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I mpact of Microwaves on the Electron Cloud and Incoherent Effects

F.-J.Decker, SLAC, Stanford USA,; F. Caspersk. ZimmermannCERN, Genera, Switzerland

Abstract

We considerthe useof microwavesfor manipulatingthe
electron cloud, describingan exploratory experiment at
PEP-1I as well as computersimulationsof the electron
cloudbuild upin the presencef a microwave for anLHC
dipole. Wethenshaow thattheincohereneffectsof theelec-
tron cloud— enegy lossandtrans\erseemittancegrowth
dueto scatteringoff the electrons— arenggligible. This
suggestshat the disturbanceof the coherentelectronmo-
tion may be anotherpossibleapplicationof microwaves,
which couldpreventbeamemittancegrowth andbeamloss.

1 INTRODUCTION

More than20 yearsagothe electroncloud wassuppressed
in the CERN ISR by installing clearing electrodesover
95% of the circumference.An rf field might have a sim-
ilar effect. Indeedthe useof acclearingfields (atthattime
in the MHz range,well below the pipe cutoff frequeng)
was alreadyproposedor electron-clearingn the ISR by
W. Schnell. This idea (but now using microwavesabove
cutoff) wasrevivedmorerecently[1].

An rf field couldeithersuppressheelectroncloudbuild
up or enhancehe surfaceconditioning. The attenuatiorof
anrf signalcouldalsobeusedfor measuringhedensityof
thecloud[2]. In addition,rf fieldsor microwavescouldper
turb the electroncoherencetherebywealening the effect
of the electroncloud on the beam. Suchschemesvould
work equallyfor protonor positronstorageingswhichare
afflicted by theelectroncloud.

The absorptionof microwavesby the vacuumchamber
will generateadditionalheatload (a concerrfor the LHC).
A tradeoff mustthen be madebetweenthis addedheat
andthe reductionof the enegy depositedby the electron
cloud, alsotakinginto accountthe consequence®r beam
instabilities.

Comparedwith corventionalclearingelectrodesa clear
adwantageof theapproactusingmicrowavesis thatthelat-
ter canbefed into the beampipe usingexisting BPM but-
tons, or a few specialinput couplers,spacedat distances
of about100 m. This allows for retrofitting an existing
acceleratgranddoesnot at all, or only mamginally, affect
the impedancebudget. On the other hand, dc clearing
electrodesyequiringa much narraver spacingon the cm
lengthscale,requireextensive additionalinstallationsand
may represena significantsourceof impedance.

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

button), anrf power sourceof 10-100W (possiblymore),
variablein frequeng, phasemaybechirp, etc.

The waveguide modechosencould be an H-wave (TE
mode)or a E-wave (TM mode).Thesemodescoupleeither
notatall, or only weakly, with the particlebeammoving at
the speedof light, but strongly with the ‘static’ electron
cloud.

2 EXPERIMENT AT PEP-II

A non-invasie exploratorytestwas performedat PEP-II.
The underlyingideaof the experimentwasthatwaveguide
modesdn thevacuumchambeicanbeexcitedby modecon-
verterslik e the movable collimators. So, the two collima-
tor pairsin PRO2mightalreadybedoingthis,i.e., they may
giveriseto trappedf modesatacertainpowerlevel (in this
respectt would beinterestingo checkthebellowstemper

aturein thatregion). Both H and E-typetrappednodesare
characterizedy a small R/Q andahigh @ value. The H

modedoesnot coupleto the beam. Also E-modeswhich
resonatever along distanceshaw virtually nointeraction
with thebeam;indeedtheir couplingto thebeamis zeroin

thelimit of aninfinitely long distance.

An electroncloud detector lik e the vacuumpumpread-
ing, shouldbe able to detectany changein the electron
flow. (In the worstcaseif thereis no detectableslectron
cloud andthereforeno readingin the nominal condition,
onemight have to switch off the electron-cloudsuppress-
ing solenoidin the region of interest,which would make
the experimentmoreinvasie.)

The experimentalprocedurevasasfollows: We moved
the collimator jaws inwards or outwards (preferentially
thosejaws which do not contritute muchto background
reduction)andwatchedor any changen the pumpcurrent
in thatregion. Sincethe pumpsare shielded they should
notbesensitve to changedn therf fields. Therf signalcan
only influencetheamountof electronspenetratinghrough
theshielding.

Following this procedurepn May 16, 2002,during nor-
mal colliding-beamoperatiornthe collimatorsin the PEP-II
LER in PROZ2(in front of thedetectorweremovedinwards
by about3 mm, to seeif the generatedvakefieldhasanef-
fect on the electroncloud detectedby the pump currents
in this area. The horizontalcollimatorsare locatedat po-
sitions3077/3076and3044/3043.The pumpcurrentread-
ings were obsened at VP3044 (single), VP3054 (duplett
with 3065)and VP3075(duplettwith 3081); seethe dia-
gramof theLER interactionregion (IR) in Fig. 1. Thebase
pressuravithoutbeamis aboutl ntorror belon. With beam
the pressurgeadingsncreasedo 42, 140,and4 ntorr for
the differentpumps. So, the first two pumpsrecordeda



strongelectroncurrentfrom the cloud while the last one
might only have detectedhe realvacuumpressure.

Figurel: Schematiof PEP-IILER IR.

The obsenation was only about a 0.5 ntorr effect.
The pressure-readinghangewas especiallypronounced
in VP3075(seeFig. 2). At atime of about1200-1400
s the first collimator jaw was moved inwards (observing
backgroundslifetime, lossrate),thenthe secondbetween
1500-1700s, the third between1900-2000s, the last be-
tween2150and2300s. All collimator jaws got restored
at onceto their original settingsat 2500s. VP3044seesa
little of thatrestoreg(Fig. 3), while at3054thereis no signal

(Fig. 4).
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Figure2: PumpreadingvVP3075asafunctionof time.

Theobsenredeffectis small,presumablysincethe PEP-
Il collimatorsaredesignedwith a tapersuchthatthey ex-
hibit asmoothslopeup anddown betweertheregularbeam
pipe andthe smallesigap,which effectively suppressethe
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Figure3: PumpreadingVP3044asafunctionof time.
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Figure4: PumpreadingVP3054asa functionof time.

wakefield generation. Neverthelesswe obsene abouta
0.5-1%changeandthevacuunmreadingis actuallyreduced,
which s the oppositeof whatis expecteddueto additional
outgassingWe may needto optimizethefrequeng of the
wake field to obtaina clearereffect.

Regardlessthis measuremertonstitutesa first proof of
principle that wake fields (microwaves) caninfluencethe
electroncloud.

3 SIMULATION FOR THE LHC

At first glance it appearghatthe electronmotioncanonly
slightly be perturbedby microwaves[1], e.g., for a field
amplitudeof 100kV/m at5 GHz,theelectronsareacceler
atedto 4 x 10° m/s,which correspondso akinetic enegy
of only 0.44eV, andto anexcursionof +18 um.



As an example, we have simulatedthe effect of an
H,-wave for LHC proton-beanparameterst injection:
Ny = 1.1 x 10! protonsper bunch, o, = 1.2 mm,
oy = 1.2mm, o, = 13 M, dmax = 1.6, €max = 300,
andd\./ds = 2.5 x 107 m~!s™1, the creationrate of
primary electronsper passingproton; elasticelectronre-
flection on the chambemwall wasincluded. Accordingto
thesimulation therf field stronglyincreaseshe multipact-
ing, asis illustratedin Fig. 5. This could be exploited for
in-situ surfaceconditioning(with or without beam,possi-
bly in combinatiorwith agasdischage).
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Figure5: Simulationof electron-cloudbuild upin anLHC
dipolechambemvith 2-cmradiuswith andwithoutanaddi-
tional 5-GHz H-modemicrowave of amplitude100kV/m.

In the simulation, the fields for the H,,-wave inside a
dipolemagnetwereparametrizes

Ey = Ao(Ni(u) —uJi(w)zy/r® 1)
B, = Ao(J1(u)y® + ud(u)z?)/r® ()
E, = 0 3)
By = (Ao/Zy) po(udi(u)a® + Ji(w)y®)/r°  (4)
By = B+ (Ao/Zy) po(udi(u) — Ji(u))zy/r’ ()
B. = (AL/Zf)pou’ M/ (2m)Jy (wy/r® (6)

where A = E,4b/3.7, wy,, = 2w fo, Ao = 2mc/wy,
A1 = L.71 x 2b, g = 4 pil0~7 NSA~2, Zy = 377 Q,
Zy = Zo//1—(Ao/A1)2% A = Xo//1— (Ao/A11)?
Bo = 27/, r = V22 4+y? u = r3.7/(20), Ay =
Acos(foz — wyt), and A, = Asin(foz — wyt), b = 2
cm the chamberadius,and B = 0.5 T the staticdipole
field. Notethatfor b = 2 cm, the cutoff frequeng of the
beampipeis f. = ¢/\. = ¢/(3.412b) ~ 4.4 GHz.

4 |INCOHERENT EFFECTSOF THE
ELECTRON CLOUD

In this section,we digressfrom the microwaves,andstudy
whetherincohereneffectsof theelectroncloudmaybeim-
portant.We consideithe exampleof theprotonbeamin the

LHC. However, the formulaeequally apply to a positron
beam.

Specifically we computethe averageenegy loss and
the increasein the trans\erseproton-beamemittancedue
to scatteringoff the electroncloud. For the crosssections
andintegrationlimits, we mainly useexpressiongoundin
Chapterl3 of Ref.[3] or slight modificationsthereof.

4.1 Energy Loss

Thecrosssectionperunit enegy interval for enegy lossT
follows from the Rutherfordformula. It is

do 2w Z2me?r?
T e @)
aT 32T

To computethetotal crosssectionwe integratethis expres-
sionfrom Tin t0 Tinax.

Maximum momentuntransferoccursif the electronre-
versests direction. This correspondso the classicalimit

222 2
27" B me ~ 272 32mc?
14+ 2mE/(M?3c?) +m?2/M? ®
wherem is theelectronmass,M themassof thebeampar
ticle, Ze the chage of the beamparticle(Z = 1 for pro-
tons, but the equationsalso remainvalid for heavy ions),
and E thebeamenepy. The above approximations usu-
ally justified exceptpossiblyfor the LHC attop eneny.

Thereis alsoa quantum-mechanicéimit, givenby

Tma‘x,class =

Tmax,quant = 772Tmax,class (9)
where )
Zremc

U e (10)

The smallerof thetwo values(8) and(9) applies.For 5 ~
1, and”Z = 1 onehasn =~ 0.007 andwe shouldusethe
quantumiimit.

Concerningthe minimum enegy transfer we notethat
themaximumimpactparameteis equalto theradiusof the
vacuumchamber a, andfrom this we obtainthe classical
andquantumlimits

272r2mc? 1

Tmin,class = T; (11)
and s o
2Z%rimc* 1 1
Tmin,quant = /BQ — (12)

azn?’
In thiscasethelargerof thetwo limits (11)and(12) should
betaken,which againis the quantumexpression.

The total enegy loss per revolution is AE =
Cpe [(do/dT)T dT, or

ZWZQTgmcz 1 Trnax
n .
ﬁ2 Tmin

Assuminga typical electroncloud density p. = 10'2
m3,C ~ 27 km, E = 7 TeV, anda ~ 2 cm, we find

AE = p.C (13)



AFE =~ 86 peV perprotonandturn. This appearsegligi-
ble.

For completeneswe notethatthe total scatteringcross
sectionoyoy = [(do/dT)dT is

27TZ2rgm02< 1 1 ) L

Ttot = ﬁZ Tmin B Tmax
Thusthetotal numberof scatteringeventsperprotonand
perturnis
(15)

Nscatt = Utotpec )

whichin our exampleamountso about2 x 10°.

4.2 Emittance Growth

For a single scatteringevent, the meansquarescattering
angleof anelectronin therestframeof the protonis

T
0> >= 02, In = 16
< > min n Tmln ? ( )
wheref,,,i, equals
Zre
emin,class = - (17)
or 7
r
emin,quant = < ) (18)
yan

whichever is larger The scatteringangleof the protonis
smallerby a factorm /M (theratio of electronandproton
mass).Theemittancegrowth perturnis

2
m= o Tmax

—=0z . .
]\12 min Tmin

(19)

€
At = ¢BpeCiot
Here,3 denoteghe averagebetafunction.

This amountsto a minusculegrowth rate for the nor-
malized trans\erseemittance(ey = ~e) of dey/dt =~
3 x 10739 m/s.

5 CONCLUSIONS

We have discussedhe possibility to use rf microwaves
for suppressinghe build up of the electroncloud andfor
reducingits detrimentaleffects on the beam. The mi-
crowave approachoffers a numberof significantadvan-
tagescomparedwith dc clearingelectrodesjn particular
theretrofitting potentialandan insignificantchangeof the
acceleratormpedance.

A first experimentakestat PEP-Ilindicatesthatthe ele-
croncloudcanindeedbeaffectedby collimatorwake fields
or, more generally microwvaves. Earlier peculiarobser
vationswith a horizontalcollimator and adjacentBPM in
LEP have pointedto a similar interferenceof wake fields
andphoto-electrommotion[4].

In the PEP-II experimentthe excited frequeng lines
wererelatedto thebeamharmonicsin futurededicatedap-
plicationsof microwavesthis doesnot needto bethe case.
In fact,with externalexcitationit will be saferto choosef

frequenciesvhich do not coincidewith harmonicfrequen-
ciesof thebeam,in orderto precludeary harmfulinterac-
tion via E-waves. It might alsobe interestingto modulate
the rf amplitude frequeng, andphaseaswell asa simul-
taneouslyexcitatewavesat multiple frequencies.

In electron-cloudsimulationsfor the LHC the inclusion
of anrf H-wave above the chambercutoff frequeng en-
hanceghe electroncloud build up for all frequenciesand
field strengthsexplored. This indicatesthat microwaves
might enhancehe surfaceconditioning.

Anotheraspectonsidereds theinteractionof the elec-
tron cloudwith theparticlebeam.Incoherenscatteringoff
the cloud electronsis estimatedo be a negligible effect.
This suggestghat disturbing the coherentmotion of the
electronanay prove anefficient meansof preventingbeam
quality degradation.Microwavessentthroughthe vacuum
chambeicouldaswell sene this purpose.
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