ELECTRON CLOUD STUDIESFOR HEAVY-ION AND PROTON
MACHINES*

F. Petrov, O. Boine-Frankenheim, Th. Weiland
Computational Electromagnetics Laboratory, Technischiegisitat Darmstadt, Germany

Abstract find the equivalence of different heavy-ion beams at cer-

Electron cloud effects are a known problem in variou&in ponditions. In the second part we shortly describ(_a the
accelerator facilities around the world. Electron cloudstudies of electron cloud stopping powers and wake fields
cause instabilities and emittance growth in positron an@ready published in [S]. Moreover we add a comparison
proton beams as well as in heavy ion beams. Most of tffg thg transverse electron cloud wake fields simulated us-
hadron machines experience the build-up of EC due to t{ad different codes.
multipacting. In LHC and in positron machines production
of electrons due to the synchrotron radiation becomes as LINEAR THEORY OF TWO-STREAM
important as the build-up due to the secondary emission. INSTABILITY
The main source of seed electrons in heavy ion machines is
the residual gas ionization. FAIR facility in Darmstadtwil
operate with heavy-ion and proton beams. However, t
beam parameters are such that the multipacting will start 2
to play a role only for the unconditioned wall with the sec- [ = 4 wog) Yi + wiyi = Wl () (yi — Je) + Wi o (yi — Ti)
ondary emission yield more than 1.8. In this paper we stud ot 90 ’
the electron cloud build-up and its effect on the beam stad?ye 5 _ 5 _
bility for FAIR heavy-ion coasting beams. These beamsdiz  ~¢ (ye = 9) F wes ()(ye — v)
will be used during slow extraction. Electron scattering on (1)
the beam ions and its effect on the final neutralization de-
gree and stability is discussed. In this contribution we alsWherew. = Q.wy - electron oscillation tuney; = Qw; -
present simulation results for LHC and SPS like short prdon oscillation tune in the field of electrons in the absence
ton bunches. We compare the electron cloud induced waRé external focusingw; s = Qi swo andwe s = Qe swo -
fields obtained using VORPAL and simplified code withPerturbations of the tune by self-fields. For further stadie
2D Poisson solver. The stopping powers obtained in tH&€ neglect the self-field terms. In this case Eqg. 1 can be

Coupled equations of motion for positively charged
r%eam and electron cloud can be written as follows [6]:

simulations are compared with the analytical theory. ~ Solved analytically for constant electron density to abtai
the instability growth rate. Taking into account beam tune
INTRODUCTION spread and electron frequency spread due to the nonlinear

Electron clouds are dangerous for positively charge]gi(aldS one obtains the stability condition [7, 8].

beams. Electron cloud effects have been observed world- A A 2

I . . Qﬁ Qe > Qz
wide [1]. They appear in the accelerators with short rela- 05 : 0. ~ 02
tivistic bunches and in machines with long coasting beam A € B
“ke. bunches. The main source of the electron cloud bu"qh reality the electrons are constantly produced. Thisdead
up is usually the multipacting. Electrons accumulated fro

the preceding passages of the bunches are accelerated ?ot—he variation otv; andw,., in time.. Most of the ob-
wards the wall by the field of the following bunches. In thisservatlons and theoretical works '[9, 10] indicate that the

) nization cr ions of residual ifferent ion
case the accumulation of the cloud strongly depends on thoe ation cross sections of residual gas by different ions
; . . . scale as follows
wall properties. The studies concerning the theoreticdl an )
experimental investigation of the secondary electron pro- Tion X Z ®3)

duction can be foundin[2, 3]. Itis known that the LHC SUf'where Z - charge state of the beam ion. This means that

fers from the electron cloud build-up during the operationy, g time jn which the beam is neutralized in the absence of
with 25 ns bunch spacings. In FAIR the build-up OfeleCtrorihteraction with electron cloud is. Z.

cloud may happen for the secondary emission yields higher - : -
than 1.8 for the bunched beams [2, 4]. In case of coastir\m%HeaVy ion synchrotron SIS100 will operate with a broad

b ltinacting | dicted. Th | ‘ riety of heavy ions. These beams will have different in-
€ams no muftipacting 1S predicted. € only SOUrce Qnsities depending on their mass A and charge Z states.
electrons left is residual gas ionization. This paper ci8si

. . . The main intensity limiting factor is space charge tunetshif
of two parts. In the first part we investigate the effect of th y 9 P 9

) i~ 11.4 MeV/u [11]. There are also limiting factors depend-
residual gas electrons on the stability of FAIR beams an g on the ion source. However, further we assume that the

*Work supported by BMBF under contract 06DA9022. total beam charge is limited only by the space charge tune

)




shift. This tune shift should be one and the same for all thealue. Hereafter, it is convenient to talk in terms of normal

species. ized ionization cross sections and ionization rates
AQ, = — 2Ni229f ~ N; 72 @) Tionn = Tion/Z X Z (10)
TABS 5B (ey + Vey€a) A The neutralization rate is given as follows
where By - bunching factorg, , - transverse emittances; Vieut = Tion,nBocpgN; (12)

N; - number of beam particlesd - mass numberZ - : : Comal
+
charge statego, 7o - relativistic parameters. This equa-one sees immediately that heavy B3+ will reach the

tion gives us the scaling for the beam intensity dependiHSBStab'“ty threshold 73 times _faster than proton. _ In this
on the ion parameters ense the proton beam is equivalent to the heavy ion beam

with charge state Z, if the proton beam is operated at Z
A 5) times higher pressure.

72
HEATING RATE
Different beams will have one and the same transverse, [13] the Coulomb heating was proposed as a mecha-
emittance due to the fixed acceptance at the injection “hism leading to the loss of electrons trapped in the beam.
ergy. This means equal beam sizes. Electron trapping frE

. ¢ 4G 2 b o ol lectrons continuously collide with the beam particles
quency in case ot round Laussian beam is given as 1o Ovyéading to the diffusion in the electron velocity space.

NiO(

5 In [13] the heating rate is obtained assuming that the beam
we = Quwo = ZNie O( [A (6) is infinite transversely. The transverse kick seen by the
’ ’ dmegmeLo? Z electron from the beam ion with the impact paraméter

is
The instability harmonia: is proportional to the electron

trapping frequency. The threshold instability growth riate Ap, ~meAv, ~ =

case of corrected chromaticity and negligible space charge 2megoud fob

effect is the following [12]: Assuming that the beam is infinite transversely with the
particle densityp; = N;/(2ra?L) one can find the heat-

1 2 2 d /A i infini
_ \/jAwn _ \/jwen_p . @ N9 rate for infinite beam
Tinst ™ s p A

Ze? 2Zrecme

(12)

1 bm,am 9
On the right side of the Eq. 1 for ion motion one sees the Wh =~ 2m. /bmm 2mAp) (b)Bep:(b)bdb =
driving term from electrons. This term is given by the equa- Arep; 2212 (13)
tion = EO# InA
0

Znee? Zme wherer, - electron classical radiusn A=10 - Coulomb
wi = woQ; = dmeoAmoLoZyy wolde \/ X‘fm logarithm. Obtained heating rate saturates at the fixed leve
" (8) with the increasing beam energy. Here we neglect the rel-
whereye. is the neutralization factor (total electron chargétivistic effects that lead to an increase of heating ratt wi
divided by the total beam charge). If electron cloud is pro€Nergy. If one neglects the electron space charge, then the
duced due to the residual gas ionization at least 60% of &fturated density of electrons is proportional to the pro-
electrons are produce outside the rms radius of the beaftiction rate and inversely proportional to the heating.rate

That is why the cloud is originally very nonlinear and has'here are two main factors affecting the production rate
a significant spread. namely residual gas pressure and beam energy. Reducing

Under the SIS100 conditions the ratidQ./Q. ~ Pressure below some threshold value will move saturated
const independent of specie’s type. Substituting Eq. 8 int§'ectron density below the instability threshold. In [18] i

Eqg. 2 one gets was also shown that the final neutralization degree does not
depend on the ion. It only depends on the ion energy.
AQp . AQ. o Q—gx Zme © If the befan|1 profile is rquistic,_ then the Teatindgfrate asa
—QB Q. ~ Q2 © NoAmg unction of electron coordinate is a complicated function.

One has to average all the kicks that electrons see at differ-

Taking into account Eqg. 6 one sees that the threshokht distances from the beam. This leads to the dependence
neutralization degree for differentions at fixed energysdoeof Coulomb logarithm on the coordinate. In our simula-
not depend on the species parameters. tions we use a simplified model. We assume that the heat-

There are different fits for the ionization cross sectionig rate depends only on the local beam density. However,
of residual gas by beam ions. However, most of them shogwen with this simplifications it appears not easy to find an-
similar behaviour depending on the charge state of the ioalytical expressions for the electron life time and saedat
lonization rate is directly proportional to the cross satti density.



NUMERICAL MODEL
For the numerical simulations the Particle-in-Cell code

Table 1: Simulation parameters

with 2D beam-electron interaction was used. To sim- Parameter value
ulate the residual gas ionization electron macroparticles  Circumference, [m] 1080
were produced using the random number generator with ~ lons U™F, ArtSt, Ayt
the probability proportional to the local beam density. Vertical tune 17.29

All the macroelectrons were chosen to have equal Horizontal tune 20.309
charge. To speed up simulations after a certain threshold  Pipe radius, [cm] 5
number of electrons is reduced and their charge isincreased ~ Energy, [MeV] 400-1000
proportionally. Reflection from the wall and secondary Momentumspread ~ 107* —5-107*

emission were implemented similar to the ECLOUD code.

However, at the wall no recalculation of the particle weight

is done. Instead of that a number of new macroelectro$§0Ws that electron spectrum is very broad. Independent
is produced proportional to the total secondary emissid?f beam species the relative form stays the same. One can

yield. The cloud itself is 2D and concentrated in the kické€€ that the center of the trapping frequency is at 70% of
point. the linear trapping frequency Eq. 6 To check in simulations

Beam consists of rigid slices that can move transversely
only as a whole. For the simulations of two-stream instabil- ‘ ‘ ‘ ‘ ‘
ity the only constraint is that this model does not allow lon- 10 — Simulation
gitudinal motion (tune spread) of beam particles. This re- ' -~ Trapping frequency
moves the essential part of the Landau damping presentin g g
real beam-cloud interaction. To avoid this problemin [14] 2
it was proposed to introduce a precalculated damping term. 0.6
It was used to multiply transverse beam coordinates by it 4
each turn. However, in this reference the damping appears £ 0.4
to be constant for all the excited harmonics. For this reason
we introduce separate damping terms for each oscillation 0.2
harmonic assuming compensated chromaticity and negligi-

ble space charge tune shift: 080 02 04 06 08 1.0 12 14
Trapping frequency / arb. units

= V2N (14)

Qn

These damping terms agree with [12] and differ from [14]!:igure 1: Spectrum of electrons produced by residual ion-

The difference is most likely due to the different form fac-Zation in Gaussian coasting beam.

tors of betatron frequency spread. In Eq. 14 a Gaussian . . b limited b h d th
momentum spread is assumed, whereas in [14] Keil-Zott at lon beams imited by Eq. 4 have one and the same
near instability threshold we have assumed one and the

theory used where a parabolic frequency distribution is a: . o 1
ame relatively fast neutralization ratg.,; = 34.25s

sumed. For future studies it is possible to calculate dam*

18+ 73+ 54 i
ing term for each harmonic taking into account other facor Ar'®*, U™ and A", This way we can expect that

tors such as space charge tune shift and chromaticity. the instability will start at the same time. Fig. 2 shows the
In simulations each turn a Discrete Fourier transform ithaviour of the vertical oscillation amplitude in time dur

applied to the vector of beam transverse coordinates af{tf the a;_:a:jmulatlon. In';'_al Imea_r IgrOWtE of thle o_?u_lla-
momentdz, y, 2, y'). Signal on each j-th harmonic is then loN @mplitude corresponding mainly to the real solutions

multiplied by its own damping term;; and taking the in- pf Eq. 1 is followed by a short exponential growth. It is
verse Fourier transform one gets a set of damped coordfiterrupted because the cloud starts to grow and electrons

nates move away from the linear resonance.
Heating rate was simulated using the stochastic term in- Substituting Eg. 6 to Eq. 9 and assuming that frequency
troduced in the electron equation of motion. Each timépreads are constant the threshold neutralization degree

step electron experiencing the Coulomb heating receivégomd b.e inversely proportpnal o t_he bez_am intensity. To
the kick check this the scan over different intensities was made.

_ . Fig. 3 shows the neutralization factors at which the expo-

_ Apzy = VmeWa(e, y)A_t "o _ (}5)_ nential instability growth is interrupted. It is seen thkta
wherer, - is the random number having Gaussian distribusns hehave equivalently. Normalized to one and the same
tionando = 1 space charge tune shift their behaviour fits into one curve.

This way we have found and proved the equivalence of
SIMULATION RESULTS the heavy ion beams in absence of heating rate and elec-

First we have simulated the oscillation spectrum of th&ron space charge. As it was mentioned before Coulomb
electron cloud produced by residual gas ionization. Fig. &cattering can reduce the neutralization degree. In [13] it
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Figure 2: Maximum oscillation amplitude and neutralizafigure 4: Neutralization degree reached for different pro-

tion degree. B+, Ar'®+ and A>T beams at 400 MeV/u. duction rates (pressures) taking into account electrooespa

Corresponding intensities afe- 10'°, 1.658 - 10*! and charge and the heating rate. Thé*t) beam is fixed for

4.234 - 10, dp/p=10—* these simulations. Energy is 1 GeV/u. The lowest produc-
tion rate corresponds to5 - 10~ ! Torr.
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Figure 3: Neutralization degree at which linear instayilit 0.05" =700 200 300 400 500 600 700 800
starts as a function of beam intensity for 3 ion types. Rela- Turn Number

tivistic 5=0.7. Right graph shows the curves scaled to one _ ] ]

spacecharge tune shift. Dashed line shows the fit followirlg/9ure 5: The amplitudes reached by th@g coasting

from Eq. 9 beam assuming initial cloud distribution obtained in simu-
lations for Fig. 4. N - 10'°, dp/p=10—*

STOPPING POWERS OF SHORT PROTON

was shown that saturated neutralization degree due to the BUNCHES
Coulomb heating is constant for different ion beams with
similar parameters. Fig. 4 shows the saturated neutraliza-This work was published in [5]. In CERN the syn-
tion degree assuming electron space charge and heatfitjonous phase shift due to the electron cloud was mea-
rate for fixed beam position. One can see that the neutrgured [16]. During beam storage the rf phase shifi, in
ization degree is strongly limited for the production rated rf bucket is

corresponding ta0~*! Torr. However, for bigger residual sin(A¢s) = AW, (16)

gas density the neutralization degree becomes significant. qVrs

Although, at such pressures other effects such as the beWHereq - ion charge,V,; - rf amplitude, AW,, - energy

loss due to charge exchange become important [15] afgks per particle per turn. In LHC the observed dependence
safe operation is impossible. Instability simulationstfee ¢ the f phase shift on the bunch spacing indicates that

given electron densities revealed oscillation with venyti  gjactron clouds can be the source of the energy loss. In
amplitudes (Fig. 5) which is not really dangerous for thgyenera] the total energy loss of the bunch per unit length
slow extraction of intense heavy ion beams. Such a small

amplitudes are probably due to the low local density of the_  dW,

— (7 A3~
cloud at the beam center. In case of continuous coasting ~ g5 /pz(T)EZ(T)d "= q//\(z)EZ(Z)dZ
beam no pinching happens. a7




wherep; - bunch charge densit¥, (=) - longitudinal elec- and the stopping power fd&, >> a is

tric field, A(z) - line density of the bunch. The energy loss 2.2 R
per particle per turn is then S~ <l (T2 oxp(—k20?) (24)
TEQ a
AW, = £(5) (18) This is exactly the Eq. 20 multiplied by the exponential
N factor.
For short bunches the stopping power can be obtained ana-
lytically if one assumes that the electrons see only a short SIMULATION RESULTS
impulse kick during the bunch passage In simulations one can obtain the electron cloud wake

1 [o° _ fields and calculate the stopping power with the self-
Ap, (b) = —/ Fi(b,s)ds, F| = —eE' (b,s) (19) consistent space charge. Most of the results were ob-
€00 tained using simplified Particle-in-Cell code with 2D Pois-
where F| is the transverse force seen by the electronson solver. To verify the results the full 3D electromagmneti
E' (b, s) is the electric field of the bunct, - transverse simulations were performed using VORPAL. More details
distance from the bunch center; longitudinal coordinate. on the numerical models can be found in [5].
In the field of the round K-V beam the total energy gain of Fig. 6 and Fig. 7 show the comparison of the longitu-
the uniform electron distribution per unit length is dinal wake fields in case of low and high (not negligible
plasma frequency) electron cloud density. One can see that
for Qinere . R the agreement between two codes is ver d for the given
/ 21 Ap? (b)bdb ~ X In(—L g _ S very goodiorihe give
0 €0 ao conditions. Fig. 8 shows the stopping power as a function

dW, Te
S = -
ds 2Mme

Electron cloud with growing density starts to behave more

x10'2
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z[m] Figure 7: Longitudinal electric eld obtained from the 2D

ES and the 3D EM simulations for, = 10'%m =3
Figure 6: Longitudinal electric eld obtained from the 2D
ES and the 3D EM simulations fer, = 10*2m =3 of bunch intensity. One can clearly see the deviation from
Eq. 20. This happens because the kick approximation used
like plasma. The stopping power in this case is connectad derive the equation is not valid for higher intensitieaeT
with the energy transferred to the plasma waves. The equgependence of the stopping power on the electron cloud
tion of electron motion should be replaced with the plasm@ensity is shown in Fig. 9. One can see that at lower densi-

oscillator equation [17]: ties the agreement between simulations and theory is good.
9 At higher density the analytical expression reproduces the
w. . . . .
5" + %5 = k2(b, 2) (21) simulation results only if the bunch length is assumed to be
¢ twice shorter.
where ¢ - oscillator offset,x(b, z) - bunch force,wp. - As an additional step we have also performed simula-

plasma frequency. The resulting oscillator amplitude dtons of the transverse wake fields using VORPAL and 2D
s = x is determined by ES code. We have simulated the fields induced by the
bunches with an offset from the beam pipe axis and with

(5(1)) = i/ K (b, 8)2005(,%5) (22) atilt relative to the pipe axis. The cloud density profiles
Ke J—oo and the bunch orientation are shown in Figs. 10 and 11.

wherer, = w,./c. The energy loss in this case is The wake f!elds_ are shown in Figs. 12 and 13. Fig. 12
shows the field induced by a bunch off-centered by 4 mm.

Fig. 13 depicts the wake field of a bunch which having an

dw, 1 , [T
ds §m€"€‘”pe/0 2md"bdb (23) angle between its axis and the beam pipe axis.
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responds to the analytical expressiondor— o /2. will reach the threshold 10 times faster thaa” .

Modified rigid slice model including Landau damping
CONCLUSIONS was implemented to study the instability numerically. We

have found out that for relatively high production rates at a
Two separate problems were investigated in this contréertain electron density an exponential growth of the beam

bution. The first one is the electron cloud accumulation anaiscillation amplitude is observed. Similar behaviour was
the instability in heavy-ion coasting beams in presence abserved for three species when equal neutralization rates
residual gas ionization and Coulomb heating. The secorid; /Z) were assumed. The scan over beam intensities re-
one is the stopping power induced by the electron clougtaled one and the same behaviour of the thresholds which
pinched in the field of the short LHC like proton bunch. is governed by Eqg. 9. Thus the evidence of the equivalence
It was found that beams having similar space charge turgé the heavy ion beams with intensities defined by a fixed
shifts have equal neutralization instability threshotdkri- ~ space charge tune shift.
ear approximation. It means that if the coasting beams The electron cloud build-up simulations including
made of different species are stored long enough, all @oulomb heating revealed that the total electron density
them will reach the instability threshold under the bad vacean reach significant values abov@—'° Torr. At such
uum conditions. However, if the storage time is small, thepressures other effects such as charge exchange will signifi
highly charged ions are in bigger danger because the nexantly deteriorate the beam quality. For the design pressur
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10~!2 Torr the electron cloud density is close to 1% which

is smaller than the simulated thresholds and no problems
are expected. Generalizing the results it is found that for
heavy-ion accelerators one can choose a residual gas pres-
sure that completely removes the danger of the two-stream
instability for any beam specie.

It was found out that the 2D ES model is sufficient to
predict the stopping powers and wake fields induced in an
electron cloud. We found that for sufficiently short bunches
(koo, < 10) the energy loss in a homogeneous cloud
can be described very well by an analytic formula. For
koo, < 10 it was found that the stopping power scales
according tox @Q?, which is equivalent to the effect of a
longitudinal resistive impedance. For example if the cloud
covers over 10% of the circumference and electron cloud
density is10'2m~2, our analytical expression predicts an
rf phase shifiA¢s ~ 0.5 deg in the LHC.
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