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Abstract

We considerthe useof microwaves for manipulatingthe
electron cloud, describingan exploratory experimentat
PEP-II as well as computersimulationsof the electron
cloudbuild up in thepresenceof a microwave for anLHC
dipole.Wethenshow thattheincoherenteffectsof theelec-
tron cloud— energy lossandtransverseemittancegrowth
dueto scatteringoff the electrons— arenegligible. This
suggeststhat thedisturbanceof the coherentelectronmo-
tion may be anotherpossibleapplicationof microwaves,
whichcouldpreventbeamemittancegrowthandbeamloss.

1 INTRODUCTION

More than20 yearsagotheelectroncloudwassuppressed
in the CERN ISR by installing clearing electrodesover
95% of the circumference.An rf field might have a sim-
ilar effect. Indeedtheuseof acclearingfields(at thattime
in the MHz range,well below the pipe cutoff frequency)
wasalreadyproposedfor electron-clearingin the ISR by
W. Schnell. This idea (but now usingmicrowavesabove
cutoff) wasrevivedmorerecently[1].

An rf field couldeithersuppresstheelectroncloudbuild
up or enhancethesurfaceconditioning.Theattenuationof
anrf signalcouldalsobeusedfor measuringthedensityof
thecloud[2]. In addition,rf fieldsormicrowavescouldper-
turb the electroncoherence,therebyweakeningthe effect
of the electroncloud on the beam. Suchschemeswould
work equallyfor protonor positronstorageringswhichare
afflictedby theelectroncloud.

The absorptionof microwavesby the vacuumchamber
will generateadditionalheatload(aconcernfor theLHC).
A tradeoff must then be madebetweenthis addedheat
andthe reductionof the energy depositedby the electron
cloud,alsotakinginto accounttheconsequencesfor beam
instabilities.

Comparedwith conventionalclearingelectrodesa clear
advantageof theapproachusingmicrowavesis thatthelat-
ter canbefed into thebeampipeusingexisting BPM but-
tons,or a few specialinput couplers,spacedat distances
of about100 m. This allows for retrofitting an existing
accelerator, anddoesnot at all, or only marginally, affect
the impedancebudget. On the other hand, dc clearing
electrodes,requiringa muchnarrower spacingon the cm
lengthscale,requireextensive additionalinstallationsand
mayrepresenta significantsourceof impedance.

A possiblechoice of rf field mode is a “waveguide”
mode,which shouldnot disturbthe beam,but might per-
turb the electronsforming the cloud. In principle, the in-
jectionof anrf waverequiresaninputcoupler(maybeBPM

button),an rf power sourceof 10-100W (possiblymore),
variablein frequency, phase,maybechirp,etc.

The waveguidemodechosencould be an
�

-wave (TE
mode)ora � -wave(TM mode).Thesemodescoupleeither
notatall, or only weakly, with theparticlebeammoving at
the speedof light, but strongly with the ‘static’ electron
cloud.

2 EXPERIMENT AT PEP-II

A non-invasive exploratorytestwasperformedat PEP-II.
Theunderlyingideaof theexperimentwasthatwaveguide
modesin thevacuumchambercanbeexcitedby modecon-
verterslike themovablecollimators. So, the two collima-
tor pairsin PR02mightalreadybedoingthis,i.e., they may
giveriseto trappedrf modesatacertainpowerlevel (in this
respectit wouldbeinterestingto checkthebellowstemper-
aturein thatregion). Both

�
and � -typetrappedmodesare

characterizedby a small ����� anda high � value.The
�

modedoesnot coupleto the beam.Also � -modeswhich
resonateover a long distanceshow virtually no interaction
with thebeam;indeedtheir couplingto thebeamis zeroin
thelimit of aninfinitely longdistance.

An electronclouddetector, like thevacuumpumpread-
ing, shouldbe able to detectany changein the electron
flow. (In the worst caseif thereis no detectableelectron
cloud and thereforeno readingin the nominal condition,
onemight have to switch off the electron-cloudsuppress-
ing solenoidin the region of interest,which would make
theexperimentmoreinvasive.)

Theexperimentalprocedurewasasfollows: We moved
the collimator jaws inwards or outwards (preferentially
thosejaws which do not contribute much to background
reduction)andwatchedfor any changein thepumpcurrent
in that region. Sincethe pumpsareshielded,they should
notbesensitiveto changesin therf fields.Therf signalcan
only influencetheamountof electronspenetratingthrough
theshielding.

Following this procedure,on May 16,2002,duringnor-
malcolliding-beamoperationthecollimatorsin thePEP-II
LER in PR02(in front of thedetector)weremovedinwards
by about3 mm,to seeif thegeneratedwakefieldhasanef-
fect on the electroncloud detectedby the pumpcurrents
in this area. The horizontalcollimatorsarelocatedat po-
sitions3077/3076and3044/3043.Thepumpcurrentread-
ings wereobserved at VP3044(single), VP3054(duplett
with 3065)andVP3075(duplettwith 3081); seethe dia-
gramof theLER interactionregion(IR) in Fig. 1. Thebase
pressurewithoutbeamis about1 ntorrorbelow. With beam
thepressurereadingsincreasedto 42, 140,and4 ntorr for
the different pumps. So, the first two pumpsrecordeda
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strongelectroncurrentfrom the cloud while the last one
might only havedetectedtherealvacuumpressure.

Figure1: Schematicof PEP-IILER IR.

The observation was only about a 0.5 ntorr effect.
The pressure-readingchangewas especiallypronounced
in VP3075(seeFig. 2). At a time of about1200–1400
s the first collimator jaw was moved inwards(observing
backgrounds,lifetime, lossrate),thenthesecondbetween
1500–1700s, the third between1900–2000s, the last be-
tween2150and2300s. All collimator jaws got restored
at onceto their original settingsat 2500s. VP3044seesa
little of thatrestore(Fig.3),while at3054thereis nosignal
(Fig. 4).

Figure2: PumpreadingVP3075asa functionof time.

Theobservedeffect is small,presumablysincethePEP-
II collimatorsaredesignedwith a tapersuchthat they ex-
hibit asmoothslopeupanddownbetweentheregularbeam
pipeandthesmallestgap,whicheffectively suppressesthe

Figure3: PumpreadingVP3044asa functionof time.

Figure4: PumpreadingVP3054asa functionof time.

wakefield generation. Nevertheless,we observe abouta
0.5-1%changeandthevacuumreadingis actuallyreduced,
which is theoppositeof whatis expecteddueto additional
outgassing.We mayneedto optimizethefrequency of the
wake field to obtainaclearereffect.

Regardless,this measurementconstitutesa first proof of
principle that wake fields (microwaves)can influencethe
electroncloud.

3 SIMULATION FOR THE LHC

At first glance,it appearsthattheelectronmotioncanonly
slightly be perturbedby microwaves [1], e.g., for a field
amplitudeof 100kV/m at5 GHz,theelectronsareacceler-
atedto �	��
��� m/s,whichcorrespondsto akinetic energy
of only 0.44eV, andto anexcursionof ��
���� m.



As an example, we have simulatedthe effect of an�����
-wave for LHC proton-beamparametersat injection:����� 
���
�� 
�� �!� protonsper bunch, "$# � 
�� % mm,"'& � 
�� % mm, "$( � 
�) cm, *!+-,!. � 
�� / , 01+-,!. � )2��� ,

and 3$4657��3$8 � %9� :��;
��=<6> m < � s< � , the creationrateof
primary electronsper passingproton; elasticelectronre-
flection on the chamberwall was included. Accordingto
thesimulation,therf field stronglyincreasesthemultipact-
ing, asis illustratedin Fig. 5. This couldbe exploited for
in-situ surfaceconditioning(with or without beam,possi-
bly in combinationwith agasdischarge).

Figure5: Simulationof electron-cloudbuild up in anLHC
dipolechamberwith 2-cmradiuswith andwithoutanaddi-
tional5-GHzH-modemicrowaveof amplitude100kV/m.

In the simulation,the fields for the
� ���

-wave insidea
dipolemagnetwereparametrizedas
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where
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7�ql�
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@ ( ��@	~!�I��C y A2��K m n=� J , k � %
cm the chamberradius,and

[�� �9� : T the staticdipole
field. Note that for k � % cm, the cutoff frequency of the
beampipeis o]� � p��46� � p� C )9� �v
�%Fk J�� �F� � GHz.

4 INCOHERENT EFFECTS OF THE
ELECTRON CLOUD

In this section,we digressfrom themicrowaves,andstudy
whetherincoherenteffectsof theelectroncloudmaybeim-
portant.Weconsidertheexampleof theprotonbeamin the

LHC. However, the formulaeequallyapply to a positron
beam.

Specifically, we computethe averageenergy loss and
the increasein the transverseproton-beamemittancedue
to scatteringoff theelectroncloud. For thecrosssections
andintegrationlimits, we mainly useexpressionsfoundin
Chapter13 of Ref. [3] or slightmodificationsthereof.

4.1 Energy Loss

Thecrosssectionperunit energy interval for energy loss�
follows from theRutherfordformula. It is

3$"
3�
� %�gB\ V� p V S V5y V � V � (7)

To computethetotalcrosssection,weintegratethisexpres-
sionfrom � +-� � to � +-,!. .

Maximummomentumtransferoccursif theelectronre-
versesits direction.This correspondsto theclassicallimit

��+-,�.$� �E� ,���� � %�� V y V � p V

 X % � ��� Cd� V p V JLX � V � � V

� %�� V�y_V � p V
(8)

where
�

is theelectronmass,
�

themassof thebeampar-
ticle, \�� the chargeof the beamparticle( \ � 
 for pro-
tons,but the equationsalsoremainvalid for heavy ions),
and � thebeamenergy. Theabove approximationis usu-
ally justifiedexceptpossiblyfor theLHC at top energy.

Thereis alsoa quantum-mechanicallimit, givenby

�L+-,�.$� ���e,���� ��� V ��+-,�.$� �E� ,���� (9)

where ��� \BS 5 � p V�� y p � (10)

Thesmallerof thetwo values(8) and(9) applies.For
y �


 , and \ � 
 onehas
� � �F� �2�vl andwe shouldusethe

quantumlimit.
Concerningthe minimum energy transfer, we notethat

themaximumimpactparameteris equalto theradiusof the
vacuumchamber, ¡ , andfrom this we obtainthe classical
andquantumlimits

� +-� �W� �E� ,���� � %9\
V S V5 � p Vy V 


¡ V (11)

and

�L+-� �W� ���e,���� � %F\
V S V5 � p Vy V 


¡ V

� V � (12)

In thiscase,thelargerof thetwo limits (11)and(12)should
betaken,which againis thequantumexpression.

The total energy loss per revolution is ¢s� �£U¤ 5 C 32"L�23� J � 3e� , or

¢z� � ¤ 5 £ %�gB\
V S V5 � p Vy V ¥ � � +-,!.��+-� � � (13)

Assuminga typical electroncloud density
¤ 5 � 
�� � V

m < T , £ � %vl km, � � l TeV, and ¡ � % cm, we find



¢z� � �2/�� eV perprotonandturn. This appearsnegligi-
ble.

For completenesswe notethat the total scatteringcross
section"���¦�� � C 32"L�23� J 3� is

"���¦�� � %�gB\
V S V5 � p Vy V 


� +-� �
K 

� +-,!. � (14)

Thusthetotalnumberof scatteringeventsperprotonand
perturn is § ���E,���� � "2��¦!� ¤ 5 £ h (15)

which in our exampleamountsto about%¨�©
��2ª .
4.2 Emittance Growth

For a single scatteringevent, the meansquarescattering
angleof anelectronin therestframeof theprotonis

« ¬ V� � ¬ V+-� � ¥ � � +-,�.�L+-� � h (16)

where ¬ +-� � equals

¬ +-� �6� �E� ,!�®� � \`S�5�-¡ (17)

or ¬ +-� �6� ���],!��� � \BS75�-¡ � h (18)

whichever is larger. The scatteringangleof the proton is
smallerby a factor

� � � (theratio of electronandproton
mass).Theemittancegrowth perturn is

¢z0
¢ �
� p y�¤ 5¯"���¦��

�zV
� V ¬ V+-� � ¥ � �L+-,�.� +-� � � (19)

Here,
y

denotestheaveragebetafunction.
This amountsto a minusculegrowth rate for the nor-

malized transverseemittance( 0d° � �N0 ) of 320d°i��3 � �)¨�©
��=< T A m/s.

5 CONCLUSIONS

We have discussedthe possibility to use rf microwaves
for suppressingthe build up of the electroncloud andfor
reducing its detrimentaleffects on the beam. The mi-
crowave approachoffers a numberof significant advan-
tagescomparedwith dc clearingelectrodes,in particular
theretrofittingpotentialandan insignificantchangeof the
acceleratorimpedance.

A first experimentaltestat PEP-II indicatesthattheele-
croncloudcanindeedbeaffectedby collimatorwakefields
or, more generally, microwaves. Earlier peculiarobser-
vationswith a horizontalcollimator andadjacentBPM in
LEP have pointedto a similar interferenceof wake fields
andphoto-electronmotion[4].

In the PEP-II experiment the excited frequency lines
wererelatedto thebeamharmonics.In futurededicatedap-
plicationsof microwavesthis doesnot needto bethecase.
In fact,with externalexcitationit will besaferto chooserf

frequencieswhich do not coincidewith harmonicfrequen-
ciesof thebeam,in orderto precludeany harmful interac-
tion via � -waves. It might alsobe interestingto modulate
therf amplitude,frequency, andphase,aswell asa simul-
taneouslyexcitatewavesatmultiple frequencies.

In electron-cloudsimulationsfor theLHC the inclusion
of an rf

�
-wave above the chambercutoff frequency en-

hancesthe electroncloudbuild up for all frequenciesand
field strengthsexplored. This indicatesthat microwaves
might enhancethesurfaceconditioning.

Anotheraspectconsideredis the interactionof theelec-
troncloudwith theparticlebeam.Incoherentscatteringoff
the cloud electronsis estimatedto be a negligible effect.
This suggeststhat disturbing the coherentmotion of the
electronsmayproveanefficientmeansof preventingbeam
quality degradation.Microwavessentthroughthevacuum
chambercouldaswell serve thispurpose.
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