Proceedings of ICAP(09, San Francisco, CA TH2IOPK04

STUDY OF BEAM-SCATTERING EFFECTSFOR A PROPOSED APS ERL
UPGRADE *

A. Xiao T, M. Borland, X. Dong, ANL, Argonne, IL 60439, USA

Abstract ical approaches are used to calculate the beam size diffu-

B tteri focts. including intra-b t sion rate and beam loss rate. In developing our simulation
| beam-scatlering efiects, ncluding ntra-béam sca eEbols,we followed the same path: the widely used Bjorken-
ing (IBS) and Touschek scattering, may become an iss

for li based tion liaht h X‘I{ﬁtingwa’s [2] formula is chosen for calculating the emit-
or finac-base -generation TIght SOUrCes, SUCh as A,nqe growth rate due to the IBS effect, while a combina-

ray free-electron lasers (FELs) and energy recovery lina‘fﬁon of Piwinski's formula and Monte Carlo simulation is

(ERLs), as the electron density inside the bunch is VeYsed for determination beam loss rates and positions.

high. In this paper, we describe simulation tools for mod- Both the Bjorken-Mtingwa formula and Piwinskis for-

eling beam-scattering effects that were recently deV‘PjOpemuIa were developed for stored beam, which has constant
at the Advanced Photon Source (APS). We also demon- P '

strate their application to a possible ERL-based APS u gnergy, and both assume a Gaussian bunch. These assump-

grade. The beam loss issue due to the Touschek scattenhOns are generally mval_ld for a linac beam. In previous
. o zgpers [3, 4, 5, 6], we discussed the beam loss issue for a
effect is addressed through momentum aperture optimiza- ian b b
tion. The consequences of IBS for brightness, FEL gaino ne-pass transport system (Gay sslah beam, constant beam
' ! gnergy), and the IBS for a arbitrarily distributed acceler-

and other figures of merit are also discussed. Calculation:%ing beam. In this paper, we describe newly developed

. . o a
are_pe_:rform_ed using a part_lc!e dlstrl_butlon_generated by Methods that give us the ability to simulate the beam loss
optimized high-brightness injector simulation. for an arbitrarily distributed linac beam, and summarize th
already existing IBS tools. We also give an example appli-
INTRODUCTION cation to a possible ERL-based APS upgrade design [7] us-

) _ o ing a particle distribution generated by an optimized high-
The Coulomb scattering between particles inside a beagightness injector simulation [8].

has been widely studied for circular accelerators. They

were largely ignored for linacs in the past, since signifi-
cant effects are not expected for one-pass, low-repetition A PROPOSED APSERL UPGRADE

_rate syst_ems _With relatively Iarg_e beam size. The scatter- tha APS has an eye on building an ERL for a future

ing rate is quite low, and t_here IS n_ot enough tlme_for t_h%pgrade. Figure 1 shows the layout of one proposed de-
beam to de_velop any notmgable_ diffusion. The sﬂgaﬂogign The existing APS ring is used as part of the new
has dramatically changed since linac-basédgeneration 2 chine  since the radiation shielding of the APS already

light sources are on the horizon. To provide users with syngyiqts. there is concern about beam loss rate from the high-
chrot'ron rgd|at|on with unprecedented high brlghtne'ss, thaverage-current ERL beam. Also, because of energy recov-
re_qUIr_ed _Il_nac beam must have_z extremgl_y low emlttancgry, we will find that a small energy deviation generated at
with significant char_ge and a high repet|t|0n_rate. To enhigh energy may exceed the energy aperture at the end of
sure that the machine can be run safely with acceptablfce|eration, resulting in beam loss. Therefore, a detaile

beam losses and that the beam quality will be not harmegh,, jation tool that can determine the beam loss rate and
by IBS, we developed a series of simulation capabilities ithe beam loss position precisely is needed.

elegant [1]. They provide the ability to simulate beam-
scattering effects for an arbitrarily distributed linacale

with energy variation. sool g North
Beam-scattering effects are traditionally separated into 4o00|

two categories, Touschek effect and IBS, based on whether € zoo| TAA )]

the scattered particles are lost immediately after thdeseat = ol (APsS {

ing event or not, respectively. In the case of IBS, we only ~zo0| Linac | XFEL

see diffusion that leads to increased emittance in 6-Dphase ™ —«eof , ., ., , . | |

space; whereas in Touschek, a single scattering event may T Ay T

result in loss of the scattered particles. Different theore

*Work supported by the U.S. Department of Energy, Office of Sci-  Figure 1: Layout of a proposed APS ERL upgrade.

ence, Office of Basic Energy Sciences, under Contract No.ABDB2- .
06CH11357. In general, a linac beam departs from the normally as-

f xiaoam@aps.anl.gov sumed Gaussian distribution that holds for a stored beam,
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especially in the longitudinal dimension. Figure 2 shows

the particle distribution from our optimized high-brigletss 0.5} L

injector simulation. This distribution is used in the lagar - ool |

amples of our simulation tools. The major beam parame- °

ters of the simulated bunch are; ,, = ¢,, = 0.35um, 0.5t (ﬁ W 1

op = 2.63-1073, o, = 0.6mm, bunch charge 77pC, and -1.0f | ‘ ‘ ‘ )

repetition frequency 1.3GH z. O 1000 2000 3000 4000
o Figure 4. Local momentum aperture for example APS

¢ 00 . ERL lattice (tracking stopped before last rf module (E=189

o MV).

(@ DS () IS switch in the Touschek simulation module that can gener-

. . o . . ateamomentum aperture bunch at eB@PATTER position
Figure 2: Particle distribution from optimized high- 50 then track the bunch to the end of the beamline. The
brlghtness injector simulation: (a) horizontal, (b) loigi |4 particles are collected and an approximate local mo-
dinal (p=5-). mentum aperture is obtained. Figure 5 shows an example

of the aperture bunch and lost particles.
TOUSCHEK EFFECT

2800

Simulation of beam loss due to Touschek effect is per- 2600}
formed in several steps. The procedure is illustrated in Fig L oor
ure 3. To start the simulation, the beamline under study is & .|
first divided into many small sections by inserting a special & 1800|
elementTSCATTER into it. (This is easily done using the 1600}
elegant commandinsert_elements.) The total num- “‘OO’é T
ber and locations where one should inSE3CATTER ele- particlelD

ments depends on the rapidity with which the energy and
optical functions vary. To ensure reliable results, these v Figure 5: A momentum aperture bunch and lost particles.
ations should be small between successive scattering el particles haver(z/, 1/, t) = 0

PR i - .

ments. ) . .
The results obtained from this step are very important for

Prepare Beamline performing an economical yet detailed Monte Carlo simu-
(Insert TSCATTER) lation in subsequent steps.
_— \ Calculate local bunch distribution function
Estimate Local Calculate Local Bunch
Momentum Aperture Distribution Function The electron bunch from a high-brightness injector is
‘ v ! typically not Gaussian distributed, especially in the lieng
i i tudinal direction. As shown in Figure 2, the energy spread
Monte Carlo Simulation . . .
. of the entire bunch is more than two orders of magnitude
(Piwinski's formula) larger than the “intrinsic” energy spread. The traditional
! formulae, which calculate the beam-scattering effect thase
‘ Track ‘ on the assumption of a Gaussian beam, are therefore in-

valid. To match our simulation result more closely to the
Figure 3: Procedure of the Touschek-caused beam loss siff@l machine, we track the simulated electron bunch from
ulation. the gun through the beamline with inserte&CATTER ele-
ments. At eaclTSCATTER position, the tracked particles’
Eq | | coordinates are saved so that a corresponding distribution
stimate focal momentum aperture histogram can be made. This distribution histogram (table)
Unlike in storage rings, the fractional momentum aperis read back later by the Monte Carlo simulation module in
ture varies over a large range in linacs, as illustrated ¢ Fi order to obtain the particle density by interpolation of the
ure 4. In order to efficiently study beam loss from Touschekable.
scattering, we need to know the approximate local momen- To accomplish this task, we wrote a general tool to gen-
tum aperture and use these results for later simulation [9rate an n-dimension histogram for a collection of n-tuples
where n can be any integer. Of course, it's natural to build
elegant provides themomentum_aperture command a 6D histogram from a particle distribution. One concern is
to determine local momentum aperture. We also addedthat, in order to have a meaningful 6D histogram, we need a

Multi-Particle Beam Dynamics

174



Proceedings of ICAP(09, San Francisco, CA TH2IOPK04

huge number of particles from the injector simulation. Fobunch. In the CM system,

example, to have 11 bins in each dimension, the total num-

ber of bins is about1% ~ 2 - 105, and the total number R* — 2/ v |o* p(Z)* p(Z5)*dV*, )
of particles need to be larger than this value. Another con-

cern is to interpolate in 6D, any point’s value is determined
by the nearby26 = 64 grid point values. This calcula-
tion is in principle possible using our software. However,
to demonstrate our method in this paper, we separated t
beam distribution into two parts: transverse (4D) and lon="
gitudinal (2D), see Figure 6. The simulated gun bunch has
500,000 particles.

where v* is the scattered electrons' velocity,* is the
total Mgller cross sectionz* = (z*,y*, 2%, p}, P}, p3),
gc»)* is the electron phase-space density, ahd =
T*dy*dz"dp}, dpy,dp},dp;odp;sdpls. o is integrated
over the solid angldQ* with ©* < (0, 5], ¥* € [0, 2x]:

o ™/2 p
* U* . * * *
3 — P — 0" = // 10 sin ©@*dO*d¥*. (3)
1.5 0 0

e 1.0 The reason fol©* < (0, 7] is that, if one electron is
s0 scattered into the regioh < ©* < 7, then the other is

. scattered into the regiof) < ©* < 7. The factor “2” in

o 7onor vamo S e s ses ses roco Equation (2) includes both regions.

Index Index

For the problem we are interested in, we assume that
D L P2 andpy < p., which means that the Lorentz trans-
Figure 6: Histogram of the simulated bunch at the begirformation is mainly taking place along thedirection, and

ning of the APS ELR beamline: (a) transverse (4D), (b)* is parallel to the:*-axis. Transforming to the laboratory
longitudinal (2D). (The index is an n-bit counter wherecoordinate system gives

each bit has the size of the number of bins of the corre-

sponding dimension. v*| o*
ponding ) o = 17 @)
Y
Monte Carlo simulation and
In the center-of-mass (CM) systemthe probability of R= 2/ [vlop(zi)p(zz)dV, (5)

one of the two interacting particles being scattered into a
solid angledQ* is given by the differential Mller cross with

section [10] L
dV = drpdysdAzdr g dzzdys dysdApidAps.  (6)
* 2 2 2 *
% _ 4ri2 [(1 + 12) 47‘.3 ilg*g - = ;4@* + 1] , Equation (5) can be computed using the Monte Carlo
7 B Stk St integration with N uniform distributed samples in the n-
dimensional volumé’, e.g.,

wherer, is the classical electron radius;* and g* are

the relative energy and velocity of scattered electrons in v M

the CM system, respectively®* is the angle between / f(@)dZ ~ —Z @)
the momenta before and after scattering; aife* = 2N i=1

sin ©*dO*dv*. wom

where “2” represents two particles involved in a sampled

The Touschek scattered particles’ distribution is mod-

scatterlng event, and the integration is calculated foheac

eled by Monte Carlo simulation. To use Equation (1), a
Scattered particle respectively. For the problem of irgere
pair of particles with same position: (i, t) are generated
: ; beam loss calculation)y/ (M < 2N) is the total number

randomly. Their momenta are transformed into the C .

of particles withé > 4,,, whered,, is an input value and

system using the Lorentz transformation. In the CM sys
. N should be chosen slightly smaller than the local momentum
tem, the scattering angle®{, ¥*) are selected randomly.
aperture for an economical simulation.

The scattered particles’ momenta, together with the associ Figure 7 shows the Monte Carlo integration convergence
ated Myller cross section, are then transformed back to th . the total number of valid simulated scattered particles
laboratory coordinate system. Therefore, a single rando Based on this, we use. 10° as the default value of
scattering event includes 11 random numbers (3 positio ]?J in )
elegant. Figure 8 shows the comparision of the lo

6 momenta, and 2 scattering angles).
. g angt ) . cal scattering rates calculated from Piwinski’s formul&][1
The total scattering ratd? is given by integral over
and our Monte Carlo simulation for a Gaussian-distributed
all possible scattering angles and over all electrons in tt]o
eam. We can see that the agreement is excellent.
IFor clarity, we use (*) to denote all quantities in the CM syst as For a non-Gaussian- d'St“bUt_ed .bee.m'negant _has the
opposed to quantities in the laboratory coordinate system. ability to read the real beam distribution function from a
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L : : : : - Carlo simulation results are very close to Piwinski's for-
s5200| | mula for a Gaussian-distributed bunch. This fact inspired

5000 1 us to consider using Piwinski's formula to calculate the in-

48001 4 . . . .
2 e00| ] tegrated scattering rate over a section of beamline angyusin
"~ 4400] ] the Monte Carlo simulation to generate random scattered

42001

e particles. This allows obtaining accurate results with far
ssool., few particles. Each scattered patrticle represents a scatte

6] 1x1 08 2x108 3x108 4x1 06 5x1 06 1
i ing rate of
# of particles

r
Ri = ZZ’I" /RPiwinski; (8)
1
Figure 7: Scattering rate (in an arbitrary scale) vs. number ) ) ) .
of valid simulated scattered particles. wherer; is the associated local scattering rafg f(z})
4100000 o in Equation (7),>_r; is the value of Equation (7), and
2.5 ‘ ‘ T e J Rpiwinski 1s the integrated Piwinski rate over the section

of beamline. For a non-Gaussian-distributed bunch the lo-
cal scattering rate can not be given by Piwinski's formula.
In this case, Equation (8) is modified by multiplying by a
factor% whereR yonteCarto @ANAR piwinsk: are
both local rates calculated at the same place.

The scattered particles are then tracked from the scatter-
ing location to the end of the beamline. The lost particles
R; and locations are collected, and the total beam loss rate

k'?md loss position are given by adding results from all the
small beamline sections together.

As shown in Figure 7, to obtain a stable statistical result,

histogram table. The table is interpolated to get the vathe total number of valid events/ (not the total number

ues of p(#7) and p(2%) in Equation (5). Figure 9 shows of samples 2NV) needs to be large enough. (Recall that

the comparison of simulated scattering rate for the assumiésdthe number of particles for which > 4,,,.) In the case
Gaussian-distributed beam and the realistic beam distribaf calculating beam loss rate, it implies that the input galu
tion. In the dispersion-free regiong & 0), we obtained 0f d,,, should be close to the real momentum aperture for
similar results for both cases, which is expected since tt&n economical calculation. A value 0186y, whered is
transverse beam distribution is very close to the Gaussidie estimated momentum aperture, is used in our example
distribution. At a location with; # 0, the simulated rate Simulation.

depends on energy spread and the local value of the dis-We examined the scattering rate that each simulated par-
persion. Since the energy distribution is not Gaussian, thigle represents and, not surprisingly, found a large varia

Scattering Rate

Figure 8: Local Touschek scattering rate (1/s): Piwins
formula (black) and Monte Carlo simulation (red).

results from the Gaussian bunch are unreliable. tion. Some simulated particles represent very likely scat-
o tering events, while some represent very low probability
“1e+06 = «1e+06 =0 . . .
2.0 = mPRote  3.0f" 220, events. We sorted all simulated particles by the associated

SRote SRote

scattering rate. Figure 10 illustrates the sum of the seatte
ing rate §_ r;) vs. the number of simulated particles §.
3

+100000

> 5 ‘\D‘DD ZD‘DD 30‘00 e o '\D‘OO ZO‘DO 3000 2'5 [
s (m) s (m) % 2.0L
O 1.50
L
Figure 9: Simulated local Touschek scattering rate (1/s) > 1-0}
for Gaussian beam (PRate) and realistic beam distribution  o.5|
(SRate). 00 A1 %) 5%

4.7x106 4.8x106 4.9x10% 5,0x106

Smulation of loss rate and position N

Beam-scattering is a random process and can ha| eq at . .
9 . P PP igure 10: Integrated scattering rate vs. number of simu-
any place along the beamline. The Monte Carlo simulg-

. o . . ated particles. Particles are sorted with increasing @sso
tion at one location is already very time consuming. T%ted scatterind rate
simulate the Touschek effect at every location of the beani- 9 '
line and obtain a stable statistical result is almost a non- From this plot we can see that abdii% of simulated

realistic task. From Figure 8, we see clearly that the Montparticles represent abof9% of the scattering rate. If we
Multi-Particle Beam Dynamics
176



Proceedings of ICAP(09, San Francisco, CA TH2IOPK04

E - E " = wherec is the speed of lighty, is the classical particle
% ° % radius,m is the particle massy is the number of particles
o o™ per bunch (or in the beam for the unbunched cake),
2, g, is a Coulomb logarithmy is the Lorentz factor] is the
0 100020003000 0 1000 2000 3000 6-dimensional invariant phase-space volume of the beam
E . = T = (27‘(‘)3(ﬁ’y)3m361~€y0'p0'z, (20)
> - . . .
<, andf is a complicated function of beam size.
G As for the Touschek effect, for a non-Gaussian beam

& 7000 2000 3000 Equation (9) is no longer valid, and we have to search for a
) new method. Due to the different natures of IBS and Tou-
Figure 11: Simulated loss rate vs. position for various valSChek scattering, we care more about beam size evaluation
ues of the scattering rate cut-off. than the real particle distribution, so we choose to comtinu
to use the Bjorken-Mtingwa formula with some modifica-
make use of an estimate of the local momentum aperturdons. Figure 2 shows that the major difference between a
which we do, then a large portion of the simulated particlenac beam and a Gaussian beam is in the longitudinal di-
will be lost somewhere along the beamline. Of those, wkection. The “intrinsic” energy spread, is much smaller
need only track tha% of the particles, which represents than the bunch’s energy spread, and

99% of the scattering events. The resulting error will be 1 1
negligible. Figure 11 compares the computed loss rate for - po—— (11)
tracking scattered particles wi#%%, 99%, and100% of 4 NEaNEyNTpT:

the total scattering rate, respectively. It's clear thatdif-  This difference could result in many orders of magnitude
ferences are small. In practice, the user can determine Whator in the computation of, and must be taken into ac-
percentage of scattering they would like to simulate, angount. Inelegant we provide a slice method to overcome
elegant Will choose the corresponding high-probability the problem.
scattering events automatically for beam loss study. This First, the beamline is divided into several sections by
strategy makes the calculation even more economical. inserting a special elemeriSCATTER in the beamline,
An application to the APS ERL upgrade is shown insimilar to what we did in the Touschek simulation. Un-
Figure 12. Without optimized sextupoles installed in theike the Touschek simulation, it is not necessary to put as
turn-around-arc (TAA) section, the beam loss rate is tomanyISCATTER elements aSSCATTER elements along the
high. After optimization of the sextupoles configurationbeamline, due to the fact that IBS effects need time to de-
the beam loss rate in the APS ring portion (from abouwyelop. AnIBSCATTER element is only needed when beam
2600m to 3600m) is reduced significantly, to a level thagize has a noticeable change due to the IBS effect.
is safe for operation. For each section of beamline, the bunch is sliced longi-
tudinally at the beginning of the section. The beam param-
eters and optical functions are calculated for each slice an
propagated to the end of the section. To deal with a bunch
traveling through a linac with energy variation, normal-
ized beam parameters are used and are assumed to be un-
changed for each section. Because there are no synchrotron
oscillations for a linac bunch, the longitudinal growtherat
ey R ey is increased by a factor of 2 based on Piwinski's [12] for-
mula

Figure 12: Simulated loss rate vs. position for APS ERL: 1
(a) without sextupole optimization; (b) with optimized sex
tupoles

LossRate (pA/m)

LossRote (pA/m)

.01

- [linac-bunch = 2% [circulating-bunch, (12)
and the effective bunch lengthds = \/%cAt, whereAt
is the slice duration.

Each slice is assumed to be Gaussian distributed in trans-
erse coordinates and energy spread, and to be uniformly
istributed in the longitudinal direction. The Bjorken-
Mtingwa formula is used to calculate the growth rate
locally and is integrated over the entire section for each
slice. At the end of the section (just prior to the location
1 n2erdm® NinA of the nexttBSCATTER element), particles in each slice are
T4 Tf’ ) scattered smoothly or randomly based on the calculated

IBSEFFECT

The IBS effect is another widely studied beam-scatteriné
effect in storage rings. The emittance growth ratén the
directiond (z, y, or z) is given by the Bjorken-Mtingwa [2]
formula for a Gaussian-distributed beam:
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Particles are then put back together as a whole bunch, atrdcking scattered particles from Monte Carlo simulation,
all is ready for simulation of the next section of beamline.using realistic beam distributions. Beam-size evaluaiton
We applied this method to the same APS ERL latticebtained by applying the Bjorken-Mtingwa formula to a
used for our Touschek studies. Figure 13 shows the IBSliced bunch. After applying the tools to an example APS
growth rate with and without slicing beam. It's clear thatERL lattice design, we found that the Touschek scattering
the IBS growth rate of each slice is higher than if calcueffect is significant. The momentum aperture of the lattice
lated for the whole bunch, especially in the longitudinaheeds to be optimized carefully, and a beam collimation
direction. system can be designed based on the simulation results.

“ e The IBS growth rate is also very high for such a beam, but
T b EEEe , 5 I| due to the fact that the time to travel through the linac is
S iﬁﬁiﬁi P S oo II. |“ very short, the IBS effect has not enough time to develop.
o ' T “\.«mmw . Hence there is no obvious effect on the machine’s perfor-
e R S s e mance.

(a) s (m) (b) s (m)

Figure 13: IBS growth rate for sliced bunch (black, each ACKNOWLEDGEMENTS

dot represents a slice) and unsliced bunch (red)r{(afb) We would like to express our special thank to S. Khan for
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Figure 13 also shows that the longitudinal IBS growthand F. Zimmermman for his work [15] to include vertical

rate is much higher than the transverse growth rate; thifispersion to the IBS calculation. We also want to thank L.
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