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Abstract

ECLOUD is a simulationprogrammedevelopedat CERN
which modelsthe procesof build up of anelectroncloud
inside the vacuumchambeifor protonor positronbeams,
whichis dueto aprimarysourcgphotoemissioor residual
gasionization) and secondaryemission. The mainingre-
dientsof the codeare describecherewith specialempha-
sis on the physicalmodelingof processe$ike secondary
emissionandelasticreflectionof the electronsat the pipe
walls. Electronenegy spectraheatloadonthe LHC beam
screenspatialpatternsof the electroncloud, electronflux
at pick-up buttons, multi-bunch instability growth rates,
electrontrapping by magneticfields, and electron-cloud
build up for electronbeamscanalsobestudiedusingthese
simulations.

1 INTRODUCTION

This paperconsistsof two parts. In the first, we describe
the simulationmodel, including the treatmentof photoe-
mission,secondaremissionmagnetidields, beamfields,
imagechages,and electronspacechage. In the second
part,we presenexamplesimulationresults suchasacom-
parisonof multipactingthresholdsn adipolefield andin a
field-freeregion (for the SPS) the electron-cloudbuild up
for the SPSfixed-tagetbeam,the electronsignaldetected
by LHC button pick ups, growth ratesfor the multibunch
instability in the LHC, the spatialstructureof the electron
cloud in dipole and quadrupolemagnets,the probability
of electrontrappingin a quadrupolefield (for the KEKB
LER), andtheelectron-clouduild upfor anelectronbeam
(KEKB HER).

2 SIMULATION CODE

2.1 General Remarks

TheprogrammeECLOUD modelsthebuild up of theelec-
tron cloud during the passageof a bunchtrain. Its first
versionwaswritten at CERNin 1997[1]. Sincethencon-
tinually extended updatedandimproved[2, 3,4, 5, 6]. A
preliminary userguideis available[7]. The codecanbe
downloadedrom the CERN electron-cloudvebsite[8].
The basiclayoutof the ECLOUD programmas similar
to the codePEl, developpedby K. Ohmi at KEK in 1995,
andto POSINSTwrittenby M. FurmanandG. Lambertson

* Simulation modelsand code flexibility have continually improved
thanksto intenseandfruitful collaborationwith: G. Arduini, V. Baglin,
S.Bem, O. Briining, F. CaspersA. Chao,R. Cimino, I. Collins, K. Cor
nelis, H. Fukuma, M. Furman, O. Grobner S. Heifets, N. Hilleret,
M. JimenezK. Ohmi, E. Pereedentse M. Pivi, A. Rossi,F. Ruggiero,
G. Stupakv, L. Wang,andmary others.

at LBNL since1995[9, 10]. Othercodesmodellingelec-
troncloudbuild uparedueto T.-S.Wang(LANL), L. Wang
(KEK), Z. Guo(IHEP),andM. Blaskievicz (BNL).
Wewill illustratethemainfeaturesof ECLOUD andtyp-
ical simulationresultspresentingvarious applicationsto
the LHC, SPS,and KEKB. A table with pertinentbeam
parameterfor thesemachinecanbefoundin Ref.[11]. A
companiorpapereportsfurtherresultsfor the LHC [12].

2.2 Smulation Recipe

The simulationrecipe of ECLOUD is illustrated by the
schematidn Fig. 1. The mainingredientshave beende-
scribedin Refs.[4, 5, 6].

Q beam image

O clectron image O o

slices

Figurel: Schematiof simulationrecipe.

A certainsectionof the vacuumchambeytypically 1 m
long, is simulated.Themagnetidield in thisregionis spec-
ified asaninput.

The primary electronswhich arecreatedby photoemis-
sionor beamossonthewall, or dueto ionizationinsidethe
beamvolume, arerepresentedy macro-electronsyhose
chageis (much)largerthanthe chage of arealelectron.

Boththebunchesandthegapbetweerbunchesaresliced
into seggments of the orderof 50-200each.Theslicesin-
sidethebunchareusuallychoosershorterthanthosein the
gap, in orderto accuratelymodelthe motion of the elec-
tron underthe strongacceleratindield of the beam. For
eachbunchslice a certainnumberof macro-electrongre
generatedandexisting macro-electronare propagatedn
thefield of the bunch (and external magneticfields, etc.).
Typically, per passingouncha total of 1000—2000macro-
electronsarelaunchedn thewall, or insidethebeam.



The electronmotionis computedn 3 dimensions.The
boundaryconditionsareeffectively periodicin z. In addi-
tion to thebeamfield andthemagnetidields,alsotheelec-
tron space-chaye field, beam-imagehagesandelectron
imagefields aretaken into account. The electronspace-
chage field is important,aswithout it the electroncloud
build up would continueindefinitely. The spacechage of
the electronscauses saturatiorof the build up atanelec-
tron cloud densitycloseto the averageneutralizationden-
sity, for which the averageelectricfield onthewall is zero.
Imagechagesareimportantif the chambeis notround,if
thebeamorbit is offsetfrom thecenterof thebeampipe,or
if the electroncloudis not uniform (e.g., in a dipole mag-
net).

Wheneer a macro-electrorhits the wall, it is remitted
atthe samelocationas(eithertrue or elasticallyreflected)
secondaryelectronandits chaigeis changedaccordingto
the value of the secondaryemissionyield computedas a
function of its enegy andits angleof incidence.Thisis a

differenceto thecodePOSINSTwhereall macro-electrons

have identicalchage.

Betweenbunchesthe macro-electron®nly experience
the magneticfield, and the direct andimagefields of the
electronclouditself. The latter two are approximatecki-
therby discretekicks, appliedaftereachslice,or by a con-
tunuousconstanfcceleratiorover thelengthof theslice.

The LHC chambercrosssectionis a circle thatis verti-
cally cut off, asshavn in Fig. 2. Whencomputingparticle
lossor launchingnew particleswe usethe actualboundary
(thesolidline in thefigure). For theimage-chagecalcula-
tion we approximatghe geometnyy theinscribedellipse,
makinguseof ananalyticalexpressiorfor theimagechage
with elliptical boundary(seebelow).

Figure2: Trans\erseaperturein the LHC arcs. The solid
line describeghe actual crosssectionof the LHC beam
screen.

2.3 Photoemission

The photoemissioris characterizedy 3 input variables:
(1) the numberof photonsemittedper meterandperbeam

particle,(2) thephotonreflectvity R, and(3) theazimuthal
distribution of thereflectedohotons.

If R = 0, all photoelectrongre emittedfrom the hori-
zontallyoutwardsideof thechamberconstrainedo acone
with rmsangle¢ of order1/4. If R > 0, afraction R of
the photoelectronss launchedat otherazimuthalanglesy
aroundthewall of the chamberFigure3 shows two initial
distributions of the photo-electrorstarting positionsas a
functonof thetrans\erseazimuthalangleg. Thetwo distri-
butionsdepictedcorrespondo R = 10% and R = 100%,
respectiely, andto an approximatelyuniform reflection.
This examplerefersto the LHC chamber;a small distor
tion is causeddy theverticalchambeicut off.
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Figure 3: Initial azimuthaldistribution of photoelectrons
for 10%and100%photonreflectiity.

Figure4 definesthe photonreflectionangled. Measure-
mentsin Russiahave showvn that, for the LHC sawtooth
chamberthedistribution of thediffusely reflectedphotons
is not uniform, but consistentwith a cos? 6 distribution
[13].

Figure4: Definition of anglesp andé.

Various distributions for the photoelectronsare com-
paredin Fig. 5. They canbe selectedasinput to the pro-



gramme.Thedependencef theLHC heatloadonthepho-
tondistribution wasstudiedin Ref. [5].
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Figure5: Initial azimuthaldistribution of photoelectrons
for (a) 20% and (b) 100% photonreflectiity, considering
differentdistributions[5].

After determiningthe launch points of the primary
photo-electronsye now addresgheir initial velocity. The
initial angularvelocity distribution of the newly generated
primary electronsis assumedo be uniform in the two
sphericalcoordinate®) and ¢, which are definedwith re-
spectto the local surfacenormal (notethattheseanglesg
andd referto theazimuthakndpolaranglesn thelocal co-
ordinatesystemat the point of electronemission;they are
differentfrom the anglesf and ¢ mentionedabove). The
enegy distribution of the emitted photoelectronss mod-
elledasatruncatedGaussiarcenteredat 7 eV, with a stan-
darddeviationof 5 eV.

Figure 6 displaysthe initial enegy distribution of the
photoelectronsas well as the distribution after the first
bunchpassagefor anLHC dipole.

24 Magnetic Field

Standardpossibilitiesinclude field-free region, strongor
weakdipole,quadrupolepr solenoid.All thesefieldsmay
vary with longitudinal position z. More generally an ar
bitrary field canbe calculated aslong asit is expressedn
analyticalform.

As anexample,in aparaxialapproximatiorthemagnetic
field component$or a periodicseriesof solenoidsare

1
By(z,y,2) = —iBokit coskz @

1
By(z,y,2z) = —iBoky coskz

at moment of creation
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Figure 6: Initial photoelectrorenepgy distribution at the
momentof emissionandafterthe first bunchpassagefor
anLHC dipole.

B.(z,y,z) = B,o+ Bgsinkz.

Supposinghatthefield B. is sinusoidalon axistheex-
actfield componentgollow from Maxwell's equationsas
(14]

Bolo(kr) coskz
B(]Il (]{,'T) sinkz .

)
By(r,z) =

Expandingthe Besselfunctionsto first orderin radiusr,
thisreducego thepreviousformulae.

Further extensions are possible and more than one
Fouriercomponentanbekeptin thelongitudinalfield ex-
pansiorto characterizéhe morerealisticcaseof a periodic
array of solenoidsof finite length. Field expressiongor
this situationwerederivedby E. Pereedentse. They read
(14]

2ka
B, = Bo—ag sinnkh Ki(nka) I (nkr) sinnkA3)
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n=1
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2ka & .
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T
n=1

(4)

wherethe I and K are modified Besselfunctions of the
first order, a is the solenoidradius, the solenoidlength,
L the distancebetweenadjacentsolenoidswith equalpo-
larity, and By a normalizationconstant,roughly equalto
thefield on axisinsidethe solenoid.in the simulation,the
infinite serieds truncatedat someorder, e.g., n = 5-50. A
similarformula,with oddharmonicdoubledandevenhar
monicssetto zero,describeshe caseof solenoidswith al-
ternatingpolarity, separatedy L /2. All theseexpressions



areimplementedn ECLOUD andwere usedfor example
in simulationsfor the KEK B factory[15].
Theelectronmotionin field-freeregionis simply a drift,
betweenkicks (stepchangesn momentum)representing
the effect of the beamfield, the electronspacechage,and
theimagechages.For the LHC we oftenconsidera strong
dipole,for which we freezethe horizontalandlongitudinal
position and only considermomentumtransferand elec-
tronmotionin theverticaldirection. This approximationis
motivatedby thehigh cyclotronfrequeng (mary cyclotron
oscillationsperbunchlength),namely

eBc 20,
= ~ 120
mec? 2m

We 5)

fortheLHC at7 TeV (B = 8.4 T), andby thesmallLarmor
radiusry, of 6um for anelectronenegy of 200eV. Thesit-

uationis sketchedn Fig. 7. Theinitial momentuncompo-
nentstrans\erseto the verticaldirectionarehowevertaken
into accountin the simulation,namely whenwe compute
the impactangleon the chambemwall. The angleof inci-

dencemodestlyinfluencegshe secondaremissionyield.

Figure7: Schematicview of electronmotionin a strong
verticaldipolefield.

For other fields (e.g., ‘weaker’ dipoles, quadrupoles,
solenoids)we use a Runge-Kutta integration. The user
canchoosebetweentwo differentRunge-Kuttaintegrators,
taken from the CERN library or the NAG library, respec-
tively.

2.5 Beamand Image Fields

Beamfields are calculatedusingthe standardexpressiora
la Bassetti-Ersking16] or the simplerformula for round
beams. An elegant expressionfor the field at large dis-
tancedrom aline chagewhichincludestheimagechaiges
in an elliptical conductingchambemwasgivenby M. Fur-
man[17]. Denotingby £ = &, + i&, thecomple electric
field, Furmans expressiorreadq17]
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Figure 8: Electric field patternfor a beamcenteredn an
elliptical chamberwith [left] and without [right] image
chages.
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Figure9: Horizontalelectricbeamfield vs. horizontalpo-
sitionaty = 0 for anelliptical chambewith 22x10 mm
half aperturesanda beamoffset of 4.3 mm in both trans-
verseplanes.
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i
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sinhn . sinhg
wherez = x+iy = g coshq = g cosh (1 +1i¢) denoteghe
testposition,zy = xo + iyg = geoshqy = gcosh(g + i)

the position of the source,andboth g = Va2 — b? and
e = tanh™!(b/a) characterizéhe vacuumchambemvith

semi-axesa andb. In the simulation,the infinite sumis

truncatedatordern = 30.

Figure8 shavsthebeantield linesin anelliptical cham-
ber calculatedwith and without the beamimagechages.
Figures9 and10 depictthe horizontalandvertical electric
fields for an offset beamas a function of horizontalposi-
tion, againwith andwithout including the field from the
imagechages. All threefiguresdemonstrat¢hatthe im-
agechagescansignificantlyalterthe electronmotion.

Image chagesof the electroncloud can also be taken
into account.Theelectronchaigesareassignedo pointson
agrid, typically consistingof 20x 20 or 25x 25 points,and
theimageforcesare evaluatedfor eachof the grid points.
An exampleof the electron-cloudself field with andwith-
outimagechagesis shovnin Fig. 11.

The minimum numberof slicesrequiredto accurately
model a bunch passagecan be determinedby consider
ing the motion of electronswith different start positions.



Figure10: Vertical electricbeamfield vs. horizontalposi-
tion aty = 0 for anelliptical chambemwith 22x10 mm
half aperturesanda beamoffset of 4.3 mm in both trans-
verseplanes.
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Figure 11: Horizontal electric space-chaye field of elec-
tron cloud vs. horizontal position after the passageof 8
bunchesin the LHC. Parametersjmax = 2.0, Y, = 0.2,
R = 0.1, €max = 300 eV.

Electronsatlargeamplitudesdo not move muchduringthe
bunch passageand simply receve a kick. Electronsnear
the bunchoscillatein the beampotential. Thisis shavn in
Fig. 12. The two amplituderegimeshave beencalledthe
‘kick region’ andthe‘autonomousegion’, respectiely, by
S.Berg[18].

Hencejt is notsurprisingthattheenegy gainof anelec-
tron alsovarieswith its initial amplitude.The enegy gain
further dependson the longitudinal bunch profile. Figure
13 shows a calculationfor threedifferentbunch distribu-
tions[18]. At theLHC, themaximumpossibleenegy gain
is about2 keV.

2.6 Secondary Emission

Typical measureenepgy spectraof the emittedsecondary
electronsareshowvn in Fig. 14. Thefigurerevealsthatthe
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Figure 12: The electronmotion during a bunch passage
differsqualitatively, dependingon theinitial position[18].
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Figure13: Maximumenegy gainof anelectronvs. initial
particleradial positionfor nominalLHC parameter§l8].

enepgy spectrumconsistsof threecomponents:true sec-
ondarieswith an enegy of a few eV, elasticallyreflected
whoseenepgy equalgheenepy of theincidentparticle,and
rediffused(i.e., theremainingelectronsatintermediateen-
ergies).

The relative magnitudeof thesethree componentsle-
pendson the incident enegy. In our simulationswith
ECLOUD, we presentlyonly distinguishbetweenelasti-
cally reflectedandtruesecondariesThetotalyield is taken
to bethe sumof thesetwo components,

5se = 6tse + (sel s (7)
where dis. denotesthe yield of true secondariesand d¢;
theyield of elasticallyreflected.Both arefunctionsof the
primary-electrorenegy £ andangleof incidencewith re-
specto thesurfaced (thisé is notthesameastheangled of
Fig. 4). The elasticallyreflectedelectronsare particularly
importantfor smallincidentenepgies. Therethetrueyield
becomesegligible, whereador decreasingrimaryenegy
theelasticyield corvergesagainsiafinite valuebetweerts0
and60%. As a consequencdow-enegy electronshitting



ENERGY DISTRIBUTION OF SECONDARY ELECTRON EMITTED BY COPPER

| i
B a i

800.00 ‘A Fp-a00eV T
| \ —%—Ep=550eV I
70000 “ \' T
| \ [
sono || \ [
| \K | |
| |\

™ —+—Ep=100V

NORMALISED INTENSITY
g
B

060
ENERGY (norm.)

Figure14: Normalizedsecondaryelectronenegy distribu-
tion for conditionedcopper revealing three components:
truesecondarie§l < E,), elasticallyscatteredF ~ E,)
andrediffused(in between)19].

thewall (which arethe majority), arenotlost, but reflected
with a ratherhigh probability, and then can survive until
they areacceleratethy the next bunchpassingby. Thereby
the inclusion of elasticreflectionresultsin an increaseof
thesimulated_.HC heatloadby afactor2—-3[20].

The actualrepresentatiomf §,; and d.s. is basedon a
parametrizatiorof measurementprovided by the CERN
LHC Vacuumgroup[19].

Accordingto Furman[10], Seiler[21] and Kirby [22]
theyield for thetrue secondariesanbe written

Otse(Ep,0) = Omax L1120 (1 _ 672.3.”1-35)

exp (0.5 (1 — cos b)) , (8)
wherez = E, (1 +0.7(1 — cos8))/emax [10].

An alternatve expressionfor the true secondariesvas
proposeddy M. Furman[10]:

Otse(Ep, 0) = dmax ek S exp (0.5 (1 —cosb)) ,

s—1+4+=x
)

andz is definedasabove.

In 2002,we replacedormula(8) by (9), usings = 1.35
(this is the value measuredor fully conditionedcopper;
prior to conditioningonefinds s = 1.39 [19]).

Theyield of thetruesecondarieis thencharacterizethy
only two free parametersdmax and emax. Thesespecify
the enegy emax for which the (true) secondaryemission
yield is maximumandthe valueof the maximumyield for
perpendiculamcidence fax.

Theyield of the elasticallyreflectedelectronds written

5el(Ep) = f(sse(Epv 9) ) (10)
wheref wasobtainedrom recentmeasurementsncopper
[19], which werefitted to the expression

exp (Ao + A1 In(E, + Eo) + Ax(In(E,, + Ep))?
+As(In(E, + Ep))?) . (11)

f =

Fits wereperformedover two differentenegy ranges.For
E, < 300 eV, thefitted coeficientsare[19] Ay = 20.7,
Ay —7.08, Ay = 0.484, A3 = 0, andEy = 56.9 eV,
while, for £, < 2000eV, Ag = —5.1, A = 5.6, Ay =
—1.62, A3 = 1.1x107%, andE, = 29 eV. Again, all these
functionsareimplementedn thecodeECLOUD.

The total secondaryemissionyield so obtainedis illus-
tratedin Fig. 15. For comparisongarliermodelswithout
ary elasticreflection (in 1999) and with a larger elastic
component(2000) are also shavn. At the ECLOUD’02
workshopit wasremarledthateventhelatestparametriza-
tionis notrepresentatie, especiallyathigherenepies[23].
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Figure15: Secondaremissionyield for perpendiculain-
cidencevs. primary electronenegy with andw/o elasti-
cally scatterecklectrons.

If an electron hits the wall, we determinerandomly
whetherthere-emittedelectronrepresentsatrue secondary
or anelasticelectron.More preciselywe choosearandom
numberrand between0 and1. If rand < f = dc1/0se,
we take the electronto be an elastic one; otherwise, if
rand > f, wetreatit asatruesecondary

A recentempiricalfit by N. Hilleret [24] of themeasured
enegy spectrdor thetruesecondariesmittedfrom copper
to theformula[25]

272

yields a goodrepresentationf the measurement®r C' ~
0.2, Ep = 1.8 eV, andr ~ 1 [24]. Equation(12) andits il-
lustrationin Fig. 16 show the correctasymptoticoehaiour
atlow enegy; namelyp(E) approachegeroastheenegy
FE goesto zero, a result also expectedfrom phase-space
consideration$26]. Previously, theinital enegy distribu-
tion of the secondarelectronsvasoftentakento beahalf
Gaussiarcenteredht O with rmsspreadb eV, whichis also
indicatedin thefigure.

The initial angulardistribution of the secondaryelec-
tronsis takento beof theform dN/d) « cos 6 [21], which
resultsin dN/df o sin 0 cos 6, wheref denoteshe polar
anglewith respecto the surfacenormal. Thisis illustrated
in Fig. 17.

p(F) = Cexp [—
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Figure 16: Initial enegy spectrumof true secondariesis
modelledin 1999/2000comparedwith new parametriza-
tion by Noel Hilleret [24].
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Figurel17: Initial angulardistribution dN/df of secondary
electronsvs. the polar angled with respecto the surface
normal.

2.7 Longitudinal Electron Motion

Longitudinalmotionof theelectrongs includedin thesim-
ulations.Severaleffectsgiveriseto this motion[20].

First, the secondaryelectronsare emittedat an angled
with respecto the surfacenormal,following a cos ¢ distri-
bution. Projectingontothe longitudinaldirection,we esti-
mate< 6% >~ 0.37 rac®. Thetypicallongitudinalvelocity
atemissionis

2 1/2
vz,em ~c < 2 < 02 > Erms) (13)
MeC

whereF s = 5 eV is thermsemissionenegy. Thiseval-
uatesto v, em ~ 10° ms—t.

FortheLHC, aseconcontributioncomesrom themag-
neticfield of thebeam.If theelectronis initially atrest,its
longitudinalvelocity afterthe bunchpassagés [28]

1 ?)i AFEn.x  2cNyr, Te
N —— = = lo 14
Uz, mag 2 ¢ me /—271_0_2 g 0oL ( )

wherecy = 1.06, and[18]

re & 20/ Npreo,/2/7

Insertingthe LHC parametersye find r. =~ 8.5 mm (this

is the critical radiusseparatinghe kick approximatiorand
theautonomousegion [18]), andve mag &~ 3 x 10° ms™.

Simulationsshav that for LHC the electronenegy gain
AFE,.x is abouta factor 3 smallerthan predictedby the
aboveanalyticalapproximation.Thereforeamorerealistic
estimatés ve mag &~ 105 ms™!, whichis comparabléo the
longitudinal emissionvelocity. This order of magnitude
wasconfirmedby simulationg27].

(15)

However, in astrongdipolefield boththebeammagnetic
field and the emissionvelocity can be neglected. In this
case,the electronsundego a rapid cyclotron oscillation.
Superimposeds a uniform longitudinal motion (£ x B
drift). We estimateghemaximumdrift velocityencountered
duringthebunchpassages

Nbe
v ift ~
e.drift V2mo.4ney(oy + 0y)B 7

(16)

whereB is thedipole magneticfield. For the LHC param-
eterswe obtainve, qyifr &~ 1.6 x 10> ms™ 1.

A quadrupolemagnetalsocauses ‘gradientdrift’ ata
velocity equalto

9 - o _
Y o Tiwe (VB) x B
e,gradient — 2 B2 )

(17)

wherer;, = p./(eB) is the Larmor radiusand w. =
eB/m. the (non-relatvistic) cyclotron frequeng. Using
B=200T/mB=2T (i.e, consideringan electronat
amplitudel cm), anda typical electronenegy of 100eV,
we obtainve gradient ~ 5 X 103 ms 1.

Thus,in afield-freeregion we expectlongitudinalelec-
tron motion at a typical speedof afew 106 ms™!, whereas
in an8.4-T dipolefield the maximumlongitudinalvelocity
doesnot exceed2 x 10° ms~!. The averagedrift veloc-
ity in a dipole is even lower by a factor 50, becausehe
beamis absenmaostof time. Finally, thegradientdrift in a
quadrupoleof about5 x 10? ms~! may be comparabldo
theaveragedrift in adipole.

Ourestimatesreconfirmedby simulationgfor field-free
regionsanddipoles,asis illustratredin Fig. 18.

Therelatively low longitudinal speedmplies that elec-
tronsarelost trans\erselyto the wall beforethey cantra-
versea longitudinaldistancecomparabldo the magnetdi-
mensions.This providesa justificationwhy we may sep-
aratelysimulatethe electroncloud build up for regionsof
different magneticfields without taking into accountary
electronexchangebetweerthoseregions.
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Figure 18: Longitudinal coordinateversustime for two
sampleelectrontrajectoriesn afield freeregion (top) and
in a1-T dipolefield (bottom).

3 EXAMPLE RESULTS

3.1 Electron Cloud Build-Up in Dipoles and
Field-Free Regions, Energy Spectrum

Figure19showvsthesimulatedouild up of anelectroncloud
for a field-freeregion andfor a dipole field in the CERN
SPS.The chambedimensionsaareassumedo bethe same
in the two caseswith h, = 76 mm,andh, = 17.5 mm
(flat geometry).Thevariouscurvesreferto differentbunch
intensities.The figure demonstratethatin the dipolefield
significant electronbuild up startsat a lower bunch in-
tensity althoughat higherintensitiesthe cloud canreach
larger densitiesin the field-freeregion. The lower thresh-
old for the dipole field is attributedto the flatnessof the
chamber The ‘overshoot’beforesaturationthat s visible
for the field-freeregion appeargo be relatedto the elasti-
cally reflectedelectrons.
Simulationsverealsoperformedor the SPSfixedtarget
beam.Thisbeamconsistf 2 trainsof about2100bunches
with abunchspacingof 5 ns,atrain-to-trainspacingof 1.05
us andasingle-tunchintensity V, belon 101 protonsper
bunch. Figure 20 compareshe simulatedelectroncloud
build for Ny, = 5 x 10° and N, = 7 x 10°, considering
a maximumsecondaryemissionyield of 0. = 1.8. NO
build upis obsenedfor thelower bunchintensity but asig-
nificantbuild up occursin the secondcase.Thus,the sim-
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Figure 19: Simulatedelectron-cloudbuild up in the SPS
for afield-freeregion (top) and a strongdipole (bottom),
comparingvariousbunchpopulationsn field-freeregions
thresholdis higher, but the build up above the threshold
stronger

ulatedthresholdof electronamplificationdueto multipact-
ing is aboutV, ~ 6 x 10°, whichis roughlyconsistenwith
obsenations[29]. In thesesimulationswe have assumed
the measuredms trans\ersebeamsizesof o, = 1.2 mm
ando, = 0.7 mm,andanrmsbunchlengthof o, = 0.1875
m. All thesenumbersareconsiderablysmallerthanfor the
LHC typebeamwhich explainswhy the multipactinghere
occursfor smallerbunchintensity

In Sect.2 we mentionedthatthe motion of electronsin
a dipole field canbe modelledin differentways. For ex-
ample,in oneapproachwe ignorethe horizontalandlon-
gitudinalmotion, in the otherwe employ a library Runge-
Kuttaintegration. Figure22 compareghe simulatedelec-
tron build up computedy thesetwo approachefor a0.26-
T field in the KEKB High Enegy Ring. The agreemenits
quitereasonablegvenfor afield aslow asthis.

3.2 Multibunch Wake

The electron cloud couplesthe motion of subsequent
bunches.A displacedbunchdisturbsthe symmetryof the
cloud, and the following bunchreceves a net deflection.
This effectis illustratedin Fig. 23 for an LHC bunchtrain.
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Thus,similarto amultibunchwakefield, theelectroncloud
couplesthemotionof subsequerttunches.
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Figure23: Projectedhorizontalelectronchage densityin
anLHC bendingmagnetbeforethe 41stbunchin thetrain
is horizontallydisplacedy 1 cm (top) andjust prior to the
arrival of the42ndbuncha(bottom)[4]. Thehorizontalaxis
is in units of meters;the vertical coordinateis the chage
(in unitsof ¢) perbin andpergrid point. Otherparameters:
500grid points,dpax = 1.7, R=1,Y* = 1.

The ECLOUD programmecomputeshe effective wake
field asfollows. After a stationarycloudis establishedone
of thebunchess displacedrans\erselyby anamountAx
or Ay. Then,we calculatethe kick thatthe disturbede™
cloud exertson the next bunch. This yields an estimateof
thebunch-to-tunchdipolewakefield W (L., ) [31, 10, 1]:

r? C
1—exp —F E,

(18)
wherer; = (z2 4 y?)'/? (the radial distanceof the ith
macro-electrorirom the beamaxis), C is thering circum-
ference], is the simulatedengthof bendingmagnetand
Q; denoteghe chage of the ith macro-electron.

2y Qi
Willow) = 2 Npziag)

0.025



The bunch-to—lunchwake field cangive rise to a multi-
bunchinstability. Fromthe wake field actingbetweersuc-
cessve bunches,we can estimatethe instability growth
time. To obtainthis growth rate,we assumehatthering is
uniformly filled with M bunchesandthatthe wake of the
electronclouddecaysapidly andonly couplessubsequent
bunches.Thenthe comple frequeng shift of uth modeis
givenby [30]

2
() . Nyr,c i2m N
) = w0 ) = Zvcpw;a Ly ()€t 2D/
(19)
andtherisetime for thefastesggrowing modeis
4
TQy (2) (20)

- NprCWLy (z)

If the ring is not uniformly filled and there are clearing
gaps.thegrowth is notexponentialbut

1

n!

Un (21)

(t/7)" do
for the nth bunchin atrain. It waspointedout by M. Fur-
man[31] thatthe parameter is exactlythesameastheex-
ponentialgrowth time for theuniformfill, whichwasgiven
above.

Simulatedhorizontalandverticalmulti-bunchinstability
growth ratesfor the LHC at 7 TeV are shown in Fig. 24
as a function of the maximumsecondaryemissionyield
dmax. Theinstability is slow, with risetimeslongerthanl
secondWe expectthatit is Landaudampedby the natural
intra-bunchtunespread.
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Figure24: Multibunchinstability growth rateasa function
of maximumsecondaryemissionyield d,,ax for the LHC
at7 TeV [4]. Otherparameterse . = 450 eV, R = 10%,
andY,. = 0.025.

3.3 Effect on Beam Diagnostics

The impactof the electroncloud on the readingof LHC
beam-positiormonitors (BPMs) was studiedin Ref. [5].

Figure25shavsaschematiof aBPMin theLHC arc. The
direct synchrotronradiationhits the horizontally outward
electrode. Photoelectronsire emitted primarily from this
electrode,which resultsin a net flow of electronsto the
other3 BPM buttons.

2nd electrode

N
N S
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y N
N

4 N
inedming beam
.
. N

3rd electrode
‘//
9p01109I8 IST

4th electrode

Figure25: Schematiarosssectionof a BPM in the LHC
arc[5]. Lengthof thedevice is 24 mm. Direct synchrotron
radiationilluminatesthefirst electrode.

Figure26 showvs a simulationresultfor the electroncur-
renton thefour electrodesexperiencedluringthe passage
of an LHC batch[5]. It illustratesthe continuousloss of
electronsfrom the first to the other three electrodes. At
larger valuesof 4., (bottom picture),a randomcompo-
nent due to multipactingis addedto the averagecurrent
flow determinedy the synchrotrorradiation.

Figure27 illustratesthetime andfrequeng structureof
the electroncurrentat oneof the electrodeg5]. Theelec-
tron signalspeakduring the bunch passagesandthe fre-
queng spectrunroughlyimageshebunchfrequeng con-
tents.

Therespons¢éheBPM processinglectronicgo thesim-
ulatedinput signalwasstudiedindependentlypy R. Jones
[32]. He foundthatthereadingerrorinducedby the elec-
tron cloudis quite small,of the orderof 2 um [32].

3.4 Spatial Sructure of the Electron Cloud

In aLHC or SPSdipole magnetat sufficiently high bunch
chagesthe cloud consistsprimarily of two vertical strips
locatedon either side of the beam. Thesestripesare at-
tributedto the maximumin the secondaryemissionyield
curve. Electronsin the strip region aquirea typical enegy
closeto this maximum. In 2001 a dedicatedmonitor was
installedin the SPSwhich directly demonstratedhe exis-
tenceof thetwo stripsat sufficiently high current[33].
Figure 28 shaws the simulatedflux of electronson the
chamberwall for SPS parameters. In this simulation
the primary electrons(thoughtto be dueto beamlossor
gasionization) were launchedat the chamberwall, uni-
formly distributedasa function of azimuthalenegy. For
higher bunch chages,two strips exist, locatedsymmetri-
cally aboutthe position of the beam(only the right-hand
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Figure 26: Net chage depositedor emittedat eachBPM

electrodefor 0,ax = 1.1 (top) and dmax = 1.9 (bottom)
[5]. Negative valuesindicatethat a net flow of electrons
away from the plate.

sideis shavn). At N, = 8 x 10'? in thesimulationthereis
evenevidencefor athird stripemeging againatthecenter
of thechamber

Figure29 comparesimulationresultswherein thefirst
casethe electronsarelaunchedat thewall, andin the sec-
ond inside the beamvolumein orderto more accurately
modelthe gasionization by the beam. The spatialstruc-
tureis clearly differentin the two cases.In particular the
vertical stripscannotbuild up in the secondcase because
no primary electronsare presentat their horizontalloca-
tion. This figure alsodemonstratethe effect of changing
thevalueof ¢,,.y, i.€, theincidentenegy wherethe sec-
ondaryemissionyield assumes maximumvalue. Each
curve correspondso a differente,,.. For lower valuesof
emax the stripsmove outwards,and,in addition,the elec-
tron flux increasestrongly

Despiteof the differencein the spatialstructure the to-
tal numberof electronsand their build-up time are quite
similar for thesetwo casesasis illustratedin Fig. 30.

Finally, Fig. 31 shaws the simulatedelectroncloud dis-
tributionin anLHC quadrupolenagnet.Thecloudexhibits
afourfold symmetrycorrespondingo the symmetryof the
magneticfield. Strongmultipactingand heatload depo-
sition primarily occur along the diagonalsat 45°, which
passthroughthe centerof the chambei[36]. In the other
regions, electronsmight becometrappedin the magnetic
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Figure27: Instantaneouslectroncurrentat the first elec-
trodevs.time (top) andits power densityspectrunvs. fre-
queng (bottom)for amaximumsecondaremissionyield
dmax = 1.5 [5]. In thetop picture,thelargenegative spikes
which coincidewith bunchpassagerepresenthe primary
photoemission.In the bottom picture, the fall-off of the
signal power spectrumoccursnearthe bunch frequeny
founch = ¢/(270,) ~ 700 MHz.

field [37]. This aspectwill be addressedh the next sec-
tion.

3.5 Electron Trapping in Quadrupoles

It was first discoveredin simulationsby L. Wang [37],
that after acceleratiorby the beamelectronscan become
trappednsidea quadrupoldield, like in a magnetidoottle.

Figures32 and 33 shav the simulatedbuild up of elec-
tronsduringthe passagef a 50-bunchtrain aswell asthe
subsequendecayof the cloud. In thefirst pictureall elec-
tric fieldsaretakeninto accountduringthe decay;the sec-
ond picture shaws the decayif electronsexperienceonly
themagnetidield.

In neithercasedoesthe numberof electronsshrink to
zero,overthetime scaleconsideredraisingthe possibility
thata certainfraction of the electronmight remaintrapped
forever.

In the casewithout image and space-chaye forces, if
only the magneticfield is present.the trappingcondition
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Figure 28: Simulatedelectronflux on chamberwall in
A/m? vs. the horizontalpositionin an SPSdipole, for dif-
ferentvaluesof the bunchpopulation. Simulationparam-
eters: o, = 3.5 mm, o, = 1.6 mm, o, = 0.26 m,
Smax = 1.8, €max = 300 €V, d\./ds = 2.5 x 107" m™!
perproton,h, = 76 mm, hy = 17.5 mm, L, = 7.48 m,
B = 0.2 T, elasticelectronreflectionincluded.

is givenby [34]

2
Viot Bigcal

T =
2 .
v7] Bpipe

<1, (22)

whereuvy,; denoteghetotal velocity of theelectron,f, the
velocity componentsrans\erseto thelocal magneticfield,
Biocal the local field strength,and Bip,e the field at the
chambemvall following the magnetidield lines.

Figure 34 displaysa histogramof the quantity In(7"),
evaluatedfor all electronsafterthe passag®f 50 bunches
througha KEKB-LER quadrupole.Trappingcorresponds
to log(T) < 0.

Finally, Fig. 35 depictsthe fraction of electronsfor
which the trapping conditionlog(7) < 0 is fulfilled as
a function of time, for the two casescorrespondingto
Figs.32and33.

3.6 Electron Cloud Build Up for Electron
Beams

For an electronbeamandfor a positronbeamthe number
of photo-electronss the same.In the caseof the electron
beam the primary photoelectronsf emittedat thetime of
the bunch passageare immediatelyrepelledby the beam
field. Thereforethe electroncloud build up shouldbere-
ducedcomparedvith thatfor a positronbeam.

However, evenif the photo-electronsre repelledthey
might bereflectecbackfrom the chambemwall with a high
probability. In addition,in the caseof oneor several pho-
tonreflectionsthephoto-electronmaybeemittedafterthe
bunchhascompletelypassedy [39]. Thenthey do notex-
periencethe repellingfield of the bunchwhich generated
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Figure 29: Electron flux on chamberwall in A/m? vs.
the horizontalpositionin an SPSdipole for variousvalues
of emax; top: launchingprimary e~ at the wall; bottom:
launchingprimary e~ inside beam(ionization). Simula-
tion parameterss, = 3.5 mm, oy = 1.6 MM, dmax = 1.8,
d\e/ds = 2.5 x 1077 m~! perproton, N, = 8 x 1019,
hy =76 mm,hy, = 17.5mMm, Lyep, =7.48mM, B =0.2T,
elasticelectronreflectionincluded.

them. This will happenmore easily for electronbeams
than, e.g.,for anti-protonbeams sincethe electronbunch
lengthsaretypically muchshorter

In arecentstudyfor the KEKB HER [35] we simulated
aworst-casesituationwhere for theelectronbeamaall pri-
mary photo-electronsverelaunchedust afterthe passage
of the emitting bunch. Figure 36 compareghe simulated
build up of the electroncloud for the KEKB HER when
operatedvith positronor electronbeamsof the samecur-
rent. The total numberof electronsdiffers by a factor of
4 or 5. Therefore,at high beamcurrentwe expectto ob-
sene electron-cloudeffects also for the electronbeams.
This might be a possibleexplanationfor a fasthorizontal
coupled-lunchinstability which hasbeenobsenredin the
KEKB HER[38, 35].
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Figure 31: Snapshobf transwerseelectrondistribution in
an LHC quadrupolechamber Parameters:6,,.. = 1.1,
Ny, =7 x 1010,
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Figure 32: Simulatedelectronline densityvs. time for a
qguadrupoldfield in the KEKB LER [35]; this simulation
includeselectronspace-chareandimagefields.
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Figure 33: Simulatedelectronline densityvs. time for a
qguadrupoldield in the KEKB LER [35]; in this simulation
electronspace-chayeandimagefieldsareswitchedoff af-
terthe passagef thelastbunch,from whichtime onwards
theelectronsonly experiencemagnetidforces.
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Figure 34: Histogramof simulatedelectrontrapping pa-
rameterlog(T') after the passageof 50 bunchesfor a
quadrupoldield in the KEKB LER [35].
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4 CONCLUSIONS

Simulationsof electron-cloudbuild up and heatload (for
LHC) are sensitve to the parametrizationof secondary
emissionand photoemissionImportantarealsothe beam
andelectronimagechages,theelectronspacechage,and
magnetidields,evenif they areonly afew Gauss.

The simulatedelectron-cloudouild upis in goodagree-
mentwith obsenationsfor the CERN SPS,the CERNPS
[40], andtheKEKB LER.

The largestremainingdiscrepang betweenSPSmea-
surementsand simulationspertainsto the exact position
of the vertical stripesin an SPSdipole. The presentdif-
ferenceis abouta factorof two for a bunch populationof
N, ~ 8 x 1019, thesimulationpredictinga largerdistance
betweerthe stripsandthe beamaxis. It is concevablethat

thisdiscrepang canberesohedby adifferentparametriza-
tion of the secondanemissionyield [41].

Simulationswith the codeECLOUD confirmthata cer
tain fraction of electrons,between5% and 30%, may be
trappedinsidea quadrupoldield. This corroborateprevi-
ous simulationresultsby L. Wang[37], thoughthe exact
fractionof trappedelectronamight still be different.

Finally, our simulationssuggesthat a significantelec-
tron cloudcanalsobuild up for anelectronbeam.Thiswas
illustratedwith anexamplefor the KEKB HER.
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