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Abstract

Thequalitative analysisof theelectroncloud formation
is presented.Resultsarecomparedwith simulationsfor the
NLC dampingring [1].

1 INTRODUCTION

Since the discovery of instability at KEK photon fac-
tory [2], it was realizedthat the electroncloud candrive
the fastmulti-bunch[3] and,later, the singlebunchinsta-
bilities [4] in the positronstoragerings. The instabilities
affect performanceof theB-factoriesanddesignof thefu-
turelinearcolliders.

Effectsof the e-cloudon the beamdynamicsis conve-
niently describedby theeffectivewake field [5] which can
becalculated[6] giventhedensityof thee-cloud.Thees-
timateof thedensityis themaindifficulty of theproblem.
The e-cloudis neitherstatic in time nor uniform in space
anddependson the bunchpopulation

���
, bunchspacing� � , geometryof thebeampipe,theflux of thesynchrotron

radiation(SR) photons,and the yield of secondaryelec-
trons. Due to thesedifficulties, the densityis usuallyde-
terminedeitherby elaboratesimulationsor consideredas
a fitting parameter. Nevertheless,it is highly desirableto
have someanalyticestimateof thedensityto interpretthe
resultsof simulationsandfor scalingof theseresultswith
machineparameters.The goal of the paperis to provide
suchanestimate.Resultsof theanalysisareappliedto the
NLC main dampingring and comparedwith the simula-
tions for theNLC [1]. Therelevantparametersof thering
arelistedin Table.

Theelectroncloudwhereelectronsmovesrandomlyand
canbecharacterizedby somequasi-steadyequilibriumdis-
tribution canexist only in thecaseof smallcurrents.That
is truefor bothpracticallyimportantcaseswhereelectrons
aregeneratedby synchrotronradiationor areresultof the
beaminducedmultipactoring.

Thepaperis organizedasfollowing. Westartwith asim-
ple caseof the coastingbeamwhereelectronsoscillatein
the self-consistentpotentialwell andcanbe describedby
the Boltzmanndistribution. Then, to definethe tempera-
tureof thedistribution,weneedto considerbunchedbeam.
The temperatureis definedby the equilibrium of the en-
ergy losses.Thenext stepis to take into accountthemulti-
pactoring.It is shown thatthespace-chargepotentialof the
secondaryelectronsgeneratesa potentialbumpat thewall
whichdefinedby theequilibriumof theaveragenumberof
electronsin thecloud. Effect of thefinite bunchlengthin�
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Section6. Whereverit is possible,ourresultsarecompared
with simulations[1].

2 STEADY-STATE: COASTING BEAM,
NO SR

Let usstartwith acoastingbeamwith theaveragelinear
density

����� � � in aroundbeampipe.Electronsof thecloud
oscillatein thesteady-statepotential �
	�� �
������� �����
of therelativistic beam( in unitsof ����� )� ������� 	 � ����!"�� �$#&%(' ) �! � �+*-,-./*-01�2*3,5476
8 (1)

plusthespace-chargepotentialof thecloud�:9<;=	?>A@ !"� ' B �C !ED&FA!EDHG . !ED 4 #&% )! D � B+IC !EDHFJ!ED&G . !ED 4 #&% !! D 6�K
(2)

The steady-statedensitycorrespondsto the conditionthat
thetotal radialfield L . F � �EFA! 4 I�M � at thewall is zero.This
conditiondefinestheaveragedensityin thesteady-stateG C 	ON @@ ) � B !EFA!7G . ! 4 	 � �@ � � ) � K (3)

This is the well known condition of neutrality which is,
actually, independentof theform of thedistribution

G . ! 4
.

For theNLC parameters,
G C 	 N K NQP"RJS ����T . Thisagrees

quitewell with theresultsof simulations[1] whichgivethe
averagein time densityat saturationUVK RWP"R S ���YX[Z at low
level SR.

Theaverageover time distribution functionof electrons
trappedin this potentialwell canbe taken as Boltzmann
distribution\ . ! 8^] 4 	`_ � _ a Xcbdfe gHh�i ��j glk�inm jpo^qsr g I jHt 8 (4)

where u is temperaturein units of ����� , _ � _ is the
normalizationfactor relatedto the averagedensity

G C isv N @ !EFA!7F ] \ . ! 8�] 4 	w@ ) � G C . Thedensityof thecloudG m�x . ! 4 	 B F ] \ 	y_ � _ �{z N @|u}a X|r i�~ 	 G C ) �N aAX|r i�~v !EFJ! a X|r g I j i^~ K
(5)

Thepotential � in Eq.(5) is the total potential ��	�� � �� m�x of thebeamandthecloud. The later is definedby the
Poissonequationwith the right-hand-side(RHS) propor-
tional to

G m�x . ! 4 .
Let usdefinedimensionless��	 !J� ) andmeasureall po-

tentialsin unitsof u , introducing � . � 4 	 . � . ! 4 � u 4 I^M ��0 .
Then, for a cylindrically symmetricbeampipe, � . � 4 	� m�x �Y��#&% . P � � 4 where��	�N ����!"�u � �w8����	�N @ !7� ) �u G C K (6)



ThePoissonequationfor � m�x takestheformP�`�� � � � � m�x� � 	����� aAX�� g 0 jv � F �[a X|� g 0 j K (7)

In thestationarycase,thetotalpotential� . ! 4 andtheforceF � . ! 4 �EFA! are zero at
! 	 ) . That gives the boundary

conditions � . P 4 	 R , . F � �EF � 4 0 M h 	 R or, for thespace-
chargepotential,or� m�x . P 4 	 R 8 . F � m�xF � 4�0 M h 	 �Q��K (8)

Thespace-chargepotentialis finite at ��	 R . Integration
of Eq.(7) with the weight � gives

. F � m�x �EF � 4 0 M h 	����� .
Comparisonof this result with Eq.(8) gives ���	�� and
definestheaveragedensityG C 	 � �@ � � ) � 8 (9)

reproducingthedensitygivenby theconditionof neutral-
ity. Note,thattheaveragedensity

G C is independentof the
shapeof thedensity

G m�x . ! 4 andtemperatureu .
Potentials� . � 4 , � m�x . � 4 , andG m�x 	 G CN aAX|� g 0 jv hC � F �3a X|� g 0 j (10)

dependonly on oneparameter� . It is definedin the next
section.
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Figure1: Total self-consistent potential � . � 4 and the beam
potential � � 	��Q��#l% . P � � 4 vs � 	 !J� ) . Parameter � is
found from Eq. (16).

3 STATIONARY DISTRIBUTION,
BUNCHED BEAM

In the approximation of the averaged beam poten-
tial, electronshave regular motion oscillating in the self-
consistentpotentialwell. Theaveragingof thebeampoten-
tial is a standardtrick usedfor the similar problemof the

ion instability. For the e-cloudthis approximationrequire
justificationdueto high frequency of the electronoscilla-
tions. For example,for theNLC DR, the linear frequency
of oscillations � C , 	w� R-� N � � ! �� � .�* 0 �+* , 4�* , (11)

is equalto �� C�� , � N @=	 U P K�� GHz andthenumberof oscil-
lationsbetweenbunches �� C{� , � � � . N @�� 4���� P . Obviously,
the beampotentialcannotbe approximatedby a potential
of thecoastingbeam.

Nevertheless,an electronmovesbetweenbunchesonly
by the distancesmall comparedto beam pipe radius.
Hence,beforean electroncanreachthe wall, it is kicked
by ] � ��	 N ����!"���E! several times. Electronsmove chang-
ing directionandthe motion is similar to a randomwalk.
Wecanestimatethenumberof kicks

G[�{�����
anelectrongets

beforeit canreachthewall fromG �{����� ��. N ���¡!7� � �! 4 � � 	 ) � 8 (12)

what defines
G[�������

. It is clear againthat it makessense
to speakaboute-cloudonly for ¢¤£ N ����!"� � �n� ) � ��� P .For theNLC parameters,

G �������W¥ U1�¦> in agreementwith
simulations.

In theprevioussection,thetemperatureu remainsunde-
fined. Now we take into accountthe beambunchingcon-
sideringbunchesas point-like macroparticles. The goal
is to definethe temperatureu and the averageover time
densityof thecloud.

The bunching of the beam has several implications.
First, an electronin the beampipe experiencesperiodic
kicks. Neglecting the space-charge potential, we can
write a simplecticmap § . �s8�] 4 giving transformationof
the electron coordinatesper bunch spacing ' �s8�]A6�� �' ��¨8 �]A6 	©§ . �s8�] 4 ' �(8�]A6 . The eigenvaluesof the Jacobianª ' §�' �s8�]A6�8�«{�(8^]-¬{6 arerealonly for � ��*[­ � ) , i.e. in the
regionof thelinearmotion.

Elsewherethemotionis chaoticandtheaveragein time
distribution functioncanbetakenin theform of Eq.(4) al-
thoughtheapproximationof thecoastingbeamis notvalid.
That is possibledue to the other effects of the bunched
beam: heatingof the cloud causedby the kicks balanced
by thecoolingof theclouddueto thelossof electrons.

A kick from a bunchincreasestheaverageenergy of the
e-cloudby®�¯W° ��±&² 	 N @ B !EFJ!EF ] \ . ! 8^] 4�. N ���n!"�! 4 � 8 (13)

whereintegrationis over thephasespaceof thecloud.
The electronsin the vicinity of the beamarekicked to

the wall andare replacedwith the low energy secondary
electrons.The laterprocessproducescooling. To be lost,
anelectronhasto reachthewall beforethenext bunchar-
rives. The trajectoryof an electronbetweenbunchescan
be estimatedasfollowing. Consideran electronwith the



initial conditions
! 8�] � � just before a bunch arrives. A

bunch³ changeśy	µ] � � to ´ C 	µ] � �¶� N ����!"�{�E! . After
that, an electronmoves in the field of the spacecharge.
Let us assume,for a moment,a uniform density of the
cloud,

G m�x . ! 4 	 G C . Then, the space-charge force isN @ ! � G C ! and the electronis at �! 	 !¨·�¸A¹^º . � � x � � � � 4»�. ��´ C � � � x 4 ¹^¼ % º . � � x � � � � 4 at the time of arrival of the next
bunch.Here

. � � x � � 4 �»	 N @ G C ! � . A quasi-stationarycloud
canexist only if

. � � x � ��� � 4 � ��� P . For theNLC parame-
ters,
G C 	 N K NQP{R S ���¦X�Z , and

. � � x � ��� � 4 �c	 R K N �A� . In the
caseof small

. � � x � � 4 , �! 	 ! �½. ] � �W� N ���¡!7���7! 4 � � andis
independenton

G C . Theelectronhits thewall if _ �! _ � ) , or] � � ) � !� � � N ���¡!7�! 8 ¸J¾ ] � � � ) � !� � � N ���¡!"�! K (14)

All electronswithin thispartof thephasespacegetlostand
arereplacedby the electronsfrom the cloud. The energy
lossis equalto theenergy of the lost particlesbeforethey
werekickedto thewall:®�¯ xl¿ ��� 	 N @ B !7FA!EF ] \ . ! 8�] 4 '^PN ]<�� � � � . ! 4 6
8 (15)

whereintegrationis restrictedby theconditionEq.(14)andR � ! � ) . Here we neglectedthe energy brought to
the cloud by the low energy secondaryelectronscoming
in from thewall.

The balanceof energiesEq.(13) andEq.(15) givesthe
following equation:�V¢ B hC F �� a X|� g 0 j¡À . � 4 	B hC � F �3a X|� g 0 j ' . PN � � . � 4�4�. P � À . � 4�4� PN z @ .�Á q a X�Â�oÃ �2Á X a X�Â�oÄ 4 6�8 (16)

whereÀ . � 4 	 . P � N 4�. ¯ !5Å ' Á q 6 � ¯ !5Å ' Á X 6 4 8Æ¢�	 N � � ! � � � � ) � 8(17)
andÁ q 	yÇ �N�È . P �É� � È � 4 8 Á X 	yÇ �N�È . P � ���=È� 4 K (18)

Let us remind that, given ¢ , � . � 4 dependsonly on � .
Eq.(16) defines� , i.e. the temperatureu . It is plausible
to expectthat � ¥ P � #l% . P � ¢ 4 . Thesolutionof Eq.(7) and
Eq.(16) canbeobtainednumerically. Calculationsfor the
NLC parameter¢Ê	 R K N �J� define�Ë	 R K ÌAÌ N , whatis close
to the estimateabove, P � #&% . P � ¢ 4 	 R KÍ�EÎ R . The tempera-
turein unitsof �É��� is uÏ	?� . N ����!"��� � � 4 , or uÏ	ÏÐ N K > eV.
Thepotential� . � 4 is shown in Fig. 5. At smalldistancesit
goesasbeampotentialbut at largedistancesis flatterdueto
thespacechargecontribution.Thedensityprofile

G . � 4 �EG C ,
Eq. (10), for thesameparametersis shown in Fig. 2. The
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Figure 2: The density
G . ! 4 �7G C , G C 	 N K NQP{R S ���¦X�Z vs�É	 !5� ) for the NLC parameter N � � ! � � � � ) �W	 R K N �A� .

densityat thebeamline (at themomentof a buncharrival)
is substantiallylargerthattheaveragedensity

G C .
The numberof electronswith the energy

¯
hitting the

wall of thedrift chamberwith thelength Ñ�Ò isFA� . ¯ 4F ¯ 	 N @�Ñ Ò B !EFA!EF ] \ . ! 8�] 4�Ó '^PN . ] � �ÊN � � ! �! 4 � � � . ! 4 � ¯ 6�8
(19)

whereintegrationis takenover the region ] � � � z N u Á qand ] � � � � z N u Á X , and

\
is thedistribution functionat

themomentof buncharrival.
Theresultof calculationsis shown in Fig. 3. Parameters

arethesameasin Fig. 2.
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Figure3: Number of electrons per bunch
F<���5F ¯ P � aE� ac-

celerated from the e-cloud and hitting the wall with energy

¯
.

Finally, thenumberof electronshitting thewall perpass-



ing bunchis givenby theintegral� xl¿ ��� 	 N @�Ñ�Ò B !EFJ!EF ] \ . ! 8^] 4 (20)

wheretheintegrationis over theregion ] � � � z N u Á q and] � � � � z N u Á X . Calculationgives
� xl¿ ��� 	ÔÌÕK�Ì5U P"RJÖ ,U P7× of the total

�cØ ¿ Ø 	�@ ) �{Ñ�Ò G C 	 P KÍ�7> P{R h C electrons
in thecloudin thedrift with length Ñ�Ò . This resultmaybe
comparedwith thesimpleestimatewhich assumesthatall
particleswithin radius

!
, where

. N ����!7���7! 4 � � � ) arelost.
If thedensitywouldbeconstant

G C 	 N K NQP{R S P � ��� Z , then� xl¿ ��� 	 P K UÙ� P{RAÖ . Theactualnumberis higherbecausethe
densityat thebeamline is higherthantheaveragedensityG C .

Thetotal energy lossis givenby theintegral
¯ xl¿ ���u 	 @ ) � G Cv hC � F � ¯ � È 'l�»� . � 4 6 B � F �3a X|� g 0 jB FAÚ a X�Û7o ' . Ú � P� Ç ¢Õ�N 4 � � � . � 4 6�K (21)

Herethevariable
Ú 	 . ] � � 4 � z N u , andtheintegralis taken

over _ � � Ú¨Ü N ¢ � �»�¦¢ � �Ý_ � P . Numericintegrationgives
power loss

. � � � � 4 ¯ xl¿ ��� 	 P"RVP�Þ � � .

4 JETS

Anothereffectof thebunchedbeamis productionof jets
of electrons.

Simulationsshow that, at the high level of the SR, the
averageelectrondensityis higherthanat the low level of
theSRby a factorof two. (It is worth noting thata round
beampipe without the ante-chamberwasusedin simula-
tions). For largeSR,theprimaryphoto-electronsmove as
a compactjet towardthebeamline gettingakick® . ] � 4 	 �ÊN ���¡!7�! (22)

from theparentbunch.
Thedensityof a jet maybehigherthanthatgivenby the

conditionof neutralityanddependson the yield ß of the
secondaryelectronemission,numberof jets à7á �
Ø/� within
the beampipe, and the volumeof a jet. The densityav-
eragedover the length Ñ Ò of thedrift sectionwhereSRis
absorbedandover thebeampipecross-section,� G �
âË� 	wã �äâÙ���@ ) � Ñ�Ò à á �
Ø/� 8 (23)

is proportionalto thenumberof photons� â 	 ÌJå C�æN z U Ñ �ç (24)

radiatedby apositronin thebendwith radius
ç

andlengthÑ � perpass.
For theNLC parametersand ãy	 R K N , à7á �
Ø/� 	 N andthe

averagedensity
� G(�
â � 	½ÌÕK�Ì P"R S P � ����Z is very closeto

the resultof simulationsè-K P"R S ���YX[Z with the largeyieldã of theprimaryphoto-electrons.
The jets may also explain why the electrondensityat

the beampipe line in simulationsis muchhigherthanthe
averageelectrondensity.

Initial energy spreadof the primary photo-electrons
leadsto the differencein the distancesof electronsin the
jet from the beamline. Interactionwith the bunchtrans-
latesthis differencein the energy spreadof the electrons
hitting the beampipe wall. If the shortestdistanceof the
jet centroidfrom thebeamline is

F
, thenFA�F ¯ 	 ã ���^�äâé á �
Ø . N ����!7���� � 4|. �É���N ¯ 4 Z i � K (25)

Thedistribution is shown in Fig. 4 for ã�	 R K N .
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Figure4: Number of electrons
F<�Ë�EF ¯

hitting the wall per
bunch. Electrons are accelerated by the beam while a jet
crosses the beam line. ã�	 R K N

5 SATURATION

Highenergyelectronshitting thewall producesecondary
electronswhich, after thermalization,may increasethe
densityof the cloud in the avalanche-like way. Let uses-
timate the numberof bunches� neededto reachsatura-
tion of theclouddensity

G C 	 N K NQP{R S P � ����Z . At the low
levelof thephoto-electricyield ã�	 R K RARAN takenin simula-
tions[1], theSRaddsto theaveragedensity

G 9<ê 	ÏÌÕK�Ì P{RAëP � ���ÉZ perbunch(seeEq.(23)). Mostof theseelectronsgo
wall-to-wall andonly

. ß�� P 4 G 9<ê of the secondaryelec-
trons remainin the cloud. Due to the multipactoringthe
densityincreasesexponentially:FAGF � 	 �Wì G � ßÙì G ��. ß�� P 4 G 9<ê 8 G 	 G 9<êì ' a"í glî X h j � � P 6�K

(26)
Hereweintroducedparameterìä	 � xl¿ �������cØ ¿ Ø definingthe
fraction of the cloud participatingin multipactoring. The



estimateof theprevioussectiongives ì�	 R K U andtheden-
sity reachessaturationafter�µ	 Pì . ß�� P 4 #l%(' G CG 9<ê ì � P 6 (27)

passes.For theNLC DR, �µ	 P Ð for ß�	 P K ><Ì . At thehigh
SRphotonflux, where

G 9Aê ¥ G C , thenumberof passesto
reachsaturationosof theorderof ' ì . ß¶� P 4 6�X h ¥ � . These
estimatesarein reasonableagreementwith thesimulations.

6 EFFECT OF THE MULTIPACTORING

It wasmentionedabove, that, for ¢ � P , therearetwo
region of distancesfrom the beamline: in the vicinity of
the beam,whereelectronsarewiped out by eachpassing
bunch,andanotheronecloseto thewall.

The multipactoringaddsthe third region. Generally,
thereis a bumpof the potentialwell in the vicinity of the
wall which defineshow many of the secondaryelectrons
can go to the central regions. Sucha sheathworks as a
virtual cathode.Thedensityin thesheathnearthewall de-
pendson thebalanceof thenumberof electronskickedto
thewall from thecentralregionandthenumberof electrons
producedat thewall by theSRandmultipactoring.

In theequilibrium, the numberof lost particlesis equal
to the particlescomingto the cloud from the wall. If the
yield of secondaryelectronsis high, to sustaintheequilib-
rium, the total potentialchangesto stop the backflow of
thesecondaryelectrons.

The distribution function

\ . ! 8^] 4 satisfiesthe Liouville
equationwith thesource� ,

� \�3ï � ] �
\
� ! �ð� � � � . ! 4� ! �

\
� ] 	�� ÓÕ. ! � ) 4N @ ! Å . ] 4 K (28)

Here
Å . ] 4 is normalizeddistribution of the secondary

electronsovervelocity,Å . ] 4 	 ]� � u|ñ a Xóò oo
ô o dnõ 8 B CX|ö F ] Å . ] 4 	 P K (29)

The temperatureu ñ is equal to the average energy
of secondaryelectrons

¯ C in units of �É��� , u ñ 	v F ] . ]Ù� � N ��� 4 Å . ] 4 . In the estimatewe assumē C 	 NeV, u ñ 	÷>3K R}P{R X�ø . The source � m�x , the numberof sec-
ondaryelectronsejectedfrom the wall per unit time and
unit lengthof thebeampipe,is givenby thenumberof lost
electrons

F<� x&¿ ���{�EF � and the yield of the secondaryelec-
trons ß , � m�x 	 . ß1� P 4�. � � � ��4 FA� xl¿ ��� �EF � . (Moreexactly, � m�x
is givenonly by thelost particleswith thesufficiently high
energy,

¯ � Ì R eV). If thereis the SR flux, it adds � 9<ê ,�=	Ï� m�x � � 9<ê , � 9<ê 	�ã � â � � �� � ÑùÒ K (30)

We imply herethat electronsgeneratedat the wall are
thermalizedand are addedto the e-cloud. This process

works asa sink for the generatedelectronsandallows us
to considerthe averagein time electrondensity

\ . ! 8�] 4 	\ m�x .�ú¦4:� \ � . ! 8^] 4 , where
ú 	û] � � N � � � � . ! 4 . Herethe

first term is the distribution function of the cloud andthe
secondtermdescribessecondaryelectrons,\ � . ! 8�] 4 	 �N @ ) Å . � z N úü4� z N ú ý . ) � ! 4 K (31)

The densityof the secondaryelectrons
G � 	 v F ] \ � at

thewall is G �7. ! 4 	 �N ) � z N @|u ñ K (32)

Thetotalpotentialatthewall � . P 4 	 R , andin thevicin-
ity of the wall can be expandedin series � . � 4 	 . P �� 4 � h �Ê. P �1� 4 � . � � � N 4�� K&K . To havemaximumat � �Q��0 � P ,� � hasto benegative. Thepotentialis maximum � �Q��0 	�»�ä�h � . N � � 4 at the distance

® 	 . P �þ� �W��0 4 	÷�»� h � � �from the wall. Hence, � h � R . The Poissonequationat� ÿ P relatesthecoefficients � h , and � � , � � �=� h 	`� � ,
where

� 	Ï� !"� )��u Ç N @u|ñ � N @ !7� ) � G Cu v hC � F �3a"� È ' �»� . � 4 6 K (33)

Thesecondtermin theright-hand-sideis dueto thedensity
of thecloud.

To stop secondaryelectronsto go into the beampipe,
themaximumof thepotential � �W��0 hasto beof theorder
of u ñ � u . � �Q��0 canbe estimatedequatingthe numberof
particlesreturningto thecloudto

F<� xl¿ �����5F � . Electronsthat
gobackinto thebeampipehaveto haveenergy ]<� � . N ��� 4Q�u � �Q��0 ,. F<�F � 4^��� m�� 	 � �� B k�inm�� X � � ~ ���
	�� N @ !EFJ!EF ]Ù� Å . ] 4 ÓÕ. ! � ) 4N @ !	 � �� �fa X��
��	�� ~3i^~ õ K (34)

Substituting � and equating that to
. FA�Ë�5F � 4 x&¿ ��� 	� xl¿ ��� � Ñ Ò definedby Eq.(??), we get� �W��0 	 u|ñu #&%(' ß � ã � â � �� xl¿ ��� 6
K (35)

This defines� h 	Ï� � � � and

® 	 �»� h � � � ,® 	 �»� �W��0»� Ü � ��Q��0 � N � � �W��0� �Q��0 � � � Ü � ��W��0 � N � � �Q��0 K (36)

This resulthasmeaningonly if

® ��� P , i.e. for the large
enoughdensityof the cloud. Otherwise,the heightof the
potentialbarrier can not reach u|ñ and the densitykeeps
building up.

If
� ��� � �W��0 , ® 	 N � �W��0� K (37)



For theNLC parametersand ß 	 P K ><Ì , ® 	 R K R Î N and� �W��0 	 R K R U N or N K ÐAÌ eV.
Althoughtheheightof thepotentialbumpat the

!{�W��0 	) . P � ® 4 is small,of theorderof u|ñ , it changestheequilib-
rium densityof thecloud. To seetheeffect on theaverage
density, let usagainintegratethePoissonequationP! FFJ! ! F � m�xFJ! 	��W>A@ ! � G m�x . ! 4 (38)

over r with theweightr in theinterval R � ! � !"�W��0 . Be-
cause� m�x is finite at

! 	 R , wegetfor theaveragedensity� G m�x � £ N! ��W��0 B2I ��	��C G m�x . ! 4 !7FA!	 � PN @ !{�W��0 . F � m�xFA! 4 I�M�I ��	�� K (39)

Thetotal potential � . ! 4 	`� m�x � �Ùu�#&% . ) �7! 4 is maximum
at
! 	 !{�W��0 . Therefore,

. Ò r ô �Ò I 4 I^M�I �
	�� 	y�Q�<u �7!"�Q��0 , and� G m�x � 	 �ÙuN @ . P! �W��0 4 � K (40)

Substitutionof � from Eq.(6) and
!{�W��0 	 ) . P � ® 4 gives� G m�x � 	 G C . P. P � ® 4 4 � K (41)

The averagedensityis higherthanthat given by the con-
dition of neutrality but the differenceis small provided

® ��� P .It is worth notingthat,without thepotentialbarrier, pri-
maryphoto-electronswith positiveenergygoabovethepo-
tential well. They addto the averagedensityof electrons
but their spacecharge reducesthe densityof the cloud in
sucha way that the total averagedensityis still given by
theconditionof neutrality.

Electronsreflectedby the potentialbarrierhit the wall
again increasingthe power depositedto the wall. The
powerdepositedby this mechanismdependson theyields,F��F � 	 �� �Au|ñ�' . ß�� P 4 @ ) � G C � xl¿ ����äØ ¿ Ø� ã � â � �ÑùÒ 6¡' P � . P � � �W��0 uu ñ 4 a X�� �
	�� ~-i�~ õ 6�K(42)

For the NLC DR this contribution is negligible, lessthan
W/m.

Anothereffect of thesecondaryelectronstrappedat the
wall is theintroductionof a smallazimuthalasymmetryof
thepotentialwell for thebeamparticles.Thedipolecom-
ponentof suchperturbationmay causean orbit distortion
andthequadrupolecomponentleadsto theasymmetricde-
pendenceof the tuneon the beamcurrent. The estimate
shows,however, thattheseeffectsaresmall.

7 EFFECT OF THE FINITE BUNCH
LENGTH

We assumedeverywhereabove thata bunchcanbe de-
scribedas a point-like macroparticle. The finite bunch

lengthmay substantiallychangethe numberof lost parti-
clesfrom the region nearthe beam. As it wasmentioned
in Section2, the numberof oscillationswithin the bunch
lengthfor suchelectronsis large.(It maybenottruefor the
electronsfaraway from thebeambecausethefrequency of
oscillationsdecreaseswith amplitude).Thefield of abunch
at a givenlocationaroundthering variesslowly compared
to the periodof oscillationsandcan be consideredas an
adiabaticperturbation.As it is well known, theamplitude
of oscillationsin this casereturnsto theinitial valuewhen
the perturbationis turnedoff. It means,that an electron
maydecreasetheamplitudeof oscillationswhile bunchis
passingby, but retainstheinitial velocityandpositionafter
thebunchgoesaway. Theseargumentsmeanthatthenum-
berof thehigh energy electronshitting thewall andpower
depositionaresmallerfor the largerbunchlength. On the
otherhand,low energyelectronsin vicinity of thebeamcan
live therefor a long time what would meanlargerdensity
at thebeamline. Fromthispointof view, it is preferableto
have shortbunchesbut with a largebunchcurrentto be in
theregimewhereelectronsgowall-to-wall in onepass.

Oneof implicationsof thefinite bunchlengthis thebeta-
trontunevariationalongthebunch.Thekick from thehead
of a bunchcausesmotion of the e-cloudelectronstoward
thebeamline andincreasesdensityof e-cloudin thetail of
thebunch.Thetunespreadis of theorderof thetuneshift:®

� 	 N @ !7�nG C � ç � �æ � 8 (43)

where
� ç �

is the averagemachineradius. The tune
spreadfor the NLC is large,

®
� 	 R K R<N5R � at

G C 	N K NJNQP"R S P � ���YX[Z . The interactionwith the densejetscan
changetuneof the bunchesin the headof the bunchtrain
differently than for the rest of the bunchescausingtune
variationalongthebunchtrain.

8 EFFECT ON THE WAKE FIELD

Thewake field of thecloudwith theaveragedensity
G C

canbeestimatedanalytically[5, 6]. For a long bunch,the
short-rangewake per unit lengthhasthe form of a single
mode

Þ � Û ² m�� ./ÁÙ4 	 Þ � N G . ¢ 4 é ���� . � �� 4 ¹�¼ % .�� ì 4 a X����o�� 8 (44)

wherethee-clouddensityis takenat
!"�ù±&² 	 ) ¢ to takeinto

accountthat the densityat the beamline is differentthan
the averagedensity,

�
� � N @ is the linear bunchfrequency

of oscillations,. � �� 4 � 	 N ���¡!7�*-,Õ.�*-0 �+*-,54�* Â z N @ 8 (45)ìc	 � � Á � � , é � 	 * Â z N @ , and Þ � ,
�

and
�

arecharacter-
isticsof thewakewith weakdependenceontheaspectratio* ,A� * 0

andthe beampipe aperture.They werecalculated
in thereference[6]: Þ � 	 P K N , � 	 R K Ð , and

� 	�Ì .



Thebunchshuntimpedance
ç1�

perturnç � Û ² m���
� 	 N @ ç�� C>J@ N G . ¢ 4 é ���� Þ � (46)

is
ç �Q¥ N K U MOhm/m.

8.1 Transverse coupled bunch instability

For a single bunch stability,

�
� � �`	 ÌJU P � ��� andÞ �W��0 	?> P{R Z����YX[� .To considertheCB instability, thelong-range(LR) wake

hasto bescaledfrom theshort-rangewakeEq.(44) replac-
ing thebunchlengthby � � and,secondly, usingtheaverage
density

G C . Themaximumvalueof theLR wake is:Þ � ê ./ÁÙ4 	 Þ � G C � ���� .
� �
������ 4 8 (47)

where . � �������� 4 � 	ÔN ����!7�� � ! ��Q±&² K (48)

Here
!{�Q±&² ¥ ����!7� � ��� ) estimatesthe rangeof distances!"�Q±l² � ! � )

whereelectronssurviveafterabunchpass.
TheLR shuntimpedance

ç �
������
perturnç �
������

� 	 N @ ç�� C>J@ G C � ���� Þ � (49)

is
ç �
������ ¥ P U5> MOhm/m for the NLC DR nominalpa-

rameters,by a factor of two larger than in the simula-
tions[1].

Themaximumgrowth rateof thetransverseCBP! 	 " �
����� ç ��������. ¯ � a 4 � C ´ ,>J@ ç a X g$#3inm j�%'&(	)�+*-,�jpo (50)

is ! 	 R K RVP ms.

9 SUMMARY

At highcurrents,electronsmaygowall-to-wall between
bunchesand electroncloud, in the usualsense,doesnot
exist.

Thermalizationof electrons,takes placeat a moderate
currentwithin somedistancesfrom thebeam.Even if the
numberof the linear oscillationsper bunch is large, such
electronscanbe describedby the Boltzmanndistribution
dueto randomnessof theelectronmotion.

The jets of primary andsecondaryelectronsmay have
high densityandexplain the high energy tail in the distri-
bution of electronshitting thewall.

A simplemodelof the e-cloudformationsallows us to
reproducemain resultsobtainedin simulationsexplaining
the level of the densityat saturationandit dependenceon
the æ � a yield. The temperatureof the distribution is
definedby the condition of the energy equilibrium. The
multipactoringdoesnot changethe temperaturemuchbut
ratheraffects the distribution of electronsin the vicinity
of the wall. That explainswhy the averagedensityof the

cloud is closeto that givenby the conditionof neutrality.
Thefinal bunchlengthmaychangethepowerdepositedto
the wall andthedensityof electronsat the beamline. In-
teractionwith thecloudcancausethetunevariationalong
the bunchtrain. TransverseCB instability requiresstrong
feedback.
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11 APPENDIX: RESULTS FOR THE NLC
MAIN DR

Parameter Description Value.
, (GeV) beamenergy /�0 1�23
, m circumference 4)1)1�0 5�1�46
7
, m horizontal 8�0 9):6
;
, m vertical 5<0 =�9> 7 , m horizontaltune 4�5�0 4)9�/> ; , m verticaltune /�/)0 /(8�9>)? synch.tune =�0 =�=�8�@A

, cm beampiperadius /�0 9B
, T dipolefield /�0 4CED
, m bendlength =�0 1�9CEF
, m drift length =�0 1<5)@.HG
, eV peakof secondaryelectrons @I0 =.KJ
, eV energy spreadof secondaryelectrons 4I0 =L

, photo-electricyield (low/highSR) =�0 =�=�4�M�=I0 4N , secondaryemissionyield, /�0 :<@O D , m bunchspacing 0.84P
D /(=<Q G bunchpopulation, /�0 @R 7�S T , mm mrad norm.x-emitt. 8�0 2�9R�U S T , mm mrad normy-emitt. =�0 =�/(2VXW , mm rmsbunchlength 3.6Y /(=IZX[ relat.energy spread =�0 1�=�1
Table1: Globalparametersfor theNLC main

dampingring



Parameter Description Simul. Analytic\^] _a`$b
, Amp aver.beamcurrent 0.86 0.86c�d , egfihkj�lnm�j averagedensity 3.0 2.2c _ao'o , egf haj l m�j , effectivedensity 3.11p ] _a`$b
, MHz LR wake frequency 152p ] _a`$b�q p'r _as

100-200 152tnu�v
periodin w ] 4 4.7tyx] zg{i| } lnm�~ shortrange

tnb-`$� �)� ���t x] _a`$b egfi��lnm�~ LR
tnb-`$� f � � f e � �� x�

MOhm/m SRshunt 2.3� x�
MOhm/m LR shunt 134� � ms LR growth time 0.018� x ms LR growth time 0.1 0.01�H� x , incoher. tunespread 0.021�

temperature,eV 92.2��� � �a� q���� �a�
lost perbunch 0.32

Numberof passesto saturat. (high/low) SR 8/25 7/18��� ` � �
W/m power to thewall 80. 87.� parameter 0.277 0.0694� parameter 0.5529 0.743

norm parameter����������m<� 0.614�)b-`$�
potent.bump,eV 0.8�
parameter 0.067

Table2: Comparisonof thecalculationswith
simulations[1].


