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Abstract

An electroncloud causesvariouseffects in high inten-
sity positron storagerings. Positronbeamand electron
cloudcanbeconsideredatypical two streamsystemwith a
plasmafrequency. Beam-beameffect is alsoan important
issuefor high luminositycircularcolliders. Colliding two
beamsareconsideredasa two-streamsystemwith another
plasmafrequency. We studycombinedphenomenaof the
beam-electroncloudandbeam-beameffectsfrom a view-
pointof two complex “two streameffects”with two plasma
frequencies.

1 INTRODUCTION

In recenthigh intensitypositronrings,variousphenom-
enarelatedto electroncloud have beenobserved. Cou-
pled bunchinstabilitieshave beenobserved at KEK Pho-
ton FactoryandIHEP-BEPC,andbeamsizeenlargements
have beenobserved at B factoriesof SLAC (PEP-II) and
KEK (KEKB). Thesephenomenawereunderstoodastwo-
streaminstability of relativistic beamand slow electron
cloud. Thephenomenacanalsobeunderstoodasinstabil-
ities which is causedby wake forcedueto electroncloud.
Thecoupledbunchinstability is thetwo-streameffectchar-
acterizedby averageplasmafrequency alongbunchtrain,
or is mediatedby long rangewake force of the order of
bunchspacing( � 1m). The beamsizeenlargementis the
two-streameffect characterizedby plasmafrequency in a
bunch, or mediatedby short rangewake force of the or-
derof bunchlength( � 1cm). Thepositronbeam,which is
perturbedby theelectroncloud, interactswith anelectron
beamin a collider. Thecolliding beamsareregardedasa
two-streamsystemwith a plasmafrequency characterized
by the beam-beamforce. The beam-beaminteractionhas
a natureof a shortrangewake force,namely, a distortion
of headpartof abeam,which inducesaperturbationof an-
otherbeam,affectsthe tail part of itself. The shortrange
wake forcedueto electroncloudandthebeam-beamforce
maycoupleeachotherandcausea kind of combinedphe-
nomena.

Suchcombinedphenomanamayhave beenobserved in
KEKB. The transversesize of positronbeamis enlarged
beyond a thresholdcurrent due to the short rangewake
force at an operationwith only positronbeam. Luminos-
ity is extremelylow for bunchspacingnarrower than6ns
evenbelow thethresholdcurrentof thebeamenlargement
[1].

Westudycombinedphenomenaof thetwo typesof “two

streamsystem”. We first discussthis instability usinglin-
earizedone-two-particlemodel,in which �	� and ��
 beams
arerepresentedby oneandtwo-particles,respectively. The
beam-beamforce is linearizedin the model. The wake
force due to electroncloud is approximatedto be a con-
stantalongthe longitudinaldirection. Similar systemhas
beenstudiedin Refs.[2] for ordinarywakeforce.Thecom-
binedeffectsbasedon theweak-strongbeam-beammodel
havebeendiscussedin Ref.[3].

Wenext discussthephenomenausingatrackingsimula-
tion in whicheachof thetwo beamis representedby alarge
number( � 1,000)of macro-particles(or slices)distributed
in thelongitudinalphasespace[4]. Eachmacro-particlehas
a transversebeamsize determinedby the emittanceand
thebetafunction,andnonlinearityfor their interactionare
takeninto account.Electroncloudis representedby many
( � 10,000)point-like macro-particles.The beam-electron
cloudinteractionis evaluatedby interactionbetweentrans-
verseGaussianbeamandeachmacro-electron[4].

2 TWO-STREAM FEATURES OF
BEAM-ELECTRON CLOUD AND

BEAM-BEAM SYSTEMS

We discusslinear theory of the combinedsystemof
beam-beamand wake field. Similar systemhasbeenal-
readystudiedbyE.A. Perevedentev andA. A. Valishev [2].
Westudythesystemusinganalternativepointof view: i.e.,
combinedeffect of beam-beamandbeam-electroncloud.
We start discussionsof beam-electroncloud interaction.
The beam-electroncloud systemis a typical modelof the
two-streaminstability. Thebeamslicesandthecloudelec-
tronsobey theequationof motionasfollows,��
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where the force

$&% � � � is expressedby the Bassetti-
Erskine formula normalizedso that
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where � 
 and
M 
 � INHOG�K areline densityandhorizontal(ver-

tical) size, respectively, of the positronbeam. 2 ��� G and

2 ��� I areabout P > QSR PUT
:0: � � : and V > � R PUT

:XW � � : , respec-
tively, with the KEKB parameters:i.e.,

M I �ZY � T	[]\ ,M G �_^ T	[]\ ,
Ma` �_b \<\ and c 
 �_d > d R PLT

:eW \f� : . 2 �
is consideredasplasmafrequency for the two-streamsys-
temof thebeam-electroncloud. Thephaseadvanceof the
electronmotionduringtheinteraction,g � � 2 � MN` Ah# , char-
acterizestheinstablity. For KEKB, g ��� G � 2 ��� G Ma` AC#ji � > b
and g ��� I � 2 ��� I M ` AC#;i P > T .

The beam-beamsystemalso has a potential to cause
a two-streaminstability, becauseone beamoscillatesin
electro-magneticfield producedby the otherbeamwith a
certainfrequency. The beam-beamforce is expressedin
linearregimeasfollows,
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where q INHOG�K � M 

 � INHOG�K � M 
 � � INHOG�K . Eachof the beam

slicesis assumedto berigid Gaussianwith rmsbeamsizeM k � INHOG�K
.

Thereis a coherentfrequency duringtheinteractionbe-
tweenthetwo beamsgivenasfollows,

2 k � G	HJILK � � n ! �5 k ��Msrn � I � Msrn � G � Msrn � GhHOILK (5)

where5 k is the relativistic factorof positronand/orelec-
tron beam.We notethat

M rk � ICHOGUK , thebeamsizeof positron
and/or electron beam at an interaction point, is much
smallerthan

M ICHOGUK
in Eq.(3),and5ut P .

The phaseadvance,g , of the oscillationduring a colli-
sionis expressedby

g k � G	HOI�K � 2 k � G	HOI�K
Ma`# � �	v]w G	HOI�K MN`x G	HJILK y z GhHOILK 1 (6)

where w G is the beam-beamparameterand we have as-
sumedthat two beamshave the samebeamsize. We callzZy g 
k the beam-beamdisruptionparameter. g G is ap-
proximatelythe orderof unity for recenthigh luminosity
colliders. The two-streameffect may be importantunder
this condition. g I � w I x G A w G x I g G is smallerthan g G ,
but the horizontaleffect may be importantdependingon
thetuneaswill beshown later.

3 ONE-TWO-PARTICLE MODEL

We first studythe phenomenausinga small numberof
macro-particles;i.e. one-two-particlemodel. The elec-
tron and positronbeamsare representedby one and two
macro-particles,respectively, in the model. The model is
reliableapproximationfor consideringthe beam-beamin-
teraction,sincethe phaseadvance, g k , is lessthan 1 in
mostcases.Furthermorethe beam-electroncloud interac-
tion is approximatedto be describedby a constantwake

force.Although g � is largerthan1,andthereforethemodel
is beeingstretched,we believe that the analysisremains
reasonable.An analytictreatmentbecomespossibleby the
approximation.

We discussvertical motion below. Motion of the two
beamsis characterizedby a vector{ ��� � .

{ �-� � � �}| 
 : 1-~ 
 : 1 | 

 1-~ 

 1 | � 1-~ � � � 1 (7)

where the suffix
�

denotesthe transposeof the matrix
or vector. We considera revolution matrix to transfer{ ��� r ��� � from { �-� r � , where

� r
and � arepositionof

interactionpoint andcircumferenceof a ring, respectively.
The beamsize (betafunction) is temporarilyassumedto
be a constantduring the collision. The synchrotrontune
is assumedto be inverseof an integer ( ��� � P AU� � ). We
try to study for generalsynchrotrontune later. In partic-
ular, the trackingsimulationdiscussedlater is not limited
to particularvaluesof the synchrotrontune. The beam-
beamforcedoesnot have a longitudinalcomponent,since
betafunction is assumedto beconstant.Thetwo particles
in the positronbeamhave an oppositesynchrotronphase.
Themacro-electronalwaysstaysat thecenterof mass.The
collision pointsof thetwo macro-positronsandthemacro-
electronaregivenby

� r ��� , where

� �_� M
`
�_�0�}� � �+v ��� � A � ��> (8)

The collision of � -th positronandthe electronis repre-
sentedby a matrix �j� � w �

� : � w � �
� ��� � �	w � T ��� � �	w �T � T��� � w � T � ��� � w � > (9)

� 
 � w � �
� T TT � ��� � �	w � ��� � �	w �T ��� � w � � ��� � w � > (10)

where � � w � � T T�8v]w T 1 (11)

and
�

is � R � unit matrix.
Transfermatrix of collision at

� � � is expressedby� � � � � z � : � � � � z � � � : that is, particlesdrift to
� �� � , collideandreturnto theinteractionpoint. Thematrixz � � � is expressedby

z � � � �
� � � � T TT � � � � TT T � � ��� � 1 (12)

where

� � � � � P �T T > (13)

Thetransfermatrixof thecollision is expressedby

{ �L� � ��� �-� r � �u����� � � � {�� �����0�/� �-� r �-1 (14)



where�s�m� hastwo waysof representationsdependingon
the sign of � : i.e., which particle is at the bunchheador
tail. Whenthefirst particlestaysat the headof thebunch
(��� T ) in a half synchrotronperiod, the matrix is ex-
pressedby

���m� � � � � z �
: � ��� � � 
 z � ��� � z � � � �

: � : z � � �
(15)

In theotherhalf synchrotronperiod(��� T ), it isexpressed
by

����� � � � � z �
: � � � � : z � � � z �

: � ��� � � 
 z � ��� �->
(16)

The particlesaretransferredalongarc sectionafter the
collision (

� � � r
) to the collision point (

� � � r � � ).
Thewakefield affectsthetail particledependingonbetaton
amplitudeof theheadparticle.Thetransfermatrix from

� r
to
� r �¡� hastwo representationsdependingonthesignof� again.Thematrix (� �L�0¢ ) for ��� T is expressedby
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where

� 
 � [ � � ¦�§ � [ �/�¨� [� �/�}� [ ¦�§ � [ > (19)

[m� � �	v ��� is betatronphaseadvanceincludingchromatic
modulation.

[ : � [m© � [ �0ª �/�¨� 2 �# � 1 [ 
 � [m© � [ �0ª �/�}� 2 �# � 1 (20)

where

ª � �+v�« ¬­m® � «D¬ MN¯� � > (21)

£ �-¤ 1 [ � , whichdescribesthekick causedby thewakefield
is expressedby

£ ��¤ 1 [ � �
�-¤ A � � �/�¨� [ � �-¤ A � � ¦�§ � [�-¤ A � � ¦�§ � [ ��¤ A � � �0�}� [ > (22)

The revolution matrix including the transferof the arc
sectionandthebeam-beaminteractionis expressedby

� �/��° � � � ��� �m� � � � � �L�/¢ ��¤ 1 [ ��1 (23)

where� is givenby Eq.(8).
We calculatethetransfermatrix for onesynchrotronpe-

riod ( ��� � P AU� � ),
� � G�± �

±³²
� 9;: �

�0�´° � � � ��> (24)

Thestabilityof thesystemcanbediscussedby eigenvalues
of the ^ R ^ matrix(� � GL± ). Thematrixis notsymplectic,but
its determinantis unity, becauseof

£ �-¤ � . Theeigenvalues
arecalculatednumerically. Whenanimaginarypartof the
eigenvaluesis nonzero,thesystembecomesunstable.

We first discussvertical motion. Figure 1 shows the
imaginarypart of the eigenvaluesasfunctionsof betatron
tune. For

¤ � T , nonzerovaluesof imaginarypart oc-
cursonly nearthehalf integertuneasis shown in theupper
picture. For

¤ � T , nonzeroimaginarypart occursfor
all tunes:i.e., thesystemalwaysunstableregardlessof the
tune.
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Figure 1: Variation of imaginarypart of the eigenvalues
dependingon the betatrontune. Beam-beamparameteris
chosento be 0.05. Upperandlower picturesarefor W=0
andW=0.1,respectively.

Figure2 shows the imaginarypartsasfunctionsof the
strengthof thewake field andbeam-beamparameter. The
behavior for the wake strengthis simple but that for the
beam-beamparameteris complex. The beam-beamkicks
dependonthelongitudinalcoordinate.Thecomplex beam-
beambehavior maybesimilarto thebehavior of chromatic-
ity for head-taileffect. Figure 3 shows the chromaticity
dependenceof theimaginarypartof theeigenvalues.

We now discusshorizontaleffect. The phaseadvance
of beam-beamdisruptionis lessthanverticalone,becauseg I·i x GCA x I g G in ordinarycolliders(w I�i w G ), whilex G¹¸ x I

. However we usean operatingpoint slightly
abovea half integerhorizontaltunein KEKB to geta ben-
efit from dynamicalbetaeffect. Horizontaleffect may be
thereforeimportantthough g I is small.Figure4 showsthe
imaginarypart of the eigenvalusof the horizontalmatrix.
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Figure2: Dependenceon the wake strengthat w � T > T b
(upper)andthebeam-beamparameterat W=0.1(lower).
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We have imaginarypart for
¤ � T . This meansthathori-

zontaleffect shouldbetakencareof.
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We assumedthatthesynchrotrontunewasinverseof an
integer. Weextendedthemodelto generalsynchrotrontune
to avoid unphysicalresonancebehavior [5] by usingatrick.
We write down thetransfermatrix for onesynchrotronpe-
riod

� � GL± �(� �/��° M `
�

»¼�½ ² � �0��° � M `�
»¼/½ ²

(25)

where��� is notaninverseof integer. Wecalculatetheeigen
valueproblemmathematically:i.e., in theeigensystem,a
nonintegerpowerof matrixcanbeestimated.Thecollision
pointsareassumedto be � MN` A � sothatthetransfermatrix
is expressedby P A � � � powerof therevolutionmatrices.We
got resultswhich arequalitatively consistentwith thepre-
viousmodel.

We tried two-two particlemodel in which both beams
arerepresentedby two macro-particles.In this modelwe
assumedthesamesychrotrontunesfor bothbeams.Simi-
lar resultswereobtainedasfor theone-two particlemodel.
Furtherextensionsaredonebyparticletrackingsimulation.

4 PARTICLE TRACKING SIMULATION
USING MULTI-PARTICLE MODEL

We now proceedto a morerealisticmodel. The beam-
beamforce is stronglynonlinearandthesynchrotrontune
is not an inverseof integer. Thetwo beamshave different



beam-beamparametersanddifferentsynchrotronandbeta-
tron tunes.Electroncloud is actully a crowd of electrons.
The characteristicphaseangle g � is larger thanunity, and
electronsarepinchedby thebeamforce.Weperformapar-
ticle trackingsimulationto studythe beamstability under
thesegeneralconditions.

We representthe beamsas a seriesof macro-particles
(500� 1,000)with a transverseGaussiandistribution of a
fixedrmssize[4]. For easyvisualization,we usea multi-
pleair-bagmodelfor thelongitudinaldistribution,in which
the micro-bunchesaredistributedon concentriccircles in
thelongitudinalphasespace,characterizedby theposition¾ andtherelativemomentumdeviation � ~ A ~ . Theinterac-
tion startsfrom collisionbetweenthepairof micro-bunches
of thetwo buncheswith the largestvalueof ¾ 
 � ¾ � , i.e.,
the headof the two bunches,andthencontinuesfor other
micro-particlespairsatprogressivelysmaller¾ 
 � ¾ � coor-
dinates.Thecollisionpointof apair is

� k ��� � ¾ 
 � ¾ �4� A �
from viewpointsof positronandelectronbeams.The co-
ordinateshouldbetransferredinto thecollision point by a
transformationz ��� k � Themacro-particlesaretransferred
aroundthering usingalineartransportmatrixandapplying
a chromaticitykick.

Electron cloud is representedby a large number of
macro-electrons( �¿PUT 1 TCThT ). The interaction between
positronbeamandelectroncloud is evaluatedby solving
Eqs.(1)and(2) [4]. Electroncloudis putatafixedposition
in thepositronring.

Figure5 showsthevariationof maximumverticalactionÀNGC� Á��LI
of macro-particleswith andwithoutbeam-beamin-

teraction.Theelectronclouddensity(Â � � � R PUT
:/: \��³Ã )

usedin the simulationis lessthan the threshold(Â ��Ä �ÆÅ �b R PUT
:0: \��³Ã ). We observe thefact thata remarkabledif-

ferencewith andwithout beam-beaminteractionis dueto
combinedeffect of beam-beamand beam-electroncloud
interactions.Therewasno growth for purebeam-beamin-
teractionwithoutelectroncloud.
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Figure 5: Combined effect of beam-beamand beam-
electroncloud interactions.The two curvescorrespondto
the variation of maximum
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of the macro-particles

with andwithout beam-beaminteraction.

Figure6 showstheshapeof thepositronbunchprojected
onto the

| � ¾ planeof themacro-particlespositionsafter

400 and800 turns. We canseea head-tailmotion for the
positronbunchexperiencingboth the beam-beamandthe
beam-electroncloudinteraction.
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Figure6:
| � ¾ distributionof thepositronbunchafter400

turns(upper)and800turns(lower). Dif ferentcolorsof the
datepointscorrespondto thebunchshapeswith (red)and
without (green)beam-beaminteraction.

We next study effectsof chromaticityandsynchrotron
tunespread.For a regular head-tailinstability, it is well-
known that chromaticityandsynchrotrontunespread[6]
affect its behavior. Figure7 showsthedependenceonchro-
maticityandsynchrotrontunespreadin oursimulation.For
the inclusionof tunespreadeffect, macro-particlesareas-
sumedto have a Gaussiandistribution in the longitudinal
phasespace.Thesefactsindicatethat the chromaticityor
synchrotrontunespreadwork to suppressthecombinedin-
stability. However theseeffectsarelimited. For example,
theseparametersdo not work well at a largerbeam-beam
parameter.

5 STRONG-STRONG BEAM-BEAM
SIMULATION INCLUDING WAKE

FIELD (PRELIMINARY)

The previoussimulationis not sufficient for taking into
accountof nonlinearityof the beam-beaminteraction,be-
causebetatronphasespacelocationfor a givensyncrotron
phasespacelocationof a macro-particleis unique. Actu-
ally sincethereare many particleswith variousbetatron
coordinatesin a region of synchrotronphasespace,the
beam-beamforcemaysmearthebetatronmotion. To esti-
matethenonlinearitycorrectly, astrong-strongbeam-beam
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simulation,whichtreatsinteractionsbetweenmany macro-
particles,is required. Sinceit is complex to performthe
strong-strongsimulationfor the both the beam-beamand
beam-electroncloudeffects,thebeam-electroncloudinter-
actionis approximatedby an externalwake field here[7].
We have alreadystudiedthe beam-beameffect including
wake field in two dimensionalmodel [9], with the result
that therewasno remarkableeffect. We now studythree
dimensionalbeam-beamsystem.Threedimensionalbeam-
beamsimulationis essentialto studythepresentproblem.
However thethreedimensionalbeam-beamsimulationhas
a problem itself. The beamis divided into longitudinal
slices, and slice by slice of collisions is calculated. To
get a reliable result in the simulation,many longitudinal
slices(� TÉ� d T ) wererequireddependingon bunchlength
and beam-beamparameters. Since the calculation time
scalesquadraticallywith the numberof slices,very long
CPU time is required. We needto studyhow to integrate
the threedimensionalbeam-beaminteraction.Herea soft
Gaussianapproximationis usedfor simplification of the
calculation.

A bunchis dividedinto c���Ê sliceswhich aredenotedby� � P 1 c���Ê . Weconsiderthecollisionbetween� -th positron
slice and Ë -th electronslice. Beamenvelopematricesfor
eachsliceare Ì � 
 ��� r � and Ì ) � ��� r � at thedesigninterac-
tion point (

� r
).

We proposea calculationalgorithm. Thealgorithmhas
beenusedin weak-strongsimulation[8]. We treatthecol-

lision of thetwo slicesascollisionsof positronsdenotedbyÍ � P 1 c�� 
 in � -th sliceand Ë -th sliceincluding c ) � elec-
tronswith anenvelope Ì ) � . Therole of positronbunchis
exchangedfor calculationof electronmotion.Thecollision
pointof Í -th positronandË -th electronsliceis expressedby

� � 
 � ) � �
¾ � 
 � ¾ ) �� > (26)

The Í -th positronand Ë -th electronslicearetransferredto
thecollisionpoint

� � 
 � ) � accordingto� ��� r � � � 
 � ) ��� � z �-� � 
 � ) �8� � ��� r � (27)Ì ) � ��� r � � � 
 � ) ��� � z � :Ê �-� � 
 � ) ��� Ì �-� r � z Ê �-� � 
 � ) ���->
z , which includesa dynamicalvariable ¾ � 
 of the Í -th
positron,is anonlineartransformation.Wetakeonly linear
part z Ê for the transformationof Ì , while take nonlinear
transformationz for

�
. After thetransformation,we cal-

culatebeam-beaminteractionof theparticle
� 
 for Gaus-

sianbeamrepresentedby Ì ) � . We have to notethat Ì ) �
includesthedynamicalvariable¾ � 
 .

This algorithm was essentialto reducethe numberof
slices. Figure 8 shows the luminosity variation for new
and old methods. The luminosity for the old methodis
extremelylow. Increasingthe numberof slice for the old
method,the luminosity is recoverednearthe level of the
new method[11]. The slice number5 is enoughfor the
new method,while the old methodrequires20-30slices.
The algorithm should be implementedin strong-strong
beam-beamcodesbasedon the Particle-In-Cell method
[9, 10, 11, 12]. More detailsandstudyresultswill bepre-
sentedelsewhere.
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Figure8: Luminosityvariationfor eachturn. Bunchesare
dividedinto 5 slices.Luminositycalculatedby theparticle-
slice algorithmis denotedby “New”, while that by slice-
slicealgorithmis by “Old”.

If all particlesin theslicescollide ata point,

� � 
 � ) � �
¾ � 
 � ¾ ) �� 1 (28)

wrong resultswould be obtainedyielding extremely low
luminosity for a high currentand long bunch length [11,
12].



We show very preliminaryresultsof the3-D soft Gaus-
sianstrong-strongbeam-beamsimulationincludinganex-
ternalwake field.

Figure9 shows theevolution of beamamplitudes,Ï"ÐÑ©NÒ ,Ï | ©NÒ , Ï"Ð � Ò and Ï | � Ò . We assumehorizontaland vertical
wake field,

¤ I � PUTCÓ ¾³Ô \�� 
LÕ and
¤ G � � R PUTCÓ ¾³Ô \�� 
LÕ .

Thesestrengthsexceeda thresholdof the vertical head-
tail instability asis shown in the upperright picture. The
vertical instability disappearswhen beam-beaminterac-
tion is included: beam-beamforce suppressesthe vertical
head-tailinstability. We found an enhancementof hori-
zontal instability due to the beam-beamforce as shown
in the lower left picture. Theseresultswere unexpected
from the linear theoryandGaussiansimulation. We cal-
culatedthe samemodel for sinusoidalwake fields

¤ I �� R PLThÖ �/�¨� � � P d ¾ � Ô \f� 
UÕ and
¤ G � P R PLTh× �/�¨� � b VLT ¾ � Ô \f� 
UÕ

[7]. Theresultsweresimilar to theFigure9.
Thesebehaviors aredifferentfrom thelineartheoryand

the Gaussiantracking simulation. We tried linear force
for beam-beaminteractions.We reducedtheverticalwake
field

¤ G � P > b R PUTCÓ ¾aÔ \�� 
LÕ . Therewasnohead-tailinsta-
bility in bothplaneswithout beam-beaminteraction.Fig-
ure10 shows theevolutionof beamamplitudes(uppertwo
pictures),

| � ¾ correlation(lower left) andverticalbeam
size(lower right). We found enhancementof the vertical
instability dueto thebeam-beaminteraction,but no effect
for horizontalinstability. Theseresultsareconsistentwith
thelineartheoryandGaussiansimulationqualitatively.

Theseresultsshouldbestudiedfurther.

6 CONCLUSION

Westudiedcombinedphenomenaof thebeam-beamand
beam-electroncloudeffectsusinglinear theoryanda sim-
ulationwith Gaussianapproximation.In the linear theory,
one-two particlemodelwasusedto describethe electron
and positron beams. The electroncloud effect was ap-
proximatedby a constantwake field. Thebeam-beamsys-
tem without electroncloud effect wasunstableat particu-
lar tuneregionsrelatedto a synchro-betaresonance.while
thecombinedsystemwasalwaysunstableregardlessof the
tune. The simulation with Gaussianapproximationwas
performedto studythe phenomenain generalconditions.
Below both thresholdsof beam-beamandbeam-cloudin-
stabilities,aninstabilityoccurreddueto thiercombinedef-
fect in thesimulation.Westudiedeffectsfor thechromatic-
ity andsynchrotrontunespread.Thecombinedphenomena
maybeanalogousin its charercteristicsto theregularhead-
tail effect.

We studiedthe phenomenausing strong-strongbeam-
beamsimulation. The resultsarepreliminary, andshould
bestudiedfurther.
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Figure9: Evolution of beamamplitudefor thestrong-strongsimulationincludinganexternalwake field. Redandblue
curvescorrespondto amplitudesof positronandelectronbeams,respectively. Uppertwo picturesdepicthorizontaland
verticalamplitudeswithout beam-beaminteraction.Lower two picturesdepictthosewith beam-beaminteraction.
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Figure10: Evolutionof beamamplitudefor linearforceincludinganexternalwakefield. Redandbluecurvescorrespond
to amplitudesof positronandelectronbeams,respectively. Uppertwo picturesdepicthorizontalandverticalamplitudes
with beam-beaminteraction.Lower left picturedepicts
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