION
was
The design of the ACR-EC has been modified since it
One
reasons.
various
to
due
[2]
EPAC98
first reported at
of the main concerns is the vacuum level near the gun
cathode which is to be operated under severe conditions.
The maximum acceleration voltage has been reduced
from 300 to 250kV, and the maximum magnetic field at
the gun section has been decreased from 5 to 4T. The
collector is partitially based upon TARN-II collector [3]
with a number of modifications. The design of the gun
section is described in Sec. 2 and that of the collector is
given in Sec. 3. Effects of the troidal section on the
electron beam are examined in the following section
before discussion.

The maximum emision current density is also reduced
from 5.1 to 3.15 A/cm2 . We plan to use an Ir-coated
dispenser cathode produced by Toshiba Co. At one point,
a fair amount of effort was made to reduce the diameter of
the accelerator tube to make the bore size of a
superconducting solenoid smaller. However, it turns out
that the vacuum level near the cathode could never be
safisfactory due to poor vacuum conductance of the small
apertures of diaphrams in the original design (26 mm).
This estimate assumes the outgassing rate from cold
surfaces, so it would be worse under more realistic
circumstances.
Hence, the idea of small tube was
abondoned for larger vacuum conductance. Figure 1
shows
sign. a result of EGUN simulation with the current
design.
EGN, 3

°

CYCLE=

o, .. o

E0

0

20I

250

,00

Fig. 1: EGUN simulation of the electron gun section

2.2 Magnetic Shielding
2 GUN SECTION

The design of the magnetic shielding at the gun section

2.1 Cathode/Anode and Acceleration Tube
The initial design of the gun had a magnetic field of 5T
After careful
and acceleration voltage of 300kV.
examination of the design, we have concluded that the
reduction of expansion factor from 25 to 20 gives only
small degradation of the performance in terms of lowest
achievable electron transverse energy [4]. The maximum
nominal energy of the injected ion beam from the SRC
ring is 400MeV/u which corresponds to the electron
kinetic energy of 219.4 keV. Therefore, 250 kV is
deemed to be sufficient.
The cathode diameter is increased from 10 to 12.7 mm in
order to reduce the maximum voltage gradient in the
vicinity of the cathode/anode from 50 to 36 kV/cm,
while maintaining the same anode/cathode voltage (30kV)
as before.

"*Email:ttanabe@postman.riken.go.jp
*On leave from Toshiba corporation. *On leave from Sumitomo Heavy

was optimized by SAM [5]. A schematic picture of the
configuration of a superconducting solenoid, a warm
solenoid and a correction coil and a magnetic shielding is:
delineated in Fig2. The magnetic field distribution and
the adiabatic parameter is shown in Fig. 3.

(3)
(1)

---

(2)
-

v

.....
I.

.l
4

t•.

Fig. 2: Layout of (1) a superconducting solenoid, (2) a
warm solenoid and (3) a magnetic shielding.
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3 COLLECTOR SECTION
The initial design of the ACR collector was based upon
the TARN II collector. Various improvement has been
incorporated during the past year. The geometry of the
new collector section is given in the Fig. 4. The collector
consists of a deceleration tube, a repeller electrode, a
collector electrode and two permanent magnetic coils.
The collector electrode is a Faraday cap.
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where j is the incoming beam current,
"e=1 is the
secondary emission coefficient, B_, is the magnetic field
on the collector surface, and B =i is the magnetic field in
region of minimum potential value.
Types of modifications applied are as follows:
The collector diameter is increased to reduce the
magnetic field on the collector surface, B1,.
*
To increase B,,, the permanent magnet coil is
placed inside the repeller electrode with the
magnetic field of 2 kG.
.
A permanent magnet coil is placed on the collector
surface to reduce B_,..
*
The collector radius is reduced at the entrance to
shift the position of the virtual cathode to the region
in higher magnetic field.
The collector perveance is estimated as P_, = I / U_, 312
"
25 - 30 IiA / V 31. As a result, the current loss was
reduced by an order of magnitude compared to the old
design.

4 TORIODAL SECTION
The electrons obtain additional perturbation, when they
pass through the EC toroidal section. This perturbation is
observed for electrons which are displaced from the
equilibrium axial trajectory. The guiding longitudinal
magnetic field in toroidal section depends on the radial
co-ordinate x.
B
B=B/(I+x/R)
(2)
where R is the radius of the axial electron trajectory in
the toroidal section. The transverse bending magnetic
field used for compensation of the electron drift motion
in the toroidal magnet is equal to
By = p/eR,
(3)
where p is the electron momentum . The drift motion
caused by the centrifugal force F, = )fnv 2 /(R + x) is
not entirely compensated by the transverse bending
magnetic field B, for the electrons whose trajectories are
shifted from beam axis on the distance x. As a result,
when the electrons pass through toroidal magnet, the
additional drift velocity appears;

Fig. 4: The design of the collector. 1 is the drift chamber,
2 deceleration tube, 3 repeller, 4 collector electrode, 5
the solenoid of electron cooling, 6 magnetic shielding, 7 a
permanent magnet coil placed on the collector entrance,
and 8 is a permanent magnet coil placed on the collector
surface.

Vdr _nv - = v,
,
(4)
ReB R
R R'
where p = V / O)B is the larmor radius. The transverse
temperature corresponding to this drift velocity is equal
to

The ratio of the current density of the reflected
secondary electrons that escape a collector to that of the
incoming beam is proportional to [6];

2

T
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Discontinuity of the magnetic field at the entrance/exit of
toroidal magnets significantly increase the transverse
temperature. This increase strongly depends on the
radius of curvature, R as is shown in Eq. (5). It has been
increased from 1.2 to 1.5 m to make this contribution
comparable to the initial temperature even in case of
abrupt field change.

In the initial plan, the EC is supposed be installed in one
of the short straight sections in the ACR. However,
insertion of correction solenoids in the adjecent cells lead
to unnecessary complexion in terms of beam dynamics
[7]. Therefore, the device is likely to be installed in one
of long straight section in a modified lattice of ACR. The
modification is currently underway.

5 DISCUSSION
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Table 1: Parameters of ACR-EC
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Acceleration Voltage
Magnetic Field (gun/cooling)
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2x10 3 / 5x10 5
12.7 mm
4A
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Cross-sectional view of the MUSES-ACR EC
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THE LONGITUDINAL HIGH-FREQUENCY IMPEDANCE
OF A PERIODIC ACCELERATING STRUCTURE*
K. Yokoya, KEK, Tsukuba, Japan
K.L.F. Bane, SLAC, Stanford, CA
Abstract
In many future collider and FEL designs intense, short
bunches are accelerated in a linear accelerator. For exampie, in parts of the Linac Coherent Light Source (LCLS)
a bunch with a peak current of 3.4 kA and an rms length
of 30 microns will be accelerated in the SLAC linac. In
such machines, in order to predict the beam quality at the
end of acceleration it is essential to know the short range
wakefields or, equivalently, the high frequency impedance
of the accelerating structure. R. Gluckstern[1] has derived
the longitudinal, high-frequency impedance of a periodic
structure, a solution which is valid for a structure with a
small gap-to-period ratio. We use his approach to derive a
more general result, one that is not limited to small gaps.
In addition, we compare our results with numerical results
obtained using a field matching computer program.

INTRODUCTION

1

Let us consider the infinitely periodic, cylindrically symmetric structure depicted in Fig. 1. R. Gluckstern has derived the high frequency behavior of the impedance of such
a structure, to order (kg)-1/2 relative to the leading term,
with k the wave number and g the gap, as[1]
0

ZL(k)

iZ-

[
[1+

oL

(1+

--

n'-1 SiZ
1+

with ce = 1. Note that ZL is the average impedance per unit
length (averaged locally over frequency to give a smooth
function, and averaged over a distance in the structure large
compared to the period L), Zo = 120irg, and a is the
iris radius. Gluckstern's result was meant to be valid for
g/L < 1. In this report, following Gluckstern's method,
we will show that Eq. 1 is still valid in the general case g/L
not small, but with a a function of g/L.
Other authors have investigated the high frequency behavior of the same structure. Their results agree in the
leading order term (iZo/irka 2), but not in the constant
a in the higher order term. E. Keil, describing the socalled Sessler-Vaynstein optical resonator model of high
frequency impedance, obtains a constant a = 0.67[2] and
S. Heifets and S. Kheifets give a = 8/7r z 2.55[3]. G. Stupakov, considering the limiting case of a structure with infinitesimally thin irises (i.e. g/L = 1), finds that, in this

g--

L

Figure 1: Two cells of the geometry under consideration.

2
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ANALYTICAL STUDY

Let us begin by briefly summarizing Gluckstern's method:
He divides the geometry of Fig. I into two regions, the pipe
region (r < a) and
ity
1
tworegia. The fie
region (r < a) and the cavity region r > a. The fields
are expanded in terms of Bessel functions in the pipe region and in term of the cavity eigenfunctions in the cavity
region with the (perfectly conducting) metallic boundary
condition on the iris surface r = a. He obtains a relation
(Eq. 2.14 in the first of Ref. [1]) between the azimuthal
magnetic field and the axial electric field along r = a.
Then, by matching the fields in the pipe and cavity regions
along r = a, he obtains an integral equation for the axial
2
electric field along r = a (normalized by ZoIo/ka e-ikz,
with Io the arbitrary driving current), F(z) (we follow his
notation):

j

dz'

(z')

+ E

Rp(mL+z'-z) F(z') = -i.

(2)
M=-0
The kernels in this equation are those of the cavity region
Kr and of the pipe region Kp, with the Kc term and the
m = 0 term involving Kp giving the contribution to the
impedance of the cell that includes the point z, and the m
0 terms giving the contribution of the other cells. Once we
know F(z) the impedance is simply given by
ZL(k)

=

Ta

f(
Jo dzF(z)

.

For our purposes we do not need to know the details of
the kernels K, and Kp, but only their high frequency behavior. Gluckstern found that the high frequency behavior
of the cavity kernel K, is independent of the details of the
cavity shape, and is given by

K, z
a

case, a z 0.46[4].

76SF00515.

a

LL

(1 + i)vr 1(Z
k(z-P)

-

Z')

(4)

where 1(z) is the step function (0 for z < 0 and 1 for

z > 0). The kernel in the pipe region k,, is given by
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This equation can be rewritten in the form
Kk(z)
b8

-

kzZE

b, =

j

1 ib1z.1/.

emSb Ks

=

(5)

8

Kp(mK + z' - z)
M=-00
27ri 0

4

-

[1

(13)

F(v)/A

1

ia f1L

a

(14)

dv F(v)

-

7rL

I

(8)

v

(15)

dv Fo(v)

Finally, the solution to this equation is an impedance of the
form Eq. 1, with
=1

[

dvFo(v)

(16)

,

a result that can be verified by substitution.
We find that for smalla
= +Go(0)/irv±O('y3 /2 ),
and for -y = 1, a = al = -Go(O)/wr ; 0.4648. The

.(7)

with

numerical solution of Eq. 12 gives a in general (see Fig. 2).
A polynomial fit in V/ý
a(-y) = 1 - alv/ - (1 - 2a)'y

(17)

,

given by the dashes in Fig. 2, agrees to within 1.5% with
the numerical result. Note that ca(0) is in agreement with
the result of Gluckstern, and ca(1) with that of Stupakov.

0.8

dx
n 00-+8

=

n l

-v V

nj'2

0.6

where Cis the Riemann zeta function (((1/2) Go(0) =
-1.460). Note that it is the second term in the brackets of
Eq. 7 that Gluckstem has let go to zero, which will account
for the difference in his final result and ours.
The original integral equation, Eq. 2, thus becomes
(1 _ j) f1L
v

=

-+

o

e2 'i/ 4G
a2'

+

L

-

X/7rkL
A =

1()

The first term in square brackets can be summed:
Z1/j2 = 1/4; the second term can be approximated by
an integral: Es., f(is) ; (1/7r) fo f(x)dx, for k -* oo.
Thus, we obtain

Go(v)

Fo(v)

Zo A
ka 2

2ka2
iL ( eij!vL/2ka 2
2
2
2ka 1£1
jj
+
i

K.v)

(12)

with

b,_1Lk-- iO-

with v = (z' - z)/L, 0 = kL, k, = bL/a. Noting that
up to order k-1/ 2 , (0 - 0s) can be replaced by j2L/2ka 2 ,
this becomes

K4(v)

1

(6)

ei(O-k-)v
1ZL(k)

1

a

=

Note that Eq. 12, with Fo(v) the unknown, contains only
one parameter -y g/L. The equation for the impedance,
Eq. 3, becomes

-1

-

dv'G(v' - v)Fo(v')

,ka [ýJm(b,) >_0],(

(ka-j2)1/2

with js the s-th zero of the Bessel function Jo. Gluckstern shows that, at high frequencies, the m = O0ipe kernel, Kfp(z' - z), is equal to the cavity kernel K,(z, z'),
as given in Eq. 4. As for the m ? 0 terms in Kp,
Gluckstern points out, that those with m > 0 oscillate rapidly at high k, and therefore do not contribute to
the average impedance. The sum over negative m gives
K,(v)

gL

to

dv'C(v'

-

0.4
0.2
0.0 1
0.0

v)F(v')

ia f L dvF(v') =
L0

0.4

0.6

0.8

1.0

y= g/L

a

Figure 2: The coefficient o(y). The dashed curve gives the
analytical fit, Eq. 17. The plotting symbols are numerical
results discussed in the next section.

with
(v) = 2E((-v)

S+
Go(v)

0.2

(11)
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3

104

NUMERICAL COMPARISON

To confirm these results numerically we have used a field
matching computer program working in the frequency
domain[5] (see also Ref. [6]). For the geometry of Fig. 1
and for a given k, this program matches the tangential
fields at r = a, and then performs normalizing integrals.
The result is an infinite dimensional matrix equation that
is truncated and inverted to obtain ZL (k). In order to better study the asymptotic behavior, the program calculates
the impedance along a path slightly shifted off the real k
axis, which has the effect of averaging and smoothing out
the many narrow impedance spikes otherwise found at high
frequencies. (Note that to obtain the short-range wakefield
from this impedance, after performing the inverse Fourier
by the factransform, the result must also be multiplied
tor exp[Im(k)s], with s the distance between driving and
test particles.) As example geometry we consider that of
a typical cell of the NLC accelerating structure known as
the damped, detuned structure (DDS)[7]. One simplification in our model, however, is that the irises are not
rounded, unlike those in the real structure. The dimensions
are a = 4.924 mm, g = 6.89 mm, and L = 8.75 mm
(note that for the average, high-frequency impedance neither the cavity radius b, nor the coupling manifolds that
couple through slots at r = b in the DDS, play a role).
The numerical results, giving the real (RL) and imaginary (XL) parts of the impedance ZL, when Ira(k) =
0.5 mm-1, are given in Fig. 1 (the solid curves). We note
that this impedance is indeed a relatively smooth function
of Re(k) (on the real axis, RL would be a collection of
many infinitesimally-narrow spikes). We should point out,
however, that with this method, to get good convergence in
the solution at high frequencies, the size of the matrix that
needs to be solved becomes very large: at kR = 200 mm- 1
its size is -s• 600 x 600. In Fig. 3 the dashed curves give
the analytical result, Eq. 1 with a = 0.52. We see that
agreement is good for frequencies ka > 1.5.
The impedance was calculated for several values of g/L
with the field matching program, keeping the other dimensions fixed. The results, for fixed Irn(k), become bumpier

102
XL

c.
7\R
N

L

101

-

100

10-11

11
00
Re(k) (1/mm)

0

103

Figure 3: The real (RL) and imaginary (XL) parts of the
impedance for the dimensions of the average NLC cell, as
obtained by field matching (solid lines). The dashes represent Eq. 1 with a = 0.52.

4

CONCLUSIONS

We have extended R. Gluckstemn's analytical result for the
high-frequency, longitudinal impedance of a periodic accelerating structure, a result valid for small gaps, to one
valid for all gap to period ratios. We have, in addition,
performed numerical calculations and obtained results that
confirm the analytical result to an accuracy of 10%.
i-,

5
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OBTAINING THE BUNCH SHAPE IN A LINAC
FROM BEAM SPECTRUM MEASUREMENTS
K.L.F. Bane, F.-J. Decker, F. Zimmermann, SLAC, Stanford, USA*
1

INTRODUCTION

to simulated spectra. We then apply these methods to data
from the SLC.

In linacs with high single-bunch charge, and tight tolerances for energy spread and emittance growth, controlling
the short-range wakefield effects becomes extremely important. The effects of the wakefields, in turn, depend on
the bunch length and also on the bunch shape. It was shown
in the linac of the Stanford Linear Collider (SLC), for example, that by shaping the bunch, the final rms emergy
spread could be greatly reduced, compared to for the standard Gaussian bunch shape[l]. Therefore, in machines
with high single-bunch charge, a method of measuring
bunch shape can be an important beam diagnostic.
In a linac with low single-bunch charge, the longitudinal bunch shape can be obtained relatively easily from a
single measurement of the beam's final energy spectrum,
provided that the final to initial energy ratio is large. One
merely shifts the average phase of the beam, so that it rides
off-crest sufficiently to induce an energy variation that is
monotonic with longitudinal position. Then, by knowing
the initial and final energies, the rf wave number, and the
average beam phase, one can directly map the spectrum
into the bunch shape. In a linac with high single-bunch
charge, however, due to the effect of the longitudinal wakefield, this method either does not work at all, or it requires
such a large shift in beam phase as to become impractical.
In earlier work[2],[3] it was shown that, even when
wakefields are important, if one measures the final beam
spectrum for two different (properly chosen) values of
beam phase, then one can again obtain the bunch shape,
and-as a by-product-also the form of the wakefield induced voltage; this method was then illustrated using data
from the linac of the SLC. These SLC measurements, however, had been performed with the machine in a special configuration, where the current was low; in addition, the noise
in the data was low and the measured spectra were smooth
distributions. Under normal SLC conditions, however, the
currents were higher, and it was difficult to get the required
separation in phase for the two measurements (the required
separation increases with current); and the measured spectra were not smooth functions. Under such conditions, the
above method works poorly or fails.
If we know the Green function wake of the linac, however, we can still obtain the bunch shape from beam spectrum measurements. In this report, we present two such
methods. One requires one spectrum measurement and involves the solution of a Volterra integral equation. The
other requires a knowledge of upstream beam and transport properties and involves a least squares minimization

2

THEORY

Consider a bunch of charged particles that are accelerated
in a linac from initial energy E0 to final energy E!. Let us
assume that Ef/Eo >» 1, so that we can ignore the component of energy variation that is uncorrelated with longitudinal position. Then the relative energy of a particle at
position z within the bunch (we take the convention that a
more negative value of z is more to the front) at the end of
the linac becomes
J(z) = [E0 + Ea cos(kz + 0) + eVid(z)]1/Ef - 1, (1)
with Ea the total peak energy gain, k the rf wave number,
and 0 the average beam phase; with Vind(z) the induced
voltage, given by
00
Vind(Z) = -eNL
W, (z')A, (z - z') dz' , (2)
0
where N is the bunch population, L the total length of
accelerating structure in the linac, W, the Green function
wakefield, and A,. the bunch shape. If the final energy Ef
is fixed, as in the SLC with energy feedback on, Ea is also
an unknown given by
Ea = [Ef - Eo + eNLkt&t]/(cos(kz + 0))

,

(3)

with ktt "- -(Vi. d)/(NL) the loss factort.
By knowing both A-. (z) and 6(z) over the bunch length
we can compute the energy distribution Ab (6). Conversely,
if we know A&(6) and J6(z), we can calculate Az (z), provided 6(z) is monotonic over the bunch. Let us assume
that this is the case. Then
A2 (z) = A6 (6(z)) 16'(z)]
(4)
Suppose now that we know E 0 , Ef, k, and 4. Without
knowing the induced voltage we cannot, in general, obtain
A_ from A6 , since 6 depends also on Vind. Only if eVid
is small compared to S'E1 over the bunch does a single
measurement of A6 suffice to give A,.
We now describe three possible solution strategies for
the case when the wakefields cannot be neglected. The
most suitable one in a given situation depends upon what is
known and on properties of the data.
ti n Ref. [3], the term (cos(kz + 0)) in Eq. 3 was replaced by cos(o),

* Work

supported by Department of Energy contract DE-AC0376SF00515.

0-7803-5573-3/99/$10.00@ 1999 IEEE.

an approximation that did not affect the result greatly, except that the area
under )z in the solution was found not to equal 1.
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2.1

Both W, and A, are Unknown

kto& = 0, and (cos(kz + 0)) = cos(O). We solve Eq. 3,
then Eq. 1, then Eq. 8. Having obtained a first estimate of
A,, (z), we can then obtain a first estimate of Vind(z) (using
(cos(kz+0)).
and
Eq.
unti 2),
thektot,
areai
unde
A,, equame1.The process is then iterated
until the area under A2 equals 1.

Suppose we measure the bunch spectrum twice: with the
beam at phase 0'a we obtain A', and then with the beam
hssarhsns
are chosen so
obtain Ab. We assume the phases
we p6
at at~
that 8(z) is monotonic for both measurements. For the first
measurement Eq. 4 becomes
A,(z) = A' jE~ksin(kz + 0') - eVi d(Z)I /Ef ,
and a similar equation,
script a, holds for the
thscitwo euatolfte
s
these two equations we

(5)

If &(z) is not monotonic the above methods fail. In such

with superscript b replacing supersecond measurement. Combining
seobind msome
obtain

a case, however, we can use a least squares approach. In
many linacs the longitudinal distributions of the beam at
position upstream of the linac are known, and the
transport from this position to the linac is also well known.

k [EA'
r=
sin(kz + 0') EaAb sin(kz +
aAa4- Ab

Jergy

0b)]

(6)

In Eq. 6 (and below) the upper symbol of + applies if the
sign of &'(z) is different for the two measurements, otherwise the lower symbol applies. The right hand side of
Eq. 6 is a function both of z and-through the argument of
A---of Vind(Z). Eq. 6 is therefore a first order non-linear
differential equation which we can solve numerically for
the unknown Vind(z). As initial condition
we take Vind at
the front
the bunch to be zero. Once 1.4nd is known we
robtaof
of tbusng
obtain A, using
),

2.3 Least SquaresFittingMethod

0") - Eb sin(kz + 0b)j
(z) = kAaAb JEa sin(kz +EA
(- =
(7)
.

We begin by setting lind = 0, ktot = 0, and (cos(kz +
cos(). Then we solve, in order, Eqs. 3, 1, 6, and
0))=
,and then iterate. We have the correct answer when the
area under A, is 1. We see from Eq. 7, that for accuracy in
A, we want two measurements from opposite sides of the
rf crest. One problem with this, especially at higher currents, however, is that for the 0 > 0 measurement one may
need to go way off-crest (which may not be possible) in order that A6 at the front of the beam--where the calculation
begins-rbe monotonic.

In the example of the SLC linac, the bunch shape and endistribution in the damping rings is fairly well known,
as are properties of the compressor section leading from the
ring to the linac. We can simulate the development of Iongitudinal phase space from the known position to the end
of the linac. Note that to do this we need to know W, in
the linac. We can define an objective function:
=

W, is Known, A, is Unknown

Ef F:e2 NLW, (0)A 6
z

[(]6)n's

-

(A6 )•,t]

2

d

,

(9)

bunch shape. This method can work well if there are few

unknowns, and if these unknowns have orthogonal effects
(a subject which we have not systematically studied). Note
that even though the least squares method does not require
a monotonic 8(z), to obtain accurate results we still need a
widened spectrum measurement.

3 APPLICATION
The
m
erementsothat we anly cm from theaSLC
linac. They were performed on July 7, 1997 with a wire
monitor (with a dispersion of 70 mm) in the BSY region
on the north side (the electron side). The parameters were
=

1.9 x 1010, Eo =

1.19 GeV, Ef = 46 GeV,
krf = 60 m-', and L = 2733 m; the peak rf voltage of

If we assume that Wz (z) is known, and again that the total
voltage is monotonic, then one measurement A6 (8) suffices
for obtaining A. (z). Eq. 5 can be written as
A,(z)

f

wih(jmaan(A) 1 ,rsetvlheesudad
calculated energy distributions. We minimize the objective
function by varying parameters in the system that we know
imperfectly. If the fit is good, we can believe the calculated

N

2.2

I

[Eaksin(kz + €)

+ e 2 NL I W,'(z - z')A,(z') dz'] ,(8)
-_o
where the upper(lower) symbols represent the case of 0 >
(<) 0. Eq. 8 is a Volterra integral equation of the second
kind, which can be readily solved numerically.
As a measurement, we prefer one with 4 < 0, where
the front of the beam is not near the rf crest. Our method
of solving for A, is as follows: Initially we let Vind = 0,

the damping ring was 800 kW; the bunch compressor voltage was set to Vc = 41.8 MV1. The linac phase knob was
first calibrated. Then for several phase settings the beam
spectrum was measured, all the while keeping the feedback in final energy on. The measured rms energy spread,
o-, and the full-width-at-.2-max/3.59, &j, are shown in
Fig. 1, and six representative spectra are shown in Fig. 2
(the plotting symbols).
First we apply the least squares method. In the SLC the
beam leaves a damping ring, goes into a bunch compressor,
and then enters the linac. In the damping ring the bunch
shape can be described as a tilted Gaussian in z, given by
A; -

-

exp 2o'2

±)2

I

(10)

v'2o-z
[
I) I
$The reading was actually 5% higher, but historically this compressor
has been known to read low by this amount.
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Figure 1: The rms energy spread (left) and full width at
0.2max/3.59 (right) of the measured spectra (the plotting
symbols). Simulation results for Oc = 900 (dashes) and
& = 1020 (solid curves) are also given.
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Figure 3: Bunch shape and spectrum obtained by the least
squares method, with 0, = 1020 (the solid curves). The
results with 0. = 900 are also shown (the dashes).
Finally, we apply the Volterra integral equation method
to the data of Fig. 2a and 2b (see Fig. 4). Note that the
two results give almost the same bunch shape and induced
voltage, and that the bunch shape agrees well with the result
of the least squares method (Fig. 3a, the solid curve).
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Figure 2: Six representative measured spectra (symbols);
and simulation results for 0, = 1020 (histograms).
factor c; and
with parameters rms length oa and asymmetry
a Gaussian in 6, with rms ob. In this case we take az =
5.75 mm, c = .27, and ors = .085%[4]. The wakefield
for the SLAC linac is found in Ref. [5]. In the transport
to the end of the linac, we know E0 and Ef well, which
leaves us with three parameters: the compressor voltage
Vc, the compressor phase 0, and the linac phase 0. In our
analysis we let these three parameters vary to minimize the
objective function, Eq. 9. We obtained the expected result
for V. and qS; however, the optimal 0, was 1020, not the
expected 900. Simulation results for 0.. = 1020 and 900
are given by the curves in Fig. 1; and for the case ,1020, by the histograms in Fig. 2. Since these fits are good,
we can believe the calculated bunch shape. The calculated
bunch shape and spectrum for the optimum case are given
in Fig. 3 (the solid curves) and compared with those for the
case 0, = 900. We see that the latter case cannot possibly
be correct (compare with Fig. 2b). For the optimized case,
Zrns = 1.2 mm and ZFWHM = 2.8 mm.
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Figure 4: Results of the Volterra integral equation method,
using data of Fig. 3a (solid curves) and 3b (dashes).
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DYNAMICS OF SPACE-CHARGE DOMINATED ELECTRON BEAMS IN
CROSSED E x B-FIELDS *
A. V. Agafonovt, Lebedev Physical Institute, Moscow, Russia
Abstract
Problemsroofbenonlincrossear dynamic os
s
earge dscus
T
na.
ed electron beams in crossed ExB-fields are discussed. The
reult
reviw oofcomutersimlatonsof
review of the results
ofthcomputer
simulations of ann eecelectron clouds formation due to nonlinear azimuthal instability inside magnetically isolated coaxial diodes (magnetron
guns) under the condition of strong nonuniform secondary
self-sustaining emission and pure thermionic emission is
given. Emphasised is the dominant influence of a feedback
on dynamics of electron beam modulation and on arising of
a leakage current to an anode across an external magnetic
field. A scheme of storage and capture of electron beams in
crossed ExB-fields due to transient processes is proposedf

1

INTRODUCTION

Theoretical and experimental investigations of the dynamics of space-charge dominated rectilinear beams considered
as a new physics subject, are receiving more and more attention in recent years. At the same time, a similar but
more complex subject, space-charge dominated beams in
crossed ExB-fields, finds practical applications and has
been investigated over a long period of time but without
notable success in theory. Suffice it to note that there does
not yet exact a clear theoretical description evere of the
pre-generation operation of a classical (low-voltage) magnetron or the regime of magnetic insulation disturbance in
high-current coaxial diodes. The physics of instruments
with crossed fields is complex due to the strong nonlinearity of the processes and the necessity to take into account
nonstationary effects.

2 PHYSICAL PROCESSES IN DEVICES
WITH CROSSED FIELDS
The physical characteristics of the processes under consideration are partially presented in works [1 - 6].
Usually, to describe electron flow in so-called magnetron
diodes (MD), one uses stationary models of Brillouin flow,
in which it is not possible to describe the escape of partines from an emitting surface, or kinetic dual-velocity flow,
in which it is possiblea1]. For system in which extraction of the electron beam in the axial direction is absent,
the applicability of such analytical models is complicated
by the influence of the pre-hystory of flow formation. In
particular, we can immediately note that for such systems
the increase of voltage on the MD should lead to capture
*Work supported by RFFI under grant 99-02-17590.
t Email: agafonov@sci.lpi.ac.ru
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of some of the emitted particles in acceleration gap which
circulate around the cathode without returning to it. Hence,
the value of the radial electric field on the cathode surface
densnoolynemsincrntbtnthmaiue
on the magnitude
butacceleration
current
on emission
not onlycirculating
depends
in the
gap.
of accumulated
charge
compoents, amelyton ciring
Divid
components, namely, one cirtwo
into
flow
the
Dividing
culating during many turns and maintaining information
on possible nonuniformities, and the other emitting from
the cathode and retuning to the cathode during a time of
the order of a period of cyclotron rotation, leads to conditiones arising for the development of azimuthal instability
of the flow. However, without the provision of a number of
additional conditions, this instability causes only weak azimuthal modulation of the flow and is not accompanied by
the development of leakage current at the anode across an
external magnetic field exceeding the threshold value for
magnetic insulation.
Strong azimuthal modulation of flow accompanied by
the development of leakage current at the anode, i.e., passing over of azimuthal instability to a strongly nonlinear
regime in which an exchange of energy and momentum
occurs between particles and the rotating self-consistent
crossed ExB-field, can occur in two cases. First, if emission current is not too large and information about the developing structural flow is not carried to the cathode by
the returning flow of electrons. Second, if feedback exists on the emitting surface of the cathode providing proper
phasing of emitted particles that increases the degree of azimuthal variation of flow and, accordingly, discards part of
the emitted particles not in proper phase.
Instability is saturated at a level of leakage currents at the
anode which can amount to several percent of ICL (ChildLangmuir current). Then, electron flow constitutes a selforganizing, regular (in the azimuthal direction), rotating
structure of dense electron bunches. Such a structure rotates with approximately the same angular velocity and exists for a long time. Dynamic equilibrium is established
between the current of emitted particles and return current
to the cathode and current to the anode. The special feature
of this dynamic equilibrium is the long presence of emitted particles in the acceleration gap, which considerably
exceeds the period of cyclotron rotation [1 - 4].
Feedback on the emitting surface, promoting the development of strong azimuthal instability, is particularly effective when using a cathode with secondary emission of electrons. The sharp nonuniform character of secondary emission, depending in turn on flow structure, leads to the formation of alternating radial electric field at a given cathode

azimuth due to rotation of the modulated flow as a whole.
The average radial electric field at the cathode can be close
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to zero. At the same time, the emission of particles in improper phases is simply suppressed by the negative value
of the field, and the emission of particles in proper phases
is sharply increased due to boundary effects [5].
The type of operation of an MD with a secondaryemission cathode depends on the maximal voltage and rate
of voltage rise on the gap. For low voltages, characteristic
for classical magnetrons, a regular azimuthal structure of
flow arises on the flat top of a pulse and is maintained over
a long period of time.
For higher voltages (above approximately 100 kV), the
regular structure is formed on the long leading edge of the
voltage, and when passing over to the flat top there begins a
debunching of the original structure and formation of a new
one, with a different number of azimuthal variations, if the
voltage does not exceeds a certain maximal value. Exceeding this maximum in the process of rising voltage results
in disruption of the self-maintainance regime of secondary
emission. The physical feature of such a regime is that,
at high voltage and accumulation of a large space charge
in dense bunches, the energy spectrum of electrons returning to the cathode is significantly shifted in the direction
of larger energies and exceeds that is optimal for maximal
yield of secondary electrons. The sharp drop in secondary
emission current leads to elimination of the "mismatched"
part of the electron flow, and the particles remaining in the
gap form, in the main, captured circulating flow. Such a
regime is realized if primary current of low intensity is
switched off after entering the regime of self-maintainance
of secondary emission.
Practically, such systems represent a new class of flows
-

field) back to the cathode in significantly less time. In the
case of uniform space-charge limited emission, information about the development of weak instability comes to the
cathode by returning particles. The density of those close
to the cathode is high and only a small number of them can
exist in the flow for a long time.

3

The conditions for possible interruption of secondary emission current for the aforementioned reasons or, for example, by increasing the external voltage, which is accompanied also by the initial discarding of a part of the flow
and its subsequent detachment from the cathode, require
special attention. This is because they permit to realize a
process of accumulation and capture of electron beam in
crossed fields which circulates so that electrons cannot return to the cathode nor reach the anode.
1.5 cm

Xk..

t

flows with a variable number of particles. The growth of

azimuthal instability in such a system is possible only under conditions when accumulated information in the flow is
no carried to the electrodes. In particular, for uniform emission of a primary beam with current comparable with the
current of secondary emission, instability develops weakly.
A demonstrative example is the development of instability in pure primary beam emitting uniformly in azimuth.
The results of computer simulations show that in a regime
of current limited by space charge, azimuthal instability
does not develop at all. However, it does become strong
and accompanied by significant leakage current if it turns
out that the cathode is operating in a regime of saturation. Then, the normal component of the electric field at
the cathode differs from zero and the development of weak
azimuthal instability increases as in the case of nonuniform
secondary emission due to proper phasing of emitted particles. The difference will respect to the case of nonuniform
secondary emission is only that the radial electric field at,
the cathode surface is not alternating, i.e., there is no direct
suppression of emission from the cathode. However, large
oscillation of field due to azimuthal bunching of beam promotes bunching of some of the electrons with proper phases relative to the rotating ExB-field, which are in the gap
for a long time. It also promotes the return of electrons in
improper phases (and, accordingly, not matched with the

CAPTURE AND ACCUMULATION OF
BEAM IN CROSSED FIELDS

8S

-

1.5 em

I
A

"
t

220

Figure 1: Configurations of flow at t

8 ns and t = 20 ns.

The number of particles in a captured circulating beam
can be sufficiently large for possible subsequent acceleration, including with high-frequency cycles, for example, in
betatron-type systems. Such systems can also be used as
injectors for classic accelerators.
Below, examples are given which illustrate the possibility of accumulating an electron flow having a number of
particles at the level of 1012 per cantimiter of length axially in a compact system with crossed fields. In this case, the
lateral dimensions are several cantimeters, the voltage is at
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x10-1 1 cm-3

celeration of captured flow, one can use a betatron field and
cut electrodes that do not hinder the formation of electron
flow nor the penetration of the external longitudinal magnetic field.
The main idea consists in the following. After formation in an MD of electron flow with regular structure, total
charge in the system still remains less than the limiting value and can be increased by raising the voltage on the MD.
Growth of voltage leads to re-bunching of flow and change
azimuthal structure due to feedback disruption. During
this process, azimuthal modulation of flow disappears and
the flow becomes close to uniform in azimuth. Significant
momentum spread of particles has a stabilizing effect on
the existance of such a flow. A further increase in voltage results in the detachment of the flow from the cathode.
The return bombardment of the cathode ceases, secondary
emission current disappears, and leakage current at the anode is practically absent, i.e., there forms between the electrodes of the MD a captured circulating flow with a large
number of particles.
Fig. 1 shows azimuthal structures of flows at different
instants. The distribution of density along the radius, averaged over the azimuth, is presented in Fig. 2 for these two
instants. The dynamics of accumulation of particles and
voltage profile are shown in Fig. 3.

t = 8 ns
4-

2

0 X

1

0.
, 010-

,of
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L
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Figure 2: Averaged densities at t = 8 ns and t = 20 ns.
Nexi1-11 , Noxi1-11

4

Problems of nonlinear dynamics of space-charge dominated electron beams in crossed ExB-fields are discussed from
the point of view of the investigation of schemes of intense electron beam formation for compact cyclic accelerators and for high-efficiency relativistic magnetrons. The
review of the results of computer simulations of an electron
clouds formation due to nonlinear azimuthal instability inside magnetron is given. A scheme of electron storage and

-0
0

10

CONCLUSION

t, ns

, kY

capture of electron beams in crossed fields is proposed.

5

-100
-200 -300 0

10
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Figure 3: Dynamics of accumulation of secondary electrons N, and the form of the voltage.

the level of 100 - 200 kV and the external magnetic field is
about of 3 kGs.
Computer simulations were performed using electromagnetic PIC-code KARAT [7] in two-dimensional r - 0
geometry. Examples of calculations demonstrating physical features of processes in 2D and 3D-geometries are presented in an accompanying report [6]. For subsequent ac-
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SELF-SUSTAINING SECONDARY EMISSION IN MAGNETRON GUNS,
BEAM MODULATION AND FEEDBACKS *
A. V. Agafonovt, Lebedev Physical Institute, Moscow, Russia
V. M. Fedorov, V. P. Tarakanov, High Energy Density Research Center, IVTAN, Moscow, Russia
Abstract
Problems of magnetic insulation violation inside a vacuum coaxial diode with dense electron flow are considered. The numerical model of nonstationary nonuniform
secondary electron emission provoked by primary lowintensity beam from a cathode was developed. The results
of computer simulations of electron cloud formation due
to nonlinear azimuthal instability under the condition of
strong nonuniform secondary self-sustaining emission are
described. The existence of an instability with transverse
quasistationary leakage current of a few percent of ChildLangmuir current and rotating states of electron flow has
been shown under conditions of conservation of full power and full momentum of the system. Emphasised is the
dominant influence of a feedback on dynamics of electron
beam modulation and on arising transverse leakage current
to the anode across the external magnetic field exceeding
the critical magnetic field of magnetic insulation. Strong
azimuthal instability exists if the current of primary beam
is much less then the secondary emission current. If these
currents are comparable, the instability is weak and decays
in time due to the absence of strong azimuthal inhomogeneity of secondary emission current. In the case of the emission of primary beam alone (secondary emission absent),
deep modulation and leakage current arises only if the condition of saturated regime of a cathode is satisfied. Such
behaviour is conditioned by a feedback on the emitting surfaces similar to the case of nonuniform secondary emission
which provides additional correct azimuthal modulation of
electron flow by rotating crossed ExB-field and amplifies
the instability. No azimuthal instability is observed if the
current of primary beam is space-charge limited. The results of 2.5-D and 3-D computer simulations are presented.

1

INTRODUCTION

This paper reports on computer simulations of an electr
cloud formation inside a smooth-bore magnetron. Preliminary results were published in [1 - 3]. Computer simulations have been performed using 2.5D and 3D electromagnetic PIC code KARAT [4]for the magnetron diode (MD)
and with an exwith parameters close to experimental [5], M
cnneted
ternl vltae
ternal voltage source
Vo(t) surceVo~)
connected too MD vi
via anRLan RLcathode
the
from
electrons
circuit. The yield of secondary
o th yild n te eerccont
taksheito epedene
takes into account the dependence of the yield on the ener*
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gy of electrons and the angle between the direction of electron velocity and the perpendicular to the cathode surface,
and also the threshold of secondary emission.

2

DYNAMICS OF SELF-SUSTAINING
SECONDARY EMISSION BEAM IN MD

The main parameters of MD are: radius of the anode rA
= 0.53 cm, radius of the cathode rK = 0.33 cm; external
longitudinal magnetic field B 0 = 2.5 kG (Bo/Bcr
I
- 1.15,
Wec/27r = 7 GHz, period of cyclotron rotation 0.14 ns); the
voltage rise time to maximum value of Vo,, = 12 kV was
varied from 2 to 10 ns; maximum emission current of the
primary beam Iem = 3 A. For given voltage and geometry
of MD the Child-Langmuir current through the MD without a magnetic field equals approximately ICL = 200 A
(here and below currents and charge densities correspond
to linear values per cm of length in the longitudinal direction). Electrotechnical parameters are rL/R = 0.25 ns, -rtc
= 0.24 ns, where C is the capacitance of MD. Drift velocity
of electrons in crossed fields is fe06 = cEo/Bo = 2.4x 109
cm/s, if the electric field is estimated as VAK IdAK.
The process of electron cloud formation inside an axisymmetrical MD under the condition of homogeneous initial emission of low current primary beam from a cathode
starts due to inevitable presence of electric field fluctuations in rotating flow of electrons stored inside the gap for
the time of the growth of the external voltage. Weak azimuthal instability is amplified by nonuniform secondary
emission and a feedback on the surface of the cathode. Under conditions of conservation of full energy and momentur a part of the electrons lose energy under the action
of the field and drifts to larger radii towards the anode.
Another part of the electrons increases its energy and returns to the cathode with an energy exceeding the threshold value for secondary emission. In view of indicated reasons, the emission of secondary electrons is nonuniform.
This effect leads to an intensification of the cathode backbombardment process and to fast and effective growth of
secondary electrons inside MD. The secondary-emission
current exceeds the primary-beam current by more than an
rs temnin
orer ofcmagnitue andsbequentl exy
exerts a determining
and subsequently
order
action ofonmagnitude
the operation
of the MD. The
MD passes over
r
an thepa
ion
f selst
action o
to a condition of self-sustaining emission and the primary
beam could be switched off. After the transient process,
a stable formation consisting of several bunches is formed
in this geometry. Electron clouds rotate as a whole with
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ondary emitted electrons can stay inside the gap only for
a small time comparable with the period of cyclotron motion because they are forced to return to the cathode by
the radial component of rotating crossed Ex B-field, which
changes its direction during the rotation of the flow as a
whole.

approximately constant angular frequency.

The regime of self-sustaining secondary emission in MD
is characterized by the average radial component of electric
field on the cathode surface, which is close but not equal to
zero. At given azimuth of the cathode surface it oscillates
with a frequency equal to the average rotating frequency of
the flow as a whole times the number of bunches, and with
amplitudes varying from -10 up to 30 - 40 kV/cm.
Note that strong azimuthal instability occurred only if
the current of primary beam is small in comparison with
the full current of self-sustaining secondary emission.

6

I (top) shows stable configuration of electron flow
inside the MD with secondary emission cathode.
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dominant influence on the growth of the instability and on
arising of a transverse leakage current to the anode across
the external magnetic field exceeding the critical magnetic
field of magnetic insulation. This feedback is conditioned
by right phasing of a part of secondary emitted electrons by
rotating crossed Ex B-field. These electrons are captured
inside rotating modulated electron flow and stay inside the
gap for many revolutiones around the cathode, maintaining its azimuthal and time structures. Another part of sec-
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Figure 2: Dynamics of store of electrons inside the gap for
the above mentioned cases.
Fig. 2 (top) shows dynamics of store of primary NO and
secondary N, electrons inside MD. The time behaviour
of radial electric field near the surfaces of the cathode is
shown in the top of Fig. 3.
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ElkV/cm
0 = 21

',r=O.33

5

haviour of the electron flow for later time is similar to the
case of space-charge limited primary beam. The charge of
primary beam emitted homogeneously from the cathode influenced the character of secondary emission and smoothes
over a nonuniformity of secondary emission due to additional suppression of radial electric field on the cathode
surface. Secondary-emission current increases initially and
then drops to a value which provides the fall of radial electric field on the cathode surface to close to zero. Azimuthal
modulation of the flow and leakage current to the anode
do not exist in this case. However, they arise for a time if
the current of primary beam decreases approximately by an
order of its initial value.
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Presented above results obtained for 2-dimensional r - 0
geometry of the system. Results of 3D calculations have
confirmed all main physical mechanisms and conclusions
of 2D calculation. The transverse leakage current drops
sharply when Bo/Be, > 1.4 and longitudinal leakage current prevail.
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2150, r=0.335Cm
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Figure 3: Behaviour of the radial electric field near the surface of the cathode for the aforementioned cases.

3

3D COMPUTER SIMULATION

DYNAMICS OF PRIMARY BEAM AND
OF MIXED SECONDARY AND
PRIMARY BEAMS IN MD

Investigation of an instability of pure primary beam of different currents up to space-charge limited current homogeneously emitted from a cathode of MD (an MD with
a thermionic cathode without secondary emission) shows
that under condition of space-charge limited current no azimuthal instability occurs. Deep azimuthal modulation of
the flow and leakage current to the anode arises only if the
condition of saturated regime (normal component of electric field does not equal zero) of a cathode is satisfied. The
behaviour is conditioned by the same feedback on the emitting surface providing additional correct azimuthal modulation of emitted particles similar to the case of secondary
emission. The difference is that the radial electric field does
not change its direction on the surface of the cathode, but
oscillates with large amplitude. In the middle of Fig. 1 stable configuration of the flow of primary electrons inside
the MD without secondary emission and the cathode operating in the saturated regime are shown. The bottom figure shows stable configuration for the case of space-charge
limited current of primary electrons. In the middle and in
the bottom pictures of Fig. 2 dynamics of store of primary
No inside MD are shown for aforementioned cases. The
time behaviour of radial electric field near the surfaces of
the cathode for aforementioned cases is shown in Fig. 3.
In the case when the current of primary beam is comparable with the current of secondary-emission beam the be-

5

CONCLUSION

Emphasised is the dominant influence of a feedback on dynamics of electron beam modulation and on arising transverse leakage current to the anode across the external magnetic field exceeding the critical magnetic field of magnetic
insulation. The instability arises due to an energy and a momentum exchange between particles and rotating crossed
azimuthally modulated E x B-fields. Strong azimuthal instability exists if the current of primary beam is much less
then the secondary emission current. If these currents are
comparable, the instability is weak and decays in time due
to the absence of strong azimuthal inhomogeneity of secondary emission current. In the case of the emission of
primary beam alone deep modulation and leakage current
arises only if the condition of saturated regime of a cathode
is satisfied. Such behaviour is conditioned by a feedback
on the emitting surfaces which provides additional correct
azimuthal modulation of electron flow by rotating crossed
ExB-field and amplifies the instability.

6
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MERGING BEAM-BEAM INTERACTION
Yuri K. Batygin and Takeshi Katayama
The Institute of Physical and Chemical Research (RIKEN), Saitama, 351-01, Japan
Abstract

After two bunches crossed each other, total number
of collisions, AN, is obtained via integration of Eq. (3)
over volume of interacted bunches and time of interaction.
In a ring Nb bunches collide per turn during time T=l/fo,
where fo is a particle revolution frequency. Therefore,
luminosity of particle collider, L = (1/a) (AN/T) , is

New type of particle collisions is considered. In
merging collisions two comoving beams intersect each
other at small angle to provide low collision energy
required for nuclear fusion experiments. Expression for
luminosity is obtained. It is shown, that luminosity has a
maximum value depending on particle velocity.

f

2f

L=

(vI-v2)

Nbfo

- [V-XV2] 2

t pip2dxdydzdt. (4)

c2

1 INTRODUCTION
Merging beam collisions is a new technique for
study nuclear fusion processes [1]. Merging two
radioactive isotope beams deliver low energy collisions
just above the Coulomb barrier threshold that is difficult
to be realized in other experimental methods. In this paper
we analyze luminosity of merging beam-beam collision as
a function of ring parameters and find optimal conditions
to obtain maximum value of luminosity.

Transformation of coordinate system of every bunch
(xi,yi,zi), i=l, 2 into laboratory coordinate system (x, y, z)
is given by (see Fig. 1):
Zl

x
-

z cos- + x sing

Z2

z sig+xsinsg

X

z sin(P + x cosq

x2

z cosg -x sing
sing + xsin

z

Substitution of coordinate transformation (5) into Eq. (4)

2 LUMINOSITY OF MERGING BEAM-

gives the following expression for luminosity:

BEAM COLLISIONS
L=- G NbfocNIN2

Pl, P2 and beam velocities 1i = vl/c, 02 = v2/c, crossing
each other with angle 29 (see Fig. 1). Assume beams have
a Gaussian space charge density distributions
y__ (zI _Vlt)2 ]
exp[_- xi_.
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where integral over volume and time of interaction is
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where N 1, N2 are number of particles per each bunch,

+

axi, ayi, azi, i = 1, 2 are root-mean square (rms) bunch

-
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sizes. Luminosity is defined as a ratio of interaction rate
dN/dt to cross section a of particle interaction
L = (1/a) (dN/dt). According to invariant cross section
formula [2], number of collisions 8N in the volume dV
during time dt is
(I-"2
-SN = aV (Vl-V2)

2

exp

Y___ (2-v2t)222
S(z22

exp2 3 2

2
(
. 221132cos2.
2
0ý2+2
Sln 2g, (6)

-lC2
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Consider two bunched beams with particle densities

pi=N1

(

z sinp + x cosq "(5)

cz2

O1

a.2

2

2
- t sing (yl - -Y_•
)]} dx dy dz dt.
222

Oil

Oz2

(7)

Assume, that collide bunches have the same longitudinal
sizes OzI = CFz2 = az and same velocities 131= 132 = P3,but
different transverse sizes 49xI # (%2, ayl # fTy2.
Calculation of luminosity, Eqs.(6-7) results in expression
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Fig. 1. Merging beam-beam interaction.
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Luminosity, Eq.(8), is inversely proportional to
longitudinal beam size, az, and vertical beam size, ay 1, 2,
and practically independent on horizontal beam sizes in
the plane of particle collision, 0x 1, 2.
Let us take into account, that revolution frequency of
particle motion in a ring is given by f. = Pc / Cr where
Cr = 27ER is a circumference and R is a mean radius of
the ring. Therefore, luminosity as a function of particle
velocity is:
c Nb NiN22
l31 cos2p . (10)
c NbNIN2
LY,+OF2 GzCr
21-2i cosy

(1

I

f2- cos

cos

2cos2 P -1

y

(13)

c Nb N1 N2

Lmax =

Taking derivative of luminosity over particle velocity,

(I-

N2

cos qthe maximum luminosity, Lmax, is obtained at the
following optimal values of particle velocity, Popt, and
particle energy, 'yopt

Formula (8) is derived assuming (p# 0, ic/2. For
typical parameters in the interaction point, p <<21t,
Yxl,2 << aF, the denominator factor in Eq. (8) can be
neglected as a product of two small values:
+ X22) << 1
tg2(p ( Ox21

c NbNi
-y2
20,x

4'U2- cos 2q

Gyy +

y22 Oz Cr

In Fig. 2 luminosity as a function of particle velocity
for angle (p = 0.087 is presented. Since the value of Cpis
small and cos p =1, the maximum luminosity is obtained
for I3 tn= iiV2, yopt 1.41. At relativistic energies, P = 1,
luminosity is
c Nb Ni N2

L (P --- )1
2ý

tgqp.

(14)

2yI+T2YC
a
~~,.2-7

Therefore, reduction of luminosity at relativistic particle
energies y >>yopt with respect to maximum value of
luminosity is
(15)
L (13 -1) = sin 29
Lmax(popt)
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that, if collisions is performed on-axis, luminosity does
I

not depend on particle velocities. Consider two bunched

_

beams, which move in the same direction with different
velocities vI # v2. Luminosity of such comoving
collisions is obtained from general formulas (6), (7) by

0.8
E 0.6/

change of v 2 for - v 2 and assuming p = 0:

"-j 0.4

L-NbfocNIN2

S/(•3
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+z~tv2
L72

Fig. 2. Luminosity of merging beam-beam collisions for

angle
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(2n)3

0.2
0.2

l~103•-N

0.087 as a function of particle velocity.

.G,

(18)

2

-I-2---

]dxdydzdt

-t

.

2

(v?+vi)

(19)

After evaluation of integral (19), the value of luminosity
is:

3 COMPARISON WITH LUMINOSITY OF

L = Nb fo Ni N 2
4n Ox cry

CROSSING ANGLE COLLISIONS
.Let us compare maximum luminosity at merging
collisions, Eq. (13) with that for head crossing angle
collision with the same value of 9. Expression for
luminosity with head crossing angle collision is obtained
from general expression , Eqs. (6), (7), by change of v2 for

Eq. (20) gives the same result as luminosity of headon collision. Integration in Eq. (19) is performed in the
infinite limits. It means, that bunches of both beams have
to pass through each other completely. Bunch length is
I = 4 oz. To perform interaction, collision region, leolo,
has to be as long as [4]

-v2 [3]:

lcoll = 1.
L =_Nb

2

fo N_ N2

O~yY,+Oy22

1-

2sin_ 2

2Y2 sin 2y +cos2(P (aF21 +Y22)

(16)

Lcross angle

Oxl+ + 432+
22"az 03cos(P

1 + tgh2p

2 OTz

1 -_2

2
sin 9p

X2L)

acx

(21)

(17)
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For typical ring parameters
luminosity is of the order
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Typical value of ratio in Eq. (21) is h2/A3 - 10. To obtain
the same value of luminosity in comoving collisions as
that for head-on collisions, it is necessary to provide long
interaction region with short bunches [4]. Merging beam
collisions deliver smaller value of luminosity with short
interaction region.

Ratio of two values of luminosity is:

Lmerge. max _

(20)

x/az

[3 1, ratio of
=-0,
-p
3 TM.Takanaka,
10-". That means, that in

merging collisions, achievable value of luminosity is

several order of magnitude less than that in encountered
crossing angle collisions, because merge beams are almost
parallel to each other.
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4 LUMINOSITY OF COMOVING BEAM
COLLISIONS
From the previous section it is clear that merging
collision is characterized by small value of luminosity.
V.V.Parhomchuk (BINP, Novosibirsk) pointed out [4]
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TEST PROBLEMS FOR VALIDATION OF SPACE CHARGE CODES
Yuri K. Batygin
The Institute of Physical and Chemical Research (RIKEN), Saitama, 351-01, Japan
Abstract
Particle-in-cell codes for intense beam dynamics
study with space charge include parameters defined by
user: number of modeling particles, number of grid points
and integration step. Combination of that parameters has
to provide the most accurate calculation of beam dynamics
during reasonable computing time. Analytical solutions for
intense beam dynamics problems with space charge allow
comparable runs of codes with controlled accuracy of
calculations. In present paper test problems using PIC
code BEAMPATH are given.
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1 INTRODUCTION

Fig. 1. Drift of uniform beam in free space.
Self-consistent solutions for beam distribution
function serve as test problems for verification of beam
space charge codes. Most of the solutions are obtained for
beam with linear space charge forces. Large number of
tests are available utilizing KV equations for beam
envelopes. Here we consider drift of uniform beam in free
space (Section 2). Problem of beam drift is generalized for
non-uniform beam as well (Section 3). Number of tests for
both uniform and non-uniform beams are available for
beam equilibria with space charge (Section 4). Several
tests (drift of uniformly charged ellipsoid, Section 5 and
beam bunching, Section 6) include longitudinal space
charge forces.

3 DRIFT OF GAUSSIAN BEAM IN FREE
SPACE
If beam is not uniform, it's density profile as well as
beam sizes are changed in drift space. Evolution of
Gaussian beam with zero emittance in drift space under
self non-linear space charge forces is described by
expression [3]:

aaF+aF2

p=

Po exp (- 2

02)

F3 +a

4

5

+F

+a6F6

(3)

where the following notations are used:

2 DRIFT OF UNIFORM BEAM IN

22

FREE SPACE

-oro, F = Ro

Spread of round uniform beam with current I,
emittance 3, velocity P and energy y in free space is
R [1]:
described by KV equation for beam envelope
2
2 dZR
_•
21
=0,
(1)
3
R (0]y) 3IV
R
dz2
where Ic = 4nteomc 3/q is a characteristic value of beam
current. For space charge dominated beam 3 = 0, Eq. (1)
has a solution [2]:
R, _+I

0.25Z

0.017Z '__Z=Ro4

4I
413

(2)

In Fig. 1 results of beam envelope evolution utilizing
104 particles on the grid 256 x 256 are presented.
Deviation from analytical solution (2) is less than 10-4.
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- exp._(-2 4 )

V

ao= 1 + l exp (-2ý2), al
a =12

0o__

_

'

=-0.102

4

Lý
1_

3

(4a)

113/2 exp (-2ý 2), (4b)

exp (-2o2),

0.017 i"3! 2 - 0.0425 il 51 2 exp (-202),
-_ Tl2
a4=6134"10"3 r3exp(-2o2) I
,
a3

Z_
Ro

(4d)

=

2
a5 = 0.01275 l552, a6= - 5.78 -10-4 r13

(4e)

.

(4f)

In Fig. 2 results of evolution of 35 MeV, 4.7 A, D+
beam with initial Gaussian distribution and initial radius
of Ro = 1.3 cm are presented. Simulations with 104
particles on the grid 256 x 256 indicate good agreement
with theory.
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and transverse semi-axes, respectively. Potential of the
uniformly populated ellipsoid in free space is given by
3Q
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4 BEAM EQUILIBRIUM WITH SPACE

3

If beam distribution function f (x, y, px, py) is
conserved in time-independent focusing field, beam is in
equilibrium with external field. Stationary self-consistent
beam distribution function is a solution of VlasovPoisson's equations:

2

S1,

a

a(r

dt

q Q(1-Mz)

81cm

(9)

ab

l

,-I

0

-1

+ a f U.
apx•ax py ry

qf fU

b
t

d2bb 3

In Fig. 3. numerical results for ellipsoid with Q = 3
nK utilizing 2.104 particles on the grid 128 x 512 are
presented. Initial ellipsoid with ratio of semi-axes a/b = 3
is transformed into ellipsoid with ratio of a/b = 1.55
(analytical solution a/b = 1.62). General treatment of
ellipsoid drift in free space including finite value of beam
emittance is given in [5].
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o
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Fig. 2. Redistribution of Gaussian beam in drift space: aPIC simulation, b - calculated from Eq. (3).
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Due to linear space charge forces, ellipsoid remains
uniformly populated in drift space. Equations for
evolution of ellipsoid boundaries are

-

--

!

o.o6

1

01-

81ts 0 b2 a

3.8

I

I]

Space charge forces inside ellipsoid are
1

x,em
0.18-------------0.16

(7
(7)2

=

-

.

-1

x (CM)

i- +F

2s

.

..

-3

(0.57)

[J1lnl+e)-l],

-,

--

0.1 " .

10 I I I.

-2.5

2

-Mz--1-

0.3
0.2

-J
-1.5
-2

I

,4(6)

b

2

2so

(5)

-2

E

(0(0-4

-3

-2

-1

15

16

17

0

1

2

3

4

18

19

20

21

22

f (x,px,y,py) dpx dpy

-

3
2

where U = Ub + Y Uext is a total potential of the
structure, Ub is a space charge potential and Uext is an
external focusing potential. General treatment of the
problem (5) for arbitrary distribution function was given
in [4]. In Table 1 self-consistent solutions for different
beam distributions are given.

5 DRIFT OF UNIFORMLY CHARGED
ELLIPSOID IN FREE SPACE
All mentioned problems dealt with transverse

particle motion. Several tests are available including
longitudinal space charge forces. Consider uniformly
populated spheroid with charge Q and a, b, as longitudinal
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Fig. 3. Drift of uniformly populated ellipsoid in free space.
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Table 1. Self-consistent beam equilibrium with space charge.

Distribution function
KV

Definition

f=fo (pX

Required focusing field
2

+py

+ x +y
2

Gaussian

f = fo exp( -2

Waterbag

f=fo,

2 (x+y
3
R2

2

2

2
+p2)•<1
(e./R) 2

2 (EJR)

-Zy
)

)(COOz
"v

E(r)

3

81
(1- r2 )]
Ic PY
3 R2

-L-- + 3
(1- 2
2
R
lc P7
2R 2
[()(3)
[ R=-mc
L_)

R

qRy

R

3

+

211(~efy)
(K2)
erf (_e_)
Ic y r
R

COS totn(Z)] + [N

A/ [

1r
12R 4

sin tootn(z)] , (13)

n=1
n=1
N
I
where tn(z) i = I ,...N is a time of reaching of the particle
with number n of point z. Numerical example of bunching
of 150 keV, 1 A, R/a = 0.8 proton beam represented by
104 particles on the 256 x 256 grid is given in Fig. 4.
0.8
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.
"
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where J1 (X) is a Bessel function, M1 is a coupling
coefficient of the beam with modulation gap:

0.2
0.1 "

M -sin (0/2)
0/2

00

d/v is a transit time angle trough the gap,
0 = wOo
(Oq = ý- (op is a reduced plasma frequency of the beam,
cop = 2 (c/R) fI /(PlIc) is a plasma frequency for an
unbounded beam and F is a form factor of reduction of
plasma frequency due to finite radius of the beam and
tube:
a

2

-c

I/(z)

v

F = 2.56 J22 (2.4 R) / [1 + 5.76/0R2], OR = ooR /v

- 2 r [-2 +
mc
q R 2y R 2

R

s (Oq z
sin (=q )
) Zv
],(10)
[ (OooZ
(_q

R

mc2
2[.2+4I(l-exp(-2r 2 /R2 )]
2
q Ry R R
P7Ic
2(r 2 /R2 )

2

2
(2

One-dimensional problem of beam bunching with
space charge has an approximate analytical solution [6].
Consider non relativistic beam of energy qUo with fixed
radius R propagating in a tube of radius a. Injected beam
passes through the gap of length d with applied voltage
U(t) = U1 -sin coot. In drift space particles are bunched
which is characterized by the value of first harmonic of
induced current I1 as a function of bunching parameter X
X(UJM
X=(U1MI
-2 U

071C,

E(r) =mc2 r
q R 2y

2

6 BEAM BUNCHING

,

qR 7R

E(r)

)

2

2
2
Extended Gaussian f = fo exp ( -2 Px + Py
(FR)2

2 J1 (X)

I

E(r)=

x2+y

-

2R

E(r) = -i1--(L)[(R)2+2

R

+ p

f= f(1- x+)

Parabolic

- H)

2

2+

(d/R)

2

.

(12)

Numerical value of the first harmonic of bunched
beam is calculated as follow:
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Fig. 4. Beam bunching: dotted line - analytical solution,
Eq. (10); solid line - numerical values.
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TRANSVERSE PHASE SPACE PAINTING
FOR SNS ACCUMULATOR RING INJECTION*
J. Beebe-Wang, Y. Y. Lee, D. Raparia, J. Wei
Brookhaven National Laboratory, Upton, NY 11973
-

Abstract

Table 1 : Beam requirements at the target [6]
Beam horizontal dimension
200 mm
Beam vertical dimension
70 mm
Time-averaged beam current
< 0.091 A/m 2
density over beam footprint
Beam power within target
<5%
and outside nominal spot
Peak time-averaged beam
•0.182 A/m2
2
current densi over 1 cm
c
u
lse
density over cm
I
ý 1...
Peak 1-pulse density over 1 cm2 1.89 x 1016 proton/i 2

The result of investigation and comparison of a series of
transverse phase space painting schemes for the injection
of SNS accumulator ring [1] is reported. In this computer
simulation study, the focus is on the creation of closed
orbit bumps that give desired distributions at the target.
Space charge effects such as tune shift, emittance growth
and beam losses are considered. The results of pseudo
end-to-end simulations from the injection to the target
through the accumulator ring and Ring to Target Beam
Transfer (RTBT) system [2] are presented and discussed.

1 INTRODUCTION
At Brookhaven National Laboratory work is in progress
for the design and construction of SNS accumulator ring
system [1]. The system consists of a 1MW, expandable to
,accumulator ring [3] and two transfer lines. High2MW, am
rinsport
line
Higs
Energy Beam Transport line (HEBT) [4] brings beam
from the end of linac to the injection bump of the ring, and
Ring to Target Beam Transport line (RTBT) [2] brings
beam from the extraction kicker of the ring to the target.
At
the target, the proton beam must meet stringent
specifications,
as listed in Table 1, in consideration of the
stress and lifetime of the target. The proton distribution at
the target is crucially determined by the beam distribution
in the ring. Furthermore, a proper proton distribution in
the ring is critically dependent on the 6-dimensional phase
space injection/stacking method. Therefore, in order to
spae ijecionstakin
mehod Threfrein rde to
obtain the desired proton distribution at the target, one
must create a set of suitable closed orbit bumps at the
injection that provide a proper phase space painting.
In the current H' charge exchange injection design [5], the
horizontal and vertical bumps are formed by sets of four
pulsed dipoles. The strengths of the dipoles, in each
direction, can be programmed as functions of time during
the injection to provide phase space painting. As a part of
design study, we ask: (1) can the bumps, as in the current
design, satisfy the beam requirements at the target? (2) if
can, what are the prescriptions of the bumps as functions
of time during the injection? (3) are these prescriptions
technically achievable? To answer these questions, we
investigated and compared a series of transverse phase
space painting schemes by realistic computer simulations.

2

Three computer simulation codes are used in this study:
ACCSIM [7] and SIMPSONS [8] for beam tracking in the
accumulator ring, and PARMILA [9] for the RTBT line.
Both ACCSIM and SIMPSONS are capable of tracking a
large number of macro-particles through the ring lattice,
in the presence of space charge and beam to wall
interactions, in full 6-dimensions. In addition to the
iecon
in
s,
provides in an
of
common features, ACCSIM provides wide range of
injection simulation options such as foil specifications, 6D phase space painting and injected particle distributions.
On the other hand, SIMPSONS is a powerful tool for
extensive study of space charge effect. So, in this study,
phase space painting is investigated with ACCSIM and
space charge effect is done with SIMPSONS. Presently,
efforts are been made [10] in BNL to integrate various
codes onto a common platform that accommodates 6-D
painting and space charge effects together with magnet
field error and misalignment analysis, magnetic fringe
field error and misa limetiana
field mapping, and beam collimation.
All the physical quantities used in the simulations are
chosen to be as close as possible to the specifications in
the current design. The lattice functions and other salient
parameters used in the simulations are listed in Table 2.

"Work performed under the auspices of the U. S. Department of Energy.
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PHASE SPACE PAINTING

3

Table 3: Comparison of x-y correlated and
anti-correlated phase space painting scenarios

Since the beam is injected into the ring at a dispersion-free
region [5], beam phase-space painting in the transverse
direction is conveniently de-coupled from the longitudinal
beam manipulation [11]. Furthermore, painting in the
horizontal and vertical direction can be adjusted
independently. The injection system is designed to
accommodate both x-y correlated and x-y anti-correlated
painting schemes, illustrated in Fig. 1.
injection end

i

nchamber.

injection begin
,

fm

7

foil

fil

_--_ l-

painting scenarios
Foil hitting rate
Aperture clearance @ inj.
Susceptibility to coupling
Capability to KV painting

correlated

yes
no

In both painting examples, shown in Fig. 3 and 4, the time
constants of the bumps were 0.3 ms or longer in
consideration of eddy current effect in the vacuum
Since painting is adopted in both directions
without steering of the injecting beam the minimization of
foil hitting and the design of downstream beam line and
beam dump for the un-stripped beam become
straightforward.

16

is

-11
injection begin

injection end

.

8

(b)

(a)

X

Figure 1: Basic painting scenarios. (a) x-y correlated
painting, (b) x-y anti-correlated painting.
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The most easily achievable bumps are the ones moving
the closed orbit monotonically as an exponential function
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in both dimensions are painted from small to large
emittances. Ideally, the resulting rectangular transverse
profile, Fig. 3, can easily meet the target requirements.
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"Figure 3: Phase space distribution at the end of
injection achieved by a x-y correlated phase space painting.
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Figure 2: Orbit bump setting for a x-y correlated painting.
totases
Howver suc a beam profile0is

20.

_.|

susetil

coupling due to magnet misalignment and space charge
forces, which in turn results in an effective doubingsf)th

•

maximum emittance in both directions. On the other hand,
with the x-y anti-correlated scheme the total transverse
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The resulting oval beam profile achieved by x-y anticorrelated painting, fig. 4, is immune to the transverse
coupling. Table 3 compares the two painting schemes.
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Figure 4: Phase space distribution at the end of injection
achieved by a x-y anti-correlated phase space painting.
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5 PSEUDO END TO END SIMULATION

SPACE CHARGE EFFECT

4

We compare space charge effects between the beams in
the current design of FODO nominal tune lattice and in an
alternative design of FODO split tune lattice [12]
developed recently as part of design studies in BNL. 105
macro particles, with transverse phase space distribution
similar to the one shown in Fig. 4 were tracked in the two
lattices for 100 turns by SIMPSONS 2D code. Space
charge effect in beams with peak current 0-100A,
corresponding to the proton accumulation of 0-2MW, was
investigated. The rms emittance growth and tune shift due
to space charge as functions of peak current are shown in
Fig. 5 and Fig. 6 respectively. The lattice functions and
space charge effects in 2MW beams in the two lattices are
compared in Table 4. With the split tune lattice, the
vertical beam envelope variation (P./
in) is significantly
reduced. Correspondingly, the vertical emittance and
beam tail/halo generation is also dramatically reduced.
,. .,o-=
-

A% / %,
s

- -- -

/e •y,

Driven by searching for suitable painting schemes,
injections with various bump settings were simulated in
the accumulator ring. Then particle distribution obtain
from the ring simulations were tracked to the target
through the RTBT line with PARMILA. PARMILA was
modified to include scattering effect of a 4mm thick
inconel window, which is about 2 meter from the target.
Then the current distributions are checked against the
beam requirement at the target. (Table 1). It was fund
that, in a 2-D plan of time constant and bump strength,
there is a nice-sized region in which all the bump settings
give satisfactory distributions. Fig. 7 shows one example
of satisfactory distribution at the target that was achieved
by the bump settings shown in Fig. 2. Complete end-toend simulations, from the ion source to the target though
linac, HEBT, accumulator ring and RTBT is in progress.
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Table 4: Lattice comparison
Unsplit
LATTICE
Tune v, (xly)
5.82 / 5.80
Max. / min. P-function, (in)
19.2 / 1.4
4.0
Max. IDI, (in)
Imao
4 O'in

Max. B,.... (at 10cm), (kG)
Max. tune shift, Av, (x/y)
SC growth AP/0, (x/y)
Emittance growth, Ae/s,(x'y)
Tail/halo rate, xly (10 5/turn)

P

Split
5.82/ 4.80
19.4/2.6
3.9
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PERFORMANCE OF THE AGS TRANSITION JUMP SYSTEM*
L.A. Ahrens, J.M. Brennan, J.W. Glenn, T. Roser, W.K. van Asselt#' BNL, Upton, NY
Abstract
The transition jump system has been indispensable to the
high intensity proton operation of the AGS complex.
Nevertheless, transition crossing remains one of the major
hurdles as the accelerator complex intensity is pushed
upward. To enhance the performance of the system
'quadrupole pumping' in the Booster is used to minimize the
necessary longitudinal dilution of the beam on the AGS
injection porch. During the transition jump sextupole
correctors at strategic locations are pulsed to minimize the
effects of the chromatic non-linearity of the jump system.
The available instrumentation for diagnosing the
performance of the system will be described, along with
performance at the recent record beam intensities,

1 INTRODUCTION
The gamma jump system at the AGS is in operation since
1994. It consists of three quadrupole doublets positioned
symmetrical around the ring. When these quadrupoles are
powered, they produce lattice perturbations resulting in a
change of the transition energy. During acceleration of the
beam in the AGS these quadrupoles are slowly ramped as
the beam nears the transition energy of the unperturbed
machine. The beam remains below transition in this way for
a longer period. When the beam energy is well above the
transition energy of the unperturbed machine, the currents in
the quadrupoles are crowbarred to produce a fast change of
the transition energy of the lattice and therefore an effective
fast crossing of transition. Since the time constant of this
crowbar is proportional to the inductance of the load each
quadrupole magnet has its own charging supply and crowbar
circuit. A more detailed description of the system can be
found in [ 1,2] and references cited there.
The large distortion to the machine lattice inherent to the
jump implies that the beam momentum spread, hence
longitudinal emittance, is the critical beam parameter near
transition.
The following will outline the strategies, which have been
employed during the high intensity proton running period for
the High Energy Physics program of FY98 and FY99. The'
first involves RF gymnastics in the Booster aimed at
*

#

reducing the longitudinal emittance of the beam in the AGS.
The second involves powering sextupoles using newly
installed hardware to counter the non-linear effects of the
transition jump system.

2 REDUCTION OF THE BEAM
DILUTION IN THE AGS
Optimizing beam intensity in the AGS involves a
compromise between conflicting needs to create the most
stable conditions on the long injection porch, and to produce
a beam with minimal momentum spread for the transition
jump. Beam properties relevant to front porch stability
issues include the peak beam current, the momentum spread
as well as tranverse dilution. The beam has been
longitudinally mismatched upon transfer from the Booster to
the AGS in previous years and an RF cavity with a
frequency about forty time that of the accelerating RF has
been used, which smooths and speeds filamentation of the
beam increasing the longitudinal emittance and the beam
stability [3,4]. At transition this results in increased beam
losses, because the beam size increases so much, which is a
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the U.S. Department of Energy
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Figure 1: The wall current monitor signal showing the
peak current density variations in the Booster before
transfer to the AGS. Horizontal scale is 1 ms/s
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Result of the large modulation of the dispersion function
during the pulsing of the transition jump quadrupoles [1,2].
For this running period the peak bunch intensity and
momentum spread of the bunches transferred from the
Booster to the AGS has been reduced by so-called
quadrupole pumping, a process where the RF voltage is
modulated before the beam transfers to the AGS. In this way
the lower peak densities can be obtained in the AGS without
the emittance increase associated with the dilution of the
high frequency cavity. Figure 1 shows the wall current
monitor signal in the Booster during the last 10 ms before
transfer to the AGS. It is seen that the peak density is
reduced to approximately 60% from the value before the
quadrupole pumping process started.
However, operation of the highest intensity beams have been
obtained with a significant longitudinal mismatch
intentionally present between the Booster and the AGS,
implying that some momentum spread increase was needed
on the injection porch....
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3 NON-LINEAR EFFECTS OF THE
TRANSITION JUMP SYSTEM
The second order yt-jump scheme used in the AGS
significantly distorts the machine lattice. In [5] Wei et al.
described measurements and simulations of the large
chromatic non-linearity, which accompanies the powering of
the transition jump quadrupoles. Wei proposed the use of a
current of about 100 A in the twelve superperiod symmetric
horizontal chromaticity sextupoles in the AGS to minimize
the nonlinear effects of the jump system. Subsequent
measurements, using a longitudinally very small beam,
confirmed this prediction [6].
However, attempts to implement this plan using the high
intensity beam over the past several years have consistently
resulted in increased beam losses at transition even for
sextupole currents well below 100 A.
Although this is not rigorously understood, it is known that
the beam equilibrium orbit is significantly offset from the
sextupole centers. The resulting distortions may be
responsible for the increased losses, which motivated
attempting to reduce the number of sextupoles involved in-/
the correction. Closer investigations of the effect of the
sextupoles with the computer simulation code MAD showed
that by choosing only three of the twelve sextupoles, those
located near maxima of the distorted dispersion function
inherent to the jump (B113, F13 and J13), an equally
effective reduction in the nonlinearity could be achieved.
Figure 2 shows some results of these simulations. The
transition energy is plotted as a function of the momentum
error of the beam in the AGS for various currents in these
three sextupoles. These simulations also revealed some ill
effects of the sextupole correction. Figure 3 shows the

0.008

maxima in the horizontal beta function as a function of the
momentum error for various values of the currents in the
horizontal sextupoles.
To introduce sextupole correction near transition with
minimal effect on the orbit and independent of the regular
chromaticity correction, additional (floating) power supplies
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have been installed for each of the three sextupoles at B 13,
F13 and J13 in the AGS ring. In pulsed mode the supplies
are able to output 100 A.

4 DISCUSSION
During the recent high intensity proton run the AGS
complex has reached record intensities above 70*1012
proton per cycle (70 TP). Details of how this has been
achieved are described in a separate contribution [7].
Although tuning of transition can not be done independent
of injection and extraction parameters, issues specific to the
operational aspects of crossing of the transition energy will
be described here.
The machine complex was turned on with quadrupole
pumping in the Booster. The high frequency cavity is still
being used, but the resulting dilution is smaller because of
the reduced phase mismatch of the beam with respect to the
RF in the AGS. As in previous years the gap volts have been
reduced during the ramping of the transition quadrupoles to
minimize the momentum spread, which is estimated
Ap/p=±.6% at the time the transition jump occurs. Further
the three sextupoles were powered with a current ramp
similar to the ramp function in the transition quadrupoles.
Because of the anticipated momentum spread the maximum
current for this ramp was set at 35 A.
In previous years dipole and quadrupole magnets have been
moved to minimize the effect of the jump system on the
orbit [2]. Before this run the sextupole magnet at J13 was
moved because beam loss data from the previous run had
shown excessive beam loss at this location. At another
location, downstream of the D20 RF cavity, where a similar
problem existed a backleg winding bump was installed.
Despite all these efforts the optimum tuned machine was one
where the orbit excursions at the maximum of the ramp of
the transition quads were intentionally not minimized and
included deviations as large as 10 mm. Although beam
losses downstream of the D20 cavity have been reduced,
they are still problematic.
When the machine was routinely running above 60 TP it was
observed that the transition losses were varying from cycle
to cycle from -2 to -4 TP. A wall monitor mountain range
program was modified such to provide integration of the
individual bunch areas during the period around transition.
This application revealed that most of the varying beam loss
occurred on the last transfer from the Booster. Possible
explanation for this behaviour is the fact that the last transfer
has the highest intensity and the shortest exposure time to
the high frequency cavity.
The performance of the transition jump system has improved
during the recent run over previous years. On average beam
losses have been reduced, while running at higher
intensities. Because of the complexity of tuning the machine
to the high intensities, it is not possible to identify, which of
the new strategies has contributed most, but both, described
in the above sections, will be pursued in coming runs.

The creation and evolution of the transition jump scheme
has been driven by high intensity proton operation. The
sextupole correction, in combination with the jump system,
will also be explored further, when the AGS will be used as
injector for RHIC, because of the desired low emittance for
collider operation.
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OBSERVATIONS AND SIMULATIONS OF PARTICLE-DENSITY
OSCILLATIONS IN AN APERTURED, SPACE-CHARGE DOMINATED
ELECTRON BEAM*
S. Bernal t , R. A. Kishek, M. Reiser,
Institute For Plasma Research, University of Maryland, College Park, MD
I. Haber, Naval Research Laboratory, Washington, D.C.
Abstract
Experiments and particle-in-cell (PIC) simulations in connection with the University of Maryland Electron Ring [1]
demonstrate the appearance and evolution of transverse
space-charge waves in a space-charge dominated electron
beam. The waves are observed regardless of the focusing
system, although the strength of the focusing affects their
onset and evolution. An aperture induces the perturbation
in the particle distribution in an initially freely-expanding
beam. Simulations show that the effect of the aperture
can be modeled approximately by a beam with an initially
semi-Gaussian particle distribution with a temperature profile. Furthermore, simple tracking of test particles initially
near the aperture's edge reproduce well the onset of the
perturbation. For the parameters investigated, simulations
further indicate that the perturbation damps out over a few
plasma periods without causing any emittance growth.
Detailed understanding of the effects of space charge in
the transport of intense beams is important in all areas of
research and applications where beam quality is crucial,
A rarely discussed aspect concerns the evolution of beams
from the source to equilibrium, if any, including the role
of source errors or aberrations, apertures and other factors
that affect the initial particle distribution in phase space.
The initial density profile of a beam has long been recognized as an important factor in determining its evolution
(i.e., emittance growth, instabilities, etc.) [2]. A less appreciated influence on the dynamics is the initial temperature
profile of the beam. For the Kapchinskij-Vladimirskij (KV) distribution [3], Gluckstern [4, 5] has derived transverse
kinetic oscillation modes that involve an exchange between
the temperature and density profiles. However, since the
K-V distribution is highly idealized, the Gluckstern modes,
which can become unstable, have been thought not to exist
for a physical beam. Using a warm-fluid model, Lund and
Davidson [6] have rederived the Gluckstern modes and extended them to an arbitrary equilibrium distribution. Further, recent computer simulations by Lund et al. [7], relating to experiments at Lawrence Berkeley National Laboratory, exhibit density oscillations similar to Gluckstern
modes, in a beam whose initial temperature or density pro-

. Work supported by the U.S. Department

files are perturbed. Despite the important insights provided
by these studies, no clear connection has been established
in either experiments or simulations between the physical cause(s) of the initial beam perturbation, the resulting
phase-space distribution, and the long term evolution of
this distribution.
This paper [8] presents concrete experimental evidence,
augmented by self-consistent particle-in-cell (PIC) corputer simulations, for the occurrence of wave-like transverse density oscillations in an electron beam. The beam
is perturbed by an aperture near the source, giving rise to
an initial distribution that is far from equilibrium around
the beam's edge. Two transport experiments over a distance of about one meter and with similar overall focusing
strengths (as given by the zero-current phase advance in the
corresponding matched beams) demonstrate the onset and
evolution of the beam perturbation.
Figure 1 shows the schematics of a transport experiment
with three short solenoids of the type employed extensively
at Maryland. The second experiment uses a solenoid and
five printed-circuit (PC) air-core quadrupoles similar to the
lenses introduced recently for the University of Maryland
Electron Ring [1].
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Figure 2: Summary of experiments and simulations: (a) three-solenoid experiment - phosphor screen pictures (top),
and PIC simulations (bottom); (b) solenoid-five PC quadrupole experiment - phosphor screen pictures (top), and PIC
simulations (bottom); (c) simulation of uniform focusing case, where the (matched) beam size is constant (0.8 cm in
radius); and (d) horizontal projection of phase-space at (from left to right): the beam waist, the upstream plane of the
aperture - the dashed lines indicate the 0.32 cm (radius) aperture - , the downstream plane of the aperture; the last two
plots correspond to the solenoid-five quadrupole case. The strengths of focusing elements in both (a) and (b) (top parts)
are adjusted for a zero-current phase advance o', = 850 in the matched beams. In all cases, z=0 is the location of the
aperture plane.
The electron gun, a Pierce-type source, produces 4 keV,
175 mA pulses (5 Is)at a rate of 60 Hz. An aperture, 6.4
mm in diameter, is placed 12.4 cm from the cathode; the
aperture size is roughly 1/3 the full beam size at that plane
and results in an almost uniform, 17 mA beam entering the
transport pipe. The beam diagnostics is a 2.54 cm (diameter) phosphor screen that can be moved from the aperture
out to a distance of nearly one meter. The beam pictures
are captured with a charge-coupled device (CCD) camera
and then digitized and displayed using associated hardware
and software.
Figures 2(a)-(b), top parts, show the fluorescent screen
pictures from typical experiments. The beam is fairly suniform over a distance of about 30 cm downstream from the
aperture; the density perturbation is first seen in the form
of a bright ring roughly 10 cm from the first beam waist in
the three-solenoid case

[Fig. 2(a)], and near the plane between quadrupoles 2 and
3 in the solenoid-quad lattice, also about 45 cm from the
aperture [Fig. 2(b)]. Further downstream, the ring moves
inwards relative to the beam's edge, and a second ring
emerges around 85 cm from the aperture. To aid in understanding the experiment, we have conducted 2-D and 3-D
PIC simulations using the code WARP [9]. Details of the
numerics and modeling of focusing elements are described
thoroughly elsewhere in connection with simulations of the
Maryland Electron Ring [10] and prototype injector experiments [11]. As is evident from Figs. 2(a)-(b) (bottom),
the rings are also observed in the simulations, and agreebetween the simulation and the experiment is good,
alhuhadifrneintepaeifteprtraini
ment
although a difference in the phase of the perturbation is
seen.
The simulations especially address the role of initial conditions. The phase of the perturbation is sensitive to the
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temperature profile, so starting the simulations at the beam
out.
waist upstream from the aperture [Figure 2(d)], and fully
Since collimation is used in many systems, the phemodeling the latter, yields the best agreement with exper- nomenon described here may be fairly universal and worth
iment. Alternatively, a semi-Gaussian distribution with a of additional studies. First, a wider range of parameters
parabolic temperature profile right after the aperture pro- and conditions (generalized perveance, emittance, aperture
duces similar results,
size and location, external focusing, etc.) in both experiment and simulations has to be explored to answer imporWe gain additional insights for understanding the density
perturbation when we replace the truncated distribution in tant questions about scaling, stability of the oscillations and
emittance growth. Secondly, the suggestion that the collecthe simulation with an rms equivalent equilibrium distributive phenomena involves two components must be further
tion, such as a K-V. In that case, no rings appear whatsoever, and the beam distribution remains K-V for the rest studied to understand the extent of the particle-flow component and how it gives rise to a transverse wave.
of the channel. This leads us to believe that the wave-like
perturbation is the result of a large force imbalance or lack
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in the experiments. As seen in Figure 2(c), the perturbation appears at a distance of about 70 cm from the aperture, and the oscillations persist for a few plasma periods
(Ap ,- 1 m in this case) and eventually diminish in amplitude as the beam evolves into equilibrium. Over the extent
of the simulations, we observe no emittance growth associated with the perturbation, unlike other relaxation mechanisms [12]. Instead, the emittance oscillates slightly about
its initial value, then levels off as the perturbation damps
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HIGH FREQUENCY BEHAVIOR OF TRANSVERSE IMPEDANCE FOR A
CAVITY IN A BEAM PIPE *
A.V. Fedotovt, R.L. Gluckstem, and M. Venturini
Physics Department, University of Maryland, College Park, MD 20742
Abstract

g

r

The interest in short bunches in many accelerator applications requires good understanding of the high frequency
behavior of the interaction between the beam and its environment. In this paper we report an analytic calculation
for the high frequency limit of the transverse impedance for
both a single and periodic array of cavities in a beam pipe.

1

INTRODUCTION

The acceleration of charged particles in periodic structures
leads to wakefields which are capable of interacting adversely with particles in the same bunch, or in following
bunches. The conventional method of describing these
limitations in the current that can be accelerated involves
the longitudinal and transverse coupling*impedances of the
structure. With the increasing use of short bunches, it becomes necessary to evaluate these coupling impedances at
high frequencies (wavelength of the order of the bunch
length). This has been done for the longitudinal impedance
of small periodic obstacles in an azimuthally symmetric
structure [1], where we have derived an integral equation
for the axial electric field at the inner bore radius. In this
paper we address the corresponding problem for the transverse coupling impedance at high frequency. In particular, we first derive the integral equation for the electric
field at the bore radius of the structure and obtain the resuit for the transverse impedance of a single small obstacle at high frequency by way of the high frequency limit
of the kernels. The problem is more complicated than it
was for the longitudinal impedance, since both TM and
TE waveguide modes are present, which requires matching two components of the magnetic field at the boundary
between the waveguide and the obstacle. As we shall eventually see, however, in the high frequency limit, the TM
contribution dominates for a single obstacle, but the TE
contributions must be included in the periodic case. Nevertheless, we find the same relation between the longitudinal
and transverse impedances as exists for the resistive wall
impedances of a beam pipe.
We now consider a point charge Q traveling in the zdirection at (x, y) = (Ax, 0). We start with the definition
of the x component of the transverse coupling impedance
*Work supported by the U.S. Department of Energy
t fedotov@physics.umd.edu
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in units of [Q/m] (of transverse displacement). Here Zo =
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to obtain the alternate expression [2]:
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where we use the time dependence exp(jwt).
The general technique consists of expanding fields in
both the pipe (r < a) and cavity (a < r < b) regions
into a complete set of functions. At the common interface
(shown on Fig. 1) the fields have to be matched, yielding
equations for the expansion coefficients.
2

INTEGRAL EQUATIONS AND
SOLUTION FOR IMPEDANCE

We first consider a single cavity of radius b and axial length
g. Matching of the azimuthal and longitudinal components
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of the magnetic field at the pipe radius r = a for 0 < z < g
(see Fig. 1), leads to the integral equations
1

(4)
(4)
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In order to obtain the impedance, defined in Eq. (3), we use
the equation for the axial electric field in the pipe region
(7)Jir)
(6)

E,(r,z;k) =
to show that

(8)

(9)

The kernels denoted by P(u) come from TM modes and
those denoted by Q(u) come from TE modes. We use the
superscript p for the pipe kernels and the superscript c for
the cavity kernels.
Our next task is to compute the high frequency (large k)
limit for the kernels after averaging over fast oscillations.
The details are contained in [3]. All kernels vanish for u =
z - z' < 0. Foru > 0 the leading terms in the high k limit
are:
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M +

00

+

. dqA(q)
.
0.a2_ J1-(,na) e(18)

OEz

'

0

2=
Hr
Here K 2
q2 and the contour in the complex q
plane goes below the poles at J, (na) = 0 (TM propagating
modes) on the negative q axis and above the poles on the
positive q axis. Equation (3) then becomes
-

q
f 0 0 ndqA(q) Ic' dzeik)Z (k-q)z (19)
I
QAxk
T,
2JT(na)
J_
1
The integral over z in Eq. (19) is 27rJ(q - k), leading to
______

Zx(k) =

27rA(k)

-

-1
[
1
o dzEz(z)ejkz.
QA-xka 0

(20)

(10)

Q 1 (U)= Q' 2(u) = Q21 (u)
S(1 - j)/_,4a27rku,

(11)

We note that the high frequency dependence of the transverse impedance for a single cavity arises essentially from
the TM cavity and pipe kernels. Furthermore, we see that

- Q22 (U)
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Finally, by using Eqs. (8) and (16) in Eq. (20), we find
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Remarkably, the corresponding pipe and cavity kernels are
identical for large k after smoothing. The same situation
prevailed in our earlier calculation for the smoothed longitudinal coupling impedance at high frequency for a single
obstacle with only TM modes being considered [1]. Thus
the integral equations become:
1

,

QI(U) = Pil(U) + QI(U)
S-(1 +j) Vk/(4iru),

=

P

dqA(q)

f.

QAka

QP2 (u)

(15)

[4]:
The solution for
quently be neglected.
e(1z-)
j) ez(z') is then
(1 j
(16)
(k16
2 v/'i

r
axJ
9 ~

Z.()
-ko
Eo() QAXZO
Eo(z)
Qra2 e-ikzee(z)

(14)

From Eq. (14) we see that, for large k,
dee
ez(z') = -2ae-z
dz'

-fdz'Q 2 2(z,z'). In Eqs. (4) and (5)

=

dz"

term involving eo(z') in Eq. (13) is therefore of order
1/(ka) compared with the term in ez(z') and can conse-

1(z')

PP(z, z') = PP(z - z') + P(z, z'),

deo

dz'

S2(1 -j)

jdz'[Tll(zz')+Qll(z,z )lez(z')

=

1 - j f dz'e• (z')
av'7rkJo z -zTz

=

(+j)ITfz

dz'e(z')
h -=
dz'eo(z')

VJ),7r A..

1- j

fZ

(13)

Zo-

2 Z 11(k)
ka 2 Zo

'

(22)

where Z 11(k) is the high frequency limit for the longitudinal
impedance of a single cavity [1], a relation which also applies to a lossy beam pipe [5]. In fact, in the high-frequency
limit for a single cavity, simple arguments of diffraction
theory can be used to obtain the same factor 2/(ka 2 ) as
in Eq. (22) [6]. Here we used a more rigorous treatment
and showed that TE modes give only next order frequency
corrections, ensuring that only TM modes will govern the
high-frequency behavior of the transverse impedance
of a
single cavity and providing the factor 2/(ka 2).

1753

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

3

PERIODIC ARRAY OF CAVITIES

We are now ready to extend the calculation of the transverse impedance to a periodic array of identical cavities.
In the geometry of the system considered, g is the length
of each cavity and L is the axial distance (center to center)
between two adjacent cavities.
We obtain the integral equations satisfied by the fields
using the same steps as we followed for the case of a single cavity. The only difference is that in doing the field
matching in each cavity one has to take into account the
contributions to the fields coming from all the other cavities. These contributions determine the appearence of the
coupling kernels in the integral equations. As for the case
of a single cavity we find that in the high frequency limit we
can reduce the original system of two integral equations to
a single equation for the unknown axial component of the
electric field e.. This integral equation has the same form
as the one in the calculation of the longitudinal impedance
[1]. Therefore, for the transverse impedance of a periodic
structure at high frequency we finally obtain [3]:
a2

Z 11(g/L).

(23)

The problem is then reduced to calculating Z 11 from the solution of the integral equation for e,. Although it was not
explicitly stated in the paper, the final form for the integral
equation in [1] was correct only in the limit g/L < 1, because of the way the coupling kernels were approximated.
Recently, Yokoya [7] pointed out that one can treat the case
of a general g/L by retaining an extra term of order k- 1 / 2
compared with the coupling kernel [1]. The resulting integral equation can be approximately solved [3], [7] with the
following result for the impedance per period Z11(g/L):
r

Zo

2I 1 +j (1-A

7rka 2

1

4

5

=• 1 +

L FA(g/L)
/-g
a V kg

+

8a 13

_
-
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SUMMARY

In this paper we address the question of the transverse coupling impedance at high frequency. The problem is more
complicated than for the longitudinal impedance, since
both TM and TE waveguide modes are present, which requires matching two components of the magnetic field at
the boundary between the waveguide and the obstacle. We
show that, in the high frequency limit, the TM contribution
dominates for a single obstacle, while the TE contribution
must be included in the periodic case. Nevertheless, we
find the same relation between the longitudinal and transverse impedances as exists for the resistive wall impedance
of a beam pipe. Validity of the factor 2/(ka 2 ) between the
longitudinal and transverse impedances allows simple estimates of the transverse impedance at high frequency.

and for making several useful comments. We also wish to
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one needs to use a different expression for the longitudinal
impedance [9].

where const is 0(1). Nevertheless, the dominant region for
the integration
over z' in Eq. (21) is for kz' ,- kg > 1, and
thus (kz')1/ 2 > (kz')1/ 3 . It is for this reason that Eq. (16)
does not accurately reflect the behavior for values of kz' <
1, but this has no effect on the final result in Eq. (21).
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COULOMB SCATTERING WITHIN A SPHERICAL BEAM BUNCH IN
HIGH CURRENT LINEAR ACCELERATORS *
A.V. Fedotov t and R.L. Gluckstem
Physics Department, University of Maryland, College Park, MD 20742
Abstract

where the Hamiltonian is

Beam halo formation issues are important for the design of
high current linear ion accelerators. Various mechanisms
can potentially cause beam halo. Some recent studies have
suggested that Coulomb collisions in the beam bunch can
contribute significantly to beam bunch growth and halo development in linear accelerators. Despite the general belief
that collisions are not important, it is clear that a rigorous
treatment of this question is needed. In an effort to explore this issue in detail we have undertaken an analysis of
the effects of Coulomb scattering between ions in a selfconsistent spherical bunch.

1

H(r, v)

G(r) Ho - kr 2/2 - e,%,(r),
(3)
with k being the smoothed restoring force gradient. We
choose the space charge potential %,(r) which vanishes at
choos He spa charge
extenal fs
arinear,
e
at
r , v) is alconstant, thet
f(r, v) is normalized such that
p(r) = Q] dvf(r, v)

GENERAL CONSIDERATIONS

Our quantitative study of non-stationary distributions [2]
shows that the parameters of halo formation are more or
less the same as those caused by mismatches of an otherwise self-consistent phase space distribution,
We therefore start with our family of self-consistent,
equipartitioned phase space distributions [1]:
f(r,v)

N(Ho-IH)n

H < Ho
0 H>Ho

(4)

I f

J
M,
where do-/dQ8 is the classical differential Rutherford cross
section.

HALO EXTENT

3

Using Eqs. (1) and (3) we find
p
p(r)

rvo
2
4irv2 dv[G(r) - mv2/2J,

f
=

QNo

(6)

where vo2 = 2G(r)/m. We then examine the kinematics
of the Coulomb collision [3]. Clearly the ions which travel
to the largest radius before turning back are the ones which
have the largest possible velocity at a given r and where,
after the collision, one is left at rest and the other travels
radially with all the kinetic energy. Such a collision can
only conserve energy and momentum when the colliding
ion velocities are at 900 to one another. With the maximum
velocity before the collision given by mv 2 /2 = G(r), the
maximum energy after the collision is
2
mVmax

(

=

2G(r).

(7)

2
The maximum radius R then satisfies
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2G(r) +

kr
-

2
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]drp(r) = Q,

where Q is the total bunch charge.
The probability per unit time (in the coordinate system
of the bunch) for a Coulomb collision between ions with
velocity v, and v 2 , is then
dP
=
Jdr
dvif(r, vi)
dt
x
dv 2f(r,v 2)IvI - V2 d
(5)

During the last several years, interest has grown in the design of high current linear ion accelerators for a variety of
important applications. Since the beam bunch spends a
very short time in a linac, compared with a circular machine or a storage ring, the general expectation is that
collisions between individual ions will take place on too

2

(2)

and use

INTRODUCTION

long a time scale to be important. However, there have
been some recent numerical studies which suggested that
small angle single Coulomb scattering may not be negligible for spheroidal bunches in a linac. Thus, the concern
has arisen with regard to the possibility that Coulomb collisions between ions may contribute significantly to emittance growth and/or halo formation. It is clear that, because
of the importance of this question for the design of high
current linear ion accelerators, a more rigorous treatment
of the effect of single Coulomb collisions is needed. In an
effort to explore this issue in detail we have undertaken an
analysis of the effects of Coulomb scattering between ions
in a self-consistent [1] spherical bunch.

mv 2/2 + kr 2 /2 + e-sc(r),

=
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2

+ eosc(r)

kR

2

2

+ e4sc(R),
(R),

(8)
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where r < a, R > a. We then have

contribute to the halo formation we need to calculate the
rate at which this shell becomes populated.
We note that solutions given by Eqs. (14)-(15) can
used with good accuracy only for large values of Ka
< 0.6,
ij7<06
tune depressions
tootn
(,'•a
ersin
orsodn
(a>4 > 4) corresponding
which covers our range of interest [5]. For 7 > 0.6 a better
solution of Eq. (13) should be used. For completeness, we
present below some values based on numerical solution of
(13). For equipartitioned beam (X = 1), the shell ex-

(G(r).
(9)
2
47e(a
Rbe
n =-1/2, where
for
analysis
this
in
further
We proceed
3k

G(r) =

io(r
io(a) "Eq.

2

Gr

(10)

tent becomes R/a = 1.41, 1.37, 1.32, 1.27, 1.22 for 7 =
1, 0.9, 0.8, 0.7, 0.6, respectively. Similar values for the
shell thickness were obtained by Pichoff for the distribution
functions used [4]. In fact, in the limit of zero space-charge,
the shell thickness becomes independent of the distribution,
and, from Eq. (8), is simply given by R/a = V/1 + X2 (see

Here
eQ

2

(11)

47reo f r 2drG(r)
and

sinh w

io(w)

(12)

From Eq. (9) it is clear that outermost particles are those
which start near the bunch center. We then rewrite Eq. (9)
as
U3~

-[+

3

3j U

2a2+t;a

S6aIra+2
aV)/Ka22 2v2, 0,
+tailed
s

+ 6(1-

-

(3

COULOMB SCATTERING RATE

which enables particles to leave the bunch. The deanalyses are presented in [3]. Here we just present
an order of magnitude estimate of Eq. (5), assuming a
spherical bunch of radius a. We use Iv1
v2 1 - v and
f dvf(r, v) •- 1/a 3 and assume all integrals are finite to
Qs

where u =R/a, s = sinh(•~a), c = coshQa). For large
Ka, Eq. (13) can be easily solved, and we obtain

R- a

4

The heart of our calculation is the evaluation [3] of the 11
dimensional integral in Eq. (5) over the range of r, V1 ,

1

6 (1+ c)
s

12

1

also [4]).

V3 - 1

obtain the estimate

a2a
+ 15/2

--- +
V•(

?

lrms

0.277rrms,

(14)

dP _ r,

cdt

15/

c3

(16)

where the classical radius of the ion is given by
e2

where 77rms is an rms tune depression [3].
An interesting consequence of Eq. (14) is that the thickness of the shell populated by the scattered ions decreases
as the beam becomes more space charge dominated. Weis
remind the reader that Eq. (14) was obtained for the selfconsistent equipartitioned distribution with n = -1/2. In
his report [4] on numerical studies for distributions which
were not self-consistent, Pichoff observed a similar dependence on tune depression.
At first glance this thin shell does not resemble our earlier description of a halo [1, 2]. However, the shell thickness given by Eq. (14) was obtained for an equipartitioned
beam. We now use Pichoff's definition of the equipartitioning factor X = v,/v,. The maximum possible velocity after the collision can be rewritten as mv2max/2 = (1 +X 2 )G,
and we obtain for the shell thickness
R - a
a

-,F1-+
--

2X

1/

2

-

1
rms.

(15)

Clearly, when the beam is non-equipartitioned or the beam
with the stationary distribution is rms mismatched, the
thickness of the shell can be significantly larger, depending on the equipartitioning factor. Such an increased shell
thickness can then easily resemble the typical halo extent
[1, 2]. Thus, in order to understand whether scattering can

4omc2 ,
eoma

(re

(17)

bnchis
EN - av/c.
(18)
For a proton bunch with rp = 1.5 x 10-18 [m] and EN 1 x 10-6 [m rad], Eq. (16) yields
dP 10-15/km,
(19)
CA--m
clearly negligible for a linac.
The problem with the foregoing estimate is that it ignores
the divergence of the Coulomb cross section at 0' = 0, as
well as the possible divergence of the distribution f(r, v)
near mv 2 /2 = G(r) for values of n < 0 in Eq. (1). We
address these issues and present evaluation of the 11 dimensional integral given by Eq. (5) in [3].

After rigorous calculation [3] we finally find that the
fraction of ions which leave the beam (and form a spherical layer around the bunch) per unit length is
n> 0
,
2r/N2
dP
(r2/Ep)en(E2/rpa)
n= 0
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-1n

}
(20)
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where, for the distributions with 0 > n > -1, we assume
that the Coulomb force between ions is screened at the Debye length AD. Using rp = 1.5 x 10-18 [M], EN L 10-6
[m rad] and a • 10-2 [m], we then have
dP
cd-'t"

5

4
/km
10-14/km
10-n/km

'10' n > 0
n=0
,n=-.5

10- 8 /k

,

"

In Sections 3-4 we have calculated the effect of single
Coulomb scattering of a self-consistent 6-D distribution for
a spherical beam bunch. In this calculation we find:
* Single collisions are capable of populating a thin
spherical shell around the beam bunch.

(21)

n = -. 9

* When the beam is non-equipartitioned or the beam

with the stationary distribution is rms mismatched, the
thickness of the shell can be significantly larger, depending on the equipartitioning factor.

EFFECT OF MULTIPLE COLLISIONS

The shortcoming of the approach in Section 4 is that it
does not take into account the effect of a large number of
small scattering angle Coulomb collisions. For this purpose
we also examine the evolution of the phase space distribution in time due to Coulomb collisions by starting with the
Boltzmann equation for an otherwise equipartitioned beam
bunch. For our self-consistent distribution, the Boltzmann
equation, which accounts for the scattering of particles into
and out of regions of velocity space, can be written as
f (u1)

X

* For the relatively singular distribution with n =
-1/2, a bunch with a normalized emittance EN "
10-6 [m rad] and a radius of 1 [cm] will populate
the shell with a probability of 10-11 per kilometer of
linac.
*

f

I as(Ul, U' ` U 1, U 2)f(ul)f(u2)
d
1
do, (ul, U2 - u', U'2)f(ul)f(u 2 )
(22)
dfA

Here nD is the ion particle density, and dcr/dQ, is the
Coulomb scattering cross section for the initial and final
states. Apart from constants, which are absorbed in K,
f(u) is (1 - u 2)n, where we renormalized all velocities as
v2 = [2G(r)/m]u 2.
We now calculate the rate of change of (U1) and (u4)
and find [3] that d(u1)/dt = 0 and that the lowest nonvanishing power occurs for d(u 4)/dt:
d(u 4)

dt

=

41r2

1-8KnD

1
in

[n(
n

-- 1.

(23)

It is possible to calculate the rate of change of the expectation value of (1 - u2)n for all values of n, with the
same result as in Eq. (23), except for a numerical factor of
ordr heresltsobaind
1 I fat,
sggst heexpected
order 1. In fact, the results obtained suggest the
rounding of the n = 0 distribution near u = 1.
We therefore expect that multiple scattering simply leads
to a generalization of our previous result in Section 4 with
logarithmic behavior:
IdP
r
i1( D
dP ,_~3•n
-

N
--

,

(24)

For distributions with n > 0, this rate of population is
further reduced by a factor 10-4.

Our conclusion is that effect of single Coulomb collisions on halo development in high current ion linear accelis not important.
In Section 5 we related our analysis to diffusion caused
by many small angle Coulomb collisions, with the conclusion that the effect of multiple Coulomb collisions in
halo development in high current ion accelerators is also

=KnD j du2ul - U21

rderators

d

SUMMARY AND CONCLUSIONS

expected not to be important.

7

ACKNOWLEDGMENT

We thank T. Wangler, R. Ryne and S. Habib for frequent
valuable discussions. In addition we are indebted to R.
Davidson and I. Hofmann for their helpful comments. We
are grateful to N. Pichoff for sharing his manuscript with us
and for making several useful comments about our calculations and manuscript. We also wish to thank Andy Jason
and the LANSCE1 group for its hospitality during some of
these studies.

8

REFERENCES

[1] R.L. Gluckstem, A.V. Fedotov, S.S. Kurennoy and R.D.
RyexPyspRveE5,477(99)
Ryne, Phys. Rev. E 58,4977 (1998).
[2] A.V. Fedotov, R.L. Gluckstem, S.S. Kurennoy and R.D.
Ryne, Phys. Rev. ST Accel. Beams, 2,014201 (1999).
[3] R.L. Gluckstem and A.V. Fedotov, Coulomb Scattering
Within a Spherical Beam Bunch in a High Current Linear
Accelerator, Univ. of Maryland Physics Department Preprint
99-056; submitted for publication in Phys. Rev. ST Accel.
Beams (1999).

TD

where OD is minimum angle corresponding to Debye
length impact parameter. If so, the rate of scattering due
to msltile
i only
ony
ollsio
sighly higher
ighr than
tan he ate
to multiple collisions
is
slightly
the rate
for single encounters for the distributions with n > 0. For
the same parameters as those used in Section 4 the rate becomes clearly negligible with dP/cdt , 10-14/km.

[4] N. Pichoff, DAPNIA/SEA Report 98-46, France (1998).
[5] APT Conceptual Design Report, Los Alamos Report No. LAU-712 19)

1757

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
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Abstract.
Numerical simulation using particle-in-cell codes is a
powerful tool in understanding the nonlinear dynamics of
space-charge-dominated beams.
The University of
Maryland Electron Ring (UMER) will explore the
transport of beams with intensity previously inaccessible
to circular machines. The ring will also function as a
testbed for accelerator codes. Applications such as heavy
ion fusion and colliders require the preservation of beam
quality during transport over large distances. This need
for low beam emittance and small particle losses
constrains the design and fabrication of the lattice and the
injector. Furthermore, the non-zero energy spread leads
to dispersion in the circular lattice. Simulations using the
WARP code address these issues: the magnets, including
the fringe field nonlinearities, are modeled realistically;
dispersion matching is attempted; and effects of lattice
and beam errors are examined. The simulations aid in
understanding experimental results, such as the transverse
density waves observed in the injector,
1. INTRODUCTION
Many applications of accelerators are emerging that
require high intensities and good beam quality. Heavy
ion inertial fusion, for example, requires transporting and
accelerating a high current beam and focusing it onto a
tiny spot. Spallation neutron sources and high intensity
colliders also require good beam quality, although the
intensities needed may be somewhat lower. Furthermore,
most of these applications involve some bending of the
beam, and some can benefit from the concept of a
recirculator to save space and costs. The University of
Maryland Electron Ring (UMER) [1], which is currently
in its early construction stages, is a scaled experiment
designed to investigate the physics of space-charge
dominated beams in a circular geometry.
A key
advantage of the project is its low cost, through the use
innovative features such as printed-circuit magnets [2]
and modularity in design.
With a nominal 100 mA at 10 keV and 50 mm-mrad
emittance, the UMER beam operates with a tune
depression (v/vo) of 0.14, placing it in an extremely

space-charge-dominated regime, especially for a circular
machine. The intensity of the beam and the circular
geometry combine to generate complications such as
resonances and dispersion. Mismatches and some lattice
and alignment errors play a bigger role as the beam
intensity increases, especially since the compact printedcircuit magnets introduce large fringe fields that may
degrade the beam quality. Image forces play a role that
cannot be neglected, especially since the beam fills a large
cross-section of the pipe. Finally, bunch-end effects and
longitudinal confinement of the intense beam in the ring
is yet another complication.
Self-consistent computer simulations are necessary
because of the nonlinear nature of these effects. In the
ongoing process leading up to the commissioning of the
ring, the numerical simulations using the WARP code [3]
are benchmarked against any experimental measurements
available, some of which may be unexpected. For
example, simulation has been a successful tool in
understanding the radial density waves seen in a prototype
injector experiment [4]. Because of its low cost and
versatility, UMER will provide a valuable testbed for
computer codes to be used in designing larger machines.
Since the simulation work permeates all aspects of the
ring design, we have only enough space to briefly address
a few of the issues listed above, directing the reader to
other publications for more involved discussions.
2. BACKGROUND
The nominal beam current is 100 mA at 10 keV, resulting
in a generalized perveance of 0.0015. A nominal
(unnormalized 4*rms) emittance of 50 mm-mrad and
nominal average beam radius of 10.2 mm (for a, = 760,
v. = 7.6) results in a tune depression (v/vo) of 0.14. A
future phase is planned where the beam is to be
accelerated to 50 keV. Moreover, the ring is designed to
run at lower beam currents, allowing us to explore a wide
range of tunes.
Figure 1 displays a schematic of the ring lattice, which
consists of 36 FODO cells around the 11.52 m
circumference ring. Each cell is therefore 32.0 cm long
and contains two evenly-spaced
printed-circuit
quadrupoles [2] and, in between those, a printed-circuit

http://www.ipr.umd.edu/-ebte/ring
# ramiak@ebte.umd.edu
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dipole which bends the beam by 100. The quadrupole
gradient is about 0.078 Tesla/m, while the bending dipole
peak field is about 0.00154 Tesla. Three induction gaps
used for longitudinal confinement are evenly distributed
around the ring, while the remainder of the spaces are
occupied by diagnostics and pumping ports.
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Figure 1. Schematic of ring design [1].
In the simulations described herein, we rely primarily on
the WARP particle-in-cell (PIC) code [3], which has been
developed at Lawrence Livermore National Laboratory
(LLNL) for heavy ion fusion applications. An important
feature of the WARP code is its ability to efficiently track
a space-charge-dominated beam along bends.
The
particle orbits are integrated self-consistently under the
applied fields and the self-fields. The simulations have
the following
characteristics:
(a) the magnet
nonlinearities, including those arising from the fringe
fields, are fully included; (b) the numerics have been
checked for convergence; and (c) although most
simulations were performed using the 2d3v "slice model",
certain key simulation were tested using the full 3d code.
Ref. [5] contains further details.
3.

confirming the designed linearity of the integrated fields
[5]. Including the fringe fields of the bending dipoles,
however, results in some non-numerical emittance growth
(about 30 % in 10 turns or 360 dipoles). The question
arises as to why the dipoles, which were also designed to
be linear in the integrated sense, lead to more emittance
growth than the quadrupoles. The difference is that the

beam experiences a dispersion mismatch as it enters the
ring from the straight injector, or as it leaves it to the
extraction section. For a space charge dominated beam,
this dispersion mismatch leads to emittance growth, as
confirmed earlier by theory and simulation [5-6]. It is
possible to use the generalized envelope equations
developed by Venturini and Reiser [6] to design a
matching section that matches both the envelopes and the
dispersion function for a space-charge-dominated beam.
There remain questions, however, about the applicability
of the theory as the beam attempts to relax to a state of
equilibrium.
We applied numerical simulations with the WARP code
to evaluate the results of employing dispersion matching
at both injection and extraction. The results are discussed
in ref. [7] and generally indicate that proper dispersion
matching can help reduce the emittance growth. Indeed,
the simulations indicate that a significant component of
the emittance growth from a dispersion mismatch is
reversible, meaning that it can be recovered by proper
matching at extraction. However, dispersion matching
using the generalized envelope equations becomes more
difficult at higher currents because relaxation processes
develop earlier downstream, and henceforth the
predictions of these equations depart from the simulation
results.

SIMULATION RESULTS AND DISCUSSION

3.1 Magnet nonlinearities
Despite large fringe fields, the printed-circuit magnets
were designed to be linear when integrated parallel to the
magnet axis. Simulations with the quadrupoles that
include the fringe fields exhibit no emittance growth,

3.3 Errors,Mismatches and Misalignments
Table 1 is a summary of the error analyses conducted so
far. The dipole nonlinearities have been included in the
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error studies. By themselves, the nonlinearities contribute
31 % emittance growth over 10 turns. It is clear that
reasonable errors in injection or mispowering do not
affect the emittance growth beyond that. These studies
show that as long as the beam centroid remains confined
within 1 mm of the pipe axis, there is negligible change in
the emittance growth.
A mismatched beam experiences an additional
emittance growth as the free energy in the beam is
converted to thermal energy. However, after 10-15 turns
the emittance growth due to the mismatch diminishes as
the mismatch oscillations damp out and the beam reaches
a new equilibrium. A glance at Table 1 reveals that the
beam is very sensitive to errors from quadrupole rotations
(skew quads), thus imposing tight tolerances on the
rotation angles. This subject is treated in more detail in
ref. [8].

1Error

Ae/e

Centroid

Magnitude (in 10 Turns Offset (nun)

No Errors
Linear
Magnet Nonlinearities
Mismatches
x
x and -y

Quadrupoles
Single Magnet

Rotation
Quadrupoles (random)
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In this paper we have touched upon the magnet
nonlinearities, dispersion matching, and error analyses,
among others. In all cases, the simulation is proving to be
a valuable tool in exploring complex physical phenomena
that are not easily tractable by analytic means. The future
plan of the simulation effort is to move towards full 3D
simulation in order to (a) understand the end effects and
longitudinal confinement, and (b) simulate the electron
gun so as to get a better model of the initial beam
distribution. As experimental data becomes available in
the forthcoming commissioning process of UMER, it will
be interesting to compare with the WARP predictions.
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3.4 OtherIssues
We have also applied the code to other situations, which
are described more fully elsewhere. The code has played
a role in designing the injector [9], especially the inflector

bend, and in testing the effects of the Panofsky quad used
in injection [10]. The simulations have reproduced radial
density waves observed in a prototype injector experiment
[4], and played a major role in linking this phenomena to
the initial particle distribution at the aperture.
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EFFECTS OF QUADRUPOLE ROTATIONS ON THE TRANSPORT OF
SPACE-CHARGE-DOMINATED BEAMS: THEORY AND SIMULATIONS
COMPARING LINACS WITH CIRCULAR MACHINES
R. A. Kishek, IPR, University of Maryland, College Park, MD,
J. J. Barnard and D. P. Grote, Lawrence Livermore National Lab, CA
Abstract
spacePIC-code simulation results are presented where a
charge-dominated beam is transported in a lattice with
quadrupole rotation errors. Two examples are studied in
detail: the circular lattice for the University of Maryland
Electron Ring (UMER) and the straight lattice from an
early design of a proposed heavy ion inertial fusion (HIF)
research experiment known as the Integrated Research
Experiment (IRE). Reasonably small errors have little
effect. However, the dependence on the strength of the
Slightly larger errors,
errors is nearly quadratic.
therefore, can cause deterioration in beam quality, as
manifest by a large increase in beam emittance and
formation of a halo, leading eventually to particle losses,
The simulations are accompanied by the moment
equations for such a system in the presence of beam
acceleration.

1 INTRODUCTION
Many applications, from heavy ion inertial fusion to high
energy colliders, are relying increasingly on high
brightness, space-charge-dominated,
beams.
To
maintain the brightness of the beam during transport, it
attce rros s asto iniize
iporantto
is ontol
is important to control lattice errors so as to minimize
emittance growth. Accelerator lattice errors may give
rise to envelope mismatches and mismatches provide a
source of free energy which, if thermalized, can result in
emittance growth and hence brightness degradation.
Quadrupole rotation errors are an interesting class of
because the two
accelerator element misalignments,
x nd ofmoton ecme ouped
) euaton
trasvese
transverse (x and y) equations of motion become coupled
at linear order in the coordinates,
We perform simulations using the WARP code [1I]to
investigate emittance growth under the presence of
quadrupole rotation errors. Two generalized emittances
(defined below) give a measure of the phase space
occupied by the beam and so give a measure of inherent
beam-quality that would be ultimately achievable after
compensating skew (rotated) quadrupoles undo the
cumulative effects of small random rotation errors of the
focusing quadrupoles. The simulations address issues
such as reversibility of emittance growth, dependence on
space charge, role of nonlinearities, periodicity of errors,
and acceleration. For this paper, we will use simulations
performed on two machines: the University of Maryland
Electron Ring (UMER) [2] and the Integrated Research
Experiment in heavy ion fusion (IRE) [3].
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

2 GENERALIZED EMITTANCE
When quadrupole rotation errors are present, the x and y
normalized emittances are not conserved, even for a
beam with an initial Kapchinskij-Vladimirskij (K-V)
distribution with a linear space charge force profile
propagating under linear external forces. However, if
the equations of motion result from linear forces and are
derivable from a Hamiltonian system, constants of the
motion may be obtained analogous to the normalized x
and y emittances [4]. Further, the K-V distribution has
been generalized [5] to distributions in which the
principal axes do not align with the x and y axes, and
moment equations have been derived [6] that assume the
space-charge profile remains linear, consistent with the
assumption of the KV-like distribution of ref. [5]. In ref.
[6], a drifting, non-relativistic beam was assumed, and a
conservation constraint was derived that is equivalent to
the first of the conservation constraints in ref. [4].
In this section, we generalize slightly the moment
equations of ref. [61 to include acceleration, and we
evaluate both the first and second independent
emittance-like conservation constraints of ref. [5]. In the
peec
fnnlnaiis
ihrfo
pc-hreo
presence of non-linearities, either from space-charge or
the external focusing field, the underlying assumption of
a linear force profile is violated, and therefore the
derived constraints will evolve (usually increasing) along
For simplicity we consider nonthe accelerator.
relativistic beams. We assume the space charge force
abe whaelliptica
efro m tof
be
can
a w espectto theaz
is
that
symmetrylbut
symmetry but that is rotated with respect to the z
(longitudinal) axis. Using the same notation as ref. [6]
the
transverse (x and y) equations of motion are:
d 2x/dz 2 =Kqxx x + Kqxy y +Ksxx (x - <x>)
=
+ Ksxy (y - <y>) - (d In 3z / dz) x'
d 2y/dz2 = Kqyy y + Kqxy X +Ksyy (y - <y>)
+ Ksxy (x - <x>) - (d In /3z/ dz) y'
(1)
Here P3zc is the longitudinal velocity, and K with leading
subscript q is associated with external focusing from
quadrupoles whereas K with leading subscript s result
from space charge (cf. ref. 6.)
As in ref. [6], we may derive a set of ten first order
equations for the quadratic moments of the distribution,
here generalized slightly from ref. [6] to include
acceleration (the operator Aab-•<ab>-<a><b>):
dAx 2 1dz = 2Axx'
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dAxx' Idz = AV 2 +KAx2 + KyAxy- (dIn fiz / dz)Axx'
dAx,2 1dz=2KxxAxx,+2K,• Ax' y-2(dlnI3zldz)Ax'

(0.0015). The quantity E is 1.0 mm-mrad, placing it
further than UMER in the space-charge-dominated
regime. The average beam size is 1.5 cm. Please see
refs. [2-3] for further detail. For the simulations, we used
the 2d3v version of WARP, with a resolution of 256 cells
across the beam pipe (-125 cells across the beam). In
most cases we ran with 20,000 particles, and Gaussian
filtering to reduce numerical collisions. We chose a
semi-gaussian initial distribution in most cases so as to
model a physical beam, although we occasionally used a
K-V distribution to compare against the theory.

2

day2 / dz = 2Ayy'
dAyy' / dz = Ay' 2 +K YYAy 2 + Kxy Axy - (d In z I dz)Ayy'
dAy /dz = 2KyyAyy' +2KxAxy'-2(dln I3/dz)AY2
dAxy I dz = Axy'+A.' y
dAx' y / dz = Ax' y' +K. Axy + KxyAy 2 dAxy' dz = Ax' y'+Kyy Axy + KxyAx2 dAxy'IY dz = xAx
y'+KxyAAy + KyyA
dAx' ji Idz = KxxAxy' +KxyAy)j +KyyA.i
-2(dlnPl

(d ln flz / dz )Ax' y
(d In fz Idz)Axy'
(dy
+~
/dx)X
y+ KxyAXX'

Eg. Generalized Emittance

(2)

Idz)Ax' y

Here
and Kyy=Kqyy+Ky,.
Using K.=Kq.+K,.•,
the procedures Kvy=Kqy+K&,,
in ref. [4] we obtain
the following

2,

e2

2 [&V, ]2 _ Ay 2 Ay2

L'

-2AxyAx9 Ax' yAx' y' +2Axx' Ay2 AxyAx' y
-2Axx' Ayy' AxyAx' y' -2Axx' Ayy Ax&V Ax' y
+2Ax' Ayy AxyAx-y +2Ax2 AyyAx' yA' )
+ 2Axx' Ay 2 Ax'y'Axy'))1 2
Ee22 16p 2(A2 AX,2 _[AXX, ]2)
Here,Here

4,_o

E

10
(3)

and
annx[i,

[Figure
2
_16l2 (Ay 2Ay,2 _[Ayy,] 2 ) are the squares of the
usual x and y normalized emittances. Note that the
2
En2

2

2
5 -

2

2

r

r=q 25

invariants which we denote as
1(E +E2 ) + 16f 2(AxyAx' y'-Axy'Ax'y)
eng
2(6nx +ny
Efnh = (Enx[Eny+ (4py)AYA
+
_ c2 Ay 2[Ay, y 12- AX2Ay,2 [AX' y]2
--

(normalized)

m

1: e., along 10 turns in UMER; low current
(lower); nominal current, straight (upper) and periodic
(middle curve).

2

square of the generalized emittances eng and Enh reduce
2
2
to the arithmetic and geometric mean of nx and Eny,
respectively, in the absence of cross-correlations (i.e.
Axy=Ax' y=Axy =Ax' y' =0),
and so form two
independent quantities.

3 SIMULATIONS
interest is the response of actual machines,
Of
as UMER and the IRE, to quadrupole rotation
suchparticular
suchas
nd he
MER
IE,
o qudruole otaion
errors. Early injector experiments at the University of
Maryland, for example, indicated a high sensitivity to
quadrupoleoscillated
consisting of 36 FODO cells and 36 bending dipoles.
Thesistinal
F O point
pot of 10
1 and
bending
dip mA
keV
and 100
operating
The nominaloperating
results in a generalized perveance of 0.0015. With a
normalized emittance, en, of 10 mm-mrad, this places the
beam in the highly space-charge-dominated regime, with
a tune-depression (v/rv) of 0.14. The average beam size'
is about 1.0 cm. For the moment, we have explored only
the case of a drifting beam. The IRE on the other hand is
an inducaon
adritingbam.
A
beIr of teionherhanisa
aninduction lt1.6inac anumrong-foK+siong bes
are
injected at 1.6 MeV into a strong-focusing lattice and
genralzed
Th generalized
200 MeV. The
inn pralll
parallel tto 200MeV
then acceleratedthenaccleraed
perveance at injection is similar to that of UMER

The simplest cases simulated are those of a drifting
beam in a straight lattice with linear magnets. To isolate
the effect of space charge, we compared our simulation to
an equivalent emittance-dominated beam obtained by
reducing the current and increasing the emittance to
maintain the same beam size, while keeping the external
forces unchanged. To both cases, we applied the same
random distribution of errors, with an rms width of 0.20
Fig.w1,th e
Ast shon in e boto cn
radom
(- 4 mrad). As shown in the bottom curve in Fig. 1, the
low-current beam exhibited almost no growth in the
e
itt
ndyrms
The x
emte
ene
g
bemirtation
. The
oscillated abotthe
about their initial values. The beam rotation
angle performs a random walk yet remains constrained
within to
30 the
(rms)
from parameters
upright. Increasing
space
results
in
of UMER the
nominal
charge
in
results
am
par
different
marge
the
to
markedly different behavior. The beam responds
same set of errors by "wobbling" more violently, with the
beam rotation angle exceeding 5' and continuing to
increase in amplitude of oscillation. These large rotation
angles translate into rms mismatches in x and y, with
associated growth of the generalized [top curve of Fig. 1].
The rate of growth is slow initially, but experiences a
eesofa h em
sde os sahl omte
then levels off as the beamforms,
as a halo
boostreaches
sudden
a new
equilibrium.
halo
system
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A drifting beam in a ring (as in UMER) experiences
random errors that repeat periodically every turn. This
periodicity could introduce resonances that will further

degrade the beam.

the presence of errors, as preliminary evidence seems to
indicate. Hence we are pursuing the matter further.

Imposing this periodicity on our

Eh

UMER simulation, however, resulted in remarkably
different behavior. The periodicity of the errors imposes
a periodicity on the beam rotation angle, preventing it
from growing uncontrollably. Thus the rms mismatch in
our case does not grow to a sufficient level to induce ahalo. Therefore, the generalized emittance [middle
curve, Fig. 1] grows steadily, but does not experience the
abrupt growth during the 4t6 turn. Note that we have
only explored one set of parameters. It may be possible
to see different behavior if we operate near a resonance.
Ex and Ey vs.

Eg.

Generalized Emitatnce (normamlized)
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Figure 3: Eh along the IRE for an rms error of 0.20
(upper), 0.10 (middle) and no error (lower curve).
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4 CONCLUSIONS
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Figure 2: en, Eny (dotted) and eng (solid) for 10 turns of
UMER.
The emittance shown in Fig. I is the generalized
emittance, %. The standard e,, and Ey follow a different
behavior. Figure 2 compares en, with eg for the case of
periodic errors shown in Fig. 1. Whereas the generalized
emittance grows secularly and gradually, the standard x
emittance oscillates wildly. The oscillations are due to
the fact that the beam is wobbling, and some of the
apparent entittance growth is reversible. Note that eg
acts as a lower bound for e,, thus representing the
nonreversible part of the emittance growth.
The beam rotation angle, as well as the emittance
growth, depends sensitively on the magnitude of the
errors. Figure 3 displays the evolution of enh in the IRE
for 2 values of errors. In both cases, an abrupt transition
occurs at the point where halo formation takes place. In

the case with larger errors, the halo formation is more
severe (i.e., a larger fraction of the particles form the
halo). It is evident that for smaller errors and prior to the
halo formation, the generalized emittance is more nearly
constant. The case with no errors is included to mark the
numerical growth. By improving the numerics, we can
obtain near zero emittance growth for the error-free case.
Note that the dependence on the numerics can change in

As we find from the simulations presented here,
quadrupoles with small random rotations have a larger
impact on higher intensity beams. We presented an
analytic derivation of a generalized emittance, which is
conserved in linear systems. With the introduction of
nonlinearities in the space charge distribution as the
beam evolves, these generalized emittances are found to
grow, sometimes dramatically if a halo is formed. An
interesting effect is observed if the errors are periodic, as
in a beam drifting in a ring, where the beam's response to
the errors appears to be periodic and bounded.
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THE MAIN REGULARITIES OF CORE-HALO FORMATION
IN SPACE CHARGE-DOMINATED ION BEAM*
B.I.Bondarev#, A.P.Durkin, I.L.Korenev, I.V.Shumakov, S.V.Vinogradov,
MRTI, Moscow, Russia
Abstract
The laws that govern the charge redistribution in space
charge dominated (SCD) beam during its transport is
considered. Physical mechanisms of halo production and
establishment of steady distribution inside core for
matched beams are described. The image-based computer
codes were generated and charge density redistribution
process in the beam with concurrent phenomena was
described. The main regularities of SCD-beam
transporting were carried out. High-density core and lowdensity halo with particle active interchange are
established in every case. Most of core particles are "exhalo" or "coming-halo" ones which income from halo in
previous instant of time or will emerge from core in next
instant of time. Final steady states are ones with Coulomb
field minimal potential energy. The transition from the
SCD-beam initial state into a final steady state is
accompanied by particle kinetic energy increasing and
emittance growth. A steady state with constant transverse
sizes of core can be established. Such beam state would
be nominated as matched one.

Growing needs in high-current CW ion linac aggravate
both problems of beam losses and radiation purity. It
turned out that acceptable beam loss standard is very
tight. Linac designers were obliged to study beam physics
mechanisms that lead to emittance growth and core-halo
formation. Computational methods were widely used
because analytical approaches are effective only in limited
idealized cases (for example, K-V distribution). SCD
beam study in linear transport and accelerator channels as
well as computer code generation were performed and
published by authors starting from 1986 [1-5]. The
general results were obtained such as: (a) formation of
quasi-uniform core and rarefied halo; (b) core oscillation
damping with concurrent emittance growth; (c) beam
matching using information of input beam distribution in
phase space; (d) minimization of the space charge
potential energy and concurrent emittance growth; (e)
impossibility of halo stripping by diaphragm and so on.
These results are agreed very closely with ones published
by different researchers later,
In recent years works on convenient in operation
computer codes for space SCD beam physics study were
developed using modern image-based computer
technology. The new code tools make calculations with
*Work supported by International Science & Technology Center

0-7803-5573-3/99/$10.00@ 1999 IEEE.

higher then formerly accuracy. They are adopted for
education and training. In
recent report a lot of numerical experiments are discussed
in order to clear out the main regularities of core-halo
formation in SCD ion beam. The results were obtained in
the frame of longitudinal and transverse uniform focusing.
Solenoids were used directly as focusing elements. This
relatively simple focusing gives a possibility to clear
demonstration of all essential SCD-beam effects.

2. MATCHING INJECTION
The solution of the above task is well studied only for KV distribution [6]. For more real (but not too exotic)
distributions authors proposed the matching injection
procedure based on rms parameters of the distribution.
The procedure despite the fact that it gives only
approximate matching offers practically steady state for
beam with not very high beam current (tune depression
il = 0.8) during further beam transport. A fast formation
of beam halo takes place for beam distributions limited in
space (such as uniform or waterbag). In all cases beam
simulations extend to some tens of core oscillations. For
large currents (rI = 0.2) beam injection with distributions
limited in transverse directions does not lead to emittance
growth and beam is practically stabilized at once. For
Gaussian transverse distribution there are both fast
emittance growth up to 50% and core oscillation damping
with further stabilization.
If a beam evolves to equilibrium state the charge
distribution with the quasi-uniform central region in
transverse coordinate plane is established. This
distribution is very similar to stationary self-consistent
analytical solution of Maxwell-Boltzmann type. But exact
radial dependence in the region of the distribution "tail"
remains in reality unknown.
Let us note that in spite of frequent using of term "beam
core" nowhere the size of the beam core was defined.
Following the work [1] we define core size as a distance
between beam axis and the point where the maximum
value of the space charge field is achieved. Physical sense
of the definition is evident for the beam with elliptical
cross section and uniform charge density - the core size
coincides with the beam size. For Gaussian charge
distribution in transverse plane the core radius is 1.12 of
rms radius.

3. MISMATCHED BEAM INJECTION
Beam calculations with initial mismatch factor 1.5 were
performed in order to study of effects of unequilibrium
beam relaxation after its injection in focusing channel. For
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low currents (I -=0.8) there is a damping of the core
radius oscillations on the length of 15+20 oscillation
periods with simultaneous emittance growth up to
30+40%. The results fall into a pattern of filamentation
phenomena due to nonlinear betatron frequency spread.
The halo formation in the cases of distributions limited in
transverse directions is followed by phase contours of
nonlinear parametric resonance-2 (look below).
For the large beam currents (ij = 0.2) a role of initial
mismatch factor considerably increases. For various initial
distributions the core oscillations caused by initial
mismatching do not damp practically and emittance
growth by factor of 2 or 3 on the length of 30 + 40
oscillations takes place. The core oscillations lead to fast
halo formation particularly for limited distributions. The'
phase trajectories of particles follow by phase contours of
resonance-2 (look below). Indeed the time of halo
formation may be evaluated taking into account the period
of phase oscillations in near resonance region.
The absence of the core oscillation damping for large
currents does not have satisfactory explanations so far.
Maybe space charge strong nonlinearity would enhance a
process of beam filamentation. It is possible that quasiuniform beam core formation converges the distribution
to KV type. It is necessary the further study of the
problem.

4. HALO FORMATION
The simple (but effective) model of the halo particle
dynamics reduces the problem to analysis of the sole
particle behavior under linear focusing force and
nonlinear force of space charge field. The own field of
halo particles is supposed as negligible small, The
analytical calculations [2] show that energy of external
particle increases when it crosses the compressing
uniform beam core and vice versa: particle energy
decreases when core extends. R.L.Gluckstern [7] studied
the halo particle dynamics in periodically alternating field
of mismatched beam core. He has found the conditions of
nonlinear parametric resonance. The particle amplitude
can enhance considerably in the frequency band of the
resonance. The resonance is often named as "resonance2" because the particle oscillation frequency is 2 times
less than core frequency. The convenient visual image of
the resonance was used in work [8] by means of so called
Poincare mapping. The pictures of phase contours in near
resonance region allow to evaluate the maximum
amplitudes of halo particles. For low currents the
individual phase contours are clearly separated. The
typical duration of resonance phenomena is characterized
by the oscillation periods along the phase contours. For
large currents the resonance separatrix is destroyed and
near the core region arose island regions of high order
resonances. Overlapping of the resonances and destroyed
separatrix are formed the stochastic layer. As the beam
current more as the layer broader. The halo formation is
now caused by the particle diffusion along the layer.

Curves of the maximum radial size versus mismatching
factor for resonance separatrix are shown on Fig. I for
various tune depression values.
(R se)max/R match
e. ma

m

I
3.00

2
2.50

2.00

2.00
___

_

1.00
1.00

1.20

1.40

1.60

1.Bo

2.00

mismatching factor
Fig.I: Resonance-2. Maximum radial size of separatrix:
1 - TI = 0.82; 2 - TI 0.24.
In many of our PIC simulations the particle ejection along
phase contours of the resonance-2 are observed (Fig.2).
They are seen particularly clear if the initial distribution
do not possessed the extended halo. Possible sources of
halo particles in the initially bounded distributions are
discussed in work [9] and more completely in review [10].
R1

R
I

Fig.2: Phase trajectories of resonance-2
re oftof
ofs on.
asasresult
PIC simulation.
Hence for many of the beam transport simulations the
resonance-2 model gives satisfactory qualitative
explanation of halo formation and possibility of its scale
evaluation. But all approaches described above
concerning resonance-2 do not give a reliable quantitative
algorithm to calculate the transverse distribution of halo
particles that must be the main goal of halo researches.
Only the knowledge of distribution function opens the
opportunity to receive the based data about the probable
particle losses.
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5. ADIABATIC TRANSFORMATIONS
The heating of halo particles due to compressing core
(look [2]) may cause the halo extension in the time of
adiabatic growth of the focusing field. We have made
corresponding calculations. The effect of halo heating
tells on
the relatively less halo compression
comparatively with the core. The behavior of halo particle
having the initial radius double the radius of uniform core
is shown on Fig.3.
R
5.00
1.0

7. CONCLUSION

2

One of the main problems in our opinion remains a
quantitative evaluation of the halo size or more
exactly the distribution function for the halo particles. It is
way for correct calculations of the particle losses in
"thebeam transport. The existing halo models do not solve
the problem. We proceed a work to construct the
algorithms for those calculations based on the beam PIC
simulation data.
The most interesting are the time scales of the relaxation

Areliable

300
zoo fonly
1oo0

D.0

0....

5

...

...
15.00

displayed
be
may
variants
saved
previously
simultaneously
The second part allows to calculate the high current beam
bunching under the constant transverse characteristics
("frozen beam"). The periodical charge distribution in
longitudinal dimension is supposed. The visual
information showing charge redistribution phenomena and
the evolution of harmonic spectrum of the longitudinal
distribution are presented.
The last part of the code package combines two above
ones describing together the longitudinal and transverse
dynamics of high current ion beam.

26

-

processes.. According to our PIC simulations for the tune

.0

Fig.3. Adiabatic compression of beam: (1) - core radius;
(2) - halo particle. Focusing grows -(1 + 0.044z).
Analogously in the time of adiabatic beam extension the
Analogoutdsl in the timess
degre thad
ath beam cren n t
halo extends in the less degree than the beam core.

depression ri < 0.5 the core oscillation do not damp on the
channel lengths measured by many- tens oscillation
periods. Accuracy of the calculation results is confirmed
by the clear view of Poincare mappings for that lengths.
We shall proceed the HALO-KERN code package design
and the ion beam studies for more complicate

configurations.

6. CODE PACKAGE DEVELOPMENT
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HALO FORMATION OF BUNCHED BEAMS IN PERIODIC FOCUSING
SYSTEMS
A. Letchford, RAL, UK, K. Bongardt, M. Pabst, Forschungszentrum Jilich, Germany
Abstract
with
A very critical design issue for high intensity proton linacs
is to keep particle loss below 1 W/m at the high energy
end and allow unconstrained hand on maintenance. Particle loss is caused by a small number of particles outside
the dense beam core, called the beam halo. Halo formation of bunched beams in a periodic focusing channel is
driven by mismatch, high space charge and temperature
anisotropy. Unstable particles oscillate in all 3 phase space
planes. Mode overlap due to large mismatch amplitudes
can lead to a halo much larger than seen in uniform focusing systems. Resonance crossing due to acceleration is a
possibility for designing high intensity linacs.

1

SINGLE PARTICLE - ENVELOPE
RESONANCE

For realistic particle distributions, with nonlinear space
charge forces, particles inside the beam core have different tunes. Parametric particle - envelope resonances can
occur between the single particle tune and the frequency of
the mismatch of the oscillating beam core.
For a bunched beam the frequencies of the three eigenmodes are approximately given by [1]
Urenv,Q

= 2rt

for the pure transverse quadrupolar mode and by
a,2,
2
A Bbunched
,env,H= A + B,
env L = A - B
with
*A=

o

2 + 3
+ to-2 +
+2 1 r10
2
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B

2 +
to t••

2 +2(a2
2 - 3 a12

to

2

-

to -

,

to

-

a2)

I

for the high and low mode which couple the transverse
and longitudinal directions. The mismatch modes are expressed by the full and zero current transverse and longitudinal tunes Ut, ato, al and Tlo. For the quadrupolar mode
one has for the relative mismatches
Aa=_
a.,

Aa- Ab =0.
ayo 'bo
0.instabilities,
his present.
Hrcase on thhiphas tan svlowmodersemmates
In case of the high and low mode one has
Aa,

aro

_

Aay
a-,

=

Ab
gH/L
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2
gH/L =

2nv,

-2

_ioa

t+

gH is always positive and gL always negative.
The analytical expressions are derived for a uniform
focusing channel with linear external and space charge
forces. The derivatives of the formfactors are neglected.
Numerical simulations of a periodic bunched beam transport line with spherical bunches (b/a - 1) or elongated
bunches (b/a - 3) have shown that all three eigenmodes
can be excited by using the above stated amplitude ratios.
Due to nonlinear space charge forces, particles have
tunes distributed between the full current and zero current
tune. The condition for exciting a parametric resonance either transversely or longitudinally is given by
_

____

ffenv

m
n

11
2' 3

with
at < apt

Utrto,

o't < uf, <_ ato
where 0',n, is one of the three envelope tunes of the mismatched radii and f, the single particle tune.
Fig. I shows the halo formation excited by the quadrupolar mode with 20% initial mismatch. Results are derived from Monte Carlo simulation of an almost spherical
beam in a periodic focusing system [1]. All calculations discussed below were done with at least 10000
particles which interact fully in 3d. A 6d waterbag distribution is used as input. Clearly visible is the onset of
halo formation and its leveling afterwards. Above 1% of
the particles are outside 10 * cm,, compared to 0.1% for
the not shown matched case. The halo is limited to about
30* erms in phase space. Similar results have been reported
from Monte Carlo simulations for selfconsistent equipartitioned bunched beams in a uniform focusing channel [2].
For spherical bunches the halo formation is similar in the
transverse and longitudinal directions.

2

UNSTABLE PARTICLE MOTION IN A
PERIODIC FOCUSING CHANNEL

In a periodic focusing channel additional resonances and
which don't exist in an uniform channel, can
influence single particle motion. One is the envelope - lattice instability which occurs for a bunched beam if the high
mode frequency is nearly 1800. The instability leads to an
increase of the rms beam envelope. Other important resonances can occur between single particles and the periodic
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Figure 3: Single particle tune of the most unstable particle
which is close to 90l after 50 periods

Overlap
2.2
In a periodic focusing system a parametric particle - lattice
resonance is excited if the zero current tune is above 90'.
If a particle - envelope resonance, excited by mismatch,
is nearby a particle - lattice resonance, then particles can
be driven by the envelope resonance into lattice resonance.
This is called resonance overlap which can lead to unstable
particle motion with large amplitudes,
almost spri

c.

o
behaviour
No
unstable

ha s
few

In the design of high intensity linear accelerators substantial differences between transverse and longitudinal temperatures should be avoided [6,7].
In Fig. 4 the development of unstable particle motion
due to temperature exchange and leading to the 90' particle
-

oserv
lesin

longitudinal phase space is shown for an equipartitioned
bunched beam by exciting a pure 20% transverse, 30% lon-ne
n anlytcalphas adanc of
hih moe
gituinawth
phase advpesosanceo
aonalytuical
modsere wihand
gi6uina
in Fig. high
2runstable
blaesThavioure
of atfewmsnsal
particles
in
0.77. The longitudinal zero current tune is about 90' and
the transverse zero current tune is about 85'. The bunch is
1660.dsThertransverseeeandhelongitudinal
almost spherical. No unstable behaviour has been observed
in the transverse planes. The tune of the most unstable particle is shown in Fig. 3. Its value is close to 90 after 50
periods.
Both transverse emittances of the longitudinally most
unstable particles are close to the transverse rms emittances. Similar correlations for transversely outermost partidles have been observed at the end of the ESS linac [511.
Comparing Fig. 2 with Fig. I the difference between an envelope resonance and unstable behaviour due to resonance
overlap is evident. Few particles are expelled to very large
emittance values when their tune is close to 90'.

Unstable ParticleMotion due to Tempera-

ture Exchange

lattice

resonance

is shown for a matched beam. The

c0urrnt transverse

tune

lon-

no shown rhs emt

tances are oscillating due to temperature exchange. Clearly
leading to very
of particles
unstable motion
is the
visible
gi
the
siaotransvenrese
iitemperatur
ratioei
ne
3 Bandote zher
No unstaplane.
phase
horizontal
the
in
large emittances
ble behaviour is seen in the longitudinal plane. The single
atunehdepressions pare
particle tune of 90', as shown in Fig. 5, for the least stable
particle, is in resonance with the periodic focusing, leading to the strong increase in its emittance value. Before the
particle becomes unstable in one transverse plane, energy
transfer between the longitudinal and the transverse plane
is observed.

2.3

Unstable ParticleMotion due to Large Mismatch Amplitudes

By avoiding temperature exchange, the 900 single particle - lattice resonance and high tune depression, mismatch
amplitudes smaller than 30% lead to a superposition of 3
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perature in the rest system is 0.36 at injection and at linac
The maximum value of 0.5 is reached about 360 MeV.
For the matched case there are no particles outside
15 * crms either transversely or longitudinally and the rms
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bunched beam eigenmodes.
The situation can be different for mode excitations with
large amplitudes. For the layout of the periodic focusing
system in Fig. 1, a 20% 'pseudo' high m ode (equal mismatch amplitudes in all three directions) excitation leads to
neither transverse nor longitudinal halo formation. By 50%
pseudo high mode excitation however, mode overlap occurs and leads to unstable particle motion in all three planes
after 40 periods. The periodic focusing system enlarges
the maximal halo extent compared to an uniform focusing
channel.
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MONTE CARLO SIMULATION OF
THE ESS LINAC

All the results above are for a bunched beam transfer line
with no acceleration. The conclusions are also valid for the
design of a high current linac. As an example a 50000 particle Monte Carlo simulation result is shown for the 214 mA
ESS coupled cavity linac which accelerates the beam from
70 MeV up to 1.334 GeV [8]. The injection parameters at
70 MeV are about the same as for the discussed transferline in Fig. 4. The ratio between full and zero current tunes
is greater than 0.7 both transversely and longitudinally, all
along the linac. The transverse zero current tune is 920 at
injection.
The ratio between the transverse and longitudinal tem-
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Figure 6: Transverse emittance ratio along the ESS linac
for 20% high mode excitation
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STABILITY OF IONS IN THE ELECTRON BEAM
WITH A GAP *
E. Bulyak t, NSC KIPT, Kharkov, Ukraine
Abstract

2

A gap in the bunch train is one of methods to remove ions
from the beam circulating in electron storage rings. Selfconsistent theory of the ion stability in the bunch train with
a gap is developed out. As is shown, stability of ions increases with the increase in the ion core density. Under
certain conditions that have been determined, the stability
islands become overlapping. Therefore, the beam clearing
may not be achieved. It is proved that the maximum charge
neutralization of the circulating current reaches in the continuous beams, any gap decreases stable density of ions.
The stable density of the ion core decreases with number
of the ion oscillation within the bunch train increases.

Let us consider the ions moving within the beam, as these
only ions affecting the beam particles. This assumption allows to simplify the task with least losses in generality. The
following model is chosen (see Fig 1). The train of bunches
(macrobunch) of the radius a, length Lt, and the longitudinal electron density Nt are filled with ions of density Ni
1
(the train neutralization factor is 7t =N_/Nt).

bunch

bunch
gap

IP

1

Positive ions produced by an electron beam from the residual gas being confined within the beam, can demolish the
beam performance. For the most electron storage rings,

p1

1

INTRODUCTION

these ions have to be extracted from the beam. A gap in
the bunch train is one of methods to remove ions from the
beam circulating in electron storage rings. The essence of
this method is as follows. Injection of a beam is performed
in a way that leaves a number of consecutive RF buckets
empty. Thus, the ions experience periodic attractive (the
force of partially neutralized electron macrobunch) and repulsive (the self force of the ion core) forces. Length of
the empty part of a beam is chosen to provide unstable ion
motion within the operating intensity of a beam. The stability of a single ion (the ion core of zero density) was estimated in [1, 2]. As it was shown, the stability of an ion
in the beam of a definite geometry is determined by the ion
mass and the beam
could confine the
dene
efoedensity.
inrachng
cre A real
he beam
nstbleconitins.The
dense ion core before reaching the unstable conditions. The
beam could trap the ions during the beam injection (when
the beam density is below the unstable limit) or in operating cycle (when due to losses the beam enters the stable
region from the above). Thus, during operation, the beam
usually crosses the regions of ion stability. Therefore, of
much importance is to establish the stable region border in
the plane of beam density vs. ion core density.

MODEL

P
-g/2

0 Z

g/2

z

Figure 1: The model
We mean the bunch being long if an ion radius is
changed significantly while the bunch passes by. The density limit of ion core provides that the clearing gap G(77)
between consecutive macrobunches causes the ion motion
unstable.
From the physical point of view it follows that the phase
volume of ion core decreases when the density is risen,
therefore the core at the edge of equilibrium possess zero
phase volume. The ions in this case move similarly (lamipase vol
Te consider
ionsin just
t dynamics
cs ovof
simil
ethe boundary
ary
nary).
So, we can
ions that are remaining in the border if the core is at the
instability threshold.
The electrical field strength of the uniformly charged
round rod of radius r in its surface is:
N ie

E (r'

r)

-

27r 0r

(1)

The corresponding potential function reads as
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where a is the initial core radius, M is the ion mass; Ro is
the classical ion radius.
An attractive force acting on ions from the bunch space
charge should be added to the repulsive force (1) of the core
self-charge. Its potential is:
2

Finally, after matching the trajectory within the bunch
to that in the gap, we get the following conditions for the
system to be periodic:
92

V-Na

(3)

It

-

Thus, we can write a (nonrelativistic) Hamilton function
for the ion core border motion

A

-

Ub = NbROMc

-M+

=

U(x)

Here we denote 0 = 1 within the bunch, and 0 = 0
outside (in the gap between consecutive bunches).
As we consider the bunch being long, the ion core can
undergo a few oscillation while the bunch is passing by.
The pulsation period can be derived from (4) put p(r =
a) = 0. The hamiltonian (4) becomes:
H = E = const = NbRoMc2

(11)

27

[Nb( )2Niln (r)2] (.4)

2M+RMC2

'01(pi,1);

-1
1-•t

= exp

TMp,

C~r~)

2a
1(p., 7)
'R,
72
n=0,1,2,...
Lt-nA;

=

21t

2

H

a

[¢o~p,7

It can be seen that for the limiting case 77t
conditions [1, 2] are deduced from (11).
3

(5)

-+

0 the stability

COMPUTATION OF THE CORE
STABILITY LIMITS

As it may be seen from the expressions obtained, the

where p = r/a.
Equ. (6) has the root at p = 1, the second root p. < 1
exists if the neutralization factor does not exceed unity:
77t
< 1. Taking this into account, from (4) we get an expression for the period T of the border ion oscillation within the

boundary lines of the stability islands can not be presented
in an explicit analytical form. Then, a computer code was
written for calculation of the limits of ion stability for both
the case of round beam (considered above) and fiat beam
(derivation of the stability border for this case is similar to
the round one). The reason is that for an actual beam of elliptic cross section, the stability bound must lay somewhere
in between the fiat and round ones.
Bunch intensity was presented with dimensionless pa-

bunch:

rameter v:

At the loser crossover, p(r = rm) = 0, we have
p2 _ 77t In P2 = 1

(6)

2
1- 2 'ilp
cVNil~o p, V1 - p2 + 7 In p2

t

(7)

N =a J_2

T

T (77)=

(8)
1 - p2 + 771np

(

Lt

Vflat

As Pm = pm (71)(see (6)), we can denote

2

a

'round

2

7L

1~

r0 a

where b is the width of a fiat bunch.

2

The train neutralization factor 77t, and the relative bunch

The pulsation length A = cTi is dependent on the bunch
radius and density, as well as on the ion mass and the neu-

(train) length gilt were the other two parameters.
Computed stability islands are presented in Figs 2-3
where numbers in line brakes show the relative gap length

Dueztion
symmetry or thee considered system, the core enDue to symmtryor,
velope reaches its minimal crossover pm, (pm, ! p.) just in
(see Fig 1).
the middle of the clearing gap between bunches
boderionsis escibe imlictly
The
o thrajctoy
The trajectory of the border ions is described implicitly
as

g/Lt.
is seen
fromdensities
the figures,
shifted
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increaselimits
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projections
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Thus, the gap length shorter than some go, is not provided
clearing.
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RESULTS

a

=

Zo +

a
V27Ve!-[,

P•(pi, 77t).

(9)

Let define formally the reversed to 0(p, 77)function:
x = Op(p, 7)

-+

P=

p-1 (x,'i) .

(10)

The analytical and computational study on the selfconsistent stability of the ion core in the pulsed electron
beam was carried out. As is yielded from the theory, relative core density reaches its maximum in the uniform,
continuous beam. Any inhomogeneity in the longitudinal
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beam density distribution is resulting in decreasing the core
density. This fact is surprisingly opposite to expected from
the theory of strong focusing where application of defocusing elements increases the transverse stability - repulsion
of ions by the space charge field of the core causes decrease
in the stability limit.
Maximal stable ion density decreases with increasing the
bunch train density. Thus, the stable islands with big number (big number of ion oscillations per train, K = [-6,i1] >
1) are less harmful, for example, the island with K =12
and g/Lt = 2 has the only 0.5 % of neutralization in its
maximum (see Fig 4).
Also it is worth to take into account that the space between the stable islands is increased with its number. Thus,
the gap in bunch train is effective for removing of ions from
the intense electron beams circulating in the storage ring
with large circumference.

5

eniy
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Frequency map analysis for beam halo formation in high intensity beams.
A.Bazzani, Dept. of Physics Univ. of Bologna and LNFN sezione di Bologna, Italy,
M.Comunian, A.Pisent INFN Laboratory Nazionali di Legnaro, Italy
Abstract
\G

The Frequency Map analysis is applied to the Particle-core
model of an intense bunched beam in a focusing channel
with cylindrical symmetry. The coupled longitudinal-radial
motion is analyzed.

n \

al
a3

1

INTRODUCTION

The control of beam losses down to a very small percentage
is one of the main challenges for the new generation of high
power linacs. These losses are associated with the presence
of a beam halo, populated by very few particles but with a
radius significantly larger than the beam rms (root mean
square) radius up to the bore hole. In previous papers we
have applied the Frequency Map Analysis (FMA) [1][2] to
the 2D case of a mismatched beam propagating in a FODO
channel[3]; in this case it exists a self-consistent solution of
the Vlasov-Poisson problem, the KV distribution, and we
studied how the non linear resonances, driven by the space
charge, can push a test particle to large amplitudes. The
importance of the envelope oscillations and the advantage
of a careful choice of the working point result clearly from
this analysis.
Unfortunately in a linac the particle dynamics is intrinsically 3D, since the three tunes are close each other. The
space charge can be in this case estimated assuming an ellipsoid uniformly populated, even if this does not correspond to a regular self-consistent solution of Vlasov problem. In this paper we move a first step toward the 3D problem, by considering a beam moving in a solenoid channel, interrupted by an RF gap (working with -90 deg synchronous phase). The envelope periodic solution (Fig. 1)
and the three envelope modes are calculated. This problem is very similar to a linac with smooth quadrupole focusing and same focusing strength in the two transverse

0

.8
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.4

.2

1

S
Figure 1: FODO Period with a,

= a2

where (X1, X 2 ) are the transverse coordinates and X3 is the
longitudinal coordinate. The semi axis ai are functions of
position s. We compute the potential of the charge distribution according to

(4 +

du
+
a,
a2
a
(aý + u) (a2 + u) (a• + u)

f
3Ne

16l7r0o
60

f

-

(2)

(2)

where N is the total number of particle and the variable
x is set equal to 0 if the point (se, d 2,ne) is internal to
the ellipsoid (1), and is otherwise defined as the positive
solution of the equation
X2
X2
2
+ X ± a2 + X
a
1
(3)
2

+,

3

In order to simplify the problem we assume a rotational
symmetry (a1 = a2). In such a case the integral (2) can
be computed using elementary functions and the transverse
and the longitudinal electric fields determine the single particle equations: (j = 1, 2)

planes; the understanding of the coupled longitudinal and

,"

transverse motion in this case is important for the halo formation problem. We therefore analyzed the 2D motion of
particles without angular momentum respect to beam axis;
critein this way we could apply the FMA and the stability
ria elaborated for the transverse case.
The extension of the FMA to the complete 3D case will
be our next step.

'

"
x3 +

+ K--

i(1 - AMp))
2(al + X) a/ +-x

- -

3A sin 22r7r(p)AP

-

K3

-

(a2

+x

a2•-X

= 0

(4)

where p = 3Ne2 /47rfom'y 3v 2, 7yand/f are relativistic factors, A is the wavelength and the ' denotes the derivative
with respect to s, p = Va3 + Xl/
+ X
1
+i.•-(5)
_plog(p

2

PARTICLE-CORE MODEL

fP)

We assume that the particles are uniformly distributed into
ellipsoidal bunches, defined by the equation
X2
!12 + L3
2+
+
a3
a2
a1

=

1

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

(1)

2_ 1_

(1+

__1)

(5)

is the form factor defined for p E R+ by extending the log
and the square root functions to complex values. Since aj
depends on s, the equations (4) are time-dependent canonical equations. Therefore in order to integrate eqs. (4) we
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have solved the envelope equations which follow from the
rms envelope equations using the relations (x?) = a? /5

2

C(

2

= 0

a astrength

=

2V•D

- C
C,)
B+

(15)

ENVELOPE MODES

of practical interest are smooth enough so that the three
calculated in smooth approximation can be recognized.
chosen a lattice with
al For= numerical
2 an
wi simulations
h c = C3 we
= 1have
' m
K
=1.
21 = e 3 = 10 6 m, K 1 = K 2 = 1.5 9
al 2=, aK2 andMwith9
=O0.9m,
L-3j3Al•=
1m,
z=
2.•103
m. In this case the frequencies in smooth approximation
are: vot = 0.16, V03 = 0.16, v, = 0.13, v3 = 0.12 and
the
envelope modes are: ao = 0.27, a = 0.26, a+ = 0.30
with a mix angle of 0 = 0.51 rad.

If the deviations 6i with i = 1, 2, 3 from the periodic envelope are small, they can be calculated from the linearization of (6), giving rise to envelope modes that enter single
particle dynamics. In particular if the focusing is smooth
(v.((1/4), one can directly calculate the equilibrium en-

velopes ai

A

This is the mode mixing angle. In particular, if radial and
longitudinal focusing strength are equal, the mixing angle is 7r/4. On the contrary if the difference in focusing
is large the mixing angle tends to zero. The lattices

(
(6)

2
2
where E, = 5 V(X)(Xý ) - (XX') i = 1,2,3 are the
% =modes
emittances. If we choose the periodic solution of the envelope equations, then
it(4ishepossible
to introduce the Poincare
mapor
m ap for the system
(4) (mtche
(myste
atched cae);othewis
case); otherw ise inthe
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genericcaseai(s)
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only
quasi-periodic
and the Poincar6
gnrccsmmap
cannot be used to plot the phase space of the testparticle.
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FREQUENCY-MAP ANALYSIS

df (p)/dp. The eigen-frequencies are:

(12)

_=

(-1/V•, 1/V/, 0)
n
-the
(- sin 'k/v'•, - sin ¢/v•, cos €)

(13)

The FM analysis is a useful tool to represent the phase
space of a symplectic map of 2 or more degrees of freedom,
which can be applied also to quasi-periodic time dependent
The basic idea is to compute the main frequencies
associated to the invariant tori (regular orbits) and to study
the regularity of the map (i.e. the FM) between the space
of the invariant tori and the frequency space. According to
the K.A.M. theory, in the regions of the phase space mostly
filled by regular orbits the main frequencies associated to
invariant tori change smoothly from one torus to another, whereas in the resonant regions the frequencies are

=

(cos 0/V-2, cos 0/,42, sin 0)

(14)

locked to the resonant values.

ao = VA- -C
A+B +2C
a±
2=

A-2+maps.
A -2

(10)

)

+ 2D 2
(11)

and the corresponding eigen-vectors are:
6o=
+

)
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Figure 3: FMA in the matched and mismatched case: a J1 = 0.2a, of mismatch is inserted in the envelope solutions:
the low order resonances are indicated and the appearance of a chaotic region due to resonances overlapping for the
mismatched case is clear.
In the case of the system (4), we numerically compute
the transfer map for the FODO line and for a given initial
condition we consider a fixed number of iterations. Then
we project the orbit on the planes (xi, x.) i = 1, 2,3 and we
compute the betatronic and the synchrotronic frequencies
by using an algorithm based on the Hanning filter.
In the figure 2 we show the FFT7 of a regular orbit for
a test particle projected in a transverse plane when the
beam envelopes are 20% mismatched. Even if the Fourier
spectrum is very rich, due to the appearance of the integer
combinations between the betatronic and synchrotronic frequencies and the envelope frequencies, we observe that the
highest peak still corresponds to the betatronic frequency.
This is in general true for the orbits of the system (4).
In order to study the regularity of the FM, we consider an
uniform grid of initial conditions in the (xi = X 2 , X 3 ) plane
(fig. 4). In the regular regions the initial grid of points is
only smoothly deformed by the FM (fig. 3). In the resonant
regions the the points are mapped in a resonant line so that
a dense straight line of points at the center of an empty
channel is shown in the frequency space. In the chaotic
regions the results of the FM changes strongly from one
point to another and the fuzzy cloud of points appears.

5

lope frequencies for the stability of the orbits, through the
mechanism of resonance overlapping.
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Figure 4: Initial condition corresponding to mismatched
case (fig. 3 right side). The initial conditions corresponding to the two overlapping resonances (2, 0, -1, 0) and
(0, 2, 0, -1) are indicated with thicker markers

CONCLUSION

We have shown the possibility to use the FMA the
longitudinal-radial coupled motion for high intensity
bunched beam. The FMA provides information on the regular, resonant and chaotic regions in the phase space and allows to define a dynamic aperture by using the border of the
regular regions around the beam core. In the mismatched
case the FM analysis
case for the P-C model points out the role
of the resonances between the single particle and the enve-

6
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A MULTIGRID-BASED BEAM DYNAMICS CODE
FOR HIGH CURRENT PROTON LINACS
Paolo Pierinit, Giovanni Bellomo and Carlo Pagani,
INFN Milano LASA, Via Fratelli Cervi, 2011-20090 Segrate (MI) Italy

Abstract

1.1 RF Cavities Modeling

A beam dynamics code has been developed for the design
assessment of a superconducting high current proton linac
for the ENEA/INFN TRASCO Project (intended for
nuclear waste transmutation in a subcritical reactor). The
code deals with the dynamics of a moderate energy (above
tens of MeV) and high current proton beam in a beamline
composed of elliptical superconducting cavities and
quadrupoles. A 3D Poisson solver based on multigrid
techniques has been chosen for the space charge
calculations. The simulation results for the reference linac
design, with a particular care to emittance growth and
halo generation, are here reported.

The code[l] has been specifically developed for the
simulation of high current proton beams in a
superconducting linac that uses "elliptical" cavities, as is
along the
The beam
TRASCO[2].
case for
the
theca
for
phase
steps(wheethe
beam is advanced
a ise dvinced
algt

The codes used for the design of the TRASCO linac
replace the elliptical RF cavities with a properly chosen
"ideal" cavity with an analytical field given by:
(of Z
Ez (z, t) = 2Eac, sin(oo-t + 9pJ)sink
( Ccp
where Eacc is the accelerating field, Pc the cavity
synchronous velocity and 9Pc the phase. Both Eacc and Pc
are defined so that the cavity gives the same energy gain
of the "real" cavity (as designed by a program as
Superfish[31) in all the energy range of the linac where the
cavity is used. Note that Pc does not depend from the
inner cell length, it rather comes from a "dynamical"
equivalence of a real cavity with an ideal sine-like cavity.
This equivalence has been tested against a much simpler
(although much quicker in terms of computational costs)
a cavity: the RF gap. The transfer matrix
of for
model
elements
the longitudinal phase space (A4,AE)
AEae are
elmnsfrteogiunaphesac
plotted in Figure 1 for three cavity models: the direct

0 = coft, and orf is 27t the frequency of the linac). In
case a particle crosses an element boundary during a

integration in the E. field, the sine-like approximation
defined
and isthe
RF gapby equivalence,
where
the
whole 5 above
cell cavity
replaced
a single RF gap,
giving

timestep, a substep is performed up to the element end and
he flloing lemnt.
tepis ten
the ontiuedin
Parthlest crosis
t g nco
mntinued
oindthe fowi
eemenut.i
Particles crossing an element boundary where output is

the right energy gain and phase advance at each energy.

desired are collected in buffers for disk storage.

the first section of the TRASCO linac (100-190 MeV).

1 GENERAL FEATURES OF THE CODE

linac in phase steps (where the phase is defined as

The plots were computed for the P range corresponding to
tefrtscio fteTAC inc(0-9
e)

R

The beamline is composed of a sequence of elements of
different types: quadrupoles, drift spaces and cavities. An
"ideal" 3D uniform focussing element can also be used for
analytical checks of the code.
For the propagation in the quadrupoles and drifts

0.96-

analytical maps are used (which include chromatic effects

0-84"
.
0.42 0.44 0.46 0.48 0.50 0.52 0.54 0.56

integration in the cavity field is performed. A cavity is
described either with an analytical field shape of an
"ideal" reduced P cavity or by an on-axis field map
(provided by any cavity electromagnetic code). Off-axis
expansion, to second order, of the electric and magnetic
fields is computed for particle tracking.
Space charge is computed in multiples of the particle

tracking phase steps. The space charge kicks can be
evaluated either using a direct point to point method or
with a fast 3D Poisson solver in the reference particle rest
frame, based on a multigrid algorithm.
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Figure 1: Longitudinal transfer matrix elements for the
three cavity models: direct integration (solid line), sinelike equivalent (squares, see text) and RF gap (triangles).
Phase space units are deg and MeV. (p, = -30 deg.
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The transfer matrix of the transverse plane (x, dx/ds) is
shown in Figure 2, for the same cavity models of Figure 1.
It is worth noting that the largest errors are found on the
elements on the main diagonal of the transverse and
longitudinal transfer matrices, where the sine-like
equivalent has an error of 10"-10-W, whereas the RF gap
gives a difference of the order of 10.2.
In both the transverse and longitudinal matrix cases,
when the cavity is operated near its nominal velocity (here
10=0.5) the three models give approximately the same
values for the elements (to few parts in 10,000).
I'°

RM

"

1.06

Rxl 2

i1..1.735
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1.720-

1.05.
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2 THE TRASCO LINAC SIMULATIONS
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The 352 MHz superconducting linac accelerates a 25 mA

Rx22

0.05-

beam from 100 MeV to a maximum energy of
1.6 GeV. The linac is divided in three sections, with five
cell cavities designed for a synchronous 13of 0.5,0.65 and
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0'04-

1.021
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1.01
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Particle 13

The restriction operator (needed to transfer quantities to
a coarser mesh level) is the trilinear averaging of the 27
neighboring nodes and the prolongation operator (needed
to transfer the solution to a finer mesh level) is the
trilinear interpolation.
The space charge routine based on the multigrid solver
has been thoroughly tested, both with a comparison with
the point to point space charge calculation (which,
however, is limited to a small number of interacting
particles, due to the time scaling with the squared number
of particles) and with simple analytical cases. A report of
the tests can be found in Reference 1.
Typical TRASCO simulations are performed with 104I0 5 particles, a phase step of a few (2-4) RF degrees, a
space charge step every 5-15 phase steps using a mesh of
emszs sizes. The
h
33x33x33 points, extending to t5-66rnrms beam
whole linac runs in a few hours on a desktop system.

0.85, grouped in cryostats containing 2, 3 and 4 structures
each. The focussing is provided by a periodic array of
quadrupole doublets between the cryostats and the lattice

0.420.440.460.480.500.520.540.56

Particle 13

Figure 2: Transverse transfer matrix elements for the three
cavity models: direct integration (solid line), sine-like
equivalent (squares, see text) and RF gap (triangles).
Phase space units are mm and mrad. 9, = -30 deg.

1.2 The Space ChargeMultigridAlgorithm
Since the code advances in time (phase), when the space
charge calculation is needed the particle coordinates are
Lorentz-transformed to the rest frame of the reference
particle, the charge distribution is evaluated using a cloud
in cell (CIC) assignment scheme and the 3D Poisson
equation is solved.
The fields computed from the solution potential are then
transformed back in the laboratory frame and the force is
interpolated on the particle position using trilinear
interpolation[4].
The Poisson equation is solved iteratively using a
multigrid solver[5], a fast iterative method that uses
standard relaxation algorithms (in our case we chose the
Gauss-Seidel) and combines it with the discretization of
the problem on a series of nested grid levels (in our case
obtained by step doubling of the finest level).
The code implements both the V-cycle and the full
multigrid[5] cycling strategies, but the V-cycle allows to
make use of the potential map computed at a previous
space charge computation in order to start from a better
estimate for the solution potential. This strategy leads to a
speed up of the space charge calculations (reducing the
time by a typical factor of 30%), in order to achieve the
specified convergence[l].

cells are 8.03, 11.152 and 15.34 meters each.
Beam dynamics studies of the TRASCO linac using the
code described here, with a number of simulation particles
ranging from few thousands to 105, has been already
reported in Refs. 6 and 7.
In Figure 3 we present the rms and 90% beam
normalized emittances along the linac. The rms emittance
growth is less than 4% in all planes. The beam distribution
is well matched along the linac, as shown by the nearly
constant behavior of the 90% emittance curves. No sign of
particle drifting away from the beam core can be seen
from the phase space plots.

[

2.0
ag

1.0

90% [deg MeV]

[mm mrad]

1.8

:

.-

0.9

1.6

0.8

0.4

0.2
rms

0.2 0 100 200 300 400 500 600 700 0.1
z [m]
Figure 3: Normalized emittances along the linac. Bottom
lines rms values, upper lines 90% beam emittance. The x
plane is the solid line, the y plane is the dashed line and
the z plane (on the right axis) is the dotted line. The
simulation was performed with 10,000 particles.
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3.0

.

The rms beam envelopes plotted in Figure 6 show a
discontinuity of the beam sizes at the interfaces, and a
small transverse mismatch in the third linac section
(visible also as oscillations in Figure 5 and due to the
approximations of the TRACE3-D matching). However,
no evident emittance growth is produced by these
discontinuities and by the beam mismatch.
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Figure 4: Ratio of the sizes containing different particle
populations (including, from bottom to top 90%, 99% and
99.9% of the beam, respectively) to the rms beam size.
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Another sign of the absence of beam tail formation can
be seen from Figure 4, where we plot the ratio of the size
containing 90%, 99% and 99.9% of the beam to the rms
beam size. This beam size fraction is approximately
constant (averaging the numerical noise due to the poor
statistics on the higher values of beam size fractions)
along the linac, and confirms that particles are not drifting
to the tails of the distribution, as would be the case for a
charge redistribution process, that could give rise to a
largecavities
The matched beam conditions at the linac input and the
matching
between the three focussing sections of the linac
have been determined with the linear dynamics code,
haveb[een dt
edm tchingbetwee
lineard
the
isection i ,
TRACE3-D[8]. The matching between the sections
is
obtained using the gradients of two quadrupole doublets
obtainedtesynctheronousease of the cuavles i ltwo
and the synchronous phase of the cavities in two
cryomodules at the section interface. RF cavities are
modeled in TRACE3-D with a modified tank element
(type 13), consistently with the multiparticle simulations.
The phase advances per cell are always lower than 90
deg in all linac sections. The phase advances per meter, as
computed by the beam dynamics code from the rms beam
parameters, can be seen in Figure 5.

[dee/m]

5.0

[6]

e5: Phase advances per meter (up triangles: x, down

triangles: y, squares: z) along the linac, as computed from
the rms beam during the simulation. The cell lengths of
the three sections are 8.03 m, 11.152 m and 15.34 m,
respectively.
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DAMPING EFFECT IN THE BEAM ENVELOPE AMPLITUDE
OSCILLATIONS IN MISMATCHED HIGH INTENSITY ION BEAMS
T. Clauser, V. Stagno, Dipartimento di Fisica di Bari,
V. Variale, INFN sez.di Bari, Via Amendola 173 Bari 70126, Italy

Abstract
Space-charge dominated beams can induce chaotic
behavior on particle trajectories leading to halo formation
on the beam spot. This causes particle losses along the
beam transportation that must be minimized. The
fractional losses must be kept below 10"7/m. This is a very
low threshold to check with standard multiparticle codes.
To study this kind of problems a new particle simulation
approach will be proposed in this paper in analogy with
the single particle to core interaction model which is the
most used calculation technique applied in these kind of
phenomena. In particular, a damping effect in the
amplitude oscillations of the beam envelope, for high
intensity beam mismatched with a FODO cell, will be
shown and discussed.

1 INTRODUCTION
In these last years, growing interest has been addressed,
from the international scientific community, on the
possible applications of high intensity ion beams. Among
them, just as examples, we can mention the energy
amplifier proposed by C. Rubbia 11] and the
transmutations of radioactive waste 12]. However high
intensity beam transport poses problems those need to be
faced and solved. In particular, a halo formation has been
observed around high intensity beams, during the
transport, that leads to particle losses. For high current
and energy beams the lost particles produce radio
activation in the structures and the related radiation can
damage the accelerator components. Furthermore the
radioactivation makes the accelerator maintenance very
difficult and expensive. Because of these problems, it
becomes very important to study halo formation
mechanism in the beam.
Multiparticle codes could be very helpful to this aim but it
is very difficult to study this kind of phenomena by using
the standard multiparticle codes because the lost particle
fraction, along the transport, must be kept below 10"7/m
[3]. This means that the code should use a number of
particles of the order of 10s, in the simulations, to
appreciate this kind of lost fractions. This number is very
high and very powerful calculators are needed to handle
them. In fact, in these kinds of simulations, the space
charge force effect, because of the high intensity beam
used, becomes a very important issue.

0-7803-5573-3/99/$10.00@ 1999 IEEE.

A new calculation technique, called Particle Core Model
(PCM) [4], has been introduced to study the halo
formation without using of very powerful computers.
The PCM solves the beam envelope (or rms) equation for
a continuous beam that is used as a model for the core of
the beam. 'The core can be mismatched so that its radius,
taken at the exit of the transport period cell, will oscillate.
The halo particles are represented by test particles, which
oscillate through the core, influenced by linear external
focusing field and the non-linear space charge fields of the
core. The model allows one to study the dynamics of the
test particles.
Although the PCM calculations allow studying the halo
formation, this is done by assuming some approximations
and then their influence on the PCM results should be
checked.
For that reason, a comparison test between the PCM
results and the simulations of the multiparticle code
PARMT, modified to allow a more direct comparison
with the results of PCM calculations, has been carried out
in ref. [5].
In that reference, a continuous beam has been
transported through hundreds of FODO periodic cells.
The comparison of the simulation results obtained either
with the multiparticle code and PCM leaded to the
following conclusions. PCM calculations seem unsuitable
to study test particles taken near the beam core region in
the case of high beam current. The discrepancies found
between the multiparticle code and PCM results were
mainly due to the following reason.
In PARMT simulations, the breathing mode
oscillations, due to the mismatch of the input beam with
the periodic cells, damp very quickly when the space
charge is strong. In PCM calculations, a constant
amplitude oscillation of the beam envelope is, instead,
considered.
In this paper, an attempt to better understand the
mechanism causing the fast damping of the beam
breathing mode oscillations observed in ref. [5] will be
done. Moreover, further simulations on the chaotic
behavior originating, in some cases, in the test particle
trajectories will be also shortly shown and discussed.

2 SIMULATIONS
The multiparticle code PARMT is a Monte Carlo
program that can transport an ion beam through a system
of optic elements by using the matrix method [6]. Being
simulated a very high number of particles, PARMT uses a
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'Fast Poisson Solver' (FPS) technique to compute the
space charge electric field of the ion beam.
To compare directly the PCM with the PARMT results
some modifications have been carried out in the PARMT
code. Mainly, two new features have been introduced in
the program: 1) an input file with the initial test particles
coordinates that can be read, if required, by the main
program; 2) N output files (with N number of test
particles), where the test particle phase space coordinates
along the transport in the periodic cells (Np) are stored.
The main input file parameters, used in the PARMT
Thefleaininpt
pramter, -sed n te PRMT
simulations of ref. [5], are here recalled. In that
simulations we used FODO cell periods of length L=80
cm; transverse rms emittances, x=Ey= 0.25 x 106 m-r;
single particle phase advance ao=60.7'and space charge
parameter (as defined in ref [7]) = 4x 10-6
(corresponding to I= 95mA and P=0.145).
-------.
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Moreover an odd mismatching of about 20% has been
added on the initial beam size, in all the simulations.
The fast oscillation damping of the beam breathing mode
found in ref.[5] is presented in fig.1. In that figure the
related total emittance variation et, defined as
et=(E,2/Cx2+CyZ/_•02)1/, is also shown.
We think that the damping effect of the fig.1 can be
ascribed to the Landau mechanism of stabilization that
can occur when a very large number of oscillators, which
are the same but for their natural frequency, are excited by
an external force.
This mechanism is already used in accelerator physics to
explain the Keil-Schnell stability criterion [8]. In fact, if
one injects a very cool beam in accelerator machine, the
microwave instability develops. The beam momentum
spread blows up to a point when Landau damping gets
strong enough to stabilize the unstable motion. The KeilShnell criterion gives the minimum energy spread, that is
betatron frequency spread, for stability. The Landau
damping is a stabilizing effect connected with the
frequency spread [9].
To clarify, shortly, the Landau damping mechanism,
consider a set of oscillators, with a frequency distribution
f(op), coupled to a harmonic excitation of frequency co.

The response of the set to the excitation can be seen by
the center-of-charge velocity of the set [10]:
._fdo1
() = Ge-t xf(o) - iPV f (CO) do) (1)

F
L

-

i

where PV means Principal Value integral and G is the
wherePV meanic
ex int
amplitude of the harmonic excitation.
This response has a real part for which the velocity and
the
in phase
and an
part, where
theyexcitations
are out of are
phase,
indicating
no imaginary
energy exchange.
The
real part term indicates that the beam absorbs energy from
re part term
ince
the beam absorbs energy
the exciting signal. Since the beam particles absorb energy
this can lead to the damping of the coherent oscillation
that is often called Landau damping. From the equation
(1) it can be noticed that the real term is proportional to
the density of the frequency distribution, f(o3), in the
of the excitation frequency a. Then a condition to
obtain an effect of Landau damping is that the exciting
frequency lies inside the incoherent frequency
distribution. Furthermore, we have to add from ref. [10],
that the equation (1) is only correct if the excitation has
lasted for a long time. How long this time has to be
depends on the shape of the frequency distribution f(fow)
considered. If this distribution does not change
significantly over a frequency range of Aow, around co, it
is sufficient to excite for a time T>>I/Acop. This means
that all the oscillators with frequency inside AcO, ,in the
time T, are still responding positively to the exciting force.
Then to have a large period of interaction between the
exciting force and the oscillators we need a
large Aop. In
the Landau damping mechanism applies only
conclusion,
if we have oscillators with an enough large frequency
spectrum that cover the exciting frequency.
To interpret the behavior of fig.1 we need to make some
preliminary considerations.
The beam particles, in the reference particle system, can
be seen as a set of oscillators that oscillate with their
betatron frequency because of the focusing forces. When
the ba
atce
aeacranmmnu
ped
beam particles have a certain momentum spread,
because of the cromaticity, they will have also a betatron
ten
I geral,th is frq encyspra
spre
feque
frequency spread. In general, this frequency spread tends
to be very small, but when we have a space charge
dominated beam (Kr2 I4s»1 [11], see below for the
symbol meaning) it enlarges very much. The space charge
tune depression a/a0 in the case of the simulations shown
in fig.1 was 0.55. This means that the most inner beam
particles will still have a phase advance a. of 60.70, that
is, a betatron frequency op of about 58 MHz, while the
most external beam particles, filling the whole space
charge force, will have a phase advance
(y=0.55(60.7")=33.4', that is cop=31.6 MHz. On the other
hand, when a space charge dominated beam is
mismatched with the focusing periodic cell, the beam
itself starts to oscillate in a breathing mode with the
plasma frequency cop:
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qI
27reoy 3 p 2mc 3
and r is the beam radius. In the case simulated, in fig. 1 (op
is about 51MHz. In these conditions Landau damping can
occur. In fact, there is a harmonic excitation given by the
breathing mode oscillation of the beam envelope and a
large set of oscillators, the beam particles oscillating with
a large betatron frequency spectrum. From that figure, it
can be noticed that the coherent oscillation energy is
transferred to the incoherent oscillations of the beam
particles. During the damping of the breathing oscillation
there is a slight increase of the total emittance variation,
At the end, we can say that the energy involved in this
process is dissipated from a coherent motion to the very
high number of degrees of freedom of the system. When
this damping process is finished, the beam reaches the
matched size and no further increase of emittance is
observed,
---.--------------..
- .- - X
[
,'•
4f
•¢A
(O, = (K32c2,/2r2)/2)where K

Sdiffer
NP

Fig.3 Transverse rms beam size values vs cell period
numbers (Np) for the case 7/70 =0.89 (I--0.5mA).
The test particle trajectories considered in ref.[5] to detect
the chaotic motion which is responsible of beam halo
generation, showed only coupling between the transverse
planes but remained confined inside their original
positions. Those test particles started from near the beam
core, where rms oscillations, due to mismatching, occur
but through the damping the beam readjusted itself at
matching conditions very soon. Maybe, considering, in
those simulations, a larger number of test particles some
chaotic trajectories had could be found.
Chaotic motions have been found in the test particle
trajectories considered for the case of a space charge
dominated beam with c 0>90'where envelope instabilities
occur [11]. In fig.4 are shown trajectory results for those
test particles starting from near the beam core at a position
around x=0.2cm (the same of ref.[5]). It can be noticed
that, although the shown test particles initial conditions
only of few microns they have completely different
phase trajectories (chaotic behavior). Furthermore the
"chaotic test particles oscillate between 0.2-0.5 cm
originating a beam halo size greater than 0.5 cm.
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In fig.2 are shown simulation results
space charge tune depression, O/a0 =0.29. In this case, it
can be noticed that only some part of the beam particles is
involved in the Landau damping process. In fact, now the
plasma frequency is about 56 MHz and the lowest
betatron frequency is about 16 MHz. For this reason the
part of the beam particles that have betatron frequencies
too far from the plasma frequency interact very weakly
with the coherent oscillation and then the breathing mode
oscillation is only partly damped. In fig.3 is shown the
case of emittance dominated beam (Kr 2/4E<<) where no
energy exchange occurs between the breathing mode and
the betatron oscillations and emittance remain constant.
"
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Fig.4 Chaotic test particle trajectories in phase space xx'.

3 CONCLUSIONS
The fast damping of the breathing mode oscillation
occurring in mismatched beam space charge dominated
can be ascribed to a Landau damping mechanism of
stabilization. No test particle with chaotic motion has been
found when fast damping of mismatched oscillation

..
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SPACE CHARGE EFFECT ON EMITTANCE EXCHANGE BY SKEW
QUADRUPOLES
G. Franchetti*, I. Hofmann, GSI, Darmstadt, Germany
1.1 Coherent Effect

Abstract

A crucial issue is the effect of the space charge on the particle dynamics. The linear coupling produces, when the resonance condition is satisfied, a coherent effect on the beam
which exchanges the two beam sizes. When space charge is
present it excites a coherent tilting eigenmode with eigenfrequency w. This corresponds to q:o - qyo in the absence
of space charge in which case the resonance condition is
w = qxo - qyo = 1. Keeping w = 1 as the resonance condition we can write for finite space charge by introducing a
coherent tuneshift Aw

For high current synchrotron SIS it is crucial to improve
the multiturn injection efficiency. We study active emittance exchange due to a second order (skew quadrupole)
difference resonance which is modified by the presence of
space charge. We start from an analytical expression for the
coherent tune shift of this resonance and compared it with
computer simulation for the SIS synchrotron lattice including self-consistent space charge calculation. The critical
issue is the ratio of incoherent space charge tune shift and
resonance width. We apply the results of simulation to the
horizontal multiturn injection process with space charge
and find an improvement of the injection efficiency from
65 % to 84 % (with a correspondent increase of the vertical
emittance) in a typical example.

1

W=

SPACE CHARGE EFFECTS IN THE
LINEAR COUPLING

One limitation of multiturn injection schemes is the loss
of particles hitting the vertical septum and vertical acceptance. A skew quadrupole couples the transverse planes
exciting a difference resonance. When the bare tune is on
such a resonance, horizontal oscillation energy is transfered
to the vertical plane and the horizontal amplitude of the
injected particle will diminish during the few revolutions
of the multiturn injection. This effect can be exploited to
move particles away from the septum, thereby improving
the injection efficiency. As reported in [1] for a single particle case, if the bare tunes are on a difference resonance
qxo - qyo = 1 - 6 with 6 << 1 and if the initial vertical
emittance is zero, then the emittance exchange is described
by the formula
E=
•x =

0

4Q 2 sin 2 6
62 + 4Q 2 Eao

-

qy

+ AW = 1

(2)

where qx = qxoAqx and q. = qyo - Aqy with
Aq•, Aqy the incoherent tuneshifts. By using the definitions ap =_wp/lv , a m
=_ y/v , 27=_a/b where wp is the
"beam plasma frequency" and a, b are the semiaxis of the
confining ellipse, the eigenfrequency of the tilting mode
is characterized by the dimensionless coherent frequency
U m w/va which results in the dispersion relation [2]
up2 X a)X
70a)
2
(1 - a)2 /a2

(X+a)(X+ 72/a)
+ a)(1 -+U2

(1 + q7)2 = 0.

+
(3)

We compared the prediction of the theory with simulations
for the frequency of the eigenmode using for few revolutions the skew quadrupole to excite the tilting eigenmode.
A coasting beam under the action of a skew kick tuned to
exchange in 40 turns has been tracked for five turns and
afterwards the skew was turned off to stop the exchange
while the simulation continued. The coasting beam has
been tracked for 274 turns, each cell of the SIS has been

(1)
0.2

e

Here,
= 2irNt62/4 + Q2 and Ex + y = const with
initial values Eo and eyo = 0, where ex, ey are the instantaneous Courant Snyder invariants, Qc = -v/-•'••j/(47r),
Nt is the number of turns, and j is the integrated strength
of the skew. We can define the bandwidth 6b of the resonance as the 6 where the number of turns for a complete
exchange is half of the number of turns nt needed for an
exchange in the center of the resonance. It is straightforward to find 6 b =. x/3/nt correspondent to the maximum
exchange of Exo /4.
* Email:

G.Franchetti@gsi.de
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Figure' 1: Comparison between analytical model (dashedline) and simulations (solid-line).
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a
b
bq,=3.35
qyq=3.34
divided in 20 steps of space charge calculation, the hori¶200
•o200
zontal emittance has been kept constant to co = 200 mm
mrad and the current of the beam was I = 140 mA. At
0
each step the quantity T'y, typical for the skew rotation, has
150
been calculated and Fourier analyzed to determine w. In
Fig. 1 we plot the theoretical prediction according to Eq.3
-

(dashed-line) and the results from simulation (solid line)
for the quantity Aw/Aq. showing reasonably good agreement. In order to understand the effect of the space charge
we split the eigenfrequency w = wt + Jw,, in a lattice
component wt = qo - qyo and in a space charge component 6w,, = -Aq: + Aqy + Aw. Analogous to the single
particle theory we define the shift from the resonance as
6 = 1 - w. However since the space charge component
6w,, changes according to the emittance exchange the relevant quantity which describes the dynamical regime of the
beam evolution is 6wsc/ 6b. Considering at the time t = 0
w = 1 we can distinguish the evolution of the beam between a weak space charge regime if 6w.,/ 6 b << l and a
strong space charge regime 6w,,/6b >> 1 where the fast
change of 6w,, drives oscillations of 6 up to the border of
the resonance limiting the exchange. The maximum fluc2 6
tuation of 6w,, is expected to be of the order of b.
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In a strong space charge regime the dynamics of the exchange is strongly nonlinear. We simulate this case for a
beam with c, = 195 mm mrad, ey = 4 mm mrad and a
current I = 160 mA. Using the results of Fig. 1, according
io the previous definition, the initial space charge eigenfrequency component is 6w., = 0.12 and since 6b = 0.02
we find 6 Ws ;/ 6 b
6. We expect consequently a strong
deviation in the emittance exchange described by Eq. 1.
We investigated this effects repeating the same simulation
with identical initial condition but different qyo, changing
in this way the initial resonance condition. We distinguish
between the initial eigenfrequency below the resonance
(6 < 0) and above the resonance (6 > 0). According to
the condition w = 1 the center of the resonance is expected
to be at q1 0, = 3.41, but Fig. 2 shows that the exchange
is strongly affected whether the resonance is reached from
below or above. When the resonance is approached from
below, Fig. 2b shows the existence of two regimes: one of
small oscillations of w and small exchange; and, for slightly
higher working point w sweeps through the whole stopband
consistently with a much bigger emittance exchange. In
this case the evolution of the exchange is not the same as
described in Eq. 1 because of the dynamical change of the
resonance condition. Figs. 2c-f show a slow decrease of the
exchange for increasing values of qyo that we interpret as
a reduction of the swept area by w in the bandwidth. The
asymmetry of the exchange with respect to the case 5 = 0
is the stronger the bigger is the initial ratio 6w,, 1/6b.
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Figure 2: Strong space charge regime for 1=160 mA. a)f) show the emittance exchange for increasing q9 o. b) has
been tracked for 100 turns to show the deviation of the exchange from the single particle theory Eq. 1.

2

MULTITURN INJECTION
SIMULATIONS

In this section we present a study on the multiturn injection
with skew. We model the SIS injection under somewhat
idealized condition assuming the injection where a =t 0,
reducing in such a way the septum losses. The multitur
injection scheme is modeled by a shift of the septum correspondent to the distance between septum and bumped orbit. At each turn the septum has been shifted outward by
the amount Ax = VEX ,mazx/Nt, therefore its position at
the nth turn with respect to closed orbit is Xsept" = Ax n.
The septum scrapes all the particles satisfying the condition x > xsept.. The acceptance is also simulated removing all the particles satisfying x2 /A 2 + y2 /B 2 > 1,
where A = 50.5 mm and B = 26 mm. The multiturn injection takes place in 40 turns, each beamlet injected has
e,, = ey = 4 mm mrad with a current of I = 4 mA.
The ions used have Z = 28, A = 238 and are injected
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at 11.4 MeV/u. In the simulation each beamlet is described
by Nb = 100 macroparticles and the space charge is calculated in a model of ellipsoidal symmetry [3]. Figs. 3a,b
show the emittance increase for qo = 4.29, qy= 3.29
and nt = 8. Here nt is a dimensionless measure for the
strength of the skew. It is defined as the number of turns
required for a complete exchange of e in the center of the
resonance. Fig. 3c shows for the same setting the efficiency
of the injection N/(Nbn), the losses on the septum, and
on the acceptance, (N is the number of macroparticles inside the ring). The losses up to 20 % on the septum after 4
turns (change in the slope of Ez in Fig. 3a) can be explained
by the initially small distance between septum and closed
orbit. After - 20 turns, due to the high strength of the
skew, losses on the acceptance begin (in Fig. 3b cy stops its
growth). At the 10th turn I = 32 mA, 6w s, = 0.024 which
leads to the shift from the resonance of 6 = -0.024. By using Eq. 1 the maximum exchange is 6e/ezo = 0.96 which
the
is obtained in 4 turns and 10th beamlet would be lost on
acceptance if eý, = 51. Because c,, = 50 mm mrad the
beginning of the acceptance losses at 22 turns instead of 15
must be attributed at the correction to Eq. 1 which is hold
only for c, = 0. Fig. 3d shows the multiturn injection for
qo= 4.4 and nt =8. In this case space charge reduces
the exchange. Let's consider again the beamlet injected
after 10 turns, the closer to the resonance line which has
c.o = 50 mm mrad. Repeating the previous calculation we
find that it is lost if co = 105 mm mrad and since this emittance gap cannot be provided by the finite horizontal emittance, the acceptance losses are not present. The drawback
is the increase of the septum losses since the skew is insufficient to keep the injected beamlet away from the septum.
Fig. 3e shows a contour plot of the efficiency of multiturn
injection for different horizontal tunes and skew strength
and no space charge. We only plot the working points
with integrated efficiency exceedings 65 % (outer boundary), where each contour line corresponds to an increment
of 1.7 %. Note that the efficiency region exceeding 65 %
disappears with nt exceeding 30. The efficiency maximum
of 84 % is centered at q, = 4.4,nt = 8, where the emittance transfer horizontal to vertical just matches the vertical
acceptance. Fig. 3f shows the effect of the space charge.
The 84% efficiency in q,, = 4.4, nt = 7 is close corre5
spondent peak in Fig. 3e since the bandwidth
6 b = 0.21
is very large and 6w8 -, 0.09, s0 6 Ws 0/Sb "• 0.42. In
= 18 this ratio become 1, hence the space charge shift
on=18
the
op stimu
weorking pint muthe
e tpaken
aot.
on the optim um working point m ust be taken intoge
into account.
Fig. 3e suggests that the off-resonance value w -, 1.1 is
without space charge. Maintaing the same condition with
space charge requires shifting q,, by -0.1, which agrees
roughly with the estimate of section 1.1.
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Figure 3: Multiturn injection simulations for SIS with skew
quadrupole. a),b) horizontal and vertical emittance with an
q,; = 4.29, qy0 = 3.29 and skew strength correspondent
to nt - 8; in c) injection efficiency for the same settings
in a),b); d) Integrated efficiency for qo = 4.4, qyo = 3.29
and nt = 8; e) Integrated efficiency after 40 turns in absence of space charge for qyo = 3.29; f) Efficiency as in e)
but with space charge.

strength and shift of the working point are applied. These
results should be further optimized with a more accurate
space charge calculation for detailed injection conditions.
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Abstract
Simulations of axial bunch compression in heavy-ion rings
have been carried out as part of a feasibility study for generating intense beams in a facility at GSI. The compression
is implemented by a fast rotation of the longitudinal (11)
phase space and results in greatly increased transverse (1)
space-charge strength while the bunch is compressed in a
dispersive ring from an initial prebunch with a 11momentum spread of Ap/p ,- 10-4 (full half-width) to a final
spread of Ap/p = 1% at the final focus optic. The need
to maintain beam quality during the compression results in
numerous issues that are explored with PIC simulations.

Table 1: Ring parameters and envelope model results.
Parameter
CR-18
CR-100
Ion
U2 38
U+38
34.49
157
Ring Radius, R [in]
60
12
Ring Lattice Periods, M
10.8,9.7
4.2, 3.4
_i_Tunes, Qo,

Particle K.E., 98 [MeV/u]
200
127
2 x 1011 8.5 x 1012
Particle Number, N
20
10
1 Emittances, e, = ey [mm-mr]
20.7
16.8
IIEmittance, eG [fm-mr]
Envelope Model Results
3000
560
1), V [kV]
=
(h
RF
Voltage
1 INTRODUCTION
49.412
59.475
1
Compression
for
Laps
designed
being
are
GSI
at
experiments
Plasma physics
Prebunch, 1/2 Ring, Mid-Pulse
to produce dense, large-volume plasmas with heavy-ion
Tune Depression, U/0o
0.978,
0.994,
beams for use in general scientific research and in exMomentum Spread Ap/p
5 x 10-4 1.1 X 10-4
ploring target issues in Heavy-Ion Fusion. These applicaFull Compression, Mid-Pulse
tions require high beam intensity on target with small focal
Pulse Duration r-p [ns]
32
39
spots and short pulse durations. Overall system configuTune Depression, or/0o
0.652
0.592
Tune shift, AQ
-1.32
-4.18
rations under consideration to achieve the needed parame0.01
0.01
Momentum Spread Ap/p
ters are discussed in a related paper'. Here, we examine
the final I1bunching needed to achieve such high inten- distribution and a 1 matched, KV distribution. The
sities. Economic considerations dictate that the bunching line-charge density within the bunch is parabolic with
is best carried out in a ring using a fast rotation of the 11 A oc 1 - ( 3z/rz) 2 , where 6z is the 11coordinate relphase-space. Parameters for 18 T-m and 100 T-m compres- ative to the synchronous particle and the I1bunch rasor rings (CR-18 and CR-100), which represent a range
dius rz evolves according to the envelope equation
12
0.
K1
of bunching options, are summarized in Table 1. Bunch0.
=
-4
r
+
r
unalso
ing rings with similar compression physics are
der development at RIKEN and ITEP. The bunching wave- Here, primes denote dIds, where s is 11propagation disforms needed for these options are consistent with conven- tance of the bunch, ko, is the synchrotron wavenumber in
tional, low-frequency magnetic alloy RF "cavities" or new, the linear RF approximation, K11 is the space-charge per2
high repetition rate induction cells developed at LLNL . veance (dimension length), and El = const is the rms emit2
2
)
For cavity/cell superpositions that approximate ideal, lin- tance. More explicitly, kos = qVhjr7j/(27rR -'y,3.mc
number
(h
=
h
harmonic
on
operating
cavity
RF
an
for
in
expected
is
ear bunching waveforms, little difference
the physics of bunching implemented by RF and induction of bunches) with a maximum voltage gain per turn of V,
K11 = 3gq 2NI177/(2-y730rc 2 ) where g is an average of
technologies 2 . Thus, here we assume linear RF bunching.
the geometric factor g = 1/2 + 2 ln(rp/rb) (rp and rb
2 SIMULATIONS
A
hierarchy
of
simulations
with
increasing
model
de1 pipe-radius
and bunch
radius
of 2the
matched
tail has been developed to investigate the compression of are
KV the
beam;
. includes weak
1 / 11
coupling
), and
e=
a bunch of N particles of rest mass m and charge qso
movingf
1rzAp/p = const where Ap/p is the half-width of the I
a buch of Nparicls
ret mas mandchage moing
distribution in the fractional particle off-momentum 6p/p.
"sli facor"wth tranthe
Here,
synchronous particle
R about a coasting,
in a ring of radius
Here, q = 1/Tyt2 - 1/%yý2 < 0 is the "slip factor" with tranwith 11kinetic energy E, = (_y - 1)me2. Here, 2c is the
wt- Hsition
gamma -yt "• Qo:, [Q0, and Qoy are the horizontal
speed of light in vacuo, and
= 1/V/1 -/3.,
where/ 3sc
(x-plane) and vertical (y-plane) undepressed tunes].
tion(1) integrated fmninta
The envel
velocity of the synchronous particle.
is the I1
(1) is integrated from an initial
equation
envelope
The
2.1 Envelope Simulations
Param etric changes associated with ideal bunch com- (sc =m0)r prebunch
to
estimate
si ni d c d b
uparametric
d ni c e changes
s n R dueotto ga
pressions are first analyzed with a simple envelope model, compression induced by a sudden increase in RF voltage
In this model, continuous bending (ring radius R) and V. Results are shown in Fig. 1 as a function of ring laps
In anismodel,
fous
arelng
nuousbending
lnR)
[s/(27rR)] for CR-18 parameters, a single bunch (h = 1),
_1_an d 11focu sin g are assu m ed alon g with
w ith lin ear parp aran a h lf r g eb c ( _ = R/ ) R su t of hi
tide
o
equ
moton
tio
s
onsste
t
wih
a
Neufer
and
a half-ring prebunch (r = irR/2). Results of this
ticle equations of m otion consistent w ith a 11N euffer
c m r s i n a d a n l g2 u n o R 1 0 a e s m
and an analogous one for CR-100 are sum-

1

-0

________________compression

Research performed by LLNL, US DOE contract W-7405-ENG-48.
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marized in Table 1. The compression corresponds to a 90'
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rotation of the initial phase-space ellipse and takes place
in 59.475 laps [59.475 > (1/4)/(Rkso) = 59.147 due
to space-charge]. As the full-width pulse duration 7-p =
2r, / (f3sc) decreases, the I space-charge becomes stronger
as measured by the decrease in /ro0 (o and uo are the
phase advance per lattice period of _L particle oscillations
with and without space-charge) or the increase in tune shift
AQ = (1-o/uo)k,3 oR, where kpo = (Q;o+Qyo)/(2R).
This increase in space-charge strength occurs rapidly over
the final phase of the rotation and is accompanied by a
large increase in the momentum-spread width of the distribution, Ap/p. This spread contains a coherent component,
(Ap/p)I& = (r'/IIi)(6z/rz),that nulls at full compression
(upright phase-space ellipse with rz = 0) and an incoherent
component, (Ap/p)li, = ±[qi/(IJJIrz)] 1 - ( 6 z/rz) 2 ,
associated with the increasing local thermal spread. These
spreads vary along bunch axis, ranging from all incoherent
at mid-pulse (6z = 0), to all coherent at the bunch ends
(6z = ±r,), and both coherent and incoherent in-between
(plotted at 1/4 pulse, 5z/r, = 1/2). The compression is
timed such that, shortly before full compression, the bunch
is extracted from the ring into an extraction line for transport to the target. The RF voltages V are set for mid-pulse
(Ap/p)ic = 1% at full compression, corresponding to the
chromatic focusing limit of the final focus optic. Since this
envelope model is only consistent with linear focusing,
the
in terms of harlinear RF voltage V must be interpreted
monic cavity superpositions (requiring additional RF voltage) sufficient to suppress nonlinear phase-space wrapping
consistent with the prebunch extent in the phase of the fundamental RF harmonic 2 .
900
••Mrtation M
M- Momentum Spreads
-•

(59.475 laps)

ring

lncoherent)

+

.

0.01

IP

prebunch
r. (metlers]
r[=m2ts]
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071/4
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2bit
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Figure 1: Envelope model of bunch compression (CR- 18).

2.2 PIC Simulations
The combination of strong 1 space-charge and large momentum spread in the ring/extraction line lead to issues
in maintaining 1 beam focusability (limiting emittance
growth) that are being explored with 2d and 3d electrostatic
PIC simulations based on the WARP code of LLNL 3 and
several GSI codes. These simulations include lattices with
varying levels of detail, a proper treatment of dispersion,
and self-consistent space-charge fields. Presented here are
I 2d mid-pulse (6z = 0) simulations with a symmetric
FODO lattice for I_ focusing (occupancy of quadrupoles
and dipoles are 25% and 15% of the lattice period, respectively, with tunes Qo • Qyo equal to the mean of those in

Table 1), and compression implemented by continuously
adjusting the particle weights and momentum deviations
consistent with the envelope model. The initial prebunch is
modeled by loading an rms matched 1 semi-Gaussian (uniform density and temperature) and a I1
Gaussian momentum spread (rms Neuffer equivalent) distributions and then
advancing the coasting beam many laps to allow relaxation
of the loaded distribution due to weak space-charge and
dispersive effects in the ring. These mid-pulse simulations
model the region of strongest space-charge and momentum
spread, and are structured to explore physics issues as opposed to detailed design evaluations.
The rms emittance (E,, = 4[(x 2) (x' 2 ) - (XXI)2]1/2, etc.)
evolution is shown in Fig. 2 for a 1800 phase-space rotation
in the CR-18 lattice with zero (small N) and full current.
At peak compression (900, 59.475 laps), the in-bend-plane
x-emittance undergoes a large increase, whereas the outof-bend y-emittance undergoes a smaller, nonlinear spacecharge driven increase. The thickness of the x-emittance
trace indicates the amplitude of emittance oscillations at the
lattice and betatron frequencies that result from dispersion
and the distribution being dispersion mismatched due to the
bunch compression, respectively. To better understand this,
the x-particle equation of motion is well approximated by
(1
1--6~
.
Xsi _
6 1
qq/
X" + •
- 1+6)-6
1+6
63-c
p
mx= 2 , (2)
where 6 = 5p/p, p is the local bend radius, 'q
(OBu/&x)/[Bp] is the 1 focusing strength of the magnetic quadrupoles, and 0 is the self-field potential. Neglecting space-charge, chromatic effects [rq/(l + 6) -4
q], and higher-order dispersive effects, dc 2/ds
=
(32/p) [(x 2) (x'6) - (xx') (x6)], showing that the emittance
evolves primarily in the bends. For an uncorrelated iniit can be shown that
tial distribution ((x6) = 0, etc),
f°2(s) = E2(0) + F(s)ex(0)(62 ), where F(s) is a func(constant out of bends) depending only on the lattice.
This oscillation can be understood by examining a group
of particles with off-momentum 6. If the closed orbit of
this particle group is shifted from the 1 phase-space center
-

of the group (from dispersion and dispersion mismatch),
then the particles will betatron-rotate about the shifted orwhich oscillates according to the dispersion function.
Hence, the phase-space ellipse bounding all off-momentum
Henc
oscillatewith
with components
compon
entthe betaum
groups the
('. , eD) will oscillate
at
tron frequency (wavenumber ka) and at the frequency of
dispersion function oscillations (2ir/k - lattice period).
The pumped momentum spread of the applied compression
acts to increase the average and amplitude of the emittance
oscillation. In this context, the emittance increase is a dispersion induced distortion that is reversible, and can be corrected in the extraction line with appropriate, compensating bends. However, this distortion influences the 1 bunch
size, and thereby the _L aperture and extraction. Moreover, nonlinear space-charge, chromatic, and higher-order
dispersive effects can produce amplitude dependences that
phase-mix (thermalize) part of these reversible emittance
oscillations causing uncorrectable, "irreversible" growth.
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Such growth must be limited, since
the correction of larger, reversible
measure of the irreversible growth
phase-space rotations, since these

it can also interfere with
growth components. A
is obtained in full 1800 '
recover the initial mo-
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Figure 3: Emittance growth with no bends (CR- 18).

dispersive terms can phase-mix otherwise reversible
distribution distortions into irreversible growth. Although
these effects are typically weaker than space-charge innonlinearities, compensations should be considered.
Also, since a momentum deviation 6 is equivalent to all
dipoles and quadrupoles having the same
Sy field error, tune

:order

--

..

I

W

3.70

i.8

q 1. 0

Full Current

,

. Full Current
C2.u..

1,025

mentum spread and emittance in the absence of irreversible
effects. Small chromatic and dispersive terms prevent exact
recovery in the zero current simulation shown. The emittance growth of these full-current simulations are qualitatively comparable with 1800 rotation experiments 4 .
Zero Current

.r

F.04
Full Current

.-

-duced
1.20

•J
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psa
Figure 2: Emittance growth verses bunchLiaps (CR-18).
The dominant source of irreversible emittance growth
appears to be nonlinear forces associated with space-charge
modes launched during the compression. This is demonstrated by the simulations in Fig. 3, where the compression
Fig. 2growth
was carried
in a ur/uo
straightbecomes
lattice (psuffi-+
c•). inRapid
occursoutwhen
ciently depressed and remains when the compression is
reversed. Negligible growth occurs for zero current, and
space-charge instability induced growth can be reduced by
adjusting I focusing for or0 < 900 to eliminate envelope
and suppress higher-order collective modes. Little change
was induced by varying the compression rate by factors
of 2, suggesting fast instability saturation. Although these
space charge instabilities are modified in a ring due to the
I dispersive broadening weakening space-charge forces,
the cro < 900 criteria appears sufficient for rings. Reduced
ao also decreases envelope flutter, reducing sensitivity to
focusing errors and problems associated with large envelope excursions combined with large momentum spread
in bending dipoles. Unfortunately, this criteria is also inconsistent with long, low-dispersion straight sections (for
bunch insertion/extraction, RF cavities, e- cooling, etc.),
since this requires high phase-advance through bends (with
small superperiod number, M). However, in the presence
of compression, strong space-charge, and large s-varying
momentum spread, the conventional definition of a dispersion function D [D = x/6, where x is the closed orbit
solution to Eq. (2) for 6 small and 0 -4 0] carries little
meaning. Large, s-varying space-charge strength and momentum spread in the compression result in a shift of D,
complicating lattice design. From this perspective, the better approach appears to be a symmetric lattice with a large
M (=ý. M = cell number), where the zero-current fluctuations of D are as small as possible. This minimizes reversible emittance growth at peak compression, reducing
consequences of correction errors and irreversible growth.
Chromatic focusing effects and possibly other higher-

values Q~o = Mk/2 (k = 1, 2,...) should be avoided.
However, in a symmetric ring (M = cell number) the
ao < 1800 phase-advance limit for a valid _I bunch envelope preclude such resonances and likewise, low-order
resonances due to systematic field errors. Resonances from
construction errors are not regarded as troublesome due to
the limited number of laps in the compression and detuning
due to varying space-charge strength as the particles change
11
position in the bunch. This can be checked with full 3d
Ipoiinnthbuc.Tscabehckdwhfll3
simulations of distributions with realistic incoherent tune
spreads. Finally, although results of 3d simulations with
continuous, linear RF bunching differed little from the reduced 2d model presented, this must be re-evaluated for
discrete RF cavities. The finite kick in 6 provided by a
discrete cavity leads to an instantaneous shift of the closed
orbit of each group of off-momentum particles, which can
lead to irreversible emittance growth when a series of kicks
are applied. This can be properly evaluated in 3d simulations with realistic distributions of RF cavities.

3

CONCLUSIONS

This joint GSI/LLNL study is investigating the use of
fast bunch rotation to compress a large number of particles
in heavy-ion rings. The combination of large momentum
spread and strong space charge in a ring creates challenges
in limiting I emittance growth. Simulations have distinguished and characterized reversible (correctable) growth
due to dispersion induced distribution distortions and irreversible (uncorrectable) growth due to various effects.
Tentative design criteria were developed to mitigate these
growths. Tradeoffs between these constraints and practical
considerations will be made in more optimal ring designs.
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Abstract
Besides laser- and light ion beams, short pulse duration
bunches of intense heavy ion beams are attractive to deposit
high specific power in experimental targets. Such volume
heated matter is transformed into a plasma state that is characterized by its high density. The GSI accelerator facility
offers a unique possibility for the generation of such a solid
state density plasma. After the installation of the new high
intense beams of low charge state uranium
current injector,
28
is(U
)will
available, Tooaheehg
achieve high target
power
ions (U8
wl beeaalbe
agtpwr
compresdensities with these beams, a strong longitudinal

turn spread of dp/p = +5 - 10-4 a coasting beam of Ar11+
ions could be captured in a single bunch with a pulse duration of 550 ns. No particle losses were observed at this
process.
For the final compression of the single bunch, we consider
single bunch, we onsiwith
l
a fa compression
tudinal phase space. This concept was tested in the Exin
ped
Rin E [n d has bee
perinal Soage
perimental Storage Ring ESR [2] and has been applied in
experiments in the SIS since November 97 [3] [4]. The
phase
space
rotation
in fast amplitude.
compression is initiated by a
fast
jump
of the
RF-voltage

sion has to be performed. For this purpose, a new type of
RF compressor cavity has been developed for the heavy ion
synchrotron SIS. In the framework of a machine development program, first tests of the required bunch manipulations have been done with the available SIS cavities.

b)

AP

•
'

0

1

1000

0

2 RF-MANIPULATIONS AND
LONGITUDINAL COMPRESSION
In March 1997, the first attempt of single bunch generation
in the SIS was carried out [1]. The method used is based on
adiabatic debunching, followed by a rebunching on the first
harmonic. In adiabatic compression the final bunch length
1f is determined by : 1 oc V1/ 4 . With a maximum available
RF voltage of V = 14 kV per cavity and a typical momen-

12

t5

500

1000

0

Time Ins]

Time Ins]

Short pulse duration ion bunches can easily be produced by
means of a high revolution frequency, or equivalently, high
beam energy. However, the most interesting beam energy
for plasma physics experiments is defined by the ion range
in the target and the focal spot radius. Thus, for solid state
density targets, 100-300 MeV/u is an appropriate range of
energy for heavy ions. However, at 200 MeV/u the revolution time in the SIS is about 1.3/-s, which is far too
long for optimal target heating. Taking into account the
hydrodynamic target response, the ion pulse length has to
be
shortened by a factor of 20 or more.
bertherortenedby
optu placr g
n wh te p
t
Furthermore, optimum plasma generation with the present
range of achievable total beam energies requires a single
bunch of ions. Due to an insufficiently, low minimum frequency of the SIS cavities, a minimum of harmonic 4 can
be used for acceleration of U 28 +. Thus, at least four ion
bunches must be merged into one before final bunching is
carried out with a new low-frequency cavity.
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Figure 1: Measured bunch current signals at different stages
of the acceleration cycle together with the measured RF gap
voltage over the modified acceleration process. Shown is
a) the typical four-bunch structure after acceleration with
h=4, b) a single bunch profile after adiabatic debunching
and rebunching at h=l and c) a single bunch after fast bunch
compression.

The rise time of the voltage must be much shorter than
the synchrotron period of longitudinal particle oscillations.
The measured rise time of the SIS cavities is 150 /s which
is sufficiently short relative to a typical synchrotron period
of about 1 ms. Measurements of the full cycle of acceleration, adiabatic debunching and rebunching, and final fast
bunch rotation are illustrated in Fig. 1.
However, measurements have shown that phase stability
is essential for a stable compression. Figure 2 shows the
beam current signal in the SIS, measured with a capacitive
pick-up probe, over several synchrotron periods after the
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RF voltage jump. Due to small RF phase instabilities coherent oscillations of the bunch are excited. The observed
phase instability is due to a dependence of the ferrite permeability p, on the voltage amplitude. The varying permeability leads to a change of the eigenfrequency of the cavity.
Although the RF phase is stabilized after the jump, these
oscillations can be observed over many periods. These oscillations may dilute the longitudinal bunch emittance, limiting compression for a given final momentum spread.
2
2

]

E

wrapping with associated nonlinear pulse lengthening. In
an experimental program using an Arll+-beam the influence of the prebunching amplitude on the final longitudinal distribution was studied. Fig. 3 shows the longitudinal profile of an extracted bunch for no prebunching and
with 1 kV prebunching. A final pulse duration of 350 ns
could be achieved. Table 1 shows results of ID PIC simulations of a fast compression of a weak prebunched 200
MeV/u U 2S+-beam. The fraction NB/N of particles captured in the RF bucket is calculated for different levels of
prebunching. Furthermore, the mid-pulse current gain factor I/Io which indicates the peak power of the bunch is
listed. The final RF amplitude was assumed to be 100 kV.

0

_

Table 1 : Current gain factor I/Io, fraction of captured
particles NB/N, and final bunch lengths zf for different
prebunching amplitudes.
Vi
Zf
r
Tf
I/
NB/IN
(dplp)f1
[I
kV]
[m]_[ns
[%]
0
7
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;0.5
;s0.5
:0.5
1
0.5
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For a fixed prebunching amplitude of 2 kV the influence
of beam loading on the cavity is studied for different
impedances. Table 2 shows the degradation of the final
beam parameters with increasing impedance.
Table 2 : The filamentation of the phase space by space

Figure 2: Evolution of the RF gap voltage and the beam
current during fast compression. Strong coherent bunch
oscillations are visible. These oscillations are excited by
RF phase variations of about 15 0 at the fast voltage jump.
The strongest compression factor can be achieved with
rather small prebunching amplitudes, according to : If oc
/A/q(Vi/Vf) . (dp/p)i. Here A is the mass number, q is
the charge state and the subscripts i and f denote initial and
final values. This equation assumes an initial stationary
bunch, matched to the RF bucket and linear bunching. In
case of smaller prebunching amplitudes, distortions of the
longitudinal phase space occur due to the nonlinearity of
the RF-voltage seen by the mismatched bunch.

charge interaction with the cavity impedance degrades the
achievable peak current. For an assumed prebunching voltage of 2 kV the same parameters as in Table I are listed.
T
I/IT T
f
R
z1 j 1
/o
NB/N (dp/p)
[%]
[ku] [m) [ns]
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A significant drop of the peak current is visible starting
from a total impedance of about 5 kfl.
Further detailed simulations on the compression process
in a dispersive ring lattice and the effect on the transverse
emittance are presented in a corresponding paper [7].

1000

T1.,,,,

Figure 3: Bunch signal after extraction without (left) and
with lkV (right) prebunching. The shaded areas indicate
the offset and tail depending on the amount of prebunching.

3

THE COMPRESSOR CAVITY STUDY

The
highest energy deposition in a target will be achieved
Tehgeteeg
eoiini
agtwl eahee
with an intense U2S+-beam [5]. With the
new high current

The nonlinear RF-voltage causes an S-shaped phase space

injector [6], 2 • 1011 uranium ions will be available at the
end of 1999. Accelerated up to the maximum rigidity of 18
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Tm, a total beam energy of 2 kJ can be produced for experiments. When focused onto a small spot (R < lmm) on the
target [8], a specific energy deposition of up to 50 kJ/g is
expected. At this level of energy deposition the characteristic heating time, which is determined by the sound velocity
of the plasma, is about 50 ns. A bunch with a matched
pulse duration can only be generated with the installation
of a dedicated bunch compressor cavity. Such cavities have
been studied by the GSI RF group [9], using magnetic alloy technology. For compression of 100% of the beam particles down to a pulse duration of 50 ns, a total RF-voltage
of 200 kV is required. This voltage must be produced at a
fixed frequency of about 0.8 MHz for less than 100 us (1/4
of the synchrotron period).
SIS Bunch Compressor
MA

Cavity 1
Cavity 2
c Capacitor -

Section X-k

Onuter
,conduco

Inner Conductor
with

-----Baking Device

..,Tube

rh

Tue

With the high current injector and the new bunch comprescavity we expect to achieve the beam and target parameters summarized in table 4.

(sor
Tub

Push Pull
P

Tube

Tube

Tube

B

A

ate material. This material has a high saturation flux density of 0.82 T and the ,Qf product is constant over a wide
range of RF-voltage. Therefore the observed phase instabilities at a fast voltage jump, as shown in figure 2, will
not occur with the MA cavity. The MA material is available with a ribbon thickness of only 17 pm and with a 2
pim thick interlaminar insulation. Proposed are 6 individual cavities, each capable of 40 kV in an axial length of
about 0.7 m. Each cavity contains 2x 6 VITROVAC discs.
Air cooling of the discs is sufficient because of the low
duty factor of 0.01 %. The cavities are inductively coupled
to the power amplifier by the anode supply cable guided
around the MA cores (Fig. 4). In order to minimize the
total impedance in the synchrotron, the gap will be shortcircuited when the cavity is not in operation. For the low
duty cycle operation an adequate RF tube is the Siemens
RS 2054. The peak power per cavity is on the order of 500
p
owe
kW. The gap impedances
shown in table 3 are without fast
feed back controls around the final amplifier. These controls are in the design stage.

Table 4 : Beam and target parameters for the currently
available RF-voltages and beam intensities of Arll+-ion
beams and future operation with U 28 ion beam.

o'MM.

Ion species
NB
ei [GeV]
E0 [kJ]
r-j [ns]

Figure 4: Schematic of a SIS bunch compressor cavity
based on magnetic alloy cores. Shown are two out of six
cavities. Each cavity is driven by a final stage in push-pull
operation.
Table 3: Comparison of the technical parameters of the existing SIS ferrite loaded cavities and of the proposed MA
compressor cavity.
Inductive Load
Frequency tuning
range [MHz]
Peak RF-voltage [kV]
Length [in]
Pulse duration [,us]
Duty cycle [%]
Voltage rise time [[s]
Power dissipation Peak [kW]
Mean [kW]
Cooling of cores
Gap impedance [kW]

SIS Cavity
Ferrites
0.85-5.4

Compressor
Magnetic Alloy
0.8

16
2.9
cont.
100
150
40

40
0.7
100
0.01
<30
500

Ar'F+ U28+
2. 1010
IT
• 0T=
12
47
0.04
2
350
50

Pf [GW]
0.11
40
1.25
0.029
J,8 [TW/cm"]
0.5
0.0014
Jm [TW/g]
1.5
13.04
p. 1[g/cm]
Fm [kJ/g]
0.47
26
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BEAM-BEAM EFFECT AND DYNAMIC APERTURE
OF THE MUON COLLIDER*
M. A. Furmant, Center for Beam Physics, LBNL, Berkeley, CA, USA

Abstract

Table 1: Selected muon collider parameters.

We consider the combined effects of the beam-beam interaction and the lattice nonlinearities for one specific design
of the muon collider ring. The beam-beam interaction is
represented by a thick gaussian lens, and the ring is described by a 9th-order Taylor map. At the single-particle
level we compare the tune footprints and the dynamic aperture with and without the beam-beam effect. At the multiparticle level, using a "weak-strong" description of the
beam-beam interaction, we compare the time evolution of
the rms beam sizes with a linear lattice map and with the
full nonlinear map.

1

Circumference, C [m]
Beam energy, E [GeV]
Relativistic factor, y
No. of particles per bunch, N
Beta function at the IP, 0" [cm]
Normalized emittance, EN [/-im-rad]
RMS beam size at the IP, -ao[Am]
RMS bunch length, o, [cm]
Relative momentum spread, up/p
Nominal beam-beam parameter, •
Tunes, v./vy

4x

345
50
473.2
1012

4
85
84.76
4

1.2 x 10-4

0.051
0.862/0.639

INTRODUCTION

The desire to have a muon collider with high luminosity
combined with the instability of the muon places serious
constraints on the lattice design of this machine. In particular, lattice nonlinearities are severe, and the beam-beam
interaction has a strength comparable to a mature e+ecollider [1]. Traditionally, the beam-beam interaction and
lattice dynamics have been studied separately. It is likely
that the muon collider will be the first machine in which
these two pieces of dynamics, along with wakefield effects, may have to be studied in combination. In this note
we present an initial step in this direction, improving upon
a previous study [2] with linear lattices, by carrying out
single-particle and multiparticle tracking calculations for
one specific design of the muon collider whose relevant parameters are listed in Table 1. We represent the lattice by
a 9th-order Taylor map obtained from the program COSY
INFINITY [3], and the beam-beam interaction by a thick
lens. We present our results in three cases: (a) linear part
of the map plus beam-beam, (b) full 9th-order map without
beam-beam, and (c) full 9th-order map plus beam-beam.
We compute beam footprints, dynamic aperture plots and
time evolution of the rms beam sizes.

CALCULATION

2

In Table 1, the four beta functions at the interaction point
(IP) are equal, as are the four emittances. The beam-beam
element consists of a static trigaussian thick lens implemented by dividing the bunch into 5 kicks whose weights
and longitudinal positions follow the "equal-weight" prescription [4]. The beams collide head-on at the IP. The Iongitudinal beam-beam force is wholly neglected. The transverse force from each of the 5 kicks is computed from the
well-known expression of the electric field of a round gaussian beam. A particle from the dynamical beam is consecutively kicked by each of these 5 kicks; in between successive kicks, the particle undergoes simple drifts.
The lattice is represented by a 9th-order Taylor expansion of the 6-dimensional one-turn map at the IP, obtained
from COSY INFINITY [3]. It does not include RF cavities.
The beta functions and tunes listed in Table 1 are extracted
from the linear part of the map, which also has 0' = 0 at the
IP. The action of the map on each particle of the dynamical
beam is expressed by the polynomial
L

There are several limitations in this investigation which

c

zi =n2,
=

)(nl,

3, n,,ns6)

we expect to improve upon in the future: (1) the beambeam interaction is represented only in weak-strong mode,
albeit in thick lens approximation (i.e., nonzero bunch
length effects included) assuming a tri-gaussian density
distribution, (2) the longitudinal beam-beam forces are
wholly neglected, and (3) the 9th-order map does not in-

6, represents the (suitably dewhere zi, with i = 1,
fined [3]) i-th coordinate of the particle at turn t, z2 is the
coordinate at turn t + 1, t is the order of the expansion,

corporate RF cavities.

with maximum order L = 9, and -{fnk }I ('" ) stands for a

no.
Work supported by the US Department of Energy under contract
DE-AC03-76SF00098.
t E-mail address: mafurman@lbl.gov

0-7803-5573-3/99/$10.00@ 1999 IEEE.

1=0 {nk It

14

5•26

(1)

summation over all possible combinations of the nk's such
that Z--k n1k = £ with n1k >_ 0. The map is described by the
full set of Ci()'s; in the particular case we study, there are
5040 nonzero such coefficients. Eq. 1 is applied to every
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particle in the dynamical beam.
In single-particle mode we track one particle in the dynamical beam with given initial coordinates x0 and yo. By
successively letting x0 and Yo take on values in a rectangular grid we can generate a tune footprint. We extract
the tunes by numerically integrating the phases of the particle over 500 turns. To determine the dynamic aperture,
we track the particle for 1000 turns. In all cases the initial
values of the remaining coordinates (x', y', z and Ap) are
set to 0. In order to avoid numerical overflow problems, we
specify the criterion that a particle is outside the dynamic
aperture if at any turn it is outside a sphere in x, y, z about
1 m.
the bunch center with radius

0.70

In multiparticle mode we start from an initial 6D gaussian beam distribution of particles centered at the origin
with the or's specified in Table 1 or extracted from these
parameters. In all cases we choose 10,000 representative
particles. We then track this distribution for 1000 turns and
compute and record the rms values at every turn.
In all cases we take the muon to be a stable particle.
There are no physical apertures in the calculation. Radiation and quantum excitation are ignored, as are the mutual
interactions of the particles within the bunch.

0.70

3

>,
>
A
0.65

linear map
beam-beam

•

0e 60
0.60

fl,•I

i

0..

0

>1
_>

0.65
nontlne

0.60

RESULTS

0. 85

0.80

3.1 Footprints
Footprints are shown in Fig. 1. We tracked 100 particles whose initial conditions were on a 10 x 10 grid with
xo/o, yo/a = 0.1, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5.
It is seen that resonances do not cause any distortion of the
footprint in the case of linear map + beam-beam. There are
severe distortions for the case of full map with or without
beam-beam presumably due to island trapping.

a

map

beam-beam.

v,

0.90

0.95

Figure 1: Tune footprints of the beam. Top: linear map +
beam-beam and nonlinear map without beam-beam. Bottom: nonlinear map + beam-beam. The cross is at the
working point defined by the map. Resonance lines up to
6-th order are shown.

4

DISCUSSION

Figure 2 shows the dynamic aperture plots for the case of
nonlinear map with and without beam-beam (the dynamic
aperture for the case of linear map + beam-beam is obviously infinite). It can be seen that the beam-beam interactiouhasaslyight e).eIt
canbesenamthaterthre.
bbe
tion has a slight effect on dynamic aperture.

The results presented here are to be taken only as an initial
step in a more systematical examination of beam dynamics
in the muon collider. It is desirable to study maps that better describe the machine, including RF cavities. It is also
desirable to improve the beam-beam element so that it includes longitudinal forces, which have recently shown to
important when the momentum spread of the beam is
very small [6].

3.3

Although preliminary, the present results confirm the
generally accepted belief, derived from theory and exper-

3.2 Dynamic aperture

Beam size evolution

Figure 3 shows the time evolution over 1000 turns of the
normalized beam sizes, ux/roa and y/cao. It is seen that
the cases with beam-beam, with a linear map or with a
full map, are very similar to each other. This implies that
the map has little effect on beam-beam performance. Even,
though the beam starts out with o., = or,, the dynamical
beam sizes quickly become different. This is due to the
dynamical beta function effect [5] which implies a, 0 ory
whenever v 0 viy.
In the absence of the beam-beam element, the beam sizes
are also unequal, but in this case the difference is due purely
to a "'/W"fluctuation of the initial particle distribution,
.1792

iment with e+e- colliders, that lattice nonlinearities do not
affect the beam-beam dynamics significantly near the beam
core. It is gratifying that this is the case even in this design, whose dynamic aperture is markedly smaller than in
typical e+e- machines. We conclude that the luminosity
performance will not be detrimentally affected by nonlinearities. We expect this conclusion to remain valid as long
as the dynamic aperture is at least a few or's.
On the other hand, we expect that nonlinearities will
have a significant effect on the large-amplitude tails of the
beam, whose dynamics is quite different from the beam
core. This issue remains to be studied.
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INCOHERENT EFFECTS DRIVEN BY THE ELECTRON CLOUD*
M. A. Furmant and A. A. Zholents, Center for Beam Physics, LBNL, Berkeley, CA, USA
Abstract

1.5

As a result of the synchrotron radiation from a positively-

...

charged beam, an electron cloud is expected to develop

.

in the vacuum chamber from the combined effects of the
photoelectric and secondary emission processes [1-3]. We
provide here a first estimate of the electron-cloud effect on
individual particles of the beam. We focus on the spacecharge tune spread, the distortion of the beta function and
the dispersion, and synchro-betatron coupling. We illustrate the effects with numerical applications to the PEP-I
positron ring [4]. We conclude that the magnitude of the
effect is not negligible, although it is not large either. However, the present calculations can only be considered as a
first estimate, since they do not include details of the electron cloud formation in different regions of the ring.

1

METHOD AND APPROXIMATIONS

• Work supported by the US Department of Energy under contract no.
DE-AC03-76SF00098.
t E-mail: mafurman@lbl.gov.

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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We assume that an electron cloud has been established
in the vacuum chamber of a positively-charged beam of
closely spaced bunches. Although our analysis can be applied to any case with similar conditions, we will choose
as an example the PEP-II low-energy ring (LER), which
contains the positron beam.
Numerical simulations for the pumping straight chambers in the arcs of the PEP-Il LER for a photon reflectivity
R • 1, photoelectric yield Y' = 1 and secondary electron
yield corresponding to TiN, show that the electron cloud
density is approximately uniform near the center of the
chamber [3]. Indeed, the density on axis is d _ 6.5 x 105
electrons/cm 3 , while its average value is ci f 4.1 x 105
electrons/cm 3. For the purposes of this article we will
make the approximation that the electron cloud density is
uniform throughout the chamber and we will focus on the
details of the electron cloud within a positron bunch as it
traverses this uniform cloud. For vacuum chamber regions
within a dipole magnetic field, the uniform-density approximation is not a good one, and a more detailed calculation
is required. For the PEP-II LER, however, the pumping
straight chambers account for -- 93% of the arc length and
S62% of the ring circumference; hence our results, though
incomplete, are meaningful.
When a bunch travels through the cloud, its head sees a
density d; trailing positrons within the bunch sample different values of the density as the electrons are pulled in.
The local electron density d is characterized by a dimensionless function p(z) of the longitudinal coordinate z such
that d = dp(z) with p(z) normalized such that p(z) = 1

.
,

0.0

':1-G

beam contour

0.5

1.0

1.5

x [rn]
Figure 1: The electron distribution just after the bunch tail
has passed. In this case, we used a sample of 100,000 static
electrons initially distributed uniformly in a disk of radius
10 mm about the beam axis.

at the head of the bunch. Making the approximation that
the chamber cross-section is a perfect ellipse of semi-axes
a and b, the average linear density A is given, in terms of
the average bulk electron density d, by
X = -eirabd

(1)

while its local density is A(z) = Ap(z).
In our simulations aiming at determining p(z), we divide the bunch longitudinally into a certain number of
kicks such that the "head" and "tail" kicks are located at
Z = ±Zh. Experience shows that adequate numerical convergence is achieved with 51 equally-spaced kicks whose
weight are gaussian in z with rms o, such that Zh = 3ir/2.
The simulation proceeds by "injecting" a bunch into a uniform cloud of static' electrons, and we extract the electron
density at all kick locations z. As an example, Figure 1
illustrates the transverse particle distribution just after the
tail of the bunch has passed.
For the purposes of determining p(z) we count only
those electrons within the one-sigma ellipse about the
bunch axis; the value of p(z) is then the ratio of electrons
at kick location z relative to the number of electrons at the
IWe have verified that p(z) is not very sensitive to the initial electroncloud average energy, up to 400 eV.
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Table 1: Selected PEP-II parameters.

10-Circumference,
(z)
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iAver.
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i
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.. ..i ........... .x ........... ....i. ........... .. ............ ..
6 6....... . ......

C [m]
Beam energy, E [GeV]
No. of particles per bunch, N
[m]
Iy
beta functions, , =
Aver. hor. beam size, # [mm]

-

Aver. ver. beam size, &.y[mm]
RMS bunch length, a. [cm]
Synchrotron tune, v,
semi-axes, (a, b) [cm]

N
N

4

SChamber

-1.5

-0.5

-1.0

0.0

0.5

1.0

1.5

Z/z

Figure 2: The electron density enhancement function p(z)
for the PEP-II LER pumping sections. The normalization
is p( 3 0'z/ 2 ) = 1. The straight line is a free-hand first-order
approximation.

2200
3.1
5.63 x 1010
16
1
0.2
1
0.03
(4.5, 2.5)

sections, i3 is the average beta function and -y is the usual
relativistic factor assumed > 1. A corresponding expression for A4(n) is obtained from the above by the simultaneous substitutions a +-+b and x ++ y.
Choosing the central particle (z = 0) as a reference, using parameter values from Table 1, setting L = 1373 m
and d = 4.1 x 105 cm- 3 (obtained from separate simulations [3]) and setting p(O) = 5.5 from the linear fit in
Fig. 2, we obtain

head of the bunch. Fig. 2 shows the result. PEP-II parameters used in the simulation are listed in Table 1.
The approximate linearity of p(z) is a consequence of
the parameter values used in the simulation. For higher values of N the electrons get pulled in more quickly into the
bunch and remain temporarily trapped, leading to oscillatory behavior of p(z). An analytic approach to this problem
is described in Ref. 5.

2

TUNE SHIFT

The electric field Ee from the cloud leads to a neutralization tune shift Av(n) which adds to the direct spacecharge tune shift Av(0). A simple estimate of AV(n) can
be obtained by.making the approximation that the transverse electron-cloud density is uniform within the bunch,
as it can be qualitatively seen in Fig. 1. Our simulations
show that, for nominal conditions, the kinetic energy does
not exceed - 8 x 104 eV, hence the electrons can be sensibly considered nonrelativistic. Thus the force on any given
positron due to the electron cloud is approximately transverse and purely electric, and it is given by [6]
4Ap(Z)

F,ý =eE, = !L
a ±b
ee

~

i + 9j)
'ab

8.3 x 10-3
1.5 x 10-2

central particle

(4)

for the contribution from the pumping sections. Here the
bar over v is meant to emphasize that this tune shift, which
pertains to the central particle, also represents an average
tune shift over the bunch, on account of the approximate
linearity of p(z).
The neutralization tune shift of the particle at the head
of
the bunch,
subscript "h," is
obtained
from which
Eq. (3)we
by denote
setting with
p(Zh) the
= 1,

V(n) = 1.5 x 10-3
hx
A ( = 2.7 x 10-

3

head particle

(5)

-)

Vh,y

The above expressions and numerical values should be
compared with the direct space-charge tune shift of the central particle,
A (0) =

(2)

-

re,3NC
-

(21r) 3 / 2 "y3 az,&.(&' + &V)

(6)

(2)
where &.and &y are ring-averages of the rms beam sizes

where z is the longitudinal position of the positron. Inserting Eqs. 1-2 into the standard expression [7] for a tune shift
yields
= reL/xbd
Av(n)(z)XPZ

A
Avi n)

(3)

and N is the number of particles per bunch. A corresponding expression for A (0) is obtained from the above by the
replacement x ++ y. Substituting values from Table I we
obtain

2/Ma2b)PZ
where re = e
2.82 x 10-15 m is the classical
electron radius, L is the aggregate length of the pumping
1795

Avu
= -1.3 x 10-4
A (0) =1
x
-

centralparticle

(7)
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3

SYNCHROBETATRON COUPLING

4

DISCUSSION

The z-dependence of the betatron frequency, given by
I
,
wOW(z)
w•,o 1 + AV(n)(z))
(8)

Eq. (4) represents only the contribution from the pumping
sections; other regions of the ring will add to these numbers. In particular, the straight section IR2 and the wiggler

leads to synchrobetatron coupling. Here w•, 0 is the nomi0
nal betatron frequency, and we have neglected Av( ) vis a
vis Av(n). For simplicity of the analysis we use a linear fit,
PWz) = P(O) - Wp(O) - 1)Z/Zh. Setting z =the
we obtain a shifted and modulated betatron frequency,
wo(t) = w' (1 - Esinwst), where

section, although relatively short compared to the circumference, may develop a significant electron cloud density.
The electron cloud effectively provides a distortion of
guide field in the ring, and hence of the optics. The
beta-function distortion and dispersion distortion scale as
/ sin 7rv, reA)3 _ O3Av(n) / sin 27rv and Aq ,,Av(n)
spectively [7]. Hence these effects are small unless the tune
close to an integer or half-integer.
v isThe
density function p(z), shown in Fig. 2, has
higherorder components beyond the linear, as evidenced by the
bump at the center. Therefore the synchrobetatron spectrum will, in general, be more complicated than what is
discussed above.
When a train of bunches is injected into the ring the electron cloud has vanishing density at the head of the train and
maximal density towards the tail. Therefore the tune shift

/=

1( + Ai())

(9a)

zo(p(O) - 1)Av(h)
Zh(1 + Ap(n))

(9b)

The synchrotron angular frequency w,- is expressed in
terms of the synchrotron tune via v, = w8 /w,3,o. Thus
positron is, in the smooth-e3 approximation,
p is, an
in te s=
f• + w, (1 - e sin wot) 2 x

=

0

(10)

Av(') will have a bunch-to-bunch variation along the train,
which will introduce further complications in the synchrobetatron spectrum.
more complete analysis describing the bunch average
of the single-particle spectrum shown in Fig. 3, including

We have numerically integrated Eq. (10). The Fourier
spectrum of x(t), Jc(w), exhibits characteristic peaks sepspatetrm
bA
i Fg 3. We assume
Art(n) b
×10-3, Zo/wz
-2.7 x

h

1, and

5the

broadening effect from radiation damping, will be presented elsewhere [9].

10 5
6

(w) I

4-

5
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Simulations of Transport and RF Power Production in a 35-GHz Relativistic
Klystron*
S.M. Lidia, LBNL, Berkeley, CA 94720 USA
J. Gardelle, T. Lefevre, J.L. Rullier, CEA/CESTA, BP 2, 33114 Le Barp, France
J.T. Donohue, CENBG, BP 120, 33175 Gradignan, France
P. Gouard, CEA/CIF, BP 12, 91680 Bruyeres-le-Chatel, France
Abstract

0.09

A current experiment is underway to study beam dynamics and rf production in a 35-GHz relativistic klystron using a 1-kA, 7-MeV electron beam produced by the PIVAIR
accelerator. We present simulations of transport in the PIVAIR accelerator, modulation from a free-electron laser interaction, post-wiggler solenoidal transport, and interaction
with two rf cavities. These simulations are performed with
a suite of various codes. Steady-state and transient effects
are discussed. The calculated transverse and longitudinal
profiles of the beam are compared with experimental diagnostic measurements.
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An experiment to produce a 35 GHz modulated beam by a
FEL, and to subsequently extract power from this beam in a
resonant cavity has been performed at CESTA. This work
is in support of the study of two beam accelerators based
on relativistic klystrons, and has been executed jointly by
groups at LBNL, CEA/CESTA, and CERN. One of the
aims of this current experiment is to validate and benchmark our simulation codes.
For the design of the experiment and the analysis of its
results, we have relied upon four distinct codes: an envelope code for basic transport studies; PARMELA [1] for
more detailed examination of the transverse phase space
evolution; SOLITUDE [2] for the study of 3D, steady-state
FEL interactions; and RKS [3] to study the time-dependent,
3D bunch evolution and power production in output microwave cavities. A brief description of the experiment is
given elsewhere in these proceedings [4].
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Figure 1: Transport in PIVAIR.
Wiggler period
Resonant field
Total no. periods
Total length
Input signal frequency
Input signal power
DC current at entry

20 cm
1650 G
32
6.4 m
35.04 GHz
5 kW
1000 A

Table 1: FEL parameters.

3

TRANSPORT IN PIVAIR

TRANSPORT THROUGH THE FEL

The simulation begins with a description of the transport
from the cathode to the experiment. For this the envelope
code is solely used. A plot of the magnetic field and beam
edge radius is given in Figure 1.
The currents in the two final solenoids and dipole coils
are adjusted for proper matching into the wiggler. A Rogowski coil placed at the entrance to the wiggler measured
the
beam current; 800 A were obtained in the current experiment.

The main FEL parameters are listed in Table 1
SOLITUDE has been run to obtain fair agreement with the
preliminary results of the current experiment, ie. 40 MW
of FEL power and 250 A of current at the wiggler exit. Besides the basic parameters of the beam distribution (current,
radius, emittance) and the input microwave power, SOLITUDE has a few additional 'knobs' with which to tune the
resultant interaction. These allow the simulation to place
the entry of the beam centroid at any radius and polar angle in the entry plane, and with two independent angles

*Work performed at LBNL was supported under the auspices of the

with respect to the normal of the entry plane. Sensitivity
studies have shown that for small variations from normal,

U.S. Department of Energy under Contract No. AC03-76SF00098.
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Resonant frequency [GHz]
Quality factor, QLoaded
Shunt impedance [R/Q] [Q]

100

/

35.6

60
76.

271
76.

DC current in cavity [A]

120

120

Measured output power [MW]

12

0.69

FEL output power [MIl -.----

10

[35.0

Table 2: RF cavity parameters.
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Figure 2: Evolution of FEL power and bunching.
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0.006 ----

RKS

0.004

on-axis injection, it is the azimuthal angle (angular divergence from the wiggler axis) of the centroid motion which
has the largest effect on overall FEL performance. In particular, we liave found that an azimuthal angle of-33 mrad
at the entrance plane generates trajectories within the FEL
region that lead to the observed 40 MW of output power
and 250 Amps of current at the exit current monitor. The
bunching parameter at the FEL exit is given by SOLITUDE
as b,-0.4. The evolution of the output power and of the
bunching parameter as calculated by SOLITUDE is shown
in Figure 2. The output data generated by SOLITUDE include the detailed particle distribution in the horizontal and
vertical phase spaces, as well as the distribution in particle
energy and arrival time for a given bunch. These data provide an indication
initial conditions for simulations
of oftethedwnsreamregon.The
of the downstream region.

4 DOWNSTREAM TRANSPORT AND
CAVITY INTERACTION
After a short drift space, the bunched beam is focused by a
solenoid module (peak axial field -0.27 T) into one of two
Ka-band standing-wave RF output cavities. These cavities
were designed using standard electromagnetic codes, and
were built by the CLIC group at CERN. The measured parametersi of these cavities are shown in Table 3.
The transport from the end of the wiggler through the
cavities has been studied with PARMELA, the envelope
code,
RKS.
initial
conditions
by SOLITUDEand
have
beenThe
used
in the
envelopegenerated
simulation.
In the
TUDEhav
ued ibenth eneloe siulaion Inthe

0.002
0
0

0.2

0.4

0.6

0.8

1

1.2

Distance from wiggler (ml
Figure 3: Beam edge radius evolution.

adjusted the initial conditions to obtain fair agreement with
the experimentally measured beam spot sizes, and the incident and transmitted beam currents through the cavities.
The trajectories calculated by the envelope code and RKS
are shown in Figure 3.
differences between the two codes are an indication

of the effects of the detailed statistics of the transverse dynamics. The envelope code assumes an on-axis beam described by a transverse KV and a longitudinally uniform
distribution, while the RKS code uses a semi-Gaussian distribution for the transverse phase space and a Gaussian distribution for the longitudinal phase space. The 'edge' radius in this case is twice the rms radius. These different
models present slightly different modes of evolution, while
showing fair agreement on the measured parameters at the
end points. RKS reproduces good agreement with experiment in predicting a 4mm spot size radius at the cavity
plane.
Measurements of the EEL output ower ive an indicatios
of the parameter ofpt
ber atgive
getthe an
tion of the bunching
of the beam
EEL it.
exit.

case of the RKS code, on the other hand, we have slightly

This can be measured experimentally [5]. Subsequent measucan be
bequent
asurement
ofmthe asure
cavityexpe
outputtpmentall
power and beam
current al-

IThese shunt impedance values have not been directly measured, but
have been inferred from the beam interaction and the measured power.

lows us to indirectly measure the cavity shunt impedances.
The steady-state output power from the cavities follows
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CONCLUSIONS

We have presented a suite of calculations that demonstrate
physics modelling of beam dynamics in a complex
experiment. Good agreement has been reached between
the codes and the experimental measurements. In particular, the codes have reproduced the experimentally observed
output powers of 12 MW and 0.7 MW to very good agreement. More definitive measurements of the bunching parameter may increase the agreement between the code predictions and experiment.
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Figure 4: Temporal power development in the two cavities.

from the relation

I~cb2 QLoaded

[R]cos

where b is the bunching parameter, and -0 is the cavity tuning angle [6]. The temporal evolution of the output cavity
power is calculated by the RKS code. The output from the
low- and high-Q cavities is shown in Figure 4. The temporal evolution of the power and phase in the output cavities
is calculated by an equivalent circuit equation coupled to
the detailed beam dynamics [7].
1799

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

STABILITY OF MODULATED BEAM TRANSPORT IN RELATIVISTIC
KLYSTRON TWO-BEAM ACCELERATORS*
S.M. Lidia, S.S. Yu, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 USA
Abstract
We discuss the stability of the drive beam in a relativistic klystron two-beam accelerator (RK-TBA). Simulations
are presented for the main extraction section of an RKTBA. Longitudinal and transverse equilibria are discussed.
Beamline parameters are chosen which correspond to the
RTA experiment.

Induction module

1 INTRODUCTION
The relativistic klystron two beam accelerator (RK-TBA)
concept [1] is actively being pursued by experimental and
theoretical programs at LBNL [21, and CEA/CESTA [3].
The LBNL effort is concerned with building a prototype,
the RTA [4], to physics, engineering, and costing issues in
a full-scale device from the source and injector, accelerator, modulator, and power extraction sections. The RTA is
designed to produce -180-200 MW/in of microwave power
from standing wave rf cavities in the main extraction
section. Kinetic energy in the beam is replaced by the use of
highly efficient induction acceleration modules. Transverse
focusing is provided by a permanent magnet FODO lattice.
Longitudinal focusing is provided by inductively detuning
the rf output structures. The FODO lattice is designed to
produce a half-betatron oscillation between adjacent rf cavities, to minimize the effects of a cumulative dipole BBU
mode associated with the cavities. A schematic of a single
period of the main extraction section is shown in Figure 1.
In this paper, we discuss the beam dynamics in the main
extraction section of the RTA. In particular, we examine
the results of numerical simulation using the 3-D, timedependent RKS code [5]. We have modeled the beam dynamics and the evolution of the cavity fields from initial
transients into the steady-state regime. The main parameters of the simulation are given in Table 1.

2

33 cm

rf cavity

;•:,

V1mm4c
A18mm

4 cm

__

El I
30 cm
Figure 1: One period of the main RTA extraction section.

EVOLUTION IN LONGITUDINAL
PHASE-SPACE

The longitudinal dynamics of the rf bunches constitute
the heart of any RK-TBA. The energy extracted from the
bunches in the rf cavities must be replaced by the induction
modules. The detuning of the cavity introduces a nonlinear
correlation between energy and phase for particles within
the bunch. This induces the bunch to rotate in longitudinal
* This work supported under the auspices of the U.S. Department of
Energy by LBNL under Contract No. AC03-76SF00098.
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PPM
quad

1800

Nominal beam energy
Beam current, dc
Ceadg, normalized
Bunching parameter
FODO cell length
Phase advance/cell
Induction gap voltage
Modulation frequency
Rf cavity frequency
Qloaded
[R/Q]
Total simulation length

3 MeV
600 A
800 7r mm mr
0.84
10 cm
60 deg.
45 kV
11.424 GHz
11.55 GHz
56
10 QŽ
6m

Table 1: Simulation parameters.
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Figure 2: Bunching parameter variation along beamline.
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Figure 4: Variation of bunch centroid energy along beamline.

12

current, moderately compressed bunches resonantly excite cavity modes that react upon later bunches, which become more highly compressed. Due to their smaller bunch
length, these later bunches will excite stronger fields in cavities further down the beamline, losing more energy as they
do so. This is shown in Figure 4.
Later along in the synchrotron oscillation, these later
bunches have a longer bunch length and deposit less en"ergyinto the cavity modes. Hence, they lose less energy in
traversing a cavity. Inductive detuning thus has two manifestations in the bunch dynamics: a rotation in the longitudinal phase space of the bunch; and an oscillation in the
bunch centroid energy. These oscillations affect the coupling of the bunch to the rf cavities, resulting in an oscillation along the beamline of the output power levels of the
cavities, shown in Figure 5.
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Figure 3: Bunch rotation along the beamline.
phase space. The re-acceleration in the induction modules
is weakly dependent upon the dc beam current, but the rf
cavity field excitation is strongly dependent upon both the
dc current and the bunching parameter, b (=_ Iqf /Id,). In
our simulations, we see that while the dc current carried
by a given bunch remains relatively constant, the bunching
parameter varies significantly along the beamline, as well
as temporally during the initial current ramp of the beam
head. In Figure 2, we show the variation of the bunching
parameter along the beamline, for bunches of lower dc current in the beam head through bunches in the main body of
the beam. This clearly shows the synchrotron oscillation
that follows the bunch rotation, shown in Figure 3.
We also see another effects of inductive detuning. Low

EVOLUTION IN TRANSVERSE
PHASE-SPACE

The behavior of the bunches in longitudinal phase space
effect the transverse dynamics as well. In particular we notice that an initially matched transport system, loses that
feature as the bunch compresses and the bunch energy
spread increases. The effect of bunch compression is to enhance the peak radial, defocusing self-fields in the presence
of the conducting beampipe, while the enhanced energy
spread introduces lower energy particles into the transport
lattice. These two effects can, in principle, be dealt with
by appropriately adjusting the strength of the quadrupoles
along the beamline. In our studies we have maintained a
constant parameter FODO lattice. In Figure 6 we show
the evolution of the two transverse rms envelopes along the
beamline for bunches in the center of the beam.
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rms transverse emittance. These simulations do not include
the influence of transverse dipole modes in the induction
modules or rf cavities. Thus, we have not included the important BBU instabilities that have shown to limit current
transport in RK-TBA's. However, this simulation shows
that pure rf monopole modes, 3-D space charge effects,
and quadrupole transport do not significantly increase the
transverse emittance in the beam. On average, we see these
effects contributing an increase of -0.5%/TBA period.

4

evolution in longitudinal phase space in an RK-TBA system. Longitudinal stability has been shown to result from
inductively detuning the output rf structures. The coupling
longitudinal and transverse phase spaces has been
to result in only a modest growth rate of the transverse emittance.
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CONCLUSIONS

We have presented simulations of beam transport and the
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EFFECTS OF MISALIGNMENTS ON SPACE-CHARGE-DOMINATED
HEAVY ION BEAMS IN AN IRE
C.M. Celata and M.J.L. de Hoon, LBNL, Berkeley, CA,USA
J.J. Barnard, LLNL, Livermore, CA, USA
Abstract
Preliminary designs for the next large accelerator
Fusion program,
experiment envisioned for the Heavy Ion
the IRE (Integrated Research Experiment) use an induction
linac to accelerate multiple space-charge-dominated ion
beams to an energy of several hundred MeV, and focus
them at a target. This paper examines the effect of beam
and quadrupole misalignments on beam emittance in the
IRE. The dependence of the centroid orbit on the scaling
PIC
of focusing parameters with z is analyzed.
simulations including misalignment give acceptable
emittance growth for present IRE designs.

1 INTRODUCTION

2 ALTERNATING GRADIENT

MODEL

We consider the motion of the centroid of a transverse
slice of the beam, and follow the treatment of L.
Smith[l]. A good approximation to the centroid orbit for
the present IRE design can be obtained by neglecting
image forces and other nonlinearities. Then linearity
implies that if the centroid is initially on axis with no
transverse velocity, its position at the center of the Nth
quadrupole, XN, is the sum of the individual perturbations
from offsets of the upstream quadrupoles, so that [1]
XN =2 PIN i{d+,C+,sin[(N - n)cr 0 ]

(1)

V1
VN n=I

The Heavy Ion Fusion program is in the process of
designing the Integrated Research Experiment (IRE), a
multi-beam induction linac which would accelerate spacecharge-dominated driver-scale K4 beams to a few hundred
MeV and focus them onto a target. Preliminary linac
designs consist of acceleration to -8 MeV using
electrostatic quadrupole focusing (IRE Section 1), followed
by 2 sections of magnetic quadrupole focusing (IRE
Sections 2 and 3). The phase advance per lattice period
without space charge, yo , and beam radius are kept
constant throughout the machine in order to maximize
transportable current and minimize cost. This requires
different scaling of focusing parameters in different
and K=qE'/m ar
sections. In Section 1, Lv , T,
constant (L=lattice half period length, v=longitudinal (i.e.,
z) velocity, i1L=quadrupole length, and E' =quadrupole
gradient). In IRE Section 2, the beams are compressed
Here
longitudinally with line charge density,X,,cv.
Locv 2, and Tj and K=qvB'/m are constant. In IRE
Section 3, X, L/v, and magnet length are held constant,
while quadrupole field gradient scales as l/(1-211/3)1/2 in
order to keep ao constant. In this paper we examine the
effect of random misalignments of quadrupoles and initial
misalignment of the beam on emittance growth. Centroid
motion and its dependence on the above scaling are
calculated for the present IRE design FODO lattice in
In Section 3 a smooth
Section 2 of the paper.
approximation is used to elucidate the results of Section 2.
Section 4 shows the emittance growth due to the
misalignments in the presence of image forces and magnet
fringe fields, as calculated by PIC simulations.

tno
-d-Cý-n sin[(N - n)° - 2]}"
Here subscripts +n and -n refer to evaluation at the nth
focusing and defocusing quadrupole, respectively. d+n is
the nth focusing quad x offset. C+n=(P+K+n/V+n)"sin(0+/2),
0
+n= K+nl/2ýL+n/v÷, and C-n=(P3_K./1v)" 2sinh(0_n/2). 0 is
the betatron function. We assume that x and y are
decoupled, so that the same description holds for the y
dimension.
We are interested in random quadrupole
misalignments caused by physical limits on fabrication
and alignment, so we assume no correlation between the
offsets, and look at statistical behavior of centroid motion
averaged over many sets of quad displacements for the
lattice (average denoted by "< >"), with the rms "d" for
each quad equal to d,,,. Then

Work supported by the U.S. Department of Energy under contracts
DE-AC03-76SF00098 (LBNL) and W-7405-ENG-48 (LLNL).

constant over each half lattice period, and equal to the
average of the gradient over that length, since AE/E << 1,
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N

<x 2

d'2d'
r

-=

V+N

2

<
n=1

C'2 > sin 2 [(N-n)c7 0 ]

(2)

2

+<C
>sin [(N-n)ao -ro /2].
In IRE Section 1, only sin 2((N-n)o 0 ) in Eq. (2), and
sin 2 [(N-n)c 0 )- 0o/2], are n-dependent, so the sum is easily
done. For N>>I the dependence of XNrmS=(<X2> )If on
a0 is negligible, and we find that
(3)
XN,. = Id. IN,
Tn
i
Thus the centroid motion is to a good approximation (a
few percent for N>5) a random walk. •-0÷
1 [2K4 0i(÷i+
P1-io)]12/2, where the subscript "0" refers to an initial value
in IRE Section i. For present IRE design parameters, ý1 is
3.77, giving 1 mm centroid offset at the end of the 123
Section 1 lattice periods, for dn,,,=0.0254 mm (1 mil).
In IRE Section 2, the accelerating gradient, V 2 ',
increases as v 2 . We can approximate the gradient as
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We now consider the change in the amplitude arising from
randomly displaced quads. The difference in position &x
and angle &x' between the centroid position with and
without quad displacement after a focusing quad and drift is
3x d.n(l - cos 0 + (1 / i7"- 1)sin 0) and
(9)
= dn 0sin 0 / ( iL)

where AE is the energy increase in a period. Then it is
easy to show that v increases exponentially with z. Using
2
the fact that Lov 1/2 , one can show that vn-o(1-ng 2L2o)"
2
2
2
This
and (KnP3+n)l/ ccvl/ , with g2=qV 2'/(mv ).
(1).
Eq.
in
quantities
all
of
n
dependence
the
determines
to
if
we
expand
quite
accurately
then
be
done
The sum can
no
and
For
N>>I,
g
=0.01.
in
g
,
since
2nd order
2
2
original offset or angle in IRE section 2, this gives
XN~~~~rms~&
Nc2+ - XNc21m

and after a defocusing quad and drift is:

-n)1 (

-c 2N).---2d md(I(4)
N here is the number of lattice periods traversed in Section
2, and c 2=g2 L 20 ý2=3.48 for the present design. Note that
the growth of centroid displacement is considerably slower
than N 112 . This is due to the decrease of P, whichov-1/ 2 .
Further insight on this result follows in Section 3.
In similar fashion, using qV3'/(mv 2 )<<l, On<<l, we
To2

find for section 3:N1
XNnm

3 drmsvN

--1

-

3770ZN 2+'! 73 0Z2 N.3

0dn(1
- cosh 0 - (I / 17- 1)sinh 0)

3x

(5)

Here Z=-g 0L3,/2. For the present design, 13=3.48 and
m.
-Z 0.004
results have been derived assuming no initial
above
The
in order to see the scaling for a particular
angle,
or
offset
section. They can easily be combined to calculate rms
centroid orbit through the accelerator, using the fact that
x'N.s=-XNm•+.JN for each section, and using the betatron
formalism to carry the final offset and angle for IRE
Sections 1 and 2 through the rest of the machine. Results
agree with computer calculations to about 5%.

3 SMOOTH APPROXIMATION
MODEL
The calculation of centroid offset in Section 2 is useful for
making accurate estimates of centroid evolution. However,
it is often useful for accelerator designers to have an even
simpler formula that gives more physical insight and is
codes.
amenable to incorporation into accelerator systems
To that end we have used the smooth approximation to
represent the centroid orbit, but use the matrix
to calculate the
representation of the momentum impulse
change in amplitude of a particle undergoing kicks from
displaced quads. In the absence of quadrupole errors, the xequation of motion in the smooth approximation is:
d2 x/dt2 = .-vz 2 kpio2 x
(6)
o- /2L. Letting j denote the number of
Here
from z=O, then dj/dz=kp0/27t.
betatron periods
Transforming toj as the independent variable, we find
2
(7)
d2x/dj 2 + (d ln (oo/dj) dxldj + 4it x = 0
Here (opo - k3ovz is the temporal betatron frequency.
From Eq.(7) it is clear that if o increases with z, the
amplitude of the betatron motion decreases (in the absence
of displacement errors.) We define the amplitude A
through the equation A2 = x2 +x 2/kfpo 2 . If follows that
dA2 /dj+ (1/2iR2 )(d ln&o/odj) (dx/dj)2 = 0
(8)

x' '= -d~n0sinh 0 / (71L)

(10)

The resulting change in amplitude when averaged over
different distributions of quad errors is given by <65A2 >
=<8x2 >+<3x' 2/kp 0 2 >, where terms linear in &x and 3x'
average to zero. Averaging Eq.(8) over error distributions
and adding effects from Eqs.(9), (10) yields the following
evolution equation for the average amplitude squared:
(11)
(23
A2)= (A2) dlnaol +f(O, i7)(d2)
,
difa
'
0
drift) and
and
quad
(one
period
lattice
half
a
is
i
Here
2
+(I-coshO-((l/iljl)=(1/2)[(1-cosO+(1/Tl-l)sinO)
f((o0
2
2
0=[6T12(l-cosao)/(31)sinh0) 2+(20/Tlat0 ) (sin20+sinh 0)].
4
27l)]" (ref. [2]). Since f(a 0=0,ri)=12/(3-2Tl) and variation
due to yo is small relative to that from T1,for some
purposes the (70=0 value of f(oo,ri) is adequate.

di\

In order to compare the results from integrating Eq. (11) to
the results obtained from transfer matrices, we need to
evaluate the "smooth" component from each AG orbit.
This is accomplished by averaging over the lattice period
using the following procedure. We assume that the actual
position after i half-lattice periods may be expressed as
We define the
x(i)=Acos(aoi/2+0) + xLcos(ici).
and
x(i + 1)]
+
2x(i)
+
1)
/
4)[x(i
quantities X(i) - (1
smooth
The
1)].
+
(i
+
x'
(i)
2x'
+
2`(i) - (1 / 4)[x (i - 1)
amplitude is then given by
A 2 (i) = 4(5(i) 2 + F (i) 2 /kk2O)/(l+cos(tO /2))2 (12)
We compare integration of Eq. (11) with the numerical
amplitude found using Eq. (12) in figure (1).
1.75

1.5
1.25
E

E

1

1

< 0.75
v 0.5
0.25

0

100

200
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Lattice Half Period Number

Figure (1): <A 2 > vs. half-lattice number i, calculated
using Eq.(12) (upper), Eq. (11) (middle), and using the
o 0=0 value of f(oo,ri) (lower).
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From Eq. (11) it is apparent that increasing cop0 with z
helps to damp out betatron oscillations and the question
arises as to whether advantage can be taken of this in
accelerator design. We note that consideration of the
smooth envelope equation places the constraint that po)•0
is
proportional to Xda 2 and for designs in which the beam
radius a is constant (o0 varies directly with the line charge
X, suggesting that damping will generally accompany
bunch compression. Apertures and bunching schedules
should be chosen bearing in mind this relation.

emittance behavior was alike in both transverse directions,
due to coupling by nonlinearities. Maximum centroid
offset was approximately 1.5 mm, which is consistent
with the results of Sections 2 and 3 of this paper.
Table 1: PIC simulation results
Particles Emittance
Case
lost
growth
Misaligned quads,
no fringe fields (a)
4.1%

4 PIC SIMULATION RESULTS FOR

Misaligned beam,

no fringe fields (b)

OFF-AXIS BEAMS
Simulations using the 2d (transverse) version of the
WARP particle-in-cell code were done to investigate the
behavior of initially aligned and misaligned beams in the

Misaligned beam,
with fringe fields (c)
Misaligned quads,
misaligned beam,

IRE for the case of random quad misalignments. In order

no fringe fields (d)

to incorporate the effects of image charges on the beam,
the presence of conducting boundaries in the three sections
of the accelerator was included in the simulation. The
aperture of the accelerator was 2.86 cm in IRE Section 1,
and was increased to 3.36 cm in IRE Sections 2 and 3. In
IRE Section 1, the focusing field is generated by four
perfectly conducting electrostatic quadrupole rods with a
radius of 3.27 cm. The distance from the axis of the
accelerator to the tip of the quadrupoles was equal to the
aperture of 2.86 cm. The boundary in the drift spaces
between the quadrupoles was a square conducting box,
12.26 cm on a side. In Sections 2 and 3, instead of four
quadrupole rods, a circular conducting boundary of 3.36 cm
was used both in the quadrupoles and in the drift spaces.
A beam of K' ions was accelerated from 1.6 MeV to
200 MeV. 00 was set equal to 700, average radius was 1.5
cm, and the perveance was 1.4 x 1073.
The rns random quadrupole offset was 0.0254 mm for
each of the transverse directions. In the simulations in
which the beam was initially misaligned, it was initially
off axis by 0.8 mm in one of the transverse directions at
the beginning of the first drift space. This resulted in an
initial beam centroid oscillation of 2 mm in amplitude.
In real AG focusing systems, since the quadrupole field
strength changes near the magnet ends, pseudo-octupole
and pseudo-dodecapole fringe fields there will act
nonlinearly on the beam [3]. These fringe fields were
included in a subsequent simulation, assuming that the
quadrupole field strength decreases smoothly near the
magnet edge with a fall-off length of 4.5 cm. This length
fills most of the drift space in the first few lattice periods,
but avoids overlap of the fields from one quad to the next.
If the fringe fields are included in the simulation, the
emittance growth is still small. Since the stepsize has to
be much smaller in order to resolve the fringe fields, the

4.8%

42

5.9%

I

1.06

d

E
.
8 1.02

b

E
E

a

W
•0
1
z
Fa
0-

0

100

200

300

400

500

Lattice Half Period Number

Figure 2: Increase in the normalized transverse emittance
in case of misalignments in the IRE.
We conclude that moderate misalignments in the IRE do
not lead to any significant emittance growth. These are
encouraging results for beam stability in the IRE.

5

CONCLUSIONS

We have derived very accurate formulas for the statistical
behavior of the beam centroid, given various practical
scalings of lattice parameters, and shown that increasing
/a 2 with z can produce damping of the centroid offset.
These results can be used as design guidance, and to
estimate necessary aperture, given fabrication and
alignment tolerances. PIC simulations for a preliminary
IRE design show very small emittance growth (-5%) due
to beam and quadrupole misalignments for rms quad
displacement of 0.0254 mm.
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EFFECTS OF PHASE NOISE IN HEAVILY BEAM LOADED STORAGE
RINGS *
J. M. Byrdt
Lawrence Berkeley National Laboratory, One Cyclotron Road, Berkeley, California 94720
Abstract
Synchrotron oscillations in a storage ring can be driven
by noise in the storage ring RF system. For phase noise
in the master oscillator, which falls off exponentially with
frequency, we show that beam oscillations can become significant in cases of moderate to heavy beam loading. We
derive the transfer function for generator phase to beam
phase and calculate the beam motion using the measured
phase noise in several master oscillator sources. This is
compared with measurements of the beam noise made at
the Advanced Light Source, a 1.5-1.9 GeV electron storage ring.
1

INTRODUCTION

synIn the summer of 1998, scientists using the infrared
chrotron light beam line at the Advanced Light Source
(ALS) reported observations of beam motion in the frequency range of 4 to 10 kHz, variable with total beam current. Our investigations linked the beam motion to energy
oscillations of the beam at a point of dispersion in the lattice. These oscillations were found to be driven by phase
noise in the RF master oscillator (MO), which eventually
was replaced with a lower noise MO. This paper describes
the model used to calculate the effect of the phase noise on
the beam and compares calculations with measurements of
beam motion.
The dynamics of the interaction of a radiofrequency (RF)
cavity with the beam, known as the Robinson effect[ 1], are
well understood as are the regions of stability in the interaction. Although a storage ring RF system is always configured to Robinson stable, the effect of noise in the RF
system can be significant[2], particularly in cases of moderate to heavy beam loading, where the Robinson frequency
shift is large enough that the beam couples to low frequency
noise sources. In this paper, we determine the beam motion
driven by phase noise in master oscillator in the RF source
in the limits of heavy beam loading. In particular, we are
concerned with energy oscillations of the beam. Calcula-

tions of the effects are compared with beam measurements
made on the Advanced Light Source, a 1.5-1.9 GeV electron storage optimized for producing synchrotron radiation,
Section 2 reviews the beam-cavity interaction using the
Pedersen small-signal model the find the transfer functions
between the generator phase and beam phase and energy.
Section 3 presents measurements of master oscillator phase
noise, calculations of the beam noise using the measured
*This work was supported by the U.S. Dept.of Energy under Contract

No.DE-AC03-76SF00098.
tjmbyrd@lbl.gov

0-7803-5573-3/99/$10.00@ 1999 IEEE.

noise, and beam measurements. Conclusions are given in
section 4.
hot

2
- l2b

/
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C

L
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",Vg

Figure 1: Phasor diagram for steady-state beam loading
and the cavity equivalent circuit. The generator and beam
are represented as equivalent current sources.

2

PEDERSEN MODEL OF

The Pedersen model[3, 4] is a convenient model for finding the stability of the beam-cavity interaction as well as
describing the transmission of small signal deviations of
the RF variables, such as the generator voltage or phase to
other parameters such as the beam amplitude or phase. An
equivalent circuit for the beam-cavity interaction and a phasor diagram of the relative currents and voltages is shown in
Fig. 1. Transmission of small signal variations of generator,
cavity, and beam amplitude and phase can be represented
in a scalar signal flow diagram as shown in Fig. 2. ac, PG,
ac, pG, aB and PB, are small amplitude variations of the
generator and beam amplitude and phase, respectively. The
transfer functions from total current, IT to cavity voltage
Vc are given in general by
Gpp(S)= Gaa(s)

G

=

=-

!

Z(S+jwrl)

+ Z(s- jwry)

(Z~sZ(s)
(1)

Gpa(s)

(S + JWZrf)

-Gap(s)

2

Z(S

-

jwrf)

Z(-jLVf)

]Zjw~f)

(2)
where the frequency s = jw and the subscripts refer to
phase-to-phase or phase-to-amplitude modulations. Z(s)
is the cavity impedance given by
2oRs
Z(s) = s2 + 2as + W2
(3)
(
R is the cavity shunt impedance, WR is the cavity resonant
frequency, a = wR/2Q is the damping rate of the cavity

amplitude and Q is the quality factor. The superscript on
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Description

Value

Beam energy
RF frequency
total RF voltage
Harmonic number
Number of cells
unloaded shunt imp.
u4one
coupling beta
loading angle
rad. loss/turn
synch frequency
Momentum compaction

1.9 GeV
499.664 MHz
1.08 MV
328
2
5.3 M•2

'

4

with a larger Robinson frequency shift. The next section
shows measurements made at the ALS confirming this.

The transfer function from generator phase modulation
to beam phase modulation is given by
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Frequency-F. (kHz)

where UrB is the radiation damping rate. The beam energy
transfer function is given by
J(s) = WgS B 1 (s)
wrf a

MEASUREMENTS

-1

where B 1 is the beam phase transfer function and is given
by
Bi(s) =

12

beam would be more strongly excited at higher current

.eu, ,

PB

10

Figure 3: Computed beam phase and energy transfer functions using cavity parameters as a function of total current.
damping, respectively. To compute the total beam motion,
simply integrates the product of the noise spectrum and
the transfer function. If the noise had a flat frequency distribution (i.e. white noise), the spectrum of the phase motion
would be proportional to'the transfer function. However, if
the noise spectrum fell off exponentially at higher frequencies, as is the case with phase noise in the master oscillator,

the current to voltage transfer functions represents modulations of either the generator or beam and are given by the
projections of the generator or beam current onto the total
Fig. 1. riemlurealnthetoa
current as shown inprojections
theta
of
geertr

'C

8

Frequency (kHz)

Table 1: Nominal ALS RF parameters.
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Figure 2: Scalar signal flow diagram using the Pedersen
model of linear beam cavity interaction.

..
. ...............

(6)

where a is the momentum compaction.
The transfer functions for the beam phase and energy,
computed for the nominal ALS beam current range are
shown in Fig. 3. For example, the phase transfer function shows a downward frequency shift as well as an initial damping. These are the Robinson frequency shift and

Figure 4: Phase noise from the three master oscillator
sources express in dB from the carrer in a 1 Hz bandwidth.
The values for the crystal oscillator and HP ESG1000A are
measured and the noise for HP8644B is derived from values from the manufacturer.
The ALS presently has three MO sources: a crystal oscillator with a ±5 kHz tuning range, an HP ESG1000A
signal generator which has the feature that the frequency
can be changed without interruption to the RF signal, and
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Figure 6: Measured beam noise using the two HP synthesizers described above. The reduction corresponds to
the expected reduction in phase noise. Harmonics of the
klystron power supply are visible with the reduced phase
the..........
noise.
the ALS. The combination of the Robinson effect and the
phase noise increases the coupling of the phase noise to
the beam for increasing beam loading. Calculations of the
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Figure 5: a) Measured beam phase noise vs. total beam
current using the HP8644B signal generator as the MO. b)
Calculated phase noise at the same beam currents.
an HP8644B low phase noise signal source, which was purchased when the source of the phase noise was identified.
To determine the amount of beam motion driven by the
phase noise in the MO, we measured the phase noise by
simply observing the spectrum of phase modulation sidebands generated on a spectrum analyzer. This is shown in
Fig. 4 in units of dBc per Hz from the 500 MHz carrier.
Unfortunately, the noise for the HP8644B is too low to be
measured in this way and thus only the catalog values are
shown.
Beam phase measurements were made by recording the
frequency spectrum of the sum of four beam position monitors (BPMs). The synchrotron oscillations phase modulate
the beam signal, following a simple relation between the
modulation sideband and the carrier. Measurements were
made at a center frequency of 1499 MHz (3 * fRF) to be
more sensitive to phase oscillations. Shown in Fig. 5 are
measurements of the spontaneous beam motion over the
nominal range of beam current using the HP8644B as MO.
The calculated motion shows fairly good agreement with
the measured motion, particularly at lower beam current.
The disagreement at high current may be due to the response of the coupled-bunch feedback system which has
been neglected in calculations of the transfer function.
The effect of reducing the MO phase noise is shown in
Fig. 6 which shows the spectrum of beam motion using the
HP ESG1000A and HP8644B. The beam motion is reduced
by the ratio of the noise in the two MOs.

4

beam motion from the measured MO phase noise show
fairly good agreement with beam measurements. This
effect can be serious for heavily loaded electron storage
rings, necessitating consideration of the master oscillator
design or possibly RF feedback to reduce the problem.
The author would like to thank Drs. F. Pedersen and M.
Mint
Minty for many useful discussions.
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CONCLUSIONS

We have identified phase noise in the 500 MHz master oscillator as a source of driven synchrotron oscillations in
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SINGLE BUNCH LONGITUDINAL INSTABILITIES
IN PROTON STORAGE RINGS
J. Gao, LAL, B.P. 34, F-91898 Orsay cedex, France
Abstract
In this paper we try to explain the single bunch energy
spread increasing in a proton storage ring. Different from an
electron machine, the random motions of some particles of
a bunch are caused by the nonlinear synchrotron oscillations
perturbed by the short range longitudinal wakefield. An analytical'single bunch threshold current formula has been established to indicate the beginning of the longitudinal random motions. By using kinetic descriptions one shows that
the energy spread of the particles which execute random motions will increase, and the energy spectrum width of the
random motions will be enlarged with increasing bunch current.
I

INTRODUCTION

The problem of the longitudinal instabilitiesin aproton storage ring is quite different from that in an electron one where
the synchrotron radiation plays an important role [1]. It is
observed experimentally that below an apparent threshold
bunch current the bunch length increases with increasing
current while the bunch energy spread remain unchanged,
and the mechanism of this bunch lengthening is explained
quite well by the potential well distortion theory. When
the bunch current surpasses the threshold value the energy
spread of the bunch increases also. In this paper, we try to
explain the mechanism of the single bunch energy spread increasing in a proton storage ring and establish an analytical
formula for the threshold current.

2

mathematical treatment, we approximate eq. 1 by the following differential equation
d2 A0

AE

jt2

082 9 (sin

- s

0, ) = 0

- R~p8 dAb
h?7 dt

and Q = A0, eq. 3 can be derived
from an Hamiltonian H(Q, P,t) expressed as
H(Q, P, t) = 1p _2 2cos Q
2

= 1(1 + H

g2

and
and
N sin ý = sinQ, (N < 1)

(7)

one gets [3]
8

7

(1

- (1

g2

71

N2)F(•;N)),(N<1)
2
(8)

S(Q, I)(9)

with
/

g2

-

N 2 )F(;N)), (N < 1)
(10)
where F(l ; N) and E(ý; N) are the first and second kind
elliptical integrals, respectively. The frequency of this nonlinear oscillator can be obtained easily as
S(Q, I) = 4Qi, (E(ý; N) -(1-

and

(H) - dH(I)
dI

(N _<1)
2F(1; N)

(11)

It is obvious that on the separatrix (N = 1) one has H =

27rRp(
where V is the peak accelerating voltage, h is the harmonic
number, 77= 1/y2 - a, -yis the normalized particle energy,
a is the momentum, R, is the average radius of the ring,
WS = C/Rs, p, and 0, are the momentum and the phase of
the synchronous particle. For the convenience in the later
0-7803-5573-3/99/$10.00 @1999 IEEE.

(6)
(6)

2

-

(1)

(5)

where P and Q are canonical. Let us change P and Q to the
action-angle variables, I and 9. By introducing two variables (N and •)

= 7(H)

COS 0s

(4)

By
B~y deiin
defining P =- -

LONGITUDINAL MOTION

d2d +

(3)

where A0b = 0 - 0. For the stationary bucket eq. 1 and
eq. 3 are equivalent. It is obvious that A0 oscillates as a
pendulum. The deviation of a particle with respect to the
synchronous one in terms of energy is expressed as follows:

PERTURBED BY SHORT RANGE
WAKEFIELD
In a circular proton storage ring a non-synchronous particle
will oscillate around the the synchronous one under the rf
focusing in the longitudinal direction, and its phase 0 with
respect to the rf accelerating potential is determined by the
following differential equation [2]:

2 sin AO = 0

+

d

HC = Qs2, and QT (H,) = 0. Due to the interaction between
the charged particles and the environment, after each turn
a bunch will loss energy W = e 2 NNK217(Cto
2, ) where Np
is the number of particles in the bunch, K10t(o-z) is the total longitudinal loss factor of one turn, and az is the bunch
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length (here we assume that particles are relativistic, otherwise,/K~t (o') will depend on the particle velocity, and
space charge forces should be taken into account). This energy loss will be compensated by the rf cavities. Since the
short range longitudinal wakefield varies within the bunch
and the synchrotron oscillation period is much longer than
that of one revolution, the additional energy variation of a
particle due to the short range wakefield after each turn can
be reasonably expressed as
dE = U,, cos 0 = e2 NpK7/t (o-z) cos 0

(12)

Obviously, averaging over one synchrotron period one has
< dE >= 0. Taking into account this additional energy
variation after each revolution and the fact that this happens
at instants ik with constant interval To (To is the revolution
period), a new Hamiltonian can be represented in the form:
C3

H(I,0,t)* = H(I) +

1

AP2To 1

+ ((dE)
M) 22hj
2R p2
H(I) +

2

12,h 27)2 COS 2

2
2Rsp2

= *

=•1 (t - kTo)

Kol Ž> 1(0.97)

(22)

the Kolmogorov-Arnold-Moser (KAM) invariant tori will
be broken and the particles which satisfy this condition will
move in a random way. From eq. 22 one gets the threshold
bunch current of the onset of the stochastic motion
Rsps

(23)

Taking advantage of our simplifying the longitudinal motion
we can have the analytical expendulum,
to aWhen
of a particle
pression
for W'.
a particle
moves near the separatrix,

one gets

(13)

I7r411

where we have omitted the crossing term coming from eq.
4 and eq. 12 since both quantities are statistically independent. Eq. 13 can be simplified as

- Hb/Hcl (In

2
,3
-h/Hcl )1

)

-

(24)

where

)

Hb
Lib

0b
H(I, 0,t)* = H(I) + AHTo E

+ Jn+1

where I = 20, J = 2To
0 2'I, K 0 = 4Q'T0AH 0 , and a
constant term has been omitted from eq. 21. At this stage
we can discuss the condition on which there starts to have
chaotic motions. To this end we can use the Chirikov criterion [4] which shows that when

Ib,th =

kTo)

(20)
(21)

Jn+, = Jn + K 0 sin 41

S(t - kTo)

T(t-

T°

where £2' = d£2/dI. We transform then the universal mapping into standardmapping which is expressed as

J(t - kTo)

-,

{,ESEb
~~~~.
ellE
(JEb)•
2
7rhljlE,
2
2
SEmaW
.
eVG(),)

(25)

k=-00

G(O,) = 2cos¢.3 - (7r-

20 8 ) sin q,

(26)

2 2

U,wh 112 cos 20
3(t - kTo)
To
4R22
4RpS
k=-oo
where a constant term has been dropped, and
=H(1) +

AH = AHo cos 20

_

1wh2 2=7 2h2
cos29
42 2

(14)

Hb and JEb are the maximum Hamiltonian value and the
relative energy spread of the bunch, SEma,, is the maximum acceptance of the rf bucket in terms of relative energy
spread, , and E8 are the normalized velocity and the energy

(15)

of the particle, respectively.

3

RpS

Consequently, one has
dI
dT

For those particles which have already
executed chaotic mo-

OAH
-

-09

(I

dO
d-

To

0
Z=-oo

(t - kTo)

0
AH
-- To E

k=-0

tions a kinetic description of them will be appropriate. We
will loss, certainly, some detailed information on the particle
trajectories, this method, however, will help us to get useful physical results. When the random motion occurs eqs.
20 and 21 can be regarded as a Markov process, and in consequence, the possibility distribution function F(t, I) is de-

(16)

6(t - kTo)

(17)

Since the kicks on the pendulum H(I) repeat after constant
time interval To, and between the kicks the motion is known,
one can replace eqs. 16 and 17 by a so-called universalmapping:
_ OAH
I
0n.+

ENERGY SPREAD INCREASING

= 0. + Q2'To + 2'In+ 1 To

scribed by the Fokker-Planck equation:
OF
Ot

_

(AF)
57

where A and D are defined as follows:

A

I,,091

1 02 (DF)
2 012

(19)

A
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2x

2rT
r=

A
~d

(27)

(28)(18)
(28)
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27rT •

By virtue of Wiener-Khintchine theorem, we know that the
spectral power density of the random variable is the Fourier
transform of its autocorrelation function, and we have then

[V2r(29)

A
where T is a small time interval. The legitimation of making
average over the phase 0 is based on the fact that the particle
which moves randomly will mix its phase in the phase space.
For our specific case described by eqs. 18 and 19 with T =
A,4=O0
To, one has
(30)
e221ctotIo.272
NP•'II• z)
, TO

D =

SW

Putting A = 0 and ) into eq. 27, one gets
1

82 F

5

From eq. 32, one finds that stochastic heating occurs in the
following way:
(33)

where < 12 >= f~o i 2 Fdl. Similarly, one finds
<AE2 >

AE0 +

Vet

(34)

(35)
D= U2
2•To0
Obviously, the amplitude of the energy deviations of those
particles executing random motions will increase with time.
From eq. 35 it is evident that the resistive part of the
impedance of the machine determines the diffusion coefficient instead of the reactive part. The relevant effect of the
interaction between the charged particles with the reactive
part impedance is the potential well distortion which results
in the reduction of the area of the rf bucket.
The distinction between an electron and a proton storage
rings is that there exists always a stable (cold) core in the
bunch of proton particles around the synchrotron particle
where no energy spread increasing occurs.

4 THE POWER SPECTRUM OF THE
RANDOM MOTIONS
As shown in section 2, when the bunch current surpasses
will
the threshold current Ib,th, some particles in the bunch
execute random motions, and the longitudinal positions of
these particles will be random variables. When Ib > Ib,th,
the autocorrelator of these random motion has the form [3]
=e

exp

6

In

f,

R.p.

,

CONCLUSION

In a proton storage ring, it is shown that the nonlinear longitudinal motion perturbed by the short range longitudinal
wakefield can change the regular synchrotron motions of
some particles in a bunch into random ones. An analytical
formula of the threshold current for the onset of the random
motion is established. The particles which execute random
motions will be heated and their energy spread will increase.
The
width of to
theInenergy
proportional
lb. spectrum of the random motions is

(ers,
(37)

TO
e2N

DISCUSSION ON THE BUNCH

In a proton machine, a bunch suffers from potential well distortion induced bunch lengtheningjust like what happens
in
an electron storage ring. When lb > Ib,th some particles in
the bunch will execute random motions and the synchrotron
oscillation amplitudes of these particles will increase (but
not those of the particles in the stable core). In a global point
of view, the bunch length increases much more quickly with
respect to the increasing bunch current compared with when
lb < Ib,th. Since not all particles participate the random
motions, it is much more difficult to get some simple formulae or equations to describe the global bunch lengthening
and the energy spread increasing for the whole bunch current range as what has been done in ref. I for the electron
storage rings.

2To
"n I K 0
=

(39)

LENGTHENING

(36)

-(t)
e(7=

(38)

The variation of wc with respect to the bunch current can
be measured experimentally, and apparently, one has w, ox
ln(Ib).

-2=D N2(32)

< 12 >= I0 + Pt

/J

exp(iwt)1Z(t)dt
27r
1
7C
-=0o
ir
1 + w~r

The power spectrum S(w) falls off rapidly when
1
> WC = -re

(31)

2Rp,2

OF

-

)

7
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ANALYTICAL INVESTIGATION ON THE HALO
FORMATION IN SPACE CHARGE DOMINATED BEAMS
J. Gao, LAL, B.P. 34, F-91898 Orsay cedex, France
Abstract

proton).

It is assumed that Fermion particles, such as electron and
proton, in a matched beam follow Fermi-Dirac statistics in
the equilibrium state. Parametric resonances, chaotic motion, and halo formation in transverse direction of motion
are investigated analytically. The analytical expressions for
the parametric resonances and the maximum transverse position deviation, above which chaotic motion starts to occur due to transverse beam envelope oscillation, are derived.
Analytical formula for the current loss rate is established.

- Single particle equations:

1

INTRODUCTION

Recently, high power ion beams are more and more demanded in the related possible applications such as thermonuclear energy production, transmutation of radioactive
wastes, the production of tritium and the special materials,
and the conversion of plutonium. One of the major challenges on the linac is to keep the machine maintenance handaccessible which can be roughly quantified by a rule-ofthumb of the average particle loss rate < 1 nA/GeV/m [1].
The lost particles are mainly from the halo which surrounds
the beam core. Among others, the particle-core model proposed by O'Connell, Wangler, Mills, and Crandall [2] is the
simplest and the most explored, which illustrates many important features of the dynamics of the particles which constitute the halo with the assumption that the core has a uniform density and zero emittance. A good summary of what
we know about the halo formation in linacs is given in ref.
3. The problem with the existing models, however, is that it
is not obvious to predict the particle loss rate. In this paper
we try to explain analytically the halo formation processes
in detail, and try to estimate the halo current loss rate analytically.

2

PARTICLE DENSITY DISTRIBUTION

Kapchinskij and Vladimirskij derived the envelope and single particle transverse motion differential equations for a
continuous beam as follows (we limit ourselves to round and
continuous beams) [4]:
- Envelope equation:
d2 R
dz 2 +

K -2
0R

-

d2X

K)

(w2

+-

0

(2)

T2

when x < R, and
d2 X

K

2

+ w0 x

-

--

= 0

(3)

when x > R. Since the KV envelope equation is derived
from a specific microcanonical distribution, the validity for
the other kinds of distribution is not automatic. According to
Lapostolle [5] and Sacherer [6], one can use the same form
of envelope equation for any possible particle distributions
provided that the envelope and the emittance are defined as
R2

-

c == 4

4x-XzX2
-

(4)
x-'
X

(5)

From now on the form of the envelope equation expressed
in eq. 1 is regarded as particle density distribution independent. Now we distinguish two cases: the matched and mismatched beams. Considering now a continuous focusing
channel, for the first case one means:
2R

K
R

£2

R3

0

d2 X

dz2

4+ wx= 0

(7)

for x < R, where w2 = f 2 /R 4 . For the matched case, apparently, when c = 0 the motions of particles within the
beam envelope can be equivalent to those of particles in collision free gas of zero temperature (in this paper we consider
only Fermion gas such as electron and proton which have
half-integral spins). For the zero emittance matched beam
envelope radius, R 0 , one finds Ro = V/1/wo. When c 0 0
the stationary envelope radius will become R = Ro + MR.
Putting this expression into eq. 1, for JR << R, one finds

=2

-

0

(1)

where R is the beam envelope in a continuous
solenoid focusing channel, K
2(Ib/Io)/(,3-i)3 , •rc is the beam uncusig
K= canne,
2Ib/I)/(-y)3 7r isthe eamunnormalized transverse emittance, -y and 3 are the normalized particle's energy and velocity (v/c), respectively, Ib is
the beam current, and Io = 47rCo rmoc3 /q with mo/q being
the mass charge ratio of the particle (I0 = 3.1 x 107 A for
0-7803-5573-3/99/$10.00 @ 1999 IEEE.

=

2

2R3

(8)

From eq. 1one knows that if R deviate a littlebit from Ro at
zero emittance limit the envelope oscillates approximately
ze
an
limit
oscillat
e
pl
like an harmonic oscillator:
d2 JR
dz2 + W•R = 0
(9)
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where WR = V20wo which is called the envelope oscillation
frequency. Now we are at the stage to estimate the equilibrium particle density distribution function, n(x). As noted
above we regard the particles in the matched beam as the
particles in a Fermion gas, and in consequence, the density
distribution follows Fermi-Dirac statistics:
h)E=O
1 + exp ((E - uI)/kT)
(10)
where E is the particle's transverse oscillation energy, j is
the chemical energy of the gas, k is the Boltzmann constant,
and T is the temperature of the gas. The transverse oscillation energy of a particle is proportional to the square of its
plasma oscillation amplitude and kT is proportional to the
square of Debye length, AD. One rewrites eq. 10 as
exp ((X2 - R02)/A )
n(x)n~)=11+ exp

1

f

o

(12)

WR

+

2

2K

ý AR

-+-YAR,(z)

,k

=

1,3,5,..(20)
For k = 1 we obtain the result obtained by Gluckstern [8]
that when the particle frequency is about one half the core
frequency the parametric resonance occurs. In this paper we
generalize this particular c sonclson to a more general one:
when the particle frequency is about an integer times one
haef the core frequency the parametricresonance occurs.

4

THE ONSET OF HALO DUE TO
SET RESONANCES
O NA NCE AND
TO
NONLINEAR
N ON

STOCHASTIC MOTIONS
cle located in the nonuniform density region is determined
by eq. 3. If we define x = Ro + Ax, where Ax <K R 0,
one finds Ax satisfies the following nonlinear differential
equation:
dz2

(15)

In this section a mismatched beam in a continuous focusing
channel is considered since for a matched periodic focusing
channel the procedure to treat the problem is the same. From
eq. 2 it is found that if the beam envelope is modulated from
the matched radius, R 0, by AR,(z), the differential equareads:
tion of motion
-

•/2
V4

k'2

d2 Ax +W2AX +

INSTABILITY DUE TO PARAMETRIC
RESONANCE: ARNOL'D TONGUES

d 2 x/(J

and

R

To study single particle dynamics we assume that for x <
R 0 - AD and x > R 0 - AD the particle transverse motions
are described by eqs. 2 and 3, respectively.

3

(19)

n =1, 2,3,

As we have assumed in section 2 the trajectory of a parti-

+

where R
= 2 OAR/Ro, AR and 6R are statistically
independent. When AR = 0 eq. 14 reduces to eq. 12. In
the case where the contribution from the definite emittance
can be neglected eq. 14 can be simplified as:

(i-)t

-- n±

k/2±

0W/P

(13)

Wp

2 A•

AREo
(18)
R30
one gets the stable and the parametric resonance regions dek27r

scribed by the functions [7]:

Ro
wR
Now we look at a more general situation when the beam is
not matched with R = R 0 + AR and AR << R0 . In analogy with 6R we know that AR oscillates with envelope frequency, WR also. In the equilibrium state (there is no diffuFermision process exists) particles are assumed to follow
Dirac statistics as in the case of matched beam. The general
expression for AD is obtained as:
A 2 V herTma(6R 2 + ARv2 )WR2
(14)

AD

w=(Lc"2

2

22 2R•

-

(17)

P

and

(1

2

(ý

whr 2

PW

w

where AD is estimated as follows:
2
2
6R 2w
S- VthermalW -Aor
ADO

where AR,(z) = AR,(z + L,), and L, is the envelope
modulation period. If ARe(z) is expressed as a sinusoidal
function of longitudinal position, z, the stability region of x
will be determined by Mathieu equation. Not sticking to the
mathematic rigor we assume that AR, (z) is approximated
by: AR,(z) = AR,0 when 0 < z < L,/2 and AR,(z) =
--AR,0 when L,/2 < z < L,. Defining

X=0

K ((AX2_
RO
R0

AX

+R•

•
(Ax)N

(Ax)4
YO ) .

YO-

0

(21)
It has been shown numerically that the solution of Ax is stable and periodical [2]. Now let's consider the case when
there is an envelope modulation, AR, around Ro due to
either periodic focusing or mismatching. The differential
equation governing the particle motion near Ro turns out to
be:

(16)
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d2Ax
dz

2

2

K

AK

((Ax'\2
•-°AX+-o AXRo
Ro

KAR (Ax)

+---2...

2

_.

(Ax'\
-

0

3

YO

(22)
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transport system, oscillates with x = Rm ± ARo. Obviously, the particles located in Rm < x <- Rm + ARo are
lost, and this loss will be filled through the diffusion process.
If the particle re-distribution distance, or the so-called relax-

loss (nA/m)
. Tolerable
Real loss (WnA/)
(dR0=-0.001m)[-Real loss (nA/rn) (dR0=.0025m)

Real loss.......
) ,dR0.......)

Sation[3], is shorter than
distance Ap /4, (Ap = 27rRo/v'3k)
the envelope oscillation period, the beam current loss rate,
.........
...... ................
00 -------------------------...................
"'"Q".................'......."R (A/m), can be estimated as the R = Id(A Ro/Rm )2 /L,
.
.
-----......
..........
where Rm >> R 0. If, however, the relaxation distance is
than L, one has R = 41d(ARo/Rm) 2 /Ap. To summarize, we give a simplified beam current loss rate formula
as follows:

Slonger
--

....

.

S0.01.
i

0.....
10

1..A RfloRpn

.........

......
W(MeV
100

For the matched case ARmatch has the same period as that
of the periodic focusing lattice, L. In this section we discuss only the matched periodic focusing channel, and denote
ARmatch = ARo. To simplify the mathematics treatments
we assume that ARo(z) is represented by a periodic delta
function of period L and amplitude ARo. It is shown (see
ref. 10) that under the periodic envelope oscillation perturbation if the amplitude of a particle's deviation Ax is larger
than some limit, say Axmai,the motion of this particle will
become chaotic, and Axws, is analytically expressed as fol\ 1/3
16R 8
02K2A
)2j
(23)
\9L2KARo/\Z)2
where )3(z) is the beta function of the focusing channel.
(

where C = L when L > Ap/4, £ = Ap when L < Ap/4,
and f is the ratio of the average beam current with respect
to the peak bunch current. In Fig. 1 we give an example to
show how one can use eqs. 23 and 25 to estimate the current
loss and how this current loss varies with beam parameters,
where we choose R 0 = 0.005m, Ib = 1A, f = 0.1, L =
0.001m,
5m, 3(z) = 8m, ARo = 0.0025m and AR 0
respectively. In the figure the tolerable current loss rate [9]
is presented by the dark dots, and it is obvious that in this
case AR 0 should be less than 0.001m.

6

5 ESTIMATION OF BEAM CURRENT

nances and nonlinear force induced stochastic motions are
derived analytically. Finally, the analytical loss rate formula
is established.

According to the discussion given above one knows that the
particles located near R 0 (x = Ro + Ax) with Ax >
Axmar, will diffuse outwards into the focusing-dominated
region and contribute to the halo.
Now we discuss the average beam loss rate on the mechNical bodundaryso theave beam
and m
we
chanical boundary of the beam trnsortssstem,
transport system, and we
may make a rough estimation in the following way. It is
known that the particles located in Ax > Axmaar will diffuse outwards, and the current, Id, which participates this
diffusion process can be calculated as:

[_1

0

dx

1 +-Re+Axp.
exp
(--

2
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Ib J.X=no+(X2-,2
R2

CONCLUSION

It is assumed that at the equilibrium state the transverse
beam density distribution of a matched beam follows FermiDirac statistics (for Fermion particles). The conditions for
the particles' transverse motions to have parametric
reso-

7

Id =

(25)

1000

W(MeV)
Figure 1: The current loss rates vs the energy of a proton
beam Ofan = 1A, R0 = 0.005m, Rm = 1R 0 , f
0.1,
L = 5m, and /3(z) = 8m.

AXmas =

(1 exp'-o

(2l
(24)
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ANALYTICAL INVESTIGATION ON THE DYNAMIC
APERTURES OF CIRCULAR ACCELERATORS
J. Gao, LAL, B.P. 34, F-91898 Orsay cedex, France
Abstract

where

In this paper by considering delta function sextupole and octupole perturbations and using difference action-angle variable equations, analytical formulae for the dynamic aperture
of circular accelerators are derived based on the Chirikov
criterion of the onset of stochastic motions,

1

INTRODUCTION

ds

(4)

As an essential step towards further discussion on the motions under nonlinear perturbation forces, we introduce
action-angle variables and the Hamiltonian expressed in
these new variables [1]:
=R[S ds'
/%(sl)

JO

(/

+

j

•__)2)

)

2

_
2

(6)

22-()

+

2,3,(s)

d
H(J, I) -

(7)

Since the H (J, T) = J/1i, (s) is still a function of the independent variable, s, we will make another canonical transformation to freeze the new Hamiltonian:
2iw
, d s'

'i"=
+ -L -J

•6(s')

(8)

0

DYNAMIC APERTURES DUE TO
NONLINEAR RESONANCES AND

J, = g

STOCHASTIC MOTIONS

(9)

H1 = -rg

In this section a two
necessary
will be
made between
dffeent
ssetialydistinction
ase: a rotn
mchin
an an
two
dffeent
ssetialyase: a rotn mchin an an
electron one. The reason is simple. In the first case there is
no dissipative forces (which is generally true) and the particle's motion can be described in the frame of Hamiltonian
system. In the second case, however, one has to take into
account of the synchrotron radiation damping effect.

2.1

f

(s) =

Jo+€o(5)

One of the preoccupations of the circular accelerator designers is to estimate the influence of nonlinear forces on the
single particle's motion. Even though the nonlinear forces
compared with the linear ones are usually very small, what
is observed in reality, however, is that when the amplitudes
of the transverse oscillation of a particle are large enough,
the transverse motions might become unstable and the particle itself will finally be lost on the vacuum chamber. In the
following sections we will show how the nonlinear forces
limit the dynamic apertures and what is the relation between
them .

2

Sds(4

Proton storage ring

To start with we consider the linear horizontal motion of a
particle assuming that the magnetic field is only transverse
and there are no screw fields. The Hamiltonian can be expressed as
K(S) X2Ks
(1)
2
2B
2K

(10)
L
Before going on further, let's remember the relation between
the last action-angle variables and the particle deviation x:

(

27rv .
ds'
1- -----s+
(s
1)
s
L
Having well prepared we start our journey to find out the
limitations of the nonlinear forces on the stability of the
particle's motion. To facilitate the analytical treatment of
this complicated problem we consider at this stage only sextupoles and octupoles (no screw terms) and assume that the
contributions from the sextupoles and octupoles in a ring
can be made equivalent to a point sextupole and a point octupole. The perturbed Hamiltonian can be thus expressed:
1 92
x =

2J,3#.(s) cos

3L

2+

where x denotes normal plane coordinate, p = dx/ds, and
K(s) is a periodic function satisfying the relation
K(s) = K(s + L)
(2)

+

2
+

x

IBp

,X_

X
x2

E

8(s-kU)

=2

(s-00

00
9q3Bz
1 Bp
w
x 4L 1: 8(s - kL)

(12)

k=-oo

where L is the circumference of the ring. The solution of
the deviation, x, is found to be
x =

E/j%(S) cos(q(s) +

0-7803-5573-3/99/$10.00@ 1999 IEEE.

0o)

where p is the radius of curvature. Representing eq. 12 by
action-angle variables (Jl and *1), and using
B, = Bo(1 + xbi + x 2 b 2

(3)
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+

X

3

b3)

(13)
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one has
(2Jfl#.(sl))1/ 2b2 Lcos3
3pk-00

2Hr,
L

ql

(J1 p (S2 ))

(s-kL)

0

Eqs. 21 and 22 are the basic difference equations to study
the nonlinear resonance and the onset of stochasticities considering sextupole and octupole perturbations. By using
trigonometric relation
cos m

(14)

-kL)

cos nO= 2-

M!

cos(n(-m+r2r)

k=-0o

(23)

where s, and s 2 are just used to differentiate the locations of
the sextupole and the octupole perturbations. By virtue of
for T,' and
Hamiltonian one gets the differential equations
JdJ

COS

ds
( J
ds --

(Jld0.(S2))2

P

b3 L

d-- = --L-+

-(
P

L

P

(1)t
(16)
co -3
J!
1

2

d cos 4 1
drJ1
Jb

s CO
5(s
E

-

k=-00

kL)I
k)

CO

E

---

6(s - kL)

(17)

k=-W

3 Lcos

4

@

>

dI ring
E
(s - kL)
k=-c*

b2L cos 3 i

E J(s
1 k=-oo

(cos 40 + 4 cos 20 +

0

- kL)

(18)

where the bar stands for the next sampled value after the corresponding unbared previous value, or explicitly,
.(2J3.(81))3/1bLdeOs3 T1with
T- = J, J3p
b2 L do
1
"3pd
I1
-cos

(25)

(S 1S)3/2T 1l/2b
2
b
S
1

L c s

bL4•

J- = J, + Asin3W,

(26)

ýFi = I 1 + BJ1

(27)

(JA 3 (SI))3/ 2L(28)

(28)

2L

Ab

3I,3.(s2) 2 b3L
(29)
4p
where we have dropped the constant phase in eq. 22. It is
B

-

to transform eqs. 28 and 29 into the form so-called
standardmapping [3] expressed as
7= I+ KosinO

(30)

(31)
0=0+ 7
0 = 3T, I = 3BJ 1 and Ks = 3AB. By virtue of the
Chirikovcriterion [3] itisknown that when jKIo > 0.97164
[4] stochastic motions will appear and the diffusion will occur. Therefore,

(21)

JAol _<1

(32)

can
be taken.3 as, a neg
natural
t criterion for the determination of
2 inoe
the dynamic aperture of the machine. Putting eqs. 28 and
29 into eq. 32, one gets

1

c

2OS
+ IhL(s2)-2

4!
((4/2)!)2)

with

(20)

v/'2
N+
•1
= k~l + 27r
T,+/3r +

(24)

sinusoidal functions of phases, T1, 21@1, 3W1 , and 4T1.
If the tune v is far from the resonance lines v = m/n,
where m and n are integers (n=l, 2, 3, and 4 for this specific problem), the invariant tori of the unperturbed motion
are preserved under the presence of the small perturbations
by virtue of the Kolmogorov-Arnold-Moser (KAM) theorem. If, however, v is close to the above mentioned resonance line, the situation is getting complicated and under
some conditions the KAM invariant tori can be broken. Takthe third order resonance, m/3, for example, we keep
only the sinusoidal function with phase 31Q, in eq. 21 and
the dominant phase independent nonlinear term in eq. 22,
and as the result, we have eqs. 21 and 22 reduced to

Now it is the moment to change this differential equations to
the difference equations which is suitableto analyse the possibilities of the onset of stochasticity [2][3]. Since the perturbations have a natural periodicity of L we will sample the
dynamic quantities at a sequence of si with constant interval L assuming that the characteristic time between two consecutive adiabatic invariance breakdown intervals is shorter
than L/c. The differential equations in eqs. 17 and 18 are
reduced to
Tr e to
Thelpful
J(19)

Pb3L

2
- (cos 30 + 3 cos 0)

Apparently, the right hand sides of eqs. 21 and 22 contain

-J7

-•.
(S-))112

=-

T4

0'1

dl
ds

4

(15)

OW

-

ds

-.

cos

1 _
-J

ds

one has

(22)
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lKol = 4

#1

-F

(S

<1

(33)j3
(33)
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and consequently, one finds maximum J1 corresponding to
m/3 resonance

follows:
7 = exp(-F)I + Kop sin 0

2/3
24/rFp2

J, < Jmax,m/, = 9b2b3(

),

(

(34)

exp(-F))/F. Apparently, when F -+ 0, eqs. 39 and 40 return to the standard mapping given by eqs. 30 and 31. The
criterion for avoiding the onset of the stochastic motion in
the dissipative system is given by

1/3

1

(35

- 91b 2ba 193(s 2)9.(si) 3 /2 L2 J
(35)
Eq. 35 gives the dynamic aperture of a sextuple and octupole strength determined case which is believed to be true
for the most small emittance electron storage rings. Obviously, the dynamic aperture scales with the one third power
of the sextupole and the octupole strength, respectively. If
in a storage ring the perturbation from the sextupoles can be
omitted, in a similar way one finds the maximum J1 corresponding to m/4 resonance mode
Jl < JmaX,m/ 4
x/f•s)Lb[
(36)

2p

-~l

( S2#

4
pfl, (s)
= (( V M.m/(
(82V(3)7I)a

(41)

< 1

The expressions for the dynamic apertures of the electron
storage rings corresponding to the two expressions for the
proton ones derived in the previous subsection are
2

Adyn,m/=

=

Jmax'm/3/3 x (s)

(

)3

9p Ib2b3l(S

2

)3 /2 L.

)(s)3/2
1/3

(42)

and
Adyn~m/ 4 =

(3 )

2JmaX,m/ 4/3X:(s)=

1

d n m 4]r

4

4p#/h(s)
3, .,(
(s)2Ljlb3
2) L j~

(43)
Eq. 42 has been compared with the numerical dynamic

and the corresponding dynamic aperture
Ad)n,m/4 =

(40)

is the damping time of the beta-where F
tron oscillation in the horizontal direction, and p = (1 -

-2Jma,m/S/3X(s)

16p 2flx(s) 3 / 2)

+7

)a/2L2

The dynamic aperture of the machine is therefore
Adyn,m/3

0 =r0

2

(39)

1/2

-

aperture simulation results of ALLADIN [6] and KEK Photon
Factory
shown
in ref.[7],8. and the satisfactory comparison results are

(37)
From eq. 37 one reads that the dynamic aperture, Adyn ,m/4,
is proportional to the square root of the octupole strength.
Usually, one has Adyn,m/3 < Adyn,m/4.
Now I would like to spend some inks on the scenario of
those particles whose motions do not satisfy the condition
given by eq. 32. Once a particle begins to execute stochastic
motion the phase mixing occurs, and the mapping given by
eqs. 30 and 31 can be regarded as a Markov process [5], and
in consequence, the possibility distribution function .(s, I)
satisfies the Fokker-Planck equation:

OJF
ass" =
_

(A.F)
1 02012
(D.F)
0 iI 1+2 -2(T2

3

CONCLUSION

Considering delta function sextupole and octupole perturbations, analytical expression for the dynamic aperture of
a circular machine is obtained by using the Chirikov criterion. It is shown that when the dynamics aperture is sextupole and octupole strength determined which is true for
the most cases the dynamic aperture inversely scales with
the one third power of the sextupole and octupole strength,
respectively. The author thanks J. Le Duff for discussions.

(38)

2
where A =<< AI >> /L, V) =<< (AI) >> /L, and
the notation < < > > denotes the average over phase 0. From
eq. 30 one knows AI = KosinO, and obviously, one has
A = 0 and D = K 2 /(2L). Due to the diffusion, needless to
say, the amplitude of the particle's motion is increasing with
the distance and finally the particle is lost on the vacuum
chamber wall.

2.2

Electron storage ring
In an electron storage ring the physical picture is more complicated due to the synchrotron radiation damping. To treat
this problem let's resort to the so-called standarddissipative mapping [2] which is different but similar to the standard mapping shown in eqs. 30 and 31, and expressed as
1817
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PARTICLE-CORE ANALYSIS OF BEAM HALOS

IN A SYNCHROTRON
M. Ikegami, JAERI, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan
S. Machida and T. Uesugi * , KEK-Tanashi, Midori-cho, Tanashi-shi, Tokyo 188-8501, Japan
Abstract
A simple particle-core model for circular accelerators
has been constructed assuming that dispersion effects
are relatively weak. This model is applicable to a large
class of high-intensity rings designed for modest density applications such as spallation neutron sources.
Applying this model to isotropic beams in a smooth
ring, halo formation processes in the presence of dispersion are investigated. In the analysis, it is found
that dispersion matching is essentially important to
suppress horizontal beam widening in injection. With
dispersion matching, a halo is formed by the particlecore resonance, and its width is a little narrower than
that in a straight channel. Dispersion effect on halo
formation in high-density situations is also discussed.

1

horizontal rms emittance el = (x 2 )(pl) - (Xpx) 2 is not
an invariant of motion in the presence of dispersion.
defined as folemittance
:dx
Instead, the generalized
conserved:
lows is
=dx-((X)

D'2 A 2 )
DD A2)2,

D 2 A 2 )((px)

-

-

-((xpx)-

(1)

where A = V/(( 6p/p) 2) is the rms momentum spread.
The independent variable s is the longitudinal distance
along the design orbit, and the prime indicates the
derivative with respect to s. The dispersion function
D obeys the equation

1]

D1 ±+

K b)j D = p
2a(a+

(2)

are the rms beam
where a = VFx 2) and b = V
widths, and p is the average radius of curvature. The

INTRODUCTION

Recently, high intensity proton synchrotrons or storage rings have been proposed to be used for various
applications such as bunch compression for spallation
neutron sources. As uncontrollable beam losses due to
halo formation is often considered as a main concern in
these machines, increasing attention has recently been
given to the beam halo problem in circular accelerators
[1]. While the particle-core approach [2] has already

generalized perveance K is a measure of the beam density, and nx is a constant which represents the external focusing field strength in the horizontal direction.
Note here that rx includes the horizontal focusing effect of the dipole magnets.

The envelope equations with dispersion can be writ-

ten
ten as

er
aK +
a2 2
a' (a

been adopted in some of these studies, we propose an

alternate particle-core model for beams in circular ac-

•2

celerators in this paper.
In this paper, we consider the simplest situation to
clearly bring out the dispersion effect on halo dynamics, namely; we consider a coasting beam circulating
in a smooth ring where both the bending and focusing
fields are constant (smooth approximation). The emphasis is put upon situations with modest beam density where tune depression, or ratio of depressed tune
to undepressed one, is well larger than 0.9, while halo
formation in higher density cases is also discussed.

-

-

2

D A

K
2

a A D.a

__D
)

+ (ca'

-

DD'A 2 ) 2

adx D +
a(a 2 - D 2 A 2 )

0,

(3)

and

K 2
2(a K
+b
0,
(4)
+ b) V 0,(a
where E, and ny are, respectively, rms emittance and
external focusing field strength in the vertical direction. As easily seen in Eq. (3), the emittance term is
modified by adopting the generalized emittance, and
the dispersion term is added compared to envelope
b"' + ir'b

The first basis of the particle-core analysis is envelope
equations which describe the time-evolution of core envelope. Recently, envelope equations which include effects of dispersion and space charge were derived by
Venturini and Reiser [3]. They found that the usual

equations for a straight channel. Simultaneously solving Eq. (2) to Eq. (4), we can obtain the time-evolution
of core envelope.
To construct a particle-core model for beams with
finite momentum spread, we need to know the matched
beam width and coherent tune of these beams. The
presence of dispersion causes changes of matched beam
size and coherent tune. In the following, we examine

University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-

these changes due to dispersion considering isotropic

2

* Also,

PARTICLE-CORE MODEL

0033, Japan
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situations, namely r.z =
1818

y and E, = E.
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Figure 1: Poincar6 plots for test particles in modest density cases with 7, = 0.9,/j = 1.1 and ý = 0.15. Test
particle position scaled by the maximum beam boundary width 2amax = 2a(O) is taken as the abscissa. Three
different A, i.e., (a) A = 0, (b) A = 2, and (c) A = 4 are considered.
Considering situations where dispersion effect is
modest, the matched beam widths are obtained [4] as
[I + 41 +(3 + 2 )3 •2
[ +2) (1 + 37) .
4(1

a0 =
and

^2)

.21-

"bo(1
b1-01-41

(5)

2)(1 "X
+ 3x(2) ý2
(6)

I.

-

-

(6)

,

4(1
~)i~(1~

moenwituequatino mto

where do and ix are, respectively, the matched
beam width and tune depression of the corresponding zero-momentum-spread beam. The parameter ý =
A/(aopý1K2,n) is a measure of the strength of dispersion effect. As ý2 is typically a few percent in modestdensity circular accelerators [5], fourth or higher order
terms of ý are neglected in the derivation of Eq. (5)
and Eq. (6).
In mismatched situations, core envelope and dispersion function oscillate around the matched solution.
These coherent tunes can be obtained [4] as
2+[4,+
2 + 15774
v,2,= [2(1 +q.2)2+4X1"-"•
(7
(2±+7x2)
(1
X

3

-

+ 30

+ 22) (1 +

tunedepessin
7., i reatedto

[1

(1+

+ r.x -

K

AA

=

(10)

2a(a + b)
inside the core (lxi < 2a) and
K
AA
= 0,
2) x- + 4(b2
x + XX- x + 2
2
+ 4(b -a
p
(11)
outside the core (Ix! > 2a), where relative momentum
deviation A = (Jp/p)/A is a particle-dependent constant. The maximum value of A typically ranges from
two to four, while it is distribution-dependent.

3

74 6€21
+ 3i/6

J

3)

NUMERICAL RESULTS

ceding section, we examine halo formation in the pres-

2

(8

fr qbadrue
mode, wlthougherne ad=itisnal thdehriztal bare tune. Although one additional mode arises
due to coupling with dispersion function, its contribution to envelope oscillation is generally small. The

-

x/

Applying the particle-core model described
in the pre-

1 ± 14

2(1
q

frtstprice]i

be written as [7]

+±3?x)

for breathing mode and
= [1+

relation between 6 and ý is easily obtained by using
Eq. (5) and Eq. (9).
The second basis of the particle-core analysis is the
equation of motions of test particles. Assuming that
cores have the KV distribution [6] in the transverse
zero angular
particles
that test
space and
phase
initest particles
for have
of motion
equation
momentum,
tially located on the horizontal plane (y = y' = 0) can

2)(1 + 2
+ fJ2 1

asFig.
2

)

1. In this figure, test particles with three differ-

ent A have been considered, while the mismatch factor

2
2

ence of dispersion. In this section, we concentrate on
the cases where breathing mode oscillation is selectively excited. To start with, we consider a modest
density beam with ,z = 0.9 and • = 0.15. Poincar6
re soin
ptl a
for t
its
surfac o
Fsurface of section plots for test particles are shown in

2J"

(9)

The parameter 6 is another measure of the strength
of dispersion effect defined by = A/(aopr7,2x).
A
The

- = a(O)/ao is fixed to 1.1. As readily seen in Fig. 1(a),
the width of 2:1 resonance island is a little narrower
than that of the corresponding zero-momentum spread
beam because of a decrease of coherent tune. As A is
increased, dispersion effect gives a shift of fixed point
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and become halos.
In particle-core analyses for straight channels, only

5

[2]

[3]

[4]
[5]

halo intensity.

SUMMARY

4 = 0.15. Beams with
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We have constructed a simple particle-core model for
beams in circular accelerators, neglecting fourth or

higher order contribution of
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particles initially located in the vicinity of the core can
not go beyond the separatrix of the resonance. Obvi-
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I

1

for modest-density applications and it provides us useful information on halo dynamics in these machines.
Especially, this model is sufficient for halo studies in
most rings designed as a bunch compressor for spallation neutron sources.

particles which are trapped by the 2:1 particle-core
resonance are considered to be halo particles, because

ously, this criteria is valid in estimating halo width in
the presence of dispersion only in cases where the diffusion due to dispersion mismatch is suppressed. Applying this method, the halo width in the presence of
dispersion is found to be a little narrower than that in
a straight channel, and typically 1.8 times the maximum core width.
Although this particle-core model is constructed assuming modest density beams, it is applicable to high
density cases provided that 4 is small. Poincar• plots
for high density beams are shown in Fig. 2, where
three different beam densities have been assumed.
In increasing beam density keeping 4 to 0.15, some
additional islands of higher order resonances appear
around the central stable point. Weak chaosity is observed in all three cases in Fig. 2, which may increase

I

0

X/(2amax)

Figure 2: Poincar• plots for test particles in high density cases with/zu = 1.1, A = 4 and
three different densities, i.e., (a) hr/ = 0.5, (b) i/z 0.4, and (c) r/, = 0.3 are considered.
locations. At the same time, the width of 2:1 particlecore resonance decreases. As easily seen in Fig. 1, dispersion matching is essential if the maximum value of
A is larger than a certain value, namely; particles with
large momentum must be injected into outer side of
the core. Without dispersion matching, the shift provides a transport mechanism by which particles initially located inside the core can escape from the core

I

-1

4. Although this model

is efficient only :in cases where 4 is small, it is applicable to a large class of circular accelerators designed
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OBSERVATION OF QUADRUPOLE MODE FREQUENCY
AND ITS CONNECTION WITH BEAM LOSS
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Abstract
d2

Recent Simulation results imply that the number of particles in a high intensity synchrotron is limited by the resonance crossing of coherent mode oscillations, not by the
incoherent one. In order to verify it, we measured the tune
Nashift of quadrupole mode oscillations in HIMAC at

(
d-- + \V02

d

the connection with beam loss. In this paper, we discuss
signals observed in a coasting beam. We also presents the
numerical
calculation of envelope motion for a bunched
beam.

1

INTRODUCTION

It is believed that space charge effects limit the number of
particles in a high intensity synchrotron. However, the detailed mechanism of beam loss is not clear. One model
tells that the incoherent tune of an individual partcle is reduced by the space charge field to a major resonance line,
and resonate with lattice field errors. Andther model, proposed by Sacherer in 1960's[l], is that the coherent mode
oscillations of a beam resonate with lattice field errors. The
incoherent model is not self-consistent because it neglects

<
A 3 g(,,

2
(REy
1 )

N
-

2

0

A 3 9(y,'YZx;

32 2

02I

(RE 2 )2

-

Nr°R

d0 2 +\\'z

(R_)2

, 7)z

2

(2

dr2£'

A39(7£'xY)•

'Y3

(1)
where •b is the azimuth along the circumference of a syn-

chrotron, R is the ring average radius, vo; is
bare tune, and
elliptic
integral,
the geometric factor g is
3 [0
ds 2 2
3 2 2
2
g(a, b, c) = 31o (a ± s) / (b + s)1/ (c + s)1/2
(2)
and A3 is about 1/5V5, which very weakly depends on details of distribution. In the parenthesis of the left hand side
of eq. 1 corresponds to a square of depressed tune v2 when
(i,q,-yi) is the matched beam size. Differentiating eq. 1 and
use E, = v 2/R, we have
d2

A3 NroR2

-

2
d0- Ax +43272

the time evolution of distribution due to the space charge
force.
Recent simulation results seem to support the latter
model[2]. In order to verify this, we planned to measure

the tune shifts of coherent mode oscillations and their connection with beam loss. We observed coherent mode signals in a coasting beam in HIMAC synchrotron. To start
with, we discuss the three dimensional envelope equations,
where it is shown that the envelope oscillation frequencies
in a bunched beam do not differ much from that in a coasting beam. Then, we report our measurements.

+

d0

tional Institute of Radiological Sciences (NIRS) to show
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2

222

OA

9

I.
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(3)
where the subscript "0" denotes matched solutions. The
equations above can not be solved analytically because of
elliptic integral. One way to solve them is to take some
approximations[4] and substitute arithmetic function for g.
Here, we employ numerical integration.

2 ENVELOPE OSCILLATIONS IN A
BUNCHED BEAM
2.1

2.2

3D envelope equations

For a bunched beam, envelope oscillations occur in three
dimensions. Sacherer studied three dimensional envelope
equations and found that they depend only on rms beam
size, as far as the distribution has ellipsoidal symmetry [3].
They are
0-7803-5573-3/99/$ 10.00 @1999 IEEE.

Numericalsolution

We solved eigen equations of eq.3 numerically, for a given
focusing force, emittance and beam intensity. It is expected
that, in the limit of long bunch and low synchrotron frequency, the behavior of envelope motion will be similar to
that of a coasting beam.
In solving eq.3, matched beam size (io, ýo, -y7o) was
calculated by eq. 1 with d2 /do'2 = 0 and elliptic integral
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Figure 1: Bunch length dependence of eigen mode frequencies with the parameters of tablel.
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is evaluated with a numerical package available [5]. We
chose parameters in Table . In order to study bunch length
dependence, we varied longitudinal focusing force, and adjusted beam intensity simultaneously so that transverse incoherent tune remains constant.
At first, we show in Fig. 1 the eigen frequencies of envelope oscillations, together with the one calculated by a 2D
formula.

Figure 2: Amplitude ratio of eigen modes in x(solid line),
y(broken line) and z(dot line). Mode 1, 2 and 3 is of the
highest, middle and the lowest frequency.

3
3.1

MEASUREMENTS IN HIMAC

The HIMAC tune shifts

We chose a flatbase operation (no acceleration) with a
He2+ beam to obtain the largest tune shift. Machine
parameters are same as Table 1 except horizontal emit-

2

-0
2_oo0
-

-o:

7.012, 6.392.

V(2,,2.

and maximum beam intensity
tance of 2647rmm-mrad
of 1 x 10 11ppp. That is due to multi-turn injection.

2vo2-)2 - (Vo.AV.)2

(4)

In each region except -yio "- 250mm, two of calculated modes agree with the values estimated by eq.4.
Eigen vectors, shown in Fig.2, prove that these modes
are pure horizontal, vertical and longitudinal one. At
around voz "- V0 , Voy, the oscillations form two coupled
modes, ie. breathing(even) mode with higher frequency
and quadrupole(odd) mode with lower frequency. This behavior is similar to the coupled phenomena of a single particle.
In conclusion, the coupling of transverse and longitudinal envelope oscillations due to space charge force seems
negligible for a synchrotron where the synchrotron oscillation frequency is much less than betatron oscillation. More
detailed discussion could be found in Ref.[6]

Table 1: Parameters used in envelope mode calculation.
particle
6MeV/u He 2 + (-y = 1.006)
bare tune
(Vox, voy)=(3.6,3.3)
vo,=0.00978 @-yi=5000mm
100% emittance c=(10,10,55000)7rmm-mrad
beam intensity
I x 10X0 ppp @-y.=5000mm

The incoherent tune shift of vertical oscillation is calculated as -0.0446/1011ppp. The coherent ones are 0.00216/1011 ppp for dipole mode and -0.0590/1011 ppp for
quadrupole mode.

3.2

Quadrupole monitor

Among coherent mode oscillations, the tune shifts of
quadrupole mode is dominant. Therefore, we installed a
quadrupole pickup monitor in HIMAC in the summer of
1998. It is an electrostatic type pickup with four electrodes(Fig.3). The amplitude of quadrupole mode can be
seen in a quadrupole channel output, which is subtracting
the sum of vertical two electrodes signal from that of horzontal. The difference between opposite two electrodes are
used to observe dipole mode oscillations. The estimated
2
magnitude of output signal for a 6MeV/u He ÷ beam is
around 15mV/10 11 ppp in each channel, and a quadrupole
component is about the order of (x/a) 2 lower than that,
where a is the radius of pickup electrodes.

3.3

Spectrum and tune shifts

We observed beam spectrum of a coasting beam of 3 x
10 10ppp with a real time spectrum analyzer. We used
RFQ[7] in order to excite quadrupole mode oscillations.
Fig.4 shows the beam spectrogram around 4 times of revo1822
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2500msec after beam injection, it finaly meets 2vy=7.0 resonance line and beam disappears rapidly. The tune shift of
coherent quadrupole mode oscillations at the beam current
just before the resonance is so small that it is difficult to
determine if the resonance occurs by coherent mode oscillation or incoherent one.

Figure 3: Quadrupole monitor in HIMAC.

Figure 6: Half integer resonance. Frequency span is
200kHz centered at 1.64MHz. Time scale is 3000msec
from top (beam injection) to bottom.
Figure 4: Spectrogram of coasting beam.
lution frequency. Quadrupole mode and dipole mode oscillations in horizontal and vertical space can be seen. Some
of them are shifting in frequency as the beam current decreases at - 1O00msec after injection.
We estimated the space charge tune shift of each mode
by plotting frequency versus beam current seen by a
slow current transformer. Fitted value of tune shifts for
quadrupole mode is about -0.082/101 1ppp, which is not in
good agreement with theoretical value. A part of the discrepancy can be attributed to uncertainty of emittance. We
are continuing measurements at other operationg points,
.1187
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SUMMARY

First, we solved 3D envelope equations numerically, and
found that the coupling between transverse and longitudinal motion due to space charge force is negligible in synchrotrons. Therefore, the mode frequencies in a coasting
beam are fairly good approximations of that in a bunched
one except one longitudinal mode.
Secondly, we presented our experiment in HIMAC synchrotron. We identified the coherent mode signals. The
tune shift is not so good agreement with the expected value,
at this moment. However, a part of the discrepancy can
be attributed to uncertainty of emittance. We are carrying
on the experiments to reveal the connection between tune
shifts and beam loss.
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Figure 5: Tune shift vs circulating current.

3.4 Resonance crossing
Finally we show in Fig.6, where the operating poiont is
moving gradually by varying defocusing field. As the
current of defocusing magnet goes down, the quadrupole
mode frequency approaches to revolution frequency. At
1823
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BEAM COUPLING IMPEDANCE OF FAST STRIPLINE BEAM KICKERS*
B. R. Poole', G. J. Caporaso, Y. J. (Judy) Chen, S. D. Nelson, LLNL, Livermore, CA
Abstract
A fast stripline beam kicker is used to dynamically switch
a high current electron beam between two beamlines. The
transverse dipole impedance of a stripline beam kicker
has been previously determined from a simple
transmission line model of the structure [1]. This model
did not include effects due to the long axial slots along
the structure as well as the cavities and coaxial feed
transition sections at the ends of the structure. 3-D time
domain simulations show that the simple transmission
line model underestimates the low frequency dipole beam
coupling impedance by about 20% for our structure. In
addition, the end cavities and transition sections can
exhibit dipole impedances not included in the
transmission line model. For high current beams, these
additional dipole coupling terms can provide additional
beam-induced steering effects not included in the
transmission line model of the structure [2], [3].
1 INTRODUCTION
The stripline kicker is designed to spatially separate a
high current electron beam for transport into two separate
beam lines. This system is used in conjunction with a
static magnetic dipole septum to provide an additional
angular kick to the beam. This allows the two beamlines
to diverge sufficiently fast as to incorporate additional
focusing elements for further downstream transport. This
system is shown schematically in Fig. 1.
S

,

and the two downstream ports in the non-kick plane are
terminated in a matched load impedance for the dipole
transmission mode on the structure.

2 KICKER TEM FIELDS
To steer the beam in x, opposite polarity high voltage
pulses are applied to the downstream ports in the y=O
plane. The potential within the kicker plates (r<b) is
given by
ý)r
(io
4Vp
Vsin 2 cos(n b
(1)
.n

n=odd ,n)

3 DIPOLE WAKE IMPEDANCE AND
BEAM-INDUCED STEERING

-<-.•,..>

""-L.
Figure 1: Stripline kicker and septum configuration
A high voltage pulse is applied to the downstream ports
of the kicker and the beam is kicked by the electric and
magnetic fields associated with the TEM waves
propagating on the strip transmission lines. The beam is
then directed into the septum magnet with opposite
polarity dipole fields on either side of the plane separating
the two downstream beamlines. All the upstream ports

"Thiswork was performed under the auspices of the U.S. Department of
Energy by the Lawrence Livermore National Laboratory under contract

For intense beam applications, the beam current is
"sufficiently large as to induce substantial voltages and
currents on the strip transmission lines. These TEM fields
are introduced on the transmission lines as the beam
traverses the upstream and downstream gaps as well as
from changes in the dipole return current as the beam is
deflected. These fields can than interact with the beam to
cause beam-induced steering. In the limit of ultrathe strength of this interaction is
beams
relativistic
related
to thestiff
dipole
wake impedance.
p

3.1 Dipole Impedance
The n=1 transverse dipole wake impedance for the
structure with an ultra-relativistic stiff beam centroid
transported through the kicker structure offset form the z
axis by an amount x,, is given by [1]

No. W-7405-Eng-48.
'Email: poole I @llnl.gov

0-7803-5573-3/99/$10.00@ 1999 IEEE.

.2)

where b is the interior radius of the kicker plates, 0 is the
angle subtended by each kicker plate, and 1i, is the kicker
plate voltage giving a total steering voltage of 21w. The
solution is determined by solving for the potential in the
interior region subject to the boundary condition that the
applied potential at r=b is given by the appropriate
applied plate voltages and the potential in the gaps
between the plates is zero. The n=1 term in Eq. 1
represents the transverse dipole force which provides the
beam steering. The beam deflection due to the combined
TEM electric and magnetic dipole forces is given by
I
sin ,(4V
02
q
t
(2)
A)
V
2
.
(2
(_(2
lnc)
M
where f is the length of the kicker.
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play a more significant role in the coupling. More

s2ports
8cZ sin2(•o(
2
II [sinl
r b2 sin (AL
2 ) o0_L

will be discussed about this in section 4.

(co)
=ýck 2

Z,

3.2 Beam Induced Steering

(3)

jsin~jcosOS(-

A detailed model of beam-induced steering has been
previously described [2], [3]. The centroid motion of the
beam in the kicker is given by [5]

-

cC
cc) l
A kicker has been designed and installed on the
Experimental Test Accelerator (ETA-Il). The ETA-II
kicker has the following set of parameters: b=12.86 cm,
R,=19.5 cm, qo=78°, Z,=50 Q, and f=160 cm where R, is
the outer vacuum chamber radius. The structure was
modelled using the LLNL 3-D time domain
electromagnetic code, TIGER [4] to determine the dipole
impedance. Figures 2 and 3 show a comparison of the
real and imaginary parts of the dipole impedance as
calculated from Eq. 3 with the numerical results from the
3-D electromagnetic code.

~eied•I•
Wa.... . . ..

i•

TL Model

i

sV2

- (-z)

+-Ix(z)= P--e

c

V0

KZc

(4)

21b
+

2

Lx(z) -

z

2-s ec

x(z')e c dz'

Icf L
where s is the Laplace transform variable, a

I
t-

s,

and I, is the beam current. The critical current, / is given
by

. . ..

IC

•16•

Zk sin2(0o/2)
k

(5 )

and the characteristic voltage, V, is defined as
VO = IcZk

Fm*ý*Wy
tL1HZ

x(z =,t
•-

2)

(6)

-- oo) = xo cosh

(7)

Wawf
et=ld Codla

"TLModel

where xo is the injection offset of the beam. For
sufficiently small beam currents the asymptotic deflection
is related to the dipole wake impedance by

x(z
where
..

S1-1--

where I,=17 kA and Zo=377 Q. Equation 4 can in
principle be solved numerically for a particular set of
conditions. Of particular interest is the case of an initially
offset beam entering the kicker structure parallel to the
beamline axis without any applied voltage since this
solution can be related to the dipole wake impedance. It
has been shown previously [3], that the asymptotic beam
deflection for an initially offset beam has the form

Figure 2: Real part of dipole impedance

i '

2rb
7

.......------Sr.iWW
Figure 3: Imaginary part of dipole impedance
-4t

As can be seen in Figures 2 and 3, there is a good
agreement between the transmission line model and the
3-D code results in the low frequency regime. The
differences become more pronounced at higher
frequencies as the end cavity transition sections
associated with the feeds to the external 50 Q coaxial

t

01 +

jIbZIo
(8)

Z10 = Im[Z1 (a=0)]. By numerically integrating

Equation 4 it is possible to find a temporal solution for
the beam displacement of the beam leaving the kicker.
Consider an ETA-il electron beam with 6 MeV energy
and a 2 kA beam current with a 1 cm initial offset. For
these parameters, the critical current, I,"is about 4.2 kA
and the asymptotic deflection given by Eq. 7 is 1.51xo.
Figure 4 shows the temporal evolution of the beam
displacement leaving the kicker from numerical
integration of Eq. 4. Figure 4 shows a quite dramatic
beam-induced steering effect for a high current beam. The
time scale for reaching the asymptotic value is on the
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order of the round-trip transit time of the structure,
2e/c - 10.6 ns.

and 7 show the real and imaginary parts of the dipole
impedance for low frequencies.

!rt.,cc 'talue

14

a

inV

3a

4-

sr'

&D

70

,

9

Figure 6: Real part of wake impedance with transition
Figure 4: Temporal variation of beam centroid
exiting ETA-l1 kicker for initial offset of 1 cm

4 CORRECTIONS TO THE DIPOLE
IMPEDANCE FROM THE CAVITY
TRANSITION SECTIONS

Lr.....

The 3-D code results show that the simple transmission
line model underestimates the low frequency dipole wake
impedance. Measurements of the kicker impedance show
that the structure is not very well matched over a wide
band of frequencies. In an effort to obtain a correction to
the impedance at low frequencies, a simple inductance
was incorporated as a model of the transition section
connecting the strip transmission lines to the external
coaxial ports. It was found that a 40 nH inductor would
given an input impedance consistent with the
experimental data. Figure 5 shows a plot of the
experimental data and the projected low frequency input
impedance.

,L

)

a

r
1
0 "
M 4:1 1
IV
Figure 7: Imaginary part of dipole impedance with
transition
As can be seen the transitions can modify the dipole wake
impedance of the structure. In principle, additional
reactive elements can be incorporated to extend the model
to higher frequencies.
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DARHT2 X-RAY CONVERTER TARGET SYSTEM COMPARISON*
Yu-Jiuan Chen*, Paul M. Bergstrom, Jr., George J. Caporaso, Darwin D.-M. Ho,
James F. McCarrick, Philip A. Pincosy, and Peter W. Rambo, LLNL, Livermore, CA
DARHT-II radiographic requirements. A summary will
be given in Section 6.

Abstract
Four short current pulses with various pulse widths and
spacing will be delivered to the x-ray converter target on
the second-axis of the Dual-Axis Radiographic
Hydrodynamic Test (DARHT-II) facility.[1] To ensure
that the DARHT-II multi-pulse target will provide enough
target material for x-ray production for all four pulses, the
target needs either to survive the strike of four electron
pulses or to accommodate target replenishment. A
distributed target may survive hitting of four electron
pulses. For target replenishment, two types of target
configurations are being considered: stationary target
systems with beam repositioning and dynamic moving
target systems. We will compare these three target
systems and their radiographic performance.

1 INTRODUCTION
Four 20 MeV, 2-4 kA current pulses with various pulse
lengths and separations will be focused to sub-millimeter
spots on DARHT-II x-ray converter targets. Maintaining a
tight spot (a) and producing the required x-ray dose
present the principal challenges for target design. To
produce the required dose, each beam pulse needs to pass
through enough target material. Three target concepts are
considered. The first one is to reposition each pulse on a
static target so that there is fresh target material for each
pulse. The radiographic axis is not preserved, and its
performance is affected. The second one is to move the
target so that the subsequent pulse will strike a fresh
target. The third is to distribute the static target material
over a lager volume so that the energy density deposited
by the beam decreases and target plasma expansion slows
down. Thus, there may be enough target material around
for the subsequent pulses.
Several effects may impact the spot size on the target.
The target plasma created by preceding pulses may
expand into the incoming beam's path. The charge
neutralization effects produced by target plasma could
change the final focus. Thus, the DARHT-II target system
needs to provide means to control target plasma
expansion. Furthermore, there may be a backstreaming
ion problem [2] when the strong electric field created by
the electron beam pulls ions in from an adjacent target
plasma plume and the target surface. These ions could
form an ion channel and change the final focus of the
beam. Thus, the DARHT-II target system must also
provide for mitigation of the backstreaming ion problem.
In Sections 2 and 3, we will discuss the backstreaming
ion problem, target plasma and their mitigation. We will
compare the beam repositioning, static target
configuration and the dynamic, single axis, target
configuration in Section 4. In Section 5, we will present a
distributed target configuration for the 2 kA beam,

2 BACKSTREAMING IONS AND
MITIGATION
A high current beam, impinging on the x-ray converter
target with a sub-millimeter spot size, will heat the target
and ionize the target material and/or the surface
contaminants. Ions can be extracted by the axial space
charge field (-a few MV/cm) on the target, and charge
neutralize the electron current. The electron beam is then
prematurely focused in front of the target and
subsequently overfocused at the target. Depending on the
charge neutralization factor (f) and qim of the ions, the
spot size grows in time, as the ions move upstream, from
a few tenths of a millimeter to several centimeters within
-40-60 ns. Regardless of whether there is enough
ionization to cause the backstreaming ion problem during
a single pulse, the backstreaming ion effect is a concern
for a multiple pulse system since by the preceding pulses
would have already ionized the target material.
The mitigation being considered for the DARHT-II
target is to trap ions within a distance shorter than the 2-3
cm of disruption length, LD = a (r2 y'fl21/fJI)J' where I and
I, are the beam current and Alfv6n current, either by a
voltage barrier: an inductive ion trap [3] (Fig. 1) or a
resistive ion trap [4], or by a physical barrier: a foil.[5]
Simulations indicate that using a voltage barrier can
control the DARHT-II beam spot size (Fig. 2a) and
maintain the collimated x-ray dose effectively over the
entire beam pulse (Fig. 2b). We have chosen the inductive
ion trap as the DARHT-II baseline and the foil barrier as
the backup plan for ion mitigation.

R

Target
Beam

Fig. 1An inductive ion trap self-biases the target by the beam
loading effect

"Thework was performed under the auspices of the U.S. Department
of Energy by LLNL under contract W-7405-ENG-48.
t chen6@llnl.gov
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4 REPOSITIONING TARGET AND
DYNAMIC TARGET

Eb = 5.5 MeV

0.08

S0.06

The initial DARHT-II radiographic specifications require
delivering four 4 kA, 20 MeV, 60 ns long pulses on the
converter
with the beam axis to be within 5 mm radius of
the radiographic
axis. To provide target replenishment,
we have investigated two target configurations: a
repositioning target and a dynamic (single axis) target.
Both target configurations consist of a distributed target
and an inductive ion trap. The repositioning target
configuration's beamline is different from the single axis
beamline [8] only in the few meters before the final
focusing lens.

E =20MeV

0.04
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...................
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4.1 Repositioning Target Configuration
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"]0.4

A 4-way kicker system (with a 4-way septum) or a fast
deflector system is needed before the final focusing lens.
Transport through these systems is difficult. The electron

0.2

0.0

0

beam's nominal incident angle on the target is 1.36'
which would reduce the forward x-ray by 10 %
compared with

.............. I.. ............
to
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Fig. 2 (a) The R.M.S. spot size and (b) the normalized
collimated x-ray dose as a function of time. The ion trap voltage

compartmentalized target

is 370 kV, and the ion trap gap is 2 cm.
e-beam

3 TARGET PLASMA AND MITIGATION

#

Hydrodynamic simulations [6] of a 2-4 kA, 20 MeV, 0.5

aperture plate

mm radius, 60 ns electron beam striking a 1-mm Ta target
show that the target material is generally fully ionized
immediately and that the target plasma expands at 1-2
cm/jis axially and - 1 cm/ts radially. The plasma
electrons' number density varies from 1023 cm3 near the
target surface to 1012 cm at the plasma edge which drops
to zero within 1-2 mm. The plasma temperature is a few
eV at the onset of the subsequent pulse. The magnetic
diffusion time is much shorter than the electron pulse
length. Thus, the plasma could only neutralize the space
charges of the beam but not the beam current. Finally, the
target plasma channel in the DARHT-II target region is

too short to support growth of the ion hose instability,
The plasma channel's disruption length is about 2-3 cm.
The plasma channel may be too long for the fourth pulse
at the end of 2 ps to maintain a small spot size if the
plasma expansion velocity is large. Slowing target plasma
expansion and reducing plasma production can minimize
the beam-plasma interaction. Distributing the target

t

't

inductve

target

on trap

plasma

x-ray

Fig.3 A repositioning target configuration

A compartmentalized, repositioning target configuration
(Fig. 3) was proposed by Prono [9] to minimize the beamplasma interaction. To accommodate four repositioned
beams, the upstream aperture of the ion trap is large. This
results in a larger required gap voltage and a longer ion

trap channel length. Hydrodynamic simulations show that
the electron pulses near the end of the 2 ps would travel
through up to 2.5 cm (- plasma disruption length) of
plasma (Fig. 4) [6].

material over a large volume decreases the energy

deposition per unit volume, and hence reduces the initial
plasma expansion velocity.[7] The scattered electrons in a

E

.dene,
2.
2.4
2.2

contours

2.0

C 5..12

A5.0lO
5, l

a•.

distributed target may form a larger cone and deposit

1.0

energy into more atoms. A smaller energy deposition per

.6•

.2

A lower energy deposition per unit mass at the

nr

D5.e13

4. h p uE5.14

.,

unit mass leads to a slower asymptotic plasma expansion.

downstream of the target may prevent the downstream
target from turning into a plasma. Hence, less plasma is
created. Moving the target transversely to the beam axis
while the electron beam strikes the target also makes
electrons deposit energy in a larger area and in more
target atoms. Therefore, using a dynamic target also
yields less plasma and slower plasma expansion.

fmed
conver

H5.07
27

3

26 27 ý8 29 30 31 32 33

z (cm)
Fig. 4 Static Ta target's plasma density contours at 2 Pas. The
target plasma is created by a 4 kA DARHT-II pulse at the
beginning of 2 Ps.

4.2 Dynamic Target Configuration
The obvious advantages of using a single axis, dynamic
target are preservation of the radiographic axis and ease
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of beam transport without any beam repositioning optical
elements. There are also other benefits. For a 0.6 mm
radius beam striking a dynamic target moving at I cm/ps,
reduction in energy deposition per unit mass over a 60 ns
pulse would be 25 %, and reduction in the asymptotic
plasma expansion velocity is 13 %. Also, a dynamic
target moves the target plasma inertially away from the
beam axis. Simulations show that none of four 4-kA
current pulses will travel through the target plasma if the
target is moving faster than 8 mm/ps (Fig. 5) [6]. Three
options, a gas gun, shaped charge and flywheel, are
available for the dynamic target. They all have difficulties
to interface with a target chamber. Dynamic targets tend
to be not very clean. However, cleanliness of the dynamic
target should not be a concern for a multiple pulse system
since an ion trap will be used to confine any target ions
and contaminant ions.

again for the subsequent pulse. To save computation time,
the distributed foil target was modeled as a low density,
foamed target. The calculations indicate that the
configuration of distributed Ta foils within a Ta cylinder
can radially confine the target material (Fig. 6). All four
electron pulses will travel through the target with a line
density equivalent to the line density of a Ta foil thicker
than 0.25 mm. Therefor, it permits all four pulses using
the same target material to produce the similar x-ray dose
for photons within 2-6 MeV energy range.
......................
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Fig. 6 Target line density for foamed target.
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Fig. 5 Target plasma density contours at 2 ps for a Ta target
moving at 1 cm/ps. Three plasma plumes created by the first
three 4 kA DARHT-II pulses separated by 630 ns are shown.

5 DISTRIBUTED TARGET
The DARHT-II radiographic specifications for the 2 kA,
20MV beam require the last beam pulse to generate an xray dose at 650 R @ Im and the first three beam currents
to generate three much lower dose x-ray pulses. The
initial 4-pulse target consists of an ion trap and a static,
distributed target that has - 20 thin 0.05 mm tungsten
sheets distributed over 1 cm and separated by vacuum
gaps. The sheets are held within a tungsten cylinder that
provides radial confinement of the target. The single
pulse, 2-3 kA, 16 MeV FXR experiment using a similar
distributed target [7] demonstrated that the downstream
side of target foils remained intact, and that the measured
x-ray dose and spot size for the distributed foil target was
the same as for a solid target as predicted by simulations.

We have modeled the distributed target with the 2 kA
DARHT-II current pulse format. For each pulse, the
calculations include three types of modeling. First, a

Monte Carlo calculation, using a given beam spot size,
emittance and envelope slope, was done to calculate the

beam scattering in the target and x-ray production. A
hydro calculation was then carried out to characterize the
target plasma. Finally, beam transport through the
expanding plasma, including scattering and neutralization
of target plasma and energy deposition by electrons, was
modeled to determine the next pulse's spot size, emittance
and envelope angle. These procedures were repeated

We are developing the multiple pulse target system for
the second axis of DARHT. Several configurations have
been investigated. The baseline for the initial DARHT-II
target configuration will consist of an ion trap and a
distributed, static target that has - 20 thin 0.05 mm
tungsten sheets distributed over 1 cm inside a tungsten
cylinder and separated by vacuum gaps. The calculations
indicate that no target replenishment is needed. However,
the target density is the least for the most demanding dose
requirement (the 41h pulse). We need experimental
verification of target survivability through four pulses.
Whether the quality of x-ray produced by all four pulses
satisfy the radiographic also needs further investigation.
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BEAM DYNAMICS STUDIES FOR HEAVY ION FUSION DRIVERS*
A. Friedman#, J. J. Barnard, C. M. Celata, G. D. Craig, M. J. L. de Hoon, A. Faltens, D. P. Grote,
E. P. Lee, W. M. Sharp, and E. Sonnendrucker÷, LBNLILLNL VNL for Heavy Ion Fusion
I. Haber, NRL
R. A. Kishek, University of Maryland
Abstract
A quantitative understanding of space-charge-dominated
beam dynamics issues is essential to the development of a
cost-effective driver for heavy-ion beam-driven inertial
fusion energy (Heavy Ion Fusion, or HIF). A multilaboratory "working group" is collaborating to develop
such an understanding via detailed computer simulations,
benchmarked versus experiments where possible. This
work is motivated by the need to plan for an "Integrated
Research Experiment" (IRE) facility to be proposed for
construction, and for magnetic quadrupole beam transport
experiments planned for the very near term. We began by
identifying the issues which must be addressed; developing
a model IRE design; and conducting "baseline" transverse
WARPxy-code simulation studies of the central nominalenergy portion of the beam, for an ideal error-free version
of that design. Current work is examining the effects of a
wide spectrum of mismatches (including head-to-tail
effects), errors, and imperfections, which establish the
allowable tolerances and ultimately constrain the design.
We are beginning to employ WARP3d to perform
integrated time-dependent 3-D simulations from the source
through the end of the machine,

1 INTRODUCTION
A successful HIF driver must produce a set of beams with
the intensity, brightness, and pulse shape dictated by
target requirements. This implies constraints on the
ultimate transverse and longitudinal beam emittance. The
beam phase space evolves as the beam moves down the
accelerator, under the influence of applied-field, spacecharge, and image nonlinearities, and of collective modes.
Furthermore, it is necessary to minimize beam loss. This
translates into limits on the allowable beam halo. Finally,
the cost of the accelerator must be minimized, and so the
beam must fill as much of the channel as possible. Thus a
quantitative understanding of the dynamic aperture and its
scaling with beam and accelerator parameters is essential.
*Work performed under the auspices of the U.S. DoE by
LLNL, LBNL, NRL, and U. Md. under contracts
W-7405-ENG-48, DE-AC03-76SF00098,
DE-AI02-93ER40799 / DE-AI02-94ER54232
and DEFG0292ER54178.
#Email af@llnl.gov
+On leave from C.N.R.S., IECN - Projet Numath,
Universit6 Nancy 1, France.
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Available experimental data is limited, so this effort
must make heavy use of simulations and analytic theory,
while planning for near-term full-scale magnetic transport
experiments. The dynamics issues in a full-scale driver
and a next-step IRE are very similar, except that issues
associated with the highest beam kinetic energy arise only
in the former. Detailed design is more urgently needed for
IRE than it is for a driver, and simulations for a shorter
system are more readily performed. Thus we are following
a balanced approach whereby most calculations are being
carried out in the IRE context.
Aspects of this work are presented in more detail in
other papers at this conference; please see [1,2,3,4,5].

2 PRELIMINARY ACTIVITIES
As preliminary activities, we first identified a list of
issues that must be addressed. These include mismatches
and nonlinearities, machine errors, low-energy issues,
collective modes, multi-beam and high-energy effects, and
required diagnostics. We then developed "an" IRE design
to use as the initial object of our studies. This is a "straw
person" and is not "the" IRE design; however, a fairly
complete "physics design" was needed. Finally, we began
simulating a baseline "perfect IRE" accurately and
efficiently, at first using a set of 2-D "slice" simulations
of the center, head, and tail of the pulse, and most recently
in full 3-D. It was deemed important to validate these
simulations via convergence studies.
We sought a representative IRE design that would be
credible, straightforward, and relatively easy to simulate.
The design we developed is similar to an earlier "HTE
Update" concept [6], but does not employ beam merging,
since a detailed design for a magnetic merging section is
not yet available. Relative to the earlier design, the initial
pulse is twice as long, and the final kinetic energy is
twice as great, so that the same total energy is achieved.
This design is embodied in stand-alone scripts (versions
using Basis and Python exist), which produce input that
can be read by various codes, in particular the WARPxy
and WARP3d PIC models, and SLV, a semi-Lagrangian
Vlasov model. Some parameters are: initial line charge
density X, = 0.25 tC/m, pulse duration T, = 7.33ts, 32
beams, 30 kJ total, phase advance oY= 700, tune
depression a/a 0 = 0.1, beam radius a = 1.5 cm. Other
features of this design are summarized in Table I.
These parameters set requirements on numerical
resolution; the sheath at the edge of the beam falls off
over 2-3 mm, so the maximum usable cell size is about
1 mm. With four-fold symmetry, we typically employ
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Table I. Parameters of reference IRE design
128 zones along each coordinate axis, then apply spatial
filtering to minimize grid "aliasing" (this is important
only for beams colder than those studied here); use of 32
runs
zones unfiltered gives roughly similar results. Crude
in (x,y) geometry require 5000-20,000 particles,
to
Simulations of the baseline case also aided our learning
run WARPxy efficiently; we use the FFT Poisson solver,
obtaining a round pipe via the capacity matrix method.
We take the same number of steps across each half-lattice
period. (HLP). HLP's start and stop at zero-length
accelerating gaps, and the step size is changed at those
points. We began by using sharp-edged elements and the
code's "residence correction" capability which preserves
second-order accuracy when the applied fields are so nonsmooth. Numerical convergence tests show that with
80,000 particles and 128 cells there is emittance growth
only in the second section; with 5000 particles, numerical
collisionality causes some spurious growth of about 20%,
but even this much is tolerable in the design, and less
than that caused by undesirable physical effects, e.g.,
mismatching of the off-nominal-energy parts of the beam.

37 T/m

We are beginning to examine (or reexamine) all of these areas; for example we
employ both capacity-matrix methods
(crude)
and
subgrid-scale
boundary
conditions (precise, but more expensive) to
obtain electrostatic quadrupole fields and
image effects. We also are comparing runs
using
axially-integrated
fringe
fields
(lumped into an element one moderate As
step long) against runs which resolve the
fringing using small steps.
A key goal is the development of
tolerance
respect to
errors
in: beamrequirements
alignment;with
magnet
strength;
magnet position and angle; accelerating
waveforms (systematic, ripple and jitter);
"ear" waveforms; and sensing / steering.
The simulations in Figure 1 show the effect

of various magnet errors on the normalized
x emittance. Each color is an overlay of five
runs with differing errors (obtained by varying the random
number "seed"). Table II lists the RMS errors included in
the the eudo-ictupe
(nnts
ea setof r
term is included
description);to from
to
bottom
the rowsininthethemagnet
table correspond
the top
shaded
areas of the plot. The large fluctuations in the upper two
plots with rotated quads appear because F,,, rather than a
generalized emittance, is shown.

2.5
EN 2.0
(n-mm - m r)
1.5
1.0
0
1 50
300 Z (in)
Figure 1. Effects of errors (see text and Table H).

3 ISSUES AND PROJECTS

Pseudo-

Offset

Strength

Angle

Mismatch effects are associated with: transitions in the
lattice period and element dimensions (does use of a small
number of element designs lead to more emittance growth
than a continuous variation, which may be harder to
manufacture?); head-to-tail variations arising from
acceleration and compression; and dispersion in bends,
primarily in the injector, drift compression, and final
focus sections. Nonlinearities of concern are associated
with electric-quadrupole applied fields and images;
magnetic quadrupole fields, including higher multipoles,
and fringe fields (is it sufficient to design magnets that
have zero integrated unwanted multipoles, or must
cancellation be more local?); accelerating gap fields; arid
space charge, associated with nonuniform charge density.

octupole
yes
yes
VeS
no

RMS
25 g
25 t
25 p
250

RMS
0.1%
0. 1%
0

RMS
0.20
0.1c
0
0

Table H. Errors included in runs in Figure 1.
Low energy issues include: the initial longitudinal
capture of the injected beam, using shaped accelerating
pulses, and the initial acceleration program (a variant of
"load and fire" is currently assumed, but may not be
optimal);
the competition
between
longitudinal
"accelerative cooling" and collective modes which couple
transverse thermal energy into longitudinal thermal energy
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when the former exceeds the latter; and the relaxation of
initial inhomogeneities via the phase-mixing of transverse
oscillations. We are learning how to use a fixed
computational grid in WARP3d to simulate the injection
process, and then when the beam has been fully injected,
setting the grid to act as a moving window so that it
continually overlays the beam (zones are discarded from
the "rear" of the mesh and inserted at the front; the
alignment of the computational grid lines with the
accelerator remains fixed). It is most rigorous to begin
with an injected beam for all runs. However, for
convenience it is desirable to learn how to begin
simulations at downstream stations, and we are studying
how best to do this; for example, we may be able to inject
a Maxwell-Boltzmann beam at a "waist" (with correction
for envelope convergence/divergence),
Collective mode issues include interactions of the
beam with the walls and accelerating modules, especially:
proper treatment of effects of voltage-divider shielding
plates; longitudinal instability driven by module
impedance (there has been much past work on this); and
effects of the "beam break-up" mode (BBU). Transverselongitudinal thermal energy coupling in the main
accelerator needs to be better understood; does the seed
amplitude matter, or is the beam always "marginally
stable" with respect to this mode? If the seed amplitude
matters, where does it come from, how big is it, and what
are the implications with respect to machine design?
Multi-beam and high-energy issues include assessing
the degree to which the separate beams must be kept
"identical," understanding the deflections induced by
neighboring beams, and the effects of the beam-induced
magnetic field. This field can be important in a driver even
when v/c < 0.3 because the self-electric field from
neighboring beams may be well-shielded while the self-B
is not; thus the "g-factor" which relates E, to ak/az can
be driven negative, and space-charge waves may behave in
an unfamiliar manner. The implications for longitudinal
stability need to be understood. Furthermore, it is likely
to be important to treat inductive effects with enough
fidelity; to this end we are investigating magnetoinductive
(Darwin) models, as well as simplified models motivated
by the fact that (to a good approximation) the beam
produces only a longitudinal current.
An early assessment of the required diagnostics will
be important to the upcoming experiments; we must
determine how often to measure the beam, in both the

IRE (a research tool which must afford detailed knowledge

of beam behavior through extensive diagnostics) and a
driver (which needs just those diagnostics required for

machine operation). Techniques for diagnosing beams at
high kinetic energy must be developed.

4 DI S C U S SION
We must refine the model IRE design. At the electric-tomagnetic transition, there is a jump in focusing strength

experienced by the "off-energy" head and tail of beam, so
we may take out the velocity "tilt" in advance, and then
reintroduce a larger tilt to initiate longitudinal bunch
compression; alternatively, we can perhaps achieve
"matching" via time-varying quadrupoles. Our near-term
goal is to simulate the IRE in full 3D, including detailed
accelerating waveforms and a realistic beam.
To properly model a fusion system it will be
essential to perform integrated calculations. We must carry
the particle distribution coming out of each accelerator
section into the subsequent section, because the beam
already has internal structure as it emerges from the
injector, and disturbances can propagate long distances.
Furthermore, the beam must have a particular pulse shape
on target; hence it has a time-varying energy distribution
and transverse distribution function, and the optical
aberrations will be time-varying. Time-varying currents in
the chamber affect the focusing, and must be modeled
consistently with partial neutralization and other effects.
Links have been made between WARP runs; linkages to
the chamber code BIC, and thence to the target code
LASNEX, exist, but have yet to be employed. It will also
be desirable to establish links between the long-time beam
transport calculations and detailed simulations studying
instabilities, halo formation, and other effects. We believe
that source-to-target simulation of a driver is within reach
on upcoming "terascale" computers. A schematic for such
simulations is depicted in Figure 2.
f
on accelerator

log source

electrostatic I magnetoinductive PIC
detailed PIC, delta-f,

elcr- rad agnetic
ydro
PIC

core/test particle

l

Figure 2. Schematic of driver and computational models.
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ACCELERATION SCHEDULES
FOR A RECIRCULATING HEAVY-ION ACCELERATOR*
W. M. Sharp and D. P. Grote, LLNL, Livermore, CA
Abstract
The recent development of miniature inductive adders has
made it feasible to design programmable high-repetitionrate pulsers with a substantially higher voltage than is possible using a conventional field-effect transistor architecture. Prototype pulsers using the new technology are being developed as part of a series experiments at Lawrence
Livermore National Laboratory (LLNL) to test the concept of a recirculating induction accelerator. Preliminary
numerical work is reported here to determine what effects
the higher-voltage pulsers would have on the beam quality
of the LLNL small recirculator.

induction modules is set up by a two-step calculation.
A modified version of an approach developed by Kim
and Smith [2] is used to generate acceleration fields for
self-similar compression in the absence of the longitudinal
space-charge field. Longitudinal-control fields or "ears"
are then added to balance the longitudinal force due to the
beam space charge.
As originally formulated, the Kim-Smith approach assumes that beam slices have ballistic trajectories between
induction cells, so the velocity between the nth cell, centered at longitudinal position s,, and the next one at Sn+l
is
Sn+

1 INTRODUCTION
A series of scaled experiments is underway at the Lawrence Livermore National Laboratory (LLNL) to test the
concept of a recirculating induction accelerator or "recirculator." The pulsed-power circuitry used to drive the
induction modules on this "small recirculator" attains the
needed precision and repetition rate by using a parallel array of field-effect transistors (FETs), which currently have
a voltage limit of about 500V. Due to this limit, the original design required an induction modules or "cells" in
each available half-lattice period (HLP) to meet the goal of
doubling the beam velocity over fifteen laps. The pulsers
for these modules constitute about half of the projected
hardware cost of the small recirculator.
Recently, a project has been carried out jointly by the
LLNL heavy-ion fusion group and First Point Scientific,
Inc. (FPSI) to design prototype high-voltage pulsers for
the small recirculator using the miniature inductive adders
developed by FPSI. If successful, the new pulsers might
lower the cost of the small recirculator by substantially
reducing the number of acceleration modules.
The possible use of higher-voltage pulsers raises the
question of whether applying stronger but less-frequent
acceleration and control fields will seriously degrade beam
we
quality in the LLNL small recirculator. In this paper,
report preliminary numerical work to compare the effects
of using between five and thirty-four pulsers, using several
acceleration schedules for each configuration.

2 METHOD
Acceleration schedules are examined here with the fastrunning beam-dynamics code CIRCE [1], which combines
an envelope description of transverse dynamics with a
fluid-like treatment of longitudinal dynamics. For each
acceleration schedule, the electric potential V(t) across
* Work performed under the auspices of the U. S. Department of Energy

by Lawrence Livermore National Laboratory under Contract No. W7405-ENG-48.
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where the slice arrival times t'n+l are chosen so that the
beam current lb at sn+i is self-similar to that at sn. When
that the cell length is negligible, the voltage Vn needed in
the nth cell at time t' is then given approximately by
Vn'

2

r--(f+1)ai)

]

(2)

2qe
where q and M are the charge state and mass of beam
ions, and j'i is the Lorentz factor associated with i-1(fl, + fl7 +1)The velocity estimate in Eq. (1) is suitable for a beam
in a straight lattice, in which the design orbit coincides
with the beam-pipe axis. In a circular accelerator like a
recirculator, however, the head-to-tail velocity variation
or "velocity tilt" needed for beam compression causes
the lower-energy beam head to have a trajectory inside
the design orbit, and the higher-energy tail has a trajectory outside it. This centroid displacement alters the path
length of a slice in a bend and must be accounted for
Eq. (1). A simple calculation using the approximation of
continuous focusing shows that, for electric sector bends,
each with an occupancy r7b, a radius p, and a mean radius
P =_ P/7b, the beam displacement X in the accelerator
plane, averaged over the alternating-gradient flutter motion, is
t

1
X Z, 2

2 Ap
(3)

K

- 2 •- +

Lpp

Here, R is the beam-pipe radius, L is the half-lattice period, and o0 is the betatron phase advance over a full
lattice period .2L in the absence of space charge. The
"momentum error" Ap =-p - P0 is difference between
the local beam momentum p E 7Mc and the design
momentum P0 = [qe7MEbzp] 1/ 2, which is the value for
which an ion will stay on the design orbit in a sector bend
with a radius p and field strength Eb,. For a magnetic sector bend with a field strength Bby, the design momentum
becomes p0 = qeyMBbVp, but the X expression corresponding to Eq. (3) differs only in the factor 2/p3 being
replaced by 1/t5. The phase-advance depression caused by
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the beam space charge is accounted for by the term proportional to the perveance K = 2qeIb/[47rco(317) 3 Mc3 ].
To lowest order in X/p, the added path length due to
bends can be accounted for in Eq. (1) by the substitution
bs.

__ bsn

+

E=.

Lbm

PM

(Sm)

Table 1 Parameters of the LLNL small recirculator
beam parameters
ion charge state

lattice parameters
circumference
half-period
pipe radius

beam space-charge field. CIRCE is then run using these
fields but with the longitudinal space-charge field artificially turned off, mimicking perfect longitudinal control.
Finally, the beam current profile from this run is used to
calculate the optimal ear field in each acceleration gap.

3 RESULTS
to study the effects of using higher-voltage cells in the
LLNL small recirculator. This exploratory work uses
simple acceleration schedules and a somewhat idealized
lattice, ignoring fringe fields and errors, and employing
sector bends instead of the more complicated "flat-plate"
bends actually built. Nominal parameters of the smallrecirculator are given in Table 1, and a detailed description of the lattice is found in Ref. [4]. With the nominal
low-voltage pulsers, induction cells are required in thirtyfour of the forty half-lattice periods. Three HLPs without
acceleration are needed to insert the beam into the ring
and to extract it, and a three-HLP extraction section is
planned halfway around the ring. For this nominal case,
the specified four-to-one reduction of the beam duration is
obtained by imposing a velocity tilt as rapidly as possible,
consistent with a maximum pulser voltage of 500V. The
mid-point beam energy is taken to increase linearly with
s except in the insertion/extraction sections, and the beam
duration is specified so the first thirteen waveforms on
the first lap are approximately triangular, with small deviations that account for the transverse space-charge field,
and the remaining ones are nearly flat-topped.
After the final lap, centroid displacement X at the ends
is about ± 0.3 cm, which is in fair agreement with the analytic estimate of Eq. (3). However, the plot in Fig. 1 of
beam-head displacement for this case during the final lap
shows substantial betatron oscillation, and the beam tail
shows a similar betatron amplitude. This betatron motion
arises because each pulse with a head-to-tail voltage increase AV causes an abrupt change in the momentum tilt
Ap/p without significantly changing X. From Eq. (3),
we expect the centroid to be mismatched by an amount
6X ,b 6(Ap/p), and a simple calculation using Eq. (2)

14.4 m
36 cm
3.5 cm

Smax

L
R

shows that
b ( Lp

pression only, ignoring the longitudinal component of the

avebeencariedout

Ib

duration

where Lbm, Pm, and Sbm are respectively the length, bend
radius, and axial location of mb bends between the induction cells. Since ki depends on fl+l directly through
Ap/p and yi, and indirectly through o-0 and Ib, Eq. (1)
becomes a transcendental equation for f# 4+ and must be
solved iteratively.
To calculate the full waveforms for acceleration and
longitudinal-control, the modified Kim-Smith method is
first used to generate waveforms for acceleration and com-
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ion mass
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(4)

q

qeAV
2!mid/dM

(5)
C

(P5

where /imid is the average of /3 mid before and after the
cell and !mid is the corresponding Lorentz factor. The
mismatches introduced in successive cells should add in a
Markovian sense because the betatron wavelength of centroid motion is typically uncorrelated with the cell spacing.
Therefore, if N pulses are used to give a specified energy
increase
and velocity tilt, so that AV N-', we expect
the accumulated betatron amplitude to have the approximate scaling

5X - N2AV - N-2.

(6)

3.1 Effects of pulser number
Comparing cases with from five to thirty-four cells per lap
but with the same acceleration schedule, we find that the
peak betatron amplitude at the beam ends approximately
doubles going from thirty-four to eighteen cells, but then
drops significantly for the ten-cell case, as seen in Fig.
1. This improvement results from the periodic spacing of
cells that is possible in the ten-cell case. The two insertion/extraction sections prevent equal cell spacing in the
lattices with eighteen and thirty-four cells, but when cells
are added to these sections to make periodic lattices with
respectively twenty and forty cells, the betatron motion at
the beam ends becomes very similar to that for the ten-cell
case. For the eight-cell and five-cell cases, the betatron
oscillations are progressively worse due to the larger AV
in the triangular pulses, effectively prohibiting the use of
triangular waveforms in these lattices.

3.2 Effects of pulser waveforms
The mismatch of the beam ends caused by head-to-tail
voltage variation can be reduced by using a smaller AV
in a correspondingly larger number of induction cells. For
the same overall compression, each lattice studied shows
a reduction in beam-end betatron motion when a schedule
with triangular pulses is replaced by one using a larger
number of trapezoidal pulses. The minimum betatron amplitude is seen when trapezoidal pulses are used on all
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Fig. 1 Beam-head centroid displacement during the final lap in lattices with ten and thirty-four cells, with velocity tilt imposed rapidly during the first lap.

Fig. 2 Beam-head centroid displacement during the final lap in lattices with ten and thirty-four cells, with velocity tilt imposed gradually during all fifteen laps.

fifteen laps, as illustrated in Fig. 2. In lattices with regular cell spacing, we find that betatron motion introduced at
the beam ends by a voltage tilt becomes negligible when
Ap/p changes in a cell by less than about 0.1%. Using
Eq. (5), this criterion can be written to lowest order in
/r2nid as
qeAV
< 0.004,
(7)
1ld
,
M,2 "cells,

match. The particle simulations with thirty-four cells also
show a larger and denser "halo" of unconfined particles
near the ends than the ten-cell simulations, resulting in
a higher x-emittance near the ends. For both cases, the
normalized emittance near the mid-point increases about
68% during the fifteen laps, but the increase is greater
than 165% at two maxima near the ends for thirty-four
whereas no emittance growth above the mid-point
value is seen the ten-cell case. The enhanced loss of ions
near the beam ends in the thirty-four cell case appears to
be another effect of nonperiodic cell spacing, since it is
not seen in WARP3d runs in lattices with twenty or forty
cells per lap.

whr0.2

a2

where •i/dMC. is the beam kinetic energy in the nonrelativistic limit. Nonperiodic cell spacing introduces an
additional mismatch, leading to the fluctuations seen in
Fig. 2 for thirty-four cells.
Another result of applying a reduced AV in more cells
is that the maximum displacements of the beam head and
tail increase. As the velocity tilt is applied more gradually,
Ap/p reaches its maximum of about 3% later in the acceleration sequence, and since o0 decreases roughly like
/8-1 for magnetic focusing, the average displacement at
this point is larger, as seen from Eq. (3). Optimizing the
acceleration schedule
for a dsplcemnt
recirculator
thisinceasd
gaist he entails
eduedbalancing
etaron
this increased displacement against the reduced betatron
amplitude found with a more gradual introduction of velocity tilt. The velocity tilt should therefore be introduced
the as rapidly as possible without initiating betatron oscillations at the beam ends, as determined by Eq. (7).

4 CONCLUSIONS
The CIRCE and WARP3d simulations here indicate that
beam in the LLNL small recirculator can be accelerated
and pressed unas
fe ve
acceleratoclls
per lap, provided that the velocity tilt is added gradually
enough
to avoid
initiating
oscillations
nearcells,
the
beam ends.
A layout
havingbetatron
ten uniformly
spaced
with trapezoidal pulses used on perhaps the first five of
the fifteen laps, appears optimum. This schedule produces
acceptably small betatron oscillations at the beam ends,
while keeping the centroid displacement less than 0.7 cm.

3.3 Emittance growth
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TIME-RESOLVED INVESTIGATION OF THE COMPENSATION
PROCESSS OF PULSED ION BEAMS
A. Jakob, H. Klein, A. Lakatos, 0. Meusel, J. Pozimski
Abstract
A LEBT system consisting of an ion source, two
solenoids, and a diagnostic section has been set up to
investigate the space charge compensation process due
to residual gas ionization [1] and to study experimentally
the rise of compensation. To gain the radial beam
potential distribution time resolved measurements of the
residual gas ion energy distribution were carried out
using a Hughes Rojanski analyzer [2,3]. To measure the
radial density profile of the ion beam a CCD-camera
performed time resolved measurements, which allow an
estimation the rise time of compensation. Further the
dynamic effect of the space charge compensation on the
beam transport was shown. A numerical simulation
under assumption of selfconsistent states [4] of the beam
plasma has been used to determine plasma parameters
such as the radial density profile and the temperature of
the electrons. The acquired data show that the theoretical
estimated rise time of space charge compensation
neglecting electron losses is shorter than the build up
time determined experimentally. An interpretation of the
achieved results is given.
1 INTRODUCTION
Magnetic low energy beam transport (LEBT) systems
enabel space charge compensated transport of high
perveance ion beams in comparison to electrostatic
focussing systems, which suffer from the high beam

energy and the influence of the space charge forces on
the beam. The magnetic LEBT suffers from the rise time
of space charge compensation of pulsed ion beams.
Variing space charge forces of a pulsed ion beams lead
to a shift of the focus and therefore to a mismatch of the
following accelerator section. To investigate the effects
of the rise time of compensation on the transport of ion
beams a LEBT section with non-destructive diagnostics
was set up in Frankfurt [5].
2 EXPERIMENTAL SETUP
Fig 1 shows the experimental set up at the Institut fuer
Angewandte Physik (IAP) to investigate the behaviour of
an ion beam (i.g. 10 keV) transported through a LEBT
section. The LEBT has a length of approximately three
meters and consist of an ion source, a first small
diagnostic section, to measure the beam current directly
behind the extraction system, two solenoids (B_ = 0.8
T) and a following diagnostic section with different
diagnostic tools, to investigate the development of the
compensation process. In the first step of the
investigation of the compensation process the ion sorce
was run in DC mode and the ion beam was
decompensated in pulsed mode by a decompensation
electrode electrode, which was biased at 350V, with a
repetition rate of I kHz, a decompensation time of 150 ps
(decompensation biased at 350V) and a compensation
time of 850 Ps (grounded electrode).
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As decompensation electrode a moveble wire was used.
Thus it was possible to move the electrode to an definite
place, which can be observe by the CCD camera,
therefore we can be sure that the beam does not touch
the wire, which has a strong effect on the compensation
process by the production of secundary electrons. In the
second step the ion source was run in pulsed mode, with
a repetition rate of 1kHz and a duty cycle of 90 %. To
observe the rise time of the ion source, the current
measuremets by the second Faraday cup in the LEBT
(fig.l) were done using an oscilloscope. Fig.2 shows the
result of such a measurement.
Ch
!:Ch
2:

the self field of the beam. Under assumption of
neglectable start energy, the kinetic energy of the RGI
corresponds to the beam potential at the point of
production. The energy distribution of the residual gas
ions contains information on the radial beam potential
distribution and thereby on the degree of compensation.
For the time-resolving investigation of the build-up time
of space charge compensation a RGIEA with an inserted
single particle detector (channeltron) [5] was used. The
time resolution was limited by the data acquisition to 2
ps.
3 MEASUREMENTS
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Figure 2: Beam current measurement of a pulsed ion
beam
For a good comparability of the measurements all used
diagnostics were placed at the same area, the CCD
camera and the time-resolving residual gas ion energy
analyser (RGIEA) were arranged orthogonally and the
Faraday cup a few cm behind. The decompensation
electrode also was placed orthogonally to the diagnostic
devices to reach a local decompensation right at the
region of interrest. To find a better understanding of the
data measured at the pulsed ion beam, the measurements
at a pulsed decompensated DC ion beam were used as
reference.
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compensation
process
dominates
the
potential
development, which yields to a continous potential
depression. Fig.4 shows the development of the beam
potential for a pulsed decompensated He* (10kV, 2mA)
DC ion beam under same conditions (residual gas
beam current, duty cycle).
In comparison to the potential development of a pulsed
ion beam, the potential depression starts just at the time
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Fig.3 shows the development of the beam potentials
using pulsed beam operation obtained by the intersection
point of the dynamic energy spectra and the 5% baseline
(5% threshold) corresponding to the potential at the
beam axis and the beam edge.
The CCD camera was used to observe the light emitted
the residual gas excited by the interaction of the beam
ions with the residual gas molecules. Therefore one get
time development of the beam ion density under the
assumption that the intensity of the emitted light is
strongly correlated to the beam ion density. From the
Abel transformation of the data gained from CCD
measurements one can obtain the denstity profile of the
ion beam. Fig 5 shows the development of the radius of
the ion beam estimated from the 20 % threshold of the
measured beam ion density profiles.
Fig.2 shows, that the ion source needs approximately
100 pis to reach a state of constant ion generation, then a
current of 2 mA was measured. At 50 ps nearly 80% of
the maximum current is reached, after 50 ps the current
increases substantially slower. This can also be read off
from fig.3. The potential increases up to 50 Vs, then it
decreases due to the compensation of the space charge
forces of the ion beam.
In the first 50 ps the rise of the ion beam density
dominats the development of the potential of the beam,
due to the increasing ion production rate. Afterwards the

Soo

tie[ho]

Figure 3: Temporal development of potentials of beam
axis and beam edge.
The residual gas ions (RGI) produced by the interaction
of beam ions and residual gas are expelled radially by

when the compensation process begins. The maximum
potential is by a faktor 1.5 higher in comparison to the
pulsed operation mode. Both measurements (fig.2 and
fig.4) show that after approximately 500 ps the process
of potential depression is completed. Fig.5 also shows
that after 500 Vs the development of the beam radius,
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obtained from the CCD profile measurements, is
completed, no further shrinking can be ascertain,
The comparison of both measurements shows, that in
case of a pulsed ion beam the compensation process runs
faster than in the case of a pulsed decompensated DC
beam.
Development of the beam potential
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needs further studies and a precise investigation of the
results of the self consistent simulations.
Fig 6 shows the development of the radius of a pulsed
ion beam. It shows the same behaviour like in fig.5. (The
fluctuation of the beam radius belongs to fluctuation of
the measured data in combination with the data
evaluation.)
The present considerations shows, that the process of
space charge compensation of a pulsed as well as of a
periodically decompensated DC He* (10 keV, 2 mA) ion
beam is finished after approximatly 500 p.s. The rise time
of compensation can be estimated [1] to 400 ps assuming
constant electron production rate and neglecting electron
losses.
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Figure 4: Temporal development of beam potential
In case of DC operation mode the potential drop inside
the ion beam at the begining of the compensation
process has a substantially higher value in comparison to
the pulsed operation mode of the ion source. Due to this
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compensation, we have to await the results of the data
avaluation using self consistent numerical simulation,
which is in process. Furtheron the time-resolved
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measurements will be performed on a pulsed ion beam

time[PSI

Figure 5: Temporal development of beam radius of a DC
ion beam, which was decompensated in pulsed mode.
The compensation electrons produced at the beginning
of the compensation process are trapped in the potential
well. Due to the deeper potential drop in case of DC
operation mode electrons of higher energy can be
trapped. In case of pulsed mode faster electrons instantly
get lost. The fast electrons increase the temperature of
the trapped electrons. Due to the higher temperatur it
becomes harder for the decreasing beam potential to trap
the electrons, which yields to a prolongation of the
compensation process. Secondly the trapped electrons
are accelarated in the potential gradient and therefore
gain more kinetic energy in case of DC operation mode
then in comparison to the pulsed operation mode, which
yields to a higher averrage energy of the trapped electron
ensemble and therefore again to a prolongation of the
compensation process. In the present status of the
analysis we do not know which process dominates. This

of other ion species and ions of higher energy.
The time development of the kinetic and potential
energy of the compensation electrons will be analyzed
using the 'numerically results of the simulation. The
achieved particle and energy balance leads to a better
understanding of particle loss processes, which is
important for the investigation of the compensation
processses.
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NEW LONGITUDINAL SPACE CHARGE ALGORITHM
Shane Koscielniak, TRIUMF, 4004 Wesbrook Mall, Vancouver, B.C., Canada
Abstract
We describe a new, improved longitudinal space-charge
electric field calculation for particle beams with periodic
modulation of the charge density. Whereas the usual
method assumes long bunches with constant transverse
cross-section, the new algorithm applies to long or short
bunches with arbitrary binomial transverse distribution and
incorporates dynamical corrections to the usual static approximation. The algorithm has been coded in Fortran
and been made an option of the particle tracking program
LONG 1D. Based on tracking studies, it is concluded that
these improvements to the physics model are most important for short bunches with high synchrotron frequency and
high-order longitudinal multipole content.

1

INTRODUCTION

When simulating[6, 7] the longitudinal dynamics of a
charged particle beam, it is customary to adopt a onedimensional model that ignores the transverse coordinates
and where each macro-particle is considered as a transverse
slice or disc. The internal forces due to mutual Coulombic
repulsion of like charges are called 'space-charge'. It is
a common procedure to model longitudinal 'space charge'
by forming the spatial derivative of the longitudinal charge
density[4]. When this density is represented by a Fourier
series, taking the derivative becomes particularly simple:
each harmonic component is multiplied by its corresponding wave number (i.e. spatial frequency). This practice
invoves hre assmptins:distribution

"*the beam bunches are long compared with the vacuum
pipe cross-sectional radius
"*the beam cross-section has constant charge density
"*the field can be obtained (in the beam frame) from
electrostatics.

1.1

but not widely so. The simplest such model is that of
Morton[1] (see also Refs.[3, 5]) in which the geometric factor go is made to roll off with increasing spatial frequency.
A more elaborate model is that of Lebedev[2], and we shall
follow a similar procedure below.
-

Long bunches

The first assumption allows one to adopt a two-dimensional
model for calculation of the transverse electric fields based
on line charges (i.e. infinitely long filaments). This practice is inevitably dubious at the head and tail of the bunch.
If one considers a moving point charge, with relativistic
energy -ymoc2 , the longitudinal electric field is reduced by
1/_y2 and the field lines are 'compressed' into a transverse

toroid that is coaxial with the motion. Hence it is clear
that the assumption of line charges is best fulfilled by ultrarelativistic particles; but this is also the regime where longitudinal space charge is least important.
More realistic models that do not assume long bunches
are available and have been used in computer simulations
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

1.2

Beam cross section

The field distribution depends on the transverse charge density distribution. It is also influenced by the proximity of
the vacuum pipe which is taken to be a perfectly conducting cylindrical wall concentric with the beam. Further, the
longitudinal electric field varies over the beam cross section and must be ensemble-averaged (transversally) so as
to obtain values that are representative. All of these effects taken together are usually rolled into a single geometric factor go. For example, for a uniform beam of radius
a inside a pipe of radius b the on-axis geometric factor is
go = 1 + 2 ln(b/a) and the ensemble-average geometric
factor is go = 0.5 ± 2 ln(b/a). These issues of transverse
charge distribution and ensemble averaging have been addressed by Baartmanll8], and will be pursued below.

1.3

Dynamics versus statics

Starting from the wave equation one may find an exact
expression for the space-charge force in the frequency
domain. Using this solution in a time-domain particletracking program leads to the following contradiction: the
fields at each time step are calculated assuming the charge
is static and in equilibrium; however we also
expect the beam distribution to be changing turn-by-turn
in the synchrotron, or else there is little point performing
a simulation. This contradiction is usually dismissed because "the effect is small"; the error incurred in the field
estimate is of order the change in the beam distribution
multiplied by the pipe radius and divided by the longitudinal distance moved in the time step. However, for machines with high synchrotron frequency and longitudinal
distributions with significant high-order multipole content,
changes in the distribution could be large. Moreover, at a
fundamental philosophical level it is unsettling in a dynamical problem to use fields calculated for a statics problem.

2

NWSA

EC A G

2 N WSA EC A G
2.1 Field calculation

L O IH

L O IH

Let the electric field strength vector be E, the charge density per unit volume be p. Suppose that the beam accelerates slowly. Let s = ct where c is the speed of light and t
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is the time coordinate. Let e be a unit vector and 11denote
the longitudinal axis. The electric field obeys the equation:
[V 2

]E

_

=

(1/co) [e,11, 11a/Os + V] p.

(1)

Let r and z be the radial and longitudinal coordinates reUnder the assumption that
spectively, and i = V/7--.
the charge distribution is longitudinally periodic and cylindrically symmetric, we may expand charge and field in
Fourier series that contain a radial dependence for the coefficients:

To find the effective longitudinal field for a onedimensional particle simulation, we must ensemble average over the transverse distribution; and this leads to
(Ez)(Z, s) = E e ik(z-3s)v

If the charge density does not change then we may find
an explicit expression for the complex coefficients aki; and
the static field is given by (E.)(z, s)
1
E(2)

Here k is the integer wave number and v = h/iR is
the ratio of harmonic number h to the synchronous orbit radius R,. Under the assumption that modulation frequencies are much smaller than the carrier frequencies,
wk = k x (v,311 c), we may approximate the temporal field
derivative as
E
- [(kI3L)2E" + 2i(k/3v)
Ek eik( -)
L

k

j

k

Ak (s)eik(z-s)v, E = Ek (r, s)ekk(z- 3 8).

p = a(r)

S akj(s)B(p, cja) . (10)

E

-ikv~kB 2 (i, a2a)
(b2/2)Jj2(ajb)[(0jy) 2 + (kv)2 ]

(11)
For the case kv << 7aj and A = 0 this expression leads
to field values identical with the simple theory involving
go = (1/2) + 2 ln(b/a).
2.2 Discretization
If the line charge coefficients Ak are time dependent then

(3)

Eqn. (7) must be solved numerically using a suitable

We substitute expressions (2, 3) into the wave equation to
obtain a relation for each Fourier component

scheme that discretizes the time steps and replaces the
derivatives by finite difference representations. In the computer program LONG 1D[9] we have chosen a scheme that

[V2

- (kV)

2

/l) 2 ] E k + 2i(kv/3)(Ezk)'
r

Co

[i(kv)A)k/_2

+

(011(A)k)y]

(4)

where the superfix prime (') denotes partial derivative w.r.t.
s and V2 is the transverse part of the Laplacian operator.
Let us suppose the transverse charge distribution of radius a is given by the (unity-normalized) binomial form
2
'(r) = [1 - (r/a)
]"2(ii + 1)/a 2 .

is consistent with the leap-frog algorithm for integrating
particle motion under space charge and also does not require any more evaluations of Ak than does a naive scheme
assuming static fields. Essentially, the field coefficients are
propagated from old to new values by using the replacements:
2ak,

Asatk
2A

(5)

Because there is no transverse multipole content, we ex-

As(A)k)

pand each of the field coefficients in terms of the zeroth
order Bessel function basis:
E,,(r, s) =

ak (s)Jo(ajr) .

(6)

To fulfil the boundary condition of a conducting wall at
r = b we take Jo(ajb) = 0 are consecutive zeros of the
Bessel function. To find the time-dependent coefficients
aki we make use of the orthogonality relation[l11] between
Bessel functions, leading to
2
(b2 /2)Jd2(&jb) {[-co2 - (kvl/. )]aki
+ 2i(kvP3)a'
Lj

V~

+ 3,

Akj \

kJ

= (1/eo)[ikv~k ±/311(Ak)I]B(p, aja) (7)

•
•

>
=

akW + aod

(12)

a

-

(13)

A"

+ Ak

(14)

A

kAold
--

(15)

a%

in Equation (7) with As = cAt . In such a scheme one
needs a "start-up procedure" and the simplest is to assume
that Akew = kold before the first time step.
3

EXAMPLES AND TESTING

As an initial test of these formulae, we took a bunch in a
machine with parameters similar to the original PS Booster
at 50 MeV. We took line density A(O) = [1 - (O/L)2]3
with € = vz and L = 1 radian and transverse parameters
pr= 0, a = 6 cm in a pipe of radius b = 10 cm.

where the function
B(

(, + 1)!2(+') J,+.(x)/x(A+1•
x) =- (p

(8)

3.1

Short bunches

Under the assumption of statics, the field distribution was
calculated according to equations (7) and (10) for harmonic
Ez(r, z, s)

ik(z-,s)

=
k

ak,(s)Jo (ajr).

(9)

numbers h = 5 and h = 500 and bunch lengths 10 m and
10 cm, respectively. The result is sketched in Figure 1.
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We have described a new, improved longitudinal spacecharge electric field calculation[ 10] for particle beams with
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Figure 1: Comparison of (E.) for long (h = 5) and short
(h = 500) bunch lengths.

3.2 Statics versus dynamics
dynamical correction to the static field
buncwasdisplacrretn 0. te stadian
dried
bunch was displaced 0.1 radian during
turn (so as to imitate part of a dipole
oscillation) and the field calculated with and without the
correction. The relative fractional error incurred by ignoring dynamical effects is presented as a mountain range plot
in Figure 2. It is clear that the errors are worst at the head
and tail of the bunch, and this is confirmed in the transverse
ensemble-average, Figure 3, with peak errors of about 10%
in narrow regions. However, these are the regions with
fewest particles and so there is probably little impact on
the beam dynamics of dipole oscillations.
order to see the
In
apprord
ations the
approximation, the
a time step of one

correct for short or long bunches
general binomial transverse density distribution
transverse ensemble averaging
field is solution of electrodynamics problem with time
varying longitudinal charge density.

The algorithm has been coded in Fortran and been made an
option of the particle tracking program LONG ID. In early
trials, with accumulator and booster-type ring parameters,
the dynamical corrections seem to be of little importance
for dipole and quadrupole mode oscillations.
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Figure 3: Comparison of relative fractional difference of
(EzXz) computed with and without dynamical corrections.

"3[7]

As a final test, the new space-charge algorithm was installed in the computer program LONG1D[9]. The evolution of a proton bunch in the TRIUMF KAON Accu-r
mulator ring mis-matched so as to give both dipole and
quadrupole oscillations was tracked for 0.5 ms (about 4000

[1]
[2]
[3]
[41
[5]

REFERENCES

P. Morton: Rev Sci lnst, 36, p.429, 1965.
A. Lebedev & E.A. Zhilkov: N.I.M. 45 pp.238-244,1966.
W.Hardt: Proc. HEACC-IX, Stanford, 1974, p.4 34.
A, Hofmann: CERN 77-13, pp.14 1-14 5.
J. Laclare: CERN 85-19, pp. 381-384.

[6] S. Koscielniak: Proc. EPAC88, Rome, 1988, pp 743-745.
J.Wei et a]: Particle Accelerators, 23, 1989.
R. Baartman: TRI-DN-92-K206.
[9] S. Koscielniak: TRI-DN-97-12.
[10] S. Koscielniak: TRI-DN-98-13.
le
] Mcademn
PRs
prdtsPAcademicCPres, 1964.

1841

f

nal ere
inrals, seriesand

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

IMULATIONS, EXPERMENS, AND ANALYSIS OF BEAM TARGET INT RACTION
Thomas J. T. Kwan, David C. Moir, and Charles M. Snell
Los Alamos National Laboratory, Los Alamos, NM
Abstract
spo du to
he
nse ofoftheelecronbea
Therowh
bextamte spomthdet
Theonstiofthare neurowizthiof the elctons
partal harg netraizaton
y ios etrated romthe
target plasma has been predicted by theory and
simlaiondTevelonped tof conto telengthial oef-bthed
target was deeoe
ocnrltelnt
fteion
column and experiments were fielded on the Integrated
Test Stand (ITS) for the Dual Axis Radiographic Hydro
Test (DARHT) facility at Los Alamos National
Laboratory. The experimental results confirmed the
stability of the spot size when the target is self-biased at a
potential of 350 MV Our analyses and quantitative
comparison
between
computer
simulations
and
experiments show that the ions generated by the electron
beam were from target materials and that the delay for
onset of the spot growth was governed by the time needed
for the ionization of target material and formation of the
ion column with sufficient length.

utility of the design to achieve stable radiographic spot
throughout the electron beam pulse. At the same time, the
data also revealed several important and intriguing
phenomena. It is the purpose of this paper to provide an
itrrtto
foreprmnstruhdtie
analysis and quantitative comparison to simulations. The
conclusions from our study show that the ions which
cause partial neutralization and subsequently lead to the
increase of beam spot size on the target plane are
predominantly coming from the target material itself and
not from foreign contaminants. In other words, the ions
are singly-charged ions with large atomic masses.
Furthermore, the delay for the onset of growth of the spot
size observed in the experiments was the time for the
electron beam to deposit enough energy to cause
ionization of target materials and the subsequent growth
of the ion column to sufficient length for strong focusing
of the electron beam.

1 INTRODUCTION

2 EXPERIMENTAL ANALYSIS

Hyro est(DAHT)
ualAxi
TheRaiogaphi
machine uses an intense electron beam of 4 kA and 20

The target experiments were fielded on the ITS, which is
a neeto emo
o AH.I
teijco

MeV to produce high dose radiation with small spot size
for radiography of dense dynamic objects. However, this
combination of high current in a small area leads to

TLEARGNET

rU

ONSRA

RGWK

OL
XIT

undesirable effects such as intense local energy depositionDO
from the high intensity electron beam causing
vaporization of the bremsstrahlung target. The hot
plasma thus generated provides a copious source of
positive ions that are rapidly accelerated into the negative

potential well of the incoming electron beam. As the ions

TUNGSTENPINHOLE

BIEAMAXIS

-----

.-------

propagate upstream, they partially charge neutralize the
electron beam. The carefully designed stable propagation
of the electron beam to the target is disrupted, and its spot
size at the target begins to increase. As the ions move
further upstream, they neutralize an ever-increasing

SCINTILLATOR PKG
1TUNGSTENSHIELDING

length of the electron beam, causing its spot size to
diverge [ 1,2]. For the last two years, the important
physics of the stability of the radiation spot size of the
DARHT facility has been under intensive study. In 1997
the concept of an electrically self-biased target was
developed by Kwan and his colleagues [3,4] to limit the
length of the charge neutralizing ion column, which leads
to the increase of the electron beam spot on the target
plane. Shortly thereafter a target chamber based on the
self-biased target concept was designed and fielded on the
Integrated Test Stand (ITS) at Los Alamos National
Laboratory [5].
The experimental results clearly
confirmed the validity of the theoretical concept and the

0-7803-5573-3/99/$ 10.00 @1999 IEEE.

AHT
ST" ST'L CO3LLIMATOR

LQI
RADIAL RESISTOR
LIQUID RESISTOR

Figure 1: Experimental layout of the self-biased target
chamber
energy 5.6 MeV and current up to 4 kA. The target
chamber is shown in Fig. 1. For a given electron beam
current, the magnitude of the self-biased target voltage
can be chosen by selecting a desired resistance of the
liquid radial resistor within the Rexolite. The electrical
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resistance can be readily varied with the change of the salt
concentration of the sodium thiosuiphate of the resistor.
Consequently, the charge deposited by the electron beam
in the target assembly would establish a bias potential
between the target and the collimator. An emittance filter
was used in the beam line to reduce the electron current to
3.0 kA. The resistance of the liquid resistor was set at
145 ohms and 6 ohms for two experiments, respectively,
The experimental results of the time behavior of the bias
potential and electron current in the resistor are shown in
Fig. 2. For a resistance value of 145 ohms, a bias
potential of appoximately 350 kV was developed to trap
the ions and limit their axial excursion from the target.
The upper part of Fig. 2 shows the electron current in the
liquid resistor during the experiment.

In Fig. 3, we show the experimental results of the time
dependence of the radiation spot size. The converter
target was copper and had a thickness of 0.76 mm. We
note that the radiation spot size stayed constant
throughout the beam pulse in the presence of the bias
potential. However, the other experiment with the resistor
set to a very low value of 6 ohms produced a negligibly
small bias potential and the radiation spot started to
increase after about 40 ns into the beam pulse. More
importantly, the rate of expansion of the electron beam
spot size on the target plane is directly related to the
velocity of the ions moving upstream. Comparison with
simulations with different species of ions allows us to
infer the particular ion species present in the experiment.

3 COMPARISON WITH COMPUTER
SIMULATIONS
We have simulated the interaction of the electron beam

~ ~2 -

--

-~

-

with the converter targets in the ITS experiments using
the two-dimensional, self-consistent, fully electromagnetic, relativistic particle code Merlin. The radial
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resistor was modelled in the r-z simulations as a vacuum
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magnitudes of bias voltage generated by the electron
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Figure 2: Experimental results of the electron current and
voltage through the 145 ohms resistor. The multiple
traces show the reproducibility of the experiment,
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target, one can relate the rmns radius of the electron beam
to the diameter of the Los Alamos radiation spot size by a
factor of 3.76 [6]. Different species of ions were used in
simulations to obtain the effect on the growth of the
radiation spot size when the target is not biased. Figure 4
shows the time evolution of the radiation spot from the
simulations with hydrogen ions with and without the
buildup of the bias potential at the target. The bias

jpotential

E

'a

beam spot due to electron scatterings in the converter

40

60

80

Time (ns)
Figure 3: Radiation spot size obtained from the
experiment. The slope gives the radial expansion velocity

is found to adequately stabilize the spot size
whereas the spot increases in size without the bias.
Figure 5 shows the temporal dependence of the bias
potential from the simulation, which attains a steady value
of 350 kV after the rise of the electron beam current. The
good agreement between simulation and experiment
confirms the concept and the design of a bias target for
high dose radiographic applications.
In the absence of a bias potential, the ion column
continues to expand and therefore, the beam spot size on
the target increases. The radial expansion velocities of
the radiographic spot can be obtained from experiment
(Fig. 3) and simulation (Fig. 4). The electric potential,
which accelerates the ions upstream, is determined by the
space charge of the electron beam. Consequently, the
ratio of

of 1.08x 10-2 cmlns.
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The experim ental data in Fig. 3 show the onset of the
increase of the spot size occurred at 40 ns. This delay
time is due in part to the time for vaporization to occur at
the target spot and in part to the time for the target ions to
form a column more than a quarter of the betatron
wavelength of the electron beam near the target. The
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fractional pulse length "r of the electron beam needed to
deposit enough energy to create sufficient ionization can
be calculated according to c sTba/(dE/dx)Ib, where s and
Tb are the specific heat and the boiling temperature of the
target material, repectively, a is the area of beam spot, Ib
is the beam current, and dE/dx is the energy loss of
c r n in..e.ar g t..or.he.TS.x p e i me t,.
idn
incident electrons in the target. For the ITS experiment, cr
is found to be 14 ns, and the the time for the ion column
to reach 3 cm is about 28 ns. The delay time is then
estimated to be 42 ns, which is consistent with the
experiment.
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Figure 4: The electron beam diameter on the target plane
from simulations with hydrogen ions.
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self-biased target fielded on the ITS experiments
demonstrated the validity of concept and utility of the
design. A self-biased potential of 350 kV was observed
and a stable spot was confirmed in the experiment. Good
agreements with the simulations have been obtained.
Furthermore, comparisons between simulations and
experiments show that the ions present in the experiments
were from the target material, and that the delay time for
the onset of the spot size growth was due to the time
needed for target ionization and the formation of an ion
of sufficient length.
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inversely
the velocities of different species of ions is
proportional to the ratio of the square root of the masses.
Hence, we have (MI/M2)1' 2 = V2/V1 , where M, and M 2
denote the masses the ions species. For simplicity, one
can rewrite the equation in terms of their atomic masses,
(A,/A 2)1 = V2/VI. The radial expansion velocities from
the simulations with different ion species are tabulated in
Table 1. The last column in Table I gives the atomic
mass of the ions in the experiment as inferred from the
simulations. The prediction is consistent with the target,
which was copper in the experiment.
Table 1: Radial expansion velocities and ion masses
Vsm(cm/ns)
_

8.67xl0 2
2

C+
0+

2.46x10

Cu+

1.14x10 2

2
2.18x10.
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BEAM HALO STUDIES USING A 3-DIMENSIONAL PARTICLE-CORE
MODEL*
J. Qiang t, R. D. Ryne, S. Habib, LANL, Los Alamos, NM
Abstract
In this paper we present a study of beam halo based on
a three-dimensional particle-core model of an ellipsoidal
bunched beam in a constant focusing channel. For an
initially mismatched beam, three linear envelope modes
- a high frequency mode, a low frequency mode and a
quadrupole mode - are identified. Stroboscopic plots are
obtained for particle motion in the three modes. With
higher focusing strength ratio, a 1:2 transverse parametric
resonance between the test particle and core oscillation is
observed for all three modes. The particle-high mode resonance has the largest amplitude and presents potentially
the most dangerous beam halo in machine design and operation. For the longitudinal dynamics of a test particle,
a 1:2 resonance is observed only between the particle and
high mode oscillation, which suggests that the particle-high
mode resonance will also be responsible for longitudinal
beam halo formation.

1

is as follows: the particle-core model is described in Section 2, the linear envelope modes are discussed in Section 3,
presented in Section 4, and the conclusions are drawn in
pestin Sn

2

THREE-DIMENSIONAL
PARTICLE-CORE MODEL

In the three-dimensional particle-core model, the beam
consists of a core and test particles. The core, which contains most particles, is modeled by the rms envelope equations. The test particles contain a small fraction of the
beam and are subject to the effects of external forces and
space charge forces due to the core. The effects of test
particles on the core and the mutual Coulomb interactions
among test particles are neglected. The bunched core is assumed to have a uniform charge density distribution. Under
the smooth approximation, the envelope equations for the
bunched beam including nonlinear rf focusing are:

INTRODUCTION

r//+,
The physics of beam halo has been extensively studied
through analytical theory and multi-particle simulations[ 1,
2, 3, 4, 5, 6, 7, 8, 9, 10]. In these studies, the so-called
particle-core model has been frequently used. This model
provides insight into the essential mechanism of halo formation and enables estimates of the extent of beam halo.
In this paper, we will use a three-dimensional particle-core
model with a nonlinear rf field to study beam halo formation in a mismatched ellipsoidal bunched beam. Three envelope modes will be identified and their effects on the formation of beam halo through a parametric resonance with
test particles will also be studied for the given physical parameters.
Bunch Current (A)
Protron Energy (MeV)
SycrnosPae
dgee)-02
Synchronous Phase
(degrees)
rifFrequency (M Hz)
Accelerating
(MV/in)
Transverse Phasegradient
Advance (degrees)

0.1
471.4
-30
700
5.246
81

Lattice Period (in)
Transverse RMS Emittance (ir-mm-mrad)
Trangiterina RMS Emittance (r-dg-MeV)
Longitudinal RMS Emittance (7r-deg-MeV)

8.54
0.2319
0.4239
0.42
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0)rx - x--=
r
3r.

0(l)

2

r + k 2ory(rrr,0)r

-

-E-

r3
2

2

r + kof(rz)r•
Z

0(2)

=

-

I3(rx, r,,

r

0

with

C

I (rxr 2 ,rzs)
dt
(e? + t) •y(r2 + t) (r2 + t) (-y2r2 + t)

=

(4)

where the semi-axes ri are related to the RMS beam sizes
ai by ri =
-ai, ei = rx,ry,y7rz (i = x,y,Z), and
C = -1 3 q
'I
Here, fo is the vacuum perme2
22
mC charge,
7f0Ty
frf
Y me2 is the rest energy of the parability, q47reo
is the
ticles, c is the vacuum light speed, I is the beam average
current, frf is the rf bunch frequency, /3 = v/c, v is the
,oithvaumpre

bunch speed, and -y = 1/ V1 -/32. The quantities kzo and
k 0o are the transverse betatron wave numbers at zero current, which are defined as kio = uio/L, i = x, y, under
the smooth approximation for a periodic quadrupole fo-

The physical parameters of the beam and the accelerator are given in Table 1[11]. The organization of this paper
* Work supported in part by DOE Grand Challenge in Computational
Accelerator Physics.
t Email: jiqiang@lanl.gov

2o' - I(rx,ry,,
korrz,

rX

cusing element. Here, jio is the zero-current transverse
phase advance per focusing period L. The longitudinal
synchrotron wave number at zero current, kzo, is defined
as kzo = V/2?rqEoTsin(-_)0'
mcA
hreETi
2
3
03MC A, where E0 T is
a)/y
the accelerating gradient, C, is the synchronous phase, and
A is the rf wavelength. The function f(r,) in the envelope

1845

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
equation is a nonlinear rf focusing factor defined in Ref. 9.
In the above envelope equations, we have used a continuous sinusoidal wave to represent the average effect of the
synchronous rf space harmonics in the rf gap and neglected
the acceleration of the rf field. The emittances, e, e,, and
E, are five times the corresponding RMS emittances.
The equations of motion for a test particle in the presence
of a uniformly charged core and external focusing fields are

x" +kx-=I(r,ry,rz,s)x
y"

+ k2oy

- Iy(rx=ry,

Az" + k6(cos(k.Az + 0)

-

=

s)y

0

(5)

0

(6)

tween the test particle and low mode and quadrupole mode
is always excited. For the high mode, the 1:2 resonance
is excited when the current exceeds 40 mA. At a current
of 100 mA, as in the present APT design, the 1:2 resonance between the betatron motion of test particles and all
three mismatch-modes is excited. Fig. 2 shows the evolution of the ratio between the wave number of the particle
synchrotron motion and the wave number of the high mode
and low mode. Here, the 1:2 resonance between the test
-......

cos(ob))

-I (r ,r ,r ,S)AZ

0.7

=

0 (7)

where kC
qEOT/mc~f 2 3 and the parameter s is zero
for a particle inside the core and is determined from the
root of the equation
x2

y2

r2 ± +s r2 +•s

Az 2
r2 + s = 1

3

01.
0.,

(8)

for a particle outside the core. These coupled nonlinear ordinary differential equations are solved numerically using
a leap-frog algorithm.

LINEAR ENVELOPE MODES

The steady state solution of the envelope equations has
three components which define the stationary core size. For
a mismatched beam three linear eigenmodes of the core envelope will be excited. From linear perturbation theory,
we can find the eigenmodes of a mismatched core oscillation. For the physical parameters given in Table 1, we get
the normalized wave number 1.945 for the high frequency
mode, 1.641 for the low frequency mode, and 1.456 for the
quadrupole mode.
To investigate the possible resonance between the test
particle and the mismatched core oscillation, we calculated
the evolution of the ratio of the possible test particle wave
numbers to the mismatched mode wave number as a function of current with all the other physical parameters given
in the Table 1 fixed. The results for the transverse betatron
motion is given in Fig. 1. It shows that a 1:2 resonance be-

........................

0

.....
.- -

----...

0.2

0

U

....

Figure 2: The ratio of particle synchrotron wave number to
mode wave number as a function current
particle and high mode is excited with current greater than
60 mA. The 1:2 resonance between the particle and the
low mode is only excited with a current greater than 230
mA.

THREE ENVELOPE MODES
For the mismatched core, three linear modes can be excited.
When the ratio of the test particle wave number to the core
envelope mode wave number is rational, the resonance between the test particle and core will be excited. Among
these resonances, the 1:2 resonance is what we are most interested in. This is because this low order resonance will
have the large oscillation amplitude and is generally believed to be responsible for the presence of beam halo. To
understand the potential effects of these envelope modes on
the test particle dynamics and beam halo formation, we use
stroboscopic map to study the test particle dynamics with

only one envelope mode excited each time. Fig. 3 (a) shows
the stroboscopic plot of test particle dynamics in the x -p,
. . ......................................plane under high mode envelope oscillation with 20% ini.....................
tial transverse mismatch. Fig. 3 (b) shows a similar plot of
0o .....
test particle dynamics in the x - p. plane under the low
..
.
mode. Fig. 3 (c) shows the same plot for the quadrupole
0
.............
envelope oscillation. The peanut structure in the x - px
...
.
plane suggests that the 1:2 resonance between the test par02.
ticles and the core envelope oscillation could be excited
for all three modes. In Fig. 4 (a) and (b), we show the stro0
0..
0..
0.6..(A) 01.
02
o
0.'
boscopic plots of the resonance between the synchrotron
particle motion and the high envelope mode and low enveFigure 1: The ratio of particle betatron wave number to lope mode in the longitudinal Az - Ap. plane. In this case,
mode wave number as a function current
the 1:2 resonance is present only for the high mode in the
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A PARTICLE-CORE STUDY OF HALO FORMATION FOR A
MISMATCHED BEAM IN A PERIODIC-FOCUSING SYSTEM*
Tai-Sen F. Wang* and Thomas P. Wangler, LANL, Los Alamos, NM
Abstract
This work is an attempt to explore possible techniques
to graphically display the dynamics of halo particles
for a mismatched beam in a periodic-focusing lattice.
It is found that by using the particle-core model
and a suitable change of the phase-space variables,
stroboscopic plots similar to those made for the
uniform-focusing channel can be created by strobing
at the frequency of the core oscillation.
This
method does not require any smooth approximation
to reduce the flutter due to the periodic focusing,
and it is not limited by the constraint that the
core-oscillation frequency has to be a subharmonic
of the focusing frequency. The discussion will cover
the applications to both the axisymmetric and the
quadrupole-focusing channels. It is also found that,
similar to the continuous-focusing system, the motion
of halo particles, although focused by the externally
applied periodic field, is strongly influenced by a
parametric resonance.

1 INTRODUCTION
The particle-core model has successfully explained

the dynamics of particles in the beam halo of a
mismatched beam propagating through a uniformfocusing channel.[1-12] The simplicity of the model
makes it possible to mathematically analyze the
motion of a particle in the beam halo and provides
a graphic picture using the stroboscopic plot made
on the phase plane of a test particle. However,
when attempting to apply the same model and

a quadrupole-focussing system. Numerical examples
will be given for a core with a Kapchinskij-Vladmirskij
(KV) distribution of beam particles. The emphasis
in this paper is to introduce the method. More
studies using this approach will be reported in other
publications.

2 THE PARTICLE-CORE MODEL
We consider a theoretical model which has a test
particle and a continuous beam (the core) propagating
in a periodic-focusing channel. We consider a core with
a KV distribution of particles. The linear transverse
focusing force is assumed to vary in the axial direction
(the z-direction) according to GF(kz) where G is
the maximal gradient of the focusing (or defocusing)
strength, F(kz) is a periodic function of z, and k is
the wave-number of the periodic-focusing system. The
maximum of IF(kz)l is assumed to be one.
We consider the axisymmetric focusing case first.
Using the variable 7 = kz, the equations of motion for
the beam envelope and the test particle are:
d2 d
1
2
Z (7-)1
d-r2 + Q 2 XF(r)
= 0
(1)
and
2
d 2x L2 + Qx/X
, for x < X
3 xF(-')=
'
' (2)
,
for x
/x
d 2 x3
x=x/l,
X
Xrv/k, x, is
-respectively, where x =X
the transverse displacement of the particle from the
symmetry-axis of the beam, X, is the beam envelope,
-

-

-

method to a beam propagating through a periodicfocusing channel, one encounters difficulties both in
mathematical analyses and in making the stroboscopic
plots. The main cause of these difficulties is the flutter
in the beam envelope
the particle orbit introduced
by
fousin
te and
vryin
fildcurrent,
by the varying focusing field.
In this paper, we will show that by using
appropriate phase-space variables and by strobing at
the frequency of the core oscillation, the flutter due to
the periodic focusing can be greatly reduced. This
method works best when the beam current is not
very high, but it is also applicable to a wide range
of parameter values. We will first introduce the new
phase-space variables; then we will present the method
and discuss the application of this new approach to

L2 = qG/(moyv 2 k 2), m= qi/(21roomo' 3 v 3kE), and
r
masi,
and
the
che
te
rest
ms an
ag
the
larimomentum fathte
particle, respectively; or is the relativistic mass factor,
v
is c0
theis thepeediofibeam
i t and
a b E is
permittivity ofopartes,
free space,
the unnormalized total beam emittance.
We now introduce a set of new variables defined by

*Work supported by Los Alamos National Laboratory, under
the auspices of the US Department of Energy.
** Email: TWANGALANL.GOV

where the subscript m is for a matched core. Rewriting
Eqs. (1) and (2) using these new variables, we find that

.
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u = x/X,

(3)

X 2 (du/d'r)=X(dx/d-) - x(dX/d-r),

w

(4)

and
We

X

2

(du,/dT)

X(dXm/d-)

Xm(dX/dT), (6)

these equations then depend explicitly on X instead
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of F(kz). Results from both numerical experiments
(see Fig. 1 below) and perturbation calculations show
that the flutter in u and w is smaller than that in
x and dx/d-r. One can also prove that the change
of variables from (x, dx/d7-) to (u,w) is a canonical
transformation, and for particles inside the phasespace ellipse of the beam core, the new Hamiltonian
is a constant of motion with respect to the time s
(defined by ds = dr/X 2). For particles outside the
ellipse, the Hamiltonian is time-dependent and is nonintegrable.
The proposed approach here is to study the
particle dynamics in the phase space of (u,w) and to
make the stroboscopic plot by taking snapshots of the
particle's phase space at a certain fixed value, say,
the maxima or the minima, of ue. Numerical results
have shown that the oscillation frequency of ue is not

oscillate in a quadrupole mode. Since the frequencies
of these two modes are very close, even when the test
particle is limited to have only one degree of freedom,
it still may resonate with either one or a combination
of these two envelope modes.

3 NUMERICAL EXAMPLES
Figure 1 presents an example of a periodic-focusing
channel showing that the flutter is less in u than in x.
The case studied is an axisymmetric focusing channel
with F(T) = cosr, and Q2 = 0.31966. At zero beam
current, the betatron phase advance of a beam particle
is 900 per period. At full beam current, 77= 0.206
corresponding to a depressed phase advance of 600
per period for particles inside of the matched core.
The initial values are: u = 1.23491, X = 3.34883,
ue = 1/0.9, w = dX/dr

constant in the periodic-focusing case, and strobing at
constant period creates larger spread of points in the
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Fig. 1. The orbit x and the quantity u of a particle
in a mismatched beam. The parameter values are
described in the text.
I

=0

I

2

when the particle is inside the beam, and ý is given by
the solution of the equation

j* i

T

respectively, where X = Xrv'k, Y = YrvW, Xr and
Yr are the beam envelopes in the x- and y-directions,
respectively, x = xrvk, x, is the displacement of the
beam particle in the x-direction from the beam axis,
= qI/(27romomy 3 v 3 k), cx is the beam emittance in
the x-direction, -.

0.

I

of the beam envelope and particle motion in the xdirection are
d X

=

u

x

4 7

minimize the flutter in u and w.
In quadrupole-focussing channels, the equations

dX2 +dr2 Q2XF(r) - dX+ Y

0, and L

6

stroboscopic plots. Note that in Eqs. (3) and (4), one
can also choose to normalize to Xm in place of X to

2

=

.

1,

when the particle is exterior to the beam, y
y/k,
and y, is the excursion of the beam particle in the ydirection from the beam axis. The equations for the
beam envelope and particle motion in the y-direction
are similar. To generalize our method developed
for axisymmetric systems to a quadrupole-focussing
system, one can use the variables defined according
to uX = x/X, wx = X(dx/dr) - x(dX/dr), uex =
Xm/X, Wex = X(dXm/dr) -Xm(dX/dT), and similar
definitions for the y-direction variables. Since both
the beam envelope and the test particle now have two
degrees of freedom, only the stroboscopic plots made
for some special cases can be deciphered easily. Thus,
we have to consider the x- and y-motion of the particle
separately by setting one of the coordinates to zero,
e.g. y = 0 and dy/dr = 0. Besides, in addition to
the breathing mode, the beam envelope can now also

w
--.

-2
-4

-4

-2

0

2

4

u
Fig. 2. The stroboscopic plot of the particle's position

on the phase plane of u and w, where the same
parameter values considered in Fig. 1 were used in
the computation.
Figure 2 shows a typical stroboscopic plot for
one particle constructed by strobing at every local
minimum of u,, where the same focusing channel and
beam conditions in Fig. 1 are considered. The initial
position of the test particle is (u, w) = (1.28776, 0) in
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the phase space. In the figure, we see points scattered
near an invariant curve in the Poincar6 plot for the
smoothed uniform-focusing channel. Figure 2 suggests
that in this particular case, the averaged particle
motion is in resonance with the core oscillation, and
the orbit of the particle could be quasi-periodic or
almost-periodic. The scattering of points is a general
feature for particles outside the phase-space ellipse of
the beam core. This is because a stroboscopic plot
made for a particle in the periodic-focusing system is
actually the projection of a higher dimensional "plot"
onto the two-dimensional plane.[13] As the particle
approaches toward to the beam ellipse, the dispersion
of the strobed points decreases. For a particle inside
the phase-space ellipse of the core, the strobed points
fall exactly on an invariant circle as expected.
4

'for

2...

W
.it

. ..

•

.

"-2

2

0

2

-shown

-4

Fig. 3. Stroboscopic plot showing the resonance of
a halo particle with the breathing m ode oscillation of
the beam envelope in a quadrupole-focusing channel.
I

parameter values correspond to a tune depression from
90' to 700 for a particles inside the matched beam.
The initial conditions used are: ue, = Uey
0.9,
u. ; 1.26004, for Fig. 3, and uex = 0.9, Uey = 1.1,
uz 1.08235, for Fig. 4; wex = Weu = W = Uy=
w. = 0 for both figures.

A new method has been developed to use the
particle-core model for studying the dynamics of halo
particles in a mismatched continuous-beam propagaIt was
ting through a periodic-focusing channel.
shown that by applying appropriate transformations
of phase-space variables and by strobing at the
frequency of the core oscillation, one is able to create
stroboscopic plots similar to the Poincar6 plots made
particles in a uniform-focusing channel. This
method is applicable to a wide range of parameter
values without using any smooth approximation, and
is not limited by the constraint that the frequency of
core oscillation must be commensurable with that of
the focusing lattice. Numerical examples were given to
illustrate the method by considering a beam with a KV
distribution and an axisymmetric cosine transversefocusing force. We have discussed the possibility
of extending this method to some limited cases in
periodic quadrupole-focusing systems. It was also
that, in spite of the complications brought in
by the non-linear oscillations of the system, the motion
of a halo particle is still strongly influenced by the reso a c b e w n m ti s of he p r cl a d t e c r .
sonance between motions of the particle and the core.
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HALO STUDIES IN SPACE CHARGE DOMINATED BEAMS
A. Piquemal
CEA/DIF/DPTA-B.P. 12, 91680 Bruy~res-le-ChAtel (France)

Abstract
We studied bounded thermal equilibrium of VlasovMaxwell in space charge dominated beams. These metaequilibrium, which have a life time smaller than the shortrange collision time and are in the region of the transit
time in a Linac, can be used efficiently to avoid or to
control the halo generation. Therefore, it is fundamental to
understand their inner structure, and to analyze the basic
mechanisms which can drive the beams to such
equilibrium, or explain the way some known processes
can contribute to their destruction.
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INTRODUCTION

..Ot

In the development of new accelerators requiring intense
ion beams (40-150 mA), for the industrial production of
tritium (APT, TRISPAL), for the generation of neutron
intense sources (ESS) or the nuclear waste transmutation,
the activation problem of the structures is crucial.
It is generally admitted that beam losses must be below 1
ppm, and comes from a peculiar profile of the radial beam
density which goes very far and arrives to touch the walls;
this profile is called "halo", to give the precise idea of a
central core, surrounded by a diffuse tail [5].
For a better understanding of the halo formation, we
limited our study to a continuous beam, and to the part of
the machine where the beam can effectively activate the
walls (5-1000 MeV); this part going from the DTL
entrance to the CCL output, is represented by an axisymetric focusing channel.
In these conditions, where the vacuum is good (10' -10-7
torr), the beam is governed by the Vlasov-Maxwell system
of equations which has theoretically a lot of mathematical
solutions, like the Maxwellian which is not bounded, or
some Meta-equilibria [1] which depend of the
Hamiltonian and are bounded in the phase-space.
This propriety is interesting because we can hope that if
the beam has not a maxwellian profile at the DTL
entrance, it might be transported with a bounded profile.
But things begin to be wrong, when we try to determine if
the beam converges really to one of these probable
equilibrium states.
Firstly, in the absence of a residual gas, beam particles do
not undergo elastic and inelastic binary collisions which
could give them a thermal component.
Secondly, it is easy to verify that the Hamilton-Maxwell
equations which govern the particle motion are
deterministic and apparently invariant with time
reversibility.
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1
ergodicity test with parameters ro=3mm,
71=0.6, gt =0.88, N=20; fig L.a represents (v2)# for the
whole beam and fig 1.b represents (v 2(v2)#)# for the
resonance basin ½.
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In these conditions is it reasonable to imagine or to hope
that the beam can relax to a macroscopic equilibrium
following an irreversible way?
This is a forty years old discussion [1-2-3], and answers to
this question are not straightforward, because in the
absence of binary collisions, the non-linearities become
predominant in the Vlas~v-Maxwell or Hamilton-Maxwell
equations, and complicate considerably the analyze of the
problem.
In the following sections, we present some ideas which
could help to clarify the discussion about topics like beam
"irreversibility", "ergodicity", "mixing", and finally
"stability".
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2 IRREVERSIBILITY
Practically, the time reversibility of a dynamical system is
not trivial to obtain without a large energy expense: the
charged particle number is so large that it is out of mind to
achieve the motion control of each particle at microscopic
level, and then to proceed a reversible flash-back of the
beam to its previous macroscopic state.
Therefore, the beam evolution is really time irreversible,
even if the particle motion is deterministic; now, we have
an indication of the time irreversibility, but we do not
know, if the dynamical system is chaotic or if it can be
described by a macroscopic state which verifies the
statistic laws and more, if the dynamical system converges
to a unique macroscopic equilibrium state.
Kril6v [10-11] studied this problem and concluded that,
for the rapid establishment of any macroscopic state the
system must be "ergodic", but for the relaxation to a
unique macroscopic state the system must be "mixing".

3 ERGODICITY

Now, if we forget the resonances, figure 1.b gives an exact
description of the ergodic components in each basin if
attraction; the beam is split in ergodic and embodied subdomains, which are limited by KAM surfaces and contain
chaotic particles...

4 MIXING
The mixing is generally very difficult to prove rigorously,
but it is often associated with non-linear interactions
which transform the phase space as a "backer rolling";
thus the Vlasiv-Maxwell
and Hamilton-Maxwell
equations have two important proprieties:
-an extrem sensibility versus weak perturbations of the
forces or small changes in initial conditions, and even the
existence of parametric instabilities,
-quasi-periodical and ellipsoidal trajectories in the phase
space which still increase the mixing rapidity, since the
same particle can travel alternatively in the core and in the
tail of the beam.
(a)

The concept of ergodicity is introduced each time it is
tried to split a system in sub-domains independent from
the dynamic viewpoint.
In each sub-domain, we must verify the ergodic theorem
proposed by Birkhoff [11] : the time average (G)# of any
defined observable is equal to the space average <G> of
the same observable; in fact, there is a less restrictive
version of this theorem, which shows that in general the
time average exists nearly anywhere in the concerned subdomain and is distributed around the space average.
We verified the ergodicity concept using a PCM[4] code,
and calculating the time average of the squared velocity
(v2)# of the sampled particles, during N core oscillations.
We find first in fig L.a that the beam is not ergodic as a
whole, but it can be split in separated sub-domains which
correspond exactly to the resonances 1/2, 1/3, 1/4,... [6].
In any sub-domains, the phenomena are blurred by the
periodic motion associated to the core-breathing; this
problem can be easily avoided by calculating the time
average of an observable like the temperature (v2-(v 2)#)#.
In each basin of resonances (1/2 for example), the phase
space sub-domain is limited by bundles of invariant torus
(KAM1 and KAM2 - figure 2.a); the complementary part
contains stochastic particles and resonances and its size
increases with the perturbation.
The results (see figure 1.b) are very surprising, because
we find that all the components of the resonance basin are
ergodic : these results are in accord with the PCM code,
but are not realistic, and might be considered with care;
even if the PCM code helps greatly in this analyze, we
touch there one of the limits of this code : the Landau
damping is not reproduced.
Therefore, the results are true for the KAM surfaces and
the chaotic particles, but are false for the resonances
which carry the energy of perturbation and might
disappear with time, by Landau damping.
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gt =0.88; fig 2.a represents the initial perturbation and
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We verified the mixing propriety in the resonance basin
1/2; the initial perturbation is a violent cutoff of the phase
space done by a scraper and is represented in figure 2.a.
We can observe in figure 2.b, the rapid reconstruction of
the sub-domain and we must conclude that a local
equilibrium exists in this sub-domain; this could be
verified for all sub-domains, and we would find the same
result for each of them.
Therefore, the 'beam does not relax to a unique
equilibrium state, but it is continuously in balance
between local and self-similar equilibrium which are very
stable and strong.

/
Instable
halo

irreversible

S...
""stable"
".verstble

5 DISCUSSION

°a!
as

From the preceding studies about ergodicity and mixing,
two classes of organized structures appeared :
-the static structures, or KAM surfaces, which limit self similar sub-domains in the phase space,
-the dynamical structures, or the resonances, the
hyperbolic fixed points,..., which exist potentially in each
sub-domain, and depend directly of the space charge ri
and the perturbation gI parameters [5].
This drives finally to very simple notions:
-a charged particle beam can be described by a balance
between many self-similar local equilibrium,
-these local equilibrium have a fractal structure that we
can find in the phase space, position and Fourier spaces,
-the fractals are governed by scale invariants which
depend directly from the system parameters.
From these considerations, scale invariants and density
profiles were calculated analytically, at equilibrium(It=l)
profiles were calculathed analyticallyhatge
irigur).t 1
and as a function of the space charge 71 (figure 3).

"'
0.7

O

OR

Figure 4 stability graph as a function of thg
space charge "1and the mismatch g. parameters.
Now, we know that these local equilibrium are strong and
rapidly constituted and we can calculate their stability
domain (figure 4).
As long the beam stays in its stability domain, the balance
between local equilibrium is respected, and all is right; but
this does not signify that the balance is indes-tructible!
If we try to transport the beam in conditions which are out
off its stability domain, this one will try to reorganize
itself to achieve a new balance of local equilibrium :
-if this new situation exists in the machine, the beam will
suffer an emittance growth, but it's all
-if this new situation does not exist, the beam will try to
reorganize itself continuously, and will touch finally the
walls of the machine.
The autho wolh i ke t
The author would like to thank S.Joly, J.L.Lemaire and
M.Prom6 for their constant interest in this work.
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UNIFIED TREATMENT OF COLLECTIVE INSTABILITIES AND
NONLINEAR BEAM DYNAMICS
K.Y. Ngt and S.Y. Lee 2 t
1FNAL *, Batavia, IL 60510, 2Physics Dept., Indiana University, Bloomington, IN 47405
Abstract
Nonlinear dynamics deals with parametric resonances and
diffusion, which are usually beam-intensity independent
and rely on a particle Hamiltonian. Collective instabilities
deal with beam coherent motion, where the Vlasov equation is frequently used in conjunction with a beam-intensity
dependent Hamiltonian. We address the questions: Are the
two descriptions the same? Are collective instabilities the
results of encountering parametric resonances whose driving force is intensity dependent? The space-charge dominated beam governed by the Kapchinskij-Vladimirskij (KV) envelope equation [1] is used as an example.

1

INTRODUCTION

Traditionally, the thresholds of collective instabilities are
obtained by solving the Vlasov equation, the dynamics
of which comes from a wakefield-dependent Hamiltonian.
The unperturbed beam distribution is computed using the
unperturbed part of the Hamiltonian H0 , which takes care
of the mean field and potential-well distortion. The perturbation distribution is obtained by solving the Vlasov equation that involves the perturbation Hamiltonian AH 1. The
Vlasov equation is often linearized so that the modes of
collective motion can be described by a set of orthonormal eigenfunctions and the corresponding complex eigenvalues give the initial growth rates. AH 1 may have a timeindependent component, for example, the part involving the
nonlinear magnetic fields, that gives rise to the dynamical
aperture limitation. It may also have a time-dependent component, which includes the effects of wakefields and produces coherent motion of beam particles. The harmonic
content of the wakefields depends on the structure of accelerator components. If one of the resonant frequencies of
the wakefields is equal to a fractional multiple of the unperturbed tune of H 0, a resonance is encountered and coherent
particle motion is introduced. This may result in a runaway
situation such that collective instability is induced,
Experimental measurements indicate that a small time
dependent perturbation can create resonance islands in
the longitudinal or transverse phase space and profoundly
change the bunch structure [2]. For example, a modulating
transverse dipole field close to the synchrotron frequency
can split up a bunch into beamlets. Although these phenomena are driven by beam-intensity independent sources,
they can also be driven by the space-charge force and/or
the wakefields of the beam which are intensity dependent.
Once perturbed, the new bunch structure can further enhance the wakefields inducing even more perturbation to
* Operated by the Universities Research Association, under contract
t
with the US Department of Energy. Work supported in part by US De-

partment of Energy and the National Science Foundation.
0-7803-5573-3/99/$10.00@ 1999 IEEE.

the circulating beam. Experimental observation of hysteresis in collective beam instabilities seems to indicate that resonance islands have been generated by the wakefields.
For example, the Keil-Schnell criterion [3] of longitudinal microwave instability can be derived from the concept
of bunching buckets, or islands, created by the perturbing
wakefields. Particles in the beam will execute synchrotron
motion inside these buckets leading to growth in the momentum spread of the beam. In fact, the collective growth
rate is exactly equal to the angular synchrotron frequency
inside these buckets. If the momentum spread of the beam
is much larger than the bucket height, only a small fraction
of the particles in the beam will be affected and collective
instabilities will not occur. This mechanism has been called
Landau damping.
As a result, we believe that the collective instabilities of
a beam can also be tackled from a particle-beam nonlineardynamics approach, with collective instabilities occurring
when the beam particles are either trapped in resonance islands or diffuse away from the beam core because of the
existence of a sea of chaos. The advantage of the particlebeam nonlinear dynamics approach is its ability to understand the hysteresis effects and to calculate the beam distribution beyond the threshold condition. Such a procedure
may be able to unify our understanding of collective instabilities and nonlinear beam dynamics. Here, the stability issues of a space-charge dominated beam in a uniformly focusing channel are considered as an example [4].

2

COLLECTIVE-MOTION APPROACH

Gluckstern et. al. [5] have studied the collective beam stabilities of a space-charge dominated K-V beam in a u(nformly focusing channel. They showed that the (1,0) mode
is stable for any amount of envelope mismatch and tune depression 77.The (2,0) mode becomes unstable at zero mis7
= 0.2435 and also when the mismatch when 1 < 1N-1match is large. This is plotted in Fig. 1 with the stable region enclosed by the red solid curve. The stability regions
of the (3,0) and (4,0) modes, enclosed by the blue dashes
and the magenta dot-dashes, respectively, are also shown.
These latter two modes become unstable at zero mismatch
when the tune depressions are less than 0.3859 and 0.3985,
respectively. They found that the modes become more unstable as the number of radial nodes increases. Among all
the azimuthals, they also noticed that the azimuthally symmetric modes (t,O) are the most unstable.

3

PARTICLE-BEAM APPROACH

We want to investigate whether the instability regions in
Fig. I can be explained by nonlinear parametric resonances.
The particle Hamiltonian describing an azimuthally symmetric oscillating beam core of radius R is [6]
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(1)
4ir
where y and py are the particle's transverse coordinate
and canonical momentum, //(27r) the unperturbed particle's betatron tune, and K the normalized space-charge perveance, which is related to the tune depression by q] =
vf7 _+K2- K. Here, only the situation of zero angular momentum is discussed [4]. For a weakly mismatched beam,
the envelope radius can be written as R = RO+AR cos QeO,
where Qe is the envelope tune and 0 the 'time'. The particle
Hamiltonian can be expanded in terms of the equilibrium
envelope radius Ro, resulting in Hp = Hpo + AHp, where
the unperturbed Hamiltonian Hpo is the same as Hp with R
replaced by Ro. Thus, for a matched beam, AHp = 0.
4

PARAMETRIC RESONANCES

7
In particular, forthe 6:1 resonance, n> 8/V/i =1.9403,or
tune depression 77< 1/V17 = 0.2425, which agrees with
Gluckstern's instability threshold for the (2,0) excitation.
Trackings have been performed for particles outside the
envelope core using the 4th-order symplectic integrator [7].
The Poincar6 surface of section are shown in Plots A, B, C,
D, E, F of Fig. 2 corresponds to Points A, B, C, D, E, F in
Fig. 1. The innermost torus is the beam envelope. The sections are taken every envelope oscillation period when the
envelope radius is at a minimum. In Plot A, with (,q, M) =
(0.20,0.30), particles that diffuse outside the beam envelope, will encounter the 6:1 resonance, which is bounded
by a very thin layer of tori. This region is therefore on the
edge of instability. However, the last good torus will be broken if g]is further decreased, which corresponds to Plot B,
a close-up plot with (,q, M) = (0.10, 0.15). Particles that
diffuse outward from the beam core will wander easily towards the 2:1 resonance along its separatrix. This region,
where 77< 0.2, is therefore very unstable. This explains
the front stability boundary of the (2,0) mode of Gluckstern,

For a mismatched beam, particle motion is modulated by
the oscillating beam envelope. The perturbation Hamiltonian AHp, obtained from Taylor's expansion, can be exParaetrc
ocur
rsonnce
he has variables
isstaionrymany
panded as a Fourier
series
in thehen
action-angle
[6].
many parametric
particesoi resonances,
n
fit (0:,10:3,
M) then
= 6:2, 8:3,0 10:4
:4
first
Parametric resonances occur when the phase is stationary.
and after that a chaotic layer going towards the 2:1 resonance. These resonances are separated by thin layers of
transformation to the resonance rotating frame (Ip, Op):
good tori. This region is on the edge of instability. Plot D
m
(Hp) = Ep(Ip) Q-,@eIp + hnma(Ip) cos nop,
(2)
with (,q, M) = (0.30, 0.10) shows the 6:2 resonance well
n
with the effective K-dependent resonance strength given by
separated from the 10:4 resonance with a wide area of good
m
tori. Note that the 2:1 unstable fixed points and separatri1)M
2 '/.K
hnm - (m +2rR
(3)
ces are not.chaotic at all. This region will be very stable.
!Gnm(Ip)I
where M = 1 - Rmin/Ro is the envelope mismatch. The Plot E, with (,q, M) = (0.50, 0.60), is at very large misn stable and unstable fixed points can be found easily. Be- match although the tune depression is moderate. The 2:1
cause particles are affected only by resonances when they unstable fixed points and separatrices are very chaotic, and
are just outside the envelope core, their tunes are essentially are very close to the beam core. Thus particles can easily
the tune inside the beam envelope. At zero mismatch, the diffuse towards the 2:1 resonance, making this region unthreshold for the n:m resonance can therefore be derived by stable. Finally, Plot F, with (77,M) = (0.90, 0.10), is with
small space charge and small mismatch. The beam enveequating the ratio of particle to envelope tunes to m/n, i.e.,
lope is surrounded by good tori far away from the 2:1 sep2]-1/2
1][(n)
S> [(n)2
K
2
-)
4
2
.
(4) aratrices. This region is very stable.
Since the 4:1 resonance is a strong one, its locus ex't"

1.50

.plains

'

the front stability boundaries of Gluckstern's (3,0)

,.1.'25F
1.00 ."0
.........

7

w

c,

I•/'\

_'

_(2,o0
3,)

and (4,0) modes also. The deep fissures of the (2,0) mode
near qj = 4.7 and 5.3 are probably the result of encountering the 10:3 and 6:2 parametric resonances. The width of

.

3-,---1.I........
'•..
...
........ .t .: (4,0)..
i" :i i. . .
,D ,'

.

,- -

the fissures should be related to the width of the resonance
islands, which can be computed in the standard way. In

general, a first-order resonance island, like the 4:1, is much
wider than a higher-order resonance island, like the 6:1.

-

-

•

0.75
/,
-/

",'

/ /

We tried very hard to examine the region between the 4:1
and 10:3 resonances with a moderate amount of mismatch.
We found thisregion very stable unless it is close to the 10:3

/

,.0"
.-

.resonance.

T.un D. peson
0.8
0.
Tune Depression 77=(/c2+l)'/2-ic

We could not, however, reproduce the slits that
1.0

appear in the (4,0) mode of Gluckstern, et. al.

Figure 1: Beam stability versus particle tune depression and en5 CONCLUSIONS
velope mismatch: stability region for Gluckstem's (2,0) mode enclosed by red solid curve, the (3,0) and (4,0) modes by blue dashes We have now an interpretation of the collective instabilicurve and magenta dot-dashes. Overlaid are first-order resonances ties in the plane of envelope mismatch and tune depression
shown as solid and second- and higher-order resonances as dashes, through the particle-beam nonlinear-dynamics approach.
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Figure 2: Poincar6 surface of section in particle phase space (y,p). Plot A is with (q, M) (0. 20, 0.30), Plot B (0. 10, 0. 15), Plot C
(0.44, 0.25), Plot D (0.30, 0.10), Plot E (0.50, 0.60), Plot F (0.90, 0.10), corresponding, respectively, to Points A, B, C, D, E, F in Fig. 1.
The last 5 are close-up plots, showing only up to the unstable fixed points and internal separatrices of the 2:1 resonance.
Because of the existence of noises of all types in the accelerators and the K-V equation is far from realistic, some particles will diffuse away from the K-V distribution. Although
these particles may encounter parametric resonances once
outside the beam core, an equilibrium will be reached if
these resonances are bounded by invariant tori. It may happen that the island chains outside the beam envelope are so
close together that they overlap to form a chaotic sea. When
the last invariant torus breaks up, particles leaking out from
the core diffuse towards the 2:1 resonance, which is usually much farther away from the beam envelope, to form
beam halos. As particles escape from the beam envelope,
the beam intensity inside the envelope becomes smaller and
the equilibrium radius of the beam core shrinks. Thus more
particles will find themselves outside the envelope. As this
process continues because no equilibrium can be reached,
the beam eventually becomes unstable.

to compute the growth rates of the instabilities.
It is possible that many collective instabilities can be explained by the particle-beam nonlinear dynamics approach.
The wakefields of the beam interacting with the particle
distribution produce parametric resonances and chaotic regions. Collective instabilities will be the result of particles trapped inside these resonance islands. The perturbed
bunch structure further enhances the wakefields to induce
these collective particle instabilities.

6
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PARTICLE DISTRIBUTIONS FOR BEAM IN ELECTRIC FIELD*
O.I.Drivotin, D.A.Ovsyannikov t St.-Petersburg State University, St.-Petersburg, Russia
Abstract

of Ermakov systems [2]. They have well known Ermakov

In the present report an approach for determination of particle distribution density in analytical form for beam in electric field is presented. It was applied previously for beams
in magnetic fields [1]. The purpose of the report is to extend this approach on beams in electric field. For low current beam, the expressions for particle density are obtained
in various cases. For intense beam, the integral equation
for particle density in the space of first integrals of motion
equations is proposed. The well known KV distribution is
one of its solutions,

integrals

1 ERMAKOV SYSTEMS AND THEIR

12

2y

X*BoX = 1, X* = (x,t, y,),

(2)
B0 is diagonal matrix, Bo = diag(axo, c.o, ayo, cyo). As
the equations of motion are linear:
2

dt

d2 y
Qxx,

= QyY,

Qx,u = kx,y/m,

(3)
enand
ellipsoid,
fill
particles
moment
in each subsequent
velopes on x, y satisfy the equations
d-

d2R

Rx

E

dt2

QR +

R

a

Q

QyRy

(4)

+

(5)
o y
envelopes. The equations (3) and (45) eresent two pairs
__

R3
2 7

/?Y)

*This work is supported by Russian Foundation for Fundamental Re-

+

2

R)

YR

(6)
(7)

X2/R2 2
(8)
1
y
X
and find such set of I. and Iy that this assumption would
be true. Maximal value of the coordinate x is reached when
the first term in (6) turns to zero:
2X R'
/ 2•

Similarly,
Ymax
I Ry /EY.
The point (Xmax, Ymax) must lie inside the ellipse x 2 /R 2 +
y2 /R2 = 1 and we get
E-2

y < 1,
.

E+

1. > 0,

12 > 0.

(9)

So, the set of admissible values of I, Iy is bounded by the
ellipse (9) and coordinate axes.
2

DISTRIBUTIONS IN THE SPACE OF

Let us consider particle distribution of the moving infinitely
thin layer introduced above. Taking into account that the
thickness of the layer dz varies when the layer moves along
z-axis, we normalize all densities dividing them by conserving value dz/l.
We will denote the density of distribution on the variables a, b,... by DN/D(a, b, ... ). For example, the phase
density in this notation is n = DN/D(x, i, y, y). Assume
that the phase density depends only on values of the integrals Ix and I.. Under this condition the particle distribution is determined only by I. and Iy, and, hence, we can
introduce the density of distribution on values of the integrals I, and Iy f1(I, Iy) = DN/D(Ix, Iy). Note, that setting of f(Ix, Iy) as function of I, Iy is more correct procedure then setting of phase density n as
function of I, 12
because we set density as function of the variables to which
it is related as a density. In particular, we can correctly use
generalized function as particle densities.
Let us express the phase density and the density in the
configuration space through the density f(I, Iy). Introduce the variables

searches, project 99-01-00678
tE-mail:Dmitri.Ovsyannikov@pobox.spbu.ru

0-7803-5573-3/99/$10.00@ 1999 IEEE.

-

= I2
X2Xmax =1

Let assume that in each cross-section ofthe beam all particles have the same longitudinal velocity ý. This assumption is realized, for example, for beam in initial part of RFQ
channel.
Further we will consider distribution of particles of some
infinitely thin layer moving along z-axis with the velocity i and restricted by two infinitely closed planes moving with the same velocity. Let us assume that initially (in
the beginning of the channel) particles fill ellipsoid in fourdimensional space:

d 2x

(yy

+

A
Assumet

INTEGRALS
Consider stationary beam of charged particles in RF electric field, transverse components of which Ex, Ey are linear
functions of the corresponding coordinates:
Ex=kx, E 2 = kyy.
(1)

2

1x= (xRx - iR

q, = x/Rx,
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qy = y/Ry,

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
- ±'Rx),

sx = (xRk

Introducing the variables

Sy = (yRy - ýRu).

DN

DN
O(sx, sO) _
4nD(qx qyI sx, sy) de a(I .,I n)

Dn
(q x,q , I .,Iy)
4I 4l

DN

-×I *

1

44Iy

DN

Dq)=isS RRXR2

_det

____Y'_'

_

-

q s, I, O(qet
aqx, qv,4x,q4y

4IxlI

)

q2,

=d

R-X

R~

I.x

R2

RI
LF'qx+qyI x

(Ex

+q•,E

VR2

y + q(Ex
y ) di. dIl,

(13)

where f) is determined by the inequalities i2 + i2 <1q -qq2, IXy > 0.
From this expression one can obtain particle distributions in configuration space.

DN
Dy y, ic,y)

l

ý(Iy/Ey) 2 -

=

we can transform the expression (11) to simpler form

-(~)

1

4I44I

.sX ,-,ID(qs, qR,, x, ,)

d

Ij

1 = V/(Ix/Ex)2 - q2,

Then we have

-×2

n)

- n (Ix, 4).

EXAMPLES OF DISTRIBUTIONS

3

In the simplest case the phase density is constant: n

IxI

no.

The factor 4 arises because there are four combinations of
sx, 8s which give the same values of I,4I. To find the

Substituting it to (13) and integrating, we have
7ExEx2
y2

relation between f(Ix,Iy) and n(I, Iy) we must integrate
last equality on qx, qy because

no(1 Rx't"
R
R
Other simple examples can be easily obtained if we take
phase density (or density f(I4, Iy)) as function of expression 1 - Ix/Ex _ I2/E2. Let phase density has the form
n(Ix, Iy) = no(1 - I2/E2 - I2/E2)P. Substituting to (11)
we get

f(I

)

/

DN

J ]
0

DN
D(Ix, I4)

D(qx,qj

_

,)dxd

p(t, x, y) =

.

e(t,x,y) V1-q

I+.!
s sf x/I•

2

w e get

p

/

(11)
y yy

the inequalities
Integration domain 0) is the set defining by

I~ŽE2 2

JX!E~X' Y

Y

12
EX

4ExEy
2
7,4E(X'
RyR
(

XFoy exmple ifn i pro-

falls down to zero on the border of the beam. It can be seen
that for all p > -1 this property take place.
An interesting distribution we get taking the density
n(Ix, 1y) in a form
I
2
- (T2+ R)/a2
2
U
n(Ix, vy) noe
Then we have

<

f (I. Iy) dl. dly
f=
d
2 . (12)
.2 2 qxi2
V/I 2 - E,2IqE

rxvn
2
_____
(t,Xy) = Rx(t)Ry(t)noa

Substituting the density f(I,Iy) into the expression
(11), one gets
Y

-1, where f = %fl2+12. For example, ifn isp

~txy

1Y2
+ _ <1
1•

2) P+1

1 2
portional to (1 2- I2/E,
2)/.-u-y- I2/E2)- / , then p is propor2
tional to (1- q2
- - q
In both examples particle density

or
Iy) dlx dly
Ixly n(Ix,
JNR--I2
2xsI
qs .2 2 - Eyq
2i

$

2

(p + 1)Rx (t)Ry(t)

1-q2q

(10)

E--2yn(Ix, I).

4
DN
DN(X i) -dl di
- R(x,
R
yRy D(qx, qy, Ix, 1)
xd

x-xqx,

1- q2 - qVy

7rE .E ,

For density in configuration space we have

f

qy

2)

1-q -q

I
f(Ix, 10 = 7r

- qX

2)P+l

q2

(1-

q.2y,

Q~x~y)R 4
0(X'Y)=

2

Rx(t)Rv(t)

0

Integrating and taking into account that

y

rExEy

(e

x 2 /R2(t) + y 2 /R2(t)
a2
- e

1
a 2 ).

If a is small, then the density is determined by the first
term and represents Gauss distribution on transverse coordinates.
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4

6

INTEGRAL EQUATION FOR DENSITY

Another problem of great interest is self-consistent distributions for intense beam. Consider stationary beam in RF
electric field, transverse components of which are linear
functions of coordinates and have form (1). As above, assume that initially particles fill ellipsoid (2) in phase space
of transverse motion, and that in each cross section of the
beam all particles have the same longitudinal velocity and
fill ellipse (8). Under assumption that particles are uniformly distributed in beam cross section, the particles dynamics equations take the form [3,4]

dx2X
-

Ax

2

ddt22y

Qx + RZ (RZ + R )'
_Ay

+ Ry(R• + RA)

Q

(14)
(15)

'
and the envelope equations are

dR = Q.R +

A

+

(16)

R, + R-- + R3

at2

+

dt 2y= QyR + R

T
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(

(17)

The equations (14), (16) and (15), (17) represent two pairs
of systems analogous to the Ermakov system and have the
same integrals (6), (7) as systems (3), (4), (5). Moreover,
all expressions for densitiy o(x, y) (11-13) obtained above
are valid in this case. Taking into account the expression for density (11) we have integral equation for density
f V•, Iy) :

f

E.Ey E E[

(IX, 41) dI. dI
_
- E2 qy
E,2
7r 2 Rx RvLo

.

(18)

The problem is to find such function f(Ix, Iy) that result
of the integration is independent on q1, q. (though the integrand is depend on them).
The well known KV distribution [3,4] is the solution of
the equation (18):

foliv(1

5

IE

-

IE).

REFERENCES

(19)

CONCLUSION

The approach for determination of particles distributions
in electric field proposed in the present report allows modeling of nonuniform distributions for low intensity beams,
which can be represented in analytical form along accelerating and focusing channel. In particular, these distributions can be widely used in various optimization problems
of beam dynamics with the account of particle density distribution in configuration space [5,6].
Another result of this work is integral equation for density f(I., I) for intense uniform charged beam. On
the base of this equation the problem of finding of selfconsistent distributions can be examined.
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AN ANALYTICAL APPROACH TO THE POISSON EQUATION
IN 3-DIMENSIONAL SPACE CHARGE PROBLEMS
S. Valero*, P. Lapostolle**, A.M. Lombardi***, N.Pichoff*, E. Tanke***
* CEA-DSM-SEA, Saclay, F-91191 Gif-sur-Yvette Cedex, France
** Consultant, PS Division, CERN, CH-1211 Geneva 23, Switzerland
* PS Division, CERN, CH-1211 Geneva 23, Switzerland

Abstract
The problem of electrostatics repulsion between charged
particles in a bunch is a classical mixed DirichletNeumann problem. In this paper, an analytical solution of
this problem is described. The approach proposed here can
be extended to other problems in mathematical physics.

1 INTRODUCTION
In an accelerator a bunched beam consists of an arbitrary
system of charged particles embedded in a finite volume,
The surface separating this system of particles from the
environment possesses often a complicate form difficult to
define. Moreover the density (number of particles per
unity of volume) does not generally follow the usual
mathematical statistics laws. However the forces acting on
the particles are well-known and the behaviour of the
system of particles can be in principle deduced from its
distribution, knowing the position of these particles, the
effects of the electrostatic repulsion between the particles
can be calculated. The problem could be simplified in
finding appropriate solutions of the Poisson equation
AU=-p /e, where p is the electric charge density, and U
the electrostatic potential.

3 BEST-APPROXIMATION OF THE
DENSITY FUNCTION WITH 3-D SERIES
The density function must be expressed in a suitable
analytical form, allowing to compute the potential. To do
so, the density is expanded in a series of 3-dimensional
orthogonal functions. As the limits of the system of
particles are not well-known, only 3-d orthogonal
functions requiring no strict boundary limits must be
retained. Periodic orthogonal functions (as Fourier series,
for example) are complicated since they introduce image
effects resulting of the periodicity. A good candidate,
satisfying the conditions p=O at, oo can be obtained by a
generalisation in 3-d of the Hermite functions.
One defines:
'1,mn (x, y, z)='l (X)TPm (Y)Tn (z) ,
(2)
generated from the following defining relation:
T, (x)=(-l)l dt (eX /2) /dx = HI(x)ex 2 2,
(3)
where H,(xx) are the orthogonal Hermite polynomials[2,4]
of degree 1, forming a complete sequence of orthogonal
functions in the functional space L2(R3) of the functions
measurable with the following Lebesgues-measure [3]:

doi

2 THE ELECTROSTATIC PROBLEM OF
THE BUNCH
Summarising the more general problem in electrostatics
for a system of particles embedded in a finite volume V,
one obtains a mixed Dirichlet-Neumann problem. The
solution of this problem requires the conditions prescribed
on the boundary S of a finite region within V. When the
system of charged particles is arbitrary, these conditions
cannot be easily defined, and one substitutes the following
problem:
AU=-p/E•
i)
ii)
U and its partial derivatives are null at o- (1)
iii)
p is continuously null outside a finite region
The density p will be obtained from the system of charged
particles. For a system of particles lying in a closed
volume, this problem can be considered identical to the
Dirichlet-Neumann problem[ 1].

0-7803-5573-3/99/$10.00@1999 IEEE.

e(X2+yZ

2

)/2

dxdydz.

(4)

One endows this functional space with a scalar product :
(5)
f (x,y,z) g(x,y,z)ddo
< f,g>:=Jf
R3

The density p, being null outside a finite region, belongs
to this functional space. One can then expand the density
in the complete basis:
-'<<
mP >
(6)
p (xy,Yz)=1 I I'<'.
3,,,
(
1Imn
1=0 m?= n=0 0 <
Let's consider now a finite sequence {,mo} with
O: l,m, n < 1, m1 , n,. This sequence generates a
functional space X(i,m,,n,) endowed with the scalar
product defined in Eq. 5. The finite sequence {18..
constitutes a complete basis of orthogonal functions , and
any function in this space can be expanded in this basis.
One can prove [3] that there exists one element and only
one element S1 (p) in X(1l,m,,n,), such that the following
distance:
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D=Iff

2
J1(I'i6v)=a2

(7)

(p(x,y,z)-_.s(p))dxdydz

2

Uf

2

2eia/du"6

"e-I--

(14)

2
_-v2+-wý

_R3 +

c2
is minimum. This element is the projection of the density
From the Cauchy residue theorem and from an integral
p in the functional space X(l1,ml,nl). Expanding this
representation of the probability function, one obtains an
projection with the basis one obtains :
M n]
< ~
n>
(xanalytical (8)n
expression of 11(, ý,) in terms of Hermite
S(P)=
<Y.Y
, ,nn<
1n
>
(y
z) (8)
functions. Introducing this expression in the 3-d integral in
1=0 m=0 n=0
Eq. (13), one has to calculate a new integral function
One can show [3] that, contemplating a system of N
charged particles, one has:
1 2 (w)=Jf ^m -012 I
(15)

'

<

~fl>
>

1
(2r) 1!'

XHI(xi)Hm(yg)Hn,(zi),

(9)

312

where x,, y,, and z, are the co-ordinates of the particles.
One also proves [2,3] that the distance D given in Eq.7 is
bounded, and one has:
D!9 C (1
! m) ! n
(10)
where
a ( m d 2 ng o e
where C is a constant depending of the density.
The general expression of the field components is given
by :
EI(x,y,z)=±fJ
p(x+ý,y+ji,z+q)d
;
(11)
- x , zdd+.t
d(
R3

The density p being positive or null in a finite region,
from the first theorem of the average[4], the truncation
error introduced in the potential or in the field
components, when the density p is replaced by S.(p),

4 ANALYTICAL

SOLUTION

.OF

THE

POISSON EQUATION
In the problem (1), the d ensity p can be rep laced by it's
approximation S,(p) and one considers separately each
term in the series in Eq. (8):-./
I < p,6 i
> 5
A U*(u, v,w)=-

6-0

Sm

<

'tn
m

m(u,v,w) .

(12)

The Cauchy residue theorem and the properties of the
Hermite functions, allow to obtain an other analytical
expression in terms of Hermite functions. This expression
introduced in Eq. (13), enable to obtain an analytical
expression of the 3-d integral.
Further, in the aim to save computer time, integrals above
could be calculated through expansions around specific
oiin ntebnh
positions in the bunch.

5

Figures 1-5 illustrate an estimation of the influence of the
truncation error, done when the density p is replaced by
its truncated series developments defined in Eq. (8), on the
potential or on the field components calculated with the
same 3-d Gauss numerical integration on a sphere. This
numerical integration has been used in place of the
analytical method explained in this paper, because this can
only be applied to the series developments. The "noise"
observed on the curves is induced by the numerical
integration.
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These u ,v and w are the normalised co-ordinates obtained
in scaling the co-ordinates along the principal axes relative
to the r.m.s. dimensions a , b and c of the bunch.
Applying a Fourier transformation to Eq. (12), one obtains
an expression of the field com ponent :
3/2
Ex(u, V,w)=(-i)lmnl(2'-2
+m+n+

EXAMPLES

(13)

a2 • • 2
An analytical solution of this 3-d complex integral can be
found by separating it into three 1-d complex integrals.
This process leads to very sizeable analytical calculations
[3], whom one only gives here the principle. One
considers for instance in the 3-d integral above, the
following integral function:

Figure 1: The radial field component along a diameter of a
sphere for which the density p(x,y,z)=l is compared with
the same component as calculated by series developments
with 1,, m, and n, = 12. Due to the symmetry, only the
terms in the series with even 1, m and n are not null.

1861

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
-4

32-

•.95

-3
0.

04

-3

-2

-1

1

24

0.$-4

"Figure 5: Field component E. along x-axis with a beam

Figure 2: The density is a
represented here at z = 0.

order spherical function,

density given in fig.4, compared with this calculated from
series developments with 1t, m, and n, =7. Here the terms
in the series, with odd and even I ,m and n are used. As in
the practical cases, the density is here continuous at the
boundary of its defining area, contrary to previous
example (fig.2).

S.
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CONCLUSION

"The

present work suggest a new type of approach leading
to an analytical solution of a classical Dirichlet-Neumann
problem in 3-dimensions. It is particularly suitable for an
-1
IN12
1
2
..
arbitrary system of charged particles without symmetry,
-4
when the limits of the system are not well-known. It can
-6
be extended to other problems in mathematical physics. A
-".
new routine is being developed solve space-charge effects
............
0
... ..........................
......................................
in accelerators. It could becom e a good tool helping in the
4

2

C)-

3

-2

..

RADIUS

Figure 3: The field component E. deduced from the
density given in fig. 2 is compared with this obtained from
the truncated series with 1, mi, and n, =6. The difference
vanishes when increasing this values to 12 (see fig. 1).

estimation of tolerances necessary for the design and
operation of high intensity linacs. Some possible
refinements of the present method are still being studied.
This process might also be used for cyclotrons.

7
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BEAM STABILITY IN THE DRIVE-BEAM DECELERATOR OF CLIC
USING STRUCTURES OF HIGH-ORDER SYMMETRY
A. Millich, A. Riche, D. Schulte, CERN, 1211 Geneva, Switzerland
Abstract
The RF power necessary to accelerate the main beam of
the Compact Linear Collider (CLIC) is produced by decelerating a high-current drive beam in Power Extraction and
Transfer Structures (PETS). The reference structure is not
cylindrically symmetric but has longitudinal waveguides
carved into the inner surface. This gives rise to a transverse component of the main longitudinal mode which can
not be damped, in contrast to the transverse dipole wakefield. The field is non-linear and couples the motion of the
particles in the two planes. Limits of the stability of the
decelerated beam are investigated for different structures.

1

transverse mode. The group velocities of the wakefields
0.441 for
are close to the speed of light, e.g. 3_
structure.
waveguide
fourpower
theThe
the structure extracts from the beam has to be
a e
i is simply en by theproduc to
Th
512 MW. This is simply given by the product of average
deceleration of the beam particles times the current. The
longitudinal wakefield W11 is a function of the structure ra-

INTRODUCTION

The CLIC study investigates a possible future linear collider based on acceleration with a frequency of 30 GHz [1].
The necessary power is produced by decelerating a highcurrent, low-energy beam which runs parallel to the main
beam. This is done in 20 consecutive drive beam decelerators per main linac each of which is fed with a new
beam [2]. During the deceleration the beam develops a
large energy spread of a factor ten and is subject to transverse deflections due to wakefields. For reliable operation
the beam stability in the decelerator is critical since the
beam contains a large energy per pulse. In addition, the
down-times of the 40 decelerators add to the total downtime.

DECELERATOR MODEL

2

tor. The inner bore of the structure is cylindrically symmetric except for the longitudinal waveguides that are cut
into the surface. Here four structures are considered with
four, six and eight waveguides, respectively, and a circularly symmetric one. Their main properties are listed in
Table 1. The longitudinal and transverse wakefields can be
well
represented by a single moden each,
with a frequency
o 0Gzfrtelniuia
4Mzls
o h

The decelerators are on average 767 m long and consist
of 550 PETS [3]. The layout of the drive beam decelerator is strongly coupled to that of the main beam accelerator. It consists of a simple FODO lattice with a constant quadrupole spacing of 1.115 m. Between each pair
of consecutive quadrupoles a power extraction structure is
placed. It feeds two accelerating structures in the main
linac. The gradients of the quadrupoles are varied along
the beam line to achieve a constant phase advance of about

dius a, W11 cx a- 3 for the four-waveguide structure. So one
can in principle choose a high-energy, low-current beam in
a small aperture structure or vice versa. Simulations of the
transverse wakefield have shown that the best beam stability in a given decelerator using four waveguide structures
is achieved by choosing the highest beam current possible. The injector complex is expected to allow for bunch
charges q of up to q = 20 nC.
The high group velocity leads to a concentration of Iongitudinal and transverse wakefields at the end of the structure. In the simulation, the passage of a particle through
the structure is therefore simulated in a number of steps.
During each step the longitudinal and transverse field is assumed to be constant. But from step to step, the fields vary
according to the field profiles in the structure. The transverse wakefields not only drain out of the structure but are
damped with a quality factor Q ,z 50 [5].
Since the structure is not cylindrically symmetric, the
longitudinal field varies with the transverse position.
0
rmti
Ell (r, 0) = E 2k i-cos(27rs/A) cos(msio).
i=0

For the number of waveguides m 8 : 0 this corresponds to
a transverse field which can be written as
m-

880 per FODO cell for the lowest energy particles. The envelopes of the particles with higher energies will then automatically be smaller than those with lower energies [4].

3

STRUCTURE MODEL

=

2kimi r
sin(21rs/A)
=oam
21r
[-r cos(msio) + 60 sin(msiq)]. (1)

Here,
0 = In
0 lies
in a to
symmetry
plane wakefield,
in the centre
a
waveguide.
contrast
the transverse
thisofef-

The active length of the power extraction structures is
0.8 m; longer structures would lower the main linac fill fac-

0-7803-5573-3/99/$10.00@ 1999 IEEE.

EL (r, €)

fect also plays a role if the beam is perfectly centred in the
structures.
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ing charges will follow which is needed for beam loading
compensation in the drive-beam accelerator, see [6].
The bunch length is assumed to be a. = 400 pim, the

3

/

2.5
-ot
25 it

/

fit

transverse emittances y'x = IyE y = 150 /m. During the

,deceleration,

15

,,

1.5.

.......

0.50 .•*•
0

Due 5
""Due

2

4

6

8

particles can lose up to the 90 % of their initial
energy, while the first bunches will be hardly decelerated.

10

12

14

r [mm]
Figure 1: Fit of the field non-uniformity in the six wave-

ADDITIONAL ENERGY LOSS

to the non-uniformity, off-axis particles can be decelerated more or less than on-axis. If the deceleration is too
large these particles will be lost since they are over-focused
by the quadrupoles. For a four-waveguide structure, the additional energy loss AE can be estimated as

guide structure.

3

fL

AE = G-•co I8'*
Table 1: Parameters of the different power extraction structures used in the simulations. R'/Q is given in linac ohms.
The last structure is circularly symmetric
00
8
6
4
m8
12
16
15
13
[mm]
a

R'/Q
W±
0i11
qb
E0
G/G
k1 /ko
k2 /ko

I[/m]
[V/pC/m 2 ]

[nC]
[GeV]

41
225

50.8
250

49.0
260

292.6
3170

0.441
16.1
1.34
4.3
1.8
1.0

0.59
16.7
1.29
3.0
1.6
0.65

0.64
17.7
1.22
2.5
1.4
0.21

0.78

J4f\

, dz.

Here, L is the linac length, ý(z) the maximum amplitude
at position z and the factor 3/8 is due to the integration
over the betatron motion. For the lowest energy particles
the beta-function is constant, so the integration leads to
AE
3
ý5 - i5 Eo
E
c°5(7 - f)a4 Ef
Eo - Ef
-

8.0
2.76
1.0
-

For the six and eight waveguide structures the coefficients can be determined easily. Figure 1 shows the result
of the fit in the two planes D = 0 and 4D= ir/2 using eight
coefficients. Only the first two are important, the others are
quite small. In the case of the four waveguide structure, the
fit is less reliable since the curves are not smooth due to the
mesh used in the computations with MAFIA. Also in this
case the first two coefficients are taken, even so the following ones are not much smaller. The most important effect
is however expected from the lowest orders,

4 BUNCH TRAIN
The bunch train used to produce the RF power consists of
four parts. In the main part, the flat top, the charge does not
vary from bunch to bunch. It is used to produce the power
during the passage of the main beam. It is preceded by a
number of bunches in which the charge is increasing from
bunch to bunch. This ramp is necessary to compensate the
main linac beam loading by providing a field profile as if
the first bunch of the main linac pulse had been preceded
by others. An additional ramp of charge preceding the one
described may be necessary if the drive beam injector cannot achieve the sudden change in charge. It is neglected
in the following since its length and shape still have to be
investigated. After the flat top, another ramp with decreas-

Here, f and f are the minimal and maximal amplitudes in
the first FODO cell. If AE/Ef , 0.3 the lattice will be
over-focusing. Assuming kl/ko = 3.3 in the four waveguide structure (attributing the full amplitude of the nonuniformity to this value) a particle can be lost if it has an
initial offset of about 8oa. Simulations confirm this value.
If consecutive structures are rotated by ir/m 8 the lowest
order term of the non-uniformity will about cancel. This
will allow the particles to have even larger initial amplitudes without being lost.

6 TRANSVERSE EFFECTS
In order to stabilise the beam, it is useful to rotate every
second structure by 4D = ir/m, [3]. Since the beta-function
is significantly longer than the structures, the kick due to
the lowest order in (1) averages out over a short distance.
In Fig. 2, the maximum envelopes along the decelerator
are shown for all three structures. A damping with Q = 50
and Q = 200 is assumed, the beam is offset by one sigma
initially and has a size of 40r. and 40,y. The envelope is
normalised to the half-aperture. Even with Q = 200 the
beam is sufficiently stable in all structures. The ones with
six and eight waveguides are better than the one with four
due to the larger aperture and the smaller non-uniformity.

7

AZIMUTHAL DEPENDENCE

The kick a particle experiences due the field nonuniformity is purely radial in a symmetry plane, but elsewhere also has an azimuthal component. To investigate
the different effects, a four sigma beam is used, containing test particles with Courant-Snyder Invariants A.,
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Figure 2: The normalised envelopes for the different structures with waveguides, the upper graph is for the expected
damping Q = 50, the lower for Q = 200.
0.6
0.4
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0 "

= 0.78. The initial energy of the beam

is very high and its current significantly lower than in the
former cases, see Table 1. In this case, it is more difficult to
damp the transverse modes than in the former ones. First
measurements indicate Q z: 150 [7]. Figure 4 shows the
maximal amplitudes of a four-sigma beam with different
initial offsets for different values of Q. While the structure is clearly not excluded, the wakefield effect seems to
be significantly stronger than in the previous ones.
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Calculations of the beam stability in the drive beam decelhave been performed for new transfer structures. The
longitudinal and transverse effect of the non-uniformity
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of the longitudinal field have been included together with
the usual wakefield effects. The stability improves com-
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HALO FORMATION AND CONTROL
S.N.Andrianov*, N.S.Edamenko, SPbSU, S.Petersburg, Russia
bution functions are described [3]. The Ferrer's integrals
technique is used for calculation of space-charge forces in
forces
form. Note if we neglect space-charge
a symbolic
haveincluded
linear opthe
motion equation for Lie transformation are
in
forces
erator form, but if the space-charge

Abstract
In this report we suggest some approaches to very intricate
problem of the halo formation process. It is known that
this process leads to the formation of a sufficiently comwhich surrounds the
pact core and a spreading cloud - halo,
core. Our approach to this problem is based on two main
objects: initial distribution functions and matrix formalism
for Lie algebraic tools for time evolution of particle beam.
Usage of the matrix formalism allows to investigate the influence of different forms of starting model distributions.
All calculations are based on symbolic representation of
necessary mapping generated by space charge forces and
external control fields. This allows us to formulate the basic requirements which are necessary for halo formation,
that gives us a possibility to control this process.

1

nonour investigation the corresponding equation become
vecorfeld ependson beam chalinesthgatin
linear as the generating vector field depends on beam characteristics. Nonlinear nature of these equations leads to
a necessity to use the successive approximations method.
Obtained convergence conditions and algorithms give opportunity to estimate a current step value in advance and to
create necessary software for modeling [4]. The truncated
matrix equations (up to third order) are solved with the use
of the matrix formalism for Lie algebraic tools with necesth neces
algebrai
r procedure
oreLie [5]. As
atixf
of tem
work,
a resultooof this
sary
symplification
there are a number of computer experiments that show us

INTRODUCTION

It is known that usually the evaluation of space charge effects on the beam dynamics requires intensive numerical
calculation. That is why there are innumerable publications, which devoted to modeling of space charge dynamics for concrete machines. The most of papers concentrate
upon an numerical analysis of the influence of the beam
line characteristics for matched or/and unmatched beams.
Nevertheless the problem of the influence of beam distribition characteristics keep through our study. But it is impossible to obtain total presentation of, for example, halo
problem without thorough investigation of different kind of
conditions which affect halo formation. Most recent publications have dealt with either the KV-distribution or several
simple distributions. In the paper [1] a very interesting approach to halo production is presented. The authors suggest
new concepts for halo description which allows, in particular, to solve problems of halo control. All approaches to
this problem have ultimatelly depended upon the calculation techniques that can be applied. To understand halo formation process, in this work we consider the evalution of
the phase-space distribution in terms of matrix representation for Lie transformations [2]. This allows us to use computer algebra methods and codes to reduce the real time
needed for the numerical calculations. The external forces
are assumed radial and periodical, as in solenoid channels.
This force model can be also appleid to quadrupole focusing if the phase advance is not too large. The focusing
force as the space-charge forces are considered upto aberrations of the third order. In this paper we use the model
of long beams with an elliptical cross-section in the transverse phase-space. Some models of phase-space distri-

what kind of both beam and beamline characteristics have
to be taken in account. The necessary software was created
using the dynamic modeling paradigm [6].

2
2.1

The InitialSpace Charge Distributions

The initial space-charge distribution in the phase-space
can be written in the general form fo(X) = E fOX[k]
k=0

or in the case of elliptical symmetry

0c

c

2

3 aO(Xt])*Aok}Xtk],

fo(X) = Y a°K2 k =
k=O

where X[k

-

(1)

k=O

N ® .... • ®X is the Kronecker power
X
k-times

of the phase vector X = (xr,px, y,py)*, dim X[k] =
(k+3), Alk} is the symmetrical Kronecker power of the
initial form matrix A 0 : K2 = X*AoX:
k

(A{k})

= bi(k) (A0]),,,

(n + k-1)
k

2.2

bi(k) = k!/kl!

kn!.

The Self-Field of the Space Charge

Using the Ferrers's integrals technique we calculate the desired space-charge forces in symbolic forms for some modelfunction of space-charge distributions. In particular, we
obtain the components of the vector of self-electrical field
in the form
ab
47rpo
EC,77

Serge.Andrianov@pobox.spbu.ru

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Eo - 47rpo

ab

where Mik are matrices which can be calculated with the

no b(a + b) .

help of the matrix formalism tools.

where 6, 7r are local coordinates in which the transverse
cross-section has the form of a canonical ellipse. The values of AEC, AE, are calculated with the help of MAPLE
codes. Note that for the KV distribution we have AEC =
AEn = 0. Besides, if the arbitrary distribution p(x, y) =
Po4l(D) is a polynomial of n-th order with respect to the
variables 4• the functions AEC and AEn are polynomials
of (2n + 1)-th order with respect to the variables C and 77.
Then we can return to the coordinates x, y referenced to a
beamline system.

THE MOTION EQUATION

3
3.1

For a nonbunched beam (the longitudinal self-electric field
is missing) the motion equation for single particle can be
written in the following matrix form
+
+

ds

lk slk) X

k=1

The matrices Pt and Psef describe the external and
space-charge fields correspondingly [4].

3.2

9Jno = Xo : XoA'AX 0 < 1}.
As we mention above in the presence of the space-charge
the motion equation for the map M assume a nonlinear
form. For the solution of this equation in this paper we
propose the method of step-by-step approximations. The
basic idea of this method in our case is to calculate the distribution function according to the algorithm described in

[4]).

The Motion Equationfor a Particle

dX =

According to our suggestions the beam particles occupy
some elliptical cross-section 9Jto in an initial state:

TransferMap in the Presenceof the SpaceCharge

From the known properties of Lie maps we can write
for an arbitrary function of an initial distribution fo(X) =
f(X, so): f(X, s) = fo(M '(sIso) . X). In our case
we have M-(sIso) • X = E Tlk(sfso)X[k], where
k=0

T°= -M10 , Tn = (MUl)- and other matrices Tlk
for k > 1 can be calculated with the help of the recurrent
generalized Gauss's algorithm using the matrices Mik.
It is worthy to note that according to this algorithm one
should inverse only the matrix M" and then use only matrix operations for calculation the necessary matrices T1k
up to the desired order. So after some calculations we can
obtain the following equation
f(X, s) = fo(M. - X) =

It is known that the Lie algebraic tools is very valuable tools
to studying beam dynamics without space-charge. The Lie
map satisfies to the following linear operator equation

dM(slso) _ Lo M(slso),

00

0
a0 E ak (M
k=l

0 + 00

(2)

ds
where M(slso) is a time-displacement operator (Lie map)
between moments so and s:

M: X0

-+

X

=

M(s iso) -X0 .

If we have to take into account the space-charge forces the
Lie operator will depend on beam characteristics and as
result it will depend on the Lie map. In this case we use
nonlinear motion equation for Lie map already:
-M(l).
(3)
ds
In the frame ofthe matrix formalism [2] we can represent
this map in the form M: Xo -+ X = M(sIso) •Xo,

3.3

-(M)

00

M(slso)

=

E ME'k(SjSo)X[k]'
k=1

(X~t])*Bljx~j]'

t=k j=k
Bli = (T)kl )*AoJk}Tkj.

ods the following condition can be used

IIf(Mk+1

(4)

)

o

< llf(Mw j1 o X) - fM -j1
X)II
1
for )3 < 1, k -is an iterative loop number. The constant of
this method /3can be calculated as a function of the initial
beam characteristics and the beamlines parameters. The
condition/3 < 1 allows the limitations on the step values
jsk - Sk-11 = Ask to be calculated which guarantee the
fulfilment of the inequality/3 < 1.

4

According to the matrix formalism [2] we can write
=

j

k=1

The Matrix Formalismfor Lie Map

X

])B[.

0 00

a° + E a

-

For the test of the convergence of our approximations meth-

and L is a Lie operator associated with a generating vector
field. If the beam is an ensemble of noninteracting particles
then the operator £ depend only on beamline parameters.

dM (sIso)

x[k])*{k(
X
A
A
(M-.

COMPUTER EXPERIMENTS

The approach discussed above was used for some practical
problems: the halo formation problems. The corresponding computer experiments was developed both in symbolic
(with the help of MAPLE codes) and in numerical modes.
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The symbolic investigation was carried out with main purpose to understand what parameters have the sufficient influence on halo production. For this task we studied the
[3]
images of an initial beam state (in the distribution function
terms) and used the concepts of virtual scrapers for investigaterm)ondwusdthe concts of
vhenirtual
srapvers fr iestic
ctational
gation of what parts of the initial beam give the basic contribution to halo formation. According to this approach we
[4]
transform the aperture boundaries of virtual scrapers with
the help of inverse maps from some current sections to the
initial point. Changing the aperture values one can select
[5]
"tails" part of the initial distribution. This approach demonstrated its advantages and flexibility. As an example on the
Figure.1 the initial and current phase distribution functions
are demonstrated. On the pictures a)-d) one can see the
[6]
images of the initial function for some moment: on the part
a) - the image of total distribution function, on the part b)
- the image of tails particles and on the part c) - the image
of the intermediate particles, on the part d) - the image of
the central core particles. We should note that for most distribution function the core particles give the corresponding
contribution to halo. The most extreme particles from the
tail part remain in halo if they reach it once. One can see
on the presented pictures different phases of halo formation for two parts of initial beam state: the first is evaluated
from central part which is small enough and the second
is evaluated from particles which form so-called "tail" of
distribution function which can be defined using the virtual
scraper concept.

............
............
............

Figure 1: The initial model distribution function and 3Dcontourplots for different parts of the initial distribution
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TRANSVERSE NONLINEAR FOCUSING OF
NONSTATIONARY SPACE CHARGE DOMINATED BEAMS*
A.I.Borodich÷, ISIR, Minsk

Abstract

automorphisms,

The general analytical and numerical scheme to calculate
the parameters of high intensity beam being transported is
considered. Nonlinearities of external fields and space
charge are taken into account. The matching conditions
for a beam and focusing system aren't required. Lie
algebraic technique was applied to derive the dynamic and
the field equations selfconsistently. The distribution
function and the macroscopic parameters of a beam at any
transport channel cross-section were calculated in the
framework of the Heisenberg picture in statistical
mechanics. The computer code was carried out and
verified. Test results are represented.

ý(x, y, Px , Py) and on the dynamic function u(ý) are
defined as ý(z) = Mý and u(4, z) = Mu(ý). An

the

phase

variables

vector

independent variable z is the coordinate along the
reference trajectory. It is essentially, that the transfer map
implementation allows operating with one-particle
Hamiltonian. If the initial coordinates and momenta
values of an arbitrary particle are known at z = 0, i.e. at
the start point of the transport channel, using the operator
M one may calculate them at any z, i.e. at any crosssection of the transport channel.
One-particle Hamiltonian H (4, z), that governing the
continuous beam transverse dynamics, may be expressed
with sufficient accuracy as a finite sum of in-forms. This
is legitimate provided that the transverse energy of an
arbitrary particle is considerably less then its oriented
motion energy. The number of the m-forms depends on
the accuracy required. Without the loss of generality we
will be concerned with
H(4, z) = H 2 + H 3 + H 4
(1)
Here H 2 (4, Z)=1/2 Si ~

1 INTRODUCTION
To calculate the main dynamic parameters of the
continuous relativistic high-current beam, being focused,
at any cross-section of the transport channel one should
operate with altering distribution function of transverse
coordinates and momenta of charged particles. For chosen
temporal and spatial scales interaction between particles
inheres in collective behavior, charged plasma assumes to
be collisionless. Therefore, firstly, one may consider a
beam, submitted to the electromagnetic fields of focusing
elements, as the Hamiltonian system. Secondly, to
calculate the macroscopic parameters of a beam we may
evaluate
one
particle
distribution
function
g(x, y, p,, p,; z) that satisfies the Vlasov equation.
For the realistic transport channels operations with a
small parameter and linearized selfconsistent equations
are not valid. One should implement nonpertubative
methods to step forward. In [1] to apply Lie algebraic
techniques were proposed and stationary case was
examined. Nonstationary focusing was considered in [2]
on the basis of the quasi-stationary plasma model by the
algebraic methods. In this paper the general solution of
nonlinear focusing of nonstationary space charge
dominated beam is discussed.

on

H 3 (•,

z)

=

Ti. (z)A•ig

k

=

Lijkl(Z)•iJk~l

H
4'Z)

Summation over repeated indexes is implied. Matrixes
Sij,Tijk',Lijk are symmetric for any pair of indexes and
depend on z .
Taking into consideration (1) it is reasonable to find out
the transfer map M structure according to the Dragt-Finn
factorization theorem [3]:

M = exp(: f 4 :) exp(: f 3 :) exp(: f 2 :),
where
fm
is the Lie operator associated with the
homogeneous polynomial of degree in.
The dynamic equations for the transfer map factors
were received in [3]. After algebraic manipulation they
are casted into the matrix form:

2 TRANSFER MAP CALCULATION
Let's consider 4D-phase space of transverse canonical
conjugated coordinates and momenta of the continuous
charged particle beam. The actions of the transfer map
M , which brings about the symplectic manifold

"Worksupported by the FFR of Republic of Belarus, grant M96-065
÷ Email: bor@isir.minsk.by
0-7803-5573-3/99/$ 10.00 @1999 IEEE.

= JiaSabgbj
=ik-TabMaMbjMg
0i=-L
' I1 =-

abcdMM
abc

a

bj

(2)

'

M M
ck

dl

-

-9/2.FdijTabcMarMbkMc1Jd,
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M(z) = exp(: f 2 :),

Here
f4

=Gijklt(Z)
1

ijk~

f

3

=

4 SPACE CHARGE POTENTIALS
(x,y;z) one should solve the Poisson

Fk (Z)•ijk'

t" Matrixes Mij, Fik, Gijk

To calculate •b"

are

equation. Its solution at an arbitrary point (x 0 , yo) of the
beam cross-section at some Z is
x
y'f
dy
1 1J
•beam (X0,Y0;fZ) =
X
g;o v0

also symmetric for any pair of indexes and essentially
dependent on Z. The unitary symmetric and skewsymmetric matrixes are denoted as I ii and Jii The
differential equations (2) have to be solved subject to
Mij(z= 0) =Iij,Fijk(z= 0) =0,Gk(z= 0) =0.
If the explicit form of the transfer map M is known,
one may calculate changed in time values of a phase
variable vector 4 according to

(-I2

M

+ (: f 4

velocity, 6 0 is a dielectric permittivity of free space. And

G(xo, yo, x', y') denotes the Green's function.

:)MW

It should be noted that the limits of integration over
x', y', p', py are unknown. In general case one must

(3)

,

u(•(z)) = u(M•)+ u((: f 3 :)M)+
)M

(

2

+ u((: f 4

:)M4)

=

J dxf dyf dpxJdpy

,

(4)

g(x', y', p,

Gaussian, transformed distribution

P)

will be the Gaussian too. Moreover, if variables in
g(x, y, Px, Py) are not coupled, the same is valid for
And for that distribution
variables in g(x', y, px, p)
i
v
we may establish the limits of integration in (6) through
and
y,2 >
=
>
cr = J<'values
the

(5)

The last formula assumes that averaging the
microscopic dynamic function over an ensemble of
particles implies the Heisenberg picture in statistical
mechanics.
To evaluate the dynamic equations (2) one should know
A nontrivial
the Z -dependence of the S, T, L matrixes.

p.2 > according to the "3
=1
x' 2 >,k<
,
s
sigma" rule.
After integrating over momenta (6) takes the form

question is to evaluate the electromagnetic terms in the

Hamiltonian (1). The electromagnetic forces acting on a

bemXI

beam particle are due to the external fields of focusing
elements and to the interaction of a particle with its
environment.

yPbeam (X0 , Y0 ; Z)

11
EO0

a

3,

-3.

-3c;',

f dx'

f dy'

X

G

G( x 0 , yo,x', y')
(×)(Oa

3 FOCUSING SYSTEM POTENTIALS
If in particular the magnetic focusing system is used to
transport high-current relativistic beam, we have
(fe•e' (x, y; z) = 0. As for the vector Afield (x, y; z),
its components are calculated analytically in 3 stages for
each focusing element.
1) Solve the Laplace equation for the magnetostatic
potential U (x, y, z) taking into account the boundary
conditions implied by the magnetic field symmetry.
2) Calculate the components of the magnetic induction
B(x, y, z) from B(x, y, z) = gradU(x, y, z).
3) Obtain the vector potential A(x, y, z) projections
from rotA(x, y, z) = B(x, y, z).

for

x, y, px, py

variables

should be of the form (5). As a result we conclude, that
integration involves the inverse transfer map W-.
But if the initial distribution g(x,y,px,py) is the

X

u(4(z))g(x, y, Px, P.)

initial

transformed variables x', y', p', p'. in the integral, that

a beam macroscopic parameter U(z) - according to
U(z)

the

substitute

a dynamic function u(4) - according to

+U

(6)

,

where I is a beam current, V. is a reference particle

4(z) = AM + (: f 3 :)M0 +
+

0,x',y')g(x',y',p',p')

G(xo,y

V
allows choosing

e p

2

X

7

()

Y
G(x 0 ,y 0 ,x',y')

as the Green's

function of the inner Dirichlet problem for a circle [4].
When the explicit form of the transfer map M is
known, we integrate (7) numerically at the knots of a
spatial net, which covers the cross-section of a beam.
Hence, to calculate the transfer map factors, firstly, we
should represent (pbeam W, Y'; Z) as a finite sum of mforms according to (1). Secondly, we should establish the
z -dependence of the coefficients of the m-forms.
To satisfy the first requirement we consider
9beam (x', y'; z) as a function of 2 variables x', y' and
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1 parameter Z. It is substantial, that the function is
defined within the circle. Using the Chebyshev
polynomials as a complete set of orthogonal functions we
am(X, y'; Z) on the polynomials of
decompose

In that case of small nonlinearities the moments
approach may be used to treat the example [4].
Figures 1 and 2 depict the transverse beam sizes and the
beam centroid parameters respectively as functions of Z
in SI units. The solid curves concern the moments method
[41 and the dashed ones concern the algebraic approach. It

x', y' up to the 4-th degree. Coefficients Cij (z) of an

is clear, that results of different methods are in complete
agreement with each other.

approximation are calculated by the least squares method,
Due to the elliptic symmetry we evaluate only 5 of them.
As the result should be expressed in variables of (7), after
the inverse substitution x' -> cy x', y y we

--

have

(P

('y;)CIO (Z)X2 + C02 (Z)Y" 2+

+ C4 (Z)X,

To
(p

4

+ C4 (Z) y'

4

+.C 22 (z)x

2

2...-2

Y

satisfy the second requirement we consider
Z) as a function of I variable z and 2

beam (x', yI;

.

parameters x', y'. It is substantial, that any C 1 (z) is a

Figure 1: Transverse beam sizes variations.

monotonous function within some focusing element. So
one may construct the empiric formula with 2 parameters
for each C,. (z) within each focusing element. We use

.

the modified method of averages to establish the type of a
formula and compute its parameters.
To calculate Abeam(x',y';z) we solve the vector
Poisson equation in the same manner. If there is no a shift
of the beam centroid, one may use A, = AV = 0,
beam (x,

;z)

= V

p

(x', y'; z) .

In

-

........

o.

...

-

..

-

,

Figure 2: Beam centroid parameters variations.

general

C

case, the decomposition of functions and the construction
of formulas lead to
A 'm (x', y'; z) = D 20 (Z)x' 2 + I 0 2 (Z)y, 2 +
4
+D(z)y'
(Z),2 '2
"+"
D
Z
(z)
y
2 2 (Z)X'2y,2

5 FRINGE QUADRUPOLES FOCUSING
As an example we consider nonlinear focusing of an
electron nonstationary space charge dominated Gaussian
beam in a fringe magnetic quadrupole channel. The
algebraic approach discussed above was implemented to
the computer code LIE HEI written in Fortran-90.
Let a beam current is I = 100 A, a reference particle
energy is E 0 = 1 MeV, initial centroid parameters are
x(0)=0.3 7 5x10'" m,

y(O)=-0.575xl0"9 m, initial
sizes are x(0) =0.25x10 2 m, y(0) =0.25x10"2 m,
initial divergences are of 1%.
Let a quadrupole channel is of the total length 1.25 m
and consists of 3 lenses with lengths 0.375, 0.5, 0.375 m
respectively. Each lens has the same values of the gradient

g

=0.025

Thim 3.

T1/m and its second derivative g"=0.001

6 CONCLUSION
The analytical approach to solve the problem of
nonstationary nonlinear focusing of a high-current beam
was developed. It uses the most general equations that
govern a beam dynamics. And it means thatthe method
may have various applications in charged particle beam
physics and accelerator science.
Also it should be noted, that using in particular the
Heisenberg picture allows to solve the dynamic equations
and calculate the beam parameters, including its emittance
and brightness, in the same manner and without a concern
about the distribution evaluation.
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OPTIMAL TRANSPORT OF
NONSTATIONARY HIGH INTENSITY BEAMS*
A.I.Borodich÷, ISIR, Minsk, I.A.Volkov, BSU, Minsk

Abstract
The problem to determine focusing field configuration
that provides the minimal transverse emittance growth of
an intense continuous beam at the end of the transport
channel is considered. Nonlinear terminal Mayer problem
of optimal control related with nonstationary space charge
dominated beam transport by fringe magnetic. quadrupoles
was formulated. Then it was reduced to the quadrupoles
parameters optimization. Squared transverse rms
emittance of a beam was casted as the quality criteria.
Matrix differential equations [1] for the transfer map
factors together with the integral equations [1] for space
charge potentials were evaluated. The solutions of the
optimization problem were received by the Nelder-Mead
method combined with the penalty functions. The
computer code was carried out and verified. Test results
are represented.

together with the integral equations for space charge
potentials are used in frame of the algebraic approach for
transverse nonlinear focusing [1]. Calculation of beam
macroscopic parameters, including the transverse rms
emittance, implies the Heisenberg picture in statistical
mechanics. Notations of physical values, that are
involved, are the same as in [1].
Let the focusing system consists of the magnetic
quadrupoles cascading axially. Also the drifts may be
inserted between the lenses. Scalar potential is
field (x,y;g) = 0, and the components of vector
potential Afield (x,y;z) including the fringe fields are
field

A

field

2 OPTIMIZATION SCHEME

1g'(z)(y

zy

- x 4 ),

12
where

g(z)

is the gradient of a single magnetic

quadrupole lens, g'(z),g'(z) are its derivatives with
respect to an independent variable z.
The Mayer's problem of optimal control is stated as:
determine physical parameters of magnetic quadrupoles
(magnitudes of gradients, values of the first and the
second derivatives of gradients) as functions of the
longitudinal coordinate Z, which provide the minimal
transverse rms emittance of an intense continues beam at
the end of the transport channel.
This is nonlinear terminal problem of optimal control as
the total length of the transport channel is fixed. It is
reduced in the standard manner [3] to the problem of
optimization of parameters of the quadrupoles and drifts.
The quality criteria (the objective functional or merit
functional) is squared transverse rms emittance of a beam

P

with the Gaussian distribution as initial. The matrix
differential equations for the transfer map factors

0-7803-5573-3/99/$10.00@ 1999 IEEE.

2

I1

x,y;z)2= 1

Af

We consider continuous nonstationary high-current beam
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3g(z)(_y3
+X 2 y),

I

fie'd X

The design of focusing systems provide the minimal
transverse emittance growth of an intense relativistic
beam has been one of the central challenges in charged
particle beam physics and accelerator science for some
decades. From the mathematical viewpoint minimizing
the emittance is a problem of the optimal control theory
[2]. It is formulated for a system of differential equations
that govern the dynamics of an object under a control in
order to find out the minimum of some functional, for
example, the transverse rms emittance.
Considerable difficulties will emerge often in the
optimal control theory while the minimum of a functional
is calculated. Therefore, when some physical process is
under the examination, one should reduce the optimal
control problem to the problem of optimization, i.e. to
find out the minimum of the function of many variables,
For this purpose it is recommended [3] to approximate the
control function by a set of independent polynomials and
to use the conjugated variables for calculating the quality
criteria gradient.

Work supported by the FFR of Republic of Belarus, grant M96-065

(xy;z)
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1 INTRODUCTION

+ Email:
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(x,y;z)=-g (z)(x -xy2),
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2
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+

where the angular brackets mean averaging the physical

values over an ensemble.
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Each quadrupole possesses 4 parameters: the length of
a lens, the magnitude of gradient, the value of the first
derivative of gradient, the value of the second derivative
of gradient. Each drift possesses I parameter: the length
of free space.
The assumption we make is that the action of each lens
is independent of the others. It means we neglect the fields
of one lens tend to leak into the region of any adjacent
lenses [4]. Also we model the action of each lens using
the "hard-edge" approximation. But both linear and
nonlinear focusing forces of a lens are taking into account.
As a result of optimization 4 parameters (3 physical and
1 geometrical) for
each deermned.Thetotl
lens plusnmberof
the lengths araetes
of all drifts
o
should be determshoud
ined.bThe
total number of param
eters of
optimization is n=4m+m-1, where m is the number of
quadrupoles. We employ the Nelder-Mead method to
compute the optimal values. It is the regular search
method of the zero order and uses the simplex in ndimensional space of the parameters of optimization.
The general calculated scheme to obtain the optimal
focusing system parameters for a transport of an intense
continuous beam with the initial Gaussian distribution on
coordinates and momenta looks as it follows.
1. Define the initial configuration of focusing fields,
which is determined by n parameters, and make the initial
simplex.
2. Compute the transfer map, having the dynamic
equations for its factors, from the start point zir

cycles to compute the transfer map in selfconsistent
manner together with the space charge calculation.
The transport channel consists of the focusing elements.
And every focusing element is conditionally divided with
respect to the z variable onto 5 sections (6 calculated
points). Data received are stored for statistics to construct
the empiric formulas for unknown functions C. (z) and

Dy (z) within each focusing element. We use the
modified method of averages to establish the type of each
empiric formula and calculate its 2 parameters. The
transfer map from Z in to z-an is computed into 2 stages.
In the first stage we deal with the sections. Every time
w aclt h r nfr m pfo
h tr
on
it
we calculate the transfer map from the start point z1 to
the end z,+, of the current section (z 0 = z
Z1 = z1 '). All the coefficients Cj and Dii are
constant, and we derive the dynamic equations for the
current section transfer map factors. So, the transfer map
from Zr"n to Z-an is a consequence of transfer maps from
Zi to zJ+1

In the second stage we deal with the elements. Every
time we calculate the transfer map from the start point Zk
to the end

to the

end z fin of the transport channel.
3. Compute the second moments as the average
physical values in the Heisenberg picture, using the
known transfer
map factors, at the end of the transport
fianelzn

zK

zk+l

of the current element (z 0 = z11

=Z'fn ). All the coefficients Coj(z) and

Dj (z)

are known functions of z, and we derive the dynamic
equations for the current element transfer map factors. So,
the transfer map from zn to zf is a consequence of

transfer maps from Zk to zk+1.

channel Zfin
4. Calculate the terminal meaning of the quality criteria,
which corresponds to the initial configuration of focusing
fields.
5. Make an advanced simplex, according to the Nelder
& Mead idea to move it toward the optimum, and define
the advanced configuration of focusing fields,
Then we repeat actions following steps 2-5 until obtain
the minimum of the quality criteria as a function of n
parameters with prescribed accuracy.
Three main operations are used to transfer the simplex
with (n+l) vertices in n-dimensional space. The
coefficients of reflection, stretching and compression are
a = 1, 03 = 0.5, ', = 2 , as it is recommended in [5].
Also the additive penalty function are implemented in
the optimization. It provides the beam "effective"
transverse size (- 3(Y ,- 3(T' ) is no greater than the

The optimization scheme discussed above is an algorithm
for computer code LIEOPT written in Fortan-90. Matrix
differential equations are computed by the Runge-KuttaMerson method of the 4-th order. Four-dimensional
integrals, used to calculate the beam macroscopic
parameters, are executed by the Monte-Carlo method.
Two-dimensional integrals, used to calculate space charge
potentials values, we evaluate by the Gauss method for
hyper-rectangles.
As an example we consider the optimization of a fringe
magnetic quadrupole channel without drifts.
Let an electron Gaussian beam current is I = 100 A, a
reference particle energy is E 0 = 1 MeV, initial centroid

transport channel aperture as well as the beam "effective"
transverse momentum (- 3•, ,- 3V,)
never exceeds

parameters are T(O) = 0, y7(0) = 0, initial sizes are
Y(0) =0.25x10 2 m, j(O) =0.25x1072 m, initial

the longitudinal one.
It was the outer cycle implies the regular search for the
quality criteria function minimum. There is also two inner

divergences are of 1%.
Let a quadrupole channel consists of 10 lenses of the
same length.

3 FRINGE QUADRUPOLES

OPTIMIZATION
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The goal is to obtain the optimal values of the gradient
g and its second derivative g" for each lens.
To facilitate our task we require each quadrupole
produces the same fringe field. It means that additional
constraints should be included in the penalty function.
Figure 1 depicts the initial and optimal gradient values
of each quadrupole in SI units. Solid line specifies the
initial focusing field configuration as a quadrupole super
triplet. Corresponding variations of the beam envelopes
along the transport channel in SI units is shown on figure
2 also in solid. Dashed lines on the figures 1 and 2
concern the optimal quantities.
At the end of a transport channel the initial value of
squared transverse rms emittance of a beam is
Q0 = 2.65x10.7 m/rad2 , and the optimal one is
QOpt = 1.87x10.7 m/rad2. The optimal meaning of fringe
fields is specified by g' = -0.2 Tl/m3 . They are
responsible for the partial compensation of space charge
nonlinearities. It leads to some reduction of the rms

emittance growth.

0.0°2

0.0

0.40

0.80

1.20

the beam sizes while using in particular the fringed
magnetic quadrupoles.

4 CONCLUSION
The optimization technique described here may be used in
computer simulations for high-current continuous beam
transport to provide the minimal emittance growth.
The major advantage of this approach is that it uses the
most general equations that govern the dynamics of
nonstationary space charge dominated beam. Also it is
important that focusing field nonlinearities may be
included in the group of controls.
The major drawback is that technique searches only
local minimum. Therefore in future work the procedure of
picking a starting point in the space of parameters will be

adjusted.
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Figure 1: Arrangements of qudrupoles and
their gradient values..
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Figure 2: Beam envelopes variations.
We should also mark another nontrivial result, that
follows from the solution of the optimal transport of highcurrent continuous beam. It is possible to minimize the
transverse rms emittance growth without any increase of
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ANALYSIS OF PHASE SPACE STRUCTURE FOR MATCHED INTENSE
CHARGED-PARTICLE BEAMS IN PERIODIC FOCUSING TRANSPORT
SYSTEMS*
2
Renato Pakterl Chiping Chen' and Ronald C. Davidson
'MIT Plasma Science and Fusion Center, Cambridge, MA 02139, USA
2Princeton
Plasma Physics Laboratory, Princeton, NJ 08543, USA

Abstract
Test particle motion is analyzed for a matched intense
charged-particle beam in a periodic focusing solenoidal
magnetic field to assess the effects of beam intensity on
inducing chaotic particle motion and halo formation.

1

INTRODUCTION

THEORETICAL MODEL

We consider a thin, continuous, intense charged-particle
beam propagating in the z-direction with characteristic
axial velocity I•be and kinematic energy Ybmni 2 through the
periodic focusing solenoidal magnetic field
BSot(x) = Bz(s)ez

-

i ,equations
-B'(s)(xe. + yey).

(1)

Here, ex and ey are unit Cartesian vectors perpendicular
to the beam propagation direction, s = z is the axial cooryey is the transverse displacement from the
dinate, xex at+ (x,
y) = (0, 0), the superscript 'prime' debeam axis
boteam
axs
aith
(,)
(0,0)Idsand
supersript
theand the 'imeenotes d/ds with B'z(S) == dBz
(s)/ds,
axial cornsatisfies
field
ponent of magnetic
B.(s + S) = B,(s),

2

d 2 rb +

= 0,
(4)
ds2
rb
where K = 2q 2Nb/7 3/32mC2 is the normalized perveance,
tr.(s) = [qB.(s)/2yb/3bmc 2]2 = [QAc(s)/2/3bC] 2 is the focusing parameter, ET = const. is the total unnormalized

No. DE-FG02-95ER-40919 and Contract No. DE-ACO2-76-CHO-3073,
and by Air Force Office of Scientific Research under Grant No. F4962097-1-0325. The research by R. Pakter was also supported by CAPES,

-

-

of motion transverse to the direction of beam
propagation can be derived from the normalized Hamiltonian
1 /
2,(s)r
+i(r s),
1
H±(r,Pr,Pes)=•(P 2 + r 2
+ 2'
r
2
(5)
bwhere the normalized self-field potential ?P(r, s) is defined
by
s)

=(r,

{

[1 -) r2/r2(s)] + K ln[r./rb(S)],
0 < r < rb(s),

In[r./r],

(6)

rb(S)<r<r,.

In this section, we analyze the particle motion in the Larmor frame described by Eq. (5). For present purposes, the
Hamiltonian in Eq. (5) is expressed as
H±(r, P, Po,s) = Ho(r, Pr,Po) + Hi (r, Pr, Po, s), (7)

Brazil.
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,(s()Krb

emittance, q and m are the particle charge and rest mass,
respectively, and c is the speed of light in vacuo. The transverse phase-space distribution that self-consistently generates the density profile in Eq. (3) is the rigid-rotor Vlasov
equilibrium distribution with angular rotation velocity Wb
[2].
[]
In cylindrical coordinates (r, 0) in the Larmor frame, the

±

This research was supported by Department of Energy under Grant

(3)

In Eq. (3), r = (x 2 + y2 )1/ 2 is the radial coordinate,
rb(s) = rb(S + S) is the outer envelope of the beam, and
Nb = 27r fo7o nbrdr = const. is the number of particles
per unit axial length. The periodic outer beam envelope
rb(s) = rb (S + S) corresponds to a special solution of the
beam envelope equation [2,3]

(2)

where S is the axial period of the focusing field.
To determine the self-electric and self-magnetic fields
consistently, we make the following assumptions: (a) the
*

< r < rb(S),

flb(r,

charged-particle
Halo formation and control in intense
beams has been the subject of recent vigorous theoretical, computational and experimental investigations [1]. It
is of fundamental importance in the development of nextgeneration high-intensity accelerators for basic scientific
research in high-energy and nuclear physics as well as for
a wide variety of applications ranging from heavy ion fusion, accelerator production of tritium, accelerator transmutation of nuclear waste, spallation neutron sources, and
high-power free-electron lasers. In these high-intensity accelerators, beam halos must be controlled in order to minimize beam losses and activation of the accelerator structure.

2

Budker parameter v = Nbq 2 /mc 2 for the beam is small
compared with yb; (b) the axial momentum spread of the
3
beam particles is small in comparison with ybm• bc; (c) the
beam is axisymmetric (a/69 = 0); and (d) the beam is perfectly matched into the focusing field with uniform density
profile over the beam cross section,
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where
p o2p2P

H1

z]r2 +-k (r,s) -

K[t(s) - R

=

Vo(r+P+)

1b(r,S)Irb,=b.

-

(9)

In Eqs. (7)-(9), V'(r, s) is defined in Eq. (6), and the effective mean beam radius rb is defined by
1/2

2
0
1.00

=(rrb(10)

1.25

1.50

1.75

2.00

r

where or = ET f+S ds/rb(s) is the space-chargedepressed phase advance for the rigid-rotor Vlasov equilibrium. The effective mean focusing parameter Rz occuring
in Eqs. (8) and (9) is defined by

Figure 1: Locations and full widths of the primary resonances of order n = 3 to 6.

K

oUnder the influence of the perturbation H 1 , a variety
of nonlinear resonances occur due to the coupling of the
(slow) betatron oscillations and the (fast) oscillations in the

R2

rb

+ -

T2

(11)

rb

Physically, the Hamiltonian Ho provides a good approximate description of the (slow) betatron oscillations,
whereas the perturbation H 1 describes nonlinear resonances induced by the (fast) oscillations in ,r (s) and rb (s).
To determine the betatron oscillation frequency, we employ the Hamilton-Jacobi method and perform a canonical
transformation from (r, Pr) to the action-angle variables
(0, J). Let W(r, J) be the characteristic function satisfying the partial differential equation

2

= Ho = const.
+ Vo(r, Po)200

00

The action variable J can be expressed as
Prdr27

r(1412[/f

Expanding H 1 in a Fourier series representation in 0 and s,
we obtain
H1

(12)

As discussed below, the dependence of W on J is uniquely
determined because of the one-to-one correspondence between Ho and J [see Eq. (16)]. A formal expression for the
angle variable 0 is given by
0 =&W/DJ.
(13)

J=

focusing parameter rz (s) and associated modulation in the
beam envelope rb(s). The locations and widths of the nonlinear resonances are analyzed.
Making use of the action-angle variables (0, J), we express the total Hamiltonian H formally as
H(0, J, Pe, s) = Ho(J, Po) + H, (0, J, s).
(18)

- Vo(r, Po)]} 1 /2dr,

)

(15)

(16)

The betatron oscillation frequency can then be expressed as
w,3(J, Po) = DHo/lJ,
which, in general, must be evaluated numerically,

(17)

E

an,-(J) exp[i(n0 + 217rs/S)],

Arn

0r)

-PoJ=j)

and r+ > r- is assumed. Because the action variable J
increases monotonically with increasing H 0, Eq. (14) can
be inverted to yield a Hamiltonian of the form
Ho = H 0 (J, Po).

E

(19)

where the Fourier coefficients a,, (J) are determined numerically. Of particular interest in the present analysis are
the primary nonlinear resonances that satisfy the resonance
condition
nwe(Jn , Poe) = 27r/S,
(20)
where Jn determines the location of the primary resonance
of order n in the phase space (0, J), i.e., at J = Jn. The
full width of the nth-order primary resonance is estimated
to be

where the turning points r± solve the algebraic equation
Ho = Vo(r±, Po),

=

r32 ja° ,-'(J n)i1/2 (21)
[(O9nl/J)g=a,

(

in the radial coordinate.
Figure 1 shows the locations and full widths of the primary resonances of order n = 3 to 6 obtained for the
choice of system parameters corresponding to or,
80'
(S 2k2 = 8.712), 77= 0.2, c = 26.2' (SKIET = 3.8),
Wb = 0 and P0 = 0. Here, a step-function lattice is used,
and 77is the filling factor. In Fig. 1, the solid lines correspond to the analytical estimates given in Eq. (21), whereas
the dotted lines are obtained by integrating Eq. (5) numerically.
Use is made of the Poincar6 surface-of-section method
to examine extensively the phase-space structure described
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Figure 2: Poincar6 surface-of- section plots in the phase
space (r, P,) for 15 test particle trajectories moving
through the periodic step-function lattice from s/S =0.5
to 1000.5. Here, the parameters are: a-, = 800, 77= 0.2,
or= 11.4' (SKIET = 10), Wb = 0, and PO/eT 0.

Figure 3: Poincar6 surface-of- section plots in the phase
space (r, Pr) for 15 test particle trajectories moving
through the periodic step-function lattice from s/S =0.5
to 1000.5. Here, the parameters are: a, = 80', q
0.2,
a = 11.4' (SKIET = 10), Wb = 0.9, and P0/ST = -0.9.

by the Hamiltonian H in Eq. (5). Of particular interest are
the nonlinear resonances and chaotic particle motion of test
particles outside the boundary of the phase space occupied
by the interior beam particles making up the rigid-rotor
Vlasov equilibrium distribution fo [2]. The phase-space
boundary of the rigid-rotor Vlasov equilibrium is a closed
surface in the three-dimensional phase space (r, Pr, PO) at
any given axial distance s. A projection of such a boundary
onto the phase space (r, Po) can be determined from

(Pe), beam intensity (as measured by SKICT or or/a-,,),
vacuum phase advance or,, or beam rotation (Wb) is varied.
For an intense beam with nonrotating KV equilibrium distribution (wb = 0), it was shown that the chaotic regions approach the phase-space boundary of the equilibrium distribution as the canonical angular momentum PO decreases in
magnitude. For an intense beam with a rigid-rotor Vlasov
equilibrium distribution (wb :,1 0), it was found that the
presence of beam rotation reduces the degree of chaotic
in phase space. Finally, for or-',< 800, the testparticle analysis showed that at very high beam intensities,
the chaotic layers associated with the separatrices of nonlinear resonances are still divided by the remaining invariant (KAM) surfaces and do not overlap completely to form
an extended chaotic region.

-:

"rbehavior
+~~~~~~
rb (S)

CTr

~)
~

22)
WbI±(
()

where the parameter Wb (Iwbi < 1) is a measure of beam
rotation in the Larmor frame. For a KV equilibrium distri-

bution, Wb

=0.

Detailed results of the phase-space analysis are discussed in [4], and are summarized in Sec. 4. Here, we
only illustrate the effect of beam rotation on beam dynamics in Figs. 2 and 3. For both cases shown in Figs. 2 and
3, the value of P0 is chosen such that the boundary of the
equilibrium distribution extends to r = rb [Eq. (22)]. It is
evident in Figs. 2 and 3 that, for comparable choices of system parameters, the phase space structure for a nonrotating
KV equilibrium distribution (wb = 0) exhibits more pronounced chaotic behavior that that for a rigid-rotor Vlasov

equilibrium distribution (with Wb

4

5
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=0.9).

CONCLUSIONS

Test particle motion has been analyzed for matched intense charged-particle beam propagating through a periodic
solenoidal magnetic field. The betatron oscillations of test
particles in the average self fields and applied field were
analyzed, and the nonlinear resonances induced by periodic modulations in the self fields and applied field were
determined. It was found [4] that the phase-space structure
changes significantly as the canonical angular momentum
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ENHANCING THE PERFORMANCES OF ECR ION SOURCES*
G. D. Alton, Y. Liu
Physics Division, ORNL, Oak Ridge, TN

Abstract
The performances of ECR ion sources can be enhanced in
the spatial domain by tailoring the central magnetic field
so that it is uniformly distributed over a large plasma
volume and is of magnitude so as to be in resonance with
single frequency microwave radiation. Analogously, the
performances of conventional minimum-B ECR ion
sources can be enhanced in the frequency domain by
injecting multiple discrete frequency or broadband microwave radiation into their plasma volumes. In this report,
examples of both the spatial-and frequency-domain
techniques will be given. For example, the design aspects
of an all permanent-magnet "volume-type" (spatialdomain) ECR ion source will be described and the effects
of injecting multiple frequencies (frequency-domain) on
the
charge-state-distributions
extracted
from
a
conventional minimum-B ECR ion source will be
presented.

1

INTRODUCTION

Electron-cyclotron-resonance (ECR) ion sources are being
widely used for the production of highly charged ion
beams for heavy ion accelerator based fundamental and
applied research. In recent years, considerable progress
has been made in ECR ion source technology in terms of
their capabilities for generating high-charge-state ion
beams as well as total beam intensities. In conventional
minimum-B ECR ion sources, narrow bandwidth, single
frequency microwave radiation produces thin annular,
ellipsoidal-shaped ECR surfaces which constitute a small
percentage of the plasma volume and consequently, the
efficiency of RF power coupling is limited by the sizes of
their ECR surfaces. It has been suggested that the
performances of ECR ion sources can be significantly
improved by tailoring the central region of the magnetic
field so that it is resonant with single frequency
microwave radiation (spatial-domain) [1-3] or by injecting
multiple-discrete or broadband microwave radiation into
conventional minimum-B ECR ion sources (frequencydomain) [3,4].
The spatial-domain technique employs a magnetic
field configuration with an extended central flat region,
tuned to be in resonance with single-frequency microwave
radiation. Because of the large resonant plasma volume,
significantly more RF power can be coupled into the
plasma, resulting in heating of electrons over a much
larger volume than possible in conventional ECR ion
sources. The ability to ionize a larger fraction of the

particles in the plasma volume effectively reduces the
probability of resonant and non-resonant charge exchange,
thereby increasing the residence time of an ion in a given
charge state and for subsequent and further ionization. All
other parameters being equal, the "volume" ECR source
should result in higher charge-state distributions, higher
beam intensities, and improved operational stability [1-3].
This concept has been recently validated by Heinen, et
al., who used the technique to improve the charge states
for Ar'÷ (q>5) by factors of 20 to 100 over those from a
conventional minimum-B ECR ion source [5] and
through the record proton intensities generated with the
"flat" field source by Wills, et al. [6]. We are presently
fabricating a compact, all-permanent-magnet "volumetype" ECR ion source that incorporates the flat-field
concept for high charge-state ion beam generation.
With multiple discrete frequency microwave radiation
simultaneously launched into a minimum-B ECR ion
source, one can generate multiple, separated and nested
ECR heating surfaces. These techniques have been
validated at LBNL by increasing the high charge-state
population and intensities within a particular charge state
of Bi and U by injecting two frequencies into their AECR
source [7] and at ORNL by increasing the charge states
and intensities within a particular charge state for Ar'• and
Xe~q by injecting three frequencies [8] into the ORNL
Caprice ECR ion source [9].
The design details of an all permanent-magnet
"volume-type" ECR ion source for multiply charged ion
beam generation and the results derived from the three
multi-frequency plasma heating experiments will be
described in this report.

DESIGN FEATURES OF AN ALLPERMANENT MAGNET VOLUME ECR

2

ION SOURCE
A compact, all-permanent magnet, single-frequency ECR
ion based on a novel magnetic field configuration has been
designed and is presently under construction [10]. The
source is designed to achieve a large, on-axis ECR
"volume," which allows ECR power to be efficiently
coupled along and about the axis of symmetry. A
schematic representation of the source is illustrated in Fig.
1 and the axial magnetic field is displayed in Fig. 2. As
noted, the axial magnetic field profile is flat (constant
mod-B) in the center which extends over the length of the
central field region along the axis of symmetry and
radially outward to form a uniformly distributed ECR
plasma "volume". This magnetic field design strongly

Research supported by the U.S. Department of Energy under contract
DE-AC05-OR22464 with the U.S. Department of Energy.
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contrasts with those used in conventional ECR ion
sources where the central field regions are approximately
parabolic and the consequent ECR zones are "surfaces".
According to computational studies [I] the new
configuration will result in dramatic increases in the
absorption of RF power, thus enabling the heating of
electrons over a much larger volume, thereby increasing
the electron tempergture and "hot" electron population in
the plasma. The axial mirror field is produced by two, 50mm thick, annular NdFeB permanent magnets radially
magnetized in opposite directions and separated by - 150
mm. Specially designed and positioned iron cylinders are
used to create the flat central field region between the
mirror magnets. The source is designed to operate at a
central frequency of- 6 GHz and the flat magnetic field
region can be adjusted by mechanical means to tune the
source to the resonance condition within the limits of 5.6
to 6.9 GHz. The plasma confinement magnetic field
mirror has a ratio Bm,,,BEcR of slightly greater than two.
Since the radial magnetic field distribution is
proportional to B = B0 rN1-2 where N is the number of
cusps and r is the radial distance from the center of the
device to the tip of the magnet, a high-order multicusp
field for confining the plasma in the radial direction can
increase the resonant volume in the radial direction.
Thetefore, instead of a sextupole field, commonly used in
conventional minimum-B ECR ion sources, a 12-pole
multicusp field was designed for the source. Twelve
NdFeB bar magnets, equally spaced in an alternating
polarity arrangement around the circumference of a 57.2mm diameter, water cooled Cu magnet holder, are used to
produce the desired field for radial confinement, as shown
in Fig. 3. In combination with the axial mirror field, a
magnetic field strength of 5.1 kG, approximately equal to
that of the axial mirror field, is generated at the inner wall
of the plasma chamber. For comparison, the radial field
profile for a sextupole configuration (N = 6) is also
plotted in Fig. 3. As noted, the region over which the
field region is uniform is much greater for the N = 12
multicusp field.
The cylindrical cavity plasma chamber is made of Al
and is 15.6 cm in length and 5.4 cm in diameter.
Computational design studies were performed for several

0.6
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0.3
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0.0
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4

tapered rectangular-to-circular transition section, starting
from a rectangular WR137 waveguide and ending with a
circular diameter that matches the dimension of the
plasma chamber. The transition from rectangular to
circular is very smooth so that it has excellent voltage
standing wave ratio (VSWR) while converting the
rectangular waveguide TE 10 dominant mode to the
dominant circular waveguide TE1 ,p eigenmodes with the
RF power concentrated near the axis of the resonant
plasma volume and the E-vector oriented perpendicular to
the magnetic field direction for efficient electron heating.
The mechanical design of the source is very flexible in
that it can be converted from a "volume" source to a
"surface"
source
and
vice-versa
by
simply
adding/removing a Fe ring to/from the central region
between the mirror magnets. The resulting minimum-B
axial magnetic field profile, after adding the Fe ring, is
also shown in Fig. 2. The multicusp field can also be
changed to an N = 6 field distribution when the source is
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code ANSYS [1 1]. A broadband RF injection system was
then designed for the ion source. It is a long, precisely
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Fig. 2. Axial magnetic field profiles of the volume"
(solid line) and conventional minimum-B configuration on "surface" (dotted line) ECR ion sources.
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Fig. 1. Schematic view of the flat-B ECR ion source.
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configured as a conventional
"surface"
source.
Comparisons will be made of the performances of the
"volume" and conventional single-frequency "surface"...
ECR sources in terms of the charge-state distributions and
intensities within a particular charge-state for each
configuration.

3

•"N
WR"S

......

MULTI-FREQUENCY MICROWAVE
PLASMA HEATING

ýACý

We have conducted comparative studies to assess the
relative performance of the conventional minimum-B
ORNL Caprice ECR ion source [9] for the production cf
multiply charged ion beams when excited with one, two
and three-frequency microwave radiation [8]. In order to
simultaneously inject three frequencies into the plasma
chamber of the source, it was found necessary to design
and fabricate an appropriate waveguide/injection system to
avoid cross coupling of the radiation in the waveguide
system. The ORNL Caprice source, equipped with the
new three-frequency injection module, is shown in Fig. 4.
Microwave radiation between 10 and 14 GHz can be
injected into the source. The studies were conducted with
supply and
the existing 10.6 GHz, 1 kW, klystron power
two TWT-based microwave power supplies with rated
powers
of 80
and
200
W,
respectively.

.......

Fig. 4. Schematic drawing of the ORNL Caprice ECR
ion source [9] equipped with a three-frequency microwave
injection system.
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experiments
One, two and three-frequency heating
were conducted with Xe feed gas with 10.6 GHz (290 W),
10.6 GHz (290 W) + 11.57 GHz (40 W) and 10.6 GHz
(290 W) + 11.57 GHz (40 W) + 12 GHz (52 W)
microwave power. Fig. 5 shows the resulting charge-state
distributions derived from these studies. It is clear that,
with the addition of the second and third frequencies, the
most probable Xeq+ charge state moves to higher values
by one unit and the intensities for the high-charge states
are increased by -3 over those for the saturated, singlefrequency 10.6 GHz (290 W) case. Our results clearly
illustrate that the performance of conventional geometry
ECR ion sources can be significantly improved by use of
multiple-discrete frequency plasma heating.
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Fig. 5. Charge-state distributions for Xe ion beams
extracted from the ORNL Caprice ECR ion source [9]
equipped with a three-frequency microwave injection
system; lower curve: 290 W of 10.6 GHz klystron power
(optimized); middle curve: 290 W of 10.6 GHz klystron
power (optimized) and 40 W of 11.59 GHz TWT power
(nonoptimized); and upper curve: combination of 290 W
of 10.6 GHz klystron power (optimized), 40 W of 11.57
GHz TWT power (nonoptimized), and 52 W of 12.9
GHz TWT power (nonoptimized) [8].
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A HIGH-TEMPERATURE, "VOLUME-TYPE", ECR ION SOURCE FOR
RIB GENERATION*
G. D. Alton, T. Zhangt , Y. Liu, C. A. Reed*, C. Williams*,
Oak Ridge National Laboratory, P. 0. Box 2008, Oak Ridge, TN 38731-6368 USA
Abstract
A high temperature, low-charge-state, "volume-type"
source has been designed for use in the nuclear physics
and nuclear astrophysics research radioactive ion beam
(RIB) programs at the Holifield Radioactive Ion beam
Facility (HRIBF). The source utilizes electromagnetic
coils to generate a large and uniformly distributed central
magnetic field with magnitude (875 G) chosen to be in
electron-cyclotron-resonance
(ECR) with
singlefrequency (2.45 GHz) microwave radiation. Among the
features of the source include: a variable mirror-ratio at
ion extraction as required for optimizing low-charge state
ion beam generation; a right-hand, circularly-polarized
RF injection system to overcome the relatively-low,
cutoff-density, (n, = 7.4x1010/cm 3) associated with the use
of 2.45 GHz microwave radiation; and a high
temperature, Ir- or Re-coated-Ta plasma chamber to
reduce the residence times of radioactive species that are
adsorbed on the walls of the chamber. No provisions are
made for radial plasma confinement due to the sensitivity
of permanent magnets to degradation by the large fluxes
of neutrons incumbent during target irradiation, routinely
used for this purpose. Aspects of the design features of
the source are described in this report.

1 INTRODUCTION
Chemically active species, diffused from target materials
for use at ISOL-based radioactive ion beam (RIB)
research facilities, often arrive at the ionization chamber
of the source in a variety of molecular forms. Since hotcathode sources, such as the CERN-ISOLDE electronbeam-plasma ion source, presently used at the HRIBF, do
not efficiently dissociate and ionize the atomic
constituents of such carriers, the species of interest are
often distributed in a variety of side-band ion beams with
different masses and thereby, their intensities are diluted.
Since intensity is at a premium for nuclear physics and
astrophysics research with RIBs, it is important to
concentrate the species of interest into a single masschannel. ECR ion sources are particularly effective
means for simultaneously dissociating molecules and
ionizing their atomic constituents. While these sources

"Research sponsored
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De-AC05-960R22464 with Lockheed Martin Energy Research Corp.
'On leave from China Institute of Atomic Energy (CIAE), Beijing.
*Oak Ridge Institute of Science and Engineering (ORISE), Oak Ridge,
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are most frequently used for generating multiply charged
ion beams for which the plasma confining magnetic field
must be optimized at high field values, the magnetic field
can also be customized to accentuate low charge-state
ion beam generation as required for radioactive ion beam
(RIB) generation at the HRIBF. The present source
design is predicated on recent advances in ECR ion
source technology effected by designing the magnetic
field so that the central magnetic field is uniformly
distributed over a large volume with magnitude chosen to
be resonant with 2.45 GHz microwave radiation [1-41.
By enlarging the ECR zones, the performances
(molecular dissociation and ionization efficiencies) can
be enhanced over those of conventional minimum-B
geometry sources.
In this report, we briefly describe, the mechanical
design features, magnetic field design attributes, ion
extraction optics and the RF injection system for the
source.

2 MECHANICAL DESIGN FEATURES
An isometric representation of the source is illustrated in
Fig. 1. The source assembly consists of a tubular Ta
plasma chamber (inner diameter: 75 mm; length: -265
mm) to which is welded tubular Ta production beam
entry and target chambers, positioned at right angles with
respect to the plasma chamber axis. The production beam
will pass through the center of the plasma chamber, at a
right-angle with respect to the axis of symmetry of the
source, where it will interact with target material, located
in a target chamber diametrically opposed to the entry
port, before coming to rest in a C-beam-stop. The plasma
and target chambers will be coated with Ir or Re because
of their low enthalpies for adsorption of many
electronegative members of the periodic chart to reduce
the residence times of RIB species that strike the plasma
chamber walls. The end flanges of the plasma chamber,
production beam entry port, and target chamber ports
will be made of stainless steel, fusion-bonded to Ta.
These flanges will be equipped with knife-edge-type
metal-to-metal vacuum seals. Target materials will be
heated to temperatures exceeding 2000 °C by resistively
heating a Ta-heater that surrounds the target material
reservoir. The plasma chamber will be independently
heated up to -1500 °C by Ta wrap-around heaters. The
large conductance target chamber is close-coupled to the
plasma chamber of the source in order to efficiently
transport radioactive species to the plasma chamber of
the source.
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extraction end of the source, as required to optimize the
efficiencies for dissociation of molecular carriers and
ionization of their atomic constituents. While the mirror
coils serve to confine the plasma in the axial direction,
no analogous provisions are made for radial plasma
confinement due to the sensitivity of permanent magnets
to degradation by the large fluxes of neutrons incumbent
during target irradiation, routinely used for this purpose.
As noted, the field is designed to be uniform over a
length of -75 mm. In order to produce a central field
with the desired uniformity, high
cylindrical geometry Fe shunts, located
the trim coils, are also required. The parameters
of the magnetic field system are listed in Tables 1 and 2.
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FIG. 1. Schematic representation of the high-temperature,
low-charge-state ECR source
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3 MAGNETIC FIELD DESIGN
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the
For the source to perform according to
central
the
underlying principals, it is quintessential that
field region be uniformly distributed (flat) along the axis
of symmetry of the source with magnitude
commensurate with the value required for excitation with
single-frequency, 2.45 GHz microwave radiation (B,,R
875 G). The magnetic-field distribution, shown in Fig. 2,
was computationally designed to achieve this objective
by use of the simulation code Poisson [5]. The required

flat central resonant field region is generated with two
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FIG 2. Axial magnetic field profile for the low-charge-state
ECR ion source.

sets of primary and trim coil systems (inner coil
diameters: 01)122 mm) located at each end of the plasma
TABLE 1. Mirror ratios of the axial magnetic field
chamber; each coil system is housed in a magnetic flux
B. /BE•c,=~ -2/1
RF injection end:
return yoke (outer diameter: (1)254 mm). The axial
BJBEC, =I.I/1 to 1.8/1
Ion extraction end:
magnetic field is designed with a fixed, high mirror ratio
at the RF injection end and a variable mirror ratio at the
TABLE 2. Magnetic field intensity and uniformity values for the magnetic field distribution
Peak Value: Peak Value:
Flat-B
Flat-B
Extraction end RF injection Region (cm) Uniformity
(G)
end (G)
(%)

968
1051
1146
1466
1572

1646
1644
1638
1600
1572

8.5
8.0
7.5
7.5
7.5

±1.0
±1.0
±1.0
±1.3
±1.0

Bmax
(G)

Bmin
(G)

884
883
884
886
884

867
866
866
863
866

Primary Coil: RF Primary coil:
injection end
Extraction end
(A.Tums)
(A.Tums)

18700
18650
18550
18170
17800

4 EXTRACTION OPTICS

Trim Coil: RF
injection End
(A.Tums)

Trim Coil:
Extraction End
(A.Tums)

2500
2000
1520
-1540
-2900

-2800
-2800
-2800
-2900
-2900

7700
8810
10030
15500
17800

I = PP( 1 - 1.6 d•.V•

In order to ensure beams with good transport properties
and minimise aberration effects imparted to the beam
during extraction, a series of simulation design studies
for space charge limited extraction from the source were
performed with the simulation code, PBGuns [6]. The
following formula was used initially in choosing initial
values for certain parameters such as the extraction gap,
d, radius, ri, of the aperture in the first extraction
electrode (cathode), and
extraction voltage, V, for
space-charge limited flow through the system [7]:

rc)

\
P

(1)

4 (2q)
9O-

jMJ

2

ra

d'

in Eq. 1, q is the charge, M the mass of the ion, and a is
radius of the extraction aperture. Table 3 provides a list
of species, intensities, RMS emittances and extraction
voltages for the three-electrode extraction system under
space-charge-limited conditions. The axial mirror fields
are taken into account during the simulations. An
example of beam transport of a 1.62 mA beam of 4°Ar
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through the three electrode extraction system is shown in
Fig. 3.

"It
0

l

rectangular-to-circular transition wave-guide section.
The finite element code ANSYS [8] was used in
determining the length of the converter that would
minimize reflected power. Fig. 4 illustrates the
dependence of reflected power on the length of the
......
.........
..... rectangular-to-circular transition section. The results of
this studies also show that the forward power possesses
the frequency independent character of the RF injection
,.-...........
system. Fig. 5 shows that the electric field distribution is
concentrated near the axis of the uniformly distributed
imagnetic field, in keeping with efficient coupling of the
RF power to the plasma.

Z--axis

Ia1Ini

FIG. 3. The beam profile of a 1.62 mA 'Ar' beam extracted
from the "volume-type" ECR ion source

14
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From the figure, it can be seen that the spherical-sector
plasma-electrode plays an important role in focusing the
beam; the field gradients between the focus electrode and
first and second extraction electrodes form a smooth
extraction field, resulting in transportable beams with
good emittance characteristics. This electrode system can
also be used for extraction and transport of highly spacecharge-dominated proton beams. In this situation, only
the first electrode is used for extraction; the second
electrode is biased negatively by - -1 kV to repel
secondary electrons generated by ion impact with beam
transport components and residual gas atoms that would
otherwise be accelerated to the source. The result of
these studies suggest that a 200 mA proton beam can be
extracted from an 8-mm-diameter aperture at 55 kV. The
RMS emittance for this case was found to be: sE
5x10 2
ictrmm mrad.
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Design of a Permanent Magnet Electron-Cyclotron Resonance
(ECR) Ion Source
Wayne D. Cornelius, Scientific Solutions, P0 Box 500207, San Diego CA 92150
Abstract
A design for a permanent magnet electron cyclotron
resonance (PM-ECR) ion source is presented. This PMECR ion source was originally designed to substitute for
the electromagnet ECR source in the LEDA injector
system at Los Alamos National Laboratory and was
designed to duplicate, as much as was practical, the
parameters of that ion source as detailed in recent
publications. To maximize the utility of this ion source
for producing other positive ion beams, this particular
design is very flexible. The plasma chamber, the beam
formation aperture, and the if feed system are fieldreplaceable to facilitate the specific requirements of
different ion beams. The design of the permanent magnet
solenoid is quite flexible as well. The baseline magnetic
field profile is set during fabrication by adjusting
permanent magnet strengths to optimize the field shape
Further, the
for a particular range of ion species.
magnetic field can be adjusted on-line (within certain
limits) to optimize the performance of the ion source for a
particular ion species. The permanent magnet eliminates

zero. Hence the magnetic field must change sign near
both ends of a permanent magnet solenoid such that the
integral of the magnetic field external to the solenoid
precisely cancels the integral of the internal field. Figure
I compares the magnetic field of a PM solenoid with the
field of an electromagnet solenoid.[I] Note the field
reversal near the plasma aperture in the right-hand side
of the figure. This field-reversal feature allows us to
locate the beam formation electrode in the low-field
regions, possibly resulting in reduced beam emittance
compared with electro-magnet ECR sources.
1.5
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all requirements for active components at high voltage.____________________

The only connections

.0.5

that cross the high-voltage

boundary are the if waveguide and the source gas feed
lines.

i. PMECR SOURCE DESIGN FEATURES
The design of the PM-ECR ion source is quite flexible.
The next two sections discuss the standard features of the
baseline ion source. The following section illustrates the
flexibility of the design by discussing various other
features, additions, and modifications that are supported
by this design.

2.6.0

-250

Z Omhas)

Figure 1. Comparison of magnetic fields of a PM
solenoid and an "equivalent" electromagnet. The
magnetic components of the PM-ECR source are
illustrated by the thin outline. The permanent magnets
are denoted by components with internal crossed lines.
The magnetic field profile of the PM-ECR source is
comprised of three field 'bumps" provided by three rings
of permanent magnets. The lengths and strengths of
these rings in the shell of the PM solenoid are variables
in the baseline design that can be adjusted to tailor

the solenoidal field profile. This baseline field profile can

1.1 Magnetic Field Profile Design
The solenoidal magnetic field of the PM-ECR ion source
is produced by permanent magnets rather than
electromagnets. The important differences between
conventional electromagnet ECR sources and this
permanent magnet (PM) version are 1) the absence of a
high-current power supply, magnetic coils, and associated
cooling system and 2) the potential to significantly reduce
magnetic field intensity at the beam formation aperture.
Stokes Law requires that the integral of magnetic field
around any closed contour be equal to the current enclosed
within that contour. Since a permanent magnet solenoid
contains no current, such an integral must be identically
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

-.50

be further fine-tuned, without interrupting the operation
of the ion source, by mechanically adjustable field shunts.
Figure 2 shows the tuning range available in the baseline
field of figure 1 when using these shunts. This
combination of baseline field profile and field variability
provided by the field shunts provides magnetic field
versatility. In addition, substitution of various nonmagnetic (magnetic) parts with their corresponding
magnetic (non-magnetic) equivalents provides another
mechanism of coarse-tuning the magnetic field profile
that is generally unavailable with electromagnet
solenoids because of Stokes Theorem.
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1.5

-

simple modification to the baseline design or by a adding
or enabling optional features in that design.
The magnetic field profile shown in figures 1 and 2
illustrate the profile that has been shown to be efficient
in the production of low charge-state ions.[3],[4] To
the production of ions with a higher mean

.........................
• ,-u -

1.0------...
:facilitate

.........................

charge-state, the baseline magnetic field profile can be
modified to produce the classical double-humped mirror
field. Some of this adjust ment can be made through
the addition of a third field-shunt. The third shunt
reduces the strength of the center magnet and provides a
magnetic mirror field configuration with small mirror
ratios. Alternatively, the center magnet ring can be
modified during fabrication to produce a mirror field

0_____

_0.5

z

~

.5.0

Figure 2. Illustration of the tuning range of the solenoidal
magnetic field profile available via shunt tuners. The
magnetic fields produced with the two shunts in a variety
of different positions are shown by the collection of dark
lines. As in figure 1, the permanent magnet shell and endcaps of the ion source are illustrated by the thin outline
and the permanent magnet rings are denoted by the
components with internal crossed lines,

configuration with mirror ratios of up to 2:1 (figure 3).
In the former case, the fixed shunt can always be
removed to reconfigure the magnetic field back into the
low charge-state configuration. In the latter case, the
mirror ratio becomes a permanent feature of the
magnetic field. In either case, the two adjustable field
shunts remain active to provide fine-tuning of the
magnetic field during operation.
1.5

1.2 MechanicalDesign Features
1-0----------........---.....................

The PM solenoid assem bly is com pletely indep endent o f
the vacuum system. Hence the PM-ECR source can easily
be adapted to mate with existing systems simply by
substituting flanges. Also the ECR plasma chamber was
designed to be removable from the ion source without
affecting the high-voltage alignment or the permanent
magnet solenoid. This design promotes easy replacement
of ion source components 1) for maintenance, 2) to
replace the plasma chamber to enable different ion beams
that may require different plasma chamber characteristics,

---

g 0.5

0

..

3) to replace components that modify the magnetic field
profile for different ions or ion beam requirements, and 4)
to adjust the position or profile of the beam-formation
aperture relative to the magnetic field profile to facilitate
different ion beams or to optimize the beam characteristics
for particular ion species.
The input waveguide can also be replaced easily by
substituting either the waveguide end-flange of the ion
source or by replacing an insert within that flange. In this
manner the ion source can be coupled directly from a WR284 waveguide and rf window. Alternatively this PMECR ion source design supports alternative waveguide
configurations that may prove beneficial to the
performance and/or to the long-term reliability of the PMECR source. [2]

-W-•

5
Z Onche

Figure 3. Field plot of a PM-ECR source showing the
range of mirror field profiles available. As in figure 1,
the permanent magnet shell and end-caps of the ion
source are illustrated by the thin outline. The permanent
magnet rings are denoted by the components with
internal crossed lines.

2. ECR ION SOURCE DESIGN DETAILS
The high-current configuration of the PM-ECR source is
illustrated in figure 4. This figure shows the ion source
from the circular waveguide input end. Visible in the
figure are the two shunt tuners with their screw-drive and
drive belt assemblies, the waveguide endflange with its

1.3 Design Special Features

circular rf aperture, and the two end-flanges.

Fine-tuning the magnetic field profile
is
In addition to the features of the baseline design discussed accomplished by sliding the magnetic shunts back and
above, the following features are also available, either as a forth over the rings of permanent magnets using two sets
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of ball-screws. In the neutral position, these shunts have
little effect on the magnetic field profile. In the maximum
shunt position, a substantial portion of the magnetization
of the permanent magnets is short-circuited and the local
magnetic field magnitude is decreased.

species. All of these activities can be performed by
simply swapping one plasma chamber insert for another
without affect the alignment of the electrodes and can be
performed with minimal interruption of service.

3. CONCLUSION

Figure 4. View of PM-ECR ion source assembly from the
circular waveguide input end. The two magnetic field
shunts are adjusted by rotating the three ball-screw
supports for each ring via the two drive belts shown in the
figure.
In the baseline design, the magnetic field magnitude
increases monotonically from the rf window towards the
beam aperture end.
Alternate magnetic field
configurations can be supplied with the more conventional
mirror profiles (figure 3), however the simple ramp
configuration of figure 1 has demonstrated superior
performance in the production of low charge-state
ions. [41,[51,[61
The plasma chamber of the PM-ECR source was
designed to be removable without disturbing the mounting

This PM-ECR ion source design has many unique
features that promote flexibility in providing solutions to
ion source problems. The permanent magnet assembly
represents a significant improvement over electromagnet
sources by eliminating many trouble-prone components.
Specific features unique to PM solenoids provide
magnetic field design flexibility unmatched by
electromagnet systems. The baseline magnetic field is
variable over a wide range of profiles. The shunt-tuners
provide fine-tuning of magnetic fields to facilitate
differing requirements of different ion beams and
allow on-line fine tuning to accommodate long-term
changes in ion beam characteristics due to plasma
sputtering and aging or wearing of components.
The flexible mechanical design of the PM-ECR ion
source provides adaptability to virtually any ion beam
system simply by replacing the end-flanges. The plasma
chamber can be removed and/or replaced easily 1) for
maintenance, 2) to enable different ion beams that may
require different plasma chamber characteristics, 3) to
replace components that modify the magnetic field
profile for different ions or ion beam requirements, and
4) to adjust the position or profile of the beam-formation
aperture relative to the magnetic field profile to facilitate
different ion beams or to optimize the beam
characteristics for particular ion species.
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Waveguide Assembly and Circular Polarizer
for 2450 MHz ECR Ion Sources
Wayne D. Cornelius, Scientific Solutions, PO Box 500207, San Diego CA 92150
Abstract
Proper coupling of the rf power to the plasma in an
electron-cyclotron resonance (ECR) ion source is probably
the most important factor in achieving satisfactory
performance of overdense plasmas in high-current ECR
sources. Poor coupler design can lead to a variety of
undesirable effects such as high reflected power, low
plasma density, unstable operation, and poor performanceScientific Solutions has produced an alternative rf
waveguide feed assembly for 2450 MHz ECR ion sources
currently being used in the community.
This new
waveguide assembly converts from standard WR-284
waveguide into dielectric-loaded circular waveguide whose
transverse dimensions are substantially smaller than the
original waveguide.
The benefits of this transition
assembly are reduced dimensions of the rf window and
opening into the plasma chamber, greater freedom in the
design of the rf/plasma interface, concentration of the rf
energy on the axis of the plasma chamber, a choice of using
circularly polarized rf waves, and improved protection of
the rf source from reflected rf energy. This assembly is a
direct replacement for the WR-284 waveguide and rf
window assemblies used in ECR sources and should
improve the performance and efficiency of the rf feed
system in those sources.

1. BACKGROUND

plasma density to more than 50n,, a value typical of
efficient high-current ECR sources.
The magnetic field permeating the plasma provides
the additional modes of interaction between the rf and
the plasma. Of particular importance is the so called
upper hybrid (or whistler) mode. A discussion of this
and other modes in a magnetized plasma can be found
in references [1] and [2]. Note however that the whistler
mode also depends on rotation in a particular sense
relative to the applied magnetic field. Hence the rf
coupling through this mode is also strongly dependent on
the polarization of the rf wave.
Stevens et al. [3] develop a model for the impedance
of the plasma and provide a discussion of matching that
impedance to the rf waveguide. From a comparison of
their model with experimental data, Stevens et al.
postulate that "various parameters..which have been
noted to affect the efficiency of plasma production, may
in fact be related more to the microwave coupling
properties of the ER device." This conclusion is also
supported by the results of Shimada, et al.[4].
Finally some benefit has also been noted for
concentrating the rf energy on the axis of the plasma
chamber. Taylor and Mouris [5] utilized a tapered,
double-ridged waveguide segment to couple the rf into
their ECR source. LANL also uses this waveguide
section in the APT ion source. [6]

2. DESIGN FEATURES

to the plasma in an
Proper coupling of the rf power
electron-cyclotron resonance (ECR) ion source is the most
important factor in achieving satisfactory performance of
such sources. Poor coupler design can lead to a variety of
undesirable effects such as high reflected power, low
plasma density, unstable operation, and poor performance.
Because the electrons circulate only in a particular direction
with respect to the applied magnetic field, only that
component of the rf field that rotates in the same sense as
the electrons is strongly absorbed by the electron-cyclotron
resonance. For aligned magnetic field and rf Poynting
vectors, only right-hand circular (RHC) polarization is
absorbed whereas for antialigned vectors, only left-hand
circular (LHC) polarization is absorbed. Since the linearly

In an attempt to take advantage of the three features
described above, Scientific Solutions has implemented
an rf feed system for 2450 MHz ECR sources. This feed
system starts with a conventional WR-284 waveguide
and transforms the rf energy through 1) a rectangular
waveguide transition assembly, 2) a rectangular-tocircular waveguide transition assembly, 3) a circular
polarizer, and 4) an rf vacuum window/coupler
assembly. The ECR ion source rf feed configuration
may utilize one or more of these devices in sequence.
Each device has particular advantages in the rf feed
system and are discussed separately below.

polarized rf in the waveguide is comprised of equal parts of

2.1 Rectangular Waveguide Transition

RHC and LHC polarization, only half of the rf energy ccan
couple to plasma via the ECR resonance.
The maximum electron density achievable by if
Thexitationmonumanetidedpsaisy
ghievalen by
by te
excitation of an unmagnetized plasma is given
the

p2 =42

The rectangular waveguide transition assembly (Figure

1) transforms the rf energy from a standard WR-284

p

mp
4
e
e
thelectron mass, (p is the rf frequency, and n. is the plasma
density. This relationship yields a maximum electron
density of -7.5x10°' cm 3 for 2450 MHz rf--far below the
density necessary for an efficient, high-current ion source.
Hence some other mechanism is needed to increase the
0-7803-5573-3/99/$10.00@ 1999 IEEE.

Assembly.
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waveguide into a rectangular WR-137 waveguide filled
with boron-nitride (e--4.5).
This configuration
substantially reduces the transverse dimensions of the
waveguide and concentrates the rf energy into a smaller
volume.
This reduction in transverse dimensions
reduces the size of the opening into the plasma chamber
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and the corresponding dimensions of the rf vacuum
window.

by modification of the shape and extended length of the
dielectric protruding from the end of the waveguide.

2.2 Circular Waveguide Transition Assembly.
The second component of the rf input apparatus is a
rectangular-to-circular waveguide transition.
This
device starts with the boron-nitride filled WR-137
waveguide. While maintaining constant impedance, the
rectangular cross section of the waveguide is
transformed into a circular 1.61" ID tube that is also
filled with boron-nitride. This transition assembly
matches the rectangular waveguide geometry to the
cylindrical symmetry typical of ECR ion sources. All of
the operational advantages noted above for the
dielectric-filled rectangular waveguide also apply to the
circular waveguide assembly. However an important
additional feature of cylindrically symmetric waveguide
is that it transports circularly polarized rf waves.

Oe

2.3 Circular Polarizer Assembly.
Figure 1. Rectangular waveguide transition assembly.
This assembly converts from standard WR-284 waveguide
to dielectric-filled WR- 137 waveguide.
Another advantage of this configuration is that the rf
vacuum window can be positioned well back from the ion
source plasma chamber and protected from backstreaming
electrons. In ECR ion sources with coaxial rf waveguide,
electrons generated by ionization of the residual gas in the
high-voltage column are accelerated into the ion source
and can damage the rf window. Some ECR installations
protect the rf window by placing a thin slab of boronnitride immediately in front of the window to absorb the
energy of the backstreaming electrons. Sputter erosion of
this slab by backstreaming electrons limits the operational
lifetime to a few hundred hours. The thickness of this slab
cannot be increased substantially without incurring
increased rf energy reflection from the impedance
mismatch between the air-filled waveguide (s=I), rf
vacuum window (6-9), boron-nitride protector (F=4.5), and
the plasma.
By moving the rf window behind several inches of
boron-nitride, the impedance step can be moved to an
upstream location where the impedances on both sides of
the window are more easily controlled. The boron-nitride
also blocks the plasma from expanding into the waveguide.
Additionally, using this rectangular waveguide transition
should improve the rf efficiency because of the increased rf
energy density on the axis of the plasma. Finally note that
the reduced dimensions of the waveguide input allows
relocating the rf input penetration off the axis of the plasma
chamber and out of the path of the backstreaming electrons.
Another potential benefit of the dielectric-loaded
waveguide system is that the coupling of the rf to the
plasma might be enhanced by extending the boron-nitride
dielectric beyond the end of the metal waveguide surfaces.
This "dielectric waveguide" can protrude into the plasma
volume and the rf coupling to the plasma can be optimized
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The third component of the wavguide apparatus is the
circular polarizer. Using the appropriate sense of circular
polarization potentially doubles the efficiency of the rf in
producing the plasma and eliminates the destabilizing
influence of the LHC polarization. Stevens et.al. [31
used a hybrid coupler and phase shifter to generate the
circularly polarized rf wave directly in the plasma
chamber. SSolutions has simplified this process by
converting from the rectangular waveguide into a
circular waveguide and employing a simple vane
polarizer.[7] The vane polarizer is analogous to the
quarter-wave plate commonly used in laser optics
An rf quarter-wave plate is formed by the
introduction of a rectangular dielectric vane across the
center of the circular waveguide (figure 2). The
propagation velocity of the rf wave with the electric field
parallel to this vane differs from the velocity of an rf
wave with a perpendicular electric field. Circular
polarization results when the phase delay between these
two components equals ±900. If the dielectric vane is
rotated to +45' relative to the input polarization plane,
RHC polarization is the result. If the vane is rotated to
-450, LHC polarization is the result. Hence one can
change between RHC and LHC polarizations simply by
rotating the quarter-wave polarizer. Note also that
positioning the polarizer at either 00 or 900 passes the
linear polarization of the input waveguide. Hence one
can directly compare the relative performance of linear
and circular polarization simply by rotating the polarizer.

2.4 Virtual Isolator
An important additional benefit of the vane polarizer is
the creation of a virtual rf isolator. This virtual isolator
concept for ECR sources is most easily described by
using the quarter-wave-plate analogy introduced above.
In laser optics a "photon diode" is created by using a
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quarter-wave plate in conjunction with a linear polarizer.
The laser light passes unaffected through the polarizer
when the polarization axis of the light is parallel to the
axis of the polarizer. A quarter-wave plate downstream of
the polarizer converts the linear polarization into RHC or
LHC polarization as discussed above. The important
feature of this particular configuration involves the
interaction of circularly polarized light reflected back
towards the laser from downstream of the quarter-wave
plate. In passing back through the quarter-wave plate, the
reflected circularly polarized light is converted back into
linearly polarized light. However the polarization plane is
now perpendicular to the initial polarization axis and the
light is not passed by the polarizer. Hence the laser is
protected from reflected photons by the quarter-wave
plate/polarizer combination,

2.5 Plasma Coupler
Experience
has suggested the importance of
concentrating the rf energy in the center of the ECR
plasma. Achieving such a concentration of rf energy is
difficult with 2450 MHz ECR plasmas because the
transverse dimensions of the plasma chamber are usually
comparable to the dimensions of the WR-284
waveguide.
Both Chalk River and Los Alamos
concentrated the rf energy by using a ridge-loaded, halfheight waveguide and have claimed improved
performance as a result. [5], [6]
The waveguide
assemblies described above provide such concentration
of rf energy because the transverse dimensions of the
waveguide are reduced substantially compared with their
air-filled counterparts. In addition, the transverse and
longitudinal dimensions of the boron-nitride dielectric
can be tailored to optimally match the rf energy into the
plasma chamber as discussed in reference [3]. The
dielectric-loaded waveguide assemblies provide a -great
deal of flexibility in optimizing the rf coupler because
the dielectric constant can be decreased as well as
increased to optimize the rf coupling to the plasma.

3. CONCLUSION

Figure2. Isometric view of the circular polarizer assembly.
The vane polarizer assembly works in an analogous
manner. In the rf case, the reflected circularly polarized rf
wave is transformed into a linearly polarized if wave,
However the new polarization axis is now aligned with the
"wide" axis of the rectangular waveguide and cannot
couple into the waveguide. Hence the reflected rf energy is
again reflected at the rectangular waveguide interface back
towards the plasma, passing through the circular polarizer a
third time. Any if energy reflected a second time from the
thirdatima e. Any
theerogy rethe circular polarizer and the
plasma passes again through tPress,

The 2450 MHz rf feed system described in this paper
provides a number of specific advantages over
conventional rectangular waveguide systems. Use of
this waveguide system should promote better rf coupling
to the plasma, more stable plasma operation, and
isolation of the rf power system from reflected rf power.
These benefits should translate directly into improved
performance, greater stability of the ion source
parameters (ion current, species ratio, etc.), improved rf
efficiency, and protection of the rf power system from
reflected rf energy. In addition the user can directly
compare differences in ion source performance between
operation with linear, RHC, and LHC polarizations by
simply rotating the circular polarizer. Tests to verify the
benefits of this system are scheduled to take place later
this year.
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MONTE CARLO MODEL OF CHARGE-STATE DISTRIBUTIONS FOR
ELECTRON CYCLOTRON RESONANCE ION SOURCE PLASMAS*
D. H. Edgell+, J. S. Kim# and S. K. Wong, FARTECH, Inc., San Diego, CA
R. C. Pardo and R. Vondrasek, ANL, Argonne, IL
Abstract

1.1 Electron DistributionFunction

A computer model for an Electron Cyclotron Resonance
Ion Source (ECRIS) plasma is under development that
currently incorporates non-Maxwellian
distribution
functions, multiple atomic species, and ion confinement
due to the ambipolar potential that arises from fast
electrons. Atomic processes incorporated into the model
include multiple ionization and multiple charge-exchange
with rate coefficients calculated for non-Maxwellian
distributions The electron distribution function is
calculated using a Fokker-Planck code with an ECR
heating term. The Monte Carlo method is used to
calculate the charge-state distribution (CSD) of the ions.
The Monte Carlo ion tracking is verified by CSD
comparison with a conventional 0-D fluid model, similar
to Shirkov's[1]. The Monte Carlo method is chosen for
future extension to a 1-D axial model. Axial variations in
the plasma parameters could affect confinement, CSD and
extraction. The electron Fokker-Planck code is to be
extended to 1-D axial by bounce-averaging,

Due to ECR heating and mirror confinement, the electrons
in an ECRIS are expected to be highly non-Maxwellian
and non-isotropic. The electrons in most ECRIS models
are typically treated as two separate species, cold or warm
Maxwellian electrons and hot perfectly confined
collisionless electrons whose temperatures need to be
input. The electron confinement usually ignores the
potential between the plasma and the wall despite evidence
that it is comparable to the cold electron energy[2]. Also,
the hot electrons are obviously not perfectly confined.
Their loss rate must balance the rate at which they are
created by ECR heating.
The actual electron distribution, f,, would be better
modeled by a single continuous non-Maxwellian, nonisotropic distribution function. A Fokker-Planck code
would allow fe to be calculated taking into account RF
heating and both magnetic and potential confinement.
This would also eliminate the electron temperature as a
fixed input to the model. Ideally, an ECRIS model should
require as input parameters, only experimental knobs such
as the magnetic field, gas inlet, rf power etc.

1

INTRODUCTION

The complete understanding and optimization of an
ECRIS is complicated with many issues to consider, such
as plasma confinement, neutrals, multiple atomic species,
and microwave resonances. Optimization for higher
charged states and higher current with low emittance is
challenging. A typically optimization is by trial and error
because there are few suitable numerical tools available,
none with a comprehensive modeling capability,
Current ECRIS modeling is typically a 0-D fluid model
such as Shirkov's "Classical Model of Ion Confinement
and Losses in ECR Ion Sources"[ 1]. Here the ion chargestate-distribution (CSD) is determined by solving a set of
coupled fluid equations. Plasma parameters are assumed to
be uniform over the plasma volume and no spatial effects
are considered. Confinement is determined from a simple
potential and magnetic box/well model. This O-D fluid
modeling has several drawbacks, in particular neglecting
the electron distribution function and spatial effects.

"Worksupported by

the U.S. DOE-SBIR Grant Number DE-FG03-

97ER82381
" Email: edgell@far-tech.com
#Email: kimjs@far-tech.com

0-7803-5573-3/99/1$0.00@ 1999 IEEE.

1.2 SpatialEffects
Usually, all effects of spatially varying parameters are
ignored in ECRIS models. Confinement is modeled by
assuming the magnetic field and potential can be treated as
a uniform box/well. Inside the well, all plasma parameters
are assumed to be constant. However, an ECRIS can have
complex spatially varying asymmetric magnetic fields and
potentials. In addition, the plasma parameters are not
expected to be uniform. Higher charge-states are expected
to be confined deeper in the potential well. The average
electron, ion and neutral densities, they interact with, will
be different than those seen by lower charge states. In
particular, the varying conditions the ions must travel
through between the main plasma and the extraction point
should be considered.
Due to the high electron mobility, the electron spatial
effects can be accounted for by a bounce-averaged FokkerPlanck code. In a typical ECRIS, however, the ion bounce
frequency is much smaller than the ion collision frequency
and a bounce-averaged treatment is inappropriate.
Extending a fluid model axially may also be inappropriate
as the plasma near the extraction point will be less dense
and thus less collisional than in the center of the plasma
and the fluid approximations may not apply. The Monte
Carlo method is better suited for determining the ion
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spatial effects. This method can handle both highly
collisional and collisionless regimes with smoothly
varying and non-symmetric magnetic fields and potentials,
resulting in better estimates of the true ion confinement,
A Monte Carlo model would also be better suited for the
possible future addition of ICRH and the resultant ion
distribution anisotropy.

2

GENERIC ECRIS MODEL

dfjt-

In this paper, we present the initial results of the Generic
ECRIS Model (GEM) code which attempts to improve
ECRIS modeling by using an electron Fokker-Planck code
and including Monte-Carlo ion modeling.
Collisional processes incorporated into the model so far
include the single, double and triple electron impact
ionization cross-sections, &a,of Lotz[31,[41 and Mfiller et.
and quadruple
a1.[5],[6,aldetermined
charge-exchange cross-sections, acx, from Mfiller and
Salzborn[7]. For simplicity, we will include only singlestep collision terms in all of the equations to follow.
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2.2 Fokker-PlanckElectronModel
The electron distribution function, f.(v,0), can
by solving the Fokker-Planck equation
_'k+V9

-- +

-

.

f

+

be

S'(v, 6) + Sr(v, 6)

mf d =--,
l
where (Df,/at)o,
0 is the Fokker-Planck collisional operator,
Se is the cold electron source and S' is the perpendicular

2.1 O-D Fluid Model
For comparison, initial modeling results have also been
obtained using a O-D fluid model similar to Shirkov's [1].
Neutral Modeling: The neutral density inside the
plasma is determined from the neutral density outside the
plasma and the rate at which neutrals are converted into
ions inside the plasma volume.
Ambipolarity: Radial transport is assumed to be
negligible compared to axial endloss. Thus, the endloss
currents must be ambipolar or balance.
n, _qn,,
€= P.q
q--1
where S.exI is the external electron source.
The confinement time for an ion of atomic species j and
charge q, in a confining potential, is given by[8]

Ox
zPn. /
IRLI-1 I +
+
[ k .)
+ (X +k)(vjq+
_

'rj.q =

that ion thermal equilibration is fast and all ion species
will have nearly identical temperatures.
Ion CSD Modeling: The ion CSD is arguably the
most important result desired from an ECRIS model.
Traditionally, ECRIS models have determined the CSD by
solving a coupled set of fluid equations for multiple
atomic species j...

e

diffusion ECRF heating term:
Sf= I v
D _
dv±)
v
(1_2V )
D = D, exp( v 2C2)
p,€ = 2n,mD.V,
n = nem D0
e
hse
Th e
inea
tie
od e FokkCr-[lan ha been
incorporated into the model. The Fokker-Planck modeling
also determines the e-i collisional energy exchange and the
electron confinement.
As the electron distribution function is highly nonMaxwellian and non-isotropic, the reaction-rate coefficient
should be calculated explicitly from distribution functions
of the two colliding species.

dvfdv'fa(v)fb(v')ca(lv-vl)lv-vi
(r)=
hnab
The model incorporates a routine[10] to compute the
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Ion Power Balance: The ion temperature is
determined by solving the ion power balance
d (j Tj jj n,= yj (pj + pj'O + pje! + Pj' + PjdJ
where the terms on the right account for, respectively, the
initial energy of the ionized neutrals, energy due to
ionization inside a potential well, electron colliiional
heating, energy lost due to charge exchange and energy
lost due to the ion endloss. All ion species are assumed to
have the same temperature. Model test runs with separate
ion temperatures for different atomic species have verified

reaction-rates for arbitrarily shaped distribution functions.
The routine can employ a non-uniformly spaced velocitydistribution, suitable to an ECRIS, where the electrons,
ions and neutrals can have average velocities orders of
magnitude apart.

2.3 Monte Carlo Ion Model
As discussed in Section 1.2, a Monte-Carlo model could
incorporate the effects of spatially varying parameters on
the ion confinement and CSD. A Monte Carlo code has
several advantages. The Monte Carlo method is a powerful
tool that enables the inclusion of complex geometries,
energy distribution functions, and detailed atomic
processes. The ion confinement, CSD and distribution
function could be calculated axially using axially varying
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Figure 1: Comparison of Modeling results with ANL ECR-II Faraday cup measurements

plasma parameters such as the potential. A full 1-D
axially Monte Carlo ion model is planned for this model.
As a first step, the Monte Carlo method has been
incorporated in the code to calculate the O-D multi-species
ion CSD.

3

RESULTS

3.2 Ion CSD Modeling
Sample results of the initial CSD Monte Carlo modeling
in comparison with the fluid ion modeling are shown in
Figure 2 for a pure Neon plasma. They give nearly
identical predictions, indicating the Monte Carlo modeling
is tracking the ion charge state correctly.

3.1 Electron Modeling

4

To investigate the validity of the model, comparisons
have been made with Faraday cup measurements from
ECR-II at Argonne. Due to an air leak the plasma ions
had four major atomic species: He, N, 0 and Ne ions. The
experimental data are shown as plot a in Figure 1.
The need for Fokker-Planck electron modeling is
demonstrated by plots b and c in Figure 1. Plot b was
produced by a Maxwellian electron distribution (T,= 2 keV)
while plot c results from a combining collisionless hot
electrons (100keV) with a very small amount (-0.3%)
cold electrons (70eV). Clearly, one can match the
experimental data using very different assumed electron
distributions,
To eliminate this arbitrariness, the electron distribution
should be determined by solving the Fokker-Planck
equation. The predictions of the Fokker-Planck electron
modeling are given as plot d of Figure 1. The FokkerPlanck electron modeling produces a good match to the
experimental data with less arbitrariness.

DISCUSSION

To be predictive, the model should rely on measured
experimental "knobs" only. Even with Fokker-Planck
modeling of the electrons, some quantities such as the
core plasma length and the electron confining potential
still need to be arbitrarily input to the model. By
extending the modeling spatially to 1-D axially, one
should be able to determine these quantities from the
plasma confinement.
The ion Monte-Carlo code must be extended to spatially
track the ions and determine their profiles and confinement
in addition to their CSD.
The electron Fokker-Planck code should be bounceaverage to account for the localization of the ECR
resonant surface and also the spatially varying potential
and magnetic field. The electron distribution function
modeling could also be improved further by including
energy losses due to radiation and relativistic effects.
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Design of a Compact ECR Ion Source with Ku Band *
C. S. Leet , Y K. Kwon, Chung-Ang University, South Korea
E. Tojyo, M. Oyaizu, S. C. Jeong, KEK-IPNS, Japan
Abstract

[5]. Despite of these attempts, the only small fraction of
the whole plasma still participates in the resonance of miThe electron cyclotron resonance(ECR) ion sources are incrowaves and electrons in this case. Therefore, electrons
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field.
specially designed iron yokes are added to create the flat magnetic
central field region. The single injected microwave frequency is tunable in the range of 6.45 to 14 GHz covering
the range of the Ku band. We shall present the design report concerning the field mapping obtained by POISSON
and OPERA-3D together with and mechanical design.

2

MAGNETIC SYSTEM DESIGN

r

17,

1 INTRODUCTION
ECR ion source (ECRIS) was first proposed by R. Geller
and H. Postma in late 1960's for fusion plasma studies.
Since then, ECRIS has improved continuously in many
fields of sience. Specially, The ECRIS is a very efficient
tool providing highly charged ions for atomic and nuclear
research, material science, and surface physics. The most
important factors in ECRIS are the electron density, the
electron temperature and the confinement time of plasma
to produce highly charged ions. In a conventional ECRIS,
the magnetic mirror makes a parabolic shaped field and
the ECR zones are ellipsoidal-shaped surfaces which occur when microwave frequencies have the same value with
electron cyclotron frequencies. There have been various
attempts to increase beam intensity and charge state. The
multi-frequency heating has proved an effective way to increase both the number and width of the ECR zone [3].
Wall coating [4] in the inner wall of plasma chamber was
attempted in order to supply more electrons. The afterglow effect drastically improved beam intensity by one order of magnitude through injection of a pulsed microwave
* Work supported by the Joint Research Program under the KoreaJapan Basic Scientific Promotion Program (KOSEF-JSPS 1988) and in
part by the Nuclear R&D Program (Ministry of Science and Technology

1998).
t Email: cslee@cau.ac.kr
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Figure 1: Schematic view of magnetic system

2.1

Axial mirrorfield

In this ECRIS, we use two solenoid coils (inner radius
40 mm, outer one 160 mm, thickness 50 mm) to make
a variable mirror magnetic field. The schematic view of
magnetic system is shown in Fig. 1. There is also an added
30 mm-thick return yoke in order to reduce power consumption and to produce a flat magnetic field inside the
plasma chamber. The ratio of a maximum and a minimum magnetic field, mirror ratio, is BmazIBmin
..
2.4
at 14 GHz microwave. This large ECR volume is able to
ewhole ae
ethrouut
at more elecrons distrb
heat more electrons distributed throughout the whole area
of plasma. And the population of hot electrons can produce
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more highly charged ions. Fig. 2 and Fig. 3 are the results
of simulation using by the POISSON code [7].
NN1
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Figure 4: Magnetic field distribution of radial multicusp
magnets
Figure 2: Simulated result of the full axial mirror magnetic
field distribution
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Figure 3: Simulated result of axial mirror magnetic field
along the symmetric axis

2.2 Radialmagneticfield
Twelve permanent magnets (NdFeB) are employed to make
the volume type realized, instead of the hexapole field,
which is composed of six permanent magnets usually used
in conventional ECRIS for plasma confinement along the
radial direction. As is well known, the magnetic field
along the radial direction is expressed B, = BorN/ 2 - 1
[8]. Thus, the magnetic field can be produced flat as the
number of magnets is increased. Then, the ECR volume
along the radial direction gets easily attained. The magnets
comprise twelve NdFeB-its horizontal and vertical size are
14 mm and 30 mm, respectively. Fig. 4 and 5 is a three
dimensional field distribution and cross-sectional field obtamined by OPERA-3D[9], respectively,

MICROWAVE SYSTEM

The microwave system is designed to be variable in the
range of 6.45 to 14 GHz with a single injection port
along the axial direction. With the present magnetic system shown in Fig. 1, the flat ECR region can be maintained
for this range of microwave frequency. Fig. 6 shows axial magnetic fields corresponding to the microwave frequenies, where the relation that We = eB/m = wrf leads to
a simple expression as hce = 2 .8Ber (GHz) with Bec. in
units of kilogauss.

4

DISCUSSION

To extend the size of the ECR zone is a very efficient method for producing highly charged ions. Multifrequency heating, broadband frequency [2] and volume
type ECRIS are used for this purpose. In future work, we
will construct the volume type ECRIS which successfully
worked out by Alton et al. [2] and Heinen et al. [10] In
addition two solenoids are used for varying flat magnetic
fields. In the present work, we carried out the mechanical
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SOME REMARKS TO CONSTRUCTION OF ECR ION SOURCE
HEXAPOLES1
J. Pivar6, J. Pivar6 (Jr.)* and M.N. El-Shazly**
Institute of Physics, Slovak Academy of Sciences, Ddbravskd cesta 9, SK-842 28 Bratislava
Slovak Republic
This paper gives performance data for construction of
suitable hexapoles for Electron Cyclotron Resonance Ion
Sources (ECR IS). Permanent magnets are made from NdFeB magnetic material. The main attention is given to
hexapoles with inner diameters of 0 3.6 cm at different
hexapole thicknesses of 1.3 - 6 cm. Some remarks on construction of type hexapoles are presented.

the electron and wrf the microwave frequency matching
the electron cyclotron frequency wu. For w, = 10 GHz
we need IBI = 0.36 T and IBI = 0.50 T for w, = 14 GHz.
The magnetic field inside the plasma region is lower than
that on the surface of the magnetic bottle. The stronger
is the magnetic field inside the magnetic bottle the higher

1 INTRODUCTION
About 30-year history of Electron Cyclotron Resonance
Ion Sources (ECR IS) [ 1-2], which are based on the ECR
has already shown that the ECR IS is an ideal tool for the
production of multicharged ion states. The highly charged
heavy ions are very useful not only for the ion source accelerators, but also for the investigations of the ion collision
process as well as for various applications to material science.
Recently a compact ECR IS, so called "Compact 10 GHz
ECR IS" [3], composed of permanent magnet structure has
been developed at University in Giessen, Germany, for
atomic physics experiments. This type of ECR IS is very
simple and easy for operation and maintenance without
powerful electric supplies and cooling systems for getting
strong magnetic field without using of coils.
By considering this, we construct ion irradiation system
using ECR IS so called "NANOGUN-0OB" at Bratislava.

2 MAGNETIC FIELD CALCULATIONS OF
HEXAPOLES
The plasma in the ECR IS is kept together by a magnetic field inside magnetic bottle. The field consists of
a longitudinal one, made by coils or permanent magnets and a transversal one, made by hexapole compound
of permanent magnets. The magnetic bottle is the region surrounded by a closed surface of constant magnetic field B so that JBI e = mewrf, where B is the average value of the magnetic field in the region where the
plasma is, e the charge of the electron, m, the mass of
1 Work supported by the VEGA L3 Ltd. firm, Zdhradnfcka 21,
SK-821 74 Bratislava, Slovak Republic.
* Working-place address: Martin-Luther-University, Dept. of
Physics, NMR Group, Friedemann-Bach-Platz 6, D-06108
Halle/Saale, Germany.
** Working-place address: Joint Institute for Nuclear Research,
FLNR, 141980 Dubna, Moscow region, Russia.
0-7803-5573-3/99/$10.00 @1999 IEEE.
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Figure 1: Cross section view of the hexapolar structures.
Here, rH is radius and ABCDEFGH characteristic segment
of hexapole.
is the rf frequency of the resonance electrons. We thus can
obtain larger plasma density that results in larger ionization
possibility.
The computer program PANDIRA [4] was used at the
calculations. The program calculates magnetic field on a
grid in a 2-dimensional space. Permanent magnets, iron,
currents and other anisotropic and isotropic materials can
be defined by the user in several regions.
We have investigated 22 hexapoles with the thicknesses
of H = 1.4 cm and the inner radii of hexapoles rH E (1.3,
6) cm. Hexapole magnets are made of NdFeB with a remanence of 1.1 T and a coercivity of 800 kA/m. Each
calculated hexapole consists of 24 trapezoidal segments
where the angle of magnetization varies by 600 from one
segment to the next one. Fig. 1 shows cross section view
of hexapolar structures.
A detailed description of this hexapole geometry is
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given elsewhere [5].

With this hexapole geometry

in Figs. 2 to 7. Figs. 2 to 4 show magnetic field B inside a
hexapole as a function of a cylindrical coordinate r. These
values correspond to the different cylindrical coordinates
rrain at which is the magnetic field Brmin = 0, mainly rmin
E (0.9, 2.1) cm. Figs. 5 to 7 show a magnetic field of B
inside a hexapole as a function of a cylindrical coordinate r.
These values correspond to the different average quantities
Ar0 =
Ari/n for Ara E (0.133, 1.26) cm, where Ari
(rH- r)2 , n is the number of Ari , rH the inner radius of

1.0

1rn

H
0.8

2r

4

1

3

>"n

2

0.6

0.6-

I

I
I

hexapole and r the cylindrical coordinate. Only one value of
Ari is considered for the given calculation of the magnetic
field of hexapole.
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Figure 2: Magnetic field B inside hexapole where Bmin
= 0 for 0.9 cm < rramn < 1.3 cm. Here, rH,H and r are
innerradius, thickness and cylindrical coordinate of hexapole,
respectively.
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respectively.
= 0

a magnetic field of 1 T is obtained at the inner radius of
hexapole rH = 5.2 cm (the thickness of hexapole H = 1.4
cm). This value corresponds to a ratio of Bmaa:/BECR =
2.77 at the resonance magnetic field of BECR = 0.36 T
corresponding to a cyclotron frequency of 10 GHz.
The calculations were done in the segment that is 1/12 of
the total hexapole in which both the mirror and the rotational
symmetries are assumed. The boundary conditions were
also fixed. The results of the calculations are summarized

We have chosen the thickness of hexapole H = 1.4 cm
for NANOGUN-0OB to find the maximum of the magnetic
field Bmar in the region of rH E (1.3, 6) cm. Suitable
radius of hexapole can be taken from the region rH E (1.7,
3.2) cm for the ECR IS NANOGUN-10B. An increasing
of magnetic field at the surface of hexapole has also been
found of AB = 0.24, 0.14, and 0.06 T in the regions of rH
E (1.3, 1.9) cm, rH E (1.8, 2.4) cm, and rH E (2.6, 3.2)
cm, respectively.
To understand the influence of parameter Ara on B(r)
distributions, we have shown Figs. 5 to 7. The higher is
the parameter Ara the lower is the magnetic field B for the
given coordinate r. A saturation of the magnetic field B,
(B1 = 1.09; 0.8; 0.65, and 0.55 T) at the parameters Ara
E (0.133, 0.44) cm can be seen. Therefore the magnetic
field at the ECR IS plasma chamber surface is 0.45 T for
hexapole of rH = 1.8 cm and for the plasma chamber thickness of 1.77 mm.
A well-known rule of plasma physics says that the
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parameters Ara on B(r). It has been shown that the higher
is the parameter Ara the lower is the magnetic field B for the
given coordinate r. The thickness of hexapole H = 1.4 cm
for NANOGUN-0OB has been chosen to find a maximum
of the magnetic field Bma, in the region of rH E (1.3, 6)
cm. We have shown that the best results are obtained with
hexapole shape where rH E (1.4, 2.4) cm.

higher is the mirror ratio of a magnetic trap, the smaller
is the number of the particles lost from the confined
plasma. The confining trap in the ECR IS is formed
by the superposition of a mirror field and a hexapThe higher is the hexapolar field, the
olar field.
higher is the confining trap and the ratios Bmax,/IBI and
Bm.a./Bmin that are also important for ECR heating.
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Figure 5: Magnetic field B inside hexapole where Ara, H
and r are parameter, thickness and cylindrical coordinate of
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RESULTS OF THE RECONSTRUCTED MEDEBIS
R. Becker, H. Hoeltermann, M. Kleinod
Institut fuer Angewandte Physik,
J.W.Goethe-Universitaet, D-60054 Frankfurt/Main

Abstract
The electron beam ion source (EBIS) can deliver
sufficiently short and intense pulses of fully stripped light
ions for single turn injection into a dedicated synchrotron
for hadron therapy. The technology of such a MEDEBIS
resembles travelling wave tubes used in satellites and can
also be designed for lifetimes up to ten years. In a first
setup using a normal conducting solenoid of 0.75 T and a
trap length of 0.25 m the source delivered high charge
states of light ions like Ot, 07, O and C6,C[I1]. The
fast ion extraction in less than 2ps is realised trough a
special electrostatic structure providing a pulsed
extraction potential gradient along the axis of the whole
ion trap. The first results were very promising, but the
residual gas pressure in the ionisation region was too high
to make use of a sufficiently long confinement time in
order to reach full abundance of bare nuclei. For the
reconstructed MEDEBIS the inner two windings of the
solenoid were drilled out to allow for a vacuum tube of
about twice the diameter with better conductance.
Together with the implementation of NEG getter material
the residual gas pressure should be lowered sufficiently to
reach the required yield of the fully stripped ions. Iron
disks of high permeability have been added at both ends
of the solenoid to increase the homogeneity of the
magnetic field as well as to reduce the field in the gun and
collector regions for a higher focussed current density in
the trap region. The new MEDEBIS is under test and new
experimental results will be presented.
1 INTRODUCTION
Treating cancers with heavy ions is a very promising kind
of therapy for cases in which local control of tumors with
conventional therapy fails. Conventional radiation such as
bremsstrahlung, electrons or y-rays show an exponential
decrease of deposited energy while penetrating deeper
into tissue. Ions in contrary deposit most of their energy in
a narrow region, the bragg peak, at the end of their track,
so healthy tissue in the tumor's vicinity will not being
radiated. The first approaches to this kind of therapy have
taken place since 1994 using large research accelerator
centers i.e. Berkeley, United States, Chiba, Japan or GSI,
Germany. Their aim is to give proof-of-principle while
the realisation of hospital based therapy will need smaller
machines dedicated only to clinical purposes. This is the
0-7803-5573-3/99/$10.00 @ 1999 IEEE.

point where an electron ion beam source (EBIS) comes
into consideration. An EBIS yields a short, but very
intense ion-pulse of fully stripped ions. Using an EBIS
gives sufficiently current of bare nuclei so the ion source
alone combined with a low duty cycle RFQ is all what is
needed as an injection line for a synchrotron[2]. Even the
time structure of the ion pulse is well suited for single turn
injection, leading to a less complex synchrotron.
Advantageously, the lifetime of an EBIS, resembling
travelling wave tubes in satellites, can easily reach ten
years since it has no consumable parts. A setup like this
wouldn't need a linac besides a RFQ and a stripper[3].
2 THE MEDEBIS PRINCIPLE
At the Institut fuer Angewandte Physik, GoetheUniversitaet, Frankfurt/Germany we assembled last year a
reconstructed prototype of such an medically dedicated
EBIS, named MEDEBIS. To reduce complexity and costs
we use a normal conducting solenoid of 0.8 T for
magnetical focussing of the electron beam. The electron
gun and collector are magnetically shielded by iron
cylinders of high permeability. Within the electron beam
gas atoms of the feed gas like oxygen or carbon (methane)
are getting ionised due to electron impact. Ions will be
trapped radially in the space charge of the electron beam
while they are confined on a length of 0.25m due to the
positive potential of barrier electrodes around the axis. For
the extraction a potential gradient will be applied to the
ion trap, provided by a combination of two reverse slitted
electrostatic structures on different radius. The slits have
a parabolic shape resulting in an adjustable linear gradient
while having different potentials on each electrode. The
rise of the gradient allows a pulse compression down to
2pas, what has already been proofed[4]. The confinement
time of the ions is dependent on the charge state and
number of bare nuclei, so ion species and current can be
adjusted by the frequency of pulsing. A very important
fact for the EBIS principle is the vaccum condition inside
of the ion trap. As most of the currently used EBIS
devices base on a cryogenic environment we had to deal
with the higher desorption rates of a warm solenoid. So
far we installed a larger vaccum tube in which NEG getter
material has been introduced to provide an active pumping
surface.
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The expected ion current being trapped in the electron
beam is limited by the space charge density p of the
beam. Experience so far has shown that the number of
extracted ion charges cannot exceed the number of
electrons in the trap region. With N- the number of
electrons in a cylindrical electron beam of the length 1,
perveance P and the energy e.U0, the number of storeable
ions N' is equal or less than the number of electrons:
P 1. U0
N- =
= <
q
q
e3
q

10"
--

q

P. 1. U0

(1)

Tab. 1: Actual MEDEBIS parameters:
Geometry
Length of ion trap
0.25 m
Magnetic field
0.8 T
Electron beam
Energy
3 keV
Electron current
300 mA
Current density
-250 A/cm2
Extraction
C' particles per spill*
2.2*1010
2ps
Shortest extraction time
1.5 mA
Ion current C6'"
0-3kV/m
Extraction gradient
Calculated by (1) for maximum of storeable charges at
2ps extraction time at present working parameters. Not
yet being observed !

Secondly a higher beam compression right after the
cathode leads to an more intensive electron beam. The
electron current which could be obtained up to now is
300 mA, 80% more than in the first setup. lonisation
measurements at 65mA allow to deduce a current density
of 50 A/cm 2, what leads to the conclusion that with the
unchanged parameters of the main solenoid and given
apperture of the barrier electrodes we have now current
densities around 250 A/cm 2. Measurement of the actual
current density through charge state breeding is already in
process. The whole setup has been constructed for
currents up to 800mA and current densities in the region
of 600 A/cm2 , leading to particle spills of 3*1010 C6+ or an
ion current equivalent to -2 mA. During the ramp up of
the electron beam it has been observed, that a dynamic
reconfiguring of the magnetic fields especially at the end
of the ion trap is necessary, while increasing the beam
current. This can be interpreted as a change of the beam
spreading due to its increasing space charge at constant
magnetic focussing which needs a different magnetic field
to be counteracted.
Loss of electron current on some of the electrodes could
be minimized through the steerable iron shielding discs as
well as through a reconfigured magnetic field. The new
developed collector designed for surpressing of x-rays
leading to desorption as well as to cope with a 4kW
electron beam has already collected 96% of the 1kW
electron beam, which is currently under test. During all.
experiments a pressure of 109 mbar in the electron gun
and collector recipients is maintained.
4 BEAM PURITY

RESULTS
3 MEASUREMENTS AND
The medical application of the ion beam makes beam
impurity an important issue. Different ion species will
Due to the extensive use of passive magnetic elements
cause unwanted shaping of spread out bragg peaks
such as iron discs enclosing the electron gun and the main
resulting in different biological effects. All ion sources
solenoid two important improvements have been done.
First of all the magnetic field along the ion trap shows a usually deliver an ion spectrum with a mixture of charge
states and species. This is especially a problem using ions
more constant behaviour over a broader length than
of the same charge to mass ratio. At the GSI proposed
before, which is equal to a constant high compression in
facility[5] magnetically selected C' ions will be
this area.
accelerated up to the injection energy of the synchrotron
irn disks
with iron disks where they will pass a stripper to remove the final two
electrons. By this procedure bare nuclei of nitrogen or
em
/0oý
oxygen are not accepted simultaneously by the
_2
•synchrotron,
resulting in a very low impurity admixture.
Of course an EBIS could also be operated at lower
4=
confinement time or current density delivering now a
I2lo0
2M
spectrum of ions peaking at C4. The lower relative
abundance necessitates a higher loading of the source
capacity which could be counteracted by a higher electron
-15.0
-5.0o
6.
15.0
25,1
current, which is easy at lower current density. Another
z-ads [cm]
possibility would be the use of isotopes like C"',
Fig 1.: MEDEBIS magnetic field along the ion trap
neglecting the use of PET for in-situ monitoring, or the
implementation of ion cyclotron resonance[6] for ion
separation during breeding of higher charge states.
__
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RESULTS OF BEAM TESTS ON A HIGH CURRENT EBIS TEST STAND*
E. Beebe#, J. Alessi, S. Bellavia, A. Hershcovitch, A. Kponou, R. Lockey, A. Pikin, K. Prelec,
Brookhaven National Laboratory, Bldg. 930, Upton, NY 11973, USA
G. Kuznetsov, M. Tiunov
Budker Institute of Nuclear Physics, 630090, Novosibirsk, Russian Federation
spectra of sodium (peak 7+), argon (peak 14+) and
thallium (peak 41+) ions have been produced,
demonstrating the ability to produce sufficiently high
charge to mass ratio ions of varied species. Furthermore,
the heavy ion spectra of Xenon with peak charge state
Xe27- has been produced with a d.c. electron beam
current above 0.4A and electron beam neutralization
degree above 50%.[2] Encouraging results from these
experiments led to the decision to proceed with phase 2,
the design, construction, and commissioning of an
electron beam test stand with parameters given in table
2.

Abstract
At Brookhaven National Laboratory there is an R&D
program to design an Electron Beam Ion Source (EBIS)
for use in a compact ion injector to be developed for the
relativistic heavy ion collider (RHIC). The BNL effort is
directed at developing an EBIS with intensities of 3 x 109
particles/pulse of ions such as Au35` and UV, and
requires an electron beam on the order of 10A. The
construction of a test stand (EBTS) with the full electron
beam power and 1/3 the length of the EBIS for RHIC is
nearing completion. Initial commissioning of the EBTS
was made with pulsed electron beams of duration < lms
and current up to 13 A. Details of the EBTS
construction, results of the pulse tests, and preparations
for DC electron beam tests are presented.

Table2: Nominal EBTSParameters
Parameter
Electron beam current
Electron beam energy
e-beam current density
e-beam pulse duration
ion trap length
trap capacity (charges)

1 INTRODUCTION
The program at the BNL has as its objective the
development of a heavy ion source of the EBIS type that
would satisfy present and possible future requirements of
RIUC. Implementation of such an EBIS has been
discussed elsewhere, [1] and a summary of the pertinent
parameters is given in Table 1. The experimental
program to be completed preceding the design of the
RHIC EBIS consists of 4 phases. The first phase of this
program was based on experiments at the BNL TestEBIS
(based on the Sandia National Laboratory's SuperEBIS),
while the subsequent phases utilize an electron beam test
stand (BNL EBTS) that has been constructed to serve as
a proof-of-principle device for the final EBIS for RHIC.
During phase 1, an electron beam current of 1.1 A pulsed
and 0.5 A d.c. has been achieved. Narrow charge state

Table 1: Parameters for an EBIS meeting
RHI1C requirements
_I-____requirements

EBTS
10 A
20 keV
400 A/cm2
-100 ms
0.5 m
4 x 101

This test stand will be used to develop technologies and
study the physics aspects of a high intensity EBIS. This
phase has been completed with the propagation of a 13
A, 50 pts pulsed electron beam, more than an order of
magnitude improvement over the TestEBIS beams.
Phase 3 will continue with high current electron beam
formation and launching studies for long pulses and d.c.
beams. Assembly is nearing completion and tests will
begin this Spring. The fourth phase will concern
extraction of ions, the main goal being production of 1/3
the final RHIC EBIS intensity. Also of interest is the
development of primary ion injection into the trap, the
study of ion formation in and loss from a high current
electron beam, and the study of fast ion extraction. A
successful operation of this device will be followed by
the design of the full scale EBIS, together with the rest
of the injector.

Parameter
Electron beam current
Electron beam energy
Ion trap length

RHIC EBIS
10 A
20 keV
1.5 m

Trap capacity (charges)

1.1 x 1012

2 ELECTRON BEAM TEST STAND

Yield positive charges
Yield Au3 , design value
Yield U451,design value

5.25 x 10"
3 x 109ions/pulse
2 x 109ions/pulse

As seen from tables 1 and 2, the EBTS is a full electron
beam current and power prototype of the RHIC EBIS
with one third the ion trap length. In an EBIS, high
charge state ions are created by successive ionization by
electron impact and are confined by the radial space
charge of a high density electron beam.[3] The ion

*Work performed under the auspicies of the U.S. Department of Energy.
"Ernail: beebe@bnl.gov
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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confinement time necessary to reach the charge state of
interest imposes the minimum electron beam pulse
duration for a given current density. There is
considerable flexibility in these nominal parameters and
increased performance in one parameter may lead to
relaxation of another. For example, for a given magnetic
field configuration, an increase in electron beam current
may result in an increase in both electron beam current
density and trap capacity. This reduces both the ion
confinement time necessary to reach a given charge state
(and hence, electron beam pulse duration) and the length
of the trap region. A schematic of the electron beam test
stand is given in figure 1.
!W.nd

.I.id

CrZp

2.1 Pulsed Electron Beam Configuration
In order to verify the basic E rTSdesign, pulsed electron
beams of low average power were used. This allowed
testing to begin before final versions of all elements of
the test stand were installed. A simplified drift tube
structure with two long drift tubes of 32 mm inner
diameter in the trap region was used. A pulsed solenoid
capable of producing 2 kG fields was used with the
electron gun rather than a D.C. entrance solenoid. The
electron beam was collected on electrically isolated
segments of an electrode assembly, figure 2, which
allowed us to measure both beam intensity and position
information.
The electron collector exit solenoid
necessary for confining the electron beam at the source
exit was not installed. As a result, some electron beam
was incident on the exit aperture of the last drift tube.
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Figure 2: Electrode and current measuring schematic

Figure 1: Layout of the electron beam test stand
Due to the low average power associated with pulsed

for pulsed electron beam tests at the BNL EBTS.

electron beams, we were able to begin tests before all
components necessary for the d.c. tests were available.

Electrically, the electrode configuration is as follows:
The electron gun platform is held at approximately -10

Table 3 gives nominal parameters for major EBTS
components. In the next section we will describe the

kV with respect to the electron collector which is
nominally held at ground through a single low
impedance current measuring device. This arrangement
allows us to measure sub-milliamp level current losses
from the 10 A electron beam circuit and also avoids the
expense of a 100 kW, 30 kV isolation transformer. Drift
tube supplies were referenced directly to laboratory

Table 3: EBTS Components and Parameters
Parameters
EBTS Item
Electron Gun
10 Aerage
50wer
a
8 d m pul
aB
electron Guna10s
we were
, ableLtob

0.05 Tesla

ground and were stabilized during these tests by
capacitors p20nf and facilitated measurement electron
beam current losses on the drift tubes during the pulse.
Thedse uof transverse coils has been important in our

0.2 Tesla
5 Tesla, 1 meter long

Gun Solenoid
Ta
ivSolenoid
m
ent.
Collector Solenoid

50 kW

program and was first implemented on the TestEBIS[2],

Transverse Coils

15 Gauss

Vacuum System

1 x 1010 Torr

resulting in a doubling of electron beam current. The
coils are especially easy to install in the case where iron
shielding is not used to shape the magnetic field since
the coils can reside outside the vacuum chamber. We use
transverse fields of up to 15 Gauss to empirically adjust
the magnetic field; thereby reducing unintentional
asymmetries and introducing asymmetry at the collector
where it is useful to reduce backstreaming electrons.

Electron Collector

configuration during the
note how the installation
Details of the complete
concerning the electron

pulsed electron beam tests, and
differs from the final test stand.
test stand design and specifics
gun and collector design have

been given previously. [4,5,6]
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I.I

2.2 Experimental Results
Figure 3 shows some of the earliest results using a Trek
30 kV, 10mA anode supply at 9 kV to launch a 1.2 A
electron beam. Note the 200 pts slew time of the rising
and falling edges. The transverse coils were adjusted to

-"

2

..............
-

H

8

S]ihir,,----,
;Figure
I\,
(0.2

m~div)

-13

-

EBTS
Eletron Beam
A BNL

H.,

H

4: 13A, 50pts electron beam pulse at the EBTS

S• !3
S •_
STime
1.0 rnldiv

SUMMARY
The Electron Beam Test Stand has been operated
successfully with pulsed electron beams. A 13A, 50 pts
electron beam was transmitted. This is more than a
factor of 10 increase over electron beams produced on
the TestEBIS used previously. Electron beam current
density, total current, and trap capacity requirements
were exceeded. Final assembly is underway for long
pulses and DC electron beam operation. Continuous and

Figure 3: Electron beam current intercepted by
various segments of the collector assembly shown
in fig. 2: Sum current on 5 segments (upper left
trace), central segment current (lower left trace),
and 4 outer segment currents (right traces).
provide a rather asymmetric current distribution on the

high duty factor electron beams will be tested with

collector segments, thereby minimizing backstreaming
current on the first drift tube. First drift tube losses were
30mA, giving a transmission factor of 97.5%. (A 170

cretu

mA current incident on the last drift tube is included in
the total collector current). The Trek anode supply was
used at 30 kV to propagate 7 A electron beams. In this
case the slew times to and from flat top were -600 p.s,
causing considerable loading on the electrodes and
giving pressuresalxl0"7 mBar at a 0.5 Hz repetition rate
A fast anode supply, developed in our laboratory and

We would like to thank David Boeje, Walter Hensel,
Bob Horton, Tim Lehn, Dan McCafferty, Wally Shaffer,
Paul Stein, and Werner Tramm for their ongoing
assistance on this project.

based on Belke 65 kV solid state switching modules was
used during the remainder of the tests. Figure 4 shows a
beam pulse that was obtained with a
Vts
electron
13A, 50
45 kV anode pulse and a 5 Tesla main field. The
c aus difference between the cathode and trap region
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FIRST TESTS OF THE TRAPPED ION SOURCE
V. Variale, V. Valentino, INFN sez. di Bari
G.Brautti, A. Boggia, A. Raino', Dipartimento di Fisica e INFN sez. di Bari

Abstract

2 TIS DESIGN

Recently the detailed design and the construction
problems of a Trapped Ion Source (315) have been
presented in ref.[1,2]. In practice, TIS can be seen as a
modified version of an Electron Beanm Ion Trap (EBIT) or
modifiedversionof an Electron Beam
S)Thmain
Ion
neow
feature of TIS, with respect to an EBIS (or EBIT), is the
transverse ion confinement given by a quadrupole field
instead of the electron beam space charge. One can
foresee that TIS could overcome some drawbacks of the
EBIT and EBIS making it a more flexible device. In this
paper a detailed
on ins
the radio
frequency
continmnt
hihdiscussion
carg
f
stae
ith he
irs rf
containment ts will bhae
preseted ionto

1 INTRODUCTION
TIS is a new type of source capable, in principle, of
producing very highly charged ions and, at the same time,
it is a radio frequency (rf) quadrupole linear trap suitable
to study the interaction of the trapped ions (or charged
microparticles) with electrons, high energy particles or
laser beams. In practice, it is a modified version of an
Electron Beam Ion Source (EBIS). TIS, in fact, is an
EBIS where an rf quadrupole field has been added to
contain transversally the ion produced by the electron
beam.
Recently some proposals to use EBIS type sources as
charge state breeder for radioactive ion beams extracted
as singly charged ions with the isotope separator on-line
(ISOL) technique have been suggested [3]. In fact, for
efficient acceleration by compact linear accelerators, ions
with typical mass ratios of 1/9 are required. However,
after the high charge state ions have been produced, a
mass separator is required before the ion beam
acceleration. In this case, the use of TIS instead of an
EBIS, could allow to accelerate radioactive ion beams
directly at the exit of the TIS source. In fact, having TIS a
selective ion containment given by the rf quadrupoles, it
is, at the same time, an ion source and an ion mass
separator.
Among the goal of TIS, other than the production of
highly charged particles, it can be foreseen ion cooling
studies, analysis of macromolecules and, also, "dust
targets" for high energy accelerators. The status report of
the project with a detailed discussion on the rf ion
containment system will mainly be presented.

0-7803-5573-3/99/$10.00@ 1999 IEEE.

[TIS design has already presented in ref. [1,2], but here,
for clarity sake, its main features will be recalled. In fig.1
acuwydrinofteonsremchialeig
and its operation scheme is shown. From the fig.lb) it can
be seen the electron gun that generates the electron
beam
needed to ionize the atoms. Since an electron gun
deuse for TIS experims
are been used to
usefo ThS exerimen
tance oiri arepbenue o
match the electron beam emittance to the acceptance of
the
transport
channel.
The TIS
transport
channel
that drives the electron beam until
the collector is made of two 90 degree bending
magnets (BM) and several quadrupole doublets
of new
design as shown in more details in ref. [2]. The main new
feature of TIS, with respect to an EBIT (or EBIS), is the
adding of radial ion confinement of the rf quadrupoles to
the potential well of the eb space charge when it is on.
When the eb is off (the eb will be pulsed) only the desired
ions will remain trapped.
In the longitudinal direction the containment is
obtained by two repelling electrodes placed at the edges
of the quadrupole electrodes. These electrodes can be
pulsed to pull-out the trapped ions for external use (e.g.
acceleration).

ED
[
--

2

1[

S

N S

S

S

[

b)
Fig.la) cutaway view of the TIS mechanical design; Ib)
Operation scheme of TIS: 1) electron gun, 2) bending
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magnet, 3) vacuum pump, 4) static potential electrodes
U0 for longitudinal ion trapping, 5) rf quadrupole
electrodes with inside the focusing magnetic quadrupoles,
6) electron collector, 7) gas-inlet, 8) ion collector,
In its normal operation, the electron beam pulse is
injected transversally (see fig lb) in the trap and then
bent in the axial direction. Transversally too, in the center
of the trap, vapor or powder can be injected, by a valve
gas jet, that it is ionized and confined by the rf
quadrupole fielil.

and where: X--x,y; 0--->O12, and the upper and lower
signs correspond to differential equations in x and y,
respectively. The applied voltage has a dc component U
plus an rf voltage V with the driving frequency )o.
The Mathieu equation solution can be stable or
unstable. Whether stability exists depends only on the
parameters a and q and not on the initial parameters of
U 0.0.65
0.3U_

3 RADIO FREQUENCY

U-0.125

CONTAINEMENT

0.9

The TIS eb transport line has been described in detail
in ref [2]. In this paper we will present the rf system
utilized to contain, transversally, the wanted ions with
different charge states produced by the electron beam.
In a EBIS, the ion containment in the transverse planes
is obtained by the potential well due to the space charge
of the ionizing electron beam and longitudinally from the
potential set by the electrodes placed on the edges of the
ionization region. In these conditions the residual gas ions
being in the vacuum chamber can be trapped together the
wanted ions. For this reason EBIS sources require very
high vacuum (about 101" Torr) and at the same time very
dense energetic electron beams [3]. Furthermore the cold
electrons coming from the ionization can be trapped by
the ion space charge increasing, in this way, the
probability of the recombination process. In TIS, to avoid
those drawbacks, the adding of the rf quadrupole field is
provided by 4 cylindrical shaped electrodes, see fig.1).
Although, infinite hyperbolically shaped electrodes are
needed for a pure
quadrupole
field, anyliderradus
appropriate chose
of he
ati
th bewee
elctrde
nd
of the ratio between the electrode cylinder radius and
their distance from the symmetry axis can be chosen for a
very good optimization of the quadrupole field. In ref. [1]
we have found a very good optimization for a cylinder
radius of 2.2 cm and a distance from the symmetry axis
of 2 cm. In fact these parameters give a quadrupole
Fourier coefficient, normalized to the sextupole
coefficient which is the higher among the other multipole
104.
of 2.7x
coefficients
Theoequtionts
of of motion,
motion, atthat,
The
equations
at the presence of the
in the transverse
electrodes,
these
by
given
potential
form:
equation
Mathieu's
in
written
be
can
planes,

d 2 X2

d7

8eU
+ mo2O2
q

4eV
•

2ý;2
2

0

-0.

0.2

U-0.100

0

.

0..

)

"

,..7

0.5

o.,

o./
I

0.6

o.-"
/
.-

0. 0 .0

0.2•

__1
0.6

0.4

A
V

,"/
0.9

0.
0.ý1.o

q

Fig.2 The a-q stability diagram. The positions of
various operating lines UNV=Const. are also indicated.
the ion motion. In fig.2 is shown the region of
simultaneus stability in both the transverse planes x and
y. It can be noticed that a given set of applied voltages U
and V uniquely determines the relative values of a and q
in the stability diagram. If we Define u=Iu/il/V=aw2q a
typical straight line a=2qu can be drawn as shown in
fig.2. The portion of this line passing through the stable
region of the diagram determines the range of ionic elm
values which will have stable trajectories through the
quadrupole field. As the U/V ratio is increased, the
intersected stability region becomes narrower and
narrower, so that the device becomes more highly mass
selective, but at the same time the x and y acceptances of
the trap become smaller. Furthermore, it must be noticed
utb oie
utemri
eoesalr
teta
for a chosen U/V ratio, the ions with stable elm
values can be scanned by varying the magnitude of both
applied
by varying the
u an V si aneo
Vl.
nc
f
frequency wo.
The operating point in the stability diagram a-q can be
chosen in such a way to satisfy the required charge state
on the output ion. In some cases it could
not be necessary
the elm scanning as mentioned before. As an example we
consider the case of using TIS to produce Ar", which is
the element we are using in our first
tests. If we choose a
line (see fig.2)with a low U/V ratio, renouncing to a large
elm resolving power, will have a large range of stability.
Let us choose as lower q (the q value given by the
interception of the line a=2qu with the left part of
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stability triangle) the value 0.2, from the definition of q
and using V=I kV we obtain the if frequency v=1.7
MHz. The corresponding a value is (see fig.2) 0.02 then
u=a/2q=O.05. Following the operation line a=2qu, the
higher q value 0.82 is intercepted on the stability diagram
and at this point an A/Z=IO (Ar") will also have a stable
trajectory
in TIS. we
In have
conclusion,
with the choice
of the
above parameters
stable trajectories
from Ar÷
to
abovepara.n
thersw aveoiti
olo
prower,
we
Ar"4. In these conditions of lowtrajestolving
resolving power, we
expect that other elements with elm inside the stability
diagram could be trapped with wanted ions. The other
elements present with Ar in the vacuum tank are, in
general, the component of the residual gas. The tank
residual gas has been analyzed and was mainly composed
by N2 (A=28), water (A=18), O (A=16), N (A=14), H,
(A=2). By using the above parameters (v=1.7 MHz, V=I
kV,
V) we have found that also the elm of N2j,
Nk, U=50
U 2 50' and
Nwe are in the stable region while the other
elm values lead to unstable trajectories.
The preliminary
d
f test done on TIS have had the aim
to check the ion containment capability and the
quadrupole
shown the
cylind
cylindrical

symmetrygasof plasma
the potential
well. Inof fig.3
is
residual
containment
the rf
shapeesidualectrodes.
d
Ta
pnarmente
thas
shaped electrodes. The param eters usd
used has

been: v=2.5 MHz, V=0.6 kV and U=50 V giving stability
for ions with A>2.
From fig.3, it can be seen a slight deformation of the
quadrupole symmetry caused by a defect in feeding the rf
electrodes. In fact, we did not have the exact same
voltage, in opposition of phase, on the adjacent
electrodes. We are correcting this defect with a better
matching circuit having a more balanced transformer.

3 STATUS OF THE PROJECT AND
CONCLUSION
The mechanical design and the computer simulations
of the device has been concluded. The electron gun test
has been carried out at low voltage and, by measuring the
electron
current
with a Faraday cup, a perveance of about
0.2 jiP has
been found..
The construction and the test of all the quadrupole
dobesnddfrth
ocighaeendn.Te
doublets needed for the eb focusing have been done. The
900 bending magnets are also been constructed and
tested.
Steeringp
coils with Beam Position Monitor (BPM) has
been placed behind the first and at the entrance of the
second bending magnet. The system to excite the
quadrupole doublet coils inside the if cylindrical
electrodes (as shown in ref.2) are also been tested. The
vacuum chamber has also been tested and the cylinder
shaped electrodes for the if quadrupole field are also been
tested.
In conclusion, we need only of the voltage pulser to
drive
electron
that will
be available
month.theAfter
that gun
we will
be ready
for the in
testtheofnext
the
electron beam transport from the gun to the collector and
te
o h o rd cin
n hi rpig
then for the ion productions and their trapping.
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Fig.3 Plasma containment of the rf quadrupole electrodes
as seen by a CCD camera placed at the end of the
quadrupole axis. The intensity (ion density) levels are
shown in the lower left comer.
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EXTRACTOR CONFIGURATIONS FOR A HEAVY ION FUSION
VOLUME SOURCE*
O. A. Andersont, LBNL, Berkeley, CA 94720, USA
AbtatThe

present paper studies extraction
o
I
em rmcnetoa
a
sources. The 0.75 A beams of Ar+ are

In order for volume sources to deliver the current (e.g.,
0. fAr+ per module) and brightness necessary for
heavy ion fusion (HIF), they must operate at high current
density. Conventional extractor designs for 1 to 2 MeV
run into voltage breakdown limitations and cannot easily
produce the required current rise time (about one microsec-

ond). We discuss two systems that can overcome these
volume-extraction problems.
Each uses multichannel
preaccelerators followed by a single channel main accelerator. Fast beam switching is done in the low energy beamlet stages. A new design, utilizing concentric ring preaccelerators, was recently described for another application
[2]. A more conventional design uses a large number of
small round beamlets. In either case, the merging beamlets are angled toward the axis, a feature that dominates
other focusing. By suitable adjustment of the individual
angles, beam aberrations are reduced. Because of the high
current density, the overall structure is compact. Emittance growth from merging of beamlets is calculated and
scaling is discussed.

•t

eijce
t-.
e
noa
array of ESQ channels spaced about 7
-•cm
in both directions. The proposed
D
system is compact and should fit
withn thse dmensons
Fig. 2. Detail of an olde anraltemenatie [3] alson conside
preaccelerators.
odrarneet[]uigpni
beams. Figures 3a and 3b compare
ailves(eoemrig
o h l
and new designs. In Fig. 3(a) the beamlets are arranged in
idealized circular arrays to facilitate the calculations that
follow.
Section 2 calculates free field energy and asymptotic
emittance for both cases; it also compares transparency
and brightness. Aberration control and general design
considerations are discussed in section 3.
(D

(a)

1 INTRODUCTION®
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M

Fig. 3. Axial view of beamlets emerging from
(a) beaded ring and (b) solid ring preaccelerators.
Occupancy i1= 50%, number of rings M = 4.
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With X and Vx the rms values of position and velocity,
we define 2the2 nonrelativistic
normalized rms emittance
E2•- 1613 X (V2-X' 2 ); Ex= 413XVx for a matched
beam. Under standard conditions [4], the asymptotic emittanceEx is then gvnb
xf -- Ex2 +xm
wt
m= I3Xi (2 QUn)1/2

::;;....
-- •:•

0

®®®®®®

For extraction of large currents with low emittance for
Heavy Ion Fusion (HIF), we consider an arrangement
originally proposed for a laser ion source extractor of very
high perveance [2]. As shown in Figs. 1 and 2, the beam-*
lets from a system of concentric preaccelerators are angled
toward the axis. The inward momentum produces a powerful focusing effect, allowing the main MeV accelerator
column (Fig. 1) to operate at low gradient. The angling
at various radii can be adjusted to compensate for the aberrations typically present in high perveance extractors.
-- V

*

LIDx

and Xi are initial quantities.

(1)

The emittance due to

Fig. 1. Sketch of axial and cross-section views of preaccelerator grids and two-gap main extractor grids. In practice, more
stages would be used in both sections.

merging Exm thus adds in quadrature to the initial emittance exi = 4I3XiVxi. Q is the normalized perveance and
Un is the initial normalized free field energy (beam shape
factor) discussed in reference [4].

•*This work is supported by the Office of Fusion Energy Science,

2.1 Round Arrays of Round Beamlets

US DOE under contract No. DE-AC03-76SF00098.
Emil O~neronLB~gv;aloaffiliated wihPril2em

In the type of array shown in Fig. 3(a), the total number
No eclbaltsi
M +3
,weeMi h
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4

4P~i[3.

lip

3 Il ]_=nI

B

2

In 3 - In-ln+N2

142

0.10

()A
(2)N

A

Circular arrays

* Tubular beams

The superscript P indicates pencil beamlets. The occupancy 71< I is defined as the pencil beam diameter divided
by the radial spacing. Some values of f(il) are
f1)

0.7
0.77

Occupancy

0.05

0.3
0.1
3.56 7.83 1
The approximation for Uu is accurate to about 1% for 3 or
more rings with TI = 0.5 but becomes less accurate as
r1 -> 1. For T1- 1, unless N is very large, it is better to
use the tables or graphs in Ref. [4].
Exact values of Un as a function of the number of rings
M are given for TI = 0.5 in Table 1. These values are
represented with 1% accuracy by
11

0.9
0.24

UnO

0.59
nf(TI =10.5) - M2(I + 1.2/M)

0.5

A

0.5
1.75

UP =

1=

A
A

0

A

2
3
4
5
6
7
Nr. of concentric tubular beams or circular arrays
Fig. 4. Normalized free field energy q4 for the two
configurations of Fig. 2.

2.3 RMS Beam Size

(3)

The maximum radius am, is definedas the largest radius
in Fig. 3 (a) or (b). The rms size Xi as a function of amax,

over the practical range 3 < M < 12.

occupancy Ti, and number of rings M is easily calculated
for beadail rings; see Ref. [4]. For solid rings, we have

2.2 Arrays Of Concentric TubularBeamlets

evaluatedXi for the cases Ti = 1/2 (5a) and TI = 2/3 (5b):

We only have room here to discuss the case of parallel
propagation where the self field Es is radial. For tubular
beamlets, we use Gauss's law to relate Es to Xr(r), the line
charge within radius r, and integrate Es2 . The normalized
free field energy Un within outer radius a is
UT = 4 fXr2(r) / %2rdr- 1 + 4 In (2YX/a).

4X)
2
4X 2

1

1
2
3
4
5
6
8
10
12

.L~.
1.5

=4M-l

;

(5a)

1

t

3

g2

2(•2+g-0.5) '

=3M+l.

2.4 Merge Emittance

Table 1: Free field energy comparison

2

3
2
m
m2 + m (2

(
(5b)
For the case M = 4 illustrated in Fig. 3, the values are
Xi(1;1/2)
=
0.5aax (1+ 0.05)
and Xi 1(=z,3)
=
0.5amax (1+ 0.03). Of course, Xi(T=l) = 0.5amax, the
usual value for a uniform beam. The corrections are just a
few percent and may be neglected for purposes of estimation. For beaded rings, as well, it usually suffices to
write Xi = 0.5amrax.
a2

For the geometry of Fig. 3(b), the integrals are simplified
by assuming a constant density within all tubes. (Note:
the diameter of the central beamlet equals the thickness of
the tubes.) We consider three values for the occupancy TI:
1/2, 2/3, and 1 with the results shown in the table.

Beaded Rings
M-Un2 Un
MIeta-eta=l/

2
= 1+

Solid Rings
Un
UnIl
/I Un
etalea2/31eta--/2

0.0116

0.2070

0.0

0.0627

0.0897

0.0064
0.0034
0.0020
0.0013
0.0009
0.0005
0.0003
0.0002

0.0882
0.0466
0.0285
0.0192
0.0138
0.0081
0.0053
0.0037

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0156
0.0070
0.0040
0.0026
0.0018
0.0011
0.0007
0.0005

0.0289
0.0142
0.0085
0.0056
0.0040
0.0023
0.0015
0.0011

Equation (1) with (3) and (4) gives approximately
1/2
P
a max
[-.59Q I
xm(1= 0.5) -

M

q42

l+F

-(

(6a)

1/2
amax

0166Q
I.

(6b)
xm(T=0.5) M '42
l+Tb
with correction terms F = 1 2/M and s = 0.9/M. For
constant current I, Q - I1/2 and Em- 11" V" . Omit_
cn
ting FP', ST and the corrections to Xi in Eq. (5) gives the
rough scaling for large M (SI units, E in nt-m-rad):

C M
T =0.1)=

For T1= 0.5, the ratio UP/UT tends toward 3.5, which
implies the emittance for pencil beams is larger by a fac-

-

xm (i" = 0.5)

tor -1.87. Some of the values from the table for TI = 0.5
are plotted in Fig. 4. The useful approximation

EmT

Z 1/4 amax 1/2
A1/4 m Vi/4

- 0.53C

,114 a
m

-'

1/2
-/4

0.166

=
= 0.5)
UT
nT(71 = 0.5) = M2(1 + 0. 9/M)

is accurateto 1% for 2 < M < 40.

(4)

with Z and A the ion charge and mass numbers. The
constant C = 0.02 with T1=0.5. For other occupancies,
ExmP can be adjusted using Eq. (2), the table below it, or
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5.0

/

beamlets that may occur with pencil beams before merging begins. Also, for a given occupancy T1,the transparency for tubular beams is higher by the factor 4lnrj, inthe brightness for cases of fixed current density.

Ar+ 0.75 A 140 kV
No post-acceleration
r, cm

/creasing

2.5

____________________________

2.5

3 EXTRACTOR SYSTEMS
some high perveance designs for HIF, the high-voltage
portion may produce beam aberrations. In the two-stage
system of Figs. 1 and 2 the preaccelerator beamlets can be
steered to reduce these aberrations. Figure 7 shows phase
plots at the exit for a laser plasma extractor design with
40 A of Xe+8. The main extractor gap was smaller than
the diameter of the preaccelerator array, producing the
overfocusing of outer beamlets seen on the left side of
Fig. 7. Beam steering removed most of the aberrations.

_____________In
0.0

-

0.0

3.0

6.0

z, cm

9.0

Fig. 5. Beam simulation to check emittance growth from
free field energy in merging beams,
the information in Ref. [4]. For Ex T, one can use Table 1
T
which, incidentally, indicates that the ratio x/
becomes even larger than 3.5 as il increases.

0.05

2.5 Checking Against ParticleCodes
Using WARPxy, the normalized emittance growth term
EmP for the merging pencil beam case was simulated for
uniform transport using parameters representative of injection into an HIF ESQ channel [5]. The result, 0.4 it-mmmr, agreed well with the prediction of Eq. (6a). A typical
initial thermal emittance Exi of 0.3 it-mm-mr would then
give a combined value Exf of 0.5 it-mm-mr.
Using a different code [6], tubular beams were simulated
as shown in Fig. 5. This case, somewhat different from
that analyzed above, studied radial compression in drifting
beams; exTT was predicted by (6b) to be roughly 0.6
mm-mr. Fig. 6 shows the exit emittance diagram at the
waist. The value 0.41 for emittance is reasonable since
the beamlets are not yet completely merged at this point,

2.6 Other Differences
Pencil beams and tubular beams differ in other ways than
Pencilbe
s
m
be easier
asier
emittance growtubularebextaction
growth.
The extraction hardiri
hardware ter
mayays
design
beam
But a tubular
case.ssetialy
first he
to fabricate in the
-D adil
gomery
hastheadvntae
tat
has the advantage that the essentially l-D radial geometry
precludes non-linear field distortion from neighboring
0.05

.

""-"

-0.05

.....................
0

5

(cm)

10 0

5 r (cm)

10

Fig. 7. Aberration control by pre-steering of beamlets:
uncorrected (left), corrected (right).
The preaccelerators and the main accelerator channel for
extraction from a conventional Ar+ source have been studied separately. Using the above analysis, we find that the
number of rings M required to produce an acceptable emittance is not so large that the individual units become
impracticably small. The ring-to-ring spacing will be
typically -0.7 cm so that construction should not be difficult.
electric
field for the preaccelerator cases studied
is wellThe
under
100 kV/cm.
by the
cnol
is
The length of the main column is controlled by the
curvature of the preaccelerator exit array seen in Fig. 1.
Preliminary simulations show that it should be possible
accelerate the beam to 1.5 MeV and compress it to the
required diameter while maintaining an acceptable field
gradient. Further studies are in progress.

1to
ExN4rms =0.41 pi-mm-mrad

r
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HIGH-CURRENT, HIGH-DUTY-FACTOR EXPERIMENTS WITH THE
If ION SOURCE FOR THE SPALLATION NEUTRON SOURCE*
M.A. Leitner#, D.W. Cheng, R.A. Gough, R. Keller, K.N. Leung,
S.K. Mukherjee, P.K. Scott, M.D. Williams; LBNL, Berkeley, CA

Abstract

1 ION SOURCE DESIGN

The ion source for the 1 MW Spallation Neutron Source
(SNS) is required to provide 35 mA of H' beam current at
6% duty factor (1 ms pulses at 60 Hz) with a normalized
rms emittance less than 0.15 7t mm mrad. The IT beam
will be accelerated to 65 keV and matched into a 2.5 MeV
RFQ. The ion source is expected to ultimately produce 70
mA of If at 6% duty factor when the SNS is upgraded to 2
MW of power. For this application, a radio-frequency
driven, magnetically filtered multicusp source is being
developed at Berkeley Lab. The design of this new ion
source is directed towards operation at the required high
duty factor. Experimental results of the ion source
operated in pure volume production mode (without
cesium) and in hybrid mode (with cesium released into the
source) are compared. An improved cesium dispensing
system will be presented.

A schematic of the SNS R&D #1 IT ion source [1] is
shown in figure 1. The ion source is mounted inside a
reentrant cylinder to move the ion source into the vacuum
vessel. This enhances the vacuum pumping of the
extraction gap. The source plasma chamber (10-cm-long
by 10-cm-diam.) is made out of a copper cylinder with a
back plate at one end and an outlet electrode at the other
end. The plasma is confined by the longitudinal line-cusp
fields produced by 20 rows of water-cooled, samariumcobalt magnets that surround the source chamber and
transverse magnets on the back flange.
The hydrogen plasma is produced inductively by up to
65 kW of pulsed 2 MHz RF power. RF coupling is
accomplished via a 2 1/2-turn, porcelain-coated (watercooled copper tubing) antenna connected to a matching
network that matches the impedances of RF amplifier and

RF Antenna

Filter Magnets
Collar +
Cesium

Back
Magnets

Outlet

Back Plate

Aperture

Reentrant
Cylinder
Cusp Magnets
Extractor
Electrode

HV
Insulator
Figure 1: Schematic view of SNS R&D #1 H- ion source.
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plasma. To minimize RF noise interference, the amplifier Table 1 summarizes the peak performance of the ion
source:
and matching-unit are installed on the ion source high
voltage (65 kV) platform, and are completely enclosed by
a copper-plated steel shielding box.
Table 1: SNS R&D #1 ion source performance
Electrons supplied by a hairpin tungsten filament
without cesium.
installed at the source back-flange assist starting of the ion
source pulses. For cleaner discharge conditions, the
H'current
36 mA
filament can be replaced by an UV flash lamp or an
e' current
960 mA
inexpensive UV laser light system to produce primary
e/H ratio
>27
photoelectrons.
RF power
63 kW
A pair of water-cooled permanent magnet filter rods
Duty factor*
< 0.25 %
placed near the outlet electrode creates a narrow region of
Extraction voltage
27 kV
transverse magnetic field (200 G) that divides the source
Extraction gap
4 mm
chamber into the ("hot-plasma") discharge region and the
s
12
Gastfow houg
("cold-plasma") IN extraction region. The purpose of the
0
hole
eaction
hot plasma region is to produce excited H2 (v") molecules,
field.
filter
magnetic
the
through
freely
which can diffuse
Imposed by extraction power supply
Hot electrons, which could easily destroy H- ions, are
deflected by the magnetic filter field. Therefore, they
cannot reach the extraction area.
3 OPERATION WITH CESIUM
Cold electrons are trapped, diffuse through the filter
field, and produce H ions in the outlet region by Installing a collar around the outlet aperture can reduce
dissociative attachment to the excited H20(v") molecules,
the electron portion in the extracted beam. In such an
The removal of hot electrons is enhanced by installing a arrangement, a small cylinder (15-mm-diam., 15-mmcollar in front of the extraction hole. The deflected long) is mounted on the outlet electrode, facing the plasma
electrons are captured in this area. The optimum
side (see Fig. 1). This collar can also be used to
dimensions of the collar have been determined
accommodate (inside radial grooves) tiny cesium getterexperimentally (15-mm-diam., 15-mm-long) for the 200 G
filter field.
double-walled air flow
The RF-driven source is operated at a continuous
hydrogen gas flow of 20-30 sccm. Beam is extracted at
collar
(in)
35-65 kV across a single extraction gap and collected in a
water-cooled double Faraday cup, which allows one to
independently measure the H- current and electron content
outlet
in the beam. The Faraday cup has been calibrated by using
aperture
helium as the discharge gas. Since He ions are extremely
/
difficult to form, no current should be measured in the H'Faraday cup. This was verified with an extracted electron
•-•
(.\"
• gap for
\
beam of several amperes of current.
\ •
,
.
thermal

k-T
,

2 OPERATION WITHOUT CESIUM
More than 36 mA of H' ion current can be extracted from
the SNS R&D #1 ion source if no cesium is added. With
proper tuning of the RF matching-section the e-to-Hcurrent ratio can be reduced to about 27 at the highest Hi
current levels, but it can be as high as 50. Due to the high
electron current (0.9 to 2 A) in pure volume production
mode, the duty factor is limited by the extraction power
supply. If the power supply cannot deliver the beam
power, the extraction voltage decreases during the beam
pulse. As a result, the ion beam impinges on the extractor
electrode because of perveance mismatch, and sparkdowns occur.
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Figure 2: View of the new SNS H- ion-source collar
arrangement. Eight getter containers which slide into the
slots located in the double-walled collar release a trace
amount of cesium into this region.
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containers [2]. Such a configuration has been developed
for the SNS H ion source, and is shown in figure 2.
The stainless-steel double-walled collar is thermally
insulated from the rest of the ion source. Active cooling or
heating - depending on the source duty factor - is possible
by passing a temperature-regulated airflow through the
collar jacket. The collar is massive enough to maintain a
uniform temperature distribution along its inner surface.
Cesium coverage of the collar surface lowers the work
function, thus increasing the H- ion density in the plasma
by surface production mechanism. The best source
performance can be achieved at a surface temperature of
around 200 degrees Celsius.
Uncooled, the new collar reaches a temperature of -400
degrees Celsius at 50 kW RF input power at 12% duty
factor. If cooled by pressurized air, the collar temperature
could be reduced to 30 degrees Celsius. We have installed
temperature
a heating
collar (outside
the air
input-line
the
of the
adjustment
allow around
vcu)toelement
vacuum) to
plasment oite cour tymfature
independent from plasma heating (i.e. source duty factor).
This new cesium dispensing system allows very flexible
source operation, which is not achievable with a cesium
oven alone. In addition, since only trace amounts of
cesium are dispensed into the ion source, no high-voltage
spark-down problems occur in the extraction gap or in the
downstream accelerator components.
After mounting the cesium dispensers inside the collar,
maximum, stable source-performance can be achieved
after only 1/2 hour of source operation without special
conditioning procedures. If the source is restarted up after
previous operation (i.e. without breaking the vacuum) this
time is reduced to -15 minutes. As shown in figure 3,
43mA of I- have been achieved at 12% duty factor (1 ms

pulse length, 25kW RF input power, 25 sccm hydrogen
gas-flow, extraction hole: 3.5 mm radius) with the
described collar configuration. The ion beam pulse
uniformity is within 1.2% (-0.50 mA), the pulse-to-pulse
reproducibility within 0.6% (-0.25 mA). At the same time
the extracted electron current has been reduced to 90 mA,
lowering the e'/H ratio to a value of 2. (During these
experiments, the outlet aperture was electrically connected
to the ion source body.) Only traces of cesium have been
released into the ion source, since the collar always stayed
below the temperature (-500 degrees Celsius) needed to
start evaporation of the cesium getter wires.

4 CONCLUSION
Figure 4 compares the SNS R&D source peakperformance without and with cesium released into the
be
requirements
the SNS
chamber,
plasma chamber.
By ion-source
releasing cesium
into the can
plasma
achieved at much lower RF input power. Furthermore, the
extracted electron current is drastically reduced. Source
start-up could be significantly simplified by introducing an
improved collar design.
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MECHANICAL DESIGN OF THE PROTOTYPE If ION SOURCE FOR THE
SPALLATION NEUTRON SOURCE*
S. K. Mukherjee, D. Cheng, M. A. Leitner, K. N. Leung, P.A. Luft, R.A. Gough, R Keller,
M. D. Williams, LBNL, Berkeley, CA
Abstract
The mechanical design of the prototype H' ion source for
the Spallation Neutron Source (SNS) is presented.
Experience obtained in the ongoing SNS R&D program is
being utilized in the current design. The physics design
parameters require a 2 MHz RF-driven multicusp ion
source operated at 50kW, pulsed (6% duty factor) RFpower. The four major components (plasma-generator,
cesium collar, outlet electrode, the source tilt mechanism)
of the mechanical packaging of the ion source will be
presented in details. The mechanical design has the unique
capability of tilting the ion source in one plane in order to
compensate the H- ion beam deflection caused by a strong
magnetic field across the outlet aperture. This B- field
deflects electrons in the extracted beam back to the outlet
electrode. An articulating strut system will provide
accurate control over the adjustable tilt angle. This new
ion source design will provide easy serviceability of
maintenance parts like the RF-antenna and the cesium
dispensing system.

There are four major sub-assemblies in this design: (1)
The plasma chamber and cusp magnet assembly, (2) The
outlet electrode assembly, (3) The back flange assembly
and (4) The tilt mechanism. Each sub-assembly has its
cooling system for removing the heat generated by the
plasma particles hitting the chamber wall. Figure I shows
the general arrangement of the prototype source.
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1 INTRODUCTION
Experiments [ref.1] performed with an existing volume Hsource helped establish the design requirements for the
prototype ion source for the SNS project. A plasma
chamber size of 11.5 cm in diameter and 11.5cm in length
has been found to be an optimum size for the prototype
ion source. Installation of a cesium collar near the outlet
electrode proved the advantage of reduced extracted
electron current together with a significant increase in the
H output. The optimum operating temperature of .the
collar was found to be 300 C. The location of the filtermagnet from the center of the outlet electrode was
optimized to 15 mm. The above-mentioned results, helped
establishing the base line design parameters.
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Figure-i Ion source general layout

2 MAJOR COMPONENTS
The modular design approach of the prototype source is
meant to provide easy access to serviceable components
with minimum changeover time.

2.1 Plasma Chamber

*This research is sponsored by the Lockheed Martin Energy Research
Corporation under the U.s. Department of Energy, Contract No. DEACo5-96OR22464, through the Lawrence Berkeley National
Ntho.gh
Dhe- Lawrence Berremoval
Laboratoiy under contract

holds the twenty NbFeB cusp magnets. The thin annular
space between these two bodies is utilised as a cooling
jacket. There are four cooling circuits for uniform heat
from the twenty rows of magnets. The back
flange and the outlet electrode at the two ends terminate
the plasma

Email: skmukherjee@ibl.gov

0-7803-5573-31991$10.00@1999 IEEE.

The plasma chamber is machined out of 316L stainless
steel and welded with another concentric chamber that
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repair of feed through components. The two flanges are
vacuum-sealed by o-ring. There are two -quartz-window
flanges, welded on the back flange. They are needed for
laser beam for plasma starting. The back flange subassembly is attached with the main flange of the plasma
chamber. By removing the back flange section, the RF
antenna can be replaced without disturbing the alignment
of the ion source.

2.2 Outlet Electrode
The outlet electrode sub-assembly (see figure-2) consists
of the outlet electrode itself, the electron deflection
magnets, the electron dump electrode and the cooling
channels for each area. The filter magnet and the cesium
collar assemblies are also mounted from the outlet
electrode. Eight cooling lines are oriented azimuthally and
they come out through the corresponding vacuum feedthrough on the main flange of the plasma chamber
assembly. This design allows us to remove the outlet
electrode sub-assembly from the source in one package
and it provides easy service of the cesium collar. The
alignment of the electrode with respect to the plasma
chamber is critical. Use of an accurate fixture during
mounting the pre aligned electrode assembly will enable
us to reach the alignment target described in section 4.
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Figure-3 Back Flange Layout
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Figure-2Outlet Electrode Layout

2.3 Back Flange Assembly
The back flange (see figure-3) has four magnet slots and a
cooling passage machined in the 304 stainless body. A
hidden O-ring serves as vacuum seal between the plasma
chamber and the back flange. The RF antenna is mounted
through another smaller flange, which facilitates easy

To compensate for the deflection of the H- ion beam due
to the strong magnetic field across the outlet electrode, the
source has to be tilted. The maximum tilt range is 0 to 6
degrees. This is achieved by mounting the whole assembly
on two flexural pins and a bellow connection that will
allow the outer support cylindrical structure of the source
assembly to articulate in the horizontal plane. The
movement of the stainless steel bellow is limited to three
degree. The bellow is adjusted to three degree at the
neutral position. A stepper motor controlled actuator can
rotate the rear end of the source assembly through the
required travel. Figure-4 shows the three positions of tilt
of the ion source. The resolution of the actuator movement
is accurate enough to articulate the source in very small
increments to suit the operating criteria of the source. The
source is prevented from tilt past the zero position by a
physical stop in addition to the limit switches.
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4

ALIGNMENT

The ion source positional accuracy is critical for ion beam
optics in the low energy beam transport (LEBT) section.
Figure-5 shows ion beam deflection in the SNS LEBT if
one of the electrostatic lenses is shifted transverse to the
beam direction (calculated by the 3D optics code
KOBRA).
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3 COOLING SYSTEM
The heat to be removed from the plasma chamber is
approximately
to the RF power consumption of the
source (50 kW equal
at 6% duty factor). The plasma chamber is
bombarded by the hot-electrons at the locations of the
cusp permanent magnet. This heat load is removed by the
water jacket surrounding the whole plasma chamber.
Similarly, the magnets in the back flange are cooled by the
water channels machined in the body of the flange. Heat is
also added in the form of hot air flow to the cesium collar
from outside. This collar is maintained at the optimum
operating temperature of 3000 C. The hot-collar radiates
heat to the outlet electrode inside face. To prevent the
radiation heat transfer from the cesium collar, a gap is
maintained between the collar and the electrode plate. In
addition, the copper surface of the outlet electrode subassembly has a cooling line for removal of heat produced
by deflected electrons from the filter magnets. The
electron dump electrode also has its individual cooling
line. These cooling lines are accessed through the
insulated vacuum feed through in the main flange of the
ion source.

As shown in the graph a lens-transverse-misalignment of
.05mm would result in a beam deflection of .1mm out of
the center position. The alignment target +/- .05 mm in X
and Y planes, (perpendicular to the beam direction), is
achieved by using a common axis reference between the
source and the LEBT. The source tilt mechanism is kept
on axis by the precision flexural pins and the position
accuracy between the removable flanges is controlled by
the use of precision dowel pins.
This new H ion source is being fabricated and testing is
scheduled to start in June, of this year. Results of the
source operation will be reported in the near future.

5
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Measurements on the LANSCE Upgrade H'-Source*
R. Thomae, R. Gough, R. Keller, K. Leung, D. Meyer', M. Williams, Lawrence Berkeley National
Laboratory, 0. Sanders, W. Ingalls, B. Prichard, R. Stevens, Los Alamos National Laboratory

Abstract
For the upgrade of the Los Alamos Neutron Science
Center (LANSCE) Facility, the Lawrence Berkeley
National Laboratory is developing an H' ion generator that
can deliver the required beam. The output current has to
be 40 mA at a repetition rate of 120 Hz and a pulse length
of 1 ms (12 % duty factor), and the normalized emittance
must be less than 0.1 7c mm mrad. During the last years,
we improved the so-called surface-conversion source for
the generation of higher H- currents. Experiments with
magnetic filter fields have shown that the output current
increases linearly with the discharge power in contrast to
saturation when operating without a filter. In the latest
source configuration, the filter field is generated by the
cusp magnets itself, resulting in a simple and reliable
setup. In this paper we present measurements on the
output current as a function of discharge power. We
discuss operation conditions of the source at the required
40 mA output current. Furthermore, preliminary results
using 2 MHz RF power with an antenna for plasma
generation will be described.

1 INTRODUCTION
The requirement for higher intensity H' ion beams for the
upgrade of the Los Alamos Neutron Science Center
(LANSCE) Facility necessitated the development of a
new ion source. Lawrence Berkeley National Laboratory
has been contracted by Los Alamos National Laboratory
to develop an H" ion source, which can deliver the
required beam parameters, demanded by the LANSCE
upgrade. In particular the output current has to be
increased from 16 to 40 mA, whereby the beam emittance
may not increase. Furthermore, the source must operated
reliably at the prescribed 12 % duty factor (1 ms pulse
length at 120Hz).

Present Address: KVI, Atom Physics Group, Zemikelaan 25, 9747 AA
Groningen, The Netherlands

reliable source. Although this principle was expected to
have an intrinsic current limit, experimental studies at
LBNL demonstrated that the output current can be
increased linearly with discharge power when a magnetic
filter field is applied, which prevents energetic electrons
reaching the converter region [1]. Covering the converter
surface with a thin layer of cesium can increase the
efficiency of the source.

2 EXPERIMENTAL SETUP
The multicusp surface conversion source is under
investigation at LBNL for a long time [2,3]. It is primarily
composed of a plasma chamber and a negatively biased
converter. The ions present in the hydrogen plasma (H',
H2, H3÷) are accelerated towards the converter surface. H
can be formed either through a back scattering process or
a sputtering process when the positive ions collide with
the converter surface.
The LANSCE upgrade source consists of a cylindrical
stainless steal plasma chamber, in which the converter is
mounted along the axis. The diameter and length of the
chamber are 250 mm and 230 mnm, respectively. Outside
the chamber 18 columns of magnets provide the cusp
field. Fig. 1 shows a 3-D cutaway picture of the source.

The Ion Beam Technology (IBT) Program at LBNL is
developing the so-called surface converter source for the
generation of negative ions for a number of years. This
type of source was chosen as a candidate for the LANSCE
upgrade because it is known as a very effective and
"This Work was supported by Los Alamos National Laboratory and the
Department of Energy under Contract No. AC03-76SF00098.
Email:

rwthomae@lbnl._Rov

Figure 1: The LANSCE upgrade source. Shown here is
the plasma chamber with the magnets and the filaments.
The converter is mounted to the end plate. In the front
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plate a collar with two magnets is used to deflect the
electrons.

3EXPERIMENTAL RESULTS AND
The position and length of the filaments are arranged in
such a way that their tips are surrounded by a magnetic
field of approximately 30 Gauss. This is sufficient to
prevent energetic electrons to reach the converter and
extraction regions. The filaments are biased at 70 V
negative with respect to the source body. They are heated
by 5 V and 100 A each. The potential of the converter is
varied in between -200 to -400 V. Cesium is brought into
the plasma chamber by heating the oven and the valve to
2000 to 3000 C. During operation, the converter current,
the repeller current, and the Faraday cup current are
monitored. More detailed information on the design and
construction of the source can be found in reference [4].
Fig. 2 shows a photograph of the source in the test stand.

DSUSO

DSUSO
After assembling the source has to be conditioned for at
least 10 hours. Conditioning is done by heating the source
with filaments and plasma discharge. Then cesium is
injected into the source chamber via a nozzle by means of
heating the reservoir and oven valve. For an optimum
oven temperature, the H' output current is enhanced by
more than a factor of 10. The cesium from the oven covers
the surface of the plasma chamber and the converter
surface. During the discharge pulses, the positive ions,
which are present in the plasma, are accelerated across the
plasma sheath formed in front of the converter surface.
They can sputter a portion of the cesium coverage. The
amount of cesium coverage on the converter surface is
especially important for efficient Hf generation. It is
therefore substantial to control this parameter. There are 3
different ways:
i)

ii)

iii)

i tho tes stnd.reducing
2 Phoo
thesouce
Figue
Figue
thesouce
2 Phoo
i tho tes stnd.thickness

A Change of the duty factor, either pulse length
or repetition rate, influenced the amount of
sputtered cesium. Increasing the duty factor can
reduce the thickness of the cesium layer.
A change in converter voltage can modify the
ion energy and therefore the sputter coefficient.
A higher converter voltage reduces the thickness
of the cesium layer.
A change of the converter surface temperature
can influence the cesium coverage. Increasing
the converter surface temperature (e.g. by
the cooling water flow) can reduce the
of the cesium layer.
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Figure 3: H- current as a function of discharge power. The arc and converter voltages are 70 and 300 V,
respectively. The pulse length and repetition rate are kept constant at 1.2 ms and 100 Hz (12% duty factor),
respectively. The cesium coverage is optimized by adjusting the converter surface temperature.
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matching network. In contrast to the operation with
filaments the power load of the source for RF operation is
reduced by at least a factor of two.
For LANSCE operation the duty factor is fixed and only
ii) and iii) can be applied. Because the converter voltage
is limited by arcing towards the plasma, we believe that
iii) is the best approach. for adjustment of the converter
surface cesium coverage.
In Fig. 3 the H' current (measured in a Faraday cup,
placed 3 cm behind the outlet electrode) is shown as a
function of the discharge power. The arc and converter
voltages are 70 and 300 V, respectively. The pulse length
and repetition rate are kept constant at 1.2 ms and 100 Hz
(12% duty factor), respectively. The cesium coverage is
optimized by adjusting the converter surface temperature.
It is clear from the figure that the current increases
linearly with the discharge power from 10 mA at 2 kW to
40 ma at 8 kW. For larger values of discharge power the
current saturates. We believe that this is due to the fact
that at higher power levels more impurities are present,
which has also been observed with a residual gas analyzer.
In Fig. 4 the pulse shape is plotted for an H' current of 44
mA. The discharge power amounts to 8.6 kW. In this
example the cesium coverage on the converter was
optimized via the repetition rate, which is 190 Hz at a
pulse length of 1.2 ms (duty factor 23%). The peak at the
beginning of the pulse indicates a slightly overcesiated
converter.

Figure 5: The endplate of the source with the quartz RF
antenna. Note that a silver plated copper wire is inside the
quartz tube. The antenna is water-cooled. Also shown is
the converter.
First operation without cesium injection shows that
plasma generation is possible. However, the neutral gas
pressure has to be increased compared to operation with
filaments. Work is still in progress to optimize the source
operation with RF discharges.
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DESIGN OF ION SOURCE FOR LANSCE UPGRADE*
M. Williams, R. Gough, K. Leung, R. Low, C. Matuk, R. Thomae, S. Wilde
E. 0. Lawrence Berkeley National Laboratory, Berkeley, CA 94720
Abstract
The upgrade of the Los Alamos Neutron Science Center
(LANSCE) Facility will require high intensity H- beams.
Lawrence Berkeley National Laboratory (LBNL) has been
contracted by Los Alamos to develop an H- ion generator
that will meet the LANSCE upgrade requirements. Hcurrent is to be increased from the present 18 mA to 40
mA. The current LANSCE ion source uses surface
Two
conversion process and extracts ions radially.
tungsten filaments are used as cathodes. The ion source
designed by LBNL is also a surface conversion type source
but the ions are extracted axially. This design allows six
or more tungsten filaments to be installed radially so that
the magnetic field of the permanent magnets on the
cylindrical wall provides a magnetic filter field. This filter
field prevents energetic electrons from entering the central
ions. The
plasma region where they could strip the H- successfully
been operated% duty factor
12
LBNL designed ion source40has
at
mA Hat the design parameters,
with 1 msec pulses. This paper describes the design and
fabrication of the ion source.

used to lower the work function of the converter and
therefore enhance the H- yield..

2. ION SOURCE CONFIGURATION
LBNL has been developing multicusp surface conversion
ion sources for many years.34 The typical multi-cusp Hsurface conversion source consists of a plasma chamber
and a negatively-biased converter electrode as illustrated in
Figure 1.
FILAMENT (6)
PERMANENT
MAGNETS.

WPVERT

E

1
E
H - Beam

1. INTRODUCTION
The next generation spallation neutron sources, such as
the upgrade of the Los Alamos Neutron Science Center
(LANSCE) Facility will require high intensity negative
hydrogen (H-) beams. Lawrence Berkeley National
Laboratory has been contracted by Los Alamos National
Laboratory to develop an H- ion generator that can meet
the upgrade LANSCE neutron source requirement.
Specifically, the output current of the new H- ion source
has to increase from 16 to 40 mA. In addition, source
emittance, reliability, and availability will need to be
improved. All of which must be achieved while operating
under the facility's prescribed 12% duty factor (1 ms pulse
at 120 Hz).
In order to meet the LANSCE source requirement, the
Ion Beam Technology (LBT) Program at LBNL chose the
surface-conversion multicusp ion source as the base
candidate. The present LANSCE H- source is also a
surface-conversion source, however the H- output current
does not increase much beyond 20 mA with higher'
discharge power.' Previous experimental study at LBNL
demonstrated that if the surface-conversion source is
operated with a magnetic filter, the H- output current
generated by a barium converter can increase without
saturation with increased discharge power.2 Based on this
study, a prototype ion source has been developed to utilize
the multi-cusp magnet arrangement as a filter. Cesium is
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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CESIUM OVEN AND INJECTOR

Figure 1: Schematic of the surface conversion ion source.
The positive ions present in the hydrogen plasma (H-,
H

H2 H3+) are accelerated across the plasma sheath formed
along the converter surface. H- ions are formed on the
surface and extracted back across the sheath. The spherical
surface of the converter focuses the negative ions through
the extraction aperture. Theconverter is coated with a low
work-function material such as cesium to enhance
negative ion conversion.
The current LANSCE ion source has a cylindrical
body and the negative ions are extracted radially. The two
filament cathodes are located on the cylinder end flanges.
The new LANSCE H- ion source is also of cylindrical
design, however, the converter is installed along and
parallel to the cylindrical axis as shown in Figure 2.
Negative ions are extracted along the cylindrical axis. Six
filaments are installed radially between the cylindrical wall
cusp magnets, Figure 3. The magnets provide a filter
field, which reduces the number of energetic electrons in
the main plasma volume. This reduces the negative ion
stripping due to energetic electrons. A converter of twice
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the area of the current converter is also used. The radius
of curvature is increased to maintain the same projection
angle. The axial position of the converter was optimized
for maximum H- output.

primary H- beam, Figure 1. This is an electrically
isolated, conical collimator installed in front of the outlet
aperture. The collimator is biased slightly positive with
respect to the ion source body. This repels positive ions.
The lack of positive charge in the region will prevent
plasma electrons from entering. Two magnets form a cusp
field within the collimator to deflect energetic electrons
from the converter to the conical wall.
Cesium is injected into the source from a heated oven.
The oven is mounted on the cylindrical wall with an
injection tube penetrating the This arrangement enables
one to inject cesium into the central plasma region.
Cesium forms a thin layer on the converter, which
enhances H- conversion. The operating temperature is
typically between 200 and 300 Co.

3. ION SOURCE CONSTRUCTION

Figure 2: 3-D cutaway rendering of the LBNL designed
ion source for LANSCE. Note that the filaments ame
placed radially and the converter al mounted along and
parallel to the cylindrical axis.

A

The ion source body is constructed of stainless steel. It is
cylindrical with plasma confinement provided by
samarium cobalt magnets placed on all source walls. The
cylindrical sidewall has 18 line cusps parallel to the source
axis. The rear flange has four line cusps placed on parallel
chords. The front flange has 18 radially arranged magnets.
A space is provided in the center of the radial array for
installation of the repeller assembly. The wall and back
flange magnets are installed in copper boats to provide
cooling. The front flange magnets are mounted on a low
carbon steel plate, which is brazed to a copper plate. The
copper plate is in turn attached to the main water-cooled

~flange.
Quartz Insulator

A

IM oblyIbenum
20 Stainless sleel
Figure 4:
Cross-section schematic of the converter
showing construction and water flow.

Figure 3: Magnet and filament configuration. (A) Wall
ýcusp magnets (18 columns). (B) Filaments (total 6). The
filament tips are placed at approximately the 25 gauss
region. (C) Converter installed on the cylindrical axis.
A repeller similar to one used on the current LANSCE
souce
n te
s uilied
nw esin t prven elctrns
Soureni*teuilied
nw dsig topreentelethen
frombeig nd
exraced
acelratd alng
ith

The converter is installed through the rear flange. An
insulating flange is used to provide electrical isolation
from the source body. Figure 4 is a schematic of the
converter construction. The converter surface is machined
to a spherical shape from molybdenum. The molybdenum
plate is vacuum brazed to a copper interface piece to
provide good thermal contact and conductance to the
cooling channel. The cooling channel is machined from
stainless steel and is vacuum brazed to the copper. Coaxial
stainless steel tubing is welded to the cooling channel
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plate. Water is supplied through the inner tube and
returned through the outer. A quartz cover is provided for
the rear and side surfaces of the converter assembly. The
cover isolates the areas which face the plasma. Only the
spherical surface is exposed to the plasma.
Six filament feedthroughs are provided. They are
arranged radially around the cylindrical wall. Cooling is
provided by squirt tubes inserted in each feedtthrough leg.
The filaments are fabricated from 1.5-mm diam. tungsten
rod. The filaments are inserted into and held firmly by a
molybdenum and copper chucks.
A cesium oven connected to a commercial high
temperature valve is installed radially on the cylindrical
wall. A molybdenum tube is used to transport cesium
vapor into the central region of the ion source. A heating
block is mounted on the oven. It is heated by a 250 Watt
cartridge heater.

7.
Figure 6: Photograph showing inside of the ion source,
The converter can be seen on the removed end flange.
Notice the six radially positioned filaments.

4. CONCLUSION
Two ion identical ion sources have been fabricated.
Figures 5 and 6 are photographs of one of the sources.
One has been delivered to LANSCE for testing on their
test stand. The second source is being tested on the LBNL
test stand.
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STATUS OF THE H- INJECTOR DEVELOPMENT PROGRAM AT
LANSCE**
W. Ingalls, B. Prichard, Jr., 0. Sander, J. Stelzer, R. Stevens, Jr., J. Wieting, T. Zaugg, LANL,
Los Alamos, NM, R. Keller, K. Leung, M. Williams, LBNL, Berkeley, CA
Abstract
operations. We designed the ISTS to duplicate the H- 80The H- injector at Los Alamos National Laboratory keV beam transport inside the LANSCE 750-kV injector
(LANL) is being upgraded to provide a 12% duty-factor, dome. The ISTS has additional emittance diagnostics to
40-mA, 80-kev H- beams, Which will enable 200-pA better characterize the beam behavior. They are located at
operation of the Los Alamos Neutron Scattering Center end of column (EM01) and at the location of the entrance
(LANSCE) proton storage ring (PSR). An improved to the 670-kV accelerating column (EM03). The EM02
version of the LANSCE operational surface-conversion diagnostic is located between the two solenoids as in the
Reference [2] give a detailed
ion source and a new accelerating column have been LANSCE injector.
Figure 1 shows an 80-kV dome
the
ISTS.
of
description
developed in collaboration with the Lawrence Berkeley
schematic.
LEBT
We
[1].
application
this
for
National Laboratory (LBNL)
report here the results of the initial tests at LANL on a
proof-of-principle (POP) ion source built at LBNL and oEMITnEANCEL
on
DEFLECTOR
EMAGNETS
STEERING
modeling studies. The POP ion source has been operated
STATION
MAGNET
at the 40-mA design beam current, and the beam emittance
of the 80-keV extracted beam has been measured both at
the exit of the accelerating column and in the 80-keV lowenergy beam transport (LEBT) line. Significant, currentdependent, emittance growth was observed in the LEBT.
IDUSOENT.._.N
Experimental investigations of this growth are described.
SQL NOID
URREN

1. INTRODUCTION

IONS

A goal of the Short Pulse Spallation Source (SPSS)
Enhancement Project [1] at LANL is to upgrade the
existing facilities at LANSCE to reliably produce 200 pA
for the Manuel Lujan Neutron Scattering Center target.

To achieve this SPSS goal, a significant increase in beam

current from the H- injector is required. Higher peak
current will reduce the fill time of PSR and reduce the
stored-beam losses, and higher peak current allows an
increased gap in the chopped beam, which could improve
beam stability at high currents. A minimum of 20 mA is
essential; a beam current of 40 mA is the desired goal.
Our present HI injector produces 16-17 mA of beam with
a normalized beam emittance equal to 1.0 ic mm-mrad for
95% of the beam. A reduction in beam emittance is also
required; smaller emittance should reduce beam losses in
the linac. A normalized beam emittance of 95% of the
beam should be less than 0.8 ic mm mrad, whereas 0.4 is
our desired goal. To limit the demand on resources, we
will continue using the present 80-keV LEBT and plan tO
achieve the injector improvements via source and column
upgrades.

2. THE EXPERIMENTAL SETUP
2.1 The Ion Source Test Stand (ISTS)
The ISTS was built to develop the necessary injector
improvements without interfering with LANSCE

E

4.50

B • NDING

MAGNET

TORO5DS

r --

M

Figure 1 Line Drawing of the Dome LEBT

2.2 New 80-keV Column Design
The present 80-kV column has shortcomings when
operated with high currents in our present LEBT. During
normal operations we limit emittance growth in the
column, typically, by perveance matching in the column.
To prevent the formation of aberrations in the first LEBT
solenoid, we must produce a beam at the column exit with
relatively small beam size and with small divergence so
not to fill the aperture of the first solenoid. Using the
present column, we cannot simultaneously maintain a
perveance-matched beam and control the beam size in the
LEBT. This inability becomes unacceptable at high-beam
currents. The new-column design addresses the above
problems. It uses an asymmetric Einsel lens and provides
perveance matching and independent beam focussing for a
range of high currents. Simulations show that this
column can produce sufficiently small beam sizes at high
currents. In addition, the new column includes an ion trap
to stop back-streaming positive ions, thereby, reducing
their damage to the ion source and enhancing the beam
neutralization in the downstream LEBT. Figure 2 shows
the new column design. The new column has been

"Work supported by the U.S. DOE
0-7803-5573-3/99/$l0.00@ 1999 IEEE.
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to the admittance (0.0 14 it cm-mrad) of the source and
predictions of PBGUNS [5]. The POP source supplied
24.5 mA, and the operations source supplied 15 mA
during these measurements.

installed but not tested. All following results were made
with the operations-type column,

3. EXPERIMENTAL RESULTS
3.1 OperationsSource

Using the 1.6-cm plasma electrode aperture, we continued
to observe significant growth between column exit and
EM02. Using the operations source we observed that the
normalized total emittance at EM02 increased from 0.25
to 0.31 it cm-mrad emittance (a 25 % increase) as the
beam current increased from 8 to 24 mA. Using the POP
source we measured a normalized total emittance increase
from 0.20 to 0.29 it cm-mrad (a 45% increase) as the
current increased from 24 to 34 mA. Above 28 mA of
beam current the EM02 emittance increases rapidly with
increasing beam current, but below 28 mA the rate of
increase is significantly less. See figure 4. PBGUNS
simulations show that for beam currents above 28 mA,
the beam size in the first solenoid becomes sufficiently
large so that the solenoid will begin causing significant
We observe that the rms
aberrations to the beam.
emittance, which is determined using a moments analysis,
increases even more rapidly with beam current than the
total emittance. This result supports our conclusion that
part of the increasing emittance growth is caused by beam
aberrations from the solenoid. It should be noted that
when both sources were producing the same amount of
current, 24 mA, the beam emittance with the POP sources
was 33% smaller than that with the operations source.

As reported earlier [2,3] concerning the operations source,
we found that the beam at EM02 had the same emittance
Using the
as measured in the LANSCE injector.
additional emittance station, EM01, we also observed that
the beam had the emittance equal to the expected source
admittance,

i

Figure 3. Horizontal and vertical emittance at EM02 with
th1.cmpaaelcodaerue

Figure 2 Line drawing of the new 80-keV column design

30

Because the emittance at EM02 is significantly larger than
EM0 1, all the observed emittance growth occurs in the
first 104 cm of the LEBT.

25

"2

3.2 POPSource
Initially the POP source produced significantly less beam
than observed at LBNL. Simulations of the source and
column showed that significant beam current loss ocurd
on the 1-cm plasma aperture. We enlarged this aperture to
1.6 cm, obtained 40 mA of H- current, and confirmed the
With the 1.6-cm
previous LBNL measurement [4].
aperture the beam current increased linearly with arc
current as it reached 40 mA; however the LANSCE
n ineretin bu
opertios surcesatratd
at28 A.
A
nineetngbt010
oprton
ore8 auaeda
unexplained observation is that for a given arc current the
operations-source beam current increased by only 10%
when the aperture was enlarged; however, the POP-source
Nonetheless,
current increased by a factor of two.
increasing the plasma aperture didincrease the maximum
current from the operation source,

3.3 Emittance measurements and growth
We were unable to obtain a complete set of EM01
measurement at the exit of the column. However, two
EM01 measurements showed that the normalized rms
emittance was 0.014 and 0.018 it cm-mrad with the POP
These emittance
and operations sources respectively.
areas, with the enlarged plasma aperture, are again similar
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Beam Current mA
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As we increased the beam current from the sources, we did
not obtain a complete set of EM01 measurements to
compare with all the EM02 measurements. However,
where the comparison can be made and when the beam
emittance should not be affected by solenoid aberrations,
the emittance growth between EM01 and EM02 is greater
than a factor of two. At higher beam currents where
solenoid aberrations are also important, the emittance
growth is significantly greater. To explore this emittance
growth, we modeled the beam dynamics between EM01
and EM02 using the codes SCHAR [6] and SOLEN [7]
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and used three different initial beam distributions, the 4volume, the KV and the Gaussian distributions. The
initial beam distribution was constrained to have the
Courant-Snyder [8] parameters and rms emittance of the
measured beam. Figure 4 shows the simulated dependence
of EM02 emittance on beam current and beam
distribution. Of the three distributions, only the Gaussian
distributions produced the observed emittance
4

....-

1exit

KV
tt-.--4Vol

-.g-Gaussian-

_______.__...,____- ___

4. CONCLUSIONS AND FUTURE
PLANS
We confirmed that the POP source can meet the SPSS
beam-current goal; the POP produced more beam than the
operations source. We observed that the emittance at
EM01 was smaller using the POP source compared to
using the operations source at the same beam current.
Significant emittance growth occurs between the column
and the mid-point of the 80-keV LEBT; the growth is
at least a factor of two. Initial measurements indicate that
the emittance growth was in part due to space charge
effects that can be reduced with the addition of a
neutralizing gas. Beam-dynamics simulations indicated
that beams with Gaussian distributions could exhibit the
kind of emittance growths that we observe. Furthermore,

-

e0

•the

measured emittance dependence on beam fraction is
consistent with a Gaussian distribution.

nt20

Beam Curent

Because the present beam emittance at the mid-point of
the LEBT does not meet the SPSS requirements we must

25

-

Figure 4. Rms Emittance at EM02 as a function of
effective beam current for various assumed beam
distribution
Our beams appear to have a Gaussian
growth.
distribution because we found that the total emittance (E)
has the dependence
E (F) = K x In (Ill-F))
where F is the beam fraction contained within the area E
and K is equal to twice the rms emittance value. Such
dependence is indicative of a Gaussian distribution [9].
See figure 5.

develop methods to reduce the emittance growth in the
LEBT. To support our development, we will examine the
following topics: Can we limit the emittance growth
between EM01 and EM02 by more uniformly adding
neutralizing gases in the LEBT? Does the new column
perform as designed? Does emittance growth occur
between EM02 and EM03? What are the beam production
characteristics of the final version of the LBNL source and
do they meet the SPSS requirements?
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A VERSATILE COLUMN LAYOUT FOR THE LANSCE UPGRADE.*
R. Keller, J. M. Verbeke, P. Scott, M. Wilcox, L. Wu, and N. Zahir
E. 0. Lawrence Berkeley National Laboratory, Berkeley, CA
Abstract
An upgrade program for the LANSCE facility at Los
Alamos National Laboratory [1] aims at generating and
transporting a 40-mA H- beam with 80 keV energy and
minimal emittance increase over the value currently measured with a 16-mA beam. Within a collaboration between
the two laboratories, LBNL has built a new ion source [2]
that allows the extraction of a 40-mA beam. However,
there are strong indications that a new layout of the extraction system/LEBT is needed to efficiently deliver a
low-emittance beam with this increased beam current. An
additional requirement for the new system is its adaptability to a range of beam currents between 20 and 40
mA. The design of this new system, based on extensive
simulations with the code IGUN [3], is described in this
paper.

1 INTRODUCTION
The LANSCE facility at Los Alamos National Laboratory
is currently operating with a 16-mA H- ion beam obtained
from a surface-production ion source [4]. A project to
improve the neutron output of the facility is now
underway and aims at an ion-beam current-increase of a
factor of two. Beam simulations [1], however, clearly indicate that the available 80-kV column that incorporates
the extraction system and the initial, electrostatic, part of
the LEBT will be unable to transport beams of this intensity through the subsequent magnetic LEBT.
Members of the Ion Beam Technology Program at
Berkeley Lab were already engaged in providing a 40-mA
ion source [2] for the LANSCE upgrade project, and the
work presented in this paper was undertaken to develop a
viable modification to the existing 80-kV column. One
main constraint for this work was the condition that the
existing insulators be preserved in order to keep this
project within budget and schedule. Another condition
was imposed by the magnetic LEBT whose first solenoid
aperture of 38-mm diameter was not to be illuminated to
more than 50%.

2 BASIC CONSTRAINTS
2.1 80-kV Column
The existing 80-kV column in the LANSCE injector re*Work supported by the Director, Office of Science, Office of Basic Energy Sciences, of the US Department of
Energy under Contr. No. DE-AC03-76SF00098.
0-7803-5573-3/99/$ 10.00 @1999 IEEE.

presents a modified Pierce extraction system [5] with two
intermediate electrodes between source outlet potential
and ground. The electrode contours are shaped according
to Pierce's design, but the voltage in the first gap had to
be considerably reduced to avoid frequent high-voltage
breakdown. In addition, the aperture in the first intermediate electrode was widened from 10 to 22 mm which
moved the column parameters even further away from a
true Pierce system. A trap is added on the downstream
side of the column electrodes to keep space-charge
neutralizing, positive, ions within the transported Hbeam.
The column insulator is shown in Fig. 1, already
fitted with the new electrodes that will be discussed later
on. It consists of two concentric ceramic tubes enclosing a
space that can be filled with an insulating gas. With this
construction, high-voltage breakdown in air is totally
avoided up to a total voltage of 80 kV. The inner tube
carries corona rings on its outer perimeter which are
connected to feed-throughs that pass through this insulator
and connect to the inner electrodes. Small recesses on the
inner perimeter of this tube serve as indices for the
installed electrodes.
2.2 Ion Source
Both, the old and the new ion source are of the surfaceproduction type with internal, cesium-covered converter
[2]. The converter bias of -250 V with respect to the
outlet-electrode potential already accelerates the H" ion
beam within the plasma generator and helps to overcome
problems arising from high space-charge density at
thermal ion velocities usually encountered with other ion
sources. An arrangement of permanent magnets inside the
plasma electrode significantly reduces the amount of
electrons that are extracted together with the H- ions.

2.3 IGUN simulations
The beam-trajectory simulation code IGUN [3] is capable
of handling positive ions extracted from a plasma or
"injected" into a system under study as an external input
file. Our rationale in using IGUN as a design tool for the
LANSCE column upgrade was that we did not intend to
study the fundamental processes of H- beam formation but
rather build on an existing system and investigate the
effects caused by the higher space-charge density of the
envisaged 40-mA beam. For this purpose, assuming a
proton beam with inverted electrode potentials was judged
to be adequate.
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The simulations had the goal of creating an electrostatic
LEBT as first part of the existing hybrid LEBT capable of
accommodating a wide range of beam currents, between
15 and 40 mA, and with minimized aberrations to keep
the effective beam emittance as low as possible.
In most of the simulations performed for this study, a
longitudinal energy of 375 eV was assigned to the ions
within the ion-source plasma. The exact value of this
energy, down to 250 eV, proved to have only a weak
influence on the resulting beam parameters. Because of
the fact that reduction of aberrations was a primary goal
in this study, most of the calculations were performed for
vanishing ion temperature, but for emittance evaluations,
ion temperatures of 1 eV were assumed.
As stated above, the existing LEBT relies on spacecharge compensation for the ion beanm drifting between its
electrostatic (column) and magnetic parts. To simplify our
simulation work and significantly cut down on the CPU
times, we did not calculate complete beam trajectories
over the full drift length but confined the range of
calculations to the column itself, with the implicit
assumption that the ion trajectories remain straight after
passing the first equipotential on slightly negative
potential from the downstream side (the sign convention

F

here applies to apositive ion beam).
.To adequately judge the simulation results, however,
trajectories were traced to the entrance plane of the first
magnetic solenoid lens, 300 mm. downstream of the
column entrance plane. Up to 19 mmn beam radius in this
plane was regarded as acceptable. Once we arrived at a
viable design we split the simulation problem into two
parts, performing the calculations near the outlet electrode
at twice the resolution applied to the remaining part.

3 NEW COLUMN DESIGN

Figure 1. New 80-ky column for the LANSCE injector,
A, ion-source plasma-electrode. B, outlet ("Pierce")
electrode on -80 MVC, extractor electrode (-50 kV). D,
lens (-75 kV). E, ion trap (+8 kV). F, ground electrode.
All potentials apply to negative ions.

As a first approach to developing the new column, we
pursued the idea of a "compound system" [6] which consists of a low-voltage extraction gap followed by an
electrostatic einzel lens and the main gap that determines
the final beam energy. We soon realized, however, that
such a system would occupy more longitudinal space than
the existing insulator could accommodate and therefore
decided to integrate two of the functions, i. e. those of
lens and main gap, into one element which is labeled as
VDin Fig. 1.
Another condition we imposed was to keep the
extractor electrode, C, at least as far away from the outlet
electrode and the system axis as the first intermediate
electrode of the existing column has been, ensuring that
the risk of high-voltage breakdown caused by stray
particles coming from the'source is not increased in the
new design. We did, however, raise the voltage in the gap
between the outlet and first intermediate electrode, B and
C, because we felt this voltage had been chosen with
extremne conservatism and did not by itself actually
contribute to sparking.
1927

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
mm

50 -

I

II

25 -

0
0

25

50

75

100

125

150

175

mm

Fig. 2. Simulated beam in the optimized electrode configuration. Electrode potentials as marked in this figure apply to a
positive ion beam. The contour of the ground electrode on the right has been graphically added to the contours actually
used in the IGUN runs. The second dashed equipotential line, between the 50- and 75-kV electrodes, marks the
transition surface for split calculations as described in the text.
After we gained some experience with the intricacies of
this design we substantially modified the contour of the
lens, D, from a cylinder to the bell shape shown in Fig. 1.
We also shortened the length of the ion trap electrode, E,
because it contributes to the path length the ion beam has
to traverse under the influence of its full space charge,
increasing its radial growth. This change is not shown in
Fig. 1, but rather in the integral trajectory plot in Fig. 2.
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Abstract
The Low-Energy Demonstration Accelerator (LEDA)
injector is designed to provide 75-keV, I10-mA, proton
beams for the LEDA RFQ. After testing the LEDA
injector using a 1.25-MeV, CW RFQ, we shortened the
low-energy beam transport (LEBT) to 2.69 m, replaced
the first LEBT solenoid with one that has a shorter length
but 1he same focusing power, and installed and operated
the LEDA injector in the beam tunnel. In this paper we
use the TRACE, SCHAR, and PARMELA computer
codes to model the proton beam for the as-installed LEBT
and we compare the results of these simulations with the
LEBT beam measurements. We use the computer code
PARMTEQM to transport the SCHAR- and PARMELAgenerated beams through the RFQ so that we can
compare the predicted RFQ performance with the
measured RFQ performance. For a 100-mA, 0.239-itmm-mrad input beam, PARMTEQM predicts the LEDA
RFQ transmission will be 92.2%.
1 INTRODUCTION
The LEDA injector [1] was tested under operating conditions by altering the ion-source extraction system from
a tetrode at 75 keV to a triode at'50 keV [2] and injecting
the hydrogen beam into a 1.25-MeV, CW RFQ [3]. The
LEDA microwave-driven source beam (50 keV, 70-100
mA, =_90% H÷ fraction) was matched to that RFQ using
the two-solenoid, gas-neutralized low-energy beam
transport (LEBT) [4] described in Ref. [2]. Two steeringmagnet pairs provided the desired beam centroid position
and angle at the RFQ match point. Beam neutralization
of 95-99% occurred in the LEBT residual hydrogen gas
[5]. The RFQ accelerated the beam to 1.25 MeV and a
simple HEBT transported that beam to a beamstop. The
RFQ transmission and spatial profiles were measured as a
function of injected current and LEBT solenoid
excitations [2]. The expected beam performance was
calculated using the computer codes TRACE [6] and
SCHAR [7] to model the LEBT [8], PARMTEQM [9] to
model the RFQ, and PARMELA [10] to model the
HEBT. Excellent agreement between the simulations and
the measurements was obtained (see Table 2 of [11]).

The LEDA injector is now installed in the beam tunnel
[12] and connected to the LEDA RFQ [13]. Low-current,
pulsed-beam commissioning of this 6.7-MeV RFQ has
commenced [14, 15]. Changes in the LEBT since the
work reported in [11] include reconfiguration of the ionsource extraction system to a tetrode at 75 keV and
replacement of the first LEBT solenoid with one that has
a shorter length but the same focusing power.
Ultimately we will compare the beam measurements with
simulations of the LEDA LEBT, RFQ, and HEBT. In
this paper we report the first step toward obtaining these
end-to-end simulations - comparison of the as-installed
LEDA LEBT measurements with simulations. We also
report predictions for the RFQ transmission using the
simulated beam as input. Our procedure is as follows.
The hydrogen beam is first characterized using the
Emittance-Measuring Unit (EMU), Fig. 1. We use these
results and the TRACE code to get the input parameters
for the SCHAR code. We iterate on the input parameters
until SCHAR reproduces the measured phase space.
Then the LEBT beam line, from the extractor to the RFQ
match
point (Fig. beam
1), isis transported
simulated and
the the
resulting
SCHAR-generated
through
RFQ
the RFQ
sigARMTEQMto pedict
using PARMTEQMofthedA Lhe RFQ performance. A
preliminary study of the LEDA LEBT is reported in [8].
2 INPUT PARAMETERS
The input H+ beam parameters are determined from
phase-space measurements of the LEDA injector beam
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using the EMU (Fig. 1). Beams with 50-, 80-, and 11 l
mA total current are characterized using the EMU.
Assuming the proton fraction is = 90%, the resulting H+
currents are 45-, 72-, and 100 mA, respectively. Using
TRACE [6], with the rms normalized emittance F- n
Twiss parameters
acand
P3atthe10%EBT
threshold
input,
the
bak
aongthe
nftd
3.8 as
m
romthe
beam is drifted beamis
back
along
LEBT, 3.28
mn from
the
front slit of the EMU to the ion source, as a function of
the un-neutralized current. The un-neutralized current that
gives the predicted H' beam size closest to that of the
8.6-mm-diam ion source emitter is noted, and the
resulting a and 0, as well as S-N, are used as input to the
first round of the SCHAR simulations.
3 LEDA LEBT SCHAR SIMULATIONS
The LEBT, in both the EMU and the RFQ configuration,
is simulated with the non-linear space-charge computer
code SCHAR. These simulations use a 4-volume
distribution and the line mode with 999 lines. The LEBT
dimensions are extractor to solenoid 1, 87.7 cm; solenoid
1 to solenoid 2, 140.4 cm; solenoid 2 to EMU, 100.1
cm; and solenoid 2 to RFQ match point, 40.7 cm (Fig.
1). Beam neutralizations of 95-99% are used [5],
depending upon the results of the TRACE-backs. In all
cases SCHAR predicts no proton beam loss in the LEBT.
SCHAR Input ParameterDetermination
Using the TRACE parameters as SCHAR* [7] input,
and scaling them using aXnew = (Xold[Sold/-new] and •new =
I.old[1ol/Fd/.w], gives the measured eN at the EMU to
within 0.1%, usually within two iterations. The resulting
SCHAR-predicted input beams (Table 1) have FN lower
than that .measured at the EMU because of predicted
emittance growth in the LEBT transport (primarily
arising from aberrations in the LEBT solenoid lenses).
When SCHAR transports the beam parameters in Table 1
3.28 m through the LEBT, the approximate phase-space
shapes at the 10% contour and beam profiles at the video

Fig. 3. Profile for the 100-mA H' beam 152.6 cm from the source
measured with a video camera (line) and predicted by SCHAR

(squares).
diagnostics are reproduced. The agreement between the
SCHAR-predictedspace
phase shown
space inatFig.
the2 for
EMU
the
measured
the and
100-mA
H' input phase
beam. The isagreement
between
the
SCHAR
in
am. the agreement between
the
prediction and the videocamera data 42.2 cm from the
source (VD1 in Fig. 1)is typically good at moderate
microwave power levels (Fig. 2 of Ref. 11) and poor at
high microwave power levels (Fig. 5 of Ref. 11). The
agreement between the SCHAR prediction and the
videocamera data 152.6 cm from the source (VD2 in Fig.
1) is usually good (example for the 100-mA H' beam is
shown in Fig. 3). The centroid and amplitude of the
videocamera data in Fig. 3 have been normalized to
display the match to the SCHAR-predicted profile.
SCHAR Simulations of the LEDA LEBT
Using the input data from Table 1, SCHAR is used to
predict the best match to the RFQ for the 2.69-m-long
LEBT. The sample in Fig. 4 is for the 100-mA input
beam with B,,, 1 = 3052 G and B, 1 2 = 3650 G, giving CN
= 0.238 nt mm mrad at the RFQ match point. Our
previous experience [11] is that the actual Bo 1 , setting is
close to the SCHAR prediction whereas the actual B. 1 2
setting is 10% higher than the SCHAR prediction. The
B,,l 2 setting is underestimated because of the absence in
the SCHAR model of the un-neutralized section of beam
transport just in front of the RFQ. Most of the SCHARcalculated emittance growth is due to spherical aberrations
in solenoid #1 and solenoid #2 (Table 2). SCHAR
predicts that the non-linear, space-charge-induced
emittance growth in the LEBT is low compared to the
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Table 1. SCHAR input H' beam parameters for the three
input beams. For these cases, v, =3.790 x 106 m/s.
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overall emittance growth - 2.1% vs. 57.2% for the 45mA beam, 1.4% vs. 13.7% for the 72-mA beam, and
3.7% vs. 21.7% for the 100-mA beam.

Table 2. Results of the LEDA LEBT and RFQ simulations with SCHAR and PARMTEQM, respectively.

S£
4 LEDA RFQ PARMTEQM SIMULATIONS
The SCHAR output files are used to generate 5,000
particle input beams for the PARMTEQM computer code
to calculate the RFQ transmission and output EN. The
proton fraction can be as high as 95% [16], but typical
values are -90%. We use the measured DC2 [DC2 is a
dc parametric current transformer] current (Fig. 1),
multiplied by 0.9, for the PARMTEQM input current.
The result for the 100 mA beam (I 11 mA at DC2) is
transmission = 92.2% and output EN = 0.232 It mm mrad
(Fig. 5, Table 2) at the design RFQ intervane voltage,
The predicted LEDA RFQ transmissions and output beam
emittances for the other input beam currents are given in
Table 2.
5 DISCUSSION
There is good overall agreement between the simulation
for 100 mA reported here and that for 110 mA reported in
Ref. [8]. This is striking because the input parameters for
the simulations in [8] were obtained for a prototype
LEBT in which the two solenoid magnets were placed
next to each other, with no separation (see Fig. 3 of Ref.
1). The large emittance growth in solenoid #1 for the 45mA beam (Table 2) arises from the large divergence of
the 45- mA beam from the ion source extraction system.
This extraction system is designed for 110-mA H÷ beams
- at 50 mA there is a large perveance mismatch, with a
cross-over in the extraction gap. This accounts for the
large divergence, and small beam size, for the 45-mA case
(Table 1).
In the initial LEDA accelerator commissioning stage, we
are injecting pulsed low-current (10-20 mA), low-dutyfactor (-1%) beams into the RFQ to allow us to gain
understanding of the system operation without damaging
components. To produce these low-current pulsed beams,
ph -space tlons at Inp of cl
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we have installed a 5.0-mm-diam aperture in place of the
8.6-mm-diam aperture used for the measurements and
simulations reported in this paper. Also, a variable beam
iris has been installed just in front of solenoid #1. In our
initial tests, 40 mA of hydrogen ions are extracted from
the source, and the iris used to aperture out 50-75% of the
beam current. We simulated the low-current beams from
the 5-mm-diam emission-aperture based extraction system
with PARMELA [101. Using the PARMELA LEBT
results as input to PARMTEQM, we find good
agreement between the PARMTEQM RFQ simulations
and the initial RFQ measurements [14]. After we have
demonstrated good operation of the RFQ with the 5-mmdiam extraction system at its full current (-50 mA), we
will install the 8.6-mm-diam extraction system to test
the LEDA RFQ up to its full design current of 100 mA.
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MULTIBEAM RF ION SOURCE WITH GROUNDED RF GENERATOR
FOR HIGH CURRENT ACCELERATORS AND NEUTRON
GENERATORS
B. Bogdanovitch', N. Gavrilov, V. Zubovsky, A. Nesterovitch,
S. Ostrikov, S. Stepanov, MEPhI, Moscow, Russia
1

Abstract

11
U.

A multibeam RF ion source with grounded meter range
RF generator was developed and experienced in MEPhI
[1]. The source, besides direct assignment, can be used
for the ion implantation, for manufacture of solar batteries
etc. For example, during a target irradiation in neutron
generators with a deuton beam, target longevity
essentially (in some times) increases due to dispersion
uniformity rising.

e

1. SOURCE DESIGN
The scheme of source design is shown on Figure 1.
The facility consists of the vacuum container 1 and a
cylindrical V/2 spiral loaded RF resonator 2 mounted on
insulator 3 by means of holder 4. The resonator operating
frequency is defined by the spiral length and can be
chosen in (35+150) MHz range. High voltage on
resonator makes up to 130 kV. The dielectric (quartz
glass) cylindrical discharge chamber 5 with a diameter of
45 mm and length of 60 mm is placed inside the spiral.
An ions are extracting from plasma through the
holes in extracting electrode 6 which is fixed by means of
insulator 7 to holder 4. High voltage is supplied to
resonator and extraction electrode through partition
insulator 8. The difference between resonator UR and
electrode 6 Ue potentials makes extraction voltage U....
To rise plasma density a ring-shaped permanent magnet
9 is placed inside of resonator and holes in electrode 6 are
supplied with special insets, which are fabricated from
magnetic steel. All another metallic elements of source
are fabricated from nonmagnetic materials (stainless steel
and copper). Beam parameters measurement were
performed by means of beam control system 10.
Distinctive features of the source design are insulated
RF power input unit 11 and system of working gas
fillingl2 into the chamber. In this case RF generator has a
potential of ground, that allows to simplify the generator
and gas filling system design and to increase RF power in
the resonator up to some tens of kW. Use of the resonator
provides practically complete absorption of RF power by
plasma, increasing a degree of its ionisation and density.

12

13

9

6

0

Figure 1 : The scheme of source design ( see text)
An insulated RF power input unit 11 constitute coaxial
design with circle coupling loop at the end.
A system of working gas filling 12 is fabricated from
Teflon pipe. It's length was chosen proceeding from the
highest electrical strength.
An insulator 3 divides vacuum container 1 into two
independent vacuum compartments. At the back section
(with resonator) working vacuum is not worse than 10 -4
Pa, and in the forward section - not worse than 10-2 Pa.
The pumping of sections is carried out by means of
sputter-ion pump and turbo-pump correspondingly. At the
stage of preliminary pumping pass-by system 13 is used.
Main units of source have following sizes:
resonator: diameter - 170 mm, length - 260 mm;
container: diameter - 520 mm, length - 500 mm.
Container is installed on the turbo pump module with
sizes Im x Im x Im.

'E-mail: bogdan@uni.mephi.ru
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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2 EXPERIMENTAL RESULTS

3 REFERENCES

In experiments the extracting electrode had 6 holes with
a diameter of 2 mm placed over the circle with a diameter
of 30 mm and 1 hole at centre. The following results were
obtained. In a continuous mode: ion energy (defined by
resonator potential) WH+ = 7 kV, extraction voltage Uexe
= 5 kV, ion current IH+= 5mA. In a pulse mode: WH+= 70
kV, Uextr = 3 kV, IH+ = 40 mA. Working gas was

hydrogen, particles - HI ions. The average RF power
level in resonator was about 70 W in both cases
(continious RF generator was used). In comparison with
similar devices RF ion source developed has the
increased durability, gas profitability and power
efficiency[2].

1933

[I] Abramenko N.I. et al, Proceedingsof the II European Particle
Accelerators conference EPAC - 90, Nice, June 12 - 16, 1990,
Vol. 1, p.p. 595 - 596,

[2] Stepanov S.S., in "Radiative acceleratingarrangements",
Moscow, Energoatomizdat, 1991, p.p. 3 - 10 (in Russian).

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

TIME DEPENDENT BEAM FOCUSING AT THE DARHT-I INJECTOR
DIODE
S. Eylon, E. Henestroza, W. Fawley, S. Yu
Lawrence Berkeley National Laboratory, Berkeley, CA 94720USA
Abstract
The injector for the second axis of the Dual-Axis
Radiographic Hydrotest Facility (DARHT) is being
designed and constructed at LBNL. The injector consists of
a single gap diode extracting 2g s, 2kA,3.2 MeV electron
beam from a 6.5 inches diameter thermionic dispenser
cathode. The injector is powered through a ceramic
column by a Marx generator. We also investigated the
possibility of extracting a beam current of 4 kA.
The focusing system for the electron beam consists
of a Pierce electrostatic focusing electrode at the cathode
and three solenoidal focusing magnets positioned between
the anode and induction accelerator input. The off-energy
components (beam-head)during the 400 ns energy rise
time are over focused, leading to beam envelope mismatch
and growth resulting in the possibility of beam hitting the
accelerator tube wall s.
The anode focusing magnets can be tuned to avoid
the beam spill in the 2kA case. To allow beam-head
control for the 4kA case we are considering the
introduction of time-varying magnetic focusing field along
the accelerator axis generated by a single-loop solenoid
magnet positioned in the anode beam tube.
We will present the beam-head dynamics calculations
as well as the solenoid design and preliminary feasibility
test results.
Figure: 1 Main components of a 3.2 MV electrostatic
injector.

1 INTRODUCTION
A high voltage, high current, long pulse and high
quality electron beam injector for a linear induction
accelerator for flash-radiography applications is being
developed at LBNL for the second axis of the Dual-Axis
Radiographic Hydrotest Facility (DARHT). The injector
conceptual design is based on LBNL Heavy Ion Fusion
Injector technology [1, and beam dynamics simulations.
Figure 1 shows the main components of the 3.2 MV
electrostatic injector assembly. The injector is driven by a
Marx pulse generator. The Marx output pulse is fed
through a 3.2MV insulating graded (ceramic) column into
the beam diode.

2 THE 3.2 MV ELECTRON DIODE
The electron beam is generated in a 3.2 MV diode. It
consists of a thermionic source surrounded by a Pierce
electrode and focused by three solenoids located at the
anode. A bucking coil is placed close to the source to zero
the axial magnetic field in order to minimize the initial
canonical angular momentum of the beam; outside the
magnetic field this canonical angular momentum would be
transformed into beam emittance.

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

The beam dynamics inside the diode has been studied
using the electron trajectory computer code EGUN [21.
Figure 2 shows the electron beam envelope and field
equipotential lines as calculated by EGUN for the 3.2 MV
case.
In order to have a reliable machine the diode design has
to minimize breakdown risks. This requirement translates
into a design with maximum current extraction for a given
maximum field stress. From final focus requirements at
the end of the machine, the beam quality has to be
controlled and the normalized emittance be maintained
under 1000 pi-mm-mr.
For a given field stress limit, maximum current
extraction is obtained from cathodes surrounded by a flat
shroud as compared to diodes incorporating Pierce
electrodes. On the other hand, the beam quality is better
controlled by a Pierce electrode; flat shrouds produce
hollow beams whose normalized emittance grow as being
transported and accelerated along the induction linac. A
compromise between the two conflicting requirements is
to design the diode with a Pierce electrode assuming the
maximum voltage holding capability that can be obtained
using special surface handling procedures.
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For the 2 kA case, this peak field is around 120
kV/cm on the cathode side of the diode and around 150
kV/cm on the anode side. For the 4 kA case the peak field
is around 165 kV/cm on the cathode side of the diode and
above 200 kVlcm on the anode side. For these designs the
emittance at the end of the diode is under 1000 pi-m rnr
as calculated by EGUN.
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Figure: 3 EGUN simulation of the electron beam from
source to the end of the first acceleration section (7 cells)

4 TIME-VARYING MAGNETIC
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Figure: 2 Electron beam envelope and field equipotential
lines as calculated by EGUN..

The additional focusing field, Bz(t), for the 4kA case,
is applied during the beam rise-time (400ns) to contain the
envelope at lower energies and eliminate beam
spillage. The required Bz(t) field profile goes down from
around 400 Gauss to 0 Gauss within 400ns,overlapping
the beam rise time.

H.V.
in

3 BEAM DYNAMICS IN THE INJECTOR
A two-dimensional particle-in-cell (PIC) slice (x-y)
code [4] has been used to study the transverse beam
dynamics of the electron beam generated at the diode as it
is transported and accelerated along the first inductionaccelerator section. This' section consists of 8induction
cells each providing 200 kV of acceleration. Each cell
contains a solenoid used to focus the electron beam.
Figure 3shows the beam envelope for various offenergy components (beam-head)during the 400 ns energy
rise time for the 2 kA case. The magnetic tune was chosen
to confine the beam envelope within 60% of the aperture
thus avoiding beam spillage on the pipe. Calculation for
the 4 kA case show containment of the beam-head within
90% of the aperture leading to a possibility of beam
spillage. To reduce the risk of beam spillage, we we
considering shaping the focusing field during the beam
rise time by using a time-dependent magnetic field,

Triggered
Sparkgap
Loop
Inductance
0.9 g Hy

C=
0.27 g F

Figure: 4 Bz(t) solenoid driver schematics.
The solenoid that generates the time-varying field,
which consists of a single loop coil 10.5" in diameter, is
placed in the beam tube under the anode shroud. The
solenoid is driven by a simple 6kA, lt s half sine wave
current pulse. The solenoid driver (Figure 4) consists of an
L Cringing-discharge circuit. An up to 30kV spark gap
switch is turned-on at 600ns before the beam turn-on
time. The current waveform (Figure 5) will be limited to a
half cycle, so that it will not interfere with the main body
of the beam, by using high current (1.5kA), high voltage
(10kV) semiconductor diodes. We measured the effect of
the beam tube walls on the Bz(t) for various solenoid
diameters. Following the measurements results we limited
the solenoid diameter to 60% of the beam tube diameter
where the tube wall effect on Bz(t) is negligible.
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Figure: 5 Waveform of the 3kA current (bottom curve)
driving the time-varying solenoid.

5

Figure: 6 Breakdown field dependence on vacuum pressure
and electrode material.

DIODE DESIGN SUPPORT
EXPERIMENTS

6 ACKNOWLEDGEMENTS

Scaled experiments are under construction to support
the DARHT-II injector design.
The LBNL RTA 1MV, 1kA, 300 ns injector[3]
diode configuration allows the extraction of a high quality,
high density beam. The injector AK gap, cathode shroud
material and shape were designed to allow the study of
vacuum breakdown issues in the diode in the presence of a
beam.
The RTA thermionic source heat management and
support stability were tested. Thermocouples can be placed
along the source support to map the temperature and
evaluate flow in the cathode assembly. Furthermore the
gap between the source and cathode shroud was monitored
during the source heating experiment. This gap has to be
small (<.5mm) to insure a high quality beam. Initial
measurements using a hot wire pyrometer, performed on
the RTA 3.5" diameter source at a cathode surface
temperature of 1060 °C showed a temperature uniformity

This work was performed under the auspices of the
U.S. Department of Energy under contractAC0376SF00098. We thank Dr. D. Spreyn and his colleagues
at SLAC for fruitful discussions on breakdown issues.
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within 50 C. A temperature of 300 C was measured using
a thermocouple at the cathode assembly input flange
showing a good heat management. A gap around 24 mils
between the source surface and the cathode shroud was
observed using a survey telescope looking at the source
through a front window.
Initial breakdown experiments were performed with a
long duration (8 pts discharge time constant) 200 kV, 0.5
kJ pulser. Using machine-polished stainless steel,
molybdenum and copper electrodes we measured
breakdown fields above 400 kV/cm in a 3 mm gap. Figure
3shows that the breakdown field is independent on vacuum
pressure within a range of 10-(8) to 10-(4) Torr. We
observed more damage on the copper and stainless steel
electrodes and no difference in the breakdown voltage
between stainless steel, copper and molybdenumelectrodes.
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A MULTIPLE-BEAM INJECTOR FOR HEAVY
ION INERTIAL FUSION*
J. W. Kwan, 0. A. Anderson, D.N. Beck, F. M. Bieniosek, C. F. Chan, A. Faltens, E. Henestroza,
S. A. MacLaren, P. A. Seidl, LBNL, Berkeley, CA; L. Ahle, D. P. Grote, E. Halaxa,
C. T. Sangster, LLNL, Livermore, CA; W. B. Herrmannsfeldt, SLAC, Stanford, CA
Abstract
the induction
In a typical heavy ion fusion driver design,
linac requires a multiple beam injector. We present a
conceptual design for an 84-beam injector system with
each beam channel carrying 0.5 A of beam current. Each
channel starts with a 10-cm diameter surface ionization
source followed by a 1.7 MV electrostatic Einzel lens-type
preaccelerator and an electrostatic quadrupole (ESQ)
The preaccelerator and matching
matching section.
section are 0.7 m and 5.0 m long respectively. The array
has an overall diameter of 3.0 m at the ion source end and
1.0 m diameter at the exit.

1

INTRODUCTION

For heavy ion driven inertial fusion, the primary approach
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therefore exp~ected too be
order of 50 A. Typical ions of interest are those of Bi,
Pb, Hg, Cs, Xe, Rb, K, Ar, and Ne, generally singly
charged, but higher charge states are also of interest in
some driver designs. Some lighter ions such as K, Ar and
Ne are included because at the early stages of driver
development
provideion anvelocities
opportunity
to do
experiments at they
driver-scale
on a medium
length accelerator facilityv
There are two main reasons for producing the 50 A
beam current using many beams of smaller current (e.g.,
bea curen
anybeas
usng o smlle curen (eg.,
multiple beams provide better
First,
less than 1 A each).
This is an important
target illumination symmetry.
targets. Second,
requirement for high gain direct-drive
heavy ion beams have significant space-charge effects, so
the current per beam is limited by the focusing
capabilities of the beam extraction and transport systemsi
capabilities tof thesibeam exction
thand tillpraortcesyst
y
Our goal is to design an injector that will produce an ara
of parallel beams feeding into the channels of a multiplebeam induction linac.
This work is supported by the Office of Fusion Energy
Science, US DOE under contract No. DE-AC03-76SF00098
(LBNL) and W-7405-ENG-48 (LLNL).
Email: jwkwan@lbl.gov
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2

OPTIMIZING CURRENT DENSITY

Beam focussing in an induction linac can be achieved by
using either electrostatic quadrupoles (ESQ) or magnetic
quadrupoles. At the front end where the ion velocity is
still low, ESQs are more effective and economical than
magnetic quadrupoles. By considering the line charge
density in ESQ beam transport, one can determine the
average beam current density Jave for an array of beams
[2]. For a given total beam current, higher Jave means
smaller induction cores and therefore lower cost.
Since the voltage spark down threshold scales favorably
with small ESQs, the optimum Jave occurs at a point
when the ESQ size cannot be further reduced in order to
allow enough beam clearance for possible electrode
alignment and beam steering errors. For example, in the
ILSE/Elise
design [2], the ESQs at the beginning of the
inutolna(2MVerg)hvabreadsof.3
induction linac (2 MeV energy) have a bore radius of 2.33
cm which corresponds to a conservative clearance of 1.0
channel
in each
currentradius
beam beam
required
thisofcase,
In A
cm.0.8
of 1.0
cm,
K+; the
with
an average
is
2
and a current density of 254 mamcm in the channel.
Since the ESQ electrodes are round rods with a radius 8/7
avrad oet
sthe unt dsity
time the borecradi
over the
density
2
the current
boreis radius,
times the
entire
array
only 16.5
mA/cm
. A averaged
more aggressive
design using smaller clearance will result in less beam
current per channel but a higher Jave.
At first look, it appears that the injector will require an
array of ion sources that can provide the above Jave.
However,
is the
preacceleratortheionactual
gun, critical
which component
is responsible
for
accelerating the beam to a suitable energy and focussing
the beam envelope before injecting into the ESQ
matching section. In our earlier attempt to design a 2 MV
ion gun using the conventional Pierce type column, we
0.5 Aoatnthe
be
currentiwal
foun that the
found that the bea current was well below 0.5 A at the
deal with this
sparkdown limit. There are two ways to Pierce
diode by
problem: either reduce the gun to a simple
starting the ESQ section at a lower energy or optimize the
gun performance (by using an accel-decel scheme) to reach
an acceptable current limit. The previous ILSE/Elise
injector was constructed according to the first method. Its
0.8 A the Sincethe Es
codetracted
750 kV
750 kV Pierce diode extracted 0.8 A K+. Since the ESQ
dimensions scale inversely with beam energy (for the
same current), Jave at the ESQ entrance was reduced to
-1.0 mA/cm 2. In the following sections, we present an
injector design using the second method. It is based on a
1.7 MV ion gun capable of transporting 0.5 A K+ current.
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Figure 1: Schematic diagram of a single beamline at the edge of the injector array.

3 THE PREACCELERATOR AND ESQ
MATCHING SECTION

diameter at Q2. In the present case, the ion guns are
straight and the ion sources are separated by 30.5 cm. A
surface ionization source can meet the specifications in
beam current and low emittance (normalized edge c < I pimm-mr) [4].
As long as Q2 is dominating the size
requirement, higher Jave at the ion source is not needed.

According to our past experience in building the ILSE
single beam injector [3], an injector that allows each beam
to occupy an independent focussing channel and vacuum
housing will be unacceptably large and costly. Therefore
it is essential to arrange multiple beams in an array by
('\
sharing common electrodes, supporting structures, power
*
supplies and vacuum systems.
Each beamline of the multiple-beam injector array
(>
C > (
C>
consists of a gun and a matching section. Figure 1 showsK
.. ,
a schematic diagram of a single beamline at the edge of
the array. The gun is composed of a 200 kV diode
/>
(
extracting 500 mA of K÷ from a 10-cm diameter source
aperture, followed by an Einzel lens column that focuses
( >
>"
and accelerates the beam to 1.7 MV. The peak electric
C.
field stress in the gun is kept below 100 kV/cm to avoid
"
1 "0
% 0
electrical breakdown. Under this restriction, a standard
Pierce-column (beam energy increases monotonically)
cannot produce a converging beam. Our solution is to use
Einzel lens (accel-decel) to provide extra beam focusing
without exceeding the breakdown limit.
-i,
0
The matching section will simultaneously compress the
beam envelopes and transform a round beam into an Figure 2: Cross section view of 1/4 of an 84-beam array.
elliptical shape in order to match the alternating-gradient
(AG) focusing lattice in the induction linac. As shown in
Fig. 1, the ESQ electrodes in the matching section
gradually decrease in size, thus a multiple beam array has
the shape of a funnel. In order to avoid a sharp bend at the
linac, the beam trajectories are deflected by a small angle
at each ESQ module in the matching section. Eventually,
the beams are brought together into parallel channels just
before injecting into the downstream lattice.
In an ideal quadrupole, the transverse electric field
gradient is constant within the aperture, thus an off-center
beam will experience a combination of quadrupole and
dipole fields; the dipole field will steer the beam centroid.
In most parts of our design, the required beam
displacement is small compared to the beam aperture. The
beam envelope has a maximum excursion at the 2nd
quadrupole (Q2), therefore the overall size of the array (and
the required bending angle) is dictated by the required bore Figure 3: POISSON field calculation of a modified ESQ.

r-

r.>
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One other way to funnel many beams without using
offset electrodes is to slowly shrink the quadruples. In this
case, one-half of the beams in the array at any given
quadrupole plane will be bending in the wrong direction,
but over any two successive quadrupole planes the net
bending will be correct for all beams (similar to AG
focusing). In order to avoid excessive space charge
expansion in the z-direction, the matching section can not
be arbitrary long. Preliminary simulation result indicated
that a 50-m length is probably acceptable. At this point,
it is not clear which method is more cost effective: a 50 in
matching section with simple round rod electrodes or a
5 m matching section with specially shaped electrodes.

3.1 Multiple-beam array
The beamline on the edge of the array (as shown in figure
1) has an angle of 333 mr. There is no bending at the first
2 quads where the beam envelopes are large. Q3 and Q4
each provides about 33 mr bending, while the remaining
angle is equally divided among Q5-Q14. In bending the
beam, Q3 and Q4 are offset by -9 mm but the offset
gradually reduces down to 1.5 mm at the final quad.
One advantage of packing multiple beams in an array is
to share electrodes between beams. However the bending
requirement complicates matters significantly because
neighboring beams bend by different angles. In addition,
there is a polarity change between adjacent quadrupoles
such that the required offsets are in opposite directions.
Figure 2 is a cross section view of 1/4 of the array at the
4 ' quadrupole plane. It shows how the electrode surfaces
need to be altered (from a perfect circular pattern) in order
to bend the beams through the desired arcs.
A simple ESQ geometry using round rods has a good
field aperture of nearly 80% of the mechanical aperture.
However here the ESQ electrodes are divided into 4
sections, each facing a given beamlet and with a fixed
horizontal and vertical offset. Figure 3 shows the result
from POISSON field calculation of the worse case (ESQ
at the edge of the array). It confirms that aberrations are
introduced by the distortions in the electric field structure.
These aberrations reduce the effective aperture of the
quadrupoles (possibly by as much as 50%). Thus in order
to avoid introducing emittance growth, we may consider
lengthening the ESQ section or enlarging the ESQ array
transversely.
Figure 4 is a drawing of an ESQ electrode. Typically
the surfaces are at a slight angle, -2* with respect to the
electrode axis, in order to produce the funneling effect. The
electrodes are hollow for minimizing weight. They must
be fabricated and mounted onto a spherical support plate
with a positioning tolerance of about 0.1 mm. Based on
preliminary price quotes, the most cost-effective way in
machining these ESQ electrodes is to use wire electrical
discharge machining (EDM). An initial bid for fabricating
these ESQ electrodes was priced at $1500 each.

3.2 Multi-apertureextraction andpreacceleration
Although the present design has already reduced the
overall size of a multiple-beam injector compared with
those in the previous designs using separate beamlines,
the array is still very large at the source end. At present,
we are developing an alternate concept that will produce a
significantly smaller injector--one that possibly does not
require a funnel-shaped geometry. The basic idea of this
concept is to use miniature beamlets to overcome the
beam transport problem mentioned in section 2. A multiaperture grid at the ion source can obtain high current
density beamlets. Since the apertures are small, each
beamlet will have a current of only a few mA and can be
focused while accelerating to -1.7 MV. After preacceleration, the beamlets are merged together to form beams
of 0.5 A each, ready for injecting into an ESQ channel.
There will be emittance growth from beam merging,
however the effect can be minimized by using a large
number of beamlets and high grid transparency. Our preliminary estimation indicates that an injector system based
on this principle is promising but requires further studies.

4 SUMMARY
In our conceptual design for an 84-beam injector system
for HIF, the beamlines are arranged in an array that has the
shape of a funnel. Each beamline consists of an ion
source, a 1.7 MV ion gun and an ESQ matching section.
Beam steering is done by displacing the ESQ electrodes.
We are also continuing to explore alternate concepts that
are either more compact or more cost effective.
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Figure 4: Drawing of a Q4 electrode near edge of array
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OPERATION EXPERIENCE OF CYCIAE30 INJECTOR
Cengjie Chu, Tianjue Zhang, Mingwu Fan
China Institute of Atomnic Energy, P. 0. Box 275, Beijing 102413, P. R. China
Abstract
A 30 MeV compact cyclotron, CYCIAE 30 has been
working as a supplier of medium and short live time
radioactive isotopes for more than four years. To meet the
increasing requirements of medical isotopes, it is asked
that the machine should continuously run at a high level
of beam intensity. But last September, it was difficulty to
get the beam more than 100 gA. Some troubles came
from the injector were found in the injection system. In
this paper, the injection system and the existing problem
will be described briefly and the proposal to improve the
injection system is given.

1 INTRODUCTION

were done to keep the beam loss as less as possible in the
central region [4]. Fig 1 shows the central region of CIAE
30 MeV cyclotron.
Four years after the machine put into operation, the
injection system works at a reasonable efficiency. The
machine usually worked with the beam more than 200 g~A
according the isotopes production purpose until last
September when the machine had a hard time to get 100
g.A beam. Two positions damaged were found by beam
when the central region of the cyclotron was checked.
One spot is inside the deflector, a part of the electrostatic
channel. That is easy to be understood since the beam
pass through that channel. But another damaged place is
located on the wall of RF shielding wall. Thus the further
study for the injector was carried out as shown following.

CIAE medical cyclotron is a fixed-field, fixed-frequency

isochronous machine. Maximum energy of accelerating
H- ions is up to 30 MeV and extracted beam intensity of

2 ELECTROSTATIC FIELD FORMN'ED
BETWEEN THE DEFLECTOR AND RF

more than 350 gA has been archived. Low power
consumption less than 100 kW is suitable for industrial
use. Design of the machine was reported elsewhere
[1,2,3].
An external multicusp ion source is used for CYCIAE
30. The H- beam produced from the ion source is injected
into the central region axially. The injection line consists
of steering magnet, Einzel lens, buncher, solenoid and
electrostatic deflector, a high voltage electrostatic field
channel. Through the channel the beam will enter the
machine horizontally away from vertical direction. The
channel should keep spiral shape since the particle
affected simultaneously by magnetic field in the central
region. The beam will be further accelerated by the RF
field once the particles leave the injector channel and
enter the magnet gap. Simulation of the beam dynamics

SHIELDING PARTS

lip

The beam dynamics study did when the machine designed
was based on an assumption that the ion after the
deflector effected by two field forces only: magnetostatic
field and RF field from Dee puller. Before that the
electrostatic field between the two electrodes of the
deflector would change the beam direction from vertical
to horizontal.
From the damaged spot on the wall of the RE shielding
parts, we suppose that there is another field exists in the
region between the deflector electrode and RE shielding
wall. The field is estimated by a three dimensional finite
different code. The geometry used in the calculation is
shown in Fig. 1. And the potential distribution is given in
Fig .. 2. .The maximum electric field in the interested
region is as high as a half of those inside the deflector
channel. In fact, another deflection channel is formed
between a deflector electrode and RE shielding wall. This
field will make the injected beam expand and part of
beam will enter this extra deflection channel. It would be
more serious once the current of the steering magnet is
not set properly. The beam would be deflected into the
shielding parts by this field. That is the reason why the RE
shielding wall was damaged. A new deflector is used to
replace the old one now. The machine seems work well
for months.

FIG. 1. Central Region of CIAE 30 MeV Cyclotron
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FIG. 3. The injection line of CYCIAE 30

FIG. 2. The potential distribution in the central
region of CYCIAE 30
0
•

3 OPTICS CALCULATION OF
INJECTION LINE
The beam damages the deflector wall since beam
divergence inside the deflector channel. Some stripped
copper skin is sometimes found during the operation
caused by beam loses on the electrodes' wall. Time after
time the gap between the electrode increases. Then higher
deflecting voltage would be required since the gap
becomes bigger. Also the damaged spot destroy the
channel shape that would make injection even more
difficulty.
The operation records of the cyclotron show that the
focus of the beam line is not strong enough since the
measured beam becomes higher with the lens current
increasing. The injection line is shown in Fig 3 (the
solenoid is inside the magnet of the cyclotron). To
improve the injection, the beam spot should be limited to
smaller size. Several schemes have been tried to provided
the better focus of the beam line and smaller beam
envelope inside the deflector.

T

One triplet is used to replace the solenoid (E&T).
Two triplets are used. One replaces the solenoid and
the other one replaces the Einzel lens (T&T).
One triplet is used to replace the Einzel lens (T&S).

The simulation results show that One triplet is used to
replace the Einzel lens is quite competent to control the
beam profile at a better level. The spot at the 8 mm width
inlet of the deflector is smaller than 5 mm. The required
current of the solenoid is relatively lower. The
comparison of the results calculated by TRANSPORT [5]
c

FIG. 4. The Envelope calculated by TRANSPORT
is listed in table 1. And the envelope is shown in Fig 4.

TABLE 1 The Results Comparison of Different Schemes

E&S
E&T
T&T
T&S

Rmax (outside the
main magnet)
0.95 cm
0.95 cm
1.63 cm
2.33 cm

Rmax (inside the
main magnet)
0.96 cm
1.37 cm
1.10 cm
1.21 cm

Xmax on target

Ymax on target

0.24
0.42
0.57
0.25

0.24
0.63
0.21
0.25

cm
cm
cm
cm
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cm
cm
cm
cm

Magnetic Field of
the Solenoid
2.2 kG
1.8 kG
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4 THE QUADRUPOLE MAGNET DESIGN
Quadrupole magnet is widely used for beam focus, such
as in storage ring and beam transportation system. In the
past, quadrupole pole face designed parabollized since
conform algorithm used for the field simulation. In the
case, the infinite permeability of iron is assumed to keep
the constant field gradient in the beam area. But parabola
pole face brings following shortcomings: machining
difficult, assembling difficult. Besides, the field
distribution is not expected constant, but distorted since
iron saturation is not considered when the magnet
performance computed. The numerical simulation
techniques are used to design this kind of magnet. The
shape of pole can be chosen freely according to the real
requirements and simple machining procedure. According
to the magnetic field gradient of a quadrupole for the
injection line, The quadrupole magnets are designed and
shown in Fig 5. The pole face is broken line shaped. The
inner diameter is 078 mm. The good field region is about
80 %. The magnetic field gradient from the design is
linear. They are shown in Fig 6.

Injection system is an important part for CYCIAE type
cyclotron. From our experience the machine works well
once the injector system work well. To improve the
machine some R & D job must be taken. A better ion
source and a better designed injection line are to get
higher beam intensity. Some experiences have been
proved that the bottleneck of the machine is ion source
and injection system since the magnet quality has ensured
very little beam loss when the ion accelerated inside the
cyclotron.
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MULTICUSP ION SOURCE FOR INDUCTION LINAC APPLICATIONS*
J. Reijonent, M. Eardley, R. Keller, J. Kwan, K. N. Leung, D. Pickard&, R. Thomae
and M. D. Williams, LBNL, University of California, Berkeley, CA 94720, USA
Abstract
use of gaseous ion
At LBNL we are investigating the
sources for induction linac applications such as heavy ion
inertial fusion. Typical requirements for the ion source is
to produce 20 pis pulses with a rise-time of 2 pis. The
current density should be greater than 100 mA/cm 2 at a
duty cycle of 10 Hz [1]. Noble gases such as krypton,
neon and xenon will be used. The source used for the
measurements described in this paper was a standard 10
cm in diameter multicusp source with RF-discharge.
Current densities of more than 400 mA/cm2 at RF-power
levels of 20 kW using neon discharge were demonstrated.
With heavier elements such as Ar, Kr and Ne, current
densities of 200 - 300 mA/cm2 were obtained at the same
extraction voltage of 20 kV. By using a starter filament,
the rise-time has been reduced from 20 jis to 5 jis. Beam
emittance was measured using a pepper-pot device. An
argon beam showed that the normalized emittance is of
the order of 0.1 nimm-mrad.

plasma, a negatively biased tungsten filament, with respect
to the source body is used.
All experimental measurements were carried out using a
standard 10 cm multicusp source, shown in Fig 1. The
plasma chamber has an inner diameter of 10 cm and is
surrounded by 20 SmCo magnet columns. Two pairs of
magnets in the source back plate enhance the cusp
confinement. Plasma is generated by a two-turn quartzantenna. The gas is introduced to the plasma chamber
through a needle valve and the absolute pressure in the
source is measured by a capacitance manometer. A small
starter filament was used to feed seed electrons to the
source.
_ý
wf,'

1 INTRODUCTION
For some years there have been studies to produce energy
by Heavy Ion Fusion (HIF). There are proposals to
accelerate heavy ions in a multi-channel induction linac.
At LBNL, the Plasma and Ion Beam Technology Group
has been investigating the use of a gaseous ion source for
production of the heavy ion beam. RF-multicusp sources
[2] have been reported to deliver high current density of
positive and negative ions [3]. The advantage of the RFdriven plasma is the use of various different gases and
metallic elements for ion production at high current
density. In this paper we present measurements on inert
gas elements Ne, Ar, Kr and Xe.

2 EXPERIMENTAL SETUP
2.1 Source setup
The RF-amplifier is a pulsed 65 kW supply with
maximum duty factor of 0.5% (100 p.s, 50 Hz) at
frequency of 2 MHz. The RF-power is delivered through a
50 Q coaxial transmission line to the impedance matching
network. The purpose of the matching network is to match
the 50 Q impedance of the amplifier to the impedance of
antenna immersed to the plasma. To aid starting the

Figure 1. RF driven 10 cm in diameter multicusp ion
source with starter filament.
The extraction system consists of a plasma electrode with
an aperture of 3 mm for current density measurements and
an aperture of 5.5 mm for emittance measurements. This
is to simulate the proposed hole size of the HIF source.
The faraday cup was located 5 cm from the grounded
second electrode. The faraday cup is magnetically
shielded to suppress the secondary electrons.

The beam emittance was determined using a "pepper-pot"
measurement device. This device consists of a
discriminator and a film holder plate. The discriminator is
a thin plate with small holes drilled to form a certain
pattern. Tantalum was used as a discriminator material.
Work is supported by a LBNL LDRD grant and by US DOE under contract No. DE-AC03-76SF00098
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The hole diameter and the thickness of the plate was 200
grm. The film is placed at a distance of 2 cm from the
discriminator. Different film materials like kapton,
tantalum, stainless steel, mylar and aluminium coated
mylar were used. It was found that for our beam
parameters a mylar film was the most advantageous.

3 EXPERIMENTAL RESULTS

3.2 Rise-time measurement
The rise-time of the pulses is measured using 80 is
discharge pulse. Two gases were used, namely Neon and
Krypton. The measured rise-times are displayed in Fig 4.
For the rise-time measurement the starter filament position
was optimized to achieve stable plasma at the low source
pressure.

3.1 CurrentDensity Measurement
The ion current was measured using four different gases:
Ne, Ar, Kr and Xe. The current was measured as a
function of acceleration voltage. In Fig 2 the results for
the krypton beam is shown. From this result the saturation
current is determined.

Neon
0 Krypton
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Figure 2: Extracted krypton beam current as a function of
acceleration gap voltage. The saturation current is
determined from this graph.
0

In Fig. 3 the current density as a function of RF-power for
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values.
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saturati current
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In these measurements, it is found that the neon gas
required higher pressure to sustain stable plasma.

Figure 4: Rise-time of discharge pulses with two different
gases as a function of source pressure. In the case of neon
gas the rise-time is order of magnitude smaller compared
to krypton. The shorter rise-time may be due to the higher
mobility of neon ions.

3.3 Emittance measurement
The beam emittance was measured using a "pepper-pot"
ofasdiscriminatorwiis
device.mThis devce css
which is a
consists of a discriminator,
device
device.
ti
ltThishr
iyhlsaedild
eidtepaei
the fil
a flm, where beamles frm a ptern.
omapten rmtefl
aflweebalt
patterns the emittance can be determined. For this purpose
the patterns were measured by means of a microscope. An
ellipse was fitted around the measured data points. The
equation [4] for an ellipse is

o500
U 450

Neon 60 mTorr

* Argon2OmTorr

400
350

'=+ B
±-

Krypton 20 mTorr
0 Xenon 20 mTorr
A

300

S250

A
A0

O200

o
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2 +Cr

Where A, B and C are variables that must be fitted to the
measured points in the r-r' phase space. The r and r' are
the radius of the beamlet from the beam axis and the angle
of the beamlet respectively. The emittance in the r-r' plane
is then calculated using A and B simply

A0

150
1
U 50

A

2

A-r

A
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E =xtA-B

PRt [kW]

Figure 3: Current density as a function of RF-power for
different elements.

In Fig 5 an example of such a fit is shown for an argon
beam.
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between neon and krypton can be explained because of the
higher mobility of the neon as a lighter element.
400

The emittance of the pulsed (0.2% duty factor) 20 kV
argon beam was measured to be 105 ic-mm-mrad, which
corresponds to a normalised emittance of 0.1 rnmm-mrad.
The krypton beam emittance (80 rcmm-mrad) is slightly
smaller.
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200
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Figure 5. The emittance plot of a 20 kV argon beam at
0.2% duty factor.
The normalised emittance for 20 kV argon beam is of the
order of 0.1 7r-mm-mrad and for 20 kV krypton beam,
0.08 7t-mm-mrad.

4

DISCUSSION

We have demonstrated that it is possible to generate
current density of 100 mA/cm2 at a RF-power level of 5
kW for all gases. The current density increases linearly in
the measured power range, i.e. even higher current
densities can be achieved using higher RF-power.
Furthermore in the multicusp ion source, the plasma is
known to be uniform in large area in the extraction region,
which allows one to use a multiaperture extraction system
for high current applications like HIF.
For the current density measurements presented, the
pressure in the source was fairly high (order of few tens of
mTorr). This can be reduced significantly by optimising
the starter filament position and current. The higher
pressure, in the case of neon (compared to krypton, argon
and xenon) is due to the low ionisation cross-section of
neon
In the rise-time measurements, the chemically etched tip
of the filament was positioned behind the RF-antenna coil
in cusp field free region. This enables the operation of the
source at lower pressure. The difference in the rise-times
1945
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HALF-POWER TEST OF A CW PROTON INJECTOR WITH A 1.25-MeV

RFQ*

G. Bolme, L. Hansborough, T. Hardek, D. Hodgkins, D. Kerstiens, E. Meyer, J. D. Schneider,
J. Sherman!, H. V. Smith, Jr., M. Stettler, R. R. Stevens, Jr., M. Thuot, L. Young,
T. Zaugg [Los Alamos National Laboratory, Los Alamos, NM], A. Arvin, A. S. Bolt,
M. Richards [Savannah River Site, Aiken, SC], P. Balleyguier [CEA-Bruyeres le Chatel, France],
J. Kamperschroer[General Atomics, San Diego, CA]
Abstract
A 75-keV, I 10-mA cw proton injector capable of pulsed
operation has been developed for testing the LEDA 6.7MeV cw radio frequency quadrupole (RFQ). Part of the
preliminary development of this injector included
operation of a 1.25-MeV cw RFQ at beam currents up to
100 mA. The 75-keV LEDA injector was modified to
operate at 50 keV for these tests. We report here on the
operational experience of the 1.25-MeV RFQ where 50mA beam current was accelerated through the RFQ with
90%
ttriode
9%transmission.
This half-power operation is of interest
because (1) the injector beam current monitoring was
more reliable, and (2) sufficient rf power was available
to ensure the design cavity fields. These two features
simplify the comparison of injector-RFQ performance
with design codes. The information obtained from these
studies will be applied to the 75-keV injector during the
LEDA 6.7-MeV RFQ commissioning.

measurements[7,8] have obtained 100-mA beam current
(25 mA greater than design) from the 1.25-MeV RFQ.

2 THE 50-KEV INJECTOR
A 75-keY injector based on a microwave proton source
[9], has been designed, fabricated, and tested for the LowEnergy Demonstration Accelerator (LEDA) project. For
tests the ion source beam extractor was
the 50-ke
modified from a tetrode to a triode system[8]. The two
extraction geometries for the 50nTbe1
and 100-mA 1.25
MVRQoeainaesmaie
Table 1. Summary of the triode extraction systems used
in the 1.25-MeV RFQ commissioning' (50 mA) and
highest power operation (100 mA).
(50_m)_an
-

1 INTRODUCTION
Commissioning and startup of high-power cw RFQs[1]
and cw accelerators[2] require initial operation at lower
beam powers with pulsed and/or lower dc current beams.
This lower-power operation allows insertion of diagnostic
devices, which would otherwise be destroyed by the beam.
Beam power can then be ramped up by guidance from
design codes, previous experience, and careful attention to

"Email: jsherman@lanl.gov

0-7803-5573-3/99/$10.00@1999 IEEE.

100

2.5
3.4

Extraction gap (mm)

9.3

3.4
3.4
8.1

Ion Source

Extra

D

j

dc

Solenoid

Solenoid

2

cto It

sMIni

I]

A 75-mA, 1.25-MeV cw RFQ[3] tested at Los
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50

Figure 1 shows the line drawing for the 50-keV
injector used in these measurements. The ion source

cw beam monitoring

Alamos[4] was commissioned by using a half-power
injector beam operating in dc mode. In this paper we will
discuss the injector design considerations for the halfpower 1.25-MeV RFQ commissioning, and then will
present the measured transmission results through the
RFQ. This work confirms earlier design calculations[5]
which predicted the 1.25 MeV RFQ transmission would
be 90% at 50-mA accelerated RFQ current. A motivating
factor for this work was injector development for the
commissioning of a 6.7-MeV, 100-mA RFQ[6]. We refer
to 50-mA operation as "half-power" because previous

1.25 MeV RFQ output
current (mA)
Emission aperture radius (mm)
Extraction aperture radius (mm)

.

"-'----

i

l

"

(,,)

Figure 1. Line drawing of 50-keV injector used on the
1.25 MeV RFQ.
beam current, i, is measured in a dc current toroid labeled
DC1 in Fig. 1. The source produced ib = 58 mA
accelerated through the 2.5-mm emission aperture radius
(re) with 1270 W forward power at 2.45 GHz. This
corresponds to an ion emission current density of j,
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iV/nrr 2) = 295 mA/cm2 . The proton fraction was not
measured while the injector was operating with the RFQ,
but earlier proton fraction data acquired at 50 keV as
function of the ion source microwave power are shown in
Fig. 2. Proton fractions > 90% are observed for 900 W,
and we therefore assume the ion source proton current is >
52 mA. At 900 W, within measurement accuracy of
Proton Fraction =0.061lrPower(W

3 RFQ BEAM MATCHING AT 50 MA
RFQ beam transmission measurements were made using
the 2.5-mm emission aperture radius shown in Table 1.
The LEBT solenoid magnets 1 and 2 were set at
0.12-

01

+ 390.80-TmeaueMd

90'
C
00.04.

0.02

0C60
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----300

-400
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Microwave Power (W)

0.5
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1.5

2

A
2.5

Plasma Ion Temperature (eV)

Figure 2. Proton fraction as a function of 2.45 GHz
microwave power. The diamonds are measurements
while the line is a linear least squares fit to the data.

Figure 4. Prediction for the ion source normalized rms
emittance from the PBGUNS code and the temperature
model.

1%,.the remaining 10% of the beam is H-;.
Beam emittance was not measured for the 50-mA
extraction system (cf Table 1). An estimate of the ion
source beam emittance, however, may be made by use of
the PBGUNS code[10]. This code includes a Maxwellian

varying currents, and the transmission through the RFQ
was measured. RFQ transmission is defined in per cent as
100(DC3/DC2). DC3 refers to a dc current toroid located
at the exit of the RFQ[15].
Beam transmission
measurements are shown as contours in Fig. 5 where the
horizontal and vertical axes are the LEBT solenoid
magnets 1 and 2 current excitation, respectively.

TRRJECTORIES AND EOUIPOTENTIRLS
+50kV
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S300.
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Figure 3. Simulation of the 50-keV beam using the
PBGUNS code.
ion temperature, kT,. Figure 3 shows the trajectory and
equipotential plot for the 50-mA triode geometry
summarized in Table 1 for kT1 = 1 eV. Predictions for the
ion source rms normalized emittance, E.,, are shown in
Fig. 4 as function of kT1 . The PBGUNS code emittance
prediction, shown as diamonds connected with solid line,
is about 0.1 (icmm-mrad) for kT, = 1 eV. This ion
temperature may be a reasonable estimate for plasma ion
temperatures in a microwave plasma source[ 11,12]. For
comparison, the squares connected with the broken line
are calculated from the temperature model formula, E.,s =
(r,/2)(kTrmc 2)12 [13]. The code emittance prediction is
greater than the temperature model because the PBGLJNS
code also includes ion-optical extraction aberrations and
space-charge effects. The PBGUNS prediction is close to
other ion-source emittance measurements[14].

85

0.g

0

8075
280
2807
150

155

160

Solenoid 1 (A)
Figure 5. RFQ beam transmissions are plotted as contour
labels.
The 90% contour corresponds to the RFQ half-power
operation of 50 mA. Minimal steering magnet excitation
(cf. Fig. 1, SM1, SM2) was required during these
measurements.
First-order low-energy beam transport (LEBT)
calculations using the TRACE code[16] were done using
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the PBGUNS predictions for the Courant-Snyder {ca,p}
parameters and the magnetic field strengths corresponding
to the 90% transmission solenoid currents shown in Fig. 5.
foe0%trasmeoi
rr the
p in
5s
The TRACE beam envelopes for the {ap} parameters
corresponding to kT1 = 0 and 1 eV are shown in Fig. 6.
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Figure 7. Calorimetric measurement beam power check
on the DC3 beam current monitor,
A check was made on the RFQ output beam
power and current monitor (DC3) by measuring the water
temperature increase in the cw RFQ beam stop [17]. The
difference of the measured calorimetric and beam power based on the DC3 current measurement assuming
acceleration to RFQ design energy - is chosen as a figure
These difference data are shown in Fig. 7
of merit.
plotted
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singlet. These measurements were made for an R.FQ
beam current of 74 mA with 1.3 1/s water flow. The
equilibrium water temperature increase was 19'C. The
error bars were calculated based on uncertainties in the
temperature and water flow measurements.
Some
dependence is observed on the exit quadrupole excitation,
but the calorimetry confirms the RFQ beam toroid current
measurement.
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A NON-INTERRUPTING ELECTRON BEAM DIAGNOSTIC
USING COHERENT OFF-AXIS UNDULATOR RADIATION
C.P. Neuman', W.S. Graves, Brookhaven National Laboratory, Upton, NY
PG. O'Shea, University of Maryland, College Park, MD
Abstract
We propose a technique for measuring the length of an
electron bunch from a linear accelerator without
interrupting the electron beam. Bunch lengths are
measured by observing off-axis undulator radiation. The
wavelength of undulator radiation increases with the
angle of emission. At angles as large as 10 degrees, the
wavelength may be longer than the electron bunch, and as
a result coherence effects emerge. As the angle of
observation increases and the radiation becomes coherent,
the intensity may change by up to a factor of I09 . The
angle at which this change occurs is related to the bunch
length. Thus the bunch length may be obtained by
observing the change in intensity of the radiation with
respect to the angle of observation. This electron beam
diagnostic does not interrupt the electron beam and would
be useful for single-pass FELs. Electron bunches could be
characterized while the FEL is operating, and thus the
FEL could be optimized in real time. In this paper, we
develop the theory of coherent off-axis undulator
radiation (COUR), including near-field effects, and we
discuss future experimental efforts to observe this
radiation and to use it to characterize electron bunches.

which is independent of the electron beam energy.
For small angles, the radiation typically has a
wavelength that is much shorter than a bunch length.
Here, the electrons radiate incoherently, and the intensity
of the radiation scales linearly with the number of
electrons. For a large enough angle, the wavelength may
be much larger than the bunch length. In fais case, the
electrons radiate coherently, and the intensity of the
radiation scales with the square of the number of
electrons. As the angle of observation is increased and the
radiation becomes coherent, the intensity will jump by a
factor equal to the number of electrons, which is typically
on the order of 109 . The angle at which this
large jump
occurs depends on the electron bunch length. Thus,
relative bunch length measurements may be performed by
observing undulator radiation from a range of angles [2].

1.2 Energy Calculationsfor Single Electron
We calculate the total energy and the spectral energy of
the emitted undulator radiation using a straightforward
approach derived from Li~nard-Wiechert potentials [3].
The geometry for the calculation is shown in Fig. 1.
x

1 THEORY

L

I+ dcosO

+ dsinO

1.1 Introduction

B

In most descriptions of undulator radiation, the discussion
is limited to small angles of observation, particularly1angles less than
1
radians [1], where Nw is the
number of periods in the undulator. In our study we
cone.
e.
n.
The peak wavelength of undulator radiation increases
with angle:
2 l
=
2)cO
2
-cosO,
(1)
explore the radiation outside the narrow

2y
where 0 is the angle of observation, A, is the undulator
period, a,, is the undulator parameter, and y is the
relativistic factor of the electron beam. Typical values of
A0, for A,, =4 cm and y= 400, are 250 nm on-axis, and 1.3
mm for 0 150. Note that for ylarge and 0 greater than a
few degrees, Eq. 1 becomes

A(

*

k

L

e

11~

2

e' trajectory'

c

Figure 1: Geometry for energy calculations. P is the point
of observation, i, is the instantaneous position of the
electron, R and h• are the distance and direction,
respectively, from the electron to the point of observation,
and d is the distance from the center of the undulator to
the point of observation.

The total power per unit solid angle radiated by an
accelerating electron, in the electron's time, is given by
dP(t')_R,2. h
2oR2_(1
#
d(
where S is the Poynting vector associated with the
radiation. The total energy per unit solid angle is obtained

w0)
1-Cos 0)
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by integrating over time. The electric field
derived from Li~nard-Wiechert potentials:

E can be

•J2

-a

=

-

(6 )sin~kzzc
(6)

2

4ne R

a J2 cos

The first term represents the velocity field, which does not
radiate and is thus disregarded in this study. The second
term represents the radiating acceleration field and
depends on both the velocity and acceleration of the
electron. Thus, the energy per unit solid angle is:
L

dW

I

d91 =

q
q

V

x2
xIii-.)

It

L

y

(7)

s2

•-- 1-

+ + a2)
2y 2

1.3 Bunch Form Factorfor NV Electrons

where f(wo) is the bunch form factor:
2

=d jAfdt

f(CO)= IfdydzSy(y)Sz(z )e-4fc"°+'Oiz°

(9)

Sy (y) and Sz (z) are the transverse and longitudinal

where A(t) is defined as

electron bunch densities, respectively. In this study we
use Gaussian-shaped bunch densities. Eqs. 8 and 9
include the coherence effects described above: for 0
f(p)-=0, and W- N,; for o) small f(q))---1,and
acNe2 .

A (t)=-ýEocR!,
and A(0o) is the Fourier Transform of A(t):
1 dlarge
a(C)A(te
tW

The form factor depends on both the length and width
of the electron bunch. In this study we only consider the
effects of the bunch length since the length is a critical
quantity in many beam physics and FEL applications.

The total energy per unit solid angle can be expressed as
dW =j d 2W
W-do) ,
where
2
d 2W ao
aod1
is the energy radiated per unit solid angle per unit angular
frequency. Using Eq. 2, the spectral energy becomes:
L _oF(1-n')2
2
dq
_
dt (4)
doaJdA
cr (47rE )20

0

The total energy and spectral energy are related to the
respective energies per unit solid angle by
W 1 (dW

1.4 Near-FieldEffects
Near-field effects are introduced by accounting for the
fact that h and R change as the electron passes through
the undulator (see Fig. 1). The vector Rh can be
expressed as
R(t)A(t)= L+dcos0 +dsinM-Fe(t),
(10)
where F,(t) is the electron trajectory. ie is calculated by
integrating Eqs. 7 with the approximation z = fct:
a J

(5

do

2

The energy for Ne electrons is related to the energy for a
single electron by [4]:
W, et
de(wnl = electmn [Ne + Ne(No - 1)O(PO)].
(8)

(3)

To calculate the energy spectrum, we begin with an
expression for the energy per unit solid angle:

-

.
a

-

A2 2,

d0

d

2
R

wz si~~ot
A
2 2(11),=

=- I(d2W(

r. =-Pzct,

"a_ 2

sin(2k,',ct)

4y2kwI3

dT do~JII)

where d is the distance of the detector from the center of
the undulator, and AA is the area of the detector entrance
aperture.
To evaluate Eqs. 3 and 4, the normalized acceleration
and velocity of the electron are needed, along with the
approximation z - Oct. These are calculated by
applying the Lorentz force equation to the periodic
undulator field, yielding the following well-known
expressions:

Thus, R(t) is obtained by taking the magnitude of Eq. 10,
and fi(t) by dividing Eq. 10 by R(t). The consequences
of including near-field effects are discussed below.

1.5 Results
Eqs. 3 and 4 are evaluated numerically. A plot of the total
energy radiated versus angle of emission is displayed in
Fig. 2. The two traces correspond to two different bunch
lengths. It can be seen that the bunch length determines
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the angle at which the intensity of the radiation increases
dramatically. This characteristic of COUR may allow us
to measure relative bunch lengths by observing COUR at
a range of angles.
=50pm

10

= 50 •m "aA

1

-10
101°
10

=I,. A
z

S012

400

"

-

10

linear accelerator will produce 210 MeV electrons. The
undulator for the COUR experiment is a 13 period
prototype of the 10 m NISUS undulator, now installed at
the DUV-FEL. The NISUS prototype has an undulator
parameter of up to 1.44 and an undulator period of 3.89
cm [6].
liquid helium-cooled bolometer detector will be used
to detect energy levels as low as 10-12 J. A spectrometer
will be used to determine the spectral content of the
radiation. Radiation will exit the beamline through an
aperture with a diamond window, after being reflected
away from the beamline by a small mirror (see Fig. 4).

a= =w04
X*

10.-O14

10J

"to.,1
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with

L =0.4 mn

,,ua,,hor

window ..
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t0•
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6o

0

5

0[e]10
e [deg]
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Figure 2: The effect of bunch length on COUR. a7 is the
rms bunch length divided by F2 , as defined in [4].
Calculations reveal that near-field effects have a
significant effect on the energy spectrum for detector
distances of less than 1 m (see Fig. 3). The fundamental
peak is shifted to higher frequencies and is broadened.
Without near-field effects, the spectrum displays the
expected sinc 2 N,Yr
behavior on-axis, and slight
COO )
S
variations of this behavior off-axis, as seen in Fig. 3. This
behavior is disturbed in the near-field calculation. As the
detector distance becomes large, greater than 1 m in this
case, the near-field and far-field calculations begin to
have similar behavior.

Figure 4: COUR experiment.
The COUR experiment is one of a series of beam
diagnostics experiments planned for the DUV-FEL [7].
The various diagnostic techniques will be compared and
will be used in conjunction with each other.
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We have shown that a promising technique for measuring
electron bunch lengths is to observe coherent off-axis
undulator radiation (COUR). Our technique is noninterrupting and thus will be useful for single-pass FELs,
where bunch lengths could be measured while an FEL is
operating. Calculations including near-field effects show
the expected energy levels and energy spectra. An
experiment at the DUV-FEL facility at BNL will verify
the calculations and will demonstrate the use of COUR to
measure electron bunch lengths.
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Figure 3: Effect of near-field effects on energy spectrum
for a single electron. 0 = 50, detector distance d = .5 m.
All other parameters are the same as in Fig. 2.

3 EXPERIMENT
The goals of a COUR experiment are to observe COUR
and to measure relative bunch lengths using COUR.
A COUR experiment is planned for the DUV-FEL
facility, a new priority for BNL designed to produce a
coherent light source in the ultraviolet range [5]. The

6 REFERENCES
[1] S. Krinsky et al, from E.E. Koch, ed., Handbook on Synchrotron
Radiation. Amsterdam, North Holland, 1983, 152.
[2] C.P. Neuman et al, Proc. of FEL98 Conference.
[3] J.D. Jackson, ClassicalElectrodynamics.New York: Wiley, 1975,
662-70.
[4] E.B. Blum et al, Nucl. Jnstr.and Meth. A 307 (1991), 568-76.
[5] I. Ben-Zvi et al, Proc.of SPIE,2988 (1997), 15-19.
[6] D.C. Quimby et al, Nucl Jnstr.andMeth. A 285 (1989), 281.
[7] W.S. Graves et al, Proc. of EEE PAC99.

1951

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

DEVELOPMENT OF AN 140 ION BEAM AT THE 88" CYCLOTRON
D. Wutte, J. Burke, B. Fujikawa, P. Vetter, S.J. Freedman, R.A. Gough, C. M. Lyneis, Z. Q. Xie,
LBNL, Berkeley, CA
Abstract

Analyzing Magnet

At the 88" Cyclotron at the Lawrence Berkeley National
Laboratory we are developing an intense (3.10 7 pps), low
energy 140 ion beam to measure the shape of the betadecay spectrum. The 140 half-life of 71 seconds requires
on-line production of the isotope. 140 is produced in the
form of CO in a high temperature carbon target using a 20
MeV 3He* beam from the LBNL 88" Cyclotron via the
reaction 12C( 3He,n)140. In order to minimize the
background radiation for the planned experiment, the 140
atoms must be separated from the other radioactive
isotopes produced in the carbon target and implanted into
a thin carbon foil.
For this purpose, we have developed an experimental
set-up including the target, a transfer line, an ion source,
and a low energy ion beam transport line. The major
components of this set-up are described. The release and
transport efficiency for the CO molecules from the target
through the transfer line was measured for various target
temperatures.
Experimental results of ionization
efficiencies for carbon and oxygen using a multicusp and
an ECR ion source are presented

1 INTRODUCTION
At the Lawrence Berkeley National Laboratory we have
commissioned an ion source test stand for radioactive ion
beam development [1] (see figure 1). The primary goal of
this test stand is the on-line production of a 140÷ ion beam
to measure the shape of the 140 beta-decay. The 140 halflife of 70 seconds requires producing the isotope on-line at
the 88" Cyclotron. 140 is generated in the form of CO in a
high temperature carbon target using a 20 MeV 3He' beam
from
the LBNL 88" Cyclotron via the reaction
12 C(3He,n)140.
The 40 atoms must be then separated from the other
radioactive isotopes produced in the carbon target and
implanted into a thin carbon foil in order to:
"* minimize the radiation background
"* maximize the signal in the beta spectrometer by
concentrating the 140 sample size.
For this purpose, an 8 m stainless steel transfer line
This work was supported by the Director, Office of Energy
Research, Office of High Energy Physics and Nuclear Physics
Division of the U.S. Department of Energy under contract No.

"0Transfer Line
p Spectrometer

FC
I

I

I

1 Meter
Figure 1: Schematic of the new exotic ion beam test stand
and the 140 experiment.
connects the target chamber to an ECR ion source through
a turbo molecular pumping stage. Thus, the turbo pump
separates the target vacuum chamber from the ion source.
The gas coming from the turbo pump is fed into the ion
source and ionized, extracted at energies of 20 to 30 keV
and mass separated. To achieve a small sample size for
the beta spectrometer, it is planned to implant the l4o0 ions
in a 2 mm spot on a thin carbon foil. This sample will
then be transferred to the beta-spectrometer. The three
major experimental requirements for the ion source are:
1. To achieve the necessary 140 particle current of
1-2.10 7 pps at the implant target, the ion source
should be able to provide 10 % ionization efficiency
for 14o..
2. At the estimated implantation rate of 1-2.10 7 pps the
expected continuous run of the experiment will be at
least 150 hours. Therefore, the ion source should
continuously operate for at least 200 hours.
3. The gas hold up time in the ion source must be less than
one 140 half-life.
In order to fulfill these demands, a RF multicusp ion
source [2] and the AECR-U [3] were tested off-line with
respect to ionization efficiency and gas hold-up times.
The presented efficiencies Table 1 and 2 quote the overall
system efficiencies (ion source and transport line).
Because
requirements
not be
met
with the the
cuspexperimental
source and because
of the could
promising
results
been
has
source
ion
measured on the AECR-U, the cusp
replaced by the compact IRIS ECR ion source.

DE-AC03-76SFF00098.

0-7803-5573-3/99/$ 10.00 @1999 IEEE.

IRIS ECR
Ion Source

1952

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
wide range of extraction voltages and current densities
(3 mA/cm2 to 60 mA/cm2, corresponding to a total
extracted current of 100 epA to 2 emA), as verified
experimentally. The extraction system and the two einzel
lenses are mounted on a single flange to ensure a proper
alignment.

2 EXPERIMENTAL SETUP
2.1 Hot Carbon Target
An all carbon target was constructed using a high porosity
carbon material[1]. The target is resistively heated and
bolted to water-cooled copper electrodes. Graphite and
boron nitride heat shields were then added concentrically
around the target.
At 1720 'C and 2 jtA cyclotron beam current on the
target 3. 1 7pps of '40 have been measured at the exit of
the turbo pump (at the entrance to the ion source). Figure
2 shows the production rate as a function of target
temperature. Therefore at 20 tA primary beam current a
production rate of 3-10.pps of 140 can be expected.
Using the assumed thick target production rate of
2.10pps/gtA, an efficiency of 7.5 % for this target set-up
has been achieved.
C(3 Hen)

3.5104
3

2 A0TableV 2

31
2.517
210

S1.5

7•

A detailed description of the RF driven multicusp ion
source used in this study, together with its basic
characteristics can be found elsewhere [2]. The main
concerns with this type of ion source with respect to the
production of radioactive ion beams are the relative high
operation pressure as well as the reliability of the ion
source.
Ionization efficiencies were measured off-line for singly
charged argon, oxygen, carbon, and carbon monoxide ions
using calibrated leaks. The maximum ionization
efficiencies for all measured species are summarized in
1. The experimental gas hold up time is described
by the exponential fit A.exp(-t/',r,)+B.exp(-t-r,). The
fast component describes the holdup time of the ions in
the plasma, the slow component is related to the wall

,

-time

j

5 106
1000

3.1 Multicusp Ion Source

sticking time. The signal drops to about 70 % within the

107

1 107

0

3 OFF-LINE ION SOURCE TESTS

1200

1400

1600

Table 1: Ionization efficiencies and hold up times for
singly charged oxygen and carbon produced by
RF driven cusp ion source.

1800

T [CC]

Figure 2: Production rate as a function of target
temperature as measured at the end of the
transport line.

calibrated leaks

2.2 Beam-line Layout
an
The ion beam transport line has been designed around
existing double focusing 90*-sector magnet from the
former HILAC injector line at LBNL. It has a bending
radius of 54 cm, edge angles of 30 degrees, and a gap
width of 3.8 cm. The horizontal waist is located about
43 cm downstream from the vertical waist. Therefore, the
ion beam has an elliptical shape after the sector magnet.
An additional focusing element will be needed to achieve
the required beam spot size of 2mm diameter at the
implant foil. The 30 kV extraction system and the
following electrostatic transport line consist of an acceldecel extraction system and two sets of einzel lenses. It
was optimized with the ion trajectory code IGUN [4].
The use of two einzel lenses allows limited independent
control over both beam size and divergence at the magnet
entrance. Therefore, the ion optics can be adjusted over a

ion
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0.33
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Whereas a promising ionization efficiency of up to 26.3%
and a gas hold-up time of 6 seconds have been measured
for argon, the ionization efficiencies for CO+ and O÷ are
much lower. With the cusp source the best efficiencies
e, % for O and 0.33 %
achieved have been 1c%for CO 0.7
for C. In general rather long ion hold-up times have been
observed, the longest has been measured for O÷.

1953

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
The discrepancy between the argon efficiencies and the
carbon or oxygen efficiencies may be explained by the
differences in the plasma wall sticking probabilities.
Noble gases can be recycled into the plasma, explaining
the high efficiency for argon. On the contrary, carbon and
oxygen tend to stick at the plasma chamber wall, leading
to low source efficiencies in the cusp ion source.
The average ion source lifetime for the above mentioned
performance tests was about 15 hours, limited by the
perfalreano
thests
porc
ai-oate c5hopers,
a
tena
by

4 IRIS ECR ION SOURCE
A compact ECR ion source IRIS (Ion source for
Radioactive ISotopes) shown in Figure 3, has been
installed on the radioactive ion beam test stand, replacing
the multicusp ion source. An existing 2.45 GHz ECR ion
source [6] was upgraded for 6.4 GHz microwave
operation. The mirror field was improved to reach a
maximum field of 0.7 Tesla at the injection and 0.4 Tesla
at the extraction. At the plasma chamber-wall
the sextu-

3.2 AECR-U Ion Source
A detailed description of the AECR-U ion source
(Advanced Electron Cyclotron Resonance-upgrade) can
be found elsewhere [3]. The source is optimized for
production of high charge state ions. Ionization
efficiencies and gas hold-up times for high charge state
ions have been measured with the LBNL AECR-U ion
source for various gases [5].
Listed in Table 2 are the ionization efficiencies and decay
times of various high charge state ion beams from CO,
C02 and 02. These gases may react with or stick to the
plasma chamber surface made of aluminum. Nevertheless
efficiencies of up to 25% were achieved for C4 +, 33% for
06+ and more than 10% for C5+ and 05+. The shortest
gas hold up time has been measured for ions produced
from CO, which behaves as a noble gas prior to
dissociation.

pole-field strength reaches 0.32 Tesla.
The ion source consists of one plasma stage only. The
microwaves are launched through an off-axis wave-guide
terminated at a bias plate in the injection region. The
aluminum plasma chamber has a diameter of 13.5 cm and
the mirror length is 28.3 cm, providing a relatively large
plasma volume of 5 liters. The plasma chamber is doublewalled to accommodate cooling water.
IRIS is expected to start operation in the beginning of
April.
Water Cooling

Aluminu
Extraction

System

NdeB

Plastmna
Chainxupl

..

4Ghz

___

ropino

l

Table 2: Ionization efficiencies and hold up times for
selected charge states of oxygen and carbon
produced by the LBNL AECR-U ion source.
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Figure 3: An elevation view of the IRIS ECR ion source.
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The Radioactive beam Experiment REX-ISOLDE, a pilot
experiment testing a new concept of post acceleration of
radioactive ions at ISOLDE/CERN is in progress. Singly
charged radioactive ions delivered by the online mass separator ISOLDE are accumulated in a Penning trap (REX
arat)r ISOLDEharg
e
aced in an
enniong
Plectrb
sura (EX
trap), charge bred in an electron beam ion source (EBIS),
separated from the residual gas in a mass separator and then
accelerated in a Linac with output energies between 0.8 and
2.2 MeV/u.
The REX trap is in operation, a first test beam was already injected. The design phase of the EBIS is finished
and the construction has been started. The superconducting
magnet is delivered,
The Linac consists of a radio frequency quadrupole
(RFQ) accelerator, an interdigital -I-structureand 3 seven
gap resonators to vary the final-energy. The RFQ is assembled and vacuum tested, a beam test for the RFQ is in preparation. The vacuum tank of the IH-structure is machined,
the assembly of the resonator has started. The first 2 seven
gap resonators of the high energy section are finished and
ready for power tests, the last one is ready for assembly.

The Radioactive beam Experiment (REX-ISOLDE) at
ISOLDE/CERN [1, 2, 3] is under progress, first hardware
components are completed and some tests of the comportents were performed. In the experiment the radioactive ions of charge 1+ from the on-line mass separator
ISOLDE will be cooled and bunched in a Penning trap
(REX trap), charge bred in an electron beam ion source
(EBIS), separated from the residual gas ions and finally accelerated in a short LINAC to a target energy between 0.8

and 2.2 MeV/u. The LINAC consists of a radio frequency
quadrupole (RFQ) accelerator, which accelerates the ions
up to 0.3 MeV/u, an interdigital H-type (IH)structure with
a final energy between 1.1 and 1.2 MeV/u and three seven
gap resonators, which allow the variation of the final energy. All components of the experiment are either in production or undergo first test measurements. The lay-out of
REX-ISOLDE is shown in fig. 1.

2 REX TRAP
The Penning trap is fed from the ISOLDE main beam line
where the beam axis is 1.27 m above the floor. The Penning
trap is fully assembled on a 60 kV high voltage platform including the differential pumping stages which ensure good
vacuum conditions in the beam line. High tension tests with
the equipment and first tests of ion injection into the trap
have been carried out in order to investigate the injection
optic [4]. The electrode structure consisting of gold plated
copper rings isolated by ceramic spacers is assembled and
installed in the solenoid bore. The central field strength is 3
T and the gas pressure inside the trap 10-' mbar for rest gas
cooling. A plasma ion source has been installed to test the
ion capture with a stable 60 keV 4°Ar+ beam. These capture tests were done in the beginning of 1999 and the first
ions were trapped. A new shielding due to charging of the
insulators are installed and will be tested in the near future.
The singly charged ions will be extracted from the trap with
a typical bunch length of 10 js every 20 ms and accelerated
to 60 keV.

3 EBIS

*Woik supported in part by the German Federal Ministery for Edu-

In the EBIS the ions are bombarded by a 0.5 A, 5 keV elec2
tron
current
density
aboutin 200
A/cm
In thebeam
EBISwith
the aions
will be
chargeofbred
about
15 ms[5].
to

cation, Science, Research and Technology (BMBF) under contract No.
06HD8021 and No. 06LM868I(2).
t Email: robert.von.hahn@mpi-hd.mpg.de

a charge to mass ratio between 0.22 and 0.34, which is well
suited for the mass separator and the LINAC. After several

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1: Lay-out of the REX-ISOLDE experiment
repairs of the REX-EBIS solenoid by the manufacturer due
to damages occurrb
rieng quench tests, the EBIS magnet is now back at CERN and ready for operation. The vacuum system is completed and being assembled at Stockholm. The electron gun, the collector and the electrode system are completed and will be shipped to CERN. As shown
in fig. I the EBIS rests on a platform above the trap. This
platform has been completed and the high voltage platform
for the EBIS has been mounted on top of that support(

4

MASS SEPARATOR

The S-shaped beam line between the EBIS and the LINAC
consists of a mass separator [6] to separate the few highlycharged radioactive ions from ions originating from the
residual gas. The deflecting magnet has been ordered and
the construction of the electrostatic elements has been completed. The electrostatic lenses are now in production. The
massive ridge which carries the electrostatic deflector and
the vertical beam line of the separator (fig. 1) will be
mounted to the same concrete tower which carries the trapEBIS transfer beam line.

5

LINAC

The RFQ is the first structure of the LINAC [7]. It is
now fully assembled, which means the water cooled ground
plates, the stems and the mini-vane like quadrupole electrodes are mounted in the tank and the capacitive plungers
are installed, cabled and tested. The vacuum system has
been installed and first vacuum tests have been performed.
Low level frequency tuning and flatness measurements
have been done. Alignment of the electrodes, final adjustment of the voltage flatness and the installation of the incoupling loop are presently being performed.
The IH-structure of REX-ISOLDE [8] is a short version
of the IH-tankl of the CERN LINAC 111 [9] and consists
of a center frame which carries the drift tubes and two half

shells carrying cooling jackets. The first acceleration section is followed by an inner tank quadrupole triplet lens,
which has been delivered and will be installed after some
test measurements and the delivery of the IH-vacuum tank.
The drift tubes and the stems are completed and are now
beeing copper plated together with the IH-vacuuel tank.
The piston tuners are in production. The change of the final energy of the IH-structure via the piston tuners has been
examined once more by a detailed MAFIA model of the
power resonator. The calculations are in very good agreement with measurements taken from the vacuum tank of the
power resonator and show the required tuning by changing
the half shell height [10].
The production of the three seven gap spiral resonators
forming the back part of the LINAC [M11is almost finished.
The design velocities of the resonators were fixed to 5.4%,
6.0% and 6.6% of the velocity of light and the field optimization at the operation frequency of the power amplifiers
(f=101.28 MHz) of the three down scaled models resulted
in an achievable resonator voltage of 1.75 MV at 90 kW incoupled rf power.The 5.4% und 6.0% power resonators are
finished and ready for high power rf and beam tests. Fig. 2
presents a view inside the resonator. The resonance structure is connected to the tank via three stems, in which the
copper hollow profiles for the cooling of the arms and the
drift tubes are brazed together. Fine tuning is done with a
tuning plate. With segments connected on the half shell the
so called rough tuning to 101.28 MHz is done. The resonator is seen here on a test bench where the low level rf
measurements were done.
The 6.6% resonator is assembled, the tuning to the amplifier frequency of 101.28 MHz is presently done.
So far low level RF measurements have been performed
with the 5.4% and 6.0% resonator yielding parameters
shown in table 1. In particular, these measurements show
that a resonator voltage of 1.9 MV can be expected with a
rf power of 90 kW, which is safely above the design voltage of 1.75 MV. As the first out of three rf power amplifiers
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flash ADC's and DSP's. The target chamber is completed
and has been vacuum tested. Prototypes of the particle detectors (double sided silicon strip detector DSSSD) have
been produced and tested with an alpha-source.

7
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Figure 2: The 5.4% power type resonator

providing 100 kW with a duty factor of 10% has been delivered in December 1998, high power and beam tests have
noW been started. The second rf amplifier is in production
and will be delivered directly to Munich. The residual three
rf power amplifiers will be completed until end of 1999 and
delivered directly to CERN.
The set up of the fully tested 7-gap-resonators at CERN
is planned to take place in autumn 1999.
parameter
f [MHz]
Q-value
Z [Mfn/m]
Uo [MV]

5.4% resonator
101.28
5620 - 50
71 6
1.9 + 0.1

[8] S. Emhofer et al., contribution to LINAC98
[9] D. Warner et al., "CERN Heavy-Ion Facility Design Report"CERN 93-011993
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6.0% resonator
101.28
5420 - 50
68 5
1.9 ± 0.1

Table 1: Measuredparametersof the 5.4% and6.0%power
type resonators,f = frequency, Z = shunt impedance, Uo is
the expected resonatorvoltage reachedwith an rfpower of
90 kW

6

TARGET

The MINIBALL -y-detector array [12] consists of a new
generation of Ge-detectors with large full-energy peak efficiency to make an optimum use of the expensive radioactive
beams. With its compact arrangement it is mainly suited for
detecting events with small "y-ray multiplicities. In the final
system the array will consist of 14 clusters with 3 individually encapsulated 6-fold segmented Ge-detectors. A prototype has been tested and have shown resolutions around 2.1
keV at 1.33 MeV y-energy. 6 Clusters are expected to be
operational when REX-ISOLDE starts operation. The electronics for MINIBALL will be purchased from the company XIA; in contrast to former Ge-detector electronics,
all analog circuits are replaced by digital electronics using
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prototype low-energy beam transport (LEBT) system is
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discussed. This LEBT must transfer 35 mA of H- current
from the ion source outlet aperture to the entrance of the
radio-frequency quadrupole (RFQ). The plasma generator
is a radio frequency-driven multicusp source, operated at
6% duty factor (1 ms, 60 Hz).
The entire LEBT
configuration is electrostatic, with a high-voltage
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second einzel lens will be split into four quadrants to
permit the application of transverse steering and beam
chopping fields. The H- ion source emits a gas flow into
the LEBT that must be efficiently pumped to reduce
stripping losses of the H- ions. Therefore, an efficient
electrode design is incorporated to reduce the gas pressure
and
between the electrodes. Alignment requirements
related issues will also be discussed.
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Figure 1. Cross section of the LEBT electrodes,
with the ion source outlet aperture, electron dump,
and RFQ endwall.

1 INTRODUCTION
The Spallation Neutron Source front end systems, being
built at the Lawrence Berkeley National Laboratory
(LBNL), must supply a 2.5 MeV, 28 mA H- beam at 6%
duty factor to a 1GeV linac that injects into an
accumulating ring. This ring then delivers a 1 MW
average beam power to a neutron production target at 60
Hz. This paper discusses the design of the low energy
beam transport (LEBT) line of the front end accelerator
system.

section of the lens configuration. Because of the limited
space, voltage holding and creepage length along the
surface of insulators must be taken into consideration.
Table 1 summarizes the design parameters used. In
addition, alignment for these electrodes must be held to a
±0.05 mm tolerance in the radial direction, and ±0.1 mm
in the z (beam) direction.

2 REQUIREMENTS

in Vacuum

The LEBT is designed to transport 35 mA of a 65 keV Hbeam from an if-driven source to the RFQ, operating at a
6% duty factor. It must match the beam to the RFQ
entrance with a normalized emittance of less than 0.15 it
mmimrad and Twiss parameters, a = 1.6, and P3= 6.5 cm.
The entire LEBT is electrostatic, with a high-voltage (-80
kV) extraction gap and an einzel lens configuration with
beam chopping and steering capabilities incorporated into
the second (G5) lens electrode. The entire package is
approximately 10 cm in length. Figure 1 shows a crossThis research is sponsored by the Lockheed Martin Energy Research
Corporation under the U.S. Department of Energy, Contract No. DEAC05-96OR22464, through the Lawrence Berkeley National
Laboratory under contract No. DE-AC03-76SF00098.

Email: dwcheng@lbl.gov
0-7803-5573-3/99/$10.00@ 1999 IEEE.

Table 1. Criteria for voltage holding used.
*units of d are cm, units of U are kV
Gap:
Insl. Surface:

*d=

31 2)

(0.0141U
15 kV/cm

in Air
/

10

10 kV/cm
8 kV/cm

3 ELECTRODE DESIGN
3.1 ExtractorElectrode
The extractor electrode consists of three sub-parts: the
main stainless-steel "spider-arm", a retainer ring, and the
aperture insert held in place by the ring (see Figure 1).
The aperture insert is replaceable in case of accidental
damage by hitting of the beam particles. Therefore, the
aperture is designed to be accessible and replaceable
without affecting the alignment of the entire LEBT

assembly. We will use copper, as opposed to stainless

steel, for the insert material because of its excellent
thermal conductivity.
We will also consider other
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materials, such as a 70%/30% tungsten-copper sintered
material, which combines tungsten's structural integrity
with copper's thermal properties.

3.2 G3 and G5 Einzel Lenses
The LEBT matching section consists of two "pseudo"einzel lenses: the aperture G3 and the split G5 lens. G5
is used for fast beam chopping[l]. The inner diameter of
this lens has to be very narrow in order to achieve
sufficient beam deflection with the available chopper
power supplies. This contradicts the general rule that a
small lens filling-factor (beam diameter/inner lens
diameter) is required for good ion optics. Ion optics
simulations have been performed to minimize beam
emittance-growth due to aberrations caused by the lens
Figure 2 shows a Simlon 3D
configuration[2].
beam passing through the LEBT.
Hthe
of
simulation
We have used the ion optics codes KOBRA 3D, IGUN[31
and AXCEL to optimize the LEBT lens arrangement.

Equipotential

/

Figure 3. Blow-apart view of the LEBT electrode

4 THE ELECTRODE ASSEMBLY
The whole LEBT assembly is mounted
to the ion source
re-entrant cylinder as shown in Figure 4a. A three-point
mounting scheme is employed with ceramic insulator
posts standing between the ion source re-entrant cylinder
biased at -65 kV and the electrode G4 on ground potential.
Each electrode is held in place by using similar three
ceramic post standoffs. Each standoff is shielded from a
direct line of sight to the ion beam in order to prevent
coating of, or sputtering on the insulator surfaces.

G

Figure 2. SIMION 3D simulation of the beam passing
through the LEBT to the RFQ.
To allow beam chopping as well as beam steering in
the x- and y-directions lens G5 has been designed as a
four-segmented aperture. It will be fabricated as a single
piece with alignment holes drilled prior to wire-edm
machining into the four segments. The pieces are then
pinned with ceramic standoffs for voltage holding of 5 kV
max. A further discussion of its function can be seen in
[1].

3.3 Ground Electrode
The electrode G4 has been designated as the main support
structure, since it is fixed at ground potential. All other
electrodes will be bench-mounted and pre-aligned to it.
This whole, monolithic LEBT package facilitates easier
alignment to the RFQ and ion source since now only one
single component has to be adjusted . Figure 3 show s a
blow-up assembly of the LEBT electrodes.

(a)

(b)

Figure 4. (a) LEBT assembly mounted to the
source re-entrant cylinder, and (b) in a conceptual
vacuum vessel.
The stainless-steel shields are glued to the ceramic
standoffs with epoxy. The electrodes are then screwed to
the metal shields. 2 mm shims are used in some
locations to compensate for misalignment during the
location tocesan
fabrication process.
Tests were conducted on two critical standoffs: the
main standoff from the -65 kV source potential to the
kV chopper lens (G4 to G5), see Figure 5. The inside
g o er
ft e sil s w sf bi ae
a h assembly
a s ml
geometry of the shields was
fabricated andn each
was hi-potted. Both tests were successful:
the standoffs
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LEBT electrodes. See Figure 4b for a conceptual view of
the vessel containing the LEBT.
The main LEBT-assembly flange is movable under
vacuum load. This allows on-line alignment of the ion
source and the LEBT as an entire package to the RFQ
entrance aperture. Screw-jacks will be mounted to the
main insulator flange in the x- and y-directions, and will
be manually actuated with long shafts. The movement
under vacuum load is accomplished by using an 0-ring
seal and friction-free teflon-impregnated pads upon which
the flange rests. The weight of the ion source/LEBT
package is held by flange bolts mounted on Belleville
washers, which are tightened to a degree that allows

Figure 5. Insulator standoffs prior to testing.
Shown are (left) the chopper to ground (G5-G4)
insulators, and (right) the main insulator (main
support to -65 kV source potential
held 15% more than their design voltages after minimal
conditioning.

5 VACUUM

VESSEL

Brass

Screen

Reentrant Cylinder

RFQ FEdwalt
I..

6 FABRICATION
Detail design of the LEBT components is in progress;

A noticeable departure of this design from traditional
LEBT structures is the lack of gradient rings and stacked
insulators. The main insulator will be a cast silica-filled
epoxy structure, insulating the ion source re-entrant
cylinder at -65 kV from the ground potential of the
vacuum vessel. Its cross-sectional shape is similar to a
horizontal "S" and is shown in Figure 6. Besides reducing
the length of the ion-source re-entrant cylinder, this design
also provides a wider-open geometry for improved
pumping.
Triple-point protection consists of a brass screen that is
cast into the epoxy, allowing the thread inserts for the
mounting bolts to remain in a field-free region at the
source re-entrant cylinder flange. The flange at ground
potential is of a Kofoid design[4]. ANSYS finite element
simlulations verified electrical potentials and gradients,
and RASNA finite element runs have been used to
determine the structural loading. Deflection tests will also
be performed on this insulator under vacuum loading to
determine the amount of shim necessary for correct
alignment of the LEBT assembly.
The vacuum vessel consists of a 3/16" thick stainlesssteel chamber, 28" diameter by 9" deep, with three 10"
pumping ports and high-voltage feedthroughs for the
ManIsltrHigh-voltage fkedthru ...
Main Insula.or
--7--

movement without loosening the bolts.

fabrication will start in the beginning of April 1999. The
LEBT is scheduled to come on-line along with the ion
source and a prototype section of the RFQ for testing in
the summer of 1999.
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Figure 2 shows an early version of the split einzel electrode.

BEAM REQUIREMENTS

The Spallation Neutron Source (SNS) comprises a 1-GeV
H- linac injecting a storage ring with a l ms injection time
and single-turn extraction, operating at 60 Hz[1]. During
the 1 ms injection into the ring, approximately 1200 turns
are accumulated. To reduce the activation of the extraction
Lambertson septum magnet, a 295 ns notch is introduced
in the injected beam by two sets of choppers, operating at
the ring revolution frequency of 1.188 MHz.

2

IMPLEMENTATION

Deflection direction:

/

\

\

/

Figure 2: Split Chopper Electrode

A
Athe
B --

C---__--J-----C
D

Figure 1: Waveforms to Deflector
The first chopper stage is at the end of the 65-keV
all-electrostatic LEBT[2], followed by a fast-rise clean-up
chopper at 2.5 MeV. The LEBT chopper is included as a
modification of the second LEBT einzel lens, which is split
azimuthally into four quadrants. A four-phase chopping
* This research is sponsored by the Director, Office of Energy Research, Office of Basic Energy Sciences, of the U. S. Department of Energy, under Contract No. DE-AC03-76SF00098.
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The beam is targeted onto a diagnostic plate, split along
diagonals similar to the chopping electrode itself, in the
wall common to the end of the LEBT and the start of the
RFQ. The four segments of the target electrode are electrically isolated and water cooled, serving as a beam current
diagnostic and a beam steering diagnostic. For a 65 keV,
35 mA H- beam with a 65% duty factor and with 35% of
the current removed by the 1.188 MHz chopper, the total
average power dissipated on the target is 48 watts.
Angular beam steering is provided by a symmetric d-c
bias on each segment of up to ± 1 kV. Beam position steering is provided by physically moving the entire ion source
and LEBT relative to the RFQ and the diagnostic plate on
a sliding vacuum seal.

3

ELECTRONICS

The key electronic component of the LEBT chopper system is the solid-state ±3 kV bipolar switch. This switch is
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4-Phase

isolated from the steering offset and accelerating potentials.
rise and fall times are specified for a load capacitance
of 100 pf along with a four-foot length of coax interconnect
cabling of an additional 100 pf.

SicSThe

B-

seneaor
SwitAc.A

C+SWitch

-

C

Figure 3: Chopper Block Diagram

-

a modified version of a standard product from Directed En-ergy Inc.[3]. The DEI design provides rise and fall times of
less than 60 ns and a duty cycle of up to 12% at 60 Hz for
up to a 2 ms burst. The switch design is protected against
load faults (sparking) and mis-timed or incorrect gating of
th e po si tiv e a nd n e g at iv e g ate i n p u t s .
The major internal power dissipation of the solid-state
switches occurs at the voltage transitions. The average
power dissipation is less than 450 watts per switch at a 12%
duty cycle.
Figure 3 shows the control logic used during the test
phase. Figure 4 shows a detail of the actual equipment:
two of the four DEI bipolar solid-state switches, topped by
a four-phase waveform generator.
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Figure 5: Deflection Waveforms, Beam Current, 500 ns/div
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PROOF OF PRINCIPLE

A proof-of-principle test has been conducted on a 40 keV
proton injector that includes all the elements in the SNS
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source/LEBT design: an r.f.-driven multicusp ion source
and a two-einzel lens all-electrostatic LEBT. The LEBT is
followed by an aperture plate and a fast 50-ohm Faraday
cup.
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Figure 6: Deflection Waveforms, Beam Current, 50 ns/div
Figure 4: Chopper Switches and Driving Electronics
The electronics used during the test phase includes a series of delay/gate generators and a 4-phase generator that
drive the inputs of the DEI switches. The high-voltage
bipolar output is delivered to the electrodes via coupling
capacitors, allowing the switches to be at ground potential,

Figure 5 shows the beam current (upper trace) and the
chopping potentials on two adjacent chopper segments
(lower traces) at 500 ns/div. The peak deflection voltage
is ±2 kV and the pulse period is 0.75 microseconds. In
Figure 6, the time scale is expanded to 50 ns/division and
the chopping voltage increased to ±2.5 kW, showing the

1962

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
risetime (center) is less than 50 ns, and the beam rise and
falltime also less than 50 ns. The transit time of the beam
through the last einzel electrode is 12 ns, which sets a lower
limit of the chopping transition time.,
Note in Figure 5 that the chopped beam time structure
exhibits no subharmonic of the chopping frequency, even
though the beam is sequentially chopped in four directions.
For a lower chopping voltage where the beam is only partially chopped, the subharmonic amplitude of the partially
chopped current is a sensitive indication of beam missteering on the chopping aperture.

5

together layers of OFE copper and contain water cooling
passages (not shown) surrounded by an air guard.

/

Einzel Lens and
-- Deflector, G5
:

RFQ

SNS CHOPPER CONFIGURATION

Figure 7 shows a cross-section of the LEBT electrodes,
starting at the plasma generator at the left [4],[5], [6] and
continuing to the diagnostic plate (RFQ endwall) at the
right, spanning a 10 cm total length. The last electrode
(G5) before the RFQ endwall is the split deflection electrode that also acts as the second einzel focusing electrode.
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Figure 9: Deflecting Electrode, Diagnostic Plate
The fully operational version of the ion source, LEBT
and chopper are currently being manufactured and will be
tested by the end of Summer 1999.
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Figure 7: LEBT Electrode Configuration
Figure 8 shows a three-dimensional simulation (Simlon)
of the beam deflection by the chopper electrode, deflected
toward the chopping aperture plate (G6) and the following
RFQ[7]. In the final configuration, the aperture plate hole
radius is equal to the envelope radius of the beam passing
through it. With this aperture radius, 85% of the deflected
beam will be lost on the diagnostic plate, and the remaining
15% of beam will be deflected between the RFQ vanes and
will not be accepted for acceleration by the RFQ.
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Figure 8: Deflected Beam Profile (From Simlon Plot)
Figure 9 shows the diagnostic plate detail with the pickup electrodes sandwiched between the LEBT ground plane
and the RFQ end plate. The diagnostic plate is constructed
of layers of metal and thermally conducting epoxy, one millimeter thick. The pick-up electrodes comprise two brazed-
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DESIGN OF A 35 keV LEBT FOR THE NEW HIGH INTENSITY OPPIS AT
BNL
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Abstract
As a part of the RHIC Spin project, the KEK optically
pumped polarized ion source (OPPIS) is being upgraded at
TRIUMF, and will then be installed at BNL. This new
source will deliver > 100 times more current than the
existing BNL polarized H" source. In order to transport and
accelerate this more intense polarized beam efficiently, a
new 35 keV low energy beam transport (LEBT) line has
been designed. Each beamline element has been designed
to minimize aberrations using 2D and 3D-field analysis.
Spin motion and beam optics were tracked from the
ionizer cell in the source to the 200 MHz RFQ, including
3D-field effects.

1 INTRODUCTION
The KEK OPPIS is being upgraded at TRIUMF, and has
now produced 1.0 mA of H- beam with DC mode. Also
duration of a pumping laser has reached 200 jts [1 - 3]. At
BNL, a new beamline was designed to match from this
source into the 200 MeV linac. The expected beam
emittance from this OPPIS is much larger than that of
existing atomic type polarized source, and the beam
should be matched to the acceptance of the existing RFQ
without depolarization. Therefore, this beamline must be
designed carefully.

2 SCHEME OF THE LEBT
The normalized beam emittance determined empirically
from similar OPPIS is about 2n mm mrad, while a
calculation discussed later in this paper predicts a value of
2.35ic mm mrad (100%). This is approximately ten times
of the emittance from the existing atomic beam polarized
H- source now being used for AGS, and also larger than
the sourcenof theing=100 forAG andalso barger Then
the emittance of the 00 mA unpolarized
beam. Th
beam from the new source will be merged to the existing
high intensity beam line and injected into the RFQ, which
has an acceptance which is almost the same as the
emittance from the OPPIS.
When designing the LEBT for a polarized beam, not only
the beam optics but also spin motion must be considered.
Beam leaving the OPPIS has longitudinal polarization,
and should be rotated to the vertical direction before
Visitor from RIKEN
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Figure 1: The LEBT for the new OPPIS
injection into the booster synchrotron. Figure 1 shows the
planned beam line before the RFQ. First the beam from
the source is accelerated to 35 keV in the extraction gap,
goes through a quadrupole doublet, and is deflected by
23.73 degrees in Dipole 1. In this dipole, the spin
direction is rotated by 900, making it perpendicular to the
beam direction and in horizontal plane. The beam then
goes through two more quadrupole doublets and is then
merged to the existing beamline by using 47.460 bending
magnet. This dipole will be pulsed, to allow switching
between polarized and unpolarized H- beam on a pulse-topulse basis. In this dipole the spin direction is rotated by
1800, so is still perpendicular to the beam direction and in
the horizontal plane. After this, the beam is focused
strongly by a pulsed solenoid magnet and injected into the
RFQ. At the same time, the spin rotates more than one
revolution in the transverse plane. The exact rotation is
not determined because the field strength of the solenoid
will be adjusted to maximize transmission through the
RFQ. After acceleration from 35 keV to 750 keV, the
beam then goes through another pulsed solenoid, added to
750 keV beam, and there are sufficient quadrupoles
existing in this line to allow flexibility in matching to
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Figure 2: The beam envelope at the LEBT
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the 200 MeV allow one to rotate the spin to the vertical
direction. This solenoid has minimal effect on the
transverse optics of the Alvarez linac. The beam envelope
for the 35 keV line, calculated using TRANSPORT, is
shown in Fig. 2.

two process were considered, H' -* H- and IT -+- HO, as
charge exchange process between H and Na atoms, with
cross sections of
......

1500

3 BEAM EMITTANCE FROM THE OPPIS

°

To start designing the LEBT, the beam emittance of the
OPPIS had to be investigated. Figure 3 shows a schematic
of the OPPIS.
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Figure 4: Field distribution of the Ionizer solenoid.
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0 .005.

0 - - ---The OPPIS consists of two solenoid magnets, a 2.5 T
super-conducting magnet, which includes an ECR cavity
-0.005
and Rb vapor cell, and a 1.4 kGauss ionizer solenoid that
has the Na vapor cell. H' ions are produced in the ECR:0.01
-0.015
cavity and extracted at 3.5 keV. The protons pick up a
-0.1 -0.05
0
0.05 0.1
polarized electron in the Rb cell, to become neutral. The
Z(in)
neutralized H beam drifts without effect from the magnetic
fields to the Na cell, where it picks up an electron to Figure 5: Projection of H- particles
become H-. The if beam then leaves the OPPIS under the
influence of fringing field of ionizer solenoid. The initial
emittance of the OPPIS depends on where the neutralized
beam becomes H-, and how the fringing field of the
1
solenoid affects the H beam. The emittance has been
o0.99 .
-....
calculated using Monte Carlo for the charge exchange
-----0.98
through
tracking
particle
for
Kutta
Runge
process, and
electric and magnetic field maps created using OPERA10.97
2D. Spin motion was calculated by the Runge Kutta
"
.
-0.96--method, and the effect of the fringing field of the ionizer
was analyzed. In this new OPPIS, a jet type Na cell,
I1
095
which has been recently developed at TRIUMF, will be

0.15

0.2

0.25

1.........

used. We hope that with this new Na cell, the extraction
voltage, accelerating from 3.5 keV to 35 keV, can be
achieved by biasing only the ionizer at high voltage, due
to much less flow of Na vapor to outside. The electric
field of the beam extraction was optimized to produce a
waist in the beam at the center of the fringing region of
the solenoid, so the effect of transverse magnetic fields to
the spin motion can be minimized. As a result,
calculations predict that depolarization due to the fringe
field will be reduced by about 3%. Figure 4 and Fig. 5
show the electric and magnetic fields calculated by
OPERA-2D and the projection of the H particles
respectively. The distribution of Na vapor was assumed to
be Gaussian and 7 was set to 20 mm. The total gas
thickness was assumed to be 1.5x1l0' atoms/cm 2. Only

-0.1

-0.05

0

0.05

0.1

z (M)

'"

0.15

0.2
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Figure 6: Spin motion at the ionizer cell
0.03x10 -14 cm 2 and 0.30x10 -14 cm 2 respectively. At this
beam energy, other charge exchange cross sections are
negligible. Five thousand neutral protons were created
uniformly within a circle of 10 mm radius and 1.0 mrad of
divergence, and were tracked from 20 cm upstream of the
center of the solenoid. The yield of H- ions was 9.0%.
The predicted beam emittance 35 cm downstream from the
center of the solenoid are given in Table 1. The calculated
spin motion is shown in Fig. 6. Assuming 100 % initial
longitudinal polarization of the beam, a polarization of
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growth, using rms emittance,
component are shown in Table 2.

98.49% was calculated after passing through the fringing
field.

I
y

conserved

270.4mm mrad
3.81
0.903 mm/mrad
17.2 mrad/mm

4 COMPONENTS OF THE LEBT
Each device in the beamline was designed to minimize
spin aberrations. The six quadrupoles in this line will be
electrostatic. In this section, only the dipole and solenoid
magnets are discussed. Again, the Runge Kutta method
was used in particle tracking with field maps created
using OPERA-2D and 3D (TOSCA).

4.1 Dipole Magnets

The solenoid lens is the best focusing element for
matching of the high current (100 mA) H" beam into the
RFQ. However, we must pay careful attention to the spin
motion for the polarized beam, since the spin axis rotates
around the magnetic axis of the solenoid. As mentioned
above, the spin rotation angle will vary due to fine
adjustment of the solenoid field strength for focusing.
Therefore, there will be another solenoid after the RFQ to
align the spin direction vertically. Figures 8 shows the
spin motion of an on-axis particle. The calculated
remaining spin component is 99.6%. The aperture and
length of the solenoid magnet are 108 mm and 241.3 mm
respectively, and the calculated effective length is 205.8
mm. This magnet will be operated at =3.3 kGauss at the
center of the magnet to match to the acceptance of the
RFQ.

To maintain the existing high current beam line, Dipole 2
(47.460), shown in Fig. 2, has to have at least 10 cm .of
aperture and be less than 30 cm in length. The bending
angle of Dipole 1 is only 23.73', but the identical design

1 _
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4.2 Solenoid

Table 1: Twiss parameters of the beam from theOPPIS
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Figure 8: Spin motion in the solenoid magnet.
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4 CONCLUSION
The LEBT for the new BNL OPPIS was designed
considering 3D field effects (except quadrupoles), and spin
depolarization. The expected total conserved polarization is
calculated to be better than 97.8% from the source ionizer
to injection into the RFQ. The emittance growths for
both planes through the line are less than 28%, and the
predicted RFQ transmission is 70%.

Figure 7: Over view of the Dipole magnet

Table 2: Effect of dipole magnets
Magnet
Hor. emit. growth (rms)
Ver. emit. growth (rms)
Conserved spin

Dipole 1
7.9 %
2.4 %
99.96 %

Dipole 2
6.7 %
4.2 %
99.82%

5

as Dipole 2 was applied due to large divergence from the
OPPIS. In order to minimize spin aberrations, a
rectangular shape was adopted so each particle sees almost
the same integral of magnetic field, so has almost the
same spin rotation. There is strong edge focussing of the
beam in the vertical direction. An overview of the dipole
design is shown in Fig. 7. The calculated emittance
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STUDIES OF SLOW-POSITRON PRODUCTION
USING LOW-ENERGY PRIMARY ELECTRON BEAMS
E. Lessner, D. Mangra, J. G. Power, P. Schoessow, M. White
Argonne National Laboratory, Argonne, IL 60439

Abstract

potential wells in which positrons can be trapped, thereby
reducing moderation efficiency.
ngatie-wrk-further
frm
prducd
Slowpostronbeas
Slowpostronbeas
prducd frm ngatie-wrkSince the positron production rate is proportional to
function solid-state moderators have found numerous beam power, the required beam power is generally
applications in condensed matter physics. There are achieved using high-energy electron beam&. There is a
potential advantages in using low-energy primary electron possible advantage in using a low-energy, high-intensity
beams for positron production, including reduced primary electron beam for positron production. The raw
radiation damage to single-crystal moderators and positron yield decreases with the electron energy. The
reduced activation of nearby components. We present softer positron energy spectrum should improve the yield
numerical calculations of positron yields and other beami
of moderated positrons, due to the shorter time required
parameters for various target-moderator configurations for the positron energy to be reduced by dE/dx losses in
using the Argonne Wakefield Accelerator (AWA) [1] and the moderator. Additionally, use of low-energy positrons
Advanced Photon Source (APS) [2] electron linacs [3] as should reduce radiation damage to the moderator crystal
examples of sources for the primary electron beams. The lattice, and also result in lower activation of the target,
status of experiments at these facilities is reviewed,
moderator, and nearby beamline materials. At the 14incident electron beam energy with which we are
TIONMeV
1 IN RODU
1 IN RODU
TIONprimarily
concerned, photoneutron production rates are
Slow positrons are valuable tools in atomic physics, very low [5,6].
In this paper we report on a planned experiment to
materials science, and solid state physics research. They
can. be used to probe defects in metals, to study Fermi study the efficiency and yield of slow positrons produced
surfaces and material surfaces and interfaces, and to by the low-energy intense electron beam from the AWA
obtain detailed information about the electronic structure drive linac. We discuss simulations, experimental
of materials. Positrons can be used to gain information configurations, and instrumentation. Possible future
complementary to that acquired by other means such as directions will also be mentioned.
x-ray and neutron scattering. Slow positrons can be
obtained either by moderating positrons emitted by some
2 POSITRON YIELD CALCULATIONS
radioactive sources or produced when an accelerated
The EGS4 electromagnetic shower Monte-Carlo code
electron beam hits a high-Z target.
[7], together with a C-language user interface code [8],
In both cases the positron beam occupies a much larger was used to optimize the production target thickness for
phase-space volume than is useful and some kind of maximum positron yield. Phase-space coordinates of
cooling is required. Damping rings can be used at high- positrons exiting the target were taken as input to beam
energy accelerators, but for the eV-scale positron kinetic optics codes used for design of the spectrometer and
energies used in condensed matter physics experiments, a detector. The incident electron beam energy was taken as
more appropriate technique is the use of solid state 14 MeV, corresponding to the beam energy from the
moderators. The moderators are typically single-crystal AWA drive linac. The production target is made of
metal films or solid noble gases and are made of materials tungsten.
that possess a negative work function for positrons.
Raw positron yield was studied at various energies as a
Positrons thermalize near the moderator surface and are function of target thickness [9]. The maximum yield of
eventually ejected with a kinetic energy equal to the work _0.005 e+/ e- occurs at around 2.5 mm; this thickness will
function.
Ibe used subsequently in this paper. In the simulations, the
The moderation efficiency is low due to competition incoming electron beam energy is represented by a
between the thermnalization process and the annihilation Gaussian distribution whose mean and standard deviation
of psitonswit
elctrns i th moeraor.The are 14 MeV and 0.7 MeV, corresponding to the measured
geometry of the moderator is relevant as well;* a AWA average beam energy and energy spread. The beam
moderator structure with a large surface-to-volume ratio size is similarly represented by a Gaussian distribution of
will provide the best chance for the positrons to stop near zero mean and standard deviation equal to an rms beam
the surface and be ejected [4]. The moderator material radius of 1.5 mm. The beam is normal to the target.
quality is also an issue. Polycrystalline materials contain Positrons exiting the target are distributed over a broad
crystal defects and grain boundaries that can provide
0-7803-5573-3/991$10.00@ 1999 IEEE.
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range of angles and energies. The positron energy
spectrum is shown in Figure 1. The spectrum exhibits a
broad peak at an energy of 2 MeV and standard deviation
of -2 MeV. The positron radial distribution right after the
target is shown in Figure 2. The positron angular
distribution with respect to the z axis is shown in
Figure 3, where only the positive angles are plotted. The
distribution is peaked around 0', the small angles
correspond to the high-energy particles, and the
distribution is symmetric with respect to the z axis. The
angular distributions around both the x- and y- axes are
uniform. An insert in Figure 3 shows the coordinate
system used in the analysis.
Only a small fraction of the positrons produced will
actually be transported to the test chamber due to their
large angular divergence and energy spread. The
PARMELA code [10] was used to calculate the
acceptance of the spectrometer and diagnostic chamber.
We estimate that 8.75 x 106 positrons per 40 nC of
incident 14-MeV electrons will arrive at the test chamber.
StDev = 1.95 MeV
= 3.48 MeV
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Figure 3: Positron Z angular distribution from 14-MeV
electrons impinging on a 2.5-mm-thick tungsten target.
The distribution is symmetric with respect to the z axis.
Only positive values are shown.
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3 EXPERIMENTAL CONFIGURATION

1-150

The AWA drive linac is a photoinjector-based machine
that can provide 30-ps-long electron pulses containing
more than 40 nC/pulse at 14 MeV. The electron beam

• 10

will be focused to a < 1-cm-diameter spot at the 2.5-mm-

o
i 100

thick tungsten target. The target is located directly
upstream of a dipole magnet that acts as a spectrometer to
measure the positron energies and as a charge separator to
dump secondary electrons. The electron (negative bend)
side of the vacuum chamber is lined with 2.5 cm of
graphite to absorb secondary electrons while minimizing
x-ray background due to bremsstrahlung in the chamber
walls. Figure 4 is a plan view showing the target,
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Figure 1: Energy spectrum of positrons from 14-MeV
electrons impinging on a 2.5-mm-thick tungsten target.

spectrometer, and diagnostics.

o

Positrons are bent by the spectrometer into a diagnostic
chamber. The path of the positrons as they are bent
toward the screen is indicated in Figure 4. Initial
experiments involve measurement of raw positron yields
under various conditions of energy and target thickness in
order to calibrate the Monte Carlo calculations.
Instrumentation consists of a phosphor screen viewed by
a CCD camera and a Faraday cup. A 10-mm-thick (about
3 radiation length) tungsten plate is located upstream of

oo
o 200

the Faraday cup. The plate has a 1-mm slit to define the
momentum slice accessible to the Faraday cup for a given

C-

spectrometer field setting. Sweeping the spectrometer
current permits a measurement of the positron energy
spectrum. Reversing the spectrometer current bends

StDev = 0.27 cm
Mean = 0.21 cm
=0.10 cm

400-

S
S300-Peak

S100
SI

electrons into the diagnostic chamber for tuning and
calibration purposes. Construction of the vacuum
equipment is nearing completion and we anticipate being
able to make measurements shortly.
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Figure 2: Radial distribution of positrons right after the
target from 14-MeV electrons impinging on a 2.5-mmthick tungsten target.
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Figure 4: Plan view of the target, spectrometer, and
diagnostics, showing the beam path as the positrons are
bent toward the screen.

4 FUTURE PLANS
After the positron yield has been fully understood, the
Faraday cup/phosphor assembly will be replaced by
tungsten sheet moderators and eventually also by thin
single-crystal tungsten moderator foils. The moderation
efficiency as a function of moderator type and incident
beam energy will be studied using a pair of Nal counters
to measure the back-to-back 51 l-keV gamma rays from
positron annihilation at rest in the moderator. A solenoid
will be installed immediately downstream of the target
and tested to assess its effect on capture and transport
efficiency as compared to simulation.
A low-field solenoidal beamline will be constructed to
transport the slow positrons to a secondary moderator and
experimental chamber. Yield from the secondary
moderator will be measured using micro-channel plates
Several of the envisaged experiments require shortpulse beams with good timing resolution. A trap capable
of collecting positrons from the entire beam macropulse
and expelling them as a short pulse will then be required.
The 30-ps pulse length from the AWA photocathode
gun can be shortened to several ps using a fairly simple
magnetic chicane. The resulting positrons can be energy
selected and used to perform positron lifetime studies in
bulk materials.
Previously, computer simulations and beam studies
were performed using the APS linac and determined that
it-is well suited as a slow-positron-source driver [11,12].
The APS linac is being reconfigured to drive an FEL in
addition to its normal duties as the APS injector. The DC
thermionic gun has been replaced by a photoinjector.
Spent beam from the FEL is a source of high-energy,
few-ps electron pulses that could be directed into a slowpositron target instead of to a beam dump. The DC
thermionic gun can then be reconfigured to drive a highintensity (70nC/30ns pulse), low-energy positron source
as well.

URL http:llwww.aps.anl.gov/welcome.html
[3] M. White et al., "Construction, Commissioning and Operational
Experience of the Advanced Photon Source (APS) Linear
Accelerator," XVIII Intl. Lin. Acc. Conf. Proc., pp. 315-319
(1996).
[4] P. Schoessow, J. Simpson, "Accelerator-Based Cold Positron
Beams," in Linear Collider BB Factory Conceptual Design, Proc.
of the UCLA Workshop, D. H. Stork, Ed., 26-30 Jan 1987.
[5] S.S. Dietrich and B. L. Berman, "Atlas of Photoneutron Cross
Sections Obtained with Monoenergetic Photons," LLNL Report
UCRL-94820, June 1986, Preprint.
[6] Marion M. White and Eliane S. Lessner, "A Low-NeutronBackground Slow-Positron Source," 8th Int'l. Workshop on Slow
Positron Beam Techniques for Solids and Surfaces (SLOPOS8),
Cape Town, South Africa, 6-12 September, 1998, to be published.
[7] R. Nelson, H. Hirayama, D. W. Rogers, "The EGS4 Code System,"
SLAC-265 (1985).
[8] L. Emery, private communication.
[9] E. Lessner, M. White, "Bremsstrahlung Pair-Production of
Positrons with Low Neutron Background," Proc. of the XIX Int'l.
Linac Conf., Chicago, IL, USA, 23-38 August 1998, pp. 306-308.
[10]L. Young, J. Billen, LANL Internal Report LA-UR-96-1835, 1996.
[1 ]E. Lessner and M. White, "Concepts for a Slow-positron Target at
the Advanced Photon Source," 1997 Particle Accelerator
Conference, May 10-17, 1997, Vancouver, Canada, pp. 327-329

(1998).
[12]M. White and E. Lessner, "Slow Positron Target Concepts for the
Advanced Photon Source (APS) Linear Accelerator," Positron
Annihilation ICPA-II, Proceedings of the l1th International

1969

Conference on Positron Annihilation, Material Sciences Forum
Volumes 255-257, pp. 778-780 (1997).

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

THE 10 KEV INJECTOR FOR THE UNIVERSITY OF MARYLAND
ELECTRON RING PROJECT*
T. Godlove, P. Haldemann, and D. Kehne, FM Technologies, Inc., S. Bernal, P. Chin, R. Kishek,
Y. Li, M. Reiser, M. Venturini, J.G. Wang, W.W. Zhang, Y. Zou, UMD, and I. Haber, NRL
Abstract
The 10 keV, 100 mA, Pierce-type electron gun and
injector for the University of Maryland Electron Ring
(UMER) Project are described. Using a pulsed control
grid located 0.15 mm from the 4-mm radius cathode, 100ns bunches are generated. The A/K gap is variable,
producing beam currents ranging from 50 to 160 mA. A
rotatable aperture plate is included to allow six different
masks, including a pepperpot. Beam current after the
aperture plate is measured with a built-in Rogowski coil.
The injector line consists of a solenoid lens, five printedcircuit quadrupoles, and two in-line diagnostic chambers.
A separate, multi-purpose chamber is placed at the end of
the injector line during gun characterization studies for
emittance, profile, and energy analysis.

2 ELECTRON GUN
The electron gun is similar to a 2.5 keV gun used at the
University of Maryland for some years [3]. It employs a
conventional Pierce geometry and has a control grid
located at 0.15 mm from an 8-mm diameter dispenser
cathode. The electrode boundaries are shown in Fig. 1.
While the gun is designed using EGN for an optimum
current of 100 mA, a variable A/K gap is included to
provide currents from 60- to 140 mA. A rotatable
aperture plate, located near the beam waist, allows 6
different masks to be moved into the beamline.
The primary aperture, having a diameter twice that of the

1 INTRODUCTION
EGN Boundary for the 10 kV Gun

80
A model electron ring is being built at the University of
Maryland to investigate the effects of space charge in
bending systems, heavy-ion recirculators and rapidcycling rings with a limited number of turns [1]. For this
research a space-charge-dominated, low emittance,
relatively low energy (nonrelativistic) beam is desired. In
this paper we describe the design of the injector, a key
component of the electron ring. The injector consists of
an electron gun, means for matching the beam into a
quadrupole lattice, and pulsed elements for injecting the
beam into the ring. The pulsed elements include a pulsed
dipole and two Panofsky quadrupoles, one for the injected
beam and the other for the recirculating beam [2].
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The beam parameters were chosen to be 10 keV and 100
mA, corresponding to generalized perveance of 0.0015, to
model large accelerators with similar space-charge effects
and to keep the cost in line with university research. Here
the generalized perveance is K = 2(I/Io)(mfM)(0 )-3,
where I is the beam current, Io=107mc/e= l7kA, m and M
are the mass of an electron and the particle in question,
respectively, and 01 are the usual normalized velocity
and total energy of the particle. For K=0.0015, the space
charge forces are similar, for example, to a 100-MeV, 2.5
kA proton beam or a 1-GeV, 5 kA mass-200 beam. While
such ion currents have not been achieved, nevertheless the
space-charge forces put the 10-keV beam in an important
new regime of study which is important for a number of
applications.
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Fig. 1 Boundaries used in EGN gun design.
beam, allows full beam transport. Three round intercepting apertures provide currents of 0.5%, 15%, and 55%. A
"pepperpot" mask is included for emittance measurements,
and the final mask employs a 5-beamlet distribution to
enable detailed comparison with PIC simulations.

* Supported by the US Department of Energy.
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Beamn Current is measured after the aperture plate with a
built-in Rogowski coil. A gate valve is included to allow
isolation from the remainder of the vacuum system. EGN
simulations locate an 8-mn diameter waist at 1.2 cm
downstream from the anode grid. The 4x rms normalized
thermal emittance of the cathode is calculated to be 3.5
mm-mrad. EGN predicts negligible growth above this.
Analytic calculation of grid effects produces a total
expected emittance of 4 mm-_mrad. While previous
experience with the 2.5-keV gun indicates emittance
growth of up to 80% [3] above "the thermal emitance, the
specification for the 10-keV injector allows for emittance
growth of up to 280%. This should be easily achievable.

the lattice optics, then with dc injection elements, and
finally with the pulsed dipole and Panofsky quadrupoles.

The entire gun is bakeable to 25.00 C. An 8 l/s ion pump
mounted below the front face of the gun is sufficient. The
field from the pwmp is <03.1 G at the cathode.

The injection angle is 10°, with the injection point located
at one of the normal 100 ring bends, enabling a 200 angle
between the two adjacent straight sections.

A large, multi-purpose, bakeable diagnostic chamber is
under construction to characterize the electron gun both
before and after it is mounted on the injector line.
Diagnostics include: (1) a fluorescent screen which is
movable along the axis for transverse profile and envelope
measurements; (2) a Faraday cup used as a beam stop and
current monitor; (3) a slitand-wire system for emittance

and (4) a retarding-field analyzer to
measurements
measuretents enegy homogreneity.g-Teld
asr
two
measure the energy homogeneity.
The last two
diagnostics are mounted on flanges transverse to the beam
axis so that they may be accurately inserted and retracted
usingremotely controlled precision motor drive,

Beam characterization will be performed ih several steps:
first with the gun alone, then with the injector line to study

3 INJECTOR LINE
The injector line, shown in Fig. 2, has one solenoid and
five printed-circuit quadrupoles [41 plus the Panofsky
quadrupole. This enables matching the beam into the
lattice as well as providing considerable freedom of
adjustment of the parameters. Two diagnostic chambers
are included in the injector line similar to those in the ring.
Each houses a capacitive pickup beam position monitor
(BPM), a fluorescent screen, and a 4-inch pumping port.

Because of the strong space charge, the quadrupoles in the
ring are spaced with a half-lattice separation of 16 cm.
However, the cramped quarters near the injection point
preclude such close spacing. For this reason the design
uses two Panofsky quadrupoles (one shown in Fig. 2), one
for the entering beam (which is turned offbefore the beam
bere ah am
whice the off
for lteenerng
com
ple eon
e turn
e ot sere as
am

ring quadrupole and must be turned on before the beam

completes the first turn. With a circulation time of 200 ns,
the bunch length is expected to be 50-75 ns. The rise and
fall time of the pulsed elements is expected be -30 ns [2].
Since the two Panofsky quadrupoles overlap slightly, the
mutual interaction is of some concern and is being studied
with bench models.
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The injection Y-shaped chamber will be glass, with a thin
metallic coating on the inside to prevent charge buildup
but allow fast field penetration.
Figure 3 shows a calculation using the K-V envelope code
SPOT [5] based on a configuration without the bend. The
position and strength of the solenoid and printed-circuit
quadrupoles were adjusted based on the mechanical
constraints noted above as well as optimum match to the
FODO lattice.
Orbit steering corrections will be
accomplished with a combination of Helmholtz coils and
thin discrete dipoles located in the injector line.

cable for the pulse network and a fast (-1 ns) avalanche
transistor switch.
Power is supplied through an isolation transformer, and
pulses are supplied to the deck via a fiber-optic link. A
trigger pulser has been built and tested which produces
pulses from 1 Hz to 120 Hz. The pulser is synchronized
to the AC line and has delay capability up to 8 msec for
setting the trigger to coincide with zero AC fields at the
cathode.

5 CONCLUSION

A complete injection system has been designed and is
The 3-D PIC code, WARP [6], is being used for more under construction for the University of Maryland electron
for deliveritya Maland matron
ring.rItis
detailed calculations of the beam dynamics, including the
a high quality, matched
100 bends. Results to date indicate that emittance growth ring. It is capable of delivering
with dynamics ranging from emittanceringspace-charge-dominated,
to the to
or 255 tuns
rasoabl
is reasonably issmll
small
for
turns inn te
the rng.Onebeam
ring.
One dominated
satisfying the
particularly sensitive tolerance is rotation of the printed- needs of the experimental program. Initial tests of the gun
circuit quadrupoles about the beam axis.
WARP
well are scheduled for the summer of 1999. Full installation
agree
dynamics
calculations specific to the injector
and tests of the injector are planned to be completed by
initial
that
provided
with the SPOT results noted above,
December 1999.
were done to determine the optimum lattice
runs
conditions just before the inflector bend.
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4 ELECTRONICS
The pulser for the electron gun is similar to that used in
the existing UMD 2.5-keV gun. It consists of a highvoltage deck which houses a filament transformer, a grid
bias supply, a 200-V pulser supply and the 100-ns pulse
generator. The pulse generator uses a charged coaxial
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SECONDARY EMISSION MAGNETRON INJEGON GUN IN LONG PULSE MODE
S. A. Cherenshchikov, G.M. Ivanov, L.A. Makhnenko, KIPT, Kharkov, Ukraine.

Abstract

I=JLxzd

The Secondary Emission Magnetron Injection
Gun (SEMIG) is relatively a new cold-cathode electron
gun [1]. The advantages of the SEMIG in long pulse
operations are more obvious when we apply it for power
radio-frequency sources and electron linacs. Experimental
facility and a method of emission excitation in the SEMIG
are described. The method consist of the secondary
emission multiplication on the trailing edge of the voltage
pulse.
SEMIG
is operated
extern pulsedriver. The
Similar
method
is knownwith
for the
magnetrons.
The
elivetron beianr wthod
pse duraiown uprm etro3ns. ad
repetition rate up to 50 Hz (duty factor up to 15%) is
obtained.

1 INTRODUCTION
The main direction of accelerator development is
increasing its lifetime, and efficiency. The new cold
cathode electron gun gives us this possibility. The gun is
known as the Secondary Emission Magnetron Injection
Gun (SEMIG) [1]. It is based on a new principle: selfsupported secondary emission in crossed fields. The gun
may be used as injector in electron linacs [2] and radiofrequency power sources [3-6] for accelerators,
The field of gun application may be large if it
could produce high current relatively long pulses of
electron beam at high current. Conveniently, all high
current linacs and power sources use solenoid as magnetic
field sources. If the duty factor of device increases then
full efficiency increases too, because solenoid feed power
is constant. This shows the great importance of increasing
pulse length because duty factor is in proportional of
pulse length. The possibility of obtaining a long pulse in
cold cathode magnetron was shown earlier [7]. Now we
describe the long pulse mode in SEMIG.

2 THE PULSE DURATION LIMITATIONS
The limit of the current density J depends on
pulse length r" and cathode material. The estimation is
made on the base of Kovalenko's understanding [8] of
the physical processes in vacuum tube. The current
density J is estimated as:
const
J =
(1)
where for copper:
const=260 [A cm2 (gs)" 2]; for
tungsten: const=860 [A' cm"2" (gs) j2].
Maximum current I may be estimate as
0-7803-5573-3/99/$10.00@ 1999 IEEE.

(2)

where L - cathode length, d - cathode diameter. In our
data I is equal to 45 A. The current is more large then one
from conventional thermoionic cathode for the accelerator
[8].

3 THE CONDITION OF SECONDARY
EMISSION EXCITATION
The SEMIG consists of a hollow tube anode and
coaxial finger-like secondary emission cathode inside it
[1]. Correspondence between value of magnetic field and
apply voltage pulse is chosen in order to make electrons
to return the cathode (Hell's cut off relation). The
start of
electron multiplication occurs at the fall of the negative
high voltage pulse applied to the cathode [10,11]. After
initiation the electron emission continues at the top of the
following part of the pulse [12].
The cause of secondary emission is additional
energy of returned electrons from the turbulent electron
flow in cross-field gap due to increasing electron space
charge. Near the cathode edge the electron space charge
gives axial component of the electric field. The axial
component is the cause of electron injection and produces
the annual electron beam.
For emission excitation the amplitude of voltage
pulse and the magnetic induction must be large enough.
Figures 1,2 show theory [10] and experimental boundaries
[12] of excitation region in coordinates "voltageinduction".

4 EXPERIMENTAL FACILITY
The auxiliary firing pulse amplitude for puremetallic cathodes is high enough even when the magnetic
field is optimal [12 ]. The attempts to start the secondary
emission with the help of the existing submodulator was
made to do it by the in previous tests and experiments
were unsuccessful. That's why the decision was made to
do it by the main modulator pulse which in our previous
experiments ensured firing with the sufficiently high
voltage decrease. The submodulator forming circuits and
its pulse transformer didn't ensure producing of pulses
with the microsecond range. So, the scheme of experiment
was chosen as shown in Fig. 3. By this scheme the pulse
from main pulse modulator I was used as exciting one.
Position 2 is the matched cable, and position 3 is the pulse
step-up transformer, put in tank 4 filled with oil. The
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pulse was fed to vacuum volume through high-voltage
insulator 5, and reached the cathode 6. The cathode 6 was
situated coaxially inside the anode 7 which
simultaneously worked as passing pipe. The isotropic
magnetic field along the axis of cathode 6 and anode 7
was produced by solenoid 8. The magnetic field induction
could be tuned in the interval 0 - 0.3 T by changing the
current in the solenoid 8. The beam formed by the gun 6,
7 was falling on the collector 9. The beam current value
and the pulse duration were obtained from oscillograph 10
of type C4-74, using the synchronization system 11. of
Universal Injecting Complex (UIC) [9]. The long beam
current pulse was formed by accumulating condenser 12.
To avoid the rectifier diodes damage in the case of
gun
spark-over the resistor 13 with low resistance was
included in series into the gun circuit. The choke 15 was
the short circuit defense of the gun. The voltage of the
accumulating condenser 12 was tuned by autotransformer
in limits of 0-20kV.

(4

-

,....

V

Fig.lThe theory region of secondary emission cross-field
excitation [10] (Xxx)

KV

After the pulse from modulator 1 is guided to the
gun cathode 6, relatively the grounded passage tube 7 at
the fall of the pulse begins the secondary emission
multiplication [10,11]. If the multiplication is large
enough at the end of the pulse, self-supporting secondary
emission mode is established. After the pulse ends
generation of the beam is continuous due to the discharge
of accumulating capacity 12. If the pulse duration
increases the beam current decreases. Experiments have
shown that it is possible to increase the duration of the
pulse to 3,000 Vs at the magnetic field of 0.13 T and the
value of capacity 12 is 0.1 pF.
All modes are shown in the table
Pulse
duration, ps
200
400
3,000

B

A

5 RESULTS

Number of Magnetic
the mode
field, T
1
0.130
2
0.154
3
0.138

.

KV'.
-5-28,2

tO

2

18.8

5

-3
0.7
Fig.2 The experimental excitation boundaries in the
magnetron [12).

03

0.5
6.T

At the left the pulse modulator voltage is shown. At the
right the amplitude exciting pulse is shown.

Beam
current, A
0.05
0.10
0.005

'A

5

Fig.3 The shame of experimental facility:
1- main pulse modulator; 2-coacsial cable; 3- pulse
transformer; 4- oil tank; 5- main insulator; 6- secondary
emission cold cathode; 7- anode- (drift-tube); 8- solenoid;
9- collector (Faraday cup); I I- oscillograph; 12accumulating condenser; 13- defense resistor; 14-gun
power souse (submodulator); 15- defense choke.
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SECONDARY EMISSION MAGNETRON INJECTION GUN FOR LINAC
S.A.Cherenshchikov, G.M.Ivanov, L.A.Makhnenko,
A.N.Opanasenko, KIPT, Kharkov, Ukraine

Abstract
The experimental research results for operation of the
cold cathode magnetron injection gun in the linear
traveling wave accelerator are described. The mechanism
of the gun operation is connected with the current
secondary electronic increase and the establishment of a
self-supported secondary emission. The comparison of
the beam passage conditions for a thermionic gun points
on the fact, that the characteristics of the magnetron gun
are acceptable for the purposes of injection in the rf.
accelerator.

1 INTRODUTION
The development of the accelerator engineering and of
associated powerful rf sources put the new requirements
to the appropriate sources of powerful electron beams.
Thus it is more and more necessary to consider the
alternatives to the traditional sources based on thermionic
cathodes. One of such alternatives in the case of the
necessity to achieve simultaneously a high current density
and a long service life it can be the magnetron injection
gun in the secondary emission mode [1]. The long service
life of the cathode creates new opportunities in the
accelerating engineering. For example, the manufacturing
of the steamed off industrial accelerator modules instead
of the existing vacuum pumped ones. Besides, the
magnetron gun with the cold cathode, as will be shown
below, is capable to form short (nanoseconds) current
pulses with the help of the rather long voltage pulses on
the gun. It has the essential practical importance for
creation of the high current short pulse accelerators, as it
facilitates formation of a high voltage to feed the gun.
Moreover it is supposed, that the magnetron gun with
cold cathode will be steady to back bombardment by the
electrons reflected from the accelerating structure [2], and
the last can limit the pulse recurrent frequency and the
thelas ca liitthepule
rcuren frquecy nd he
service term of the thermionic cathodes. The magnetron
gun has a number of peculiarities, which can affect the
gun operation in the rf linacs. First it is the cathode not
magnticscrene
andthetublarformof eam To
magnticscrene
andthetublarformof eam To
estimate the operation peculiarities of such a gun in the rf
linacs was the purpose of the researches presented below.

energy accumulation. UIC consist of a threode thermionic
gun; two cavity buncher placed in focusing solenoids;
injector and two accelerating sections, which are supplied
by a system of rf power recuperation. To carry out the
experiments, described below, the thermionic gun was
demounted and on its isolator a secondary emission
magnetron injection gun (SEMIG) was mounted. The
circuit of experiment is shown on Fig. 1. SEMIG consists
of two cylindrical coaxial electrodes placed inside the
solenoid of the buncher (SG). The internal electrode
serving as a cathode (C) is a metal rod established on
high-voltage isolator (I) in the transit channel, the walls
of which are the anode (A). The cathode feeder of a short
pulse voltage consists of the coaxial cable serving
secondary winding of the high-voltage pulsed transformer
(PT). The signal of the gun current is transferred through
this cable from the high-voltage circuits to the
oscillograph (I0).

3 THE GUN TESTING
After feeding the high voltage pulses on the cathode, and
turning on the solenoid creating the magnetic field in the
gun area the cathode current pulses with the amplitude up
to 20 ° were obtained. Their duration changed from 20 ns
up to 0.5 microsec depending on the mode. For this gun
the C-V characteristic, submitted on Fig. 2, is close to a
square law. The use of a cathode material identical to the
cathode material of the earlier investigated gun [4],
allows to compare their parameters on the basis of the
similarity theory [1]:
U2

I = CU

BD, l2-(Da
C
"D
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Where I is the beam current emitted from SEMIG; Da, Dc
are diameters of the cathode and anode accordingly; C is
a constant depending on emission properties of the
atco
de
pendingon
emis
the
cathode; U is the gun voltage; B is the magnetic induction
The solenoid.
The comparison shows the increase of the current in
our case. It is probably explained by stronger magnetic
o e. It is poal eplaine by tre magntic
fie Iagres with deped
ofte b
c
n
the magnetic field [5] measured later on.

2 EXPERIMENTAL EQUIPMENT
The Universal Injector Complex (UIC) of the accelerator,
LA-300 MeV [3] was used for the experiments. UIC was
intended for expansion of LA-300MeV opportunities to
accelerate high current short pulse beams in a mode of rf

(1)

3 HIGH CURRENT ACCELERATION
MODE
M
After feeding the rf power to the accelerating sections and
tuning the passage beam system, at the gun current about
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12 A and the gun voltage about 45 kV, the current of the
accelerated electrons about 0.5 A was obtained at the exit
of UIC. The small value of the beam capture factor is
probably caused by the low injection energy of electrons,
determined by the low gun voltage. Comparison of the
measured capture factors represented on the fig. 3 for the
beams injected by both the traditional thermionic gun and
SMIG shows that this capture factors represented on the
fig. 3 are practically equal when the gun voltages are
equal. The pulse duration of the relativistic electrons at
the accelerator exit was about 20 as. The duration of the
current pulses and voltage on the gun was essentially
more and was accordingly 50 ns and 1 microsec. The
reduction of the beam duration observed at the Faraday's
cylinder is determined mainly by two factors: by the
small (down to 1 ns) time of the excitation of secondary
emission in the gun at peak gun voltage and by the mode
of accumulated energy when feeding the gun and the
accelerating structures. The front of the beam pulse is
formed due to fast excitation of secondary emission. The
beam duration is increased with increasing the level of
the accumulated energy and is decreased with increasing
the gun current.
At testing SEMIG only the grouping and accelerating
sections were turned on. The second section was without
rf feeding and the focusing solenoid. Moreover, this
section had the small effective shunt impedance [3],
therefore at the current achieved in our case the influence
of the induced fields to the movement of the beam
particles can be neglected. Thus the second section
played only the role of a long pipe collimator with known
aperture.. In this case with the length, L and the diameter,
done can estimate the beam emittance [6] as

over several MeV at the exit of UIC. The pulse duration
of the current corresponded to the pulse duration of the
gun voltage. The typical oscillograms of the current
pulses are represented in the fig. 4. The rf pulse duration
exceeded the pulse duration of voltage on the gun (about
2 ms), and the synchronization system was adjusted so
that during the voltage pulse the rf power it would be a
constant. Thus to obtain the accelerated beam it is
necessary simultaneous feeding the voltage on the gun
and feeding of the rf power for the certain magnitude of
the magnetic field at the cathode and for the certain ratio
of phases of the buncher and the accelerating sections.
The typical oscillograms of the current pulses are
represented in the fig. 4. The rf pulse duration exceeded
the pulse duration of voltage on the gun (about 2 ins), and
the synchronization system was adjusted so that during
the voltage pulse the rf power it would be a constant.
Thus to obtain the accelerated beam it is necessary
simultaneous feeding the voltage on the gun and feeding
of the rf power for the certain magnitude of the magnetic
field at the cathode and for the certain ratio of phases of
the buncher and the accelerating sections.
Because of above we may assume that the researched
gun operates in the mode of the resonance cyclotron. Let
us estimate the magnitude of the frequency of cyclotron
oscillations. The transit time of an electron starting from
the cathode and back we determine in the correspondence
with [9]. Let's note the equation of radial motion of
electron in the gun:

dr
e

d2

7rL

4 CYCLOTRON RESONANS MODE

(3)

dr
de
U ,nr+ g22 (

flr)
rnir(P

(2)

Substituting numerical meanings of the aperture d=3.0
cm and the length L=200 cm, we receive the estimation
of the emittance not exceeding e< 140 mm mrad.

dl-

ln-+
a

a2 )2

- r---

8

r)

(2)
Where r is the radial coordinate of an electron; e, m are
the charge and mass of the electron accordingly; a, b are
the radiuses of the anode and cathode respectively.
S= eBim is the cyclotron frequency. This equation has
the solution in quadratures:
r

During tests of SEMIG in the structure of UIC, we have
detected that feeding the rf power to the buncher cavity
influences the excitation of the gun current. The gun was
located near to the buncher in a magnetic field as is
represented in a fig. 1. Probably the fringing field region
at the end of the buncher cavity achieved the area of the
gun cathode. Originally it was detected the current from
the cathode which was not seized in the mode of the
acceleration. The current was during almost the whole
gun voltage pulse (about 1 microsecond, 60 kV). The
current from the cathode arisen in a narrow interval of the
magnetic fields close to 136-140 mT and achieved of 1 A.
By tuning of the buncher phase it was possible to receive
20, mA current of the accelerated electrons with energy

T

f

J

dr

(4)

-21J(r)

a

The period of motion was calculated as the double time of
the motion up to the maximum radius. By inserting in the
integral expression (4) the numerical meanings of the
geometrical sizes of the gun: a=0.15 cm, b=1.5 cm and
the experiment data: B=138 moo, the average meaning of
the magnetic field taking from the interval in which there
is the secondary emission excitation; U=30 kV, the gun
voltage; we find the meaning of the cyclotron frequency,
f,=2.967 GHz. We see that the calculated frequency
coincides with the sufficient accuracy with the meaning
of the accelerator frequency, f =2.797 GHz. It point out
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on the fact that the gun works in the mode of the
cyclotron resonance.
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Fig.4 The typical oscillograms. The curves (a) and (b)
correspond to the pulses of the gun voltage and the beam
current respectively.
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Fig. 1 The experimental circuit of SEMIG in structure of
Universal Injector Complex (UIC).
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A HOT-SPARE INJECTOR FOR THE APS LINAC*
J.W. Lewellen t , K. Thompson, J. Jagger, S.V. Milton, A. Nassiri, M. Borland, D. Mangra
Advanced Photon Source, Argonne, IL
Abj'ract
Last year a second-generation SSRL-type thermionic
cathode rf gun was installed in the Advanced Photon
Source (APS) linac. This gun (referred to as "gun2") has
been successfully commissioned and now serves as the
main injector for the APS linac, essentially replacing the
Koontz-type DC gun. To help ensure injector availability, particularly with the advent of top-up mode operation at the APS, a second thermionic-cathode rf gun will
be installed in the APS linac to act as a hot-spare beam
source.
The hot-spare installation includes several
unique design features, including a deep-orbit Panofskystyle alpha magnet. Details of the hot-spare beamline
design and projected performance are presented, along
with some plans for future performance upgrades.

1 INTRODUCTION
In the coming months the APS linac will be supporting a
much broader range of uses than those for which it was
originally intended. It will be required to support not
only APS user operations with once-per-day fills, but
also to support storage-ring top-up mode operation [1]
and next-generation light source research such as the
APS low-energy undulator test line (LEUTL) project [2].
The LEUTL and other next-generation light source
experiments require low-emittance, high-charge single
bunches delivered to the end of the linac; and, as this is
in support of an experiment and not storage ring operations, injector availability is not as strong of a concern as
beam quality. The current injector of choice for LEUTL
operations, therefore, is a Brookhaven/SLAC-style photoinjector rf gun using a copper cathode and a frequency
quadrupled Nd:glass laser to generate the photoelectrons.
This injector is due for installation into the APS linac in
March '99 and will take the place of the DC gun at the
head of the linac.
The removal of the DC gun would leave the APS linac
with only one high-availability injector, and this has
been deemed to be an unacceptable risk to APS operations. Therefore, a hot-spare injector, based on a firstgeneration SSRL-style thermionic cathode gun [3]
("gunl"), has been installed into the APS linac to serve
as a backup injector,
This paper details the design requirements of the gunl
injector system, reviews the lattice design used for the
gunl injector, reports on first beam from gunl into the
Work supported by the U.S. Dept. of Energy, Office of Basic Energy
Sciences, under Contract No. W-31-109-ENG-38.
t email: lewellen@aps.anl.gov
*
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APS linac system, and describes possible upgrades to the
primary injection systems of the APS linac.

2 UPGRADE REQUIREMENTS
2.1 Portionsof beamline availablefor injectors
The APS linac already has an injector located in-line
with the first 3-meter SLAC-type structure in the linac
line (presently a DC gun, to be replaced by the photocathode gun in March '99). There is a 2.5-meter gap
between the first and second linac sections of the APS
linac; the gun2 injector alpha magnet is located approximately 1.4 meters upstream of the entrance to the
second linac section in the APS linac [4]. The only reasonable location for a hot-spare injector Would be in this
same gap between the first and second linac sections,
upstream of the gun2 injector alpha magnet. Other open
spaces along the APS linac would either interfere with
photocathode gun operation (if located upstream of the
first linac section) or would physically not fit into the
linac tunnel.

2.3 Requiredperfonnance
Any backup injector for the APS will eventually be required to have the same performance as the standard
injector in terms of APS operation: delivered charge to
the end of the APS linac, injection efficiency from the
linac into the rest of the APS injector system, and availability. It will not be required to serve as a backup or
alternate injector for experiments such as LEUTL, and
the sole criterion on beam quality is that it be "good
enough" to be accepted by the APS linac and downstream injection systems. These criteria should be easily
met by a first-generation SSRL-style thermionic cathode
rf gun.

3 BEAMLINE DESIGN AND
CONSTRUCTION
As mentioned above, there are strict constraints on the
possible placement of a backup injector in the APS linac
line. In addition to fitting an injector into the allowed
space, other goals of the design process were to keep the
rf gun beamlines as similar as possible, to reduce requirements on spare parts stores, and to reduce training
required for maintenance and operation.
The previously installed gun2 beamline is a fairly

standard thermionic-cathode rf gun beamline, using an
alpha magnet for bunch compression and for injecting
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beam into the linac line. One unique feature is the use of
a fast crossed-field kicker to limit the current injected
into the APS linac line [4] [5]. The new gunI beamline
was made to mirror the gun2 beamline as closely as possible, including beamline component placement and rf
flange arrangement, allowing a possible future update to
both guns with a single new gun design.
A sketch of the gunl and gun2 injector beamline layout is shown in Figure 1.

3.1 Power supply
Two high-power rf switches are used to provide power to
the rf guns. The first switch in line determines whether
the power from the first APS linac section exhaust is sent
to a load or to the rf guns. A second switch determines
whether rf power is directed towards gunI or gun2.
Since each switch has two input ports, the "spare" input
port on the second switch is connected to a waveguide
adapter, allowing a network analyzer to be used on
whichever gun is not receiving high-power rf.

3.2 Required differences
Because the gunI alpha magnet is located so far from the
linac, the guni alpha magnet must considerably overcompress the beam from gunl. The beam then ballistically recompresses during the drift to the linac. This
requires a deep-orbit alpha magnet, with a maximum
penetration depth of approximately 21 cm. (This is in
contrast to the gun2 system, which requires a maximum
penetration depth into its alpha magnet of only 10 cm.)
For several reasons, a Panofsky-style alpha magnet
was chosen for the gunl beamline, as opposed to a more
conventional parabolic pole-face geometry alpha magnet. The Panofsky geometry allows generation of the
photo4-< cathode
gun

-

large required "good field" region with relative ease.
The Panofsky-style quads and alpha magnets operate
using current sheets, so the actual magnet construction is
rather simple; this allowed tight construction and installation schedules to be met. Finally, the Panofskystyle alpha magnet, even with its large good-field region,
is actually rather compact, allowing it to readily fit into
the beamline.
The crossed-field kicker design is the same for both
beamlines; however, the pulsed power supply for the
gunl kicker is located outside the tunnel, in a shielded
rack enclosure, rather than inside the tunnel as is the
gun2 kicker supply. This was done not only to reduce
the amount of equipment located in the tunnel (and thus
less accessible for maintenance) but also to attempt to
reduce the noise introduced onto the beam current
monitors when the kicker fires.

3.3 Diagnostics
The gunI diagnostics are similar to those used for gun2.
A beam current transformer is located immediately
downstream of the gun, allowing the total beam current
pulse to be measured and integrated for current stabilization via feedback on the cathode heater. A Faraday
cup, located on the straight-through trajectory, allows
verification of kicker operation and beam transport efficiency. A second beam current transformer downstream
of the alpha magnet allows verification of beam transport
through the alpha magnet.
After the beam from gunl has been injected into the
APS linac, all of the standard APS linac diagnostics,
including wall current monitors, beam position monitors,
fluorescent screens, spectrometers, etc., are available as
well.

Faraday cups
alpha m

quadrupoles-

sc

-crossed-field
_section

fluorescent
screen

kickers-

S-band linac

current monitors
correctors
gunl

gun2

Figure 1: APS main injector layout. Trajectories in the alpha magnets are to scale.
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4 PERFORMANCE TO DATE

cient design and is the most likely candidate for the
cause of measured stray fields.
Pending additional commissioning stulies and field
measurements to determine requirements, a set of saddle
coils for the gunl alpha magnet could be complete and
ready for installation during the December '99 - January
'00 APS maintenance shutdown.

4.1 Gun] testing
Initial testing of gunl consisted of cathode heater cycling, low-power rf measurements, and high-power rf
conditioning. Once installed in the tunnel and fully rf
conditioned, gunl was used to generate a 1-A (macropulse average) beam current without difficulty.

5.2 Magneticfield probesforfast turnover

The gunI alpha magnet was tested before installation
and found to have acceptable field quality inside the region to be traversed by the electron beam; in fact, its
field quality is better than gun2's more traditional parabolic pole-face alpha magnet. Larger than anticipated
external (stray) fields were measured, especially when
operating the magnet at higher currents. This is due to
the use of "back-leg"-style coils rather than saddle coils
for the alpha magnet windings, a choice made in the interests of economy and fabrication time. The stray fields
are not strong enough to overwhelm the available steering correction at the operating magnet currents, however,
The location of the crossed-field kicker supply outside
of the linac tunnel has proved to be effective in reducing
the noise introduced into the diagnostics signals.

Presently both gunl and gun2 alpha magnets are solidcore magnets, and if not degaussed, exhibit relatively
strong residual fields. In order to achieve good beam
transport from the gunl alpha magnet to the linac entrance, a relatively long degauss cycle must be completed on the gun2 alpha magnet. Both alpha magnets
should be thoroughly degaussed when running the photocathode gun in order to help preserve beam emittance.
By including a magnetic field sensor such as a Hall
probe inside both alpha magnets, the APS control system
could be used to automatically adjust the alpha magnet
trim supplies to zero the field completely without the
need for a long degauss cycle. This would assist both in
experimental operation of the photocathode gun and in
the use of gunl as a hot-spare injector, as presently the
gun2 alpha magnet degauss is the longest task in the
switchover process.

4.3 Operationas an APS injector

5.3 Diagnostics

Gunl has successfully been operated as an injector for
the APS, providing beam injection into the linac and
through the APS injection system to the booster dump.
Sufficient charge was delivered to allow a storage ring
refill via gunl, should beam have been lost at that time.
Larger than anticipated beam current losses were encountered between gunl and its alpha magnet; this does
not appear to be related to the alpha magnet stray fields,
as the losses are also encountered when running beam to
the gunl alpha magnet Faraday cup. Once through the
alpha magnet, however, beam losses through to the end
of the linac line and the remainder of the APS injection
system
were normal.
Comtemissioingjorm.
iWe
tinuing. As of this writing, the linac control software is
benuing.uAded tof atomawrticgealy controle
g
os
being upgraded to autom atically control either fthere
gunl or
gun2 as the APS primary injector.

Although beamline space in the main injector area is
now limited, there is still room for additional diagnostics. In particular, a longitudinally thin wire scanner
placed at the entrance of both alpha magnets would considerably aid in obtaining proper injection into the alpha
magnets. Also, a beam position monitor could be placed
immediately before the linac entrance aperture. This
would allow automatic beam transport and steering optimization between either alpha magnet and the linac
entrance.

would like to thank Charles Doose, George Goeppner, John Noonan, Stan Pasky, and Dean Walters for
their assistance and support of the fabrication, installat o ,a d c m i s o i g o h u l i j c o y t m
tion, and commissioning of the gunl injector system.

5 POSSIBLE FUTURE UPGRADES
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4.2 Beamline components

5.1 Alpha magnet coil upgrade
As mentioned, the gunI alpha magnet uses racetrackstyle coils rather than saddle coils. This is a less effi-
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CERAMIC DISKS AS EFFICIENT AND ROBUST CATHODES
I. Boscoli
University andINFN, Dipartimentodi Fisicavia Ceioria 16, 20133 Milano, Italy

Abstract
Electron emission from ceramic disks depends strongly on
the shape of the front electrode. The common interconnected grid is not good for a stable emission. An electrode
consisting of an ensemble of metal point-likeislands within
a metal ring leads to quite a stable emissiot., In the firstcase
the sandwich of the continuous electrode (on one surface)
and the grating (on the front surface) constrains the domain
and the charge carriers to move within the zones covered
by'the stripes, whilst the quasi-open patchy surface allows
the domain switching and in turn the electron flux over the
whole area.

1

INTRODUCTION

The emission presented in the paper refers to energetic
electrons expelled in a ceramic disk when excited by a fast
high voltage pulse applied to the electrodes deposited on
the two surfaces [1, 2]. Tie so-called relaxors and antiferroelectric ceramics with fast transition under the action of an electric field are suitable for electron emission
[3]. Lead lanthanum zirconate titanate (PLZT) was used
in the emission experiments, in proportions of 4/9515 and
8/65/35, where the numbers refer respectively to the lanthanum, zirconium, and titanium atomic percentage. The
two ceramics are in the antiferroelectric and ferroelectric
(AFE-Fe) phase respectively at room temperature [3].

aý

W

b•

Figure 1: Sketch of the two electroding types of the front
surface: the stripes are 200 pim with an interdistance of the
same width.
The emission results erratic as a function of samples and
decaying with the shot number when the conventional grating front electrode, fig. 1, is used. The aging effect, Which
leads to segregation of spontaneous polarization switching
uhder the metal strips and to the screening of the domains
of the uncovered zones, can be accounted for that behavior
[4]. These segregation processes are avoided substituting
the grating with an electrode consisting of a pattern of unconnected patches contained within a ring. The experimental results and a possible interpretation are presented.
0-7803-5573-3/99/$10.00@ 1999 IEEE.

The application of a >10 kV/cm electric field through
the samples induces not only spontaneous polarization
switching
the[2].
crystal,
also plasma
formation
on
the cathodewithin
surface
Both but
processes
generate
electrons,
but the former generates a group of energetic electrons
but thectonsi
er generates
angoupof
energetic
(FE electrons), whilst the latter generates only nnnergetic
electron"
2 EXPERIMENTAL RESULTS
Diffeiefit pittei'ns of metallic iglands (fig.1) were tested:
a) deposition of a uniform 100-A gold film (which autoarranges in separate patches); b) a very thin silver paste
film, which auto-arranges as a patchwork; c) a uniform filling of the surface holes (the material is porous) with a carbon paste; and d) Au evaporation with a mask of 50-pmdiam islands with an interdistance of 50 pim.
Samples without metal islands (with the external lmetal
ring only) did not work; samples with a 50-jm interdistance between islands worked badly. All the others always
emitted, but the shorter the interdistance between the islands the more stable the emission.
The repetition rate was around 10 Hz for 8/65/35 sampies, it was, instead, about I kHz for 4/95/5 samples.
In the following, results obtained from hole filling and
8/65/35 samples are reported. Only unprepoled ceramic at
room temperature was used.
Only the energetic ferroelectric electrons are collected
at the anode Faraday cup when the accelerating voltage is
zero.
a) Negative pulse at the rear electrode
The signal obtained with 8/65/35 material is reported in
figure 2. First, the quite good stability is evident. The
almost linear increase in the 8/65/35 signal is explained
by the continuous spontaneous polarization switching all
along the excitation pulse.
The relaxation process of spontaneous polarization is
longer than its buildup because the latter is driven by the
fast voltage pulse, while the polarized state is metastable.
b) Positivepulse at the rearelectrode
The emission signal is shown in fig. 3. Note the good
stability of the signals with positive excitation. In this case,
emission occurs at the end of the pulse, i.e., at relaxation of
spontaneous polarization P,.
In fig. 4 signals obtained with the negative HV pulse
applied to the GE (front) electrode on 8/65/35 is reported.
In this experimental configuration the negative pulse sets
an acceleration field for the whole emission phenomenon.

1982

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
surements is shown in 2
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Figure 2: The superposition of 100 current signals, upper
trace, and voltage signals, lower trace, is reported. The
voltage pulse is applied to the rear electrode (RE), and the
sample was a PLZT 8/65/35, as written in the frame, of 1
mm thickness.
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Figure 4: Superposition of 100 current signals, upper trace,
and voltage signals, lower trace, are reported. The voltage
pulse is applied to the front electrode (GE).
This explains the one order of magnitude higher amplitude
of the current.
c) Negative pulse at the rear but with an accelerating
field across the diode gap
The signals relative to 8/65/35 samples are presented in
figs. 5, and 6. The scheme of the apparatus for these mea-

A probe tailored for the measurements of the high voltage pulse at the high voltage terminal has been developed.
The current signal has always two peaks: the first can
be assigned to electrons emitted because of the ferroelectric switching, the second can be assigned to plasma produced electrons. The amplitude of the FE peak did not
change doubling the accelerating voltage, in contrast with

the plasma peak whose amplitude doubled. The emitted
charge corresponds to the one stored in the buffer capacitors.
The signals were quite stable in shape and amplitude.
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3

DISCUSSION

elecThe experimental observations obtained with samples
concept
the
in
troded with grating could be lumped together
of the crystal aging process. The neat separation of the
cathode material in two parts, one under the metal strips
and the other outside could induce a process of switching
limitation within the covered zones and passivation of the
uncovered surface.
The patchy electrode made the front surface homogeneous, preventing the segregation of the electric field and
polarization switching. Our phenomenological view of
electron emission is that the front of the voltage pulse propagates as a wave to the front surface, the induced polarization switching co-propagates with it, and spontaneous
polarization sets through the whole sample; this polarization causes strong electric stress at the surface, which, in

material is continuously rejuvanated by the back and forth
movements of the electrons through the surface and/or the
bulk.
The plasma assisted emission can be exploited: the emitTe cha sge is te d byithe carge storedi the buffe
capacitor.

turn, changes the electric property of the surface from nonconductive to substantially conductive. This conclusion is
supported by two facts: i) the measured switching current
dP/dt is the same as that obtained with samples having the
surfaces completely metalized [3]; ii) in [6] a high mobility
of the charge carriers within the stressed region was measured.
When the voltage excitation pulse is over, the charge carriers diffuse through the surface towards the external ring
or through the bulk. The FE electron paths through the
surface are not fixed because the surface state of a ferroelectric ceramic is dynamic and the surface is like a patchwork of pieces, whose properties [5] range from metallic
to insulating. We recall that relaxors are in continuous evolution through metastable states, as in the spin-glass systems. Similar considerations also hold for antiferroelectric ceramics owing to the change of phase at each shot. It
could also be possible that electrons traveling through the
surface towards ground continuously rejuvanate the state of
the surface.
The emission observed with an accelerating voltage tells
that the switching activity has a time less than 1 microsecond. The amount of charge is of the order of 1 qC. The time
of the plasma formation results around 1 js. This matches
with the time of its expansion over the surface (the diameter of the ring is about 6 mm) with the estimated plasma
velocity of 1 cm//s.

4

CONCLUSIONS

Stable copious emission of energetic electrons from a ferroelectric ceramic disk, under the application of a fast highvoltage pulse, was obtained when the electrode of the emitting surface--was a uniform pattern of unconnected metal
patches contained within a metallic ring. This kind of front
electrode avoids the aging process because the surface behaves like an almost homogeneous sheet, and the charge
carriers migrate from the external ring to the dispersed
points of the surface and viceversa through continuously
changing paths. These two phenomena prevent any segregation either of the electric field or of polarization, and the
f984
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M. Castellano, L. Catani, M. Ferrario, F. Tazzioli, INFN-LNF,
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60 degree incidence

Abstract
Experimental results on photoemission by ferroelectric ceramic disks, with a possible interpretation, are presented.
Two types of lead zirconate titanate lanthanum doped,
PLZT, ceramics have been used for tests. 25 ps light pulses
of 532 and 355 nm were used for excitation. The intensity
ranged within the interval 0.1-3 GW/cm 2 . The upper limit
of the intensity was established by the damage threshold
tested by the onset of ion emission. At low value of the
intensity the yield was comparable at the two wavelengths.
At the highest intensity of green light the emitted charge
2
was I nC per 10 mm , but it was limited by the space
charge effect. In fact, the applied field was only 20 kV/cm,
allowed both by the mechanical design of the apparatus and
the poor vacuum, 10-4 mbar. No surface processing was
required. The measurement of the electron pulse length under way.

1

INTRODUCTION

doped (referred as
Lead zirconate titanate lanthanum
PLZT) ferroelectric ceramic showed interesting properties
as photoemitter material [ 1, 2]: this type of photo-cathode
showed an emissivity higher than that of metals, they were
able to emit at any photon energy from green to UV and
they were very robust, they did not need any processing
and, furthermore, they did not require high vacuum condition.
An experimental program has been set at the LNF (Lab
Nationali Frascati-Roma) based on the fact that the properties of this material can be determined simply changing
the compositional percentage and changing the polarization
state. The physical state of the surface is strongly changed
by prepoling and by setting a polarization state. In particular, it seems possible to set a polarization state such that
the surface electrons are acted on by a repulsive force, or,
alternatively, it is possible to set at the surface a very dense
sheet of electrons[3].
The sketch of the experimental setup is shown in fig. 1.
Two incidence angles were used: 600 and 00. In the latter
case a hollow Faraday cup with a front grid was used. No
variation of the yield was measured for the two configurations.
The experimental program started with the material good
for emission with electric excitation [4, 5], that is PLZT
8/65/35 and 4/95/5, where the numbers refer to lanthanum
0-7803-5573-3/99/$10.00@ 1999 IEEE.

laser beam

a)

b)
PLZT disk
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Figure 1: a) Sketch of the experimental apparatus used in
the photoemission experiments: the two used Faraday cups
are shown for simplicity on the same figure (one behind the
other); they are interchanged depending on the incidence
angle. b) Sketch of the cathode with the two front electrodes used in tests. The passively mode locked Nd-YAG
laser provides some mJ of light at A= 532 nm for a pulse
length of 25 ps. The illuminated area was about 10 mm 2

(in relation to lead), zirconium and titanium relative atom
percentage. Samples without and with prepoling, at room
temperature, were tested. Ceramic 8/65/35 is in ferroelectric phase, while 4/95/5 is in antiferroelectric phase. These
materials have a high density of defects whose activation
energy is about 1 eV [6]. The cathodes are disks of 16 mm
diameter and I mm thickness, coated by a uniform metallic
film at the back surface and by either an external ring or a
grating at the front surface, see fig. 1 b). The best results
came with the ring front electrode and 8/65/35 unprepoled
samples.

2

EXPERIMENTAL RESULTS

The emission in the log-log diagram from a PLZT 8/65/35
is shown in figs. 2 and 3. The emission was limited by the
space charge effect in the case of green light shining, it was
not in the case of violet light shining.
The damage threshold has been checked reversing the
direction of the accelerating field. In fig. 4 it is shown that
the energy at which the ion emission starts is farther than
the beginning of the space charge effect.
From figs. 2 and 3 we notice: a threshold with green
light, a yield of an angular coefficient nearby 4 for green
light and nearby 3 for violet light. Extrapolating with an
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with green light.

The yield of the prepoled samples was higher than that
unprepoled
siderably lower. They showed an emission law which was
a bit faster than the two photon emission, but the relatively
low damage threshold did not allow an efficient emission.

accelerating field high enough to avoid saturation effects,
the emitted charge at 3 mJ of laser light Would be 2 nC.

3 DISCUSSION

The value of quantum efficiency results around 10-6 with
both wavelengths.
With violet light we could shine with an energy up to 0.5
mJ only.
The experiments with the antiferroelectric material
4/95/5 and hard ferroelectric material lead titanate (PT)
gave a much lower yield. The 4/95/5 material showed quite
a high enhancement of the yield increasing the accelerating
field in the gap as shown in fig. 5. It is notable that this
antiferroelectric material shows an hysteretic behavior as
function of the applied voltage,

The two main characteristics of the strong emission are:
a very low emission up to a laser intensity of about 0.5
GW/cm 2 and the high non-linearity starting from that
point. In addition to this, the other notable fact is the
change of the operational regime for the PLZT 4.95/5 sampie when it is immersed in a relatively high electric field.
The energy diagram of the material shows a trap level at
1 eV from the conduction band and has an estimated electron affinity of 3 eV. The electron affinity Ea is not well
defined because the surface state is un-defined: is like a
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patchwork of pieces with different physical characteristics,
which range from insulating to metallic [8]. A value of
the potential barrier greater than 4 eV is a fairly crude approximation. The quadratic power law of the emission at
both photon energy of 2.3 and 3.4 eV is congruent with the
energy diagram.
Furthermore, our disk is immersed in the electric field
applied through the diode gap, hence a counter field is created by the induced polarization. When the crystal is polarized, there is a band bending at the surfaces with a potential
well for electrons at the positive side of the polarization.
The generalized Fowler-Dubrige theory [7] cannot explain these results. The emission at 2.3 eV and its nonlinearity with a power equal or greater than 4 would envision the anomalous heating regime [9], cooperating with
the conurrnceof
Auger effectdifferent
[3]. More
generally, one
we should
have the
contributions:
and two-photon
concurrence ofdfeetcnrbtos n n w-htn
emission, thermally assisted and Auger emission.
The increase of the emission of 4/95/5 sample as a function of the applied field, together with its hysteretic behav-

5 ACKNOWLEDGEMENTS
We recognize the technical support given by R. Sorchetti

ior of fig. 5 tells that the polarization is very important:
when the polarization builds up in the sample, the emission steps up, then the sample remains polarized when the
electric field is reduced because of the hysteresis loop. The

experiment with PT material says that the polarization by
itself is not sufficient for obtaining strong emission, but a
strong doping, that is a large number of defects, must be

also present.
Assuming that the electron pulse length is strictly correlated to the light pulse length, that is ; 2 5ps, since the illuminated area is about 10 mm2 , the current density would
be higher than 1 kA/cm 2 .

4

CONCLUSIONS.

A new very efficient configuration for ferroelectric photocathodes has been investigated. We got InC level of emission only because the charge was limited by space charge
effect. Since the damage threshold of a ceramic is relatively
high, a large amount of extracted charge can be foreseen.
The emission has shown to be very sensitive to the sample polarization. This fact allows to foresee a large enhancement of the quantum efficiency just increasing the
polarization. This polarization increasing occurs naturally
with the high electric field that are applied in electron guns.
The characteristics of these cathodes, are: a)strong robustness, they work in any kind of vacuum showing a long
life; b) they do not require any particular processing; c)they
can be operated with green light. In the next future the extracted electron beam will be characterized in terms of time
structure. If the electron pulse duration is strictly related to
the laser pulse duration, these cathodes promise to deliver
current densities larger than 1 KA/cmr2 and to be valid competitors of both metallic and alkali cathodes.
1987

and L. Cacciotti.
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SUPERLATTICE PHOTOCATHODES FOR ACCELERATOR-BASED
POLARIZED ELECTRON SOURCE APPLICATIONS*
J. E. Clendenin#, T. Maruyama, G. A. Mulhollan, SLAC, Stanford, CA
Yu. A. Mamaev, A. V. Subashiev, Yu. P. Yashin, SPTU, St. Petersburg, Russia
Abstract
A major improvement in the performance of the SLC was
achieved with the introduction of thin strained-layer
semiconductor crystals. After some optimization,
polarizations of 75-85% became standard with lifetimes
that were equal to or better than that of thick unstrained
crystals. Other accelerators of polarized electrons,
generally operating with a much higher duty factor, have
now successfully utilized similar photocathodes. For
future colliders, the principal remaining problem is the
limit on the total charge that can be extracted in a time
scale of 10 to 100 ns. In addition, higher polarization is
critical for exploring new physics,
especially
supersymmetry. However, it appears that strained-layer
crystals have reached the limit of their optimization.
Today strained superlattice crystals are the most promising
candidates for better performance. The individual layers of
the superlattice can be designed to be below the critical
thickness for strain relaxation, thus in principle
improving the polarization. Thin layers also promote high
electron conduction to the surface. In addition the potential
barriers at the surface for both emission of conductionband electrons to vacuum and for tunneling of valenceband holes to the surface can be significantly less than for
single strained-layer crystals, thus enhancing both the
yield at any intensity and also decreasing the limitations
on the total charge. The inviting properties of the recently
developed AlInGaAs/GaAs strained superlattice with
minimal barriers in the conduction band are discussed in
detail.

1 INTRODUCTION
The polarization of electrons extracted from III-V
semiconductor crystals has a theoretical upper limit of
50%. In 1991 it was first demonstrated that growing a
thin crystalline layer on a substrate having a slightly
different lattice constant could raise this limit [1]. The
lattice mismatch introduces a strain in the epilayer that
removes the degeneracy of the heavy-hole (hh) and lighthole (lh) valence bands. Polarizations on the order of 80%
are routinely achieved from these strained-layer cathodes,
which simultaneously exhibit quantum yields, Y, of
>0.1%. Such a cathode, consisting of 100-nm of GaAs
grown on a GaAsP substrate, became the standard for the
grow ponlarized elecr soubrae, bevaentuaysaccumulating
SLC polarized electron source, eventually au
tg
-20,000 hours of operating time for the SLC program,
making possible the single-most precise measurement of
the electro-weak mixing angle, sin 2 0Wi.

Future colliders will require both higher polarization and
more charge. Higher polarization will not only increase
the effective luminosity of a collider, but if >95% will
also significantly increase the physics reach, especially in
the exploration of supersymmetry [2]. For JLC/NLC, the
required charge per 100-ns macropulse is -300 nC at the
gun,
ruirwhich is an order
r of magnitude
than produced
macropude greater
is -30n
atothe
for SLC. The problem is that the maximum steady-state
current in a long macropulse that can be produced from an
SLC-type cathode is on the order of 0.2 A cm-2 , which
would require an impractical cathode diameter of 4 cm to
meet the collider charge requirement. The maximum
current of an SLC-type cathode can probably be increased
by an order of magnitude simply by increasing the dopant
density from the mid 1018 cm"3 range to the low 1019 cm"3
range. However, both experimental and theoretical efforts
to date point to a limitation of the polarization of the
strained-layer cathode at the 85-90% level [2].
A major source of depolarization for the strained-layer
cathodes is the relaxation of the strain as the distance from
the heterojunction increases beyond the critical thickness,
h, for maintaining perfect strain, thus decreasing the
average hh-lh separation. Typically h, is -10 nm, whereas
the optimum epilayer thickness to maintain both high
polarization and high charge is -100 nm. This problem is
overcome in principle using the superlattice (SL)
structure, in which the hh-lh degeneracy is removed by the
localization of holes in quantum wells. Since the overall
critical thickness, Hc, for a short-period SL can be
considerably larger than he, the total thickness of the SL
can be on the order of 100 nm without relaxation of the
strain.
SL structures were shown to produce >50% polarization
in 1991 soon after the first strained-layer results, but the
path to simultaneously high polarization and high Y has
taken longer. Recently however, polarizations approaching
90% with Y within an order of magnitude of that of the
SLC cathodes have appeared [3,4].

2 SUPERLATTICE WITH ZERO
CONDUCTION BAND OFFSET
In previously used AlxGa,.xAs/GaAs, InxGa,.-As/GaAs and
Al Ga
hole hiniban sitting
w as/aco
Gan Ay the
was accompanied by the building of high barriers for
electrons as a result of the high value of the ratio of the
conduction-band offset AE, to the valence-band offset AE,
(AEAE,-2) at the heterointerface. The necessity for the
electrons to tunnel through the SL barriers results in a
lower electron diffusion rate along the SL axis

*Work supported by the U.S. Department of Energy contract DE-AC03-76SF00515, the U.S. Civilian Research
and Development Foundation
Award No. RPI-351, the Russian State Program Project 2.6.99, and the Russian State Programs "Physics of Solid State Nanostructures" under grant
97-1091.
Email: clen@slac.stanford.edu
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accompanied by growth of the spin relaxation rate.
Therefore the spin diffusion length restricts the thickness
of the active layer for these structures.
The main advantage of the AlxInyGal,,yAs/GaAs SL

the band gap induced by strain that can be expressed
through interpolated deformation potentials, elastic
constants, and the lattice constant mismatch. For the case
of the AllnyGa 1.xAs/GaAs SL, a linear interpolation

proposed here comes from the band line-up between the
semiconductor layers of the SL. The Al content
determines the formation of a barrier in the conduction
band, while adding In leads to conduction band lowering,
so the conduction band offset can be completely
compensated by appropriate choice of x and y, while
barriers for the holes remain uncompensated. Therefore the
use of superlattices with the optimized quaternary alloy
composition can provide a high vertical electron mobility
and simultaneously a small spin relaxation rate while also
maintaining a sufficiently large valence-band splitting.
We have studied an Al.2In
0 1 o.Ga. 62As/GaAs SL
consisting of 17 pairs of GaAs (4 nm) and AlInGaAs (4
nm) Be doped with density 4x 10i7 cm-3 except the top
layer, GaAs, with 4x10'8 cm-a. The dopant density was
maintained low in the bulk to minimize depolarization but
high at the surface to increase the negative affinity. The
sample was grown by molecular beam epitaxy (MBE) by
the Ioffe Physico-Technical Institute in St. Petersburg [4].
A protective As coating was added as the final step.

between the values for AlGal.-As/GaAs and InyGa1 .
yAs/GaAs interfaces should be valid for small x and y. We
have found that interpolation starting with the unstrained
value of the band offset for the InyGai.yAs/GaAs
heterointerfacegives band-gap values that are far from the
experimental data obtained from emission spectra. Using
the band offset value for the strained InyGal.yAs/GaAs
interface, we get:
AE,(Xy) =QI X AEgl(X)+Qc2,def X(AEg2(y)+&EfY(y)).

'GaA IE
---- ...

IF, 6

E

.It
62 As

0l2,noGis

*

\

The schematic of the position of the band edges for
x=0.20, y=0.18 is shown in Fig.1. Taking Qc1=0.66 and
Qc2.deo=0.7 , we have found that the conduction band offset
appears to be minimized for x= 1.1 y.
The calculated positions of the band edges of the layers
in the strained SL sample are given in Table 1. It is seen
that the conduction band offset does not exceed 20 meV.
For the thermalized electrons at room temperature the
influence of the resulting periodical potential should be
negligible. Besides, as a result of the conduction-bandline
up, the 4-nm barriers for the electrons in the SL are
transparent. Thus the changes of electron mobility and
spin relaxation rate should be small compared to pure
GaAs.
is seen from Fig. I and the data of Table I that the
strain of the AlxInyGal.,.yAs layers produces barriers for
both heavy and light holes, the barrier for the light holes
being 75 meV higher, which leads to additional holeminiband splitting favorable for the electron optical
orientation.
Table 1. The positions (in eV) of the band edges at room
temperature in an Alo.20Inos1 Gao.62As/GaAs SL sample.'

2

v1 *
v12________

_

[-0.056

-0.138 11.423

'I- GaAs, 2- Al InyGal .

Fig. 1. Energy band diagram of AlXInyGalx,-As/GaAs SL.

As layer.

1.445

1.422

1.501

Zero energy is at valence-band edge of the GaAs layer.

The minibands (thin lines) are identified by notation el
and hhl, lhl for electrons and holes respectively.

The choice of the layer thickness is dictated by the need
to split the hole minibands. The splitting grows when

The miniband spectrum of the SL is determinedby the
band offsets at the heterointerfaces. In the case of a
heterointerface with lattice matched ternary solid solution
(e.g., AlxGa,.,As/GaAs) the conduction-band offset ratio,
Qd, is defined as Qcl = AE, (x)/AEgi (x), where AEgi is

barriers are broad enough and wells are narrow and deep.
Still the thickness of the strained Al•InyGa 1..yAs layer
should be less than the critical thickness h•(y). The overall
critical thickness for the superlattice with alternating
layers of equal thickness can be estimated as Hc=hc(y/2).
The thickness of a single AlxInyGa 1 -.-.As layer was taken
to be 4 nm (to be less than the calculated hj(y)), and in
accordance with X- ray data the chosen thickness of the
SL sample (0.136 gim) exceeded Hcmuch less than in the
case of a cathode structure with one strained GaAs layer.
A model-dependent calculation of the hole miniband
energies yields absolute values of Ehhl = 13 meV and
Elhi = 54 meV. For a small conduction-band offset the

the differencein the band gaps of the contacting crystals
so that the valence band offset ratio, Q, is Q,=I-Q,. For
an InyGa,.yAs/GaAs interface the offset is modified by the
strain distribution in the contacting layers. For the
structure with a thin InyGal.yAs layer grown on a thick
GaAs substrate all the strain is assumed to accumulate in
the InGaAs layer. For this case, AEc is given by:
AEc(y) =Qc2,def X (AEg2(Y) • Eg2f(y)),
where Qc2,def is the conduction-bandoffset ratio for the
Qde

electronic band can be taken as the average of the
conduction-band energies of the contacting layers. Thus
the band gap, Eg, can be estimated as:

strainedInyGa,.yAs layer, while 8E,,f (y) is the change of
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Fig. 2. Electron spin polarization and quantum yield as a function of excitation energy at room
temperature for the Al0.20lno.18Gao. 62As/GaAs SL sample (SPTU data). The band gap energy E9 and the
light hole excitation energy Elh are indicated by arrows.
Eg = EgI + Ehhl + (E2-Ecl)/2,
There is now strong evidence that the SCL can be
overcome by using extremely high dopant density
which is in line with experiment.
(>4x10 1 9 cm"3) in at least the surface layer [6]. This
greatly reduces the barrier to holes tunneling to the
3 EXPERIMENTAL RESULTS
surface, which are responsible for neutralizing the
surface charge. It may also be necessary to increase the
Technical
Petersburg
St.
at
both
The Mott analysers
University
Mot t(SPTU)
analss
at the
P taordr
Lnehcar
negative affinity at the surface by using a large band
University
and at the Stanford Linear
gap and also possibly a large offset of the conduction
Accelerator Center (SLAC) were used to measure the
miniband. All of these parameters are easily controlled
spin polarization, P, of photoelectrons.
for an MBE-grown SL structure with compensated
In Fig. 2 the polarized emission and quantum yield
conduction band as described here.
data measured at SPTU are shown as a function of the
optical excitation energy. The maximum polarization
4 CONCLUSIONS
obtained was 86% and the corresponding quantum yield
Electron spin polarization as high as 86% has been
was 7.5x10 3 %. The yield for the excitation energy at
e tron
spn
po ration a
sthigh 8as
asbe
the polarization maximum is sensitive to the activation
obtained at room temperature from strained AmllndGal.xb
procedure and the vacuum in the setup. At SLAC,
ys/GaAs superlattice with minimal conduction band
offset. Modulation doping of the SL provides high
P=82.7% with Y=9.4x10-2% was obtained for a crystal
polarization and high quantum yield. The position of
obtained from the same wafer. For another sample (not
the polarization maximum can be easily tuned to an
shown), in which the time lapse between the two sets
excitation wavelength by choice of the SL
of measurements was very short, the polarization
Further improvement of the emitter
composition.
somewhat
the
despite
similar
to
be
results were found
parameters can be expected with additional optimization
different techniques of sample preparation, activation,
of the SL structure parameters.
and vacuum. Due to better vacuum conditions in the
SLAC apparatus, the values of Y measured there were
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A LOAD-LOCKED GUN FOR THE JEFFERSON LAB POLARIZED INJECTOR"
W.J. Schneider, P. Adderley, J. Clark, A. Day, B. Dunham', J. Hansknecht, P. Hartmann, J. Hogan,
R. Kazimi, D. Machie, M. Poelker, J.S. Price%, P.M. Rutt, K. Ryan, C.K. Sinclair and M. Steigerwald
Thomas Jefferson National Accelerator Laboratory, Newport News, VA

Construction is underway at Jefferson Lab on a loadlocked polarized electron source. The design incorporates
all of the essential features of the existing non loadlocked gun and improves on the designs of existing loadlocked guns operating at other labs. When complete, we

With our present non-load-locked gun, 10's of
Coulombs can be delivered to Users before intervention
(i.e., re-cesiation or heat treatment followed by full
activation) is required.
Such polarized source
performance means that intervention can occur during a
scheduled-maintenance day, (every
other week at JLAB)
with no impact on the physics program.

expect the new load-locked gun to enhance the versatility
of the JLAB polarized injector,

Still, the obvious disadvantage of the present non-loadlocked gun is that a bake-out is required when photo

Abstract

1 INTRODUCTION
Historically, load-locked guns have been constructed as a
means of circumventing seemingly insurmountable
obstacles that have prevented labs from delivering
reliable polarized beam to physics end-stations. For
example, at SLAC, prior to the construction of their loadlocked gun, full cathode activation in the main gun
chamber caused high voltage breakdowns. It is believed
that the high voltage breakdowns were associated with
cesium deposition on the cathode electrode during the
initial activation [1]. Once this process (i.e., initial full
activation of the photo cathode) was performed in the
preparation chamber of their load-locked gun, the high
voltage incidents ceased. At MAMI, short cathode
lifetimes (- hours) necessitated frequent cathode
replacement, a situation that prevented reliable beam
delivery to nuclear physics users during a typical monthslong experiment [2]. The load-locked gun at MAMI now
allows the accelerator staff to change photo cathodes with
minimal delay (few hours) to the nuclear physics
program.
At Jefferson Lab, we have demonstrated that a loadlocked gun is not essential to meet the demanding
requirements of the Jefferson Lab nuclear physics
program. For example, unlike SLAC, we do not have any
high voltage problems associated with doing cathode
activation in the gun proper and, unlike MAMI, our
cathode life at high current is excellent. Over the past two
years, we have identified a number of mechanisms that
contribute to the decay of photo cathode quantum
efficiency. Understanding these decay mechanisms has
allowed us to implement design changes to our non-loadlocked gun that have resulted in exceptional lifetime (l/e
lifetime > than 100 H at 100 jtA, > 1000 H at 10 g.A) [3]..
"Work supported by U.S.
ER40150
Email: schneide@jlab.org

Department of Energy DE-AC05-84-

cathode replacement is necessary. We have reduced the
entire replacement process (photo cathode replacement,
bake-out and gun re-commissioning) down to fifty-two
hours beam to beam - albeit small, but still a delay.
Although we do not expect to improve the inherent
performance of the non-load-locked gun, we believe a
load-locked gun will greatly enhance the versatility of the
polarized injector. With a load-locked gun, we could
rapidly change photo cathodes to meet changing demands
of the nuclear physics program, and during biannual
facility development periods; we could change photo
cathodes quickly to conduct photo cathode research using
the superb diagnostics in the injector.
Before making specific design plans, we outlined the
basic features of the Jefferson Lab load-locked gun.
These features are based on our experiences at JLAB and
the experiences of our colleagues at other Labs. They
include:
* Installation of the photo cathode from air to the gun
chamber must take less than six hours.
* The load-lock vacuum chamber must be at ground
potential and there must be no moving parts at high
voltage.
9 The gun and bend magnet must produce beam in the
horizontal plane; the bend magnet must not deflect
the beam more than 15 degrees.
* There will be four chambers; a) main gun chamber,
b) cathode preparation chamber, c) heat cleaning
chamber, and d) atomic hydrogen cleaning chamber
where samples are inserted into the load-lock
mechanism and cleaned with atomic hydrogen
* A fifth chamber may be added for storage of photo
cathodes or cleaned wafers ready for activation.
* Gun features that have proven to be essential on the
non-load-locked gun (superb vacuum, electrodes
designed specifically for Jefferson Lab beam current
requirements, electron optics that minimize stray
electrons hitting vacuum chamber walls, etc.) must
be incorporated into the load-locked gun design.

'Now at GE Medical Systems Milwaukee, Wl
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A brief description follows of the load-locked gun being
assembled with specific detail on the major points of
interest.

preparation chamber is accomplished through a 1.5-inch
ultra high vacuum metal sealed VAT valve [7].

2 MAIN GUN CHAMBER

The cathode preparation chamber contains all of the

The gun design (figure 1) is a novel one as it makes use
of the better electron optics of a horizontal configuration,
has no moving parts at HV and has all adjacent chambers
at ground potential. Low base pressure (with and without
beam extraction) and wise choice of materials is thought
to be the most important ingredient for long photo
cathode lifetimes. The main gun chamber is manufactured
from a standard six-way stainless steel cross. It has one
220 V/s ion pump and three GP 500 MK 2, SORB-AC
SAES cartridge pumps symmetrically located around the
photo cathode. The non evaporable getter (NEG) pumps
are well suited for pumping CO, CO2 and greatly enhance
the pumping speed (- 4000 U/s) for hydrogen, the
dominant gas species in the vicinity of the photo cathode.
Pressure in the gun chamber is further reduced, because
all cathode preparation is done in a separate chamber. We
have achieved pressures below 1xl012 Torr with a similar
gun [4] pumped by a massive NEG array. That was
measured by an extractor gauge with a measurement limit
claimed to be lx10"'2 by the manufacturer,
A stainless steel tee supports the cathode electrode
which has a shape designed for high current operation and
is made of titanium alloy (Ti-6AI-4V). The titanium
exhibits better high voltage performance (ie conditioning,
low field emission current at full gun fields, etc.)[5]. The
ceramic, to isolate the 100 kV (120 kV peak) high
potential, is islocated
vertically
that photo
cathode
preparation
performed
at soground
potential.
A
m olybdenum pcwhich carries the cathode wafer, is
molybdenum puck, which carries th
epuck is
similar in concept to the SLAC design. The puckwithem
in place inside the tee supporting the cathode with a stem
spring holder and sapphire rollers. The electrode holder,
triple point protectors and internal surfaces of the six-way
cross are electropolished while the electrodes are
metallographically polished with diamond paste. The
anode, also manufactured of titanium alloy, is mounted
on a stainless steel spider with a large open area to
increase vacuum conductance from the gun proper
through a 2.5-inch beam line. A channel cesiator is
provided behind the anode for in situ "touch-up".
Alignment of the electrodes relative to the beam axis was
accomplished to better than a 12 mm.
A Surface Interface (SI) manipulator [6], on the beam
axis which can both translate and rotate, is used to move
the puck
preparation
chamber
and mounted
the gun
(figure
2). between
A silver the
plated
stainless steel
adapter,

components to produce negative electron affinity (NEA)
photocathodes: a stainless steel chamber with eight ports
placed around the circumference. Two ports are used for
the SI manipulators, the others ports are for a 40 Vs
sputter ion pump, a GP 100 SAES NEG, a channel
cesiator, a NF3 oxidizer, an optical window with a mirror
for light and a ring anode. In addition, a SRA [8] residual
gas analyzer (RGA) and an extractor gauge have been
added for vacuum diagnostics. On beam axis of the
chamber is the SI manipulator, previously mentioned, that
transfers the puck into the gun. The puck is transferred
from the on axis to the transverse manipulator via an
aluminum clamp that attaches to the molybdenum puck.
This transfer from gun manipulator to load lock
manipulator has also worked smoothly; again we have not
baked. Pressure in the cathode preparation chamber is
maintained at better than IE9 Torr. At some point, we
may add a storage area to the preparation chamber that
will allow us to activate a number of wafers during an
accelerator maintenance day and store them for future
use. Separating the cathode. preparation chamber from
the next chamber - heat-cleaning chamber is a 2.5-inch
VAT ultra high vacuum metal sealed valve.

(fiure2).A
pate stinlss
slve
tel aaptr, ouned
on the manipulator engages a set of transfer ears inside
the
puck toofallow
attachment
theworked
puck.
Movement
the puck
into and and
out ofrelease
the gunofhas
smoothly although we have not yet baked out the entire
smoorthly Iolathouh bwehavent yethe
gakd otthe enthde
apparatus. Isolation between the gun and the cathode

2.5-inch VAT ultra high vacuum metal sealed valve. We
2.5in
taTultra high vacuum
usinga vation
hope
to
maintain
ultra
high
vacuum
using
a combination
of a 40 l/s ion pump and a GP100 SAES
NEG to

3 CATHODE PREPARATION CHAMBER

4 HEAT CLEANING CHAMBER
Heating the photocathode samples is accomplished in a
separate chamber in a manner that differs from techniques
used at other labs. The heat-cleaning chamber is
fabricated from two six-way stainless steel crosses and
one water-jacketed spool piece where the heating takes
place. A SI manipulator allows transfer of the puck
between the load-locked or the cathode preparation
chambers into the heat-cleaning chamber. A Research
Inc. model 4085 infrared spot heater, powered by a
Chromolox Port -12221 control system is used to heat the
wafer to - 600 C at a ramp rate up and down of 1 degree
C per second. The chamber is also equipped with active
cooling. The heater is capable of 750 W although we have
found that 375 W appears to be sufficient and have
limited the power supply. A thermocouple in the IR
beam is presently used for control of the heater. We are in
the process of developing the parameters (rates of
heating, thermocouple location, pressure rise, etc.) for the
heat-cleaning chamber.
Separating the cathode
heat-cleaning
chamber
i
aissa
preparation chamber from the heat-cleaning chamber

minimize the pressure rise during the heating cycle and to
remove the hydrogen which is desorbed from the wafer
due to the hydrogen cleaning process. A similar 2.5-inch
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VAT ultra high vacuum metal sealed valve separates the
heat cleaning chamber from the atomic hydrogen cleaning

100 KV

chamber.

W

5 ATOMIC HYDROGEN CLEANING AND

Ml,•

LOAD LOCK CHAMBER '"-

8.0-

six

'n

l

--

The primary function of this chamber is to introduce a
number of different wafers on pucks and store them for
eventual processing. Processing that takes place in the
load lock is atomic hydrogen cleaning which is now the
only cleaning method used to prepare photo cathodes at
JLAB [9]. To maximize quantum efficiency we have
incorporated an in situ atomic hydrogen cleaner. The
highest quantum efficiencies achieved at JLAB have been
wafers that were cleaned in situ in a low voltage test
chamber. Similar efficiencies have been achieved when
samples obtained in a portable cleaning chamber were
transferred through air and installed in a gun. A Balzer
model TMU-071 turbo-pump is used during atomic
hydrogen cleaning where typical values for temperature
and pressure near the sample are 350 C and lxl0"5 Torr
respectively. The load lock makes use of the identical
infrared heater presently used in the heat-cleaning
chamber to raise sample temperature for atomic hydrogen
cleaning. It is anticipated that in situ atomic hydrogen
cleaning will provide a means to clean exotic photo
cathode materials for which wet chemistry techniques are

IWOIPULAI
A

,

CKMER"

Fig. 1

*

MIG-CHU

MAIN GUN .lJAHM

incapable; for example, chalcopyrites that contain silicon.

6 CONCLUSIONS
In summary, we have discussed the design of the
polarized electron gun and its associated processing
chambers. We have developed a 100 kV photoemission
electron source, which currently supports the delivery of
highly, polarized, high average current CW electron
beams with long cathode operational lifetime. The new

CATHODE
,
PREPARAT
ION

CLEANING

load-locked source incorporates the capability of
exchanging, cleaning (both atomic hydrogen and heat)
and activating (co-deposition of cesium and NF3) the
photo cathodes without breaking the necessary ultra high
vacuum. The gun chamber proper is separated from the
preparation, heating and cleaning load lock chambers so
that it is capable of reaching the extreme high vacuum
regime to obtain long cathode lifetimes.
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KEK ATF INJECTOR UPGRADE*
A. D. Yeremiand, D. J. McCormick, M. C. Ross, SLAC, Stanford, CA
H. Hayano, T. Naito, KEK, Tsukuba, Japan
Abstract
The main goal at the Accelerator Test Facility (ATF) at
the KEK laboratory in Japan is to develop the technology
that can stably supply the main linac with an extremely
flat multi-bunch beam. The injector for this accelerator
was upgraded to produce greater than 2 x 10'° in electrons
a single bunch at 80 MeV in a very narrow bunch.

1 INTRODUCTION
The ATF accelerator consists of an injector up to
80 MeV, the main S-band linac up to 1.3 GeV and a
Damping Ring [1]. The injector consists of a thermionic
gun, two 357 MHZ subharmonic bunchers, an S-band
buncher, a 3-m accelerator structure, many solenoids and
diagnostics. The injector was upgraded to produce more
than 2 xl010 electrons in 20 ps of a single bunch and with
the potential for greater than 80% charge transmission
from the gun to the end of the linac,

2 BEAMLINE MODIFICATIONS
The modified beam line is shown in figure 1. The main

aspects of the modification include relocation of the
existing subharmonic bunchers for improved bunching
thus the potential for a small energy spread at the end of
the linac and redistribution of the solenoids for smaller
beam size and better transmission through the injector 3-m
accelerator structure. Additionally some beam-pipes were
replaced to allow for larger apertures, and some steering
coils were added to allow for more adiabatic steering
correction in the solenoid region.
One of the
considerations during the design of the upgrade was to use
as much of the existing hardware as possible to save costs.
Figure 1 shows a diagram of the modified injector beam
line. All the major components, the gun, the bunchers, the
3-m accelerator section and all but one of the solenoids
are the original hardware on the ATF injector beam line.
Almost all the diagnostics in the modified injector came
from the old injector [2] except for an external bunch
length monitor cavity [3] between the S-band buncher and
the accelerator section. This monitor as well as one
solenoid, some steering coils and some power supplies
came from SLAC.
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Figure 1. Schematic diagram of the new KEK ATF injector beam line.
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3 SIMULATION
Simulations for the beam line upgrade were conducted
using PARMELA. As input tO PARMELA the simulated
beam parameters of the existing gun [4] and the simulated
and measured parameters of the existing bunchers [5]
were used. The locations and strengths of the bunchers
were optimised for best bunching and the locations of
solenoids and their strengths were optimised for optimum
beam spot size in the bunching and acceleration region up
to 80 MeV. After the ideal locations were determined, we
found that it was impossible to fit some of the solenoids
near the subharmonic bunchers exactly where we wanted
them to be on the beam line because of physical obstacles
that would be too costly to remedy. Thus, we did the best
we could on the beam line and ran the simulations again
with the actual locations of the solenoids. We found that
this only cost us a few percent in transmission in the
simulation, but it also reduced the margin between the
beam envelop and the aperture at the entrance to the Sband buncher.
Figure 2 shows the axial magnetic field profile from the
gun up to the end of the accelerator section at 80 MeV,
known as the treaty point where the injector ends and the
linac begins. Simulations downstream of the treaty point
are conducted using codes which do not take into account
space charge forces and are not the subject of this paper.
The gun anode tip is at Z=0, the S-band buncher spans
from 287 cm to 314 cm, and the accelerator spans from
339 cm to 646 cm. The axial magnetic field is about
100 Gauss from the gun to the S-band buncher and rises
rapidly to about 1.7 KG on the accelerator section.
Figure 3 shows the simulated beam envelop from the

section. As it can be seen in the figure, the smallest
marginbetween the beam envelop and the aperture is at
the entrance to the S-band buncher.
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Figure 3. Simulated beam envelop from the gun to the
end of the injector.

Figure 4 shows the beam parameters at the end of the
3-m accelerator section (treaty point) where the beam
energy is 78.3 MeV.
In the simulations 96% of the charge from the gun
reaches the treaty point, but only 83% is in the 20 ps
constituting the main bunch. The rest of the charge is in
the low energy tail or in satellite bunches.. Most of the
low energy particles are lost in a real beam Jline where
steering is required to minimise the deviation of the bunch
orbit from the centre line. The steering is optimised for
420

-
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physical apertures in the beam pipe, the subharmonic
bunchers, in the S-band buncher, and in the accelerator
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the main bunch energy and particles with much lower
energy tend to be intercepted by the beam line aperture.
The total energy spread is about 4 MeV or about 5%.
Since the first portion of the accelerator structure
contributes to the bunching process this energy spread is
inevitable. However since this energy spread is correlated
with bunch length, it can be taken out in the next
accelerating structure by phasing it such that the bunch
rides slightly behind the crest of the RF. The transverse
beam profile shows that there is a dense, 3mm diameter
core and a halo that spans out to 10 mm in diameter. The
halo is mainly composed of the low energy particles.

Table 1: Simulation and Experimental Electron Beam
parameters at the end of the injector (treaty point)
Experimen
tal results

2.7

2.7

ns
KeV
Energy,
End of Injector
Total Charge, 10e-

1.2
180

1.2
180

2.6

2.2

Charge in 200, 10'ePW.,,
ps
Satellite bunches, no.
Emittance, mm-mrad
......
Energy,
MeV
%
AE/Efdi

2.2
20
2
17

2.2
24
0

78.3
5.8

81
>5.8

At the Gun
Charge,

10e-

PW,,e'

4 INITIAL COMMISSIONING
Once the physical beam line modifications were
complete and systems were checked out, we spent about 4
shifts to commission the new beam line. We set the
amplitudes of the bunchers and the strengths of the
solenoids to the simulated values and adjusted the phases
of the bunchers to minimise the bunch length at the streak
camera screen at the end of the injector accelerator
section. In addition we adjusted a few of the solenoid
strengths very slightly and steered the beam.
Figure 5 shows a photograph of one of the streak camera
signals for a bunch with 2.2 x 1010 electrons in 24 ps at the
end of the first accelerator section (the treaty point). In
this case we set the gun for 2.7 xl0I0 electrons per bunch,

Simulation

difficult to set. One of the complications is that in order to
adjust the phase of the first accelerator structure, one has
to adjust the phase of the klystron which feeds both the
buncher and the accelerator and then readjust the buncher.
While adjusting these two knobs one has to look at a
myriad of diagnostics - minimise bunch length, minimise
energy spread, maximise beam transmission and minimise
beam orbit.
One cause of the additional energy spread could be that
in the first accelerator section the beam does not slip to the
crest at the same rate as it does in the simulation. One
remedy for this would be to slightly change the
temperature of the accelerator structure, thus changing the
its frequency. The effect is the adjustment of the phase
slippage rate of the beam with respect to the RF in the
accelerator.
As expected the total transmission from the gun to the
treaty point is less than the simulations results, but the
bunch charge and width are very close to the predictions.
We were able to accelerate 2.2 x 1010 electrons in a 24 ps
FW bunch with 82% transmission from the gun to the end
of the injector.
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A 90 GHZ PHOTOINJECTOR*
D. T. Palmer' and M. J. Hogan, SLAC, Stanford, CA
M. Ferrario and L. Serafini, IFN-Frascati/INFN-Milan, Milan Italy
Abstract
Photocathode
guns
af
delend on mode locked laser
systems to produce an electron beam at a given phase of
a, = 100 of
the rf. In general, the laser pulse is less than
rf phase in length and the required stability is on the order
of A0 = 10. At 90 GHz (W-band), these requirements
correspond to or, = 333 fsec and AO = 33 fsec. Laser
system with pulse lengths in the fsec regime are
commercially available, the timing stability is a major
concern. We propose a multi-cell W-band photoinjector
that does not require a mode locked laser system. Thereby
eliminating the stability requirements at W-band. The
laser pulse is allowed to be many rf periods long. In
principle, the photoinjector can now be considered as a
thermionic rf gun. Instead of using an alpha magnet to
compress the electron bunch, which would have a
detrimental effect on the transverse phase space quality due
to longitudinal phase space mixing, we propose to use
to produce
long pulse laser system and a pair of undulators
a low emittance, high current, ultra-short electron bunch
for beam dynamics experiments in the 90 GHz regime.

Teslas. Because of the tight requirements imposed by a
pure scaling, together with the requirement of a laser
phase-jitter less than 30 fs, we abandon the conventional
scheme for RF guns and adopt a different lay-out.
We follow the scheme presented in [61, where a laser
pulse longer than the rf period is sent onto the photocathode surface in order to extract a long electron bunch,
typically aquarterofthe rfwavelength, carrying a modest
current, around 20 A. There is no need for phase stability
of the laser in this case, not even phase-locking: the
accelerating rf field sets up the time structure for the
beam. The scaling up to W-band of the lay-out presented
in [6] at 1.3 GHz requires a 1.5 GV/m peak field at the
cathode and an 11 ps laser pulse generating 170 pC at the
cathode surface, of which only 40 will be extracted from
the gun. Since the cathode spot size is 120 microns and
current0dens is
the cathode
ce
tre
limited to 20 kAcm2.

1 INTRODUCTION
In this paper we present a detailed rf and beam dynamics
design of an 90 Ghz electron source for use as a source of
unpolarized electrons for a switched matrix accelerator [1].
RF simulations in both the frequency and time domains

................................... ........... ................ .................

were conducted using GdifidL [2]. The beam dynamics
esiulco
ti nsdu
we te u i g OM Y N [2 a d

..................................

simulations were conducted using HOMDYN [21 and

ITACA [3]. The design param eters of this injector are
listed in Table 1.

.............. ............. ............ ........... ........... ........... ..........

................................................
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2 THEORY
The scaling of a S-band design up to W-band following
scaling laws [4] for RF guns brings to on cathode
emissivity which are well present state of the art. In fact,
since bunch sizes scale like RF wavelength as well as for
the bunch charge, that implies that bunch peak current
scales invariant while current density scales like the square
of the frequency. This leads to a current density in excess
of a few MA/cm2 if the BNLIUCLA/SLAC [5] gun
design is scaled up to 91 GHz (see Table 1). Furthermore,
the cathode RF peak field, as well as the solenoid peak
field, scale like the frequency leading to a peak field in
excess of 3 GV/m and a solenoid peak field of several
"Work supported by USDOE DE-AC03-76SF00515
*Email:
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Table 1: Nominal S-band operating scaled to W-band for
both a pure scaling and the proposed long pulse scaling.
The HOMDYN and ITACA simulations shown in
Section 4 show that the linear energy-phase correlation at
the front part of the bunch (i.e. the first 30 RF deg), can
be transformed into a phase compression using a
undulator, achieving a current in excess of 600 A in a
sharp peak a few RF degrees long.

3 DESIGN AND MECHANICAL
FABRICATION
This rf gun is basically a 1.6 cell BNL/SLAC/UCLA SBand rf gun scaled to 91.324 GHz. Power is
symmetrically feed into the full cell which also has
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symmetrical tuners, as does the half cell. The gun is
shown in Figure 1.
RF Feed

this point the outer body of the gun is cut to expose the
WR-10 waveguide.
1

Half Cell

0.8

"ExitPort

\

/

0.6
0.4-

'Iit
Q'I

0.2-

89.5

Full Cell

90

90.5
f (GHz)

chart

Figure 2: Smith
simulations of S, 1.

RF Feed
Figure 1: A schematic of the 1.6 cell W-band electron
source.
The waveguide to full cell coupling slot is the full height
of the full cell. This was decided upon to facilitate the
wire EDM manufacturing process The waveguide feed in
the body of the gun is not standard WR-10. The
waveguide cutoff dimension is still 2.54 mm or 60 GHz.
The waveguide height is slightly smaller at 1.016 mm
versus 1.27 mm for standard WR-10 waveguide. This
decision was determined by our manufacturing technique
of wire EDM and our assembly process of high
temperature bonding at the high rf current joints. The gun
is manufactured out of 5 layers of Glidcop AL-15 [3] to
prevent distortion of the cell to cell and rf coupling iris
during the thermal cycle necessary for the bonding. The
first of these five layers consists of a cathode plate. A half
cell plate, which is the thickness of the half cell which is
wired EDM. The third plate is the cell to cell iris. The full
cell plate which is slightly thinner that the narrow
dimension of WR-10 waveguide. It should be noted that
the symetric waveguide feed does not extend to the
boundary of the material. Only after these five layers are
bonded does the waveguide extend to the outer body of the
gun. This is to facilitate the alignment and assembly of
the gun. The last layer is the exit port of the gun. This
layer has the same ID as that of the cell to cell iris. The
individually layers of the gun are produced out of a single
piece of Glidcop Al-15, in which aligment pin hole are
first bored in to the block. A section of this block is
sliced off to produce the cathode plate with it alignment
pins. A wire start hole is popped through the remaining
block. The cell to cell iris is wired into the block and then
a section of the block is cut off. This section will be used
to manufacture the cell to cell iris and the exit port of the
gun. One of the blocks is then sliced into thin section a'
little thicker than the required cell to cell iris thickness.
These will be diamond fly cut flat and parallel to facilitate
diffussion bonding. Next the other half of the original
block will be cut in half and the full cell cavity and
waveguide profile will be wired and sliced as was the case
of the half cell. These in turn are also diamond fly cut.
The assembly is then cleaned and diffussion bonded. At
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representation

91.5

of

GdifidL

The rf simulation code GdifidL was utilized to produce an
S, I = 1.00 with equal fields at the cathode and in the
middle of the full cell (see Figure 2). A Smith Chart
representation of this match is shown below in Figure 3.
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Figure 3: S 1 of both the 0 and pi-modes.
Using the Shunt impedance calculated from Gdifidl we
find that the required power from a W-band rf source will
be in excess of 1 GW.

4 SIMULATIONS
In this section we present a possible configuration for a
W-band injector based on a preliminary study of beam
dynamics in a system consisting of a 1.5 cell W-band
gun, followed by a solenoid lens, a SW 8 cell booster
linac and a short undulator. The gun is 2.5 mm long, the
drift up to the booster is 17.5 mm, the booster is 13 mm,
the drift up to the undulator is 12 mm and the undulator is
160 mm (8 periods with 2 cm period length).
In order to achieve a nice phase focusing in the gun we
have to use a low value for alfa (0.8), resulting in 1.5
GV/m peak field at the cathode. The solenoid lens, located
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6.3 mm from the cathode (at z=0), must provide a 2.5 T
peak field. The booster linac is run at 500 MV/m
accelerating gradient, while the undulator requires a peak
field of 0.5 T.

pure scaling on laser-rf phase jitter and cathode current
density.
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cathode surface during the illumination of a 11.b1 ps laser..
pulse (as long as the RF period): because of the low alfa,
only the first 65 RF degrees are successfully extracted
from the gun, i.e. the first 2 ps of laser pulse lasting from
the 0 cathode-field time (0 RF deg) until the 65 RF deg
time. The rest of the electrons are either back-accelerated
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e sfou
leaving
after
onto the cathode tthen~1
between 65 and 180 RF deg) or not even extracted because
of the wrong sign in the applied field (those between 180
and 360). The nominal current in the extracted electron
bunch is I5SA (30 pC in 2 ps), implying a cathode current

density of 33 kA/cm
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at a cathode spot size of 120

microns (as was used in the simulations). The bunch is
then focused by the solenoid lens, which is needed to
overcome the RF defocusing kick, and injected almost
collimated into. the booster, which brings up its energy to
7.8 MeV (at the gun exit 1.8 MeV). As a result of the
huge phase spread, the energy spread is but nicely linearly
correlated in the head part of the bunch (the first 20 RF
degrees from z=40.65 to z=40.8, the bunch has just exited
the booster). The effect of phase-focusing, achieved thanks
to the operation at low alfa, brings a density compression
in the head part of the bunch, as shown in Figure 4,
plotting the local current carried by the bunch, which is
much larger than the nominal value in the head part while
much lower in the tail: because of the phase-focusing one
obtains peak currents around 70 A, a factor 4 larger than
the nominal value.
The beam is further injected into an undulator (no other
focusing lenses were used in the short drift to the
undulator) that acts like a dispersive medium boosting the

.............

60

Compression in Wiggler
Gives 600A Peak Current

~*j
~

~.
.

......
.. ..... ......
So
+.."---"
..
.---....-.....- ..5 00..---.. ~.....
~
400
............
........
200
+
.. fL
.1....
.. ..
..
600 L

-300

100.

0 ,.

.:- .!
215.85 215.9 215.95 216.0 216.05
z [mm]

Figure 5: ITACA output of Gun, booster and undulator
showing: the beam emittance, longitudinal phase space,
and peak current.
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RESULTS FROM THE SECOND X-BAND RF GUN*
C. H. Ho, T. T. Yang, W. K. Lau, M. J. Horny, J. Y. Hwang, M. S. Yeh, Y. L. Tsai, SRRC
F. V. Hartmann, E. C. Landahl, H. A. Baldis, N.C.Luhmann, Jr., A. L. Troha, UC Davis
Abstract
A collaborative research effort between the Synchrotron
Radiation Research Center (SRRC) and the UC Davis
(UCD) is being put to improve the design and
performance of the X-band (8548 MHz) rf gun. The
fabrication and cold test will be performed at SRRC. The
high power test will be conducted at UC Davis. The cold
test results are presented.

2 DESIGN AND FABRICATION
Figure 1 shows the assembly drawing of the second Xband rf gun. Most of the design is the same as the first
gun, except the cathode assembly.
monitort
cathode
assembly

1 INTRODUCTION
A collaborative research effort for the development of
the X-band photoinjector system has been formed
between UC Davis and SRRC. Both the design and

fabrication

procedures

have

included

separate

verification from both groups [1]. The first X-band rf
gun was fabricated, cold tested and brazed at SRRC and
was delivered to UC Davis at the Lawrence Livermore
National Laboratory (LLNL) site in April, 1997. The gun
was installed and characterized by the research personnel
from both groups [2], [3].
The first brazed X-band rf gun in 1997 had a few
problems. The brazing joints between the various cavity
components failed between the water cooling channel
and the inner surface of the RF cavity. All cavity leaks
were sealed with vacuum epoxy. External cooling was
applied in the form of heat sink and copper tubing
wound around the body of the accelerator cavity,
Furthermore, the peak field ratio between the half cell
and the full cell is out of balance. Fortunately, critical
coupling of the Klystron signal corresponded to half-cell
coupling. Critical coupling allowed the accelerator to be
safely used as a resonant load from the Klystron despite
this non-optimized condition. In addition, since the halfcell was
energized,
high-energy
photoelectron
production is still possible.
Therefore our goal for the second X-band rf gun is
aiming for correcting above deficiencies.

pumping
port

Figure 1: Assembly drawing of the gun system.
The cathode in the first gun is a choke type plunger
with a large diameter of 20 mm to reduce the arcing
problem from the gap between the cathode plug and
cavity wall [1]. But it was found from the operation
experience of the first gun that the resonant frequency
becomes very sensitive to the cathode position.
Therefore we prefer to braze a copper plate of 27.79mm
diameter to cover the end of the half cell (27.63mm
diameter) and just use this plate as a fixed-position
cathode. Figure 2 shows the drawing of the cathode
assembly.
frequency
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Figure 2: Drawing of the cathode assembly.
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from our previous brazing experiences, the resonant
frequency May ihift a lot and can not be corrected back
by only
rising
the tuner. Therefore we also brazed a
frequency-tuning rod to the back of the cathode plate.
The catbode plate can be deformed a little bit by the
movement of tuning rod using a 2-arm gear puller. We
certainly don't like to deform the cathode plate if not
really necessary. This option will just save us from
discarding the whole-brazed cavity set without any new
experimental effort from high power test.
The cavity inner diameter was first enlarged to a little
bit higher resonant frequency than the target frequency
of 8548 MHz. Then the rf coupling irises are gradually
enlarged to get close to the critical coupling. The final
dimension of the cavity inner diameter is 27.63mm. The
sizes of the two elliptical rf coupling irises on the half
cell and the full cell are 3.0mm X8.4mm and 4.5mm X
cell.
Threspectively.
The
e tuner tuning
maximum
is a copper
8.4mm
withtuner
range rod
2.37mm.
of the
diam eter.
is around
+30
There is a frequency tuner and a field
monitor
on each

Two labs jacks were used to support and adjust the
height of the gun body. One translator stage was used for
the horizontal alignment and the other translator stage
was used to move the gun body so that we were able to
position the bead at any position along the longitudinal
axis of the cavity. The movement resolution of the
translator stage is 0.01mm, while we only move the gun
body along the longitudinal axis in steps of 0.5mm.
Since the minimum mode separation between the 7r mode and O-mode is around 6 MHz according to the
URMEL-T prediction, the frequency perturbation from
the bead should not be too large to break the coupling of
both modes. A 0.83mm length, 0.53mm diameter metal
cylinder, made from a section of a hypodermic needle
was used as the perturbing bead, which gives around 1.5
MHz perturbation. An example bead pull measurement
is shown in Figure 4 for a balanced field case.
1.2
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A Desktop Laser Welder EDW-25 (made by Equilasers
Inc.) was used to weld the loop onto the SMA coax. The
monitor is mounted on the cavity wall with a hole, which
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was gradually enlarged to 2mm diameter for an

appropriate transmission (S21) signal (around -60dB
during cold test).
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Figure 4: Longitudinal E-field distribution on axis.

3 COLD TEST RESULTS
The experimental arrangement for the bead pull
measurement is shown in Fig. 3.

The measured data also shows a good agreement with
the URMEL-T calculation. We noticed the E-field goes
to null at the beam iris position, which agrees with the
distinct feature of the ir -mode. The phase from field
monitor (S, transmission signal) is also measured to look
for 180 degrees phase difference, corresponding to the it
-mode. Figure 5 shows the reflected signal when the
peak field ratio is 1.03.

Figure 5: Reflection coefficient for the field ratio of 1.03.
Figure 3: Bead pull measurement setup.
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4 SUMMARY
An OFE copper cavity has been fabricated at SRRC for
the second X-band rf gun. The dimensions of the cavity
were optimized. The cold test results showed a

promising balanced field case. All the cavity components
had been fine polished and are going to be brazed very
soon. We expect to begin the installation and high power

test at UC Davis in late April, 1999.
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A PERMANENT-MAGNET FOCUSED X-BAND PHOTOINJECTOR
D. Yu, D. Newsham, P. Wilson, J. Zeng, DULY Research Inc.
J. Rosenzweig, X. Ding, UCLA
F. Hartemann, E. Landahl, ILSA/UCD
Abstract
A Plane-Wave-Transformer (PWT), integrated photoinjector operating at an X-band frequency (8.547GHz) is
being developed by DULY Research Inc. in a DOE SBIR
project, in collaboration with UCLA and UCD/ILSA.
Upward frequency scaling from an S-band PWT photoinjector Would result in a compact photoinjector with
unprecedented brightness. Challenging technological
innovations are required at X-band. In particular, water
cooling capacity, mechanical support strength, and

brightness for an X-band photoinjector is better than that
achieved at S-band by roughly an order of magnitude.
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Instead of using large solenoids, we have successfully
designed the required focusing for an X-band PWT using
a compact, permanent magnet system. Also described in
this paper is a system design of the X-band photoinjector,
including the RF system and the cooling/support of the
PWT structure.

This paper reports an ongoing research project in which
DULY Research Inc. develops a compact, highbrightness, 8.547-GHz, 20-MeV photoinjector using a
plane-wave-transformer (PWT) design for the standingwave accelerating structure (Figure 1). The motivation for
a high-frequency photoinjector lies in the great
enhancement of beam brightness in a much smaller
footprint, important for many commercial applications,
Our design directly integrates the photocathode into a
PWT linac. The integrated X-band PWT photoinjector has
a designed beam brightness of 10'5 A/m 2, an order of
magnitude higher than an earlier S-band version, being
constructed and now near completion in a DULY/UCLA
collaboration [1,2].
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materials properties do not scale linearly with frequency.

1 INTRODUCTION
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Figure 1: X-band PWT photoinjector schematic.

3 PERMANENT MAGNET FOCUSING
SYSTEM
A prescribed magnetic field profile, following .the
principle of emittance compensation [31, is a key
ingredient of success for the focusing and propagation of a
small electron beam through the X-band PWT linac. The
longitudinal magnetic field on axis must vanish at the
photocathode, rise sharply to 3-4 kG in the first full cell or
thereabouts, and then taper down to zero in a few more
cells. The radial and azimuthal components of the magnet
fields should be small.
Such a magnetic field
configuration assures not only that the beam emittance is
preserved for the entire length of the accelerator, but also
that the beam can be focused beyond to a spot sufficiently
far away, where the first set of quadrupole magnets are
located. Using solenoids to obtain the necessary magnetic
field profile for the X-band PWT would require large

2 BEAM BRIGHTNESS SCALING
The beam brightness, by natural frequency scaling, is
defined as:
a 2 ,,-2
B-21/6 2 ocQl/cz
where I is the beam current, or charge (Q) per bunch per
unit time, F.is the emittance, a. is the rms bunch length,
and X is the RF wavelength. It is apparent from this
expression that there is much to be gained by operating
RF photoinjectors at high frequency. One can also show
that including ernittance dilution due to space charge, RF
chromatic contribution and other field asymmetry effects,
and keeping the charge density constant, the beam

0-7803-5573-3/99/$10.00@ 1999 IEEE.

Figure 2: Field lines of permanent magnet.
coils, leaving little room for other essential, auxiliary
structures of the linac such as the RF and vacuum ports.
DULY Research has proposed, and designed a hybrid,
permanent magnet focusing system using the POISSON
and PANDIRA codes. Figures 2 and 3 show the field
profile due to the focusing magnets. The main and
bucking magnets in this system are identical, but with
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installed between the klystron and the aforementioned
splitter (Figure 4b) to increase the linac energy
gain. SLED stores some of the pulse energy, which would
otherwise be wasted, and delivers it to the structure.
Calculations show that an additional 30% energy gain for
electrons in the standing-wave PWT linac may be
achieved with SLED.
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Figure 3: Field strength of permanent magnet.
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opposite polarizations.
An 80-turns, one-eighth-inch
square trim coil is included for final adjustment of the null
position of the longitudinal magnetic field at the cathode.
A small current of 50A (or 4000 Ampere-turns) in the trim
coil can move the axial position of the magnetic null by
1.4 mm. The footprint of this system is quite small (about
6" diameter), and fits well over the PWT linac, as shown
in Figure 1.

4 RF SYSTEMS
The main RF power supply for the X-band
photoinjector linac will be a 8.547 GHz, SL3 klystron at
ILSA/UCD which produces square RF pulses at power
levels in excess of 15 MW at 30 Hz repetition rate, with a
pulse duration of 2 pis, and an amplitude ripple <2%. The
phase stability of the klystron is currently measured at
±100 over the pulse duration, and will be brought down to
±10 by using a phase stabilisation feedback loop. The 2kW TWTA input drive to the klystron will be
synchronised to the laser oscillator, using a phase-locked
dielectric resonance oscillator to upconvert the laser
oscillator output frequency to the desired X-band drive
frequency.
We have designed a RF system using the SL3 klystron
power supply to provide sufficient energy to accelerate an
electron beam in the X-band PWT photoinjector to
20 MeV. Since the PWT is a standing-wave structure,
some RF power may be reflected during startup and
conditioning.
To prevent the reflected power from
damaging the klystron, we use a 3 dB power splitter to
divide the main RF into two feeds with 900 phase
difference (Figure 4a). The PWT linac structure is also
split, and the two linac sections are fed by the two feeds
from the power splitter. Thus, no reflected power will get
back to the klystron (assuming the two linac sections have
the same coupling coefficient and are both tuned to
resonance); and no high-power isolator is needed.
Because the SL3 klystron RF pulse is long (2 Vs)
compared with the filling time of the PWT linac (292 ns),
a SLED pulse compression system [4] may be optionally

PWT 3V/4 Drift
Section 1
Tube

PWT
Section 2

S•

Load::

PWT

Section 1

3 dB Coupler

3X/4 Drift
Tube

PWT
Section 2

Figure 4: a) Schematic for RF feed to X-band PWT.
b) Same system with SLED pulse compression.

5 PWT ACCELERATING STRUCTURE
To compensate for the phase difference between the
feeds, the two linac sections are connected by a short drift
tube having a length equal to 3V,4. In this case, the RF
phase of the second section is ahead of that of the first
section by 90'. The photocathode is inserted through a
demountable flange and integrated into the center of the
end plate of the first PWT linac section. The linac consists
of a series of suspended disks which are supported and
cooled by water-carrying tubes. Two inlets, through the
center divider of the two linac sections, feed water into
eight tubes in parallel, four in each section; and the water
outlets are located outside the end plates at the far ends of
the linac sections. No internal cooling channels inside the
disks are needed.
The RF properties for the X-band PWT linac are
calculated using the 3D electromagnetic code GdfidL, and
are shown in Table 1 for the accelerating mode, for the
cases with 1) no cooling rod, 2) four cooling rods with a
diameter of 0.83", scaled from the S-band version, and 3)
four rods with a larger diameter of 0.125". The RF
degradation for the case with larger rods is not
overwhelming compared with the smaller rods. The case
with no rods has the best RF properties. This can be
implemented with disks supported by synthetic diamond
washers as proposed by DULY Research [5].
The X-band PWT linac has a good frequency separation
between the accelerating mode and the nearest 0-mode,
i.e. 1043 MHz and 612 MHz, respectively, for the
configurations with four thin and thick rods. The dipole
and quadrupole modes are insignificant for these cases.
Based on the available klystron power and the RF
properties of the linac, the structural parameters, expected
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accelerating gradients, and energy gains are shown in
Table 3, for several RF/linac configurations (Table 2).
The variations are the length of the linac, and whether or
not a SLED pulse compression is used. We have used the
values of Q, r/Q and r of the 4-thin-rod PWT linac
(Table 1) to calculate the linac parameters shown in
Table 3. Using larger rods (0.125" diameter), the shunt
impedances are lower by 6-7%, and the corresponding
energy gains and gradients by only 3-4%. Including
waveguide losses (about 1.5%/m at 8.5 GHz) the actual
energy gains and gradients may be about 10% less than
the values shown on Table 3.

linac. Effects of the RF octupole due to the rods on the
accelerating mode have been estimated in a companion
PAC99 paper [6] and are small for charge less than 2 nC.
I.

No Rod
4 Thin Rods
4 Thick Rods

r/Q (D/m)

Q

r (MC./m)

6,488
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8,510
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Figure 5: Results of PARMELA simulations. a) and b)
are emittance and rms radius for Case 1. c) and d) are
emittance and rms radius for Case 2.
Table 4: Summary of PARMELA Calculations
Active linac length (cm)
Number of cells
Peak magnetic field (Gauss)

(SLED)

Case 2
28
2 x (7+2/2)
2965

1.0

1.0

Bunch Length (mm)
transverse beam size (at

0.36
0.70

0.33
0.84

Charge per bunch (nC)

Case 4
(LDCeRMS

Case I
21
2 x (5+2/2)
3315

cathode) (mam)

____________

10.53
5+2/2
93
12.54
9.70
19.40

14.04
7+2/2

10.53
5+2/2

14.04
7+2/2

Erittance (mm-mrad)
Energy spread (%)

0.95
0.2

1.00
0.2

293
16.72
11.20
2.40

167
12.54
12.61
25.22

167
16.72
14.56
29.12

Final Energy (MeV)
Peak gradient (MV/m)
Beam brightness (A/cm 2)

20
156
0x105

23
180
0.8x10o

nac length (cm)

21.06

28.08

21.06

28.08

[radient (MV/m)

92.10

79.76

119.7

103.6

Section length (cm)
Cells per section
illing time (ns)
hunt impedance (M[I)
Energy gain/secsion (MeV)
inal energy (MeV)

00......
.0

'L

..

No. of cells in each
section
5 full + 2 half
7 full + 2 half
5 full + 2 half
7 full + 2 half

PWT Linac Parameters
Table 3: X-Band
Case I
Case 2
Case 3

.0

".

•

Table 2: X-Band Linac Configurations
Case

b)

,
sE
o

q

Table 1: RF Properties of it-Mode for the PWT Linac

a

4..

7 CONCLUSIONS

6 BEAM DYNAMICS SIMULATIONS
We have performed simulations of the split injector
5 full +
configuration for Case 1 (2 sections, each having
2 half cells), and Case 2 (2 sections, each having 7 full +
2 half cells). The PARMELA simulations use as input
files the full magnetic field profile (longitudinal and
transverse), obtained with POISSON and PANDIRA, and
the electrical field profile, with SUPERFISH. The beam
charge, spot size and bunch length, as well as the
computed emittances and rms radius for the two cases are
summarized in Table 4 and Figures 5a-d. Both cases yield
a high beam brightness (0.8 x 105 A/m2), and the longer
structure (Case 2) results in a higher energy gain, as
expected. The peak gradients shown in Table 4 are
consistent with the available RF power. The average
gradients are 95 MV/m and 82 MV/m, for cases 1 and 2.
The normalized beam emittance (1 mm-mrad) and energy
spread (0.2%) are low, proving the validity of the
principle of emittance compensation in the X-band PWT

We have demonstrated the feasibility of a highbrightness, X-band photoinjector by design and simulations.
In the next
phase of project,
we will
fabricate and
test the X-band
photoinjector
upon DOE
approval.
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COMMISSIONING OF THE NEPTUNE PHOTOINJECTOR*
S. Anderson#, J. Rosenzweig, K. Bishofberger, X. Ding, T. Holden, A. Murokh,
C. Pellegrini, H. Suk, A. Tremaine, UCLA Physics Dept., Los Angeles, CA
C. Clayton, C. Joshi, K. Marsh, P. Muggli, UCLA Dept. of Electrical Engineering,
Los Angeles, CA
Abstract

I

The status of the commissioning of the if photoinjector in
the Neptune advanced accelerator laboratory is discussed.
The component parts of the photoinjector, the rf gun,
photocathode drive laser system, booster linac, if system,
chicane compressor, beam diagnostics systems, and
control system are described. This injector is designed to
produce short pulse length, high brightness electron
beams. Experiments planned for the immediate future ate
described.
Initial measurements of various beam
parameters are presented.
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1 THE NEPTUNE LABORATORY
The primary goal of the Neptune laboratory is the
acceleration of a high brightness, relativistic electron
beam in a plasma beatwave accelerator (PBWA), while
maintaining the initial phase space density. [1] To this
end, the main components of the lab are the high power,
short pulse, two-frequency Mars CO 2 laser [2], and the rf
photoinjector.
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Mifor Box
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2 THE PHOTOINJECTOR
The Neptune photoinjector consists of many components.
The most important of which are described below.

Solenoids

E4-iM6

Figure 1: The Neptune Photoinjector Beamline

2.1 Accelerator Sections
The accelerator is a split system consisting of a
photocathode gun, a drift space, and a booster linac. The
gun is a 1.625 cell it-mode standing wave cavity produced
by a BNL-SLAC-UCLA collaboration. [3] The gun has
been conditioned up to an input power of 6.5 MW which
corresponds to the planned on-axis peak field of 100
MV/m. The booster linac is a 7 and 2/2 cell it-mode
standing wave structure. The linac design is that of a
plane-wave transformer (PWT) which benefits from strong
cell-to-cell coupling and large mode separation. [4] The
linac has been conditioned up to the nominal operating
power of 13 MW.

"Worksupported by U.S. Dept. of Energy grant DE-FG03-92ER40693.
Email: anderson@physics.ucla.edu

0-7803-5573-3/99/$l 0.00 @1999 IEEE.

2.2 RE System
Low level rf is produced by a 38.08 MHz signal which is
frequency multiplied 75 times up to S-band.
After
passing through a phase shifter, the signal is raised to
over 400 W by a pulsed solid state amplifier. This signal
is then used as the rf input to a SLAC XK-5 klystron.
The klystron is pulsed by a modulator with a pulse length
currently set to 4 Jisec. The modulator was designed to
produce a flat-top pulse, when fired by an SCR-triggered
thyratron timed to the klystron rf input, impedance
matched to the klystron at high voltage. [5] The klystron
has output 22 MW pulses to the wave guide system on a
consistent basis.
The rf power distribution system consists of vacuum
wave guide separating power manipulating elements. The
first of these is a circulator which protects the klystron
from reflected power due to the impedance mismatch at the
standing wave structures at the beginning and end of an rf
pulse. The power is then split by a 4.77 dB divider
sending two thirds into the PWT. After the split there ae
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high power attenuators to control the power delivered to
each accelerator. In addition the linac wave guide has a
phase shifter to control the relative phase of the two
structures.,

2.3 PhotocathodeDrive Laser
The drive laser system begins with a 1064 nm modelocked Nd:YAG laser which is matched into a 500 m long
fiber to lengthen the pulse and yield a frequency chirp.
The chirped pulse is then sent to a regenerative amplifier
that increases the signal by a factor of one million. The
chirp correlation is then removed and the pulse compressed
by a grating pair. Adjustments to the grating pair allow
control over the pulse length which is currently set at 3
psec (FWHM). At this point the pulse is frequency
doubled by a BBO doubling crystal. The green laser light
is then transported approximately 40 meters to the next
BBO crystal which frequency doubles again to produce 266
nm light. The pulse energy in UV has been measured
reproducibly at 130 I.J.
Due to the long transport length, a vacuum transport
system has been constructed to hold beam optics and to
combat fluctuations in transverse position. To handle
long time scale (> 10 sec) beam drift, a feedback system
consisting of motorized mirror mounts and segmented
This
photodiodes functions in the transport system.
system is computer automated by iteratively reading the
position of a beacon laser with the photodiodes (beam
position monitor) and adjusting the motorized mirror
accordingly.

2.4 Chicane Compressor
The compressor installed at Neptune was designed in par
by scaling an L-band compressor designed for the TESLA
Test Facility (TIF)[61. As shown in figure 2, it consists
of four dipole magnets which can be configured either as a
compressor or a spectrometer. In compressor mode a
negative correlation in longitudinal phase space caused by
running off-crest in the PWT is removed by the difference
in path length of particles of different momentum. The
problem of excessive vertical focusing in the chicane has
been addressed by adjusting the initial and final edge
angles to approximately equalize horizontal and vertical
focusing in the device. By switching off the first two
dipoles, the second two are used as a spectrometer. The
chicane in spectrometer mode has been used for
preliminary beam energy measurements.

2.5 Beam Diagnostics
The main diagnostic used at Neptune for beam transport,
spot size, and profile measurements is the phosphor
screen. For this device phosphor is deposited on the
downstream side of an aluminum foil mounted normal to
the incident beam. A 450 mirror then directs light
produced by the phosphor out to a CCD camera. From

J

Figure 2: Chicane Compressor/Spectrometer
there the video data is digitized by a computer and analysis
is preformed on the image. In addition to phosphor, beam
spot screens using YAG crystals, which offer higher
resolution and better vacuum properties, are active at
Neptune.
To measure charge non-destructively we employ an
This device
integrating current transformer (ICT).
produces data on a shot-to-shot basis and has been used at
UCLA to measure charges from 10 pC to 5 nC [5]. For
destructive bunch charge measurements Faraday cups
mounted as beam dumps are used. The Faraday cups have
been used for initial charge measurements at Neptune.
Transverse emittance measurements will be made using
a slit based system [7]. In this system collimating slits
are used to separate the beam into many beamlets whose
intensity after propagation in a drift can be used to
determine the phase space distribution of the initial be.
To measure the longitudinal profiles produced at
Neptune (< 1 psec after compression), a technique using
coherent transition radiation (CTR)[8] will be employed.

2.6 Control System
The photoinjector control system begins with an Apple
Macintosh computer. The computer has a video digitizing
card which allows real time analysis such as dark current
subtraction, spot size calculation, and emittance slit image
analysis. Also, the computer is equipped with a GPIB
interface which is used to import oscilloscope traces, and
communicate with a GPIB controlled CAMAC crate. The
CAMAC crate contains modules responsible for phosphor
screen insertion, steering and quadrupole magnet control
and read-back, chicane control, and rf attenuators and phase
shifters.

3 PLANNED EXPERIENTS
Before the PBWA experiment is ready to proceed, there is
an opportunity to do experiments in the area of high
brightness beam physics. Investigations in this domain
will include parametric studies of the emittance
compensation process,
comparison of emittance
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measurement
techniques,
and
studies
on
the
compressibility of pulses in the chicane as well as
emittance growth in the chicane due to space charge
effects.
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3.1 Emittance Compensation Studies
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Recent theoretical work has given a prescription for
producing a minimum in transverse emittance in RF
photoinjectors [9]. By varying the key parameters in this
process, i.e. beam aspect ratio, solenoid field strength, and
bunch charge, we plan to experimentally check this
theory.
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3.2 Em ittance Measurement Techniques
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The space charge dominated behavior of high brightness
beams produced at Neptune can be seen through
adrift.
examination
of the RMS envelope equation for a beam in
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Here the ratio of the space charge to emittance terms
determines the character of the electron beam.
m
(2)
2V
R
Or.~
For typical Neptune parameters R >> 1 indicating a space
Thus, any emittance
charge dominated beam.
measurement scheme based on beam propagation in a drift
must take this ratio into account.
In the slit based measurement we see that the function
of the slits is to produce beamlets for which this ratio is
drastically reduced. For a uniform beamlet formed by a
slit of width d, this ratio becomes
-=

Rhawdet
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3.3 Compressor Studies
In addition to basic studies on the compressibility* of
electron pulses, we plan to investigate the phenomenon of
emittance growth in bends. Experiments in this area will
be complimented by simulations using a threedimensional code based on Lienard-Wiechart potentials
[10].

4 INITIAL COM MISSIONING
The Neptune photoinjector was commissioned and
photoelectrons were observed in early March 1999. The
beam was accelerated by both structures and the chicane
was used to measure an initial energy of 12 MeV.

3
Rbeamlet

<< 1.

This emittance measurement system will be compared
with the quadrupole scanning technique. In the quad scan
procedure, the beam spot size is measured as a function of
quadrupole field gradient. A purely emittance dominated
beam under these conditions will behave such that the
mean square beam size varies quadratically with the
inverse focal length of the quadrupole lens. The transverse
emittance is then calculated from the fit parameters of this

[1amn)
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beam can mimic the behavior of an emittance dominated
bean in the quad scan procedure. Figure 3 shows this
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THE STATUS OF S-BAND RF GUN SYSTEM AT SRRC*
C. H.,fo , S. S. Chang, J. P. Chiou, M. J. Horny, K. T. Hsu, S. Y. Hsu,
J. Y. Hwang. K. K. Lin, Y. L.Tsai, SRRC, Hsinchu, TAIWAN

Abbstract
An S-band if gun system is being developed at SRRC
(Synchrotron Radiation Research' Center), Taiwan. An
XK-5 klystron (2856 MHz) and a TH2100A klystron
(2998 MHz) will be used as the microwave sources. The
modulator systems for both klystrons are being constructed
at SRRC. The status of the rf gun and modulator systems
are reported.

temperatures of brazing alloys (from WESGO company)
were used to allow the fabrication of various components.
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1 INTRODUCTION
Through the international collaboration on the X-band if
gun research project between SRRC and UC Davis [1-2],
SRRC had acquired a lot of high power S-band if
components, including the XK-5 klystron (2856 MHz),
TWT driver, and PFN components. For the short-term
goal, we are going to assemble these components for
delivering approximately 16 MW rf power by the end of
year 1999. For the long-term goal, we are constructing a
high power modulator similar to that for the SRRC
booster linac system (2998 MHz), which is able to deliver
35 MW if power. The completion date is set to be
sometime in the year 2000. On successful commissioning
of this home made modulator, it means our maintenance
ability for the booster linac will be highly improved and
the high power technology at SRRC be elevated to a new
level. This in turn will definitely reduce the possibility for
down time of our booster linac. On the other hand, it
could also serve as the high power if source for the if gun
research project when the booster is in normal operation.
The main application of the rf gun at SRRC aims for the
IRFEL. (Infra Red Free Electron Laser) in the near future.
For a quick start, we are going to build a single cell Sband (2856 MHz) thermionic rf gun first. We expect to
commission this gun with the XK-5 klystron modulator
system very soon.

2 COLD TEST OF THE RF GUN
We have designed a single cell S-band (2856 MHz) rf gun
using the code URMEL [3]. The cavity is a simple pill
box type with 80.36mm diameter and 32.50mm cell
length. A flat copper cathode with 15.50mm diameter was
used for test purpose. A prototype copper cavity had been
fabricated and brazed. Figure 1' shows the assembly
drawing of the prototype gun. Three stages of vacuum
brazing corresponding to three different melting
Work supported in part by the National Science Council (Taiwan)
under contract No. NSC88-2112-M-213-007.
* Email: chh@srrc.gov.tw
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Figure 1: Assembly drawing of the gun cavity.
The first stage used 35/65 Au/Cu (35% Gold and 65%
Copper) as the brazing alloy (melting temperature: 1010
0
C) to braze the following three items: (1) WR 284 OFHC
waveguide and SUS 304 Merdinian flange (female), (2)
Copper cathode plate and 35 CF flange (SUS 304), and (3)
Copper plate and SUS 304 straight vacuum tube (1.5"
O.D.) for electron beam exit. The second stage used 50150
Au/Cu as the brazing alloy (melting temperature: 970 QC)
to braze the following two items: (1) WR 284 waveguide
and the surrounding enforcement copper bars (to prevent
the waveguide deformation when evacuated), and (2)
Cavity body, cathode plate, and beam exit plate. The last
stage used Palcusil 15 (65% Ag, 20.3%Cu and 14.7%Pd)
as the brazing alloy (melting temperature: 900 °C)to braze
the cavity body and WR 284 waveguide together. After
brazing, the cavity was vacuum tested using a Helium
leak detector and found to be Helium leak tight to better
than 109 standard c.c./sec.
The experimental arrangement for the bead pull
measurement is shown in Fig. 2. A machineable ceramic
(Aluminium Oxide) bead with 2 mm diameter was used
as an axial cavity perturbation. The bead was drilled using
an Nd:Yag laser, and supported by a nylon string with
0. 1mm diameter. Two lab jacks were used to support and
adjust the height of the gun body. One translator stage
was used for the horizontal alignment and the other
translator stage was used to pull the gun body so that we
were able to position the ceramic bead at any position
along the longitudinal axis of the cavity. The movement
resolution of the translator stage is 0.01mm, while we
only move the gun body along the longitudinal axis in
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steps of 0.5mm. The bead-pull measurement result is
shown in Fig. 3. We also show the consistency of the
measured data with an URMEL calculation.

inductor. The match resistor reduces power reflected from
the circuit load. As the thyratron is triggered, the pulsed
current from the PFN is fed into XK-5 klystron such that
the low power driving rf signal can be amplified up to 16
MW [4]. Calculated current pulse from the PFN is
optimized for the indicated load resistor and is shown in
figure 5. Table 1 gives the technical specification of the
designed modulator.

Figure 4: The circuit diagram of this S-band klystron
modulator. It consists of 10 sections of LC circuit. Every
individual inductor is tuned to obtain the required flattop
pulse.
Figure 2: Bead - pull measurement setup.
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An elliptical rf coupling iris was gradually enlarged to
the length of the major semi-axis being 13.25 mm and the
minor semi-axis being 4.90 mm before brazing. The
coupling coefficient was found to shift from 0.8 (before
brazing) to 2.1 (after brazing). The measured unloaded
quality factor is 6740 after brazing.
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Figure 3: Longitudinal E - field profile on axis.

3 THE PFN TEST STAND
In order to provide necessary rf power in feeding the 2856
MHz rf gun cavity, a modulator was designed and built to
power the XK-5 SLAC klystron. The circuit diagram of
this S-band klystron modulator is given in figure 4.
The Spellman SR-6 DC charging power supply (PS) is
used for testing purpose and is capable of delivering 0.2 A
output current at 30 kV and up to 50 kV at smaller current.
The CX1154 thyratron switch holds the high voltage at
capacitors of pulsed forming network (PFN).
Protection of the DC PS and thyratron is accomplished
with a charging inductor and diodes. PFN inductors are
made of copper tube with 6 mm in diameter. Inductance
tuning at nominal charging voltage is done by adjusting the
position of short circuit clamp associated with every
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Figure 5: On top of the figure, the calculated current pulse
from the PFN is optimized for the indicated load resistor.
The expanded view of the flattop region is shown in the
lower part. It indicates that a flattop with 0.5 % amplitude
variation over 3 jtsec is estimated.
Figure 5 shows the PFN current feeding into the XK-5
klystron. The top of the figure gives the current pulse and
the bottom shows its flatness is 0.5 % over 3 gisec range.
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Table 1. Technical specification of S-band modulator
Design parameter
PFN charging voltage (nominal)
30 kV
Output voltage (nominal)
15 kV
Repetition rate (nominal)
10 Hz
Pulse width (50%)
7
gtsec
Rise time (10 - 90%)
<1
isec
Fall time (10 - 90%)
< 2 gxsec
Pulse flatness (for 3 gtsec)
< 0.5 %
Number of sections
10

4 SUMMARY
An S-band rf gun system is being developed at SRRC.
Both 2856 MHz and 2998 MHz systems are considered.
The rf cavity and the associated klystron modulator are
under construction and fine tuning. The measured results
on cavity E - field profile and modulator output pulse shape
are compared with the calculation expectation. Tuning of
each subsystem in further optimizing their performance is
expected.

A preliminary test run of the constructed PFN system is
given in figure 6. It gives the voltage pulse shape at the

[1] C. H. Ho, W.K. Lau, T. T.YangJ. Y. Hwang, S. Y Hsu, Y. C. Liu,
G. P.Le Sage, F. V Hartemann, and N. C. Luhmann, Jr., "The

load resistor. This test run was done at charging voltage of
10 kV. Considering the flatness requirement, further

Design and Fabrication of an X-Band RF Gun", AlP Conf. Proc.
398 for the Seventh Workshop on Advanced Accelerator Concepts

of individual inductance at every section is
adjustment
necessary to improve the flatness of the pulse. It also
nvtBaldis,
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indicates that adjusting the match resistor is needed to
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Ho, "Phase Noise Reduction and Photoelectron Acceleration in a

reduce the bump signal at the pulse tail.
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Figure 6: Preliminary test result of the PFN output voltage
pulse at the load resistor. The charging voltage of this test
is 10 kV.
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A LASER TRIGGERED ELECTRON SOURCE FOR PULSED RADIOLYSIS
H. Monard, J.C. Bourdon, J. Le Duff, T. Garvey, B. Mouton, J. Rodier,Y. Thiery,
Laboratoire de l'Acctlrateur Lineaire, Universit6 de Paris-Sud, IN2P3 - CNRS, Orsay, France.
M. Gaillard,
Laboratoire de Photophysique Moleculaire, Universit6 de Paris-Sud, IN2P3 - CNRS, Orsay, France.
of the order of 3 jts the dark current must not exceed a few
microamperes.

Abstract
We present the design of a photo-injector based accelerator
for pulsed radiolysis applications. This machine is
destined to meet the needs of the physical chemistry
community at the Universit6 de Paris XI. A 4 MeV
electron pulse of a few picoseconds duration and with a
charge in the range of 1 to 10 nC is produced from a Cs 2Te photocathode. The photocathode is placed in the half
cell of a 1-1/2 cell, 3 GHz RF gun, whose design is based
on the gun used for the drive beam of the CERN CLIC
Test facilty. A 4 cell "booster" cavity is then used to
accelerate the beam to an energy of 9 MeV. The transport
system consists of a quadrupole triplet downsteam of the
booster, two rectangular, 30 degree bend, dipoles with a
pair of quadrupoles between them and a second triplet
downstream of the second dipole. Energy dependent path
length effects in the two dipoles allow the possibilty of
magnetic bunch compression depending on the phaseenergy correlation of the bunch exiting the booster cavity.
The beam envelope and the bunch length have been
calculated through the transport line using TRACE-3d and

Table 1: ELYSE beam specifications
Energy
Bunch charge
Bunch duration
Energy spread
Normalised emittance
Beam size on target

4 - 9 MeV
> 1 nC
< 5 ps (FWHM)
< 2.5 % (RMS)
< 60 mm-mr (RMS)
2 - 20 mm

2 THE ACCELERATOR
The layout of the accelerator, chosen to satisfy the
ELYSE requirements, is shown in figure 1.

PARMELA. These codes allow us to verify theWe
required
will
areas.
beam parameters at the experimental
discuss the adjustment of the optics, aimed at producing
the minimum electron bunch length at the experimental
targets.
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1 INTRODUCTION
The project ELYSE aims to provide the physical
chemistry community with a tool to study rapid chemical
reaction dynamics. Chemical samples will be irradiated by
a fast, high charge electron pulse and the resulting
reactions will be analysed using a laser pulse synchronised
with the electron beam. The necessity for both a laser and
electron beam to perform such 'pump-probe' experiments
suggests the use of a photoinjector for the electron beam,
as the laser to be used as a probe can also be employed to
produce the electron beam. The beam requirements
necessary for ELYSE are given in table 1. Although the
nominal charge per bunch is set to 1 nC one hopes to be
able to produce more intense pulses (up to 10 nC) with
similar pulse widths. In addition to these conditions there
is a need to reduce the charge from the dark current
arriving at the experimental samples to a level of < 1% of
the charge of the primary beam. As the RF pulse width is
# Email : monard@lal.in2p3.fr
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1. The accelerator layout.
It consists of a 1- 1/2 cell RF gun, followed by a four cell
"booster" cavity and a magnetic transport line to deliver
the beam to one of three experimental areas (EA). The
choice of the gun is based on the design used at CERN for
the CLIC Test Facility [1]. The 1-1/2 cell gun will
provide a beam of approximately 4 MeV while the
booster cavity will allow further acceleration to 9 MeV. A
solenoidal magnet is placed at the exit of the gun to focus
the beam through the booster. The design of the transport
line is chosen with two objectives in mind. The use of
the two dipoles allows the dark current from the source to
be filtered out before arriving at EA2 or EA3. If
necessary, the collimating slit can further reduce the dark
current but at the expense of losses in the primary beam.
Secondly, the correlated phase-energy dependence of the
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beam leaving the booster can be exploited to provide
temporal compression of the bunches due to energy
dependent path length effects in the transport line [2].
This will help to compensate space-charge effects which
will tend to lengthen the pulse duration, particularly on
EAL.

3 SIMULATIONS
2.1 The electron gun
As stated above, the electron gun is based on the design
Asdsatedabthe Nevertheletn gn i b easedohe eslignt
modifications to allow operation of the gun at lower
cathode gradients (65 MV/m) with the aim of reducing the
dark current while still allowing transport of the high
charge through the
booster.
of the gun was
SUERFSH.Thecalclatd
wihOptimisation
performed withperfrme
SUPERFISH.
The calculated feld
field
distribution was then used as input for PARMELA
calculations of the beam envelope. The magnetic field of
the solenoid was calculated with POISSON.

2.2 The transportline
The design and calculated settings of the transport line
were made bearing in mind that the most important
parameter, for the experimental targets is the bunch
length. The layout of the line is rather classical. The
beam exiting the booster encounters a first quadrupole
triplet followed by two dipoles with a pair of quadrupoles

6

-R-ijXoj

Xi

(i =

j=l
where xi a (x, x', y, y', 8z, 8p/p). First, we find the
correct settings for the pair of quadrupoles Q4 and Q5) in•
order to have the transport matrix elements R.5 a R52 = G.
This setting makes the bunch compression inependent of
the geometric terms at the exit of th booster cavity.
Moreover, it is also the correct setting for a first-order
achromatic transport (neglecting space charge effects). The
fields of the first triplet are then adjusted to give a
reasonable value for the horizontal beam size between the
two dipoles. Finally, the second triplet is set to deliver
the required beam size, at EA3. It is then necessary to readjust Q4 and Q5 to maintain R51 = Rn = 0. If the gun
and booster are adjusted to provide the required phaseenergy
then bunch length compression occurs
after thecorrelation
beam traverses
the two dipoles..
2.3 The dipoles
The dipoles were designed with the 2D-codes
POISSON
and OPERA [3]. We have chosen to use rectangular, Ctype500
magnets,
30' bend
angle, and
radius
of
mm. with
The a main
windings
werea bending
calculated
to
0.1cTlatseco
of
fied
magn
maximum
oduce0
produce a maximummagnetic field of 0.1 T. A secondary
winding allows one to cancel remanent fields of the order
of 20 G, in order to deliver the beam to experimental areas
1&2we eurd
I & 2 when required.

between them and, finally, a second triplet. The machine
has a point of symmetry centered between the pair of
quadrupoles. This means that the dipoles, quadrupoles and
triplets are identical as are the lengths of the
corresponding drift spaces
The RMS beam parameters at the exit of the booster,
calculated using PARMELA, were used to provide input
Twiss parameters for TRACE-3d in each of the phase
spaces (x,x'), (y,y') and (ý,E). TRACE-3d has the
advantage of allowing quadrupole fitting procedures and
permits one to quickly check on the transport. On the
other hand, only the linear part of the space charge field is
taken into account. For this reason, we used PARMELA
to calculate the envelope through the entire machine with
the quadrupole settings found using TRACE-3d. No major
discrepancies are seen when comparing the transverse
RMS beam enlevopes. However, the final bunch length

2.4 Results

calculated with PARMELA appears to be slightly longer
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truncated at ± 2.5
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than that calculated with TRACE-3d. The difference may
be due to the inclusion of the non-linear space charge

fields when using PARMELA.
Now let us discuss the transport setting from the
exit of the booster up to EA3. The phase space coordinates at the exit of the transport line, x,, are related to
those at the entrance, xoj,by the transfer matrix Rij using
the equation,

2013
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_
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Figure 2. Energy-phase correlation at the booster exit.
The envelope of the same beam transported from the
booster exit to EA3 is shown in figure 3. The calculated
bunch compression in this case is 28% although we have
shown that 50% can be achieved. At 9 MeV and I nC the
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desired pulse length is obtained (see Table 2, figure 3). At
the lower energy of 4 MeV we still manage to transport 1
nC to EA3 but we see that the space charge effects lead to
a longer pulse.
Table 2. Parameters at EA3 for 1 nC charge.
Energy
oI
WE/E
RMS norm. emitt.

4 MeV
3.7 ps
3.6%
51 mm-mr

9 MeV
0.8 ps
2.3%
70 mm-mr

In contrast, we note that the charge of 10 nC cannot be
transported without some loss in the second dipole. We
continue to perform calculations to optimise the
transmission at 10 nC.
.The

8
7

6

6

X
ybunch length
b2000.

We will use a booster structure which already exists. The
entire RF network for feeding the gun and booster has
been ordered from industry as has the klystron. ýThe
modulator will be built in-house. The quadrupoles and
solenoid are under construction in industry and the dipoles
are out to tender. Once delivered they will be tested using
the facilities at LURE. The magnet power supplies will
also be built by a group from the LURE laboratory.
Position and intensity instrumentation is being developed
at LAL. The control system has been contracted to
industry and is well in progress. The vacuum system has
been designed and many components are already on site
with others ordered. The LAL drawing office is working
on the design of many of the mechanical components
(vacuum chambers, diagnostic ports, supports etc..).
ELYSE will use an entirely commercial laser which has
already been delivered.
facility will be housed in an existing
building which is currently being renovated. Installation
and 'first beam' are foreseen for the summer of the year
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As we aim to extract high charges (7- 10 nC) with a
laser energy of - 50 tJ at 266 nm we choose to use a
caesium-telluride photocathode. These cathodes, as well as
having a high quantum efficiency (>1%), are now known

to have a long lifetime, of the order one month [4] and

exhibit low dark current [1]. However, the choice of such
a cathode requires the use of a dedicated preparation
chamber. We plan to install a simplified preparation
chamber based on the design of a new chamber currently
being installed at CERN for the CLIC Test Facilty probe
beam [4].

5 PROJECT STATUS
In this paper we have mainly discussed the simulation
work aimed at verifying that the desired beam performance
can be obtained. In parallel with these calculations we
have been making progress on the construction of the
machine. Low level measurements have been performed
on a prototype RF gun to fix the dimensions of the gun.
2014
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INITIAL RESULTS OF RF GUN EXPERIMENT
H. Abe, T. Asaka, H. Hanaki, A. Mizuno, S. Suzuki, T. Taniuchi*, K. Yanagida,
SPring-8, Hyogo 679-5198, JAPAN
Abstract
17-

A photocathode RF gun was built and it has been operated for beam measurement at SPring-8. The cavity was
tested by using high power RF up to 18 MW. The electric
field gradient on the cathode reached 127 MW/m. After RF
conditioning, a laser pulse was irradiated on a copper cathode and the photo-emitted beam was accelerated up to 2.9
MeV. An effective quantum efficiency of the cathode was
obtained by changing laser power and field gradient.

1

Figure 1: Schematic drawing of gun cavity.

INTRODUCTION

A photocathode RF gun is promising as an optional injector
for the SPring-8 linac since a much lower emittance than
that of the present thermionic gun system is expected. This
feature can enable such future applications of the linac as
a single-pass FEL based on SASE, which requires lower
emittance and shorter bunch length.
For the optimization of a realistic gun system, an experimental and a simu.lation[l] study are being conducted in
parallel. The purposes of this experiment were to develop a
reliable simulation code by comparison with experimental
results, to confirm stable operation of the RF cavity under a
high gradient field environment, and establish the effectiveness of surface treatment for the reduction of dark current.
Furthermore, technical problems with operating an RF gun
system were revealed. In this paper, the initial results of the
experiment are described.

2.1

coupler, the Q value of the cavity was reduced and the filling time was shortened. A shorter filling time enables a
higher field gradient, more stable operation and reduction
of dark currents. A higher gradient is needed to check the
simulation results. The parameters of the cavity are summarized in Table 1.

Table 1: Parameters of high power model cavity.

*Email: taniuchi@spring8.or.jp
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MHz

2856
Single

Bore diameter
Intrinsic Q value
ExtrnalQ value
External
port
External Q
Q value
value for
for output
input port

mm

20
13000
13684
3684
2786

Loaded Q value
Filling time
Shunt impedance (for/3=1)
Emax / Ecathode
Laser injection angle

2 EXPERIMENTAL SET UP
Gun Cavity

A single-cell RF cavity[2, 3] was designed by using
MAFIA[4]. The field distribution of a single-cell cavity
is considered to be simpler than that of multi-cell cavities
and preferable for comparison with the simulation results.
The accelerating gap length was determined by TS2 simulation to minimize the emittance, and the dimensions such
as coupling hole size and cell radius were obtained by a
3D solver. A schematic drawing of the cavity is shown in
Fig. 1.
A cavity wall made of OFHC copper was used as a photocathode. Two quartz windows for laser injection were
located with an angle of 240 from the cathode plane. Two
couplers in this cavity were adopted to improve the field
symmetry and shorten the filling time. The displacement
of the field center from the geometrical center of the cavity was thus 0.13 mm, while it was 0.55 mm for the single
coupler case. By connecting a dummy load to the output

Frequency
Number of cells

2.2

Izsec
M0
[deg]

1414
0.31
1.16
1.09
90/24

Laser

The seed laser used in this experiment was a cw modelocked Nd:YLF laser (Lightwave Model 131) with a repetition rate of 178.5 MHz. A single IR pulse sliced by a
Pockels cell was amplified by flash-lamp-pumped regenerative amplifiers at a repetition rate of 10 Hz. Then fourth
harmoinic photons were generated by two BBO crystals. A
UV pulse with a wavelength of 262 nm and a pulse duration
of 10 ps was transferred into the radiation-shielded area and
focused on the gun cathode. The maximum energy of the
laser pulse is about 2mJ at 262nm.

2015
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2.3

RF System

A block diagram of the high power RF system is shown
in Fig. 2. A 35 MW klystron was installed at the RF gun
test area located in the Machine Laboratory Building next
to the 1 GeV linac. RF power generated from the klystron
is divided ifiTo two waveguides, and one is fed into the gun
cavity while the other is fed intoa dummy load. The RF
power divider consists of a Magic Tee, a phase shifter and
a 3 dB coupler and can divide power In an arbitrary ratio.
There is an RF window between the waveguide system and
the cavity. The vacuum pressure in the cavity is kept lower
than 10-5 Pa by a 100 I/sec sputter ion pump. The RF
power can be monitored through the directional couplers
(DC,1-5) shown in Fig. 2.
The klystron drive frequency of 2.856 GHz is generated
by a 178.5 MHz RF signal from the seed laser.

d
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Figure 3. Top view of beam diagnostics system.

during the conditioning. The RF power fed into the cavity
up to 18 MW after 6 hours operation. The maximum RF power was limited due to klystron problems.

•reached

KL7

Fig. 4 shows typical RF wave formis at the upstream and
downstream of the gun cavity. The electric field strength in
cavity saturated within l1isec, although some reflection
effects could be seen on the wave forms due to the lack of
an RF circulator. The pulse duration could be shortened
during a single bunch mode to reduce dark currents and
achieve more stable operation in a higher field gradient.

~c1•
Pthe
rf
Pr

"ody"

_C3
PPr

t•

Pf
3dB

.

Gun
1C4

CaviY

DC5

20

Figure 2: Block diagram of high power RF system.
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2.4

Beam DiagnosticSystem

.

As shown in Fig. 3, the beam transport line consists of two
solenoid magnets, two pairs of X-Y slits, a wall current
monitor, two screen monitors, an energy analyzing magnet
and a Faraday cup. All components are mounted on an
optical table. We do not use a return yoke plate for the
solenoid magnets, because the field distribution of such a
coil can be solved easily and included into the simulation
code. These magnets are only used to transport the beam
with appropriate beam size but not optimized to minimize
emittance. Two pairs of X-Y slits are used for emittance
measurement.
During measurements mentioned below, it was found
that the field distribution of solenoid magnets was distorted
by the optical table made of magnetic material. As a result,
a horizontal deflection of beam occurred. A steering magnet was installed to compensate the beam deflection due to
the solenoid field. This optical table will be replaced by
non-magnetic one.

3

HIGH POWER TEST OF GUN CAVITY

The RF conditioning of the cavity was performed with a
pulse duration of I usec and a repetition rate of 10 Hz.
The vacuum in the cavity was kept lower than 1x 10-4 Pa

.
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Figure 4: Typical RF waveforms obserbed by directional
couplers shown in Fig. 2.

The dependence of the dark current on the field gradient
is shown in Fig. 5. Dark currents were measured by using a
Faraday cup directly connected to the cavity. The peak current increased exponentially with increasing the field gradient. It reached up to 10 mA when the field gradient was
121 MV/m. The dark current will decrease largely along
the transport line with solenoid fields.
Since continuous RF breakdowns and beam loading effects on reflection and transmitted RF power from the cavity could not be seen at this power level, the field gradient
could be further increased.
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Figure 5: Dark current as a function of field gradient on
cathode.

Figure 6: Beam charge per bunch as a function of irradiated
laser energy.

4 BEAM MEASUREMENTS

simulation results. In order to investigate the beam characteristics in a higher field gradient, klystron power needs
to be increased up to 35 MW. At this power level, the field
gradient becomes about 180 MV/m. Measurement of the
transverse emittance and bunch length will be major activities in the next phase of this experiment. Furthermore,
another two cavities will be evaluated to confirm the effectiveness of surface processing on the reduction of dark
current.

4.1

Energy

After RF conditioning of the cavity, a laser pulse was irradiated on the cathode and the photo-electrons were accelerated. The center beam energy was 2.6 MeV and energy
spread was about ±-10% when the input RF power was 18
MW. The field gradient on the cathode reached 127 MV/m.
These results agreed with the simulation results. A dependence of beam energy and energy spread on RF phase could
not obtained because of an asymmetry of solenoid field.

4.2
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Quantum Efficiency

The effective quantum efficiency was measured by connecting a Faraday cup directly to the cavity. A pulsed signal of the current was flattened by an RC filter with a time
constant of 1.7 second. The contribution of dark currents
was subtracted. Fig. 6 shows the bunch charge as a function of irradiated laser energy when the field gradients were
90 and 124 MV/m. The RF phase was adjusted to obtain
a maximum charge. From the slope of these data, the effective quantum efficiency for 90 MV/m case was found
to be 2.4x 10-1. It was enhanced to 3.7x 10-5 in the case
of 124 MV/m by Schottky effect. Though laser power was
enough to produce a charge of more than I nC at this condition, it could not possible to transport whole charge against
the space charge force without solenoid magnets. In order
to improve the quantum efficiency, a laser cleaning of the
cathode and change of laser polarizing angle will be effective.

5

6

[2] T. Taniuchi, et al., "Study of an RF Gun for the SPring-8
Linac", FEL conf., Rome, (1996).
[3] T. Taniuchi, et al., "Design of High Power Model Cavity for
RF Gun", FEL conf., Beijin, (1997).
[4] M. Bartsch et al., Computer Physics Communications 72,
22-39 (1992).

CONCLUSIONS

The fabricated gun cavity has shown the expected performance in experiments conducted so far. The dependences
among the field gradient, charge, RF phase, laser power
and so on should be further studied and compared with the
2017
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A High-duty 1.6 Cell s-Band RF Gun Driven By a psec Nd:YAG Laser*
Y. Aoki#, J. Yang, M. Yorozu, Y. Okada, A. Endo /SHI, Yato, Tanashi, Japan/
T. Kozawa, Y. Yoshida, S. Tagawa /ISIR, Osaka Univ., Mihogaoka, Ibaragi, Japan/
M. Washio /RISE, Waseda Univ., Ohkubo, Shin-juku, Japan I
X.Wang, I. Ben-Zvi /ATF, BNL, Upton, NY/
2 RF GUN SYSTEM
Abstract
The performance tests were done for a 1.6 cell s-band
under
BNL-type photocathode RF electron gun, GUN-IV,
a condition of 1.5MW RF power input and 266nm
Nd:YAG laser pulse irradiation. As a result, the
maximu ensergy andlthe mrradiaximum charesulchwee
maximum energy and the maximum charge/sbunch were
obtained as 1.6 M eV and 120 pC/bunch, respectively. In
addition, a sinusoidal behavior of current with the
polarization angle of laser light were measured.
of laser
as a function
change
in current
Furthermore,
reproduced
phasethewas
measured
and reasonably
injection
byianumerticnp
cwal eal
u ron.
rbeam
by a numerical calculation.

1 INTRODUCTION
Recently, photocathode RF electron guns are being
vigorously developed by several groups for free electron
laser, laser- and plasma- accelerations, laser Compton
scattering experiments etc., since this kind of gun has
several advantages. First, ultra-low emittance beam can
be realised. And then, any bunching section is not
necessary in an accelerator, energy spread can be largely
suppressed, bunch length can be controlled by the pulse
width of laser, the synchronization can be easily achieved
with laser pulse, and so on.
A new BNL-type photocathode RF gun (GUN IV) was
designed and constructed under the BNL/KEK/SHI
international collaboration in 1997[1], based on the
design of BNL-GUN 111[2]. Here, the second generation
of the GUN IV is introduced, which was manufactured by
SHI for ultra-short X-ray pulse generation through the
inverse Compton scattering [3,4].
In this paper, some results from the performance tests
of this gun, such as the electron energy and the
dependence of the beam characteristics on the parameter
the power
designed
shown. only
Though
laserofinjection,
of
waspeak
fed
RF pulseare
is 7MW,
1.5MW
power
into the gun due to the limitation of experimental setup.
However, the results show the gun can be operated
satisfactorily by such low RF power.
"This work was partially performed under the management of the
Femtosecond Technology Research Association (FESTA) supported by
the New Energy and Industrial Technology Development Organization

Japan.

Our gun system has almost the same structure as the first
generation[l] and can be separated into a gun cavity (1.6
cell), a single emittance compensation solenoid
magnet[5], a pair of dipole magnet and a vacuum
pumping unit. The gun cavity has two s-band cells made
of oxygen-free highly pure copper (class 1), called "half
cell"(0.6 cell) and full cell (1.0 cell). These cells are
d r cl -o p e . T e h l
el e d d wt
h
directly-coupled. The half cell ended with the
photocathode and have two optical ports for laser
the full
normal
of the
is 67.50
injection whose Onangle
hand,to the
cell has
the
photocathode.
the other
exit and is connected with the waveguide for RF
power input. Furthermore, this gun has three water
cooling channels for the higher repetition rate in
operation (high-duty).
The solenoid magnet is ca. 230mm long including
yoke plates and directly connected with the gun at oneside. The magnetic field along the central axis of the
solenoid coil was measured to be homogeneous over 100
mm in z-direction and at least 30 mm in the radial
direction. The maximum field strength was 3 kG at 200A.
The dipole magnets for x- and y- direction are located
in the hole of the solenoid magnet and have the common
central axis in z-direction with the solenoid. The straight
section of the coil is 100mm long and can give
homogeneous field. The field strength shows a linear
relationship with the current and 40G was measured at
the current of lA.
The gun cavity was directly pumped out by an ion
pump (150 us) and the base pressure was achieved to
about 1 x l0W Pa. An auxiliary turbo molecular pump
system is set in the down stream of the solenoid coil. It is
used only for starting up evacuation of the system.

3 ELECTRON BEAM GENERATION
The performance tests were done in the LINAC facility of
ISIR, Osaka University. The power of input RF was
measured through a directional coupler to be 1.5 MW.
The laser which drives the gun was a 15 picosecond
Nd:YAG laser which is developed especially for RF guns
Products (TBP) and Sumitomo
Bandwidth
Time
by
Heavy
Industries
(SHI)[6.
y
n re
w
nb
Hey proie o l
by the
monitored
beam
was
of
electron
The
profile
combination of a phosphor plate, which is made of
sintered A1203 doped with Cr, and a CCD camera (screen
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no0

At this energy, emission intensity was not so sufficient in
the measurement then the data are relatively scattered.
The error bars in Fig. 2 show the resolution of the CCD
camera (1 pixel).
On the other hand, the maximum acceleration field in
the gun is calculated to 17MV/m, using the RF power of
1.5MW. This acceleration field can give the energy of
about 1.9 MeV which is not so different from the

175 -

experimentally estimated above.

monitor). Fig. 1 shows the optimal beam profile in the
form of the cross sectional views along x axis(left) and y
axis(right) obtained after the solenoid. The fitting of the
profile with a gaussian curve resulted in the beam size of
about 1.5mmr (2o,=1.48mm and 2 =l.53mm).
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Fig. 1 The cross-sectional view of the optimal beam

profile (x-axis:left, y-axis:right), observed on the screen

0.5

monitor after the solenoid magnet. The dimension is
described in unit of pixels (lpixel=0.287mm). The
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Fig. 3 The dependence of the electron energy on the laser
injection phase. Error bars indicate the resolution of the

4 ENERGY MEASUREMENT

CCD camera.

The energy of electron beam was measured by the
steering action of the magnetic fields on the beam. In the
measurement, the dipole(x) field was set and fixed to the
appropriate value and the distance of the center in the
beam profile from the original one (B4 1 )=O)
was
0
measured. Then, changing the solenoid field, the distance
was measured. The results are seen in Fig. 2 with three
simulation curves. The beam trajectory was calculated
based on a simple Lorenzian eq. in the simulation for the
electron beam energy of 1.5-1.7MeV.
data.......i .m}v)
cula......ta

Experiment

0

oscillation at low level in the right figure might be some
back-ground frequency noise on measurement.

S.....

0

...

The dependence of the energy on laser injection phase
was also measured. The trend of change in energy is
similar to the curve from simulation which was done with
the calculated acceleration field. The curve indicates that
acceleration efficiency become lower by the phase
change. The difference between the measured values and
the simulated curve seems enhanced with increase in
phase. It may come from scattering effects by residual
gas, because the RF conditioning is not sufficient yet.
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Current of the output beam was measured with a thick

.

S:
-

copper electrode (10mmý) with impedance-matched to 50
ohm which is located at 730mm from the photocathode.
The charge of the bunch was estimated from the current,
considering the repetition rate of 10 Hz and subtracting
the dark current.
In Fig. 4, the measured charge is plotted as a function

-',

50.4

0.6

0.8

1

1.2

solenoid magnetic •field

1.4

of laser injection phase. The simulated curve which is
normalized at the maximum point is also shown in the

1.6

(•k

Fig. 2 The radial distance of the beam position from the
orig.i2nThrdal
o
bsev
on the screen
seenamponitionfrom
The
original
one,
observed
on
monitor. The
while the dipole field was
solenoid field was changed
fixed. The simulation curves are for 1.5, 1.6 and 1.7MeV
fixed.n
Tes
latn cThis
electroninstead
From this figure, in the case of 1.5 MW power input,
approximately 1.6 MeV of beam energy was obtained.

figure. The maximum current was obtained at the phase
somewhat
before
givingas the
maximum
field (phase
--0). It is the
same that
situation
in the
case of energy,
seen
eakrapeas.
asmall
4,
Fig
in
g.. Overs30hdegree
i
in Fig. 3. Over 30 degree in Fig. 4, a small peak appears.
may be because the RF power of 1.5 MW was used
of the designed power of 7MW. It is suspected
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that electron beam might have a complicated trajectory
between the half cell and full cell.
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CONCLUSION

The performance test of the second generation of GUNIV was done with RF power of 15MW and Nd:YAG laser.
The maximum energy and the maximum charge/pulse
were 1.6MeV and 120pC/pulse,respectively. One of the
most important advantage of RF gun is ultra-low

60

S600
40

the performance test including the emittance
measurement and the bunch length measurement will be
done and our project on ultra-short X-ray generation
through the inverse Compton scattering will be proceeded.

beam generation based on the large
acceleration gradient (>100MV/m) induced by high

100

[degree]

Fig. 4 The charge measurement as a function of the laser
injection phase and the simulation cueve.

power RF. Next step, we should perform this kind of
experiment. But here, in other words, we demonstrated
that the gun works well even with such low power RF
(1.5MW).

6
The effect of polarization angle of laser light on the
charge was measured by using a 1/, plate. As shown in
Fig. 5, sinusoidal change in charge was obtained. As
Sakai et al. pointed out[l], since we inject laser pulse
onto the photocathode, one directional component of the
field of laser light may affect much largely on the
photoemission process at the cathode. The maximum
effect should be obtained at p-type polarization.
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Fig. 5 The change in charge /pulse with the laser injection
phase.

After a series of performance tests described above,
we have got the optimum parameters for the solenoid
field and for the laser injection to get the maximum
electron charge from the gun. Finally, the maximum
charge was recorded 120 pC/pulse at the solenoid field of
0.6 kG and the laser injection phase of -10 degree, while
the dark current was 60 pC/RF pulse. As discussed on Fig.
4, the insufficient RF conditioning can make the gun
performance worse. The relatively high dark current may
come from this condition. In future, using high power RF,
2020
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THE DEVELOPMENT OF S-BAND PLANE WAVE TRANSFORMER
PHOTOINJECTOR"
X. Ding, C. Pellegrini, J. Rosenzweig, S. Telfer, A. Tremaine, W. Vernon
Department of Physics and Astronomy, UCLA, LA, CA90095- 1547
D. Yu, D. Newsham, J. Zeng, T. Lee, J. Chen
DULY Research Inc.
Abstract
An integrated S-Band RF photoinjector based on the
plane wave transformer (PWT) is being built in the
Particle Beam Physics Laboratory at UCLA in
collaboration with DULY Research. This novel structure
integrates a photocathode directly into a PWT linac [1]
making the structure simple and compact. Due to the
strong coupling between each adjacent cell, this structure
is relatively easy to fabricate and operate [2]. This
photoinjector can provide high brightness beams at
energies of 15 to 20MeV, with emittance less than 1mmmrad at charge of 1 nC [3]. These short-pulse beams can
be used in various applications: space charge dominated
beam physics studies, plasma lenses, plasma accelerators,
free-electron laser microbunching techniques, and SASEFEL physics studies [4]. It will also provide commercial
opportunities. in chemistry, biology and medicine. The
present status of the PWT photoinjector including
fabrication and cold test to characterise the structure is
described. RF system and photocathode drive laser
system are also discussed.

1 INTRODUCTION
The photoinjector concept was first proposed and
experimentally tested at Los Alamos in mid-80s. Photoinjectors have proven their ability to produce very bright
electron beams. The high brightness beams have several
applications, such as self-amplified spontaneous emission
free-electron lasers (SASE-FEL), Compton scattering
sources, wake-field accelerator drivers, and linear collider
sources of polarized electrons.
1.625 cell
The conventional BNL/SLAC/UCLA
a reliable
be
to
proved
been
has
gun
RF
photocathode
high brightness beam source [5], but the beam energy of
this type of gun is relative low (4-5MeV), it usually
needs additional accelerating sections to get relative high
energy. And due to its small cell-to-cell coupling and
small mode separation (3MHz), it is hard to make.
A new S-band photoinjector design is pursued by a
UCLA/DULY Research collaboration. A novel compact
standing wave RF structure (PWT) is integrated with a
removable photocathode. This structure has great
coupling between the accelerating cells. The mechanical
tolerances for the PWT gun is much higher than those for
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

the BNL/SLAC/UCLA type gun, making it much easier
to fabricate.
The S-band PWT photoinjector is a Small Business
Innovation Research (SBIR) project proposed by DULY
research Inc. teaming up with UCLA to develop a novel
photoelectron linear accelerator. The goal of this project
is to accelerate a short pulse (-5ps), low emittance
(-lmm-mrad), high charge (lnC) electron beam in a
compact (-33MeV/m), low-cost linear accelerator. The
compact linac will have broad commercial and research
applications.
A schematic of the PWT photoinjector is shown in Fig. 1.
The structure consists of a cylindrical tank and an array of
disks. There are totally 10 full cells and 2 half cells in the
whole structure. The disks'are connected together by 4
metal rods parallel to the axis. The disks are separated
from the cylindrical tank, so they are like a centre
conductor to support a TEM-like plane wave between the
tank and disks. The field within the region of the disk is
similar to a TM01 mode, which can accelerate electrons
on the axis. This structure transforms a transverse plane
wave field into a field having a longitudinal electric
component for acceleration of electrons. The feature
causes
the PWT structure
to have
the advantages
of high
shunt impedance
and strong
coupling
between each
cell.
The PWT also provides good vacuum conductance and
easy
this structurecaused
also raises
aboutfabrication.
the fieldButasymmetry
by thetheconcern
four
supporting/cooling rods. Our simulation and cold test
showtisefct is negliibe.
In this paper, we describe the RF structure design,
focusing solenoid design, beam dynamics study, RF
system, laser system and current status of the PWT gun.

m m r

I

Figure 1: Schematic view of the PWT photoinjector.
Work supported by U.S. DOE grants DE-FG03-98ER45693 and SBIR
DE-FG03-96ER82156.
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2 ELECTROMAGNETIC STRUCTURE
DESIGN

9

Relatively high shunt impedance;
Minimizing higher spatial harmonic content;
Cell number and gradient appropriate to deliver
20MeV beam;
Good coupling and high mode separation;
Low transverse multipole content;
Relatively low Q to allow for structure filling;
Relatively small outer diameter to allow compact
focusing solenoid;

*
e

The PWT structure is simulated by using both
SUPERFISH and GDFIDL. The SUPERFISH code is a
2D electromagnetic field solver; it is helpful in finding
dimensions of PWT for a given frequency. However, the
metal rods cannot be included because the code is lack of
ability to solve 3D problem. Therefore, the 3D code
GDFIDL has been used to obtain a more complete picture
of the RF field and it gives a more precise value of the
properties of the RF structure.
Figure 2(a) shows a field plot from SUPERFISH and
GDFIDL, a clear plane wave (TEM-like) pattern is shown
between the outer tank and the disk assembly. The
acceleration electric field distribution (TM01-1ike) is
shown at the centre of the disk irises. Figure 2(b) shows
the feature of electric field contours on the transverse
cross-section at the centre of the full cell. It should be
noted that the rods (not shown on Figure) only produce a
minor on-axis perturbation on the field distribution for
this operation mode. Especially for the field closed to the
beam centre, this perturbation is negligible. A detailed
study of this perturbation is shown in another conference
paper by J.Rosenzweig et al [6].

*

0
0
*

Given all of there constraints, we have chosen an inner
radius of the tank wall to be 5.5cm Disks have donuts
shapes with ID irises of 1.6cm, which can minimize
higher spatial harmonic content and provide 55M./m
shunt impedance. According to a recent analytical theory
of emittance compensation, the solenoid magnetic field
should start focusing as early as possible, and the
emittance compensation prefers a relatively low field
gradient. In our case we choose the on-axis maximum
field to be 60MV/m. With a 24MW input power, We
decide to use 10+2/2cells (57.75cm) structure to obtain
20MeV electrons. The coupling coefficient is mainly
dictated by the distance from the outer radius of the disks
and the inner radius of the tank.'For the parameters we
have chosen, the coupling was quite strong, with 0 and 1t
mode separation about 400 MHz, 10/1 lit and nt mode
over 8MHz. The quality factor Q is around 20,000. That
allows for the structure filling time less than 4jis. A
solenoid field map is shown in Figure 3.
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Figure 3: Magnetic field distribution along the axis.

3 BEAM DYNAMIC STUDY
(b)
Figure 2: (a) Plots of the Electric field distribution of the
operating mode at the on-axis cross-sections. (b) The
feature of axial direction electric field contour.
In the beam dynamics simulation, we first make an
electric field map from SUPERFSH and GDFIDL and a
magnetic field map from POISSON. Then we run
PARMELA to get a good electron beam simulation. This
design is subject to the following constraints:

The beam optics design is closely related to the RF
structure design and the focusing solenoid design. The
purpose of the beam dynamics design is for obtaining the
highest brightness beam with minimal emittance. The
basic technique for the beam dynamics design is
experimenting with different electron input and
electromagnetic
fields layout, using code such as
PARMELA to get the best beam output. Based on the
Serafini and Rosenzweig (SR) theory, we can get good
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emittance compensation if the beam profile follows the
invariantenvelope, which has the form:
2mec

2

1

(1)

310-y(z)

E

where E is the average acceleration field, I is the rms
current, and 1o=17kA. The theory prefers a low gradient
(60MV/m) and a nominal launch phase #o=320 to match
the invariant envelope. Besides considering this matching,
we also have other constraints in our beam dynamic
design: beam charge InC to be ideal for FEL experiment,
frequency 2856MHz to match the RF power provided by
S-Band klystron, pulse length 9.8psec FWHM by
availability of the laser source. Figure 4 displays the
evolution of the rms beam size and emittance from the
PARMELA simulation and invariant envelope equations.
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Figure 5: (a)Schematic of test piece (b) Electric field
distrubution on axis, line value from simulation, dot value
from bead pull measurement.

-inv. envelope

'"" ...

o •.•tn

SUPPORT SYSTEMS

emlf5

rs2.0

V,

5.1 RF Systems

,~..

1.

"

"
"'"•

85

0

50~

)o

50

100

1.0

200

5

3a

25.0

300

z (cm).
Figure 4: Comparison of beam envelope, emittance from
PARMELA and invariant envelope from equation (1).
According to a scaling theory of RF gun design, this
injector can also run at low charge (15pC), ultra-low
emittance (0.06mm-mrad) mode, which can be used as an
injector for the plasma beatwave acceleration and optical
acceleration experiments.

4 THE COLD TEST RESULTS
To test what we found in the numerical simulation, a cold
test piece that characterises the PWT structure was made.
The test piece consists of 2 half cells shown in Figure 5.
All measurements were done with a HP network analyser.
The on-axis electric field distribution is measured by a
bead-pull perturbation technique. To reduce the system
error in the measurements, the room temperature has to be
regulated with very small fluctuation. The 7l mode
frequency from the cold test is 2856.556MHz. The
GDFIDL simulation gives us 2855.820MHz for the
chosen dimensions. The difference is less than 0.03%. We
also measured the mode separation between the it mode
and
00 mode
which
is over
real
anducture
mo as en
wh chis
oved 400MHz.
4 d
zperThe
thed
rl PWT
te
structure has been machined and copper plated on the
tank inner surface and metal rods. The whole structure
(10 full cells and 2 half cells)will be brazed together and
be tested soon.

The RF system supplies the power to drive the PWT gun.
A 2856MHz low-level signal(-mW) is generated by the
laser/timing system and amplified by a solid state
amplifier to 300W. A SLAC XK5 type klystron driven by
modulator uses this signal to produce up to 24MW RF
powers in a 4jts pulse. The output power is controlled by
adjusting the high voltage supplied to the modulator. A
high power isolator and a RF window are installed
between the gun and the klystron to protect the klystron.

5.2 Laser System
A new Lightwave 131 laser with all-diode pumped
Nd:YLF regenerative amplifier was developed and
installed at UCLA, in collaboration with Lightwave
electronics. This system provides 10ps FWAHM pulses
without CPA. Doubling crystals are available to provide
UV conversion. We can get 300g.J UV (wavelength
263nm) pulse, more than enough energy to make the
PWT gun to yield over I nC of charge from a copper
photocathode.
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Abstract
At thb Advanced Photon Source (APS) at Argonne
National Laboratory (ANL), a free-electron laser (FEL)
based on the self-amplified spontaneous emission
(SASE) process is nearing completion. Recently, an rf
photoinjector gun system was made available to the APS
by Brookhaven National Laboratory/Accelerator Test
Facility (BNL/ATF). It will be used to provide the highbrightness, low-emittance, and low-energy spread
electron beam required by the SASE FEL theory. A
Nd:Glass laser system, capable of producing a maximum
of 500 pJ of UV in a 1-10 ps pulse at up to a 10-Hz
repetition rate, serves as the photoinjector's drive laser.
Here, the design, commissioning, and integration of this
gun with the APS will be discussed.

1 INTRODUCTION
The Advanced Photon Source (APS) at Argonne
National Laboratory (ANL) is currently commissioning a
free-electron laser (FEL) based on the self-amplified
spontaneous emission (SASE) process [1]. This project,
referred to as the APS SASE FEL, is designed to achieve
saturation in the visible, UV, and ultimately VUV
wavelengths. To assist in producing the beam required
for saturation in the shortest possible distance, the APS
has installed an on-loan copy of the Brookhaven
National
Laboratory/Accelerator
Test
Facility
(BNL/ATF) high-brightness photoinjector, GUN-IV, at
the head of its linac. This paper will discuss the gun
design, drive-laser, integration with the APS systems,
commissioning, and future plans.

2 RF GUN DESIGN
A performance enhanced version of the traditional
BNL/ATF 1.6-cell 2856-MHz photocathode rf gun
system [2] will be used. These enhancements include
symmetrization of the rf fields [3] and an upgrade to

"Worksupported by U.S. Department

of Energy, Office of Basic Energy

Sciences, under Contract No. W-31-109-ENG-38.
'Email: biedron@aps.anl.gov

0-7803-5573-3/99/$10.00@ 1999 IEEE.

insure performance at high repetition rates [4]. The
solenoidal field is used to control transverse emittance
dilution [5].

3 THE APS DRIVE LASER
The drive-laser system consists of a mode-locked, diodepumped Nd:Glass oscillator coupled to a Nd:Glass
regenerative amplifier. The 119-MHz oscillator can
produce 260 fs FWHM bandwidth-limited pulses
centered at 1053 nm. The repetition rate of the oscillator
is the 24" subharmonic of the accelerating field. The
oscillator average output power is approximately 100
mW and is timing stabilized to < 1 ps rms. The
regenerative amplifier is capable of producing 5 mJ in
the IR and, after frequency quadrupling, -500 p.J in the
UV. During the amplification, some bandwidth is lost;
therefore, the shortest pulse produced by the amplifier is
roughly 1.5 ps FWHM. This is sufficiently short, based
on the requirements of the photoinjector, and can be
easily lengthened if so desired. The amplifier is capable
of operating at up to 5 Hz, with a best effort repetition
rate of 10 Hz.

4 PHOTOINJECTOR SYSTEM
Figure 1 shows the layout of the photoinjector at the
APS. A copper cathode is used, since the energy output
of the drive laser is capable of producing sufficient
quantum efficiency with this metal. In addition, copper
will reduce the amount of time dedicated to laser
cleaning and cathode replacement, and, since it is robust
compared to other commonly used cathode materials,
such as yttrium (Y) and magnesium (Mg), will also
reduce the risk of cathode damage. The gun is driven by
the UV laser beam at near normal incidence from an
input mirror just after the solenoid magnet as opposed to
the more difficult 70' incidence through two available
laser ports. This input mirror is mounted on a rotatable in
vacuo, micrometer, which provides the vertical
positioning of the mirror as well as the horizontal
positioning of the laser.
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Figure 1: The photoinjector as installed in the APS linac
Figure 2: First photoelectrons; March 8, 1999
There is a vacuum pump on the gun itself, the
waveguide, and immediately following the solenoid
magnet. There are two gate valves: one just after the
solenoid exit and one immediately following the beam
position monitor. This allows for easy maintenance of
the beamline components between the gun and the rest
of the linac when needed.
Since the drive laser is not entering the gun via either
of the 700 laser ports, the ports are instead used for a
cathode inspection light and cathode imaging in the
visible and UV. There are three corrector magnets: one
inside the bore of the solenoid assembly, one
immediately after the exit of the solenoid, and one just
after the laser injection port. Just before this injection
port is an integrating current transformer, and just
downstream lies a two-way actuator assembly. One arm
contains a YAG screen and the other maintains a mirror
for additional cathode inspection. After the actuator
assembly is a stripline BPM. Additional diagnostics
include thermocouples for monitoring the gun and
waveguide temperatures, rf power readbacks, and a
heliax cable from the gun's rf pick-up loop for on-line
cavity tuning.

6 RECENT RESULTS, PROGRESS, AND
FUTURE PLANS
The BNflATF 1.6-cell 2856-MHz photocathode if gun
was fully conditioned with if power in four days in
December 1998 in a recently constructed
if
test area.
First photoelecti'ons were achieved with -25 jJ in the
UV (263 nm) on March 8, 1999, with 8 MW forward
power at the gun. This translates into nearly 102 MV/m
and 5.0 MeV electrons. Figure 2 shows the first captured
image on the YAG screen of such photoelectrons. Many
of the diagnostics listed above, other than the YAG
screen, were not available in this rf test area, since they
were being prepared for the photoinjector installation
into the linac. The charge, therefore, was unfortunately
not available in conjunction with these first electrons to
compare with the total input photon energy. It was,
however, estimated as -50 pC, derived from the work

function of copper and a previously proven quantum
efficiency of -1 x 10-', based on the preparation of this
copper cathode [6]. The dark current was barely
observable on the YAG screen. The purpose of this run
in the rf test area run was to prove the operational
readiness of the photocathode rf gun before installation
into the linac.
The photoinjector system was installed at the head of
the APS linac on March 12, 1999, replacing the original
source, a thermionic DC gun, pre-buncher, and buncher.
Here, the photocathode rf gun has a water flowrate of 6.1
liters/minute (1.6 gallons/minute) at a temperature of 50
± 0.1 °C. The four water channels, which provide water to
the cathode, half cell, full cell, and gun waveguide,
respectively, have separate flow regulation to assist in
maintaining the desired temperature stability. Additional
thermal insulation has been installed around the gun. The
solenoid is cooled to a temperature of 32 ± I°C. With
respect to the waveguide system, there is a water-cooled
rf window isolating the gun from the rest of the rf
delivery system. Just after this window is a 3-dB hybrid
that helps to reduce excess reflected power to the
klystron. The modulator and klystron assembly are
capable of providing 35-MW forward power with
repetition rates up to 30 Hz and rf pulses ranging from
0.1-10 jts, which is well above the -8 MW at 5-10 Hz in
1-3 R.s required for optimal operation.
Before the waveguide between the gun's isolation
window and the rest of the run were connected, a
launcher was attached onto the isolation window. Two
microwave measurements were then taken to insure the
tune in the gun's cavities was correct after being moved
and reinstalled. A 10-W amplifier was used to drive the
gun through the launcher. The network analyzer
measurements of the reflection (S,,) and transmission
($2) were obtained and are shown in Figures 3 and 4,
respectively. From these and previous measurements, we
found a loaded Q of 5700 and, assuming a coupling beta
close to one, yields an unloaded Q of -11400. The 0- and
t- mode separation is 3.40 MHz.
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Table 1: Expected photocathode ff and measured
thermionic rf gun parameters
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Preliminary alignment of the drive laser to the cathode
center was performed during the March 1999 general
period. The photocathode rf gun system
verification and check-out is underway, and full
commissioning of the linac and APS SASE FEL
beamline with this new injector is expected to begin in
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Table 1.Injector II Parameters.

1 INTRODUCTION
A collaboration has been formed between FNAL, UCLA,
INFN Milano, the University of Rochester, and DESY to
develop the technology of an RF photoinjector, followed
by a superconducting cavity, to produce high bunch charge
(8 nC) with low normalized emittance (< 20 mm. mrad) in
trains of 800 bunches separated by lits. The activities of
the collaboration fall into two categories:

Before compression
Bunches per macropulse
800
Macropulse spacing
100 ms
Bunch spacing
lis
Bunch charge
8.0 nC
Laser pulse length FWHM 28ps
Beam radius at cathode
3.0 mm
35 MV/in
Peak field on cathode
(nominal)
18 MeV
Beam total energy
11 mm. mrad
Transverse emittance
(normalized)
Longitudinal emittance
820 deg-keV
(100 % RMS)
Momentum spread
4.2%
Bunch Length
4.3 mm
Peak Current
276 A
After compression,from theory
Transverse emittance
15 mm. mrad
(normalized)
Bunch Length
1.0 mm
Peak Current
958 A

1. the development of Injector II for the TeSLA/TTF accelerator [1]. This photoinjector (TTF RF Gun) was
tested at Fermilab in September and October 1998 and
installed at DESY in November 1998.
*

2. the installation at the AO Hall of Fermilab of a modified version of the T=F photoinjector, for photoinjector R&D and to study novel applications of highbrightness, pulsed electrons beams. This photoinjector (AO RF Gun) produced its first beam in March
1999.
This paper presents a summary of the tests done at Fermilab
on the =TF Injector II and the first results obtained on the
new Fermilab photoinjector.

2

EXPERIMENTAL LAYOUT

The photoinjector consists of an RF gun with a high efficiency photocathode, driven by a Nd:YLF laser, followed
by a 9-cell superconducting cavity and a magnetic chicane,
composed of four dipoles, to compress the bunches. At
the end of the beam line, a spectrometer magnet is used to
measure the energy. The electrons are accelerated to 4-5
MeV in the gun and further accelerated to 14-18 MeV in
the 9-cell superconducting cavity. The parameters of the
photoinjector are summarized in Table 1. The upstream
portion of the beam line is shown in Fig. 1.

dissipation of 36 kW. The gun is cooled via channels machined into the walls, with 4L/s of water flow. In order to
obtain a high brightness and low emittance beam, the emittance growth due to mainly linear space charge must be
reduced. To reduce the linear space charge, a high gradient
is used (E,=50MV/m at 4.5MW and 35MV/m at 2.2MW)
and, as required by the Carlsten emittance compensation
scheme [3], a focussing solenoid (divided into a primary
and a secondary solenoid) surrounds the gun, as shown in
Fig. 1.

2.1

2.2

RF Gun

Laser

The high duty cycle (1%) RF gun [2] consists of a standing
wave structure with a one-and-a-half-cell cavity resonating
in the 7rmode at a frequency of 1.3 GHz. The gun was
designed to be operated at a nominal RE power of 4.5 MW
for 800 ps at 10 Hz, which corresponds to an average power

A Cs 2Te photocathode [4] located in the first half-cell of
the gun produces photoelectrons when illuminated by a
263 nm wavelength light (fourth harmonic of the Nd:YLF
laser). The laser [5] was designed to produce a train of up
to 800 equal amplitude, 10 pJ UV pulses spaced by I 14s at

*Operated by the Universities Research Association under contract with

1 Hz repetition rate. The laser pulse length is adjustable to
1-20ps FWHM at Fermilab and to a longer length at DESY.

the U. S. Department of Energy.
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Figure 1. AO beam line layout.

2.3

Nine-cell Cavity

The superconducting accelerating cavity is a 9-cell Nb
structure [1]. Sub-systems include a high-power coaxial
input coupler (Qe.t = 106 to 9. 106), a cold tuner (range
& ± 400 kHz), and 2 coaxial higher-order mode couplers.
The cavity is a prototype fabricated by industry for TIF.
It was etched, rinsed, heat treated, and tested with RF at
DESY. The cavity is one of a batch with low quench field
(13 MeV/m in CW for this cavity), attributed to contamination in the electron beam welds at the equator. The horizontal cryostat was designed at Orsay [6] for the T=F capture
cavity and built by industry. The cavity and cryostat were
assembled at Fermilab, cooled to 1.8 K, and tested with RF,
as well as beam [7].

3

TTF RF GUN

Using a molybdenum cathode, the =TF RF gun was conditioned with an RF pulse of 3.4 MW (the maximum power
available from the klystron) for 100 As at 1 Hz repetition
rate, providing an RF field of 44 MV/m on the cathode. At
800 is, the peak power was limited to 2.8 MW at 1 Hz due
to trips. Dark current associated with field emission was
observed with a Faraday cup on an actuator located about
40 cm from the exit of the gun. The integrated Faraday cup
signal indicated 0.4 mA of dark current with an electric
field of 40 MV/m on the cathode. With a Cs 2Te photocathode, the gun was operated at 3 MW with 100 As at 1Hz.
RF trips limited the power to 2.2 MW at 800 As and 1Hz.
However, measurements with the Faraday cup showed a
decrease of the dark currrent: 0.08 mA at 40 MV/m on the
Cs 2Te photo-cathode.
The dark current was significantly smaller for the TIF
gun than the first prototype gun [8]. The decrease may be
explained by careful cleaning of the TIF gun and the installation in the beam line under a HEPA filtered laminar
flow and by the use of a different type of spring around the
photocathode.
Electron beam measurements were made at Fermilab on
the =TF RF gun. Pulse trains of 800 bunches at 1 Hz
with 0.3-0.4 nC per bunch were accelerated, as shown in
Fig. 2. Other experiments with 1-10 bunches per train at
1-10 nC per bunch were carried out to characterize the gun.
Phase scans of the gun showed a phase acceptance of 100*.
The energy measurements were done with 35 MV/m on
the cathode, producing electrons with a total energy of 4.3

MeV (according to the PARMELA code [9]); the 9-cell had
an accelerating gradient of 14.5 MV/m. Electrons of total
energy of 19.3 MeV were expected and measured at 18.5
MeV. The uncertainties in the measurement of the electric
field and in the calibration of the spectrometer are sufficient
to account for this difference.

AO RF GUN: FIRST RESULTS

4

After the modulator and the 1T7F
gun were sent to DESY,
the AO RF gun was installed in its place, following the same
procedures as for the =TF RF gun. A new modulator was
installed at AO, with a maximum RF pulse length of 600 As
and 1 Hz repetition rate. It was operated with pulse lengths
of up to 4 00 As.
Thus far, we have been able to power the AO RF gun
with the maximum output of the klystron, i.e 3 MW, at 400
As and 1 Hz. Dark current measurements were done with
a Faraday cup at the same location as for the TTF RF gun.
At 37 MV/m on the cathode (2.44 MW of forward power),
a current of 0.05 mA and 0.06 mA was measured with the
molybdenum and the Cs2 Te cathodes, respectively. The
values of the dark current for the AO RF gun are thus comparable to those of the =TTRF gun.
Preliminary measurements with beam in the AO RF gun
have been done. Phase scans were made, measuring the
charge in the Faraday cup versus the phase of the RF relative to the laser. Results showed a phase acceptance of
1000. The phase that gave the maximum amount of charge
was chosen for operation. Once the gun phase was fixed,
we measured the energy of the beam versus the phase of the
9-cell (Fig. 3), with 35 MV/m on the gun and 7.8 MV/m of
accelerating gradient in the superconducting cavity. The total energy of the beam was expected to be 12.4 MeV and we
measured 13.7 MeV. As for the T'F RF gun, uncertainties
in the calibration of the spectrometer and in the measurement of the field level are enough to explain this difference.

5
5.1

FUTURE EXPERIMENTS

Tests on the AO RF Gun

Beam dynamics studies will be done on the AO RF gun.
The transverse emittance will be measured via emittance
slits located after the quadrupole triplet. A quadrupole
scan emittance measurement will also be carried out. A
2 ps streak camera will be used to measure the longitudinal
emittance of the beam and the longitudinal compression of
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While gaseous plasma acceleration gradients can be very
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[11]. There have been no studies of the channeling process under these conditions. A Darmstadt-Fermilab group
is preparing an experiment to observe channeling at A0 under conditions required for solid state acceleration. This
experiment will look for quenching of channeling radiation
as the bunch intensity is increased. If the initial experiment
is successful, solid state acceleration may be attempted in
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Figure 2. Scope traces for 800-bunch operation of the TTF
RF gun, showing the laser photo-diode signal (channel 3)
and the Faraday cup signal (channel 2).
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the chicane. These quantities will be measured as a function of beam parameters, charge, and solenoid strength,
among others.

5.2 Bunch Length Measurement by ElectroOptic Sampling
The electro-magnetic field of a 10 nC electron bunch will
be detected using the electro-optic effect [10]: the polarization of a picosecond IR probe laser pulse is modulated as
the laser pulse and the beam field propagate collinearly in
a LiTaO3 crystal. By scanning the relative delay, the bunch
length and temporal profile can be obtained.
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Plasma Wake FieldAcceleration

The photoinjector will be used to carry out a test of plasma
wake-field acceleration. In this acceleration scheme, a high
brightness relativistic electron beam is injected into a underdense plasma (having density less than the density of the
beam). The plasma electrons are ejected from the beam's
path to form an ion channel. A second bunch is injected
at the correct time to be accelerated by the plasma wave,
typically I ps after the drive beam pulse. In an under2029
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DESIGN AND CONSTRUCTION OF A HIGH CHARGE AND HIGH
CURRENT 1- 1/2 CELL L-BAND RF PHOTOCATHODE GUN*
M.E. Conde+, W. Gai, R. Konecny, J.G. Power and P. Schoessow
Argonne National Laboratory, Argonne, IL
Abstract
The Argonne Wakefield Accelerator has been successfully
commissioned and used for conducting wakefield
experiments in dielectric loaded structures and plasmas.
Although the initial wakefield experiments were
successful, higher drive beam quality would substantially
improve the wakefield accelerating gradients. In this paper
we present a new 1-1/2 cell L-band photocathode RF gun
design. This gun will produce 10 - 100 nC beam with 2- 5
PS rms pulse length and normalized emittance less than
100 mm mrad. The final gun design and numerical
simulations of the beam dynamics are presented.

the Argonne Wakefield Accelerator (AWA) has
demonstrated the capability of producing 100 nC, 25
35 ps (FWHM) electron beams at 14 MeV. This
unprecedented performance was obtained using a half cell
photocathode gun cavity and two standing wave irisloaded linac sections [6]. The AWA machine has reached
its design goal and has been used for dielectric wakefield
[7] and plasma [8] experiments. The initial results are
encouraging [9]. Achieving higher gradients in wakefield
experiments would require the drive electron pulse to be
even shorter and have a lower emittance. In this paper, we
discuss the design of a new RF photocathode gun with the
capability of producing 10 - 100 nC with 2 - 5 ps (rms)
pulse lengths.

1 INTRODUCTION
High current short electron beams have been a subject of
intensive studies [1]. One of the particular uses for this
type of beam is in wakefield acceleration applications,
High current (kA) short electron beam generation and
acceleration did not materialize until the advent of RF
photoinjector technology[2]. Although most photocathode
RF gun development has been concentrated on high
brightness, low charge applications such as free electron
laser injectors, there have been several relatively high
charge rf photocathode based electron sources built and
operated[3,4,5]. In general, there are two approaches to
attaining high peak current. One approach is to generate
an initially long electron bunch with a linear head-tail
energy variation that is subsequently compressed using
magnetic pulse compression. The advantage of magnetic
compression is that it is a well-known technology and can
produce sub-picosecond bunch lengths. However, due to
strong longitudinal space charge effects, this technology is
limited to relatively low charges (<10 nC).
Another approach is to directly generate short intense
electron bunches at the photocathode and then accelerate
them to relativistic energies rapidly using high axial
electric fields in the gun [3]. The advantage of this
approach is that it can deliver very high charges, for
example, 100 nC if one uses an L-band gun. This would
satisfy the requirements of most electron driven wakefield
experiments for both plasma and dielectric structures, if
the pulse length is short enough (< 10 ps FWHM). So far,

2 DESIGN CONSIDERATIONS

This work is supported by the Department of Energy, High Energy
Physics Division, Advanced Technology Branch under the Contract
No. W-31-109-ENG-38.

In order to generate high charge and short bunch
lengths from a photocathode RF gun, the electric field on
the cathode surface has to be very intense. In this way the
electrons leaving the cathode surface are quickly
accelerated to relativistic velocities, minimizing the bunch
lengthening and the emittance growth that the space
charge forces produce [10,11]. There is also bunch
lengthening and transverse emittance growth at the exit
iris of the gun cavity due to the defocusing forces of the
RF fields. Thus, this effect also calls for high accelerating
gradient and high beam energy at the exit of the gun. It is
therefore desirable to have a multicell gun with high
accelerating gradient. Practical considerations (mainly a
finite amount of RF power) limit the design to 1 - 1/2
cells. The choice for our new gun design is a Brookhaven
type 1- 1/2 cell cavity [12] scaled up to L band operation.
This gun will be followed by one of the present linac tanks
that exist at the AWA facility.
A detailed numerical study [13, 14] of this gun was
performed with the computer codes SUPERFISH and
PARMELA [15]. Table 1 summarises the parameters used
in the simulations. These extensive numerical simulations
showed a strong dependence of bunch length and
emittance with respect to the accelerating gradient in the
gun cavity. Based on these studies, it was decided that an
accelerating gradient of 80 MV/i on the cathode surface
was a good operating point. This requires 10 MW of RE
power to be coupled into the gun cavity, which still leaves
enough power to run one of the linac tanks. This
accelerating gradient yields good values of emittance and
bunch length, while still not high enough to make the RF

*Email: conde@hep.anl.gov

conditioning of the gun a challenging task. (In fact, we
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recently conditioned a duplicate of the present AWA gun
up to a gradient of 125 MV/r [ 16].)
TABLE 1. The gun design parameters as calculated using
SUPERFISH

drive the solenoid steel into saturation.
Figure 1 shows a drawing of the complete gun and
solenoids design. Two solenoids are exactly next to each
other, with the photocathode plane as their plane of
symmetry. This maximizes the space available for the RF
coupler over the full cell of the gun. The tuning

______________________power

Inner Radius of the Cell, b (cm)
Radius of the iris, a (cm)
Width of the iris, d (cm)
Aperture of the exit (cm)
Operating frequency (GHz)
Initial beam radius (cm)
Quality factor, Q
1Shunt impedance (MD2/m)

9.03
2.75
1.5
2.5
1.3
1
26008
36.47'

3 REALIZABLE GUN DESIGN
In order to reach a design that can actually be built, one
has to take into account all the other constraints besides
the optimization of the electron beam parameters. There
must be enough space around the gun to allow for a
waveguide to couple RF power into the cavity. Space must
also be available for tuning plungers, RF pickup probes,
vacuum pumping and cooling channels. All these space
requirements limit the size and constrain the location of
the solenoids. Certainly one must also be careful not to

plunger in the full cell is located diametrically opposite to
the RF coupler, both being at the equator line of the full
cell. An RF pickup probe is located half way along the
circumference of the full cell between the RF coupler and
the tuning plunger. The half cell has both the tuning
plunger and the RF pickup probe on the back plate of the
cell. Thbis breaks the symmetry of the half cell, but it is
acceptable in our L-band size cavity. The perturbation of
the field lines over the relatively small size cathode area is
negligible. The tuning plungers and RF pickup probes will
allow us to verify and, if necessary, to adjust the
parameters of the two cells, in order to achieve the right
resonance frequency for the 7r mode and field balance in
the cavity. The cooling channels are drilled along the
cylindrical wall of the gun, and also run over part of the
back and front plates of the cavity.
Numerical simulations of this final design yield values
for the emittance and bunch length that are slightly worse
than the ones obtained in reference [ 13, 14]. This results
from the fact that the location and dimensions of the
solenoids are not dictated only by, the optimization of the
beam parameters, but also by other physical constraints.

beam
exit

211 11
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RFinput
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Figure 1: Photocathode RF gun
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The degradation is however very small, and the gun is still
expected to generate very short bunches with low
emittance. Results of numerical simulations with
PARMELA are shown in Fig. 2. These plots show
emittance, bunch length, energy and radial coordinate as a
function of the longitudinal coordinate along the
accelerator for a bunch charge of 40 nC. At the exit of the
linac the code predicts a normalized rms emittance of 66
mm. mrad and an rms bunch length of 3.7 ps.

dielectric structures. However, the present gun was
designed when only a very limited amount of RF power
was available for the experiment (2 MW). Thus, the beam
parameters, namely, bunch length and emittance, suffered
serious limitations due to this relatively low level of RF
power. The newly designed gun will take advantage of the
higher level of RF power now available in the facility,
yielding better beam parameters and, consequently, higher
accelerating gradients in the wakefield acceleration
experiments.

4 DISCUSSION AND SUMMARY
We have reached a final design for the new AWA
photocathode RF gun. This gun will dramatically improve
the capabilities of our program to study wakefield
acceleration in dielectric loaded structures and plasmas.
The electron beam produced by this gun is expected to
excite wakefields in plasmas with accelerating gradients in
excess of 1 GeV/m with a plasma density of - 1014/cm3 .
In dielectric loaded structures, this beam will also make
a significant improvement over present attainable
gradients. One can use this beam to directly demonstrate
collinear wakefield acceleration gradients in excess of 50
MV/m corresponding to 200 MW of RF power generated
in 30 GHz dielectric structures.
It is worth pointing out that the present AWA
photocathode RF gun has achieved unprecedented values
of charge per bunch, and has allowed us to advance the
understanding of wakefield acceleration in plasmas and in
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A SUPERCONDUCTING RF GUN
CURRENT STATUS OF THE DROSSEL COLLABORATION
D. Janssen', FZ Rossendorf, Germany
Bushuev, M. Karliner, S. Konstantinov, J. Kruchkov, 0. Myskin, V. Petrov, I. Sedlyarov,
A. Tribendis, V. Volkov, BINP, Russia
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A. Matheisen, M. Pekeler, DESY, Germany
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Abstract
The Drossel collaboration [1] was established for the
development a low emittance, high average current, cw
electron injector [2] suitable for the ELBE project [3,4].
The injector is based on a photocathode rf gun with a
superconducting cavity. A half-cell 1.3GHz superconducting niobium cavity incorporated with a normal
conducting cathode unit was designed and produced to
check the basic design concepts. Cold rf tests of the
cavity at T=2K were successfully carried out at DESY
TTF. Now preparation of the necessary components for
the beam tests is in progress.
1

®
4--Beamline
(1) Niobium Cavity
(2) Choke Flange Filter
(3) Cooling Insert
(4) Liquid Nitrogen Tube

INTRODUCTION

The Drossel collaboration between FZR and BINP started
in 1996. Recently more organisations jointed the collaboration. The basic idea of the project is to combine high
brightness of an rf gun with low rf losses of a
superconducting cavity. A design of a 1.3GHz, 3+1/2
cell rf gun was worked out. The geometry of the 3 full
cells is based on the TESLA design [5] to simplify the
production. The shape of the half cell is optimised. A
Cs2Te photocathode placed at the half cell back wall will
be activated by an ultraviolet laser. The photolayer will
be deposited on the tip of an OHFC copper stem in a
special preparation chamber. The stem can be then
transferred to the cavity by a manipulator. It will require
neither any vacuum break nor cavity warm up to change
the cathode.

TESLA endcup. Some parameters of the prototype cavity
are listed in table 1.
Table 1. Prototype cavity parameters.
Material
Cavity
Niobium (RRR > 250)
Caty
Nibu Co(RRR 250)
Cathode Stem
OHFC Copper

Operating Temperature
C
Cooling Insert
RF Parameters
Frequency
Geometry Factor
R/Q*
Hpeald/Egh

A prototype of the gun based on a half cell niobium
cavity was developed to test the design solutions and to
prove the compatibility of a photocathode and a sc cavity.

Ewak/Ecath

The half cell cavity (fig. 1) is somewhat simplified
compared to the optimum one in order to use an available
* Email: janssen@fz-rossendorf.de
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(5) Ceramic Insulation
(6) Thermal Insulation
(7) 3 Stage Coaxial Filter
(8) Cathode Stem

Fig. 1. Draft of 1/2 cell prototype,

2 HALF CELL PROTOTYPE

2.1 Design Considerations

4

Preparation Chamber -w

2
77K
........

RIQ = Ugp

2

1300MHz
187.7Ohm
120.5Ohm
2.84mT/(MV/m)
1.37
2
( .Pdi,.Q)

A key part of the design is a special cathode support
structure. The photolayer deposited on a copper stem will
operate at 77K. All the power dissipated in the cathode
will be removed by LN2 neat exchanger attached to the
cathode holder. The cathode holder is thermally and
electrically isolated from the sc cavity and so causes only
minimum additional heat load to the cavity and He bath.
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4 LASER

Rf power leakage from the cavity to the cathode holder is
prevented by a niobium choke flange filter accompanied
anoralconucingcoxia
with a normal wit
conducting
coaxial flte
filter wichisa
which is a prtof
part
the cooling insert,

system for Activation of the
a pulsed
Currently
photocathode
is underlaser
construction at MBI, Berlin. The
laser is a frequency quadrupled Nd:YLF laser operating
in the ultraviolet range at 263nm. The laser shall provide
a full synchronisation to the cavity rf with a time jitter of
less than 3 ps. A pulse length of 4 to 7ps is projected.
The laser is optimised for a quasi continuous operation.
The average output power is 1 to 2W. The pulse
repetition frequency can be chosen between 46.4MHz
and the next two subharmonics.

2.2 Cavity Preparationand Test Results
A few micrometers was etched away from inner and outer
surfaces of the welded cavity at BINP. Then the cavity
received a rough chemical treatment at FZR.
Approximately 100• was removed from the inner surface.
The final preparation of the cavity to the tests, including
baking at 800°C, light 1:1:2 BCP, high pressure rinsing
and clean room assembling, was done at DESY. Two
to date. In the
cold tests were coldtess
carried
arrid out
ot
wreat
a DESY
DEY up
upto ate Inthe
first run the cavity was tested without the cathode in it to
evaluate the achievable gradient. A maximum surface
field of 36.1MV/m was reached limited by field emission
(fig. 2). Because of a very weak coupling during the first
test the emitter could not be processed. Prior to the
second test the cavity received a light BCP and a high
pressure rinsed again. An uncoated copper cathode stem
loll

5 BEAM TESTS
The next step is to prepare all the necessary equipment
thenext testo prepte althe nssary ipment
for the beam tests. The test set-up is shown in fig. 3.
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Fig. 2. Vertical test results.

*

(9) Gate valve

was mounted directly to the cavity back flange using a
special holder. In the second test the cavity reached a
peak surface field of 43.6MV/m which corresponds to a
cathode field of 31.8MV/m. This time the maximum
field was limited by a thermal break down (quench) at a
peak magnetic field of 90.3mT. The difference between
9
the low field unloaded Q values is quite small, 51Y0
to
4-109, which proves a very good performance of the
choke flange filter.

A horizontal cryostat is available from Stanford
University. It is quite suitable for our needs after some
modifications which will be made with help of ACCEL.
The rf power source will be provided by FZR. The other
parts, such as manipulator and gate valves, are
commercially available. The beam tests are scheduled to
the middle of the next year.

3 PREPARATION CHAMBER

6 ACKNOLEDGEMENTS

A photocathode preparation chamber has been designed
and manufactured at BINP. First Cs2Te photolayers were
prepared and tested with this chamber at FZR. The layers
reached a quantum efficiency of 9% at a wavelength of
260nm. The light source was a Xenon lamp with a
monochromatic filter. The initial value of the quantum
efficiency decreased to 6% within 2 days and then kept
unchanged for the following weeks.
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Fig. 3. Layout of the beam test set-up.
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ALL-SOLID-STATE PICOSECOND LASER SYSTEM FOR
PHOTOCATHODE RF GUN*
F. Sakai, M. Yorozu, Y. Okada, A. Tsunemi, Y. Aoki, J. Yang, A. Endo
Sumitomo Heavy Industries, Ltd.
2-1-1 Yatocho, Tanashi, Tokyo, 188-8585, Japan

Abstract

2.1 Oscillator

A compact diode-pumped picosecond laser was
developed for the illumination of the photocathode of RF
guns. Nd:YLF and Nd:YAG were selected as the active
medium and the laser stability was the main interest
during the development. Achieved performances were
0.5ps timing jitter in the oscillator, 1-% UV pulse energy
fluctuation and 5trad beam pointing stability,

The seeding laser was a passive mode-locked laser
with a semiconductor saturable absorber mirror (SESAM).
Repetition rate of the mode-locked pulse was determined
by the length of the cavity. 79.34MHz-repetition rate was
equal to 1/36 of 2856MHz S-band radio frequency, which
was used for the photocathode RF gun. The cavity length
was controlled to be synchronised with 79.34MHz

1 INTRODUCTION
A reliable and compact picosecond UV light source is
the key requirement for the stable operation of RF guns.
The improvement of the beam quality may benefit the
ultra-short pulse X-ray generation by Thomason scattering
[1]. As the high brightness electron source and the high
peak power laser develop, the laser Thomson X-ray source
becomes more realistic [2]. We have been developing a
photocathode RF gun [3] and an all-solid-state picosecond
compact laser for the photocathode [4]. The laser stability,
e.g., energy stability, timing stability and the pointing
stability, was requested stringently during the course of
the research. A compact and stable laser system was
developed by a joint project with Sumitomo Heavy
Industries, Ltd and Time-Bandwidth Products Ltd.
In this paper, the research and the system performance
are reported on the Nd:YLF all solid state picosecond
laser. Additionally to the laser system, a pulse
compression and an oblique incidence optical system are
also reported.

2 LASER SYSTEM
The laser system, which was shown in Fig.1, was
composed of a passive mode-locked oscillator with a
timing stabilizer, a regenerative amplifier and a frequency
conversion part. Some photo-diodes were equipped for
diagnostics and monitors. Optical elements were fixed on
a breadboard of Invar plate with 1000x600mm dimension,
to avoid thermal misalignment. A controller box, which
was composed of power supplies for diode-lasers, high
voltage circuits for Pockels Cells, timing stabilizer circuits
and so on were installed near the laser box.

0-7803-5573-3/99/$10.00@ 1999 IEEE.

repetition frequency. The timing stabilizer measured the
phase and the frequency offset between the laser pulses,
which was detected by a photo-diode, and the reference
RF signal, and adjusted the cavity length to maintain the
constant phase relation between two signals. The system
adjusted the cavity length with a piezoelectric transducer
for a small cavity length change, and with a motor moving
stage to cover 0.1 MHz wide range change.

2 2 Regenerative Amplifier
A Pockels Cell captured a single seed laser pulse to
increase the pulse energy from sub-nano-Joule to mJ
range, and released the amplified single pulse from the
regenerative amplifier cavity. The temperature change of
the Pockels Cell crystal was the main source of the
amplitude fluctuation. Water cooling of the Pockels Cell
was introduced to achieve the pulse energy stability.

2. 3 Harmonics Generator
This component converted the fundamental output to
the 4-th harmonics, which was necessary for the
illumination of the photocathode, with KTP and BBO
crystals. The temperature of crystals was also controlled to
stabilize the frequency conversion efficiency. The net
conversion efficiency was close to 10% from the
fundamental to the 4-th harmonics. The UV energy was
obtained up to 200pJ depending on the choice of the
operational condition. The UV output energy was
controlled with a rotational half wave plate and a thin film
polarizer by a remote controller to change the emission
electron charge from the RF gun.
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length of 24ps was used for this experiment. The relation
between the input energy to the fiber and the pulse
duration was measured. The pulse length measured by a
scanning auto-correlator is shown in Fig.4.

3 LASER PERFORMANCE
3.1 Energy and Pulse length
The UV pulse energy, which was quadrupled from the
fundamental of 1053nm wavelength, was measured to be
around 2001iJ. The energy on the cathode surface was
requested to be around 5001J to obtain InC bunch charge in
the condition of the quantum efficiency of lxl04. There
could be energy delivery loss in the laser injection optical
system where laser beam was shaped by an iris and
reflected by a grating, but the UV pulse energy seemed
enough for the requirement after accounting the delivery
loss. The pulse duration of the fundamental part was
measured as 12 ps by a single scan auto-correlator. The
UV pulse duration was estimated as around 6ps.

4.2 Delivery system of oblique injection
In many cases, the laser beam was injected onto the
cathode surface at an oblique angle with p-polarization,
because the quantum efficiency was known to be
enhanced by a factor of three in comparison with one at
normal incidence. There are two problems in this
configuration, namely the prolonged beam shape and the
arrival time difference between the beam edges on the
cathode surface. We designed a correction beam delivery
system. Laser beam was cut to be flat top shape with an
iris. Image at the iris was translated to the cathode surface
by an image relay method. In this optical system, the
transverse beam shape was made to be ellipse with four
littrow prisms and the longitudinal beam shape was made
to be tilt with a grating. In this way, beam shape was
circle with near flat top and beam pulse duration was kept
to be the same as one of laser output at the cathode
surface. The beam profile measurement by a CCD camera
was carried out, and the image relay system was
confirmed to work as was designed We have a plan to
check the longitudinal beam shape with a streak camera.

3.2 Stability
UV energy" stability was measured for 10,000 shots
and over hours. Energy was detected by a photo-diode for
10,000 shots and by a power meter for over hours,
respectively. The histogram of energy deviation from the
meap value was shown in Fig.2. Energy fluctuation was
estimated to be 0.55 %rms. Long term UV pulse energy
stability over hours was also measured. As a result, UV
averaging energy was stable within +/- 2%, except 2-5
minutes of warming time from the switch-on.
The timing jitter of the laser oscillator was estimated
from the output of the phase detector in the feedback loop
[5]. A phase detector measured the phase difference
between the fast photodiode signals of laser pulse and the
reference RF signal, and generated an "error signal". This
phase difference was related to the timing jitter between
the laser phase and the reference RF phase. The timing
jitter of the oscillator was estimated as 0.39ps rms.
The pointing stability of UV output pulse was measured
by a CCD camera. UV beam profiles were measured on a
diffuser plate at 1.5m away from the laser output port.
Beam profile was shown in Fig.3. Pointing stability of the
beam centroid was estimated to be 5 prad rms.
The specification and the laser performance are listed on
Table 1.

4 OPTICAL SYSTEM
4.1 Pulse compression
The duration of the fundamental pulse was about 12ps.
We have developed a pulse compression device to obtain
shorter pulse duration from the laser system. The pulse
compression system was composed of a single-mode
optical fiber of 450m length and a pair of gratings with
1800G/mm groove density. As the first step, the output
from the fiber was compressed directly with the gratings
without an amplifier to evaluate the optical fiber
characteristics. A Nd:YLF oscillator with longer pulse

5 CONCLUSION
The all-solid-state picosecond UV source has been
developed based on the laser diode pumping, the passive
mode-locked oscillator with SESAM and the feedback
timing stabilizer. Invar breadboard and water cooling of
thermal components prevented thermal misalignment of
optical components. The laser performance was quite
stable for the reliable photocathode RF gun operation.
This work was supported by the New Energy and
Organization
Development
Technology
Industrial
(NEDO) in Japan.
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Table. I Laser Performance
Wavelength(UV)
Oscillator Frequency
Oscillator Frequency Adjustable

263nm
79.34MHz
0.01MHz

Range

_____

Energy(UV)
Repetition rate1-0H
Pulse width (fundamental)
Timing jitter for oscillator
Beam profile
Pointing stability

O.2mJ

Energy stability(UV, hours)
Energy Stability(UV, lOOO0shots)

<2%
.0.559%rms

1p
0.39ps rms.
TEMOO
5g~rad

Fig 3 Beam profile of UV pulse
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A COMPARISON BETWEEN THE PERFOMANCE OF SPLIT
AND INTEGRATED RF PHOTOINJECTORS*
J. B. Rosenzweig, S. Anderson, X. Ding, and L. Serafini÷
UCLA Department of Physics and Astronomy,
405 Hilgard Ave., Los Angeles, CA 90095
Abstract
RF photoinjectors, the present source of choice for
production of ultra-high brightness electron beams, have
two basic design types: split, in which a short, high
gradient rf gun is followed by a a drift and a booster linac,
and a lower gradient integrated photoinjector, in which the
linac acceleration is connected directly to the gun. The
first type is represented at UCLA by the Neptune
photoinjector, the second by the newly constructed S-band
PWT photoinjector.
We examine, through simulation
and theory, the relative merits of each type of injector,
both from the point of view of the beam physics (ability of
the source to produce high currents and low emittances),
and-of relativetechnical advantages.

1.6 cell gun

PWT linac

Figure 1.The UCLA Neptune photoinjector with 1.6 cell
gun, focusing solenoids, 5 MeV transport section and
PWT linac.
The integrated photoinjector, which can be recognized
as the original LANL design archetype, is represented at
UCLA by the PWT photoinjector, a 10+2/2 cell 2856

1 PHOTOINJECTOR TYPES
The rf photoinjector is a photoelectron source embedded
in a high-gradient rf accelerating cavity system which
produces high peak current, low emittance, short pulse
electron beams. These beams find application in radiation
production (SASE FELs, Compton-scattering sources), as
well as advanced accelerator applications (linear collider
development, ultra-low emittance test beams, high current
drivers for wake-field accelerators).
The photocathode "gun" region is followed by a
transverse focusing element (usually a solenoid), which
aids in beam size and emittance control. It additionally
must be post-accelerated to bring the beam to a usable
energy, and to mitigate space-charge effects. This acceleration is accomplished in a booster linac, which may be
physically separated, or integrated into the same rf
structure as the gun. These two configurations, termed
split and integratedphotoinjectors, are displayed in Figs. 1
and 2, respectively. The two devices shown are both in use
at UCLA.
The first is the Neptune photoinjector[1], a device
dedicated fundamental beam physics, as well as injection
into advanced short-wavelength accelerator experiments,
such as the plasma beatwave accelerator[2]. The Neptune
photoinjector consists of a 1.6 cell high gradient 2856
MHz rf gun[31 derived from a family of guns developed
originally at BNL, followed by 90 cm of drift and a postacceeraionplan-wae
tansfrme (PT) lnac4].
accelerationstudies
pulses are at a premuIium in this lab, a
Because ultra-short
magneticaus
la-sh
fort
pulsespulse
areoatmpression
magnetic chicane[5]
for
compression isinthisdlaba
added after

0-7803-5573-3/99/$10.00@ 1999 IEEE.

the acceleration in the PWT linac from 5 to over 15 MeV.
Pulse compressionof this sort, albeit at higher energies, is
a common feature of ultra-short wavelength SASE FEL
designs.

MHz device shown in Fig. 2. It operates at roughly the
same acceleration gradient (60 MV/m peak) as the PWT
linac in the Neptune injector, which is one-half the
acceleration gradient of the 1.6 cell gun at Neptune. Thus
the PWT injector can be considered a relatively low
gradient device.

Figure 2. The UCLA/DULY PWT photoinjector, showing
soloid.
if ure and coact fci
solenoid.
focusing
rf structure and compact
Both of the UCLA devices have been proposed as
ultra-high brightness injector candidates for driving the
LCLS x-ray FEL. While a number copies of the 1.6 cell
gun have been fabricated and are now being employed, its
ultimate performance is not known. Likewise, the PWT
photoinjector is only now approaching commissioning,
with no experimental data to verify its utility as a high
brightness
injector. the
Since
we cannot
rely of
onthese
experimental
to evaluate
prospects
for each
sources,
fteesucs
vlaetepopcsfrec
suist
we undertakeofhere
a critical compuational
andthetheoretical
comparison
the expeceted
performances of
devices.
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2 PHOTOINJECTOR BEAM PHYSICS
The analysis and design of rf photoinjector sources for
peak brightness - short pulse, high charge, and low
emittance - entail a working understanding of many
aspects of beam physics. We now give a cursory
discussion of the physics of these beams, which are
dominated by space-charge and violent acceleration
effects.
The longitudinal dynamics in an rf photoinjector are
characterized by violent acceleration. This is due to two
effects: the need to mitigate detrimental space-charge
effects, and the requirement that the beam be captured in
the rf wave within the initial cell of the standing wave rf
cavity.prmtrwhich
This canmust
be quantified
by definingunity[6]
a unitless
exceed approximately
parameter wtreatments
a= 2

2

2kRFmec

kR>(F

(1)

>1

kRF

This parameter allows a classification of injector types:
high gradient injectors have a = 1.5- 2.5, whereas the
lowest gradient injectors operate with a = 1. In split
injectors, beams will typically suffer degradation in the
inter-accelerator drift unless they are run at high gradient
(a = 2 at Neptune). On the other hand, the space-charge
dynamics of beams in integrated photoinjectors is
optimized for low gradients (a = 1 for PWT).
The peak current at injection (leaving the cathode
This current tends to be
surface) is l=Ql42,irq,.
enhanced by the longitudinal focusing of the rf gradient at
injecetion, and be diminished by the longitudinal
defocusing due to space-charge. Both of these effects are
assertedefousingld
e to
sp he-cathae.Bh ofhe-mentsinale
asserted only close to the cathode. A one-dimensional
Hamiltonian theory has been re4cently developed to
analyze these effects, with the result that the pulse
compression/expansion factor is expected to be
dof
do

1

2sin(•o) - 00 os(• 0
1 + sin()

-

(2)

Here 00 is the phase at injection, and
.2
=
-

o

eEOkRF

a' k

(3)

compete, we must first examine the role of the plasma
wave-number kP in photoinjectors.
Violent acceleration carries with it large transverse
forces, which for an accelerator cavity terminate on a
conducting (cathode) plane, gives a net first order kick to
an off-axis accelerating particle. Further, this kick is rf
phase dependent, and thus for a finite pulse length beam,
an effective "rf' emittance is[6]
ERF - YkRFOarOz

0 kiFar~

.

(4)

b All thog
at the
the fis
end orde
of the rfck
structure.An
other ofias
irises ininating
the if
structure have a balance in first order inward/outward
kicks, but have a second order alternating gradient
.

focusing
(of strength
Theenvelope
combinedandeffect
of
the rf focusing
can becc y")[7].
included in
matrix
of the beam dynamics. The analytical model
has been recently verified experimentally[8].
The rf emittance is much more of a problem in the split
injector than in the integrated case, because the if kick
giving rise to this effect occurs when the beam is large, at
the end of the second cell, where the solenoid has not yet
focused the beam. In the integrated case, the beam is
generally small at the structure exit, and therefore the rf
kick is diminished and the emittance contribution is
negligible.
Photoinjector beams are generally space-charge
dominated, meaning that the envelope dynamics are
driven by space-charge forces, and not emittance
"pressure". The space-charge effects give rise to plasma
oscillations about an externally imposed (solenoid and rf
focused) equilibria (the invariant envelope[9]). This
plasma behavior in turn gives rise to emittance oscillations
due to the fact that different longitudinal "slices of the
beam oscillate about different equilibria. After an integer
number of plasma oscillations, the beam slices are
realigned in phase space, and the emittance is
"compensated".
The plasma picture of the beam dynamics has allowed
the development of laws for taking an optimized photoinjector design and scaling it to a different charge or rf
wavelength[10]. Since we are comparing two different
devices at the same rf wavelength, we only need to discuss
here the charge scaling at a given rf wavelength. In this
case, we simply require that the beam nb density is
constant, and thus the beam dimensions scale as
ai _ Q113 . This dependence gives emittance scaling as

a [kR
n=

with nb defined as the beam density expected with no
phase compression or expansion.
Note that for low a, 0 is smaller, as the bunch slips
more in phase while accelerating to a final optimum phase
O0 =;/2, which Eq. 2 indicates tends to compress the
bunch. On the other, hand Eq. 3 predicts that the pulse
lengthening due to space-charge is enhanced by running at
for low ac. In order to understand how these effects

aQ4/3 +bQ8

"

(5)

where the first term
is due to nspace-charge,
k4/3/a3,
h eodtr with constant
sdet
a proportional to k / , and the second term is due to
rf and chromatic effects. The highest brightness beams
are created at lowest charge, where the emittance is
mainly due to space-charge, and thus e, -ck2P / a/ .
All dependences of brightness can thus be understood
when we assert that the plasma wave-number must scale
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as the acceleration rate, kP cc a. For a given charge Q this
implies that the relative pulse lengthening is diminished
for low ac. Also, at a constant Q, the emittance will scale
-5/6
as ex =awavelength
These predictions were tested in scaling comparisons of
both optimized performance of the Neptune and PWT
photoinjectors using the simulation code PARMELA. The
behavior of the final rmis bunch length is shown for these
cases in Figs. 3 and 4, along with the "launched" rms
bunch length cT, and the predictions of Eq. 2. The
PARMELA results show excellent agreement with theory.
It is seen that, while the beam launched beam is longer in
the PWT (9.8 psec FWFM) than in Neptune (6 psec), that
the beam compresses in the low a PWT, while expanding
in the 1.6 cell gun, leaving the achievable current in both
cases nearly identical. The expansion in the split injector
is potentially troublesome (it can be enhanced by the
cathode emission nonuniformities), and has been observed
in initial 1.6 cell gun tests at BNL.

creating an ultra-high brightness beam that the split
photoinjector is better at 1 nC in S-band by a factor of 3.
These conclusions are modified by practical
considerations if one allows a different choice of rf
in the design. It has been shown that the
2

brightness of a source scales as kRp, which implies that
one should scale the photoinjector to higher rf frequency.
This can't, due to engineering constraints, be done for the
split injector, and thus recent work on ultra-high brightness high kRF sources has focused on integrated systems.
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The simulated behavior of the beam emittances as a
function of charge are shown in Figs. 5 and 6 for our two
cases. It can be seen that for the high a split
photoinjector that both the contribution to the emittance
due to space-charge and rf effects is smaller than for the
integrated case. At one nC, the Neptune photoinjector is
expected to give normalized (rmis, using 90% of the beam)
.6, = 0.62 mm-mrad, while the PWT injector is expected
to give e. =1.16 mm-mrad, which is a ratio of 1.87,
which compares well with the predicted scaling ratio of
1.78. Thus we conclude that for the nominal application of

1.
2.
3.
4.
5.
6.
7.
8.
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10.
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THE EFFECTS OF RF ASYMMETRIES ON
PHOTOINJECTOR BEAM QUALITY t
J. B. Rosenzweig, S. Anderson, X. Ding, and D. Yu÷
UCLA Department of Physics and Astronomy,
405 Hilgard Ave., Los Angeles, CA 90095
Abstract
A general multipole-based formalism to study the effects
ofvelocity.
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bem
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oth
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brightness beam
These field
techniques.
analytical and computational
asymmetries can cause the degradation of beam emittance
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due to time dependent
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gun, and the higher multipole content
support/cooling rods in a PWT structure. Practical
implications of our results, as well as comparison to cold
test and beam-based experimental tests, are discussed.
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1 RF FORCE-DERIVED EMITTANCE

APzf-q

In a high gradient rf photoinjector, the necessity of using
violent longitudinal acceleration also implies the existence
of large transverse forces. These forces are time-dependent,
and may be nonlinear or non-axisymmetric as well. All of
these attributes can give rise to transverse emittance
growth. Time dependent monopole[ I] and dipole[2] fields
can cause correlations between the beam's transverse and
longitudinal phase spaces, which, while not contributing
to the so-called slice emittance. (the transverse emittance of
a narrow longitudinal slice of the beam), can increase the
total projected transverse emittance. We shall discuss the
relationship between these emittance contributions and the
Panofsky-Wenzel theorem, as well as observations
verifying the conclusions we reach from this analysis.
Nonlinear fields have typically been considered in the
context of the axisymmetric, non-synchronous spatial
harmonics of the rf field. In this paper, we examine the
contribution to synchronous rf multipole fields to the
emittance, and analytically estimate the amplitude of these
multipoles for rf structure types of interest. We compare
the analytical estimates with experimental evidence and
computer simulations.

C z,

dA"

9

zl

zi.1
V±Azdz

and

(1)

with •=z-ct.

(2)

z

d

differential, and the transverse components of the vector
potential vanish at the cathode, and outside of the cavity.

_(Ap()
(3)
We consider a multipole standing wave field with a
sinusoidal dependence of the phase on distance away from
the power coupler,
Ez = Eo sin(ct- Coy++00)cos(kz) Xanrn cos(no)

(4)

n=o

The asymmetry term inside of the sine function is the
phase asymmetry due to power flow (finite Q effect), and
the series expansion is the multipole content of the mode
fields. The vector potential associated with Eq. 4 is
Az =E cosioxt

As cavities are designed first and foremost to accelerate, it
is of interest to relate the longitudinal acceleration which
is imparted to a given particle. This is accomplished by
an updated version of the Panofsky-Wenzel theorem[3], in
which we take into account the fact that the electrons
which are accelerated from rest starting from a point (a
photocathode) where the field is not zero. The PanofskyWenzel theorem explicitly assumes in its derivation that

zi

+J

The first term in Eq. 1 vanishes because it is a perfect

2 PANOFSKY-WENZEL THEOREM

0-7803-5573-3/99/$10.00@ 1999 IEEE.

9-f-dz

k

c,,y+o0)cos(kz)janrncos(n0).

(5)

n=O

3 POWER FLOW EFFECTS
To isolate the transient power flow component of the
acceleration, we use only the lowest multipole component
field, to arrrive at longitudinal momentum gain in a gun
of length Lg of approximately
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p eEOL=cos(k4- c-y)

eEOLg
-

2c

pz(y)c = eEoLg(1 + aiy / k).

J

]( AO = kaý.

L

(6)

The transient power flow wave number can be estimated
as Ky _=k/ Q, where Q is the unloaded quality factor,
which is of order 104. Thus for reasonable beam size
parameters, the effect of the power flow can be neglected.

(10)

If one measures this asymmetry, then one can determine
a,, and the expected emittance growth due to dipole kicks
can be estimated. This was done on a 1.5 cell gun
obtained from BNL at UCLA[4], with a view of the
momentum spectrometer shown in Fig. 1. Here the
particles at larger y (actually at large x in the gun, as the
focusing solenoid provides a nearly 90 degree rotation) are
seen to have a smaller momentum in the spectrometer.

4 MULTIPOLE FIELDS
4.1 Monopole effects
For the monopole component of the field, with
normalization a 0 = 1, the acceleration is independent of
transverse offset (e.g. y), and the transverse emittance
growth for a beam with a uniform density distribution
propagating near the peak acceleration phase is
V (y2 (y '2) -_(YY,)2
en 7=
=fi3 eE0 oy(ka )2 .
0 2mec2

(7)

This is the rf emittance contribution first analyzed by
Kim[l], and can be mitigated by keeping the beam sizes
small.

4.2 Dipole effects
The lowest significant order asymmetry has traditionally
arisen from the existence of a coupling slot on one side
(in y )of the cavity. In the first 1.5 cell BNL designed Sband gun, the coupling was in both cells, and thus initial
condition on the transverse vector potential is Ay = 0,
giving a transverse momentum kick of
Apy = t~yApzdff
eE°
2c

eE° al-L sin(kff)
2c k

aL,ý

(8)

This phase dependent dipole kick gives rise to an effective
projected emittance
n,v = mec 2 a 1L crg.z.

(9)

According to the Panofsky-Wenzel theorem, the transverse
momentum kick is accompanied by an acceleration which
is dependent on the offset of the electron in y,

Figure 1. Electron beam (green) image in focal plane of
spectrometer, with smaller energy electrons at larger y.
From this image, and knowledge of the bunch size
and length, it was deduced that the gun dipole asymmetry
contributed 3.5 mm-mrad to the normalized rms
emittance. The low charge vertical emittance in this gun
was measured to be 5 mm-mrad, most of which came not
from the more familiar monopole effects, but from if
dipole components.
This is partially due to the
overcoupling of the device (/p = 1.6); the coupling slots
were anomalously large, and the dipole component of the
rf field was larger than necessary.1

4.3 Higher multipole effects.
In the next-generation rf guns[Palmer,Colby] beyond the
1.5 cell BNL style model, several design innovations were
implemented, including the coupling of external power
only through the full cell, and the use of a dummy slot
opposite to the coupling slot for dipole symmetrization.
These schemes worked well, and have additionally been
supplemented by the use of a race-track outer wall
geometry[5] to eliminate the quadrupole components of
the field left after dipole symmetrization.
In the new PWT photoinjector structure, under
development by a UCLA/DULY Research collaboration,
the structure is based on disks which are not connected to
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the outer wall, but are supported by four rods (the crosssections of two are shown in Fig. 2). The cell-to cell
coupling in this device is obtained through the annular
region between the disks and the outer wall, and can be
very strong, leading to excellent mode separation. The
external coupling is through the outer wall, and is so far
from the axis that it does not give rise to significant
dipole components of the field. In fact, the rods, which are
relatively close the axis, give rise to a dominant octupole
field perturbation.
We have examined this perturbation both analytically
and through field simulations. The rods effect lasts for the
entire structure, just as the dipole component, and so the
normalized emittance in such a long device may be
impacted more severely than in a short gun. All of the
higher multipole components which have a strong effect
on the beam will have a speed-of-light phase velocity, and
thus have a transverse field profile which obeys the
equation VIEZ =0 with solutions as in Eq. 4. The
boundary conditions for the situation with the rods may be
approximated as the field being constant at the rod offset
radius p, but dropping to zero in the region of the rods
(which have radius b). Fourier analysis of this rectangular
profile in 4bgives the ratio of the octupole to monopole
components of the field,
a4

the emittance is En,y = 2.3 x 10-8 m-rad, which is almost
two orders of magnitude smaller than the expected
emittance due to monopole rf and space-charge effects.
On the other hand, for the proposed X-band PWT
photoinjector[6] under study by a DULY/UCLA/LLNL
collaboration, the rods must expand by a factor of 50%
relative to the disk size in order to provide adequate
cooling water flow. In this case Eq. 11 gives
a4 /ao = 0.15 cm -, while the beam, for 1 nC operation
(as in S-band), is smaller by a factor of -r3 in all
In this case, the expected octupole
dimensions.
is
contribution
to
the
normalized
emittance
cn,y =_2.1 x 10-7 m-rad. This is now significant, as it is
roughly 20% of the design monopole emittance. In
addition, it implies that it would be unwise to raise the
charge Q significantly in this device, as this would result
octupole-induced emittance scaling[81 as Q513.
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Figure 3. Calculated contours of constant E, in S-band
PWT at mid-cell, from GdfidL simulation.
Figure 2. S-band PWT photoinjector cross-section, with 2
support/cooling rods showing.

"Work supported by US DoE Contracts DE-FG03-92ER40693 and
DE-FG03-98ER45693.

For the S-band PWT linac, Eq. 11 gives a 4 /a 0 -10-3
cm-4, while the GdfidL 3-D field simulations shown in
Fig. 3 give a 4 /ao= 1.3 x 10- 3 cm -4, which is good
agreement for so rough of a model.

* Email: rosenzweig@physics.ucla.edu

The effect of the octupole component on the emittance
in this device can be estimated as

2.

2L43
S
=

4

1n,yfa4 1 .rZ,

(2

(IL)

written it as proportional to the final
where we have
r
w(AIP

Duly Research.
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OPTIMAL SCALED PHOTOINJECTOR DESIGNS
FOR FEL APPLICATIONS*
J. B. Rosenzweig, S. Anderson, X. Ding, C. Pellegrini and G. Travish+
UCLA Department of Physics and Astronomy,
405 Hilgard Ave., Los Angeles, CA 90095
Abstract
Much of the research and development surrounding the
effort to create X-ray FELs based on the SASE process
has centered on the creation of ultra-high brightness
electron beam sources. The sources for existing short
wavelength FEL designs, which employ RF photoinjector
technology, have all been specified to contain 1 nC of
charge. We show, by scaling existing designs, that this
constraint causes the maximum beam brightness to be
found when the rf wavelength is shortened to X-band. If,
instead of holding the charge constant, we assume a
certain RF wavelength device and then scale the charge,
notable improvements in the beam brightness, and thus the
FEL performance, are found. Charge scaling assumes that
the density and aspect ratio of the beam stays constant as
the charge is changed. If we relax the requirement of a
constant aspect ratio in order to maximize the beam
current and brightness by shortening the beam pulse, we
find that the pulse lengthening due to space charge
eventually brings this effort to a stop. The results of this
investigation and their impact on SASE FEL design is
discussed.

This scaling rigorously produces (including all spacecharge, rf, chromatic and thermal effects), an emittance
which scales as
A.
2c

on

(3)

Note that this "natural" wavelength scaling implies that at
shorter wavelength, the charge and the bunch length both
scale downward as 2, yielding a design current which is
independent of 2. Thus the beam brightness scales
naturally as
B

.

2
AX-

(4)

__.2

If one constrains the charge Q needed for a given
application, however, one may not use natural scaling
alone, one must rescale the charge to re-obtain theinitial
charge after first scaling naturally in wavelength. This is
accomplished by keeping the beam density (proportional
to the beam plasma frequency squared) constant,
oai 0 Q1/3 .

(5)

1 PHOTOINJECTOR SCALING LAWS

2/3

Under these circumstances, current scales as I - Q
The optimization of rf photoinjector performance can be
can be understood most straightforwardly by the scaling,
in frequency, and in charge, of the beam dynamics beams are simply brighter when produced in the short rf
wavelength, high field environment. A strict scaling of

the space charge contribution to the emittance follows
sc c 023, while the rf/chromatic contribution scales as
Q4/3
Assuming these two sources of emittance are
lf c Q
independent (which is approximately valid), the full

photoinjector design parameters has been developed by
Rosenzweig and Colby[l], allowing the understanding of
systematic variations of both charge and wavelength. The
scaling laws for maintaining optimum operation of an rf
photoinjector while changing the rf wavelength 2 in the
design are summarized as follows:

emittance then scales in charge as

1) The accelerating and focusing field amplitudes must
scale as the inverse of the wavelength,

type of device. At UCLA[2], we have developed two
types of high-brightness rf photoinjectors, a split
photoinjector consisting of a high-gradient 1.6 cell gun[3]
followed by a drift and a low gradient plane-wave
transformer (PWT) post-acceleration linac[4], and an

E0 0"T1, Bo 0c
c-1.
2)

(1)

In this change, the natural scaling of the beam
parameters is then
cc

2, Q

cc 2.

0-7803-5573-3/99/$ 10.00 @ 1999 IEEE.

(2)

4/3

,aQ= +bQ8

3

(6)
(

2 SCALING OF SPECIFIC DEVICES
The coefficients a and b in Eq. 6 are properties of a given

integrated, low gradient device, the 10+2/2 cell PWT
photoinjector[5]. A direct comparison of the advantages
and disadvantages of these designs is given in Ref. 6.
As scaling to short rf wavelength implies high fields
(according to Eqs. 1), the high gradient gun and its
focusing scheme cannot easily be scaled. Thus we
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concentrate on the PWT photoinjector in this paper, which
is now proposed as a serious candidate for development at
short rf wavelength,
The characteristics of the PWT photoinjector have
investigated by computer simulation scans of charge[6]. It
is found that for this 2856 MHz (A,= 10.49 cm) device

1.3 4.,&13

011_Q8'3,

(7)

with charge Q in nC and rms normalized emittance ih
mm-mrad. To obtain a full scaling of the expected
performance for arbitrary charge and rf wavelength,
therefore, we write the emittance as
t' 3 •4

n=4

1.34.

,/3J

'

'8/3

101

•

0.286

°
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We thus can arrive at a final expression for the brightness

•,2 134-,J

--

emit (8.6 GHz)

--

W

1 (psec). (9)

3

/
34 7 "/3
344/"W

.. N,

100

(8)

gives an optimum PWT operating wavelength of 9.97
GHz for I nC operation, which is the benchmark charge
for SASE FEL designs.
The simulations also give the scaling of the bunch
length with charge at S-band,

.1d2=

.:_,...

(8)

+0.ll./

where Q is again in nC and A.=A(cm)/10.49. This
expression implies that the emittance is optimized for a
certain charge at a given rf wavelength, as at very short
wavelength, the rf emittance asserts itself very strongly,
and the advantages of running at high accelerating
gradient are lost. Differentiation of this expression with
respect to A
- =0

been investigating the physics and engineering issues
associated with this scaling. One of the issues surrounding
this project is the choice of rf frequency between 3 and 4
times the S-band PWT (8.56 and 11.42 GHz), set by the
availability of high power rf sources. Note that the
brightness is optimized, according to Eq. 9, at a frequency
is directly between the two X-band frequencies we have
considered for development.
In order to illuminate the possible differences between
the two choices of A., as well as the superiority of short
versus long wavelength operation, we plot of these
dependences are shown for 2.856 GHz, 8.6 GHz, and 11.4
GHz operation below. The emittances and brightnesses
shown in Figs. I and 2 also include a small contribution of
emittance growth due to multipole field errors in the PWT
(due to cooling/disk-support rods)[8].

B (2.856 GHz)
1016

-_,

i015

(10)0"
(10

.1-00.01

0.1 Q (le

Since the current is not an explicit function of the
wavelength, the brightness for a constant charge is
optimized at the same point as the emittance.

3 X-BAND INJECTOR OPTIMIZATION
The PWT photoinjector was first proposed as a good
candidate for a scalable type of high-brightness source
several years ago[7]. In the intervening time, a
UCLA/DULY Research/LLNL-UCD collaboration has

1

10

Figure 2. Beam brightness for scaled PWT photoinjectors
as a function of charge.
It can be seen that the 8.6 and 11.4 GHz results are
nearly identical for I nC operation. Also, the beam
brightness in both X-band cases is better than that
achieved at S-band by roughly an order of magnitude.
Since the engineering problems (scaling of the solenoid
field, cooling rods, rf power needs, dark current intensity
at large accelerating fields, etc.) associated with operation
at 8.6 GHz are smaller than those at 11.4 GHz[91, the
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*UCLA/DULYILLNL development collaboration has decided to proceed with work at 8.6 GHz.
It should be duly noted that the operation of the device
is better in X-band all cases regardless of charge for any
high brightness betim case. It would perhaps be. better to
run very. high charge, low emittance. beams (e.g. for
wake-field accelerator drivers) at long rf wavelength,
meaning S- or even L-band. This is in fact the case for the
facilities which demand this type of beam (ANL at Lband, CLIC at S-band). For high brightness, lower charge
(<2 nC) beams, however, these scaling studies have
pointed towards X-band as the most promising direction.

9. D. Yu, et al., these proceedings (#WEA65).
10. C. Pellegrini, etal, NIMA 331, 223 (1993
11. M. Hogan, et al., Phys.Rev.Lett. 814867 (1998).

4 X-BAND INJECTOR DEVELOPMENT
The UCLA/DULY/LLNL collaboration has completed a
Phase I SBIR project, which has analyzed the feasibility
of constructing an ultra-high brightness 8.6 GHz photoinjector based on the PWT design principle. In this
study[9], the problems of scaling the magnetic field
(solved by use of a permanent magnet design) and the
cooling rod geometry (the effects of induced multipole
fields were understood) were addressed. In addition, the
cold testing of an 11.424 GHz, 10+2/2 cell device was
undertaken to show the robustness of the cavity design
(the mode separation between the it-mode and
the 10r/ll-mode was shown to be 18 MHz), and good
comparison to the results of the 3D EM field simulation
program GdfidL was demonstrated. In the PWT design, in
order to solve the problem of reflected power from the
standing wave structure during filling, a split structure
which allows cancellation of reflected power has been
proposed. For more information on this program, see Ref.
9.
In addition, UCLA and SLAC has been exploring a
hybrid design based on a standing wave 1.5 cell gun
"married" to a travelling-wave section, with external
coupling accomplished through the joining cell. This
design would eliminate both the cooling rods (and their
associated engineering problems) as well as the reflected
power associated with a pure standing wave structure.
With these possible methods of scaling integrated
photoinjector technology to X-band operation, it seems
likely that beam brightnesses which are significantly
higher than those foound in today's sources can be
achieved.
The X-band photoinjector would be an
important component of the proposed[10] ultra-short
wavelength SASE FELs currently under development[ 11].

5
I.
2.
3.
4.
5.
6.
7.
8.

Figure 3. Cold test model (with outer wall removed) of
11.424GHz, 10+2/2cellPWTphotoinjector.
*Work supported by US DoE Contracts DE-FG03-92ER40693 and

DE-FG03-98ER45693.
* Email: rosenzweig @physics.ucla.edu
+Argonne National Laboratory.
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A CLOSED ORBIT MEASUREMENT WITH THE NSRL BPM SYSTEM*
J. H. Wang#, Y. Yin, J. Y. Li, Z. P. Liu, B. G. Sun, G. C. Wang, J. H. Liu
NSRL, USTC, Hefei, Anhui 230029, P.R.China
goes through the centre of the pipe to simulate the beam.

Abstract
The beam position monitor system (BPM) of NSRL
electron storage ring have a resolution of 10 microns
with an accuracy of 50 microns, which is adequate for
beam position measurement and the closed orbit
correction. The paper describes both of the BPM system
and the closed orbit measurement.

V2

V1

1 INTRODUCTION
The electron storage ring of NSRL of the University of
Science and Technology of China at Hefei, P.R.China is
a special synchrotron radiation facility. It operates with
the energy of 800 MeV and the beam current of 100300mA. As known to all that the BPM system is one of
key measuring equipment for advancing the quality of
beam current and insuring the machine in normal
operation. And the BPM system of NSRL has constructed
early and its electronics have been modified now. The
signals to noise ratio and the dynamic range of the
measurement have been greatly increase after the
modified electronics. The accuracy and the reliability of
the system have been improved, which have the accuracy
of50gm and aresolution of 10xm. With the helpofthe
system we have finished the commission of insertion
devices of NSRL storage ring [1]. The experiments
prove
St~~=O
that is adequate measurement of beam position and
closed-orbit correction [2].

Figure 1: Distribution of BPM along ring and
Single construction of BPM
The wire can be moved inside the beam pipe. A homemade electronics circuit detect the induce voltage from
each pick-up for each position of the wire. In the way,
two BPMs at the both ends of beam pipe can be
Calibrated simultaneously. A computer recorded the
voltage readings, and calculates the offset between the
electronic and mechanical centre.
For the 25 mapped data, a least square method is used to
calculate the coefficients An. The calculation is shown
below [3]:
U = (v, 2 - v + v - v 4 )/(v
+ v2 + v3 + v 4 )
V = (v1 - v 4 + v2 - v 3 )/(v 1 + v 2 + v 3 + v 4 )
Ni

X, =I j=O
7 aj_ ,(U, -U 0 )'-j(V,-V)j,U=UU I•_, 1=1,...,25
N ,
Y, = •o E b,-,j(U, -Uo)'-J(V, -Vo)J,Vo = V1 IY=o,
make N=3

2 THE BPM SYSTEM AND ITS SIGNAL
PROCESSING

X or r=A +A(Ut -Uo)+A(ý -V0)+A(U -U0)
+A(,,-Vo)2 +AQ -V0)( -U0)+4A(U -Uo)3

2.1 The BPM system and Calibration
The circumference of the NSRL electron storage ring is
66 meter. The ring contains 12 dipole magnets and 48
quadrupole magnets, with 27 BPM. Each BPM has four
button type pick-ups mounted in a skew manner as
shown in Figure 1. The diameter of the button is 25mm.
Each BPM button is welded to a BNC vacuum
feedthrough, which then is welded to beam pipe. The
beam pipes are 1.8 meter long with BPMs on both ends.
The calibration has been done for each BPM. A wire
Work supported by China Academy of Science contract KJ85
wjhua@ustc.edu.cn

* Email:

*Present address: Y.Y.Labs.lnc, P.O.Box 597, Fremont, CA 945370597,USA

0-7803-5573-3/99/$10.00@ 1999 IEEE.

2
+A(U, -Uo) y(,
-V)+%(U, -Uo)(

(1)

-V)2 +A,0W -VV)3

2.2 The performance of the signalprocessing
electronics
The BPM system has total 108 output signals. The
distribution of BPM in storage ring and the structure of a
single BPM can be see Fig. 1. The storage ring is divided
into four quadrants. Each quadrant has 5-8 BPMs, which
provide up to 32 output signals. The multiplexer system
has three levels. Each quadrant has a sub-multiplexer
(100c1423 relay switch) system. Each sub-multiplexer
system has 5-8 multiplexer, which acquires 4 pick-up
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signals (total 16 for 4 quadrants). These 16 signals are
then delivered to the central control room to a higher
lever 4-multiplexer system via a long cable about 50
meters. Each time, the higher level system acquires 4
signals. Finally, one muliplexer processes these 4 signals.
The rf cavity of the storage ring has frequency of 204
MHz, therefore a narrow bandwidth filter, which has a
centre frequency of 204MHz with onlylOMHz bandwidth,
is used as first stage. This 204MHz single frequency
signal then is sent to a linear amplifier. The signal again
goes through a low-pass filter and an A to D converter,
The DC voltage reading is finally collected by computer.
The 10MHz narrow band filter has greatly increased the
accuracy and reliability of the system. The block diagram
of the signal electronics circuit is shown in Figure 2.

3 ANALYSIS OF THE MEASURING
RESULT TO THE BPM SYSTEM
3.1 Experiment Result
We have done a lot of testing regarding the repeatability
and reliability of the BPM system. The test results show
that the BPM readings are reproducible in 30R.m and the
biggest deviation of beam position (x and y) was below
50pgm with beam current reducing from 150mA to 68mA
during 10 hours. This also shows that it has little
dependent on beam intensity see Figure 3.
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Figure 4: Deflect of the orbit
with current
Figure2: The signal processing electronics

The system resolution can be expressed with the

following formula:

2.3 Specification of the electronics
In order to characterise the electronics system, we use a
HP-8648A digit signal generator and a HP-3456 digit
voltmeter for the measurement. The results indicate that
S/N of new electronics circuit is as larger than 50db. The
system has dynamic range of 33db. The non-linearity is
less than 1% in the dynamic range. The input/output and
the stability of the gain of the electronics are plotted in

R:3NRIs X

1/S

(2)

Where, NRMS is mean square root noise level, S is the
system sensitivity. The measured value is close to the one
calculated based on this formula, which is about 10itm, the
resolution of the BPM system.

3.2 Closed orbit measurement

Figure3 (a) and (b).

On the other hand, we use the induced signals on the button
electrodes to determine the reliability of the system. The
peak voltage detected by BPM button electrode can be
calculated by the following formula [4]
-d 2
'' 8a

VI2,34-46
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Where F (8, 0 1,2.3.4) is a beam position function, a is BPM
geometric radius and d is BPM pickup radius.
"Ifthe button electrodes are working properly, (VI + V3) and
(V12+ V4) should be roughly equal for beam position change
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at x direction, the similar with y direction.
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Therefore, (VI + V3 )-(V

2

+ V4) should be close to zero.

Since all the BPM sees the same beam current, the
deviation of the sum signal of each BPM can be used to

Figure 3: Character curve of I/O
and Stability of gain
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indicate the system reliability. The following are the

described formula:
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In our case, the measurements showed that S is inside
1±0.2 and Deviation is no bigger than 0.01 for most of
BPMs. Beam orbit measurements have been done with
orbit change induced by the use of the magnetic
correctors[5]. The measurements supported the predicted
orbit changes based on the machine physics calculation,
see Figure 5, Figure 6.
-

0.3-

S0.2-

>.

BPM

Figure 7: the analysis for system period
(Q2Sand Q7W been separately charged)

4 CONCLUSION
The beam position monitoring system of the NSRL
storage ring basically satisfies the requirements of
machine operation and studies of storage ring. The shortterm reproducibility of measurement is better than lOtm.
The measurement time for scanning all 27 BPMs is about
15 seconds. Absolute beam position with respect to the
magnetic centre of the adjacent quadrupole magnet will
be determined directly with the beam in the near further.
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Figure 6: The analysis for system symmetry
(Q2S and Q7S been separately charged)
The subsystem of the BPM for each quadrant als6
showed similar orbit shifts with phase difference between
the quadrants when the corresponding magnetic
correctors in each quadrant were in operation. The detail
is shown in Figure 7.
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REDUCTION OF X-BPM SYSTEMATIC ERRORS BY MODIFICATION OF
LATTICE IN THE APS STORAGE RING*
,G. Decker, 0. Singh H. Friedsam, J. Jones, M. Ramanathan, and D. Shu, ANL, Argonne, IL
Abstract
With recent developments, X-ray beam position monitors
(BPMs) are capable of making accurate photon position
measurements down to the sub-micron level. The true
performance of X-ray beam position monitors when
installed on liaisertion device beamlines is, however,
severely limited due to the stray radiation traveling along
the beamline 'that contaminates the insertion device
photons. The stray radiation emanates from upstream and
downstream dipole magnet fringe fields, from steering
correctors, and from sextupoles and quadrupoles with
offset trajectories. While significant progress has been
made at the APS using look-up tables derived from
translation stage scans to compensate for this effect,

exception of that emanating from two corrector magnets
located immediately upstream and downstream of the
insertion device.
Figure 1 illustrates the concept of displacing accelerator
girders in such a way that stray radiation is directed away
from the X-ray BPM field of view. The strength of the
dipole magnets on either side of the insertion device is
decreased by 1 mrad, while two corrector magnets located
immediately upstream and downstream of the insertion
device are powered to compensate for this 1-mrad loss of
bend angle in the main dipoles. With these changes in
magnet strengths comes an accompanying displacement in
the girders and an approximately 6-mm parallel horizontal
displacement of the insertion device.
Strayradiation frm upstream

performance of ID X-BPMs to date is at the 10 to 20

dapole, q.ar.p.esx.upol

/ctow

micron level. A research effort presently underway to
address this issue involves the introduction of a chicane

into the accelerator lattice to steer the stray radiation away

-"

Focustringmagnet

-

from the X-ray BPM blades. A horizontal parallel
translation of the insertion device allows only ID photons
and radiation from two nearby correctors to travel down
the beamline, simplifying the radiation pattern
considerably. A detailed ray tracing analysis has shown

I

77

-

mrad

mrad

that stray radiation gets displaced by up to 2 cm.

horizontally at the X-BPM locations so that it can be
easily masked. Results from such a modified lattice,
implemented for one of the insertion devices, are reported
here.

1

INTRODUCTION

During
of the APS, much consideration was
given tothe
thedesign
requirement
for micron-scale beam position
stabilization. To this end, a very careful mechanical
design for photoemission gold-plated diamond bladebased X-ray beam position monitors was executed [1]. As
described elsewhere [21, a method has been developed at
the APS for reducing stray radiation background signals
from X-ray beam position monitors on insertion device
beamlines. This radiation originates not only from the
fringe fields of the dipole magnets located upstream and
downstream of the insertion device source point, but also
from collinear steering corrector magnets and off-axis
particle beam trajectories through quadrupole and
sextupole magnets in the straight section. By realigning
girders in the two sectors straddling the insertion device,
one can eliminate all of the stray radiation with the
*Work supported by the U.S Department of Energy, Office of
Basic Energy Sciences, under Contract No. W-31-109-ENG-38.

0-7803-5573-3/99410.00@ 1999 IEEE.
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fradowne.stream dipole. quadrupoe",

sea3upols andoo

Figure 1: X-BPM stray radiation realignment concept
Because there are many insertion device beamlines in
operation at the APS, an alternative concept was
implemented that was less disruptive to users. Rather than
displacing the insertion device outboard, the two adjacent
accelerator sectors were displaced inboard, leaving the
insertion device and its associated front-end and beamline
components undisturbed. This
required changing the
strengths of four main dipole and four corrector magnets
and realignment of ten girders (each APS sector is
composed of five girders in addition to an insertion
device).

2

IMPLEMENTATION

The lattice modification just described required a
significant planning and analysis effort over a period of 15
months prior to its implementation in the APS storage
ring. Among the tasks undertaken was an extensive
program of computer-aided design ray tracing to ensure
that no uncooled interior vacuum chamber surfaces would

be struck by X-rays, both with standard particle beam
steering and in the presence of large but physically
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possible beam misalignment conditions.
Shown in
Figures 2 and 3 are plots indicating some results of this
ray tracing effort.

dipole radiation lying in the plane of the particle beam
trajectory.
Upstream X-BPM (P1)
Downstream X-BPM (P2)
4.65 mm
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Figure 2: Insertion device exit port ray tracing result
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Figure 4: APS X-BPM blade geometry
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Figure 5 shows plots of the blade sum signal for each of
two X-BPMs located along two different beamlines, as a
function of insertion device gap. One of them, beamline 1ID, is a standard configuration, while the second, 34-1D,
has undergone the "alternative" lattice modification
described in the text following Figure 1 above.

,. mrrad

Figure 3: Ray tracing results showing separation of
Upstream X-ray BPM Sum Signal

bending magnet radiation (crosshatched areas) relative to
insertion device beamline axis after lattice change

.

Downstream X-ray SPM Sum Signal

..-

-

1-,D
34-ID

.

The crosshatched areas in Figures 2 and 3 indicate the
regions where bending magnet radiation, streaming from
left to right, is present at the insertion device beamline exit
port. The region above the beamline axis represents
bending magnet radiation emanating from the downstream
fringe fields of the dipole bending magnet located
upstream from the insertion device, while the lower
crosshatched area corresponds to bending magnet
radiation emanating from the upstream end of the
downstream dipole magnet.
In Figure 3, notice the separation between the dipole
"fans" and the insertion device centerline resulting from
the girder realignment. Note that only a sliver of radiation
from the upstream dipole fan survives, with the majority
of it having been occluded by an upstream radiation
absorber. The downstream dipole fan is not displaced
inboard by as much as the upstream fan has been
displaced outboard, a consequence of the relative
distances to the associated source points,

3

EXPERIMENTAL CONFIRMATION

Figure 4 gives the approximate geometry for the two Xray beam position monitor blades installed in all standard
APS beamline front ends. The views shown are taken
from inside the accelerator looking out along the
beamline, with the center of the accelerator on the righthand side. The geometry was chosen such that the
upstream assembly would not shadow the downstream
blades and to avoid strong radiation background from

-ID
34.10I

,

.

_

I.to,

o
E

loto1
1

20o25 30 35 40 45 50
Insertion Device Gap (mm)

15 20 25 30 35 4C 45 5C
Insertion Device Gap (amm)

Figure 5: X-BPM sum signals vs. insertion device gap
Notice for the upstream X-BPM in the left-hand figure
that the 34-ID background signal seen with the gap open
(approaching 50 mm) is more than a factor of ten reduced
in comparison to the signal from 1-ID. A factor of more
than two improvement is seen for the downstream XBPM.
While these results are encouraging, it is important to
understand the characteristics of the remaining
background signals. While radiation from the main dipole
bending magnets should have been all but eliminated,
keep in mind that the 1-mrad corrector magnets are
themselves sources of synchrotron radiation. Because this
radiation is predominantly off-axis horizontally, one
would expect that the "E" and "F" blades would be
strongly affected by it. As reported elsewhere [2], this is,
in fact, the case. By steering vertically with the gap open,
one sees a rapid variation of the signals on these two
blades.
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the insertion device source point. The transverse beam
positions were computed by an extrapolation from rf beam
position monitors employing capacitive pickup electrodes
mounted on opposite ends of the insertion device vacuum
chamber.

One fascinating observation was that the response of
the P1 blade signals to local vertical steering with the
insertion device gap open was almost perfectly symmetric,
The top two blades tracked each other and were mirror
images of the response of the bottom two blades. This
raises the possibility of using the corrector magnet
radiation itself as a position diagnostic. One would expect
this radiation to show a peak value at a location 0.5 mrad
horizontally off-axis from the insertion device beamline
centerline. A blade monitor design similar to P1 and
located 0.5 mrad off-axis would hold promise as a gapindependent X-ray position monitor.
Shown in Figure 6 are insertion device gap scans for the
individual blade signals of the upstream (P1) X-BPM on
beamline 34-ID, after the lattice modification.
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CONCLUSIONS

A technique to substantially reduce stray radiation
background levels from insertion device X-ray beam

position monitors has been implemented at the APS.

Gap),

which is shown by, the solid lines in Figure 6. The data is
indicated by diamond-shaped symbols, and the fit
parameters are shown on each plot,
An important aspect of the data in Figure 6 is that the
slopes of the four curves (i.e., the "rates" for the fit) are
significantly different from blade to blade. Whatever the
cause, this phenomenon has serious consequences if one is
interested in using these blade monitors as gapindependent position diagnostics. Suspecting a nonlinear
electronics effect to be responsible for the observed
differences in slope in Figure 6, the cables were swapped
so that the top blades' electronics were connected to the
bottom blades, and vice versa. The, effect was observed to
move with the blades and not the electronics, thus
exonerating the electronics as the culprit.
Shown in Figure 7 are plots showing the variation of the

"factr"
rate fit
find cofficent
"factor" and "rate"
coefficients asfuncion
as functions of
of

While use of these devices as a submicron-stable position
diagnostic remains a challenge, it appears that a device
sensitive to corrector magnet synchrotron radiation may
hold the potential to be a stable gap-independent X-ray
position diagnostic.
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CONTROL AND DATA PROCESSING OF THE DISTRIBUTED 500 MHz
NARROWBAND BEAM POSITION MONITOR SYSTEM OF ELSA
J. Dietrich, J. KeilF*and I. Mohos*
*Institut fuir Kernphysik, Forschungszentrum Jiilich, Germany
**Physikalisches Institut, Universitit Bonn, Germany

Abstract

MC68360 communication controller and a MC68060 CPU

The preservation of the polarization level during
acceleration of the electron beam is currently the main
topic at the Electron Stretcher Accelerator (ELSA) of the
University of Bonn. It can be improved by a good
correction of the closed-orbit relative to the magnetic
quadruple centres using the method of beam-based
alignment. Beam position monitor electronics, developed
in the Forschungszentrum Jiilich/IKP for ELSA are
integrated to form the 28 BPM orbit measurement
equipment. The deviation of the closed orbit measured by
the BPM system was reduced to an rms-value of 140 gim.

for high level data processing. The front-end devices are
connected with four fieldbus lines to the communication
controller. The communication between the two
processors is done over the VME backplane using mailbox
interrupts (Fig. 1).
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1 INTRODUCTION

-

-

The 3.5 GeV Electron Stretcher Accelerator (ELSA) at
Bonn University was recently upgraded for the
acceleration of polarized electrons [1]. During the energy
ramp
several strong depolarizing resonances have to be
crospsed.eTh
strengthspofarioinegtype resonances
crossed. The strengths of one type of hFigure
resonances
connected with the vertical closed orbit distortions can be
reduced by steering the beam through the magnetic
quadrupole centers of ELSA. A common technique to
determine the magnetic axis of a quadrupole
relative
to
isthe
oniors(BPM
osiion
he
bam
xisof
the axis of thethebeam
position
monitors
(BPM) is
the
method of beam-based alignment [2]. To make use of this
method a BPM system with a good resolution and long
term stability is required, which is also able to be used at
low currents of some mA.

2

SYSTEM ARCHITECTURE

The new BPM electronics forming a 28 BPM orbit
measurement equipment are integrated in the control
system of ELSA. The control system of ELSA is
organised hierarchically in three layers with distributed
organised llygence.
Thepresetiont
layers w
distibued on
intelligence. The presentation level is based on
HP9000/700 workstations running HP-UX as the
operating system. Its purpose is to display the status of the
machine and to hold the distributed data base. The process
level is used for preprocessing data from devices using
VME processors running the VxWorks real-time
operating system on Motorola 68K CPUs. The lowest
level is the fieldbus level for the direct communication
with the devices. A dedicated VME crate for the BPM
system uses a serial communication board based on the

0-7803-5573-3/99/$10.00@ 1999 IEEE.

•

:/

1: Architecture of the high level data acquisition
sytm
system.
The data communication between the VME processors
and the workstations is done via a fibre optics link using
TCP and UDP protocols with 10 MBit/s. The orbit data
and BPM status information is displayed on workstations
and B
st ased
on
workstations
running a GUI based on the X-Window system and

3 FRONT-END ELECTRONICS
Front-end electronics each consisting of an if narrowprocessing unit and a data acquisition and
band
controlsignal
unit with data processing capability are placed
c
a
g c by
close to the four-button monitor chambers [3]. The
moiosttnsargeinfusbrupaecnetd
monitor stations arranged in four subgroups are connected
via galvanically decoupled serial fieldbuses to the host.

3.1 Analog Electronics
Narrowband superhet rf electronics (Fig. 2) process the
fundamental components of the button signals. At the
input analog rf multiplexer with programmable button
sequence scans the four buttons. Low noise narrowband
preamplifier (B=5 MHz) amplifies the signal of the
selected button. For high signal levels a switched 30dB
attenuator can be inserted. Mixer transposes the desired
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frequency range to the intermediate frequency, where
narrowband filters reduce the bandwidth to -200 kHz and
amplifier with controlled gain enhances the signal level
appropriate for demodulation.

transceiver for data communication, 12 bit ADC for
digitizing of the demodulated electrode signals and 12 bit
DAC for gain control, several bits for timing and
bandwidth control and a 3-wire serial interface for
synthesizer control.

0

Mbr

Dmodlký

t,

EPROM

T

GabCýAlm

RAM

TU

MPXC4

8 B-JN--0UE

I

Figure 2: Block diagram of the rf signal processing
module,

Figure 4: Block diagram of the data acquisition and
control module.

On-board remote controlled synthesizer generates the LO
signal applied to the mixer. Its frequency determines the
band-center frequency of the signal processing. Frequency
changes within the IF bandwidth will be automatically
tracked by the demodulator in real time.
Band-center frequency adjustments can be achieved in the
range of 500MHz ± 2MHz with 50kHz steps. The output
signal of the linear synchronous demodulator is
proportional to the rms value and carries level changes
with frequencies up to 500 Hz. The gain control range of
the processing chain is about 100 dB.Signal level dynamic

The timer of the microcontroller controls the rf multiplexer and the timing phases of the acquisition. The
sampling rate can be set by means of remote command
between 1-256ms corresponding to the selected lowpass
filter.

4

will be prepared for the next cycle. The scan timing and
the step gain control are synchronised. Four button signals
will be measured in each cycle with the same gain,

POSoo!e

therefore consistent data are used for position computing.
Subsequently a digital lowpass filter algorithm reduces the
signal bandwidth. Its cutoff frequency is programmable in
14 steps. The overall bandwidth can be reduced down to
0.1Hz. On request of the host the acquired and
data will be transferred in real time, or can
be buffered in the 4kS RAM for slower read or later use.

-

-

-i

-

...

___

I
-'

•

DATA PREPROCESSING

The built in firmware of the front-end daq unit performs
some basic computing tasks. After digitizing of the button
signals the horizontal and vertical positions are computed.
In automatic gain control mode the measured values are
compared with a reference and a gain correction value

\preprocessed

-I

....

5 HIGH LEVEL DATA PROCESSING

between -80dBm and +l0dBm is allowed. The typical
equivalent beam position noise is <0.5 pmr.
@ PR= -46
dBm, B=10 Hz and K=14.5 mm (Fig. 3).
Figure 3: Equivalent rms position noise.

3.2 DataAcquisition
The Data Acquisition Unit (Fig. 4) consists of a 8bit
microcontroller with 8kbyte EPROM and 32kbyte RAM
and built-in timer, half-duplex 1 Mbit/s asynchronous
serial interface with galvanic isolated twisted-pair

In the free run mode the data acquisition of all BPM
stations is triggered in regular intervals by the fieldbus
host computer. The BPM stations send as a response on
the trigger the measured values as a sequence of data
blocks on the four fieldbus segments to the host. The
complete data block of 28 BPMs is passed over to the
BPM controller CPU using a TCP/IP network connection.
A second process with a lower priority sends periodically
the actual status and BPM settings to the control system.
Commands for settings and changing of hardware
parameters of the BPM stations are passed over to the
server process using a second TCP/IP connection.
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The BPM controller CPU corrects first for unequal
electrode attenuations [4] and linearizes the nonlinear
response of the electrode configuration using a
combination of a look-up table and a two-dimensional
local polynomial approximation of second degree. Closed
orbit data is transferred to the workstations and can be
displayed and analyzed. Several different orbit correction
algorithms like harmonic correction, least square fit,
MICADO, and local bumps are available.
Furthermore data traces with the signals of all BPMs
can be acquired and saved to disc for off line analysis. The
sampling interval can be up to 1 ms covering 4096
positions.

uncorrected orbit with x,,=2.46 mm and z,. = 0.93 mm
was reduced after five iterations to values of x., = 0.126
mm and z.,= 0.141mm using a least-square orbit
correction algorithm based on the singular value
decomposition. The uncorrected and corrected orbit is
shown in Fig. 6.
,o
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the correction of the vertical closed orbit during resonance
crossing. The technique of beam-based alignment [4] was
used to determine the magnetic centers of the quadrupoles
which define the zero positions of the nearby BPMs. To
locate the magnetic axis of the quadrupole with the beam,
a small change of the focusing strength (= 1 %) with an
additional power supply was applied. The orbit was
moved to different positions using a local four corrector
bump. If the beam passes through the magnetic center of
the quadrupole, the position shift due to the change of the
focusing strength vanishes at the 28 BPMs. An example of
a measurement is shown in Fig.5.
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Figure 6: Uncorrected (solid) and corrected (dashed)
closed orbit.
First measurements with polarized electrons showed, that
after the orbit correction the polarization at the first strong
imperfection resonance at 1.32 GeV could be almost
completely preserved without additional means like
harmonic correction.

8

CONCLUSIONS

The close placing of the rf and data acquisition electronics
to the pick-up buttons reduces effectively the rf
and allows to utilize the remarkable noise
performance of the front-end unit. The galvanically
fieldbus eliminates the disturbances caused by
the potential difference between the monitor chambers and
the host and enhances the reliability of the data transfer.
Software development on the user's side is not necessary
for the low-level acquisition control and preprocessing.
distributed and time-overlapped data processing
improves the overall system
performances.
t
s
It was possible with the new BPM system to correct

Figure 5 : Shift in position due to a 1 % change of the
gradient in quadrupole QD15 for different beam bump
amplitudes.

the closed orbit of ELSA up to rms values of 140 gtm in
both planes.

The zero position of the BPM is determined from the
analysis of all zero crossings of the BPMs weighted with
the errors from a linear regression for each BPM. The
reproducibility of the zero positions of the BPMs
determined by this method is approximately 100 gim
mainly due to statistical fluctuations.

[1] C. Steier et al.: _Acceleration of Polarized Electrons in ELSA",

7

ORBIT CORRECTION

Before orbit correction the orbit distortion in the vertical
plane was reduced by a good alignment of the quadrupole
and dipole magnets. For the closed orbit correction 20
horizontal and 18 vertical steerer magnets were used. The
2056
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BEAM POSITION MONITORS FOR THE CORNELL ELECTRON
SYNCHROTRON*
R. Holtzanple, G. Dugan, and R. Littauer
Laboratory of Nuclear Studies, Cornell University, Ithaca, NY 14853 USA
The Cornell 10-GeV Electron Synchrotron, built in 1968
for fixed-target physics, has served since 1979 as injector
to the storage ring CESR. In this mode, which calls for a
sparse fill pattern (45 bunches at most), the original beam
position monitors are ineffective. An improved system,
now under construction, is described.

1 INTRODUCTION
Originally, the Cornell Electron Synchrotron accelerated a
"continuous" beam (all 700 MHz RF buckets filled); its
beam detectors used ferrite-core current transformers that
could not resolve individual bunches. The cores carried
auxiliary differential windings that served as rudimentary
beam position monitors (BPMs). However, with the widely spaced bunches called for by CESR, these windings no
longer deliver useful signals. New BPMs are being installed as part of a general improvement program.
With cost and downtime as major constraints, we
decided that the new BPM system should fit into the
present vacuum enclosures and work through the existing
cable system. Analog signals representing intensity, horizontal, and vertical position are brought to the control
room through three 75 9 cables that encircle the synchrotron (-756 m circumference). These cables, similar to
RG59/U but triaxially shielded, have an uncomfortably
long risetime (tr = 70 ns, maximum).
The BPM signals, after treatment by local preamplifiers, are multiplexed into the cables via small relays that
are energized one at a time. Taking data for the complete
ring requires stepping sequentially through all the relays.
BPMs for the synchrotron, as opposed to the storage
ring, must deal with some special features: (1) The beam
is about three orders of magnitude smaller-only a few
times 108 particles per bunch-and it is not steady. (2)
The orbit errors change during the acceleration cycle because remanent fields and eddy currents, important at injection time, become insignificant at high energy: orbit measurement must thus take place in a selected short time
interval within the 8 ms acceleration cycle. (3) Coherent
beam oscillations, caused principally by injection errors,
remain significant throughout the acceleration cycle: the
BPM signals must be averaged over several turns to locate
the equilibrium orbit.
*

Work supported by the National Science Foundation
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Figure 1.
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Vertical section through the stripline beam

detector. e- travel from right to left in this diagram,
delivering at the downstream end of the stripline a pulse
doublet with initially positive excursion. (e+ moving in
the opposite direction produce a similar signal.)

Short beam probes (pickup "buttons" or loops) have capacitive or inductive source impedances. When loaded by a
resistance R, such probes pseudo-differentiate the bunch
signal. The time constants (,r = RC or LIR) come out well
below I ns when R = 50 92. Since this is comparable to
the duration of the bunch, the output signal becomes a
short, bipolar pulse doublet. When such a doublet
encounters a long risetime tr, the output amplitude goes as
1/tr2. In our case the signal would be reduced almost to the
noise level. We avoid this by immediately converting the
probe signal into a longer, monopolar pulse, using peak
rectification by a fast diode.
A strip-line probe is better than a short probe in this
mode of operation. Instead of pseudo--differentiating, the
line adds a delayed, inverted reflection from its far end
(shorted). The resulting doublet spacing can be
large-twice the propagation time of the line. To fit into
the available space, our lines are 0.15 m long, yielding a
doublet spacing of I ns.
Between the 96 pairs of synchrotron magnets mounted
on I-beams there are drift spaces (usually 0.28 m long)
that alternately accommodate pump ports and corrector
coils. The latter, assembled on a tube of 43 mm inner
radius, leave enough clearance for BPM signal feedthroughs. The lattice functions &ixand fly are approximately equal (-12 m) at these locations, giving similar
sensitivities to the BPMs in both planes. The betatron
tunes are Q, = 10.65, Qy = 10.77; we expect to install
about 50 BPMs, spaced roughly by quarter-wavelengths.
Figure 1 shows one BPM consisting of four strip
lines placed in symmetrical pairs on opposite sides of the
beam in each dimension, horizontal (x) and vertical (y).
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The strip, spaced 9.5 mm from the wall of the tube, is 38
mm wide, yielding Zo - 100 91. (The strips are lightly
folded longitudinally to conform to the curvature of the
tubular wall.)

rectification yield is substantially linear. We will use
matched pairs of diodes for each pair of strip lines; when
the intercepts are equal a null A-signal still correctly indicates x = 0. To calculate a nonzero bunch displacement
from the stretched signals we use

3 SIGNAL PROCESSING

a

To first order, the amplitudes from the two probes of a
pair are, respectively,
a qk(! + "o
and a_= kla+=q' +
'
where q is the bunch charge, k+, k- are gain factors, x is
the bunch displacement from center, and x 0 is a scale
length. [Similarly for y.] In the ideal case we have k+ =
k_; then
x ----Aa-x ,
0

with Aa a a+ - a- and Ma a a+ + a_. To ensure that a null
A-signal correctly indicates x = 0, we evidently need to
maintain k+ = kL over an adequate dynamic range.
Unfortunately, pulse stretching (by peak rectification)
cannot be done after the A-signal is formed, since this
signal may have either sign. The two line signals must
therefore be rectified individually, with the two rectification yields entering separately into k+ and k-. As illustrated in Fig. 2, the main feature of diode rectification is a
threshold intercept, governed by the diode's cut-in voltage.

x

a + 2a 0

where a 0 is the threshold intercept projected onto the pulse
amplitude axis (see Fig.2).
If a small gain mismatch does remain, suppose that
[E << 1].
k+ = (1 + e) kA centered bunch then yields Aa/Xa - E/2, giving a false
indication
x0 - (E/2) x 0.
With x0 = 21 mm, to hold x8 :< 1 mm-adequate for our
purposes-we need only maintain Id < 9%.

4 CIRCUITS
Figure 3 shows the arrangement of stretchers and amplifiers for forming Aa and Xa and driving the coaxial cables.
Figure 4 shows the A-signal observed through the coaxial
cable. A high-pass time constant of 0.4 Its, well below
the 2.5 gts revolution period, ensures that the signal
returns to zero between pulses. (Orbit measurements will
be made with only a single bunch of e- circulating.)
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3. Schematic of prototype stretchers, sum, and difference amplifiers for one pair of striplines. (To avoid
reaching the amplifier's output current limit, the sum
channel has a lower gain than the difference channel.)

1000
°Bunch

1,00

HPS082-2835

•

2

3
4
e
Charge (x0 7 e)

6

Starting at the desired time in the acceleration cycle,
BPM pulses from a selected group of turns must be inte-

Figure 2. Amplifier output as a function of bunch charge.
A linear fit to the data above threshold is shown.
With our particular strip lines and diodes (Hewlett-Packard
HP5082-2835 in the prototype), this threshold corresponds to -107 particles per bunch; above threshold the

grated to obtain the average bunch position (in the presence of oscillations). This is illustrated, for 5 turns, in
Fig. 5. The burst of 5 gate signals is timed so as to exclude the reverse-polarity excursion of each BPM pulse. The
gate output is applied to an operational integrator, which
is reset before the burst but allowed to hold its accumulated voltage until read out by a computer.
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Figure 4. Delta-signal from a vertical pair of striplines,
seen -4 ms into the acceleration cycle. A substantial offset of the equilibrium orbit is indicated, as well as some
bunch oscillations.
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Figure 5. Timing diagram for the gated integrator circuit.
(The integrator reverses the signal polarity.)

5 CALIBRATION
A rough estimate for x0 (= 21 mm) was obtained in bench
measurements, using a short pulse sent down a movable
conductor to simulate the beam. A more appropriate calibration will be obtained, in due course, during studies of
the orbit-correcting procedures themselves.

6 CONCLUSION
A stripline BPM, together with its signal processing
circuits, has been designed and tested with good results.
Slight modifications to these designs will be made, but a
suitable system is close to reality. During the 1999
summer shutdown, in preparation for CESR Phase II
high-current running, the synchrotron will be completely
outfitted with this BPM system.
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A NEW APPROACH TO PHOTON BEAM POSITION MONITORING
AT ELETTRA
A. Galimberti 1 , C. J. Bocchetta, A. Gambitta, G. Paolucci, SINCROTRONE TRIESTE
G. Paolicelli, INFM UNITA' ROMA TRE
G. Stefani, UNIVERSITA' DI ROMA TRE AND INFM UNITA' ROMA TRE
Abstract
In the latest generation of SR sources, local bump orbit
feedback systems are under development for improving the
stability of the delivered radiation. Photon Beam Position
Monitors (PBPM) are being built as detectors of beam
movements and as references for feedback systems. A new
generation of PBPM's for Undulator beamlines is being
designed at ELETTRA. Detectors based on the use of
electron energy analysers will drastically reduce the
contamination of dipole magnet radiation on the PBPM to
less than 0.1%. A detector prototype has been designed
and is currently under construction. A full description of
the detector layout, its working principle and the expected
behaviour obtained by computer simulations are
presented.
1 INTRODUCTION
For the latest generation of SR sources, local bump orbit
feedback systems are being developed for the improvement
of the stability of the delivered radiation [1].
The conventional approach to a PBPM system for a high
brightness beamline from an Insertion Device (ID) is to
provide a pair of detectors based on four blades that
intercept the fringes of the beam and photoemit electrons.
The positions of the beam centre in the vertical and
horizontal planes and the angles of emission are then
computed from the eight photocurrents measured. At
ELETTRA, in all the front-ends of the ID beamlines, a
PBPM system is installed [2]. Because of our storage ring
configuration, a significant part of the radiation from the
upstream and downstream dipoles is superimposed to the
ID beamline radiation [3]. This fact inhibits the
application of any feedback algorithm based on the PBPM
measurements.

PBPM, so the effective BM photon flux seen is expected
to be some order of magnitude smaller.
On the other hand, the first harmonic photon flux of, for
example, the Elliptical Wiggler (section 4.2) working in
the Plane Undulator Mode at K1=I.l is about lxl0 6
[photons/s/mrad 2/ 0.1 %BW] at a photon energy of 112eV.
Therefore, we have designed a new detector that selects the
contribution to the spectrum at a given photon energy,
with a bandwidth comparable to the Undulator linewidth.
It will thus take advantage of the flux difference between
BM and ID contribution at the positions of the
harmonics.
A first prototype is under development and its layout is
depicted in fig. 1. It is designed for position detection on a
single plane and is composed of two parts: the
photoemissive blades and a pair of electron energy
analysers. The electron analysers are composed by an
input lens and a hemispherical dispersing element. Each
analyser is aligned with a blade and it collects the
electrons, with an angular acceptance of a tenth of
mradian, photoemitted by the blade.
The geometric position of the electrostatic lens and its
polarisation ensure that each system (analyser & blade) is
independent of the other. Tuning the analyser at the proper
energy, depending on the Undulator spectrum and the
photoemission line of the blade, we are able to reject
most of the BM contribution to the signal.
The detector is energy tuneable from few eV to some keV.
Therefore, it is suitable, for every Undulator device.
Moreover it may be set easily and quickly for any
working gap of the Undulator.

2 DETECTOR LAYOUT
Even if the peak intensity of the Undulator radiation is
much higher than the Bending Magnet (BM) contribution,
the integrated intensity seen by a conventional PBPM,
can be comparable. A drastic reduction of the contribution
of dipole magnet radiation down to less than 0.1% can be
achieved by selecting the energy of the photoelectrons.
The Undulator energy spectrum is peaked within a narrow
bandwidth around a particular value, which changes with
the K parameter and the harmonics. The energy range of
the BM radiation is wide and goes from few eV to 20KeV
with a photon flux at 2GeV of about 10 "3 Figure1: The NewPBPM prototype layout. The flange of the
[photons/s/mrad2/0. 1%BW]. Furthermore, only the fringe manipulator supports the detector. The main active elements
fields of the dipole contribute to the contamination of the are visible: the couple of blades and the hemispherical
analysers that collect and filter the photoemitted electrons.

galimberti @elettra.trieste.it
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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As an example we may consider a lens system working at
R=2; the overall behaviour results:

3 DETECTOR WORKING PRINCIPLE

= (AE/R) =
AEE.

3.1 The Electron Analyser
The new PBPM utilises the electrostatic hemispherical
analyser [4] developed and used, by the Aloisa and GasPhase beamlines at ELET'RA; to perform angle resolved
time coincidence photoemission experiments. This
analyser is characterised by a compact hemispherical
dispersing element (Ro= 33 mm), an electrostatic lens
with a cylindrical symmetry formed by four elements and
a system of selectable input and exit slits. All these
features have been fully exploited on the experimental end
stations at ELETTRA.
The dispersing element, composed of a pair of concentric
hemispheres with fixed input and exit slits, selects
electrons of a particular energy Ep proportional to the
voltage difference between the hemispheres (Ep=k1AV). It
is characterised by a constant relative energy resolution
AE/E=k2 [5]. The dimension of the internal and external
hemisphere determines the constant k1, which is fixed for
a given spectrometer. The constant k2 is inversely
proportional to the mean radius R, and directly
proportional (in first order approximation) to the slit
width so the relative resolution can be. varied by changing
the settings of the slits set when the experimental
chamber is in air. Energy spectra can be performed in two
ways: changing the kinetic energy of the analysed particle
to match the fixed value selected by a constant applied
voltage on the hemispherical sector or moving the applied
potential on the hemisphere according to. proportional
factor k,. With the help of an input electrostatic lens, we
can work in both conditions preserving optimised
efficiency. The first operation mode is used to keep
constant the energy resolution. The lens focuses electrons
from blade to the hemisphere and changes, in a controlled
way, their kinetic energy E to a fixed value to reach
constant energy resolution (AE =k2Ep). The lens
transmission changes during the energy scan because
and linear magnification vary
angular magnification
Ep
is
The second operation mode
(ML.M

a=

(

-2 .10"

E10

The instrumentation set-up of this detector is more
complex than for a standard PBPM. Firstly, each electrode
of the electron analysers and their electrostatic lenses is
controlled by a set of low ripple programmable HV power
supplies. Secondly, at each electron analyser exit an
electron multiplier, that increases the signal level, has to
be biased to some kV for its proper functioning. Two
different ways of data acquisition are needed: counting
mode and current mode. Each mode has a dedicated
electronics: the former detects the fast pulse train coming
out from the analyser and counts them. The latter
integrates, with a configurable time constant, the signal.
Then in both cases the data is processed in order to find
the vertical beam centre.
Resulting fux from E.,E0 +l%,E,-1%

at 15 meters from the source
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characterised by a constant lens transmission because the
lens is used just to focus electrons and eventually to
change their energy by a fixed proportional factor
E
-- = Retarding Ratio = R). Since in the present
Ep
application, the essential point is not energy resolution
but a controlled and possibly, constant transmission of
the spectrometer for different analysed energy ranges, we
plan to work in the second operation mode called
Constant Relative Resolution. The intrinsic relative
resolution k2 has been estimated by computer simulation
considering second order angular terms. Imposing a slit
width of 2 mm, it results to be of the order of 3.5* 10-2.
So it is comparable to the relative bandwidth of Undulator
harmonics AE/E=(lto5)10"2 . To achieve a fine tuning of
the overall analyser relative bandwidth with respect to the
Undulator line thape we have optimised the optical
system for a RetardingRatio ranging from 1 to 5.

Figure 2: Photon flux spatial distribution for the insertion
device ID4 tuned at 112eV within an energy bandwidth of
±1% (@ 15m from the source)
Moreover, the two photocurrents of the blades are also
acquired for alignment purposes. The acquisition in
current mode is performed by custom floating
picoammeters to decouple the biasing HV.
4 SYSTEM SIMULATION
The behaviour of the analyser has been studied by an
eletronray-the an
has In
studie han
electron ray-tracing simulation [6]. In particular we have
made an effort to evaluate the spectrometer Field of View
(or better the spatial transmission function at fixed
analysed energy). In fact, the convolution of this curve
with the photon flux spatial distribution (Fig. 2)
determines the sensitivity of our system to beam motion.
The result of the simulation is shown in fig. 3 for an
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analyser configuration characterised by AE/E=2%. A grid
of emission points, placed at the blade surface, has been
utilised (0.1x0.5 mm spacing). Each point emits electrons
in two orthogonal planes both perpendicular to the blade
surface with a symmetric emission angle of ±6' (the lens
geometrical acceptance angle). All the electrons have the
same kinetic energy and lens and hemisphere voltages awe
tuned for this energy. The green colour scale represents
the fraction of trajectories that reaches the exit slit of the
hemisphere.
PHOTON BEAM AXIS

A.0

--

4•F

PRESENT STATUS

ANALYSERIt E•L

Currently M) th• mechanical c6mlofieints are 6i(TJr
constructioh. Delivery is planned for this summer. The
control system and the instrumentation have l5en
designed and are in construction. The first measurements
with the detector are planned for the end of the year.
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A new possible solution to photon beam position
monitoring for Undulator beamlines has been presented.
The simulations confirm that it is possible to obtain good
sensitivity and to reduce drastically the contamination
from BM radiation. The design allows a great flexibility
and a large operative range. The measures will confirm if
is also completely compatible with the strictly
requirements for the orbit stability feedback controls.
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after the front-end and before any optical element. A white
beam is available at this location 15 meters from the
source. An X-Z manipulator will provide the translations
of the detector on an orthogonal plane with respect to the
beam. In addition each pair of blade and analyser is
mounted on a movable support that allows change the
distance between the two blades. Therefore it is possible
to change the working position of the detector with
respect to the photon beam. The chamber has to be built
as a compact experimental chamber with particular
attention paid to the magnetic shielding.
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Figure 3: A simulation of the spectrometer transmission
function with a AE/E=2%.
The electron beam orbit stability has to achieve 0.1%
intensity constancy of the delivered radiation. Therefore,
the Synchrotron light sources have stability goals from
10% to 1% of the photon beam size and divergence [7].
At 15m from the source it means a detector sensitivity of
about 10 gim.
In order to estimate the sensitivity we consider that
measured signal will be proportional to the convolution
of spectrometer transmission function (fig.3) with the
photon beam distribution (fig.2). We have calculated this
curve along the vertical plane for a centred beam and for a
10 gtm beam displacement. The result indicates a relative
difference between the two signals of the order of 4%. The
estimated current signal at the exit of the analyser is about
lnA. So a current measurement with the accuracy of
lOpA is able to achieve a beam position sensitivity better
than 10ptm. The electronics allow an accuracy of IpA and
so it would be possible to reach a sensitivity of 1p.gm.
8 THE UHV CHAMBER AND TEST
MEASUREMENTS
An UHV test chamber for PBPM testing will be placed
along the Circular Polarisation Beamline immediately
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TURN-BY-TURN ANALYSIS OF PROTON AND GOLD BEAMS
AT INJECTION IN THE AGS BOOSTER*
C. Gardner, L. Ahrens, N.. Williams, BNL, Upton, NY 11973, USA
Abstract

2

In this paper we describe the latest version of a program we
have used for several years to acquire and analyze turn-byturn data from pick-up electrodes in the AGS Booster during injection. The program determines several parameters
of the injected beam including the tunes and the position
and angle of the incoming beam. Examples are given for
both proton and gold injection.

1

INTRODUCTION

Several years ago we developed a computer program called
"PIP" [1] to acquire and analyze turn-by-turn data from
PUEs (Pick-Up Electrodes) in the AGS during injection.
Originally, the turn-by-turn data were generated by a halfturn pulse of beam (some 2.4 As long) that was injected
and allowed to pass turn-by-turn through a given PUE.
The resulting signals were digitized and the digital data
were processed to yield the position of the beam on each
pass through the PUE. A several-parameter function was
then fitted to the position-versus-turn data yielding, among
other things, the tune and the position and angle of the injected beam. Recently we developed another method for
generating the turn-by-turn data in which a half-turn gap
or "hole" (typically I to 10 /s wide) is chopped out of a
synlong beam pulse before the pulse is injected into the

Before digitization, the signals from the plates of a given
PUE assembly are combined to produce a SUM signal proportional to the total charge inside the PUE and a DIFFerence signal proportional to the horizontal or vertical
displacement of the beam in the PUE& The SUM and
DIFF signals are piped from the BooSP fiitg to the MCR
(Main Control Room) Where they am cWffected to a multichannel digital oscilliscope. We are curtfntly using LeCroy
9304A (Quad 200 MHz) or 9414 (Quad 150 MHz) oscilliscopes for this purpose. The digitized data are transfered
from the oscilliscopes to Sun work stations in the MCR via
a National Instruments GPIB-ENET IEEE 488 controller.
A LabView program collects the data. Figures 1 and 2
show typical digitized SUM and DIFF signals generated
by a half-turn of protons injected into the Booster and observed for some 40 turns. (The revolution period here is
1.2 As.)
1.2

0.8

0.4

chrotron. When the "hole" enters the machine and passes
turn-by-turn through a PUE, it produces a signal similar to
that of a single half-turn of beam. The advantage of this
technique is that it neither interrupts the machine-physics
processes occurring during the injection stacking nor (on a
more practical level) does it interrupt the normal delivery of
beam to the Physics programs. This has been particularly

E.

0.0

-0.4 -

"0"

useful for studying the injection of gold and other heavy
ions in the AGS Booster [2].
The program originally employed stand-alone digitizers.
These were eventually replaced with multi-channel digital oscilliscopes which perform the necessary digitization
and storage of data and at the same time provide an instantaneous picture of the signals to be analyzed; this makes
setup and verification of the signals very easy. The program is now also able to analyze the coupling between the
horizontal and vertical planes. This is essential for detailed
studies of heavy ion injection in the Booster where coupling is used to enhance the injection efficiency [2]. Following is a detailed description of the most recent version
of the program, now used primarily to study and monitor
the injection of protons and heavy ions in the Booster.
Work supported by the U.S. Department of Energy.
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Figure 1: Digitized PUE SUM Signal.

3

DATA ANALYSIS

The digitized SUM and DIFF signals collected from the
oscilliscope are analyzed by a collection of Fortran subprograms. The analysis begins with the SUM data which serve
as a set of markers for the times when beam enters and exits
the PUE. Specifically, the well-defined "edges" in the SUM
signal allow one to determine precisely when beam enters
and exits the PUE on each turn around the machine. This
eliminates the need for any synchronization of the digiti-

zation with the revolution period. Moreover, it allows one
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The corresponding FFT is shown in Figure 4. The values
of the fitted parameters are given in Table 1.
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Figure 4: FFT of Position-vs-Turn Data.

Table 1: Fitted Parameters (Uncoupled Case)

(1)

(2)
(3)

Here the seven parameters, C, D, A, Qo, 0, AQ, and 6Q
are, respectively, the position of the closed orbit at the PUE;
the change in the closed orbit position per turn; the amplitude, tune and phase of the betatron oscillations; the tunespread of the beam; and the tune-shift per turn. Figure 3
shows the position-versus-turn data and fitted curve obtained from the SUM and DIFF signals of Figures 1 and 2.

0.2
Tune

where

=+nJQ/2} + 4.

40,0

20.0...............

data gives the tune and initial phase of the betatron oscillations at the PUE. Using these as starting values, a function
of several parameters is fitted [4] to the data. For the case
in which there is no coupling between the horizontal and
vertical planes, the fitting function is [1]

f(n) = {n7rAQ} 2 /2,

30t.o0

Figure 3: Position-vs-Turn Data and Fitted Curve.

A Fast Fourier Transform [3] of the position-versus-turn

Xn = C + Dn + Ae-f (n) cos O(n)

20o.v0
Turn

0.0u10.e0

to establish local baselines for determining the signal amplitude for each pass through the PUE. For each turn then,
the digitization sample numbers (labeled "Channel" in Figures 1 and 2) corresponding to the interval of time when
beam is inside the PUE are located and the average value
of the SUM signal (with respect to the local baseline) is
computed over those sample numbers. The value of the
DIFF signal (with respect to its local baseline) is averaged
over the same sample numbers for each turn. In this way
one obtains an average SUM and an average DIFF value
for each turn. The position, X~, of the beam in the PUE on
the nth turn is then just a constant (which depends only on
the geometry of the PUE) times the DIFF value divided by
the SUM value for that turn. We have found this treatment
of the SUM and DIFF data to be particularly robust; even
DIFF signals with rather poor signal-to-noise ratios yield
surprisingly good position-versus-turn data.

=2rn{Qo +AQ

-2.07

4.0

.-

Figure 2: Digitized PUE DIFF Signal.b80

and

2.0

C
D
A

0.0(2)
0.02(1)
6.6(2)

mm
mm/turn
mm

Qo
4

4.792(1)
0.283(8) x 27r
0.006(1)

tune
radians
tune-spread

t6Q

-0.00002(5)

tune/turn

The initial position and angle, Xp and X,, of the beam
at the PUE are given by
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(5)

XP=-(A/Il){acos4)+sin0}

70.0

where A and 4 are the fitted amplitude and phase, and
a and # are the Courant-Snyder lattice parameters at the
PUE. The transfer matrix from the PUE to the point of injection then gives the initial position and angle of the beam
at injection. The lattice parameters and transfer matrix are
obtained from the MAD [5] code.
For the case in which there is coupling between the
planes, the fitting function is taken to be

60.0

5o.0
40.0
E

30.o
20.0

Xn = C +Dn + A,cos b1 (n) + Acos
b 2 (n)
2

(6)
10.0

where
V51 (n) = 21rnQ

1

+ 0)1,

b2 (n) = 27rnQ 2 + 02.

0.0

(7)

Here we assume that the tune-shift per turn and the loss
of coherence due to tune-spread are negligible. The six
parameters A 1 , A2 , Q1, Q2, 41, 02 are the amplitudes,
normal-mode tunes, and initial phases of the coupled betatron oscillations. Figure 5 shows the position-versus-turn
data and fitted curve obtained for gold ions in the Booster
with linear coupling introduced during injection. The corresponding FFT in Figure 6 clearly shows the two normalmode tunes. The values of the fitted parameters are given
in Table 2. As with the uncoupled case, the program calcu-

Tune

0.3

0.4

0.5

Figure 6: FF1 of Position-vs-Turn Data.
using the fitted parameters and the lattice parameters at the
PUE. The explicit formulae used are given in Ref. [6]. The
transfer matrix from the PUE to the point of injection then
gives the initial position and angle of the beam at injection.
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Table 2: Fitted Parameters (with Coupling)
A1
4.2(1)
A2
1.8(1)
4.726(1)
Q1
4.800(1)
Q2
01i 0.58(1) x 27r

mm
mm
tune
tune
radians

12

radians

0.44(2) x 2wr

lates the initial position and angle of the beam at the PUE
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THE ONLINE CHARACTERIZATION OF THE MAIN INJECTOR BPM
A. A. Hahn, Fermi National Accelerator Laboratory, Batavia I1,605 10*
Abstract
The four striplines are combined in pairs to provide either
The design of the Main Injector beam position monitor horizontal or vertical BPM's. This summing of the
(BPM) was driven by the desire to minimize its beam individual plates is accomplished by an external switching
impedance and longitudinal space requirements. The box located in the tunnel next to the BPM. Whether a
resulting BPM consists of four striplines inset into a BPM operates as a horizontal or a vertical pickup can be
However the slow nature
section of Main Injector Beam pipe. The striplines are changed from the control room.
the simultaneous
prevents
(relays)
switches
the
of
vertical
combined in pairs to form either a horizontal or a
e signlsane
tw
The
plans.
both
of
the tunnel. The BPM
located nearby in nd
BPM by switches
planes. The two summed signals are
of both
eciedlynonlinar
respnseis
response is decidedly
non-linear
and frthrmoe
furthermore sowsmeasurement
shows cabled to the
Service Building. This scheme was
cabin rus
as a c sav ing Tho st
imple d
orthogonal axis.
beam position on the hic
sensitivity to the
implemented as a cost saving method, as two cabling runs
mthodin
tepesens
Ibispapr
This paper presents
the
method in which conecuive
consecutive
per BPM were eliminated and the old Main Ring
measurements in both planes are used to derive the actual processing electronics could be reused. The disadvantage of
this scheme is due to the particular characteristics of these

1 INTRODUCTION
The Fermilab Main Injector (FMI) was designed as a high
intensity medium energy (150 GeV) injector into the
Tevatron to replace the original Main Ring Accelerator. In
addition the FMI can operate as a 120 GeV Fixed Target
Accelerator and antiproton production facility. In either
modes the anticipated particle intensities are expected to be
high (>3 10'). In order to avoid beam instabilities it was
desired to reduce any sources of beam impedance. The
resulting BPM [1, 2, 3] consists of four striplines inset
into a section of Main Injector Beam pipe, which to the
beam appears as nearly as possible as just another section
of beampipe. The striplines are grounded at one end and a
sheet metal vacuum enclosure is welded over the inserts,

BPM's. Not only do the BPM's exhibit a non-linear
response, but they are also relatively sensitive to the beam
position in the orthogonal plane. Since we can read only a
single plane at a time during the acceleration cycle, two
acceleration cycles are needed to capture both horizontal
and vertical measurements. The assumption is that the
two cycles are (nearly) identical. The default configuration
of the BPM system is such that horizontally focusing
quads have horizontal BPM configurations, and
horizontally defocusing quads have vertical BPM
configurations. This is called the (normally) "ON"
configuration. The switched configuration is referred to as
the (normally) "OFF' configuration (vertical BPM in
horizontally focusing quad and horizontal BPM in
horizontally defocusing quad).

2 CHARACTERIZATION OF THE
BPM RESPONSE
SFigure
-~

Figure 1. Schematic drawing of MI BPM.
A front-view diagram is depicted in figure 1. The design
was also guided by the desire to minimize non-magnetic
space, so the entire BPM can be inserted into one end of a
quadrupole magnet.
*Operated by Universities Research Association under
contract with the U.S. Department of Energy
0-7803-5573-3/99/$10.00@ 1999 IEEE.

2 shows the response of a particular BPM that was
measured by the stretched wire method [4]. The wire was
moved on an x-y grid with 5 mm gridlines between 1x1 <
25mm, and lyl < 15mm. The horizontal (and vertical)
positions are plotted as a function of the voltage output
(Va) by the processing electronics RF module [5]. The
family of curves is the result for the wire at different
vertical (horizontal) positions. The dots are the actual data
points, while the curves are the result of fitting the data
with the function, Position(Vf) = ao+a,*V,+a 2*Vf. As
one can see the fit is reasonably accurate over the range of
the data. However it can be noticed that ao, a, and a2 , are
themselves functions of the orthogonal coordinate of the
wire.
The coefficients, a0, al, and a 2, for a particular BPM are
plotted as a function of the orthogonal coordinate in figure
3. The shape of the curves for a,, and a 2 vs. the orthogonal
coordinate is similar to a gaussian and in actual fact, we
have fit this data to a gaussian function with a pedestal as
a way to characterize the functional dependence of the
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X vs Vrf as function of Y
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Y vs Vrf as function of X
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Figure 2. The Position vs. V, for a particular MIBPM as a stretched wire is moved on a x-y grid (5mm spacing).
The left (right) plot is that BPM configured as a horizontal (vertical) BPM. Only the positive positions are shown
for reasons of plot legibility.
x(Vf,0) = ao + aX (O)V1 + aX (O)'

coefficients on the orthogonal coordinate. When all

BPM's are put through this analysis, the average
parameterizations for a, and a, represent the RPM's
adequately.
Only ao tends to defy parameterization. One reason is that
this coefficient is very sensitive to actual electrical and
mechanical aspects of the BPM construction, whereas the
linear and cubic terms are more representative of the
electric field map (which in any case would contain only
odd powers of Vf). The actual a, and a 2 were taken from
the entire BPM ensemble average. The choice for ao was
the value found by averaging a, over the orthogonal
coordinate for each individual BPM. The final result is
that each BPM has a unique ao, but all BPM's share a
common a, and a2, or
x(Vrf, y) = c4 + a: (y)Vrf + a' (y)Vr 3
y(Vf,x)=4+aa(x)Vf +ay (x) Vf3
whr,()A
where,
a,,.2) WY= A(Xl,2)e --•.'
(_y)
-(

,•)+

l

3

Table 1. Parameterization of coefficients a1,2 on the
orthogonal plane position. The function is a gaussian of
ortude Ane witiond peefunqtion
1.
amplitude A, rms width a, and pedestal B. See equation 1.
Horizontal Coefficients
_

]a,(y
a1()

(1)

a,(x)

B(1,2),
x+a(

x

and similarly for aj,2)(x)"
The values for A, a, B are given in table 1 for a, and a 2.
The algorithm for calculating the actual beam positions, x
and y, is as follows (for a particular BPM).
1) Using the measured Vf from the "On" and "Off' BPM
configurations, the zeroth order positions are calculated
assuming the orthogonal measurement is zero, i.e.

2

y(Vf,0) =a0o+a(0)Vf +a(O)
2) Using these values for x and y, the equation is iterated.
3) When the change of x and y is below some threshold
(e.g. 0.1 mm) or after a maximum number of iterations,
the iteration stops. Typically this is less than 7 iterations
for positions <+ 10mm.

A_
6.07e- 1
1.16e-3

1c2.

10.5
12.0

0.459
-2.81e-4

Vertical Coefficients
B
I
cy
7.19e-11
8.18
0.915
2.27e-3

3.79

-4.3le-4

Using this prescription, the data from the wire
measurements of all the BPM's were fed back into the
analysis. For positions within +10mm of the BPM
center, the rms error over the BPM ensemble is less than
0.33 mm. The residual difference between the actual
position and the parameterized curve is less than 1.0 mm
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X Coefficients as function of Y

Y Coefficients as function of X

Figure 3. The variation of the coefficients a1 as a function of the orthogonal plane position. The points were
derived from the fitted curves of figure 2, while the lines (for a1 and a 2) are derived from fitting the points to a
gaussian function (see text). In the case of a0, the line simply connects the points. It should be noted that a 2
has been multiplied by 1000 for display purposes on this plot.
rms. This level of absolute accuracy is adequate as the
smallest beam rms size will typically be -1.0 mm at
extraction). Precision use of the bpm system is usually
confined to lattice studies. Since under these
circumstances, ornly orbit differences matter, the precision
will be much better.

3

[1] P.J.Chou, 'Theoretical Study of Stripiine Beam Position Monitors',
unpublished, 4/1i7/92
[2] Barsotti, E., Crisp, J., 'Preliminary design of the Beam Position
Detectors for the Fermilab Main Injector', Proceedings of the Particie
Accelerator Conference, IEEE, i993

CONCLUSION

It is possible to parameterize the response of the MI BPM
system, even though the behavior of the pickups is nonlinear and exhibits a significant cross plane coupling.
During Main Injector Commissioning, it has been
possible to ignore the cross plane effect and use the
system as a "normal" RPM system (as of this writing, the
implementation of remote switching of the tunnel switch
boxes has been delayed due to other considerations). On5c
we begin to systematically study the MI, the higher
precision needed will require the use of the cross plane
knowledge to correct the RPM response.
Currently the algorithm (iteration scheme) has been
written and installed in the Console Application written
for the MI RPM system. Since the RPM digitizer is only
an 8-bit system, it is possible to implement the algorithm
as a 65k element x-y lookup array. As future hardware
would most likely use a higher bit ADC, it has not
seemed worthwhile to make this change (in addition
modem processors make the iterative method very fast).

4
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TURN-BY-TURN BPM ELECTRONICS BASED ON 500 MHz
LOG-RATIO AMPLIFIER
K.H. Hu, Jenny Chen, C. H. Kuo, K.T. Hsu, T. S. Ueng
Synchrotron Radiation Research Center
No 1, R&D Road VI, Hsinchu Science-Based Industrial Park, Hsinchu, Taiwan, R.O.C.
Abstract
Log-ratio processor working at 500MHz applied to
turn-by-turn beam position measurement was implemented.
The processor circuit consists of two logarithmic amplifiers
and a subtraction circuit. The output value is proportional
to beam position. Before, the upper usable frequency of
logarithmic amplify is lower than 500MHz. At present,
several manufacturers support higher upper usable
frequency of logarithmic amplifiers. In this paper, we will
present the performance test result of the 500MHz log-ratio
processor applied to turn-by-turn BPM electronics.

where:
Votrr is the demodulated and filtered output.
VSLOPE is the logarithmic slop (V/dB).
PIN is input power.
Po is the logarithmic intercept.
Lomrpl

1. INTRODUCTION

e

Wells and Gilpatrik et al. [1,2] have mentioned logratio processor working at 100 MHz to 500 MHz. Most of
the log-ratio processors need down converter to translate
interested frequency to this working intermediate
frequency (100KHz-100MHz). Electronics working at
bunch-crossing frequency can reduce the complexity of
signal processing chain. Benefited from the promising
progress in wireless communication recently, low cost wide
bandwidth logarithmic amplifier is available. The BPM
electronics based upon this complete multistage logamplifier .is highly interesting due to its low cost and
simple. The bunch-crossing rate of SRRC storage ring is
500 MHz. The turn-by-turn beam position signal processed
by using log-ratio processor directly working at 500MHz is
reported here. This system is working at single bunch or
multi-bunch operation mode. Two versions of amplifiers
have been tested. One is a commercial log-amplifier
module, another is using complete multistage log-amplifier
chip. The preliminary test result is presented here.

r-------0

. ,,,,
X
I

a

Di.eeni.

A

-,

.

KW-gKAJB
Vwt
S

Figurel: 500MHz log-ratio processor.
The 500MHz log-ratio processor consists of the 500
MHz band-pass filter and two logarithmic amplifiers and a
differential amplifier as show in Fig. 1. Log-ratio processor
output direct proposition to normalize beam position X is
expressed in equation (2).
X = K (A/

) -K log (A/B)
(2)

= VOUT

The revolution of storage ring is 2.5MHz. BPMs,
hybrid junctions, 500MHZ band-pass filters (15MHz
bandwidth) and log-ratio processor make up the turn-byturn measurement system.
VME Crate

xom

2. LOG-RATIO ELECTRONICS FOR TURN-BYTURN BEAM POSITION DETECTION
The logarithmic amplifier feature includes large input
dynamic range, bandwidth 500MHz or more, easy to use,
low cost, and so on. The detection signal at RF frequency
provide a simple solution compared with difference-oversum or AM/PM conversion approaches. Normally,
logarithmic amplifier applied to a very wide range IF and
RF power measurement. The logarithmic amplifier and a
subtraction circuit (sum, difference, ... etc) have been
applied to beam position / intensity measurement module
[2][3]. A logarithmic amplifier function is expressed as
equation (1).
VOUT=VSLOP log (PIN / PO).
0-7803-5573-3/99/$ 10.00@ 1999 IEEE.
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Figure 2: Block diagram of the turn-by-turn BPM system.

(1).
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The button electrode of BPM is mounted on skew
position. Hybrid junctions were used to transform the BPM
as horizontal or vertical direction BPM. The stored beam
induces an impulse like doublet at button electrode. After
the hybrid junctions, the output of BPF is impulse response
with 500 MHz center frequency. The electron beam signal
induced by the BPM buttons to pass through hybrid
junction and the log-ratio processor to VME based
is the
transient digitizer. The clock of the transient digitizer
revolution clock. The digitizer records the turn-by-turn
beam position. The system is useful for studying the
nonlinear beam dynamics. In this report we attempt to use
is a
two versions of logarithmic amplifiers. One
made by
was
which
module,
commercial log-amplifier
discreet components. Another is to use the log-amplifier
chip. Results of both versions of log-ratio processors are
similar.
3. PRELIMINARY BEAM TEST RESULTS
Implement the turn-by-turn BPM electronics by using
500 MHz log-ratio processor is the goal of this study. The
preliminary beam test was done to evaluate the
performance of log-ratio processor. The turn-by-turn beam
position measurement of a stable beam was used to
estimate resolution of processing electronics. Fig.3 shows
the beam position data is scattered in a small region. The
resolution of electronics is estimated about 100 gim when
beam current is 10 mA. The processor can keep its
resolution with the stored beam down to 1 mA. For a
routine use, the further improvement is needed.

I
2
'

"
.2

(3

-

.

so

to

0D
Figure 4: Horizontal turn-by-turn beam position, Vx=7.196
To explore more depth, we set the tune near fourth
order resonance (4Vx =29). The turn-by-turn beam position
and the phase space plot are shown in Fig. 5 and Fig. 6. The
kick strength is about 1.5 mrad in this measurement. The
spiral like arm damp rapidly. De-coherence and recoherence is observed from the turn-by-turn beam position
data.
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Figure 5: Horizontal turn-by-turn beam position, near 4Vx
=29 resonance.
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Figure 6: Phase space plot, near 4Vx =29 resonance.
processing at the bunch crossing frequency.
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4. PERFORMANCE TEST OF LOG-AMP CHIPS
Various measurements are performed to familiarize the
behavior of log-amplifier chips working at 500 MHz [5].
The output voltage as a function of input power is shown in
Fig. 7. The slope is 20 mV/dB. The log linearity of the chip
working at 500 MHz is shown in Fig. 8. The output
linearity is less than ± 0.5 dB without correction. The
linearity is acceptable for BPM signal processing. Over 70
dB dynamic range (-7OdBm - 1OdBm) is also applicable in
BPM application,

The preliminary test of log-amplifier chip (AD8309)
based log-ratio processor was used for this test. The
corrected data is shown in Fig. 9. The vertical scale is in
voltage, and the horizontal scale is in dBm. The input RF
signals to both channels are offset by -5dBm to 5dBm.
Important characteristics to note in the graph of Fig. 8 is
that the curve exhibit the dynamics range of the test. For a
properly performing log-ratio system, the line will be
centered about zero offset and be flat. The performance
will be improved after a special care during the layout.

AD8309
1-

Y -

5. SUMMARY

+ 1.7757
y = 0.0183x
2
R = 0.9968

LSDAD8309

This paper presents a log-ratio processor working at
500 MHz for a turn-by-turn beam position measurement
that eliminates the need of down-converter. Preliminary
showed 100 /. m resolution was achievable with
simple electronics. Commercial logarithmic amplifier chips
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Figure 7: Output vs. input power, Frequency for 500MHz,
Single-Ended Input.

(e.g. AD8309) which could work at 500 MHz directly are
highly interested. The test of usability of AD8309 for
500MHz application was also performed. The new
electronics for the beam position monitor on the boosterto-storage ring transport line will be installed with
dedicated log-ratio processors soon.
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CLOSED ORBIT MEASUREMENT SYSTEM FOR THE BOOSTER
SYNCHROTRON IN SRRC
K.H.Hu, Jenny Chen, K.T.Hsu, T. S. Ueng, S. Y. Hsu
Synchrotron Radiation Research Center
No 1, R&D Road VI, Hsinchu Science-Based Industrial Park, Hsinchu, Taiwan, R.O.C
Abstract
Abstract2.
The booster of SRRC is a 1.3 GeV synchrotron with 10
Hz repetition rate. Electron beam from 50 MeV
accelerates to 1.3 GeV within 50 msec. It serves as the
injector for 1.3-1.5 GeV storage ring of Taiwan Light
Source (TLS). To reduce heat related problem in the
machine and beamline optics, 1.5 GeV full energy
injection is scheduled in near future. The closed orbit
measurement system of booster synchrotron consists of
23 set of BPMs, multiplexes, 500MHz receivers, timing
control electronic and VME bus transient digitizer. The
closed orbit is sampled every 150 z sec, 600 orbits
acquired while the energy ramping. The closed-orbit is
observed as function of energy. The orbit change due to
imperfection of lattice and slow pulse magnet is easily
observed. This system is expected to provide us abundant
information to improve the operation efficiency, trouble
shoot of booster.

SYSTEM DESCRIPTIONS
In the SRRC booster synchrotron, the beam position
monitor (BPM) are locate in upstream and downstream
of dipole magnets as shown in Fig. 1, except one location
is reserved as synchrotron radiation diagnostic port
(location 12 of BPM). There are 23 BPMs mounted
around the ring totally for closed-orbit measurement.
The system use two stages 500 MHz RF multiplexer
to eliminate high cost matter, the multiplexes. The first
stage RF multiplexes are similar with ESRF booster RF

1. INTRODUCTION

'

B/

WaZ2uit'

BPM19

Bumper

In the SRRC booster synchrotron, dipole and
quadruple are drive by White circuit working in
o
S
BPA1
, BPMB3 ,
resonance excitation. To achieve high performance of the
or.T
Bumpe
-L,
Closedcrucial.
is
condition
magnet system operation
orbit measurement is helpful to optimization conditions
of the magnet system, which includes excitation level, Figure 1: BPM layout in Booster synchrotron.
phasing of individual magnet family, and tracking
between different family of magnet. The closed-orbit
system to provide useful information of energy
0,_- Z
dependent in closed-orbit are related with tracking
,
-,-- --condition of magnet excitation, lattice error and
--o--.
correctors setting, optimized these injection and
extraction elements condition. Booster energy is
0-T
expected upgrade from 1.3 GeV to 1.5 GeV on October
1999. Major power supply will replace due to present
,.
equipment's have not enough rating to run in 1.5GeV. At
that time the beam closed-orbit can to become useful re=0commingling tool.
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Several years ago, a simple standalone closed orbit
R--.0o-measurement system has been setup [1]. In order to,
understand more about the booster and estalishd.
its he
beam
nwdynamic
sytemBooster
Synchrotron BPM Electronics - Block Diagram..,,,.
behavior, a new design was established. The new system
Figure 2: Closed Orbit measurement system.:"
will be integrated with the control system of the machine.
An advanced graphical user interface will also be
MUX. The ESRF version work at 352 MHz while SRRC
work in 500 MHz. One BPM accompany with one 4-toinstalled to aid machine physicists and operators.
1 RF multiplexer. The second are also 4-1 RF MUXs
off-the-shelf products. All multiplexes driver and power
supply are mounted on a distribution box.
The schematic diagram of the closed orbit
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measurement is shown in Fig.2. It uses 23 sets (BPM12 is
dummy BPM) of electron beam position monitor. The
BPMs divided into four-measurement group and parallel
process to reduce the orbit acquisition cycle time. Each
button takes 6 g sec to acquire the signal from the
electron beam. One processing channel handle 6 BPMs
(24 buttons plus 1 reserved), But BPM12 is dummy. The
acquisition time for each closed orbit need to 150 / sec.
Four heterodyne receives are used in this system. The
dynamic range of signal processing chain is about
from -60 dBm to 0 dBm, which corresponds to beam
current 0.1 to 10 mA.
The timing sequence generator provides the clock for
digitizer and the scan sequence of RF multiplexes. As the
timing system receives enable and 10Hz trigger signal,
the data acquisition system and multiplexes system are
immediately switched on. The signals picked up by the
buttons of electrodes pass through the multiplexes and
receiver to arrive the VME-based digitizer for further
processing.
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Figure 4: Typical beam position reading of BPM22 vs.
time (energy).
BPM signal processing chain. That resolution can keep
for the operating current range from 0.5 to 5 mA in.
multi-bunch operation mode.

3. SOFTWARE STRUCTURE
The development of software for this closed orbit
measurement system is divided into the low level data
acquisition and the GUI presentation in the console.
The law data acquisition software utilizes a VME based
electronics system. It is responsible for setting
parameters of the data acquisition module, calculating
beam position from raw data, arranging the data
acquisition, and uploading .data to the console
workstation. The function of software on workstation
inldstdatao.
rheqfuestn ufse
ntearfae,
and datan
includes data request, user interface, and data
presentation. The console display will show the beam
position vs. energy, the closed orbit at different energy,
the closed orbit difference between different
energy, ... etc. Machine physicists and operator can
easily to use the presentation to understand the
condition of the booster.

The orbit displacement of electron beam in booster
as a function of ramping energy is expected large,
which is dependent on tracking of magnet excitation
and error of lattice. Figure 4 shows the beam position
varied as function of ramping time (energy). The
electron beam is injected into the booster with energy
of 50 MeV at 0 msec. It increases gradually to 1.3 GeV
within 50 msec, then, decreases when passing 50 msec.
Figure 4 shows that the beam position is changing at
Fgr
hw htteba
oiini
hniga
low energy side and approaches a steady state as beam
energy rises higher enough. The spike shown in the
beam position reading is due to the turn-on of
extraction bumpers during the data taking.
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Figure 3: Histogram of beam position resolution,
standard deviation Ilr =200 mi.
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4. BEAM TESTS AND APPLICATION
To verify performance of the system, various beam
tested have been performed. Histogram of a typical beam
Position reading is shown in Fig. 3, the standard
deviation is about 200,u m which is the resolution of
2073
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between the first bumper and third bumper, seven
BPMs (BPM 1,5,9,13,16,17,21) are selected for display
purpose. BPM16 and BPM17 are located inside the
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easily by the closed orbit measurement system.

The condition of extraction septum is related to the
extraction efficiency of the booster. During last several
years, the short circuit of the extraction septum
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Figure 6: Beam position evolution of two BPMs vs.
energy.
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hitting directly the structure of septum and the heat
melted part of the structure. The beam position reading
at upstream and downstream of extraction septum will
be useful to assure the trajectory of stored beam and
prevent electron beam from hitting the septum directly.

The energy dependence in closed orbit is related
with tracking condition of magnet excitation, lattice
error and corrector settings. To optimize these
operating parameters, the closed orbit measurement at
various beam energies is helpful. With an exaggerated
tracking condition, the orbits displacement fr*om 50
MeV to 1.3 GeV at each BPM position are shown in
Fig. 5. The actual displacement between these energies
is small. The typical energy dependent position change
of SRRC booster is shown in Fig. 6. In the figure, it is
shown that the beam energy reaches 1.3 GeV and
decreases again, but the beam position does not follow
the ramp up route. This phenomenon may be the result
of tracking characteristics and hysteresis properties of
magnet. As for which one is the major contributor, a
further study should be performed.
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5. SUMMARY
We have set up a beam position acquisition system
to acquire the closed orbit of SRRC booster
synchrotron. The orbit acquisition time is 150 psec. Its
performance was evaluated by beam tests. The energydependent behavior of beam position was observed
clearly. The bump produced by extraction bumpers was
also studied [2,3]. The system will be useful to optimize
the operation condition, such as tracking condition of
magnet excitation, extraction bump, preventing electron
beam from striking the septum, .. .etc. A closed orbit
measurement system will be also useful for the recommissioning of 1.5 GeV booster synchrotron in the
near future. Further study on the orbit response is
planed [4]. The booster can also be operated at low
(<10 mA), low energy (<800 MeY), and short

N*-N,~-M*-Mcurrents

-- -I ---- -- -- -- -- lifetime storage mode for various machine test in near
- ---------- - --- -- future. At present, the rating of magnet power supplies,
- -- -- -- -- -- -- -- -- injection scheme and vacuum condition limit it. The
---------- A------------closed orbit measurement system is expected to be
.......-

useful for this mode of operation.

...-..
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Figure 7: Beam position at serial BPMs, the bump occurs
near 50 msec is due to excitation bump turn on.
The extraction scheme of the booster synchrotron is
to use one kicker, three extraction bumpers and one
septum. Three extraction bumpers produce a 2 msec
half-sine bump to aid the extraction process. During the
routine operation, the extraction condition seems not so
critical to the beam extraction. However, the
optimization of the extraction condition to improve the
extraction efficiency and minimize the radiation loss is
needed. It is clear that a non-closed bump was created
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MICROWAVE CHARACTERIZATION OF THE WAVEGUIDE BPM
T. Kamps*, R. Lorenz, DESY Zeuthen, Zeuthen, Germany
S. deSantis t , LBNL, Berkeley, USA
Abstract
For electron beam orbit observation at the TESLA Test FacilityrFELonbea unduorbt modulervwtill bte equippedtwit
cility FEL one undulator module will be equipped with
ten waveguide-type beam position monitors having a design frequency of 12 GHz. Since the operation of this
waveguide BPM is related to microwave concepts, a precise characterization of its microwave behaviour is necessary to describe and optimize the system performance. The
purpose of this paper is to summarize the theory, different simulations and measurements of the device. Calculations and MAFIA simulations are presented for the coupling into the ridged waveguide as well as for the design
of the waveguide-to-coax transition. Beside that the resonant frequencies of trapped modes inside a waveguide are
in
estimated. Finally, back reactions on the electron beam
terms of wakefields are estimated by numerical simulations
and by a simple analytical model.
1

microwave components close to the beam realizing the coupiing to the magnetic field, and the transmission to the 50 1l
system outside the vacuum chamber. Fig. 1 shows the first
part of the transmission line for two waveguide channels.

SLOT

BEAM

The Free Electron Laser (FEL) at the TESLA Test Facility
(TTF) [1] is designed for a radiation in the spectral band
from VUV to soft X-rays. To ensure the overlap between
photon and electron beam, the undulator modules will be

WAVEGUIDE

-,

-

_

BEAM

MAENETIC FIELD.

WAVEGUIDE

FEEDTHROUGH

Figure 2: Zoom into vacuum chamber with one BPM
channel and electro-magneticfield distribution.
magnetic field penetrates through a slot into the waveguide.
The amplitude of the excited fundamental mode is directly
proportional to beam offset. To enable a good coupling
to the vacuum feedthrough a short rectangular coaxial line
follows the waveguide, forming an impedance transformer.

3

MICROWAVE DESIGN ASPECTS

For the design, the whole structure was divided into two
parts: The one which determines the coupling to the beam
- and, hence, the induced signal strength - and the adapter
to the 50 Q1coaxial cable system. Technological aspects
were taken into account in all design steps.
First it is important to estimate the signal, which will be
down-converted and detected in a heterodyne receiver.

COUPLING SLOT

Figure 1: One BPM plane with two waveguides.

to the beam, transmission lines, signal processing electronics, and control software. This paper concentrates on the
*Email: tkamps@ifh.de
t Supported in part by Department of Energy contract DE-AC0376SF00098
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MOTIVATION

equipped with beam position monitors (BPM) and correctors. For the BPMs, the realization of two different system
concepts with small vertical dimension is under way [2].
Beside that, diagnostic ports between two adjacent modules
are foreseen. A BPM system consists of a transducer close

GENERAL BPM CONCEPT

2

Because of limited space in vertical direction and due to
short-bunch operation, a microwave concept was considered for a BPM system. With four slots and waveguides a
position sensitive signal from the electro-magnetic field of
the electron beam will be detected. Because of space limits one RPM consists of two waveguide pairs grouped in
planes separated in beam direction. One BPM channel with
the objects discussed in this paper is sketched in Fig.2. The

3.1

Slot coupling

Intuitively the slot coupling mechanism can be described in
terms of pertubated wall currents. As the slot cuts the way
of the wall currents, energy by means of magnetic field can
penetrate into the region behind the slot. For good BPM
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performance, a coupling of 1% was sighted to obtain a reasonable compromise between signal to noise ratio and interference with the beam. Driving parameters for the coupling are geometry as well as slot size and location in the
waveguide profile. Transmission from beam pipe to one
waveguide port was simulated using the MAFIA package
[3], and the model is shown in Fig. 1.
an attempt
As computer simulations are time consuming
was made to describe analytically the slot coupling by using Bethe's theory [4]. To evaluate the coupling impedance
it is necessary to calculate the fields induced in a vacuum
chamber for a given current distribution. First, one finds
the fields produced by the current distribution without the
slot. Then, these fields are considered as an electromagnetic wave on the slot. In the next step it is obvious to find
the fields diffracted by the slot into the waveguide. These
diffracted fields bear a resemblance with fields radiated by
equivalent electric or magnetic dipoles, whose moments
are proportional to the normal electric field and the tangential magnetic field of the incident wave. After comparing
these fields one obtains the coupling impedance. As a first
step a simple strlucture, where a rectangular waveguide is
positioned with its longitudinal axis normal to a cylindrical
beampipe surface (see Fig.3), has been investigated using
a modified Bethe theory [5]. According to this the ratio of
the magnetic fields of the fundamental mode H, and of the
beam H, is
_-_

.

-

(1)
1 + (2&mra

where a and b are waveguide dimensions and k. wave vector pointing downwards the waveguide. To include the effect of the coupling aperture thickness T, the thick wall
polarizibility &m is needed, given by
wih 2
&m = 0.67amexp (T) with am = -lw
(2)
W
16
for the magnetic polarization of a rectangular slot with edge
lengths I and w. A comparison between MAFIA simulations for S 21 and field ratio calculations according to Eqs. 1
and 2 is shown in Fig.3, for a standard X-band waveguide
coupling via a 4 mm x 4 mm slot to a beam pipe. For frequencies above the waveguide's cut-off the deviation between MAFIA and theory is less than 5%. Further studies
will investigate the BPM case with its ridged waveguide.
3.2

Ridged waveguide

Transverse space limitations and the vacuum constraints of
no extra material inside the vacuum chamber required special interest for the waveguide design.
The waveguide has been made ridged to reduce its size.
In addition, the hammer-like shape concentrates the magnetic field lines at the location of the coupling slot, so that
they are parallel to the magnetic field of the beam over the
entire slot.
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Figure 3: Left: Comparisionchart for MAFIA S 21
simulations against analytical calculations. Right:
Geometry used for calculations.
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Figure 4: Profile cut of the waveguide with electromagnetic field distributionof the fundamental mode.

The working frequency was limited because of the H10
cut-off frequency treating the beam pipe as a circular
waveguide. Keeping this in mind, the working frequency
and thus the frequency for the first stage of the signal processing electronics was set to vi,, = 12 GHz. Commercially available electronics components from satellite technology in the X-band can be used for signal processing.
Size and shape of the waveguide (see Fig.4) have been optimized for a coupling of about 1%. With the present design
it is possible to extrude the waveguide structure in one step
by electro-discharge machining (EDM).

Waveguide-to-coax transition
The signal excited in the waveguide has to be coupled
ina
exin
ca
ve to be
couled
iac50m microwave
mcoax feedthrough
e to beby
dedAN
ulra-high
vacuum
KAMAN Corp.
(SMA
g y
p
I
connector, part #853872) was foreseen for this purpose. In
a first design an electrical coupling was chosen. The resulting adapter was very narrowband, difficult to be tuned
to 12 GHz, and the welding into special flanges caused
problems. In a new design a smooth transition from the
waveguide into the feedthrough has been realized by a A/4transformer, formed by a rectangular coaxial line. This new
geometry shown in Fig.5 for prototype II results in a closer
spacing of both planes in beam direction, has larger bandwidth (no tuning problems), and is better for fabrication
and installation. The design realized in the vacuum chamber follows the idea sketched for prototype II.
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PROTOTYPE I

potential for a bunch length of oa = 250 /m, and values for
the peak wake potential for different bunch lengths. Both
were simulated using MAFIA.
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Figure 5: Waveguide-to-coax transitions,first and improved design.
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Two different prototypes and one undulator vacuum
chamber with ten BPMs were built.
Tab. 1 compares calculated and measured modes for the
second prototype and for the undulator vacuum chamber,
The length of both structures estimated from the design are
44.9 mm and 20.6 mm, respectively. Since it is difficult
to include the wall curvature and the electrical length of
the adapter into the resonance condition, measured values
deviate sligthly from calculated ones using Eq.3.
Mode #
1/2
1/3
2/2
2/2
2/1

1

'I

Resonances of trapped modes inside the waveguide close
to the working frequency enhance the signal amplitude,
but due to fabricational problems it would be difficult to
tune and stabilize all waveguides to the same resonance frequency.
Waves beyond vC = 8.99 GHz can propagate into the
waveguide and excite resonant modes there. Every waveguide of length 1, which is not perfectly matched at the both
ends, has q longitudinal resonances according to
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5

CONCLUSION

Several attempts have been followed to describe the microwave properties of the waveguide BPM. Simulations using MAFIA in comparison with theoretical models have
been proven useful to qualify and optimize the system performance.
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Wakefields

The coupling slot act as a discontinuity in the beam pipe
and will therefore excite transversal and longitudinal wakefields. Although energy is radiating into the slot, the
diffraction model [6] can be used to estimate the longitudinal peak wake potential. Fig.6 shows the longitudinal wake
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EXPERIENCE WITH THE BEAM POSITION MONITOR SYSTEM OF THE
BESSY II STORAGE RING*
P. Kuske#, R. Bakker, F. Falkenstern, R. G6rgen, D. Krdimer, J. Kuszynski, R. Mtiller
BESSY, Berlin, Germany

Abstract
C--

The beam position monitor (BPM) system has been
developed at BESSY and operates in 3 different modes:
the closed orbit, the single turn, and the diagnostics mode.
Details of the BPM system are presented together with
the result of some bench tests. The commissioning of the
system was done primarily with beam-based techniques
of fast
and is described in more detail. First measurements

T
U

and slow beam motions are presented. From the very
beginning the BPM system was used successfully for the
optimisation of the storage ring.

oos
on- room
control

1 INTRODUCTION

Stability of the beam position in a third generation light
source like BESSY I [1] is essential in order to achieve
essential iniorderetoeachieve
sourceelikeceESSY
of the photon beams
brilliance
high
and guarantee the
a lot of care is
Usually
devices.
insertion
produced by
in the design
and
facility
the
of
taken in the construction
from
motion
beam
prevent
of the hardware to
and
fast
a
case
any
In
sources.
environmental or other
accurate measurement of the orbit is rfor
accuratern measurement of the orbith irequired for
monitoring beam motion or use the measurements in
order to improve the short and long term position stability
with local or global feedback systems. Aside from these
moredeviations,
are
and their variation as other storage ring parameters
changed, i. e. steering magnets for the determination of
the response matrix or individual quadrupole magnets for

!

C-

,

lit

agc
Ua-b
c
d
nalPrcsg
Signal
Processing unit
Unit D

Figure 1: Layout of the BESSY II BPM system.
filtered in the low-pass filter (LPF) located close to the
sensor and switched at a rate of 4 kHz sequentially to the
con[1inis
tuned receiver contained in the RF unit. The rectified
output of the super heterodyne receiver is processed in the
signal processing unit by purely analog means. This is
indicated in Fig. 1 for the vertical position of the beam.
Finally both positions, the gain control voltage, Uagc,
which is used to keep the sum signal constant, and an
error signal proportional to (A-C)-(B-D) are available in
analog form. All signals are digitised at a rate of 10 kS/s
with 16 bit resolution. Usually each input is sampled over
100 ms and then averaged. Mean values, standard
and status bits are available in the control
system. A new orbit can be displayed every second.
The receiver has a second demodulated output with much

beam-based alignment, are very important for
understanding the storage ring hardware, the optics and
for improving the performance of the storage ring as a

larger bandwidth of 1.5 MHz which is used for tur-byturn measurements. 64 such signals are digitised over 32
thousand turns with 12 bit resolution. This is repeated for

light source. Accelerator physicists usually expect in
addition to the precise orbit measurements a turn-by-turn
capability or in the case of BESSY a diagnostics mode of
operation.

each pickup signal at 100 ms intervals in synchronism
with the injection system running at 10 Hz. The position
of the beam is calculated by a computer. Displayed orbits
on a pre-selected turn are updated every 2 seconds.
Alternatively, in the diagnostics mode, the signal of a
particular pickup electrodes can be switched to the control
room through a chain of 16-to-i multiplexers (MUX).

2 TECHNICAL BPM DESIGN
The general technical layout of the BPM system [21
chosen for the BESSY II storage ring is shown in Fig. 1.
The basic operating principle for closed orbit
measurements has been developed at the NSLS storage
ring [3]. The four pickup signals are attenuated and
flir Bildung, Wissenschaft,
'Work supported by the Bundesministerium Berlin
Forschung und Technologie and
*Email: Kuske@bii.bessy.de

3 DEBUGGING AND COMMISSIONING
OF THE BPM SYSTEM
Prior to installation all units and pieces of equipment
relevant for the precise and stable operation of the BPM
systems were carefully checked on the bench whenever

reasonable. In addition strong emphasis was put on the

by the Land

0-7803-5573-3/99/$10.00 @1999 IEEE.

2078

Proceedings of.the 1999 Particle. Accelerator Conference, New York, 1999
commissioning of the complete system with beam-based
techniques.

the same time the proper operation of the BPM system
including the control system interface was checked.

31.1 Bench tests

3.3 Commissioning with beam

For example the test of the short connection between, the
During the first .24 hours of the storage ring
pickup electrodes and the, LPF box with high quality semi
commissioning an electron beam could. be stored without
rigid SMA-cables were impossible since their installation -using the turn-by-turn mode only with the support of .9
fluorescent screens distributed around the circumference
had to be done just before the vacuum chamber was
of the ring. Due to the'large dynamic range of the BPM
lowered into the half-opened magnets and finally fixed to
electronics, orbits could be measured at currents above 50
the girders. During that moment of time careful RE
p~A which is achievable with. single shot injection. Thus a
measurements with a network or spectrum analyser were
lot of the final commissioning of the BPM system
impossible. Later on it turned out, that 5 out of the 112
BPMs could not be used, because of faulty connections of running in the closed orbit mode was done with stored
beam. In the beginning with closed orbit distortions of up
that type. During the last shut down period 3 of them
to ±10 mmn the error signal was very helpful in order to
could be fixed. In the two other cases the vacuum feed
find missing connections and interchanged cables. In this
which
be
replaced,
to
have
would
the
pickup
through of
way a couple of inoperable BPMs could be excluded for
is, at least in principle, possible since the pickups are
example from the closed orbit correction algorithm or the
welded into demountable flanges. For the time being the
analysis of collected orbit data.
from
determined
are
locations
these
at
positions
beam
Another very helpful tool is the analysis of measured
the
to
modification
a
small
by
signals
only 3 pickup
signl pocesingelecroncs.response matrices [4]. At BESSY II this matrix contains
signl pocesingelecroncs.112
times 145 elements. Each element is the orbit
The
th esuts
bech f estscanbe ummaise as
variation measured at one of the 112 BPMs as the 145
follows: in the closed orbit mode the position of the beam
steering elements are changed by a small amount. The
can be measured over a very large range of intensities
lattice and the arrangement of hardware is of 8-fold
spanning more than 4 orders of magnitude. The
symmetry. Thus every eighth column should contain very
measurements are insensitive to the beam intensity over a
similar information. These 8 columns can be displayed
range of nearly 3 orders of magnitude at the few micron
superimposed if the numbering is shifted corresponlevel even for beams being off-centre by ±5 mm. At
dingly. Individual hardware errors 'show up as large
nominal beam currents, above 50 mA, the resolution is
deviations from the average. In this way the gain error of
better than I p.m in a I ms time interval. Fast transverse
one of the signal processing boards could be detected.
beam oscillations up to 250 Hz can be observed. In the
Total RPM offset errors with respect to the centres of
single turn mode the resolution at low intensity is -1 mm.
nearby quadrupole magnets have been obtained with an
iterative procedure developed and tested at BESSY I [5].
With the expected large excursions of the injected beam
Additional windings on the 144 quadrupole magnets of
and without correction the non-linear contributions from
the BESSY II storage ring allow to change the gradient in
the vacuum chamber geometry and the arrangement of the
each magnet. The resulting closed orbit perturbations are
pickup electrodes is much larger than the resolution. In
proportional to the actual offsets of the orbit relative to
the diagnostics mode the filtered pickup .signals in the
the axis of the magnet. This information has been used to
control room are attenuated by approximately 20 dB due
to the losses in the LPF, insertion losses of the chain of redefine the targets for the closed orbit correction. In the
horizontal plane a few iterations were required in order to
multiplexers, and cable losses,
achieve a centred beam in Al quadrupoles. Finally the

3.2 System tests without beam

beam is on average only off by ay=0. 13 mmn and ax=0. 15

Unexpectedly difficulties arose with the local oscillator
due to a poor quality inductor and subsequently the coil
had to be replaced in nearly all oscillators. In this
debugging phase all components of the BPM system were
already installed and the diagnostics mode could be used
for trouble shooting: In the control room a 500 MHz
signal at 0 dBm from the master oscillator was fed into
the output of the chain of RF multiplexers. The BPM
system was set to run in the closed orbit mode and with
the finite isolation of the last GaAs-switch the selected
unit should work properly showing a nicely centred beam
position. The procedure was automated and for each BPM
the signals to the control system were recorded. Thus at

mm. relative to these magnets. The resulting distributions
of the total BPM offset errors have mean values of -0.02
mm and 0.28 mm. and standard deviations of 0.24 mm. and
0.43 mm in the horizontal respectively in the vertical
plane. This spread is in agreement with expectations
based on the bench measurements and reasonable
assumptions for the precision of the mechanical
adjustments of the pickup sensors and the limitations of
the steering concept based on 64 vertical and 80
horizontal corrector magnets. The significant mean offset
in the vertical plane indicates that the vacuum chambers
have been mounted too low.,
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Figure 2: Slow orbit drifts in the vertical (top) and
horizontal plane (bottom) relative to the orbit just after a
beam of 200 mA was accumulated.

4 OPERATIONAL EXPERIENCE
As expected the most important mode of operation is the
has only
measurement of the closed orbit. Single turn data
been used a few times early during the commissioning of
the storage ring and was helpful to give the integer part of
the tunes [2]. Until now the diagnostics mode has only
been applied for trouble shooting the BPM system.
Software tools have been developed in order to collect
orbit data at a rate of 1 orbit per second while other
parameters are varied. Examples are the above mentioned
beam-based determination of the position relative to the
quadrupole magnets or the measurement of the response
matrix. Both measurements take 1 to 2 hours depending
on the degree of averaging chosen. These and similar
tools have been extremely helpful for the smooth and fast
commissioning of the BESSY II storage ring [6].
Slow and intensity dependent orbit drifts can be observed
in both planes during the daily operation of the ring. In
the case shown in Fig. 2 the beam was accumulated
within less than 2 minutes from 10 mA to nearly 200 mA.
The orbits have been taken just after the injection in 1
minute intervals. During the injection the beam motion
was small. Drifts are much larger horizontally and an
equilibrium is reached after approximately 10 minutes.
This and the repetition of the pattern of the orbit
distortion after each refill is an indication that they are
induced by thermal effects. In routine operation the drifts
can be compensated for by running the global orbit
correction permanently.
Fast oscillations of the closed orbit can not be observed
directly since the presently installed control system
interface is too slow. Additional buffered outputs are
available for the off-line analysis at each signal
processing unit. In Fig. 3 the FFT of the horizontal beam
motion at a location with high dispersion is shown. The
observations were made at high and low beam currents,
before and after the modification of the horizontal
steering magnet power supplies and the installation of

Figure 3: Fast beam motion in the horizontal plane before
(left) and after hardware modifications. The top traces are
taken at around 100 mA and the lower traces at 25 mA.
damping antennas in all 4 cavities. The impact of the
synchrotron running at 10 Hz and eigen modes of the
storage ring girders at around 15 Hz are visible at low
intensities. At high beam currents longitudinal
instabilities produce a broad low-frequency
noise floor
r ta l l ane.
ichbdoes not a i

5 SUMMARY
The BPM system of the BESSY II storage ring has been
in operation from the very beginning of the
commissioning. In addition to bench tests further
debugging took place with beam-based techniques. In the
closed orbit mode beam positions are measured fast,
accurate, insensitive to changing beam currents, and over
a very large dynamic range of intensities. 64 out of the
112 BPMs have a limited turn-by turn capability and the
diagnostics mode can be used for the analysis of the 500
MHz component of the beam spectrum by special
equipment in the control room. The system is in full
operation now and has led to substantial progress already.
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SELF TRIGGERED, SINGLE TURN BEAM POSITION MONITOR
FOR ELECTRON STORAGE RINGS*
J. Rothmand, R. Michta, R. Nawrocky, BNL, Upton, NY
A. Batrakov, V. Shilo, BINP, Novosibirsk, Russia
S. Kuznetsov, Kurchatov Institute, Moscow, Russia
Abstract
A VME based single turn beam position monitor has been
developed to improve diagnostics for the NSLS UV ring.
A monopulse network processes the PUE pulses,
generating the sum and difference signals. An analog
processing board amplifies, rectifies, and holds the
signals. A digital board then digitizes and stores the data.
The system can measure 32,000 turns of bipolar PUE
signals from button type electrodes (InS per lobe) at a
170nS repetition rate, with bunches separated by 18.9nS.
The system makes useful measurements over a 40dB
dynamic range of beam current. At full current the
resolution is 50 microns.

MI'Jý
,

,,
DIG

PUG

C

,_-ý"

r

Figure 1: Simplified system block diagram

2.1 Analog Board
A simplified block diagram of the analog board is shown
in figure 2.

1 INTRODUCTION
The ability to measure beam position on a turn by turn
basis allows operators to increase the injection efficiency
and reduce radiation levels by optimizing the injection
process. It also enables the measurement of non-linear
beam dynamics through phase space tracking. These
measurements are particularly difficult when using the
button type pickup electrodes (PUEs) commonly found in
light sources. The signals are bipolar with no delay
between the two lnS wide lobes (figure 3 trace A). This
makes the direct use of commercial sample and hold
amplifiers impossible and the use of integrators difficult.
Synchrotron oscillations can introduce substantial jitter in
the arrival time of PUE signals with respect to the ring
timing system, making externally gated rectifiers
impractical. The analog front end described in this paper
accurately samples the amplitude of the PUE pulse in the
presence of timing jitter

(DS
sumM

GAIN

LSAOUT

TRIG.

TIMING
B.SEL.

I

L-

Figure 2: Analog board block diagram

One unit of the system is shown in figure 1. Monopulse
networks are used to generate sum and difference signals
from the PUE pulses. The sum and difference signals are
then rectified, stretched, and held by the analog boards.
The outputs from two analog boards are processed by
each digital board. Once digitized, the CPU calculates the
beam position and transmits the data to the control system
via ethernet.
.Work performed under the auspices of the U.S. Department of Energy.
"Email: jrothman@bnl.gov
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The associated waveforms are shown in figure 3. The sum
input (trace A) is amplified by the programmable gain
amplifier (PGA) and split two ways. The PGA is consists
of two GaaS FET multiplexers, two amplifiers, and 1
attenuator. The selectable gains are -6dB, +12dB, and
+24dB and are controlled by the digital board via the P2
backplane. Splitter output 1 triggers the timing circuit and
splitter output 2 is routed to a SPDT GaaS FET switch via
a coaxial delay line. The delay line compensates for
delays in the timing circuit so the gate arrives at the
switch at the correct time to rectify the sum signal (traces
B and C). When the gate drops low the positive going
lobe passes though the switch (trace D). A 50 MHz
gaussian lowpass filter then stretches the pulse (trace E),
allowing the track and hold amplifier to accurately sample
the signal (trace F). The delta signal is processed
similarly.
The digital board drives the bunch select (B. Sel.) input
with a 1OnS pulse, selectively enabling the timing circuit
only for the chosen bucket. A PUE sum signal arriving
during the IOnS window triggers the timing circuit,
generating control signals for the GaaS FET switches and
the track and hold amplifiers.
The output offset voltage can be measured with no
beam in the ring by pulling the CAL. EN. bit high and
applying pulses to the B. Sel. input. This generates the
same timing signals that would normally be produced by
the PUEs. This is useful for measuring and correcting

bit data

s2

A•' hpt

Phne
SeetU"

B Input

'

drift in the electronics. The linearity of the analog board
at three different gain settings is shown in figure 4.
Sum
1.8
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2.1 DigitalBoard
The digital board (figure 5) is a four channel transient
digitizer with 12 bit resolution, 8MHz maximum
sampling rate, and 32 Ksamples of buffer memory.
Pretrigger and posttrigger timing modes have been
implemented, allowing the trigger to appear at the
beginning, middle, or end of the sampled data.
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Triggering and halting the data acquisition process can be
accomplished either externally, or internally under
software control.
The unit provides an independently delayed bunch
select pulse (AB Select and CD Select) for each analog
board. Each delay. generator has a range of 150nS with a
resolution of 0.3nS. External timing signals that are
locked to the beam rotation period (Clock and Synch bus)
drive the state machine and delay generators. A 16 bit
TTL port on the P2 backplane (Gain/Calibrate) controls
the PGA gain on the analog boards.
The VME interface provides slave functions with
standard A(24)D(32) single and block data transfer
modes. Interrupt level and interrupt vector ID can be
defined by the application software.
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3 PERFORMANCE

4 ACKNOWLEDGEMENTS

Turn by turn beam position measurements in the NSLS
UV ring are shown in figures 6 and 7. Only the first 200
turns are shown for clarity. The graphs show the
horizontal orbit distortion to stored beam resulting from
the injection kicker magnets. The bump is not closed and
a large residual betatron oscillation results. Prior to turn
47 the beam is undisturbed and the noise floor is visible.
The noise is 0.1 mm RMS at 750 mA and 2mm RMS at 25
mA. Note in figure 7 the noise is periodic, and probably
due to RF pickup. Improved shielding in the production
version of the analog board should improve the noise
performance. The noise floor measured on the bench is
50pM.

The authors would like to thank Jack Tallent for his
assistance breadboarding and prototyping this system.
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Analog board layout by 4DI, Inc. 97 Marcus Blvd.,
Hauppauge, NY 11788.

5 REFERENCES
[1] http://www.nsls.bnl.gov/Systems/SingleTurn/
singleturn.htm

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

DETECTION OF THE POSITON OF TWO BEAMS WITH A COMMON BPM
Kotaro SATOH, KEK, Tsukuba, Ibaraki, Japan

This paper proposes a method of detecting the position of
two.beams with a common BPM, the method which is useful even if the bunch time-spacing between the two beams
is too small to separate each beam signal with fast switches.
The method is based on the idea that unknown beam parameters can be estimated if the number of BPM electrodes
is greater than that of the parameters, and if the signals are
independent of each other. Since the number of unknown
parameters of the two beams is 6, consisting of 4 positions
and 2 intensities, an 8-electrode BPM, whose signals are
detected in the frequency domain, is expected to play the
porole. The method is to be applied to measuring beam
sitions near the interaction point of the two-ring collider
KEKB, where the bunch spacing is only 2 ns in each ring.
The independence of the signals is insured by a finite orbit
separation at the common BPM.

1

INTRODUCTION

In a two-ring collider like the KEKB orbit stabilities at the
interaction point are essential for keeping stable beam collisions. Near the interaction point the orbit separation is so
small that the two beams travel through common pipes and
common BPMs, if inserted. If position measurements are
required with the common BPM, it has been believed that
the bunch separation, in the time domain, between the two
beams must be sufficiently large for separating beam signals with fast switches. In the KEKB, however, the bunch
spacing is too small to apply the above method. It should
be pointed out that, although the present case has not a sufficient separation in the time domain, here exists a finite
orbit separation between the two beams. Providing a finite
orbit separation in the transverse space, the paper discusses
a possibility of detecting the beam position of each ring
with a common BPM having many electrodes. The present
method is an extension of that in the previous papers[lI][2].

2

2

3

Abstract

OUTPUT SIGNAL MODEL
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(pXY)

0(quv)
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Figon
where gi, Oi and Fi(x, y) are the gain, the phase
shift and the response function of the i-th electrode,
(p, x, y), (q, u, v) are the charge and position for positron
and electron beams, and 0 their phase difference.
The detector measures the peak value V/ of the phaser,
Vi

2
= gi-,/(pFi(e+))2 + (qFi(e-)) + 2pqFi(e+)Fi(e-)cos9.

The gains can be calibrated with beams, as a later section
shows. The response function is calculated from the BPM
geometry. The phase difference 0 must be constant and can
be calculated from the distance between the BPM and the
interactionpoint, or can be estimated with beams as shown
later. For each measurement are 6 unknown parameters
(p, x, y, q, u, v). Since the number of unknown parameters
is less than that of the BPM electrodes, the parameters are
determined by nonlinear fitting. It should be pointed out
here that, if the phase were included into fit parameters, the
phase resolution would be very poor and would degrade
the other resolutions accordingly. By analyzing the covariant matrix associated with the fitting procedure, we can esimate the errors of fit parameters for given measurement
errors. The expected error of the i-th parameter 0rj is given
by the i-th diagonal element of the covariant matrix C(i, .).
Text books show

One of the common BPMs, analyzed here, is 55 mm in
diameter, and has 8 electrodes, as shown in Fig.1. The ideal
orbits of the two rings, (-7.5,0) for the positron LER and
(6.26,0) for the electron HER, are shown in the same figure.
The horizontal orbit separation at the BPM is 13.8 mm.
The output signal is detected with a narrow-band detector
at 1017.16 MHz, two times the accelerating frequency.
The output signal can be represented well with a phaser.
The phaser output of the i-th pickup button Vi is given by

ai2 = C(i, i) X 0r,
w
co i
whe osiis tesolue muremen
ero of signals.
T si t
rpe
functin uer
e is desv fro
a simple BPM model having very small electrodes. More
realistic response functions can be used, if needed. The
response functions are expanded with harmonic functions
of positions up to the 4-tb order terms, and are given by
4

S= gie"'i (pFi(x, y) + qF (u, v)eO), i
0-7803-5573-3/99/$10.00 @ 1999 IEEE.

=1,...,

Fi(X, Y) = 1 + 1: Rk(ai(k) cos kWo + bi(k) sin kpo),

8,
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Table 1: Fit parameters

S2.2

i)

2

2.29

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29
2.29

3

2.29

X

-7.50

A

-7.50

2.00

-5.50
-9.50
-7.50
-7.50
-5.50
-7.50
-9.50
-7.50
-7.50
-5.50
-7.50
-9.50
-7.50
-7.50
-5.50
-7.50
-9.50
-7.50
-7.50
-5.50
-7.50
-9.50
-7.50

.00

.00
-2.00
.00
.00
2.00
.00
-2.00
.00
.00
2.00
.00
-2.00
.00
.00
2.00
.00
-2.00
.00
.00
2.00
.00
-2.00

Table 2: Diagonal elements of the covariant matrix
u

10

-1.00
-1.00

1.5
2.2
3.1
6.1
2.5
1.5
2.5
1.5
2.3
2.0
1.0
1.1
2.7
3.9
2.5
1.8
2.5
1.5
2.3
1.1
1.0
2.0

11.7
13.1
13.5
15.1
13.0
12.1
13.0
13.6
18.7
13.2
11.7
13.0
15.9
33.6
15.0
11.7
15.0
13.6
18.7
13.0
11.7
13.2

.00

T

22.5

6.26

.00

3

2.2

6.26

-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00

4.2

x
13.6
19.9

6.26

6.26
6.26
8.26
8.26
8.26
8.26
8.26
6.26
6.26
6.26
6.26
6.26
4.26
4.26
4.26
4.26
4.26
6.26
6.26
6.26
6.26
6.26

.00

2

.00
.00
.00
.00
.00
.00
.00
2.00
2.00
2.00
2.00
2.00
.00
.00
.00
.00
.00
-2.00
-2.00
-2.00
-2.00
-2.00

4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

where X = R cos W,Y = R sin V, and

13.1

u

A

v

16.0

7.
11.8

2373.3

418.6

6.7
9.6
8.0
10.5
8.1
6.1
8.1
10.5
20.4
10.5
6.8
9.9
16.3
39.7
15.1
8.5
15.1
10.5
20.4
9.9
6.8
10.5

4.9
7.0
10.0
17.5
8.2
5.4
8.2
4.9
7.4
6.6
3.3
3.7
8.2
11.3
7.7
5.7
7.7
4.9
7.4
3.7
3.3
6.6

2095.0

1313.2
2095.1
2782.5
5762.0
2252.4
1383.1
2252.4
1384.9
2581.4
1875.4
834.0
983.3
2904.2
5637.0
2672.5
1657.1
2672.5
1385.0
2581.2
983.3
834.0
1875.4

404.3

9.6

7.0

4543.2

789.9

252.8
404.3
171.7
272.7
168.1
121.7
168.1
497.3
1162.5
524.6
267.4
447.3
1127.6
2555.6
1070.1
557.2
1070.1
497.3
1162.4
447.3
267.4
524.6

and the BPM, and must be kept constant for stable colli-

ak,) = 2 cos(k(2i - 1)'), b (k)•= 2 sin(k(2i - 1)7r)

sions. Even though the BPM is installed at the designed

8 sposition within a few mm, the relative phase may differ

3 SIMULATION

from the design value by several degrees. Simulation studies show that a major effect of the phase error is movement
of the position reading in the horizontal direction. Figure 2 shows the position reading of two rings
when each
beam stays at the design position and the phase difference
is changed around the nominal phase of 7r/4. The phase

Simulation was done for a case where the position of each
beam is on the ideal orbit, or shifted by ±2 mm at each
measurement. Measurement is done 25 times with different

error effect is more harmful in HER than in LER. If the position displacement is required to be less than 0.5 mm the
phase error must be kept less than I degree.

The function is normalized by Fic(0e
iorbit,

,

and the posid

position combination. The phase difference 0 is 7r/4. The
nominal charge of each ring is p=2.29 for LER and q=-1.0
for HER. The optimum charge ratio is determined by the
energy ratio of two rings, 3.5 GeV and 8.0 GeV.
The objective of the simulation is not only the demonstration of measuring the two beam positions, but also the
derivation of the covariant matrix to estimate the position
resolution. Fit parameters for 25 measurements are listed
in Table 1, and the diagonal elements of the covariant matrix are shown in Table 2. Assuming a relative signal measurement error of 3 x 10-4 and knowing of a typical signal
magnitude of 3, the absolute measurement error o•o is about
1 x 10-3. The worst case for the position resolution is at
the 17-th measurement, where the orbit separation is the
minimum value. The worst position resolution is
a -- 6m,
= 6pm, o = 75pm, o, = 51pm.
6um, ay
6mfinding
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Figure 2: Position reading of two beams staying at the design orbit when the phase changes from the nominal value.
If the relative phase error exists, the position readings are
also moved as the beam current changes. This fact helps
the true phase difference. The position reading of
HER is shown in Fig.3 for the case where the phase error

4

EFFECT OF PHASE DIFFERENCE
ERROR

The relative phase difference 0 between the two beams is
determined by the distance between the interaction point

is ±1 degree, each beam stays at the design orbit, and the
electron charge of HER is increased from 0 to -1.6 while
the positron charge of LER is fixed at 2.29, the nominal
value. If the closed orbit of HER at the BPM is stable
within 0.5 mm in real beam operations, we can find the
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true phase with a resolution of less than 0.5 degrees..
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Figure 3: Position reading of HER when the phase error
exists and the HER charge is changed.

Figure 5: Position reading of two beams when the LER
orbit is fixed and the other HER orbit is shifted.

The other effects of the phase error are deformation of
the position sensitivity and the coupling, in which the position reading of one beam is moved when the other beam
moves. These are analyzed by a simulation where one
beam is fixed at the design orbit and the other beam is displaced from the design orbit within 2 mm in both the horizontal and vertical directions, and the phase error is 0.5 degrees. The two effects are shown in Fig.4 when the HER
orbit is fixed, and in Fig.5 for the other case. The grid indicates the ideal position reading including the displacement
shown in Fig.2 due to the phase error, and helps observe the
deformation of the sensitivity. The crosses in the smaller
box show the position reading of the fixed beam, and their
distribution measures the coupling. The simulation shows
that both effects are small, compared with the beam size
at the BPM, particularly in the vertical direction. This fact
favors the operation condition that the orbit stability is required in the vertical direction rather than in the horizontal
direction.

the position sensitivity would be deformed. The gain calibration can be done with beams by another nonlinear fitting. The BPM has 8 electrodes and the number of unknown gains, normalized by the first electrode gain, is 7.
The gain calibration was studied under the condition that
measurments are done 6 times with a single beam, 3 times
for one beam and 3 times for the other. At each measurement the beam is on the design orbit, or displaced by 2 mm
in the vertical direction. Beam measurement parameters
and their covariant matrix elements together with elements
for 7 relative gains are shown in Table 3. Assuming the
relative detection error of 3 x 10- 4 , we find that the gain
error is less than 0.1%, and the position resolution is less
than 4f•m in both directions.
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Figure 4: Position reading of two beams when the HER
orbit is fixed and the other LER orbit is shifted.
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GAIN CALIBRATION

So far the gains have been set unity in the paper. The gains
of the real BPM are not equal to unity, and must be calibrated. Otherwise the monitor center would be shifted and
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BPM SYSTEM FOR THE SWISS LIGHT SOURCE
M. Dehler, A. Jaggi, P. Pollet, T. Schilcher, V. Schlott R. Ursic, PSI, Switzerland
Abstract -Table

1: Digital BPM system specifications.

The layout of the SLS beam position monitor (BPM) system is presented. Since sub-micron position data in normal
closed orbit and feedback mode as well as turn by turn information are required, the SLS BPM electronics pursues
a new digital approach. The self calibrating four channel
system consists of a RF front end, a digital receiver and
a DSP controller. The whole system is integrated in the
EPICS control system, which allows to select between different operation modes, so that the same BPM electronics
applies to all the sections of the machine, namely linac,
transfer lines, booster and storage ring. Mechanical drifts
will be monitored by an independent measurement system
and taken into account, when processing the final electron
beam position.

1

Parameter
Dynamic
range by mode:
Multi
Bunch
Mult Bunch
Single Bunch
Pulsed and First Turn
Position Measuring Radius
Resolution (2 kHz bandwidth)
Beam Current Dependence
1-400 mA
1 to 5 relative
RF and IF frequencies
Cartier RF
Carrier IF
Pilot RF
Pilot IF
Max. data
acquisition rate
Feedback mode throughput
Modes of operation

INTRODUCTION

One of the challenges of the SLS project is to ensure the
beam quality needed for the production of high brilliance
synchrotron radiation requiring a wide range of beam diagnostics measurements. Therefore, the beam position monitor system has to provide a variety of operation modes.
One extreme (in terms of requirements) is the mode used
for the closed orbit feedback. Sine the feedback has to reduce the electron beam jitter to less than or/10 of the vertical beam size in the ID sections, the corresponding measurements require sub micron precision at a bandwidth of
a few kHz. The other extreme is to take a snap shot of
the beam orbit in turn-by-turn mode, a high speed measurement requiring an bandwidth of about 0.5 MHz. An
overview of the technical specifications and the measureme tab
ntable
t meod1s1.. is givn in
ment modes is given in

2

Specification
I - 500 mA (avg.)
I - 50 mA (avg.)
1 - 20 mA (avg.)
1 - 10 mA (peak)
5 mm
< 1/pm
< 100pLm
< 5pim
500 MHz
36 MHz
498.5 MHz
34.5 MHz
frevoiutio,
4000 x& y pos./s
Pulsed
Booster
Turn-by-turn
Tune
Closed orbit

J,
...

..

•..............................:

MECHANICAL ALIGNMENT

nstn gc•,- _

At SLS, the BPM stations, six per ring sector (layout see
figure 1), are rigidly attached to the girders and serve as
supports for the vacuum system. The mechanical prealign-

nia Sector
L..........................
:...........
.. ........ ." ....
rg........

...

...

/

12

ment gives a relative position deviation of the BPM center-.

BPMElois

with respect to the adjacent quadrupole axis of less than
±25pm. A more precise alignment to less than 10pim can
subsequently be obtained with the stored electron beam,

Racks

applying the method of beam based alignment BBA [1]. A

complete BBA cycle will take about 15 minutes and will
bes performed after every start-up of the machine.
During operation, thermal effects lead to mechanical
drifts of the BPM chamber, which have been simulated to
be in the order of 2 pm/K for SLS. This is already critical for the transverse closed orbit feedback system. Therefore, the mechanical drifts of the BPMs with respect to
0-7803-5573-3/99/$10.00@ 1999 IEEE.

"A'.
.......

..

-

__

Figure 1: BPM positions including layout of the electronics
and feedback architecture.
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of absolute linear encoders, which are rigidly clamped to
the quadrupoles. The system resolution is less than 1 Am
within a measuring range of ±2.5 mm. The position information from the encoders is continuously recorded by the
control system and used to correct the BPM readings.
As a position sensor, the most promising candidate is a
linear encoder, which has been jointly developed by former PSI Zulrich [2] and Baumer Electric AG [3]. It was
originally developed for use in machining tools, handling
systems and robotics and offers the required resolution and
range. Preliminary tests are currently under way at the SLS
test stand as well as at Sinchrotrone Trieste (ELETTRA)
in order to examine radiation resistance and to validate the
measurement principle,
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BPM ELECTRONICS

The SLS BPM electronics represents a departure from conventional BPM system design insofar, as the same setup
delivers high speed/medium precision and low to medium
speed/high precision measurements.
The electronics is a four-channel system. The button signals enter the RF front end, where they get mixed to the
intermediate frequency of 36 MHz and then pass through a
low cost 5 MHz wide Surface Acoustic Wave (SAW) filter.
At the input of the digital receiver, the signals are then sampled at 31.25 MHz in case of Storage Ring BPMs (27.78
MHz in case of Booster BPMs). This means that the 36
MHz signal, which lies in the third Nyquist zone, is aliased
down to 4.75 MHz (8.22 MHz). More about this under
sampling concept can be found in [4]. For the A/D conversion we selected the AD9042 analog-to-digital converter
(ADC) available from Analog Devices. It is a 12 bit ADC
which has 41 MHz maximum sampling rate and 100 MHz
analog bandwidth. The remainder of the processing is done
in a digital way. Four digital down converters (DDC) first
translate the signals to baseband and then filter and deci-

mate the data streams. The latter two processes are very
important: filtering defines system bandwidth which in turn
affects measurement fluctuation; decimation, a reduction of
the output data rate with respect to the input, significantly
reduces the downstream digital signal processing requirements. We have selected HSP50214 DDC integrated circuit
from Harris. It is one of the more sophisticated and flexible programmable down converters available on the market
today. In the last stage, digital signal processors (DSP) calculate the beam positions, apply correction factors and do
further post processing like FFTs. The second task for the
DSPs is the real time calculation of corrector settings via
the singular value decomposition algorithm, which is used
for the closed orbit feedback loop. To that effect, additional
communication links to DSPs in the adjacent storage ring
sectors are provided [5].
The problem associated with drifting gains of one channel with respect to the others is avoided by a separate pilot
signal with a frequency that is 1.5 MHz lower than the RF.
Four pilot signals are added to the inputs that are later on
demodulated in the DDC and used to keep the gain of the
four RF/IF channels matched within the dynamic range.
The problem of nonlinearities associated with demodulation is avoided by direct IF sampling. Since all the processing downstream the ADC is done digitally in a DDC, it
is the ADC that defines the nonlinearity. The specification
for the AD9042 integrated circuit is:
Differential non-linearity: ±0.30 LSB or ±7.3- 10-5 FS
Integral non-linearity: ±0.75 LSB ±1.8. 10- FS
The effective resolution of the complete system is determined by the following. The analog to digital conversion
using a 12 bit ADC in itself would restrict the resolution to
an order of 3 pm. The subsequent reduction in measurement fluctuation is due to an improvement in the signal-tonoise ratio gained through the oversampling (with respect
to the band of interest) and digital filtering. It is the ratio

2088

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
of the passband to the Nyquist bandwidth expressed in dB.
This process recovers the missing precision such, that for
beam current above 50 mA and the output sample rate of 4
kHz, which is critical for the closed orbit feedback, beam
movements smaller than 0.1 lim can be measured. A graph
of expected resolution versus current and sampling rate is
shown in figure 3.
mis Resolution [umi coemiss.i,, ,ep-

ELETTRA in Trieste/Italy.
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4

CONCLUSION

For the SLS beam position monitoring system, a wide
range of measurement modes, from high speed/medium
resolution to low speed/high resolution, is required. To
cover these, only one type of system will be used, which
provides the flexibility to adapt to different measurement
types by the use of programmable digital down converters.
The DSP back end allows further high level post processing
like FFT and an implementation of the closed orbit feedback algorithm as an integral part of the BPM electronics.
Compared to more conventional solutions, the approach is
cost advantageous, it offers the required sub micron resolution and programmable bandwidth, including turn-by-turn
capability at a cost lower than that of two separate electronic systems to perform the same set of functions. As a
nearly free feature, the closed orbit feedback is integrated
into the BPM system.
The BPM stations are going to be prealigned with respect to the adjacent quadrupole magnet. This setting are
updated and refined at each new run using the method of
beam based alignment. Drifts occurring during operation
will be monitored by absolute linear encoders, whose readings are used to recalibrate the BPM center position.
An evaluation of the electronic system using an experimental setup of commercial ADC, digital down converter
and digital signal processor boards very similar to the proposed system has shown the validity of the approach. A
first prototype is in work, first tests with beam are planned
in the first half of this year at the synchrotron light facility
2089
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CVD-DIAMOND-BASED POSITION SENSITIVE PHOTOCONDUCTIVE
DETECTOR FOR HIGH-FLUX X-RAYS AND GAMMA RAYS
Deming Shu, P. K. Job, Juan Barraza, Tim Cundiff, and Tuncer M. Kuzay,
Advanced Photon Source, Argonne National Laboratory,
9700 S. Cass Av. Argonne, IL 60439, U.S.A.

Abstract
A position-sensitive photoconductive detector
(PSPCD) using insulating-type CVD diamond as its
substrate material has been developed at the Advanced
Photon Source (APS). Several different configurations,
including a quadrant pattern for a x-ray-transmitting
beam position monitor (TBPM) and 1-D and 2-D arrays
for PSPCD beam profilers, have been developed. Tests on
different PSPCD devices with high-heat-flux undulator
white x-ray beam, as well as with gamma-ray beams
from 60Co sources have been done at the APS and
National Institute of Standards and Technology (NIST).
It was proven that the insulating-type CVD diamond can
be used to make a hard x-ray and gamma-ray positionsensitive detector that acts as a solid-state ion chamber.
These detectors are based on the photoconductivity
principle.
A total of eleven of these TBPMs have been
installed on the APS front ends for commissioning use.
The linear array PSPCD beam profiler has been routinely
used for direct measurements of the undulator white
beam profile. More tests with hard x-rays and gamma
rays are planned for the CVD-diamond 2-D imaging
PSPCD. Potential applications include a high-dose-rate
beam profiler for fourth-generation synchrotron radiation
facilities, such as free-electron lasers,

1 INTRODUCTION
Natural diamonds as photoconductive radiation
detectors (PCDs) have been studied since 1956 [1], and
only certain diamonds, those with low impurity
concentrations (specifically nitrogen), were found to be
suitable for use as radiation detectors [2]. Natural
diamonds have been used as PCDs for soft x-ray
detection with a laser-produced plasma soft x-ray source
and a synchrotron radiation source [3]. Insulating type
(type Ila) synthetic diamonds (from a high-pressure cell)
used as solid-state ionization-chamber radiation detectors
have been studied for biological applications with alpha
particles and gamma radiation [4]. Compared with other
photoconductors, diamond is a robust and radiationhardened material with high dark resistivity and a large

0-7803-5573-3/99/$10.00@ 1999 IEEE.

breakdown electric field; diamond is also sensitive to
hard x-rays [5].
The working principle of a position-sensitive
photoconductive detector (PSPCD) can be described as
follows: a thin CVD-type diamond disk is patterned on
both surfaces with a thin layer of electrically conductive
material, such as aluminum, etc. These coated patterns
are individually connected to a biased current-amplifier
circuitry through an ohmic contact.
When the
electrically biased CVD disk is subjected to either
monochromatic or white x-ray beam, the photons activate
the impurities in the CVD diamond causing a local
conductivity change, then a local current change through
the contact points. The amount of the generated current
is a function of the photon flux.

2 PSPCD TESTED AT THE APS WITH X-RAYS
A compact filter/mask/window assembly has been
designed for undulator beamline commissioning activity
at the APS beamlines [6]. The assembly consists of one
300-pm graphite filter, one 127-pm CVD diamond filter
and two 250-pm beryllium windows. A water-cooled
Glidcop fixed mask with a 4.5 mm X 4.5 mm output
optical aperture and a 0.96 mrad X 1.6 mrad beam
missteering acceptance is a major component in the
assembly. The CVD diamond filter is mounted on the
downstream side of the fixed mask and is designed to
also function as a transmitting hard x-ray beam position
monitor. It has a quadrant pattern configuration. From
the test results, we have learned that, compared to a
photoemmision-type TBPM, the beam position signal
from a photoconductive-type TBPM has less undulator
gap dependence [7].
A x-ray-transmitting beam profiler system using
two linear-array PSPCDs has been designed for
Advanced Photon Source (APS) undulator beamline
commissioning [8]. The same insulating-type CVD
diamond disk was used as for the linear array substrate.
On each disk, sixteen 0.2-pm-thick, 175-pm-wide
aluminum strips were coated on one side, and an
orthogonal single 175-pm-wide strip was coated on the
other side. Hence looking through the disk, a linear
array of sixteen pixels was created as the
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photoconductive sensor elements, with 175 pm x 175 pm
pixel size.

ceramic connector-interface disks. Preliminary tests
proved that a 2-D hard x-ray beam profile image could
be read out by a multichannel current amplifier with
pulsed bias electronics.
Fig. 3 shows the schematic of the readout
electronics for the prototype of 2-D imaging PSPCD.
Two sets of multichannel analog switches are
synchronized by a clock, which also provides the
triggering signal for the computer data acquisition
system. For each scanning position, one of the vertical
strips was pulsed by a bias-voltage, and the 16-channel
current amplifier then read out the current signal from
the identical column of the imaging pixels on the CVDdiamond disk. A 16 x 16 LED array was used as an
imaging screen. The scanning rate was 300 - 3000
columns per second. A steady 2-D image was observed
with the APS undulator white beam.

Fig. 1. A typical profile of APS undulator white beam
directly measured by a 16-pixel linear-array PSPCD.

During the measurement, two sets of 16-pixel
linear array PSPCDs are placed perpendicular to each
PSPCD
16 x 16 Array 16-channel
other into the hard x-ray beam.. The two arrays read out
the *beam's vertical and horizontal profile information-o--n
simultaneously. To obtain a complete beam 2-D profile,
one can scan across the beam. Fig. 1 shows a typical
profile of an APS undulator white beam directly
measured by a 16-pixel linear-array PSPCD scanning
across the beam with the undulator magnet gap setting
.
equal to 15 mm. A 12.7-mm-thick aluminum filter was
i
'
i
used for these measurements to eliminate most of the soft
Analo Switch
x-rays.
lBios

LED
Current Amplifier

Display Unit

Analog Switch

To Computer Data Acquisition System

Fig. 3. Schematic of the readout electronics for the
prototype of the 2-D imaging PSPCD.
We have tested the single-pixel response of this 2D imaging PSPCD using undulator white beam with a
150 pin x 150 pm aperture. It was found that the pixels
in this 2-D array PSPCD do not cross talk. Fig. 4 shows
different images observed on the LED array with variant
beam condition and slit settings. We have also studied
several different CVD-diamond products from different
vendors with different manufacturing process. We found
only certain CVD-diamonds, those with low

Sixteen aluminum strips are coated on both sides of
Fig.
2,that,
the CVD-diamond disk creating a 16 x 16 pixel twodimensional array with 175 pim x 175 pm pixel size.

A prototype of a 2-D imaging PSPCD has been
built at the APS. As shown in Fig. 2, sixteen aluminum
strips are coated on both sides of the CVD-diamond disk
creating a 16 x 16 pixel two-dimensional array with a
175 pm x 175 pm pixel size. The CVD-diamond disk
was mounted on a water-cooled base with a couple of

impurity concentrations (specifically nitrogen
graphite), are suitable for use as imaging detectors.

and

3 TESTS OF THE PSPCD WITH GAMMA RAYS
We have started study of the CVD-diamond-based
position sensitive detector with high-dose-rate gammaray beams. Preliminary experimental results with a 'oCo
source at a NIST radiation laboratory show that it is

2091

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
feasible to use CVD-diamond as an imaging detector for
high-dose-rate gamma rays.
The high-flux 6°Co vertical-beam source, which we
used at the NIST, has 33.0 Gray/hour or 1.45x10 9
photons/cm 2/sec photon flux with 1.2 MeV photon
energy.,

PSPCD Test at NIST

..-..

........-..

4

2
0

0

5

5

150

2O0

250

2

5

5

Time (=)

Fig. 5. PSPCD time response to the photon shutter motion during the
test at the NIST high flux 60 Co gamma ray source.
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4 SUMMARY
We have developed a novel position-sensitive
photoconductive detector using free-standing insulatingtype CVD diamond as its substrate material. Several
different configurations, including 1-D and 2-D arrays as
imaging detectors for beam profilers, have been
developed. Tests on different PSPCD devices with highheat-flux undulator white beam, as well as with a highflux gamma-ray source, have been done at the APS and
NIST. It was proven that the insulating-type CVD
diamond can be used to make a hard x-ray positionsensitive detector based on the photoconductivity
principle and that acts as a solid-state ion chamber.
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COMMISSIONING RESULTS OF THE NARROW-BAND BEAM POSITION
MONITOR SYSTEM UPGRADE IN THE APS STORAGE RING
0. Singh, C. Doose, J. Carwardine, G. Decker, F. Lenkszus and R. Merl
Advanced Photon Source, Argonne, IL 60439 USA
Abstract
When using a low emittance storage ring as a high
brightness synchrotron radiation source, it is critical to
maintain a very high degree of orbit stability, both for the
short term and for the duration of an operational fill. A
fill-to-fill reproducibility is an additional important
requirement. Recent developments in orbit correction
algorithms have provided tools that are capable of
achieving a high degree of orbit stability. However, the
performance of these feedback systems can be severely
limited if there are errors in the beam position monitors
(BPMs). The present orbit measurement and correction
system at the APS storage ring utilizes 360 broad-bandtype BPMs that provide turn-by-turn diagnostics and an
ultra-stable orbit: < 1.8 micron rms vertically and 4.5
microns rms horizontally in a frequency band of 0.017 to
30 Hz. The effects of beam intensity and bunch pattern
dependency on these BPMs have been significantly
reduced by employing "offset compensation" correction.
Recently, 40 narrow-band switching-type BPMs have
been installed in the APS storage ring, two in each of 20
operational insertion device straight sections, bringing the
total number of beam position monitors to 400. The use of
narrow-band BPM electronics is expected to reduce
sensitivity to beam intensity, bunch pattern dependence,
and long-term drift. These beam position monitors are
used for orbit correction/feedback and machine protection
interlocks for the insertion device beamlines. The
commissioning results and overall performance for orbit
stability are provided.

1

2

INTRODUCTION

The third-generation synchrotron light sources, such as the
Advanced Photon Source (APS) storage ring, must meet
very tight orbit stability requirements needed for lowemittance charged particle beams. These requirements get
even tighter as the beam size reduces further. The orbit
stability work at APS is at the forefront in many ways;
here, we will discuss results of recently commissioned
narrow-band switching-type beam position monitors
(NBBPMs), connected to the insertion device chambers,
This type of BPM, first developed in the late 1980s [11,
was followed by several design improvements [2,3],
particularly a significant increase in the input dynamic
range. The bulky chassis-type package has been reduced
to a single height Euro-type module with several practical
built-in features. Such a unit now is commercially
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available. Forty of these units have been integrated
together with the existing 360 broad-band-type or
monopulse beam position monitors (MPBPM). Front-end
upgrade work on the MPBPM system is also in progress,
which will enhance the global orbit stability performance
[4].
Two orbit correction systems - "fast" [5] and "slow"
[6] - that correct the orbit up to about 50 Hz have been
employed at the APS storage ring. Both systems make
orbit correction only for the long spatial wavelength
motions, taking great statistical advantage of a large
number of BPMs, thus not responding to local artificial
effects that may be exhibited by individual BPMs. The
"offset compensations," based upon "scrape down" fitted
data [6], are made to the raw BPM data. This reduces a
large number of systematic errors, such as intensity/bunch
pattern dependency and thermal effect in the data,
presented to the orbit correction algorithms.
The bench data for NBBPMs show that the beam
intensity dependence is less than 2 microns in the upper 40
dB of the power range, but it is challenging to make
similar claims in the storage ring. Uncertainty in the orbit
itself and the thermally induced chamber motion are some
of the culprits that contaminate the measurements. The
high performance x-ray-type beam position monitors
(XBPMs) [7] have been routinely used as a reliable
reference, but only for the bending magnet (BM) sources.
However, recent work done by modifying the lattice [8]
for one insertion device may hold the key to future use of
XBPMs as a reference for ID sources as well.

INSTALLATION/COMMISSIONING

There are ten Eurocrates installed around half the ring,
each housing NBBPM modules for two sectors. The
NBBPM output signals are sent to a digitizing beam
position limit detector (DBPLD) for machine protection
[9]. The response time requirement of 350 microseconds
for a beam deflection of +/- 1 mm is easily met. A 300Hz anti-aliasing filter module is used to provide input to a
16-bit orbit measurement digitizer that samples at the orbit
feedback rate of 1.6 kHz. This sampled data is fed to the
real-time feedback system and to an averager that then
passes data to the "slow" correction system. The NBBPM
calibrations for the 8-mm chamber are 3V/mm and
5V/mm for vertical and horizontal planes, respectively.
The MPBPM electronics had previously been connected
to the small gap chamber's buttons (P0 buttons), which
were moved earlier from the nearby standard chamber
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buttons (P1 buttons), as the insertion device chambers
4 STORAGE RING DATA
were installed. Since the NBBPM electronics were to be
connected
to P0 buttons, the MPBPM electronics had to AlNB~
aebe omsindfrteso
ri
be moved back
to P1 buttons. This exchange was done in
correction system, increasing the total number of available
semoverbas tages,
k
byuwapng. elisexctnis
donly
a f n BPMs to 400. Work is in progress to include NBBPMs for
several stages, by sw apping electronics fr
for only a few
t e r a -i e f e b c y t m
q a tf h
vrl
insertion device chambers at a time. Careful procedures
the real-time feedback system. Too quantify
the overall
were followed to ensure the user orbit was restored as performance of NBBPMs
in the storage ring is rather
wer
t enuretheuse
folowd
orit as estredas
difficult, but data show that there are significant
closely as possible. After the swap, standard practice was
ifficult, butd
s
tha tere
are inifica
to perform an orbit correction without using the swapped improvements both in the intensity and in the bunch
BPMs, followed by enabling these BPMs and generating dependency. We also make use of XBPM data to compare
new
based
on the was
newlyrequired
measured
results. down data shown in Fig. 2 indicate that there
someoffset
cases,values
further
alignment
at orbit.
a user'In s soe
The scrape
request,
is a reduction in the offset compensation by almost a
factor of 2. This data is taken in a controlled
set of
conditions where the orbit is believed to be as stable as
possible, as the storage ring current is scraped from 100
The rms noise and linearity error were measured in a mA to 40 mA in about 20 minutes. The MPBPM data
bench setup; data is shown in Fig. 1. A continuous wave were taken in early 1998 when all ID chamber buttons
(CW) signal from an rf source at 351.927 MHz together were connected to MPBPM electronics. The NBBPM data
with a 1-4 power splitter were used to simulate button were taken in early 1999 when same ID chamber buttons
signals. The power level was varied such that a range of - were connected to NBBPM electronics. It is believed that
10 dBm to -70 dBm was achieved at the input of NBBPM
a smaller amount of systematic errors should provide a
electronics. Note that 100 mA in the APS storage ring better estimate for orbit correction.
generates about -30 dBm power at 351.927 MHz (with
Offset Compensation Data
centered beam), when measured at the NBBPM
electronics. The measurement in Fig. 1 shows that the
14
-- Y
noise and linearity for the full range vary up to 22
1 2
-MPBPM
microns, but for a normal user run (about -30 dBm to -40
1o
X
MB
dBm), these variations are only between 1 to 2 microns.
8
NBBPM Bench Measurement Data
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2: Scrape down data for MPBPMs and NBBPMs

-1

We performed an experiment where
we did almost the
opposite of scrape down. The storage ring was filled at
about two-minute intervals from 50 mA to 100 mA. The
data in Fig. 3 shows that orbit drift, as measured by all

o

Input Power (dBm)

Figure 1: Noise and linearity data vs. input power
As also seen in Fig. 1, the "good" range of -10 to -30
dBm is not used due to the low power level of the stored
beam. To boost the power levels, preliminary work has
shown that, with minor modifications, an rf matching
network, developed for the MPBPM upgrade [4], boosts
the power level by 8 to 10 dBm. These matching networks
will be installed in the near future at all P0 buttons.
Measurements were also made to characterize the
narrow-band filter that rejects the revolution harmonics
around the rf frequency. These harmonics, at 271.5 kHz
away, were only about 25 dB down from the center
frequency amplitude. This could have an impact on the
bunch pattern dependency and further studies are needed.

NBBPMs, is less than 3.5 microns for both planes as
compared to seven microns measured during scrape down.
In this experiment, all designated bunches were filled
except those used by the MPBPMs, making the MPBPM
system insensitive to the intensity changes (not the case
during scrape down), and thus perhaps providing a better
orbit control. Note that horizontal drift cannot be observed
in the bottom trace due to a higher orbit noise level
exhibited in the horizontal plane. However, it can safely
be concluded that the intensity/bunch dependency effects
in NBBPMs are less than 3.5 microns for a fill of 50 to
100 mA.
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NBBPM Orbit Drift Data
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CONCLUSIONS
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The NBBPMs can measure submicron level changes.
The top trace in Fig. 4 is horizontal XBPM data shown for
a period of about seven hours during a user run; it shows a
downward motion. This XBPM is located - 15 m away
from the ID source and therefore has an angular advantage
of - 12 over NBBPMs. The bottom trace is a computed
signal (called forward-mapped) at the XBPM location
derived from NBBPMs straddling the ID source. This
trace shows a combination of a downward motion
overlapped with a periodic motion that is about 33
minutes long. Since the similar periodic motion is not seen
on the XBPM, it is apparently not a real orbit motion. The
observed periodic motion in NBBPMs is probably due to
obsubmirved perio motion inte chambers probay
wi
th e
submicron level motion of the chambers to which these
BPMs are attached, and is caused by a correlated periodic
variation that has been observed in the chamber cooling
water temperature. It is noteworthy to point out that the
orbit correction system does not respond to such
variations, as it only corrects for long spatial wavelength

orbit changes.
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ELECTRON BEAM POSITION MONITOR (EBPM)
DIAGNOSTICS FOR DIAMOND
M J Dufau, D M Dykes, R J Smith
CLRC Daresbury Laboratory, Warrington, UK
Abstract
This paper presents a global view of the proposed
diagnostic systems for DIAMOND, but discusses in
greatest detail the EBPMs, including data acquisition and
control. Details of Total Current Monitor systems, and an
active, beam position based interlock system for
protecting ID vessels against thermal damage, by beam
mis-steer, are also included.

1 INTRODUCTION
The DIAMOND light source project is proposed as the
replacement for the Synchrotron Radiation Source (SRS)
machine currently situated at Daresbury Laboratory. This
accelerator source will consist of a main ring and most
likely a gun, linac or microtron, and booster pre-injection
system. These combined components will be capable of
providing full energy injection and allow 'top up mode'
running if required.
The Electron Beam Position Monitoring (EBPM) and
ancillary diagnostic systems for DIAMOND will be
extensive, comprehensive and complex. A fully
instrumented
pre-injector
system
is
envisaged,
complemented by high specification installed monitors in
the main machine, to achieve the demanded performance.
Table 1: Machine Parameters
Lattice
20 Cell, DBA
Energy [GeV]
3.0
Accelerating Frequ. (MHz)
500
Circumference [m]
396.8
Max length for IDs [m]
16 x 4.76;
4 x 8.14
Injection energy [GeV]
3.0
Beam current [mA]
300
Source size (fwhm) [gtm 2]
Low beta straight; h x v
78 x 14
High beta straight; h x v
335 x 12
Long straight; h x v
331 x 23
Number of EBPMs
140 (7 per cell)
Accuracy (H & V)
lgtm
10% beam size
Stability Required (H & V)
All areas of beam transport, ramping and storage will be
equipped with EBPMs and other diagnostic systems to
provide position control, feedback and protection where
necessary. Since the storage ring is the most critical with
regards to operational stability and performance, it is
0-7803-5573-3/99/$10.00@ 1999 IEEE.

possible to describe a reasonable installation scheme for
the EBPMs associated with this, and other principal areas
including the pre-injection stages. A review of the main
storage ring parameters that directly concern the
diagnostic systems are shown in Table 1.

2 PRE-INJECTION DIAGNOSTICS
2.1 Beam PositionTransportDiagnostics
Beam extracted from the electron source will be produced
with an RF structure at the machine frequency of
500MHz. Bunched beam current pulses, after extraction
at rates between 5 and 10Hz, will pass through an
accelerating stage to the booster ring and then to the
storage ring. The RF structure, relativistic nature and
sufficiency of beam current allows the use of capacitive
button type pickup EBPM heads to be located
appropriately along the flight paths. For efficiency, it is
hoped to rationalise the EBPM head to a single standard
four button 'on axis' type giving two fully isolated
measurements for each plane.
Since beam production is pulsed, the detection
electronics will be of the single shot type. The processing
detector electronics for such a system will be required to
resolve beam position to the order of 200gtm. This can be
achieved using synchronous homodyning detector
systems[l] located in an adjacent accessible areas. Two
pre-processing 1800 hybrids mounted local to the EBPM
heads will be used to provide sum and difference outputs.
These will be switched into the detector electronics to
provide alternate readings from consecutive gun pulses of
horizontal and vertical beam position. The output of these
detectors will be fed into local analogue to digital
conversion/digital signal processing (ADC/DSP) systems
for quantisation then input into the control system to
provide graphical mimic displays and steering feedback.
In keeping with the intended policy of integrating
comprehensive diagnostics aids into all areas of
DIAMOND, it is likely that some form of pulse-beam
monitoring will be included in both transport lines. This
will be designed around commercial devices, and will
include an integrating beam charge monitor located after
the gun to monitor gun efficiency. Fast AC current
transformers may also be included at the ends of both
transport lines to provide indications of pre-injector
efficiency.
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2.2 Booster Synchrotron Diagnostics
Beam captured in the booster synchrotron will be
accelerated to the storage ring energy at a frequency upto
10Hz. Four-button on-axis EBPM pickups will be
installed at regular intervals around the circumference;

mechanical stability, should provide the storage ring with
known stable beam position alignment references. Again
for efficiency, the pickup heads will be of a single
rationalised design. A prototype design for the pickup
head is shown in Figure 2.

position resolutions of 200gim should be adequate. As is
the case for the beam transport system, the beam will be
present only for a short time and so a single shot detector
will also be suitable for application here. A high speed
horizontal and vertical switching system and associated
ADC/DSP system will allow readings to be taken from allV
EBPMs, in both planes, during the beam fill time,
enabling feedback to be applied as required. Figure 1
shows a schematic arrangement of such a system. This is
Figure 2: Typical Storage Ring EBPM Head vessel
similar to that which would be fitted to the transport lines.
Design and capacitive button pickup.

S1Daresbury

modified, ESRF type, capacitive button
pickups are used for the EBPM head. These have reduced
capacitance, which allows scanning wire bench
calibration of the pickup head at low frequency (5 MHz).

Hybi
RF

MU

"Electrostatic finite element analysis of the EBPM head
has been carried out in both planes using QuickFieldTM.
This has shown an adequate horizontal response but poor
vertical response from the four buttons. This can be
compensated for by the inclusion of separate on-axis
buttons for the vertical plane, with the added advantage of
completely de-coupling vertical beam movements from
those in the horizontal plane. The electrical response for
this configuration, shown in Figure 3 gives calibration
factors near the centre of less than 12.5 for each plane.
. ..............
............................
.. .........
..........................
......
.............
.........................
.................
. .... ..

ADC/DSP

To Main
Control

•

Video
Mux.

System
Data Highways

Figure 1: Basic Booster/Beam Transport EBPM System.
Adelaye
ring
storag
t ig ger p lse is sed to rm th eI
A delayed storage ring trigger pulse is used to arm the
0.0
DSP for data collection. This will be used to gate out
veW
•Res P.ý0 -.
0.8
unwanted artefacts from the injection pulse.
0.7
Additionally a commercially available Total Current
00"
r.no espoea,
Monitor (or Parametric Current Transformers, PCT), plus,
io.•
one on axis, quarter wavelength strip-line vessel will be
,0.
installed within the booster. The strip-line will provide
high sensitivity 'clean' signals direct to the Main Control
02
Room (MCR). A suitable coaxial multiplexer will be used
0.1.
to provide processing to allow tune measurements to be
o
made via a further synchronous detector and digital
...Mm
.
oscilloscope.
Figure 3: Horizontal and Vertical Calibration Curves.
0..1.

3 STORAGE RING DIAGNOSTICS
3.1 Storage Ring Main EBPM System
The storage ring main EBPM system will consist of 140
EBPMs, with at least 7 heads incorporated within each
cell of the machine. Straights containing insertion devices
will have heads that are fixed onto highly stable mounts
to reduce mechanical movement, the greatest source of
beam stability problems. These 'golden' EBPMs will
share
the same
of processing
as the
remainder
of thetype
EBPMs,
but withelectronics
their improved

Signal processing for these EBPMs will be done at
several accessible marshalling points around the storage
ring, using precision commercial detector electronics[2].
These detectors offer an improvement over the current
Daresbury type detectors in that they have faster update
rates (up to 2.5kHz) and are more cost effective. The
output of these detectors will pass into a DSP system for
quantisation and presentation to the controls/positional
Once again, the same electronic systems
feedback
will be system.
applied to all EBPMs to standardise. The
w
ibe appliof thetoproposed
ed
all small beam
bePm dimension
diseo The
combination
and
operating current specification of the detectors
means that
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the system will heavily rely on mechanical stability to
achieve its specification. A separate, dedicated single turn
detector will be included on the 'golden' EBPM pickups
to assist with machine operations and accelerator physics.
Figure 4 below shows a typical detector system.

illustrating the proposal.
EBPM Signal
Processing

To
Analogue
Digitale:
Converter

0

BeamtLossSSitnlmRead Addressing

Data Highway

Figure 5: Beam Loss Data Recording System From Ids
Figure 4: Typical Storage Ring 'Golden' type EBPM
Samples of the digitised beam position signal are stored
Additionally, a commercial PCT will be installed, along
with an on axis diagnostic quarter wavelength strip vessel
for basic beam diagnostics. A 450 strip-line vessel will
also be fitted to provide a beam tickler drive and pickup.

3.1 Machine Protection and ID EBPMs
For each of the IDs installed in the proposed source, an
active electronic interlock system will be required, to
protect the associated narrow-gap vessel from potential
thermal damage, that would result from mis-steered
beam. It is intended that the same successful philosophy
of operation, as employed in both vessel protection
systems currently operational in the SRS, will be applied
to these future systems[3].
The two primary interlock inputs will be beam
displacement information for the vessel, and temperature
of the vessel walls and flanges, either of which will be
capable of tripping off the machine RF at potentially
damaging levels. As in the SRS, monitoring of the beam
position will be designed around commercially available
processing electronics operating from EBPMs within the
ID vessel itself, while a thermocouple array interfaced via
a Programmable Logic Controller, will monitor the
temperature of the vessel walls. Because reliability is
paramount, the integrity of all electronic hardware both
primary and secondary, and also of that hardware
providing support signals, will be monitored.
Since the application of this philosophy to the SRS
vessel protection has led to a flexible design of
satisfactory result, it is likely that the design will be
applied en bloc to the requirements of DIAMOND.
However local variations in the distribution of EBPMs
may be required depending on specific vessel geometry.
During the period that the model for future vessel
protection has been installed in the SRS, operational
experience has highlighted the desirability for an
integrated development enhancement offering diagnostic
information regarding beam position, immediately prior

in Random Access Memory (RAM) locations during read
mode. A cyclic counter whose serial input is fed from a
clock source provides the addressing for the locations. On
beam loss the address counter is 'frozen' when the clock
is inhibited, capturing in digital form the recent history of
beam position. Addressing the locations via the parallel
input of the counter can access the stored samples when
the RAM is set to the write mode. Accessed samples
could be read digitally or converted to analogue form.

4 CONCLUSIONS
This overview of proposed DIAMOND diagnostics
presents realisable solutions for the major EBPM systems
of the facility. At the present time, the systems discussed
for the pre-injection stages would utilise old technology
for the detectors, requiring extensive in-house
development to produce an economically viable design of
wide application. However, a suitable commercial unit is
at present under development, and will probably be
employed when available.
When active development of data processing systems
commences, for economic reasons, it is intended that the
DSP based data handling system, be of maximum
versatility, with application to the full range of
DIAMOND diagnostics.
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BEAM POSrITON MONITORS FOR DUKE FEL STORAGE RING*
P. Wang#, N. Hower, V. Litvinenko, M. Moallem, 0. Oakeley, G. Swift, Y. Wu
Duke University, Free Electron Laser Laboratory, Department of Physics, NC27708
Abstract
The Duke FEL storage ring is a 1Gev electron ring, which
is designed for driving UV-VUV free electron lasers. The
ring has been in operation since November of 1994 [1] but
the beam position monitors (BPMs) were connected and
operated just recently. The BPM pick-ups are 4 stripline
electrodes. In order to reduce the higher-order-mode loss
excited by the stored beam at the BPM pick-up area, the
BPM vacuum chamber is designed with 4 grounding strips
between the electrodes that have the same diameters as the
electrode. This design allows the electron beam to see a
much smoother vacuum chamber at the BPM area. The
pick-up signals are processed by Bergoz's electronic
modules, which give X/Y outputs directly. Each BPM has
its own process module and 34 modules have been
connected to the EPICS control system. The beam orbit
now can be displayed and corrected through EPICS in the
control room. The system performance and the test data
will be presented in this paper.

1 INTRODUCTION
The Duke FEL storage ring has two arc sections with 6.7meter radii and two long straight sections (34-meter each).
The stored beam has a bunch length FWHM (Full Width
Half Maximum) of 10-30 mm. The stripline electrode
BPM has been developed and installed. Since the vacuum
chamber in the arc sections has a much smaller diameter
than in the straight sections, two types of BPM electrodes
are designed to fit the vacuum chamber size in these areas,
A special design effort of adding four grounding strips,
which are parallel to the pick-up electrode, has reduced
the chamber impedance further. There are 36 BPMs
installed on the arc sections, one BPM per arc quadruple
magnet, and 18 BPMs in the straight sections. The signal
processing system works at 178.5 MHz, which is the
fundamental ring RF frequency. A total of 34 BPMs have
been connected to the EPICS control system. The system
has been in operation since September 1998. Detailed
mechanical design, calibration procedure and system
performance will be presented in the following sections.

2 MECHANICAL DESIGN
Both types of BPMs utilize short stripline-style electrodes,
*Work supported by U. S. Air Force Office of Scientific Research Grant
F49620-93-1-0590 and U. S. Office of Naval Research Grant N0001494-1-0818
#Email : wang@fel.duke.edu

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

electrically grounded at one end by either welding or
brazing to the outer vacuum envelope, and at the other end
separated from making electrical contact by the presence
of a physical gap of 0.5-mm width. At the end closest to
this gap, a ceramic-to-metal electrical feedthrough is
affixed by a lightly welded contact, and the signal induced
on the electrode by the passing electron bunch is carried
through the vacuum wall to a SMA coaxial connector.
The lengths of these striplines (from their grounded end to
the center of the electrical feedthrough pin at the other
end) are 21.64 mm for the arc BPM and 30.53 mnm for the
straight section BPM. Longer striplines usually are
preferred but the available physical space limits it. The
inner radii of the striplines in both cases is the same as
that of the adjacent vacuum chamber wall, R17.78 mm for
the arc BPM and R47.75 mm for the straight section
BPM. To further enhance the impedance matching, the
four electrodes are interleaved with four parallel and
otherwise geometrically identical striplines, dubbed by us
as "grounding strips", which are brazed or welded to the
adjacent tube wall at both ends. The modules are rotated
at installation so that the electrode strips are centered at 45
degrees above and below the horizontal orbital plane of
the electrons, so as to avoid being struck directly by
synchrotron radiation.
A prototype electrode ring with grounding strips
was machined from aluminium and the impedance of
striplines was measured. With adding of grounding
striplines, the impedance is much smaller than the one
calculated from a parallel stripline with the same width
and space (32-ohm instead of 50-ohm). Adjustments were
deduced on the body radii with the goal of achieving 50ohm impedance
in each case.
The final
electrode/grounding strip pieces were machined from onepiece stainless steel cylindrical shells, slit lengthways over
part of their length. The critical dimensions on all units
were machined to within .001 to .002 inch of their
nominal values. Fig. I is a photograph of both BPMs.

3 BENCH CALIBRATION
After the BPMs were assembled and welded together,
they were serialized and individually calibrated. Two
kinds of calibrations were performed. One is to measure
the offset between the electrical center and the mechanical
center. This has been done for every single BPM body
and is a very good way of quality control for
manufacturing. Another calibration we did is to measure
the sensitivity of the electrode to beam motion.

This is

done for each type of BPM. A bench test set has been
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fabricated to perform these jobs. The test set has a Vblock fixture to hold the BPM body. To simulate the
beam, an antenna rod carries the electronic signal going
through the BPM chamber to a dummy load. The BPM
becomes part of a coaxial transmission line where the rod
is the central conductor and the BPM body is the outer
conductor. Two tapered cones connected at both ends of
the BPM chamber are made to reduce the effects of the
impedance mismatch. The output signals from 4 pick-ups
are used to get the position of the antenna rod relative to
the electrical center of the BPM. The test set is sketched
as bellow:

recheck the sensitivity with a 178.5 MHz CW signal in the
near future. The available electrostatic analysis program
also will be used to get the sensitivities at larger
displacement from the center. By doing so, the pincushion-like distortion can be compensated. According to
Jim Hinkson at LBL, the calculated sensitivities have very
good agreement with his bench test data [2].

BPM body

50 ohm load
Signal Source

Signal Processor
X/Y Output

center and the
The offset between the electrical
mechanical center can be derived from the test data
measured with rotating the BPM body. The mechanical
center is referred to the outer surface of the BPM body,
which has four tooling balls for alignment purposes. We
measured about 60 BPM pick-ups of the arc sections and
25 of the straight sections; the offset for most of them is
less than 100 micrometers. The sensitivity coefficient is
measured with the antenna's displacement near the center,
The test results is:
Sx=Sy=6.67%/mm, for the arc section
Sx=Sy=2.8%/mm, for the straight section
The beam position is determined by the following
equations:
X=k*(Va-Vb-Vc+Vd)/(Va+Vb+Vc+Vd)
Y=k*(Va+Vb-Vc-Vd)/(Va+Vb+Vc+Vd)
Were Va, Vb, Vc, and Vd are detected signals from the
pick-up electrodes and k=l/Sx.
At the time we did the calibration, the BPM
electronics for processing the pick up signals was not
available. A short pulse signal generated from the snap
diode is used to simulate the bunched beam. The signal's
FWHM is around lOOps, which corresponds a bunch
length of 30 mm for a relativistic beam. A fast digital
scope, Tektronix DSA-602, is used to record the output
signals from each pick-up electrode. Now with a signal
processing electronics working at 178.5 MHz, we plan to

Fig. 1

4 SIGNAL PROCESSOR
The signal processor we used is simple and
The commercially available BPM
straightforward.
electronic modules from a company named Bergoz [3]
are employed. Each module is a 4"x6" printed circuit
board, which accepts the 4 pick-up signals and gives the
X/Y output directly. Each BPM has its own electronic
module. The amplifier gain of this module is set at 0.2V
output for 1% of tested signal difference. The 54 BPMs
around the storage ring are divided into 4 divisions:
Northwest, Southwest, Northeast, and Southeast. There
are four crates located at each corner inside of the ring.
Each crate is 17 inches wide, 11 inches high and 9 inches
deep. The crate can hold up to 16 modules. High quality
coaxial cables are used to connect each BPM pick-up
electrode to the signal input at the crate. The 1/4" Heliax
coaxial cables were selected to connect the straight section
BPM because of its low loss (2.4dB/100ft at 200MHz) and
good shielding, since the straight section BPM has lower
sensitivity and the cables are longer. The relatively
shorter cables for arc BPM are RG223 for economy
reasons. Among the 54 BPMs, 34 of them have been
connected to Bergoz electronic modules. From each
Bergoz's module, there are 3 output signals (X, Y and
sum) sent to a VME crate for computer readout. The
VME crate is located at west-center of the ring where the
EPICS system is connected.
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5 SYSTEM PERFORMANCE
The whole BPM system started to operate in September
1998. At the beginning, all the beam position data were
fluctuated over a range of 5-15%. Observations revealed
that the X/Y output signals had strong AC components
and some of them were 60 HZ related AC noises. It was
contributed mainly by the magnet power supplies. The
signal conditioning boards purchased from VMIC
Company have been added to reduce the AC noises. Its
function is to provide a low pass filter with a bandwidth of
3dB attenuation at 4 HZ. With the conditioning boards,
the fluctuation has been reduced to +/-25 micrometers
over a short period (a few minutes) of time.
The system has a beam current resolution of
about ImA. When stored beam currents are below lmA,
the beam position data becomes current dependent.
However, most of our ring operations are not at the low
current region and we do not expect this to be a significant
problem for us. The beam position dataes are currently
delivered at a rate of 2 HZ. A sophisticated display tool
(ADT) from APS is used for beam orbit displaying.
Overall, our BPM system is still in the process of
beitng commissioned. Our future goals are:
1) Using the beam to calibrate the BPM offset related to
nearby magnet
2) Using the beam position data to correct beam orbit
(locally and globally)
3) Developing a slow orbit feedback system to correct the
orbit drifting
4) Establish a fast (up to 120 HZ) beam orbit control
feedback system.
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DEVELOPMENT OF A PROTOTYPE CAPACITIVE BPM FOR THE
UNIVERSITY OF MARYLAND ELECTRON RINGC
Y. Zou#, J.G. Wang', Paul Chin, Y. Li, S. Bernal, M. Reiser
Institute for Plasma Research, University of Maryland, College Park, MD 20742

Abstract
Work has been performed at the University of Maryland
by the electron beam physics group to design and develop
a prototype capacitive Beam-Position-Monitor (BPM) for
an electron ring project. Extensive theoretical work and
PSPICE simulation of the equivalent circuit of the BPM
have been conducted to fully understand the behaviour of
the capacitive BPM. This BPM has 4 pieces of
electrostatic pickups around a beam pipe of 2-inch
diameter. The capacitance between the electrode and the
beam pipe is approximately 0.55nF, which results in a
time constant long enough to reproduce the current
waveform faithfully. A bench test of this prototype BPM
has been completed. The test shows that the capacitive
BPM has a very fast response to the beam current with
high sensitivity. Also, the BPM can measure the beam
centroid displacement with adequate accuracy.
In
addition, this BPM can measure the total beam current by
appropriate calibration.

2 BASIC PRINCIPLE
Figures 1 and 2 are the schematics of a capacitive BPM
and its equivalent circuit. In Figure 1, there are four
electrodes inside the beam pipe forming four capacitors.
In Figure 2, C is the capacitance between the electrode
and beam pipe while R1 is the bleeder resistor to avoid
excess charge accumulation on the electrodes. The RC
time constant must be long enough to be able to reproduce
the beam profile faithfully. Is is a frequency dependent
current source. The formula to calculate I.is
IS dQ
DL dlb (t)
dt 2mnv'0 dt
Here, L is the electrode length, v0 is the beam veolicty and
(D is the electrode angle width.
y

Top Electrode

Left Electrode €Right

1 INTRODUCTION

_.

used in
Both capacitive and resistive BPMs are widely
charged particle accelerators and beam lines. At the
University of Maryland, a compact electron ring (UMER)
[1-3] is being built for the study of the physics of spacecharge-dominated beams. Because the beam has relatively
low energy (10 keV), it is very easy for it to go off-center
due to stray magnetic fields (the earth's field and other
stray fields due to the presence of metal), misalignments,
etc. To guarantee the success of the UMER, the beam
centroid motion has to be measured very accurately and
the information from the BPMs must be provided to a
beam steering system to steer the beam back to the central
orbit. Roth resistive wall RPMs and capacitive BPMs will
be used in the UMER. This paper will discuss the theory
and design of the capacitive BPM. The resistive wall BPM
has been discussed in the pervious paper.[5]

Electrode

.

Bottom Electrode
Figure 1. BPM schematic drawing.

R1
Is
?

I
s

C
OL
21cv 0

dlb(t)

dt

Figure 2. BPM equivalent circuit.
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If the beam is centred, the four pick-up signals are the
same. When the beam is off-centred, the signals from four
electrodes are different. The ratio of the signals from the
two opposite electrodes will give us the beam position
information. The formula is as following [4]
20log(VR I VL)
16

160 Sin(4) 2) x
IlnO
9D
b

=

Sin(OD)Sin(4) / 2)
(D2

320 o8 Sin(34) / 2)
10" 3
4)

+ 128 Sin 3 (O 12).
3

03

x3 °[-8Sin(34) / 2) +
0 ++

Figure 4 is a typical BPM signal from one electrode
when the beam current is a rectangular waveform. This
fiurwhowena
beam
the current
rectangular
csan
theveaom.Ti

(2)

16Sin(/)Sin(d/2)]xy2
02
b

If x/b is small enough, we can take the first term, which is
the linear term. The formula is as follows:

1.2

1

Here, b is the pipe radius and x is beam displacement. The
coefficient of the linear term is called the sensitivity of the
BPM, the parameter that we are most interested in. The
coefficient of the second term tells us the nonlinearity of
the BPM. We can compensate this term by calibrating the
BPM on the x or y axis. The third term, which depends on
both x and y displacements, is called the coupling between
the x and the y direction.
The coefficient of each term only depends on the
electrode angular width 4D. Both the sensitivity and the
nonlinear term are greater than zero if 4 is between zero
and 900. The coupling term, however, could be positive or
negative, depending on 4). We could let it be zero by
using an appropriate electrode width 4D.
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As the beam moves off-centre, the voltage from the
four electrodes are different. By calculating the voltage
ratio

20
Moaw

-20

two opposite electrodes we can find the
displacement in the X and Y directions from Eq. 3.
However, in practice, in order to get accurate beam
position measurement, the BPM has to be calibrated.
5 and 6 are two calibration curves on both X and

afrom

Pa

figure shows that the BPM output can reproduce the beam
signal faithfully.

(3)

2Oln(VR / VL) =160 Sin() / 2)x
I)
b
In 1

TO

bar can move freely in the radial direction inside the pipe.
A pulser provides a 100 mA current pulse on the bar and
the pulse is terminated by a 50 Q load. Figure 3 shows the
set up of this bench test. The parameters of the prototype
BPM are listed in Table 1.[7]
Table 1. BPM parameters
Electrode angle
Pipe inner radius Electrode radius
23.6 mm
23.5 mm
830
Resistance
Capacitance
Beam Current
3kQ
0.55 nF
100 mA

..............
......

.

.....

....
.

...

lawPckp~ch&Voltage
R atio
(dB)

Figure 3. Bench test set up.

3 DESIGN AND BENCH TEST
A prototype capacitive BPM has been designed and built
to test our theory of the capacitive BPM. There are four
electrodes inside the pipe. The electrodes are insulated
from the grounded wall by mylar, which has a dielectric
constant of 2.9 6 0 . Each electrode is connected to a
bleeder resistor R. For the bench test, a conducting
cylindrical bar was built to simulate the beam. The bar
and pipe are a co-axial structure with 500 impedance. The

10

......................

0

.

-10

...

.

-10

.....
.....

.

-5

....................

0

x(mm)

5

10

Figure 5. Calibration on X axis.
Y axes. In each figure, the horizontal axis is either x or y
offset, and the vertical axis is the corresponding voltage
ratio of two opposite electrodes. By using the two
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calibration curves, we assume that the voltages from the X
and Y direction are not coupled, otherwise we have to
calibrate the BPM on the whole X-Y plane, which is very
tedious.
.

30

.

20

4 CONCLUSION
A prototype capacitive BPM has been designed and bench
tested. The results show that our understanding of the
capacitive BPM is correct and the performance of the
BPM can meet our design objectives. A real BPM will be
built and tested for electron ring.

-

..

5 REFERENCES

Voltage
Ratio

i

i 0[1]

-10

..[3]

-20

M. Reiser et al, Fusion Engineering and Design, 32-33,292(1996).

[2] M. Reiser et al, Proceedings of this Conference.

.....

J.G. Wang et al., Proc. of PAC97, p. 1855 (1997).

[4] Robert E. Shafer, Beam Position Monitoring, workshop on
Accelerator Instrumentation, BNL,1989.
[5] H. Suk et al., Proc. of PAC97, p. 2143 (1997).
[6] M. Reiser, Theory and Design of Charged Particle Beams, 1994,

-....................

-0:

-

-10

.

(
-3

5

0m

5

10

John Wiley & Sons, INC., New York.

[7] UMER web page, http://www.ipr.umd.edu/ebte/ring.

To test the performance of this BPM, we have done a
bench test. We set the conducting rod at different radial
positions, and measured the beam positions based on the
BPM signal. Then we compared the measurement and the
mechanical position. Figure 7 shows the results of this
measurement. In the figure, crosses are the mechanical
positions and dots are BPM measurements. Within a 3mm displacement, measurements agree with the
mechanical position pretty well (error smaller than
0.2mm). But at 6 mm, there is a rather large difference
between them (about 0.8mm). We think this is due to the
coupling between X and Y electrodes. Because of the
existence of the coupling term, the voltage ratio in the x
direction depends on both x and y off-centring. We expect
this systematic error will be much smaller when we
optimise the electrode angle.
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Figure 7. Comparison between the set up and
measurement. (Cross: set up, Dot: measurement)
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VIBRATING WIRE SCANNER FOR
BEAM PROFILE MONITORING
Arutunian S.G., Dobrovolski N.M., Mailian M.R., Sinenko I.G., Vasiniuk I.E.
Yerevan Physics Institute, Br. Alikhanian St. 2, 375062 Yerevan, Armenia

balance between the power AE/At brought to it by

Abstract

the beam and two factors of heat removal: thermal
radiation
through
the
surface
W1
and

Method of beam transverse profile
measurement
accelerators by scanning wire is
wide-spread inin accelerators
technoloy
[1ning
tis
wide-spread in accelerator technology [1-6]. In this

thermoconductivity of the wire material through its
ed W22.
ends

work vibrating wire is proposed to use as a scanning
wire. In such way the system of radiation (or
secondary particles) extraction and measurement can
be removed. Dependence of oscillations frequency
on beam scattering is determined by several factors.
Our estimations show that influence caused by wire
heating will dominate,

1

power released on the wire can be
estimatedThe
by formula:
AE= k dE dap(x)ayd(1)
, dz )
At
where dE/dz is the ionisation loss of beam particles
in wire material, p(x) is local flux density of beam

INTRODUCTION

A bem o chrgedparicls
afect onThe
mechanical
vibrating wire frequency in several ways:
transverse influence caused by transferred pulse of
the beam, influence of beam magnetic field,
radiation affect of the beam on the wire material,
heating of the wire. The last effect is dominating,
since for typical currents of accelerator beams the
wire of gim diameter heats over 1000 K [2, 3].
Authors have accumulated a certain
experience in development of tension gauges on the
basis of vibrating wire. Frequency long-time relative
stability -10-5 at relative resolution _10-6 is obtained.
As a result of frequency multiplication its
measurement become much more accurate. We have
used such pickups for measurement of spatial

particles, k is the coefficient characterising the part
of scattered beam energy working on wire heating.
In works [3, 4] k is set equal to 1/3.
thermal radiation W1 is determined by
the formula:

(2)
W1 = Ssidea(T 4 -0T),
where Sside is the side surface of the wire, a is the
constant of Stefan-Boltzmann, T is the absolute
temperature of the wire.
Heat loss through the wire ends
approximately is equal
W2 = 2SK(T - TO) / ,
(3)
where S is the wire cross section, K is the thermal
city
W1

owi
+

m

aterial.

W2 (0y =1 mm).

distribution of magnetic field [7].
0.035

2 EQUILIBRIUM TEMPERATURE

Tom!_l_
..

0.030
0.025

Consider a long thin round wire, strained
along the y axis. Wire ends are kept at constant
temperature To. "Thin" and "long" mean that the

....

0.010

300m

__
0

Radiatio josse,.d=3 Ii',
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1. Beam propagates along the z axis,
y <<1<<

u
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1300

1500

T.K

Fig. 1. Energy losses for tungsten wire, d1=30 gxm,
d2=10 pm, 1=40 mm, ax= 3 mm, az=l mm.

the wire scans the beam in transverse x direction.
Equilibrium temperature of an immobile
wire in vacuum under beam is defined by the

0-7803-5573-3/99/$10.00@ 1999 IEEE.

s

-ive

=0.020

4.01

wire diameter d, its length 1 and part of the wire
irradiated by the beam ay satisfy the condition

0U

-
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The equilibrium temperature of the wire is
determined from the equation of balance:
W, + W2 = AE/At.
(4)

rigidly fixed ends the dominating factor is the
influence of the temperature on wire tension.
2291.0

Solution of this equation with respect to T
at different distances of the wire from the beam
centre are presented in Fig. 2.
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Fig. 3. Frequency dependence on current.

1

300

0

Heating of the scanning wire was modelled
passing of direct currents through the wire. Wire
natural oscillations were generated in two modes:
with one free end and with fixed ends of the wire.
Results of two series of measurements for

1,
3by
Fig. 2. Wire equilibrium temperature, d=30 jim (1),
d= 10 Fm (2).
-5

.3

-1

tungsten wire of diameter 70 jim are presented in
Fig. 3. The first series (squares) was carried out for
currents from 75 mA up to 250 mA (glow appeared
at 235 mA) and from 215 mA up to 345 mA. In first

Time of thermalisation c = Estoe/W also is
an important parameter for the scanning, where
Calculations show that the thermalisation time is
minimal in the beam centre and is 2 and 3 seconds
respectively for tungsten wires of diameters 10 jim
and 30 Rim. In the beam periphery this time is
approximately doubled.
Note when scanning consecutively the total
time of scanning is much more less than the sum of
thermalisation times of individual points, because of
the wire temperature changes insignificantly at
passing from one point to another.....1.0.

series the current was changed stepwise. In second
case between two consequent values the current was
nullified. In second series the frequency had restored
well at each switching on for currents up to 345 mA.
Yellow glow (T 1000 K) appears for currents more
than 300 mA.
2292.0
2291.5

2291.0

3 MODEL EXPERIMENT

2290,5

-

-

2290.0

Influence of the wire temperature on its
natural oscillations frequency is determined by its
elongation:
Af/f = -(1/2) Al/I = cX AT,
(6)
Coefficient
variation.
where AT is the temperature
aXb for metals varies from few units of 10-6 K up to

2289.5
2289.0

-i 1 -4 !

! ,

Fig. 4. Transient characteristics of wire with a free
end, I=215mA.

10-5 Kl(steels, bronzes, brasses, aluminium alloys).
Fig. 4 shows the transient characteristics at
the
However, forHoweer,
he rigidly
rgidy
or fixed
fied wire
ire moreFi.4sosteraintcrceitcst
ore
switching on/off for the current 215 mA. One can
on
essential is the influence of temperature changes
see that the frequency exceeds its steady-state value
-thisvalue
take
ds c
One
drn a fe secn
wire tension arising from inequality of coefficients of
during a few seconds. One can take this value for
thermal expansion of wire (x, and the base cxb:
estimate of the thermalisation time t . Cooling down
AJ
1JAF
ES
(ab - (a
(7)
processes are depicted without destruction, because
2 )AT,
fafter
switching on it takes some time for current to
where E is the Young's modulus, F is the wire
reach its steady-state.
tension. In formula (7) a large dimensionless factor
ES/F is separated out. Thus, for the wire with
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5 THERMALISATION TIMES
2700
2600

2500

---

-

--

•

2400
2300
t•200

Stability with respect to wire heating is one
of the main problems in developed wire scanner
technologies. To solve this problem, the scanning

,

,

was done at a high speed, up to -10 in/sec. [3, 4],
i.e. the wire passes across the mm size bunch during
4 seconds. Such times are too small for
of the wire. Note, the estimate of 'r
can be lowered, because in real movement from one
point to another will result in less temperature
jumps. However, one cannot expect thermalisation
times less than 10-2 s at temperatures, where long
time exploitation of wire is possible.
It is possible that problem of thermalisation
time
can
be solved
wire fixing
time canunc
solveda by improvement
imucheen of
ofwierexn
system, which now is essentially simplified in
comparison with similar wire scanning systems.
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8thermalisation
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Fig. 5. Transient characteristics of wire with rigidly
fixed ends, l=215mA.
Similar ewere
done for
with rigidly fixed
ends. As it was mentioned
above,
chage
was
the frequency changes interval was much more
wider. Fig. 5 shows the transient characteristics at
switching on/off of the current 215 mA.
Restoration of the frequency in both cases
were good enough, i.e. heating of the wire up to
1000 K does not lead to irreversible changes of wire
pardimeters.

-

6 CONCLUSION
Indubitable advantage of proposed method is
the compactness of the whole system and the
elimination of the unit of radiation receivers. The
peripheral monitoring of the bunch by proposed
method also can be interesting.
Authors would like to thank R.Reetz and
A.Ts.Amatuni for helping support.

4 MAGNETIC FIELD
There are two possibilities in scheme of
vibrating wire scanner: to use a scheme with own
magnet or use the accelerator magnetic fields (dipole
magnets, quadrupole lenses). In developed by the
authors pickups natural oscillations of the wire were
excited in autogeneration scheme. Exciting action on
the wire arises as a result of interaction between the
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THE FIRST RESULTS OF OPTICS MATCHING USING WIRE SCANNERS
FOR THE KEKB BEAM TRANSPORT LINE
Naoko Iida, Yoshihiro Funakoshi, Mitsuo Kikuchi, Kotaro Satoh, Tsuyoshi Suwada,
and Takashi Kawamoto, KEK, 1-1 Oho, Tsukuba-shi, Ibaraki-ken 305-0810, Japan
Abstract
beam tunings. In this paper, the first results of beam-size
In the beam transport lines from the injector linac to KEKB
rings, four wire scanners were installed for each of positron
and electron line. The vibrations and no-linearities of
the wire holders were suppressed to be small enough for
beam size measurements. Optics matchings were made using the wire scanners. Better transmission from the linac
to the rings was obtained. By detecting shower due to
Bremsstrahlung near the detector, the beam sizes were successfully measured without any beam tunings dedicated for
background.

1

INTRODUCTION

In the KEKB the electrons(positrons) accelerated in the
linac up to 8GeV(3.5GeV) are transported to the main rings
through beam transport(BT) lines whose length are about
500m. At the BT, electron and positron lines have a doubledecked structure in the first part of tunnel of 350m long and
fed into separated tunnel in the rest part. In order to maintain high luminosity, a well-controlled operation transport
line is required for minimizing tuning time and a stable operation. A wire scanner(WS) for monitoring beam profiles
non-destructively is useful for these purposes. Beam tests
of a prototype for WS have been done at KEKB injection
linac so far[I][2]. We produced improved wire scanners
as an actual model; more compact, less expensive but with
smaller wire vibrations. Especially we took care of the wire
positioning which leads directly the systematic error. In order to study this effect two prototypes with cantilever supports had been produced. One had linear guides in vacuum
which can suppress wire vibrations most effectively since
the cantilever was very short. Another had linear guide
outside the vacuum chamber. We measured the wire positioning for both of them[3]. As a result, both types were
feasible but we adopted the type with one linear guide for
its easier handling in maintenance and lower cost. We installed ten wire scanners in total to the BT lines, for all of
which wire positionings had been measured before installation.
In the entrance of BT lines, at least three WS's are
needed to determine beam emittance and Twiss parameters
in the optics matching. For redundancy, we adopted four
wire scanners are mounted in each line. By using a photomultiplier tube(PMT) with plastic scintillator, we detected
shower occurred near the PMT due to Bremssstrahlung
emitted from the wire crossing a beam. The PMT's were
set at a wide angle(65°) to the beam lines. By this setting
beam background from the upstream was effectively shut
off and high S/N ratio was obtained without any dedicated
0-7803-5573-3/99/$10.00@ 1999 IEEE.

measurement and optics matching in the positron BT line
are presented.

2 PRODUCTION OF WIRE SCANNERS
2.1 A structure of the wire scanner
The schematic view of the wire scanner is shown in Fig. 1.
A thin thread of tungsten of 100lum in diameter is stretched
between three pins on the wire holder so as to form three(X,U- and Y-) wires perpendicular to the beam. The holder is
attached on one side of long shaft, while another side of
which is fixed, in a cantilever style, to a stainless block
mounted on the Linear Guide. The block is moved with
a pulse-motor through a screw shaft. The Linear Guide
rails are tightly bolted on the thick base plate, which also
support the total weight of the mover. The holder and its
support shaft is in vacuum. The conversion ratio of rotation with pulse motor to linear motion is 4imi/pulse. The
linear motion is monitored through a potentiometer with
a resolution of 501im. The vacuum chamber has a window of stainless steel of 50jim in thickness which allows
low-energy knock-on electrons(J-ray) to pass the window.
We detected the 3-ray at the window and also high energy
y-rays at the downstream using a PMT(Hamamatsu/R32902) with a 40 x 50 x 10mm 3 plastic scintillator.
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Pulse Motor
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./,

'
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Figure 1: Schematic view of the wire scanner.

2.2

Measurement system of displacements of

Since we adopted a cantilever to support the wire holder,
a vibration in the direction perpendicular to linear motion
and to the beam was a serious concern. We have measured a static displacement (no-linearity) and also a vi-
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bration during linear motion. The layout of measuring
system is shown in Fig. 2. A laser displacement-meter,
KEYENCE/LC2430, was placed at the side of the wire
holder. The LC2430 measures the distance from the surface
reflecting the emitted laser light, using a built-in positionsensitive detector(PSD). The resolution is 0.02jim. As a
reflector, we attached a block gauge with flatness of less
than 0.1 pm and with area of 30x 10amm2 on the one side
of the holder. We measured the displacements for all of ten
WS's to be installed within the area of the block gauge. The
linear motion was monitored with a magnescale. The measurement was done without a vacuum vessel. The pulse rate
of the pulse motor was I1kHz. The results were: maximum
amplitude of non-linear displacement was ±8jim in peakto-peak, maximum amplitude of vibration was ± 1Ojim in
peak-to-peak. These are sufficiently small for the present
beam size.
Laser Displacement Meter
•~Gauge Block
G20x 10x5Bl

----

_..

Head Part of Wire Scanner

Oscilloscope, Macintosh

*Laser Displacement Meter

P

h

-

A-Wire

QF

QD

QF

QD
e+ Beam

B-Wire

C-Wire

D-Wire

Figure 3: The arrangement of WS's in the positron line

3.2

Beam optics in the wire scanners

The four wire scanners were placed at a regular section of
long straight, where the phase advance is ir/2 for both of
the horizontal and vertical planes. At the region, there is
no dispersion in the design. A- and C-(B- and D-) wire

(via RS232C)

3.3 Measurement of beam sizes

KEYENCE LC2430

(8=0.02p

ADC-D

C-C

scanners were placed at the downstream of the defocusing(focusing) quadrupole magnets. A matching of Twiss
parameters to the linac was done by using all quadrupole
magnets upstream the wire scanners, under the condition
that the dispersion is to be closed and beta functions at
some points not exceed some maximum values.

Magnescale
Laser Light

T

ADC-B

ADC-A

]

The typical results of beam-size measurements are shown
in Fig. 4 and 5 for electron(C-wire) and positron(A-wire)

SD

-displacement

line,respectively. The horizontal axis is a position of wire
holder along the scanning direction and the vertical axis is

Figure 2: Schematic view of vibration measurement systemn.

ADC count of the signal. We can clearly see three peaks
corresponding to the Y, U and X wires crossing the beam.
Each peak was fitted to an asymmetric Gaussian shape. The
beam sizes of Y and X were obtained from peak with divided by v/2. The typical S/N ratio was about 45 and 7.5

3 OPTICS MATCHING

for electron and positron. For A, B, C wire scanners, we

3.1 Arrangement of the wire scanners
The four wire scanners were placed at the downstream of
quadrupole magnets for each of the positron and electron
is shown
line. The arrangement of WS's in the positron line
in Fig 3. Two detectors(PMT's with plastic scintillators)
were set for the four wire scanners: One PMT located near
the C-wire detects high energy particles emitted from wires
the"A"
C-wie
adetectswhile
anotergy p PMT
cear
T near
emthed
fwires
d
of
and
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all
line,
electron
"D" detector. The PMT was placed just downstream of the
window with 650 in angle to the beam line. The detectors
in
were surrounded by lead shield of 66mm in thickness
all direction, while to the upstream side the thickness was
166mm. The signal from PMT was put into the CAMAC
ADC/2249W, LeCroy. The data were taken by a VME system via CAMAC serial highway.

observed high S/N ratios almost independent on the beam
condition. This is because the background from beam halo
was almost completely shielded with the lead blocks of
166mm( 30 radiation length ). On the other hand, the signafrmecto geicswrocuedtthbampe
near thefrom
detector,
which was
generated
by the
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For D-wire scanner as shown in Fig 6, however, the PMT
detects the small 6f-ray as the signal, while the background
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We have made optics matching at the positron line. The
beam sizes at the four wire scanners were used to ob-
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Figure 5: Typical transverse beam distributions(A-wire) in
positron line.
tain Twigs parameters at the A-wire. In the phase space,
we can draw two ellipses, one from measured parameters(S1) and another from design ones(S2). An additional
ellipse(S3) can be drawn that it circumscribes the ellipse
S I and is similar to S2. Here Bmag means a ratio of an
area of ellipse(S3) to that of ellipse(S2). It is given by[4];
Bmag = [fl2/i•l-'1-/l/2±"0il2(aOl//1--a2/02) 2]/2. The
subscripts 1 and 2 mean measured and design values, respectively. When measured twiss parameters are the same
as design ones, Bmag becomes unit. The obtained emittances and Bmag's are summarized in Table 1. Although in
the horizontal direction Bmag was not changed so much, in
the vertical direction, it became smaller and the products of
emittance and Bmag decreased after matching. This means
that the transmission of the transport line becomes better.

4

CONCLUSION

We developed wire scanners for the BT line from the injector linac to KEKB rings. Since a cantilever support
for a wire holder was adopted for easier maintenance and
lower cost, we carefully designed them to suppress vibration and non-linear motion of the wire. Bench measurements showed that they were negligibly small for beam size
measurements.
By using the wire scanners, the first trial for optics
matching in the positron line has been successfully done.

Better transmission was obtained in the line. Emittances as
well as Twiss parameters obtained in the optics matching
process gave useful information for a tuning of the injector
linac.
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Abstract

which makes it difficult to measure spots of high 7 beams
with
sufficient
spatial
contrast,
angular
distribution
of resolution.
0TR photonsIndoes
peak while
at the the
anotside 1 theo s
of
gle 1/,thinten falloff
outside the 11/y cone is much
gle 1/-y the intensity
slower than, for example, that of synchrotron radiation.
The fraction of energy inside the 1/7 cone drops with increasing energy, giving OTR utility for beam diagnosis at
ultra-relativistic energies. The OTR angular distribution
from a single electron for a metal foil is

We present results of measurements of spot size and angubeam though use of
electron
a 30 GeV(OTR).
divergence
lar
The OTR near field pattransitionofradiation
optical
tern and far field distribution are measured as a function
of beam spot size and divergence at wavelengths of 441,
532, and 800 nm, for both the single and double foil configurations. Electron beam spot sizes of 50Im rms have
been resolved, demonstrating the utility of OTR for measurement of small beam spot sizes of high energy (30 GeV)
electron beams. Two-foil interference was clearly observed
and utilized to extract electron beam angular divergences of
100prad.

1

d 2W1 (9)
02
1 1
-,,.,
« « 1, (1)
' '
(7- + 92)2
dwdS2
which is valid for both backward and forward OTR if the
photon energy is smaller than -. 10 eV, the typical energy
corresponding to the plasma frequency of metallic foils.

INTRODUCTION

The theory of transition radiation was first introduced by
Frank and Ginzburg in the first half of the century [11 and
was further developed in the late 1950's by Garibyan [21
and others. Transition radiation has been widely used in
high energy physics for particle identification, as well as for
diagnosis in accelerator research. A comprehensive body
of experimental work in the area of accelerator beam diagnosis currently covers a large range of beam energies, from
10's to 100's of MeV for visible transition radiation [3, 4],
while most work at multi-GeV energies shifts to the X-ray
portion of the spectrum [5]. Only recently, work has been
performed in the visible wavelengths at energies up to 3.2
GeV and detailed discussions of the spatial resolution of
OTR have been presented (see for example [61-[9]).
In this paper, results are presented of the diagnostic implementation of optical transition radiation for a 30 GeV
electron beam. Spot sizes as low as 50/4m rms have been

While beam divergence can in principle be obtained
from the far field pattern of a single foil, the two foil
interferometer, as developed by L. Wartski [3], is often preferred as it provides increased sensitivity to beam
divergence[4]. Furthermore, the two-foil interferometer provides control over the angular resolution, unlike
the single foil configuration, for which the resolution is
fixed at each beam energy. In the two-foil interferometer, forward radiation from an upstream foil combines
with backward radiation from a second foil located a distance L downstream, yielding an addition of phases of
1 - exp [-j7r(7- 2 + 02)L/A]. -The interference term de2
pends on the formation length, Lf = (A/lr)(7- + 92)-1
(written for vacuum, 7»>> 1 and 9 < 1) [2, 3]. The angular
intensity distribution [3] for the two foil interferometer for
large angles (9 > 1/7) becomes
d2 W 2 (9)
dwd

resolved using radiation at 532 nm and beam divergences

on the order of ,- 100lrad have been obtained using the
double foil configuration. Spot size resolution is consistent with what is expected from the collection angle of the
optical imaging system.

2

CONCEPT

Diagnostic spatial resolution, d, is determined by diffraction: d - A/0,
/d2 where A is the radiation wavelength and 0
is the collection angle. Typically, radiation from highly relativistic electrons is concentrated in a cone of width 1/7,

2

(L\

(2)

Lf

where Lf ý- A/(ir9 2 ). After convolution of the two-foil
interference pattern for a single electron with a Gaussian
electron beam distribution of angular width o-0, the angular
intensity distribution can be written,
d2 W2 (0, u00)

2d2 W1 (9),_
Cd,••

(3)

where
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Figure 1: Experimental setup.

OTR near field images

3 EXPERIMENTAL SETUP
The experiments were performed in the FFTB beamline at
SLAC. The experimental setup is shown in Fig. 1. An aluminum coated fused silica substrate (150tim thick) was located 0.56 m downstream from a retractable, 25 /im thick
Beryllium foil. The backward reflected OTR was split by a
pellicle beamsplitter between two cooled CCD cameras, 16
bit and 12 bit, providing simultaneous images of the near
and far field, respectively. The near field resolution was determined using a resolution target and was 10 pm or better.
This is consistent with the collection angle of 0.1 rad. The
available field of view was approximately 3 mm. Far field
resolution was set at 6/'y radians per pixel. For this experimental run, the beam energy was 28.5 GeV, and single mi0
crobunches with about 1.5x101 particles with normalized
vertical and horizontal emittances of 0.47x10 5 m-rad and
6.5x10- 5 m-rad were used.
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Figure 2: Spot size measured with OTR and near field images for vertical and horizontal quadrupole scans.

Spot size measurement

Results from near field imaging of the OTR from a single
foil (fused silica inserted, Be removed from the beam path)
are shown in Fig. 2. Quad scans were performed in the vertical and horizontal axes, and OTR images were recorded
as the scans passed through and beyond a waist at the foil
location. The series of five images shown in Fig. 2 are near
field images recorded by the cooled CCD during the horizontal and vertical quad scans. The accompanying plots
contain the complete set of extracted rms beam sizes as a
function of quadrupole strength. Beam spot sizes of 50/tm
were resolved in both axes in a single shot measurement.
Beam spot size resolution and photon yield were compared with and without the addition of the second foil (Be
at 0.56 m upstream). No difference was observed in either
the measured spot size or the number of collected photons.
This observation is consistent with the depth of focus of
the near field imaging of our setup, which was small compared with the foil separation; only the photons from one
foil were well imaged onto the CCD chip.

4.2

Angular divergence measurement: two-foil
interferometry

Interference patterns were recorded from the two-foil interferometer at a variety of wavelengths: 441, 532, 632,
800, and 1064 nm. The appearance of the intensity maxima is well described by Eq. (2) both as a function of angle
and as a function of wavelength. In Fig. 3, two-foil interference patterns centered at 441 and 800 nm display the
expected increase in peak separation with wavelength. At
28.5 GeV, A = 532 nm, and foil separation L - 0.6 m,
the first interference maximum is expected and observed
at angle of 50/-y. Note that if one wishes to set the first
interference maximum near 1/-y, then the required foil separation length, A'y2 /2ir, is on the order of a km, which is
comparable to the total length of the SLAC linac.
Foil separation L is chosen only according to the range
of divergence one wishes to diagnose. From Eqs. (3)-(4),
one can see that the angular resolution (minimum resolv-
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Figure 3: Comparison of two-foil interference at 441 and
800 nm shows expected wavelength dependence.

PC

were extracted from the data using Eq. 3 and 4.
The descibed techniques were developed in support of
the E157 experiment [10] at the FFTB at SLAC, which
will study the interaction of the 30 GeV beam with a long
plasma column. In effect, the OTR foils have been designed into the setup in such a way that they serve a double purpose. One of the foils will separate a plasma volume from an ultra-high vacuum section of beampipe; the
other doubles as an Excimer incoupler. Viewing OTR in
this compact fashion will provide non-destructive
S0.6 diagnostic information for the E157 experiment as close as possito the interaction region. OTR will be collected both at
oven entrance and exit to determine beam parameters
directly at the experiment entrance as well as after interaction with the plasma. Because this interaction is expected
to produce large changes in the beam spot size and divergence which are time varying, streaking the OTR at the
oven exit is planned.
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CONCLUSIONS
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evolves from no modulation to full modulation, indicating
that realistic beam parameters can be diagnosed.
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Abstract

2.

Four ionization beam profile monitors (IPM's) have been
installed in RHIC to measure vertical and horizontal
profiles in the two rings. Each IPM collects and measures
the distribution of electrons in the beamline resulting
from residual gas ionization during bunch passage. The
electrons are swept transversely from the beamline and
collected on strip anodes oriented parallel to the beam
axis. At each bunch passage the charge pulses are
amplified, integrated, and digitized.
The system is
designed to measure single-bunch profiles with up to 120
bunches in each ring.
1. INTRODUCTION
The Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Lab will accelerate and store beams
of ions ranging from protons to gold nuclei [1].
Transverse beam profiles will be obtained by measuring
the distribution of free electrons formed by beam
ionization of the residual gas [2,3]. The electrons are
swept from the beamline by a transverse electric field,
amplified by a microchannel plate (MCP), and collected
on a circuit board with strip anodes oriented parallel to the
beam axis. A uniform magnetic field, parallel to the
sweep electric field, counters the defocusing effects of
space charge and recoil momentum.
The RHIC IPM detector is a close copy of the
prototype, ref. 2, which was tested in the AGS-RHIC
transfer line in 1997. However the prototype measured
bunches separated by several seconds so it was adequate to
use slow charge-sensitive amplifiers (T-4gts), track-andhold amplifiers, and slow digitizers. The RHIC monitors
are intended to digitize individual bunches spaced 107ns
apart. This requires faster preamplifiers and digitizers.
Also much of the ground plane on the collector board is
removed to lower capacitance. Finally a test pulse input
was added to the detector to make it possible to determine
gain and offset corrections for all 64 channels in a single
measurement.
This paper describes the detector, digitizers and datacollection systems.
The kinematics of electron
confinement by the magnet field is discussed in ref. 2.

0-7803-5573-3/99/$ 10.000@ 1999 IEEE.

DESIGN CONSIDERATIONS

RHIC will accelerate and store many different beams and
the IPM's are located 50m from an interaction point where
the lattice optics varies with the requirements of the
experiment. Depending on energy, ion species and i.p.
optics the rms width of the beam can vary from 0.7mm to
6.5mm. The channel spacing has to be small enough that
a reasonable measurement can be made on the most
narrow beam but the collector has to be wide enough to
see the largest beam with some allowance for missteering
and betatron oscillations.
The compromise chosen was to build a collector with
64 channels spaced 0.6 mm apart. Only 6a of the widest
beam fits on the collector and 6; of the narrowest beam
fits on only 7 channels. However the measurement of a
Gaussian beam of a =0.7mm with a collector 0.6mm
wide yields a rms width less than 4% larger than the true
width.
RHIC has superconducting magnets so the residual
gases are helium and hydrogen. The measured primary
ionization rate for minimally ionizing protons in these
two gases at atmospheric pressure is about 5.5 ion
pairs/cm and the cross section is proportional to Z2 [4]. A
gold bunch with 10' ions in a vacuum of 10Ntorr will
create about 4,000 ion/electron pairs in one passage. An
MCP has a detection efficiency for 1.5kV electrons of
36% so about 1,400 electrons will be detected per bunch
[5]. Monte Carlo simulations show that the variance of a
Gaussian parent distribution can be obtained to within
±2.2% by sampling 1000 points.
A bunch of 10" protons will produce only -20
detected electrons. In the beginning proton-beam profiles
will be generated by summing up 50 or more single
bunch signals. This can either be done with all bunches
or by looking at the same bunch on consecutive turns.
Single proton bunches can only be measured if a pressure
bunch is added.
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3.

DETECTOR

Figure 1 is a cross section of the IPM from the
perspective of looking along the beamline. The detector
vacuum chamber is made from 10xl5cm rectangular 304
stainless steel tubing. A detector port is formed by
welding a short section of this tubing into the side with a
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10" conflat flange attached. The detector (fig. 2) is
mounted entirely on a mating flange.
Two 30-cm long 'C' permanent dipole magnets
producing 0.14T are placed 30 cm apart along the
chamber. One is centered on the detector to focus the
electrons and the second corrects the beam deflection
caused by the first. The magnet pole tips are shaped to
produce parallel field lines within an area of 38mm
parallel to the collector by 63mm perpendicular to it.
Within this collection area the maximum field-line
transverse runout is 0.034mm or 6% of a channel width,
The collector board is alumina metallized with gold.
There are 64 anodes which are 91mm long and spaced
0.6mm apart. Plated-through holes connect the anodes to
traces on the back of the board which bring the collected
charge to the edge. Short alumina coated wires are
soldered to pads on the board and are attached to two 35pin feedthroughs with push-on connectors. A chevron
8xl0cm microchannel plate detector [6] is screwed directly
to the board with a kapton gasket providing electrical
insulation. The transverse sweep field is generated with
an electrode and secondary-electron suppression grid on the
other side of the beam.

voltage so the sweep field remains a constant 3.0kV as the
MCP bias is adjusted. The MCP bias voltage is the only
gain control 'knob' in the system. MCP bias is adjusted
until the channel with the largest signal approach the
dynamic ceiling of the electronics.
The detector flange has four 2.75" conflat ports. Two
are for signal feedthroughs and one is for the high voltage
feedthrough. The top port in fig. 2 has a quartz window
for illuminating the MCP with UV light. Although the
illumination across the plate is not uniform, it will
provide a method to baseline the new MCP. The current
illumination pattern can be compared to the baseline to
tell when the plate ages and the gain drops in the center
channels.
Each collector anode capacitively couples to the
output electrode of the MCP by about 1.3pF. A step
pulse delivered to the MCP output drives all 64 channels
with pulses that only vary by the small differences in
anode areas, differences which also affect the beam signals.
The bias line to the MCP output is a parallel
transmission line with Z-1059. This pulse input will be
used to calibrate each detector to compensate in software
for channel-to-channel variations in gain and offset.

'C permanert
magnet, 0.19tesla

board ae

onothdbottom

Figure 1. Cross sectional view of PM. View is
looking along the beamline. In this orientation
the IPM would measure horizontal profiles.

Each bunch passage will deliver charge pulses to the

Taut-wire beam-coupling measurements showed that
the collector board needed to be shielded from the beam
hattheMCPelecrods dd nt prvid god ~
ig and
apreamplifier

anodes. Individual pulses are integrated and shaped by
charge-sensitive, hybrid preamplifiers and hybrid shapers
both designedhasby aBNL
0.6V/pC andThea
chargeInstrumentation
sensitivity of Division.
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decay time constant of 20ns, and the shaper has a voltage
gain
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PM done
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system of 2-3fC. The shaper output is amplified by a
AD811 op amp [7] set to a gain of 2, and coupled into a
transformer.
balanced
line via
output
channel
alsoa 1:1
haspulse
a low-pass-filtered
s in d t an M100
oEvery
Taut-wire bea-oltag linesbiasurementhe
output and the sweep electrode and suppression grid. The which rolls off at about 100kHz. These channels provide
sweep voltage power supply floats on the MCP input dc coupling to measure beam profiles with unbunched

2115

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
beams. After filtering the signals are amplified by OP-37
op amps and coupled into twisted-pair cables through
SSM2142 balanced-line drivers [7].
Eight preamp circuits are on a 15xl5cm board. Four
of these boards are mounted in a chassis box which is
attached to the vacuum feedthrough to minimize signal
lead length. The pulse outputs are connected to VME
digitizers installed in racks beneath the beamline to
minimize cable lengths. The filtered signals are brought
out of the tunnel to the instrumentation control room
(ICR) on twisted pair cable and digitized with a RHIC
general purpose A/D converter [8]. All eight pulse
channels on each preamp board are summed together into
one signal which is brought back to the ICR on coaxial
cable for diagnostic purposes.
The fast pulses have a base width of IOOns and a
frequency of 9.4MHz with 120 bunches in a ring. They
are digitized by Hytec VTR2535 8-channel VME digitizers
[9]. Each digitizer channel has a dedicated AD9220 12-bit,
1OMSPS ADC [7] backed with 128k words of memory.
The digitizers are triggered by a V124 trigger module
synchronized to the beam-sync clock [10]. During beam
measurement the data are written into memory on the
digitizer cards. Acquisition is then stopped and the data
are read by the front end computer in the VME chassis and
sorted into profiles.
4.

5.

Four IPM's are installed in RHIC to measure horizontal
and vertical beam profile in both rings. The design is
based on a prototype which measured single-bunch
profiles in the AGS-RHIC transfer line. We expect to be
able to measure single-bunch profiles of gold beams and
averaged profiles of proton beams. Single-bunch profiles
of proton beams will only be possible with a pressure
bump.
6.

During the commissioning of RHIC the IPM will be an
experimental device which is operated manually from the
bias and the
for both the MCP
supplies
ICR. The powerswee
illbe frm thir ron paels
fild
cntrlle
sweep field will be controlled from their front panels
although they will be interlocked to vacuum gauges.
Early commissioning will be done with only a few
bunches in the ring so neither gain depletion or saturation
is a concern. Eventually the measurement application
will control these voltages.
The control application allows the operator to select a
bunch and to select the number of turns to be collected.
When the selected number of profiles are acquired, the
program sums the data into one average profile. It fits a
Gaussian to the profile and displays both the measured
profile and the center and variance of the fit. If desired this
can be repeated at a selected interval. After each data set is
collected the new profile and width are displayed. The last
profile is added to a mountain-range display and the values
of the width and center are added to a strip-chart display.
In this manner we can follow the beam profile during the
energy ramp.
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The RHIC Tune Measurement System
P. Cameron, R. Connolly, J. Cupolo, A. Drees, W. Ryan, T. Shea,
R. Sikora, D. Trbojevic, and N. Tsoupas
Brookhaven National Lab, Upton, NY 11973
Abstract
Each of the four fractional betatron tunes of RHIC (two
planes, two rings) is measured with a transverse beam
kicker and dedicated beam position monitor (BPM). A 15kV pulse is generated by a fast FET switch, passed
through a stripline kicker, attenuated, and returned to the
instrumentation control room (ICR) for monitoring.
When pulsed at 3kV, the four-meter long kicker gives a
gold beam at injection (y= 12.6) an angular kick of 1lprad
resulting in a betatron amplitude of 0.8mm at the BPM
(yb,,=4.3mm). A single bunch is kicked a few times and
then measured for several hundred turns. A fast Fourier
transform (FFT) of the position data gives the tune.
1.

INTRODUCTION

The Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Lab consists of two synchrotrons
which intersect at six points around the 3.8km
circumference [1]. Ion beams from protons to fullystripped gold will be accelerated and stored. Both rings are
designed to have horizontal tunes of 28.19 and vertical
tunes of 29.18. Each fractional tune will be measured by
exciting a betatron oscillation in a single bunch with a
transverse beam kicker and measuring the transverse
position on subsequent turns with a BPM [2].
Each ring has two kicker modules with four 2m-long
striplines to allow both horizontal and vertical kicks.
Two
installed
a ring
one can
useddriven
with
pulsedkickers
powerarefor
kicks inand
thesoother
canbe be
puled
fo kiks
owe nd he the ca bedrien
proportionally with rf amplifiers for transverse damping.
For early operation of RHIC only pulsed power will be
used and the two kickers are connected in series to provide
4m of stripline kicker. Additionally only one stripline in
each
plane willonbeboth
powered
be terminated
ends. and the opposing stripline will
In
thrmisnpaper wnbedands.
tnumber
In this paper wetheh
descri
e kicker and the BPM.e
describe the timing which allow s the selection of the s .am
e
bunch
for
the
kicker
and
BPM.
Finally
results
are
given
of simulations done to determine the measurement
accuracyupossibleconsitodetering
RHI
the
neasprea
t
accuracy possible considering the R HIC tune
spread and
BPM resolution,
2.

spaced Im apart. Each subtends an angle of 70' and the
aperture is 7cm. Electrical connectors are type HN
feedthroughs. The assembly is designed to give 500
impedance when opposing lines are driven in the difference
mode. With three lines terminated the impedance of a
single line is 550.

KICKER AND BPM

Figure 1 shows one section of kicker in the assembly area
set up for electrical measurements.
Four 2m-long,
stainless steel striplines are mounted on ceramic standoffs
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1.

One section of kicker in assembly area.

One channel of the kicker system is shown in fig. 2.
The
kick [3].Pulse
edfsFE
by bys capacitors
itchsmdon
by Behlke
Pulsegent
current is supplied
the switch input which are charged by a 5kV power
t
he switch
iu
c ar charembak power
supply. The switches for all four measurement planes are
mounted in one chassis box and powered by a single
power supply. One switch is triggered at a time by TeL
pulses from the timing system.
The RHIC acceleration system operates at harmonic
360. Speed limitations of the injection kicker
require that at least two empty buckets be between
aj c n u c e . T e e o e b n h s c n o e c o e
adjacent
bunches.
cannotwhich
be closer
together than
about Therefore
liIOns. Thebunches
FET switch
fires
the tune kicker gives a pulse length of 140ns which will
be c n r d on t e m a u d b n hfg 3 . A s s ow
be centered on the measured bunch,
fig. 3. Also shown
are the coupled pulses from both the 1800
line and one of
flat region of
a
is
the 90' lines. This shows that there
about 70ns where the beam will be affected only by the
pulsed line.
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orbit signal therefore possibly increasing the resolution to
around Iljm.
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*
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The FET switch is triggered by a TTL pulse from a
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same as BPM data acquisition.
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I.

In the case of the kicker, the 'turn-by-turn data
acquisition of the BPM' event will trigger a sequence of
one or more kicks. The kicker trigger is supplied by the
gate output which normally triggers data
acquisition by the BPM. Each BPM and the kicker
has the appropriate delay so, on turn-by-turn
acquisition, the same bunch will be kicked and observed
on all BPM's. For most tune measurements the data from
a single BPM per plane in each ring will be used.
All of the BPM's are connected to VME via IEEE
1394 serial bus interface. In the case of the kicker the
connection will be used to read a time-stamped history of
kicks for correlation to the time-stamped position
measurements. Also kick delay will be adjusted over this
bus.

.enable
*
OT
V
`•E••.`iii`•`.•C••``v{.-•`f•`•-.••`••V•25;
Ch3 soomvo NZ
.oo vo

Figure 3.

Mmodule
Mar 1999
11:01A]

Oscilloscope display of trigger signal (4),
output pulse (1), and coupled pulses from
the 180' line and one 90' line (2,3). The
trigger delay here is 80ns and the pulse is
about 130ns long. A 1kV pulse returns as a
IV pulse after -60dB of attenuation,

A ring has 161 BPM's for each plane. These are
23cm-long 50Q striplines with one end shorted and the
other end connected to high-speed, peak-sampling
integrated processing electronics. The system is described
in ref. 4. In principle any of the BPM's can be used for
the measurement and one is chosen where the 0l-function
is large.
A single kick of a gold beam at injection will cause a
deflection of I lprad giving a betatron amplitude of
780gm at the BPM we plan to use. The expected BPM
noise floor for single bunch measurements 50gm. Also
there is a movable dual-plane BPM located near each
kicker. These can be positioned to null out the closed

4.

SIMULATION RESULTS

In early operation of RHIC the tune will be measured by
kicking a single bunch with one or more kicks to build up
a betatron oscillation. The transverse position of this
bunch will be measured on consecutive turns with one
dedicated BPM at a location with a high beta function.
Also being considered is white noise excitation of the
beam by applying random kicks to the bunch duringthe
entire measurement process and continuous low-level
excitation via a phase-lock loop.
A Monte Carlo simulation was done to estimate the
possible measurement accuracy and to test the performace
of application software. A sinewave multiplied by a
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calculated Gaussian-shaped envelope [5] is analyzed by
performing a fast Fourier Transformation (FFT) on the
position data for 1024 turns. In the simulation a coupling
of 90% between horizontal and vertical betatron motion
has been assumed. The fractional tunes with a tune spread
of 0.001 each were set to be 0.01 apart. White noise with
various rms amplitudes was added to simulate the
anticipated noise floor of the BPM. Noise filter
algorithms are implemented in the application software to
enhance fit results.
Figure 5 shows a smoothed FFT spectrum with
simulated data at a signal-to-background ratio of 0.7. The
solid lines correspond to the fitted horizontal and vertical
tune signals. The FFT, noise filtering and fitting were
performed on a set of input signals (qmp) superimposed by
white noise at signal-to-background ratios from 0.1 to
1.0.

This value corresponds to an accuracy of the order of I o0
which is required for the tune measurement. For the
anticipated BPM noise level at RHIC start up, i.e. 50%,
we expect a measurement accuracy of 1x10 3 .
5.

The RHIC tune system has been described. Two kicker
sections in each ring will be connected in series at first
and transverse kicks will be delivered to the beam via fast
FET switches. For early operation tune will be measured
by giving a single bunch one or more kicks to build up a
betatron oscillation and following this bunch with a BPM
Simulations indicate that
in the turn-by-turn mode.
fractional tune can be measured with an uncertainty of
<0.5%.
6.
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DISCUSSION

Measurement error (Aq/q) plotted as a

function of noise amplitude for filtered and
unfiltered data.

Figure 6 shows the deviation of the fitted tune (t)
from the input value as a function of noise level for both
filtered and unfiltered FFT spectra. It can be seen that
while using a noise filter the average deviation from the
real value stays below 1% up to a noise level of 90%.
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Optical Beamlines for the KEK B-Factory Synchrotron Radiation Monitors*
J. W. Flanagan , S. Hiramatsu, T. Mitsuhashi, KEK, Tsukuba, Ibaraki Japan
Abstract
We have designed and constructed two optical beamlines
for the KEK B-Factory synchrotron radiation monitors, one
for each ring. Each beamline transports the SR beam 30-40
meters acrng. eahernamlotics hutcralons
two parallel
b ats
3
meters to an external optics hutch along two parallel paths.
One path is used for direct imaging with adaptive optics[ 1],
the other is used for transverse beam size measurements
via SR interferometer[2] and longitudinal profile measurements via streak camera. We designed and installed relay
lens systems for the adaptive optics paths. We also provide
remote alignment control for components which are inaccessible during beam operation (14 mirrors and 2 pairs of
lenses total), with monitoring provided by a set of remotecontrolled optical screen monitors. We describe the design
of the relay lensmanc
and alignment
resltsto systems along with perfor-

1 INTRODUCTION
The KEK B-Factory is an asymmetric electron-positron
collider with two intersecting storage rings: the High Energy Ring (HER) for storing 8 GeV electrons, and the
Low Energy Ring (LER) for storing 3.5 GeV positrons.
Each ring has a complete, independent SR monitor system,
consisting of a 5 mradian bend SR source magnet, watercooled beryllium extraction mirror, closed optical beamlines and above-ground optical hutch. The beamline for
the LER is shown in Fig. 1; the HER beamline is similar,
except for having one less bend in the tunnel. The beamline
is split into two paths soon after the extraction mirror. One
path, the imaging line, contains two pairs of relay lenses
which are used to transport the SR wavefront at the extraction mirror to a deformable mirror in the optics hutch for
wavefront correction prior to imaging. The other path, the
direct beamline, has no focusing optics.
The mirrors for both imaging and direct beamlines are
custom ground and coated with aluminum for a surface flatness of A/10.

2
2.1

OPTICAL PATH DESIGN

Imaging Beamline

The principle features of the imaging beamline are shown
in Fig. 2. The optical path begins at an SR extraction
point on the beam line, reflects from a beryllium extraction mirror in the beam pipe, and then passes to an optical hutch aboveground outside the tunnel, where the im*Work supported in part by the Japan Society for the Promotion of
Science.
"tEmail: john.flanagan@kek.jp

0-7803-5573-3/99/$ 10.00@ 1999 IEEE.

age is captured via camera and processed. The surface of
the beryllium mirror is deformed by heating from the Xray component of the synchrotron radiation. The deformation, which varies as a function of the SR beam intensity,
introduces a corresponding wavefront distortion in the SR
beam. The surface deformation of the mirror will be continuously monitored in the tunnel with a Shack-Hartmann
wavefront measurement system to be installed during the
machine shutdown for physics detector roll-in, and the
wavefront distortion corrected by the use of a deformable
mirror (CILAS BIM3 1) in the optical hutch. This adaptive
optics system[3] should permit the wave front distortion to
be corrected to within \/10 in RMS.
Because of the distance between the hutch and the beami
heoptical ath between the two mirrors is constrained
line,
t
leat
bete Aet
rrorslenses
is is used to
be at least
30psed
meters.
set ofo relay
transport the SR wavefront from the extraction mirror to
the deformable mirror, which is located at the conjugation
point of the relay lens system.

2.2

Relay Optics Design

The requirements for the relay lenses are:
e Provide plane-to-plane focusing for the extraction and
correction mirrors: each mirror sits at a conjugation
point of the relay lens system, to map the surface of
the extraction mirror onto that of the correction mirror;
* Match the active area of the correction mirror to that of
the extraction mirror: the 15x 15 mm usable surface
of the extraction mirror needs to be magnified by a
factor of 2 to make the most effective use of the clear
aperture (active area) of the 5 cm diameter correction
mirror;
* Minimize aberrations at the wavelengths of interest;
a bandpass filter in the optical path sets this range to
550 nm ± 5 nm;
* Use commercially available lenses where feasible.
The basic design uses two pairs of doublet lenses. Each
pair consists of a concave lens and a convex lens with focal lengths of equal magnitude but opposite sign, which
minimizes the dependence of focal length on errors in focal lengths of the two lenses. The convex lenses are common, commercially available lenses (Melles-Griot achromatic doublets). Concave lenses are not commercially
common, so they have been custom ordered.
To reach the factor of two magnification between the
front focal plane (extraction mirror surface) and the rear
focal plane (correction mirror surface), the focal length of
the first pair of lenses is taken as 1/3 of the total distance
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Optics Hutch
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Figure 1: SR Monitor optical beamlines (LER)
between the mirrors (5100 mm), while that of the second
pair is taken as 2/3 of the distance (10200 mm). The resulting set of design parameters is shown in Table 1.

Pair/
Lens

Pair 1:
Convex
(Melles
Griot
LA0366)
Concave
(custom)
Pair 2
Convex
(Melles
Griot
LA0379)
Concave
(custom)

Table 1: Relay Lens Specifications
Eff.
Edge Thick- Pair
Foc.
Dia.
ness
Foc.
Len.
(mm) (mm)
Len.
(mm)
(nMn)
5100
1000
80
10

-1000

80

2000

150

150

187

10
10200

-2000

Lens
Sep.
(mm)

As a starting point, the concave lenses are specified as
being identical to the convex lenses, but with opposite radii
of curvature. The glasses used in the custom lenses are then
changed to more common types (BK7 crown and F2 flint),
and optimized for the required focal lengths. Commercially available lenses are optimized for minimum aberrations at infinite conjugate ratios; the curvatures of the custom lenses were optimized with the use of optical design
software (Zemax) for minimum aberrations in combination
with the commercial convex lenses at the finite conjugate
ratios needed and at the required magnification on the surface of the correction mirror.
In addition to the above, an additional MG LA0366 is
used after the correction mirror to bring the image to a final
focus at the video camera input. This final focus lens is
added to the simulated system, and the spacings between
lens pairs in the end-to-end design re-optimized.
The resulting design shows a wavefront distortion of
A/10.

373

23.27

2.3

23

In addition to the imaging beamline described above, a direct (non-imaging) optical beamline is split off from the
imaging beamline before the first lens, and proceeds parallel to the imaging beamline into the optical hutch. This direct beamline is used for precise transverse beam size mea2121
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Figure 2: Relay lens optics. Extraction and deformable mirrors sit at conjugation points of the lens system.
surements using both the imaging and direct lines. An measurement output example is shown in Fig. 3.

surement via interferometry, as well as for longitudinal profile measurement via streak camera. The direct beamline
contains no focusing optics between the SR source point
and the hutch, only mirrors, in order to preserve both the
spatial coherence for the SR interferometer and the tempo-

n
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-
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ral structure for the streak camera.

3

MECHANICAL DESIGN
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All mirrors which are below ground (8 in the LER ring and

6 in the HER ring) are movable in two degrees of freedom
with pulse motors. The pulse motors are remotely con--
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trolled from the optical hutches to permit alignment while
the rings are in operation, by both manual control and GPIB
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In addition to the mirrors, the second set of lenses in
each SR beamline are remotely movable as well, to ad-

".
M-

M.

________

just the focal length and magnification of the mapping of
the surface of the extraction mirror onto the surface of the
correction mirror. The alignment of the beamlines before
particle beam commissioning was carried out using a laser
auto-collimation method: a laser beam is sent down the
beamline from the optics hutch, and the mirrors adjusted
sequentially to deliver the beam to the SR extraction port,
where a temporary mirror reflects the beam back up both
beamlines.
For alignment with the SR beam itself, when the laser
auto-collimation method can not be used, a set of "optical
screen monitors" were designed and installed in the system at several locations in each beamline. These monitors
consist of remotely operable guillotine-like semi-opaque
screens, which are monitored via cameras from the optics hutch to facilitate optical path alignment using the SR
beam.
To reduce image fluctuations due to air currents, the
beamline is closed with a minimum diameter of 200 mm.
Some fluctuations are still visible and further work remains
to be done in this area, but the system works successfully
for streak camera measurements and for beam profile mea-

Figure 3: Example of SR measurement system output.
Beam size (LER, vertical only in this example) is monitored continuously.

4

RESULTS

The direct and optical beamlines for the LER and HER
have been designed, installed and commissioned, and are
working well to deliver initial SR beams for imaging, interferometry, and streak camera use. Refinements to the
measurement methods are underway, and commissioning
of the adaptive optics components is scheduled to begin
shortly.

5
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CRYSTALLINE CHROMIUM DOPED ALUMINUM OXIDE (RUBY)
USE AS A LUMINESCENT SCREEN FOR PROTON BEAMS*
.-.------ K-A.B rown3 D. M. Gassner#
Brookhaven National Laboratory, Upton, NY 11973, USA
Abstract
In our search for a better luminescent screen material, we
tested pieces of mono-crystalline chromium doped
aluminum oxide (more commonly known as a ruby) using
a 24 GeV proton beam. Due to the large variations in
beam intensity and species which are run at the
Alternating Gradient Synchrotron (AGS), we hope to find
a material which can sufficiently luminesce, is compatible
in vacuum, and maintain its performance level over
extended use. Results from frame grabbed video camera
images using a variety of neutral density filters are
presented.

-

011
•

1 INTRODUCTION
A study of luminescent properties of four test materials
mounted on a variable position plunged actuator was
conducted. The flag materials were installed at a 45'
angle to the beam. The light emitted from the flag leaves
the vacuum enclosure through a transparent quartz port,
then reflected 90' by a mirror to the video camera which
was mounted parallel to the beam path.

Figure 1: The picture above is the view looking into the
vacuum chamber (typical transport vacuum is 10 microns
or 10.2 torr) at the four test materials. From top to bottom:
doped aluminum oxide, undoped aluminum oxide, ruby
0.22% doped, and a round ruby 0.05% doped.
The
location of the test assembly is 157 feet from the AGS
ring. The beam travels left to right.

2 HARDWARE
2.1 Flag materials
Two of the materials tested were poly-crystalline
aluminum oxide pieces, one doped with Cr 2O3, the other
undoped. These were supplied by Morgan Matrox Inc.
commercially called Chromox (A1203 99.4%, Cr2O3 0.5%),
average grain size 10-50um. Chromox and radlin (zinc
cadmium sulfide, 40% cadmium by weight, by MCI
Optonix, commercial name Optex PFG) are the present
flag materials used for diagnostics in the slow extracted
beam lines, and the upstream portion of the fast extracted
beam line.
The other two pieces were mono-crystalline aluminum
oxide (ruby) doped with different amounts of Cr 20 3.
Union Carbide Corporation Crystal Products provided the
0.22% doped piece (1.5 mm thick), and Crystal Optics
Research, Inc. supplied the 0.05% piece (1 mm thick).

These commercially available laser grade rubies were
manufactured using the Czochralski production technique.
The ruby price and availability is attractive due the
popular use of ruby lasers in industry. In fact, the majority
of the cost is for cutting and polishing of the surfaces.

2.2 Video camera
We used the Dage-MTI Inc. 70R video camera. The
camera head (with 1" vidicon tube) is separate from the
camera control unit, it is specifically designed for use in
high radiation environments. For linearity purposes the
automatic gain control was disabled, and the auto black
compensation had a negligible effect due to the presence
of a reference near absolute black in the image.
A remote control neutral density filter assembly is
mounted between the camera lens and vidicon tube. It has
four filters (0.5, 1, 1.5, 2) which can supply attenuation
variations up to 100,000.

* Work performed under auspices of the U. S. Department of Energy.

*Email: gassner@bnl.gov
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2.3 Framegrabber

4 RESULTS

The VME based framegrabber is the Modular Vision
Computer (MVC) by Imaging Technology Inc. which
operates at 40 MHz with a pipeline processing
configuration.
bW-"1:
igrmlR81e- o081
O.trom d=118731 -17.3043 m
OC t
-,1..29IM-0.V4210inn'

The data in table I shows the peak pixel values for the
camera's response to the chosen combinations of test
materials and neutral density filters.

Se17

Table 1: Data from flag material study.
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.05%
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1/31.6

2.2 ua
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96
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0.2pa
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0
0
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0

18
51
sat.

None

30
85
sat.
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poly-crystalline
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oxide

"produced about 30 times less light than the doped version.
Is'.N
1

•

The emitted light from the polished ruby was less
dispersed than the other materials.
The mono-crystalline material produced roughly twice
more light than the poly-crystalline.

. ..

5 SUMMARY

Figure 2: Sample data from framegrabber application.
An onboard modular histogram processor produces the
The image was
horizontal and vertical projections.
displayed via an application written for our Sun Solaris
controls system. The digitised image (512 X 480) pixel
values can range from 0-255 (8 bits).

A factor of two more light is emitted from monocrystalline rubies verses the poly-crystalline material.
Slightly higher peak levels from the polished ruby due to
less scattering of the emitted light.
We intend to use the mono-crystalline ruby (which is
more compatible in a vacuum environment) as an
alternative to radlin which will out gas under vacuum.

ACKNOWLEDGMENTS
3 TEST TECHNIQUE
The flag materials were individually positioned into the
path of the 24 GeV slow extracted proton beam from the
AGS. The beam was spilled out at rate of 14 teraprotons/sec. (for 2.5 sec.) or average current 2.2
microamps. One set of data was acquired at 0.2 pa, which
was our typical intensity during a polarized proton run.
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Data from the framegrabber was analysed by
determining the value of the peak pixels in the center of
the beam spot. Neutral density filters were remotely
inserted until the peak pixel values were in the lower half
of the full response range. This was done to avoid
saturation and stay in the linear response of the system.
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DEVELOPMENT OF FILM-MODE WALL CURRENT MONITOR AND ITS
APPLICATION IN HLS
Wang Guicheng*. Leng Yongbin, Fang Zhigao, Wang jihong, Zhao Feng, Tao Xiaoping, NSRL
Liu Guangjun, Li Guangyeng, Fang Lei, Anhui Institute of Optics and Fine Mechanics, Hefei
Abstract

1.2 Structure of CurrentMonitor

A film-mode wall current monitor was developed in
NSRL in cooperate with Anhui Institute of Optics and
Fine Mechanics, Academia Sinica. It is in an
advantageous position of continuity and uniformity of the
film and used on line with success in HLS. The beam
current toroids used in the LINAC of HLS are just
employed for measuring theps bunch beam current, it is
limited by band width of toroid and preamplifier. We
embed a film-mode resistor inside of every toroid to
respond to ns wall current, diagrams of structure of the

As an original model, ceramic ring of lcm in length is
inserted into the vacuum tube, with 20 inductance-less
resistors, of 1 kilo ohm each, welded across the ring and
evenly distributed to allow the wall current to pass (see
Fig2).
Vacuum tube Ceramic ring Ferrite core

.....-...
i.
... ....
.......

-.

..

film-mode wall current monitor and cross section of filmmode resistor are given in this paper.
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1. THE PRINCIPLE AND STRUCTURE OF
WALL CURRENT MONITOR
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Sampling resister

Fig.2 Structure of wall current monitor

The non-interaction monitor is related to the use of the
wall image current induced by relativistic particle bunch.
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1.1 Principleof CurrentMonitor
The principle of current monitor is shown in Fig. 1

---. ------.
. . . . -.
. . ------.
.--- "

.. . .
..

Ib.(t)

Fig.3 Equivalent circuit of wall current monitor

-Beam.

Figl The particle beam and it's induced image current

From the equivalent circuit of the wall current monitor
(see Fig3) we can get:

Making Assume:
"•Particle-beam with y >10;
"•Metallic chamber is perfectly conducting or with skin
depth << wall thickness.
From continuity equation

-t

+ VJ = 0

at

We have: iw(t)=-Ib(t)
Therefor the induced image current and its azimuthal
distribution can be used to monitor the beam intensity
(see Fig I).

di
irR
iw = iR + iL

Where, iw- Wall current
R - Sampling resistor
L - Inductance between sampling point
And ground
Thus we obtained:
t
iR = iw *exp(-t)
"
iR( the current passing through sampling resisters ) is an

Email: Gchwang@ustc.edu.cn
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(when t = 0, i= 0)
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exponentially decay of the wall current with time constant
"t.When the beam current pulse width is 2ns, and if
t=10ns, R=50Q,then L=0.05flh. This is a small
inductance , can be formed by vacuum tube itself, it
means that under the condition of beam current pulse
width is 2ns we can use the film resistor as wall-current
sampling resistor without the ferrite core for enhancing

3. APPLICATION IN HLS
Tannal

WMI
w
--

the inductance L. Finally, we mount the film resistor into
the gap between surface of vacuum tube and coil (Tor)
used for monitoring Os pulse beam current (see Fig4).

WM2
WM3
WM4

M

Shletdler

CH

-ek-TDS

WM5

r colt
-for

Control room of LINAC

680B

WM6

"gnetIc core

WM7

M

F7

High-pass
Filter

Accumulator

Wide-band
Amp

c

Oscilloscope

Fig.6.Diagram of wall current monitor
Fig.4 structure of film-mode wall current monitor

2. STRUCTURE OF FILM RESISTOR
A cross section of film-mode resistor with length of 20cm
and width of 7cm is shown in Fig5. Both conductor-bands
and resistor-band are carried by a PET-film of 200nm in
thickness. The resistor-band is made of high purity Nickel
located at the center of 2cm in width and 40-60nm in
thickness. One SiO2 layer of 100nm in thickness is
evaporated on the resistor-band for protecting it from
decline. Resistance of resistor-band is controlled in
around 5f2-10Q. On the surface of four conductor-bands,
each of both of front and back side has tow bands, they
are gold-plated to take form an output band.
Pay attention to clean the surface of PET film and keep
the material of Ni in high purity for preventing the
resistance of resistor-band from decline.

There are 7 sets of film-mode wall current monitors in the
LINAC of HLS. They are Divided into tow groups one
includes 4 sets another 3 sets. The signals from one group
are feed together to one accumulator, then to an APM, to
one channel of oscilloscope. See Fig.6.
In fact, much noise are picked up by the film-mode
resistor which connect immediately with the wall of
vacuum tube of LINAC. Main peaks of spectrum of noise
concentrate at around 1MHz in frequency domain. Highpass filters, with 10MHZ cut-off frequency, employed for
suppressing the low frequency noise are fixed in the front
of accumulators [2].
The cables from monitors to filters are cut out for
different length in proper order, such as WM1-F1 is 5m;
WM2-F2 is 10m; WM3-F3 is 15m and so on. At the end
one can make a pulse packet including four wall current
pulses to be displayed on a sweep line of Tek-TDS680B.
Usually, one can spread out any one of pulse by turning
time delay and changing the time base, see the Fig.

4. CALIBRATION OF SYSTEM

.- Li

The calibration of whole system has been done with
calibration set [3], see Fig.7. In our case for ns beam
current the sampling resister is film-mode used without
the ferrite core. The wall current and input signals are
shown in Fig.8. As a result, the efficiency of this
calibration set is 70%. Adjusting the amplification of
preamplifier one can keep the whole gain from out of
toroid to input of oscilloscope at 6dB.
Finally, the calibration coefficients of every film-mode
wall current monitor are listed in table 1.

Fig.5 Diagram of cross section of film-mode resister
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Table I Calibration coefficients of film-mode wall current

12

3

4

5monitors

Monitor No.
1
2
3
4
5
6

N
10o

G

cm

7

[I] J.Borer and R.Jung. European Organization for Nuclear Research,
LEP-Division, Geneva, October 1984

Annotations on the Fig.7:
1-Signal wire through inside of vacuum tube;
2-Vacuum tube;
3-Metal pole;
4-Ceramic ring;
5-Sampling resister (film-mode for ns signal);
6-Ferrite core;
7-Terminal load for matching;
8- Pulse generator (HP8082A);
9- Power divider(HPI 1667B);
10.-Probe (HP54121 A, 20GHZ test set);
11- Oscilloscope (HP54120B).

F-I

42.9

[2] Fang Zhigao, Li Hui, Leng Yongbin, Nuc. .Sci.& Tech. Jan. 1998,

79-83
[3] Fang Zhigao Thesis for the master, NSRL,USTC, Hefei, july, 1996

36-40

....... --------

i

T

I
252.920 ns

I

!

Efficiency
14.7 ma/mv
14.7 ma/mv
14.7 ma/mv
16.1 ma/mv
7.0 ma/mv
70.0 ma/mv
14.0 ma/mv

5. REFERENCES

Fig.7 Diagram of calibration system

---------------..

Resister
10.50
10.00
10.50
11.50
5.00
50.00
10.00

L
6.90a

Fig.8 Calibration signal and sampling output
In Fig.8:
Up-line: output signal from sampling resister;
Down-line: Calibration signal.
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A Flying Wire System in the AGS*
H.Huangt, W. Buxton, G. Mahler, A. Marusic, T. Roser,
G. Smith, M. Syphers, N. Williams, R. Witkover
Brookhaven National Laboratory, Upton, NY 11973, USA
Abstract
As the AGS prepares to serve as the injector for RHIC,
monitoring and control of the beam transverse emittance
become a major and important topic. Before the installation of the flying wire system, the emittance was measured
with ionization profile monitors in the AGS, which require
correction for space charge effects. It is desirable to have
a second means of measuring profile that is less dependent
on intensity. A flying wire system has been installed in the
AGS recently to perform this task. This paper discusses
the hardware and software setup and the capabilities of the
system.

1

INTRODUCTION

The primary method for measuring the beam profile in the
AGS has been through the use of an Ionization Profile Monused with
itor (IPM).[1I] Another method which has been
some success in the AGS Booster is one in which the RF is
turned off and the beam is allowed to spiral inward as the
magnetic field is varied; the beam intercepts a scraper and
the beam loss is measured versus time.[2] Analysis of this
data can also give the beam profile. However, this scheme
only works for measuring horizontal beam distributions.
Sinscbeamedimensionpinptheidirection
Since the optical properties of the AGS are fairly well
understood, a measurement of the beam profile with the
IPM monitors can give information about the emittance of
the beam. In the vertical, this is a direct measurement.
However, in the horizontal, one must fold in the spread in
beam size due to the spread in momentum of the beam particles and the non-zero dispersion of the ring. Moreover,
the IPM measurements require space charge corrections,
which makes the measurement sensitive to beam intensity,
Such corrections can be implemented but require frequent
calibration of the system high voltage to obtain accurate
measurements.
Flying wires("wire scanners") have been widely used to
measure the transverse beam profile at many other proton accelerators such as CERN PS and SPS, KEK, FNAL
and LANL. A flying wire system consists of a thin wire
which traverses the beam with constant speed and a detector which measures the scattering of the beam caused by
the wire. Since the scattering is proportional to beam intensity at a particular wire position, the detected scattering
versus the wire position gives the transverse beam profile.
Placement of a flying wire profile monitor in the AGS
*Work supported in part by the U.S. Department of Energy.

t Email:huanghai@bnl.gov

0-7803-5573-3/99/$l0.00 @1999 IEEE.

allows for a non-destructive, independent means of measuring the transverse beam size and cross-calibrating the
AGS IPM. Since the AGS accelerates protons and heavy
ions, it is desired that the flying wire measures emittance
for both scenarios. For heavy ion beams, because of the
stripping that can occur as the wire intercepts the beam,
it obviously would not be unobtrusive. For proton beams,
however, especially high intensity beams where the space
charge effects of the IPM are questioned, the wire could
prove beneficial. However, wire survival may be compromised with high intensity beams due to wire heating.

1.1

Heating of the

Wire

To estimate the temperature rise in the wire, we assume that
the particles lose energy in the wire due to ionization losses
and that some fraction eh of that energy remains in the wire.
This implies that the temperature rise will be approximately

AT

eh dE N

-

v,

where dE/dx is the energy loss per unit length due to ionization, Np is the number of particles in the ring, o-, is the
rms beam dimension in the direction along the wire, p is
alongrtheawirewpli
the density of the wire material and c, is the specific heat
o Measurements
eawire m aterial.
have been made at CERN[3] to determine
a value for eh and its value was found to be roughly 0.3.
Their measurements also showed that the wire would break
due to beam heating at speeds less than about 1 m/s for
total beam intensities of 2 x 1013 protons. If a similar wire
system were used in the AGS, then the speed below which
the wire would break at intensities of 7 x 1013 would be
approximately

v

7 x 1013
0.5mm
R (lm/s) X 2
1 013 x 2mm

X

6200m
807m

where a Gaussian beam with emittance (N = 507i mm-mr
beam in the AGS is assumed. This speed is easily within
the range of present systems. In reality, the AGS beam size
is estimated about (N = 1007r mm-mr. If one anticipates
higher intensities, then a system which can attain 10 m/s
wire speeds is in order.
Radiative cooling also helps in this regard. As the wire
heats up, it will radiate as an inefficient "black-body" Suppose a wire with the same parameters as the CERN wire
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system is used in the AGS at a location where the amplitude function is fl=,8. = 15 m. At the highest AGS momentum 29GeV/c, the temperature rise in the center of the
wire for the passage through a Gaussian beam with emittance CN = 1007r mm-mr at speed of v = 7 m/s is about
2100K.

1.2

2.2

Emittance Dilution Estimates

Due to Coulomb scattering, passing a wire of diameter
d will increase the emittance of the beam. The amount
of emittance increase can be estimated by considering the
wire to pass through the beam with speed v at a location
where the amplitude function has value flo. Then, the increment in emittance due to a single scan of the wire is

AEN

67rw/od 2fo (15
3
-- 13
yLradV (938

where fo is the revolution frequency, 3l and y are the
relativistic kinematic factors, and Lrad is the radiation
length of the wire material. Inputting the AGS parameters
used above, and assuming a 33pm carbon fiber, the emittance increase using a speed of 7 m/s would be approximately ACN = 3.4wr mm-mr at injection(1.9 GeV/c), and
0.27r mm-mr at 29 GeV/c.
Based on the analyses described briefly above, it appears
that a 33 pm diameter Carbon filament, traveling at speeds
greater than above 7 m/s would survive crossing an AGS
beam of 7 x 1013 protons with normalized transverse emittances of 1007r mm-mr.

2
2.1

passage of any of the wires through the beam is measured
with the same photo multiplier. Therefore only one wire
can be moved through the beam at one time. The wires can
rotate full rotation in 5000 steps. At their desired speed of
10 m/s, wires travel 0.2 mm in 20 us.

THE AGS FLYING WIRE SYSTEM
CONFIGURATION

Detectorand Readout

The detector for the flying wire is a scintillation counter.
The scintillation material is Bicron, BC-408. The counter
paddle has a circular cutout at its end so that the scintillator
can straddle the vacuum pipe and intercept a 180 degree,
one inch wide arc in the beam scattered in the forward direction. A light guide about one foot long is used to guide
the light to an XP2203B ten stage photo multiplier tube.
The whole assembly, tube base and all, is enclosed in a
metal shield to provide for the best possible noise rejection. An LED was added in the light guide to provide for
testing in place.
Discrete counting is not possible due to the beam bunching, therefore, the analog charge signal from the PMT must
be used. The XP2203B has an S20 photo cathode assuring
the largest signal and best overall linearity. A resistor divider in the tube base provides the tube bias to the dynodes.
Two bases are available: one for high intensity, which uses
five dynodes and takes the output from the sixth; the other
for low intensities, which uses all ten dynodes taking the
output from the anode. Much of the base and paddle design was fashioned after a design used in the FNAL flying
wire system [4],[5] and we are grateful for their help.
Signals from the PMT are read differentially by a VME
module. This module is a BNL design known as an MADC
(Multiplexed Analog to Digital Conversion System). Running at full speed, this module provides digital signal samples to the AGS Control Computer.

Flying Wire System

The AGS flying wire beam profile monitor system is located in a 10-foot straight section of the AGS, A20. One
vacuum chamber hosts both the horizontal flying wire and
the vertical flying wire, sitting upstream and downstream,
respectively. A scintillator paddle installed down stream is
used to measure the beam scattering due to the interaction
with the wire. It can measure beam profile in horizontal and
vertical directions, but only one direction can be measured
at a time. The scintillator paddle is 1.2 m down stream
from the vertical flying wire and 1.5 m down stream from
the horizontal one.
Two rotary stepping motors are used to move the horizontal and vertical wires through the beam. Each motor
rotates a shaft with two wires stretched between the ends.
The angle between wires is 120 degrees. One of the wires
on the same shaft is considered a spare. The motor takes
the wire from its parked position outside the beam, accelerates it to desired speed, sweeps it through the beam, and
decelerates it to a stop at the other side of the beam. There
exists no mechanical interference between the wires in horizontal and vertical directions. The scattering caused by the

2.3

Software and Controls

An Oregon Micro Systems VMEX-2E Motor Controller
board is used for the control of the motors. It can control 2
axes of motion while monitoring their actual positions with
the built in incremental encoder interface. The board has
a Motorola 68000 processor which can be programmed to
execute a wide variety of motion commands. A sync line is
available to synchronize moves to external events and there
is an auxiliary line for each axis which allows the control
of external events. The start of flying wire movement is
initiated by V102 Event Link Delay Module. Motion signals generated by the motor controller board, besides being
used for motor control, are used as external scan trigger
signals to MADC module.
All signals generated by or going to the motor controller
board go through a transition module. The operation mode
of the transition module is determined by the state of the
motor controller X and Y auxiliary lines. When the auxiliary line for one of the axes is set to the high level, the
transition module will allow that axis of motion to operate
as the sync line becomes active. The transition module will
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Figure 1: The AGS flying wire control sequence diagram.
also send signals to the MADC to take data. When both
auxiliary lines are set high then the transition module will
only send signals to the MADC and not allow either motor
to move. The purpose of this mode of operation is to take
background measurements.
The control sequence is shown in Figure 1. Beginning
with the sync signal, the V102 decodes an event from the
AGS event link and delays a programmable amount of time
and then generates the sync pulse. When the VME stepper
motor module receives the sync signal it begins to execute
code that determines the direction of the appropriate motor
and outputs the clock to step either the X or Y plane motor. The transition module passes the motor step clock and
direction signals to the appropriate motor indexer and the
step clock to the V102 module. The motor step clock is
used by the V 102 to generate programmable delayed signals which in turn control the instrumentation electronics
and the MADC. The MADC digitizes the analog data on
every step of the motor while the wire is in the beam. The
VME stepper motor module automatically accelerates the
motor to the correct velocity, runs the motor at a constant
velocity through the beam and decelerates the motor after
the wire leaves the beam.

3

PERFORMANCE AND FUTURE

The flying wire system has been tested during the AGS
FY99 high intensity proton run. A horizontal beam profile
measured with the AGS flying wire is shown in Figure 2.
Due to the proximity of the detector to the AGS Ring, and
the remote location of the electronics, noise pickup from
the beam and other devices is a significant problem. A large
fraction of the noise is rejected by the differential input of
the MADC. The rest can be filtered effectively by proper
DSP techniques.
The flying wire system in the AGS provides a simple

2130

10.0
6.0
8.0
wire sample (cm)

12.0

14.0

Figure 2: The horizontal beam profile measured with the
AGS flying wire.
precise means of measuring beam profiles. We plan to run
it utilizing other species such as heavy ion and low intensity
polarized proton beam in the AGS in the future. It will
become a valuable tool for AGS beam diagnostics.

4
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BEAM STUDIES IN DIAGNOSTIC BEAMLINE AT PLS*
J.LY..Huang*, D. K. Seon, I. S. Ko, and T. -Y. Lee
Pohang Accelerator Laboratory, Pohang 790-784, Korea
Abstract
has been oprate
operated inthePLS
in the PLS
A diagnostic beamline
A dignoticbealinehasbee
photonand
electronof
storage ring for the diagnostics
imaging
optical
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of
beam properties. It consists
systems: a visible light imaging system and a soft x-ray
imaging system. We measure transverse and longitudinal
beam structure with a streak camera to study short-time
beam dynamics from the visible light image. Accurate
transverse beam size is measured with soft x-ray image
to minimize diffraction error. In this paper, results of the
beam studies and the measurement of beam parameters
are summarized and discussed.

INTRODUCTION
1 Nradius
The Pohang Light Source (PLS) is a third generation
synchrotron light source dedicated to many scientific
applications. The storage ring is equipped with various
electron- and photon-beam diagnostic instruments such
as the beam position monitor, beam current monitor,
photon beam monitor, and the beam feedback system to
stabilize photon beam. Photon beam diagnostics is an
essential technique for the study of the small-scale
electron beam structure as well as its temporal dynamics
in short-time scale [1, 2]. For this purpose, a diagnostic
beamline has been operated in PLS for the measurement
of the transverse electron beam shape, beam position and
the longitudinal structure of the bunch from the
synchrotron radiation source.
Various machine parameters were measured in the
diagnostic beamline with imaging systems at two
different band of wavelengths: visible light and soft xray. Transverse beam position is monitored with a
position-sensitive photodiode detector, and the beamsize is measured with a 2-dimensional CCD camera or
Time-averaged
with two linear photodiode-arrays.
a
fast
photodiode in
with
length
is
measured
bunch
A
oscilloscope.
conjunction with a fast sampling
study
of
the
is
used
for
the
streak
camera
synchroscan
transient beam structure with 2 ps resolution. On the
other hand, more precise beam size is measured with xray optics.
In this paper we describe the status of the PLS
diagnostic beamline, and various beam diagnostics and
result of beam studies being conducted using
synchrotron radiation.
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2 DIAGNOSTIC BEAMLINE
The diagnostic beamline extracts the source light from
the bending magnet located at the center of the triplebend arc sector. From the bending magnet radiation, 8
mrad is used for the visible light imaging system and 2
imaging system and
mrad is used for the x-ray
mrad is used for the x-ray imaging system. Designed
beam size at the sector symmetry point is a. =185 gm,
and oy =59 jtm, and the design value of the emittance is
12.1 nm-rad. The source point is 2.90 behind the
symmetry point of the bending magnet where the beam
size and the divergence is slightly different from the
center of the magnet. Since the visible light image has
large diffraction error (R, = (pX2 )113 where p is bending
and X is wavelength) in the low emittance source
due to the very small radiation angle [2], an x-ray
imaging system is used for the precise measurement of
the spatial beam structure with the minimum diffraction
error. Diffraction error of the imaging system with 440
nm (2.8 eV) yisible light is around 100 jim vertically,
but is less than 10 jim with 284 eV soft x-ray. The
visible light imaging system is mainly used for study of
the temporal beam structure and transient beam
dynamics in the picosecond regime. A layout of the
diagnostic beamline is shown in Fig. 1 and more
description on the beamline refers to Ref. [3].

2.1 Visible Light Optics
The visible light imaging optics consists of a watercooled copper mirror inside the vacuum tank, a remote
controlled beam-steering mirror outside the vacuum and
two achromatic lenses. An 1:1 image is formed by two
achromatic lenses of 3 m focal length, and is delivered
onto the optical table mounted with various detectors
inside a dark room. Two imaging lenses are located
with a mirror-symmetry. The first focusing lens is
located at 7.5 m from the source point and the second
mirror is located at 7.5 m from the final image point.
Total distance from the source to the image is 25 m.
2.2 X-ray Optics
The x-ray imaging system consists of a flat deflecting
mirror, two spherical mirrors arranged as a KirkpatricBaez optics [4] for horizontal and vertical focusing, and
a 5 jim carbon foil to cut off the low energy photons.
Vertical and horizontal focusing mirrors are located at
10.581 m and 10.911 m from the source point and the
image is formed at 21.492 m from the source.
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tics

two gold plated electrodes measures the vertical beam
position with vertical sensitivity of 0.4%/p.m at the
center of the monitor. A quadrant photodiode sensor
beam positions with 0.1%/ptm sensitivity using
the visible light image.

Hutch

3 BEAM MEASUREMENTS
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Tneirmeasures
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X-ra

parameters
size, beam
beam ion
diagnostic
beamline by increasing the residual gas pressure in the
storage ring.

In the diagnostic beamline, various beam
have been measured such as transverse beam
emittance, and bunch length. The 'fast
instability' [6] has been observed at the

.
Shielding Wall

All three mirrors have 3' grazing incidence angle. A flat
water-cooled mirror is made of nickel-plated Glidcop,
and two spherical mirrors are made of single-crystalline
Silicon. All the mirrors are coated with 250 nm thick
nickel. The high energy photon above 0.8 keV is
absorbed by the grazing incidence metal mirrors and the
low energy photon below 200 eV is absorbed by the
Since the carbon foil has the sharp
carbon foil.
absorption edge at 284 eV, the combination of all
beamline components passes only 200 eV to 284 eV
photons, forming a band-pass filter.
Ray tracing of the x-ray imaging optics has been
performed with SHADOW program. Starting from the
source point located 2.9' behind the center of the bendmagnet, including various conditions of the optical
component errors, the ray tracing has shown the
distortion or aberration errorof the optics is acceptable to
within the specification. Wave-front distortion or the
image diffuse error by the carbon foil and the
scintillation plate are not considered.

2.3 Detection Instruments
Transverse beam parameters are measured with the
photo-diode detectors:
25gtm
linear
phot-dide
etetor: two
tw
25~m x 512
51
liear
photodiode array, a CCD camera with 9.7pgm x 9.7ptm
pixels and a position-sensitive photodiode. We use a fast
20GHz optical-to-electrical (O/E) converter (New Focus
1437) plugged into a 20GHz sampling-oscilloscope
(TEK CSA803A) for the measurement of the bunch
length. Both components have l7ps input rise-time.
The optical image is guided to the O/E input through a 4
gtm single mode optical fiber. Two 15 dB, 25 GHz
aplmisiners moe usedoptic
amplifcalb
twon
15 d
25e
z
amtplifiernare uMeasured
output signal.
To measure the transient bunch structure in time
domain, a Hamamatsu streak camera(C5680) is installed
on the optical table in the experimental hutch. Not only
the picosecond-regime bunch-structure measurement in
the time domain with fast-scan module but also the
spatio-temporal measurement of the bunch train is
possible with a slowscan and a synchroscan module.
Two kinds of beam position monitors are used in the
diagnostic beamline. An x-ray position monitor made of

3.1 Beam Size and Emittance
We measure beam sizes from visible images as well as
from x-ray images. True beam size is estimated from the
measured value by subtracting the diffraction-limit error.
The horizontal beam size cv, is 303 pm and the vertical
beam size 0, is 63 p.m when measured with a visible
light image. The beam emittance obtained from this
measurement is 40 nm-rad, which shows large difference
compared to the design value of 12.1 nm-rad. Since it is
an integrated beam image during the CCD exposure time
around 100 ms, the measured beam size contains beam
oscillation amplitudes induced by beam instabilities.
The beam instability is mainly due to the higher order
modes of the rf cavity. When the rf cavity temperature is
adjusted carefully to an optimum condition to suppress
the higher order cavity modes, the beam size is reduced
to 182 p.m and the equivalent emittance is 11.3 nm-rad.
Vertical beam size is still larger than the expected value,
-40.tm obtained from the coupling-ratio measurement
[5]. In both cases, we have used the design values of the
dispersion
ittace. function and beta function to get the beam
In x-ray optics, an image is formed on a thin
fluorescent crystal and we measure the beam size with
negligible diffraction error. This image is monitored
with a CCD camera through a micro-telescope. With
5ptm carbon filter, we have obtained 43ptm for vertical
beam size and 186ptm for horizontal beam size at
100lmA. It gives 12nm-rad of beam emittance, implying
that the storage ring has reached its design performance.
beam parameters are summarized in Table 1.
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Fig.4 A fast-beam-ion-instability signal taken with streak
camera: a) normal state, b) when ion pumps are turned
off, bunch-train tail oscillates at CO-ion frequency, c)
ion frequency increases with He injection. x: 25.ts, y:
500ns.
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Fig.2 Bunch length measurement by Gaussian fitting of
the profile from the streak camera image.
The x-ray imaging system has shown an unexpected
intensity-dependence in the measurement of beam sizes.
When we use 1O0tm carbon filter, beam size decreases to
33gm. Further investigation and refinement of the x-ray
optics are planned for more precise measurement,

3.2 Bunch Length
Bunch lengths are measured by a fast sampling
oscilloscope and a streak camera. Using a sampling
oscilloscope, the synchrotron oscillation amplitude adds
up to the signal. By subtracting the instrumental risetime effect from the measured value, the true bunch
length is 33 ps which is also very long compared to the
design value of 17 ps due to the longitudinal beam
instability. Using a streak camera, we have measured
true single bunch lengths as shown in Fig. 2 and 3.
Figure 3 shows the bunch length vs beam current. The
estimated value with SPEAR-scaling is also drawn on
the measured data for comparison. It shows reasonable
agreement with calculated values but the onset of the
instability starts at higher bunch current than expected.
For the case of 0.ImA, 0.2mA, and 0.5mA, multibunchlength is used for the single bunch lengths at lower
bunch current.
to0
.

E

-x-

measured
calculated

3.3 FastBeam-Ion Instability
The fast beam-ion instability (FBII) has been directly
observed from the storage ring by injecting Helium gas
to increase the growth time. Snapshots of the bunch train
were taken by a streak camera and a single-pass beam
position monitor. By measuring the amplitude of the
beam oscillation, ion frequency, and the vertical bunch
size along the bunch train, we have observed
characteristic signals of the FBII: increase of the
oscillation amplitude and the bunch size along the bunch
train with expected beam-ion oscillation frequency. A
beautiful visual evidence of the fast beam-ion instability
is shown in Fig. 4 [7].

4 SUMMARY
A visible optics is under normal operation in PLS for the
transverse and longitudinal beam profile measurements.
Various instruments such as a CCD camera, photodiode
arrays, position sensitive photodiodes, a synchroscan
streak camera and a fast photodiode detector are
equipped at the focal plane of visible optics. We could
measure the transverse beam profiles, beam position and
the longitudinal bunch structure in micrometer spatialscale and the picosecond temporal-scale. In particular,
we study the spatio-temporal beam properties of the
electron beam with a streak camera. An x-ray image is
used for the precise beam size measurement with a
negligible diffraction error. However, the x-ray imaging
system has shown an unexpected intensity-dependence
in the measurement of beam sizes. Further refinement of
the x-ray optics is planned for the precise measurement
of the beam size and the beam emittance.
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HIGH-BRIGHTNESS BEAM DIAGNOSTICS FOR THE APS LINAC*
A. H. Lumpkin, B. X. Yang, W. J. Berg, J. W. Lewellen and S. V. Milton
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439 USA
Abstract
an
The Advanced Photon Source (APS) injector includes
S-band linac with the capability to accelerate beams to
650 MeV. The linac has recently been upgraded with the
installation of an rf thermionic gun in addition to the
standard DC thermionic gun. The rf gun is predicted to
have lower emittance (5it mm mrad) and may be used to
support the APS self-amplified spontaneous emission
(SASE) experiments. The critical characterization of this
gun's beam has begun with a beam diagnostics station at
the end of the linac that can address beam transverse size,
emittance, and bunch length (peak current). This station
uses both an optical transition radiation (OTR) screen at
450 to the beam direction and a Ce-doped YAG single
crystal normal to the beam with a 45' mirror behind it.
The visible light images are detected by a Vicon CCD
camera and a Hamamatsu C5680 synchroscan streak
camera. Spatial resolution of about 30 gim (a) and
temporal resolution of I ps (a) have been demonstrated,
Examples of rf gun beam characterization at 220 MeV are
reported.
1

INTRODUCTION

The ongoing interest in high-brightness particle beams has
been "stimulated" by the potential applications to selfamplified spontaneous emission (SASE) free-electron
laser experiments [1,2]. At the Advanced Photon Source
(APS) the injector linac has recently been upgraded with
the installation of an rf thermionic gun [3,4] and a laserdriven photocathode (PC) rf gun [5]. The rf gun is
predicted to have lower emittance (5nt mm mrad) and
sufficient peak currents (-100A) to be used in the APS
SASE experiments [6]. The PC rf gun is expected to have
even better brightness [5]. The capability to characterize
such beams includes a beam diagnostic station with
improved spatial and temporal resolution that can address
beam transverse size, emittance, and bunch length (peak
current). The station uses both optical transition radiation
(OTR) and a Ce-doped YAG single crystal normal to the
beam with a mirror behind it. The visible light images
were detected by a charge-coupled device (CCD) camera
and a dual-sweep streak camera. Spatial resolution of
about 30 jim (a) and temporal resolution of about 1 ps (G)
have been demonstrated in earlier studies [7,8]. Examples
of beam measurements for the rf gun are reported.
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2

EXPERIMENTAL BACKGROUND

The APS facility's injector system uses a 250-MeV Sband electron linac and an in-line 450-MeV S-band
positron linac. The original electron gun was a
conventional, gated DC thermionic gun. The diagnostics
station was initially commissioned using this gun's beam
[7]. More recently an rf thermionic gun was installed that
is designed to generate low-emittance beams (< 5i mm
mrad). It is configured with an alpha magnet that allows
beam injection just after the first linac accelerating section
[3,4]. Both in-line linacs can be phased to produce 50- to
650-MeV electron beams when the positron converter
target is retracted.
The predicted lower normalized emittance of beams
from the rf thermionic gun and PC rf gun versus the DC
gun results in correspondingly smaller beam spot sizes.
We have addressed this at selected diagnostics stations by
supplementing or replacing the standard Chromox screen,
with its approximate 200-ji spatial resolution and 300ms decay time, with the OTR and Ce-doped YAG screens.
For the station at the end of the linac the OTR screen was
a molybdenum mirror from Melles Griot and oriented so
that its surface was at 450 to the beam direction. The
doped YAG crystal of 0.5 mm thickness (obtained from
Startec) was mounted with its surface normal to the beam
direction with a Zerodur mirror at 450 to the beam just
behind it.
An alignment laser was injected on-axis into the bore of
the linac just after the first accelerating structure and used
to assess the relative orientation of the two mirrors
involved at the station. The laser was reflected into the
optical transport line and then used to simulate the path of
the visible light images. In the case of OTR, the direction
of the path is particularly critical since OTR is emitted
around the angle of specular reflection. The visible light
was transported out of the linac tunnel to an optics table
via two 150-mm-diameter achromat lenses and two
mirrors. For these experiments the OTR or YAG:Ce light
could be viewed by a Vicon CCD camera and/or a
Hamamatsu C5680 dual-sweep streak camera. The
synchroscan unit was phase-locked to 119.0 MHz, the 24"
subharmonic of the 2856-MHz linac frequency. A lowjitter countdown circuit has been built using Motorola
ECLIN PS Logic to generate the 24t' subharmonics with
sub-ps jitter [9]. The synchroscan unit was critical to the
bunch length measurements due to the lower
charge/micropulse in early experiments. The model
M5677 slow-sweep unit was used in the measurement of
the YAG-Ce response time, which was previously
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reported [10] as about 80 ns (FWHM). Although beam
energies as high as 540 MeV have been used, one set of
data is at 220 MeV, the energy that would be used for
SASE experiments at 517 nm.

3

EXPERIMENTAL RESULTS

Preliminary results are reported in this section on rf gun
and bunch length.
size, emittance,f te
beam transverse
YG:Cecrytal
Addiionlly themeaureent
Additionally, the measurement of the YAG:Ce crystal
response time is reported.

3.1 Beam Transverse Size
Recently measurements at 220 MeV were performed on
the beam at the end of the linac. Beam images were
obtained with both the YAG:Ce crystal and the OTR
converter. Figure 1 shows an example of the beam vertical
profile using OTR. The MAC-TA algorithm calculated a
spot size of -170 gim (FWHM) that corresponds to about
72 gim (a), assuming a Gaussian-shaped profile. The
aspect ratio (H:V) was about 4:1 for this beam focus.
4980
Mlx.Scele 101 6cnt/diy

Mark 1 Mark 2 =

3. The data are consistent with normalized emittances, E
= 8.8 7Cmm mrad and cy = 9.5 It mm mrad for a 25-mA
macropulse current. Errors are estimated as 20-30%.
Simulations of this particular rf gun setup with elegant
[12] have reproduced the emittance asymmetry between
the two planes. It is noted that the measured and computed
emittance ratios are similar although the measured values
ut
wad
measurem
60% hg e se
are
anergyfilter The alphamants aaeresultwtheba
an energy filter in the alpha magnet. As result, the beam
contains a trailing, low-energy component that is expected
to significantly increase the projected (but not slice)
emittance. Although this low-energy "tail" contains only a
small fraction of the total charge (approximately 10% of
the total bunch charge by the time the bunch reaches the
end of the linac), it is the greatest contribution to the
projected
(longitudinal
whole-beam)
emittance.
Considerably lower measured emittances are expected
once the alpha magnet energy filter has been installed.
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Figure 1: An example of the rf thermionic gun's vertical
beam profile: 170 jim (FWHM).
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3.2 PreliminaryEmitance

N

Having obtained reasonable transport and focus of the
beam, an evaluation of the beam emittance was performed
by the standard tracking of beam size with the quadrupole
field strength of an upstream magnet. In this screen
position there were two quadrupoles that were available to
be adjusted. A script developed by M. Borland was
adapted that automatically stepped the fields and logged
the measured beam sizes via the EPICS process variables
[ 11]. As shown in Fig. 2, the horizontal beam size can be
minimized by selecting a combination of fields from the
linac-to-PAR magnets LTPQ9 and LTPQ1O. The Max
Video-20 digitized data were fit to Gaussian profiles in
this case. An example of emittance data is shown in Fig.
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Figure 3: An example of the quadupole field scan versus
observed beam sizes: ax (circles) and cry (triangles).
Emittances of •,y < 10 it mm mrad were determined from
the fitted curves.
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year at high macropulse currents of the rf gun and on the
PC rf gun.

3.3 YAG:Ce Crystal Response Time
30 to 40 ns, shorter
The rf gun's macropulse is typically
than the 80-ns (FWHM) response time of YAG:Ce
reported by Graves et al. [10]. This would preclude any
submacropulse imaging with this converter. We have used
the slow sweep streak module operating at 1-jts full range
to assess the actual response times of our specific crystals.
The electron-beam macropulse duration is not a delta
function impulse to the system, but it is still sufficiently
short that a reasonable measurement is possible. In these
data we actually used the DC gun beam with a shortened
macropulse of -20 ns. As shown in Fig. 4, the measured
YAG:Ce response is 105 ns (FWHM). A preliminary
assessment of the l/e time is also about 112 ns. The streak
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Figure 4: Streak camera data showing the response time of
the YAG:Ce crystal to the incident 20-ns electron beam.
The effective response is about 105 ns (FWHM). The
horizontal axis spans I gs.

3.4 Bunch Length Measurements
Assessments of micropulse-averaged bunch length using
the synchroscan streak camera have begun. Preliminary
results at 540 MeV and for macropulse currents of less
than 150 mA are 3-4 ps (a). Low signal levels required
averaging over about 30 macropulses (few seconds) and
so may involve some phase slew blurring the image and
lengthening the apparent size. Measurements with the
optimized gun and an optimized optical path at 220 MeV
are planned. Use of a fifth-harmonic cavity signal to
optimize bunch length was previously reported by
Lewellen et al. [4].
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SUMMARY

In summary, a diagnostics station that can support the
characterization of bright electron beams at the end of the
APS linac has been tested. It has also been used to attain
preliminary data for the rf thermionic gun beam quality at
low beam currents. Further experiments are planned this
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OBSERVATIONS OF "EFFECTIVE" TRANSVERSE BEAM-SIZE
INSTABILITIES FOR A HIGH CURRENT PER BUNCH FILL PATTERN IN
THE APS STORAGE RING*
A. H. Lumpkin, L. Emery and B. X. Yang
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439 USA
Abstract
The x-ray pinhole camera diagnostics on the Advanced
Photon Source (APS) storage ring have recorded an
"effective" transverse beam size instability during
operations with a sextuplet plus 22 singlets fill pattern,
These instabilities were not observed with the sextuplet
plus 25 triplets fill pattern that has been the standard fill
pattern in FY'98. The instability threshold is at 82-85 mA
with positrons. The features include an increased average
(few seconds) transverse size both horizontally and
vertically for stored currents above the threshold with a
correlated effect on the beam lifetime. The horizontal
transverse emittance is 25-30% larger at 100 mA than
below the threshold. There is a related horizontal beam
centroid motion as well, but this does not explain the
vertical size change nor the lifetime effect.
Complementary data were also taken with the diagnostic
undulator, and a similar threshold effect on divergence
was observed. The cross-comparison of the data and
possible mechanisms will be presented.

1

INTRODUCTION

Operations of the Advanced Photon Source (APS) storage
ring have included two fill patterns in the last year: one
with a bunch sextuplet followed by 25 bunch triplets that
were spaced by 102 ns and the other with the sextuplet
followed by 22 singlets spaced 148 ns apart. In both cases
the total stored current in the ring at the end of the fill is
the nominal 100 mA, but in the singlets case the charge
per bunch is about three times higher than in each bunch
of the triplets. In the singlets-fill case our x-ray pinhole
camera diagnostics were used to identify two instabilities
that result in increases in averaged transverse beam sizes.
One instability occurs only near the maximum beam
current in the present conditions, and the horizontal beam
size at the dispersive point is dramatically increased. The
other is also present down to the threshold of 82-85 mA.
Several cross-comparisons of results from both the
dispersive and nondispersive bending magnet source
points, the diagnostics undulator, and the streak camera
bunch length data were used to separate the features of
the two instabilities. These features are consistent with a
transverse instability with the 82-85 mA threshold and a
longitudinal instability at the top of the fill. The first is
*Workstreak
*Work supported by the U.S. Department of Energy, Office of Basic
Siencs,No.W-3-109ENG38.locked
nderConrac
Enery
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sensitive to changes'in the sets of sextupole currents
(chromaticity) and the second to changes in the rf cavity
temperature setpoints (HOMs). Representative examples
of the different types of data will be presented. The
observations were initially performed with stored
positrons, but the basic features persisted with the change
to electrons in October 1998.

2

EXPERIMENTAL BACKGROUND

The APS storage ring utilizes a 7-GeV positron or
electron beam (since Oct. 1998) circulating in a 1104-m
circumference ring. Normal stored beam currents are 100
mA with a natural emittance, E = 7.9 ± 1.1 nm rad. The
baseline vertical coupling was 10%, but we now generally
run at the 1-2% level. The standard fill pattern involves a
sextuplet (each of similar intensity) totaling 10 mA of
stored beam current. The other 90 mA are distributed in
25 triplets spaced 102 ns apart in the ring. In a special
user mode we have run -15 mA in the sextuplet and 85
mA distributed in 22 singlets that are 148 ns apart. It is
this latter fill pattern with about three times the charge per
bunch that has exhibited the "effective" transverse beam
size growth. These phenomena have been detected with
photon diagnostics, rf BPMs, and the tune measurement
system. This paper will concentrate on the photon
diagnostics results.
The photon diagnostics are located in one of the 40
sectors of the APS [1-3]. We use radiation from bending
magnets and a diagnostics undulator as shown in Fig. 1.
For the dipole magnet source at a dispersive point in the
lattice, both x-ray synchrotron radiation (XSR) and
optical synchrotron radiation (OSR) techniques are used.
An in-tunnel x-ray pinhole camera includes a remotely
controlled four-jaw aperture at 9.1 m from the source, a
CdWO4 or YAG:Ce converter crystal at 17 m from the
source, and a charge-coupled device (CCD) camera.
Effective spatial resolutions of about 25 gim (a) are
estimated. The video is digitized by a Data Cube
MaxVideo-200 (MV200) unit, and the digital results are
identified as process variables (PVs) for the EPICS
platform. Data logging of beam size, centroid, and
emittance can thus be done on a 24-hour period. The OSR
is transported out of the tunnel to an optics station where
a CCD camera, a Stanford Computer Optics (SCO) Quik05 gated camera, and a Hamamatsu C5680 dual-sweep
camera are available. The synchroscan unit is phase
of the
subhro nic
the
locked to 117.3aMlz,

to 117.3 MHz, the third subhiarmonic of the SR rf
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Figure 1: A schematic view of the dipole and diagnostics undulator beamline. On the undulator line the monochromator
and pinhole are indicated. On the dipole source the aperture is in the tunnel, and the converter and camera are indicated.
(a)

master oscillator. In these studies the streak camera was
used to monitor changes in average stored beam bunch
length as a function of current. The streak images also
were processed by a second MV200 and tracked.
Additionally, the nearby diagnostics undulator and lowdispersion-point dipole source beamline were used as
warranted. As schematically shown in Fig. 1,. the
undulator radiation (UR) is used with the single-crystal
monochromator for divergence information and the
subsequent four-jaw aperture for horizontal beam-size
information [4,5]. The divergence resolution is about 2.6
gxrad (a) and the pinhole resolution is about 60 gtm (a).
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EXPERIMENTAL RESULTS AND
DISCUSSION

In this section representative examples of results from the
different sources and for the two principal instabilities
will be presented. The EPICS data logger and a second
MV200 allowed us to select different image sources while
keeping the x-ray pinhole camera as a reference for each
12-hour stored beam decay period.

.

.
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3.1 Transverse Instability

,Soo

(.A)

.

140o

The basic observation in the x-ray pinhole data is the
increased averaged horizontal beam size for some current
levels. We attribute this size increase to both a measured
centroid oscillation at the fractional betatron tune of 0.20
and an intrinsic size increase of some kind. In Fig. 2 the
effects are plotted versus stored positron beam current.
Both the horizontal beam size and emittance in Fig. 2a
and 2b, respectively, are larger above -85 mA. There is a
correlated change in the slope of beam lifetime versus
current also at -85 mA as seen in Fig. 2c. In fact, the
correlated change in lifetime seen in Fig. 2 is why we do
not attribute only a centroid motion to the observed
increase in transverse horizontal size. The only effect in
the streak camera data was the expected gradual decrease
in bunch length with decrease in single-bunch current,

P"

,

,a
'
05
no°
78
so
Figure 2: Plots of beam a) horizontal size (dispersive
point) and b) horizontal emittance, and c) stored beam
lifetime versus stored beam current. There is a correlated
change in the respective slopes at -85 mA of stored
positrons.
During the stored electron beam runs in Dec. 1998 the
x-ray pinhole camera data were compared to the ID
divergence data, the ID pinhole data, lifetime data, and
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the streak camera. Correlated changes were seen in the
first two horizontal transverse sizes, as shown in Fig. 3,
and also with the lifetime.

higher-order modes (HOMs) are strongly temperature
dependent and are contributors to the effects observed.
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length near 101-mA stored beam currents. These are
consistent with a longitudinal instability.
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SUMMARY

In summary, we have used the correlated observations of
beam transverse size, beam divergence, and bunch length

•a,

S•,0

to sort the features of the two instabilities that cause an
in effective beam size. The evidence is consistent

*W/increase
OW

with a transverse instability with a threshold at 80-85 mA

53......(111A)

Figure 3: Plots of the variation with current of storedo
relte cae
a it
longitudinalbyinstability
101 mAsetpoints.
(at present)
is
electron beam a) horizontal size at a dispersive point, b)
controlled
rf cavity near
temperature
Further
horizontal divergence, and c) ID source point size. All
have the increased values above 85 mA.
3.2

Intabiityinterest.
ongiudinl

In this case at currents around 101 mA, the observed

eprmnswt
ae
aeat erhfrhrzna
erhfrhrzna
aeat centroid
aeenergy
eprmnswt
quadrupolar
effects or
shift may
s be of
We are now in position to provide a more stable
singlets-fill beam for the users, and this was successfully
done in March 1999.

horizontal beam size shows growth from 140 to 260 gtm
as shown in Fig. 4a. In Fig. 4b the beam bunch length
change from 35 ps to 70 ps is shown over the same 10min period. An effect in longitudinal phase space is

clearly supported.,

Additionally, the nature of the bunch length blurring is

related to a phase instability detected by a dual-sweep
sa t a Asynhroronoscilaton
a o3]
s
an lsodevlop
strek cmer.

over the many turns at 1.8 kHz. The superposition of the
two effects gives the 30-ms averaged bunch-length
change from 35 ps to 70 ps (a).
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SYNCHROTRON RADIATION MONITORING SYSTEM AT BEPC
L.Ma, Z.Zhao, D.Liu, J.Cao, L.Wang, K.Xue, S.Wang and H.Yu
Institute of High Energy Physics, Beijing 100039, China
Abstract
The synchrotron radiation by the relativistic particles is a
useful and important diagnostic tool to obtain various
beam parameters. The visible light of the synchrotron
radiation emitted in a bending magnet of the BEPC storage ring is reflected through the window by a watercooled mirror in the vacuum chamber and then directed by
a remote controlled mirror onto the optical bench supporting the diagnostic instruments in the dark room. These
instruments include a CCD camera providing the image of
the beam transverse profile on a TV monitor, a lens system focusing the synchrotron light onto a solid state
scanned photodiode arrays to obtain the beam height or
width, a streak camera to measure the bunch length for a
single pass, and a two-dimensional position sensing
photo-detector to monitoring the drift of the beam position. This paper will give the detailed description of the
synchrotron radiation monitoring system at BEPC.

Two BEPC primary flat and optically polished mirrors
in the vacuum chamber, one each for the positron and
electron beams, are made of Cu coasting with gold. The
visible part of the synchrotron light is reflected horizontally through the side window by the water-cooled mirror
and then directed vertically by a remote controllable mirror to the optical building where contains an optical table,
detector electronics, work space. The third mirror brings
the light into the horizontal plane again and to the optical
table supporting the optical components comprising the
detector system. The newly-built optical table was put into
use at the beginning of 1998. The surface area of the optical table is 1.81 x 1.2 m2 and is more than 5 times of the
area of the original optical table.
-CStrera

Lens
Attentenit

Detector
Lens <--

1 GENERAL DESCRIPTION

Telescope

The Beijing Electron-Positron Collider (BEPC) was
built for the high energy physics experiment and the synchrotron radiation research. The BEPC has been in operation for around 10 years. The synchrotron radiation
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Table 1: Some parameters related with the synchrotron
radiation monitoring system of BEPC
Parameters
Collid. mode
SR mode
Ring energy (GeV)
1.55 - 2.0
2.2
406 - 666
1.32/0.423.690.5470
360- 470

r-71

Splitter
Filter
Lens
)_=491nm t-832mm

monitoring system has been put into operation since the
startup of the BEPC. The characteristics of the electron
and positron beams circulating in the ring, such as the
transverse beam size, the bunch length and the beam position, can be measured with the system. Table 1 lists the
designing values of some parameters related with the synchrotron radiation monitoring system. The vertical beam
size in the table assumes an emittance coupling of 3%.

Revolution freq. (MHz)
Natural emitt. (nm-rad)
HsV rms beam size at
msounch eingth
()
Rms bunch length (ps)
Bending radius at
source point (in)
Distance from source
point to first mirror (in)
Natural
open angle of
Ntrl
openm (madl
o2.2
light,
nm (mrad)

Atentor

Eyepiece

Window
Remote

\
Copper

RemoteMirror

Controllable
Mirror

beam

Figure 1: Setup of the BEPC synchrotron radiation monitoring system
Figure 1 shows the setup of the synchrotron radiation
monitoring system at BEPC. As can be seen from the figure, a CCD camera provides the beam profile on a TV
monitor. The image of the beam profile is also displayed
in the center control room. The beam height and width are
measured with a lens system focusing the synchrotron
light onto two solid state scanned photodiode arrays. The
bunch length for a single pass is measured with a streak
camera only for the electron beam. The light beam posi2140
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tion is monitored with a position sensing photo-detector.
Figure 2 shows a photo of the new optical table.

It was decided to use a single focusing lens system for
both transverse beam size and beam position measurements. The focus length and the diameter of the lens are
832 mm and 80 mm, respectively. Considering the object
distance of 6800 mm and image distance of 948 mm, the
magnification coefficient of the optics is 0.139.
Figure 3 shows a photo of the oscilloscope waveforms
of beam profiles at 1.55 GeV. Taking account of the magnification 0.139 of the optics and various measurement
errors such as curvature of the electron beam orbit, field
depth and diffraction errors, the horizontal and vertical
rms beam size at the source point can be derived.
3 STREAK CAMERA
A streak camera Model C5680-11 of the Hamamatsu
Photonics has been used for the bunch length measurement since 1996. The streak camera can be divided into
the main unit C5680, the synchroscan unit M5675 and the
dual time axis expansion units M5679. The C5680 includes the input optics, the photocathode, the MCP, the
CCD camera, and other image control system. The M5675
controls the vertical sweep by the signal synchronized to
the incident light. It insures the image section of the device to keep up with the high-speed light, and also insures
the high temporal resolution within 2 ps. The M5679 controls the horizontal sweep of the screen image and determines the acquisition time of every picture. The whole
system also includes the delay unit C1097, a remote controller, a monitor, a pulse generator, a control computer
and other auxiliary parts as shown in Figure 4.

Figure 2: New optical table for the C beam
2 PHOTODIODE ARRAY
Two solid state self-scanning linear photodiode arrays of
EG&G Reticon, Model RL0512S, have been used as the
detectors for the transverse beam size measurements, one
each for the horizontal and vertical planes. The array consists of a row of silicon photodiodes, each with an associated storage capacitor on which to integrate photocurrent
and a multiplex switch for periodic readout via an integrated shift register scanning circuit. The photodiode array contains 512 diode sensor elements of 25 gim centers,
so the overall length of the array is 12.8 mm. The width of
each sensor element is 2.5 mm giving each element a geometry with the 100:1 aspect ratio. The spectral response
range for the quartz-windowed array is from 250-1000 nm
with a peak response around 750 nm.
The synchrotron light with X = 491 nm collected on a
sensor area generates a charge which is proportional to the
intensity of the incident light and to the integration period.
Charges accumulated on the photodiodes are readout sequentially and processed by a sample and hold signal
processing circuit. The resulting video output signal is
send to an oscilloscope and appears the sampled and held
boxer waveform. The FWHM width of the waveform is
then read by a PC with the GPIB interface card to obtain
the rms half height and width of the beam.

. .

.

Figure 3: Horizontal (upper trace) and vertical (lower
trace) beam profiles
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Figure 4: Configuration of the streak camera
The pulses of synchrotron radiation incident light being measured pass through the optics and enter the streak
camera. The RF signal with the 99.76 MHz frequency
"(halfthe RF frequency of the ring) goes into the M5675 as
the vertical sweep timing signal after passing through the
C1097. At the same time the pulse signal from the pulse
generator PG502 acting as the horizontal sweep timing
signal is sent to the M5679. The streak camera can be
operated from the Power Macintosh 8100 computer with
an image processing board, an GPIB board and the streak
camera control software U5565. It can also be operated
from the remote control panel. The video signal of the
bunch image is monitored by a monitor and can be captured by the PC.
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The incident light pulses, only those bombard on the
photocathode, are converted into electrons, and are effective for the streak camera measurement. The photocathode
has an area of 150 gtm in height and 6 mm in width. The
diaphragm before the camera lens can be chosen from
several holes with the diameters of 10 gim, 30 gIm and 100
gim. Even if the diaphragm is opened completely, we must
adjust the light being measured within the size of the
photocathode. The light adjustment is one of the mostimportant but difficult jobs for the bunch length measurement.
Figure 5 shows the bunch image of the BEPC storage
ring we have obtained with only one electron bunch in the
ring. The revolution period of the bunch in the storage
ring is 801 ns and the horizontal sweep time of the streak
camera is5 ms, so 6 consecutive turns of the same bunch

The normalized position signal versus the image position is calibrated by moving the SC/10D ivith a micrometer. As shown in Figure 6, the sensitivity of the light beam
position is 0.467 mm in the central 50% active area of the
SC/10D. Considering the magnification coefficient 0.139
of the optics, the sensitivity of the electron beam position
is 3.36 mm.
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Figure 6: The sensitivity of the light beam position
Figure 7 shows a long term electron beam position
drift of 60 hours. The data are stored in the BEPC archive
database with the sampling time interval of 60 seconds.

4

.

..

Figure 5: Beam image of 6 consecutive turns of the same
bunch
The software U5565 gives the counts for each of 480
channels (or 480 time intervals) of the full scale. The rms
bunch length 4 is obtained by fitting these data.
4 POSITION SENSING PHOTO-DETECTOR
is
As mentioned in the previous section, the beam position
measured with a single focusing lens system. After reflection from the three mirrors and passage through an
832 mm focusing lens, the image of the electron beam
cross section is formed on a position sensing photodetector Model SC/10D of United Detector Technology
(UDT). The SC/10D is the planer diffused construction
PIN diode which provides the high performance and reliability with the low noise value for the 10 x 10 mm2 active
area.
For one of the two transverse planes, the two opposite
output signals of the SC/10D are fed to a sum and difference amplifier Model 301B/AC of UDT. The sum and
difference signals of the 301B/AC are digitized by a PCbased ADC card which fits into one ISA/EISA expansion
slot in the backplane of an industry-standard compatible
PC. The ADC has a 12-bit resolution and 25-gis AD conversion time. The range of the sum signal is around 1-10
volts when the beam intensity is 10-100 mA in the case of
the dedicated synchrotron radiation operating mode with
the beam energy of 2.2 GeV. The difference signal is divided by the sum signal in the computer to obtain the
normalized position signal of the light beam.
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Figure 7: The beam position and beam intensity vs. time
5 SUMMARY
The synchrotron radiation monitor plays an important role
in the BEPC beam diagnostic instrumentation system.
Two new optical tables have been put into use and almost
all measurement systems have been modified during the
period from year 1996 to 1998. These modifications are
very useful for overall machine operation and machine
studies. The efforts are still carrying on to make measurements more accurate and reliable.
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EMITTANCE MEASUREMENT AT KEK-ATF DAMPING RING
H.Hayano, K.Kubo, T.Mitsuhashi, T.Naito, N.Terunuma, N.Toge, J.Urakawa,KEK
T.Okugi,Tokyo Metropolitan U., S.Kashiwagi, Graduate U. of Advanced Studies

Abstract
In order to achieve an extremely low emittance down to
£y-l.xl0m-rad, the beam development
has been
continued at KEK-ATF for future linear collider. The
emittance measurement in the damping ring is a key
point to confirm the low emittance beam. The beam size
measurement is done by SR interferometer using visible
light (-500nm) at ATF damping ring. The measured
beam sizes were already reached less than 14gtm(vertical)
and 37tim(horizontal), respectively. The beta function
was also measured by applying a perturbation on the
quadrupole magnet. The dispersion function was
measured by means of rf frequency modulation method,
Combining these measured values, the emittance was
measured as -,=1l.8xl0 9 m-rad, sy=6.1xl0" m-rad. The
measurement technologies are described,

1 INTRODUCTION
To establish a low emittance beam is one of the
significant milestone for the future linear collider. The
ATF was designed to develop the low emittnce beam,
and it's designed emittance is E,-lxl0O"m-rad and
e,-lxl0 9m-rad[l]. The measurement of an emittance
such a small beam is not easy by using the ordinal
methods such as an imaging of Synchrotron
radiation(SR). At the beginning of the ATF
commissioning, the beam size monitor by means of the

quadrupole magnet and the rf frequency modulation
method, respectively.

2 BEAM SIZE MEASUREMENT BY SR

INTERFEROMETER

The set up of the SR interferometer is shown in Fig.1.
The synchrotron light is split into four lines, 1)the line
for the imaging system by using a fast gate camera for
the observation of the damping phenomena, 2)the line
for the streak camera for measurement of the bunch
te 4uth
forgthe stre came forizeasreinterfe
length, 3)the line for horizontal SR interferometer, 4)the
line for the vertical SR interferometer.
The SR interferometer is basically a wavefront-divisiontype two-beam interferometer using a polarized quasimonochromatic rays. A double slit assembly having a
aperture size of Imm(width) x 3mm(height) which can be
changed the separation of the slits. A diffraction limited
doublet lens(f=600mm) is used as a objective to make
the interferogam . A band-pass filter which has 80nm
band width at 500nm and a polarization filter are used to
obtain the polarized (select a 0-polarization) quasimonochromatic rays. The interferogram is observed by
the CCD camera(SONY SSC-M370) after the magnifier
lens(x5). The visibility is evaluated by using an image
Double Slilt
Lens
f=600mm
\
Band
Pass Filter 500nm
\
Polarnzatlon
Filter

"•

r....X4K

~x,5x4k
magnifier Lens

imaging of the SR was used for an observation of the
"ma, l e
Camera
Camera
1CCdamped beam size. The predicted beam size at source Minor
point is 6 gtm
for the vertical and 30jm for the horizontal,
-,
Camera
however the diffraction limit of the imaging system is
about 50pn. The resolution of the beam size
Mim,r
2nd
measurement is limited by the diffraction in thisnWimr
ir
2nd Mlrvr,
monitor[2].
MKS
The SR interferometers for horizontal and vertical beam
size measurements were installed to solve the problem of
the resolution those can be measure down to -5gtm with
Ilim resolution[3]. The SR interferometer measures the
degree of complex spatial coherence of visible-SR beam.
BendiMeget,
-o
Under the assumption of gaussian distribution of the
electron beam profile, the absolute value of the degree of
Mi"r,ot
20..
complex spatial coherence(visibility) is also gaussian.
Bending Radius 5.73m
The beam size is easily obtained by a least squares fitting
for the visibility curvature by using a beam size as the
free parameter[3]. In practical, the measurement is done
by observing the visibility through the intensity of the
interferogram. The beta function and the dispersion
Fig. I Layout of SR monitor - There is four monitor shared the
function were also measured from the perturbation on the
synchrotron light, I)Streak camera, 2)fast gate camera , 3)SR
interferometer(H) and 4)SR interferometer(V).

0-7803-5573-3/99/$10.00@ 1999 IEEE.

2143

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
processor.

0.-7.5

0.6.

10

S0.
4.

12.5

0.2.
20

60

80

------............

N

15

0.2

17.5
20

0.0'

N

100

0

20

60

40

80

to0

SlitSeparation(mm)

21rDAR 0
Fig.2 Calculation of the visibility at each beam size

2.1 Vertical Beam Size Measurement
With the assumption of gaussian beam profile, the
visibility y, as a function of spatial frequency v, is given
by the Fourier transform of beam profile f, as a function
of position y., as follows;

Y(V)= f f yo)*
0
0 exp{-i21rv o

dy

2ir
v = RO D

wherle slis, th distanesbe the
objelecgthb and
Disaithe
doubep sito denots the waverved
lengthandD
is
aivn
st
separation. The observed interferogram is given by,
27rD

2r
l(yl)=o sinc

YR
y,
+(v)lCos
yl + p'
e te half o
where a denotes the half of slit height of the double slit,

Fig.4 The result of vertical visibility. The
horizontal axis is converted to the slit separation.
Dotted line denotes measured visibility, and solid
line is the best-fit value of 14.0Ltm
R1 denotes distance between the interferogram and
back principle point of objective lens of
interferometer, and (p denotes
the phase of
interference fringe.
To demonstrate the sensitivity of the interferometer,

the
the
the
we

make a simulation of the visibility curve in case of the
beam size from 5gm to 20 gim by 2.5 gim step. The results
are shown in Fig. 2. The useable slit separation is limited
to 40mm due to the opening angle of the aperture of the
vacuum duct . In case of 5 gm beam size, the visibility
reduces by 6.1% at the slit separation 40mm. Igm
difference at the beam size of 5gim makes 2.8% difference
in the visibility. Since we can measure easily the visibility
better than 1%, the sensitivity and the resolution of the SR
interferometer is sufficient for a small beam size
measurement.
An example of measured interferogram is shown in Fig.3
and the visibility as a function of double slit separation is
shown in Fig. 4. In this case, the vertical beam size is
measured as 14.Ogtm by the least squares fitting.

2.2 HorizontalBeam Size Measurement
"Thehorizontal Visibility was measured in the same way as
the vertical direction, except for the double slit assembly
rotated by 90degrees. For horizontal measurement, the
optical beam line of the SR was switched by a flat mirror
manually. In the horizontal direction, including the effect
of the field depth, the visibility y is given by,

J 2 /'1(w).h(iI) f(x
______________

,•where

Fig.3 Example of the vertical interferogram.
Double slit separation is 35mm.

-

p(- cos(v#))) * g().* exp

( .27rD)
i

x dVdx

g is the angular distribution of the SR in the

horizontal plane as a function of the observation angle V,
I, and 12 are intensity of the two modes of the SR at the
double slit, f is the beam profile distribution, p is the
bending radius[3].
"The result of measured plot is shown in Fig. 5. In this
case, the horizontal beam size is measured 36.8 gim by
the least squares fitting.
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also measured by applying a perturbation on the
quadrupole magnets. The dispersion function was

.was
0.w

.

06 ...

...

0--o--

.......

............

measured by means of rf frequency modulation method.
Combining these measured values, we conclude the
emittances are as sx=1.8xl0 9 m-rad, c,=6.1xl0" m-rad.
From this conclusion, the vertical-horizontal emittance
coupling is 3.4%.

4..........

........

--

...........

--------

The emittance of extracted beam was also measured by

-------------------------

0.0 -0.

SO

0.

"0

wire scanners at the extraction line[511. The comparison
of two emittance measurements are listed in table 1. The
result of these two measurement is well agreed. The
emittance tuning is underprogressing by using of SR
interferomter.

10.

S'itSepartionlmm)

Fig.5 The result of horizontal visibility.
Dotted line denotes measured visibility,
and solid line is the best-fit value of 36.8
gim

Table 1: Comparison of the measured emittance with SR
interferometer and with wire scanner
Wire Scanner
SR
interferometer
Vertical
6.1+/-2.0 x10"
5.8+/-0.4 x10-"
Horizontal
1.8+/-0.5 x10 9
1.5+/-0.2x10 9

3 BETA FUNCTION MEASUREMENT
Because there is no BPM at the source point, the 13function at the SR source point was obtained by
measuring a shift of the betatron-tune during changing
the magnetic fields of three quadruple magnets located in
the upstream and the downstream of the SR source point.
The betatron tune was measured by the spectrum of the
orbit oscillation due to injection error. The value of
3-function was obtained by a fit of the 1-function at each
quadruple magnet. The measured P3-function is shown in
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Fig. 6.

4 DISPERSION FUNCTION
MEASUREMENT

T

The rl-function at the SR source point is measured from
the change of the closed orbit due to change of the rf
frequency. The change of the closed orbit is measured at
every BPM position. The ril-function at the SR source
point is obtained by the least squares fitting. The
measured il-function is shown in Fig. 7. In order to
reduce the vertical emittace, the vertical dispersion
correction software has been developed[4].

O

..

o..

dA
,.
Fig. 7 rl-function plot near the SR source point
(dotted line)

5 CONCLUSION
The beam size measurement was performed in the ATF
damping ring by the use of SR interferometer. We
conclude the beam sizes reached less than 14gtm(vertical)
and 37jtm(horizontal), respectively. The beta function
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THE RHIC WALL CURRENT MONITOR SYSTEM*
P.R. Cameron#, R.C. Lee, T.J. Shea, J. van Zeijts, BNL, Upton, NY
E. Barsotti, J. Crisp, B. Fellenz, FNAL, Batavia, IL
Abstract
The RHIC Wall Current Monitor System will provide
data which closely represents the longitudinal profile of
bunches in the RHIC ring. This data will be available
throughout the machine cycle, from injection through
acceleration, transition, transfer to storage RF,
storage. Information which can be derived from this data
includes fill pattern, synchrotron motion, longitudinal
The
bunch profile, beam spectrum, and luminosity.
system is similar to that which has operated successfully
at the Fermilab Tevatron and Main Ring[I,2,3]. The
detectors[4] are broadband resistive wall current monitors.
Their signals are sampled and digitized by a high-speed
oscilloscope. A Macintosh computer running LabVIEW
controls the scope via GPIB, controls system calibration,
VME-based
to theinterface,
communicates
the data,
andvia
processes
a PCI/MXINVME
RHIC Control
System

1 INTRODUCTION

(RHIC) at
The Relativistic Heavy Ion Collider
Brookhaven National Laboratory consists of two
synchrotrons which intersect at six points around the 3.8
kilometer circumference[5]. Ion beams from protons to
fully stripped gold will be accelerated and stored. The
baseline design has 60 bunches of about 10" charges,
of 2
120 bunches
upgrade
with an anticipatedl~llchages
frm aout
buchintensity
RM
enghs ofillvar
x 10" charges. RM S bunch lengths will vary from about
2.5m for gold at injection energy to 7cm for protons at
full energy.

detectors at the 2 o'clock IP are installed with microwave
absorbing material on either side of the detector, to absorb
energy propagating down the 7cm beampipe above cutoff
(2.5GHz and 3.3GHz for the lowest TE and TM modes).
Signals travel about 70m over low-loss 7/8 inch heliax
cable from the detectors to the digitizer in the
Instrumentation Control Room.

2.2 DataAcquisition
Data is acquired by a LeCroy Model 584AL Digital
Storage Oscilloscope controlled via GPIB by a Macintosh
G3 computer running LabVIEW. The scope specifications
include analog bandwidth of 1GHz, maximum sample rate
of 8GS/sec, maximum retrigger rate in segmented mode of
30KHz, data transfer rates of several hundred KB/s through
is
This digitizer
memory.which
waveformavailable
and 8MB
GPIB,
meets all
the only
one of
currently
requirements for our WCM system. In addition
to the
detector signals, the scope also digitizes the RF bucket
clock for each ring, permitting the observation of
synchrotron oscillations.

2.3 Interface to the Control System
Communication between the Macintosh and the VMEbased Control System[6] is accomplished by a National
Instruments PCIIMXIVME interface. This interface
provides 32MB of shared memory in VME, which is read
sid
od in and VMEhh
3Mto by of
prides
Macintosh
the VME-based
both themsh
and
written
Fr n End
E d Computer
Co p tr (FEC).
( C) Scope
Sc e triggering
tig rng is s
Front
accomplished by a VME-based Beam Synchronous Trigger
Module[7]. Timestamps are generated by a VME-based
Utility Module and the Trigger Module. Communication
with console level computers is accomplished via 100
Mbit/s Ethernet.

2 SYSTEM HARDWARE
System Hardware is shown in Figure 1.

3 SYSTEM SOFTWARE

2.1 The Detectors
Detectors are installed near the 2 o'clock Intersection
Point in each of the two RHIC rings. As shown in Figure
1, these detectors are fully integrated into the RHIC
Control System. A third stand-alone detector has been
installed at the 4 o'clock IP, where the signals from the
counter rotating bunches will cancel. This detector will be
useful for adjusting the collision point, especially during
commissioning. Transfer impedance of the detectors is one
ohm. Frequency response of this type of detector is
typically flat within 3dB from a few KHz to 6GHz. The
Work supported in part by the US Department of Energy.

#Email: cameron@bnl.gov

0-7803-5573-3199/$ 10.00@ 1999 IEEE.

System Software resides in the locations shown in Figure
1.

3.1 The Application
Application programs running on Console Level
Computers are the Control System's interface between the
users (typically operators and accelerator physicists) and
programs called Accelerator Device Objects (ADOs) which
run in the FECs. The WCM user interface includes fields
for setting data acquisition parameters and a graphic
display to present the monitored profile data and bunch fill
patterns. The application will be integrated with a logging
system and will include an option for tomographic
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Figure 1: System Block Diagram

reconstruction of the longitudinal phase space using the
TOMO package developed at CERN[8].

WCM Yellow Ring

acquisition are provided by the ADO to aid data correlation
with other accelerator events. Data is transferred to
applications from the ADO either on demand or
automatically when an acquisition is complete.

3.2 The ADO
ADOs are the Control System's interface to all accelerator
equipment in RHIC. Application programs communicate
with ADOs running in FECs. The FECs are VME based
Power PC processors using the vxWorks real-time
operating system. Data is transferred over 100 Mbit/s
Ethernet using TCP/IP and RPC protocols.
The ADOs for the two WCMs (one for each of the
two counter-rotating rings) communicate with the WCM
computer through shared VME memory. The memory is
divided equally for the two ADOs. The memory for each
ADO is partitioned into four blocks - command, status,
data control, and data blocks. The data blocks are circular
buffers. Commands are sent to the WCM computer
which in turn responds with status information. The data
control block is used to define the dynamically allocated
circular data buffers and to control writing by the WCM
computer and reading by the ADO. Semaphores are used
in all blocks to synchronize and prevent race conditions
when the two computers access memory.
ADO parameters allow application programs to define
the type of acquisition - sample rate, profile length,
thmertyp of acquiesitionpe scamle rat, profilet, lngthr
numberthat
requirements. Beam-synch clock event decoder modules for
each
are set
up by the ADO
to provide
triggers to the
WCMring
scope.
Timestamps
associated
with each

3.3 The LabVIEW Program
The possibility of controlling the scope in C++ directly
from the ADO was considered and rejected based upon the
need for calibration and the availability of existing
calibration, instrument control, and analysis software.
Calibration of bunch intensities and width is based
Cbon
ofebunch intensities
and
thi bas
Upon the system frequency response and the beam
spectrum. The frequency response of the detector, cabling
and connectors, and oscilloscope signal path is measured.
The detector can be readily measured only before tunnel
installation. The rest of the path can be measured
periodically with a calibrated signal generator at relevant
frequencies and gains, resulting in a transfer function with
two dimensions, frequency and gain. An off-line
simulation program then transmits an ideal gaussian
representing beam through this transfer function to
to
tion
tra
reresentinteamithroughith
generate the intensity and width calibration factors.
There are instances where local processing of data either
in the scope or in LabVIEW before transfer to the Control
System is advantageous. Bunch fill patterns require only
a single number, the intensity of each bunch, be made
ataingle n
the
intestof
eah b chebed
ailabl
inte
cntl
room.gPower
timing and jitter analysis (which might easese-based
analysis of
synchrotron oscillations) is available, as
are frequency
domain transforms. LabVIEW has an extensive suite of
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well-developed data analysis software. The balance
between local and console level analysis is evolving.

6 REFERENCES

3.4 Acquisition Modes
A variety of acquisition modes are necessary for RHIC
acceleration and storage. Some of those which we intend
to have available for day one operations are shown in the
following table. With the RHIC 78KHz revolution
frequency and the 30KHz maximum scope retrigger rate,
the value for N in the table below must be 3 or greater.

Mode

Table 1: Acquisition Modes
Sample
No. of
Length
Samples
eg[KB]
Samples

Injection - digitize
for
continuously
sample length
Multi-turn - digitize I
turn every N turns
Multi-bunch - digitize
1 bunch every N turns

1

200
typically

N

20

N

0.1

Record
Length

[KB]
200

IRe

20*N
0.1*N

4 OTHER POSSIBILITIES

acquisition
qu
The existence of a flexible and powerful data
system at the commissioning of a new and unique
machine opens new opportunities.
The unprecedented combination of beam current
and particle charge present with gold beams in RHIC
opens the possibility of broadband observation of the
longitudinal Schottky signal. To the best of our
knowledge, all previous observations of the Schottky
signal have been with resonant detectors. A broadband
Schottky monitor would be an excellent diagnostic for the
mysterious 'micro-coherent' signal which has been seen at
all other high energy accelerators[9], and which has
frustrated efforts to implement stochastic cooling. With
high pass filtering and perhaps some pre-amplification,
the WCM system might provide broadband Schottky
spectra.
Similarly, by utilizing a detector sensitive to
transverse position, broadband observation of the
transverse Schottky signal might be possible, perhaps
with the data acquisition being the same. These broadband
spectra might provide useful information about
chromaticity. Such a system might also be useful for
chromaticity measurements by observing the coherent
betatron tune shift between the head and tail of the
bunch[ 10].

[1] C.D.Moore et.al., "Single Bunch Intensity Monitoring
System Using an Improved Wall Current Monitor", Proc.
1989 PAC, P. 1513.
[2] E.L. Barsotti, "A Longitudinal Bunch Monitoring
System Using LabVIEW and High-speed Oscilloscopes",
Proc. 1994 Beam Instrumentation Workshop, Vancouver,
AIP 333, P.466.
[3] an online description of the FNAL Sampled Bunch
Display is available at
http://www-rfi.fnal.gov/SBD/systems.html
An
Emittance:
"Longitudinal
R.C.Webber,
[4]
Measurement
Introduction to the Concept and Survey of
Techniques Including Design of a Wall Current Monitor",
Workshop,
Instrumentation
Beam
1989
Proc.
Brookhaven, AlP 212, P.85.
[5] http://www.rhichome.bnl.gov/RHIC/index.html
[6] T. S. Clifford, D. S. Barton and B.R. Oerter, "The
Control
Heavy
elativistic
m Proc.
l System",
C
C i
v Ion Collider
c
v
Int. Conf. on Accelerator & Large Experimental Control
Systems (ICALEPCS '97), IHEP, Beijing, China,
November 3-7, 1997, P. 12.
[7] H. Hartmann and T. Kerner, "RHIC Beam
Synchronous Trigger Module", these proceedings.
[8] S. Hancock, P. Kanus, and M. Lindros, Tomographic
Measurement of Longitudinal Phase Space Density,
submitted to Elsevier Preprint.
[9] D.A. Goldberg, private communication.
[9] D. Goler, private communication.

5 CONCLUSIONS
Detectors have been fabricated and installed. A flexible and
powerful data acquisition system has been assembled, and
integration has been demonstrated from the scope through
to the console level application. We await beam with
eagerness and enthusiasm.
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OPTICAL DIAGNOSTICS ON ETA II FOR X-RAY SPOT SIZE*
R. A. Richardson, LLNL
Abstract
streak cameras have been used to look at a high
Gated
curredantand
fosedkelctmron beave bn usetaro lk athexray
h
current focused electron beam on a target, and the x-rays
produced by that interaction. An optical camera images the
aditio (OR) romthebea hitin a
optcaltrasiton
optical transition radiation (0TR) from the beam hitting a
carbon target to give focused beam profiles. Blackbody
radiation from heavy metal targets is experimentally
proven to be dominant. The roll bar technique is used as a
thick knife edge to 'image' the x-ray spot produced by the
beam-target interaction. The x-ray shadow is converted to
visiblea ota
t
uinteracton. Thex-ray shando ismconvertedgto
visible photons using a scintillator and imaged using a
gated optical camera. The scintillator thickness places a
limit on the resolution of the diagnostic. Data will be
peetdfrom
presented
camer these techniques and compared to an x-ray
pinhole camera.

The ultimate limiting resolution of the roll bar is set by
the finite radius of the roll bar. While a flat surface would
provide an ideal knife edge, a small misalignment of this
edge degrades the resolution rapidly. This effect is reduced
i h
dei
yidr
i.1
h eouini
if the edge is a cylinder, Fig. 1. The resolution is
calculated by assuming a photon takes a straight line
geometric path from an ideal point source and is attenuated
by the roll bar exponentially, I=Io*exp(-lpx) ,where x is
the amount of high density material that the x-ray photon
the xtinctoon
mateisthe
rou gh and
th
passes through, and ý.t is the 5.5 MeV extinction
coefficient, taken as 81 m' for tungsten. This ignores any
scattering effects and is only an lower limit calculation for
the resolution. For the parameters in this paper, this
of 0.09 mm,
For a li m eterso in
ca lu tion
resolution of 0.09 mm,
a
limiting
gives
calculation
calculated from the FFT of the intensity plot in Fig. 2.

1 INTRODUCTION

S+

This diagnostic is used to measure the spot size of an xray source. A bar that is optically thick to x-rays is used
to shadow the source, acting as a knife edge. This
produces a shadow that is effectively the integral of the xray profile. We assume that the profile here is Gaussian in
shape. The profiles are fitted to an erfc function, which is
the integral of a Gaussian. The Gaussian assumption is
verified using other diagnostics such as a x-ray pinhole
camera.
The shadowed x-rays are then converted to visible photons
for imaging using commercial cameras. The image is
corrected for flat field using an image taken without the
rollbar present. The image is averaged in the dimension
orthogonal to the rollbar edge to increase photon
statistics.
The full-width half maximum (FWHM) of the Gaussian
(from the fitted erfc function), corrected for magnification,
is reported as the spot size. The magnification of the
rollbar is simply the distance from the rollbar to the x-ray
image converter (scintillator) divided by the distance from
the x-ray source to the rollbar (Fig. 3).
Limitations of this diagnostic are the blurring effects
due to the finite thickness of the image converter. This
can be reduced by increasing the magnification, but at a
cost of reduced x-ray flux. The photon conversion
efficiency is low, so that detection is marginal for short
gate widths and large magnification.
*This work was performed under the auspices of the U.S.
Department of Energy by the Lawrence Livermore
National Laboratory under Contract No.W-7405-Eng-48.

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1: The ultimate resolution of the rollbar versus the
alignment angle, the parallelism to the source. R is the
rollbar cylinder radius.
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2 EXPERIMENTAL

SETUP

This diagnostic is used to measure the x-ray spot on the
ETA II linear electron accelerator. The machine parameters
are 5.5 MeV energy, 2 kA current, 50 ns pulse width. Xrays are created when the beam is focused on a (typically)
0.005" Tantalum target. The diagnostic setup (Fig. 3)
consists of a heavymet (mostly Tungsten) rollbar, which
is a 8x8x3 cm block with a 1 meter radius machined on
one face. This bar is located a distance 108 cm from the
target (x-ray source). Between the target and the rollbar is
a 0.060" aluminum vacuum window. At a distance of 427
cm there is a 90x90x19 mm BC-400 scintillator. The
magnification is therefore 3.95. We use a 0.010" tantalum
sheet in front of the scintillator to convert the x-rays to
electrons which are detectable by the scintillator. Black
cloth between the tantalum and scintillator absorbs
reflections.
The scintillator is imaged using a gated camera. We have
used a Cohu SIT camera (10 ns gate) and a Princeton
Instruments CCD camera (5 ns gate). Both cameras use a
microchannel plate to intensify and gate the image.
Typically a short lead bar is placed directly in front of the
scintillator-Tantalum stack orthogonal to the direction of
the rollbar edge, partially blocking the x-rays. This is
done to provide an edge that is representative of the
blurring introduced by the scintillator and camera. The
optical resolution is typically much less than the
scintillator blur.
Roalbar

X-Ray source

x2

Figure 4: Scintillator image showing rollbar and edge blur
x-ray shadows.

scintillator

5.
A horizontal lineout and erfc fit are shown in Fig.

[ •

the image in the vertical direction, which shows the

This is the raw data, uncorrected for any blur. A lineout of
shadow from the lead bar is shown in Fig. 6. An erfc fit
is done on the data to quantify the blur produced. As
expected, the fit is not perfect, but gives a representation
of the spot size error, in this case around 1 mm.

aEd a
Gated Camera
xl

the vertical direction are analyzed to approximate the
blurring due to x-ray and electron scattering in the
scintillator and tantalum backing, as well as optical
blurring.

--

Magnifcation= x2/xl
Figure 3: Diagnostic setup.

3 DATA
An example rollbar image is shown in Fig. 4. This is the
raw scintillator image, uncorrected for flat field. The
scintillator is imaged with the Princeton Instruments
camera (ICCD-576). The 5 ns gate of the camera is timed
to the middle of the accelerator pulse. The dark frame
around the scintillator is clearly visible. The rollbar in
this case is vertical, and an averaged lineout in the
horizontal direction is analyzed to get the spot size of the
x-ray source. The sharper horizontal shadow in the lower
half of the image is due to a 0.25 inch thick lead bar
placed immediately in front of the scintillator. Lineouts in

The scintillator blur can be corrected for by deconvolution
of the data with the blur. This is done using Fourier
transforms of the data. First the data is smoothed and
differentiated. The Fourier transform of the data is taken
and normalized to give the modulation transfer function
(MTF). The spot size can be obtained by finding the
frequency (fQ) at which the MTF = 0.5. The equivalent
Gaussian spot size is then FWHM = 0.112/f,. The
resulting transforms are shown in Fig. 7. The spot size of
2.5 mm when corrected for scintillator blur drops to 1.9
mm. Also plotted in Fig 7. is the FFT of the calculated
rollbar resolution limit of Fig. 2.
This method of spot size determination is more effected by
noise. Note there is a slight difference in the uncorrected
spot size when determined by FFT or erfc fit to the raw
data (2.5 versus 2.4 mm).
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4 RESULTS
The rollbar diagnostic is useful for final tuning of the
accelerator. The image data is recorded real time
electronically. The lineouts and fit can be done in a
manner of minutes, and a tuning curve can be generated
rapidly, Fig. 8.
The rollbar diagnostic is compared with data from a x-ray
pinhole camera in Fig. 9. The scintillator blur for this
data set limited the resolution of the rollbar to about 2
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A COMPACT RESIDUAL GAS IONIZATION PROFILE MONITOR
(RGIPM) SYSTEM*
W. C. Sellyey and J. D. Gilpatrick, Los Alamos National Laboratory, Los Alamos, NM
Abstract
The Accelerator Production of Tritium (APT) and
Spallation Neutron Source (SNS) accelerators will
produce high power density beams, which cannot be
observed using conventional intercepting beam profile
devices. The beam produces electrons when it ionizes
the residual gas in the beam tube. These electrons, when
accelerated by a uniform electric field and guided by
uniform parallel magnetic field, produce a projected
image of the beam on a detector perpendicular to the
fields. A particle tracking program shows that this can be
done with a resolution better than the needed 100 [tm.
There are typically no dipoles available in these
accelerators to produce the needed magnetic field. Triple
dipole systems are being designed which will give no net
trajectory change to the beam, but will produce the
needed field for the diagnostic. Although the field is not
completely uniform in tie electron collection region,
particle tracking calculations show that the resolution is
not seriously degraded relative to a uniform field.
Several ways of viewing the beam profile are considered.
Radiation resistant and hardened materials needed for
this are discussed.

strength. In this case all electrons can be made to go
through nearly one complete orbit in the magnetic field
and the resolution can be much smaller than the Larmor
radius [1]. Thus lower magnetic fields can be used. A
Monte Carlo particle tracking code was used to
investigate the achievable resolution [2]. It takes into
account the beam space charge and the distribution of
the initial electron velocities. A minor modification of
the program enabled the calculation of the delta function
response (particle distribution at the detector for
electrons coming from a plane parallel to a plane defined
by the beam direction and the magnetic field.) From this
the resolution can be calculated.
0.5
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1 INTRODUCTION
RGIPM has been implemented by detecting either the
positive ions or the electrons that result from the beam
ionizing the residual gas in the beam tube. Here we will
consider only electrons. This paper will discuss design
considerations for the space restricted, high radiation
environment of a high power linac. It will also discuss
various ways of imaging the profile information
contained in the electrons coming from the ionized
residual gas. These RGIPM are intended to observe 200
to 1700 MeV proton or H- beams, with cw current up to
100 mA. The beam profiles will be non-Gaussian with
dimensions down to 0.8 mm rms.

2 RESOLUTION LIMIT OF RGIPM
METHOD
One method of implementing RGIPM is to use a strong
magnetic field so that the resolution is determined by the
Larmor radius of the electron. This will be one of the
ways investigated here. A second method is to take
advantage of the fact that the Larmor period of nonrelativistic electrons depends only on the magnetic field

Figure 1 shows the calculated rms delta function
response for a gap of 54 cm and a gap voltage range of 4
to 9.5 kV. Two curves are for a B-field of 229 gauss, and
two are for 800 gauss. Within each pair, one is for the
beam centerd on the beam tube, and the second is with
the beam displaced 3 mm towards the detector (beam
width = 1 mm rms). This illustrates the main features of
the two ways of generating the beam profile at the
electron detector. With the 800 gauss field, the
resolution is independent of beam position and electric
field and is expected to vary in proportionally to the
magnetic field. In the 229 gauss case, the needed field is
much lower but the resolution depends strongly on the
fields and beam position. In practice, the magnetic fields
will not be uniform because short dipoles will be used.

3 MAGNET DESIGN
Triple dipoles are being designed using a commercial
finite element code (Vector Fields, TOSCA). Both coil
and permanent magnet driven designs are being
investigated. Figure 2 shows one quadrant of a
permanent magnet design for a 16 cm beam tube. The

Work supported by the U. S. Department of Energy.
0-7803-5573-3/99/$ 10.00 @1999 IEEE.
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beam moves in the z direction and the ionization
electrons drift in the y direction. The center of the
magnet, marked by +, is 4 cm above the beam tube
center (origin). The magnet extends +/-24 cm in the x
direction. Figure 3 shows By along the y axis, and this is
near where most of the observed electrons will be
moving. It also shows By along a line parallel to the zaxis through the center of the magnet.

4 RADIATION FIELDS
A major challenge will be to use imaging devices which
can survive the expected high radiation levels. Assuming
that the average beam loss is 0.1 nA/m, the expected
dose rate at I m from the beam line at 1.1 GeV will be
20 rad/h [3]. Beam line component activation
calculations indicate that for the safety of personnel
working on the beam line, dose rates will need to stay
well below this level. Beam loss rates in LANSCE
between 300 MeV and 800 MeV were measured to
average about 0.2 nA/m [4].
Iron
PM

M

PM

y
5cm

t

Y = 4cm
Z =0cm

> Z

1500Bas afunction of y

.5 500-

S0

Byas a furxtion

5 RADIATION RESISTANT AND
HARDENED ITEMS
Some of the radiation resistant materials and components
under consideration for use are listed below:
Measurements have been made on the light attenuation
caused by radiation damage to sapphire[5]. An initial
darkening will happen in 75 hours under nominal
operating conditions (assuming 10 krad/h Ys). No further
darkening due to y's will occur. It will take about 4o104
years for neutrons to cause a 50% light attenuation in a 1
cm thick sapphire 2.5 cm from the beam.
High OH content silica fibers lm long will take 70
years to reduce transmission by 37% in the visible
spectrum [6].
Cerium activated Yttrium Aluminum garnet (YAG:Ce)
is a linear scintillator which has been measured to half
its light output in 10000 h with a 10 keV electron beam
of current density 71 nA/cm2 [7]. Light output is about
18 photons/keV [8]. Resolution and electron depth
penetration is 20 microns at 100 keV [9]. Thus at 5 keV
these would be about 5 microns. It has been found that
0.2 mC of 15 MeV 5 mm diameter electron beam on 1
mm thick YAG produced no visible darkening [10].
From this one can estimate that it would take >40 Mrad
to cause a 50% reduction in light transmission of a 0.1
mm thick piece of YAG.
Micro Channel Plates (MCP) have been exposed to I
Mrad of Co-60 Y's with no degradation in performance
[11]. Thus one can estimate that MCP's will be useable
with total dose >10 Mrad. Gains of several 1000 can be

Figure 2. One quadrant of a triple dipole using
permanent magnet (PM). The arrow points in the
magnetisation (M) direction in the iron.

, 1000

into 0.175 Mrad/year at Im and 7 Mrad/year at 2.5 cm
from the beam.

z

-500
15
10
5
Distame from origin in cm
Figtre 3. By along the y-axis and parallel to
the z axis passing through the magnet
center.
0

These losses were deemed excessive and would be too
high for SNS and APT. Thus a maximum average of 20
rad/h at Im will be assumed in this paper. This translates

obtained with one MCP and over 108 with stacks of
MCP's. Output currents for conventional 25 mm MCP is
around 2 giA. Advanced devices can output 20 tA and
have a life of 40 C/cm2 .
Channeltrons are electron multiplying tubes about 100
g.m across. They are made of the same material and in a
similar fashion as MCP's and thus the radiation related
life times are expected to be similar. Gains are up to 108
and output currents up to 5 tA.
Resistive position sensing element are made by
depositing a roughly rectangular, uniform thickness,
resistive surface on alumina. The effect of accumulated
dose on this element is expected to be unimportant.
A radiation hardened CID camera manufactured by
CIDTEC is specified as operating to 1 Mrad without
change in performance. It is a standard RS-170 camera.
Noise is about 1400 electrons per pixel per frame.
Xybion has combined an intensifier with the CIDTEC
camera. The intensifier resolution is better than 88 gtm
FWHM. One photo electron produces 2o10' photons at
the intensifier output. There is a reduction of 1.46 by the
fiber coupling and the quantum efficiency of the CID is
about 20%. For the integrated count over all light
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receiving pixels S/N=5. This may allow the observation
of a single photo electron generated at the photo cathode
and the determination of its impact point. For high
radiation use, the photo cathode and phosphor substrates
and fiber coupling may need to be high OH silica,
Radiation hardened charge sensitive pre amplifiers that
can withstand >100 krad are available. For these to
survive several years, the radiation will be attenuated to
5 krad per year by placing them 2m away, im into the
accelerator concrete shielding [12]. A possible choice for
this amplifier is the Amptek A225 which is rated at 100
krad. Noise (rms) will be 1600 electrons with 3 m of
cable on the input. Typical easily achievable count rates
are 10'/s.

6 IMAGING SYSTEMS
Some candidates for imaging the electron current from
are:
considerations
the beam and associated
the eamand
cosidratins
ssoiatd
re:A
crystal, and
YAG
thick
mm
0.1
hit a
The electronsforman
mag n inensfie caeraabot I
viwedby
form an image viewed by an intensified camera about 1
m away. At a pressure of 10.6 torr, a 1 GeV, 1 mm rms,
to loos
100 ma proton beam, will cause a YAG crystal
10% of its light output in 6 years. The view port would
probably be sapphire. At 108 torr, 1 mA beam will
produce
5-107 photons/(s.cm).
Assuming
50%
transmission, a 2 in lens 1 m from the YAG would
produce 4000 photons/(s.cm) on the intensifier.
Assuming 20% quantum efficiency this would result in
800 events per second on the CID. Thus a good profile
could be obtained in I to 10 seconds. Alternately, if the
2 in lens has a magnification of 0.5 and the beam rms
width is 1 mm, the summed S/N for 1 cm of beam when
imaged on the CID for one second will be about 80. The
error in a Gaussian width would be 5%. Achromatic
lenses made from sapphire and fused quarts or
Cassegrain optics would be used to generate an image on
the intensifier. Light collection efficiency 5 times larger
nassumed here is probably achievable. The life of the
system should be 5 years or greater.
A stack of three 18 mm MCP's would be places about
2.5 cm from the beam. The MCP output for each
electron strike would land on a resistive sheet. Four
outputs at the corners of the sheet would be amplified by
radiation shielded charge sensitive amplifiers. Each
output would produce about 2.5.106 electrons. The
amplifier noise of 1600 electrons will be unimportant
compared to the error caused by fluctuations in gain of
MCP channels. The signals would be digitised and
positions calculated with 70 gim rms accuracy. This
system would be purchased from a vendor. At a pressure
of I0W' torr (N,) the peak electron flux for a 16mm rms
2

100 mA proton beam is estimated to be 4.1l0 /(scm ).

107/(secm 2 ) [13]. An advanced MCP may be able to
handle ten times this rate. Thus an important
consideration for this system will be the pressure in the
beam line and a vacuum pump will probably need to be
part of the system. Radiation damage may limit the life
of this detector to a couple of years.
A Channeltron would be mechanically moved across
the e-beam. It would have a mask cut with a 100 gtm by
300 j.tm slot in front of it. A charge sensitive amplifier
would be remotely placed and shielded and electrons
would be individually counted. The Channeltron can
handle MHz count rates and thus the count rate will be
limited by the charge sensitive amplifier. At 10.0' torr the
count rate would be about 1.2 kHz. Radiation damage
may limit the life of this system to a couple of years. The
mechanical drive and radiation hard position sensing
system
for this unit
will need
to be a couple
the Channeltron,
outside
the magnetic
field. of feet from
antcfed
usd h
teCanlrn
100 jtm optical fiber (silica or sapphire) would
lo ng
0 (smldiameterp100re)
ifromfab1
conduct light
conduct light from a 100 ýLtm diameter, 100 gtm long
YAG scintillator to a high gain photo multiplier tube a
couple of meters from the beam tube. Typically 5
photons would reach the photo multiplier for every
electron on the scintillator.
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Application Limit of SR Interferometer for Emittance Measurement
Y. Takayama*,T. Okugi, T. Miyahara, Tokyo Metropolitan University, Tokyo, Japan
S. Kamada, J. Urakawa, T. Naito, KEK, Tsukuba, Japan
Abstract

2

We investigate the application limit of the SR interferometer for emittance measurement at the KEK-ATF. We need
to consider two important problems, which are the limitation of the availability of the van Cittert-Zemike theorem
and the diffraction effect due to a narrow vertical aperture
of the SR extraction line. The former problem is analyzed
with the theory introduced in another paper [1]. The latter one is studied with the numerical calculation, where the
narrow aperture is assumed to be an optical slit with an adequate vertical width. We show that these problems must be
solved for the accurate measurement of the electron emittance, especially in the vertical direction.

AVAILABILITY OF THE VAN
CITTERT-ZERNIKE THEOREM

The Twiss parameters and dispersion at the position where
the electron beam size is evaluated, and emittance in the
horizontal and vertical directions are shown in the Table I
[3]. Here, we assumed that there is no vertical dispersion
and the coupling is 1 %. We investigate whether the van
Cittert-Zernike theorem is available in the horizontal and
vertical directions individually. The details of derivation of
the conditions are shown in another paper [1].

Table 1: Design value of the ATF damping ring at the point
where the SR interferometer is installed.
horizontal (x)
0.3590
0.3796
2.9739
0.0491
-0.1458
1.08

a
1

INTRODUCTION

03 (i)

A measurement of the electron beam emittance is one of the
most important theme for the accelerator physics. At the
KEK-ATF damping ring, several attempts are performed to
estimate the emittance. Especially, the SR interferometer
which measures the spatial coherence (visibility) has some
advantages compared with other methods [2]. The electron beam size can be obtained by performing the Fourier
transformation of the spatial coherence, which is called as
the van Cittert-Zernike theorem. However, it is not trivial
whether this theorem is available for the bending magnet
radiation. Recently, some conditions to judge whether this
theorem is available or not for the bending magnet radiation
were derived by the authors [1]. We investigate whether
these conditions are satisfied for the SR interferometer at
the ATF damping ring.
We need to consider another important problem, the effect of the narrow vacuum chamber at the SR extraction
line. If the light is cut by this vacuum chamber, the spatial
coherence at the downstream changes. For an extreme example, if the width of the vacuum chamber is much smaller
than the wavelength of light, the spatial coherence at the
downstream is perfect for any electron beam parameters.
Therefore, in order to measure the electron beam size with
the SR interferometer, we must investigate how the vacuum
chamber affects the spatial coherence.
In this paper, we investigate above two points in detail
and judge whether the SR monitor is available to measure
the electron beam size at the ATF damping ring.

*
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"Y(1/m)
71
E(

2.1

vertical (y)
-1.1690
2.8435
0.8323
0
0
0.0108

Horizontal direction

In the horizontal direction, three conditions must be satisfled for the electron beam size o, in order to use the van
Cittert-Zernike theorem, which are

(L)

>,

rX

>> L2
»1+

_'

L(
0*
oX

»

(2)

+
L

PE

-

-,

(3)

A6L
where l 7.04 p m is th
e bentig
sourc
and double slit, p
5.73 m is the bending radius. a,
/3, y and e are the Twiss parameters and emittance after
integrating energy spread, respectively. /3 is defined as
/3 = / - 2aL + L 2'y. orp and up are the beam size and
beam divergence of the light at the waist in the vertical direction which is emitted by a single electron. dp is defined
cr0,P
+ L20a, 2 . For the wavelength A = 500 nm, o,, and
UP are calculated as 19.4 prm and 2.06 mrad, respectively.
Using the parameters in Table 1, we have o, = 34.0 pm.

as
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The conditions in (1), (2) and (3) are written as
or,

>

5.20 x 102 pm,

ao

>»

7.56 x 10-5/ m,

x

»>

3.42 x 10-2

the vertical direction. For this purpose, we suppose that the
narrow space is equivalent with the vertical entrance slit
with the width d, as shown in Figure 1. We put the distance between the light source and the entrance slit to be
m and the distance between the entrance slit
Lm,
and =
the0.56
double
slit to be L 2 = 6.48 m, respectively.

respectively. These condition are well satisfied for the design value and the van Cittert-Zernike theorem is safely
used to estimate the beam size in the horizontal direction.

2.2

Vertical direction

As same with the case of the horizontal direction, three
conditions are necessary in order to use the van CittertZernike theorem, which are
p 6zcyflxflu

(4)

....

double
slit
entrance
slit

.
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,
oay

>>

(5)

01y
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L2
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+•

2>L

01y

(6)

where au = 5.54 pm is the electron beam size in the vertical
direction. There is an extra condition on the divergence of
the light beam under which the light beam reaches at the
observer points strongly enough, which is

+1

U>

ay

>»

L'D(Y1,Y2)

1.98

(y., Yb)"
Fi(y4,

l'ar2b

,

(8)

where the integration is performed on the entrance slit. k is
the wave number of light and
F(Yl,Y2 )
* (Yl)Ei (Y2)),

x 10-3 pm,

FD(Y1,Y2) =(ED(Y)ED(Y2)),
rla =VL 2 + (Y
r2b =

respectively. Therefore, these conditions are well satisfied.
However, the condition (7) is written as
19.9 pm,

which is not satisfied in this case. This means that the
whole curve of the visibility can not be obtained due to
the weak intensity of the light for large slit separation and
the accurate measurement of the electron beam size is very
difficult in the vertical direction.

3

dYcdybT*(ya)T(Yb)
)e--ik(rlj--r2b)

5.25 x 10-3 pm,
2.41 x 10-1 pm,

oau >

=

(7)

where we put the electron beam divergence as a/
-eay
wher w uh
As for the conditions in (4), (5) and (6), we have

>
>»

If we denote the electric field on the entrance slit and
on the double slit as Ei(y) and ED (y), respectively, the
correlation of the fields are related with the equation

ap ]

+

oay
ou

Figure 1: Transformation of the phase space of light.

EFFECT OF VERTICAL APERTURE

-y)2

L + (Y2-Yb) 2 .

T(y) is the transmittance function of the entrance slit. (8) is
valid if the wavelength of the light is much smaller than the
entrance slit. Intuitively, (8) means that the electric field on
the double slit can be obtained by summing up the spherical
wave emitted by the point sources on the entrance slit. The
spatial coherence on the double slit is written as
-(D)

=
,/FD(D/2,

PD(D/2, -D/2)
D/2) rD(-D/2, -D/2)'

where D is the separation of the double slit.

Between the light source and the double slit, there is a narrow space of the vacuum chamber in the vertical direction
whose width is only 4 - 5 mm. It is important to investigate whether this narrow space affects the coherence in
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In order to calculate the spatial coherence, the correlation of the fields on the entrance slit is needed. This can
be obtained by approximating the radiation field with the
Gaussian beam. With this approximation, the brightness
function is represented analytically. Since the brightness
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function B(y, 0) and the correlation of the fields F(Ya, Yb)
are related with the Fourier transformation [4]. P(ya, Yb)
is also obtained analytically. Using this property, the visibility is numerically calculated if we set the electron beam
parameter at the emitting point [5].
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Numerical calculation
5m slit

We calculate the visibility with the formula discussed in
the previous section. We put E
1 = 0.01 nm-rad. Figures
2, 3 and 4 are plots of the numerical calculations for UP =
1.0 mrad, 2.0 mrad and 3.0 mrad, respectively. For each
light divergence, four types of the entrance slits are used.
In each figure, three curves are drawn. The curve with "relative intensity" is the plot of the intensity on the double slit
normalized by that for D = 0. The curve with "without
slit" is the curve of the spatial coherence without the entrance slit. The curve with "d mm slit", where d = 2, 4, 5
or 6, is the curve of the spatial coherence with the d mm
entrance slit. The horizontal axis represents the separation
of the double slit D, and the vertical axis represents the
relative intensity or the spatial coherence.
Although the intensity distribution on the double slit is
Gaussian, the behaviors of the relative intensity on the double slit are very complicated, especially for small entrance
slit and large light divergence. It is due to the diffraction
effect. The vibrations of the spatial coherence with the entrance slit are caused by the Fraunhofer diffraction. For the
region where this vibration remarkably appears, the spatial coherence with the entrance slit has great discrepancy
with that without the entrance slit. Fortunately, this discrepancy is hard to observe since the light intensity is extremely weak for such region.
As we pointed out in the previous section, it is difficult
to obtain the exact curve of the coherence in the vertical
direction, since the intensity decreases rapidly before the
coherence decreases.
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mated by using the van Cittert-Zernike theorem at the ATF
damping ring. There exists an experimental difficulty in the
vertical direction because of the weakness of light intensity. This difficulty will be overcome by using the vertical
bend as mentioned in another paper [1]. However, the vertical intensity distribution on the double slit might have a
very complex form due to the vacuum chamber, which has
a chance to improve the spatial coherence. Therefore, the
measurement of the intensity distribution on the double slit
significant.
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RECENT PROGRESS IN EMITTANCE CONTROL OF THE
PHOTOELECTRON BEAM USING TRANSVERSE LASER SHAPE
MODULATION AND TOMOGRAPHY TECHNIQUE*
M. Babzien, I. Ben-Zvi, R. Malone, X.-J. Wang, V.Yakimenko,_BNL, Upton, NY 11973.

Abstract
A low emittance beam is very important for many
applications, such as short-wavelength Free-Electron
Lasers. A diagnostic that provides detailed information on
the density distribution of the electron bunch in multidimensional phase-space is an essential tool for obtaining
small emittance at a reasonable charge. Accurate phase
space reconstruction and an analysis using a transport line
with nine focusing magnets and techniques to control the
optical functions and phases was demonstrated in previous
publication. Relatively long time of measurements
(approximately 30 minutes) was improved by installing
Hall probes into each quadrupole magnet. This eliminated
necessity to degauss all quadrupoles between each
meeasurementy
pointgaus. Addall
phasbetwcontro of RIn
measurem ent points. Additional phase
control of R F
system
and
driving
laser
should
also
improve
in 5 dimensional phase space reconstruction, confidence

1 INTRODUCTION

2 TOMOGRAPHIC RECOVERY
Tomography is the technique of reconstructing an object
from its projections. In the Physics of beams one can use
tomographic techniques to reconstruct a beam density
distribution in phase space using its projections in real
space. In other words, the images of a beam on a
phosphorescent screen (taken, for example, by a CCD
camera) can be used to derive the phase-space densitydistribution. In order to do that, we must be able to rotate
the distribution in phase space to generate independent
projections on the screen. Changing the beam transport
matrix, using variable strength lenses does this.
order to establish
quality of
r c v r r c d r ,a sthe
e i l p o r mbthes dtomographic
o
ah a
recovery
procedure,
a
special
program
based
on
Mathcad
was developed. Some of the issues studied were the
tolerances for angular and stretching errors in
the focusing
channel, the required number of measured projections, the
effect of smoothening during recovery and more. We
concluded that in order to recover features that are about
one tenth of the distribution size we should measure 32
evenly space projections and the rotation phase and
stretch errors should be of the order of 10% or less.

The determination of the electron beam density
distribution in multi-dimensional phase-space
is
accomplished by the combination of two techniques: The
slice-emittance measurement, which provides the
longitudinal information, and transverse phase-space
omographic measurement that provides the density
3 EXPERIMENTAL SETUP
distribution in the four transverse dimensions of phase
space. Measurement of a slice emittance has been
The schematic layout of the ATF acceleration and
achieved and provided a clear demonstration of the linear transport lines that were used in the slice emittance
longitudinal
emittance-compensation
scheme
[1]. measurement and the tomographic reconstruction is
Changing
laser pulse profile of a photocathode RF gun presented in Figure 1.
Chasn the
gugine sthaser
d
pulserofie
owayphtocathiven
iner In the naming convention of ATF elements, the first letter
has been suggested
as one
emitanc
comenstio
[2] to Th
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FQ2,

HFQ1

Figure 1. Schematic layout of the ATF accelerator system
components used in the slice emittance measurement and
the tomographic analysis.
beam from 5 MeV to approximately 50 MeV. The phase
of the second section is controlled independently by a
motor controlled phase shifter. The H straight line with
nine quadrupoles (HQ1 to HQ9) was used to generate
rotations (phase advance) without a change in the beam
size (constant optical functions). A beam profile monitor
(BPM5) was used to measure the projection. The
tomographic recovery procedure determines the phase
space distribution at HPOP-UPI. The high energy beam is
bent horizontally by a 20 degrees dipole magnet and a
small slice in energy may be selected by a variable
aperture slit. Additional beam diagnostics, located
downstream of the slit provide charge and profile
information.

4 IMPLEMENTATION OF THE
GAUSSMETERS
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Figure 2. Photo of the DC gaussmeter.

,

H8

op-TP2 FQ3

H

FD2

DC gaussmeters were installed into each of the nine
quadrupole magnets that we are using to control phase
space rotation. This allows us set quadrupole current to
desired value and measure actual gradient that effects the
beam. Some problem occur during tests:
1. Noise from pulsed RF system was limiting the magnet
field measurement accuracy. It was resolved by using
rechargeable batteries to power hall probe.
2. The measured quadrupole field error was so far from
calculated value that the resulting tune was
unacceptable. The two solutions were used to address
this issue: partial (fast) degaussing or second iteration
for current setting.
3. The magnet power supplies noise limits accuracy of
phase control. This problem is currently under
investigation.

5 MEASUREMENT PROCEDURE
The tomographic measurement can be broken into a few
steps [6].
1. The first step of the tomographic analysis is a
measurement of the initial conditions of he electron beam
at the linac's exit. The variation of the beam size as a
function of current in the first triplet is used to match the
optical functions in two directions. In the first step, the
graphics window shows the beam size in the X and Y
planes as a function of the triplet current. One can observe
the fluctuations of the beam size and get a measure of the
stability of the system.
2. In the second step, we calculate tunes for the justmeasured initial conditions of the beam. A simplex
is used to match the required phase advance and
the electron-beam conditions at the end of the
transport line nearly constant. At this stage, the graphical
shows the variation of the optical functions vs.
position along the transport line for each selected value of
the phase advance.
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replace the quadrupole scan emittance measurement by a
tomographic analysis of the slice. Tomographic
measurements of a slice may be done at FPOP-UP2 in the
Y-Y' plane, or in one of the experiment hall beam lines
downstream of another dipole (e.g. FD2), which are
dispersion free.

0

6 CONCLUSION

0

vad

As result of implementation of hall probes the data
acquisition for phase space reconstruction was reduced
from half of a hour to approximately 5 minutes. It is
necessary to further reduce this time to be able reliably
recover 5 dimensional phase space. Optimisation of the
computer communication procedure can decrease
time in our case and will be addressed in
near future.

1 imeasurement
w0.1 mradl!
-2 mm

0 M

2 mm

7 ACKNOWLEDGMENTS

Figure 3. Tipical image of the recovered vertical phase
space.
3. The third step is to measure the beam projections for
the tunes calculated in the previous step. The graphics
output window shows the measured projections in the X
and Y planes for a particular tune.
4. In the last step we reconstruct the phase space
distribution from the measured projections. In this step the

graphics window presents the recovered distribution in XX' and Y-Y' phase spaces.
The tomographic reconstruction of transverse phase space
may be combined with the measurement of a longitudinal

slice [1], to produce the transverse phase space
distribution of a longitudinal slice [5]. This leads to a
measurement of the 5 dimensional phase space density
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SIMULTANEOUS MEASUREMENT OF ELECTRON BEAM
SIZE AND DIVERGENCE WITH AN UNDULATOR*
B. X. Yang and A. H. Lumpkin
Advanced Photon Source, Argonne National Laboratory, Argonne, IL 60439, USA
Abstract

X 2+

exp{

We present the simultaneous measurement of beam
divergence and source size based on the APS diagnostic
undulator line. A 300-jim-thick Si(400) crystal
monochromator is used to measure the divergence with a
resolution down to 3 jrad (1 jtrad with the third
harmonic). X-rays transmitted through the crystal are
simultaneously used by a pinhole camera to measure the
beam size, at a resolution of about 40 gim. We
demonstrate that this measurement of emittance is robust
against fluctuations of lattice functions due to a partial
cancellation of systematic errors present in each of the
measremetsdetector
measurements.

1 INTRODUCTION
Synchrotron radiation imaging is widely used for the
measurement of beam size in electron/positron storage
rings [1]. With knowledge of lattice beta functions, one
can further deduce the particle beam emittance [1-4].
Similarly, undulator measurement of the beam
divergence can also be used [3]. Since both of these
approaches depend on accurate knowledge of the lattice
functions, attempts have been made to use pinhole scan
or multi-pinhole aperture measurement with undulator

2a xx,+Px,2}

p(x, x', y,=

2
{x --->y}, (1)
2.x
where a, 03, y are Twiss parameters and F is the
emittance. In this paper, we will use the center of the
undulator as the origin of our coordinate system.
2.1 MonochromaticDivergence Measurement
A single electron traveling through the center plane of
the undulator (z=O) with transverse coordinates (x, x', y,
y') generates a radiation pattern on a downstream
'etes
ateddation
cegntream
screen located at z = Sin. pattern
The pattern centers on
the point (x,,, y,, ) = (x + S, x, y + Sy'). For energies at
or slightly above the nominal resonance of the undulator,
the distribution function can be approximated by a
Gaussian-like function [7] with its width given by
cr. = -4A/ 2L, where L is the undulator length. Under
this approximation, the two transverse dimensions are
decoupled. Hence we will treat them separately.
Multiplying the Gaussian response function with the
distribution function of electrons in Eq. (1), and
integrating over (x, x'), we get a Gaussian-shaped
horizontal profile,
with its width 2given by
S, 20" 2I = (S -Z) 2 -x.a
+S, 2S32 +o-x02.
(2)

radiation to obtain the emittance independent of lattice
functions [5,6]. To date these methods still require long
time for data collection or analysis.
In this work, we present theory and an experiment for
a new approach also based on undulator radiation. A
thin-crystal monochromator is used to measure the x-ray
beam divergence while a x-ray pinhole camera is used
downstream of the crystal to measure the beam size at
the same time. We will demonstrate that the combined
measurement of emittance is robust against fluctuations
of lattice functions due to a partial cancellation of
systematic errors present in each of the measurements,

Here the location of the electron beam waist is Z=c'y,
the width of the beam waist is q, and the beam
the nce
o
ro,
is
the
berm
divergence is •,. For Sm-Z, > 3, the divergence term
dominates in this expression, while the beam size and
undulator cone angle are just systematic errors to be
corrected.
2.2 Pinhole Camera Source Size Measurement

2 THEORETICAL BACKGROUND

photon beam with a Gaussian function (width a,). For a

The fully damped, stored electron beam can be well
approximated by a Gaussian distribution in the 6dimensional phase space involving two transverse
coordinates (x, y) and angles (x', y'), time, and energy.
For an undulator located in a dispersion-free region, we

If the monochromator crystal is thin, substantial highenergy x-ray flux will pass through it, enabling a pinhole
camera to simultaneously record the source size. Again
we will approximate the angular dependence of the
pinhole located at a distance S from the undulator and S'
from the detector screen, the geometrical optical
approximation predicts that the image is a Gaussian
function with a width, given in the source plane
coordinates, of
Z2

will take a simplified picture where only transverse
components are considered in Eq. (1):

2
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For a long undulator (o, << a,) and a centered beam
waist (Z = 0), Eq. (3) predicts that the measured effective
size is smaller than the actual beam, due to the high
collimation of the undulator beams. While the electrons'
angular distribution is independent of their positions at
the beam waist, the farther off-axis the electrons, the
fewer photons they generate will pass through the
pinhole. This results in a systematic error of a smaller
measured effective source size, as pointed out previously
[2,3,5]. This expression, based on simple geometrical
optics models, applies only to the horizontal direction,
where the beam size is much larger than the width of the
camera point-spread-function (PSF).

convolution with a Gaussian source function and a
Gaussian spectrum function (polychromatic PSF). The
result can then be compared directly with experimentally
measured profiles.

3 EXPERIMENT
The experiment was performed at the diagnostics beam
line of the Advanced Photon Source. The set up is shown
in Figure 1 with relevant parameters given in Table 1.
UNDULATOR

1
Xff

2
Z) +S
(s-+
p

E

2
a'+2

-1302

x.effr,,f

Figure 1: APS diagnostics undulator beamline
Table 1: Parameters for the APS undulator experiment
18 mm
Undulator, period length, L,,

Undulator length, L

+

P

C,'

)

fundamental photon energy

Monochromator to undulator distance, S,,
Monochromator crystal
Monochromator crystal thickness

(4)

2

where P(, is the I0function value at the beam waist.
(1) When the pinhole camera and the divergence
measurement are using x-rays of the same energy, we
may choose the location of monochromator and x-ray
slits to be at the same distance from the undulator,
S,, = S. Equation (4) can be further simplified to
e=

("CAMERA

2Undulator,

(

YAG SCREEN

YAG SCREEN

The expressions for effective divergence and beam size
both show strong dependence on P functions, as well as
the location of the beam waist, thus making them
susceptible to magnetic lattice fluctuations. The product
of these two numbers, however, is less dependent on
them,
f

PINHOLE

CAMERA

2.3 HorizontalBeam Emittance

xýeff
o =

MONOCHROMATOR

____-

(5)

with a small correction term (less than 1% for the APS
diagnostics undulator, C. 2.6 grad and C',= 20 grad).
(2) When the pinhole camera is operating with a
broad-band x-ray beam, a. increases somewhat, but the
correction to Eq. (5) is still expected to be small.
2.4 Fresnel Diffraction Broadening in y-Direction
The diffraction broadening of the pinhole image has
been discussed by several authors [2,3], based on the
of the
hybrid model in which the geometric shadow
pinhole and the Fraunhofer diffraction pattern were both
approximated by Gaussian function, and the total
broadening was assumed to be their convolution.
Borland [5] appeared to be the first to point out the
inadequacy of Fraunhofer diffraction and briefly
discussed the effect of Fresnel diffraction. We have
performed a detailed analysis of the PSF based on
Fresnel diffraction. The PSF for monochromatic
radiation for a pinhole aperture (width = d) can be
written as the square of a Fresnel integral. It can be
represented by an integral to allow analytical

Pinhole to undulator distance, S
Pinhole to x-ray camera distance, S'
3.1 Divergence Measurement

3.56 m
25.9 keV

27.47 m
Si(400)
0.3 mm
28.56 m
9.13 m

The Bragg reflection
of a 300-ptm Si(400)
monochromator crystal was used for the divergence
measurement. The crystal angle is chosen to be slightly
lower than that for the resonance (10.130). Integrated
intensity profiles were obtained from digitized video
images and fitted to Gaussian functions at video
frequency
(30 Hz). The data are logged at one-minute
interval during
user runs. Figure 2 shows such a log in a
12-hour run during December 1998. At high current in
the fill, the horizontal beam size and divergence were
high due to a subtle transverse instability [8]. As current
decays,
the divergences settle to values independent of
the current,
0
txheff = 22.• ±1 (rad), and y',eff = 3.2 +0.2 (nrad), (7)
after correction for resolution (3 grad).

3.2 Source Sizefrom Pinhole Camera
The pinhole camera operates with a broad-band x-ray
spectrum. The upstream 300-.tm monochromator crystal
at 100 grazing incidence angle is effectively a 1.73-mm
thick silicon filter, which only allows photons above
15 keV to pass. The calculated angular distribution of the
transmitted photons fits well to a Gaussian function
(of=20.3 grad). We also found that the measured
horizontal intensity profile from the pinhole camera has
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a nearly perfect
Gaussian shape, giving an effective
beam
size 0 x~eff = 360 (jtm). Correction for instrument
reamsolu=360(gm).Correction
isrinsinifcn iFigure

3.4 FresnelDiffraction in the Vertical Direction
3 shows the vertical intensity profile obtained
from the pinhole image. Attempts to fit
the profile with
either a Gaussian function or a hybrid profile function
failed due to the pronounced center peak and sidelobes.
polychromatic Fresnel model appears to improve the
fit with an effective beam size of Gy,eff = 34 + 7 (im).
The vertical emittance is thus ey = 0.11 (nm rad). This

S....The
23.0

represents a vertical coupling of 1.4%, larger than that
deduced from the measured beam size at the bending
source and measured beta functions.

.

20magnet

"o2

7

0[

4 SUMMARY
We reach the following conclusions from this work.
(1) By combining a thin monochromator crystal and a
camera with a suitable undulator source, we
have demonstrated experimentally that both electron

S-

•pinhole
.390

beam divergence and size can be measured
simultaneously. The current rate of measurement is
limited by the speed of the camera/digitizer at about 30

S%70
.E
X
.35

o
5ýC

,measured

(A

Figure 2: Beam data logged at 1-minute intervals. Upper
panel: horizontal beam divergence (gtrad); Lower panel:
horizontal beam size (9m).

Hz.
(2) While the lattice function and the properties of the
undulator radiation can significantly affect either
effective beam divergence or size, their
product remains a good measure of emittance, robust
against fluctuations of lattice a- and 03-functions.
(3) We have presented experimental evidence showing
that the Fresnel diffraction is valid and important in
understanding x-ray pinhole camera data. Its introduction

3.3 HorizontalBeam Emittance
Multiplying the effective beam divergence and size, we

also pushes the fundamental resolution limit below that
of the current, hybrid model by -30%.

obtain the horizontal emittance ex = 7.9 ± 0.5 (nm rad).
i aRotela,
This agrees well with the measurement from the bending
magnet sources.
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fit, (dash-dot) hybrid model fit with a7 = 24 jim, and
(solid line) Fresnel diffraction fit with cr = 34 jim.
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IMPROVEMENTS TO THE FERMILAB IONIZATION PROFILE
MONITOR SYSTEMS *
J. R. Zagel, A. A. Hahn, J. L. Crisp, C. Jensen, FNAL, Batavia, IL
Abstract
The Ion Profile Monitor Systems have been studied in the
Fermilab Tevatron, Main Injector, and Booster
accelerators. These systems capture 64K samples of both
horizontal and vertical profiles at a turn by turn sample
rate. Some early results have revealed various systematic
problems and where improvements in the present system
can be accomplished. Identification of these systematics
and improvements for these systems are described. An
entirely new design is planned which incorporates a
magnetic field and can collect electrons instead of ions. In
addition, selective gating of the top microchannel plate in
a 2-plate system will allow us to minimize saturation and
charge depletion problems.
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1 CURRENT INSTALLATIONS
Ionization Profile Monitors (IPM) are installed in the
Fermilab Booster [1] and Main Injector. Two devices that
were previously installed in the Main Ring [2] were
removed, new microchannel plate (MCP) glass installed,
and then placed in the new Main Injector.
The Booster system has an 8 kV clearing field and
The reworked Main
currently collects positive ions.
Injector devices operate at 28 kV, also collecting positive
ions.

2 SATURATION
The system is timed to observe about 1 lisec of beam at a
set time delay from each revolution marker. This time
corresponds to just under 1 Booster batch. We would
expect that the signal observed should be directly
proportional to the number of ions collected. It was
recognized that the area of the profile should be consistent
throughout the acceleration cycle and proportional to the
ionization produced by the fraction of beam current within
our 1 gsec integration time. [3] Area is defined as the
sigma multiplied by the amplitude from a gaussian fit.
When motion of the beam caused a change in position on
the MCP, ions impinging on a different area of the MCP
caused greater amplitude peaks for some number of turns.
When additional batches are injected, a corresponding loss
of signal occurs that is not consistent with any losses
noted from the observed batch. Instead a much larger loss
is noted in the beam-induced signal. An oscilloscope trace
taken during a short run in the Tevatron also showed this
behavior.
* Work
r supported by the U.S. Department of Energy
under Contract No.DE-AC02-76CH03000
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Figure 1. Injection effects on observed batch.
Figure 1 shows the intensity profile for the time period
during which 4 Booster batches are injected into Main
Injector. The intensity decrease noted after each batch is
injected, approximately 6000 samples, is the result of
charge depletion from the MCP not beam losses in the
observed batch.
Three potential solutions to this problem are: 1. obtain
an MCP with greater output current capability, 2. higher
gain preamplifiers, or 3. use the dual chevron MCP
configuration in a mode where the ion collection plate is
used as a fast gate while the lower plate is used to provide
gain. This mode of operation allows the signal producing
plate to recharge during the off time of the gating plate.

2.1 High Output MicroChannelPlates
The MCP's used in these systems originate from Galileo
Corporation. Extended Dynamic Range (EDR) glass is
available that can provide a 4 to 10 times improvement in
output current. Typically an MCP can provide 10 to 20%
of the bias current as a linear output.
Table 1: MicroChannel Plate specifications
Gain
Bias Current
MCP
Type
1000 Volts
2.5* 104
Long Life
120 Jtamps
2.6*"04
420 tamps
EDR
We have been using simple voltage dividers
to provide
bias voltages for the existing dual chevron plate
assemblies. This will not provide the appropriate bias
using the newer extended dynamic range glass, which
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exhibits much lower impedance. Dual power supplies
will be used to provide a separately adjustable bias for
each plate. The top plate will then be pulsed to provide a
gate consistent with the batch to be observed. For the
Fermilab Main Injector the gate will be on for 1.6 gtsec
out of an approximately 11.1 g.sec revolution period,

2.2 GatingMcroChannelPlates

3 SIGNAL CONDITIONING
When the Main Injector started to ramp we observed a
potential difference in tunnel ground as referenced to the
service building. The IPM has only a few microseconds
to measure nanoampers of current. Even small differences
in ground can cause problems.
..

..

11 /C99/21..

To provide time gating of the micro channel plate, the
first stage must be gated by applying a voltage pulse
during the time of interest. The ultimate goal is to have
this stage go from below threshold to above threshold in
approximately 50 nsec (3 empty bunches between
batches). The application requires a series of 1.6 1tsec
pulses to repeat for approximately 1 second and then have
0.5 seconds of off time. There are two approaches, each
requiring a fast pulse generator and an isolation
transformer: 1) keep the plate biased at below nominal
operating voltage and then supply a 200 V pulse, or 2)
keep the plate at 0 V and apply the full necessary voltage.

200 Ohms 2:1

HVPS I

500

-100/-1000V

HV PULSER

3

HVPS 2
1 kV
Figure 3: Signal variations through acceleration cycle.
Figure 2: MCP Bias scheme.
The kicker group at Fermilab has developed a fast high
voltage pulse generator for their work [4]. This can be
used to generate a pulse of up to 800V with a rise time of
15 nsec into 50 Ohms. An additional power supply is
needed to remotely control either the variable bias or to
supply the variable pulse amplitude from the pulse
generator. There is a tradeoff in how much power is
dissipated in resistors. For the biased case, a DC blocking
capacitor is required but this must be discharged otherwise
the pulse current would overcharge it. For the full voltage
case, the termination resistor will have a much higher
power dissipation. The latter solution requires fewer
components, and failures in the circuit tend to inhibit
operation of the MCP instead of causing damage. There
will be only passive components mounted in the tunnel,
external to the vacuum system, connected via several
hundred feet of 50L2 cable.

The apparent loss of signal in figure 3, sample 62000
through 77000, is explained by the capacitive coupling of
ramp currents into the beam pipe ground. Since the
system software calculates a baseline in the fitting
routines this does not affect the final profile information.
However steps have been taken to capacitively decouple
the grounds to prevent possible damage to the amplifiers.
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Figure 4: Shorted RG-58 signal as seen from upstairs.
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The capacitance to ground in the main bend magnets
allows bend bus voltage to induce currents along the beam
pipe. As a power supply ramps up, the beam pipe closes
the loop between capacitive coupling to ground through
the magnets on both sides of the supply. The IPM's in
the Main Injector are located 17 meters apart and a power
supply feeds the bend bus half way between them. The
measured ground potential between IPM's peaks at 150
millivolts and is proportional to dlldt in the bend buss.
Ohms law suggests 5 amps of current flows through the
.0017 r/m stainless beam pipe separating the IPM's.

4 THE CASE FOR ELECTRON
COLLECTION
The collection of positive ions produced in the proton
beam is problematic in that the space charge of the beam
itself contributes to spreading those ions. The problem is
exacerbated by the smaller beam sizes, in the Main
Injector (1mm) and Tevatron (.5mm), where the spreading
increases the measured profiles by up to 500% over the
actual beam size. To eliminate this effect we are adding a
magnetic field and switching the polarity of the clearing
field to collect electrons. An experiment was done in the
Fermilab Booster to determine the effects of placing a
magnetic field around the IPM and collection of electrons.

*...........

... 6/98/8 18

The conclusion is that electron collection is at least as
good as with positive ions. In the Booster the expected
Iion
spreading was at the 10% level at most. We were
dominated by systematic effects due to saturation at these
levels and could not decisively prove that the
l!K
electron profiles were 10% smaller than the ion profiles.
Calculations suggest that a magnetic field of 2000 Gauss
for the Main Injector and 3000 Gauss for the Tevatron
will be sufficient to contain electrons produced in the
beam while they are accelerated toward the MCP. This
field will reduce spreading to the I to 2% level.

0_900
18000'signal

5 WORK IN PROGRESS
High output glass has been installed into the Main
Injector IPM's. We are now building the additional power
pulsing devices to install for the next run. By using the
top plate of the chevron configuration as a gate and the
bottom plate for gain we hope to minimize the effects of
saturation on the lower plate.

1000
900-Design

work is now being undertaken to produce a magnet
improved mounting scheme for the internal devices to
allow us to capture electrons on the MCP's in the Main
Injector and Tevatron Installations.
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7000-

6 REFERENCES
4000
3000!
200

30- ...

0

•

10~

20

30

40

50

[1] Zagel, J. R., Chen, D., Crisp, J. L., "Fermilab Booster Ion
Profile Monitor System Using LabVIEW",
1994 Beam Instrumentation Workshop,
AIP Conference Proceedings 333, pp 3 84 - 3 9 0 .
[2] J. R. Zagel, J. L. Crisp, A. H. Hahn, P.G. Hurh,
"Main Ring Ion Profile Monitor System",
1997 Particle Accelerator Conference, IEEE Conference
Proceedings 97CH36167, pp2166-2168.
[31 Alan A. Hahn, and James R. Zagel, "Observation of Bethe-Bloch

60Ionization

Electrons
1ton1
Figure 5: Electron collection test in Booster at 600 gauss.

using the Booster Ion Profile Monitor",

Paper THAR4 of this conference.
[4] C. Jensen, D. Qunell, "A Thyratron Trigger with Low Jitter",
Proceedings of 1997 Particle Accelerator Conference, IEEE
Conference Proceedings 97CH36167, ppl281-1283.

2166

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999

NON-DESTRUCTIVE SINGLEPASS MONITOR OF LONGITUDINAL
CHARGE DISTRIBUTION IN AN ULTRARELATIVISTIC ELECTRON
BUNCH.
P.V. Logatchov, P.A. Bak, A.A. Starostenko, N.S. Dikansky, V.S. Tupikov, K.V. Gubin,
V.M. Mishnev, M.B. Korabelnikov, M.G. Fedotov, BINP, Novosibirsk, Russia.
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Abstract
We present here the first experimental test of a
singlepass non-destructive method of monitoring of longitudinal charge distribution in an intensive relativistic
electron bunch. This method is based on the scanning of a
thin electron beam within the energy range 20-100 kV in
the electromagnetic field of an intensive relativistic
bunch.
The probe beam was injected across the path of
primary relativistic bunch. This type of an electron beam
probe is suitable for both circular or linear accelerators.
The prototype results obtained at VEPP-3 storage ring
are in good agreement with the calculations and give us a
very high degree of confidence that this single bunch
diagnostic tool can be very useful not only for accelerator tuning, but also for precise measurements.

1 THEORY
The thin probe beam moves along X axis, is orthogonal to the direction of the relativistic bunch motion
(Z axis) with the offset parameter p (Fig. 1).

Y

riz
2p+(x+13-

-3

2

where f, is the classical electron radius,

(1)

/3 =v/c

- the

lati
v
othe
testing beam
carthe v
t
light, X - the coordinate of testing beam particle at
2i() - the relativistic bunch linear density along Z
t=O,
axis. The expression for the deflecting angle of the particle in Z direction due to magnetic field can be written as:
-2
0(x) =W2r2
(2)
-•p +(X+f13
As a result, the testing beam traces the closed
curve on the screen. In assumption of the constant current
I of the testing beam one can derive the simple correlation between the X -coordinate and the charge distribution q(1) along the indicated curve on the screen from
point A to point B (Fig. 1):
1):
()
CB
AIJ
r
(3
Integrating the charge along the curve from point A
up to
point B (Fig.l) one can find the X-coordinate (3) and
correspond to it the certain angles 8z(x) and 0y(X) at

point B. Since the dependencies 0y(X) and 0,(X) are

X

determined, it is possible using any of this functions to
restore the dependence 0z):
/32 ioy(k)e(iI0+IkIp)c
(4)

where 0y(k) =f 0y(X)e6-ikxC.
_

Fig. 1.

The results of scanning are monitored on the
screen parallel to the Y-Z plane and positioned at the
distance L from Z axis. Let the center of the relativistic
bunch is located at the origin at time t=0 whereas the
testing beam has the uniform density along X and the
diameter d<< p. Here, we assume P exceeds the typical
transverse size of the relativistic bunch. At the time t=O
every testing beam particle is corresponded to the certain
x -coordinate. The total deflecting angle in Y direction
for every particle under the influence of the electric field
of the relativistic bunch can be expressed as:

0-7803-5573-3/99/$10.00@ 1999 IEEE.

It is necessary to emphasize that dependencies
(1), (2) and (4) are valid only for ultra relativistic bunch
with y>>l and for AyMAX << 1 (5). The last condition
y

gives a small perturbation of probe beam longitudinal
motion by the electric field of relativistic bunch.

2 EXPERIMENTAL SETUP
The test of the electron beam probe was held at
VEPP-3 storage ring at the bunch energy 350, 1200 and
2000 MeV. We placed the device in the straight section
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of the ring between two RF cavities. The probe system
was evacuated to a typical storage ring vacuum level of
10-9 Torr. The schematic diagram of the layout is shown
in Fig. 2. The probe electron gun had a flat diode geometry with 0.2 mm diameter anode diaphragm. We used 4
mm dispenser cathode with emission ability 3 A/cm2.
The maximum pulse current of the probe electron beam
was 1 mA at the energy of 60 keV. Axial magnetic focusing lens formed a minimal transverse probe beam
size as at the interaction region as on the screen. Transverse correction coils was installed to adjust the position
of the probe beam on the screen. We used to direct the
probe beam to the thing strip placed just before the Micro
Channel Plate (MCP) of 20 mm diameter. It allowed to
avoid the MCP saturation by 5
ImA
as, probe beam and
to measure its pulse current. We also measured probe
beam
energy.
two(3)parameters
gavetheuscharge
a possibility
to restore
the These
X value
or time from
distribution on the MCP entrance. The relativistic bunch duration was in the range of one nanosecond, so all voltages
on MCP, screen and gun could be considered as constant
during this time period. The shortest pulse on the MCP
served as a gate pulse. It helped to make a single bunch
picture on the phosphor screen (the revolution frequency
ofctureon
the
bunc inreenphor
ris0(the
digti se tueny
of the bunch in the ring is 4.03 M Hzol
z). To digitise the
screen image we used the conventional black and white
CCD video camera and special ADC grabber of standard
video signal with external start. Synchronous start of the
camera
is absolutely
necessary
brightness
stability
of the screen
image from
pulse to
by the
pulse
for brightness
to
charge conversion,
Qft&

P

_0_
ltrdatwol
feq.

MCP

m

•-]F.
1-0

sý

K:1ered

1measurement

g

W 5p-.

data acquisition time (500 ms). So all presented measurements was made on 0.5 pps.
Probe beam focusing system, all modulators,
video and synchronous start system was controlled by
computer from the main control room.

3 EXPERIMENTAL RESULTS
At first we adjusted the synchronous start system
and modulators to reach a reliable operation with good
tm tblt amxmmln iejte
a este
ns). The pulse to pulse voltage stability at the moment of
relativistic bunch passing was better then 2%
for each
modulator. Then we checked the surface uniformity of
MCP-Screen-Camera conversion system. The nonuniformity less then 3% was detected. All presented measurements was made with 60 keV, I mA probe electron
beam. The probe beam size was 0.5 mm at the interaction
point and 1 mm on the screen. To restore the bunch shape
according to (4) we need the p value. It was measured
directly by moving the probe beam up to the crossing
with relativistic bunch trajectory. One can recognise
the
c
p
yg
crossing picture very clearly.
Atrta
eflildteclbainmaue
ments with stable bunch in the ring in order to have a real
l n i u i a h r e d s rb t o n t e b n h f o h
longitudinal charge distribution in the bunch from the
dissectori(the longituin ba n
e ive close to
thegGaussian). Usngethi
on c an calculte th
brightness
charge
can processtothe
imageconversion
for the timecoefficient,
period lesspentium-133
then 1 second. Since the range of brightness changing was not so
big in comparison with dynamic range of
video signal
(less then 10%) and MCP-Screen system can be considas linear within our range of parameters it was possible to use that conversion coefficient for most of our
measurements. Fig. 3 shows an example of calibration
with a stable bunch state at the energy of
1200 MeV.

.....

Fig . 2 The scheme of installation.

Since built-in brightness to charge calibration
system was not ready at the first set of experiments we
used for that purpose longitudinal charge distribution
dataobtinedby
issctor[2] Thi stobocopi deice
works properly for operation with a stable bunch at the
time resolution level of 100 ps.
The maximum repetition rate for our system was
limited by the screen luminescence time (5 ins) and video

a

~

,
time,[ni]

.

Fig.3. The calibration measurement with dissector at a stable bunch
state. The solid line is a result of the best Gaussianfitting to the dissector data. Dots correspond to our device measurement.

After calibration procedure we used our device
to monitor the longitudinal bunch instability. In this
case the signal from dissector was very wide and unstable
and it had
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two pikes with flashing amplitudes. Fig.4
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shows typical single bunch pictures for that instability at
the energy of 1200 MeV.

we can evaluate time resolution T" in two occurrence:
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Our experiment fits the first case, the expression (7) is
suitable to linear accelerators. Taking into account the
final size of the screen, one can evaluate (6) the time
resolution value for our experiment (50 ps). To improve
time resolution significantly we plan to rearrange optic
and decrease the beam size on the screen. The maximum
vertical size of the loop on the screen can be calculated
for Gaussian bunch as follows:

11
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03
a-#.
for)1,rsO.e.tr
~ r-Ne*p Ay
Y
p
c.O. f3 +
(6); and
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5 CONCLUSION

2,0

time,[ns]
Fig. 4. Typical single bunch picturesfor longitudinalinsta-

The design of the monitor essentially depends on
the relativistic beam parameters. We just note the general
useful qualities of the method:
1. Ability of simultaneous measurement
not only

bility: (a) - minimum bunch length, (c) - maximum, (b) - intermediate
state.

This is just an example to show the ability of the
method. But for detail instability analysis one need at
least few pictures: for example after 10" , 20'h ,30' turn
and so on. Unfortunately at existing device we can not
make this shot. It need some changes in modulators, additional horizontal scanning system and bigger MCP with
screen. We plan all this changes this year as a next step.

4 Din
The basic idea of this diagnostic looks simple,
but one should be very careful evaluating the time resolution of this method. At first we have a finite angle
resolution AOy due to a probe beam size on the screen
or spatial resolution of electron detecting system. An
angle resolution can be recalculated to a time resolution
as follows:

A9y

1

y(

C(6).

longitudinal distribution of beam density, but the transverse position of its center of mass also [1] (two testing
beams - above and below the relativistic beam).
2. Testing beam has practically no influence on
the relativistic bunch, so its parameters don't get worse.
3. Small slots for testing beam transit in main
vacuum chamber don't change its impedance.
In this year the monitor will be installed either
the (VEPP-4) storage ring and in the linear accelerator
(VEPP-5 injector).
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Impulse magnet of positron source with adiabatic field decreasing.
R.M.Lapik P.V.Martyshkin
Budker Institute of Nuclear Physics, Novosibirsk, Russia
1 INTRODUCTION

75

Positrons produced by conversion target have a large transfers injection angles and wide energy distribution. To capture positrons a matching device which forms a strong magnetic field is used. This flied may be achieved only by impulse operated device. This device is utilized to form strong
magnetic impulse field (10 T) and uses a capacitor bank.
X

Figure 1: Sketch of capsule lead liquid target and its location relatively marching device.

Incident electron bunch with energy 300 MeV and energy spread ±1% is focused by a triplet on conversion target to beam spot size 1 mm. Electron bunch length is
about 6 mm. The total target yield for positron after tungsten conversion target and the one radial angle and energy
distributions had been calculated using the electromagnetic
shower simulation provided by the GEANT code[ 1]. The
total positron yield defined as the number of positron generated per one incident electron from such a target is about
0.8.
To avoid a thermal heating damage of conversion target
is usually utilized a rotated tungsten target with water cooling [2]. To technical unloading of conversion system by a
different elements was decided to use a lead liquid target of
capsule type (fig.l). The melting of lead is a result of incident electron bunch energy deposition in target material.
Application of this target allows to locate it into top magnetic field and doesn't require additional target cooling,
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 2: Cross section ofpulsed magnet prototype.

2

IMPULSE MAGNET PROTOTYPE

Positron beam injected from conversion target occupies a
large space volume and is wide distributed in energy (from
several MeV to several dozen MeV). Impulse magnet forms
adiabatically decreasing longitudinal magnetic field with
required shape. Magnet is located after conversion target
and acts as short focal length lens.
To measure a magnetic field of matching device the prototype has been fabricated as a single turn solenoid with
a radial cut to center of conical hole. A cross section of
pulsed magnet prototype is schematically shown in fig.2.
The copper body of prototype is 75 mm along and internal
cone angle is 451. Minimal aperture d of magnet prototype
is 4 mm.
The magnet prototype is powered by a sinusoidal shaped
current pulse of 75 kA to produce a peak magnetic field
of 10 Tesla at a conversion target. The longitudinal mag-
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100

PN

of accelerating structure for different cases of structure and
impulse magnet position. Minimum aperture of impulse
magnet is 5 mm. Distance between structure and impulse

90

magnet was chosen to be 10, 30, 50 mm. Location of magnet rear plane and accelerating structure are marked in fig.4.
As one can see, magnetic field strength is decreased fast almost to zero value in front plane of accelerating structure.
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Figure 3: Magneticfield profile along longitudinalexes of
prototype. Dashed line - 4 m.m solid line 5 mm.

netic field along axis of prototype is presented in fig.3 by
a dashed line. Energy deposition of magnetic field inside
conical hole of device is about 10 J.
After several tests of a previous magnet prototype the
minimal aperture d was increased up to 5 mm and the tests
of a second prototype were repeated. The longitudinal field
of a second magnet prototype is slight different (fig.3 solid
line). To obtain a peak magnetic field strength of 10 Tesla
a 100 kA current pulse was required that is increased 30%
against of a first pulsed magnet prototype test. Magnetic
field strength at rear plane of impulse magnet decreases to
0.1 Tesla for both magnet prototypes.
A current pulse of time length 20 psec had been used
for both test series of magnet prototype. Magnet had been
placed on an air and its external body surface was cooled by
a water flow. Temperature of magnet body was increased
to 40 + 50 0 C in 2 + 3 hours of test with repetition rate
50 pps. Energy deposition of capacitor bank is triple large
the energy deposition of magnetic field inside conical hole.
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Figure 4: Numerical simulation of impulse magnet with
closed location of accelerating structure.

4

CONCLUSIONS

The tests of both impulse magnet prototypes with conversion target demonstrated a technical realizations opportunity of this positron system design. It had been erident, during the operation time, that a 15 Tesla magnetic
field strength is quite technically reliable for repetition rate
50 pps.
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NUMIERICAL SIMULATION

For numerical simulation of magnet prototype a special
code based on final differences method had been written.
This code allows to simulate magnetic impulse field of any
magnet geometry with axial symmetry. Conversion target
and accelerating structure location is also available to include into consideration.
Close located accelerating structure at rear plane of impulse magnet decreases strength of magnetic field. Fig.4
shows a behavior of magnetic field strength in front plane
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BUNCH LENGTH MEASUREMENTS USING A MARTIN PUPLETT
INTERFEROMETER AT THE TESLA TEST FACILITY LINAC
B. Leissner, Ch. Berger, R. Siedling, M. Tonutti, RWTH Aachen, D-52056 Aachen
M. Geitz, G. Schmidt, P. Schmtiser*, DESY, D-22603 Hamburg
Roof mirror

Abstract
The longitudinal charge distribution of the electron
bunches in the TESLA Test Facility linac has been determined using coherent transition radiation produced at a
thin metal foil. The autocorrelation of the radiation pulse
is measured with a Martin Puplett interferometer and then
Fourier transformed to yield the coherent radiation spectrum and the bunch form factor. Several techniques, including a Kramers-Kronig analysis, have been applied to determine the longitudinal bunch charge distribution. Measurements with a thermionic electron gun and a radio-frequency
photo injector are presented. The influence of frequencydependent acceptance corrections is discussed.

Future electron drive linacs for Free Electron Lasers in the
VUJV and X ray regime require the production and acceleration of bunches whose length is in the sub-picosecond
regime [1]. Coherent Transition Radiation (CTR) emitted
by the electron bunches upon crossing a thin aluminum foil
can be used to determine the longitudinal charge distribution. The radiator is oriented at an angle of 450 with respect
so that
the radiation
can be extracted
to the beam direction
intnsiy
uarz
troug
widow
Thespetra
ata 90
at 900 through a quartz window. The spectral intensity
emitted by a bunch of N particles consists of an incoherent
and a coherent term

(1)

Here I, (w) is the intensity radiated by a single electron at
the frequency w and f(w) is the bunch form factor [2, 3, 4],
defined as the Fourier transform of the normalized charge
distribution p. For a relativistic bunch whose transverse dimensions are small compared to the length the form factor
becomes

f

-

f
t)tion

((

(2)

2

THE MARTIN PUPLETT
INTERFEROMETER

The Martin Puplett interferometer used to measure the
autocorrelation function of the radiation pulse is shown
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Figure 1: The Martin Puplett interferometer.
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a spacthick gold plate.
plated Wire
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ing of 100 pm act as polarizer, beam splitter and analyzer.
The incident radiation pulse is polarized horizontally by the
first grid and then splitted by the beam divider into compo-

nents of different polarization entering the two spectrometer arms. The polarization is flipped by the roof mirrors,
hence the component first transmitted at the beam splitter
is now reflected and vice versa. The recombined radiation
is in general elliptically polarized, depending on the path
difference in the two arms. The analyzing grid transmits
one polarization component into detector 1 and reflects the
orthogonal component into detector 2. Two pyroelectric
detectors equipped with horn antennas are used as detecdevices for the sub-millimeter wavelength radiation.
Not shown in the schematic diagram are two parabolic mirrors of optical quality which transform the diverging beam
leaving the CTR radiator into a parallel beam and focus the
recombined beam onto the detectors.
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total radiation power entering the interferometer. The raw
data show some fluctuations which occur simultaneously
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Figure 2: The signals of the two pyroelectric detectors (circles and crosses) as a function of the path difference in the
two spectrometer arms. Note the anticorrelation in the interference signals. The correlated fluctuations at -13 ps and
+ 9 ps are due to intensity fluctuations of the electron beam.

Figure 4: The power spectrum corresponding to the interferogram of Figure 3 (open circles). The suppression at low
frequencies is due to the high-pass characteristics of the experimental setup. The solid curve is the frequency domain
equivalent of the time domain fit explained in section 3.1.

in both detectors and can be attributed to instabilities in the
electron beam. Such correlated fluctuations can be eliminated by taking the difference of the two detector signals
and normalizing it to the sum. The normalized difference
interferogram, presented in Figure 3, shows in fact a very
smooth behaviour. Remaining statistical fluctuations due
to amplifier noise etc are within the size of the data points.

function. The resulting power spectrum is shown in Figure
4. The power spectrum reveals one of the main limitations
in the application of frequency-domain techniques for determining the bunch length: the low frequency part of the
spectrum is strongly suppressed. Several effects contribute:
diffraction losses due to the limited apertures in the interferometer, the finite size of the radiator foil which leads to
a widening of the angular distribution of transition radiation at low frequency, and also the reduced acceptance and
sensitivity of the detectors at long wavelengths. These systematic effects are still under study. In the following analysis they will be treated in an empirical way only, and the

Difference
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S
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resulting bunch lengths have to be taken with some care.

0.5
0

.

3.1

CL0
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Time Domain Fitting

The low frequency part of the power spectrum is suppressed by cutoff effects. Following Murokh et al. [5] we
describe this in terms of a filter function
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where ý is an adjustable parameter. Assuming a Gaussian

longitudinal charge distribution of variance o-, the mea-

sured power spectrum is expected to be
Figure 3: The difference of the signals of the pyroelectric

detectors normalized to the sum (open circles). The solid
curve is the result of a time domain fit explained in section
3.1, The data were taken with a thermionic cathode.
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Transforming to the time domain we obtain the expected
autocorrelation curve
/

DATA ANALYSIS

S(t)

The power spectrum of the coherent transition radiation is
obtained by Fourier transformation of the autocorrelation
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The result of the fit of Equation (5) to the interferogram is
presented as the continuous curve in Figure 3. The obtained
rms bunch length is o-= 2 ps. The error of the analysis is
dominated by the systematic low-frequency effects and is
estimated to be in the order of 20% - 30%.
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A Fourier transformation of the autocorrelation function
yields only the absolute magnitude If(w)I of the form factor. The Kramers-Kronig dispersion relation approach can
be used to compute the phase. The so-called minimal phase
V)is given by [6]

00.06

0.o4
0.020

) -2w

ln[If(u) l/f (w) 1]du .

0

1

2

(6)

The inverse Fourier transformation yields then the desired
longitudinal charge distribution

t[PSI
Figure 6: Longitudinal bunch profile as reconstructed by
the Kramers Kronig technique.

4
p(z)

=J

If(w)I cos (Ob(w) + wz/c)dw

(7)

The Kramers Kronig technique will be applied to the interferogram in Figure 5. The low frequency attenuation of
the frequency spectrum has been corrected for by smoothly
extrapolating the form factor with a fourth order polynomial. The reconstructed bunch form, depicted in Figure
6, is trapezoidal with a FWHM of about 4 ps. It should
be noted, however, that the result of the reconstruction depends strongly on the exact parametrization and the starting
point and slope of the extrapolation. It is possible to obtain
differences of up to I ps in FWHM and variations of the
shape by varying the initial conditions and the parametrization of the extrapolation.

3

CONCLUSION

A high precision Martin Puplett interferometer has become
a standard device for bunch length measurements at the
TESLA Test Facility linac. One useful side effect is that
the signal amplitude of the pyroelectric detectors increases
strongly with decreasing bunch length and can therefore
be used as a fast monitor for optimizing the bunch compression in the linac. Bunch lengths and bunch shapes
have been determined for various machine configurations.
The main problem for precise measurements of picosecond bunches is the not-well known low frequency attenuation of the coherent radiation. Detailed investigations are
in progress.
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PHASE SPACE TOMOGRAPHY AT THE TESLA
TEST FACILITY LINAC
M. Geitz, G. Schmidt, P. Schmtiser*, DESY, D-22603 Hamburg
Abstract

Using the beam transfer matrix M, equation (1)can be rewritten in terms of the phase space
at the
po distribution Po at
reonstruction

The transverse phase space distribution of an electron beam
can be determined with a quadrupole scan by measuring the resulting beam profiles via optical transition radi-

-I'

ation and applying a tomographic reconstruction method.
Phase space tomography has been successfully used at the
TESLA Test Facility (TTF) linac equipped with a radio fre&
quency photo-injector. Measurements of phase space distributions and emittances will be presented.

1

INTRODUCTION

To be usable as a driver for an envisaged Free Electron
Laser in the VUV regime the TTF electron linac will have
to provide 500 MeV to 1 GeV bunches with a charge of 1
nC and a normalized emittance in the order of 1 - 2 7r mm
mrad. A laser-driven rf photocathode produces bunches
with an rms length of 5 ps which are accelerated to about
5 MeV in a 1 1/2-cell rf cavity. The transverse phase space
distribution and emittances of the electron beam are difficult to predict since they depend strongly on the density profile of the laser beam, on space charge forces and

on the applied focusing by solenoid fields at the photoinjector. An experimental determination of the entire transverse phase space distribution can be accomplished by ap-

plying a quadrupole scan in combination with tomographic
image reconstruction techniques [2]. For this purpose a set
of quadrupoles is used to rotate the phase space distribution in well-defined angular steps between a reconstruction point zo in front of the quadrupoles and an observation point zl behind the quadrupoles. The transverse beam
density distribution at the observation point is recorded by
means of an optical transition radiation screen read out by
a CCD camera. The horizontal and vertical beam profiles
obtained at the different rotation angles allow to reconstruct
the initial phase space distribution at zo.

2

PHASE SPACE TOMOGRAPHY

The beam transport from zo to z, is described by a 4 x 4
transfer matrix M whose elements are easily computed for
given quadrupole settings. The measured horizontal charge
density distribution can be expressed in terms of the horiPi t z bythe nteralThe
zontldesit
pasespac

p(x)

([(a:
p

SPl(xi, x')6(Xi

"permanent

(1)

, x,)dxl
-

xa)d•ldal.

cosO =

ml
V/M1

'

sin 0
2S2

M12
___2M1+_2

(3)
This yields
p1,(u)

=

u

with
VM,21

/po(xo,
=

xo)J(u - xo cos

x/vTM1 + M22

- x' sin b)dxodxo
(
0
(4)
=
and P 1,0(ul)

+ M 22Pz,M(Xl).

Hence we arrive at the conventional Cartesian rotation by scaling the measured intensity profiles with
Mn + M, 2 .
1M
1 + M1 2 and the x coordinate with 1/
The distribution P 1,o(u) has to be determined at narrow
equidistant angular steps covering at least 1800 in order to
permit a reconstruction of the distribution po which is free
from artifacts. In practice the full angular range is often not
accessible and the step width may be too large. Interpolation and filtering techniques can be applied to improve the
quality of such incomplete scans. A useful filter function is
obtained by combining a frequency ramp function If I with
a low-pass filter L(f) [4]
1 r
(5)
If IL(f) exp (iuf)df.
w(u) =
Here f is a spatial frequency. The filtered profiles are given
b
po'(xl)

=

Po(•1 )w(x, -

.il)d:el

(6)

low-pass filter suppresses frequencies larger than the

sampling frequency of the profiles and
the ramp function
enhances high spatial frequencies, i. e. profiles with strong
curvature. The filtered profiles can now be backprojected
to obtain the reconstruction poR(Xo, Xo) using
p0(xo x•) =

adress: University of Hamburg, D-20146 Hamburg
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d

P1,M(X1)=]po(xo,Xo)3(:c-Mllxo-M 21xo)dxodXo
(2)
We have added the index M to P, (xl) to indicate that the
horizontal density distribution at z1 depends explicitely on
the transfer matrix M. In order to be compatible with the
algorithms used in conventional computer tomography we
introduce a "rotation angle" 0 by the relations
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where N denotes the total number of electrons of the beam.
The optical functions a, fl, and 'yare given by
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mms= ErmsY and (xX')rms = Ermsc.
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SPACE CHARGE

Linearized space charge forces are implemented into the
beam transfer calculations. The lattice needed to compute
transfer matrix M is subdivided into intervals of about
1 mm. At these points, defocusing lenses are placed with
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Figure 1: Result of a simulation using an asymmetric
phase space distribution consisting of three peaks of different height and width. The agreement of the initial (upper graph) and reconstructed (lower graph) distribution is/:
better than I1%.
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Backprejected phase space

Figure I shows a simulation with an asymmetric phase
space distribution consisting of three peaks of different
height and width. The upper graph shows the initial distribution, the lower graph the reconstruction using 180 projections at a I' angular spacing. The reconstruction agrees
with the initial distribution to better than I1%.
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EMITTANCE AND OPTICS

2•::•...

••

PARAMETERS
The emittance is defined in terms of the variances of x and
x' by

E=

(8)
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with

(x)=N1X2
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(9)
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Figure 2: Reconstructed phase space density of the beam

emitted by the photo injector, energy 16 MeV, charge I nC.
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100 and 270 A. It should be noted that the emittance shown
in Figure 2 is smaller because it was obtained after a careful
optimization of all injector parameters [5].
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has been demonstrated at the TTF electron linac. The
technique permits a reconstruction of the transverse phase
distribution and allows the determination of the emittance and the optics parameters. Linearized space charge
effects have been included in the beam transfer matrix.
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where 'ydenotes the Lorentz factor, re the classical electron radius, ax, cry, and oz the rms bunch dimensions.
Gaussian-shaped bunches are assumed.

5

MEASUREMENTS AT THE TTF LINAC

A set of quadrupole scans has been performed behind the
TTF photo injector and the capture cavity with a bunch
charge of 1 nC and a beam energy of 16 MeV. Here, space
charge effects cannot be neglected. They are included in
the analysis in linear approximation using formulae (13).
The horizontal and vertical phase space density of the TTF
beam is shown in Figure 2. The normalized emittances
measured are
(5.5 ± 2.5)mm mrad,

ey = (9.5 ± 3)mm mrad.

The beam emittance has been determined as a function of
the strength of the gun solenoids. A variation with the magnetic field strength has to be expected because of the space
charge forces acting on the charge distribution. These intrinsic forces are counter-balanced by the solenoid fields
and an optimum setting has to be found for every bunch
charge. The horizontal emittance is plotted in Figure 3 for
different currents in the primary solenoid [5]. An normalized emittance of e; = 11.8 mm mrad has been obtained
during the scan of the primary solenoid current between
2177
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A HILBERT TRANSFORM SPECTROMETER USING A HIGH-Tc
JOSEPHSON JUNCTION FOR BUNCH LENGTH MEASUREMENTS AT
THE TESLA TEST FACILITY LINAC
M. Geitz, K. Hanke* , P. Schmiisert, DESY, D-22603 Hamburg
Y Y Divinl , U. Poppe, IFF, Forschungszentrum Jilich GmbH, D-52425 Jilich
V. V. Pavlovskii, V. V. Shirotov, 0. Y Volkov, IRE, Moscow 103907, Russian Federation
J. Menzel, M. Tonutti, RWTH Aachen, D-52056 Aachen
Abstract
The longitudinal charge distribution of an electron bunch
ttransition radiation
c emitermed
b the
from
h cros the mental ftrometer
emitted when the bunch crosses a thin metal foil. A Josephson junction made from a thin film of YBa 2 CuaO 7 _• on a
bicrystal substrate is used as a detector for transition radiation in the millimeter and submillimeter range. The spectral intensity of the radiation and the longitudinal form factor of the bunch are derived by applying a Hilbert transformation to the radiation-induced modification of the currentvoltage characteristic of the Josephson junction. The physical principles of a Josephson junction as a detector for submillimeter radiation are outlined and a first bunch length
measurement is presented.

1

INTRODUCTION

Future electron-positron linear colliders as well as electron
drive linacs for Free Electron Lasers (FEL) in the X-ray
regime require the production and acceleration of bunches
whose length is in the 50-100/Im range [1]. To determine
the bunch length, frequency-resolved techniques are
adequate such as far-infrared grating spectroscopy [2] or
Fourier-transform spectroscopy [3, 4, 5]. If the wavelength
exceeds the bunch length, all electrons in the bunch radiate
coherently and the longitudinal charge distribution in
the bunch can be obtained by Fourier transformation of
the measured frequency spectrum. The spectrometers
used for such measurements are usually equipped with
mechanically movable elements like mirrors or gratings,
hence the recording of the entire frequency spectrum may
last several minutes and an average over many successive
bunches has to be taken.
Hilbert-transform spectroscopy based on the ac Josephson
effect offers the possibility of high-speed spectroscopy in
the millimeter- and submillimeter-wavelength range [6].
This technique might even permit single-bunch measurements. The principle is to investigate the modification of
the current-voltage characteristic of a Josephson junction
due to incident radiation. Applying a Hilbert transforma. present adress: CERN, CH- 1211 Geneva 23

t home adress: Univ. Hamburg, D-20146 Hamburg
t home adress: IRE, Moscow 103907, Russian Federation
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tion the frequency spectrum of the radiation can be derived
and, after Fourier transformation, the charge distribution
in the bunch can be calculated. A Hilbert transform spechas been tested at the TESLA Test Facility (ITF)
linac. In a first stage the device is able to measure the averagbuclethdrnamcops.
age bunch length during a macropulse.

2

PRINCIPLE OF THE BUNCH LENGTH
MEASUREMENT

Transition radiation is produced when relativistic charged
particles pass the interface between two materials of different dielectric properties. By arranging the radiatior, here a
thin aluminum foil, at an angle of 450 with respect to the
beam direction, the radiation is emitted at 900 and can easily be extracted from the vacuum chamber through a quartz
window. The spectral intensity emitted by a bunch of N
particles can be expressed as
It(w

I,(w)IN + N(N

-

1)If(w)1I'

(1)

where 11 (w) is the intensity radiated by a single electron
at a given frequency w and f((w) is the bunch form factor [7, 8, 9], defined as the Fourier transform of the normalized charge distribution p. Neglecting the transverse
charge distribution the form factor f(w) becomes

f
f(L") =

(iW
p(z) exp

z\
dz

c-p/c-t) exp (iwt)dt

(2)
For wavelengths in the order of the bunch length and
longer, the form factor approaches unity. The emitted radiation is then coherent and permits a direct measurement of

Ifw

2.

3

PRINCIPLE OF HILBERT

TRANSFORM SPECTROSCOPY
A Josephson junction serves as a Hilbert transform spectrometer. The electric properties of a junction are determined by Cooper-pair tunneling which leads to the I-U
characteristic shown as the dashed curve in Fig. 1. A
dc current 10 can be passed through the junction without
observing a voltage drop as long as the current stays below a critical value I, (dc Josephson effect). For currents
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above I, a voltage drop across the junction is observed accompanied with an alternating current whose frequency is
given by the relation w = 2eU/h (ac Josephson effect,
fo,= wl/27r = 483.6 GHz for U = 1 mV). When the
3

h tis
2e
2

'.-'to
-lpotential

"-•

MEASUREMENT OF THE COHERENT
SPECTRUM

High-Tc Josephson junctions were fabricated by epitaxial
growth of YBa 2CuaO7., on NdGaO3 bicrystal substrates.
A schematic view of the detector which incorporates the
antennas for millimeter and submillimeter wave detection
shown in Figure 2. The grain boundary leads to a thin
resistive barrier between the two superconductors, which
then acts as a Josephson junction. Electrical connections
bias the junction with a dc current and to measure the
difference across the junction are bonded to the
antennas. The junction features a large dynamic range of

1~2-

•.•

1.6

,

0'-

4

0

1.3

1

''•

1.5
-

U [my]

, ,•

;NdGaO3

2

3

U

Josephson junction is exposed to monochromatic radiation
of (angular) frequency w the current-voltage characteristic
acquires a current step AI at the voltage U = (hw/2e),
see Figure 1 (U is obtained by averaging over the Josephson oscillation). Within the framework of the Resistively
Shunted Junction (RSJ) model [11], and in small-signal approximation, the magnitude of this step is proportional to
the power of the incident radiation. Hence the junction acts
as a quadratic detector and can be used to measure the spectral intensity of a continuous radiation spectrum. For this
purpose we define a characteristic function
AI(U)I(U)U
2

(3)

R I2

where R is the ohmic resistance of the junction. The spectral intensity is derived from g by an inverse Hilbert transform [61
S(w) =

_7r
J

g(wo) dwo

w-

oW
0

YBa2Cu307

1.7

Figure 1: Dashed curve: voltage across the junction as a
function of the dc bias current. Solid curve: modification
of dc characteristic curve due to monochromatic incident
radiation.

8 h
g(U) = 7e

/

where

2opm
1.8mm

Figure 2: A schematic view of the Josephson junction used
as a detector for millimeter and submillimeter wave radiation.
about 105 and a high sensitivity of -- 10-14 W/Hz1 /2
Noise Equivalent Power (NEP) to millimeter- and submillimeter radiation [13]. The resolution is around 1 GHz in
the temperature range from 4 to 78 K [14].
The T=F linac was operated with a thermionic gun
producing bunches with 2.3 . 108 electrons at a repetition
rate of 216 MHz. The macropulse length was 30 /s at
a repetition rate of 2 Hz. Using the compression of a
sub-harmonic buncher and a superconducting cavity an
rms bunch length of ut = 2 ps was achieved [5, 12].
Fig. 3 shows the measured voltage response of the junction
to incident transition radiation and the function g(U)
(as defined by Equation (3)). At small voltages U the
internal noise of the detector becomes large hence g is
obtained in this region by a smooth extrapolation. The
intensity spectrum is calculated using an algorithm of

wo = 2eu

h

(4)
Here P denotes the principal value of the integral,
To determine the function g the voltage-current characteristic of the Josephson junction is scanned with and without
incident radiation, increasing the bias current I0 in small
steps. At each step the voltage U and its modification AU
due to the radiation are measured. AI is computed using
the differential resistance Rd = d-UdI derived from the
unperturbed I-U curve.

discrete Hilbert transform. Fig. 4 shows the evaluated
coherent radiation spectrum. The spectrum is plotted in the
frequency range between 60 and 260 GHz. Points below
100 GHz are marked by crosses and have to be treated with
care. The decrease towards smaller frequencies is mainly
due to the cut-off frequency (60 GHz) of the WR-10-type
waveguide which guides the radiation to the junction.
The main systematic uncertainty of the present, preliminary, experiments originates from the wavelengthdependent acceptance of the transmission line guiding the
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A Josephson junction has been successfully used as a
frequency-selective detector for millimeter and submillimeter wave radiation and for a first bunch length measurement at the TESLA Test Facility Linac. It is planned
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Figure 4: The coherent radiation spectrum as obtained from
a discrete Hilbert transform of the characteristic function g.
Solid line: Gaussian fit to the power spectrum.
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PICOSECOND ELECTRON BUNCH LENGTH MEASUREMENT BY
ELECTRO-OPTIC DETECTION OF THE WAKEFIELD.
M. J. Fitch*t, A. C. Melissinost, University of Rochester, Rochester, NY
P. L. Colestock§, FNAL, Batavia, IL
Abstract
The longitudinal profile of an 10 nC electron bunch of a
few picoseconds duration will be measured by electro-optic
indetection of the wakefield. The polarization of a short
frared probe laser pulse (derived from the photocathode
excitaredrob laser) puse
m dulatedi
LiTae
m
cstoalythode
excitation laser) is modulated in a LiTaOh
crystal by the
transient electric field of the bunch. The bunch profile is
measured by scanning the delay between the laser and the
bunch, and is sensitive to head/tail asymmetries. A singleshot extension of the technique is possible using a longer
chirped laser pulse.

1

PICOSECOND BUNCH LENGTH
MEASUREMENTS

The generation and manipulation of very short electron
bunches is important for many applications including future linear colliders, free electron lasers (FELs), and
plasma wakefield acceleration. Consequently, methods
of measuring the bunch length and temporal profiles of
charged particle beams on picosecond and sub-picosecond
time scales have attracted great interest.
Notable recent efforts have used coherent radiation from
an electron bunch. Coherent transition radiation (CTR) has
been analyzed with far-infrared interferometry [1, 2] with
impressive results. Since the measured signal is an autocorrelation, it is symmetric in time and insensitive to headtail asymmetries. Cherenkov radiation has been examined
with a 200-fs streak camera [3]. Below 1 ps, streak cameras
are increasingly costly and inefficient. A Hilbert tranform
spectrometer employing a Josephson junction detector [4]
can also be used to analyze the millimeter and submillimeter radiation from CTR.
Ideally, it is desirable to know the longitudinal phase
space distribution function, not just the rms width (the
bunch length) of this distribution. Frequency-domain techniques may suffer from the problem of missing phase information, though recontructing the charge density from the
form factor using Kramers-Kronig relations [5] may be an
improvement. Time-domain techniques do not suffer from
requiring a priori assumptions on the longitudinal bunch
shape. A recent example of a time-domain study using anis
rf zero-phasing method is Wang, et al. [6]. The imposed
* Fermilab

Beams Division Graduate Fellow

Email: mjfitch@pas.rochester.edu
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longitudinal momentum spread of the zero-phasing cavities
is transformed into a horizontal position spread in a spectrometer
bend.
the intrinsic
energy
spreadenergy
of the
bunch must
be However,
small compared
with the
correlated
spread from the zero-phasing cavities. This condition is
well satisfied by the DC thermnionic beam of Wang, et al.,
and they achieve 100 fs resolution. For a high-brightness
photoinjector beam, this condition seems difficult to satisfy.
For beams of high average power, such as the TESLA
design [7], non-interceptive, minimally invasive measurement techniques are desired. Our current effort is to
develop a time-domain longitudinal profile measurement
based on electro-optic sampling at Fermilab's AO Photo Injector (AOPI), made possible by the combination of a highcharge (10 nC) high-brightness electron beam and synchronized picosecond laser pulses.

2

ELECTRO-OPTIC SAMPLING

In a nonlinear optical crystal, an applied electric field modulates the polarization of light passing through the crystal.
This electro-optic, or Pockels effect has wide-ranging applications.
The principle of electro-optic sampling (EOS) is to use
a short laser pulse as a probe of the fields in the crystal
by measuring a polarization change as the relative delay is
scanned. Since the first studies of EOS on an electric field
injected into a crystal [8, 9], EOS has been demonstrated in
various materials to have multi-THz bandwidths [10, 11].
Electro-optic detection of field transients propaging in free
space has been demonstrated in the far-infrared [12] and
also in the mid-infrared [ 13].
The passage of a very short, high-charge, relativistic
electron bunch is accompanied by a strong transient electric field-the wake field. In the lab frame, the electric field
is relativistically flattened to a radial pancake. A simple
estimation of the magnitude of the field may then be obtained using Gauss' law. Treating the electron bunch as a
line charge (Q = 10 nC), the radial field is
fEP.dA= q
Co
q
- 3MV/m.
E1 - 2=rcoal
where we have taken the bunch length to be 1

(1)
(2)
3 mm

for a 10 ps bunch, and have evaluated the field at a radius
a = 2 cm.
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Calculating wake fields or the Fourier transform beam
impedances [14] is an important research activity. A more
accurate calculation including the boundary conditions of
the beampipe walls can be made with various computer
codes. For example, ABCI gives for the iris of the AOPI
gun a field magnitude I!Er I = 1.5 MV/m.

2.1

Lithium Tantalate (LiTaO 3)
c-axis
e

bxis

The Photo InjectorBeamline
___

Fermilab's A0PI is a TESLA prototype injector [15, 16]
with a Cs 2Te photocathode in a 1.625-cell L-band Cu gun
with a solenoid lens. A superconducting Nb 9-cell "capture" cavity [17] accelerates the beam to 18 MeV followed
by magnetic compression in a dipole chicane.
The laser system is described elsewhere [18, 19]. Briefly,
an actively modelocked Nd:YLF oscillator at 81.25 MHz
is phase-locked to the rf with -- 1-2 ps rms jitter. These
pulses are stretched and chirped in a 2 km single-mode
fiber. A fast electro-optic pulse picker selects a 1 MHz
pulse train for amplification in a chain of Nd:glass amplifiers. After grating compression to 1-2 ps FWHM,
the 1054 nm infrared pulses pass through two BBO crystals, generating the second and fourth harmonics to green
(532 nm) and UV (263.5 nm). Full charge operation requires53and UV per3.5
pulse Fo
q l anu
oefiencs oorequires 3-5 /.J UTV per pulse for quantum effi ciencies
of order 1% , and the laser can provide 200/zisec pulse trains
adequ1,andte fo
llchaerg,
e
and londer 800 secpulse
trains
at
duced charge.
After the harmonic generation crystals, a dichroic beamsplitter separates the colors: the unconverted infrared
passes through a delay stage (with a stepper motor) and
is expanded and transported to the beamline enclosure as
a probe beam; the UV is expanded and transported to the
cathode. Since the ,-1 ps UV pulse is undesirably short, it
will be temporally manipulated to a 10 ps quasi-flattop by a
pulse stacker. The pulse stacker is a compact arrangement
of multiple delay lines arranged around a single UV beamsplitter [20] and this work in progress will be described
separately. Both the infrared and UV beams share the same
evacuated transport line, and so are combined and separated at either end with dichroic beamsplitters. From the
first dichroic to the cathode, the UV transmission is measured to be 78 ± 2%.

2.2

Expected Signal

We have chosen a crystal of lithium tantalate (LiTaO 3 )
based on the high electro-optic coefficient and good transparency at our infrared laser wavelength and at the millimeter waves of the transient field. The crystal is 7 mm x
8 mm x 1.5 mm, and is cut with the e-axis (with extraordinary index of refraction n, ) parallel to the longest
dimension, and the b-axis the shortest dimension (ordinary
index n, for this and the i-axis). See Fig. 1.
To avoid conductors which perturb the electric fields, the
crystal is mounted in a vacuum cross with a machined Macor ceramic holder, and is just recessed into the cross to
avoid behind hit by the beam.

->a-axis

no

no

P
E,

Probe Laser
Polari-ation

8mm

fo- Bunch
E,

_,,

7

__
1.5 mm

Figure 1: Electro-Optic Crystal: Detailed Axis Geometry
The probe laser is
polarized
with respect
to h e rd n y a d exlinearly
a r i a y op c ata 450
es Theellaser
s rand
a d
to the ordinary and extraordinary optic axes.
the transient pulse propagate colinearly in the y-direction,
which coincides with the crystal b-axis. Due to the static
birefringence, the laser (hw) becomes elliptically polarized:
&bnat =

-(ne

-no)&y,

(3)

c
An additional phase shift is acquired in the presence of the
41,a(T) =
c

r 22

Etra0(T) 'Y.

aport
the and the index isic no coefficientis
re
= 2.154, s0
r2= 1 x 10-12mi/V
that a 1MV/i field accumulated over 2 ps (ct= 0.6 mm)
imfiel muad or 2'.
that a 1 MV
gives a phase shift of 36 mrad, or - 20.
This phase shift is analyzed by a polarizing cube beamsplitter and two photodiodes (see Fig. 2). The static birefringence is compensated by a waveplate which balances
the current in the two photodiodes. By detecting the difference current between the pair of photodiodes, small photomodulation depths can be observed, particularly with the
signal averaging of a lock-in amplifier. While it may be
possible to use a lock-in with our 1 MHz pulse trains, we
have concentrated on single-shot difference current measurements. While 10' is adequate for the above estimate
(- 1%), and increased signal-to-noise ratio is greatly desired.
Group velocity mismatch between the probe laser and
the transient field causes slippage, and degradation of the
time resolution. The common approach is to use a very
thin crystal, or a complicated geometrical phase matching.
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due to a convolution effect. As the technology of picosecond semiconductor diode lasers improves [24], it may be
possible to greatly reduce the size, cost, and complexity of

PD

Differential Detection

/

the laser, so that a stand-alone electro-optic bunch length

monitor might be realized.

PPBS
QWP

4

compensator•
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BUNCH LENGTH MEASUREMENT AND ITS LENGTHENING IN HLS*
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Abstract
The paper discusses the method and principle of bunch
length measured by HP54121T 20GHz digital sampling
oscilloscope in Hefei Light Source (HLS) ring. The
measurement results of the bunch length and the energy
spread are given. The rms. bunch length is about 3.8 10.33cm. A new theory on the bunch lengthening is used
to explain the experimental results. It is proved that the
beam-cavity interaction is the most important factor to
the multi-bunch lengthening of HLS.

the stripline width and distance from the vacuum pipe,
the characteristic impedance is made 50M. The electrode
is terminated at both ends via coaxial vacuum
feedthrough into termination loads matched to Z0 .
In principle we get a useful signal only at the upstream terminal of the monitor. The voltage signal at the
up-stream load resistor is a doublet of opposing polarity
reproducing the longitudinal time distribution of the
beam current and separated in time by an interval
At=2L/c, where L is the stripline length. So, the time
domain voltage signal of the matched stripline at the upstream terminal for a centred beam [2] is

Z•-- (a

v(t)

1 INTRODUCTION
As bunch length and its lengthening have an influence
on the machine performance in an electron storage ring,
these measurements are very important. Several methods
to measure the bunch lengths have been developed, for
electronic measurement, optical measurement
example,
exand o l, electronic
measurement. Wetical
ueasu20m
and optoelectronic measurement. We use a 20 GHz
lengithad itsaplengthening.scoIn th meth,
ae bandih
length and its lengthening. In this method, a bandwidth
stripline electrode with a length of L=30cm and an
impedance of Z0=50 0 is used for picking up beam

.tb(t)_ib(t- 2L

2 21r I1)
Where, a is the opening angle of the stripline, ib(t) is the
instantaneous beam current, L =30 cm.
The voltage signal of stripline at the up-stream pot on
HP54121T 20GHz digital sampling oscilloscope is
shown Fig.1. Here, the negative pulse is signal sensed on
stripline by the beam ib(t). Therefore, the pulse width of
the beam signal may be measured by the voltage signal

signal.

15 - - ---------------

There are two sorts of theories to explain the bunch
lengthening and the energy spread widening, i.e. the

10o

I--- - - - - -------

- -4 -

-4

2

potential well distortion and microwave instability. But,

the existing theories are difficult to explain the
experimental results. In the reference[l], the distribution

S
"

function of the particles is gained with the statistical

0

.

.I

"

"

.

-

mechanics method for intense current. The theory unites

-10

the existing potential well distortion and microwave

-15

instability. The theory proves that the bunch lengthening
is a multi-bunch effect in nature. So the theory points out
the importance of the narrow-band impedance to the
bunch lengthening.

.
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Figure 1: The voltage signal of the stripline on
HP54121T

2.2 The relation between the bunch length and
the FWHM of the time domain beam signal

2 MEASUREMENT PRINCIPLE
2.1 Stripline monitor

We can assume

The stripline is an electrode with the characteristic
impedance Z0, usually longer than the characteristic
bunch length. By a suitable choice of the ratio between

longitudinal distribution in a ring. So, the beam current
ib(t) can be expressed in the time
c2t2 domain as
(2)
i(t
exp(--c2t2
(
P
b
2
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Here, a, is the bunch length, IP is the peak current of a
bunch.
Because the pulse width of the beam signal can be
expressed as the FWHM, we get
(3)
av=cxFWHM/2.3548
Therefore, the bunch length is got by measuring the
FWHM of the beam signal.

The energy spread is measured by decreasing the
longitudinal acceptance via lowering the RF voltage
until the longitudinal quantum lifetime becomes
dominant. Then we can get the energy spread from
measured quantum lifetime and the height of the RF
bucket. The measured results are shown in Fig. 4

5.1

3 THE SYSTEM COMBINATION

S4.9

This bunch length measurement system consists of a
stripline monitor, an attenuator, a 20GHz digital
sampling oscilloscope HP54121T (Four Channel Test
Set HP54121A and Mainframe HP54120B), a RF trigger
system and a printer HP2225AB. A block diagram of
this system is shown in Fig.2.
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is the harmonic number, a., is the natural bunch length,
is the natural energy spread. In HLS,
Eo
EOEo=4.6xl0-4
o =3.76cm,
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E
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the interaction of the beam and the environment, h

I

-

48a3R3

Where, ca, is the factor of damping, (p.is the synchronous
phase at zero current, (p' is the new synchronous phase

12-----------T-----r--------------------under

,..4 g
ZI~~~~

(5)
ar

4 7
55hrem°C 7

bunch length measurement system in various beam
currents[3]. The rms. bunch length is about 3.8 - 10.33
cm. The measured results are shown in Fig.3. I is the
total current of forty five bunches,

F6ttig,

• / 4a, ,'Q07E
Ero

We measure the FWHM of the beam signal with the

-

100

Where, Uw0, B,c, are independent of r and 6. o, is the
growth rate of longitudinal instability generated by the
interaction of the beam and the environment.
So, the bunch lengthening and the energy spread
widening have given by

BUNCH LENGTHENING AND
ENERGY SPREAD WIDENING

--------.---- i -

80

The change of the particle energy in the interaction
between the beam and the environment is written by[I]
Uw (r,e) = -Uwo + B•r + 2ToOae
(4)

The measured result of the bunch
lengthening and energy spread widening

10

60

The new theory on bunch lengthening

*Tr4.2

Figure 2: A block diagram of the bunch length
measurement system
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Where, R is the average radius of the machine,
IZ/nl, the longitudinal impedance of the machine.

So, the effect of the inductive wall only generates

the bunch lengthening, while the energy spread does not
vary. The bunch lengthening is given by the following
equation
2185
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3)
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01

l
hV1

=0elo_

J1

=cosqj

For the microwave instability model, a,#O. So, the
bunch lengthening and the energy spread widening are

d.

(_R

Z1

,

4ý~o,
nciC
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I
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tR)
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- 2/I -

IzlI

'Z

hVAcos (pI(IZn ,0
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(9)
n cr,

no_(10)

•Io
n cEt )
For long bunch, We will assume that the frequency
of the microwave instability is lower than the cut-off
frequency. So, IZ 1/nlI,=l Z/nlo. Then,
h=

a-2 0 o

(11)

(CO-s'
R

h Vf 1cos (,011

Jbth
,-R.

-7k
o

T

2 .5-•
e a E0
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(12)
°o°r

2

E,,
R
eZ
In
Where, otpis the momentum compact factor.
According to the parameter of the machine, we
get
Ibh

= 103
b

lmV

ndo

If it is considered that IZInI0=1Q0f,
I=10.3mA. That is, the total current is 463.5mA.
Substituting
Eq. (12)
it into
Eq. (7),
we get
(•O3
O
-s
_ L./bh
=0
as
a' I
aIO-C0 ia
)
_-

2

4a

(13)

[(KM + p)Z+

/2c2

K=1

+

(8)

At the threshold of the microwave instability, the
bunch length given the Eq. (7) should be equal to the
bunch length by the Eq. (9). Then
Y12

S=1 +

e(KM-+u)

e-(KM-pU)'zC12cz

(KM

4ao

asa

]
+,UZ

12c2[K

"-[(RM

s

(14)

-lt)Z7

-KM s2cKMZi
n2e

CO-(KM+.u)2

Ee)
Le
Where, IZ,,/nIl,, is the impedance at the threshold of the
microwave instability.
If the inductive wall model and the microwave
instability are regarded together, the bunch lengthening
is given by the following equation
as

e
e-KMwZJaI/2,SZR(KM°)o,

2°
= 2eI
U4b=

(7)

3

0

+4t)Z

(15)

K

+ e-(KM-P)S /2C2 (KM - P)Z]
Where, Uw0 indicates the change of synchronous phase
generated by Z(co) so as to generate the bunch
lengthening; B. indicates the RF potential well distortion

generated by Z(o) so as to generate the bunch
lengthening; x, is the growth rate of longitudinal
instability generated by Z(o) so as to generated the
energy spread widening.
The experiments have shown that the longitudinal
instability occurs at a low current threshold of
10mA(total current) in HLS[4]. Therefore, the beamcavity interaction is the most important factor to the
bunch lengthening of HLS.

5 CONCLUSION
According to the experimental results of the bunch
lengthening and the energy spread widening in HLS, the
conclusions are got as follows:
(1). When the total current is lower than 10mA, the
bunch lengthening is generated by the inductive wall,
while the energy spread basically maintained constant,.
(2). When the total current is greater than l0mA, which
is the threshold current of the longitudinal instability, it
is obvious that the bunch lengthening and the energy
spread widening. So, above lOmA, except that the bunch
lengthening is generated by the inductive wall, the bunch
lengthening and the energy spread widening are mainly
generated by the narrow band impedance.
On the base of the new theory, the experimental
results of the bunch lengthening are explained
reasonably.

then

6
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Abstract
of longitudinal pulse length of
Measurements
femtosecond electron beams have been performed by the
three methodologies at the 35 MeV S-band twin liner
accelerators at Nuclear Engineering Research Laboratory,
University of Tokyo [1]. The methods we adopt are the
femtosecond streak camera with a dispersionless
reflective optics, the coherent transition radiation (CTR)
Michelson interferometer [2] and the CTR polychromator.
The results were compared with one another, and the
reliabilities of the methods to diagnose femtosecond
electron pulses have been discussed.

1

INTRODUCTION

our facility. In near future, we aim to product and
measure a 10 fs (FWHM) electron pulse which pulse
length is shorter than the time resolution of the
femtosecond streak camera (200 fs at FWHM). Therefore
it is necessary to construct an alternative diagnostic
system for the femtosecond electron pulse. As the
alternative, there are two promising methods to evaluate
the subpicosecond pulse shape, both of which use
coherent transition radiation (CTR) emitted by the
electron pulses in frequency domain. The first is the CTR

interferometer,

which

DIAGNOSTICS BY CTR METHODS

2.1 CTR
Transition radiation is emitted when an electron passes
the interface of two mediums of different dielectric
constants. In case that the wavelength of the radiation is
longer than the bunch length, the radiation becomes CTR.
CTR emitted by electron pulses carries the information of
bunch distribution and we can derive the longitudinal
shapes of the electron bunch by analyzing the frequency
information.

2.2 Michelson interferometer

Now it has become possible to generate femtosecond
electron pulses, which are available for the ultrashort Xray generation and the subpicosecond pulseradiolysis in

Michelson

2

utilizes

an

autocorrelation to obtain a CTR spectrum. The second is

From the interferogram, the power spectrum of the
radiation IE(v)l2 is given by the Fourier transformation as
follows,
2
i(
1
r•Se-i2,vw/cd

jV)j =12

47rcIR

dR

where v is the wavenumber, S (8) is the light intensity of
the recombined radiation at the detector which expressed
in the time domain with an additional time delay &c for
->- ± o± and
the movable mirror minus the intensity at
RT are the coefficients of reflection and transmission at
the beam splitter, respectively. The longitudinal bunch
form factor can be obtained by,
JS(o)e 21vcdv
ai
f(v)
,
(2)

47rcIR

the CTR polychromator, which enables us to get a CTR
spectrum directly by a single shot. It is very important to
compare the results by these methods with that by the
femtosecond streak camera in order to confirm the
precision of the methods. In this paper, we describe the
principle of pulse diagnostics by the methods and
measure subpico- and picosecond electron pulses, which

fS(45) e

N

where N is the number of electrons in the bunch and Ie(v)
is the radiation intensity emitted from a single electron.
The longitudinal bunch distributions can be deduced
under an assumption of the asymmetric bunch distribution
and then the Kramers-Kronig relation is used with the
inverse Fourier transformation as follows,

are longer than the time resolution of the streak camera.

h(z)=ff(V)exp[i((g(v)_2irvt)],

(3)

r~) lnx[g(o V')-g nv)]v
0,(V)=2Vj+-- _V)] dr.
0 ]n[g(v'
-- V 2
-OV2
fg•
/

(4)

'f
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(4)

Furthermore, we must choose theoretical distribution
0-7803-5573-3/99/$ 10.00 @1999 IEEE.
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functions of the electron bunch such as a Gaussian
distribution or an exponential distribution. The results of
these methods and the discussion appear in the following
chapter.

2.3 Polychromator
Using the polychromator, we can get the spectrum of the
radiation directly. From the spectrum, the bunch
distribution can be deduced by the same procedure as that
by the interferometry. This simplification of the analysis
is one of the advantages of the polychromator method,
Another advantage is that it enables us to diagnose the
electron beam by a single shot. However, the information
is very limited by the number of detectors (10 ch). Hence
we must be careful in choosing theoretical extrapolation
in the procedure of the reconstruction.

3

EXPERIMENT

3.1 Experimental setup

3.2 Procedure of analysis
On the bases of the procedure of analysis in Ch 2, the
longitudinal distribution is evaluated. The longitudinal
bunch form factors obtained by the two methods were
rather limited because of the nonuniform transparency of
the 100 gm-thick Mylar beam splitter in the Michelson
interferometer and measurement region which depends on
the grating pitch (1.0 mm) installed in the polychromator.
Therefore we have to adopt theoretical extrapolation
assuming the Gaussian or exponential distributions out of
the range, referring to the pulse shape measured by
femtosecond streak camera.

4

RESULTS AND DISCUSSION

The CTR spectrum calculated from the interferogram and
by the polychromator are shown by the solid curves and
the transparency of a 100 gm-thick Mylar-type beam
splitter by dashed curve in Fig.2. From the figure, we
decided to use the experimental data in the range of 9.5 to
18.0 cm-1 for the analysis in the interferometry, while
the measurable range of the polychromator was already
determined from 12.2 to 26.2 cm-1 discretely by the
1mm grating pitch.

We performed this comparison at the 35L linac where the
achromatic-arc-type magnetic pulse compressor was
installed. In the experiment the longitudinal bunch
distributions were controlled by tuning the energytInterferometry
SePolychroma~r]
modulation of the bunch in the accelerating tube for the-Beam splitter effciency
0.163
.
. .,
magnetic pulse compression. We chose subpico- and3picosecond pulse widths and performed the comparison
25 .............. ...
among the femtosecond streak camera, the Michelson
t..
J'.
2 .
interferometry and the polychromator measurement as
0.08
.........
.
-'1,5 ........
shown in Fig. 1. We measured the transition radiation in
.......... ..........
.
the far-infrared region emitted by an electron bunch at the
Al-foil put in the air after the 50 gm-thick Ti window at
• 0.5
'.
0.04,0
.
the end of the 35L linac. We used liquid-He-cooled Si
. . . ... .
. . . . . . . . . .?.. . . . ......
0
bolometer as a detector for the far-infrared radiation.
0
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The major beam parameters are as follows: the energy
55 10
15
20
25
30
35
40
t
was 34 MeV, the pulse length is from about 600 fs to 8.0
Wavenumber (cm-1)
ps (FWHM) and the electron charge per bunch is
controlled to be 10 to 100 pC avoiding the over-scale of
Fig.2 Spectrum of CTR
the detectors.
Femtosecond Streak Camera
The experimental results of the longitudinal bunch form
factor by the interferometry and by the polychromator are
Electron Beam
•shown
by the solid curves and that of theoretical by
Movable
dashed curve in Fig.3. In the figure, we chose the
Al f[LINAC
35L
Gaussian distribution as the theoretical curve, since the
I1"ru
"exponential
distribution has unphysical long tails in both
Si B
^lome-r
Transition Radiation
sides. The simultaneous observation of the bunch shapes
Monitor
Be nSplitt
Micrr
by the streak camera indicates that the Gaussian
jMow-ae
\distribution
is closer to the real bunch distribution. We
Main
"' Mirror
Fieo
used the measured bunch form factor in the range that had
FixedMirror -Spherical
been described in advance and the theoretical bunch form
Mrror CTR
CTR Michelson
Interferometer
Polychromator
factor out of the range for the analysis. In the case of the
Fig.1 Experimental setup
interferometry, we adopt and extrapolate 650 fs (FWHM)
bunch length for the subpicosecond pulse and 1.6 ps
[FWHM] for the picosecond one, respectively. In the case
-

.
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of the polychromator, we chose 1.0 ps for the
subpicosecond pulse and 1.4 ps for the picosecond one,
respectively,

and that by the polychromator were 650 fs and 1.0 ps at
FWHM as shown in Fig.5. Typical result by the streak
camera is also shown in the same figure. Here we have
got reasonable agreement and confirm the enough
reliability of the diagnostics methods by the CTR
measurement.
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With the choice of a thinner beam splitter or a grating
with a narrower pitch, we expect the CTR methods are
promising for the shorter electron beam (< 200 fs) with
better resolution because the spectrum shifts from the farinfrared region to the infrared region where the sensitivity
of the detector becomes better. Especially, the
polychromator can be expected to the most useful
methodology because of the advantage of diagnostics by a
single shot.
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In both cases, the extrapolation for the subpicosecond
pulse was more suitable than that for the picosecond one.
The reason is that the range of the CTR spectrum
measured is more appropriate for the subpicosecond pulse.
The longitudinal bunch form factors calculated from the
results measured by the streak camera are shown in Fig.4.
The important range of the longitudinal bunch form factor
to get the coherent effect moves to the larger wavenumber
range, as the pulse becomes shorter. We can see that
only the bunch form factor of the 1.0 ps or less pulses
become smooth in the measurement range, while those of
the longer pulses are fluctuated and noisy.
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Fig.3 Measured longitudinal bunch form factors with the
Gaussian fittings
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CONCLUSION
From
the utilizing
comparison
the results,
the reliability
of the
methods
the ofCTR
to measure
subpicosecond

.I

electron pulses was confirmed. And we suggested the

.....

validity of the femtosecond streak camera for
subpicosecond
(>200fs)
measurementandpossibility
of the polychromator
to measure
pulses shorter than the

10

100

Wavenumber (cm-')

resolution of femtosecond streak camera (< 200fs)in
the future.

Fig.4 Bunch form factor by the streak camera

6
Finally, we reconstructed the longitudinal bunch
distributions after using Kramers-Kronig relation to
derive the phase information. The result of the
subpicosecond pulse measurement by the interferometry
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LIMITATIONS AT SHORT BUNCH LENGTH MONITORING
Alexander Tron*, MEPhI, Kashirskoe sh. 31, 115409 Moscow, Russia
Abstract
Analysis of main limitations on time resolution inhering
in techniques for bunch length or bunch phase
distribution monitoring with resolution in subpicosecond
range, and also expressions for longitudinal aberrations
of main optical elements in technique like a streak
camera will be presented. Possibility of realization of the
last with the resolution of about 0.01ps and less is
discussed.

1 INTRODUCTION
Bunch phase distribution (BPD)
resol
resolution in
inaeditiution
femtosecond range, that
next linear collider, X-ray FELs,
problem for decision of which in

monitoring with
monrangetht
isoreuird fithe
is required for the
is a challenging
the paper a new

approach
is proposed
and validated
through
consideration of some basic limitations inhering in wellknown techniques.
The monitoring implies a use of coherent or
incoherent bunch radiation that, at present, corresponds
to measurement technique operating in frequency- or
time-domain respectively. The first limitation follows at
once from the radiation wave length that is considered
below. We note at once also that the name "coherent" is
not
very correct
one because
retrieving from
its
frequency
spectrum
demandsthetheBPD
measurement
in the
e ncy
om tm e
me surum
t ints
entire dBPD-sp
including
incoherent part too.

2 TIME CONVERTING TECHNIQUE
The principle of coherent technique operation in the
frequency-domain consists in retrieving the BPD from
the square of its Fourier transformation F(o)) that in turn
is determined from the well-known expression [1]
Pc (o) = P(oa)[N + N(N - 1)F(Qo)],
where Pa(on)- measured frequency spectrum of power
radiation and P( - di)
the power spectrum emitted by a
single electron and defined in the domain of the Ffunction. Consideration of the technical problems of the
Pc-measurement one can find anywhere [2], but here we
touch the basic problem dealt with the P-determination,
If Pris the spectrum at the entrance of a spectrometer
then P represents itself a transfer function of a vacuum
chamber with a radiator.

To determine F(o0) correctly the function P has to be
uniform over the entire spectrum of a bunch. It can be
only in an idealized case. In the case of transition
radiation, for example, it could correspond to the
perfectly conducting and infinite screen, absence of
another boundary conditions and movement of an
electron beam with infinitesimal transverse sizes along
its infinite emission length. In reality, it is not so and,
moreover, it is impossible to determine the function P
correctly by experimental way or through calculation.
In the general case, the measured spectrum Pc is too
far from the power spectrum F. In a specific device we
always have, for example, a finite emission length L. In
the case, considering P as a function of L through the
term [1 - cos(L/Z)] [3] only, where the formation zone Z
-. •/o• - 72, we obtain that P(o)) -Q)2 at L/Z << 1 and, as
t measure sd t
of
the brain
consequence, the broadening of the measured spectrum
P. The last may lead to considerable compression of a
retrieved BPD in comparison with real one. This effect is
demonstrated in the papers [4,5] where the retrieved
bunch length was nearly by an order less one obtain from
to some extent idealized simulation of beam dynamics.
In the paper [2] for specific measurement scheme,
equipment and beam condition the spectrum P measured
narrow band was divided by to fit the retrieved
very
in
BPD
obtained by "coherent" technique and more precise
BPD
obtaed
I
one together.
Hence, the "coherent" technique requires another one
and may serve as an indicator for an accelerator
maintenance in a specific regime.
To avoid the mentioned above frequency dependence
of the P-spectrum we have to satisfy the condition L/Z
>> 1, i.e.A. < L/<y?. In reality, for relativistic beam (for
example, y > 100, L - 100mm) it leads us to use the
radiation in the frequency domain of about visible light
and higher. then we will have to use another time
converting technique based on use of device like a streak
camera.
In the case, taking the transition radiation as an
example for consideration, the scheme of the monitoring
could look as the following: the beam radiation from a
foil-mirror passes through lens and is focused on the
surface of photocathode of a streak camera. Impact of
chromatic and spherical aberration on the focusing of
ultrashort light pulses by lenses was researches rather
well in the papers [6,7] where it was shown that the pulse
broadening can be less than l0fs. Then the main
limitation in this scheme of the monitoring will be
defined by the resolution of a streak camera.
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Below, it will be shown how can create the device, like
a streak camera but realizing new principle of
construction, with the resolution of 10fs and less.

At/to
A/t
10-2

3 TRANSIT TIME SPREAD
10-3

Using the method [8] for precise integration of motion
equation one can obtain the following expressions for the
chromatic aberration of the h-distance gap (being under
the UO-accelerating voltage) caused by an initial
photoelectron energy spread, for example, from W 01 to
W 02 for two cases: marked as 1 - for two electrode system
formed by a cylindrical emitter with an optional radius R
and plane electrode; 2 - the coaxial system with the
internal electrode as the emitter
Ati =0t_9o

ti

2

-

-_.

1+a1

5

1010-1
0

10

15

h/Ax

Figure 1: Diaphragm aberration as a function of the hdistance of the gap.
Approximating dependencies shown by the dashed line
here are determined by the formula

W2_W__

-[I+ aL(I -

where i=1,2; to = (2h/c)4W0 /2U,

5

At
t0

- time of flight the h-

distance in uniform field; ki - coefficient of the field
enhancement on the emitter in comparison with the
uniform
field
and,
respectively,
equaled

where values of A and (x for the mentioned above cases
are: 1 - A = 0.2186, ax = 2.0; 3 - A = 0.1640, cc = 2.35; 4

k, = jm(m+2)/ln(m+ 1+
I+m(m+2)), k2= m/ln(m+1);
= Wo/Uo; W 2 = Wo2 /Uo; a, equaled respectively a,
W,
m/2Wanda2=m
W =U0 W2 W020;
=
aiequaledrepetiea(the=
m/2 and a2 = m = h/R;
c
= 2(k--1)/m
o
and
= (k 2-1)/m;
Wo= 0.511 106 eV; c- speed of light.
The main parameter here is m = h/R. Taking m > 10
one can enhance the field, decrease the effective length of
the electron transit and, as consequence, decrease the
aberration up to several fs and less for W 02 = 1eV, W01 =
0 and h = 1mm at U < 8kV.

4 DIAPHRAGM ABERRATION
The hole of a diaphragm restricting the gap disturbs the
accelerating field that in turn courses additional transit
time spread of the photoelectrons. This diaphragm
aberration in the unit of to as a function of the h-distance
in the unit of semi-width of a slit or radius of a circular
hole (Ax) is shown in Fig. 1 for the following cases: 1 the aberration taking a spherical one into account for the
slit in the field of the cylindrical emitter with m = 100 ; 2
- id., but m = 10; 3 - the slit diaphragm in the field of a
plane electrode; 4 - the circular diaphragm in the field of
a plane electrode; 5 - the slit diaphragm in the field of
the cylindrical emitter for m = 100, but without the
spherical aberration.
The dependencies have been determined as the FWHM
of the transit time distribution of the electrons with
uniform density of escaping along the emitter surface and
for the diaphragm with infinitesimal thickness.
Confidence probability for h/Ax > 10 was more 0.8.

A
(h/Ax)a

-A= 0.0406, cX= 2.2; 5- A= 0.006084, cc = 1.71.
Taking the coaxial geometry of the gap we eliminate
spherical aberration completely. In the case
diaphragm aberration can be reduced to the negligible
ne
one.

5 RF-GAP
In the device for the BPD-monitoring the action of the rfgap has to be independent of the photoelectron transverse
position. For rf-deflector this basic requirement is not
satisfied in principle, and, as consequence, there is an
optimum field of the rf-deflector for the best resolution,
i.e. the rf-field is restricted on its maximum magnitude
here. It is quite different situation in the case of the
longitudinal rf-modulation.

AtP 0
0.056

1-

308
1-

310

312

0.002
0.052
0.050 -

1

0.001
0

70
60
(po0
40
50
Figure 2: Phase resolution of coaxial resonator vs. (po.

The phase resolution of the rf-resonator in the case of
the longitudinal modulation is defined as Aqp = I[P(W 0 2) P(Wol)]/(dP/dqpo)I, where the photoelectron momentum
P(Woi) with its initial energy Woi is determined at the
resonator output, po - the initial phase at the electron
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where t - the time of arrival at the collector for the
electron with its time departure from the resonator 'r ; w relativistic energy of the electron.
For 1 = 100mm, f = 3GHz, kinetic energy of the
electron 1.8keV the magnitude of this derivative will be
5
104 at d(pc)/dq0o = 1_10 eV/deg. The last derivative can
be obtained, for example, at U0 = 0.5kV, U = 10kV, h =
10mm, R = 0.01mm.
6 CAMERA
including
the recorder channel
means that by taking
faot1~
niefeunybn
ad the the Incletrwt
Combining the electrostatic accelerating field fand
theb ofsabout It
with
one canleasur
electron modulating rf-field in the coaxial resonator,
oue noted tha for thsae paresometioned
where its internal conductor is the photocathode (or as a
method gives
te estiat of the erroro
above
BPDsecondary electron emitter for SEM-monitor of thecamera
can get ultra-fast
measurement can be used) one
collector -A
photocathode
for the BPD-monitoring (so named, maybe, for simplicity
coaxial resonator
"troncamera" to retain the name "streak camera" for
... ..........-conventional one) if after the resonator a spectrom eter
operating in the regime of a spectrography will be
installed. To get the resolution of about IOOfs, 1Ofs or Ifs
2R
h
the camera will need the spectrometer with the relative
4
momentum resolution equaled, respectively, 10-3, 10 or
Figure 4: Scheme of expander.
10-5. For the spectrometer with uniform magnetic field (it
is shown in Fig.3) its well-known resolution is Ax/2Rm =
8 CONCUTION
cx2/2 that allows us to get the camera resolution of 100fs
and less. For getting the lOfs-resolution we will have to
Proposed camera and expander face the limitations now
use, for example, an electrostatic prism with installation
following from the time *spread of the photoelectron
of a transaxial lens at its entrance and exit; for the Ifsescaping and quantum mechanics, but all of them lay
resolution one may use the magnetic spectrometer with
below lOfs here.
its field index n = 3/7.
When a measuring system represents itself the tandem
from the expander and the camera, i.e. when at the exit
of the expander instead of its collector a plane rf-gap
-t
(close to that) with the transit hole for the electron and
spectrometer
after that the spectrometer are installed, the resolution of
tandem will be determined through the time
m-the
2X
expansion in the expander and the time resolution of the
multichannel
coaxial
camera so that entire resolution can reach 1018...1020 s.
collector
resonator
solitary electron going from the photocathode.
ot afor

start. The resolution as a function of To for the coaxial
resonator is shown in Fig.2 for two cases: 1 - amplitude
of the rf-voltage U = 3kV, accelerating voltage U0 = 4kV,
h = lmm; 2 - U = 8kV, U0 = 8kV, h = 10mm. All
dependencies were determined for W 02 = 1eV, W01 = 0,
R = 0.01mm and f = 2.998 GHz.

hotocathode

S2R

---A

4
...
----
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EFFECTS OF DIFFRACTION AND SCREEN SIZE ON CTR BASED
BUNCH LENGTH MEASUREMENTS
M. Castellano, A. Cianchi, V. A. Verzilov * INFN-LNF, G. Orlandi INFN-Roma2
Abstract
2 EFFECTS OF DIFFRACTION AND
TARGET SIZE ON TR SPECTRA
is now well established
Coherent transition radiation (CTR)
as one of basic tools to measure electron bunches on a subpicosecond scale. However, a series of experiments has
demonstrated that suppression of CTR spectra at low frequencies, occurring in practice, leads to a great uncertainty
in the bunch length determination. In addition to known
sources of suppression, it was recently found [1, 2] that the
size of a screen used to produce transition radiation (TR)I'
can be a factor strongly affecting the spectrum. In this paper we calculate TR spectra emitted by a relativistic electron from a finite-size metallic screen and influenced by
diffraction on apertures in environment and collecting optics.

In the pioneering works [1] the treatment of the problem
was performed for a thin layer of matter and TR emitted in
the forward direction. As a consequence, the resulting picture of the effect includes interference between TR, the particle field and diffraction radiation and, therefore, is rather
complex.
In the present analysis, we rely on the Kirchoff diffraction theory to describe the propagation of the field generated by a charged particle on the boundary between the vacuum and a perfect conducting material [5].TR is considered
to emerge in the backward directions with respect to the
momentum of the particle crossing the boundary at normal incidence. Three different schemes of measurement,
which are simplified models of those typically encountered
in practice, are investigated.

1 INTRODUCTION

2.1
Operating with subpicosecond bunches is crucial to the new
o e~ecolides
an
generation of e+geneatin
e- colliders
and FEs
FE Ls fr
for rechig
reaching teir
their
final
goals, which
respectively
high
luminosity
pekcurrent.
To are
obtain
this result,
much
dependsand
onhigh
the
peakbility
nt. Tonobunch
resion
s on
the
ability to monitor bunch dimensions on such a small scale.
Coherent transition radiation (CTR) is now intensively
used for ultra-short bunch length measurements due to its
simplicity of implementation and small perturbations produced to the beam.
In this technique the bunch longitudinal dimension can
be extracted from the measured CTR spectrum if the incoherent TR spectrum is precisely known [3]. In practice,
however, there is a number of experimental factors, such as
the limited bandwidth of the detector and diffraction effects
due to finite apertures in the radiation transport channel,
which cause hardly evaluated losts of the low frequency
part of measured spectra, thus leading to a considerable uncertainty in the bunch length and shape determination [4].
Furthermore, the proper role of the size of the target
in modifying the power spectrum of incoherent TR was
shown [ 1, 2] recently. It was found that the TR spectrum
from a finite target is a complex function of the beam energy, target extensions, frequency and angle of emission,
i.e, very different from the flat spectrum given by the Frank
formula, that has been used so far. The effect occurs when
the parameter ^/A,where y is the relativistic factor of the
beam and A is the radiation wavelength, exceeds the transverse dimensions of the target.

Spectrum of TRfiltered by a finite aperture

The first scheme considered is characterized by the prese c f a cr ua i p r g
e w e h mti g s r e
encethe
of detector.
a circularFor
diaphragm
between the
and
ease of calculation
we emitting
assume ascreen
cylindrically symmetric geometry. A circular screen with a radius r made of a perfect metal is placed at a distance a
from the diaphragm, while b is the distance between the diaphragm and the detector having a diameter 2d ( Fig. la).
The incident particle with charge q and velocity v hits the
screen at the center. Emerging TR propagates in the z direction. Let us introduce three different sets of coordinates
(xs,Ys),(G,71) and (x,y) for the screen, diaphragm and detector planes, respectively.
In cylindrical coordinates we have:
Cos WA
cos X
= P's,
= p,
(1)
sin
l
Ys
J =t.
Then the TR field components at an arbitrary point
P(x,y) in the detector plane in the first order Fresnel approximation of the diffraction theory, and neglecting phase
constants, are found to be
2

2Irv ab
JJ
k± + ax ei(k/2am)p• fd•cOs We-i(k/am)ppý cos(p-x)£(p), (2)
J
'-in W
where k± is the projection on the xy plane of the the photon
wave vector k = w/c, a = w/v'y, m = 1 + b/a, J1 is the
Bessel function of the first kind and
i

L(p)
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allowing to approximate the aforementioned phase factor
by 1.
As a consequence of simplifications made, the total spec-

(a)

-----"

trum of TR from the finite-size screen, integrated over the
detector aperture, in the wave zone is found from Eq. (2)
upon a change of variable p = am sin 0:

b
(b)

---------

2q 2 k 2
f

.....

--

-

O_

d0 sin 0 cos 0

T2-

2

(r, a, k, k sin 0) ,

(6)

(c)

Om = arcsin(d/am) is the angular acceptance of
the detector and

-where

a

b

D(r, a,k,
Figure 1: Three schemes of measurements under consideration.
p = V/p 2 + (b2 /a 2)p, + 2(b/a)pp8 cos(•

-

x),

-

S

oar

+

+

[K(ar)Jo(Jr)

r

+ aJi(3r)Ko(ar)] -

I dp Jo(kp.)Ji(6p ) . (7)
8

8

Here g& is the modified Bessel function of the n-th order.
Figures 2 and 3 show the spectra calculated by using
Eq.
(6) for parameters and frequency ranges typical for bunch
length measurements, and normalized to the corresponding
spectra from an infinite screen.

As follows from Eq. (2), the field in P is built up by a
coherent summation of the waves emitted by all points of
the source and so it depends on both the shape and the size
of the screen. The function £, mainly determined by the
integral over the diaphragm surface, gives a contribution
10Me_
from the standard diffraction by the aperture. The above
0.8
integral is well known (see, e.g., [6]) and is expressed in
terms of the Lommel functions.
Thus, Eq. (2) includes effects given by both the size of
0.6
the screen and the diffraction produced by the diaphragm.
o.4GV
The latter is well known to produce, basically, a low frequency spectrum cutoff, almost entirely defined by the diaphragm aperture and angular acceptance. Hence, from
0.2
this point on, we found it reasonable to focus our study
on that of the screen size. To this end we formally let D
tend to oo.
2
q0"
e0n
1 01- e 1.5 10"5
0
In terms of the theory of radiation, the phase factor
frequency(secl)
corrections
order
first
quadratic in p, in Eq. (2) specifies
to the so-called wave zone (or radiation zone) approximaFigure 2: Spectra S, of TR in the first scheme of measuretion due to the extension
of the
2:for ascra
oith radius offirs
of and ameasur
wavefrons
P.ments,
a source
thepoinand the sphericity of Fe
screen with
20 mm
detector
wave fronts at the point P.anuracetceo0.5ad
For a finite-size screen these corrections are noticeable
angular acceptance of 0.05 rad.
if
r2
am
am>
A> 2.
(4) 2.2 Spectrum of TR from a screen in the focal
and their effect is, in last instance, to reduce the "effective"
size of the screen.
It should be noted that these corrections are relevant
even for an infinite screen causing it to act like a finitesize one with an "effective" dimension depending on the
wavelength and the distance to the observation point, if TR
is observed at distances
A''2 > z.

(5)

In the far-infrared region, that represents our main interest, the wave-zone condition can be well fulfilled by adjusting the distance between the target and detector, thus

plane of a lens
The second scheme under consideration ( Fig. lb) is a simplified geometry normally used in autocorrelation interferometric measurements, when the screen is placed in the
front focal plane of a converging lens (parabolic mirror) to
produce, behind the lens, a quasi-parallel photon beam.
The analysis performed for a thin lens with diameter 2D
and focal length f results in the expression for the field
identical to Eq. (2) and (4) if one puts a = f and m = 1.
The power spectrum, in the infinite lens approximation, is,
therefore, given by Eq. (6) with
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is just a "magnified" image of that in the source plane,
both screen and detector are equivalent in producing restrictions on the transverse region over which the power
spectrum must be calculated; namely, the spectrum is only
determined by the minimum values of d/M and r.
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Figure 3: Spectra of TR S in the first scheme of measurements for a screen radius of 20 mm and beam energy
of 1 GeV. Numbers next to the curves are detector angular
acceptances in radians.

Considering a low-frequency distortion of the TR spectrum
due to a finite-size screen in the context of bunch length
measurements one can expect that its effect on the accuracy of the bunch information retrieval may be sufficiently
small as long as the corrupted portion of the spectrum is
negligible compared to the frequency content of the bunch
structure represented by the bunch form-factor. For the
gaussian-shaped beam the following qualitative criterion
can be used to estimate whether for a given bunch length
o, the effect of the screen size is important

The similarity between the first and second schemes can
be seen by simple ray tracing: the effect of the lens is basically to "draw" the detector towards the screen, resulting
in an increase of the angular acceptance of the system.

aZ <c/'/wCh•
(12)
Here Wch is a characteristic cutting frequency of the spectrum due to the effect. If, as usual for such kind of prob-

2.3 Spectrum of TR in the screen's image plane

lems, one defines the cutting frequency as a 10% dropoff
of spectra from the high-frequency plateau, simple approx-

Here the diaphragm of the first scheme is replaced by a
lens of the same size and a and b are chosen such that the
condition 1/a + 1/b = 1/f is satisfied ( Fig. lc). In this
geometry the screen is simply imaged onto the detector.
The expression for the field is given by
E2,2(Pw)

a"

=

xei(k/2a)p2

dp
8 psJdk k±1 2

J

imate relations for Wch may be obtained by analyzing Eqs.
(11) and (6), respectively

£(P) 21raD
kpJi(-P), kD
Lp
P
a p[2]

(0

X/2 + ps + 2 pps cos(V - X),
,=
with p = p/M ,where M = b/a is the lens magnification.

For the infinite lens and neglecting the phase factor, the
total power spectrum can be given in the form
fd--

d

&Kl(&e) J°(ko)
J(1

L

(14)
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TIME RESOLVED ENERGY MEASUREMENT OF THE TESLA TEST
FACILITY BEAM THROUGH THE ANALYSIS OF OPTICAL
TRANSITION RADIATION ANGULAR DISTRIBUTION
M. Castellano, A. Cianchi, V. Verzilov INFN-LNF CP 13 00044 Frascati (Italy)
L. Catani, G. Orlandi INFN-Roma 2
Abstract
The study of the energy stability along the macropulse of
the TESLA Test Facility Linac (TTFL) [1] was obtained
by the measurement of the angular distribution of the
Optical Transition Radiation (OTR). This technique does
not require a dispersive section and can be performed at
any point of the beam line.
Measurements have been performed with different
settings of the RF low level control and at different values
of the beam current. An energy variation along the
macropulse was observed in a good agreement with the
measured energy spread of the whole macrobunch.
The analysis of the OTR angular distribution pattern
allows also, to some extent, to evaluate the beam angular
spread.

1 INTRODUCTION
The energy stability along the macropulse of the TESLA
Test Facility Linac (TTFL) [1] is the result of an accurate
timing between the RF pulse and the beam injection to
compensate for the beam loading. A digital feedback and
feedforward algorithm takes care of fast and slow
fluctuations. A measurement of the energy stability is
required for a fine tuning of the algorithm parameters.
Typically, energy and energy spread measurements are
performed in the dispersive section at the end of the
transport line, where a dipole magnet bends the beam by
20' and drives it to the dump.
Energy variation along the macropulse can be measured
by means of the strip-line beam position monitor
available in the same dispersive section, but the large
beam width, of the same order or larger than the linear
range of the monitor, strongly reduces the accuracy of the
measure.
Instead, we used the angular properties of the Optical
Transition Radiation (OTR) emitted by the beam crossing
a thin aluminum foil, to realize a time resolved energy
measure. This measure does not require a dispersive
section and can be done, in principle, at every section of
the accelerator.
A sensor is placed in the focal plane of a thin
achromatic lens to allow the imaging of the OTR angular
distribution.
The radiation is emitted in a cone of semiaperture 1/y,
y being the relativistic factor of the incident particles.
In our case the sensor is the cathode of an intensified
CCD camera that has several advantages with respect to a
normal CCD. It provides the possibility of a fast
controlled gate (down to 200 ns), allows a 12 bits
dynamics and has a high signal to noise ratio.

0-7803-5573-3/99/$ 10.00 @1999 IEEE.

We integrated the signal over 1 microsecond. Delaying
the gate by steps of 1 microsecond, we could follow the
whole macrobunch evolution. To ensure the bunch to
bunch stability we repeated the measure several times.

2. RESULTS
We performed two different measures at different stages of
the commissioning of TTF.
The first one was realized with the so-called injector I
delivering a beam current of 6 mA at a repetition rate of
216 MHz, with a single accelerating module in operation.
A 45' beam splitter was used to perform in the same
time the measure of both the beam energy (with the
ICCD) and the spot size (with a normal CCD). The
reflectivity of the beam splitter depends on the radiation
polarization, resulting in a different intensity in the
horizontal and vertical planes (see Fig. 1.)
We used a thin achromatic lens of f = 200 mm focal
length. Peak positions, and hence the beam energy, were
found by applying a fit to the profile obtained from the
OTR image along the vertical line crossing the center.

Fig 1 An image of the OTR angular distribution. The
difference between horizontal and vertical planes is due to
the use of a beam splitter
Fig.2 displays the results of the measurement for two
digfrntbameeris
different beamenergies.
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parameter for the control of the gradient during the RF flat
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At a second stage of the commissioning, we operated
with the injector II, which supplies a different pulse time
structure. The repetition frequency is 1 MHz, so that the
integration over 1 microsecond allows the detection of a
single micropulse. For these measurements we used a
beam current of 1 mA, equivalent to I nC of charge for
each micropulse, as required for the FEL operation [2].
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Fig. 4 - Energy variation in the macropulse with three
different setting of the RF loop gain

Fig 3 - A typical image of the OTR angular distribution
with the injector II
In addition, the installation of a second accelerating
module increased the energy of about a factor of 2. In
Fig.3 a typical image recorded in this condition is shown,
We performed measurements for three different values of
the loop gain in the low-level RF feedback control system
for the accelerating modules. This is an important

Although the statistical fluctuation of the points is
rather large, it is possible to conclude that the energy
stability is better at larger values of the loop gain.
A more accurate and systematic work is required in order
to determine the best setting for the low-level RF control,
and it will be performed in the next run this Summer.
As a by-product of our measurements, we found that an
information about the beam angular spread could be
obtained by the analysis of the OTR angular distribution
profiles.
In Figs. 5 and 6 an example of the vertical profile is
presented.
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Fig 5 - A profile for the vertical plane of the OTR angular
distribution and fitting curve for a parallel beam
The solid line in Fig. 5 is a fit according to the
theoretical prediction for a zero divergence beam.
The fit in Fig 6 takes into account the beam divergence
and reveals a better agreement with the experimental data.

We used the properties of the OTR to monitor the energy
variation along the macropulse of T`TF beam.
Two different measures were performed at different
stages of the commissioning, and in both cases we found
an increase of the energy along the macropulse.
We have proven that the loop gain value of the lowlevel RF control can affect the time energy dependence,
and that the correct value for this parameter must still be
found. A more accurate measurement is needed to explore
this point.
A preliminary analysis shows that it is possible to
obtain from the same data also the beam angular
divergence, that, together with the measure of the spot
size, can give an independent emittance measurement.
To improve the measure accuracy, we plan to use a lens
with a longer focal length. A higher number of images for
each setting point is also needed in order to reduce the
statistical fluctuations.
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Fig. 6 - Profile of the OTR angular distribution with a
fitting function taking into account the beam angular
divergence.
A rms angular spread of 0.7 mrad is obtained in this
case. Unfortunately, for this data set, in order to avoid the
distortion introduced by the beam splitter, we were not
able to measure simultaneously the beam spot size.
Nevertheless, a spot size value of about 200 gam could be
obtained, for the same conditions, from the emittance
measurements performed just before. According to this
value, a normalized emittance of about 60 mm mrad can
be estimated. This is fully consistent with the measured
values that ranged from 50 to 100 mm mrad, depending on
beam transport conditions.
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THE ISIS SYNCHROTRON BEAM CONTROL AND STUDY PROGRAMME
D.J.Adams, K.Tilley, C.M.Warsop, Rutherford Appleton Laboratory, Oxfordshire, UK.
computing power enables the use of high level data
analysis software and graphical user interfaces, which
simplify correction procedures significantly.

Abstract
Progress on the beam control and study programme for
the 800 MeV High Intensity Proton Synchrotron of the
Spallation Neutron Source ISIS, is outlined. Recent
hardware upgrades to diagnostics, instrumentation and
computing have increased the amount, accuracy and
The measurement
availability of beam information.
methods employed and their planned applications for
beam control, optimisation and study are described. Work
includes detailed study of longitudinal and transverse
dynamics at high and low intensity. Results obtained so
far and future plans are summarised.

2 CLOSED ORBIT MEASUREMENT AND
CORRECTION
2.1 Closed Orbit Correction and Lattice Model
Closed orbit data is now readily acquired and processed
on the new systems. Closed orbit correction and
manipulation is based on the solution to the linear
equation:

xi=Ali.b 1

1 INTRODUCTION

1.1

ackgoundThe

elements of steering matrix A,, give the closed orbit
deviation x, at monitor i due to an angular kick b, at
corrector j. Optimal corrections are found by reducing Aj
using Singular Value Decomposition and solving Eq. 1 for
b.
A synchrotron lattice model has been developed to
calculate linear lattice parameters and track particle
trajectories. The model is very effective for manipulation
and correction of closed orbits, by generating the steering
matrix A.. and solving Eq. 1.

This paper summarises progress on the beam control and
study programme, which was detailed in an earlier paper
[1I]. Here, recent experimental results from the upgraded
hardware are summarised, along with their application to
machine control.
The ISIS Synchrotron [2] accelerates 2.5x10 13 protons
per pulse at 50 Hz (200 VA). The high intensity beam is
established via charge exchange injection over 120 turns,
Beam is then bunched and accelerated from 70-800 MeV
in 10 ins, extracted in a single turn and transported to the
target.
6
Extensive use is made of low intensity 'diagnostic'BeoeCrctn
4
beams [1]. These provide additional, detailed information
E
which complements high intensity measurement. On ISIS
5? 2
suitable beams are produced by 'chopping' the injection
pulse from the normal 120 turns to less than 1 turn. Such
0
E
beams can be interleaved with normal 50 Hz high{
-2
intensity pulses; typical 'chopping' at 1 pulse in 128 has
minimal effect on operational beam.

:ý

1.2 Synchrotron Diagnostics Upgrades

BeoeCreto

4

After Correction

-6
0

The diagnostics hardware upgrade is based on the addition
of many fast digitising channels to make full use of the
existing instrumentation. Twenty 100 MS/s digitisers
allow turn by turn beam position measurements at 10
monitors simultaneously. Two 1 GS/s digitisers allow the
acquisition of longitudinal profiles. Position monitor
electronics upgrades enable measurements with both high
and low intensity beams.
A dedicated DEC Alpha work station linked to the
control system allows extensive hardware control, thus
facilitating automated measurement. The increased
0-7803-5573-3/99/$ 10.00 @ 1999 IEEE.

(1)

50

100

150

Synchrotron Circumference (in)

Figure 1: Vertical CO. measured before and after
correction, with modelled trajectory.
Figure 1 shows an example of the measured high
intensity vertical closed orbit before and after correction
with the lattice model. The model optimises kicks at 7
steering magnets, to fit measured closed orbit errors. As
would be expected from the well optimised set of
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correctors, calculated orbits can be seen to fit
measurements very well (rms difference <1 mm).
Application of the calculated kicks typically reduces the
peak closed orbit errors from -6 mm to -1 mm in three
iterations. The correction could be improved further by
using a measured steering matrix, which will be possible
when automated magnet control becomes available.
The correction technique has now been incorporated in
the machine set-up schedule. The time to correct, or re'Golden Orbits',
establish empirically optimised
throughout acceleration has been reduced from days to
hours. Planned automation should reduce this to minutes.

2.2 FurtherClosed Orbit Work
Correction of closed orbits at injection will be much
improved with the use of chopped beams, where AC
coupled monitors and the unbunched beam prevents
reliable high intensity orbit measurements. More
sophisticated uses of the measurements and models are
envisaged, including the location of alignment and field
errors. Good models of beam trajectories and closed
orbits, at high and low intensity, will be useful for
aperture studies and beam loss collector set-up.

normal configuration, and then with a deliberate gradient
error introduced by switching off one trim quadrupole.
The theoretical change in the beta function due to such
perturbations is known and gives an envelope oscillation
at 2Q, given by the following formula:
Afl(s) = _
/3(s)

1 £Ak(a)fi(r)cos2[u(ci)-_u(s-,rQ],a (2)
2sin 2n;Q

where the notation is standard [4]. The data was then
brought into the above form using both measurement sets,
and the optimal least squares fit determined. To simplify
interpretation, only measurements at equivalent lattice
positions in the 10 superperiods (where the 3,are ideally
identical) were considered. The results are plotted in
Figure 2.
1.4

1.2

0 1.0 ......................................

3 BETA FUNCTION
3.1 Multi-turn PositionMeasurements

0.8

Measurement of turn by turn, coherent transverse motion
at a given monitor allows numerous ring parameters to be
extracted by fitting a suitable function [3]. Most important
are centroid betatron amplitude (b), closed orbit, betatron
Q and phase. Measurements are possible at high and low
intensity but the most accurate results come from the
latter. Here low intensity measurements at injection are
presented; the injection painting process conveniently
provides the coherent motion. Future developments will
allow measurements throughout the machine cycle, using
a fast kicker to excite the beam.
Multiple digitisers and suitable monitors now allow
simultaneous measurement of the above parameters at 10
points around the ring. This allows reconstruction of
closed orbit, phase advance and beta functions. Below,
first measurements on beta functions are summarised,

3.2 Beta Function Measurements
The betatron amplitude (bi) at -10 monitors is measured
on the same pulse. The relation to the local beta function
(Pi) is b=4(pi3c), where the centroid emittance (F,) is
identical at all monitors for a given pulse. In comparing
measurements sets, variation of e, from one pulse to
another has to be accounted for.
To demonstrate the validity of the basic measurements a
set of b, were measured first with the synchrotron in a

0.6
0

8 9 10
6 7
4 5
Superperiod
Figure 2: Perturbation in Relative Beta due to Gradient
Errorin Superperiod2; Measurement and Theory.
1

2

3

Agreement between the functional forms is good and
gives confidence in the measurements. A fuller theoretical
comparison is being developed.

3.3 FurtherApplications
An obvious application for these measurements is to
correct beta function perturbation by applying appropriate
harmonics to the 20 trim quadrupoles. Measurements
could also be used to locate single large gradient errors.
Use of two monitors separated by a drift space, to deduce
(y,y') on a turn by turn basis, should allow measurement
of absolute beta at one monitor; this combined with the
above provides beta at all monitors. Absolute beta at each
trim quad can also be calculated by measuring the change
in Q as a function of quadrupole current [1]. Collectively
these measurements would yield the beta function at 30
points per plane.
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4 LONGITUDINAL MEASUREMENTS

o.o02

4.1 Basic Measurements

Theory
0.010

These measurements are based on digitising the
longitudinal bunch shapes from a capacitative monitor
over thousands of turns. Some processing, making use of
the digitised RF voltage, yields the instantaneous beam
intensity as a function of RF phase on every turn.
Moments analysis of the turn by turn longitudinal

.Expt.

0.0o8

0.006

distributions then provides the bunch centroid phase and
bunch length on each turn. Using these techniques the
dynamics of both high and low intensity beams can be
studied. Early results are shown below.

0.004

0.002

4.2 High and Low Intensity Measurements

o

Examples of bunch length measurements for a high
intensity beam are given in Figure 3. This shows bunch
lengths at various percentages of the peak instantaneous
current. The 95 % contour follows the theoretical (zero
intensity) RF bucket length in the expected manner, with
high bucket occupancy during trapping which then
decreases through acceleration. Oscillation at the
synchrotron frequency is also visible.

8000

Theory
-95 %
90 %
80%

6000
460%

2

4
Time (ms)

6

8

Figure 4: Synchrotron Tune (Q.) through the machine
cycle; Low Intensity Measurements and Theory.

4.3 FurtherStudies
The above results represent the first stage of measurement
development. More sophisticated studies are planned.
These will include detailed investigation of phase stable
regions, Q,, and effects of RF loops. The longitudinal
diagnostics are particularly important in light of the
expected Dual Harmonic RF upgrade [5], which is
designed to increase intensity by 50 %. Phase space
distributions and dynamics may be reconstructed from
longitudinal profiles using 2D tomographic techniques [6].
Comparisons with results from space charge codes are
also planned.

5 CONCLUSIONS
Upgrades to the diagnostics are providing much valuable
and detailed information on most aspects of beam
dynamics. The challenge now lies in making full use of
low and high intensity measurements to understand and
optimise high intensity performance.

2000

u
100

1o0

200

Bunch Length (Degrees)

Figure 3: High Intensity Bunch Length Measurement
compared with theoreticalRF Bucket Length.
The injection and acceleration of chopped beams,
occupying less than one turn, reveal details of longitudinal
motion. Depending on the bunch length, and relative
phase of the injected beam with respect to the RF, dipole
and bunch length oscillations of various amplitudes can be
set up. From this, using the processing described above,
the FF1' of first and second moments of the longitudinal
extraction of
distribution over thousands of turns allows
the synchrotron tune Q,. Figure 4 shows good agreement
with theory.
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TUNE MEASUREMENT FOR THE CERN PROTON SYNCHROTRON
BOOSTER RINGS USING DSP IN VME
A. Chapman-Hatchett, V. Chohan, T. E. d'Amico, CERN, Geneva, Switzerland
Abstract
The CERN PS Booster (PSB) consists of 4 superposed
rings supplied with protons from a 50 MeV Linac. The
proton beam is then accelerated to 1 GeV and sent either
to the 26 GeV Proton Synchrotron (PS) or to the ISOLDE
facility. This is carried out in a multi-cycle mode every
1.2 s. For high-intensity beams, the working-point in the
tune diagram needs to be changed considerably during
acceleration from 50 MeV to I GeV and the repeated
measurement of the tunes throughout the cycle is an
important requirement. Up to now, tune values were
obtained through calculations based on quadrupole
currents. However, practical experience has shown the
need for a direct tune measurement system. For this
purpseakck
clssialechiqueis sed.A fxed
purpose, a classical kick technique is used. A fixed
amplitude kick of duration equal to one revolution period
excites coherent betatron oscillations. For fast treatment,
a Digital Signal Processing (DSP) module in a VMEstandard crate was selected. It carries out the Fast Fourier
Transform (FF1) analyses of signals from positionsensitive pickups in both planes and evaluates the tunes.
These measurements are carried out every 10 ms during
the 450 ms acceleration ramp. The paper presents the
novel features of this system, particularly the beam-offset
signal suppression as well as the peak-search algorithm
which yields the tune values.

such measurements every 10 ms during acceleration
seemed feasible. This approach was adopted, as in the PS
[7], and forms the basis of the system described here.

2 SYSTEM DESCRIPTION
The PS control system is based on the VME standard.
DBV96 modules, which use the Motorola 96001 DSP
chip, were purchased for the PSB Q measurement
System.
VMEsystem
systemandprovides
to the
rest
of theThe
control
permits the
the interface
down-loading
of the DSP software. To perform a measurement, one
needs to excite betatron oscillations, at the requested
times in the machine cycle. Timing pulses are generated
times
i
ace cycleTiming p
reqgeneraTe
at these times, gated with the revolution frequency. To
ensure coherence, the revolution frequency is obtained
from another VME crate which generates the radio
frequency signals for the PSB. The gated signal is sent to
the pulser, which generates a one-turn pulse to drive the
kicker. The same pulses are used to trigger the ADC,
starting the process of putting the 1024 data points into
memory, ready for the DSP. When the data has been
acquired, the DSP commences the processing. Fig. I
shows the main units of the system.

Kicker

S...

Horizontal
Pick-up

Vertical
Pick-up

Beam

IlINTRODUCTION
The PSB was constructed as an injector for the 26 GeV
PS and started running in 1972. In the early days, the PSB
had a very elaborate measurement system to measure the
tune values [1],[2],[3] in both planes for all 4 Rings. The
system was based on inducing coherent betatron
oscillations by the excitation of a 'Q-kicker' for a
fraction of the revolution period. However, around 1976,
it was proposed to calculate the tune values based on the
measurement of various magnet currents in the rings
[4],[5],[6]. This meant that the Q-kicker method was
progressively disused and finally abandoned in the
eighties. In parallel, the current acquisition approach has
been considerably refined over several generations of the
control systems, to become the principal method of
evaluating the tunes in PSB rings to date.
In recent
years,
particularly in the light of
LHC beam
requirements, it was decided that a tune measurement
system using a Q-kicker was again necessary for the PSB.
With DSP possibilities in a modern VME environment,
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3 HARDVVARE

fixed cut-off frequency filter. In the future, these filter
trade-off effects will be minimised by sampling at four
tiethrvouonfqecy

The layout of one acquisition channel is illustrated in
Fig. 1. The PSB type-A electrostatic pick-up (PU) has 4
identical electrodes. The voltage induced on each
electrode is proportional to the beam intensity and to the
100010
distance of the beam from the PU centre. The electrodes
are transformer-matched to 50 Ql coaxial cables, which
10 00 N
bring the signal from the ring up to the BOSS units.
Opposite pairs of electrodes are used for the horizontal
and vertical measurements, which are then processed in____Corte
100
identical analogue signal channels.

Effect of BOSS unit

---

Raw

3.1 Beam Offset Signal Suppressor(BOSS)
significantly away from the centre of the vacuum
chamber. Typically this can be between 5 to 10 mm. The

amplifiers in front of the Analogue to Digital Converter
(ADC) must have their gain set so that they do not
saturate, at any point in the machine cycle. The Q
measurement pulser applies a 500 V pulse to the kicker
which gives an oscillation amplitude of -0.1 mm.
Therefore, the measured signal is typically of the order of
one hundredth of the ADC's input range. To improve the
signal-to-noise ratio, one could augment the amplitude of
the pulse but this has two undesirable consequences. The
pulser becomes costly and difficult to maintain and
kicking many times along the cycle causes beam blowup.
The BOSS unit has an input amplifier for each electrode
of a plane. The internal feedback system acts on the gain
of the two input amplifiers, to give identical output
voltages. These two voltages are then subtracted to obtain
the betatron signal. The frequency response of the
feedback loop is chosen so that it is fast enough to act on
the relatively slow changes of the closed orbit position.
The betatron frequencies are higher and therefore, are not
attenuated.

1

_________________

1

201

401

601

801

Time (milliseconds)

Figure 2: Effect of the BOSS unit on the pickup signal

3.3 Variable Gain Amplifier & ADC
Thsueavotgprrmabemlierflwd.y
Thfisxues
gai vole.tage porammabe
i
amplifier followedB by
afieginbfr.Isanrneis-0dto+0d.A
present, the gain is set by a front panel potentiometer but,
this could be controlled by a DAC. For routine operation,
the gain is set so that there is no saturation with the
highest beam intensity. The system then measures over a
range of 1 X 1012 to 3 x 1013 protons per pulse. A 12-bit
resolution, IX 106 samples/s ADC is used, giving a 80 dB
dynamic range in the power spectrum.

3.4 Pulser

3.2 Filter

To carry out a tune measurement, betatron oscillations are

The PSB revolution period is 1.67 ps at injection and
0.54 ps at extraction. There are fixed cable delays
between the sample clock generator and the pickup signal
of the order of I ps. This makes it difficult to control the
phase between the bunch signal and the sample clock. At
present, the sample clock is at twice the revolution
frequency. The beam can have a bunching factor of down
to 0.4. These conditions can result in the ADC taking a
block of data, sampled between the bunch signals. This
effect can be clearly seen on the trace of the raw signal
without BOSS, as short "drop-outs" of the signal. In an
ideal case, the filter cut-off frequency should follow the
revolution frequency. However, by choosing a filter with
a cut-off frequency sufficiently low to stretch the bunch
signal at injection, but high enough not to attenuate the
betatron frequencies too much at extraction, one can use a

excited by pulsing a kicker in each ring. The amplitude
of the kick had to be chosen based on the criteria that it
must be large enough to produce reliable measurements,
but small enough to avoid blowing up the beam [4]. The
present pulser is a device of the utmost simplicity. It is
driven by a 5 V logic signal which is gated to equal one
revolution period. The pulse is isolated by an optocoupler and further gated by two monostable
multivibrators. These limit the maximum pulse length to
2 ps, and the maximum repetition frequency to 200 Hz.
The pulse is then amplified to 15 V to drive the output
stage. This consists of two power MOSFETS wired as
10 A current sources. These are connected in parallel to
an isolating transformer, which drives the kicker. The
transformer permits ground isolation between the pulser
and the kicker. It also permits an output pulse of either
polarity, without recourse to floating power supplies.
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all the data including the raw ADC samples and the FFT
Spectra.

4 SIGNAL PROCESSING & SOFTWARE
The filtered PU signal is digitised by an ADC sampling at
twice the revolution frequency in a synchronised manner.
The time series obtained consists of 1024 samples. This
time series is manipulated by DSP programs in order to
extract the information needed, i.e. the machine fractional
tune. The first tasks (applying a 72 dB Blackman-Harris
window [8], FFT transforms, power spectrum
computation and peak search) are coded in assembler
language to achieve the required speed. A peak search
algorithm was developed to find all the frequencies
corresponding to the first peaks in the power spectrum
which are above a given noise level. It consists of two
phases : the coarse search and the fine tuning. The former
is based on first order differences which generate a threelevels function : 0 if at least one of the values is below the
noise level, -1 if the first order difference is negative and
+1 if it is positive.
The required frequencies f () are those at which the value
of this auxiliary function jumps from +1 to -1. A simple
algorithm sorts the obtained maxima in descending order.
It is well known that the effect of the finite duration of the
time series is to convolute the spectral estimate with a
kernel which depends on the chosen window. This
"leakage effect" introduces a small error (less than the
frequency sampling interval Af) in the computation of the
frequency of the maximum. One may assume that the
square root of the power spectrum z(f) is well
approximated by a parabola in the neighbourhood of the
maximum for most types of windows by:

z(f)

Zm..

[1 - a (f - fmax)

2

Fractional tune of the PS Booster ring 3
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Figure 3. Display of the measured horizontal and vertical
fractional tune in the PS Booster ring 3.

5 CONCLUSIONS
The PSB tune measurement system is evolving rapidly;
considerable modifications are underway to permit
measurements in all 4 rings by mutiplexing the treated
source signals to the ADC and DSP chain. A new ADC
board and a timing burst generator are also to be added
together with a more powerful, controllable pulser to
augment the kick strength. With the rapid evolution in
DSP technologies, a more modern DSP Board in VME
will also have to be considered in the near future; this
would permit identical hardware configurations for the
PSB and PS Rings.
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where z, fm. and a are the square root of the power
spectrum maximum, the corresponding frequency and the
frequency spread respectively. If z0, z, z, are the values
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MEASUREMENT OF BEAM CHARACTERISTICS OF PLS LINAC*
J.-Y. Choi", H. S. Kang, S. H. Nam, S. S. Chang
Pohang Accelerator Laboratory, POSTECH, Pohang 790-784, Korea
Abstract
The PLS (Pohang Light Source) linac has been operated
routinely as the injection linac for PLS, a thirdgeneration synchrotron light source. The transverse
electron beam emittance was measured at the preinjector end of the PLS linac, where the beam energy is
about 100 MeV. The emittance was measured using a
quadrupole magnet and a fluorescent target. We used a
progressive scan CCD camera with an asynchronous
random trigger shutter to obtain precise beam sizes. The
beam image analysis was made with a PC equipped with
a frame grabber. Bunch length was also measured at the
pre-injector end using a streak camera to observe
transition radiation emitted from a radiator inserted into
the beam path. The measurement system and the results
are described in detail.

storage ring. The first wall current monitor (WCM) is
located near the exit of the electron gun and the second
WCM is located at the end of pre-injector. The electron
beam loss occurs mainly during the bunching process
and the first acceleration stage, and the transmission
efficiency at the pre-injector is about 60%. After the preinjector, the electron beam is transmitted to the linac end
with small beam loss. The results reported in this paper
refer to this beam condition unless otherwise stated.
2.0
15

_

L 1.0

S0.5

1 INTRODUCTION
0.0-

The PLS (Pohang Light Source) linac has been operated
as the full energy injection linac for the PLS, a third
generation synchrotron light source storage ring [1,2]. It
provides electron beams to the PLS storage ring twice a
day. In the regular injection mode, the electron beams
from the gun has a pulse width of less than I ns
(FWHM), beam current of 1.7 A, and repetition rate of
10 Hz.
Just after the completion of the linac and during the
commissioning period in 1994, beam parameters were
measured and reported [1]. To further improve the beam
quality and the operation stability of the linac, we are
again measuring the electron beam parameters at the
linac.
In this paper we describe some preliminary results on
the emittance and bunch length measurements done at
the pre-injector of the linac. The pre-injector includes
the bunching system and two accelerating columns. The
prebuncher is an S-band standing-wave type cavity, and
the buncher has a traveling-wave structure with four
cavities. The pre-injector is powered by the first
klystron-modulator module, and accelerates the electron
beam to 100 MeV.
Figure 1 shows typical electron beam transmission
efficiency along the linac, under the usual beam
acceleration condition for normal injection into the

" Work supported by Ministry of Science and Technology
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Figure 1: Beam current transmission efficiency along the
linac measured by wall current monitors.

2 EMITTANCE MEASUREMENT
The transverse electron beam emittance was measured at
the pre-injector using a quadrupole magnet (QM) and a
beam profile monitor (BPRM) utilizing a fluorescent
screen.
In order to measure the exact electron beam spot sizes
on the BPRM screen, we used a frame grabber (LBA300PC, Spiricon Inc.) and an asynchronous CCD camera
(CV-M10, Costar Ind.), in which the camera shutter
timing can be controlled by the beam trigger. To have a
good resolution the camera was operated in the
progressive scan mode during the measurements.
Although we have one set of a QM and a BPRM in the
drift space of the pre-injector, the distance between the
QM and the BPRM is too short to observe an appreciable
change of the beam spot size with the change of the QM
excitation current. Instead, we measured the beam size at
a BPRM located in the beam energy analyzing station.
Since the horizontal beam size can be affected by the
dispersion function of the bending magnet, it is

Ema0l: choij1@postech.ac.kr
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necessary to isolate its contribution from the observed
horizontal beam size.
The beam spot sizes in the vertical direction are shown
in the Fig. 2 as a function of the QM excitation current.
The emittance was calculated from these measured beam
sizes by the relationship on the beam radius and beam
matrix elements [3]. The calculated emittance value was
about 80 it.mm-mrad. While the beam intensity profiles
were Gaussian shapes in the vertical direction, the
horizontal beam sizes varied largely from pulse to pulse.
Therefore, no reliable data about beam spot sizes were
obtained in the horizontal direction during the
preliminary measurement. This pulse-to-pulse beam size
variation is believed to be caused by beam energy jitters,
probably due to the temporal instability of the modulator
and other components. We are planning to continue the
emittance measurement at the pre-injector after reducing
the energy jitters.
The energy spread of the electron beams at the preinjector was measured from the horizontal beam sizes in
the beam analyzing station using the frame grabber. The
observed energy spread at the pre-injector was about
+0.27%, and this energy spread varied from ±0.24 to
±0.3% from pulse to pulse.

components were surrounded by a light-shielding
structure. The guided OTR was measured by a streak
camera (Hamamatsu Photonics K. K. Co.) with a fast
single sweep unit. Since the beam intensity was not high
enough, the alignment of the optical components was
critical in the measurement. We aligned the optical
components with a He-Ne laser. The optical path from
the target to the streak camera is about 10 m long. The
time resolution of the streak camera is less than 2 ps,
which is a sufficiently small value for S-band linac
bunch length measurement. To keep better time
resolution the slit width of the streak camera was kept as
narrow as 20 Jrm.
Achromatic
Lens

.

M

Streak Camera

Mirror
A
a Lens
•-•Achromatic
Electron
Beam
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2.0
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Figure 3: Layout of the bunch length measurement
system.
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Figure 4 shows two examples of the streak camera
image of the bunch train contained in one electron beam
pulse. The electron beam has a pulse width less than 1 ns
(FWHM) and a beam current of about 1 A. Five bunches
are observed in one beam pulse.
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Figure 2: Variation of the vertical beam spot size with
the current of the focusing quadrupole magnet.

(b)

3 BUNCH LENGTH MEASUREMENT
Bunch lengths were measured using the optical transition
radiation (OTR) emitted from a metal target when
accelerated electron beams impinged on the target. The
bunch monitor system utilizing OTR has favorable
characteristics to accurately measure the bunch shape
and the bunch length, and is widely used in electron
linacs [4,5]. The schematic layout of the measurement
system is shown in Fig. 3.
The target is made of stainless steel 2.6 mm thick, and
its surface was polished to the roughness less than 0.1
gim in Ra value. The target chamber was installed at the
pre-injector end where the electron energy is 100 MeV.
The emitted OTR is guided to the gallery via optical
components such as lenses and mirrors. To block stray
light and to have better S/N ratio, the optical

Figure 4: Streak camera images of the bunch train
contained in one beam pulse of 1 ns. The vertical
direction corresponds to time axis and in this case time
range is 2 ns.
As is clear in Fig. 4(a), the bunch lengths were
different from bunch to bunch. The length of a bunch
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with more charge content tends to be larger. In addition,
the charge distributions among the bunches show
different pattern from pulse to pulse. On the other hand,
Fig. 4(b) shows relatively uniform bunch lengths. These
phenomena can be explained qualitatively by two facts;
the time structure of the electron charge emitted from
the electron gun has a triangular shape due to a short
pulse length, and the electron beam and RF phase of the
bunching system do not have definite synchronization in
our linac.
The effects of RF parameters of the bunching system
on bunch length have been investigated. Measurements
were done for the beam of 2-ns pulse length to reduce
the above-mentioned bunch length variation from bunch
to bunch and from pulse to pulse. Figure 5 shows the
bunch image and intensity profile for the case where RF
parameters of the bunching system were not optimally

25
(b)
20

1

0

adjusted. The bunch lengths in this case were more than
17 ps. On the other hand, Fig. 6 shows the bunch image
and intensity profile after RF parameters were adjusted.
Bunch lengths were reduced to less than 12 ps by the
adjustment of the RF parameters of the bunching system.

.
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Figure 6: (a) Bunch image and (b) intensity profile of the
bunch after RF parameters of the bunching system were
adjusted. The intensity profile represents the lower
bunch shown in (a).
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storage ring. The transverse emittance in the vertical
direction was measured. Preliminary measurement
results were presented. We are planning to continue the
bunch length and emittance measurement at the preinjector after reducing the pulse-to-pulse energy jitters.
The beam parameter measurements at the linac end are
now in progress.

-(b)
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4 SUMMARY
We have been measuring electron beam parameters at
the pre-injector of the PLS linac. The measured beams
have the same condition as the beam injected to the
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DESIGN OF AN ELECTROSTATIC ENERGY SEPARATOR
FOR THE ISIS RFQ TEST STAND
J. Duke, A. Letchford, RAL, Chilton, Didcot, UK
distribution of 95351 quasi-particles, of which 89349
were 'high energy' and 6002 of lower energy, which
corresponds to fractions of 93.7% and 6.3% respectively.
Particle tracking was performed with Parmila [1]
throughout, and various Fortran routines were written to
perform tasks such as counting the proportions in the two
energy groups at various stages of the device, calculating
the trajectories of all the particles as they pass through the
electric field and calculating the distribution of particles
hits on the plate which the particles are bent towards.
The parallel plate device was to be situated in the
second half of a diagnostics box of outside length 430
mm, the first half of which will contain an emittance
scanner. The entrance port of the box ends 163 mm after
the end of the RFQ rods. At this point the low energy
beam is already being lost on the 70 mm diameter beam
pipe, and all components of the beam are diverging. At
the entrance port to the box, the high energy component is
quite round with a radius in both transverse directions of
about 8 mm. By the middle of the box, e.g. after 253 mm
from the port, the beam looks transversely like Figure 1.

Abstract
It is planned to replace the 665 keV Cockroft Walton set
of the ISIS spallation neutron source in the UK with a four
rod RFQ. Before this replacement is made, the
performance of the RFQ will be extensively assessed on a
test stand. One of the quantities we hope to measure is the
proportion of accelerated ( trapped ) beam at the exit of
the RFQ for various H- ion source currents and rod
voltages. In order to do this it is necessary to separate the
untrapped beam which is largely at the ion source
extraction energy of 35 keV from the trapped beam which
has an energy centred on 665 keV. This paper describes
the design process for an instrument to perform this
separation using parallel electrostatic plates to bend away
the low energy beam while allowing all the higher energy
beam to pass through, therefore measuring directly the
fraction of trapped beam, and by implication the fraction
of untrapped beam.

1 THE DESIGN PROCESS
The aim of the investigation was to find a method of
removing the low energy component from the beam while
retaining the high energy component for long enough that
its current could be measured. Initially, extensive studies
were performed to discover if it was possible to use the
chromaticity of a series of quadrupoles to over focus the
low energy beam and cause it to hit the beam pipe while
retaining the high energy beam. ( For the purposes of this
paper, 'high energy' is defined as 0.665 ± 0.1 MeV and
low energy is anything less than this ). Solutions were
found, but due to the highly divergent beam from the RFQ
the beam size grows large very quickly, making it
necessary to have very large bore quadrupoles in order not
to lose any high energy beam. The size, weight and cost of
these quadrupoles caused us to look for another way of
separating the two energy groups. The fact that the
untrapped beam is at such low energy and that there is a
wide gap between the two energy groups caused us to
think of using an electrostatic method of separating the
groups.
Studies were performed to investigate the feasibility
of using two parallel high voltage plates of opposite
polarity to deflect the low energy beam more than the
high energy beam. These were done by tracking a 'large'
distribution of quasi-particles which had been generated
by an RFQ simulation program written by A. Letchford.
The final optimisation was performed using an initial
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Fig. 1
Transverse distribution of all remaining particles at
position of beginning of parallel plates,
if there were no aperture plate
The radius in the x direction of the high energy beam only
at the same point in the box is about 1.5 cm. This means
that if nothing else were done the low energy beam would
have to be bent -( 1.5 + 8.0 ) cm more than the high
energy beam to be spatially separated.
For this reason an aperture plate was added to the middle
of the box, 217 mm after the entrance port, to crop the low
energy component as tightly around the high energy
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component as possible without losing any high energy
particles. The aperture was chosen to be of radius 35 mm
which was a little larger than the radial co-ordinate of any
high energy particle,
As shown by Figure 2, the beam after the aperture
plate has a considerable spread of energies intermediate to
the two main groups. Although not clearly visible on Fig.
2, the energy distribution also contains some fine structure
caused by the way particles in the RFQ are more likely to
be lost at particular places in the r.f. bucket and hence
cluster around certain energies.
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Plate voltages of ± 25 kV were chosen because this gives
an error in the high energy beam of less than 1%.
Using ± 25 kV on the parallel plates with a
separation of 70 mm, split left and right 33 and 37 mm
respectively ( non-symmetrical to maintain the highest
field while still allowing for the small bending of the high
energy component ), the bending effect of the plates on
the particles was calculated. Plates 140 mm long were
used, because these were as long as possible in the space
available while leaving good clearance at either end to
avoid sparking between the parallel plates and the
aperture and end plates. The clearances were 26 mm. to
the aperture plate and 30 mm to the endplate. In all later
calculations, the particles are shown being bent to the
right, but this was an arbitrary choice. Figure 3 shows the
transverse positions of particles at the toroid if they could
pass through the parallel plate without being stopped.
Figure 4 shows the calculated distribution of hits on the
right hand parallel plate. From this plot the height of the
from the centre line was chosen to be 60 mm. The
nine particles plotted at x - I have been reflected by the
potential barrier they encountered between the plates.

Temperatures of the parallel plate and the

4.1.1

X (CMi)

apertureplate

Fig. 2
Plot of x versus kinetic energy T for all remaining
prilsat the start of the parallel plates,
pat
partteiclesr
withthepatemaximum
pertre

Using this distribution of hits and the distribution of hits
on the front face of the aperture plate to estimate the peak
number density and hence the peak power density being
absorbed by the plates, estimates were made for the
temperatures reached by these components in

The voltage to be used on the parallel plates was decided
bysetting the separation of the plates to be large enough
wudntsrk hmee
nryba
byttehg

normal operation at 50 mA ( the maximum expected peak
operating current ) for both 1%and 10% duty cycles. On
the basis of heat loss by radiation only, the maximum

after being bent, and then trying different voltages in the
program written to. calculate the effect of the bending
field. The final current was to be measured with a beam
toroid, whose accuracy was estimated to be no better than
1I%, so the system only had to be designed to separate the
low energy particles to the order of 1% of the total
number of particles. Using a 45 mm final aperture
throughout, 100% of high energy particles survived. The
results for the low energy particles are in Table I below: *

temperatures at 10% Duty Cycle and 50 mA beam current
were 307'C for the parallel plate and 233'C for the
aperture plate. The aperture plate is to be made of 10 mm
Stainless Steel and the parallel plates and their supporting
rods have already been made from Copper. The plates are
4mm thick.
These estimated temperatures are comfortably below
the melting points of these materials.
Figure 5 shows the way the particles of lower energy
have been bent to the right and lost on the final aperture.
The particles which cannot be separated and which have x
values within the high energy group can also be seen.

Table I
Plate Voltages
(±kV)
20
25
30

%of original low energy Low energy
particles remaining
particles
%of total
6.486
4.906
3.933

0.699
0.529
0.424

figures in Table 1 are different to those in Table 2 because the
calculation in Table 1 did not include the effect on the particles'
energies of entering and leaving the region of high potentials between
*The

the plates, from and to the region outside, which has zero potential. All
other calculations in this paper do include this effect, which was found
later in the investigation to be non-negligible.
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Fig. 3
Transverse distribution of particles just before toroid
using ± 25kV 140mm long plates, if no particles were
intercepted by the parallel plates

Below in Table 2 are shown the fractions of high and low
energy particles remaining at the position of the final
toroid which surrounds the exit port of the device for two
different exit port radii. If:
N = Number of high energy quasi-particles at
end of the device,
ANH= Change from original number of high energy
NL = Number of low energy quasi-particles at
of device,
ANL= Change from original number of low energy
and
NT = NH + NL = original total number
of quasi-particles,
then:
Table 2
NL
Aperture NH (ANH) % high NL (ANL) % low remaining (%)
remaining
(mm)

35 89316(-33)99.96
45 89349(+0)
100

212 (-5790) 3.66
286 (-5716) 4.77

0.22
0.30

3

3 CONCLUSIONS
-

Simulations indicate that the energy separator system as
specified above, i.e. a 35 mm radius aperture 26 mm
two parallel plates 140 mm long , separated by 70
mm, with ± 25 kV on them, followed by a drift of 30 mm
an end aperture of radius 45 mm, should be able to
reduce the initial number of low energy particles to 4.8 %
of their original number. This represents 0.30 % of the
total particle numbers, which is comfortably below the
expected accuracy of the toroid which will be used to
measure the exit current. This system will produce peak
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Fig. 4
The distribution of hits on the parallel plate

US

temperatures for 10% Duty Cycle and 50 mA beam
current, the maximum power that can be envisaged being
used, on the parallel plate of about 3070 C, and on the
"apertureplate of about 233'C, in the most likely estimate.
This system is expected to draw about 0.73 mA from the
supplies for the parallel plates.
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FERMILAB MAIN INJECTOR INSTRUMENTATION*
Ed Barsotti, Wim Blokland, Jim Crisp#, Brian Fellenz, Jim Fitzgerald, Gianni Tassotto, Greg Vogel,
and Jim Zagel, FNAL, Batavia, IL
Abstract
An overview of the instrumentation installed in the
Fermilab Main Injector is presented. Efficiency, beam
loss, average intensity, bunch intensity, position, betatron
and synchrotron oscillation frequency, as well as
transverse and longitudinal profiles are measured.
Systems such as the Beamline Tuner and the Ionization
Profile Monitor track changes through the accelerating
cycle and analyze their rate of change.

1 INTENSITY MONITORS
1.1 DC Current Transformers

2.1 Main Injector Loss Monitor Integrator

The daughter card used for the 250 Main Injector loss
monitors has two channels. One channel provides a resetable integrator with a full scale output of 0.14 rads.
An 8 bit A/D converter provides about 2 decades of
dynamic range. The second channel provides a
complicated decay integrator output to the MADC for
time plotting. It has selectable gain advertised as .014 or
1.4 rads full scale. The response depends heavily on the
time structure of the losses. Between 100 and 1000 hertz
for example, the low gain setting produces full scale for
140 rads/second.

The DC current transformer (DCCT) used in Main
Injector was designed at Fermilab for the Main Ring [2].
The device measures the second harmonic content from
excitation windings to control a bucking current through
magnetic cores surrounding the beam. The circuit is
carefully balanced to maintain no net magnetic flux in the
cores by making the bucking current exactly cancel the
beam current. The bucking current is then a measure of
the DC beam current. A careful balance of transformer
coupling provides bandwidth from DC to several
kilohertz.
A commercial current monitor was purchased for the
Recycler ring (Bergoz, Crozet France). The unit has 100
kilohertz bandwidth, 7 decades of dynamic range, and .05%
accuracy [3].

2.2 Beamline Loss Monitor Integrator

1.2 Torroids

quadrupole [5]. The 208 detectors measure 4 positions per
betatron wavelength in both the horizontal and vertical
planes.
The detector has four striplines that can be combined
in pairs to measure either horizontal or vertical position at
each quad. The plate width, position, and length were
selected for best linearity and signal amplitude to match
the Main Ring rf modules. The Main Injector bpm's
provide about 0.7 db/mm for the ratio of A to B.
The four plate structure exhibits a pin cushion error
which mirrors the field lines produced between the plates
and the beam charge. This distortion couples the
horizontal and vertical measurements for positions far off
axis. Each detector was mapped with a set of 50 wire
measurements at 5 mm spacing. This data was collected
into a database and can be used to correct orbits with data
from the orthogonal plane [6].
The Recycler ring uses a split tube design with separate
horizontal and vertical geometry.
Positions are

Torroids (Pearson Electronics Inc., Palo Alto
California) provide an inexpensive method of measuring
beamline intensities and thus transfer efficiency. These
devices are transformer coupled to the beam current and
have no DC response. Their bandwidth is 40 hertz to 7
megahertz and they produce I volt per amp. A gated
integrator is used to measure the total charge. Cable loss
and matching, beam structure, limited bandwidth, and
finite integration time result in 2% absolute accuracy.
Relative accuracy is about ten times better. The
calibration is adversely affected when secondary particles
created by beam losses strike the torroid.

2 LOSS MONITORS
The same argon filled ion chamber (Troy-onics Inc.,
Kenvil, NJ) is used for Main Injector, beamline, and
Tevatron loss monitors [4]. The sensitivity is 7e-8
coulombs per rad. The maximum signal is 100 rads
"instantaneous dose rate" or 7e-6 coulombs of collected
charge. Electronic noise limits the dynamic range to 6
decades.

0-7803-5573-3/99/$10.00 @1999 IEEE.

A new daughter card was designed and built for the
106 beamline loss monitors. It uses a "decaying
integrator" circuit with a logarithmic response and a I
decade per 30 msec decay time. The log amplifier has a 6
decade dynamic range. For losses shorter than 1 msec (as
in the beamlines), 1 rad will produce the full scale output.
For dc losses, the full scale output is 1000 rads/sec.

3 POSITION MONITORS
3.1 Position Detectors
To conserve tunnel space and maintain the beam pipe
shape and minimize beam impedance, new detectors were
designed that fit inside the downstream end of every

work
w
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through the residual gas in the normal accelerator vacuum.
The distribution of charge collected on a grid of conductors
matches the beam profile. Current analysis include
position, emittance (or sigma), 2D color intensity plot of
raw data, single turn profiles for any turn during the cycle,
and fourier transforms of bunch centroid (or tune).
An amplifier in the tunnel is required to convert the
140 nanoamp signal to the 0 to 5 volt 50K2 input of the
A/D cards located in the equipment gallery. Sixty anode
strips with 1.5 mm spacing are used to measure the
transverse profile of the proton beam. Because the profile
can be measured every Main Injector turn, each strip
requires a dedicated amplifier and digitizer.

measured at 438 locations. The detector design
allows a 500 volt clearing field to be applied to the bpm
plates. Larger aperture detectors are required at 24
locations near injection and extraction points,

3.2 Position Electronics
The electronics from Main Ring were re used in the
Main Injector. The system employs the AM to PM
conversion technique to measure the relative amplitudes of
the A and B detector signals and thus the beam position.
The multibus system used to digitize the results are
lacking in processing power, particularly by today's
standards. However, a substantial savings was realized,
New position electronics using log amplifiers were
developed for the Recycler [7]. Preamps are required in the
tunnel in order to measure the position of unbunched
beam using the rising and falling edges of the beam
signal. Four positions are measured with a single
CAMAC card. The log amp design is inexpensive but
has ±.5 mm errors that depend on intensity and position.
VME based computers and commercial digitizer cards with
memory collect and process the data.

5 OTHER SYSTEMS
5.1 Sampled Bunch Display
The Sampled Bunch Display (SBD) is used to
measure bunch intensities and longitudinal lengths of
beam bunches. A wide band (3 kHz-6 GHz) longitudinal
signal comes from a dedicated Resistive Wall Current
Monitor. The signal is digitized by a LeCroy 9384L scope

4 PROFILE MONITORS
4.1 MMacintosh
1Multiwires

A new paddle was designed for Main Injector
multiwires with horizontal and vertical grids to allow
simultaneous measurement of both planes. Each grid
consists of 48 .003 inch diameter gold-tungsten wires
with either 1 or 2 mm spacing. The distribution of charge
is measured with a 96 channel integrator designed by the
controls group for use in the Switchyard beamlines [8].
The central wire collects about 24 picocoulombs of charge
for 5el 1 protons.

4.2 Flying Wires
The Main Injector Flying Wires measure the
transverse size of the particle beam used to calculate
emittance [9], [10]. At separate horizontal and vertical
locations, the system passes a 33 micron carbon
monofilament (the 'wire') through the beam at speeds up
to 10 m/s. Particles collide with the wire as it moves
through the beam producing a cascade of secondary
particles proportional to beam density. The secondary
particles are measured with a scintillator paddle and photo
multiplier tube. A 14-bit resolver measures the wire
position with 0.022 degree angular resolution. The beam
profile is a plot of photo multiplier tube output versus
wire position. A non-linear fit is performed and the
resulting summary data is made available to the accelerator
network (ACNET) for use in calculating beam emittance.

4.3 Ionization Profile Monitors
The Main Injector and Recycler Ion Profile Monitors
capture horizontal and vertical profiles at a once-per-turn
sample rate [11], [12]. Microchannel plates are used to
amplify the charge produced when the beam passes

(4 GSamples/sec, 1 GHz analog bandwidth, 4 MByte
segmentable memory with 100 usec re-arm time). A
computer running LabView does the
processing and ACNET interface. Versatile, programmable
acquisition timing is provided with a CAMAC 177
(TCLK-decoding) and a Kinetic Systems 3660
(programmable clock generator).

5.2 Fast Bunch Integrator
A real time intensity measuring system known as a
Fast Bunch Integrator (FBI) was developed to determine
the efficiency of this process and monitor when losses
occur [13]. This system measures the intensity of both the
original batch and the final individual bunch by using
wide and narrow gated integrators [14]. A comparison of
these two measurements provides the capture efficiency
and indicates how much beam remained in adjacent RF
buckets.
The FBI is a VME based system using a Motorola
MVME-162LX embedded computer. The system supports
fast time plots, snapshot plots and data logging of bunch
intensity for all bunches as well as sums of bunch
intensities for use as transfer qualifiers. The narrow gates
provide the integrated intensity for individual bunches
while the wide gates provide the integrated intensity for an
adjustable sized batch centered on each narrow gated
bunch.

5.3 Beamline Tuner
The Main Injector Beam Line Tuner (MIBLT)
samples the integrated signals of vertical and horizontal
beam position pickups using a Kinetics V440 60MHz
digitizer. A LabView program analyzes the turn-by-turn
position data and calculates the tunes, amplitudes and
phase of the injection oscillation. The program has the
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capability to automatically make corrections for the next
transfer. The integration of the pickup signal can be done
using a low bandwidth RF module (batch resolution) or a
high-bandwidth Fast-Integrator module (bucket
resolution).

6 SPECIAL DEVICES
6.1 Wide Band Striplines
The Institute for High Energy Physics, near Moscow
Russia, designed and built four stripline beam detectors for
use at Fermilab [15]. A round geometry with two
hoizntltor
useatFermlates allw i
ioundaseihetry
stripline plates allows installation as either horizontal or
vertical detectors. Electrical feedthroughs at both ends of
the 1.4 meter long striplines allow measurement of both
proton and antiproton signals. The 1 gigahertz bandwidth
and 9.3 nsec doublet separation allow measurement of
high frequency structure within the beam bunches. The
detectors are for general purpose use, two in the Main
Injector and two in the Recycler.
The 60 degree wide plates intercept and carry about
1/6 of the beam image current. The peak amplitude on
the 500 plates is 10 volts for 6el0 protons in a 3 nsec
sigma gaussian bunch. A plate length of 1.4 meters (1/4
wavelength at the rf frequency of 53 MHz) is used to
maximize the doublet separation. In the time domain,
this allows observation of the bunch shape and changes in
position along it's length. In the frequency domain, zero's
in transmission occur when the plate is a multiple of 1/2
wavelengths long. This occurs at even harmonics of the
rf frequency.

6.2 Resistive Wall Monitor
Resistive Wall Monitors were designed and built for
the Fermilab Main Injector project [16]. These devices
measure longitudinal beam current from 3 KHz to 4 GHz
with a 1 ohm gap impedance. The new design provides a
larger aperture and a calibration port to improve the
accuracy of single bunch intensity measurements.
Microwave absorber material is used to reduce interference
from spurious electromagnetic waves traveling inside the
beam tube. Several types of ferrite materials were
evaluated for the absorber. Inexpensive ferrite rods were
selected and assembled in an array forming the desired
geometry without machining.

6.3 Schottky Detectors
A split tube detector is resonated through an inductor
to provide a signal to the schottky receiver. The signal to
noise ratio goes as the square root of the detector
impedance which is proportional to it's Q. A Q of 300 is
achievable, provides sufficient impedance, is reasonably
stable with temperature, and has sufficient bandwidth. A
center frequency of 21.4 MHz was chosen because of
readily available crystal filters. The detected signal is
dominated by coherent oscillations, not schottky noise as
the name suggests.
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LOW ENERGY DEMONSTRATION ACCELERATOR (LEDA) BEAM
INSTRUMENTATION: RFQ-ACCELERATED BEAM RESULTS*
J. D. Gilpatrick, D. Barr, J. Power, W.C. Sellyey, R. Shurter, M. Stettler, LANL, Los Alamos, NM
J. Kamperschroer, D. Martinez, General Atomics, Los Alamos, NM
J. O'Hara, AlliedSignal Inc., Los Alamos, NM
Abstract
Beam diagnostic instrumentation is being developed for
the LEDA, a 6.7-MeV, 100-mA-cw proton accelerator,
presently being commissioned at the Los Alamos
National Laboratory (LANL). This instrumentation will
be the basis for much of the Accelerator Production of
Tritium and the Spallation Neutron Source linac. Located
in the LEDA injector and the high energy beam transport
(HEBT) this initial instrumentation suite's purpose is to
The
verify the RFQ pulsed and cw operation.
instrumentation include a series of DC, pulsed- and
bunched-beam current measurements from which RFQ
beam-transmission efficiency will be determined.
Ionization-chamber beam loss measurements are mounted
above the HEBT and provide input signals to a fast
equipment protection system. Central beam phase and
longitudinal
energy measurements provide RFQ
performance information. Beam position measurements
provide information to properly center the beam within
the HEBT beam pipe. Finally, two types of transverse
profile measurements including a slow wire scanner and a
video fluorescence monitor provide beam width and
projection information in the LEDA HEBT. This paper
will discuss these measurements developed for LEDA and
summarize how they performed during RFQ verification
experiments.

is placed near the entrance to the beamstop to determine
the HEBT beam transmission.

Figure 1: This picture shows the assembled HEBT
including magnetic transport elements (i.e., four
quadrupole and two steering magnets) and- beam
instrumentation.

Ionization chamber loss measurements are placed at the
RFQ exit, at the middle of the HEBT, and at the entrance
These chambers, located at the
to the beamstop.
beamline's elevation but approximately 1 meter from the
beamline, provide fast beamline-equipment protection and
additional beam transport tuning information.
Three capacitive probes detect the beam's central phase
and energy. Beam energy is calculated by detecting the
flight time for a bunch to travel between two probes. The
first two probes, located approximately 0.5 m from the
RFQ exit, are separated by approximately 0.1 m and
1 INTRODUCTION
information. The
beam energy
1 m first
and
by approximately
March 16, provide
thirdapproximate
probes are separated
nstlle and
as of Mrch16,and
asEDARFQ
een installed
Thehas
and, asof
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the
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Beam
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e tentan
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phase is aqre b meur ingtherthe
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were developed,
in a simple HEBT
phase between an
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phase
To
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eriy
10-mARFQ
iitilly
to
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capacitive
and
the
first
probe
field
sample
To
RFQ
to initially verify 100-mA RFQ operation [2].
re loced
(Bpa
monirs
Fie bam poon
minimize the risk to the HEBT beamline equipment from
are at
BPMs
micro-stripline
These
throughout the HEBT.
beam impingement damage, the RFQ has been initially
to
due
variations
position
to beam
operated with a beam repetition rate, pulse length, and locations sensitive
changes in beam angle at the RFQ exit and the two HEBT
3
and 40 mA, respectively,
peak current to 10 Hz, inms,
Therefore, the beam instrumentation has been required to steering magnets. BPMs #4 and #5 are located after the
final quadrupole magnet for monitoring the beam's final
operate during both pulsed and cw beam operation.

2 INSTRUMENTATION LOCATION
Most of the diagnostics instrumentation is located in the
HEBT [3], pictured in Figure 1. The DC and pulsed
beam-current measurements are placed near the RFQ's
entrance and exit to determine the RFQ total beam
transmission. A third set of beam current measurements

trajectory to the beamstop. In addition, each BPMs' fourelectrode signals are summed to provide bunched beam
current information [4]. Since the RFQ's 6.7-MeV beam
is captured within the 350-MHz RF bucket, the bunched
beam current amplitude provides a reliable measure of the
relative accelerated-beam current.

"Work supported by the US Department of Energy.
0-7803-5573-3/99/$10.00@ 1999 IEEE.
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A slow wire scanner is positioned just in front of the
beamstop to assess the expanded beam's size at the end of
the beamstop and to measure the emittance of the beam
using a "quadrupole scan" technique [5]. In the near
future, a background gas-fluorescence beam-profile
measurement will be placed at this same longitudinal
HEBT location to measure cw beam profiles.

3

The AFE circuitry filters, amplifies, and detects BPM
electrode signals in such a way as to provide a logarithmic
amplitude of the 350-MHi electrode signals. For these
initial RFQ beam measurements, the individual signal
amplitudes were quantified using an oscilloscope and
subtracted to provide an approximate measure of beam
position using the log ratio technique. The AFE circuitry
also acquires bunched beam current by summing the fourelectrode processed signals.

MEASUREMENT DISCUSSION

3.5 Beam Profiles

3.1 PulsedBeam Current

The slow wire scanner consists of an actuator that is
mutdwt
5dge
nl
ihrsett
h
mounted with a 45-degree angle with respect to the
vertical and horizontal axes. SiC 0.I-rm-diameter fibers
are mounted on the actuator "fork". Two fibers are used as
bias to optimize the secondary electron coefficient of the
fiber and the remaining fiber senses the beam. The wires
traverse from one tine of the fork to the other vertically,
then turn 90 degrees and traverse back. With such a
system, horizontal and vertical beam profiles may be
acquired in a single sweep. The beam charge-density
information is acquired by measuring the beam-induced
secondary electrons emitted from the fiber. Beam charge
density data and fiber position are both acquired and
controlled with LabVIEWT software [8].

The pulsed beam current measurements use a single
toroidal transformer core with two sets of secondary
windings: one set for beam current detection and another
set for an in situ calibration [6]. The current detectionwinding signals are initially processed using a simple
analog feedback amplifier to increase the innate
transformer L/R time constant, therefore, reducing the
droop of the transformer signal. The low-droop signals
from two transformers (e.g., RFQ entrance and exit) are
digitized and are manipulated in digital signal processing
(DSP) circuitry to produce a 200-kHz-bandwidth
differential-current measurement. This digital difference
signal is then integrated for approximately 2 millisecond
and compared to a fast protection lost-charge value. If the
lost charge is greater than this value, the fast protection
system is initiated and discontinues beam operation.

4 INITIAL RESULTS

3.2 CentralBeam Phase and Energy

The pulsed current measurements at the RFQ exit and
entrance to the HEBT beamstop show good agreement
with theory and are consistent with each other and their in
Their 200-kHz bandwidth
situ calibration hardware.
precision and accuracy are measured to be <0.1 mA and
<0.25 mA, respectively. However, under certain beam
conditions, the RFQ-entrance current measurement appears
to have an error during beam operation that is not present
This error
during the in situ calibration procedure.
results in a higher than expected beam transmission
This error is presently being
through the RFQ.
investigated and will be corrected. Figure 2 displays a
partial LabVIEWT screen that reports the pulsed beam

Since these electronics processors are still being
fabricated, the phase and energy measurements were
initially performed with only the installed capacitive
probes, phased stabilized RF cables, a down converter, and
an oscilloscope. The down converter transfers the 350MHz phase information from the capacitive probes to 2
MHz where phase may be more accurately converted to
time. Because the distance between probes is known, the
energy can then be accurately calculated.

3.3 Beam Loss (IonizationChambers)
Beam loss measurements use ionization chambers to
detect the interaction between lost protons and beamline
components [7]. Electron signal currents created and
collected from the result of gamma-radiation ionizing the
N 2 chamber gas. These electron signal currents are then
amplified and integrated and are compared to a fast
protection lost-charge value. If the integrator signals am
greater than this value, the fast protection system is
initiated and discontinues beam operation. These three
chamber integrated signals are also monitored to provide
beam tuning information,

3.4 Beam Position and Bunched Beam Current
Since the BPM electronics processors are also still being
fabricated, we used only the analog front end (AFE)
circuitry from the DSP-based BPM electronic processors.

current data with data
Preliminary loss measurement observations performed
during wire-scanner profile measurements indicate that the
ionization chambers beam loss precision is approximately
0.2 mA.
Beam energy was measured with both a short and long
drift distances between capacitive probes. For the longinitial
the
measurements,
energy
drift-distance
measurement precision and accuracy are <1 keV and <10
Figure 3 displays both energy
keV, respectively.
measurements and the results from simulating the
transport and the acceleration of the beam through the
RFQ. The two measurements appear to be consistent and
agree well with the RFQ simulations.
The wire
scanner
measurements
also theperformed
as
expected.
With
amplifier
gains set so that
peak of the
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charge distribution is below their saturation limits, the
ratio of fiber signals acquired at the distribution peak and
tails was measured to be > 500:1. The combination of
this large signal-to-noise ratio and the small 0.1-mm
diameter fiber widths will allow this profile measurement
to acquire valid profile data beyond 3 rms widths.
The final two beam position measurements have been
shown to be consistent with each other, steering magnet
currents, and the nearby wire scanner profile measurement.
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HEBT beamstop. The abscissa and ordinate units are sts
Accelerator Conference, August 23-28, Chicago, IL, 1998.
and mA, respectively. The values in the three smaller
boxes under each waveform are beam currents typically [5] W. P. Lysenko, private communication (1998).
[6] J. Power, et al., "Beam Current Measurements for LEDA," these
averaged during the final 300 gts of the macropulse.
proceedings.

5 CONCLUSIONS

[7] J. D. Gilpatrick, et al., "Experience with the Ground Test
Accelerator Beam Measurement Instrumentation," in AlP
Conference Proceedings 319, (Santa Fe, NM, August, 1993), p.

During the past 9 days of initial LEDA RFQ operation,
154.
most of the beam diagnostic measurements have been
preliminarily tested with beam. With a few exceptions, [8] LabVIEWTM is commercial software sold by National Instruments,
Inc.
most appear to be operating as expected. With additional
beam commissioning time, the beam instrumentation will
be fully commissioned and ready for further RFQ studies.
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A TECHNIQUE FOR MEASURING THE RELATIVE CESR BEAM
ENERGY*
S. Hendersont, V. Boisvert, K. Finkelstein, D. Rice, J. White, Cornell University, Ithaca, NY
Abstract
10"1
100
The beam energy at the Cornell Electron Storage Ring must
be maintained within 1MeV of the T (4S) resonance peak.
The beam energy is determined on a run-by-run basis by
calculation based upon machine parameters. As a test of
the energy calculation we have explored a technique for
determining the relative CESR beam energy using synchrotron radiation. We describe the technique and present
a status report on our experimental investigations.
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The Cornell Electron Storage Ring (CESR) operates on and
just below the T(4S) resonance (V/- = 10.58 GeV) providing e+e- collisions for the CLEO experimental detector. The resonance peak is traditionally found by performing lengthy beam energy scans. Following such a scan the
CESR beam energy is determined on a run-by-run basis
by calculation based upon the machine parameters (RF frequency, measured dipole field, corrector strengths, electrostatic separator voltages, etc.) while taking into account
the magnetic history. For maintenance of the beam energy
over the course of many months we rely on the energy program to properly predict the relative energy changes. In order to maximize the physics event rate and to simplify data
analysis, it is necessary to maintain the CESR beam energy
within 1 MeV of the resonance peak (the T (4S) resonance
width is 10 MeV).
We seek a method for verifying the beam energy calculation under actual operating machine conditions which
include pretzel orbits, detector solenoid and compensation,
and a rippled vertical orbit. If such a method were realizable and capable of functioning at full CESR beam currents, we would envisage incorporation of the measurement
technique into routine operations, although our primary
motivation at present is to provide verification for the energy calculation. Thus we seek a non-invasive, rapid measurement technique with relative precision of -2X 10-4.
The traditional method of beam energy measurement at
electron storage rings is that of resonant depolarization [1],
which provides quite accurate energy calibration with relative precision of ,10'. Resonant depolarization was used
at CESR to determine the T(1S) mass [2]. Another class
of measurement techniques which have been proposed utilize synchrotron radiation (SR) in one way or another. A
solid-state detector was used at BESSY to measure the SR
spectrum directly for determination of the critical energy
[3]. Several proposals based on synchrotron radiation have

0-7803-5573-3/99/$10.00@ 1999 IEEE.
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Figure 1: Integrated synchrotron radiation spectrum, f, and
the sensitivity, 1/f dr/dE as functions of the cutoff energy
6o. The sensitivity assumes E = 5.290 GeV.

been described for measurement of the TJNAF electron
beam energy [4]. We describe a technique for measuring
relative beam energy changes based on synchrotron radiation and present our preliminary findings.

2

METHOD

The method that we present exploits the very steep energy
dependence of the SR spectrum at x-ray energies, u, several times the critical energy, u,. Define the fraction of SR
photons above a given energy uo = ýou, as
00 dN
< d(

f(0o) =/

where dN/dk is the normalized SR energy spectrum and
ý = u/u,. Because of the steep energy dependence of the
SR spectrum, the integrated SR flux f(ýo) is quite sensitive
to the cutoff energy, uo, for uo > u, as shown in Figure 1.
The fractional change in SR flux above the cutoff energy
for a given change in energy A~o is
1 df
f < o

1 dN

f

-

(to) AXo,

(2)

3!o I dN
-E f -" (ýo)

(3)

-

or in terms of the beam energy E,
I df
1 df d~ o
f dE - f d~o dE

If the integrated SR flux above a given energy uo could be
measured, then for a beam energy change AE, the fractional change in integrated flux is 1/f df/dE AE. This
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quantity is displayed in Figure 1, and shows the sensitivity
of such a beam energy measurement technique as a function of cutoff energy 6o. For example, at uo = 1Ou, a
1 MeV change in beam energy changes the integrated flux
by 0.57%. Clearly, if one could monitor the SR flux above
-1Ou, with accuracy 0.1%, then one could measure relative beam energy changes rather accurately.
As a way of "integrating" the SR flux above a given energy, we use the K-edge of a high-Z material selected so
that the edge energy EK »> u. x-rays with energy above
the K-edge are (primarily) photoabsorbed, and a fraction
of those x-rays produce characteristic K-shell x-ray fluorescence emission. The flux of characteristic x-ray emission measured with an x-ray detector is proportional to the
SR flux above the K edge, which depends on the beam energy. To be precise, the rate of K-shell emission is given
by the integral of the SR spectrum folded with the energy
dependent photoabsorption cross-section which at falls like
u- 7/ 2 ; this varies more slowly than the SR spectrum which
at high energies falls like e-/y'•. As a result, the observed
sensitivity will be somewhat different from that shown in
Figure 1.
Since the K-shell emission counting rate is beam current
dependent and also depends on details of the SR source, target and detector geometry, a normalization is required. In
addition to K-shell emission, the target also emits L-shell
characteristic x-rays from photoabsorption of SR photons
having energies between the L and K edges. The L-shell
emission makes an ideal normalization since it is measured
simultaneously with the K-shell emission in the same detector. Problems associated with combining measurements
from two detectors having different stability and gains are
avoided. The L-shell emission will also depend on beam
energy, but since typically EL = 1/6EK, the dependence
is much smaller than the K emission dependence, as shown
in Figure 1.
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Figure 2: Experimental Layout

detector views the gold foil. Standard x-ray spectroscopy
instrumentation is used to amplify and-shape the pulse and
the signal is then digitized in a multi-channel analyzer.
Figure 3 shows a typical x-ray spectrum obtained with
this setup. The lines near ,-70 keV are the characteristic Kshell emission and the lines near -10 keV are the L-shell
lines. The energy resolution of the system is 0.3 keV at 69
keV (Au Kai). Generally, the beam current was limited to
less than 0.5 mA so that the detector counting rate remained
below -'5 kHz in order to minimize pulse pileup. As is
evident, the spectrum is remarkably clean; K and L lines
are easily identified and virtually free of background from
other scattering sources.
We define a K to L counting rate ratio as follows:
RK+L =

-

(4)
NL
N --BL
where NKo• is the sum of counts in both Ka peaks, NK,3
is the sum of counts in both K,3 peaks, NL is the sum of
counts in all L peaks, and the B's are background count
rates contained in separate background subtraction windows.

RESULTS AND DISCUSSION

4

To model the sensitivity of this method, an x-ray scattering Monte-Carlo simulation which includes Compton scattering, Rayleigh scattering, photoabsorption and K and

EXPERIMENTAL SETUP

The measurements reported in this paper were performed
at the Cornell High Energy Synchrotron Source (CHESS)
facility at one of the dipole bending magnet stations. The
experimental layout is shown in Figure 2. A white SR
beam of critical energy 10.4 keV from a bending magnet
(p = 31.7 m) was collimated horizontally with a Pb mask
and filtered with a 0.25 in Al plate. The Al filter hardens
the SR spectrum in order to reduce the flux of L x-rays
to tolerable levels. All adjustable vertical slits were retracted to avoid intercepting the beam which would modify
the spectral distribution at low energies. The SR beam is
then brought into the experimental station where the intensity is monitored with an ion chamber. The beam strikes a
125 /m gold foil placed 45' to the incident beam. The SR
source to target distance is 13.5 m. The gold K edge is 80.7
keV (7.8u,) and the L edges are -,13 keV (1.3u,). The foil
has attenuation factors /,t of 2.9 at the K edge and 61 at
the L edge. At 90' to the beam direction a Ge solid-state
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L shell emission was employed. This simulation predicts that RK/L increases with beam energy at the rate
of 0.21%/MeV (for E ý_'5290 MeV) for the basic experimental conditions described above. We therefore require
a combined statistical and systematic precision in RK/L of
better than 0.2%. Since we need a technique which will
reliably measure relative energy changes regardless of how
they arise, we need to verify that this method is insensitive
to changes in SR source position, angle and size. An obvious concern is the source magnet field uniformity. The
CESR dipoles have uniformity _10-4 over ±2 cm about
the center, resulting in a beam energy error of only ,-,0.25
MeV over the full range. A more significant effect is clipping of the SR beam on apertures in the x-ray beamline
which has the potential to modify the spectral distribution.
Other concerns arising from changes in SR source angle
include the thickness uniformity of the gold target and Al
filter. In our efforts to date, we have tested the viability of
this technique by exploring several of these factors.
Figure 4 shows measured ratios RK/L (taken during
a single machine studies period) plotted versus run time,
where individual runs correspond to various changes in
machine conditions. The data were obtained by collecting spectra for 8 minutes per point. The error bars are
due to counting statistics. The first three data points were
taken under identical conditions, and constitute the "reference" conditions. The remaining points show the effect
of changes relative to these reference conditions. The next
two data points show the effect of a vertical angle bump at
the source (±40/,rad) corresponding to ±0.4 mm motion
on the target. We conclude that we were not "clipping"
on vertical apertures in the x-ray beamline. For the next
point the electrostatic
separators
were turned
off,
chaginhorizontal
thangle
hoizotalange
--' mrd.
changing the horizontal
att te
the S
SR sorceby
source by -,2 mrad.
The next two points correspond to the reference conditions
but with smaller and larger beam currents. In the following run, the vertical beamsize was increased by more than a
factor of two. Despite rather significant changes in source
angle, size and beam current, the ratio RKL remains constant within statistical errors, except perhaps for the latter
data point.
Finally the CESR dipole field was increased by 1 G
(from nominal B = 2010 G), and the measured ratio increases by 0.97 ± 0.19 %. By changing the dipole field,
the beam energy is increased by the factor AB/B (giving AE = 2.6 MeV), but the field at the source magnet
is also increased so that the SR critical energy is increased
by Au, = 3uc AB/B (whereas for a beam energy change
alone, Au, = 2ucAE/E). The measured value is in good
agreement with the simulation prediction of 0.83%.
The results of another dipole field dependence measurement are shown in Figure 5, along with the slope predicted
by the simulation. Again, the data show good agreement
with expectations.
In other machine studies sessions, the data were not always as reproducible as shown in Figure 4. It is thought
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tical apertures which would affect the spectrum, although
this effect is still under investigation.
5

SUMMARY

The SR-based method that we describe for measuring relative beam energy changes shows promise. We are able to
measure energy changes consistent with expectations. Our
efforts in the near future will center on understanding the
various factors that limit the reproducibility of the measurements and on increasing the count rate capability.

6
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RECENT DEVELOPMENTS ON BEAM OBSERVATIONS AT SRRC
Ian C. Hsu, G. H. Luo, and K. T. Hsu
Department of Nuclear Science, National Tsing-Hua University and
Synchrotron Radiation Research Center,
Hsinchu, 300 Taiwan
Abstract
In this paper, we will present some recent developed
methods of beam observations and their experimental
results. These methods including: beam energy
measurement by laser Compton scattering, investigating
electron beam orbit sensitivities on the flux of the photon
beam line, beam lifetime investigation in storage rings,

from 1.2 to 42.5. Figure 1 presents the entire system's
schematic diagram. According to this figure, the laser
photons pass through the optical system into the storage
ring's straight section.
After being scattered by
relativistic electrons, the 'Y-rays passes through the lead
collimator and is then detected by the HPGe detector.
The signal processing instruments, then, acquire the backscattered Y-rays' spectrum.

1 INTRODUCTION

Considering that the highest energy of the backscattered photons was around 3000keV, we chose 24Na the
standard source in energy calibration of the HPGe

We have been trying to utilize the known principles of
Beam physics and the existing Photonics knowledge and
devices to investigate or to perform new methods of beam
observations. In this paper, we will present some recent
developed methods of beam observation and their
experimental results. These methods including: beam
energy measurement by laser Compton scattering,
investigating electron beam orbit sensitivities on the flux
of the photon beam line, beam lifetime investigation in
storage rings. Only brief description and results are
presented in this review. References are provided for
more detail information for each individual study. All of
the experiments are performed on the electron beam in the
storage ring of Taiwan Light Source(TLS) of
Synchrotron Radiation Research Center(SRRC), Taiwan.

2 BEAM ENERGY MEASUREMENT BY LASER
COMPTON SCATTERING[ 1],[2]

detector since the two characteristic energies of 24Na were
1368.4keV and 2753.6keV. Those energies contributed to
a sum-peak energy of 4122keV that could be applied to
the interpolation method in energy calibration.
Figure 2 presents the spectrum of the Compton
scattering with a collimator having an inner diameter of
3mm that corresponded to a half opening angle of
0.2241mrad. The background radiation's counting rate
without the laser Compton scattering effect was around
0.82 counts/sec with gating. After the laser collided with
the electron beams, the counting rate raised to 34.83
counts/sec. The S/N ratio was approximately 42.5.
The highest back-scattered y-ray energy could be
estimated from the sharp edge of the spectrum as shown
in Fig. 2. For our latest experiment, it was
3054keV±2.6keV. According to the results, we can infer
that the electron beam energy was 1.3058±+0.0017GeV.
The relative energy measurement uncertainty of this
experiment is 0.13%.

The method of Compton scattering to measure the
electron beam energy in the storage ring or to produce
quasi-monochromatic y-rays is characterized by excellent
signal-to-noise ratio. To acquire a high y-ray flux, a
pulsed
CO 2 laser
2.67MW peak power is
employed.
Owingwith
to up
the tofact
that the background
radiation from Bremsstrahlung is extremely high ( about
1200 counts/sec at 20mA electron beam current ), how to
effectively subtract the background radiation is a relevant
concern. In this study, we developed the method of
synchronous measurement to resolve the above problem.
The synchronous measurement used a gate to periodically
allow the signals to pass from the detector to the counting
system. Since the scattered photons were produced after
the laser pulse reached the interaction region, the laser
could provide a trigger signal for the gate to open. The
method proposed herein increases the signal to noise ratio
0-7803-5573-3/99/$10.00 @ 1999 IEEE.
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3 INVESTIGATING ELECTRON BEAM ORBIT
SENSITIVITIES ON THE FLUX OF THE PHOTON
BEAM LINE[3]
This study examines the beamline flux sensitivity due
to
electron
and angular
changes at
the an
source
pointbeam's
of the positional
beamline. Beam
experimental
and
numerical studies have been undertaken. It was performed
by varying the size of either the electron beam's orbit
local position bump or that of the local angular bump.
Changes in the beamline flux are measured at the entrance
slit downstream. Those two types of local bumps are
created by four correction magnets. The strength of four
correction magnets must adhere to a certain ratio to
control the amplitude and slope of the electron beam's
orbit at a given position in a ring. The experiments in this
study are conducted on the 6m-HSGM (6 meter High
energy Spherical Grating Monochromator)[4] beamline at
TLS.
Results obtained from the beamline studied herein
indicate that 10 g.tm vertical beam position displacement
causes a relative photon flux change of 0.9-±0.3%, as
measured at the entrance slit downstream. This
observation corresponds to the numerical results. In
addition, a vertical beam angular change of 10 grad
causes a relative photon flux change of 1.2±+0.4%. The
above two values depend on the electron beam size, slit
size as well as the beamline's optics. Figure 3 presents
the measurement results for which only the position bump
was varied. Horizontal axis denotes the beam position at
the source point. The left vertical axis represents the
relative photon flux fluctuation (AI/Io) per unit beam
position displacement at the source point. While varying
the beam positions, the beam angle should remain
unchanged. Due to the position bump's imperfection, the
beam angle at the source point slightly changes. This

4 BEAM LIFETIME INVESTIGATION IN
STORAGE RINGS[5]
As is generally known, the two unequal bunches
method[6] can separate the beam lifetime contributions
from these two effects. The beam current vs. time for
each
individual bunch was measured by the voltage signal of a
broad band pickup. The lifetime of each individual bunch
was then calculated. The calibration of the broad band
pickup signal was done by a DC current transformer
(DCCT) when a single bunch beam was stored. Figure 4
summarizes these results. The horizontal axis is the
difference between the two bunch currents in mA. The
vertical axis is the difference of the inverse of the bunch
total lifetime. From the slope of the fitted line, the
proportionality constant A can be obtained and the
Touschek lifetime for a given bunch current can be
calculated. Under the experimental conditions of the
nominal transverse beam sizes (a,, = 180±9 jim, cy =
70±5 gtm), a total RF voltage of 700 kV and a bunch
length of 100 ps, the results derived from Fig. 4 are:
Touschek lifetime(min)=(366-+52)/(single bunch current in mA)
In the following calculations, the above results are used to
estimate the multibunch beam lifetimes. For a total beam
current of 195 mA (filling 140 bunches), the single bunch
current is 1.39 mA. The Touschek lifetime is 263±38
min. The measured total beam lifetime at 195 mA with a
multibunch mode by DCCT is 238±1 min. Subtracting
1/(263 min) from 1/(238 min) yields the gas scattering
lifetime as 2500±1361 mi. The reason of the large
uncertainty was discussed in Ref[5].
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bunch total lifetime.

effects, possibly caused by the couple bunch effects may
not be as prevalent as those in the multibunch mode. For
the estimation of the gas scattering lifetime of the
operation mode i.e., the multibunch mode, in which the
total lifetime was measured, we used the Touschek
lifetime measured at the few bunches mode. This misuse
caused the Touschek effect in the multibunch mode to be
overestimated and consequently, underestimated the gas
scattering effects in the multibunch mode. The Touschek
lifetime is longer by 8% {i.e., (285-263)/[(285+263)/2]
measured by the multibunch method than when
by the two unequal bunches method. The
theoretical value of the Touschek lifetime at the
corresponding parameters is 302 min. There is a 54%
{i.e., (2500-1443)/[(2500+1443)/2] } discrepancy of the
gas scattering lifetime measured by the two methods.
Besides the consequence of the overestimation of the
Touschek effect as previously mentioned, a significant
reason for this discrepancy is a possibility of the
discounting of the effects of any trapped ions in the
multibunch operation mode, when the lifetimes were
estimated by the results of the two unequal bunches
method.

5 ACKNOWLEDGMENTS
In the multibunch method, using the same total RF
voltage, we first measured the total beam lifetime at the
multibunch mode with the nominal transverse beam sizes
(ax = 1804-9 gim, ayy = 70±5 gm). The beam current was
195 mA (filling 140 bunches) with a total beam lifetime
ta of 238±1 min. Next, the beam was driven into the
difference resonance and the transverse beam area (a,, =
357±14 gim, oy = 353±16 gim) was increased by a factor
of 10. The beam current was 194.3 mA with a total beam
lifetime "t1a of 960±1 min. If the difference between the
beam current of 195 mA and 194.3 mA can be
disregarded, the following two equations can be solved
easily, yielding a Touschek lifetime tT of 285±14 min and
a gas scattering lifetime Tgas of 1443±280 min which
includes the ion effects, if they exist.
1/238 = l/tT + 1 /tgas
lojOa = 1/960 = l/(10tT) + 1/ Tgas
lla

=

(1)

(2)

The results obtained above are valid for estimating the
beam lifetimes for the multibunch operation mode
because all the measurements are taken in the multibunch
mode.
According to the measurement results, the Touschek
lifetime is longer when measured by the multibunch
method (285±14 min) than when measured by the two
unequal bunches method (263±38 min). The reason for
this discrepancy is that in the two unequal bunches
method, the Touschek lifetime was measured at the few
bunches mode and in that mode, the bunch lengthening
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A MAGNETIC QUADRUPOLE PICK-UP FOR THE CERN PS.
A. Chapman-Hatchett, A. Jansson*f, D.J. Williams
PS Division, CERN, CH-1211 Geneva 23, Switzerland.
Abstract
In the LHC era, there will be a need to monitor and correct
non-destructive
betatron mismatch between machines in a
way. For this purpose, a quadrupole pick-up has been designed for the CERN PS. Originally, the PS was built for
much larger beam sizes than now required when generating the LHC beam, but its large physical aperture should be
beam-size ramaintained. Because of this large aperture to
tio, the quadrupole signal component in a standard pick-up
design is strongly suppressed with respect to the commonmode signal, and thus demands a very high common-mode
rejection in the signal processing. A magnetic quadrupole
pick-up has been designed, in which the common-mode rejection is incorporated in the pick-up itself, by virtue of its
geometry. The rejection is thus limited only by mechanical tolerances and can therefore be very large. Without the
common-mode component, the dominating signal is dipolar, and small when the beam is centred in the pick-up. The
dipole and quadrupole signals can thus be separated using
a hybrid circuit with only moderate demands on commonmode rejection. Another advantage with a magnetic pickup is the low output impedance, allowing the use of passive
components when forming the quadrupole signal, which
is highly desirable in the radiation environment of the PS
ring. Simulations and tests of the pick-up and read-out
electronics, as well as the first results with real beam are
presented.

If the beam size is oscillating in one plane, for examquadrupole
thebetatron
at injection,
mismatch
to optical
ple due signal
pick-up
will be
modulated
by twice the
frequency. Since the tune is generally different in the horizontal and vertical planes, the oscillations in the two planes can
be separated in a Fourier transform of the signal. Therefore, a single quadrupole pick-up is useful as a diagnostic
tool for beam optical matching between machines.

2
2.1

THEORETICAL CONSIDERATIONS
Electric Coupling

The traditional design of a quadrupole pick-up couples to
the electric field of the beam. The electric potential V(r, 0)
around an infinitely long beam is given by
1
cos 0
sin 0
V(r, 0) = Moo-r+ i 0 1 -2-+ m1o - --cos 20
sin 20
3
+mlh i
+ (M20 - M02) _ T.
(1)
where the moments m of the transverse charge distribution p(x, y) are defined as
=f(x)x'dxd
(2)
,
and the order of each moment is k = i +j. If electrodes are
positioned at 0 = 0, ir/2, ir, 37r/2, the quadrupole signal Q
can be obtained by
37r

ir

Q = V(rp, 0) - V(rp,-2 ) + V(rp, -r) - V(rp,-2), (3)

INTRODUCTION
Why a QuadrupolePick-Up?
1

1.1

In the production of the LHC beam, the rms emittance
blow-up at each inter-machine interface has to be kept
lower than 10%. This is less than the absolute accuracy of
any present diagnostic tool for emittance measurement [1].
Thus, a comparison of emittance measurements made in
two consecutive machines along the injection chain is not
enough. If the injection mismatch causing the blow-up can
be measured directly, a higher sensitivity can be achieved
since many error sources are eliminated.
A quadrupole pick-up measures the aspect ratio
Q=
2 of the beam. At least two individual pickups are needed to estimate the horizontal and vertical beam
emittances (if the beta function is known) and six pick-ups
are needed to measure the emittance and Twiss parameters
of the beam in both planes [2].
* CERN

where rp is the radius of the pick-up. The individual signals
are dominated by the first term in (1), which is of the order
moth/rp = ptot/rp, whereas the quadrupole signal component in each signal is of the order m2nd/r 3 = ptota2/r3
Thus, there is factor 0r2/ 2 difference in signal strength. In
the case of the LHC beam in the PS ring, where the beam
size is much smaller than the aperture, this demands a very
high common-mode rejection for the derivation of Q, since
a difference between two large signals has to be taken.

2.2 Magnetic Coupling
The magnetic field around an infinite beam has two components. If the field is expressed in cylindrical coordinates,the 9-component Bo is essentially given by (1) but with an
extra factor jo/27r [3]. The Br-component
BL(r, )

and Manne Siegbahn Laboratory, Stockholm, Sweden.

y-O sin 20
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is more interesting. In this case, there can be no moo
component since this would violate Maxwells equation
V -B = 0. The rest of the formula is similar, however.
Therefore, if a pick-up is set up to measure only Br, there
is no intensity signal. Furthermore, if the beam is centred in7
the pick-up the dipole signal vanishes, and thus a magnetic
pick-up coupling to Br measures "only"~ the quadrupole
signal. A coupling to the radial field component B, is
achieved by placing the coupling loops in the plane of constant r (in cylindrical coordinates).

2.3

Masking of the quadrupole oscillation signal due to dipole oscillation

A problem with all quadrupole pick-ups is that if the pickup and beam centre do not coincide, the quadrupole signal gets an extra contribution proportional to the square of
the displacement. If the displacement is large relative to
the beam size, this will dominate the measured quadrupole
signal. But, since this pick-up also measures the displacement of the beam, it should be possible to correct for the
dipole component, providing the measurement is accurate
enough.

3
3.1

PROTOTYPE PICK-UP DESIGN
MechanicalDesign

A prototype pick-up coupling to the radial magnetic field
of the beam has been built and installed in the PS machine during the 98/99 winter shutdown. The mechanical
design of the prototype pick-up has been based on a spare
ceramic vacuum chamber designed for the PS Booster position monitors, whose diameter of 145mm fits the physical
aperture of the PS machine. The ceramic allows the coupling loops to be placed outside the vacuum, which saves
vacuum feed-throughs and facilitates possible interventions
once the pick-up is installed in the machine. The loops
are placed directly on the outside of the ceramic, at radius
rp= 80mm. The 9-range covered by each loop was chosen to be 450, which was found to be a good compromise.
A wider angle would give larger coupling to the beam but
also increase the inter-loop coupling. To avoid build-up
of static charges, and to reduce the longitudinal impedance
seen by the beam at higher frequencies [4], the inside of
the ceramic chamber was coated with a few microns of titanium. For continuity of low frequency wall currents, and
to protect against outside noise, the whole arrangement is
housed in a metal cylinder of 300mm diameter. This shield
also enhances the quadrupole signal relative to the dipole
signal and reduces the inter-loop couplings,

3.2

Figure 1: A picture of the pick-up before mounting the
shield cylinder.

physically separated from the pick-up to facilitate modifications. The load seen by each antenna loop is thus only
225 mQ which gives a low cut-off frequency of around
100 kHz.
The hybrid forms the four composite signals;
quadrupole, the two dipoles, and the sum (which ideally should be zero). It can be bypassed using remotely
controlled switches, in case the signals from the pick-up
are to be measured individually. The hybrid outputs are
fed to amplifiers, which are placed under the floor to
protect them from radiation. These amplifiers have an an
amplification factor of 100, a bandwidth of 30 Mhz, and a
noise level of 2.3 nV/Hz'1/2 .

4
4.1

TESTS AND MEASUREMENTS

Simulations

Simulations of the pick-up have been performed using the
High Frequency Structure Simulator (HFSS) program, using a slightly simplified model for the pick-up geometry.
The results show, as expected, that the sum signal is totally
suppressed. The different couplings obtained from these
siuaonarshwinTbe1
siuaonarshwinTbe.
Moment
Dipole
Quadrupole
Analytic (w/o coating)
10 nH/mm 180 pH/mm 2
Simulation (w. coating) 1.5 nH/mm 32 pH/mm 2
Table 1: Coupling strengths from analytic approximation
and simulation.

Read-Out Electronics

The copper rods that make up the loops are connected to
earth at one end, and connected in pairs to 1: 15 transformers at the other end. The secondary side of each transformer
is connected via 50 Q cable to a hybrid circuit, which is

4.2

Test Bench Measurements

Test bench measurements have been performed, using
a wire antenna to map the signal as a function of an-

2224

Proceedings of the 1999 Particle Accelerator Conference, New York, 1999
tenna position in the x-y plane. The result is shown in
Figures. 2 and 3. Typical output signals in time domain are
shown in Figure. 4. Some ringing at the first resonance frequency of the cavity, formed by the shielding cylinder, was
found at about 70 MHz. The signal is a common mode
signal, and is therefore suppressed by the hybrid. It will
also be filtered out by the limited bandwidth of the amplifiers. It was experimentally verified that, thanks to the titanium layer, the beam does not see a significant longitudinal
impedance at the resonance.

T.hK
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--
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-

Dipole Coupling
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Figure 4: Output signals from the pick-up in time domain.
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1 is the input signal, traces 2 and 3 are the horizontal and vertical dipole signals respectively. Trace 4 is the
quadrupole signal. The test was performed with a wire antenna displaced 3 cm horizontally.
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o Suppression of the dominating sum signal, thus facilitating the signal treatment.

angle
Figure 2: Output dipole signals versus azimuthal
of antenna in the transverse plane. Antenna displacement
from centre: 3 cm. Note the sin0 and cos 0 structure,
which is expected for the dipole signal.

The test bench measurements have shown that the pick-up
works as expected. It will be thoroughly tested with beam
during the coming year.

uadrupo-e C.oupling

150.

±

9 No active electronic components needed in the radiation environment of the ring.
* No vacuum feed-throughs necessary.
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TOMOGRAPHIC RECONSTRUCTION OF TRANSVERSE PHASE SPACE
FROM TURN-BY-TURN PROFILE DATA
S. Hancock, A. Jansson*f, M. Lindroos
PS Division, CERN, CH-1211 Geneva 23, Switzerland.
1.2 The Algebraic Reconstruction Technique

Abstract

Tomographic methods have the potential for useful application in beam diagnostics. The tomographic reconstruction
of transverse phase space density from turn-by-turn profile
data has been studied with particular attention to the effects of dispersion and chromaticity. It is shown that the
modified Algebraic Reconstruction Technique (ART) that
deals successfully with the problem of non-linear motion
in the longitudinal plane cannot, in general, be extended to
cover the transverse case. Instead, an approach is proposed
in which the effect of dispersion is deconvoluted from the
measured profiles before the phase space picture is reconstructed using either the modified ART algorithm or the inverse Radon Transform. This requires an accurate knowledge of the momentum distribution of the beam and the
modified ART reconstruction of longitudinal phase space
density yields just such information. The method has been
tested extensively with simulated data.

1
1.1

TOMOGRAPHY ALGORITHMS
The Inverse Radon Transform

2
2.1

TOMOGRAPHY OF TRANSVERSE
PHASE SPACE
The Problem of Dispersion

If higher order effects are neglected, transverse phase space

The idea of tomography is to reconstruct a distribution from
a large number of projections taken at different angles.
There are many algorithms for tomographic reconstruction.
The (2D) Radon transform [1] r(s, 9) of a distribution
p(x, y) is defined as

"fCC
r(s,0) =

Algebraic Reconstruction Technique (ART) [2] is an iterative method. It exploits the fact that each point in a projection corresponds to a line in the reconstructed picture. The
projections are thus "back-projected" in such a way that
the value at each point in a projection is distributed along
the corresponding line in the picture. This yields a crude
approximation. The approximation is then projected down
again, and each projection of the approximation is compared to the original projection. The difference between
the two is back-projected again. In this way, the approximation is improved until it converges, and the iteration is
terminated.

density performs a rigid rotation in phase space for each
turn in a circular machine. This is manifest in normalised
phase space, where all particles follow circular trajectories,
rotating at the betatron frequency. Thus, performing a tomographic reconstruction from a number of transverse profiles where the dispersion is zero is trivial. With a non-zero
dispersion, it is not as obvious. Two possible solutions have
been tested and the results are summarised below.

p(scos 0- usin0, ssin0 + ucos0)du,

(1)

where 0 < 0 < 7r. For a given 0 it gives the projection of
p(x, y) onto a line through the origin at an angle 0. The
inverse of the Radon transform is
p(x, y)

=

J

f(x cos 0 + y sin 0, 0) dO,

(2)

where f(s, 0) can be written in terms of the Fourier transform R(ý, 9) of r(s, 0) as
]
I R(ý, 9) ei 2•s dý
(3)
f--•
which is just r filtered with a filter whose frequency response is 1ý1. If a number of projections r(si, Gj) are
known from measurements, an approximation of p(x, y)
can be made using a discrete version of (2). However, since
o- in (3), high frequency noise is strongly amplified
and thus, in practice, an additional low-pass filter is needed.
iz(s, 9)

=

-1ý1

*CERN and Manne Siegbahn Laboratory, Stockholm, Sweden
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2.2

Modified ART with Dispersion

Recently, a modified ART algorithm has been used with
great success to reconstruct particle density in longitudinal phase space [3], even when the motion is strongly nonlinear. The algorithm is based on the tracking of test particles. By changing the tracking routine, the code was
adapted to tackle the transverse case with dispersion. Dispersion was included by giving the test particles an extra
degree of freedom (momentum) with a statistical distribution given by the beam momentum spread, which was assumed to be Gaussian. It was found, however, that this
approach does not work. An ART reconstruction that includes dispersion in the tracking code cannot resolve details blurred by dispersion.

2.3

Deconvolution of Dispersive Effects

The dispersive blurring effect can be removed directly from
the individual profiles, knowing that the physical beam pro2226
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2.4 How to Measure the DispersiveSpread?

file is given by the convolution
PO
• (Z)

p W)

z) dz

P (X -

(4)

where
betatronic
profile,profile.
PD (x) is
the dispersivep•(x)
spreadis the
and pure
p,, (x)
the measured
Since
the
profiles are measured in discrete points, the discrete equation
tion

~J

P (Xi)

-PO(

D(Xi-)

(5)

graphic methods in the longitudinal plane an accurate picture of the longitudinal phase plane can be obtained. Projecting onto the energy axis gives the momentum spread.
The expected accuracy, estimated from simulations, is bet-

(6)

ter than 1%. The momentum distribution then has to be
scaled by the dispersion at the transverse profile monitor
to obtain the dispersive spread. This has to be done for
each transverse profile, since in particular the dispersion
can vary significantly between the first few turns after injection into a circular machine.

applies, which can be written in matrix form as
=

H

;

In order to deconvolute the dispersive effect from the measured beam profiles, a very accurate measurement of the
momentum distribution is needed. Attempts to use an assumed distribution
Gaussian
or parabolic)
the right
measured
rms width(iehave
been made
with littlewith
success
due
e
to
us
Howeve
amplifiation
rro
teastron
to the strong error amplification. However, using tomo-

where H is a band matrix constructed from PD (x). Thus,
the betatronic profile po(x) can be recovered by inverting
the matrix H. However, band matrices are known to be numerically ill-conditioned. Therefore, measurement errors
and noise will be strongly amplified. In order to achieve a
useful result, (6) has to be regularized in some way to make
it numerically stable. Several schemes exist. The scheme
which has been mainly used in this work is the so-called
Hunt regularization method [4]. It is an extension of the
well known least squares fit, where an extra term is added
in the minimization function to control the second derivative of the result. If fi, denotes the noisy measured profile,
the deconvolution result is the vector fio that minimizes the
functional

3.1

3 SIMULATION RESULTS
Simulation and Reconstruction Codes

Several pieces of code have been written to test the method.
A simple 4D tracking code has been implemented, which
produces both longitudinal and transverse mountain range
data for the reconstructions.
For the longitudinal reconstruction, the code was readily

jd(pj0) = (fr__fl.p,3)T(fi _ffp)+a(C.pO)T(Cp,3)

available and tested [5].

(7)
constant
regularization
for a > 0. The parameter a is the
and the regularization function C is the matrix of the numeric second derivative

The Hunt deconvolution has been implemented in Mathematica, as well as the inverse Radon transform for transverse reconstruction. A modified version of the longitudinal reconstruction code has been produced, which can handle the ART reconstruction in the transverse plane.
It was found that the inverse Radon transform and the

(2

1
1

C

0

-2

0
1

1

ART code give similar results. However, the results from

.

-2

(8

Sthe
The solution to the minimization problem can be written as
fio =

(flT" ft

+

otCT .

C)-

1

"

HT".

(9)

The result is dependent of the value of a. As a rule of
thumb, its value should be chosen so that

the inverse Radon transform tend to be noisier. Therefore,
ART code has been used mainly, with occasional crosschecks using the inverse Radon transform. ART also has
the additional advantage that nonlinear'4ansverse beam dynamics can be treated, although this has not been done here.

3.2

Reconstructions

For the simulations presented here, a parabolic energy(,--[-I'
)T(a-H'B)
= (P--a)T(#a--o), (10)
where the right hand side of the equation is just the rms
error of the measured profiles, which can be estimated.
The Hunt regularization scheme is not the only possible
one. An approximate solution of (6) can also be obtained
for example by using singular value decomposition (SVD)
techniques. The idea is to eliminate very small singular
values from the matrix H before solving the equation by
means of the least squares fit.
When the profiles have been deconvoluted, transverse
phase space can be reconstructed using either ART or the
inverse Radon transform.

phase distribution was used. The momentum spread (2a)

was roughly 1.2 x 10-3, and the dispersion at the profile
measurement device 3.0m.
In the transverse plane, a test distribution with a doughnut shape was used to check the resolving power of the
method. The distribution is shown in Fig. 1. To simulate
noise and cut the simulation time, an insufficient number
of test particles was used. Ideally, a larger number of particles should be tracked and noise added afterwards, but for
a proof-of-principle this was considered sufficient.
To show the importance of handling the dispersion problem, a reconstruction of transverse phase space without
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Figure 3: Reconstruction with ART, using dispersion correction.

Figure 1: The test distribution in transverse phase space.

30
in the presence of dispersion. The deconvolution of the dispersive effect requires very accurate input data, since any
noise is strongly amplified. The final result depends on the
momentum spread, the dispersion, and the accuracy of the
measurement.
Tests of the method with measured data will be done in
1999, using a SEM-grid in the CERN PS and an OTR (Optical Transition Radiation) screen in the SPS for the acqui-
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Figure 2: Reconstruction with ART, using
correction.

preceding deconvolution of the measured profiles is shown
in Fig. 2.
With deconvolution of the dispersion effect, the picture
is much more like the original (Fig. 3). Deconvolution using SVD also works and yields a very similar picture for
the tested distribution.

4
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CONCLUDING REMARKS

It has been shown that the transverse phase space distribution can be reconstructed using tomographic methods, even
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Performance of the Electron Beam Diagnostics at
Jefferson Lab's High Power Free Electron Laser*
P. Piot, G.A. Krafft, K. Jordan, A. Grippo, J. Song t
Thomas Jefferson National Accelerator Facility, Newport News, VA 23606 USA
2 BEAM POSITION
Abstract
We describe the performance and current status of the electron beam diagnostic complement for Jefferson Lab's IRFEL oscillator. In addition measurements for the driveraccelerator are presented. Beam diagnostics devices indlude optical transition radiation profile monitors, multislit beam emittance measurement, coherent transition and
synchrotron radiation based bunch length monitors, both
strip-line and button antenna BPM's and pick-up cavities
for longitudinal transfer function measurement. All device
are controlled via the EPICS control system.

1

OVERVIEW

Diagnostics in a high power FEL such as the JLab IRFEL [1] were crucial to smoothly commission the driveraccelerator, measure and control the beam parameters.
Among the parameters that must be thoroughly measured
and controlled over the beam generation and transport,
transverse emittance and longitudinal bunch length are
probably the most important since their degradation can
significantly affect the beam brightness and consequently
degrade the laser gain. A generic diagnostic consists of a
detector mounted on the beam line that is required to operate in the so-called "tune-up mode", a low duty cycle beam
mode that can be used during machine setup without damaging any beamline components. The choice to perform
most of the measurements at low duty signal is legitimate:
in the Jefferson Lab's IRFEL the beam physics is dominated by single bunch effects (the inter-bunch distance cannot be smaller than - 4.02 m). The signal from the detector
is treated with a appropriate system (digitizer, ADC, etc...)
and pre-processed on an input-ouput controller (IOC) operating under the VxWorks environment. The generated data
are sent on the local network and can be accessed from any
application running on one of our HP-9000 workstations
connected to the local network. In parallel to the EPICS
system it is possible to access some of the data using the
Cdev protocol. For many purposes, especially during commissioning activities, we have developed high level applications based on the Tcl/Tk scripting language or the MATLAB package.
This work was performed under the auspices of the US-DOE contract #DE-AC05-84ER40150, the Office of Naval Research, the Commonwealth of Virginia, and the Laser Processing Consortium.
t Now at Brookhaven National Laboratory
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The beam position monitoring system consists of two types
of detector: stripline detectors that provide a low RFimpedance so that no beam degradation due to wakefield
occurs and the button antenna detector which are used in
large aperture vacuum chambers required in the resonator
bypass chicanes and the recirculation arcs. Two different electronics are used for processing the signal: the 4channel electronic is used since it offers a high reproducibility. This electronic consists of 4 detectors for each
of the 4 antenna. In the wiggler region, the switched electrode electronic [2] is used: it switches the signal between
each pair of the four antenna and offers a higher dynamics
range compared to the 4 channels electronics. The most
stringent requirement on the BPMs concern the six BPMs
located in the wiggler insertion region: the demand on position measurement accuracy is 45 pim. During the commissioning of the driver accelerator we have been able using saved value of the reading from the BPM's to routinely
achieve a very reproducible orbit which significantly expedites the startup of the laser. It has also been used to test
the lattice first order transfer matrix using the difference orbit method. The SEE electronics also provides a "B-scope"
feature which consists of acquiring and recording for offline analysis the beam position at higher frequency (e.g.
30 Hz). This feature enables the operator to quantify beam
jitter and identify potential frequency dependent beam motion.

3

MOMENTUM COMPACTION &
COMPRESSION EFFICENCY

One must carefully set up the bunching elements to achieve
ultrashort bunch length at the wiggler insertion. We characterize the compression efficiency of the lattice by measuring the transfer function < 01,ase, I0,bo
1 t >. The phase of the
photocathode drive laser )lase, is modulated and the output phase 0,,,t after a section of the transport is measured
using a stainless pill-box cavity by detecting the fundamental mode TMo0o. The signal is processed with a precise
phase detector: the signal is phase shifted and mixed with
the reference master oscillator signal. Before the measurement the phase shifter is set to insure the cavity is at zerocrossing. An example of measurement of < Olaser lout >
transfer map is presented in figure 1. There are four pickup
cavities in the driver-accelerator: located downstream of
the 10 MeV cryomodule in the injector, at the linac front
end, at the exit of the first and second recirculation Batestype arcs. The three latter cavities are also used to measure
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6
the < £linac, (Pout > where 1inac is the energy variation
at the linac exit. For such a measurement we modulate
the gradient of the last cavity of the linac while measuring the time of arrival at the aforementioned cavities. Nonlinear fit of these longitudinal transfer map, or alternative
Tchebychev analysis [8], can be used to extract M55 , T 555 ,
coor M56 , and T556 first and second order transfer matrix
efficients and compare them with optics code. On the other
hand, the transfer function pattern can also be used to set
the machine in a reproducible way, i.e. by checking time to
time whether these patterns are unchanged. They can also
be compared to simulated transfer functions generated with
particle pushing code such as PARMELA [3].
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Figure 2: Example of energy spread distribution variation
when the FEL is off or turned on.
completed (to avoid damaging them).
Two types of emittance measurement have been implemented: In the 10 MeV injection line, where the beam is
the transverse emittance is meawith a multislit [5] mask that can provide emittance,
Twiss parameters at 1 Hz level and transverse trace-space
isocontours at 0.5 Hz; an example of generated beamlets is
shown in figure 3. In the 38+ MeV region, the emittance
is measured using the standard beam envelope fitting technique, i.e., either quadrupole scan or multi-monitor meth-

ods. A Tcl/Tk application has been written to automate

Figure 1: Effect of the laser on the < Slaser (Pout > transfer function.

4

1.2

BEAM TRANSVERSE ENVELOPES

Except in the 350 keV beam generation region, the beam
transverse densities are measured exclusively by detecting
the backward optical transition radiation produced at the
surface of a 2 pm aluminum foil. The foil is imaged with an
aberration-optimized optical system on a CCD array whose
video ouput is digitized by the means of DATACUBE image processing board running on its own IOC. Beam 2D
density, projection, centroid position and rms size are computed on the CPU of the dedicated IOC before being broadcasted on the local network. Because of the difficulty to

the measurement as much as possible and render it flexible
by letting the user choose any quadrupole/profile monitor
he/she desired to use for the measurement. Such automation is possible thanks to the use of the Artemis [10] modelserver, an online updated model of the beamline lattice
capable of providing to any applications "real world" machine transfer matrices in real time. Based on quadrupole
scan technique we have also implemented a transverse
phase space tomographic reconstruction [9].
10
180
160
140

12

observe OTR in the 350 keV region, we have instrumented

0

this beam line with a highly sensitive wire scanner that can
profile beam at the gun exit, after the first solenoidal lens,
and with a fluorescent screen at the entrance of the 10 MeV
accelerating structure to check beam transverse envelope.
Along with (pure betatron) beam size measurement, some

-2
-4
-60
40
-8

of the OTR monitors are located in high dispersion region,
e.g. compressor and decompressor chicanes and recircula-

tion arcs, to measure the beam energy spread. An example
of energy spread distribution measured in the decompressor chicane located downstream the undulator is shown in
figure 2. It is also planned to use synchrotron radiation to
monitor the beam spot during cw operation. Unfortunately
because of our bend curvature p 2 0.6 m the critical wave3
length is of the order of A, = 47rp/(37 ) - 7 jum which
implies the use of very sensitive (and expensive) camera
that will be installed once beam physics experiments are
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Figure 3: Example of beamlets pattern generated by the
multislits mask from which the Twiss parameters and emittance are inferred.

5 BUNCH LENGTH
During the early stage of the commissioning of the driver
accelerator we have experimented with bunch length mea-
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These tails are present in the interferogram function but are
so weak that they are part of the baseline. Therefore the
bunch length computed is not characteristic of the whole
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bunch, but only of its core.
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Figure 4: (A) raw data from the detector i.e. interferogram, (B) autocorrelation obtained from the interferogram,
(C) energy spectrum obtained by fourier-transforming the
autocorrelation, (D) bunch distribution obtained by hilberttransforming the energy spectrum after low frequency extrapolation.
surement using zerophasing technique. This consists of inducing an energy ramp along the bunch by operating one or
several cavities at the zero-crossing point and mapping the
energy distribution into the horizontal plane with a spectrometer [4, 61. Also this method enables the measurement
of both bunch length and longitudinal phase slope; it is not
practical for operation purposes compared to bunch monitor based on coherent radiation detection. The IRFEL has
been instrumented with two of these latter monitors: one
is located in the injector front end while the other in the
wiggler region. From an interferogram measurement one
can compute the bunch length, its frequency spectrum and
reconstruct the longitudinal distribution as shown in figure 4. Currently only the interferometer located in the wiggler vicinity is fully commissioned: it has confirmed the
ultra-short bunch length we were achieving of the order of
100 j/m (RMS) [6]. In fact under routine operation to start
up the laser, the interferogram is not measured, but the total CTR signal is maximized to ensure the bunch length is
minimum at the undulator location, then fine adjustment
of the linac phase is performed to compensate for the slippage effect, by measuring the output power of the laser and
maximizing the FEL gain. The bunch length inferred from
autocorrelation must be interpreted with care: during operation of the linac in overcompression mode, it could provide erroneous results as is shown in figure 5 where the simultaneous measurement of CTR power and bunch length
(inferred from the interferogram) are presented versus the
linac phase. One can see the discrepancy in the overcompression regime as the total CTR power decreases, yet the
bunch length still decreases. This effect was traced back
via numerical modeling and found to be due to tail formation in the bunch due to the space charge collective force.

C2
100
2

3

P ha

8

9

Figure 5: Limitation of CTR based bunch length measurement.

6

BEAM CURRENT AND CHARGE

There are two methods that can be used to measure the
beam current. An averaging method consists in using the
IRFEL dumps as Faraday cups which provide an absolute
beam current measurement. A faster but relative method,
capable of providing data at 10 kHz, consists in measuring the amplitude signal out of a pillbox cavity similar to
the one used for the measurement of the longitudinal transfer functions described above. Such a method, after calibration, is used continuously to monitor the instantaneous
beam current delivered at injector front end. Recently an
integrator has been added so that we can measure the total charge delivered for a given period, typically between
photocathode recesiation or wafer changes and monitor the
photocathode performance.

7
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New Technique for Absolute Beam Energy Calibration in e+e- Accelerators.
G.Ya. Kezerashvili and N.Yu. Muchnoi*
Budker Institute of Nuclear Physics, Novosibirsk, Russia
Abstract

2

A new approach for absolute beam energy measurement
with a use of the kinematic properties of the Compton
backscattering is suggested. Under reasonable gamma-ray
beam detector requirements, it possesses absolute accuracy
for beam energy measurement up to the value of 10-4.

IDEA

The main idea of the current suggestion is an attempt
to skip through the problem of having a perfect detector
for direct Compton energy spectra measurements. As far
as the laser-electron interaction is the interaction of two
monochromatic beams, there is an unambiguous correla-

tion between the scattered photon energy w and its emission
angle 0, described by equation (1). Thus one can measure
emission angle instead of its energy. If we use
the
There are several approaches to measure the electron beam two photon
laser lines to scatter on the electron beam: wo
woo
,=w
em
osatronteeeto
ie
energy by use of Compton backscattering kinematic propany monochromatic
then for
•wo (K > 1),photon
K backscattered
and w2
shown
kinematics is
ertis. Tebackscattering
Coptonbackcattringkineatic
isshw
line
w•in= the
energy
spectra (below
erties. The Compton
edge for w1) we
spectrum
energy
photons
backscattered
the
is
kC
on Fig. 1: a photon with energy wo and wave vector
. have the following equation:
incident on a high energy electron (, = jp-) with angle
scattered
is
k)
(P,
-y-quantum
In the final state an energetic
by angle 0.
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INTRODUCTION
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Figure 1: Compton backscattering kinematics
Main kinematic parameters of the Compton backscattering are coupled by the following formula [1]:

I + A+

(-/c)----

(2)

-

00

6MC2

-

1 + KA+ (0 2 E/Mec 2 ) 2 '

where 01 and 02 are the photon scattering angles for laser
lines with the energies wl, L02. This gives a possibilty to
determine the electron beam energy by measuring the 01
and 02 angles:

To

.P,

KA

"+(0 1 /MeC 2 ) 2

A

4-Co
a (
--- cos2(1)

Since that, one can measure the Compton energy spectrum for a couple or more laser wavelengths and then determine the electron beam energy - from the relative positions of the energy spectrum edges (0 = 0). Although these
edges are very sharp and thus may be measured with a very
high accuracy, one must exactly know the linearity of the
energy scale of the detector used for the measurements to
obtain the high accuracy for the electron beam energy calibration.
• Corresponding author. E-mail: muchnoi @inp.nsk.su
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K-i21(3

To perform the calibration of the electron beam energy
ewe suggest to obtain the Compton backscattering for
two laser lines on the electron beam, and then to measure
the backscattered photon energy and.coordinates by the -yquanta detector, situated at distance D from the interaction
area along the photon beam propagation direction. The essential difference from the mentioned above idea of direct
measurement of the Compton energy spectra edges is that
the sense of the energy spectrometer in our case is only to
select the same energy range for the backscattering photons
from both initial laser photons energies.
First, let's assume that we have the -y-quanta detector
with perfect energy and space resolution, and that the electron beam itself has zero transverse size and all electrons
momenta are collinear. In this ideal case any monochromatic line w in the energy spectra for w, and W2 laser photons energies gives delta-function distributions over radius
R = D tan(0) in the coordinate detector plane. The accuracy for the beam energy calibration is then given by the
expression:
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E

D)AR
L
me c

2

2

+ AD 2 ;

(4)

Where AR and AD are the accuracies for the radius R
and detector distance D. From this expression we can mention that for the beam energy E = 5.0 GeV and detector
distance D = 50 m we need to measure the radius R with
accuracy about 1 pm to have the = 10-4 accuracy for -.
The values of me, c and K are considered to be known
with the accuracy of 10-8 and are treated as constants in
the further discussion.
In real life this narrow R-distribution is smeared by the
following parameters:

the list in the end of the previous section give the Gaussian
dispersions o-t and o-y. By simple integration of the f(x, y)
function over x or y coordinates, we have the functions to
fit the y and x coordinate distributions of the backscattered
photons on the coordinate detector, and then determine the
Ro. The plot for the f(x, y) function is given on Figure 2.

4

The Monte Carlo simulations were performed to obtain the
possible experimental accuracy of the electron beam energy measurement. The following parameters were set for
the Compton backscattering process simulation:

"* the width of the choozen energy range in the backscat-

e electron beam energy - = 5 GeV (that is the case of
VEPP-4M collider [2]);

tered photon energy spectrum;

"* energy resolution of the spectrometer;

e photon energies wl = 1.165 eV and w 2 = 2.33 eV that
corresponds
the means
first andKthe-- 2);
second harmonics of
Nd:YAG
laserto (this

* space resolution of the coordinate detector;

*

and angular spreads in the electron
* energy, coordinate
beam.
beam.

We have to determine the radius that corresponds to the sespectra
lected energy diapason in the backscattered photon
for both the wL and w2 laser lines from the coordinate distributions of these photons on the coordinate detector. This
section describes one of the possible approaches to solve
the problem. We assume that the coordinate distribution
of the backscattered photons is described by the following
formula:
f(x,y ) =
2ir

- f exp -

1
4nrcixa0 RO

(R cosW- x) 2

W sizes
Gaussian
the electron beam transverse
tr =dispersions
100 pm, or•for
= 200/.pm;
The backscattered photon energy spectra for two laser
photon energies wi = 1.165 eV and w 2 = 2.33 eV are plotted on Figure 3. The dashed region (100 MeV width) was
divided into 1 MeV intervals, for each of them the x and y
coordinate distributions were simulated on the coordinate
detector.

.

Sin WY) 2 1

_(Ro

a
laser beams iean = 2)t
electron-laser beams interaction angle ar = 7r/2, that
allows to obtain accurate knowledge of the electronphoton interaction area position;

RADIUS MEASUREMENT

3

NUMERICAL EXAMPLE

I dcb;

-R-2ay,

(5)

that is the convolution of the ring with radius Ro with
the two-dimensional Gaussian for coordinates x and y.

=

50

f,y)

0.,

IFigure
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3: The backscattered photons energy spectra
Next set of simulation parameters describes the detector

-•0.5

X0 0.5

100

"forthe backscattered photons:

.

"* The coordinate detector Gaussian dispersions for the
space resolution aoy = 100 pm, 0u• = 100 pm;
Figure 2: The f(x, y) function

"* The coordinate detector distance from the electronThe ring with radius Ro corresponds the angle 0 for the
backscattering photons of energy w, and all the factors from
2233

photon interaction area and its accuracy
D ± AD = 7500 ± 0.5 cm.
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Coordinates and energy are measured in channels: one
coordinate channel equals 100 pm, one energy channel
equals 0.1 MeV. The coordinate distribution of backscattered photons for one of the energy intervals is shown on
Figure 4:
1000
900

800

w, and w2 , as it was shown on Figure 3. The non-zero
width of the selected interval gives the difference between
the average energy (inside each interval) for these two spectra. The effective width of the interval is determined by the
convolution of the selected range with the resolution of the
spectrometer. Therefore there is no sense to select the intervals narrower then the spectrometer energy resolution.
The dependence of the systematical beam energy shift on
the spectrometer energy resolution is given on Figure 6:

700
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Figure 4: X-coordinate distribution of backscattered photons forwo = 2.33 eV, e = 5 GeV. Energy interval fixed by
the specrometer is 139 - 140 MeV. Empty squares - resuit of Monte Carlo simulation, the fit was done as it was
described in section 3. X2=1.047
The dependence of the relative statistical error in radius
measurement from the number of counts in histogram is
given on Figure 5:
a)
b)
c)
d)
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Figure 6: The dependence of the (E- eo)/eo on the or,,.
The absolute value of the electron beam energy on Figure 6 was determined by averaging the values, obtained
from 20 energy intervals of I MeV width. The systematical shift must be taken into account for correct electron
beam energy measurement.

DISCUSSION

A new approach to measure an absolute electron beam
by the coordinate-sensitive detector has been suggested in this report. The statistical errors for radiuses determination could be minimized to the level of 10-3 or even
better by increasing the experimental statistics to the value
of 107 or more photons per histogram. A numerical estimations for the method accuracy at the electron beam energy -=5 GeV shows that the main source of systematical
errors is in the difference of the energy spectra shapes for
two laser lines in the selected energy range. These system-

-energy

le+04

2

1

Energy

5

6

"5

-1.2

le+07

Figure 5: Dependence of the relative statistical error in radius measurement from the number of counts in histogram.
The labels in the comer are in the same order (from top to
bottom) as the lines and points on the plot. The Gaussian
angular spread in the electron beam equals 0.2 • 10-4 rad
for cases a), c) and 0.1. 10-4 rad for cases b), d)

atical shift in the absolute beam energy calibration have to
be significantly smaller for higher beam energies, cause the
arbitrary energy resolution of the photon spectrometer will
be much better for this case.

Figure 5 shows that the errors in radius measurement
with a
obey to the 1/v"N law. Then we have to deal
systematical error in e measurement, originating from the
width of each energy interval, selected by the spectrometer. The point is that we actually have two different energy
spectra shapes for the two selected laser photon energies
2234
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HIGH PRECISION ELECTRON BEAM DIAGNOSTIC SYSTEM
FOR HIGH CURRENT LONG PULSE BEAMS
Scott D. Nelson 1 , Tom Fessenden, Yu Ju (Judy) Chen, Clifford Holmes, LLNL, Livermore, CA
Nicholas Selchow, RMC Corp., San Ramon, CA
Abstract
As part of the effort to develop a multi-axis electron
beam transport system using stripline kicker technology
for DARHT II [1] applications, it is necessary to precisely
determine the position and extent of long high energy
beams (6 - 40 MeV, 1 - 4 kA, 2 microseconds) for accurate
position control. The kicker positioning system [2] utilizes shot-to-shot adjustments for reduction of relatively
slow (< 20 MHz) motion of the beam centroid. The electron beams passing through the diagnostic systems have
the potential for large halo effects that tend to corrupt measurements performed using capacitive pickoff probes.
Likewise, transmission line traveling wave probes have
problems with multi-bounce effects due to these longer
pulse widths. Finally, the high energy densities experienced in these applications distort typical foil beam position measurements.

1 INTRODUCTION
The constraints dictated by these beam diagnostic
requirements indicate a system that has the advantage of
only measuring high energy beams (such that sensitivity to
intensity can be small). On the other hand, positional
accuracy needs to be sub millimeter in order to define the
outer bounds of the beam for determination of the correct
transport parameters. As a result, a low Q structure allows
for a faster response time and different parts of the beam
will not effect the measurement of the beam position during later times. The completed diagnostic system involves
a high accuracy beam position detection system, a data
acquisition system, a computer controlled feedback system (to control the stripline kicker pulser waveforms) and
the kicker pulsers themselves.
The precision beam position monitors are utilized as
part of the kicker beam deflection system [3] which
requires precise beam control to successfully position the
beam through the subsequent output divergent septum
beampipe. Accuracies of 0.5 mm are desirable for use
with the kicker system and accuracies of 0.1 mm are
needed for the proposed target system [3].

2 BASELINE BUG TESTING
As part of the development effort, the existing beam
position monitors (a.k.a. BPM's or beam bugs) were tested
to evaluate their long pulse performance. Since evolution
1

Email: nelson IS @llnl.gov
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Figure 1. The quad stripline kicker (left) in the
Experimental Test Accelerator (ETA-il) beamline as
part of the verification experiments [3]. Downstream
of the kicker, the deflected beam passes through the
septum magnet (right) and into the divergent beam
lines.
of the existing BPM's has been an on-going process for
many years, they were used as part of the baseline experiments to determine the feasibility of using this type of
design for long pulse efforts. Other designs used in beam
position measurements were examined but these designs
have compatibility problems with long pulse beams, with
beams with high degrees of halo, or suffer from charge
build up problems over the course of the beam pulse.
To simulate the long pulse beam, a pulser capable of
several microseconds and kilovolts was used to drive the
test stand. The stand consists of a tapered coaxial section

Figure 2. The beam position monitor test stand (left)
used for measuring the accuracy and response of the
various BPM's. The stand was driven by a variety of
pulsers including a fast rise time pulser and a long
pulse VelonexTMr pulser with capabilities above one
kilovolt and beyond six microseconds (left).
on each end of the test stand. This provides an impedance
match to 500 and exhibited excellent spectral uniformity
agreeing to within 0.15 dB. These sections drive the
straight section of beampipe which is offset to allow for
displacing the current conductor with respect to the BPM.
Displacements of up to one centimeter were examined.
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Displacements significantly beyond one centimeter cause
higher order modes to be established due to the beam pipe
discontinuity at the displacement points. Note that the
center conductor is fixed with respect to the tapered coaxial sections and so displacement of the BPM causes the
center conductor to get closer to one side of the BPM thus
simulating the displaced beam. One drawback of the
VelonexTM pulser is its characteristic requiring a total output waveform integrating to zero. Thus, for the unipolar
pulse there is a long baseline tail on the data. In this case,
the decay rate for this tail has a time constant of 94 gIs (its
peak voltage is only 3% of the main pulse) but data
beyond the main pulse should be ignored.
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Figure 3. The waveform on the left shows the difference signal between two opposite output ports on the
BPM when the current carrying conductor is on-axis,
This allows the performance of each channel to be
calibrated before displacing the current carrying
conductor; thus allowing for greater precision. The
waveform on the right shows the integral. In this
case, it corresponds to the positional error of this
BPM and can be unfolded from the final data. [The
hash in the waveforms on the left in figures 3 and 4 is
a graphing artifact and is not representative of the
noise in the signal. The noise is 2 mV. ed.]
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[4,5,6,7,8] were also considered. Although the test results
for the existing beam position monitors in ETA-Il looked
encouraging, performance parameters for the long pulse
beam test would saturate the ferrite material in the existing
BPM's. Likewise, initial experimental evidence [9] indicates that thin films can survive direct exposure to 2 gts

beam s for profile measurem ents.

3.2 Unfolding BPM Position Data
determine the position of the beam from the wavegenerated by the BPM's, it is necessary to take into
the calibration of each port of the BPM (both time
and amplitude correction) and to remove differences

500

--

3.1 Drawbacks of Existing BPM's

simply due to the limited number of volt-seconds in the
existing material. Likewise, the existing mechanical fabrication process for the BPM's involves several hand assembly steps as evident in the difference between on-axis
signals shown in Figure 3. Although precise for a hand
assembled component (appx. 1% position error due to
assembly), greater precision between ports is desired in
order to achieve the necessary beam position precision and
to avoid extensive calibration unfolding after every data
set.

5.
4.00

-

3 BPM DESIGN AND TEST
The existing test stand generates a maximum of twenty
amps and so the saturation of the ferrite material is not an
But at an operating point of I - 4 kiloamps for 2 [is,
a beam pulse would saturate the existing ferrite material

omff.ot
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,issue.
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ofth,T.T. diff-- ooigW

Figure 5 shows a close up view of the differential signal
with a one centimeter offset of the current conductor.
Observe the baseline shift in the waveform which is
caused by preferential coupling to the port closer to the
current conductor. Acquiring each channel from the beam
position monitor separately allows for greater control of
the unfolding of the data. In the cases shown in Figures 3
and 4, the total waveforms are represented by 15,000
points with 30 points defining the rise time of the pulse.

.between

Figure 4. Two channels on opposite sides of the BPM
are acquired with a displacement of one centimeter.
The difference is then computed Oeft) and the position is found by integrating (right). Notice that the
vertical scale in Figure 4 is significantly different
than that of Figure 3.

Figure 5. The region between the
leading and trailing edge is magnified here exposing the baseline
offset between the leading and
trailing edges of the pulse.

the port responses.

The early time coupling

effect comes from [9] with voltage V produced at a port
1 - p2
V(, p, t = 0) = bK
p
1-2pcos0+p
with the beam at relative displacement p = r/ra from the
centerline (ra = beampipe radius) and at an angle 0 with
respect to the port in question (00 is directed toward the
port). K is a calibration constant related to the resistance
of the foil and may be determined using the on axis case, p
= 0. The curves in figure 6 illustrate the variations for t=0;
but expressions are available for general expressions in t.
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greater dynamic range (more than 8 bits) is available from
commonly available high speed acquisition systems. The
trade-off is signal-to-noise errors caused by the partitioning.
4. Time resolution from commonly available high speed
acquisition systems is more than adequate for these applications. It is important to get sufficient resolution on the
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leading edge of the pulse such that the rise time of the inteis preserved. Self triggering on the received waveform reduces jitter in the measurement.
5. Signal cables should be of sufficient quality to preserve the leading edge of the pulse. More importantly,

,

of the beamceid

troid in the beampipe. Note that the underlying
equation assumes that the beam radius is small with
respect to its displacement.
3.3 Design Parametersfor Long Pulse BPM's
As a consequence, the design parameters for the long
pulse high precision beam position monitors were determined to allow for a 2 jts beam pulse [10] at 2 kA. Since
the skin depth for materials such as nichrome and stainless
steel is 6 gim at 70 MHz, the thickness of the existing
material can be expanded. I mil stainless steel foil, having
a surface resistivity of 0.036D./square, yields a bulk resistance, R, of 3.4 mO across the portion of the foil exposed
to the flux in the BPM
R

__I(VmOn~n'
R sCVVp/Z° jNational

they should be matched and low in dispersion in order to
avoid problems during the difference calculations.
6. Although the range of currents over which the BPM
must operate is large, the necessary precision at each current level can be different. Thus the low current levels
used in the calibration process do not have to be singleshot acquisitions. The benefits of laser welded foils, made
possible by the move to I mil stainless, are expected to
alleviate some of the existing error in the BPMs caused by
hand welding the 0.2 mil nichrome foils
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where 4y,a n are the conductivities for stainless and
nichrome respectively, 8s, 8, are the skin depths (in this
case the material thicknesses dominate so Gs=Xs,
5n=tn),
s tNew
Vm, Vp were the voltages during the coefficient determination (0.37V and I kV respectively). Vp was fed into the Z0
S50f transmission line that drives the test stand.
D tissues

CONCLUSIONS
The precision required as part of the operation of the
kicker and target systems dictates a high precision beam
position monitor with an accuracy between 0.5 and 0.1
mm. In the case of the kicker system, these BPMs must
also be able to withstand a 2 jts long 2kA beam pulse. Ini-
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RECALIBRATION OF A WALL-CURRENT MONITOR
USING A FARADAY CUP FOR THE KEKB INJECTOR LINAC
T. Suwada#, S. Ohsawa, K. Furukawa, N. Akasaka, and K. Oide
Accelerator Laboratory, High Energy Accelerator Research Organization (KEK)
1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan
Abstract
of single-bunch
An absolute beam-charge measurement
electron beams with a pulse width of 10 ps and shortpulsed electron beams with a pulse width of 1 ns was
for the KEKB injector linac
beamA test
by thecup.
performed
using a Faraday
wall-current monitor was directly
recalibrated by the beam test with an error of ±2%.

2 FARADAY CUP
A cross-sectional view of the FC is shown in Fig. 1.
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1 INTRODUCTION
The KEK B-Factory (KEKB) [1] is an asymmetric
electron-positron collider comprising 3.5-GeV positron
and 8-GeV electron rings. The KEKB injector linac [2]
was upgraded in order to inject single-bunch positron and
electron beams directly into the KEKB rings. The beam
charges are required to be 0.64 nC/bunch and 1.3
nC/bunch for the positron and electron beams,
respectively. High-current primary electron beams (-10
nC/bunch) are required in order to generate sufficient
positrons. About seventy wall-current monitors (WCMs)
have been newly installed in order to reinforce the beamcharge-monitoring system in the injector linac for the
KEKB. A bench calibration for the WCMs was performed
using fast test pulses with a width of nanoseconds, and the
calibration coefficients were derived from the pulse-height
response of the monitor, depending upon the pulse width
[3].
It is, however, difficult to directly obtain the
calibration coefficient for a single-bunch beam with a
pulse width of about 10 ps, because the direct generation
of such extremely fast test pulses is not very easy. One
of the authors (T. Suwada) has tentatively derived
calibration coefficients for a 10-ps pulse width from
extrapolation based on the results of the bench calibration,
It is, however, not sufficiently accurate to estimate them
by this extrapolation method, because the WCM has a
strong frequency response and a beam-position dependence
for shorter pulses [4]. A recalibration of the WCM using a
Faraday cup (FC) has been performed using beam tests.
The purpose of this report is to give the results of precise
measurements of the amount of an absolute beam charge
for a single-bunch beam with a pulse width of 10 ps and a
short-pulsed beam with a pulse width of 1 ns generated
from the injector linac, and the recalibration for the WCM
by a beam test.
*Email: tsuyoshi.suwada@kek.jp
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Figure 1: Cross-sectional view of the Faraday cup.
It was originally designed at the Laboratory of Nuclear
Science of Tohoku University about thirty years ago.
Since a detailed design report is available elsewhere [5],
here, the geometry and a simple discussion about its
design are briefly presented. The FC comprises a vacuum
vessel made of iron, a lead block, an iron block and a
carbon block with cylindrical symmetry. The FC
dimensions are about 1 m in total length to the beam axis
and about 660 mm in diameter; the total weight is about
1.8 t. The bottom thickness of the lead block is 190 mm,
which corresponds to 34 radiation lengths, in order to
perfectly absorb incident electron beams with an energy of
less than 300 MeV. The FC can be separated by the
vacuum vessel and a thin vacuum window with a
thickness of 0.01 mm made of stainless steel (SUS304)
from the beam line. The window thickness is required to
be as thin as possible in order to suppress as much as
possible any backscattering and multiplescattering of
incident beams. A carbon block with a thickness of 80
mm is used to suppress any rapid increase of an
electromagnetic shower cascade caused by incident beams
in the lead block. An opening hole with a diameter of
200 mm and a depth of 600 mm in the central region
needs to suppress the escape of secondary charged particles
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generated by an electromagnetic shower cascade in the
carbon block. A good vacuum condition needs to be
maintained through a vacuum port in order to suppress the
generation of ions caused in the residual air gas. The inner
materials are sufficiently insulated to be larger than 1000
MW by several beryllia porcelains from the vacuum
vessel, which is connected to a ground line. A negative
electric potential with several hundred volts is typically
applied to an electrode at the entrance of the monitor
through a vacuum feedthrough in order to suppress the
escape of directly backscattered charged particles as much
as possible. The integrated beam charge is extracted from a
signal port, which is connected to the lead block.

acquisition (DAQ) system was constructed for the beam
experiment. It comprises several front-end computers and a
host computer, which control the BPMs and the WCMs,
an electrometer (Keithley 617) used for the FC. All of the
BPMs and the WCMs are controlled by digital sampling
oscilloscopes (Tektronics TDS680B) and VME/OS-9based front-end computers. The host computer and the
front-end computers communicate with each other through
a network system. Trigger-pluses synchronized with the
linac beam are provided to all of the devices at 0.33 Hz.
This rate is limited by the communication throughput
between the front-end computer and each device through a
GPIB line. A detailed report is available elsewhere [8].

3 EXPERIMENTAL SET-UP

4 BEAM TEST

Figure 2 shows a schematic layout of the experimental
set-up and the beam line at sectors A and B of the injector
linac.

Two kinds of electron beams, single-bunch and shortpulsed beams with the energies of 1.5 GeV and 325 MeV,
were tuned for the beam test. Single-bunch beams were
generated using the two sub-harmonic bunchers; on the
"other hand, short-pulsed beams were accelerated without
A single-bunch beam with the energy of 1.5 GeV is
'them.
a nominal-injection beam for the KEKB ring. The other
beams with the energy of 325 MeV were generated in
order to reduce as much as possible any systematic error
the beam-charge measurement. The energy spread of
. •'"for
325-MeV beam was 5.5%, which was greater than that
the
and
set-up
experimental
of
the
layout
Schematic
2:
Figure
(2%) of the 1.5-GeV beam due to the longitudinal beam
the beam line for the sectors A and B at the injector linac.
spread caused by a deacceleration at the sector B. The
Single-bunch electron beams can be generated by a new bunch length of the single-bunch beam and the envelope
pre-injector [6], which is composed of two sub-harmonic width of the short-pulsed beam were measured by the OTR
bunchers, a prebuncher and a buncher. The electron gun to be 8.64 ps and 1 ns in FWHM, respectively. The beam
can generate a beam charge of about 20 nC/pulse. The orbits were carefully tuned for all of the beam modes by
nominal beam energies are about 500 MeV and 1.5 GeV using the BPMs without any observational beam loss.
A The spatial beam size was measured to be about 6 mm in
at the end of the sectors A and B, respectively.
longitudinal beam profile can be monitored using an diameter in front of the FC by a screen monitor. The
optical transition-radiation monitor (0TR) with a streak- negative bias voltage applied to the secondary-electroncamera system [7] installed after the exit of the module A- suppression electrode was chosen to be -1 kV by
1. The beam experiments were carded out using electron measuring the beam-charge reduction using single-bunch
beams ejected from a straight line after the sector B. The beams with the energy of 1.5 GeV by changing the
FC was installed
m
the first
magnet, applied voltage. Two background measurements were
FC2.3
ws
.3 istaled
n behind
beindthe
irs bending
bedingmagetcarried
out before the beam-charge measurement. The first
which guides the electron beams to the 180-degree arc
ded out
renthebeaa remeasuement.
st
section. The beam energies and the energy spreads were was a dark current generated from accelerator structures and
measured after the bending magnet using a screen monitor the second was a dark current from the electron gun. The
installed behind. The vacuum of the FC was separated
first background was estimated by the beam-charge
by disturbing the dark currents using a screen
reduction
window
vacuum
gm-thick
10
a
with
line
from the beam
in
front of the FC with a "beam off' condition,
monitor
the
and
steel,
of
stainless
made
diameter
in
30 mmo
no high voltage applied to the electron gun.
meant
which
X
10-4
1.1
at
maintained
was
FC
the
inside
vacuum pressure
Torr using a turbo-molecular vacuum pump. Twenty-two The second background was obtained by measuring the
stripline-type beam-position monitors (BPMs) and twenty beam-charge increment with a "beam wait" condition,
WCMs measure the beam positions and the beam charge which meant no triggers were fed to the gun with a high
in order to control them stable without any beam loss, voltage applied. The background contribution from the
respectively. Another WCM and a screen monitor were first one was negligibly small compared with the second
mounted just before the,FC in order to observe the beam one (0.3 nC/scan) which was corrected in the analysis.
losses and the spatial beam sizes, respectively. A data- The beam-charge measurement was carried out by
T-,
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changing the bias voltage applied to the gun four times,
which were 172.8, 191.2, 209.6 and 228.4 V; the
measured beam charge was about 1 to 3 nC for all of the
beam modes.

4.2 Experimental results
It is important to carefully analyze the beam loss between
the end of the module B-8 and the FC, any generation of
secondary charged particles (shower) at the vacuum
window, and the effect of a beam halo, because such
phenomena may produce systematic errors. The first and
second phenomena can be estimated by relating the ratios
of the charge measured by the FC to that of the WCMRO-01, and to that of the WCM-R0-DT depnding upon the
beam positions obtained by the BPM-RO-02 (see Fig.2).
The systematic error analysis is given elsewhere in detail
[9]. Figure 3 show the results after only a dark-current
correction for a 1.5-GeV single-bunch beam. We can find
beam losses slightly before the FC in the region of the
horizontal beam-position displacement of less than zero.
An analysis was performed after data reduction due to the
beam loss and after rejecting data larger than ±20"obtained
from a Gaussian-function fitting procedure for the chargeratio distributions in order to exclude any noisy events
caused by the klystron modulators. Figure 4 shows a
linear relation of the beam charge of the WCM-R0-01 to
that of the FC by using a least-squares fitting procedure
after data reduction. The slope (a) corresponds to a
recalibration coefficient of the beam charge for the WCMRO-01. The errors in the figure give only statistical errors.
For the other beam modes, the analysis was also
performed in the same way after the data-reduction
procedure while carefully taking into account the beamloss and the shower events. Table I summarizes the
analysis results for all of the beam modes and the
combined recalibration coefficients for the single-bunch (sb) beam, and for the short-pulsed (s-p) beam, respectively.
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Figure 3: Scatter plots for the charge ratio (QFc/QwcM-R0-0)
to the horizontal beam displacement measured for thel.5GeV single-bunch electron beam. The allows and lines
indicate the data-reduction conditions.
1.5-GeV Single-Bunch Beam

i

Fitting Function y=ax+b,
Reduced Chi-Square= 5.89x10-4 ,
a=1.086+/-0.001,
7 b=.0.145+/-0.002

E"

CONCLUSIONS

01 1

An absolute beam-charge measurement for single-bunch
and short-pulsed electron beams was performed by using a
Faraday cup at the KEKB injector linac. A wall-current
monitor was recalibrated according to the analysis results;
the recalibration coefficients were obtained to be 1.11±
7x 104 (stat.)±2x×l02 (syst.) for the single-bunch beam,
and 1.04±2x 10- (stat.)±2xl0-2 (syst.) for the short-pulsed
beam, respectively.

6 ACKNOWLEDGMENTS
We are grateful to Prof. T. Terasawa (Tohoku University,
Japan) for allowing us the use of his group's Faraday cup.

0

023

2

'1
QWM.RO-01 (nC)

Figure 4: Linear relation of the beam charge measured by
the WCM-RO-01 to the FC for the 1.5-GeV single-bunch
electron beam.
Table 1: Results for the beam experiment. "a" and "
show the recalibration coefficient and its error,
respectively,.
Beam Mode
a
€5a (stat.,syst.)
1.5-GeV s-b beam
1.086
±1x10 3+2x10 2
1.5-GeV s-p beam
1.031
±2X10-3+2X10-2
325-MeV s-b beam
1.126
±+1X10 3 _.2x 10-2
325-MeV s-p beam
1.061
±3x 10 3+2x 102
±7X 10 4+2X1 02
1.11
Combined s-b beam
2x 10-3+2X 10-2
1.04
Combined s-p beam
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BEAM CURRENT MEASUREMENTS FOR LEDA*
J. Power', D. Barr, J. Gilpatrick, D. Martinez, R. Shurter, and M. Stettler, LANL, Los Alamos, NM
Abstract
Beam diagnostics systems for the Low Energy
Demonstrator Accelerator (LEDA) at Los Alamos include
beam current measurements [1,2]. The LEDA machine
operates in both pulsed and cw modes with a peak current
of 100 mA. Two types of current sensors are employed.
Some are dc- to 4-kHz-bandwidth modular parametric
current transformer (MPCT) sensors from Bergoz® and
the others are 10-Hz to 200-kHz bandwidth customdesigned transformers. Both ac and dc sensors are
integrated into common shielding enclosures on the beam
line. A VXI module has been developed to interface the
analog sensors to the EPICS control system. The same
VXI module can be used for either type of sensor and
contains an on-board calibration system which provides a
system absolute accuracy of ±0.2 %. The calibration, data
processing, and general operation of the VXI module is
controlled by two internal DSP modules. The performance
of the system on the LEDA beam line is presented.

1 INTRODUCTION
The beam diagnostics systems for LEDA are primarily
VXI-based instruments. While the control system will
soon be fully implemented under EPICS, we are presently
operating the diagnostics systems under LabVIEW®. The
beam current measurements are divided into two types;
"ac" or pulsed beam systems with a 10-Hz to 200-kHz
bandwidth and "dc" systems with dc- to 4 -kHz-bandwidth
response. A single VXI motherboard is used as the
backbone for both of these measurement types with
different analog-front-end (AFE) electronics used
depending on the requirements. We have chosen to use the
modular parametric current transformer (MPCT) sensors
and electronics modules from Bergoz® for the dc systems
and custom transformers and AFE electronics for the ac
systems.

2 BEAMLINE SENSORS

"Work supported by the U.S. Department of Energy
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cores of an appropriate diameter to fit within the sensor
housing. Each ac transformer has a 50-turn sense winding
and two-turn calibration winding. The inductance of each
sense winding is approximately 50 mH.
Both sensors are supported in the housing with felt
material to help absorb vibrations on the beamline from
the vacuum pumps.

Figure 2: The VXI motherboard printed circuit shown

Both ac and dc sensors are enclosed in a common
enclosure at each location on the accelerator. This
enclosure is made of iron to provide some shielding from
the various quadrupole magnet fields. A typical assembly
is shown in Figure 1. Our present designs nest the ac
toroidal core inside the dc sensor. Two sizes of Bergoz®
sensors are used. We have 17.5-cm-o.d. and special-order
34-cm-o.d. units.
The ac sensors use 1-mil-thick Supermalloy® tape
+Email: jpower@lanl.gov

Figure 1: A typical beam current sensor assembly located
at the exit of the RFQ. Both ac and dc sensors are
contained in the same housing.

with two ac AFE circuits installed in the middle of the
motherboard. The 14-bit ADC circuits are at the top left,
DAC and calibrator at the bottom left, and the DSP
modules just right of center. The VXI interface and power
supply components are on the right.

3 VXI MODULE DESIGN
A single VXI format motherboard was developed for both
the ac and dc measurement systems. A modular approach
allows for the replacement or revision of sub-circuits to
avoid the expense and time required in fabricating a full
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VXI module (see Figs. 2 and 4). Various plug-on modules
include the ac AFEs, dc Bergoz® AFEs, a wire scanner
charge-integrating AFE, calibration current generator,
dual output DAC circuit, two DSP modules, and the VXI
interface circuit. Each motherboard supports two channels
of beam current measurement. Electronics associated with
the motherboard include various gate arrays for
interfacing the modules, two 14-bit ADC channels, timing
generation gate arrays, and power supply components.
Two commercial DSP modules (TMS320C40), one per
channel, control the operation of the module. Functions
provided by the DSPs include module calibration, fastprotect calculation, waveform array storage, and filtering.
The most demanding feature of the DSP is the fast-protect
output, which is tripped whenever the differential beam
loss between to adjacent sensors exceeds a programmable
level. The VXI motherboard design and DSP code is
heavily influenced by this requirement.
SBinary 1/

:
\

.......

,e,

Figure 4: The dc beam current system double-wide VXI
module. Two Bergoz® MPCT-E electronics modules are
mounted to the front panel. Only the sensor cables need to
attached to the front panel connectors. The ac system
uses a single-wide module with the same motherboard.

L Bus (P2)
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accelerator is being commissioned with pulsed beam.
These dc systems will be significantly easier to field than
the faster ac systems, however.
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Figure 3: Block diagram of the ac/dc VXI module. Each
measurement channel has a dedicated DSP module and
DAC. Plug-on modules are controlled via a local buss.
Most of the plug-on modules are connected with an
eight-bit buss whose purpose is to allow set-up, and
control data to flow between them and either the DSP
modules or the VXI interface. Separate dedicated busses
control the flow of the realtime data streams. A block
diagram of the VXI module is shown in Figure
The most significant difference between the
implementation of the ac verses the dc systems is the size
The Bergoz® MPCT-E
of the AFE electronics.
electronics modules are sufficiently large as to require a
double-wide-module front panel for the two-channel
design (see Fig. 4). Another interesting point is that ADC
sampling rate required for the lower 4-kHz bandwidth of
the dc system will leave more time available to the DSP
modules to perform additional calculations such as
additional filtering functions. The dc systems have not
been fully implemented at this time, as the LEDA

of this writing we have just completed the first two
weeks of LEDA accelerator commissioning. This time has
been sufficient to measure several important parameters of
the diagnostic systems as well as the accelerator
operation.
As installed, the ac system has a current measurement
range of ±200 mA. In this configuration the noise floor of
the current measurement is about 33 gA with a 200 kHz
bandwidth. This is measured as the standard deviation of
1000 consecutive samples at 1 MSPS. The overall
bandwidth of the three operating ac systems is 8.7 Hz to
200 kHz, worst case. The bandwidths vary slightly as all
of the sensor cores are not of the same geometry.
Each VXI module generates a single calibration pulse
that is looped between two adjacent sensors. The stability
of this source needs testing over temperature, but is at
least much better than the ±0.2%-absolute-accuracy
specification of the diagnostic. Our present laboratory
instrumentation measurement limit is ±0.04%, absolute.
Each beamline measurement system is calibrated to within
±_1 ADC count, or ±0.02% of the set points (gain and
offset). The system has demonstrated a stability of on the
order of ±2 ADC counts over the two week run period, so
far. Itshouldbenotedthetemperatureisfairlyconstantin
the accelerator building this time of year. Overall, we are
confident that the required ±0.2% measurement accuracy
is met.
We are presently running the beam diagnostics systems
under LabVIEW@ while the EPICS-based control system
is being completed. A single National Instruments VXIpc850 controller in the ac beam current measurement VXI
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crate handles the control, display, and data archiving
functions of the system running LabVIEW® under
Windows 95. The primary display is shown in Figure 5
with typical beam currents as seen during one of the first
LEDA commissioning experiments.

"1"
• zo ,.............

Figure 5: The LabVIEW virtual instrument front panel
display for the ac beam current monitor system. The RFQ
input, RFQ output, and HEBT output current waveforms
are displayed of the left and the RFQ input current, RFQ
transmission, and HEBT transmission charts are on the
right.

5 CONCLUSION
New beam current diagnostics have been designed for the
LEDA accelerator. The ac (pulsed beam) system has been
installed, tested, and has provided the required
performance needed to commission the accelerator. It is
capable of measuring ±200-mA pulsed currents with an
absolute accuracy of <±-0.2% with a resolution of about 33
jtA (without gain switching) and a 10-Hz to 200-kHz
bandwidth. Both the ac and dc systems utilize DSP-based
VXI modules, which provide high-performance and ease
of use.
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CHAMBER MOTION MEASUREMENTS AT THE NSLS X-RAY RING*
L. Solomon*, D. Lynch, BNL; J. Safranek, SSRL; 0. Singh, ANL
Abstract
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stability of the X-Ray Ring by accounting for the thermal
motion of the vacuum chamber, which supports the
electron beam position monitors (BPMs). In-situ contact
measurements of the vacuum chamber motion have been
carried out using support stands that have been designed
and extensively tested to reduce errors associated with
thermal changes in the stands themselves. Using this
chamber motion as a correction to the orbit motion
measured by the BPMs, the precise location of the
radiation beam can be predicted. These predictions are
compared with actual radiation beam measurements on
the experimental floor, and with predictions based solely
on RPM measurements of the electron beam position. This
paper reviews this work including stand design and
performance, chamber motion measurements, predictions
based on these data, and results.

1 INTRODUCTION
In order to stabilize the electron beam position in the
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beam position with respect to the vacuum chamber on two
BPMs just upstream of X28 (BPM 33 and 34) and the first
BPM downstream (RPM 35) was also measured, along
with the horizontal vacuum chamber motion at the three
BPM
locations.
For measurement of the vacuum
chamber motion, linear voltage displacement transducers
are mounted on stands and are used to monitor the
horizontal motion. These transducers have a range of +I0.125 inches, and with our readback electronics the digital
resolution is 0.4 microns/count. Each of the LVDT
devices was calibrated individually throughout its range of
motion, with its cabling and circuitry.
The shift in the electron beam orbit at the X28 source
point can be predicted given the measured change in beam
position at nearby BPMs. This assumes that the orbit shift
is caused by magnetic field changes elsewhere in the ring.
The magnetic field changes between the BPMs and the
source point must be small.
Three BPMs are needed to accurately predict horizontal
motion at the source point, because horizontal orbit
motion can be caused by a change in electron energy (6)
as well as in horizontal betatron phase space (x, x'). A
significant fraction of the closed orbit shift over the course
of a fill in the X-Ray Ring is associated with 8 [1]. Given
the 3x3 transfer matrices for x,x' and 8 and the measured
orbit shifts at the three BPMs, the orbit motion at X28 can

be predicted.
chamber is a function of time due to radiative heating, and
Through the course of a 12 hour fill of the X-Ray Ring,
therefore its motion is also a function of time. Thus, in
3
P
oino h aumcabra
tehrzna
order to stabilize the motion in a stationary coordinate
tat bth he eammoton ith 34 and 35 location was about 30, 130, and 160 microns
systm i isnecssay
withfarrespectively. By comparing the chamber motion data with
the
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In Figure 1, the measured horizontal motion of the
tod temprtued
extremely sitablte aind reatvel iensdensitived
beam at the source point is compared with
radiation
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predictions based solely on the motion of the electron
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2 BEAM MOTION
The motion of the beam at the source point of the X28
beamline was measured with a pinhole camera. The
__________measurement

Work performed under the auspices of the U.S.Departmeni of Energy

the electron beam with respect to the chamber. The
prediction incorporating the motion of the vacuum
chamber closely mimics the actual radiation beam motion.
These results provide a strong impetus towards real-time
and incorporation of the vacuum chamber
motion into the feedback as a means towards a
significantly more stable beam.
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motions do not affect the relative motion of the invar and
the carbon tubes. These measurements yield a carbon
fiber
thermal
expansion
coefficient
value
of
approximately 1.e"6 inch/inch 'C. This coefficient is

Motion of Beam at X28 Source Point
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Figure 1 Motion of the Radiation Beam at the X28 Source
Point at NSLS X-Ray Ring. The measurements, the
predicted motion based solely on BPMs 33,34 and 35, and
the predicted motion based on both the BPMs and the
vacuum chamber motion at the location of the BPMs is
shown.

3 TRANSDUCER SUPPORTSTAND
In order to accurately measure the chamber motion it is
imperative that the stands which support the LV-DT
devices be extremely stable over time, and temperature
insensitive. In the X-Ray Ring, support stand temperature
changes of a couple of degrees during a fill are seen.
When making measurements on the micron scale, this can
translate to unacceptably large motions due to thermal
expansion of the LVDT support stand. Initially, to null
motion associated with thermal changes, stands of
alternating aluminum and steel telescoped sections were
built and tested.
Aluminum and steel expansion
coefficients are approximately 24. and 18. e6 inch/inch
'C, respectively. The relative proportion of each material
was chosen for zero net thermal expansion. Though this
strategy worked for equilibrium states and very slow
temperature changes, it was inadequate during more rapid
temperature changes.
Subsequent to this, stands
comprised entirely of carbon fiber tubing with a very low
thermal expansion were fabricated and tested. In order to
measure the carbon fiber expansion coefficient, a
reference invar tube (thermal expansion - le-6 inch/inch
'C) and the carbon tube to be measured were both
mounted horizontally on a vertical steel tube, which was
secured to the floor. The carbon tubing held the LVDT
device, and measured horizontal motion with respect to a
flat on the invar tubing. With this setup, floor or steel

sufficiently small that errors associated with thermal
motion in the ring will be on the order of a couple of
microns.
support stand reported on here consists of a vertical
approximately 60" high, with a 3.25 inch outer
diameter and 0.25" wall thickness. A horizontal member
(clamped to the vertical tubing at = 55" off the floor) is
approximately 25" long, with a 1.50 inch outer diameter
0.25" wall thickness. At the end of the horizontal arm
is a graphite piece which can hold two LVDT devices, one
held in the vertical orientation for vertical motion
and the other held in the horizontal
orientation for horizontal motion measurements. The
relative positions of these LVDT's are matched to the
vacuum chamber dimensions of the X-Ray Ring at the
NSLS. Two carbon stands were fabricated for testing. In
order to measure their behavior as a function of
temperature and time, motion with respect to a 4 inch
diameter invar tube with machined flats was recorded.
The stands were positioned on opposite sides of the invar
tube, and bolted to a granite table. Measurements of the
stand motions and air, stand and granite temperature were
recorded during the room temperature changes resulting
from the disabling of the heating and air conditioning
controls. Air temperature changes of up to seven degrees
were measured.
The results obtained by the aforementioned tests were
complicated by the fact that the granite itself has a quite
large thermal expansion coefficient, approximately ten
times that of the carbon tubing. Thus, the behavior of the
stands was largely a function of the granite temperature
changes. This can be seen in Figure 2, where data taken
over 6.5 days is compared with data taken over 11 days.
The range in the horizontal and vertical stand motion
roughly doubled, as the range of the granite temperature
changed by 85% and the range of the air temperature
changed by 16%. Thus, since the dependence on
temperature should be linear, it appears that the behavior
of the stands is dominated by the granite support to which
the stands are bolted. A function to predict the stand
motion was contrived, which assumes linear motion
associated with temperature changes in the stand and the
graphite separately, and assumes a fixed ratio between the
thermal expansion coefficients. With this, the predicted
behavior in the horizontal plane is within 10 microns of
the actual behavior, which goes through a 70 micron range
of motion during the 70 air temperature change. This
agreement is quite good, given that the behavior of the
materials is actually quite complex due to temperature
gradients within the granite slab.
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4

Stand Avs Stand B Motion

summary, measurements have been performed which

_____________________In

indicate that significant improvement in the radiation
beam stability can be expected when the motion of the
vacuum chamber is accounted for. This is seen through
comparison of beam motion predictions based on strictly
BPM measurements, and on BPM and vacuum chamber
motion measurements. Thus, very accurate chamber
motion measurements are required. Stable support stands
have been built and tested, with long term stability results
on the order of several microns. Presently, measurement
of the chamber motion with these improved stands, and
utilization of the data in the orbit feedback system is being
implemented in certain areas within the X-Ray Ring at
NSLS.
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Figure 2 The horizontal and vertical motion recorded by
one carbon fiber test stand compared with another carbon
test stand. The upper data is the horizontal motion, and
the lower data is the vertical motion. The lighter grey data
was collected over an 11I day period, during which there
was a 70 air temperature change, and a 4.80 temperature
change in the granite. The darker data points represent 6.5
days of data, with a 5.60 air temperature change and a 2.80
temperature change in the granite.

[1]

Because of this large temperature effect associated with
the granite table, the behavior of the two test stand
motions were compared to each other to measure the
stability of the stands as a function of temperature and
time. Any undesirable behavior in the stability of the
stands should not be simultaneously seen in both of the
two tested stands. As can be seen in Figure 2, over the
course of an 11 day period, the two stands tracked each
other in both the horizontal and the vertical directions
within +/-~ 5 microns. This level of stability over such a
long term (I11 days) is excellent. Actually, the relevant
time scale for actual use of these stands is the twelve hour
fill period of the X-Ray Ring. Over this time, the stands
track each other to within a couple of microns. Given
these test results, current plans are to re-measure both
vertical and horizontal ring movements at several
locations with these improved stands, and test
incorporation of this data into the feedback system during
study periods at NSLS.
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RHIC BEAM LOSS MONITOR SYSTEM INITIAL OPERATION*
R. L. Witkover?, R. J. Michnoff and J. M. Geller
Brookhaven National Laboratory
Upton, NY, USA 11973
Abstract
The RHIC Beam Loss Monitor (BLM) System is designed
to prevent beam loss quenching of the superconducting
magnets, and acquire loss data. Four hundred ion
chambers are located around the rings to detect losses.
The required 8-decade range in signal current is
compressed using an RC pre- integrator ahead of a low
current amplifier. A beam abort may be triggered if fast
or slow losses exceed programmable threshold levels. A
micro-controller based VME module sets references and
gains and reads trip status for up to 64 channels. Results
obtained with the detectors in the RHIC Sextant Test and
the prototype electronics in the AGS-to-RHIC (AtR)
transfer line are presented along with the present status of
the system.

1 THE DETECTORS AND ELECTRONICS
It has been estimated that the RHIC superconducting
magnets will quench for a fast (single turn) loss > 2 mJ/g
or a slow (100 msec) loss > 8 mW/g. These correspond to
a signal current range from 5.5 mA for fast loss at
injection, and 17.6 nA for a slow loss at full energy.
Allowing for studies, a dynamic range of 8 decades in
detector current is required. The processed BLM signal is
continually compared to
digitized at 720 Hz and
programmable fast and slow loss abort levels. An abort
halts data acquisition providing a 10 second loss history.
BLM parameters may be adjusted to set gains, fast and
slow loss thresholds and abort mask bits on specific RHIC
Event Codes.
The RHIC Ring BLM system uses 400 FNAL Tevatron
type ion chambers [1] modified by using an isolated BNC
to break the ground loop formed by the signal and HV
cable shields. Rexolite rather than PTFE is used for the
insulators in the BNC and SHV connectors to improve the
radiation hardness. The ion chamber[2] consists of a 113
cc glass bulb filled with argon to about 725 milli-Torr.
Each
chamber
is calibrated
using a ofcesium-137
The mean
sensitivity
in the middle
the plateausource.
(1450
VThemeans)eis
1
pitt
with 95% wthine±15plateau (14
trdhe
of the mean. The high voltage is normally set to 1450 V
with a 3000 V upper limit. Half of the ion chambers (198)
are mounted on the quadrupole cryostats between the
Rings using stainless steel "belly bands". Ninety-six
*Work supported by the US Department of Energy

BLMs are placed at insertion region quads. In the warm
regions, 68 detectors are mounted on the beam pipe at
sensitive loss points. In addition, 38 BLMs are available
as re-locatable monitors.
Belden 9054, a low noise, non-tribo-electric RG-59
equivalent cable was used for signal transmission. The HV
bias voltage is carried on red RG-59 cable which is
daisy-chained from detector to detector. Two HV cables
are used in each sector, picking up alternate BLMs to
provide some redundancy in the event of a high voltage
short. An RC network built into each ion chamber
housing provides decoupling in the case of a short, noise
filtering, and storage capability to handle large fast losses.
The analog electronics are packaged in VME modules,
each of which interfaces to 8 BLMs. Up to 8 analog
boards are managed by a micro-controller module which
of the crate front-end computer (FEC) once
is independent
the
event-driven write list values have been set through
oerations
hi eveltcde. This isulates heree
operations
real-time
the
insulates
This
code.
high level
system to
BLM
the
allowing
110,
system
control
the
from
digital
Commercial
failure.
link
FEC
an
during
operate
1/0 and DAC modules control the HV power supplies.
The electronics are located in service buildings at
2,4,5,7,8,10 and 12 o'clock, allowing access during beam
storage. Standard VME crates were modified for the
special needs of the BLM electronics. Tests indicated that
the standard ±12 Volt switcher power supplies were too
noisy for the high sensitivity analog circuitry. On-board
DC-DC converters were not used due to limited real estate
and the possibility of oscillator noise. It was decided to
incorporate a separate linear ±15 Volts supply into the
crate to power the analog modules. A piggy-back board
across the last nine P2 connectors provides a dedicated
bus between the micro-controller module and the 8 analog
modules.

1.1 The Analog Module
Figure 1 shows a simplified schematic of one channel of
the Analog Module. The input RC filter matches the
magnet thermal time constant and integrates any fast loss,
greatly reducing the dynamic range required, while
providing a sufficient signal to protect against a fast loss
quench. Back-biased matched low leakage diodes
(DPAD-5) protect the amplifier input from high voltage
spikes. The OPA627AU low current amplifier is rolled

witkover@bnl.gov
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off to a 10 g.tsec rise time. To allow for BLM shielding
differences, jumpers can set three alternate gains.
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Once the Micro-Controller receives the Write-list
containing the array of set-points (gains, thresholds,
masks, etc.) it completely controls the Analog Module,
freeing the FEC for other controls tasks and allowing the
BLM system to operate even in the event of a controls
failure. A Microchip PIC16C64 micro-controller services
256 byte registers on the BLM Analog modules. A 64k
x 16 bit memory holds the Write-lists for 256 RHIC Event
each associated with up to 255 address/data values.
On detection of a specific Event, the corresponding
Write-list is sequentially executed with the data going to a
particular register. Altera 9320 and 7128 gate arrays are
used on the board.

SlowTrip

••

2 BLM TEST RESULTS

-

Bit

-

2 shows the responses of the circuitry to 8 bunches
of 2x1012 protons each, extracted at 30 Hz
rate. The top
trace is the analog output showing the signal rising rapidly

M.Figure

DACs_

Mask
Slow Trip Ref

Figure 1. Schematic of a typical channel of the BLM
Analog Module.
A second amplifier provides programmable gains of 1 or
10 in the signal acquisition path. The data is read at 720
Hz by a RHIC VME MADC [3] configured for ± 10 V,.13-bits, and stored in a 2 Mbyte on-board memory. An
optional off-board 360 Hz anti-aliasing filter is available.
Readings can be taken at additional times as required for
specific applications. For the nominal jumper setting and a
buffer gain of 10, one LSB represents 12.5 pA,
comparable to the noise observed in beam tests. Offsets,
typically a few LSBs at unity viewing gain, are not
adjustable since these can be removed in the higher level
processing.
The first stage output also goes to an AD734 analog
multiplier which provides gain to compensate for the
increased magnet quench sensitivity with current. An 8-bit
DAC sets the gain for all multipliers on a board. A high
pass (100 Jtsec) and low-pass (20 msec) filter direct the
signal to respective fast or slow loss comparators with
independent programmable references. The gain provided
by the multiplier cuts the dynamic range so 8-bit reference
DACs are sufficient. Each comparator may be masked to
prevent a bad BLM from inhibiting the beam or to allow
special conditions. The gains, mask bits and trip levels
may be changed by events on the RHIC Event Link. Any
trip latches the state allowing the trip location to be
determined. An Altera 7128 chip is programmed to
perform all logic and communication functions with the
BLM Micro-controller module via the dedicated bus on
t h e VME P 2 b ack p la ne.

due to the loss from each bunch transfer. It then decays
with the 100 msec front-end filter time constant. The
middle trace is the slow loss filter output clearly showing
rejection of the fast losses. The bottom trace is the
comparator output for a 2 Volt reference.
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Figure 2. Losses from eight bunch 2 x 1012 protons/bunch
transfer, Slow Filter and Comparator outputs
The top trace of Figure 3 is another cycle of 8 extracted
proton bunches. The middle trace is the fast loss filter
output, showing only the fast component of the signal. The
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1.2 The M icro-ControllerModule
The RHIC Control System communicates with
the Analog Modules via the BLM Micro-Controller [4].
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Figure 3. Losses from eight bunch 2 x 1012 protons/bunch
transfer, Fast Filter and Comparator outputs
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bunches did not have equal losses so the comparator did
not trip for every transfer. It is clear that the circuit has the
ability to discriminate between fast and slow losses,
In January 1997 single bunches of an Au÷79 beam were
injected into RHIC Sectors 4 and 5 of one ring of
superconducting magnets. In this sextant BLMs were on
the inside of the Ring carrying the beam. Since sufficient
Ring electronics were not yet available, and the beam was
single pass, AtR loss monitor electronics (low-leakage
integrators) were used. For normal injection conditions the
loss signals were easily observed even though the intensity
ions was an order of magnitude below the
of lx0 8
design value. A large loss was purposely created at S=600
meters. The data with the background loss signal
located
subtracted is shown in Figure 4. With the BLMs
at the quads (about 15 meter interval) it can be seen from
the data that there is sufficient spatial resolution and
dynamic
range to determine the direction of the beam
ai
athe
loss. The observed integrator noise was of the
causing tMonitoring
order of a few LSBs, consistent with results in the AtR
line. Noise due to the injection kickers and RF was not
noticeably greater.
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[1] Shafer, R. E., et al., "the Tevatron Beam Position and Beam Loss
Systems", Proc. The 12" Int'l. Conf. High Energy Accel.,
p609, 1983
[2] Troy-lonic Inc., 88 dell Ave, PO Box 494, Kenvil, NJ 07847
[3] Michnoff, R., "The RHIC General Purpose Multiplexed Analog-toDigital Convertor System", Proc 95 Particle Accei. Conf., IEEE Cat.
No. 95CH35843, p2229, 1995
[4] Michnoff, R., see
.http:l/www.rhichome.bnl.gov:80/Hardware/lossmon
I .htm
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Figure 4. Beam loss along RHIC Sectors 5 and 4 due to
test loss at 600 meters for lxlO Au 7'9 ions, with the
background loss signal subtracted
The data shown in Figure 4 covers a 4 decade range and
was taken without switching gain. In other runs larger
losses were purposely generated, requiring lowering the
integrator gain. These results, and the low observed noise,
indicted that the BLM system will have sufficient range to
meet the design requirements.
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then entered in the system database. Cabling has been
installed, terminated and tested. The system is ready for
first beam to be circulated in RHIC.

SYSTEM STATUS

All eleven BLM VME crates have been installed in the
service buildings around the RHIC tunnel. The crates were
accessed through the RHIC Control System to calibrate
the electronics. The calibration consisted of injecting
signals from a precision current source at several different
currents into each channel. The offset and gain data were
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BEAM INSTRUMENTATION
FOR THE SPALLATION NEUTRON SOURCE RING*
R.L. Witkovert, P.R. Cameron, T.J. Shea, R. C. Connolly and M. Kesselman
Brookhaven National Laboratory
Abstract
The Spallation Neutron Source (SNS) will be constructed
by a multi-laboratory collaboration with BNL responsible
for the transfer lines and ring. [1] The 1 MW beam power
necessitates careful monitoring to minimize un-controlled
loss. This high beam power will influence the design of
the monitors in the high energy beam transport line
(HEBT) from linac to ring, in the ring, and in the ring-totarget transfer line (RTBT). The ring instrumentation must
cover a 3-decade range of beam intensity during
accumulation. Beam loss monitoring will be especially
critical since un-controlled beam loss must be kept below
104. A Beam-In-Gap (BIG) monitor is being designed to
assure out-of-bucket beam will not be lost in the ring.

1 THE SNS PROJECT
The SNS will be designed and built by a collaboration of
ANL, BNL, LBL, LANL and ORNL for installation at
ORNL in 2005. The design consists of a I GeV H-minus
linac injecting into an accumulator ring at 60 Hz for an
average power of 1 MW. Much of the design allows
simple upgrade to a 2 MW beam. The H-minus beam
from the linac will be transported via the HEBT line to the
220 m circumference ring where it will be stripped to
protons. The injected beam will be accumulated over I
msec with the RF system maintaining a compact bunch.
At the end of the injection pulse the single halfmicrosecond bunch of 1xlO14 protons will be extracted and
transported down the RTBT line to a neutron conversion
target.

2 BEAM LOSS MONITORS
Because of the very high average beam power,
uncontrolled
losses must be kept very low to allow
uachinc maintenanceControlled
mt losses,
be krow
to a
machine maintenance. Controlled losses, such as from Hminus stripping and other expected sources will be
intercepted on collimators designed to contain the
resulting radiation. All other losses will result in
component activation. The Beam Loss Monitor (BLM)
system is designed to detect an uncontrolled loss of I x
10'0protons per pulse (1 part in 10' at 1 MW) over the full
ring and provide a signal to inhibit further injection. Ion
chambers will provide the interlock function and the basic,
multi-turn loss data. Eight scintillator-photo-multipliers
"Thiswork supported by the US Department of Energy
* Witkover@bnl.gov
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(SPM) will serve as fast beam loss monitors (FBLM)
observing the losses within the bunch. These will be
located in the injection and extraction areas and at high
dispersion points. Ion chambers will be located at each
quadrupole, at the collimators, and at key injection and
extraction loss points. Several relocatable units may be
placed local at hot-spots, for a total of 80 channels. The
detectors will be mounted close to the beam pipe.
Tevatron type ion chambers [2] as modified for RHIC [3]
will be used. The modifications included eliminating
Teflon® in the connectors and using isolated BNCs to
break ground loops of the cable shields through the BLM
aluminum outer case. These BLMs are low cost and
reliable, and have good reproducibility and long term
stability and low maintainence. Nominal sensitivity is 70
nC/rad. Since the beam cycle is so short most of the signal
will come from the electrons, cutting the sensitivity in
half. The 10.4 loss limit can occur in a single turn or
slowly over the entire cycle resulting in a 10' range in
signal current. A similar problem in RHIC was solved by
using a front-end capacitor to pre-integrate the potential
current spike. Signals from the 48 BLMs at the quads will
be summed to monitor the 104 total Ring loss requirement.
Individual ADCs will acquire each BLM signal at the
revolution rate. Several seconds of data will be stored
locally and be available for replay in the event of a Beam
Inhibit.
The FBLMs consist of photomultipliers immersed in
liquid scintillator to reduce radiation darkening.[4] Unitto-unit variation and radiation effects on the scintillator
and window of the tube will require periodic re-calibration
and individual HV power supplies. The signals will be
integrated over the bunch length and read through digitizer
channels clocked at the revolution frequency. In addition
units may be selected through a wideband multiplexer to
be read into a multi-channel fast digitizer (1 GSa/s) to
observe losses within the bunch.

3 BEAM CURRENT MONITORS
The circulating current in the ring will be monitored using
a Beam Current Transformer (BCM) designed to handle
the 2 x 1014 protons which will be required for a 2 MW
beam. In this case the peak current can reach 100 A so
care must be taken to prevent saturation of the transformer
core. The signal droop is must be less than 0.1% during
the 1 msec accumulation period, requiring a decay time
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constant of about I second. The rise time is specified at 50
nsec. A Supermalloy tape wound core with 9.5-inch ID,
3" width and 14" OD, will be used to fit over the 8-inch
beam pipe. Tests on a similar, smaller core, indicate that a
resistor-damped winding of 100 turns with a 1 Ohm load
will meet these specification with acceptable ringing. The
transformer signal will be processed by a switchable gain
amplifier followed by a gated integrator. The output will
be proportional to the charge in the ring on each
revolution. This will be sampled and held for acquisition
at the revolution frequency by an ADC. A second current
transformer optimized for high frequency response will
monitor the bunch current.
Transformers
are
commercially available which will provide nano-second
rise time with low droop over the 550 nsec bunch length,
and will tolerate the high peak current. [5] The fast
transformer signal will be processed by a gain switching
amplifier and acquired by a dedicated channel of a very
fast ADC (1 GSa/s).

5 BEAM POSITION MONITORS
Design goals for beam position monitor (RPM) system are
shown in Table 1.

Table 1.

BPM Design Goals

Lowest intensity

5x10'0 protons

Highest intensity

2x1014 protons

Range of measurement

±20 mm

Accuracy

±1 mm

Stability of filtered orbit - long
term

±1 mm

4 BEAM IN GAP (BIG) MONITOR

Stability of filtered orbit short term

±0.15 mm

Any beam present in the gap (out of the RF bucket) will
be driven across the extraction magnet at the end of the
cycle, representing a potentially large loss. This beam may
have been a residual of poor chopping, or due to
longitudinal dynamics in the Linac or Ring. Observing
beam next to a 4 order-larger bunch is very difficult. It is
unlikely that a BCM will be able to do this although the
possibility of making a coarse measurement is being
studied. This would utilize a transformer similar to the
ring BCM but with overshoot <0.1% after 100 nsec.
Compromise of rise time and droop would be required to
meet this specification.

Resolution of filtered orbit

0.15 mm rms

A second approach would measure the gap beam and also
clean the gap, which would be important in meeting the
loss specification. The gap beam would be kicked into a
collimator where it would be observed with a gated
FBLM. The rise time of the kicker must be much less than
the 290 nsec gap width so a full aperture kicker is not
practical. However, by resonantly kicking at the vertical
betatron tune over many revolutions a much smaller kick
is required. The hardware might be similar to that of the
RHIC Damper [6] which uses commercially available
MOSFET banks to supply 5 kV, 120 A, 10 nsec rise and
fall pulses to a transmission line kicker. Burst frequency
is greater than 1 MHz, permitting turn-by-turn kicking.
Power dissipation limits the kicks to about 100 per msec at
60 Hz. The 5m straight section downstream of the
extraction Lambertson magnet is available for the BIG
kickers. For a 5m kicker and the above pulser, each kick
gives about a half milliradian deflection, so the beam
would hit the collimator in about 25 turns, fast enough at
normal tune spread and machine chromaticity conditions.

Period of filtered orbit

100 turns

Resolution of turn by turn
position - low intensity

1 mm rms

Depth of turn by turn buffer

>50 turns

For robust operation with the changing bunch shape,
measurements should rely on signals at the fundamental
and the lowest harmonics of the revolution frequency. The
402.5 MHz linac microstructure will be present only on
the most recently injected bunches. Additional receivers
could be added to a few channels to observe the injected
beam in the presence of circulating charge, allowing
parameters such as the space charge tune shift to be
measured. A dual plane, shorted stripline electrode will be
located at each of the 48 quadrupoles. The typical aperture
at these locations is 200 mm. With a 250 mm length, the
striplines will provide a signal that is sufficient at low
intensity, yet not excessive at high intensity. They will
also provide reasonable coupling to the 402.5 MHz linac
bunching frequency and its next harmonic. Since the main
quads trim windings are powered in families, beam based
alignment is not practical, so the required position
accuracy will be obtained by an initial calibration of the
electrode alignment and on-line calibration for the
electronics. The initial calibration could utilize the
surveyed antenna technique developed for RHIC [7] while
the online calibration could utilize signal injection into the
orthogonal plane.
The signals from the electrodes will be carried on coaxial
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cables to centrally located electronics. Low frequency
noise will be rejected by high-pass filters with a corner
frequency of a few hundred kHz. For measurement of the
circulating beam, the passband of the electronics will
extend to a few MHz and the signal will be digitized with
at least 12 bit resolution well above the NyQuist
frequency. The common mode dynamic range of over 60
dB will be handled by log amplifiers or by programmable
gain amplifiers. Preliminary analysis has shown that this
simple approach can meet the design goals. With a design
that places high-speed digitizers early in the signal
processing chain, the resulting data rates will be a
concern. If the digitizer system contained onboard digital
filtering, the data rate across VME could be significantly
reduced. Turn by turn data would be delivered at a
sustained rate of about 145 kbytes/s/digitizer and averaged
orbit data would be delivered at 1.4 kbytes/s/digitizer. The
local Controls processor will calculate position and apply
corrections before delivering data to the console level
applications,

6 DAMPER/TUNE MONITOR
While specific requirements for a damper have not been
established, a 2 m section of beam pipe has been reserved
for a tune meter/damper. A system similar to that in the
AGS [8] will be installed. Signals from the BPMs will be
used. The average orbit at the kicker will be subtracted to
determine the bunch error and the required kick amplitude
obtained from a look-up-table. The kick is delayed using
a FIFO and applied to the bunch on a later turn. The
digital acquisition and processing electronics for each
beam position monitor has sufficient memory to store the
position for the entire cycle. A spectral analysis of this
data will be used to find the integer and fractional tune.

7 BEAM PROFILE MONITOR
The high beam current density in the ring makes the use of
an ionization profile monitor (IPM) very attractive. An
IPM measures the spatial distribution of ions or electrons
freed by ionizing collisions of the beam with residual gas
in the vacuum chamber. Similar devices in the past have
collected ions but have suffered from space charge
defocusing by high intensity beams. This problem can be
reduced by collecting the electrons and embedding the
device in a stabilizing magnetic field. The electrons will
be swept from the beam pipe by a transverse electric field,
amplified by an 8xlOcm microchannel plate (MCP), and
collected by a circuit board with strip anodes oriented
parallel to the beam axis. A magnetic field, parallel to the
sweep electric field, counters the defocusing effects of
space charge and recoil momentum. For the 2 MW beam
the maximum space-charge field will be about 10' V/m. In
a magnetic field of 0.1 T, an electron subject to this field
will travel parallel to the collector channels at 106 m/s
with a gyration radius of 70 gtm. Profile broadening by the

space-charge field will be insignificant. An electric field
of 150kV/m will remove electrons in under IOns
producing a maximum longitudinal drift of less than
1.0cm. The energy spectrum of recoil electrons extends to
3.0 MeV but over 95% will have energies <500 eV. The
0.IT field will confine a 500 eV electron to a Larmor
radius of <0.8 mm which is 2% of the beam radius. For a
field >0.1T most of the electrons will be collected on the
anodes over which they are formed. Three permanent
magnet dipoles will be used to provide electron
confinement without perturbing the beam orbit.
The 120 n mm-mrad full-beam (5a) emittance (2 MW)
gives a beam diameter at 3=10m of 35mm. The
transverse profile is approximately rectangular due to the
smoke-ring distribution in phase space. Collimators in the
Ring restrict the 5; emittance to 180 71mm-mrad and a
maximum diameter of 84mm. The collector board will
have 64 anodes 1.4mm wide and 74mm long, covering a
width of 90mm. The full beam will produce signals in 50
channels. At 5x10 9 Torr, 2x101.4 protons will produce
3.7x10 4 electrons (about 740 per channel). An MCP
operated at a gain of 104 will deliver a current of 2 pA to
each channel, but to improve statistics in the tails the
signals must be integrated over a number of turns. For
beam studies early in the cycle the pressure will be raised
locally and integration over more revolutions will be
required.
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DIGITAL RECEIVERS OFFER NEW SOLUTIONS FOR BEAM
INSTRUMENTATION
R. Ursic, Instrumentation Technologies, Srebmicev Trg 4a, 5250 Solkan, Slovenia
R. De Monte, Sincrotrone Trieste
3 TECHNOLOGY DRIVERS

Abstract
Digital receivers revolutionize today's telecommunication
industry. In this article we examine the features, the
applications and the opportunities of this new and
promising technology from the beam instrumentation
point of view.

1

3.1Analog to Digital Converter
Some of the key parameters in the specification of an
analog-to-digital converter (ADC) for intermediate
frequency (IF) digitization are: sampling rate, bandwidth,
signal-to-noise ratio, and dynamic range. Much research
and development is being carried out on faster ADCs, with
wider bandwidths and larger dynamic ranges. Companies
such as Harris Semiconductor and Analog Devices ame
producing the current state-of-the-art devices. An example
of a low cost state of the art ADC for digital receiver
applications is the AD9042 from Analog Devices. It is a
12 bit ADC, has 41 MHz maximum sampling rate and
100 MHz analog bandwidth.
3.2 DigitalSignal Processing

INTRODUCTION

Since the invention of the superheterodyne receiver, radio
architecture has remained remarkably unchanged. While it
is true that development has not stood still - increasing
integration, ever more sophisticated devices, and the use of
digital circuitry to implement baseband functions are just
some examples of technological advancements - it is also
true, that none of these developments can be said to have
revolutionized the original concept. It seems however, that
such a revolution may already be in progress, in the guise
of the so-called digital receivers or software radio. The
purpose of a digital receiver is similar to that of his
analog counterpart: to downconvert, filter and recover any
analog signal, such as those signals with amplitude,
frequency or any other kind of modulation. Its main
advantage lies in its programmability which means that
new functions, features and upgrades to the system do not
necessitate hardware re-design, but rather the writing and
loading of software code.
There are clearly many advantages of using digital
receivers in telecommunications. The economy of scale of
such a huge market and the unrelenting search for the holy
grail of all things cheaper, faster and more versatile, make
digital receivers also an attractive option for particle
accelerator beam instrumentation,

With the wideband IF signal successfully digitized, at a
reasonable sample rate, the next stage is the processing. It
would be convenient at this point to simply transfer the
digital data to one or more digital signal processor (DSP)
chips, and implement all remaining functions in software.
However,
even a cursory
at the that
processing
demands
is
of digital receivers
makes look
it apparent
this operation
n in
reqir
preng
tal
sigh
ot
not straightforward. The total processing requirements in
such a receiver may add up to more than 10 GFLOPS
(giga floating point operations per second). Clearly, to
implement all the radio functions using DSP alone would
require an impractical number of chips. The answer? A
hybrid approach incorporating specialized digital hardware,
a digital downconverter (DDC), which performs specific
tasks (downconversion, filtering, sample-rate reduction,
demodulation, amplification) to reduce considerably the
load supported by the DSP.

...
DD ..

2 THE DIGITAL RECEIVER CONCEPT
SAMPLING
CLOCK
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S|

•
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Figure 1: Block diagram of the analog (top) and the digital
receiver (bottom) counterparts.
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NUMERICALLY
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LWY PASS FILTER
AND DECIMATOR

Figure 2: Functional block diagram of a DDC integrated
circuit.
Companies such as Analog Devices, Graychip and Harris
have developed a number of DDCs. Devices such as these
are essential components of current digital receivers, and
will be until DSP chips are developed that possess the
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necessary horsepower to handle far higher bit rates than
present technology allows.

3.3 R F F ront End

..............

The focus so far in this article has been on the digital (and
analog/digital interface) hardware necessary for digital
receiver implementation. However, such a receiver design
also has implications for the RF front end circuitry,
depending on the particular approach taken, and also
depending on the particular application. In the RF front
end, special filters, gain control schemes and very linear
amplifiers (to provide a large dynamic range) may be
required.
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4. FEATURES AND PERFROMACE OF
DIGITAL RECEIVERS

Figure 3: Deviation of the ratio between the readings from
two AD9042 ADCs. Va and Vb are readings from the two

In this paragraph we examine some of the features and
performance of digital receivers that are of particular
interest to beam instrumentation.

ADCs respectively.

4.1 Linearity

Processing gain is the improvement in the signal-to-noise
ratio gained through the oversampling and digital filtering.
It is the ratio of the passband to the Nyquist bandwidth
expressed in dB. An important consequence of the
processing gain is the effective increase in resolution. For
example, if an IF signal is being sampled and digitized at
40 MHz (Nyquist bandwidth = 20 MHz) and we set the
digital filter to 20 kHz the processing gain would be -10 x
log(0.02 MHz/20 MHz) or 30 dB. In other word we gain 5
bits of resolution.

Linearity of a conventional analog receiver is defined by
the most nonlinear element in the processing chain, which
is usually the analog demodulator. Digital receiver on the
other hand implements digital demodulation, which shifts
the source of non-linearity either to the RF front end or
the ADC. With a careful RF front end design we can
minimize non-linearity effects by driving all the active
components well below the I dB compression point. As
an example we can examine linearity characteristics of the
AD9042 ADC:
Differential non-linearity ±0.3 LSB or
±7.3 10i FS
±1.8 104 FS
±0.75 LSB or
Integral non-linearity
A possibility to im plem ent a sim plified gain control
scheme is just one of the possibilities offered by the
excellent linearity of ADCs; one can easily imagine
having a fixed gain RF front end for a system with a 40
dB dynamic range.

4.3 Processing Gain

....

......
8 ........................

....................... . . . . . . . ...............

......................

The AD9042 also offers excellent temperature stability.
Its gain drift is guaranteed to -50 ppm/°C. To verify this
parameter we have setup a measurement, where we applied
two signals of approximately same amplitude to two
AD9042 converters. The two ADCs resided on a single
VME board, one on the top and the other on the bottom.
The measurements were take over a period of 16 hours,
the ambient temperature changed for 5 'C and the
temperature of the two converters tracked each other
within app. V°C.
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4.2 Temperature Stability
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Figure 4: Processing gain shows up as decrease in
measurement fluctuation. The graph shows measured (o)
and predicted (+) measurement fluctuation for different
bandwidth settings. The measurements were done with
AD9042 ADC and GC1011 DDC from Graychip. The
GC1011A is an all digital downconverter which can
extract narrow band signals from wide band digitized
sources.

4.4 Undersampling
Undersampling is a very attractive technique that has two
important advantages. First, it drastically reduces the
sample rate requirements. Second, it downconverts
(aliases) a bandlimited IF signal close to the baseband.
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The theory underlying the undersampling technique is that
the Nyquist's theorem is met with respect to bandwidth,
rather than the absolute frequency of a bandlimited IF
signal. In other words sampling must occur at a rate of
twice the bandwidth of the desired signal, resulting in the
band of interest being aliased down to a frequency band
close to dc. The result of the AD9042 undersampling
performance test is shown in figure 5.

S:technology

6. CONCLUSION

0

0

which internal architecture resembles that of a digital
receiver, have been successfully used for beam diagnostics
in the past [2], [3]. Digital receivers based on fast ADCs
and DDC integrated circuits look as a promising
technology for building new generation lock-in amplifiers
with wide frequency range spanning couple of tens of
MHz.
The technique of controlling the in-phase (I) and the
quadrature (Q) components is gaining in popularity with
respect to standard amplitude (A) and phase (F) control
loop approach in the field of low level RF control.
Stability, excellent phase detection performance and
programmability make digital receiver a promising
for this application too.

2

Digital receivers are an exciting new technology that
.

-2,5

-3

1

.... UEY JouHI
IF
Figure 5: We cascaded an AD9042 ADC and a GC1011
DDC tuned to 1 MHz. Sampling frequency = 10 MHz.
The graph above shows amplitude of the output signal for
different input IF frequencies (1 MHz, 11 MHz, 21 MHz,
up to 101 MHz) aliased to 1 MHz.

4.5 MulticarrierReceiver
High sampling frequencies delivered by today's state of the
art ADCs allow a wide spectral input signal to be
transferred to the DDC. This wide-band approach also
offers a multi-channel advantage over a standard
narrowband approach. The main advantage is that the RF
front end does not need to be reduplicated in case we want
to recover multiple carriers. We need only one DDC per
channel or, in case the real time response is not required,
we can use time multiplexing of a single DDC to recover
multiple carriers.

5 SOME IMPLEMENTATION
EXAMPLES AND OPPORTUNITIES
The new BPM system under development at the Paul
Scherrer Institute for the Swiss Light Source implements
digital receivers to measure the amplitude of individual
pick-up button signals [1]. The digital receiver is built
around Harris HSP50214 DDC integrated circuit
interfacing to Analog Devices SHARC DSP. Set to lowbandwidth (10 kHz), the system offers high stability,
accuracy and resolution. Set to wide-bandwidth (600 kHz),
the system supports turn-by-turn and tune measurements.
An other opportunity for digital receiver technology are
lock-in amplifiers. They are used to detect and measure
very small AC signals up to approximately 100 kHz.
They use a technique known as phase-sensitive detection
to single out the component of the signal at a specific
reference frequency and phase. Digital lock-in amplifiers,
2255

paves the ground for the development of new and
innovative
low-cost and high-performance beam
instrumentation systems. The digital receiver building
blocks are primarily designed for and used in the
telecommunication industry. However, the few features
and tests presented in this paper demonstrate that such
components offer excellent building blocks for beam
instrumentation devices. An other advantage that we can
capitalize on is the economy of scale in the
telecommunication industry that continuously pushes the
prices down.
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NUCLOTRON BEAM DIAGNOSTICS
V. Andreev, V. Gorchenko, A. Govorov, A. Kirichenko, A. Kovalenko, I. Kulikov, V. Mikhailov,
V. Monchinsky, S. Romanov, B. Sveshnikov, A. Tsarenkov, B. Vasilishin, M. Voevodin,
V. Volkov#, JINR, Dubna, Russia
Abstract
The superconducting synchrotron Nuclotron [1] was put
into operation in March 1993 at the Laboratory of High
Energies, JINR in Dubna. The Nuclotron Control System
(NCS) [2] provided an efficient support for the machine
operation during all runs. The dedicated NCS subsystem
for beam diagnostics in the injection transfer line and the
Nuclotron ring is described,

1 INTRODUCTION
The Nuclotron is intended to accelerate nuclei and
multicharged ions up to an energy of 6 GeV/u for the
utichargedionas upatio /an energ ofe
eViupforhe,
96
charge-to-mass ratio q/A=0.5. There are 96 dipole,
64 quadrupole, 32 correcting multipole SC-magnets in
the Nuclotron magnetic ring with a circumference of
251.1m. The maximum value of the magnetic field is
about 2T.
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2 INJECTED BEAM TRANSFER LINE
The injector (Alvaretz type linac) accelerates ions with a
charge-to-mass ratio of 0.28<q/A<0.5 up to 5 MeV/u and
up to 20 MeV/u. The injected beam transfer line
30 m long includes 2 bending magnets, 12 quadrupole
and 12 correctors. The equipment of single-turn
injection comprises a superconducting septum magnet
and kick electric plates. The injected beam pulse duration
=0.5) is 8gts.
types of detectors are used for beam
diagnostics: 2 Faraday cups, 1 multi-wire beam current
monitor, 2 multi-wire profilometers, 2 destructive
screen monitors, and 1 screen monitor of
95% transparency. These instruments make beam
parameter measurements available over a wide range of

nA~r•.i.

5

The workstations act as operator consoles, while the
servers provide a communication process, data storage,
printing utilities, a common database, alarm service, a
program library, and data exchange between the
Nuclotron and the users. The Front End Level comprises
both industrial PCs and intelligent CAMAC cratecontrollers with embedded micro-PCs. The NCS is a
distributed system. Its subsystems are geographically
separated by as much as 500 m. The common backbone
of the system is an Ethernet Local Area Network.
The beam diagnostics subsystem integrated into the
NCS (Fig. 1) has been operating successfully since the
beginning of the Nuclotron commissioning. The
subsystem is based on the industrial rack-mountable PCs
from
ADVANTECH
equipped with
1/0
and
communication boards.

1 M--IP
ý_ltth %hq-intensities.10
I,
m,-v Atot

Figure 1: Fragment of the NCS structure.
The NCS consists of two physical levels: an Operator
Control Level and a Front End Level. The first one
supplies all appropriate man-machine tools for operators
to run the accelerator. High performance workstations
and server computers are used at this level,

The Faraday cups of 106 charge/pulse sensitivity are
used for beam intensity measurements. The IN/OUT
movements are remote-controlled by means of DC motor
actuators.
The beam profile monitor consists of X- and Y-wire
planes. Each plane assembled on a movable frame has 32
golden tungsten wires 0.1 mm in diameter separated by
2 mm. The charge-to-voltage converters (CV1 ...CV32,
see Fig. 2) with adjustable sensitivity, sample-and-hold
amplifiers (S/HI ...S/H32) and a multiplexer (MPX) are
placed close by the detector. A timer/synchronizer (T/S),
a 40 kHz buffered ADC of a 10-bit resolution and a

Email: volkov@sunhe.jinr.m
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multiplying scaling DAC (MDAC) are arranged in the
processing center at a distance of 50 m. The external
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trigger is provided with the machine timing system, and
it is the same pulse which is driving the injection
elements. The sensitivity of the profilometer is about 108
charges/pulse.
The monitor used to measure the shape and duration of
the injected beam pulse has one plane with 32 golden
tungsten wires 0.05 mm in diameter separated by 2 mm
and connected in parallel. A fast 50 MHz buffered ADC
of a 8-bit resolution is used for beam pulse signal
digitizing. The measured data together with the
parameters of the septum magnet and kick electric plates
(Fig. 4) are presented to the operator to tune the
injection,
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3 NUCLOTRON RING
2.1 General
The Nuclotron ring diagnostics equipment is composed
of 5 multi-wire profilometers, 20 electrostatic position
pick-ups, I electrostatic intensity pick-up, 2 beam current
transformers, 4 screen monitors, and 4 Faraday cups.
The ring profilometers have the same construction and
parameters as described above. Two of the five
profilometers are placed at the entrance and exit of the
inflector magnet. The profilometers located at the end of
the transfer line, at the inflector magnet entrance, and in
the accelerator ring straight section permit one to
measure the injected beam emittance and to adjust more
injected beam matching to the ring lattice.
The localization of beam losses around the accelerator
ring facilitates machine tuning. Therefore, mounting
beam loss monitors and developing data acquisition
electronics are planned.

2.2 Intensity Monitors
Figure 2: Profilometer block diagram.
The screen monitor of 95% transparency (wire greed
assembly) is made of horizontal and vertical tungsten
wires 0.1 mm in diameter separated by 5 mm with
luminophor beads in the grid junctions. The observation
station is equipped with an image amplifier and a
photomultiplier to register a low intensity beam current,
the profile and shape of the beam pulse.

The intensity and shape of the bunches (Fig. 4) are
measured with a special-purpose electrostatic pick-up.
The corresponding amplifier has a bandwidth of 30 MHz
and a controllable gain within a range of 60 dB. The base
line restorer insures the specified output level between
bunch signals. This device covers a beam intensity from
109 to 1012 charges per pulse. The average beam intensity
signal is digitized with a 12-bit ADC after analog
processing.
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Figure 4: Example of the bunch intensity and shape
measurement during first turns (RF off).
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Figure 3: Beam image with X- and Y- profiles.
The image processing technique based on fluorescent
screens, CCD cameras, and frame-grabbers ensures the
following possibilities: screen selection and setting inside
the beam, video tuning, background subtraction, pseudocolour for displays, the ability to save and restore specific
images, snapshot and live mode selection (Fig. 3).

Additional opportunities for beam diagnostics are
maintained by beam current transformers. To observe the
longitudinal profile of the bunched beam, a fast current
transformer (a frequency band of 50 kHz... 10 MHz) is
used. The transformer toroid core is made of thin (0.02
mm) high permeability alloy tape with an amorphous
structure. There are one sense 30-turn winding connected
to the amplifier and one 1-turn test winding allowing a
calibration signal to be fed in. The measured beam
current ranges from 0.1 to 10 mA.
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The DC current transformer is employed for
circulating beam average current measurements. It
consists of 2 cores with 2 exciting , I measuring, and 1
calibration windings. The exciting frequency of the
modulator is 25 kHz. A filter together with a
demodulator and an integrator is used for signal secondharmonic selection and its conversion into a DC voltage,
The sensitivity of the device is 200 V/A, and the
frequency band is 0.. .60 kHz.

2.3 Beam PositionMonitors
20 BPM electrostatic pick-ups in the form of diagonally
cut 66(H)x132(W)xl 10(L) mm boxes are arranged in the
Nuclotron ring for non-destructive measurements of the
beam position along the machine. The BPM front end
amplifiers are placed close by the pick-ups but outside
the vacuum chamber and have a room temperature. The
processing electronics are located in the centre of the
ring so that the longest cable segment is smaller than 50
m. This allows us to have a precise signal matching and
negligible attenuation with relatively inexpensive cable
The main purpose of the BPM hardware and software is
to provide accurate information for the correction of orbit
errors. Some results obtained with the BPM system are
presented in Fig. 5. The dashed line is the original closed
horizontal orbit without correction at the field of
injection. The solid line is drawn after correction.
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The analysis of the acquired data is a very powerful
tool to provide a reliable measurement of the tunes and
lattice parameters of the real machine, such as beta
or a phase advance between BPMs.
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Figure 6: Structural model of BPM hardware.
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The beam revolution frequency (fre,) ranges from 125
kHz to 1.2 MHz. The accelerating frequency harmonic
number is 5. The timer/synchronizer uses a B-train with
a 0.1 Gs resolution and fRF= 5 frev as an external clock to
synchronize with the main magnetic field and bunch
signal. An ADC1 ...ADC40 sample rate of 50 MS/s
ensures the required signal resolution over the band up to
500 kHz. A simultaneous sampling of all the BPMstations with a 64 KB record length permits acquiring
several hundred successive closed orbits. Waveform
digitizers (DSO-2125 from CyberResearch) with a 256
KB onboard memory and a time-bin duration of 4 ns
allow more than 1000 turns to be acquired under
combined parallel/sequential sampling.
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The beam diagnostics subsystem has been successfully

Figure 5: X-closed orbit before and after correction.
At present, we are redesigning the BPM electronics
and post-processing software to extend functionality and
to improve processing speed, dynamic range, and
resolution. In accordance with specification, the BPM
system has to function in a first turn (turns) mode and in
a closed orbit mode. A substantial hardware upgrade
enables one to acquire beam signals with turn-by-turn
and bunch-by-bunch capabilities,
The distinguishing features of the new BPM system
are outlined in Fig. 6. Each position monitor electrode
has a 30 MHz amplifier with an adjustable gain of 46 dB
for use with high and low intensity beams. A gain control
loop keeps a maximum signal level to improve the
signal-to-noise ratio. For cost reasons, the amplifier has
one pair (X or Z) of remotely selected output signals.

used in all Nuclotron runs. It ensures reliable operating
conditions for different operating modes of the
accelerator. Several modifications are still under way in
order to improve the beam diagnostics functionality. New
information provided with the subsystem will be a
significant aid to optimize the machine.
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Dear Sir,

M.Allen, SLAC (NPSS)
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W.Barletta, LBNL
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The 1999 Particle Accelerator Conference (PAC'99) took place on March 29
April 2, 1999 at the New York Marriott Marquis. We had approximately
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M.
Craddock, UBC &Triumf
W ' K.Dawson,
WK.*
D.Finley, FNALTRIUMF (IEEE)
D.Friesel, IUCF
D.Hartill, Cornell U.
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W.T. Weng, BNL, Chairman
G.Westenkow, LLNL

2apr

l

t

The proceedings of PAC'99 were published and distributed in November 1999.
Total published papers are 1,223 which are published in a 5 volume set with
the total pages numbering 3,779.
The total amount of the ONR grant of $10,000.00 was all used in the support
of the expense ofjunior staff, graduate students, and scientists from the
developing nations and former Soviet Union.
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the accelerator profession.
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As requested form SF298 is enclosed, and shipped separately is one set of the
PAC '99 proceedings.
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I would like to express my sincere thanks to ONR for its support to PAC'99
which is a very effective vehicle for the development and communication in

J.Smith, Electronic Publishing
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1,195 registrants, 76 invited speakers and 1,528 abstracts covering all aspects
of accelerator science, technology and applications. Among the registrants,
approximately 2/3 were from the United States, 1/3 from abroad - truly an
international conference in its scope and participation. Concurrent with the
conference, there were 40 industrial firms participating in the exhibition.
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