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Abstract

HEADTAIL is a simulation programmedeveloped at
CERN which is aimedat studyingthe single-bunchinsta-
bility arising from the interactionon successive turns of
a single bunch with the cloud generatedby the previous
bunches. The code includeschromaticity, spacecharge
tunespread,broad-bandimpedanceanddetuningwith am-
plitudefor morerealisticsimulation.Examplesof applica-
tionareshown. Transverseandlongitudinalwakefunctions
arealsooutputsof theHEADTAIL code.

1 INTRODUCTION

Two differentaspectsof theelectron-cloudphenomenon
are modelled and simulatedby meansof the two pro-
grammes ECLOUD [1] and HEADTAIL , developed at
CERN.
The first programECLOUD simulatesthe build up of the
electroncloudduring thepassageof a bunchtrain. It pro-
vides information on the transverseelectrondistribution
inside the vacuumchamber, the time evolution of the to-
tal numberof electrons,the energy spectrumof electrons
impinging on the wall, and the correspondingheat load
[2]. Theseoutputshave alreadyprovenextremelyinterest-
ing bothfor comparisonwith existing dataon theelectron
cloudin theSPS[3, 4, 5] andfor extrapolationto theLHC,
like theestimationof heatload[6] or of thepressurerisein
theexperimentalareas[4]. Furthermore,theelectronden-
sity valueat saturationcanbeusedasaninput to studythe
possibledestabilizingeffect of the cloud on a bunch that
goesthroughit.
The secondprogram HEADTAIL models the interaction
of a single bunch with an electroncloud on successive
turns. The cloud is assumedto be generatedby the pre-
cedingbunches,and is generallyassumedto be initially
uniform, althoughother initial distributions can be con-
sidered. As observed above, its density is inferred from
parallelsimulationswith theECLOUD code.Theelectrons
give riseto a head-tailwake field, which amplifiesany ini-
tial small deformationin the bunchshape,e.g., dueto the
finite numberof macroparticlesin the simulation. With-
out synchrotronmotion,theresultinginstability resembles
the beambreakup in a linac [7, 8]. If synchrotronmo-
tion is included,the instability becomessimilar to a regu-
lar TransverseMode Coupling Instability (TMCI) [9]. It
inducesa transversecentroid motion of the longitudinal
bunch slicesandalso a substantialemittancegrowth. In
our simulation,the interactionbetweenbeamandcloud is
calculatedby computingtheelectricfieldsof eitherspecies
ona two-dimensionalgrid, from whichwe thendeducethe

forceexertedonthemacroparticlesof theoppositespecies.
Thecodeoptionallyincludesnonzerochromaticityin both
transverseplanes,theadditionaleffectof abroad-bandres-
onator, spacechargeor beam-beam,andamplitudedetun-
ing. Electronscanevolve in a field-freeregionor in differ-
ent magneticfield configurations(strongdipole, solenoid
or combinedfunctionmagnet).
HEADTAIL canbeusedto computethesinglebunchtrans-
versewakefield, thesinglebunchinstability threshold,and
theinstability growth rateabovethethreshold.It alsocon-
tains all the necessaryinformation to extract the longitu-
dinal wake field andtheresultingpotential-welldistortion.
Moreover, thestructureof theprogrameasilyallows us to
isolatesingleeffectsor to studythesynergy betweenthem.
Detaileddescriptionof thecodestructureandapplications
arepresentedin thefollowing sections.

2 DESCRIPTION OF THE SIMULATION
CODE HEADTAIL

The electroncloud canact asa short-rangewake field,
and drive a single bunch instability [10, 11]. Suchkind
of instability is held to be responsiblefor the vertical
emittanceblow-up that is observed at the KEK B factory
[12], andalsofor that in SPS.Next we describethemodel
that we have employed to simulatesingle bunch effects
dueto theelectroncloud.

Figure1: Schematicof thesimulationrecipe.

A proton or positronbunch interactswith the electron
cloudduringits passage.Whenwe studythesingle-bunch
effectsof theelectroncloud,only perturbationsof thecloud
inducedby the passingbunchareconsidered.All the rel-
evantbunchandlatticeparameters,aswell astheaverage
equilibrium densityof the electroncloud along the ring,
are basicinput parametersfor the simulationof the cou-
pledmotionbetweenbunchandcloudelectrons.For sim-



plicity, thekick approximationis usedfor theactionof the
electroncloud on the bunch: the cloud is assumedto be
localisedat oneor moredefinitepositionsalongthe ring,���������	��
 with ���������������������� ���� !�#" . Boththecloudand
the bunch are modelledas ensemblesof macro-particles
(with ��$ bunchmacro-particlesand �%� macro-electronsin
thecloud).Thebunchis alsodividedinto �%&'
 slices,which
interactwith theelectroncloudafteroneanotherandcause
thedistortionof theinitially uniformclouddistributionthat
cansignificantlyaffect thetail of thebunch.Theprinciple
of thesimulationis illustratedin Fig. 1. Theinteractionbe-
tweenbunchparticlesandcloudelectronsis expressedby
theequationsof motion:
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where the positionsof electronsand bunch particlesare
representedby the vectors

+ �\[ � + � ��J � " and
+ $ ����" [� + $ ��J $ �V] $ " , ]^�_�` 8 L being a co-moving longitudi-

nal coordinate; 0 �-�." is the transfermatrix with the fo-
cusingstrengthsbetweentwo interactionpoints; H � � + ��JW"
and H $*, T�U � + �-JW" representthe distribution functionsof the
electroncloudandof thebunchparticlescontainedin one
slice,respectively;

E F , S is theelectricfield of theelectrons
and of the beam,respectively, calculatedby meansof a
Particle-In-Cell(PIC) algorithmadaptedto our codefrom
D. Schulte’sGuinea-Pigcodefor beam-beamstudies;X ��Z��
is anexternalmagneticfield thatcansignificantlyinfluence
theelectrondynamicsin the region wherethecloud is ex-
pectedto be the strongest.The field of the electroncloud
actingon itself canoptionallybeincluded[13], thoughthe
effectduringthebunchpassageis smallin mostcases,and
henceit is normallyneglected.
The momentumchangesof electronsand beammacro-
particlesdueto theirmutualattractionarecomputedin time
stepsthat correspondto the different longitudinal slices
into which thebunchis subdivided. Betweentwo interac-
tions,thebunchis propagatedaroundthearcsof thestorage
ring, wherethebetatronmotionin bothplanesis modelled
by a rotationmatrix. Synchrotronmotionis alsoincluded.
Hence,the beammacro-particlesslowly interchangetheir
longitudinal positions,and in particularcan move across
slicesbetweenturns. The effect of chromaticityis mod-
elled by an additional rotation matrix which dependson
the energy of eachparticle. With a further rotation, the
tune shift due to spacecharge or beam-beamcan be in-
troducedin thebunchmotion. Dependingon whetherthis
lastrotationis appliedaroundthecenterof thechamberor

aroundthe centerof eachindividual bunch slice a+ �-]b" , it
modelseithera beam-beaminteractionor a spacecharge
force. Amplitude detuningis optionally introducedas a
tune dependenceon the single particle actions, c�d , e . Fi-
nally, a regular transverseimpedance,representedby the
broad-bandresonator
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canoptionallybeincluded.Puttingit all together, thetrans-
versephasespacecoordinatesof thegenericbunchmacro-
particlearetransformedoveroneturnaccordingto:
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Table1: SPSparametersusedin thesimulations.

variable symbol value
Circumference � 6900m
Beammomentum w 26 GeV/c
Chamberhalf width � d 70 mm
Chamberhalf height � e 22.5mm
Bunchpopulation ��� �� A�A
Rmsbunchlength �b� 30cm
Rmsenergy spread Mxwt��w D 0.0011
Slip factor � � ���������� ?2�
Synchrotrontune p�� 0.0022
Betatrontune p d , e 26.6
Averagebetafunction � 15 m
Rmshor. beamsize � d 3 mm
Rmsvert.beamsize � e 2.3mm
Chromaticities � d , e up to 0.4
Electron-clouddensity � F �I A ) m

?2�
Verticalshuntimpedance

f l
20M � /m

Quality factor p 1
Resonantfrequency h j 2� � 1.3GHz

3 SIMULATION OF THE ELECTRON
CLOUD INDUCED INSTABILITY AT

THE CERN SPS

As explained above, our code tracks electronstrans-
verselyalongeachbunchpassage,andbunchparticlesover
many turns.
The simulatedelectronmotion revealshow electronsare
progressively focusedtowards the bunch region as the
bunch goesby. In Fig. 2 the electronphasespacesand
distributions are shown, as they appearat the end of the
interactionwith onebunch(having startedfrom transverse
uniformdistributions).Thesimulationhasbeenperformed



herewith the PIC code;the agreementwith the evolution
predictedby asoft-Gaussianapproximationis excellent,as
maybededucedfrom thepicturesin Ref. [14].
As far asSPSsimulationsareconcerned(for parameters,

Figure 2: Horizontalandvertical phasespaceof the electrons
aftera bunchhasgonethrough(top pictures),andrelative distri-
butions(bottompictures).

seeTable1), It is interestingto observe in Fig. 3 how an
SPSbunchcontaining� � ���O���� A D protonswould suf-
fer a strongdipolemodeinstability undertheeffect of the
broad-bandimpedancealone,but now thiseffectgetsactu-
ally dampedby spacechargeandenhancedby theelectron
cloud. The instability manifestsitself only in the vertical
plane. Thereareat leasttwo goodreasonsto accountfor
that: firstly, in the vertical planethe impedanceis larger
[15], and secondly, thereis evidencethat in the SPSthe
electroncloud is mostly localisedin the arcs,wherethere
is a strongvertical magneticfield and thereforethe elec-
tronsaremostly pinchedvertically by the passingbunch.
A positive chromaticitycanstronglydampthe instability,
asshown in Fig.4 wheretheemittancegrowth over 12 ms
is plottedfor threedifferentvaluesof chromaticity.

In the SPSat 26 GeV/c spacecharge seemsto play a
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Figure3: Evolution of the centroidvertical positionof an SPS
bunchover 500turnsfor thethreelabelledcases.
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Figure4: Verticalemittanceversustime for threedifferent
valuesof chromaticity. Broad bandimpedance[15] and
spacechargeareincluded.

key role, sinceit actuallycausesa coherentcentroidmo-
tion evenwhereelectroncloudalonewould causeonly in-
coherentemittancegrowth. Comparisonof Figs. 5 and6
revealsthat spacecharge rendersthe beammotion more
unstableandviolent. In particular, it leadsto slicecentroid
oscillationsalongthe bunch. On the otherhand,the sim-
ulationwithout spacechargeshows only a persistentemit-
tancegrowth, occurringmoreor lessuniformly alongthe
bunch. The differentsignaturesof the simulatedinstabil-
ity for thesetwo casesresemblethedifferencebetweenthe
actualbeamobservationsatSPSandKEKB. At theSPSin-
jection momentumof 26 GeV/c, thebeamis still affected
by spacechargeforces,whichaccordingto oursimulations
might bea reasonfor theobserveddifference.
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Figure5: Simulatedverticalbunchshape(centroidandrms
beamsize) ater 0, 250, and 500 turns in the CERN SPS
without protonspacecharge.
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Figure6: Simulatedverticalbunchshape(centroidandrms
beamsize)ater0,250,and500turnsin theCERNSPSwith
protonspacechargeat26 GeV/c.

4 TRANSVERSE AND LONGITUDINAL
WAKE FIELDS IN THE CERN SPS

Also wake fieldscanbecalculatedby usingthe HEAD-
TAIL code. In thesimulation,we displaceonebunchslice
(for instance,vertically by anamount{ J�� � e ), andthen
we evaluatethe electroncloud responsein termsof elec-
tric field on axis (

+ � J¡�¢ ). Normalizing this field
by the amountof displacementand the numberof parti-
clescontainedin the displacedslice,we obtainthe dipole
wake function on axis (in � s

?WA
m
?<A

, after multiplication
by thefactor 6£5 8 ) � 4 ) ). As thefield on axisis not directly
relatedto the forceexertedby the cloudon the slicesthat
follow thedisplacedone,wecanalsoevaluateanaveraged
dipole wake function from the net force causedby a dis-
placedslice on later portionsof the beam. In this case,
insteadof looking only at the field on axis, we calculate
the overall force exertedby the distortedcloud on all the
particlescontainedin oneslice,andthendivide by the to-
tal charge in that slice to obtainan effective electricfield.
Shapesin the two casesappearquite different,as shown
in Figs.7 and8. Notethat thetwo definitionsof thewake
wouldyield thesameresultfor aconventionaldipolewake
field. Wake functionsonaxisreachmuchlargervaluesand
exhibit aspiky structurethatis smoothedoutto amorereg-
ularprofilewhentheintegrationoverthebunchsliceis car-
ried out. Theseplotscorrespondto analmostroundbeam
in anSPSfield-freeregionandarecalculatedfor a longitu-
dinally uniform bunchdistribution. In a dipoleregion, the
horizontalwaketendsto disappear, andtheverticalonebe-
comesalsoweaker(seeFig.9). Fig. 10showstheaveraged
dipole wake function for offset first slice anda Gaussian
bunchdistribution in adipolefield region.

Even though the kick approximationallows us to use
a two-dimensionalmodel to study transverseeffects, the
electroncloud is in reality distributed more or less uni-
formly aroundthe ring, andthusgeneratesa longitudinal
wake field which may give rise to potentialwell distor-
tion and eventually micro-wave instability. The longitu-
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Figure 7: Horizontal and vertical averageddipole wake
functionsfor a uniform SPSbunch, evaluateddisplacing
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Figure8: Horizontalandvertical wake functionson axis
for auniformSPSbunch,evaluateddisplacingthreediffer-
ent bunchslicesat L��ª§�@¨��b�� { L � �@¨�� � { L � . The simula-
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dinal field arisesprimarily from theaccumulationof elec-
tronsnearthecenterof the bunchduring its passage.The
codeHEADTAIL doesnotdirectlycomputethelongitudinal
electricfield. However, we canobtainthe latter from the
time evolution of the transverseelectrondistribution. The
ideaconsistsin reconstructingthe 3-dimensionalelectron
distribution by identifying the time during the bunchpas-
sagewith the longitudinalpositionalongthe bunch. This
distribution can then be post-processedin order to com-
putethelongitudinalelectricfield ona3-dimensionalgrid.
We assumethat the initial electrondistribution is unper-
turbedanduniform,andassignahomogeneouschargedis-
tribution to the region of the grid which lies in front of
the bunch. Theelectricfield is calculatedon the3-D grid
pointsusinga cloud-in-cell algorithm,and is thenmulti-
plied by the factor { ]©� � to accountfor the fact that the
real electronsaredistributedall aroundthe circumference
� . Figure11 displaysthelongitudinalelectricfield

E � �-]b"
dueto the electroncloud simulatedfor a Gaussianbunch



in the SPS.The bunchprofile is alsoindicated. The field
is negligibly small (in agreementwith theestimationfrom
a full 3-D plasmaphysicscode[16]), lessthan 10 V/m.
To estimatethepossiblebunchdistortiondueto this field,
weassumeaGaussianenergy distributionandcomputethe
longitudinalbunchprofile expectedfor the electron-cloud
potentialwell using
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(3)
wherethe longitudinalwake ³´��]2" , wake function from a
Gaussianbunch,is relatedto thelongitudinalelectricfield
estimatedfrom theHEADTAIL codeby

³´��]2"«µ E � �-]b"
4

¶ �f D 8 � �

We like to call Eq. (3) thequasi-Haissinski solution. Un-
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Figure 9: Horizontal and vertical averageddipole wake
functionsfor a uniform SPSbunch, evaluateddisplacing
thefirst bunchslice,in adipolefield region.

like therealHaissinskiequation[18] for anordinarywake
fiel, Eq. (3) is not self-consistent,sincethefield

E � �-]b" on
the RHS varieswith the beamdistribution in an unknown
way. As reportedin the first equalityof Eq. (3), valid for
a regularwake, the wake field canbe expressedasa con-
volution betweenthe distribution function and the Green
functionwake ³ D : theequationcanthenbesolvednumer-
ically for � ��]2" . For the electroncloud case,suchGreen
function ³ D is notknown, andit maynotevenexist owing
to violationsof linearityandtime invariance.

Nevertheless,we canuseEq. (3) to computethe bunch
profile which would be formedunderthe influenceof the
additionalelectricfield

E � ��]2" (neglecting its dependence
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Figure 10: Horizontalandvertical averageddipole wake
functionsfor a GaussianSPSbunch,evaluateddisplacing
thefirst bunchslice,in adipolefield region.

Figure 11: Longitudinalelectricfield due to the electron
cloud for a Gaussianbunchin the SPS.Bunchheadis on
theleft.

on thebunchprofile itself), andcomparethis with the ini-
tial distribution. A discrepancy wouldindicateasignificant
potential-welldistortion,andthereforewouldrequireafew
moreiterationsto determinetheself-consistentbunchpro-
file.
However, Fig. 12 shows that theinitial andpredicteddis-

tributionsarevery similar, andhencewe do not expecta
largeeffectof theelectroncloudon thelongitudinalbunch
shapein theSPS.We notethat themodifieddistribution is
shiftedslightly forward, which compensatesfor the addi-
tionalenergy lossdueto thecloud.

5 APPLICATION TO THE KEKB

Sofar we have shown resultsfor theCERNSPSring. It
is interestingto show, asfurtherapplicationsof theHEAD-
TAIL code,a few resultsfrom simulationsof the KEKB
FactoryLow Energy Ring. Parametersthat we have used
in oursimulationsaresummarizedin Table2.
Figures13 and 14 show horizontaland vertical centroid



Figure12: Equilibrium bunchdensitycomputedfrom the
wake for a Gaussianbunch in the SPS.The Gaussianis
slightly shifted.

Table2: Simulationparametersfor KEKB LER.
variable symbol value
Circumference � 3016m
Relativistic factor 5 6850
Chamberradius · 47 mm
Bunchpopulation � � ¨�� ¨!�o�I A D�¸	r
Bunchspacing ¹ &'��$ 8 ns
Rmsbunchlength �©� 4 mm
Rmshor. beamsize � d 420 º m
Rmsvert.beamsize � e 60 º m
Tranversetunes p d , e 45.53/44.08
Synchrotrontune p � 0.015
Slippagefactor � ��� ������ ?*�
Averagebetafunction � e 10 m
Chromaticities � d , e up to 0.35
Solenoidfield X � 30G
Electronclouddensity � F �I A ) m

?*�

motionfor anominalbunchundertheactionof anelectron
cloudwith density �� A ) m

?2�
andsupposeduniformly dis-

tributedall alongthering. Chromaticitywassetto zeroin
this case.A dipolemotion is observableonly in theverti-
cal direction,probablybecauseof theflatnessof theKEK
bunch. To illustrate the beneficialeffect of chromaticity
on theinstability, we show first in Fig. 15 how thevertical
centroidmotion is dampedfor high vertical chromaticity.
Then, in Fig. 16 the emittancegrowths relative to differ-
ent chromaticityvaluesareplottedon the samegraph. It
is clear that higher positive chromaticitiescan dampthe
coherentemittancegrowth otherwisepredictedfor zeroor
verylow chromaticity. For thepurposeof codebenchmark-
ing andvalidation,weshow in Fig. 17thesamechromatic-
ity scanfor KEK doneby K. Ohmi [17] with his PEI code.
Theagreementwith our resultsis excellent.

The influenceof a solenoidfield on the electroncloud
drivensinglebunchinstability canalsobe of interest,and
it hasbeenstudiedin connectionwith the the KEK too,
sincetherearesolenoidsalong90%of thering. In Figs.18
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Figure13: Horizontalcentroidmotionof a KEK bunchin-
teractingwith an electroncloud. Chromaticity��d wasset
to zero.No unstablemotionis visible.
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Figure14: Verticalcentroidmotionof a KEK bunchinter-
actingwith an electroncloud. Chromaticity� e wassetto
zero.Thecoherentdipoleoscillationrevealsaninstability.

and19 thehorizontalandverticalwake functionsareplot-
tedfor a KEK nominalbunchandthenominalvalueof the
solenoidfield ( X &'»x
 ��¨ mT). Thedifferencebetweenthe
two figuresis thatthehorizontalandverticaldisplacements
wereseparatelyappliedto the first bunchslice: neverthe-
less,the expectedeffect of exciting a wake in the orthog-
onal planeis in neithercasequite visible in both planes
in spiteof the coupling in the electronmotion dueto the
solenoid.This is becausetheKEK bunchis very shortand
the solenoidfield not strongenoughto efficiently couple
planesover onebunchpass(electroncyclotron periodforX¼&½»�
¾�¿¨ mT is ¹WÀ �Á� ® ns, andthe KEK bunch length
is { L � �´��  � ¨ ns). In Ref. [13] it wasshown how for a
long SPSbunchin a solenoida strongeffect wasvisible in
bothplanesevenafterdisplacinga bunchsliceonly in one
plane. Whenthe couplingis effective, the wake field be-
comesmuchweakerandtheinstability is likely to becured
[13], asappearsfrom thelossof pinchingshown in Fig. 20
for anSPSbunchpropagatedthroughanelectroncloud in
a solenoidfield region ( X � ���� ® � � ���I mT).
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Figure15: Verticalcentroidmotionof a KEK bunchinter-
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0.35. The coherentdipole oscillation is dampedwith re-
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6 CONCLUSIONS AND OUTLOOK

In conclusion, in this paper we have describedthe
code HEADTAIL that was developedat CERN in order
to study the degradingeffect of an electroncloud on the
singlebunch. Examplesof applicationhave beenshown,
with special emphasisto the CERN SPS. Growth rate
of the instability and beneficial effect of chromaticity,
as experimentallyobserved [19], have been reproduced
by simulations including electron cloud, spacecharge
and broadbandimpedance.It hasalso beenhighlighted
that spacecharge plays a key role in destabilizingthe
centroidbeammotion: whenits effect is neglectedonly an
incoherentemittancegrowth is predictedto occur.
Transverse and longitudinal wake functions have been
calculatedby meansof the HEADTAIL code. Transverse
wakes can be of great interest to predict the instability
threshold from the TMCI theory, although this theory
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(CourtesyK. Ohmi).
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Figure18: Horizontalandverticalwake functionsalonga
KEK bunch that goesthroughan electroncloud inside a
30 G solenoidfield region. Thebunchheadwasdisplaced
only horizontallyby anamount{ + � � d �©�I .

can only be appliedin first approximation,and needsto
be adaptedto this particular case. The electron cloud
wake fields are not conventional, becausethey strongly
dependon the positionalong the bunch from wherethey
getexcited. Work is beingcarriedout to take into account
this feature in the theory [20]. Assuming the electron
distributionsat subsequenttimesto bethoseat subsequent
longitudinalpositions(with theappropriatescalingfactor),
the longitudinal wake field hasalso beenevaluatedfrom
the outputof the HEADTAIL code,andfound to be small.
It canonly slightly affect thebunchshapeandis not likely
to beresponsiblefor any microwave instability.
Theresultsof theHEADTAIL codehavebeenbenchmarked
againstthe predictionsof Ohmi’s PEI code: the beneficial
effect of chromaticityon the electroncloud singlebunch
instability for a KEK bunchhasbeenreproducedby both
codesin excellentagreement.
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Figure19: Horizontalandverticalwake functionsalonga
KEK bunch that goesthroughan electroncloud inside a
30 G solenoidfield region. Thebunchheadwasdisplaced
only verticallyby anamount{ JO� � e2�©�� .
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Figure 20: Electron densitiesalong the x-axis after 4/5
of the SPSbunch haspassedthrough the cloud and forX � �¥�� ® � � ���I mT. This simulationresultshows how the
pinchingeffectdisappearswhenthesolenoidfield is strong
enoughasto significantlycoupletheelectronmotionover
onebunchpass.
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