
SIMULATION OF HEAD-TAIL INSTABILITY CAUSED BY ELECTRON
CLOUD IN THE POSITRON RING AT PEP-II

�

YunhaiCai,SLAC, Stanford,CA 94309,USA
Abstract

The head-tailinstability causedby an electroncloud in
positronstorageringsis studiednumericallyusingasimple
model. In the model, the positronbeamis longitudinally
divided into many slicesthat have a fixed transversesize.
The centroidof eachslice evolvesdynamicallyaccording
to theinteractionwith a two-dimensionalelectroncloudat
agivenazimuthallocationin thering andasix-dimensional
lattice map. A suddenandhugeincreaseof the projected
beamsizeandthemodecouplingin thedipolespectrumare
observedin thesimulationatthethresholdof theinstability.
Evenbelow thethreshold,theverticalbeamsizeincreases
alonga bunchtrain thathas8.5 nsbunchspacing.Above
the threshold,a positive chromaticitycandampdown the
centroidmotionbut hasvery little effect on theblowup of
thebeamsize.Theresultsof thesimulationareconsistent
with many observationsat PEP-II.

1 INTRODUCTION

The transversecouple-bunch instability causedby an
electroncloudin a positronstoragering wasfirst observed
in the spectrumof coherentdipole oscillationin the KEK
PhotonFactory [1]. The photoelectronproducedby the
synchrotronradiationis proposedasthe primary causeof
the instability by Ohmi [2]. He has simulatedthe pro-
ductionof thephotoelectronandshowedthat theeffective
wakefield dueto theelectroncloudcouplesthedipolemo-
tion betweenbunchesandhencecausesthecoupledbunch
instability for the positronbeam. This instability can be
controlledby astrongbunch-by-bunchfeedbackasdemon-
stratedin theLow Energy Ring(LER) of KEK-B andPEP-
II.

However, even with suppresseddipole oscillations,the
electroncloud still causessignificantemittancegrowth as
observed recently in KEK and PEP-II B-factories[3, 4].
The growth hasbeenexplainednumericallyasa resultof
head-tailinstability causedby theelectroncloudby Ohmi
andZimmermann[5]. Sincethereis no directexperimen-
tal confirmationof the proposedtheory, it is importantto
continuethestudyto establishthelink betweentheoryand
experiment.

In thispaper, wefirst briefly describethephysicsandap-
proximationin thesimulationin thesection2 and3. Then
we make a simulation in section5 and 6 to identify the
thresholdof the instability both in termsof the emittance
growth andmodecoupling.In section7 and8, wesimulate
the emittancegrowth below andabove the threshold. Fi-
nally, we make a summaryof thewholeinvestigation.The�
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focus of the simulation is on the observable in the ring.
Wherepossible,we will make a comparisonbetweenex-
perimentalobservationsandthesimulation.

Therearetwo mainsourcesof electrons:photoelectrons
generatedfrom the synchrotronradiation and secondary
electronsfrom the multipactingon the vacuumchamber.
The detail of how the electroncloud is generatedcanbe
found in thework by FurmanandLambertson[6]. In this
paper, thedensityanddistributionof theelectroncloudare
treatedasaninitial inputto thesimulation.Wewill concen-
trateon how the positronbeaminteractswith the electron
cloudoncetheelectronsaregeneratedandreachthesatu-
rationdensity.

2 BEAM AND ELECTRON CLOUD

For thebeamandelectroncloud,we usea simplesimu-
lationmodelintroducedby OhmiandZimmermann[5]. In
themodel,thetransversedistribution of theelectroncloud
is representedby
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where � � and �� � arethetransversecoordinateandvelocity
for theelectrons.Thedistribution of thepositronbunchis
representedby

��$
longitudinalmacroslicesasillustrated

in Fig. 1. All slicesareassumedto have a rigid Gaussian
distribution of transversermssizes( %'& , %)( ). Thecentroid
of eachsliceis treatedasadynamicalvariablein 6D phase
space.

Figure1: A positronbunchmodeledasmany longitudinal
sliceswith a rigid transverseGaussiandistribution.

Transversely, weusethe2D vector �+* and �,-* to describe
thecentroidcoordinateandthecanonicalmomentumof the
slices. At the beginning of the simulation,all the trans-
versecoordinatesandmomentaof theslicecentroidareset
to zero.Longitudinally, thecentroidcoordinate. andmo-



mentum,�/ of the slicesare initialized to a Gaussiandis-
tribution0 with rms bunchlength % / andenergy spread%'1
respectively.

To speedup thesimulation,all electronsarelumpedinto
one single slice at a given azimuthallocation � with av-
erage2 function. This approximationis justified because
we know that the head-tailinstability is ratherinsensitive
to the locationof the impedance.Beforethearrival of the
positronbunch,thedistribution of theelectroncloudis re-
initialized to a Gaussiandistribution with sizes % �& and % �(
and the velocitiesof the electronsare resetto zero. The
slicesof thebuncharesortedaccordingto their longitudi-
nal positions.Staringwith thehead,theslicescollide with
theelectroncloudsequentiallyin time. Undertheassump-
tion of aGaussiandistribution,thekick experiencedby the3#465

electronfrom theelectricfield of the 7 465 sliceis
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where
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is thenumberof positronin asinglebunch,
< � is

theclassicalelectronradius,> is thespeedof light, and �?+@
is givenby the Erskine-Bassettiformula [7]. The kick by
the electroncloud to thecentroidof the slice is expressed
as � �, * � � �

9 < � � �� � D
� �
8 ���

�? @ 
+� * � � � �B8 � �%A� � (2)

where
� � is the number of electrons and

� � �9�E % �& % �()F 7 � for the electroncloud with an initial trans-
verseGaussiandistribution, F is the circumferenceof the
ring, and 7 � is thedensityof theelectroncloud. Note that
thedistributionof theelectroncloudis not directlyusedin
the calculationandthe expressionis basedon the conser-
vationof themomentum.Theapproximationis valid only
whenthesizeof theelectroncloudis muchlargerthanthe
sizeof the beam. Betweenthe collisionsof two adjacent
slicestheelectronsdrift,

� � � � �� � �HG .'I > , where G . is the
longitudinaldistancebetweentwo slices.

3 LATTICE MAP

To seethe dynamicaleffectsof the positronbeam,we
track the centroidof the sliceswith its betatronandsyn-
chrotronmotions.Wefirst transferthephase-spacecoordi-
natesto thenormalizedcoordinateswith a matrix,

J;K �& �
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where2 & and R & aretheCourant-Snyderparameters.Then
we performa rotationandradiationdampingon the nor-
malizedcoordinatesby anothermatrix,
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 9_Ea` &b� ]#ced 
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 9_Ea` &f� ZB[h] 
 9�Ea` &b� � (4)

where
` & is the betatrontune and i & is dampingtime in

unit of turn. Here we apply the radiation dampingon

the centroidof slice becausethe centroidof the beamal-
ways dampsto a closedorbit while the positionsof in-
dividual positron will be balancedbetweenthe noiseof
quantumexcitationandradiationdampingto reacha finite
beamsize. To apply lattice chromaticity, we simply use` &j� `^k&mlon & , / . Finally, we transferthecoordinateback
to physicalphasespacewith theinverseof thematrix

J K �& ,

J &T�
L 2 & O
� Q NL M-N �L M)N p (5)

In the vertical and longitudinal planes,similar formu-
las areapplied. In the longitudinalplane,we have 2 / �% / I^%)1 , R / � O , andi / � O .

4 PARAMETERS

The LER at PEP-II is a positronstoragering. The cur-
rentoperatingparametersaretabulatedin Table1. Wiggler
magnetsin themachineareturnedoff for higherluminos-
ity. The bunchcharge

��:
is chosento correspondto the

peakvaluein regular operation.The vertical emittanceis
estimatedfrom the luminosityscan.Theotherparameters
areat their designvalueswhich arevery closeto themea-
suredvalues.

Table1: Parametersfor theLER at PEP-II
Parameter Description Valueq

(Gev) Beamenergy 3.1F (m) Circumference 2200� :
Numberof positrons

� p Osr � O �"�2+& (m) Averagehorizontalbeta 16.522+( (m) Averageverticalbeta 17.83i 4 (turn) Transversedampingtime 9740t & (nm-rad) Horizontalemittance 24.0t ( (nm-rad) Verticalemittance 1.50% / (cm) Bunchlength 1.30%'1 Energy spread u p u r � O K�v` & Horizontaltune 0.649` ( Verticaltune 0.564` $
Synchrotrontune 0.025

Theparametersrelatedto theelectroncloudarenot yet
well established.Basedontherecentsimulation[8] for the
generationof an electroncloud, the saturationdensity is7 $�jw 9 r � O^x Z\y K-z . Sincewe areinterestedin only the
dynamicsof the singlebunch in this study, the densityis
an input parameterin the simulation. The transverserms
sizesof the initial electrondistribution whenthe positron
buncharrivesare % �& �|{ y}y and % �( ��~ y}y . Thesesizes
aremuchlargerthanthebeamsizesandconsistentwith the
shapeof theelectroncloudwhenthedensityis saturatedin
thecloudgeneratingsimulation.



5 THRESHOLD OF THE INSTABILITY

Thealgorithmoutlinedin previoussectionshasbeenim-
plementedin an object-orientedC++ classlibrary. In the
library, theelectroncloudandpositronbunchareindepen-
dentobjectsthatcanbeconstructedby theusers.Thereis
no limitation on how many objectsof cloud or bunchare
allowed in the simulation,and cloudscan have different
parametersasinstancesof thecloudclass.Thesefeatures
provide us with greatflexibility to studyvariousphenom-
enaof theelectroncloudinstability.

In thesimulation,we usea thousandslicesfor theposi-
tion bunchandtenthousandsmacroparticlesfor theelec-
tron cloud to ensurea reasonablenumericalconvergence.
Thechromaticityis setatzerounlesswementionthevalue
explicitly.
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Figure2: Thresholdof head-tailinstabilitycausedby elec-
tron cloud.

To studythedynamicaleffectson thepositronbeam,we
vary the densityof the electroncloud 7 � from

� r � O^x
to
� r � O^� ZBy K-z . At eachdensity, we tracked the bunch

for 1500 turns. To quantify the emittancegrowth of the
single bunch, we definea projectedbeamsize as � ( �
%-�( l % *( � , where % *( is the rmsspreadof slicecentroid.

This projectedbeamsize can be measuredwith a syn-
chrotronlight monitor.

Theprojectedbeamsizeat endof thetrackingareplot-
ted asa functionof theclouddensityin Fig. 2. It is clear
from the figure that the relative growth of the beamsize
is muchlarger in the vertical planethanin the horizontal
plane. Thereis a suddenandhugeincreaseof the beam
size in the vertical planenearthe density 7 465� ��� r � O^xZ\y K-z , whichwecall thethresholdof theemittancegrowth
causedby the electroncloud. It will becomeclear in the
next sectionthatit is thealsothethresholdof thehead-tail
instability.

Beyondthe threshold,theprojectedbeamsizebecomes
much larger than the initial beamsize. The increaseof
emittancesignificantly reducesthe luminosity in the col-
lider andthereforeB-factoriesarelimited by this effect in
general.Oncethe instability occurs,thegrowth time is on
the orderof the synchrotronperiod,that is about40 turns

in thesimulation.Thegrowth time becomesshorterasthe
densityincreases.Below thethreshold,thereis still sizable
growth of theemittance.Thatwill bethesubjectof a latter
section.

6 DIPOLE SPECTRUM AND MODE
COUPLING

The head-tailinstability canbe driven by conventional
impedancefrom the radio-frequency cavities. The effects
havebeensimulatedby Myers[9]. For impedanceinduced
by theelectroncloud,similareffectsshouldapply. Herewe
analyzethe Fourier spectrumof the beamcentroidthat is
calculatedasanaverageof theslicecentroid.Thevertical
dipolespectraatfivedifferentdensitiesbelow thethreshold
density7 465� areshown in Fig. 3. Wecanseefrom thefigure
thatall modesareshifting upwardasthedensityincreases
becauseof thecoherenttuneshift generatedby theelectron
cloud. Due to the focusingeffect of the electroncloud,
themodesshift in theoppositedirectionof its conventional
counterpart,in which thezeromodeis shifting downward
astheimpedanceincreases.
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Figure3: Fourierspectrumof thebeamcentroidastheden-
sity of the electroncloud increasesto the threshold. The
dashedlinespresentthebetatrontuneandsynchrotronside-
bands.

Sincethe“ �A� � � ” mode,which startsat thelowersyn-
chrotronsideband,moves fasterthan the “ �s� O ” mode
startingat thebetatrontune,two modesfinally mergewith
eachotherat thethresholddensity7 465� asshown in Fig. 3.
Thisbehavior is calledmodecouplingin theliterature[10].
Thedensityat which two modesmergeis thethresholdof
thestronghead-tailinstability. Notethat this thresholdco-
incideswith theoneatwhich asuddenandhugegrowth of
emittanceoccursaswe discussedin thelastsection.



Thesebeamspectracan be measuredwith a standard
spectrum� analyzer. Theobservationof twin peaksthatap-
proacheachotherasthebeamcurrentincreasesis very im-
portantexperimentalevidenceto confirmthatthehead-tail
instabilityis indeedthecauseof thesingle-bunchemittance
growth. Sincethe electroncloud can be generatedonly
whenthetotalbeamcurrentis veryhighandtherearemany
bunchesin the ring, the measurementneedsto be carried
outunderthesettingof multi-bunchoperationalthoughthe
head-tailinstability itself is asingle-buncheffect.
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Figure 4: A measurmentof the vertical spectrumin the
LER with a singlebeam,762buncheswith mini gapsand
5%abortgap.Thegreenline is afit of adouble-Lorentzian
squaredto thedata.Squaredbecausethis arepower spec-
trum. (Courtesyof Uli Wienands,2002.)

A measurementof the vertical dipole spectrum at
939mA beam current with bunch spacing � : �¬« p � d�]
has beencarried out for the LER at PEP-II and shown
in Fig. 4. The measuredspectrummatcheswell to the
simulatedspectrumshown in the first plot in Fig. 3 in
termsof the direction and value of the modeshift. The
agreementindicatesthattheelectronclouddensityis about7 � w � r � O^x ZBy K-z whenthe beamcurrentis near1A in
thering. This densityis half of thesaturateddensityin the
recentsimulationfor generatingthecloudaswementioned
earlier. Thedensityis alsobelow thethresholddensity7 465� .
Thedensityis about1% of theaverageneutralizationden-
sity

�;: I 
 Ea &  ('® : � , where
 & and

 ( arethehalf aperture
of thehorizontalandverticalchamberrespectively, and ® :
is the bunchspacing. This ultra low densityof the elec-
tron cloudnearthebeammaybeattributedto thesolenoid
windingon thebeampipe.

7 BEAM BLOWUP ALONG A BUNCH
TRAIN

In general,whena bunch train is usedin the ring, the
electronclouddensityalongthetrain fits well to theequa-
tion 7 � 
°¯ ���±7 $�_² � �´³Bµ)¶ 
 � ¯ I�iC�6· � (6)

where i is the time constantto reachthe saturationden-
sity 7 $� . For the currentoperationof the PEP-II,we usea
single long train with bunchspacing� : �¸« p � db] and5%

abortgap. In this bunchpattern,7 $� � 9 r � O^x Z\y K-z andi��¹� O d�] basedon therecentsimulation[8] for thecloud
generation. Clearly, the density in the ring is below the
head-tailthreshold7 465� �X� r � O^x ZBy K-z . However, thereis
still sizableemittancegrowthbelow 7 465� aswehavenoticed
in theprevioussimulation.

0 20 40 60 80 100 120 140 160 180 200

0.63

0.632

0.634

0.636

Time(ns)

Σ x(m
m

)

0 20 40 60 80 100 120 140 160 180 200
0.15

0.2

0.25

Time(ns)

Σ y(m
m

)

Figure5: Beamsizeincreasealongabunchtrainwith 8.5ns
bunchspacing.

To studyin detailtheemittancegrowth below thethresh-
old density, we trackthefirst 20 bunchesin thetrain up to
5000 turns. Eachbunch interactswith an electroncloud
with thedensityaccordingto Eqn.6. Theprojectedbeam
size at the end of the tracking is shown in Fig. 5. We
canseea 30%increaseof theverticalbeamsizealongthe
train. The increaseis consistentwith theobservationseen
atKEK-B [3] althoughtheparametersof theringsmaydif-
fer. It is alsoconsistentwith thebunch-by-bunchluminos-
ity measurement[11] atPEP-II.Thatindicatesagain,inde-
pendently, thatthedensityin thering is quitelow compared
to theneutralizationdensity.

8 EFFECT OF CHROMATICITY

As wehaveshown in thesimulation,thestronghead-tail
instability occursat a thresholddensitywhenchromaticity
is setatzero.Beyondthethreshold,thebeamsizeincreases
dramatically. Thechromaticityis known for stabilizingthe
conventionalhead-tailinstability. In this section,we will
studytheeffectswhentheinstability is drivenby theelec-
tron cloud.

Wetrackabunchthrough1500turnsatdifferentvertical
chromaticityrangingfrom -10 to 10 with a fixed density7 � �º« r � Ohx ZBy K-z which is above the thresholddensity7 465� . Theturn-by-turndipolemotionof thebunchis plotted
in Fig.6 atthreesettingsof chromaticity:namely+2,0,and
-2. As clearlyshown in thefigure,thepositivechromaticity
dampsdowntheunstablemotion,thenegativechromaticity
actuallymagnifiesthemotion,andatzerochromaticity, the
modulationof synchrotronoscillationstabilizesthemotion
to afinite amplitude.

Themostmachinesarelikely operatedwith thepositive
chromaticitythatsignificantlysuppressesthedipolemotion
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Figure6: Evolution of beamcentroidwith threedifferent
chromaticities:+2,0, and-2.

asshown in the simulation. That explainswhy the mode
couplingin thedipolespectrumis sohardto beobserved.
To make a measurement,onehasto set the chromaticity
nearzero.
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Figure7: Projectedverticalbeamsizeasa functionof ver-
tical chromaticity.

Theeffect of chromaticityon thebeamsizeis shown in
Fig. 7. Onecanseethat thepositive chromaticityup to 10
units doesnot changethe beamsizeandthe negative one
makesa very largeblowup in beamsize. This behavior is
consistentwith theexperimentalobservationat PEP-II.

9 SUMMARY

Dynamicalinteractionbetweenthe positronbunchand
electroncloudhasbeensimulatedin a simplemodel. We
find thatthedensitythresholdof thestronghead-tailinsta-
bility is 7 465�»w � r � O^x Z\y K-z , whichis approximately5%of
theneutralizationdensity. At thethreshold,weseethetwo
modesmerging into a singlemodeanda suddenandhuge
increaseof the beamsize. Even below the threshold,the
beamsizestill blows up significantly. Basedon compari-
sonto experimentalobservation,we canconcludethat the
LER at PEP-II is operated(or limited) below thethreshold
density. Theclouddensitynearthebeamis asmallpercent-

ageof theneutralizationdensitywhenthering is operated
theregularbunchpatternandbeamcurrent.

It is surprisingthat such a simple model can explain
so many experimentalobservations. In the model, the
mainmechanismof thebeamblowupis explainedwith the
spreadof thetransversecentroidof thelongitudinalslides.

Many additionalsimulationshave beendonefor the in-
vestigation. Here, we will summarizethe main results.
Although they aremany parametersrelatedto the dynam-
ics, the importantonesarethe beamenergy andintensity,
bunchlength,averagebetafunction,chromaticity, andsyn-
chrotrontune.In general,ahigherenergy, lowerbetafunc-
tion, andshortersynchrotronperiodalleviate thehead-tail
instability. The positive chromaticitysuppressesthe un-
stabledipole motion but haslitter effect on the beamsize
whenthedensityisabovethethreshold.TheLandaudamp-
ing from thetunespreadgeneratedby thesecondorderper-
turbationof the very strongsextupolesin the ring is not
largeenoughto dampdown theinstability.

Oncetheinstabilitystarts,wecandolittle aboutthever-
tical blowup of thebeamsize.Thehugeemittancegrowth
reducesthe single bunch luminosity, limits the total cur-
rentsin the storagering, andhencelimits the total lumi-
nosity.

We have ignoredanalyticalapproachto the instability
in this paper. The analytical treatmenthasbeencovered
by Heifetsin thisproceeding.Thewakefield for acoasting
beamextractedfrom thiscodehasbeencomparedto hisan-
alytical result. Theagreementis very good. Sowe expect
similar resultscanbeobtainedwith analyticalestimate.

Thereis still oneof puzzleremainedto beresolved:The
beamsizeblowup is alsoobservedin thehorizontalplane
in PEP-II while the blowup alwaysoccursin the vertical
planein the simulation. Onepossibleexplanationfor this
discrepancy is dueto the largecouplingthat is not yet in-
cludedin thesimulation.
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