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Abstract 

By meaDS of mult.i-partide t.racking, we explore space 
charge effects in the Low Energy Booster (LEB) which 
has a st.rong requirement for small transverse emittance. 
rvlacro-particles are t.racked in a self-consistent manner in 
six dimensional phase space with transverse space charge 
kicks so that the emittance evolution as well as the particle 
distribution are simulated as a function of time. Among 
recent improvements of the code, the longitudinal motion, 
i.e. svnchrotron oscillations as well as acceleration, makes 
it po;sible to simulate the capture process of linac micro
bunches. The code was calibrated by comparing with the 
experimental results at the Fermilab Booster. Preliminary 
results of the LEB show slow emittance growth due to the 
space charge. 

l. INTRODUCTION 

The Low Energy Boost.er (LEB) is the first synchrotron 
in the SSC accelerator complex [1]. Although the beam 
intensitv is rather low compared with existing and pro
posed l~w energy (::;10GeV) synchrotrons like t.he Fermi
lab Boost.er or t.he TRIUMF Booster, the small transverse 
emittance results in high beam density in the transverse 
phase space. In terms of the Laslett tune shift, it becomes 
for the LEB about ~ 0.5 right after injection at the 600 
IVleV injection energy. Consequently, space charge effects 
are the major issue among beam dynamics considerations, 
rather than any other collective effects which are usually 
scaled proportionally to the intensity. 

Although space charge effects are a common bottle neck 
of lo\\' energy machines and are observed in existing facili
t.ies. the underst.anding is limited. So far, t.he best we can 
do is to calculate the Laslett tune shift, but the maximum 
allowable tune shift is not a well defined number. Experi
mental results of the Fermilab Booster and the AGS incli
cate that. a tune shift of even more than 0.5 is acceptable. 
This implies a naive model that the emittance growth oc
curs by linear resonances unavoidable with a large tune 
spread, is not necessarily correct. Presumably, the ma
chine parameters, such a'5 the strength of resonances, the 
superperiodicity, the operating tune as well as the tune of 
synchrotron oscillations alter the effect. 

·Op .... atpt! by t.he Unive .. sit.i.·, Research Association. Inc. for 
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The approach of simulating the effect.s by a multi
part.icle tracking code has recently been undertaken at. 
several places and is providing reasonable results [2]. Al
though understanding of the simulation results are,. at 
present, inadequate, they remain an extremely useful WIth 
which to explore the machine parameter space, and there
fore to provide both valuable guidance in machine design 
and understanding of experimental results. The combina
tion of these will, hopefully, lead t.o more complete under
standing of the space charge phenomena. 

II. RECENT CODE DEVELOPl'vlENT 

Based on the thin lens code TEAPOT, the space charge 
force is introduced as kicks. Multi-particles, usually about 
2000 are tracked self-consistently with the space charge 
force so t.hat the emittance evolution as well as the particle 
distribution are obtained as a function of time. Detail 
of the calculation of the space charge force is in another 
paper [3]. 

For the simulation of the LEB, the synchrotron oscil
lation and acceleration have recently been implemented 
to model the capture and bunching of the linac micro
bunches. The rf voltage curve and the excitation pattern 
of the bending field are read as a table so that realistic 
modeling of the longitudinal dynamics becomes possible. 
This is especially important in rapid cycling machines like 
the LEB. because the bunch shape, i.e. bunching factor, 
and the beam energy change quite rapidly, and therefore, 
also t.he space charge force. To check the longitudinal dy
namics additions to the code, synchrotron tune as a func
tion of t.he whole LEB cycle was calculated by FFT and 
agrees with the analyt.ical result. 

In the current version of the code, the longit.udinal space 
charge force is not included. According to the simulation 
results from ESME [4], that force increases the bunching 
factor (defined by t.he average intensit.y over the peak in
tensity) by about 30% and the ratio is almost constant 
for the first few milliseconds. We have therefore, approx
imated the effect by reducing the intensity such that the 
peak line density becomes equivalent to that of the longer 
bunch produced in the case with t.he longitudinal space 
charge. 

The typical cpu time is one minute for one turn on 
CRAY-2. 

III. CALIBRATION OF THE CODE 
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Figure I: ·Experimental and simulat.ion results of vertical emit.t.ance 
\'5. t.otal intensity in the Fermilab Booster. 

The code was calibrated by comparing to experimental 
data, that is, the 95% emittance as a function of the in
tensity taken at. the Fermilab Booster [5]. The bare tunes 
were chosen at //2'/y=6.70/6.80. Since we do not know the 
magnitude of multi pole errors accurately, the two cases of a 
perfect lat.tice and a strongly perturbed lattice with the er
rol'S of quadrupole, sextupole, and octupole components in 
t.he main gradient magnets were examined separately. The 
"strengt.hs" of multi poles are defined in the Appendix. 

Figure 1 shows the 95% emitt.ance which was taken for 
the simulation results as being six times the rms emittance. 
The square marks with error bars indicate the experimen
tal data of the vertical emittance [5]. 

The emittance evolution and t.he transmission as a func
t.ion of time an' showll in Figs.2 and 3. Particle loss occurs 
when either the transverse amplitude becomes more than 
:)cm, (equivalent.ly 5011'mm.mrad acceptance) or the longi
t.udinal posit.ion deviat.es from the synchronous phase by 
1I10re t.han five rf wave lengt.hs. In time scale explored, the 
asympt.otic emit.t.ance was not. obtained for t.he high in
t.'nsi ty cases. \\'hen t here are large mult.ipole errors, rapid 
growt.h of the emit.t.ance after a bunch is shaped wa'S noted; 
I hat is 1I0t the case without errors. 

IV. E~IITTANCE GROWTH IN THE LEB 

The goal is t.o achieve at an intensity of 1010 particles 
pCI' hunch from the LEB an extracted emittance (rms) 
::; U.GU11'mm.l11rad. \Ve a'Ssume the emitt.ance from the 
linac is OA07ilnm.mracl, including effects of the injection 
l1Iismatching and scattering at t.he charge exchange foil. 

The LEB lat.t.ice design has slightly changed since this 
sl udy hegan and some para meters differ from those in an
ot her pil per [I]. Aillong t.hem. the change of the circumfer
<.'IIC" from ;>-1 0 III 10 'lTOI1l increilses the importance of t.he 
~pa('p <'1)<11':';(' forc!' in the same ratio. The follo\\'ing results 
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Figure 2: Emit.tance and tl'ansmission as a function of t.ime without 
errors. 
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Figure 3: Emittance and transmission as a funcl.ion of time with 
errors. 

are based on the smaller circumference lattice with 600 
MeV injection. We included multiple errors listed in the 
Appendix. The newest lattice with 570m circumference 
will be tracked in fut.ure. 

Figure 4 shows reference results of the emittance as 
a function of time. Up to about 10 milliseconds, the 
rms emittance has not yet reached an asymptot.ic value 
and has nearly reached the emittance budget value of 
O.6011'mm.mrad. The transmission in the first 10 millisec
onds is 99%. The 1 % beam loss occurs due to part.icles not 
captured in longitudinal bucket.s in the adiabatic bunching 
process. Beam profiles in the both planes remain gaussian. 
That. is also seen more quantitat.ively by measuring emit
t.ance in different ways: the emittance defined by the sigma 
of a gaussian fit to the beam profiles and by the beam size 
in which 99% of the particles reside. Both emittance eval
uations yield similar results. 

One of the reasons that it. takes longer time in the LEB 
than in the Fermilab Boost.er to reach asympt.otic emit
tance might. be explained by the slower machine cycle, 
10Hz for the LEB, 15Hz for the Fermilab Booster, and 
the higher injection energy, 600Me V vs. 200Me V, respec
t.ively. Hence the beam stays for longer time in the LEB 
under t.he condition of significant. space charge. 

~Iult.ipole error dependence of the emit.tance are plot
ted for the first fe\\' milliseconds in Fig.5. Quadrupole, 
sext.upole, and octupole errors, both syst.ematic and ran-
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Figure 4: The nns emittance in the LEB as a function of t.ime. 
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Figure 5: Emit.t.ance e\'olution for different strength of errors. 

dom, in the quadrupole and dipole magnets are increased 
by factor 10. Although all cases do not. reach the asymp
totic value, a larger slope of t.11P. emit.t.ance with larger field 
errors is not.iceable. 

All the result.s on t.he LEB are preliminary and we will 
continue to refine the code and evaluate various parameter 
dependences. 

V. SC:\Ii\IARY 

Synchrot.ron oscillat.ions and acceleration have been im
plement.ed in t.he space charge simulation code. This makes 
it possible to silllulat.f> SIH\((' charge effects with the captur
ing alld bunching process, which increase the line density, 
and wit.h the t.ime dependent. kinemat.ic fact.ors; (3, -I, which 
inf1uencp the space chenge force. Synchrotron oscillation it
self is expected t.o modify t.he resonance structure in tune 
space. 

The code was checked against experimental data of the 
Fermilab Booster. The experiment.al data could be repro
duced bet.ween t.he two extreme cases, the perfect lattice 
and the strongly perturbed lattice; the intensity thresh
olds above which significant emittance growth occurs are 
similar. III tilt' pert.urlwd lattice. large beam loss as well 
as emittance growth was observed, both increasing with 
intensity. 

TIlt' preliminary re;:;ults of t.he LEB show slow emit.tance 
growt.h lip to 10 milliseconds. The growth rate becomes 
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errors FE'rmilab Boostt'r LEB 
~er( 1) 1.6e-2 I .4e-:3 
~E!I( 1) 8.2e-:3 1.2e-:~ 

~Er(2) 5.5e--l 1.3e-4 
~Ey(2) G. i e--l 1.1e--I 
~El·(3) 5.8e-5 -I.4e-6 
D.Ey(3j 2.ge-;) 9.2e-7 

Table 1: "·ielt.h of resonances defined by t.he equation abo\'e. 

higher with the increase of multipole errors. 

VI. ApPENDIX 

To estimate the magnitude of mult.ipole errors, we cal
culate the following value. 

(n-l)/2 J 
~e (n) = {x,y I B(n)f3(n+l)/'2exp[i(11+1)¢(s)]dsl 

x,y 21r2nn!Bp r,Y , 

where {:r,y is four times the rms emit.tance, <;'I(s )x,y is the 
phase of betatron oscillations, and n=l for quadrupole, 
11=2 for sextupole, and n=3 for octupole. For t.he Fermi
lab Booster and the LEB simulation, we use the lat.t.ice in 
which the errors are listed in Table 1. 

The authors should acknowledge Alex Chao for con
ducting a group to evaluate the problem. One of the au
thors (S.Machida) also would like t.o t.hank Steve Stahl for 
his valuable information and comments on the Fermilab 
Booster. 
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