
Electron cloud at high beam currents*

S.Heifets,StanfordLinearAcceleratorCenter, StanfordUniversity, Stanford,CA 94309,USA

Abstract

Thedensityandthewake fieldsof thee-cloudarequite
differentat low andhigh beamcurrents.The wake fields
arederivedandappliedto theupgradedPEP-IIB-factory.

1 INTRODUCTION: EXAMPLE

Thereare plansfor upgradingthe PEP-II B-factory to
higherluminosity [1]. This couldbeachieved,mostly, by
increasingthe beamcurrentsup to 10-20 Amp. Table I
presentsfour possiblescenariosof upgradingthe PEP-II
B-factory. Many potentialproblemshinderwith theplans,
themostobviousof themarerelatedto theRFandthesyn-
chrotronradiation(SR)heatloading. HereI would like to
consideronly adverseeffectsof thebeaminteractionwith
theelectroncloud.

Thepresentwisdompredictsthatthedensityof thecloud
is definedby theconditionof neutrality

������� �	�
�� ��
���� (1)

Therefore,the interactionwith thecloudand,particularly,
thetuneshift ����� ��� 
������ � � �� � � (2)

grow proportionalto thebeamcurrent.Thevariationof the
tunealongthebunchis of thesameorder. For thenominal
PEP-II parameters,Table I (1st column),

��� � �! �  #" �
andis unacceptablylargefor highercurrents.

I would like to argue that sucha predictionmight be
wrong andthe pathto the high currents,at leastfrom the
point of view of e-cloudeffects,is not hopeless.

Table1: Parametersfor upgradedPEP-IILER

Parameter (I) (II) (III) (IV)� � 750 1658 3400 3492$%� �'&�( , Amp 1.750 4.0/1.4 10.0 18.0$%�*),+.-0/21,354
2.33 2.41 2.94 5.15687 1.19 0.8 0.5 0.139;:%<  2=?> 1.23 1.23 2.41 2.41@%A :%<  =?B 7.7 7.7 7.7 7.7� � <  =�C�C 1.07 1.1 1.35 2.36
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2 RELEVANT PARAMETERS

There are two groupsof electronsin the cloud: pri-
mary photo-electronsgeneratedby the SR photonsand
secondaryelectronsgeneratedby thebeaminducedmulti-
pactoring. Electronsin the first group generatedat the
beampipe wall with the radius



interactwith the parent

bunch and accelerated(by a short bunch) to the velocityE 1GF � � � � ��� 1 
 , where ��� is the classicalelectronradius
and

� �
is the bunchpopulation. Electronsin the second

group,generally, misstheparentbunchandmovefrom the
beampipewall with thevelocity E 1HF ��I �GJ A 1,35F � until
thenext buncharrives.Thevelocity is definedby theaver-
ageenergy J ALK " eV of the secondaryelectronsand,at
high

�M�
, is smallerthanvelocityof thefirst group.

The processof the cloud formation depends,respec-
tively, on two parameters:

N � � � � �,��� �
 � (3)

O � � �
 P �GJ A35F � (4)

Theseparametersarethedistance(in unitsof


) passedby

electronsof eachgroupbeforethenext buncharrives.
At low currents,N �Q� < , electroninteractswith many

bunchesbeforeit reachestheoppositewall. In theopposite
extremecase,N � � , all electronsgo wall-to-wall in one
bunchspacing.

The transition to the secondregime can be expected,
therefore,for N K < wherethecloudis quitedifferentthan
it is at low currents.For N � < and

O � < , secondaryelec-
tronsareconfinedwithin the layer

O �SR � 1 
%T � < at the
wall andarewipedout of theregion  5�UR � 1 
�T � O close
to thebeamby eachpassingbunch. This makestherange
of parameters( N � < and �WV N � O � < ) quitedesirable
to suppresstheadverseeffectsof thee-cloudon thebeam
dynamics.

The initial energy of the electronand the space-charge
force neglected above do not changesubstantiallythis
statement.The caseof high N is consideredherefor the
upgradesof thePEP-IIB-factory.

The heatload to the wall increaseswith beamcurrent
but dependenceon thecurrentis differentin low andhigh
currentregimes. The energy of an electronthrown to the
wall by thepassingbunch JYX K R 3ZF � 1 � T R � �M� � � 1 
�T � and,
therefore,the heatload of a bunch is proportionalto

� >�
at low currents,but only

� �� at high currentsbecausethe
clouddensityatsaturationmaybeindependentonthebeam
current.

(It may be worth noting alsothat at the very large cur-
rents, the energy of electronshitting the wall is so large
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thatsecondaryelectronyield (SEY) [ rolls off andmulti-
pactoring\ at suchhigh currentsis alwayssuppressed.This
happensat N � O I J 1 J A , where J K � keV, N K <  . We
will not considerthatextremecase).

3 DENSITY OF THE E-CLOUD AT
HIGH-BEAM CURRENTS

Thee-clouddensityat low currentsis givenby thecon-
dition of neutrality. It meansthatthesumaveragedin time
of thefieldsof thebeamandof thespace-chargeis zeroat
thewall.

Theconditionof neutralityimplies thatsecondaryelec-
trons remain in the cloud for a time long enoughto af-
fect the secondaryelectronsgeneratedby the following
bunches. In other words, the condition of neutrality and
thequasi-steadyequilibriumdistributionof thee-cloudare
justifiedonly for small N .

It is not thecaseat thehighcurrents.In thiscase,all pri-
maryphoto-electronsdisappearjust in onepass.Thesec-
ondaryelectronsareproducedwith low energy J A]K "H^`_
andarelockedupat thewall. Thedensityof thesecondary
electronsgrowsuntil thespace-chargepotentialof thesec-
ondaryelectronsis lower than J A ,a K 
cb � 
 �.d < V R < V O T �%e � A�f J A � (5)

This is a verymoderatedensity� A K � � g <  .h F�3 =?> .
The radius of the Larmor circles in the arcs may be

changedby the kick from a passingbunch provided the
bunchis short, ikj 6ml 1HF �Q� < where ikj � b,n 1H3ZF . Oth-
erwise, thereis the adiabaticinvariant o � 3 i j � � and
theenergy J � opi of theLarmormotion is preserved. It
meansthatelectronsin the arcsareaccumulatedandmay
definethebeamstabilityat thehighbunchcurrents.

4 SIMULATIONS

Simple simulationswere carriedout for a round beam
pipe


 �rq � " cm assumingthat particlesmove only radi-
ally. Spacechargewasincluded.A bunchandthedistance
betweenbunches� � � �#s " cm were sliced and interac-
tion with eachslice wasdescribedas a kick. Therewas
no sourceof particlesexcept initial fill and multipactor-
ing: particlecrossingthewall with a low energy waskilled
and one with the energy J �tqu eV was replacedwithv � < � qw" new electronsrandomlydistributedover theen-
ergy range"�x � eV. Thefour currentsconsideredin sim-
ulationscorrespondto parameters

O �y � �us and N �y � �.� , � z q , < � "Hq and � � {u| , respectively. Thesecasesare noted
below as(a), (b), (c), and(d), respectively. Resultsof the
simulationsareshown in Figs.1,2,3.

The resultsof the simulationsare consistentwith the
qualitativeargumentgivenabove:

1. The density increaseswith the currentand goesto
saturationbut, at the highestcurrent,dropsto zero. This
canbeexpectedwhentheaveragedensityexceedsthelock-
up threshold.
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Figure 1: Total numberof particlesvs time (in units of
bunch spacing).

O �} � �#s and
$ � �'&�( �} � " 4 , � � < " 4 ,|~� " 4 and {~�  4 for (a),(b),(c),and(d), respectively.
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Figure2: Density at the beam line for the four beam cur-
rents vs time (in units of the passing bunch number). In the
case (b), the density goes to zero for each other bunch. In
the case (d), all bunches see minimum density.

2. The snap-shotof the cloud distribution substantially
varies in time betweenbunchesat high currentsand has
only smallmodulationat low current.

3. Although theaveragedensityincreaseswith current,
thevariationof thedensityat thebeamline in time is sub-
stantiallydifferentfor differentbeamcurrents:it is about
a constantin thecase(a), it is maximumat theeachother
bunch in the case(b), and,at the high current,the bunch
seesalmostzero densitycloud as it can be expectedforN � � . I think that thesituation(b) canexplain why lumi-
nosityof eachotherbunchdropsin thePEP-II[2].

5 WAKES AND TUNE SHIFTS AT HIGH
CURRENTS

The wake field of the electroncloud at low currentsis
definedby electronsoscillatingin thevicinity (3-5) 6?� of
thebeam.Suchelectronspassthememoryof theoffsetof
thepreviousbunchto thefollowing bunches.

The integratedsingle-bunchwake for a long bunchcan
be approximated[3], seeFig. 4, by the wake of a single
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Figure3: Snap shots of the e-cloud distribution along the
beam pipe diameter. Current increases from the top to bot-
tom: 0.5, 2.5, 3.5 and 6 Amp, respectively.

modewith frequency ��� A ,
� �'�,� R�� T � � �'�,� � 
c� � � �R <;� 6m� 1 6m� T��?� R � AF T~����� R ��� T b =������� �

(6)
Here, � � is the cloud density,

� � � �	��1 R 6m7G� � 
 T is the
bunchlineardensity, � A is thelinear frequency of thever-
tical electronoscillations, R � A 1HF T � � � � ��1 R 6 � R 6 � � 6 � T�T
and � � � �*),+.-0/ � 1GF . Numericcalculations[4] which take
into accountthe frequency spreadof the electronsof the
e-cloud,definedparameters

� ����� � < � � , � �� � z , � ��"
which arewith goodaccuracy independenton thermssize
of thecloud.

Additional effect is givenby possibleasymmetryof the
clouddueto primaryphoto-electronsor ante-chamber. For
an estimate,the field of an anti-symmetriccloud with the
cloud centroidat � and the linear density � ��1 � � can be
describedasa field of a threadwith the linearchargeden-
sity � ��1 � � displacedby � from theaxesof theroundbeam
pipe.Thehorizontalcomponentof the
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Figure4: Effective wake � �'¡,¡8¢*£2¤�¥u¦ of the cloud as func-
tion of £]§©¨«ª`¬~­,® .
monicof thefield of thethreadis¯�°²±´³µ §·¶G¸¹»º#¼º#½ ¢�¾¹ ¦

±�¿�À,Á²ÂÄÃ ¢ ¹ Å ¦�Æ ±�Ç,È�ÉuÊ`Á ¢�Ë Ã�Â ¦�Ì Ç�Í (7)

The Ë § Â
harmonicgives the steady-statehorizontal

force andchangesthe equilibrium energy of the beambyÎ ¯ ­ ¯ § ¸ ¯ °ÏÀ'³µÑÐ ­ ¯ , where Ð is the bendradius. Effect
is very small. For example,let us considerthe jet of the
primaryphoto-electronswith thelineardensity

ºu¼ºw½ §ÓÒ?��Ô�ÕGÖ ª�×¶#Ø Ù Ð ¼	Ú.Û«Ü�Ý�Þ0ß¶Hàcá ¤ (8)

where Ò ��Ô©â ¥ Í�Â is numberof electronsper SR photon,Ö ª § Â ­ Â Ùwã , and Û;Ü�Ý�Þ0ß § ¶Gà Ð is the total lengthof the
bends.Let usassumethat theprimaryphoto-electronsget
thekick äm­,®�§ ¶ ¼ Ú ¾ � ­

Å
from theparentbunchandmove

to the radius ¹ § Å Ã ¢ ¶ ¼ Ú ¾ � ­
Å ¦ ½ Ú to the momentwhen

thenext buncharrives.Takingthebunchpopulation¼ Ú §Â ¥ À�À , the bunchspacing ½ Ú § ¶.Õ ¥ cm, Ð § Â Ù Í Õ m and
Å §æå Í Õ cm,we get ºu¼ ­ ºw½ § ÂuÍ çÄÂ ¥.è Â ­,®�Ë , ¹ § ÂuÍ Ùué cm,
and

Î ¯ § Ù Í Õ eV for 2.2km PEP-IILER.
Effect of theasymmetrydueto theante-chamberat low

beamcurrentsdependson theparameterêcë�ì ½,Ú ­H®	§ Ø ¶.í ,where êcë�ì is the plasmafrequency ê�ë�ì*­H®�§ Ø å à�î ª ¾ � .Hence,at low currentsíðï Â , any asymmetryof thecloud
densitygeneratedby abunchis preservedto thenext bunch
but hardlyis largerthantheeffect of theasymmetryof the
photo-electronsestimatedabove.

The mechanismof the bunchinteractionthroughthe e-
cloud is different at high currentsand is definedby az-
imuthal asymmetryof the distribution of the secondary
electronsdue to bunch transverse offset. The bunch
with the offset ñ gives the asymmetrickick ¢òäm­,®%¦�óô§¶ ¼	Ú ¾ �`­w¢

ÅÄõ ñö¦ to the electronsin the cloud. They reach
the wall and producesecondaryelectronsat the differ-
ent moments ÷ ó . The secondaryelectronspropagating
toward the following bunch are at the different distances¹ ó § Å Ã £~¢ ÂkÃ ®�÷ ó ­ Å ¦ from thebeamline whenthebunch
arrives.Theinteractionwith thebunchis givenby thefield¯ µ ¢ ¹ ¿ ¦ ÃW¯ µ ¢ ¹wø ¦ of the Ëù§ Â harmonic,seeEq. (7). Ex-
pandingthefield over ñ , theresultcanbedescribedasthe
transversebunch-to-bunchwake ��ú . For small £ ïQï Â

,



theintegratedwake is� � � � 
c� g
 � <� � � �� �
ON : (9)

where � � 
 R < V O T . For � A �ûR � ��1 � � T 1 R 
 
 � T K <  .hF�3 =ö> , �M� � <  C�C , � 
c� � � � � km, and

 � � � " cm,wegetO �ü � q , N � � � � " , and

� � � <u<;ý 1�þ?ÿ 1HF�3 .
Theazimuthalharmonic

3 � � of thee-clouddistribu-
tion givesthetuneshift��� �

�
� ��� �,��� �� � �

�
� 
 � R � �� � T d R 
� T � V R � 
 T �%e � (10)

For thesameparameters� A , �	� and



asabove, we get� � 1 � $%� �'&�( �üq � " <  =?> < 1�4Y3	þ .
It is worthnotingthattheeffectof thejetsof theprimary

photo-electronson thebeamvariesalongthebunchdueto
the changingdistancefrom the jet to the beamline. This
may causevariation of the tuneshift andorbit distortion
alongthebunch.

6 HEAD-TAIL INSTABILITY

The wake generatedby the interactionwith the cloud
leadsto the head-tail instability [3]. A peculiar feature
of the e-cloudwake that it dependson

$%�*)�+u-0/
due to the

electronfrequency dependence.TheSatoh-Chin’s formal-
ism [5] canbeused,in principal,to definethethresholdof
instability. The stability is definedby the eigenvaluesof
a matrix which hasto be,asusual,replacedby a matrix of
a finite rang. Simulationswith a low ordermatrix show a
certainthresholdof thehead-tailinstability. However, the
bunchagainbecomestableat highercurrents.This reduc-
tion of the growth ratemay be a resultof a large number
of electronoscillationsperbunchlength � �*),+.-0/ 6�� 1GF �Q� <
at large

�M�
. At the presenttime, it is not clear whether

suchanexplanationis correctuntil thenumericresultsare
checked with the matricesof higherrang(of the orderofR � �*)�+u-0/ 6�� 1HF T � ).

7 CONCLUSION

The presenttheory predicts that the e-cloud becomes
moredangerousat high currents. The situationmight be
not hopeless. The condition of neutrality predicting the
growth of thee-densitywith currentmight be replacedby
the lock-up condition independentof current. The distri-
bution of electronsin the cloud changesand,at the high
currents,becomeshollow. In particular, thedensityat the
beamline which definesbeamstability decreases.The
head-tailinstabilityis stabilizedathighcurrentsdueto high
electronfrequencies.

Thesepredictionand,in particular, theadverseeffect of
densityfluctuations,couldbeverifiedwith existingcodes.
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