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Simulation resulis of space charge compensation with electron beams

Shinji Machida
KEK, Oho 1-1, Tsukuba-shi, Ibaraki, 305-0801, Japan
c-mail: shinji.machida @kek jp

November 27, 2000

Abstract A space charge compensation scheme with a localized cleciron beam travelling with protons is studicd with
numerical iracking code SIMPSONS [1). The results show that a clectron heam matched to the proton distribution can
suppress emittance growth duc 10 space charge effects. We have looked at the emittance growth and coherent quadru-
polc tunc as a function of clectron beam current and an offset of clectron orbit.

I. Modc! latice
As a test lattice, KEK Proton Synchrotron (PS) is chosen. The jodicity is 4 and the di

perp igned bare wine s
(7.11, 7.24) so that there should be no Jower order structure resonances around the bare tunc except 2va-2vy=0. llow-

n<o.-. in order 1o see the space charge effects duc 1o lattice errors, 4 Jocalized quadrupole errors arc i fuced, which
cxcite the half-inicger resonance at vx,y=7 with the resonance width of 0.02. Furthermore, the vertical -..,._‘m tune is
moved down 10 7.0R such that the depressed tune hits the of vy=7 with relatively lower iniensity than usual.

The beam intensity is sct 10 be 1x10" ppp. In fact, the calculation is done here 1aking a coasting bcam approximi-

tion. That is we look at the slice of bunch cenier only with bunching factor of 0.25. The initial normatized rms cmit-
1ance of both transverse ph

e of b ! is 2.32 pi d in hori | and 0.58 pi J in vertical, respectively. Since
the injection encrgy of KEK PS is 500 McV, the incohcrent space charge tune shift becomes

n,
e — = -0.079

r
eI+ e TN,

by, =~

T =-0.158

afly n.m_ + Je, 1€,

Fagure 1: Tune diagra KPS P §
pore 12 Tune diagtan of KEK PS and its bare wne assumed in the simulaton. The show idicates the
incohers

i tune shift when the beam miensity is 110 ppp.

2. Emivance w::z.: duc 10 space charge effects
Before studying the compensition scheme by electron heams, we have Jouked at the emittance growth duc 1o space

charge cffects as a function of beam inlensity. Througl this paper, we definc emittance as the value afier 256 wrns
wracking without a ping. I most cases, emi is not 1 in 256 turns but it is cnough 1o sce the
cffects.

Figure 2 shows the emi as a function of beam i ity. Above 0.4x10" ppp. the vertical cmittance stans
blowing up while the hori | one stays The hori | emi b larger also abuve 0.8x10" ppp.
The cause of emittance growth, at least of vertical planc, is cxplaincd by the ofa quadrupole mode
12}. When the beam intensity is i i, col quadrupole tunc is d d as shown in Fig. 3. The resonance
occurs for a whole beam when the co) tunc incger. A Jing Sachercr's calculation {2], the ¢ h

quadrupole wnc shift is 2x5/8 of the incoherent tunc shift and that is shown in Fig. 3 (Avy_coh=-0.20/ 1x10%).
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~ Figure 2 tefi): Emitance as a function of beam imensity.
Figure 3 (nght): Coherem quadiupole wne as a funciion of heam intensity.
“The slope is about Avy_coh=-0.2/1x10" and it aprees with Sacherer s calculation,

that is 2xS/Mx(incoherent wne shitt=-0.158).
i
3. Compensation with clection beams !
In order 10 study @ space charge compensabon scheme with clectron heams, we take the following model. In a
section of the KEK PS ring whose length is 34 m, that is one tenth of the circumference of 340 m, we assume an

clecuon beam arc traveling with protons, The electron distribution is the same as the proton so that, in principle, 3

m cxactly. In order nos 1o cancel space charge fickd of prowon
pe field of

space charge fichd of clectons can © nuel that of i

only m that section, but 10 cmeed in s whole ring, clectton miensity is further increased. When a space ¢
clevtsons is nine imes sttonper than thit of protons in than secunn, the ovesall space chiwge effects of prowms should be
cancelied. Tht is an underfyimge wdea. Ina code, that s simply realized by applying a ninc times stractive force mstcad
of a catenlated repulsive space chinge force i that section

Fagures 4 and § show the sumulation cosults. We debmed “effective imtensity”™ thast is,

t,=lo-n-uj
whete fis the fraction of g where a cleetron beam is merped (ane tenth), X s the tiio of a space chage ficld of

elecions and protons, and /v _::...._,.....,:1:.. We makc & always posisve value and put mimus sign in front. When
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Next steps
With this simulation Tool, we will 2xplore

- If tha coupling resonance with nonzero harmonic
(2va=2vy=p : p is infeger) moy camse the problem.
1n {fast, tha ansper is yes in tha 3GeV PS.
How fof we showld be awoy feom?
* Tis impact on injection \vﬂonmmmu especially msﬁ:&
anti-worreloted injection, where +he teansipnt
ewmilance 1S &symmeteic

+ Whather Thix is incoherent or 8—?&505._, .N.m%mn\.?

It 1t a very mterestin westion +
° ° o ¢ o’ °
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* The no?v—.sw of roﬁwos._.i ond verti ca
Emittance due to space chanrge vo._d:?». Is

e Sowrce & ewnitlance ex change.

S Moy rpvvna aFDsm ic ont; - 82.&9._.om

painting injection if e tune cholce 1s not
corefwl.
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Emittance Exchange with Three Different Bare tunes

(3D tracking simulation with space charge)

—_—(2.17,2.32)H
—_—(2.17,232) V
. . . s —--(227,232)H
If the emittance exchange is caused by the coupling 1.510 — T T —--27.23) V|
. : P m——— (2.37,2.32)H
resonance, it should be enhanced or suppressed

depending on the bare tune. Figure 6 shows that with
three different bare tunes. There are larger exchange at
(2.27, 2.32) and no exchange at (2.37, 2.32) where no
particles cross the coupling resonance.

1107

-rad)

(pi

510

Normalized r.m.s. Emittance

0 0.2 0.4 0.6 0.8 1
Time after Injection (ms)

Emittance Exchange with Three Different Bare tunes
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Horizontal and Vertical Emittance

at 0.9 ms after Injection with Various Beam Intensity

(3D tracking simulation with space charge)

HM ! ¥ I ¥ N I 4 T
. . . . @ : i .
Figure shows horizontal and vertical emittance at 0.9 g : N annm%
_ < | A%
ms after injection with various beam intensity. The total %..m.h ,
beam intensity is adjusted by reducing linac peak current = ,m 10 .
with a fixed injection turn number. Although quantitative £ m
comparison with the experimental data 1s still premature = m 3 AU R S — S A JR—
A
at the moment, the emittance exchange between two = A
transverse planes agrees qualitatively. m o* s >_ R
Z 0 1 2 3 4

Beam Intensity (*E12 ppp)

Figure 4: Horizontal and Vertical Emittance at
after anm_o: with Various wm,a Intensi

!/



The Time Scale of Emittance Exchange

(3D tracking simulation with space charge) -

Figure shows a emittance exchange through
accelerating process. The space-charge dominant
phenomenon and the without space-charge phenomenon

are compared.

The time scale of emittance exchange shows good

agreement with experiment as depicted in Fig. 5.

—horizontal (2.7E12 py
—— vertical (2.7E12 ppp)
..... horizontal w/o space

..... vertical w/o space ch

S St SRR, Cmeemeenen—-———

Normalized r.m.s. Emittance

0.4 0.6 0.8
Time after Injection (ms)



Simulation results

- rms emittance vs. beamw intensity at 0.9 ms
ofter injection.
. rms emittance evolution during the {irst 0.Qme

9%4&.. tnyection,

. rms ewilfance evolution with dif{erent

bare tune.
This canrot be checked n tha bium«...:.bs.*.
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Simulation of the process
« Tha process involves,

o »v;‘aorusw ...5 P05®~+$&~39~ %m\.mﬁ.—.apOQf

- #9.3»27& ” n trongyerse %ﬁovﬁ,os.

+ 3D modeling is a must.

* No {ield eccors inthue lotlice are included.



Tune Diagram

The experimental and simulation results imply that
the space-charge potential of a beam induces coupling
between the horizontal and vertical planes. Although a
linear coupling term in the Hamiltonian, namely X z, 1S
not excited by space charge because of the axial
symmetry of a beam, the octupole term x* 7%, exists. In
addition, the present bare tune is (2.17, 2.32), slightly
above the coupling resonance line of 2Q,-2Q,=0, and the
depressed tune approaches as the beam intensity is

increased.

Qz=2.5
Bare Tune D
o
oY) [ 4
w ")
= " 0
U : I
< m
4 ;
2.03 2.17 02=2.0




Y A

OV@W&Q& womi of KEK Booster
. The bore tune of KEK Beoster is (2.32, 2.1%)

ond [} s just above the coupling resonance

AW ~=2Vy =0,

. .\ﬁs.ﬁal.rsiof , Tha 391»..5@ onsists of
w ggfmﬁﬁm ?70.305 39@304\% S..mi) Nno ._12,..3

@:.9? meening Nno —n:o_v.,..o change tha tune.



CIRCULATING BEAM EMITTANCE

Scraper Profile

The beam size is measured in the accelerating process .WLJ T T
using a scraper and bump magnets system. otk ésfzs
The horizontal beam sizes, which are expanded to full §oe m s i
acceptance by off-center injection, were measured in a = e
period of 0.06ms to 1.5 ms after injection, where the s
injected coasting beams were captured in a RF bucket. bM.M, G DU DU DN SO Bt |
In this bunching process, the momentum spread and the Scraper Pesitien. (mm)
line charge density increases in a RF bucket. The 0.06ms after injection
bunching factor decreases from 1.0 to 0.4 E,ﬁm period
(from 0.06ms to 1.5 ms after injection). .,w , o ]
~ The typical values of the beam size measured by the ol —
scraper method are shown, where the data are 0.06ms mﬁw H.lm..mmw....mmw |
and 1.5ms after injection, respectively. In Fig.4, at the “t —
1.5ms after injection, the whole beam size of the high- e” : :
intensity mode is clearly decreased compared with the Eﬁ. i 8 e T |

low-intensity mode.

. . . t.m ms after injection ‘



EMITTANCE-EXGHANGE THROUGH
ACCERELATING PROCES:

In high-intensity mode operation, a decrease in the
horizontal emittance and the increase in the vertical
emittance take place simultaneously during the period
from 0.06ms (or faster) to 1.5ms after injection has been
completed. The emittance changes saturate until 2.0ms
and the values of the circulating beam emittance are
close to the extracted beam emittance in Fig. 2. The
vextical emittance growth reaches to the acceptance limit
of the vertical plane. The experimental results suggest
the existence of an X-Y coupling resonance by space-

mz —i—Ex(26.0e1 1ppp)
R 100 ————r —w——f 13- Ex (5.3€11-5.9¢1 1ppp)
N I —& -Ez (17.1€11-19.6¢1 1y
= . -A--Ez (S.3¢11-5.9¢1 1ppp)
E
o L
o 60 B
o ”
£ wl
£ L
m v _ —lh— y——
B Px
= ”
=R AN I SN
- m o s 1 LS
ARer Imjection (ms)
Nommlized Ex, Ez Thoough Accelerating Proc

Affer Tnjection @ 2 Pavameter of High & Lo
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Decrease of Expanded Beam Emittance with Beam Intensity

Horizontal and vertical beam profiles under the 15mm off-center injection in the horizontal plane as pararr
the beam intensity are shown in Fig.1.

In the low-intensity mode, the extracted beam profiles coincided with the calculated values at injecti
simulation in which the space charge effects were not included.

In the high-intensity mode operation, 2.0x10"* ppp, extracted beam profiles are not directly reflected by the s
of the painting injection. The distributions of injected beams are no longer conserved.

In horizontal plane, the width of the extracted beam profile shrinks compared with low-intensity mode operati

On the other hand, in vertical plane, the extracted beam profiles blow-up in the vertical plane.

)

B Horizontal Beam Profiles E Vertical Beam Profiles

mu.w....__..._f.__,..__._Z_...._ew.a_u_*wo_%o& WH.Nf_..__f:_.._. ...___._.A_oo“o._mwa

s [oszeume] s & 57elippp

@ |- 1--5.7ellp ." | : ] 3 - )

m U ST SV RPN ‘ ..m .

E S 0.6]
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M M 0.4

g 202

> S 0

E B R B R g !

w-owﬁ R I DA S B D S-02L | _ i | _

& 30 20 -10 0 10 20 30 40 g =2 -0 0 10 20 30
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Structure of the KEK Booster

The Ralnes of We J0INRYV KEK bopver aie 1l ding
@), Wiy compact A COMPESRE combRed TRiR
RGNS Tt SNPPIRS Proion boams © e 12:GeV maim mag (NIR)
28l DR BRWER AN RSN Sckmee laboratory (NMIL). The MIR
dripRfs © coniel W oxEacked bRam omiRaee Hom B
bR o opMEmRNE MRcER avd e NML demands Be high
THERNY) PR 2% Igh 3% PossibR.
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Experimant and Simalation in KEK Booster

Simulotion of mcg compensation in FHAL Booster
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