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Abstract

The head-tailinstability causedby an electroncloud in
positronstorageingsis studiednumericallyusinga simple
model. In the model, the positronbeamis longitudinally
divided into mary slicesthat have a fixed trans\ersesize.
The centroidof eachslice evolvesdynamicallyaccording
to theinteractionwith a two-dimensionaklectroncloud at
agivenazimuthalocationin thering anda six-dimensional
lattice map. A suddenandhugeincreaseof the projected
beamsizeandthemodecouplingin thedipolespectrunare
obsenedin thesimulationatthethresholdbf theinstability.
Evenbelow thethreshold the verticalbeamsizeincreases
alonga bunchtrain thathas8.5 ns bunchspacing.Above
the threshold,a positive chromaticitycandampdown the
centroidmotion but hasvery little effect on the blowup of
the beamsize. The resultsof the simulationareconsistent
with mary obsenationsat PEP-II.

1 INTRODUCTION

The trans\erse couple-tunch instability causedby an
electroncloudin a positronstoragering wasfirst obsened
in the spectrumof coherentdipole oscillationin the KEK
PhotonFactory [1]. The photoelectrorproducedby the
synchrotronradiationis proposedasthe primary causeof
the instability by Ohmi [2]. He has simulatedthe pro-
ductionof the photoelectrorandshovedthatthe effective
wake field dueto the electroncloud coupleshedipole mo-
tion betweerbunchesandhencecauseshe coupledbunch
instability for the positronbeam. This instability can be
controlledby a strongbunch-by-tunchfeedbaclkasdemon-
stratedn theLow Enegy Ring (LER) of KEK-B andPEP-
Il.

However, even with suppressedipole oscillations,the
electroncloud still causessignificantemittancegrowth as
obsened recentlyin KEK and PEP-II B-factories[3, 4].
The growth hasbeenexplainednumericallyasa result of
head-tailinstability causeddy the electroncloud by Ohmi
andZimmermann5]. Sincethereis no directexperimen-
tal confirmationof the proposedheory; it is importantto
continuethe studyto establishthelink betweertheoryand
experiment.

In this paperwefirst briefly describehephysicsandap-
proximationin the simulationin the section2 and3. Then
we make a simulationin section5 and 6 to identify the
thresholdof the instability both in termsof the emittance
growth andmodecoupling.In section7 and8, we simulate
the emittancegrowth belov and above the threshold. Fi-
nally, we make a summaryof thewholeinvestigation.The
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focus of the simulationis on the obserablein the ring.
Wherepossible,we will make a comparisorbetweenex-
perimentabbsenationsandthe simulation.

Therearetwo mainsourcef electronsphotoelectrons
generatedrom the synchrotronradiation and secondary
electronsfrom the multipactingon the vacuumchamber
The detail of how the electroncloud is generatectan be
foundin the work by FurmanandLambertsor{6]. In this
paperthedensityanddistribution of the electroncloudare
treatedasaninitial inputto thesimulation.Wewill concen-
trate on how the positronbeaminteractswith the electron
cloud oncethe electronsare generatedindreachthe satu-
rationdensity

2 BEAM AND ELECTRON CLOUD

For thebeamandelectroncloud, we usea simplesimu-
lation modelintroducedoy OhmiandZimmermanri5]. In
the model,the trans\ersedistribution of the electroncloud
is representedy V,, macroparticlesat a givenazimuthal
locations in thepositronring,
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where?, and#, arethetrans\ersecoordinateandvelocity

for the electrons.The distribution of the positronbunchis

representedby NV, longitudinalmacroslicesasillustrated
in Fig. 1. All slicesareassumedo have arigid Gaussian
distribution of transwersermssizes(o.., o). Thecentroid
of eachsliceis treatedasa dynamicalvariablein 6D phase
space.

Figurel: A positronbunchmodeledasmary longitudinal
sliceswith arigid trans\erseGaussiardistribution.

Trans\ersely we usethe 2D vectorZ,. andp.. to describe
thecentroidcoordinateandthecanonicamomentunof the
slices. At the beginning of the simulation, all the trans-
versecoordinateandmomenteaof theslicecentroidareset
to zero. Longitudinally, the centroidcoordinatez andmo-



mentump, of the slicesareinitialized to a Gaussiardis-
tribution with rms bunchlengtho, andenegy spreads,
respectiely.

To speedup thesimulation,all electronsarelumpedinto
one single slice at a given azimuthallocation s with av-
erageg function. This approximationis justified because
we know thatthe head-tailinstability is ratherinsensitive
to the locationof the impedance Beforethe arrival of the
positronbunch,the distribution of the electroncloudis re-
initialized to a Gaussiardistribution with sizesog; andoy,
andthe velocitiesof the electronsare resetto zero. The
slicesof the buncharesortedaccordingto their longitudi-
nal positions.Staringwith the head the slicescollide with
the electroncloudsequentiallyin time. Undertheassump-
tion of aGaussiaristribution, thekick experiencedy the
it" electronfrom the electricfield of then'” sliceis
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whereN, is thenumberof positronin asinglebunch,r. is
theclassicaklectronradius,c is the speedf light, andFg
is given by the Erskine-Bassetfiormula[7]. Thekick by
the electroncloudto the centroidof the slice is expressed
as v
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where N, is the number of electronsand N, =
2rnog0,Cne for the electroncloud with an initial trans-
verseGaussiardistribution, C' is the circumferenceof the
ring, andn. is the densityof the electroncloud. Note that
thedistribution of the electroncloudis not directly usedin
the calculationandthe expressionis basedon the conser
vationof the momentum.The approximations valid only
whenthesizeof the electroncloudis muchlargerthanthe
size of the beam. Betweenthe collisions of two adjacent
slicesthe electrondrift, dz. = v; * dz/c, wheredz is the
longitudinaldistancebetweertwo slices.

3 LATTICE MAP

To seethe dynamicaleffects of the positronbeam,we
track the centroidof the sliceswith its betatronand syn-
chrotronmotions.We first transferthe phase-spaceoordi-
natesto the normalizedcoordinatesvith a matrix,
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whereg, anda, arethe Courant-SgderparametersThen
we perform a rotation and radiationdampingon the nor-
malizedcoordinatedy anothematrix,
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wherev, is the betatrontune and . is dampingtime in
unit of turn. Here we apply the radiation dampingon

sin(27v,,)
cos(2mv,;)

cos(2mvy,)
— sin(27v,,)

the centroidof slice becausehe centroidof the beamal-
ways dampsto a closedorbit while the positionsof in-
dividual positronwill be balancedbetweenthe noise of
quantumexcitationandradiationdampingto reacha finite
beamsize. To apply lattice chromaticity we simply use
vy = V2 + &,p,. Finally, we transferthe coordinateback
to physicalphasespacewith theinverseof thematrix A, !,

(% )

In the vertical and longitudinal planes,similar formu-
las are applied. In the longitudinal plane,we have 3, =
0./0p, a; = 0,andr, = 0.

4 PARAMETERS

The LER at PEP-Ilis a positronstoragering. The cur-
rentoperatingparameteraretabulatedin Tablel1. Wiggler
magnetsn the machineareturnedoff for higherluminos-
ity. The bunchchage N, is chosento correspondo the
peakvaluein regular operation. The vertical emittanceis
estimatedrom the luminosity scan. The otherparameters
areattheir designvalueswhich arevery closeto the mea-
suredvalues.

Tablel: Parameterd$or the LER at PEP-II

Parameter Description Value
FE (Gev) Beamenegy 3.1

C (m) Circumference 2200
Ny Numberof positrons | 1.0 x 10!
Bz (M) Averagehorizontalbeta 16.52
By (M) Averageverticalbeta 17.83
T (turn) Trans\ersedampingtime 9740
€, (nm-rad) Horizontalemittance 24.0
€, (nm-rad) Verticalemittance 1.50
o, (cm) Bunchlength 1.30
op Enegy spread 7.7x107*
Vg Horizontaltune 0.649
vy Verticaltune 0.564
Vs Synchrotrortune 0.025

The parameterselatedto the electroncloud arenot yet
well establishedBasedontherecentsimulation[8] for the
generationof an electroncloud, the saturationdensityis
ng =~ 2 x 105%m™3. Sincewe areinterestedn only the
dynamicsof the single bunchin this study the densityis
an input parameteiin the simulation. The trans\erserms
sizesof the initial electrondistribution whenthe positron
buncharrivesares; = 6mm ando; = 3mm. Thesesizes
aremuchlargerthanthe beamsizesandconsistentvith the
shapeof theelectroncloudwhenthe densityis saturatedn
thecloudgeneratingimulation.



5 THRESHOLD OF THE INSTABILITY

Thealgorithmoutlinedin previoussectionshasbeenim-
plementedn an object-orientedC++ classlibrary. In the
library, the electroncloud andpositronbunchareindepen-
dentobjectsthat canbe constructedy the users.Thereis
no limitation on how mary objectsof cloud or bunchare
allowed in the simulation, and clouds can have different
parametergasinstance®f the cloud class. Thesefeatures
provide us with greatflexibility to studyvariousphenom-
enaof the electroncloudinstability.

In the simulation,we usea thousandslicesfor the posi-
tion bunchandtenthousandsnacroparticlesfor the elec-
tron cloud to ensurea reasonabl@umericalcorvergence.
The chromaticityis setat zerounlesswve mentionthevalue
explicitly.
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Figure2: Thresholdof head-tailinstability causedy elec-
tron cloud.

To studythedynamicaleffectson the positronbeamwe
vary the density of the electroncloud n, from 1 x 10°
to 1 x 105 cm 3. At eachdensity we tracked the bunch
for 1500turns. To quantify the emittancegrowth of the
single bunch, we definea projectedbeamsizeas ¥, =

ol + 052, whereoy is the rms spreadof slice centroid.

This projectedbeam size can be measuredwith a syn-
chrotronlight monitor.

The projectedbeamsizeat endof the trackingareplot-
ted asa function of the cloud densityin Fig. 2. It is clear
from the figure that the relative growth of the beamsize
is muchlargerin the vertical planethanin the horizontal
plane. Thereis a suddenand hugeincreaseof the beam
sizein the vertical planenearthe densityn!* = 5 x 10°
cm~3, which we call thethresholdof the emittancegrowth
causedy the electroncloud. It will becomeclearin the
next sectionthatit is the alsothe thresholdof the head-tail
instability.

Beyondthe threshold the projectedbeamsizebecomes
much larger than the initial beamsize. The increaseof
emittancesignificantly reducesthe luminosity in the col-
lider andthereforeB-factoriesarelimited by this effectin
general.Oncetheinstability occurs,the growth time is on
the order of the synchrotronperiod, thatis about40 turns

in the simulation. The growth time becomeshorterasthe
densityincreasesBelow thethresholdthereis still sizable
growth of the emittance Thatwill bethesubjectof alatter
section.

6 DIPOLE SPECTRUM AND MODE
COUPLING

The head-tailinstability canbe driven by corventional
impedancerom the radio-frequeng cavities. The effects
have beensimulatedby Myers[9]. Forimpedancenduced
by theelectroncloud,similar effectsshouldapply. Herewe
analyzethe Fourier spectrumof the beamcentroidthatis
calculatedasan averageof the slice centroid. The vertical
dipolespectraatfive differentdensitiedelow thethreshold
densityn’" areshavn in Fig. 3. We canseefrom thefigure
thatall modesareshifting upward asthe densityincreases
becausef thecoherentuneshift generatedby theelectron
cloud. Due to the focusingeffect of the electroncloud,
themodesshiftin theoppositedirectionof its corventional
counterpartjn which the zeromodeis shifting downward
astheimpedancencreases.
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Figure3: Fourierspectrunof thebeamcentroidastheden-
sity of the electroncloud increasedo the threshold. The
dashedinespresenthebetatrortuneandsynchrotrorside-
bands.

Sincethe“! = —1" mode,which startsat thelower syn-
chrotronsideband movesfasterthanthe “/ = 0" mode
startingat the betatrontune,two modesfinally memgewith
eachotherat thethresholddensityn!" asshavn in Fig. 3.
Thisbehavior is calledmodecouplingin theliterature[10].
The densityat which two modesmeigeis the thresholdof
the stronghead-tailinstability. Note thatthis thresholdco-
incideswith the oneatwhich a sudderandhugegrowth of
emittanceoccursaswe discussedh thelastsection.



Thesebeamspectracan be measuredvith a standard
spectrumanalyzer The obsenation of twin peaksthatap-
proacheachotherasthebeamcurrentincreasess veryim-
portantexperimentalkevidenceto confirmthatthe head-tail
instabilityisindeedthe causeof thesingle-hunchemittance
growth. Sincethe electroncloud can be generatednly
whenthetotalbeamcurrentis very highandtherearemary
bunchesin the ring, the measurementeedsto be carried
outunderthesettingof multi-bunchoperatioralthoughthe
head-tailinstability itself is a single-luncheffect.
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Figure 4: A measurmentf the vertical spectrumin the

LER with a singlebeam,762 buncheswith mini gapsand

5%abortgap. Thegreenline is afit of adouble-Lorentzian
squaredo the data. Squaredbecausehis are power spec-
trum. (Courtesyof Uli Wienands2002.)

A measurementof the vertical dipole spectrum at
939mA beam current with bunch spacings, = 8.5ns
has beencarried out for the LER at PEP-II and shovn
in Fig. 4. The measuredspectrummatcheswell to the
simulatedspectrumshawn in the first plot in Fig. 3 in
termsof the direction and value of the mode shift. The
agreemenindicateghatthe electronclouddensityis about
ne ~ 1 x 10°cm~3 whenthe beamcurrentis nearlA in
thering. This densityis half of the saturatediensityin the
recentsimulationfor generatinghe cloudaswe mentioned
earlier Thedensityis alsobelaw thethresholddensityn!”.
The densityis about1% of the averageneutralizatiorden-
sity Ny /(whzhy Ly), Wwhereh,, andh, arethehalf aperture
of thehorizontalandverticalchamberrespectiely, and L,
is the bunch spacing. This ultra low densityof the elec-
tron cloud nearthe beammay be attributedto the solenoid
winding on thebeampipe.

7 BEAM BLOWUP ALONG A BUNCH
TRAIN

In general,whena bunchtrain is usedin thering, the
electroncloud densityalongthetrain fits well to the equa-
tion

ne(t) = ng[l — exp(—t/7)]. (6)
where is the time constantto reachthe saturationden-
sity ns. For the currentoperationof the PEP-II, we usea
single long train with bunchspacings, = 8.5ns and5%

abortgap. In this bunchpattern,n = 2 x 10°cm 3 and
7 = 50ns basedon therecentsimulation[8] for the cloud
generation. Clearly, the densityin the ring is below the
head-tailthresholdn!" = 5 x 10°cm~3. However, thereis
still sizableemittancegrowth belov n* aswe have noticed
in the previoussimulation.
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Figure5: Beamsizeincreasalongabunchtrainwith 8.5ns
bunchspacing.

To studyin detailtheemittancegrownth below thethresh-
old density we track thefirst 20 bunchesn thetrainup to
5000turns. Eachbunchinteractswith an electroncloud
with the densityaccordingto Eqn. 6. The projectedbeam
size at the end of the tracking is shovn in Fig. 5. We
canseea 30%increaseof the verticalbeamsizealongthe
train. Theincreasds consistenwith the obsenationseen
atKEK-B [3] althoughthe parametersf theringsmaydif-
fer. It is alsoconsistentvith the bunch-by-lunchluminos-
ity measuremerjii1] at PEP-II. Thatindicatesagain,inde-
pendentlythatthedensityin thering is quitelow compared
to theneutralizatiordensity

8 EFFECT OF CHROMATICITY

As we have shovn in thesimulation thestronghead-tail
instability occursat a thresholddensitywhenchromaticity
is setatzero.Beyondthethresholdthebeansizeincreases
dramatically The chromaticityis known for stabilizingthe
cornventionalhead-tailinstability. In this section,we will
studythe effectswhentheinstability is drivenby the elec-
tron cloud.

We tracka bunchthrough1500turnsat differentvertical
chromaticityrangingfrom -10 to 10 with a fixed density
ne = 8 x 10°%cm ™3 which is above the thresholddensity
nil. Theturn-by-turndipole motionof the bunchis plotted
in Fig. 6 atthreesettingsof chromaticity:namely+2, 0, and
-2. As clearlyshavnin thefigure,the positive chromaticity
dampsdown theunstablanotion,thenegative chromaticity
actuallymagnifiegshemotion,andatzerochromaticity the
modulationof synchrotroroscillationstabilizesghemotion
to afinite amplitude.

The mostmachinesarelik ely operatedvith the positive
chromaticitythatsignificantlysuppressethedipolemotion
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Figure6: Evolution of beamcentroidwith threedifferent
chromaticities+2, 0, and-2.

asshown in the simulation. That explainswhy the mode
couplingin the dipole spectrumis so hardto be obsened.
To make a measurementne hasto setthe chromaticity

nearzero.
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Figure7: Projectedverticalbeamsizeasa functionof ver
tical chromaticity

The effect of chromaticityon the beamsizeis shavn in
Fig. 7. Onecanseethatthe positive chromaticityup to 10
units doesnot changethe beamsize andthe negative one
malkesa very large blowup in beamsize. This behavior is
consistentvith the experimentabbsenationat PEP-II.

9 SUMMARY

Dynamicalinteractionbetweenthe positronbunch and
electroncloud hasbeensimulatedin a simple model. We
find thatthe densitythresholdof the stronghead-tailinsta-
bility isn* ~ 5x 10°cm ™3, whichis approximatelys% of
theneutralizatiordensity At thethresholdwe seethetwo
modesmeminginto a singlemodeanda sudderandhuge
increaseof the beamsize. Even below the threshold,the
beamsizestill blows up significantly Basedon compari-
sonto experimentalobsenation,we canconcludethatthe
LER at PEP-Ilis operatedor limited) below thethreshold
density Theclouddensitynearthebeamis asmallpercent-

ageof the neutralizatiordensitywhenthering is operated
theregularbunchpatternandbeamcurrent.

It is surprisingthat such a simple model can explain
so mary experimentalobsenations. In the model, the
mainmechanisnof the beamblowup is explainedwith the
spreadf thetranswersecentroidof thelongitudinalslides.

Many additionalsimulationshave beendonefor thein-
vestigation. Here, we will summarizethe main results.
Althoughthey aremary parameterselatedto the dynam-
ics, the importantonesarethe beamenepgy andintensity
bunchlength,averagebetafunction,chromaticity andsyn-
chrotrontune.In generala higherenegy, lowerbetafunc-
tion, andshortersynchrotronperiodalleviate the head-tail
instability. The positive chromaticity suppresseshe un-
stabledipole motion but haslitter effect on the beamsize
whenthedensityis abovethethreshold.TheLandaudamp-
ing from thetunespreadyeneratedby thesecondrderper
turbationof the very strong sextupolesin the ring is not
large enoughto dampdown the instability.

Oncetheinstability startswe candollittle aboutthever
tical blowup of the beamsize. The hugeemittancegrowth
reducesthe single bunch luminosity, limits the total cur
rentsin the storagering, and hencelimits the total lumi-
nosity.

We have ignored analyticalapproachto the instability
in this paper The analyticaltreatmenthasbeencovered
by Heifetsin this proceedingThewake field for acoasting
beamextractedirom this codehasbeencomparedo hisan-
alytical result. Theagreemenis very good. Sowe expect
similar resultscanbe obtainedwith analyticalestimate.

Thereis still oneof puzzleremainedo beresohed: The
beamsizeblowup is alsoobsenedin the horizontalplane
in PEP-1l while the blowup always occursin the vertical
planein the simulation. One possibleexplanationfor this
discrepang is dueto the large couplingthatis not yet in-
cludedin the simulation.
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