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Abstract

ECLOUD is a simulationprogrammedevelopedat CERN
which modelstheprocessof build up of anelectroncloud
insidethe vacuumchamberfor protonor positronbeams,
whichisdueto aprimarysource(photoemissionor residual
gasionization)andsecondaryemission.The main ingre-
dientsof the codearedescribedherewith specialempha-
sis on the physicalmodelingof processeslike secondary
emissionandelasticreflectionof the electronsat the pipe
walls. Electronenergy spectra,heatloadontheLHC beam
screen,spatialpatternsof theelectroncloud,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,secondaryemission,magneticfields,beamfields,
imagecharges,andelectronspacecharge. In the second
part,wepresentexamplesimulationresults,suchasacom-
parisonof multipactingthresholdsin adipolefield andin a
field-freeregion (for theSPS),theelectron-cloudbuild up
for theSPSfixed-targetbeam,theelectronsignaldetected
by LHC button pick ups,growth ratesfor the multibunch
instability in theLHC, thespatialstructureof theelectron
cloud in dipole and quadrupolemagnets,the probability
of electrontrappingin a quadrupolefield (for the KEKB
LER), andtheelectron-cloudbuild upfor anelectronbeam
(KEKB HER).

2 SIMULATION CODE

2.1 General Remarks

TheprogrammeECLOUDmodelsthebuild upof theelec-
tron cloud during the passageof a bunch train. Its first
versionwaswritten at CERNin 1997[1]. Sincethencon-
tinually extended,updated,andimproved[2, 3, 4, 5, 6]. A
preliminary userguide is available [7]. The codecanbe
downloadedfrom theCERNelectron-cloudwebsite[8].

Thebasiclayoutof theECLOUD programmeis similar
to thecodePEI, developpedby K. Ohmi at KEK in 1995,
andto POSINST, writtenbyM. FurmanandG.Lambertson�
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at LBNL since1995[9, 10]. Othercodesmodellingelec-
troncloudbuild uparedueto T.-S.Wang(LANL), L. Wang
(KEK), Z. Guo(IHEP),andM. Blaskiewicz (BNL).

Wewill illustratethemainfeaturesof ECLOUDandtyp-
ical simulation resultspresentingvariousapplicationsto
the LHC, SPS,and KEKB. A table with pertinentbeam
parametersfor thesemachinescanbefoundin Ref.[11]. A
companionpaperreportsfurtherresultsfor theLHC [12].

2.2 Simulation Recipe

The simulation recipe of ECLOUD is illustrated by the
schematicin Fig. 1. The main ingredientshave beende-
scribedin Refs.[4, 5, 6].
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Figure1: Schematicof simulationrecipe.

A certainsectionof thevacuumchamber, typically 1 m
long,is simulated.Themagneticfield in thisregionis spec-
ified asaninput.

Theprimaryelectrons,which arecreatedby photoemis-
sionor beamlossonthewall, or dueto ionizationinsidethe
beamvolume,arerepresentedby macro-electrons,whose
chargeis (much)largerthanthechargeof a realelectron.

Boththebunchesandthegapbetweenbunchesaresliced
into segments,of theorderof 50–200each.Theslicesin-
sidethebunchareusuallychoosenshorterthanthosein the
gap, in order to accuratelymodel the motion of the elec-
tron underthe strongacceleratingfield of the beam. For
eachbunchslice a certainnumberof macro-electronsare
generated,andexisting macro-electronsarepropagatedin
the field of the bunch(andexternalmagneticfields, etc.).
Typically, perpassingbuncha total of 1000–2000macro-
electronsarelaunchedon thewall, or insidethebeam.



The electronmotion is computedin 3 dimensions.The
boundaryconditionsareeffectively periodicin � . In addi-
tion to thebeamfield andthemagneticfields,alsotheelec-
tron space-charge field, beam-imagechargesandelectron
imagefields are taken into account. The electronspace-
charge field is important,aswithout it the electroncloud
build up would continueindefinitely. Thespacechargeof
theelectronscausesa saturationof thebuild up at anelec-
tron clouddensitycloseto theaverageneutralizationden-
sity, for which theaverageelectricfield on thewall is zero.
Imagechargesareimportantif thechamberis not round,if
thebeamorbit is offsetfrom thecenterof thebeampipe,or
if theelectroncloud is not uniform (e.g., in a dipolemag-
net).

Whenever a macro-electronhits the wall, it is remitted
at thesamelocationas(eithertrueor elasticallyreflected)
secondaryelectronandits charge is changedaccordingto
the valueof the secondaryemissionyield computedasa
functionof its energy andits angleof incidence.This is a
differenceto thecodePOSINSTwhereall macro-electrons
have identicalcharge.

Betweenbunchesthe macro-electronsonly experience
the magneticfield, and the direct and imagefields of the
electroncloud itself. The latter two areapproximatedei-
therby discretekicks,appliedaftereachslice,or by a con-
tunuousconstantaccelerationover thelengthof theslice.

TheLHC chambercrosssectionis a circle that is verti-
cally cut off, asshown in Fig. 2. Whencomputingparticle
lossor launchingnew particleswe usetheactualboundary
(thesolid line in thefigure).For theimage-chargecalcula-
tion we approximatethegeometryby theinscribedellipse,
makinguseof ananalyticalexpressionfor theimagecharge
with elliptical boundary(seebelow).
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Figure2: Transverseaperturein the LHC arcs. The solid
line describesthe actualcrosssectionof the LHC beam
screen.

2.3 Photoemission

The photoemissionis characterizedby 3 input variables:
(1) thenumberof photonsemittedpermeterandperbeam

particle,(2) thephotonreflectivity � , and(3) theazimuthal
distributionof thereflectedphotons.

If ��� � , all photoelectronsareemittedfrom the hori-
zontallyoutwardsideof thechamber, constrainedto acone
with rms angle ! of order "$#&% . If �(')� , a fraction � of
thephotoelectronsis launchedat otherazimuthalangles!
aroundthewall of thechamber. Figure3 shows two initial
distributions of the photo-electronstartingpositionsas a
functonof thetransverseazimuthalangle! . Thetwo distri-
butionsdepictedcorrespondto �*�+",�.- and �*�*"&�/�.- ,
respectively, and to an approximatelyuniform reflection.
This examplerefersto the LHC chamber;a small distor-
tion is causedby theverticalchambercutoff.

Figure 3: Initial azimuthaldistribution of photoelectrons
for 10%and100%photonreflectivity.

Figure4 definesthephotonreflectionangle 0 . Measure-
mentsin Russiahave shown that, for the LHC sawtooth
chamber, thedistribution of thediffuselyreflectedphotons
is not uniform, but consistentwith a 132547680 distribution
[13].

θφ

Figure4: Definition of angles! and 0 .
Various distributions for the photoelectronsare com-

paredin Fig. 5. They canbe selectedasinput to the pro-



gramme.Thedependenceof theLHC heatloadonthepho-
ton distributionwasstudiedin Ref. [5].
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Figure 5: Initial azimuthaldistribution of photoelectrons
for (a) 20%and(b) 100%photonreflectivity, considering
differentdistributions[5].

After determining the launch points of the primary
photo-electrons,we now addresstheir initial velocity. The
initial angularvelocity distribution of thenewly generated
primary electronsis assumedto be uniform in the two
sphericalcoordinates;0 and ;! , which aredefinedwith re-
spectto the local surfacenormal(notethat theseangles ;!
and ;0 referto theazimuthalandpolaranglesin thelocalco-
ordinatesystemat thepoint of electronemission;they are
differentfrom the angles0 and ! mentionedabove). The
energy distribution of the emittedphotoelectronsis mod-
elledasa truncatedGaussiancenteredat 7 eV, with a stan-
darddeviationof 5 eV.

Figure 6 displaysthe initial energy distribution of the
photoelectronsas well as the distribution after the first
bunchpassage,for anLHC dipole.

2.4 Magnetic Field

Standardpossibilitiesinclude field-free region, strongor
weakdipole,quadrupole,or solenoid.All thesefieldsmay
vary with longitudinalposition � . More generally, an ar-
bitrary field canbecalculated,aslong asit is expressedin
analyticalform.

As anexample,in aparaxialapproximationthemagnetic
field componentsfor a periodicseriesof solenoidsare
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Figure 6: Initial photoelectronenergy distribution at the
momentof emissionandafter the first bunchpassage,for
anLHC dipole.
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Supposingthatthefield
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is sinusoidal,onaxistheex-

act field componentsfollow from Maxwell’s equationsas
[14]
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Expandingthe Besselfunctionsto first order in radius

_
,

this reducesto thepreviousformulae.
Further extensions are possible and more than one

Fouriercomponentcanbekeptin thelongitudinalfield ex-
pansionto characterizethemorerealisticcaseof aperiodic
array of solenoidsof finite length. Field expressionsfor
this situationwerederivedby E. Perevedentsev. They read
[14]
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wherethe
a

and
p

are modified Besselfunctionsof the
first order,

g
is the solenoidradius,

o
the solenoidlength,s

the distancebetweenadjacentsolenoidswith equalpo-
larity, and

<NM
a normalizationconstant,roughly equalto

thefield on axis insidethesolenoid.in thesimulation,the
infinite seriesis truncatedatsomeorder, e.g., nt�vu –u5� . A
similar formula,with oddharmonicsdoubledandevenhar-
monicssetto zero,describesthecaseof solenoidswith al-
ternatingpolarity, separatedby

s # L . All theseexpressions



areimplementedin ECLOUD andwereusedfor example
in simulationsfor theKEK B factory[15].

Theelectronmotionin field-freeregionis simplyadrift,
betweenkicks (stepchangesin momentum)representing
theeffect of thebeamfield, theelectronspacecharge,and
theimagecharges.For theLHC weoftenconsiderastrong
dipole,for whichwe freezethehorizontalandlongitudinal
position and only considermomentumtransferand elec-
tronmotionin theverticaldirection.Thisapproximationis
motivatedby thehighcyclotronfrequency (many cyclotron
oscillationsperbunchlength),namely

w8x �zy
<|{
}�~ { 6

L�� T
L i�� " L � (5)

for theLHC at7 TeV (
< �t��] � T), andby thesmallLarmor

radius
_P�

of 6� m for anelectronenergy of 200eV. Thesit-
uationis sketchedin Fig. 7. Theinitial momentumcompo-
nentstransverseto theverticaldirectionarehowever taken
into accountin the simulation,namely, whenwe compute
the impactangleon the chamberwall. The angleof inci-
dencemodestlyinfluencesthesecondaryemissionyield.

� �
� �

Figure 7: Schematicview of electronmotion in 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 Beam and Image Fields

Beamfieldsarecalculatedusingthestandardexpressioǹa
la Bassetti-Erskine[16] or the simpler formula for round
beams. An elegant expressionfor the field at large dis-
tancesfrom aline chargewhichincludestheimagecharges
in an elliptical conductingchamberwasgivenby M. Fur-
man[17]. Denotingby ���t� =�X�� � R thecomplex electric
field, Furman’sexpressionreads[17]
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Figure8: Electric field patternfor a beamcenteredin an
elliptical chamberwith [left] and without [right] image
charges.

Figure9: Horizontalelectricbeamfield vs. horizontalpo-
sition at

E �)� for an elliptical chamberwith 22 � 10 mm
half aperturesanda beamoffset of 4.3 mm in both trans-
verseplanes.
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where��� A X�� E � � 1Q2/47� � � � 1Q254[� ? � X�� !GH denotesthe
testposition, � M � A M�X�� E M � � 1Q2/47� � M � � 1Q2/47� ? � M�Xq� ! M H
the position of the source,and both � ��� g 6 K¡  6 and� x ��¢¤£/\h� � d ?  Q# g H characterizethevacuumchamberwith
semi-axes

g
and   . In the simulation,the infinite sum is

truncatedat ordernt�¦¥/� .
Figure8 showsthebeamfield linesin anelliptical cham-

ber calculatedwith andwithout the beamimagecharges.
Figures9 and10 depictthehorizontalandverticalelectric
fields for an offset beamasa function of horizontalposi-
tion, againwith andwithout including the field from the
imagecharges. All threefiguresdemonstratethat the im-
agechargescansignificantlyaltertheelectronmotion.

Imagechargesof the electroncloud can also be taken
into account.Theelectronchargesareassignedto pointson
a grid, typically consistingof 20 � 20or 25 � L u points,and
the imageforcesareevaluatedfor eachof the grid points.
An exampleof theelectron-cloudself field with andwith-
out imagechargesis shown in Fig. 11.

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



Figure10: Verticalelectricbeamfield vs. horizontalposi-
tion at

E ��� for an elliptical chamberwith 22 � 10 mm
half aperturesanda beamoffsetof 4.3 mm in both trans-
verseplanes.

Figure11: Horizontalelectricspace-charge field of elec-
tron cloud vs. horizontalposition after the passageof 8
bunchesin theLHC. Parameters:§¤¨ª©[«¬� L ] � , e® ~ �¯��] L ,�°�v�@]`" , ±²¨ª©7«��¦¥5�/� eV.

Electronsat largeamplitudesdonotmovemuchduringthe
bunchpassageandsimply receive a kick. Electronsnear
thebunchoscillatein thebeampotential.This is shown in
Fig. 12. The two amplituderegimeshave beencalledthe
‘kick region’ andthe‘autonomousregion’, respectively, by
S.Berg [18].

Hence,it is notsurprisingthattheenergygainof anelec-
tron alsovarieswith its initial amplitude.Theenergy gain
further dependson the longitudinalbunchprofile. Figure
13 shows a calculationfor threedifferentbunchdistribu-
tions[18]. At theLHC, themaximumpossibleenergy gain
is about2 keV.

2.6 Secondary Emission

Typical measuredenergy spectraof theemittedsecondary
electronsareshown in Fig. 14. Thefigurerevealsthat the
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Figure 12: The electronmotion during a bunch passage
differsqualitatively, dependingon theinitial position[18].
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Figure13: Maximumenergy gainof anelectronvs. initial
particleradialpositionfor nominalLHC parameters[18].

energy spectrumconsistsof threecomponents:true sec-
ondarieswith an energy of a few eV, elasticallyreflected
whoseenergyequalstheenergyof theincidentparticle,and
rediffused(i.e., theremainingelectrons,at intermediateen-
ergies).

The relative magnitudeof thesethreecomponentsde-
pendson the incident energy. In our simulationswith
ECLOUD, we presentlyonly distinguishbetweenelasti-
cally reflectedandtruesecondaries.Thetotalyield is taken
to bethesumof thesetwo components,

§¤ÖØ×Ù�¯§¤ÚÛÖÛ× X §7×WÜ C (7)

where § ÚÛÖÛ× denotesthe yield of true secondariesand § ×WÜ
theyield of elasticallyreflected.Both arefunctionsof the
primary-electronenergy Ý andangleof incidencewith re-
spectto thesurface0 (this 0 is notthesameastheangle0 of
Fig. 4). Theelasticallyreflectedelectronsareparticularly
importantfor small incidentenergies.Therethetrueyield
becomesnegligible,whereasfor decreasingprimaryenergy
theelasticyield convergesagainstafinite valuebetween30
and60%. As a consequence,low-energy electronshitting
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Figure14: Normalizedsecondaryelectronenergy distribu-
tion for conditionedcopper, revealing threecomponents:
truesecondaries( Ý � Ý ® ), elasticallyscattered( Ý � Ý ® )
andrediffused(in between)[19].

thewall (whicharethemajority),arenot lost,but reflected
with a ratherhigh probability, and thencansurvive until
they areacceleratedby thenext bunchpassingby. Thereby
the inclusionof elasticreflectionresultsin an increaseof
thesimulatedLHC heatloadby a factor2–3[20].

The actualrepresentationof §¤×WÜ and §¤ÚÛÖÛ× is basedon a
parametrizationof measurementsprovided by the CERN
LHC Vacuumgroup[19].

According to Furman[10], Seiler [21] andKirby [22]
theyield for thetruesecondariescanbewritten

§7ÚÛÖÛ× ? Ý�� C 0/HJ� §¤¨ª©[«�"P] "5" A � M�� ��� ">K y � 6
� �&=! #" $&%

')(+* ? ��] u ? ">K 1Q254 0/H¤H C (8)

where
A � Ý�� ? " X �@]-, ? ">K 1Q2/4G0/H¤HF#5±²¨ª©[« [10].

An alternative expressionfor the true secondarieswas
proposedby M. Furman[10]:

§7ÚÛÖÛ× ? Ý�� C 0/H8� §¤¨ª©[« . � A. K " X A0/ ')(+*
? �@] u ? ">K 13254G0UH¤H C

(9)
and
A

is definedasabove.
In 2002,we replacedformula(8) by (9), using . �°"P] ¥5u

(this is the value measuredfor fully conditionedcopper;
prior to conditioningonefinds . � "P] ¥�1 [19]).

Theyield of thetruesecondariesis thencharacterizedby
only two free parameters:§7¨ª©7« and ±²¨ª©[« . Thesespecify
the energy ±²¨ª©7« for which the (true) secondaryemission
yield is maximumandthevalueof themaximumyield for
perpendicularincidence,§¤¨ª©[« .

Theyield of theelasticallyreflectedelectronsis written

§ ×WÜ ? Ý � Hª�32�§ ÖÛ× ? Ý � C 0/H C (10)

where2 wasobtainedfrom recentmeasurementsoncopper
[19], which werefitted to theexpression

2 � ')(+* 4 M X 4 d65 \ ? Ý7� X Ý M H X 4 6 ?85 \ ? Ý�� X Ý M H¤H 6X 4 �U?95 \ ? Ý�� X Ý M H¤H � ] (11)

Fits wereperformedover two differentenergy ranges.ForÝ��;: ¥5�/� eV, the fitted coefficientsare[19] 4 M � L �@]-, ,4 d ��K<,$] �/� , 4 6 �*�@] �/�5� , 4 � �*� , and Ý M �+u>=�] 1 eV,
while, for Ý � : L �5�/� '@? , 4 M � K>u@]`" , 4 d �*u�] = , 4 6 �K�"P] = L , 4 � �¯"$]`"��q",� � � , and Ý M � L 1 eV. Again,all these
functionsareimplementedin thecodeECLOUD.

The total secondaryemissionyield so obtainedis illus-
tratedin Fig. 15. For comparison,earliermodelswithout
any elastic reflection (in 1999) and with a larger elastic
component(2000) are also shown. At the ECLOUD’02
workshopit wasremarkedthateventhelatestparametriza-
tion is notrepresentative,especiallyathigherenergies[23].

Figure15: Secondaryemissionyield for perpendicularin-
cidencevs. primary electronenergy with and w/o elasti-
cally scatteredelectrons.

If an electron hits the wall, we determinerandomly
whetherthere-emittedelectronrepresentsa truesecondary
or anelasticelectron.Moreprecisely, wechoosea random
numberA[£5\CB between� and " . If A[£5\DBFEG2FH § ×WÜ #5§ ÖÛ× ,
we take the electronto be an elastic one; otherwise,ifA7£/\DBJI32 , we treatit asa truesecondary.

A recentempiricalfit by N. Hilleret [24] of themeasured
energyspectrafor thetruesecondariesemittedfrom copper
to theformula[25]

K ? Ý|H8�3L ')(+* K
?85 \^Ý�#5Ý M H 6LNM 6 (12)

yieldsa goodrepresentationof themeasurementsfor L ���] L , Ý M � "$] � eV, and
M � " [24]. Equation(12) andits il-

lustrationin Fig. 16show thecorrectasymptoticbehaviour
at low energy; namelyK ? Ý|H approacheszeroastheenergyÝ goesto zero, a result also expectedfrom phase-space
considerations[26]. Previously, the inital energy distribu-
tion of thesecondaryelectronswasoftentakento beahalf
Gaussiancenteredat 0 with rmsspread5 eV, which is also
indicatedin thefigure.

The initial angulardistribution of the secondaryelec-
tronsis takento beof theform O!P�#�ORQTS¡1Q2/4G0 [21], which
resultsin O!P�#�OU0US 4[Zm\^0�13254G0 , where 0 denotesthe polar
anglewith respectto thesurfacenormal.This is illustrated
in Fig. 17.



Figure16: Initial energy spectrumof true secondariesas
modelledin 1999/2000comparedwith new parametriza-
tion by NoelHilleret [24].

Figure17: Initial angulardistribution O!Pq#>O/0 of secondary
electronsvs. the polar angle 0 with respectto the surface
normal.

2.7 Longitudinal Electron Motion

Longitudinalmotionof theelectronsis includedin thesim-
ulations.Severaleffectsgive riseto thismotion[20].

First, the secondaryelectronsareemittedat an angle 0
with respectto thesurfacenormal,following a 13254G0 distri-
bution. Projectingontothelongitudinaldirection,we esti-
mateE 0,6T ' � ��] ¥V, rad6 . Thetypical longitudinalvelocity
at emissionis

W TNX ×W¨ � {
L
}�~ { 6 E 0 6

T ' Ý�Y ¨ªÖ
d&Z 6

(13)

where Ý7Y ¨ªÖ � u eV is thermsemissionenergy. Thiseval-
uatesto W TNX ×W¨ � ",��[ ms� d .

For theLHC, asecondcontributioncomesfrom themag-
neticfield of thebeam.If theelectronis initially at rest,its
longitudinalvelocityafterthebunchpassageis [28]

W T\X ¨ª©^] � "L
W 6_{ �

` Ý8¨ª©[«} { �
L { Pba _ ~
� L i � T

5 2�c
_ x{FM � _ (14)

where
{FM � "$] �>= , and[18]

_ x � L P a _ ~ � T L # i (15)

InsertingtheLHC parameters,we find
_ x � �@] u mm (this

is thecritical radiusseparatingthekick approximationand
theautonomousregion [18]), andW ~ X ¨ª©^] � ¥r� "&�>[ ms� d .
Simulationsshow that for LHC the electronenergy gain` Ý ¨ª©7« is abouta factor3 smallerthanpredictedby the
aboveanalyticalapproximation.Therefore,amorerealistic
estimateis W ~ X ¨ª©^] � ",��[ ms� d , whichis comparableto the
longitudinal emissionvelocity. This order of magnitude
wasconfirmedby simulations[27].

However, in astrongdipolefield boththebeammagnetic
field and the emissionvelocity can be neglected. In this
case,the electronsundergo a rapid cyclotron oscillation.
Superimposedis a uniform longitudinal motion ( dÝ �ed<
drift). Weestimatethemaximumdrift velocityencountered
duringthebunchpassageas

W ~ X f Yhg i Ú � P a y� L i � T � i ± Me? � = X � R H <
C

(16)

where
<

is thedipolemagneticfield. For theLHC param-
eters,weobtainWU~ X f Y9g i Ú � "P] = � "&�

�
ms� d .

A quadrupolemagnetalsocausesa ‘gradientdrift’ at a
velocityequalto

WU~ X ] Y © f g ×kj&Ú>�
_ 6� w xL

? dl d< H�� d<< 6
C

(17)

where
_ � �nm ~ # ? y

< H is the Larmor radius and w x �
y
< # } ~ the (non-relativistic) cyclotron frequency. Using
d< � L �5� T/m,

< � L T (i.e., consideringan electronat
amplitude1 cm), anda typical electronenergy of 100eV,
we obtainW ~ X ] Y © f g ×kj&Ú � ur� ",�

�
ms� d .

Thus,in a field-freeregion we expectlongitudinalelec-
tron motionat a typical speedof a few "&�>[ ms� d , whereas
in an8.4-Tdipolefield themaximumlongitudinalvelocity
doesnot exceed

L ��",� � ms� d . The averagedrift veloc-
ity in a dipole is even lower by a factor50, becausethe
beamis absentmostof time. Finally, thegradientdrift in a
quadrupoleof aboutu¬� ",� � ms� d maybecomparableto
theaveragedrift in adipole.

Ourestimatesareconfirmedby simulationsfor field-free
regionsanddipoles,asis illustratredin Fig. 18.

The relatively low longitudinalspeedimplies that elec-
tronsare lost transverselyto the wall beforethey cantra-
versea longitudinaldistancecomparableto themagnetdi-
mensions.This providesa justificationwhy we may sep-
aratelysimulatethe electroncloudbuild up for regionsof
different magneticfields without taking into accountany
electronexchangebetweenthoseregions.



Figure 18: Longitudinal coordinateversustime for two
sampleelectrontrajectoriesin a field 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

Figure19showsthesimulatedbuild upof anelectroncloud
for a field-freeregion andfor a dipole field in the CERN
SPS.Thechamberdimensionsareassumedto bethesame
in the two cases,with

oI= �o,p= mm, and
oIR � "�,P] u mm

(flat geometry).Thevariouscurvesreferto differentbunch
intensities.Thefiguredemonstratesthat in thedipolefield
significant electronbuild up startsat a lower bunch in-
tensity, althoughat higher intensitiesthe cloud canreach
largerdensitiesin the field-freeregion. The lower thresh-
old for the dipole field is attributed to the flatnessof the
chamber. The ‘overshoot’beforesaturationthat is visible
for thefield-freeregion appearsto berelatedto theelasti-
cally reflectedelectrons.

Simulationswerealsoperformedfor theSPSfixedtarget
beam.Thisbeamconsistsof 2 trainsof about2100bunches
with abunchspacingof 5ns,atrain-to-trainspacingof 1.05� s anda single-bunchintensity Pba below ",� dØM protonsper
bunch. Figure20 comparesthe simulatedelectroncloud
build for Pba � u �t",��q and Prar�s, �¡"&�>q , considering
a maximumsecondaryemissionyield of §¤¨ª©[«�� "P] � . No
build upis observedfor thelowerbunchintensity, but asig-
nificantbuild up occursin thesecondcase.Thus,thesim-

Figure 19: Simulatedelectron-cloudbuild up in the SPS
for a field-freeregion (top) anda strongdipole (bottom),
comparingvariousbunchpopulations.In field-freeregions
thresholdis higher, but the build up above the threshold
stronger.

ulatedthresholdof electronamplificationdueto multipact-
ing is aboutP a � =>��"&� q , whichis roughlyconsistentwith
observations[29]. In thesesimulations,we have assumed
the measuredrms transversebeamsizesof

� = � "$] L mm
and
� R �t��]8, mm,andanrmsbunchlengthof

� T �t��] "&�V,,u
m. All thesenumbersareconsiderablysmallerthanfor the
LHC typebeam,whichexplainswhy themultipactinghere
occursfor smallerbunchintensity.

In Sect.2 we mentionedthat the motionof electronsin
a dipole field canbe modelledin differentways. For ex-
ample,in oneapproach,we ignorethehorizontalandlon-
gitudinalmotion, in theotherwe employ a library Runge-
Kutta integration. Figure22 comparesthesimulatedelec-
tronbuild upcomputedby thesetwo approachesfor a0.26-
T field in theKEKB High Energy Ring. Theagreementis
quitereasonable,evenfor a field aslow asthis.

3.2 Multibunch Wake

The electron cloud couples the motion of subsequent
bunches.A displacedbunchdisturbsthe symmetryof the
cloud, and the following bunch receivesa net deflection.
This effect is illustratedin Fig. 23 for anLHC bunchtrain.



Figure20: Electron-cloudline densityvs. time in a dipole
field for theSPSfixed-targetbeamwith 5-nsspacing.

Figure 21: Energy spectrumof electronshitting the wall
in a dipole field for the SPSfixed-target beamwith 5-ns
spacing,comparingtwo differentbunchintensities.

Figure22: Electron-cloudline densityvs. time in a 0.26-T
dipolefield for anpositronbeamin theKEKB HER com-
paringtwo differentmodelsof electronmotion.

Thus,similarto amultibunchwakefield, theelectroncloud
couplesthemotionof subsequentbunches.
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Figure23: Projectedhorizontalelectronchargedensityin
anLHC bendingmagnetbeforethe41stbunchin thetrain
is horizontallydisplacedby 1 cm(top)andjustprior to the
arrivalof the42ndbuncha(bottom)[4]. Thehorizontalaxis
is in units of meters;the vertical coordinateis the charge
(in unitsof y ) perbin andpergrid point. Otherparameters:
500grid points, § ¨ª©[« � "P]8, , � � " , ut�� " .

TheECLOUD programmecomputestheeffective wake
field asfollows.After astationarycloudis established,one
of thebunchesis displacedtransverselyby anamount̀

A
or
` E

. Then,we calculatethe kick that the disturbedy �cloudexertson thenext bunch. This yieldsanestimateof
thebunch-to-bunchdipolewakefield v d ?Ws / ~ ® H [31, 10, 1]:

v d3?Fs / ~ ®UHª� w
L E wyxzw

P a _ 6w ? ` E H ">K '@(+* K
_ 6wL�� 6

L {
a
C

(18)
where

_ w � ?`A 6 w X E 6w H d&Z 6 (the radial distanceof the
�
th

macro-electronfrom thebeamaxis), L is thering circum-
ference,

{
a is thesimulatedlengthof bendingmagnet,andxzw

denotesthechargeof the
�
th macro-electron.



Thebunch-to–bunchwake field cangive riseto a multi-
bunchinstability. Fromthewake field actingbetweensuc-
cessive bunches,we can estimatethe instability growth
time. To obtainthis growth rate,we assumethatthering is
uniformly filled with | bunchesandthat thewake of the
electronclouddecaysrapidlyandonly couplessubsequent
bunches.Thenthecomplex frequency shift of � th modeis
givenby [30]

Q~} �R�R }
= � K w�� X R }

= � � P a _ ® { 6L %�L w � v
d X R
}
= � y
w
6p� } �R����� }

= �9� Zk�
(19)

andtherisetime for thefastestgrowing modeis

M � � i % x R^?`A H
P a _ ® { v d X R }

= � (20)

If the ring is not uniformly filled and thereare clearing
gaps,thegrowth is not exponentialbut

E k�� "n��
?�� # M H k��E/M (21)

for the n th bunchin a train. It waspointedout by M. Fur-
man[31] thattheparameter

M
is exactly thesameastheex-

ponentialgrowth timefor theuniformfill, whichwasgiven
above.

Simulatedhorizontalandverticalmulti-bunchinstability
growth ratesfor the LHC at 7 TeV areshown in Fig. 24
as a function of the maximumsecondaryemissionyield§7¨ª©7« . Theinstability is slow, with risetimeslongerthan1
second.We expectthatit is Landaudampedby thenatural
intra-bunchtunespread.

Figure24: Multibunchinstability growth rateasa function
of maximumsecondaryemissionyield §7¨ª©7« for the LHC
at7 TeV [4]. Otherparameters:±²¨ª©7«|�t�5u/� eV, � � "&�.- ,
and e® ~ �v�@] � L u .

3.3 Effect on Beam Diagnostics

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

Figure25showsaschematicof aBPM in theLHC arc.The
direct synchrotronradiationhits the horizontallyoutward
electrode.Photoelectronsareemittedprimarily from this
electrode,which resultsin a net flow of electronsto the
other3 BPM buttons.

photoelectrons from

2nd electrode

4th electrode

48 mm

1st electrode

3r
d 

el
ec

tr
od

e

incoming beam

direct illumination

Figure25: Schematiccrosssectionof a BPM in theLHC
arc[5]. Lengthof thedevice is 24 mm. Direct synchrotron
radiationilluminatesthefirst electrode.

Figure26 showsa simulationresultfor theelectroncur-
renton thefour electrodes,experiencedduringthepassage
of an LHC batch[5]. It illustratesthe continuouslossof
electronsfrom the first to the other threeelectrodes.At
larger valuesof §¤¨ª©[« (bottompicture),a randomcompo-
nent due to multipacting is addedto the averagecurrent
flow determinedby thesynchrotronradiation.

Figure27 illustratesthetime andfrequency structureof
theelectroncurrentat oneof theelectrodes[5]. Theelec-
tron signalspeakduring the bunchpassages,andthe fre-
quency spectrumroughlyimagesthebunchfrequency con-
tents.

TheresponsetheBPM processingelectronicsto thesim-
ulatedinput signalwasstudiedindependentlyby R. Jones
[32]. He foundthat the readingerror inducedby theelec-
tron cloudis quitesmall,of theorderof

L � m [32].

3.4 Spatial Structure of the Electron Cloud

In a LHC or SPSdipolemagnet,at sufficiently high bunch
chargesthe cloud consistsprimarily of two vertical strips
locatedon eitherside of the beam. Thesestripesare at-
tributedto the maximumin the secondaryemissionyield
curve. Electronsin thestrip region aquirea typical energy
closeto this maximum. In 2001a dedicatedmonitor was
installedin theSPSwhich directly demonstratedtheexis-
tenceof thetwo stripsatsufficiently highcurrent[33].

Figure28 shows the simulatedflux of electronson the
chamberwall for SPS parameters. In this simulation
the primary electrons(thoughtto be due to beamlossor
gas ionization) were launchedat the chamberwall, uni-
formly distributedasa function of azimuthalenergy. For
higherbunchcharges,two stripsexist, locatedsymmetri-
cally aboutthe positionof the beam(only the right-hand
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Figure26: Net charge depositedor emittedat eachBPM
electrodefor §¤¨ª©[«v� "P] " (top) and §¤¨ª©[«¦� "$] 1 (bottom)
[5]. Negative valuesindicatethat a net flow of electrons
away from theplate.

sideis shown). At P a �v�|�r"&� dÛM in thesimulationthereis
evenevidencefor a third stripemergingagainat thecenter
of thechamber.

Figure29 comparessimulationresultswherein thefirst
casetheelectronsarelaunchedat thewall, andin thesec-
ond inside the beamvolume in order to more accurately
model the gasionizationby the beam. The spatialstruc-
ture is clearlydifferentin the two cases.In particular, the
verticalstripscannotbuild up in the secondcase,because
no primary electronsare presentat their horizontalloca-
tion. This figurealsodemonstratesthe effect of changing
the valueof ± ¨ª©7« , i.e., the incidentenergy wherethe sec-
ondaryemissionyield assumesa maximumvalue. Each
curve correspondsto a different ± ¨ª©[« . For lower valuesof±²¨ª©[« the stripsmove outwards,and,in addition,the elec-
tron flux increasesstrongly.

Despiteof thedifferencein thespatialstructure,the to-
tal numberof electronsand their build-up time are quite
similar for thesetwo cases,asis illustratedin Fig. 30.

Finally, Fig. 31 shows thesimulatedelectronclouddis-
tributionin anLHC quadrupolemagnet.Thecloudexhibits
a fourfold symmetrycorrespondingto thesymmetryof the
magneticfield. Strongmultipactingand heat load depo-
sition primarily occur along the diagonalsat 45� , which
passthroughthe centerof the chamber[36]. In the other
regions,electronsmight becometrappedin the magnetic
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Figure27: Instantaneouselectroncurrentat the first elec-
trodevs. time (top)andits powerdensityspectrumvs. fre-
quency (bottom)for a maximumsecondaryemissionyield§¤¨ª©[«q� "P] u [5]. In thetoppicture,thelargenegativespikes
which coincidewith bunchpassagesrepresenttheprimary
photoemission.In the bottom picture, the fall-off of the
signal power spectrumoccursnear the bunch frequency2��)�@j)�¡ �� { # ? L i � T H � ,&�/� MHz.

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

3.5 Electron Trapping in Quadrupoles

It was first discovered in simulationsby L. Wang [37],
that after accelerationby the beamelectronscanbecome
trappedinsidea quadrupolefield, like in a magneticbottle.

Figures32 and33 show thesimulatedbuild up of elec-
tronsduringthepassageof a 50-bunchtrain aswell asthe
subsequentdecayof thecloud. In thefirst pictureall elec-
tric fieldsaretakeninto accountduringthedecay;thesec-
ond pictureshows the decayif electronsexperienceonly
themagneticfield.

In neithercasedoesthe numberof electronsshrink to
zero,over thetime scaleconsidered,raisingthepossibility
thata certainfractionof theelectronmight remaintrapped
forever.

In the casewithout imageand space-charge forces, if
only the magneticfield is present,the trappingcondition



Figure 28: Simulatedelectronflux on chamberwall in
A/m6 vs. thehorizontalpositionin anSPSdipole, for dif-
ferentvaluesof the bunchpopulation. Simulationparam-
eters:

� = � ¥�] u mm,
� R � "$] = mm,

� T � �@] L = m,§ ¨ª©7« �("$] � , ± ¨ª©7« � ¥5�/� eV, O!¢ ~ #�O . � L ] u��¦",� �6£ m
� d

perproton,
oI= �¤,p= mm,

oIR �)">,P] u mm,
s ÖØ×k� �¤,$] �/� m,< �¦��] L T; elasticelectronreflectionincluded.

is givenby [34]

¥ H W 6Úh¦7Ú < Ü ¦p�W©7ÜW 6_ < � g �b× E "
C

(22)

whereW Ú9¦[Ú denotesthetotalvelocityof theelectron,2 _ the
velocity componentstransverseto thelocal magneticfield,< Ü ¦p�W©7Ü the local field strength,and

< � g �b× the field at the
chamberwall following themagneticfield lines.

Figure 34 displaysa histogramof the quantity
5 \ ? ¥ H ,

evaluatedfor all electronsafter thepassageof 50 bunches
througha KEKB-LER quadrupole.Trappingcorresponds
to
5 2>c ? ¥ H§Et� .
Finally, Fig. 35 depicts the fraction of electronsfor

which the trappingcondition
5 2�c ? ¥ H�E � is fulfilled as

a function of time, for the two casescorrespondingto
Figs.32 and33.

3.6 Electron Cloud Build Up for Electron
Beams

For an electronbeamandfor a positronbeamthe number
of photo-electronsis the same.In thecaseof the electron
beam,theprimaryphotoelectrons,if emittedat thetime of
the bunchpassage,are immediatelyrepelledby the beam
field. Therefore,theelectroncloudbuild up shouldbere-
ducedcomparedwith thatfor apositronbeam.

However, even if the photo-electronsare repelledthey
might bereflectedbackfrom thechamberwall with a high
probability. In addition,in thecaseof oneor severalpho-
tonreflections,thephoto-electronsmaybeemittedafterthe
bunchhascompletelypassedby [39]. Thenthey donotex-
periencethe repellingfield of the bunchwhich generated

Figure 29: Electron flux on chamberwall in A/m6 vs.
thehorizontalpositionin anSPSdipolefor variousvalues
of ±²¨ª©7« ; top: launchingprimary e� at the wall; bottom:
launchingprimary e� inside beam(ionization). Simula-
tion parameters:

� = �t¥�] u mm,
� R �¯"$] = mm, §7¨ª©7«��¯"$] � ,O>¢ ~ #>O . � L ] u �¡"&� �6£ m � d per proton, Pba � � �¡"&� dÛM ,oe= �¨,p= mm,

oIR � "�,P] u mm,
s ÖÛ×k� �T,$] �/� m,

< ���@] L T;
elasticelectronreflectionincluded.

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

In a recentstudyfor theKEKB HER [35] we simulated
aworst-casesituationwhere,for theelectronbeam,all pri-
maryphoto-electronswerelaunchedjust after thepassage
of the emitting bunch. Figure36 comparesthe simulated
build up of the electroncloud for the KEKB HER when
operatedwith positronor electronbeamsof thesamecur-
rent. The total numberof electronsdiffers by a factorof
4 or 5. Therefore,at high beamcurrentwe expect to ob-
serve electron-cloudeffects also for the electronbeams.
This might be a possibleexplanationfor a fasthorizontal
coupled-bunchinstability which hasbeenobserved in the
KEKB HER [38, 35].



Figure30: SPSelectronline densityvs. time for various
valuesof ± ¨ª©[« ; top: launchingprimary e� at the wall;
bottom: launchingprimary e� inside beam(ionization).
Simulationparameters:

� = � ¥�] u mm,
� R � "$] = mm,§ ¨ª©7« � "P] � , O!¢ ~ #>O . � L ] u �)"&� �D£ m � d per proton,P a �v�^� ",� dØM , o = �T,p= mm,

o R � "�,$] u mm,
s ÖØ×k� �T,P] �5�

m,
< �¦�@] L T; elasticelectronreflectionincluded.

Figure31: Snapshotof transverseelectrondistribution in
an LHC quadrupolechamber. Parameters:§7¨ª©7« � "P] " ,Pra��©,�� ",� dØM .
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Figure 32: Simulatedelectronline densityvs. time for a
quadrupolefield in the KEKB LER [35]; this simulation
includeselectronspace-chargeandimagefields.
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Figure 33: Simulatedelectronline densityvs. time for a
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quadrupolefield in theKEKB LER [35].



Figure 35: Fractionof electronsfor which
5 2�c ? ¥ H�E �

(i.e., for whichthetrappingconditionis fulfilled) asafunc-
tion of bunch-spacenumber[35]. Thebeamstopsafter50
bunches.

Figure36: Electron-cloudline densityvs. time in a 0.26-T
dipolefield for theKEKB HER comparingelectronbeam
andpositronbeams[35].

4 CONCLUSIONS

Simulationsof electron-cloudbuild up andheatload (for
LHC) are sensitive to the parametrizationof secondary
emissionandphotoemission.Importantarealsothebeam
andelectronimagecharges,theelectronspacecharge,and
magneticfields,evenif they areonly a few Gauss.

Thesimulatedelectron-cloudbuild up is in goodagree-
mentwith observationsfor theCERNSPS,the CERNPS
[40], andtheKEKB LER.

The largest remainingdiscrepancy betweenSPSmea-
surementsand simulationspertainsto the exact position
of the vertical stripesin an SPSdipole. The presentdif-
ferenceis abouta factorof two for a bunchpopulationofPra � � � "&�

dÛM
, thesimulationpredictinga largerdistance

betweenthestripsandthebeamaxis. It is conceivablethat

thisdiscrepancy canberesolvedby adifferentparametriza-
tion of thesecondaryemissionyield [41].

Simulationswith thecodeECLOUD confirmthata cer-
tain fraction of electrons,between5% and30%, may be
trappedinsidea quadrupolefield. This corroboratesprevi-
oussimulationresultsby L. Wang[37], thoughthe exact
fractionof trappedelectronsmight still bedifferent.

Finally, our simulationssuggestthat a significantelec-
troncloudcanalsobuild upfor anelectronbeam.Thiswas
illustratedwith anexamplefor theKEKB HER.
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