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Summary

At CERN (EuropeanLaboratoryfor Particle Physics)the CLIC (CompactLinear
Collider) studyis pursuingthedesignof anelectron-positromigh-enegy linearcollider
using an innovative conceptfor the RF (Radio Frequeng) power production,the so-
calledtwo-beamacceleratiorscheme.In orderto keepthe lengthof the colliderin a
reasonableangewhile beingableof acceleratingelectronsandpositronsup to 5 TeV,
thenormal-conductingcceleratingtructureshouldoperateat very high frequeng (in
thiscase30 GHz). TheRF power necessaryo feedtheacceleratingavitiesis provided
by a seconcelectronbeam thedrive beam runningparallelto themainbeam.

The CLIC TestFacility (CTF)wasbuild with the mainaim of studyinganddemon-
stratingthe feasibility of the two beamacceleratiorschemeandtechnology It is com-
posedof two beamsthe drive beamthatwill generateahe 30 GHz RF power andthe
mainbeamwhich will be acceleratedby this power. In orderto have a goodefficiency
for thepowergeneratedy thedrive beam thelengthof thedrive beamelectronbunches
hasto beshorterthan2 psrms. Cornventionalbunchlengthmeasuremeriechniqueslid
not have the requiredresolutionor weredestructve. An innovative approachs based
onthemeasuremerdf the bunchspectrumusingnon-interceptingick-ups.

Thenew bunchlengthmonitormeasureshefrequeny spectrunof the electromag-
neticfield of the bunch. The bunchlengthis obtainedby studyingthe variationof the
signalamplitudewith frequeng. Dueto the smallbunchlengthsvery high frequencies
have to be measuredsothatthe monitorbecomes microwvave spectrometerTheelec-
tromagnetidield of the bunchis collectedby a rectangulaiRF pick-up connectedo a
waveguide of the samedimensionghat leadsthe signalto the detectionsystem. The
field inducedin the waveguide hasa temporalevolution directly relatedto that of the
electronbunch. Hence,it is possibleto derive the spatialchage distribution from the
frequeng spectrunof thatsignal.

Detectionis madeeitherby a diodedetectoror by a combinationof RF mixerswith
a RF sweepingoscillator The diodedetectorallows singleshotmeasurementandhas
provento be a very fastqualitatve methodto obsenre variationsin the bunchlength.
However, this methodproved outto bevery difficult to calibrateandis not suitablefor
measuringounchtrainsdueto interferenceeffects. The mixing techniquemakesuseof
two RF mixers. Thefirst one,with alocal oscillatorsetat a fixed frequeng v, down-
shifts the frequeng spectrumof theincomingRF signalby anamountv. The second
mixershasa sweepingoscillatorasa sourcewith eachfrequeng stepof the oscillator
the mixer down-shiftsthe RF signalby a differentquantity allowing a digitizing oscil-



loscopeto detectthe partof the spectrunmwithin its bandwidth.By sweepingover some
givenfrequeng rangethe oscilloscopewill measurghe frequeng spectrumamplitude
in this range. This techniquecan not only measurehe frequeng spectrumof a sin-
gle bunchbut alsoof a train of bunches.Furthermorean independenself-consistent
calibrationprocedurevasdevelopedandsuccessfullyappliedto this detectionsystem.

Two RF pick-upshave beeninstalledin the CTF drive linac. Onefor the so called
WR28 waveguide andthe otherfor the so calledWR12 waveguide. The two pick-up
togethemwith the properdetectionsystemallow the measuremerdf the signalin three
frequeng ranges,28.5-40.5GHz, 58.5-60.5GHZ and 76.5-88.5GHz. Experiments
performedin the CTF, with a train of 48 buncheshave shavn a very goodagreement
betweerthevaluesmeasuredvith themixing techniqueandthevaluesobtainedwith the
simulationprogrammePARMELA. Moreover, the experimentalresultsdemonstrated
the capabilityof the systemto measurdunchesasshortas0.7 psrms.
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Chapter 1
Intr oduction

Beamdiagnosticsplays a crucial role in the operationof ary particle acceleratoiby
providing information on the beampropertiesand behaiour. In this way the proper
operationatonditionscanbe establishedor both,theroutineoperationof accelerators
andfor machinedevelopments.Eachacceleratotype hasvery differentrequirements
concerningthe diagnosisof the beamand eachone requiresa specialisedstudy and,
quite often, the developmentof nev methodsandtools, asit is the casefor the CTF
(CompactLinear Collider Test Facility) at CERN (EuropeanLaboratoryfor Particle
Physics).The designparametersf this facility demandhe generatiorof very intense
andshortelectronbunches(on a picosecondscale). This thesisreportdealswith the
design,constructioncommissioningand operationof a novel non-interceptingounch
lengthmonitor capableof resolvingsub-picosecontunchlengths. The systemis cur-
rentlyimplementedn the CTF beamline andit is usedduringroutineoperation.

1.1 High-Energy Colliders

At CERN, Genea (Switzerland),the constructionof the newesthigh-enegy collider,
theLHC (LargeHadronCollider) hasalreadystarted1]. LHC is aproton-protorcircu-
lar collider, of 27 Km of circumferenceysingsuperconductingechnologyto make the
protonbeamscollide at a centreof massenegy of 14 TeV. However, the international
scientificcommunity undertheauspice®f the InternationalCommitteefor FutureAc-
celeratorgICFA), is alreadystudyingthe designof the next high-enegy collider.
Thesestudiesare mainly focussedto threedifferenttypesof colliders: electron-
positronlinear colliders,muon-muoncollidersandvery large hadroncolliders. In the
framework of theanalysisof anew electron-positrofinearcollider, the CLIC (Compact

1



2 Chapterl: Introduction

Linear Collider) study[2] is beingcarriedout at CERN, wheresomecrucialaspectof
the CLIC designhave beenandarebeinginvestigatedn the CLIC TestFacility (CTF).

1.2 The CLIC study

The CLIC projectis designingan electron-positrorinear collider, thatis two linear
acceleratothatwill leadelectronsto head-oncollisionswith positrons,with a centre
of massenegy from 0.5 TeV to 5 TeV [3]. In orderto limit the overall length, high
acceleratindields aremandatoryandthesecanonly be obtainedwith RF accelerating
structureoperatingatahigh frequeng. Thechoiceof 30 GHzis consideredo beclose
to thelimit beyondwhich standardechnologyfor thefabricationof normal-conducting
travelling-wave acceleratingtructuresanno longerbe used[4]. The mainparameters
of the CLIC designarelistedin Tablel.1.

Since pulsedhigh power power sourcesat 30 GHz do not exist the 30 GHz RF
power necessaryo feedthe acceleratingstructuress extractedfrom a secondelectron
beam the so-calleddrive beam,runningparallelto the main beamby meansof power
extractingandtransferstructureg5]. Thisconcepis calledthe Two BeamAcceleration
schemgTBA). A generalayoutof the CLIC complex at3 TeV is shavnin Figurel.1.

Centreof massenegy [TeV] 2 Uy 0.5 3
Luminosity [10%cm2s7] | L 0.5 10.6
Numberof photons/elecron ny 0.8 2.2
Linac repetitionrate [Hz] fr 200 75
Numberof particles/linch [10° et] Np 4.0 4.0
Numberof bunches/pulse Kp 150 150
Bunchspacing [ns] JAYS 0.67 0.67
Transerseemittances [10-8radm] Yéyy | 188/10 | 60/1
Bunchwidth [nm] Oyy | 196/4.5| 40/0.6
Bunchlength [um] o 50 30
Beampower perbeam [MW] Py 481 | 10.81
RFfrequeng [GHZ] = 30 30
Acceleratingfield [MV/m] G 100 150
Totallength [km] Ls 6.6 27.5
RF power persection [MW] Ps 116 231
RF pulselength [ps] JAPS 0.121 | 0.121
AC to beamefficiengy [%] Nheam | 14.18 | 10.65

Tablel.1: Someparametersf the0.5and3 TeV CLIC designs.
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4 Chapterl: Introduction

Figurel.2showvsthelayoutof the30 GHz RF powertransferfrom thehigh-intensity
low-enegy drive beamto the low-intensityhigh-enegy mainbeam.Thedrive beamis
deceleratedh the transferstructuresthe enepgy lossis corvertedin 30 GHz power by
meansof speciallydesignectorrugatedvaveguidesandit is transferredo the acceler
atingstructureghroughstandardvaveguides.In orderto have agoodpower production
efficiengy, the electronbunchesn thedrive beamhave to be shorterthan2 psrms.

92.5cm

80 cm active 17cm 2cm 111.5cm
cTS FQ +MH CTS WFQ n DRIVE
[H ﬁ[BPM BPM LINAC
a620w | W ‘
MAIN
LINAC M}* CAS H}[ CAS H}[ CAS ]{H CAS ]{b
Ko D —
_4cm 3cm 54 cm 50cm N
) 223cm -
CTS: CLIC Transfer Structure CAS: CLIC Accelerating Structure
FQ: Focusing Quadrupole BPM: Beam Position Monitor

Figurel.2: Layoutof the CLIC TransferandAcceleratingnodules3 TeV C.M.).

1.3 The CLIC TestFacility

CTFII istheexperimentafacility of the CLIC studydedicatedo demonstratéhefeasi-
bility of the CLIC two-beamacceleratoschemeandits associate®0 GHz technology
In theframeof the CLIC studies CERN hasbuilt two facilities: CTF1 [6, 7], which has
beenoperatedrom 1990to 1995,andCTF Il [8,9], which s presentlyin operation.

CTFI wasmainlydedicatedo drive-beamand30 GHz power productionstudies A
highimpedancedisk-loaded30 GHz acceleratingtructurevasusedasthedrive beam
power extracting structureand produced/6 MW at 30 GHz. This power was usedto
establisranacceleratindield of 94 MV/m in a 30 GHz acceleratingtructure.Thefirst
bunchof the drive beamwasusedto probethe acceleratingdield.

CTFIl is theprototypeof atwo-beamacceleratqrits layoutwith thetwo beamlines
is showvn in Figure 1.3. The drive beamgeneratepower at 30 GHz, while the main
beamprobesheacceleratindield in the30 GHz acceleratorBoth beamsaregenerated
by S-bandRF-photo-injectorsvhosephoto-cathodefgl0, 11] areilluminated by short
UV laserpulseq3.5psrms)[12]. Beforeinjectionin the30 GHz two-beamacceleratqr
bothbeamsareacceleratedh S-banddisk-loadedstructuresandafteracceleratiorthe
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drive-beambunchesare compressedh a magneticchicane. The latteris essentiafor
efficient power productionat 30 GHz. The two-beamtestacceleratoconsistsof two
fully-engineeredCLIC building blocks. The testaccelerators equippedwith a proto-
type micron-precisioractve-alignmensysten|13] in orderto gainexperiencen areal
acceleratoenvironment. The CLIC TestFacility (CTF1I) is describedn moredetailin
thenext section.

DRIVE Laser

BEAM 3GHz+¢ 3GHz-¢

RF Gun Bunch .
100 MeV/m COMPressor i <— — — — 4CIS — — > »
iLH %/%

Eé HCS || | HCS H %
60 MeVim{f |60 MeV/m 640 nC

40 MW
PROBE 30 GHz

BEAM % LAS 08nC 1] O H %
10 MeV/m 1T T 1 Q
| F RN Sl S HE g
95 MeV/m

4]

3GHz
h ~12m B ~10m )
LAS : LIL Accelerating Structure CTS : CLIC Transfer Structure (at 30 GHz)
HCS : High Charge Structure CAS : CLIC Accelerating Structure (at 30 GHz)

Figurel.3: Layoutof the CTF2.

1.3.1 TheCTF Il

A major challengeof CTF Il is the productionandtransportof the drive-beamtrain,
madeof intense(13.4nC) andshort (2 ps rms) buncheswhich is neededo produce
the requiredmicrowave power for the main-beamacceleration.Somerelevant design
parametersf thedrive andmainbeamsarepresentedn Tablel.2.

Themainbeamis generatedh a 2-cell RF photo-injector{M1) andoperatesvith a
singlebunchof 1 nC chage. A secondounch,with avariabledelayrelative to thefirst,
canbe switchedon to allow wakefield studiesin the 30 GHz structures.Beforebeing
injectedinto the 30 GHz acceleratothe main beamis acceleratedip to about46 MeV
in an S-bandtravelling wave structure(M2). This is necessaryo obtaina geometric
emittancethat is small enoughto fit into the acceptancef the 30 GHz accelerating
structures(M3), which have a beamapertureof only 4 mm in diameter Magnetic
spectrometergéM4) beforeand after the 30 GHz acceleratoiare usedto measurehe
mainbeameneny.
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Drivebeam  Main beam
Beamenepgy 60 MeV 45 MeV
Pulserepetitionfrequeny 5 Hz 5 Hz
Numberof trainsperpulse 1 1
Numberof bunchegertrain 48 1-2
Bunchrepetitionfrequeny 3 GHz variable
Chageperbunch 13.4 nC 1 nC
Total chage perpulse 640 nC 1 nC
Bunchlength(rms) 2 ps 25 ps
Drive beam30 GHz deceleratindield 7.6 MV/m
Probebeam30 GHz acceleratindield 95 MV/m

Tablel.2: Main parametersf the CTF2drive beam.

The drive beamis generatedn a 2+1/2-cellRF photo-injector(D1) speciallyde-
signedfor high-chageacceleratioil4]. At thedesignspecificationsthephoto-injector
operatestafield of 100MV/m andgenerates train of 48 buncheswith abunchspac-
ing of 10 cm andtotal chage of 640 nC. Thetrain enegy at the photo-injectorexit is
7 MeV andthetotalenepgy spreadiueto beamoadingis about20%. Thephoto-injector
is followedby two travelling wave S-bandstructuregD2) optimisedfor high-chageac-
celeration[15]. In orderto provide approximateompensationf thebeamloading,one
of the acceleratorss operatedat +7.81MHz while the otherworks at-7.81 MHz with
respectto the bunchrepetitionfrequeng. The chosenacceleratofrequencieseduce
theresidualtrain enegy spreado about7%.

As aresultof the laserpulselengthon the photocathodéongitudinalfocusingRF
forcesanddefocusingspace-chaye forces,the bunchlengthafteraccelerations about
3.4 psrms at the nominalchage. Sinceefficient 30 GHz power productionrequires
shorterbunchlengths,a magneticchicang(D3), togetherwith optimisedphasingn the
acceleratingtructuresijs usedto compresshe bunchego 2 psrms[16,17]. After the
bunchcompressaqrthe beamis injectedinto the 30 GHz decelerato{D4) wherea part
of its enepy is corvertedinto 30 GHz power. A downstreanspectrometemagnetD5)
measuresheenepgy spectrunof the beamafter power extraction.

The CTF Il 30 GHz two-beamacceleratoconsistof prototypesof CLIC modules,
equippedwith 30 GHz Pawner Extractionand TransferStructuredCTS), 30 GHz disk-
loadedacceleratingtructureand30 GHz beammonitoringequipmentSinceoperation
athigh frequeng requirestight alignmenttoleranceseachmoduleof the 30 GHz two-
beamaccelerators equippedvith amicron-precisioractive alignmentsystemconsist-
ing of beampositionmonitorsandactuators.
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The30 GHz acceleratingectionsarefully-engineeredCLIC prototypeaccelerating
sectionptimisedfor single-lunchacceleratiorfi.e. they arenotdetunecr dampedo
suppressvakefields). The sectionsare manufcturedto micron tolerancesusing parts
madeon ultra-precisiordiamond-toolathes.

The 30 GHz Power ExtractionandTransferStructureCTS)consistof a 15 mmdi-
ametercirculartubecoupledby 4 slotsto thebroadsidesof four corrugatedectangular
waveguides.In orderto selectvely dampthe trans\ersemodes Jossylongitudinalslits
terminatedwith resistve materialsarecutin symmetryplanesof themaindecelerating
mode. The adoptedstructureshave an effective length of 0.6 m anda designr’/Q of
1080Q/m. The extractedpower dependsjuadraticallyon the chage per bunch, this
yieldsto a power productionof 71 MW perstructurewhenoperatedat designspecifica-
tions. The deceleratindield increaseslongthe structureandreaches .6 MV/m atthe
end,correspondingo a drive-beandeceleratiorof about2.3MeV perstructure.

A pictureof thelongitudinalsectionof a CTSis shovnin Figurel1.4. In this picture
canbeseerthecorrugatedvaveguidesextractingandchannellinghepowerto anoutput
slit. Also visibleto therightis a pieceof SiC dampingmaterialto selectvely dampthe
trans\ersemodes.

Figurel.4: Extremity of openCTSwith ouputcouplersandchannels.
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Two-BeamAcceleration and Power Production at 30 GHz

Recently experimentsperformedat the CTF Il demonstratedhe viability of the two-
beamacceleratiorandpower productionat 30 GHz by simultaneouslypassinghedrive
beamthroughthe 30 GHz deceleratoandthe mainbeamthroughthe 30 GHz accelera-
tor [18].

At presentwo power extractionstructuresareinstalledin the 30 GHz decelerator
Eachpowerextractionstructures connectedo one30 GHz acceleratingtructureof the
main beam.A comparisorof thesedesignparameterandthe measureanesis given
in Table1.3. To date27 MW at 30 GHz is producedn the CTS andusedto establish
a meanacceleratingield of 59 MV/m in the 30 GHz acceleratar The total power at
30 GHz was41 MW andthe total main-beamaccelerationwas 28 MeV. As already
experiencedn CTF | (at higher power levels), no RF breakdevns were obsened in
eitherthe30 GHzwaveguidenetworksor theacceleratingtructuresThe30 GHz power
productionis limited, at this moment by the drive-beanthagethatcanbetransported
throughthe deceleratarAlthoughthe maximumaccelerate@hage exceedgshe design
goal,thedrive-beanmransmissiorthroughthe 30 GHz decelerators still unsatiséctory
Full transmissions presentlyachiezed up to a drive beamchage of 340 nC. Above
this value, the drive beamtransmissiorprogressiely deterioratesand the maximum
transportecchage, sofar, is 374nC. Possiblereasongor the unsatisctorybehaiour
at high chage levelsincludethe gradientin the drive-beamacceleratgrwhich is still
below thedesignvalue,trans\ersematchingproblemsandvariousproblemsconcerning
thelasersystem.

Design Achieved

specification performance
Maximumdrive beamacceleratedhage 640 nC 755 nC
Drive beamchageduringexperiments 640 nC 475 nC
Maximumdrive beamchagethroughCTS 640 nC 374 nC

Numberof drive beambunches 48 48
Drive beambunchlength(rms) 2 ps 2 ps
30 GHz powerfrom CTS 71 MW 27 MW
30 GHz power pulselength 14 ns 14 ns
Meanacceleratindield in HCS 95 MV/m 59 MV/m
Maximum probebeamacceleration 47 MeV 28 MeV

Table1.3: Designspecificatiorandcurrentperformancen the CTF2.
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1.4 A New Bunch Length Monitor

One of the crucial issuesof the CTF Il is the generationof very shortbunches(2 ps
rms or less)andthe possibility to monitor and measuresuchshortlengths. The work
presentedn this reportcoversthe crucial subjectof measuringsuchshortbunches.At
the momentthe work started,the bunchlengthin the CTF was measuredy means
of a streakcamerato analyzetransitionor Cerenlov radiation producedby a screen
insertedn thebeampath. This methodpresentdwo majordravbacks first theuseof a
screenn the beampathspoilsthe beamcharacteristicendleadto beamlossesaswell
asto radiationhazardsgdueto the high beamintensity Secondlythe resolutionof the
measuremeris limited to about2 psrms. After athoroughstudyof the stateof the art
in very shortbunchlengthsmeasurement#, wasdecidedo designanew systembased
onthedeterminatiorof the bunchfrequeng spectrunusingmicrowave spectroscop

The bunchspectrumis picked-upby a rectangulamwaveguide coupledto the beam
pipe. Thesignalis thenanalyzedwith eitherfastdiodedetectorsor by a RF mixerin
combinationwith a RF sweeposcillator Thediodedetectorgivesreal-timemonitoring
of the variationof the bunchlength, while the mixer set-upallows quantitatve bunch
measurementr both, single bunchesand train of bunches. The mixing technique
hasbeenadoptedasthe detectionsystemfor bunchlengthmeasurementsSuchsystem
hasthe advantage®f beingnon-interceptingself-calibrating easyto implementn the
beamline andrelatively low-cost(comparedfor example,to a streakcamera).

The thesiswork includesthe design,the installation, the commissioningand the
operationof thenew monitor. Thedesigntaskincludesthe choiceof the signalpick-up,
the systemto transportthe signalandthe designof the detectionsystem. During the
operationof the monitorit wasdemonstrateds capabilityto measuréunchesasshort
as0.7 psrms. It shouldbe remarled that a self-consistentalibrationprocedurehas
beendevelopedto obtainandindependenandabsolutecalibrationof the monitor.

In Chapter2 is describedthe stateof the art of bunchlength measurementech-
niques. Thesemethodscanbe categorisedin time domainmethodsandfrequeng do-
mainmethods Someof themarecapableof measuringicoseconeatlectronbunchesut
they cannotbe usedin linacsor they aredestructve. Sincesomemethodsusetheradi-
ationemittedby the electronbunchesa shortintroductionto differenttypesof radiation
(transition,Cerenkov andsynchrotron)s alsogiven.

Chapter3 coversthe designof the bunchlengthmonitor adoptedn the CTFE. First
it is explainedhow to reconstructhe bunchlengthfrom the bunchspectrumpothfor a
singlebunchandatrainof bunchesThefrequeng responsef theRF pick-upis studied
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by usingthe computercodeMAFIA andthetransportof the signalwith waveguidesis

calculatedanalytically Two detectionsystemsareadoptedthefirst consistingof afast
diodedetectorwhich allows real time monitoringof the variationof the bunchlength.
The seconda seriesof microwave mixersin combinationwith a sweepingRF source,
actingasaspectrumanalyzerwhich canmeasurehelengthof singlebunchesandtrains
of bunches.

Chapter4 dealswith the experimentalset-upof the bunchlength monitor in the
CTF andthe dataacquisitionprocedure.Typical signalsobtainedwith both detection
methodsarealsoshawn.

In Chapter5 and6 the experimentakesultsandtheir analysisarepresenteénddis-
cussedTheexperimentakignalsareshavn andcomparedvith the expectedones.The
explanationof unexpectedeffectsaregiven. A descriptionof differentcalibrationpro-
ceduress alsopresentedTheresultsobtainedwith the mixing techniquearecompared
with thevaluesmeasuredavith astreakcameraandwith the predictionsof thesimulation
programmeéARMELA. Thesecomparisorshaw, first, thatthe streakcameraesolution
is limited to 2 psandsecondhatthe microwave monitoris in very goodagreementvith
the bunchlengthvaluespredictedoy PARMELA.

Finally theconclusionsarediscussed.



Chapter 2

Methods for Measuring the Length of
Electron Bunches

Direct measuremeri.e. with a pick-upandan oscilloscope)f thelengthof bunches
of electronswith o < 1 ns,is very difficult, thusmoreelaborategechniquesave been
developed. In this chapterseveral methodsfor measuringhe lengthof shortbunches
arereviewed[19]. The differenttechniquescanbe dividedinto two main areastime

domainmethodsandfrequeng domainmethods.

e Thetime domainmethodseviewedare,

— Picosecongbhotoconductie detectors
— Streakcamera
— RFdeflector

— Spectrometer
e Thefrequeny domainmethodsdescribedare,

— Coherentadiation

— Microwave spectroscop

Someof thesemethodsequirethe useof the radiationemittedby the electronbunch,
thereforea brief introductionto differenttypesof radiationemittedby chagedparticles
is givenfirst.

11
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Chapter2: Methodsfor Measuringthe Lengthof Electron Bundies

2.1 Radiation Emitted by a ChargedParticle

A chagedparticle(e.g.anelectron)in motioncanemit electromagneticadiation[20].
Emissioncanhappenwhenthe particleis accelerated(odecelerated)this radiationis
usually called bremsstrahlungvhen accelerations producedby the electromagnetic
field of theatomicnucleiof atargetelementandsynchrotrorradiationwhentheaccel-
erationis producedby a external electromagnetidield. Thereis alsoemissionwhen
the electronchangesnedia,thatis, passeshrougha interfacebetweenwo mediawith
differentrefractionindex. The latter canbe regardedasa specialcaseof acceleration,
asachangen therefractionindex implies a changeof light speed.A differentcaseis
the Cerenlov radiationemittedwhenthe speedof anelectrontravelling in amediumis
largerthanthe speedof light in themedium[21,22].

It is importantto remarkthatfor thesetypesof radiationthe emissioncanbe con-

sideredto be instantaneoushusthe temporaldistribution of the radiationis directly
relatedto thatof the bunchof chagedparticlesthatemittedit.

e Cerenlov Radiation

A chagedparticlemoving in a continuummediumat a constanwelocity will po-
larisethemediumin theregion closeto theparticlepath.If thechageis travelling
ataspeechigherthanthe phasevelocity of light in this medium,the polarisation
will notbe symmetricalongthe particlepathandtherewill be aresultantdipole
field alongthis axis. The radiationemittedat differentpointsof the chage track
will bein phasewith oneanotherfor an emissionangle6 sothatthe Cerenlov
relation,

c

with V> —— (2.1)

cosf = (&)

c
vn(w)
is fulfilled, wherev the velocity of the chage, c the speedof light in vacuumand
n(w) therefractionindex of themedium[23].

TransitionRadiation

It is emittedby a chaged particle moving at constantvelocity in an inhomo-
geneousnedium,in a mediumchangingin time or when passingcloseto such
a medium. In general,a chaged particle moving at velocity v (constant)in a
mediumof refractive index n(w) will radiateif theratio of the particlevelocity to
thelight phasevelocity cpp,

— = (2.2)
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changegwherec is the speedof light). It is clearthatthis ratio canchangeboth
dueto thevariationof v (accelerateg@article)anddueto achangen therefraction
index n(w). The simplestproblemof this type is the crossingof a boundary
betweerntwo mediaby a chage (usuallyvacuum-metal)Transitionradiationcan
alsooccurwhenachage passegloseto someobstaclegdiaphragmssilits, etc.),
whichin this caseis calleddiffractionradiation.Transitionradiationis emittedin
theforwardandbackwarddirectionfor a particleimpingingin adirectionnormal
to asurface,andis stronglypealedatanangled = y~1 with respecto theparticle
trajectory wherey is the Lorentzfactor(y 2 = 1— (v/c)?).

e SynchrotrorRadiation

Synchrotrorradiationdiffersfrom the othertypesof radiationexplainedabove in
thefactthatis emittedby chagesmoving onanon-straightrajectory In thiscase
theradiationis dueto a changenotin themodulusof v, but in its direction. The
radiationis emittedin a directiontangento thetrajectoryof the chagedpatrticle
andwithin ahighly collimatedangleof +y~. Theradiationpoweris proportional
to the fourth power of the particle momentumandinverselyproportionalto the
squareof thetrajectoryradius.

2.2 PicosecondPhotoconductive Detectors

Thesedetectorsarebasedon fastCdTe (or GaAs) photoconductorandarein use,for
instanceatLEP (CERN'sLargeElectronPositroncollider) to measurehebunchlength
via autocorrelatiorof the X-ray synchrotrorradiation[24,25].

Synchrotron radiation

B

Delay line 50 Q

> > ‘ R E—
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t

Integrator n

Integrator 1

Acquisition electronics

. Autocorrelation

Figure2.1: Layoutof detectorprinciple.
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Figure 2.1 shows the basic principle of the detector The synchrotronlight illu-
minatesthe fastphotoconductorgPn), that are connectedo a delayline. The signal
travelling throughthe delayline comesfrom the (biased)photoconductoPO. This sig-
naladdsup to the signalinducedby the synchrotroright with a differentdelaytime in
eachphotoconductorTheintegratedsignalis thenreadby thedataacquisitionelectron-
ics and eachphotoconductogivesa point for the autocorrelatiorprofile of the bunch
shape,from wherethe bunch length can be extracted. The evaluationof the perfor
mancewith alaserhasshown aresolutionof 5.7 ps(rms)for the autocorrelatiorof two
photoconductors.

This systemallows individual bunchmeasurement® LEP bunchtrainsdueto the
fastresponseof the detectorsandthe useof a fastgating (10 ns) for the polarisation
(bias)voltage.

2.3 StreakCamera

A streakcamerais an optoelectroniaevice ableto obtainvery high temporalresolu-
tion of radiationpulseg26]. In the particleacceleratodomaintransition,Cerenlov or

synchrotrorradiationproducedoy the electronbeamare usedassourcedor the streak
cameraastheirtemporalintensityis directly relatedto thatof theelectronbeam.There-
fore, by measuringhelengthandstructureof thelight pulsethelengthandstructureof

theelectronbeamis obtained.
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Figure2.2: Schematidayoutof a streakcamera.

Usuallyonly asectionof theradiationsources investigatedfor this purposeslit is
placedat theinput of the camera.The photonsthatpassthesslit will hit a photocathode
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producingan electronbeamwith a temporalstructurethatwill be proportionalto that
of thelight pulse. After acceleratiortheseelectronsare sweptby a deflectingelectric
field generatedby a fastrampedvoltageappliedto two metallic plates.In this way, the
temporalvariation of intensityis transformednto spatialinformation when hitting a
phosphorescestcreen Thelight intensityof thephosphoiscreeris recordedoy aCCD
cameralFor aschematidayoutseefigure2.2.

Theresolutionof the streakcamerawill dependn severalfactors.Firsttheelectron
enepgy spreadrom the photocathodéthatwill alsodependon the chromaticityof the
light pulse),secondhestaticimagesizeof theslit andthird theelectronbeamselffield
effectsandthe deflectionrampspeed.Time resolutionsof a few hundredfemtoseconds
have beenachieved measuringnonochromatidaserpulses.

2.4 RF Deflector

The generalprinciple of this techniqueis very similar to that of the streakcamera,
to corvert the time information of the beaminto trans\ersespatialinformation [27],
however, a directmeasuremeris doneon the electronbeaminsteadof usingradiation
emittedby thebeam.

In figure 2.3 a schematidayoutof a RF-deflectoisystemis shovn. Thebeamgoes

RF deflecting _
electron cavity collimator  collector

% T— 7% Z

Figure2.3: Schematidayoutof a RF-deflectofor bunchshapemeasurements.

througha RF-deflectingcavity whosedeflectingangledependson the phaseof the ap-
plied field (that canbe adjusted). The beamgoesthenthrougha collimator and only
the partof the beamwith the correctphasepasseshroughthe slit to the collector The
intensitydistribution of the whole bunchis obtainedby changingthe phaseof the de-
flectingfield, thatresultsin thedifferentportionsof thebeampassinghesilit. A faraday
cupcanbeusedascollectordevice.

The performancef this systemis limited by the deflectionangle,

emittance

deflectionangles» — —
gle> beamradius
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by wakefield effectsdueto interactionsof the beamwith the deflectingcavity andby
uncorrelateénegy spread All thisfactorsreducetheresolutionwith increasingchage.
For low bunchchages,aresolutionof 1 pscanbeachieved.

For highintensityor ion beamsthe secondarelectronsemittedby the beamwhen
hitting a thin wire canbe usefor diagnostic§28-30], seeFigure2.4. In this case the
resolutionof the measuremenwill bereducedy the corversionof the mainbeaminto
asecondaryelectronbeam.

To RF deflection system

Secondary emitted electrons

Beam pipe

Thin wire lon beam

Figure2.4: Emissionof secondarglectronby anion beamhitting awire.

2.5 Spectrometer

The principle is the samethanfor the previous methodsj.e. transformthe time infor-
mationinto trans\ersespatialinformation. The electronbeamis deflectedoy a dipole
magnetafterhaving gonethroughatime dependenacceleratindield. Theeffect of the
time dependenéccelerations a distribution of particleenegy alongthe bunchrelative
to its phase.In this way whengoingthroughthe dipolefield every longitudinalsection
will feeladifferentfield strength(thatis proportionalto the particleenegy) andfollow
a differenttrajectory asthe bendingradiusis proportionalto the field strength.There-
fore the time (or longitudinal)informationwill be transformednto trans\ersespatial
information.

This methodhasthe samelimitations thanthe RF-deflectora goodresolutioncan
only be obtainedfor low chages.

2.6 Coherent Radiation

Electromagneticadiationfrom electronbuncheg Cerenkv, transition,synchrotron)s
coherentlyenhancedt wavelengthswhich are of the orderor longerthatthe electron
bunchlength. The frequenyg spectrumof the coherentadiationcarriesinformation of
thebunchdistribution.
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Thetotal intensityof theradiationemittedby a bunchof N electronsat wavelength
A, usingfarfield approximationcanbe expresseds[31]

liotal (A) = [N+ N(N+ 1) f(A)]le(A) (2.3)

wherelg(A) is theintensityof theradiationemittedby anelectron.The coherenpartis
proportionalto N2 andcontainsthe form factor f (), thatis the magnitudesquarecf
the Fouriertransformof the bunchdistribution (),

/ d ¥ gr) ar|

wheren is the unit vectordirectedfrom the centreof the bunchto the obsenation point
andr is the positionvectorof anelectronrelative to its bunchcentre.If theradiationis
obsenedin theforwarddirectionfrom a trans\erselysymmetricbeam the form factor
is independenof the trans\ersebunchdistribution, it is thereforedeterminedonly by
the longitudinal bunchdistribution. For wavelengthdarger thanthe bunchlengththe
form factor approachesinity andthe total radiationintensity is coherent(lyota (A) O
N?). Ontheotherhand,for wavelengthsshorterthanthe bunchlength,the form factor
reducedo zero,andthe radiationbecomesncoherent(l;q5 (A) O N). If radiationcan
not be obsenedin theforwarddirection(which is the casefor transitionandCerenlov
radiation)the trans\ersebunch distribution contributesto the form factor[32]. This
contribution can be negglectedundercertainconditions,neverthelesst is advisableto
have a small trans\ersebeamsize and small detectorangularacceptancéor accurate
subpicoseconbunchlengthmeasurements.

and / SP)dr =1 (2.4)

Radiation source Fixed mirror
|
! T
Beam

splitter =
- Q
&
. —> —> [l %
Focu.smg < | @
mirror 3.
! 1.3

Detector

Figure2.5: Schematidayoutof a Michelsoninterferometer

The coherentpart of the radiation, which containsall the information aboutthe
longitudinalpropertiescanbe usedto measureghe bunchlengthby meansof autocor
relationor spectrabnalysigechniquesOneof themostusedtechniqueo measurghe
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form factorspectras the Michelsoninterferometerwhoseschematidayoutis shovn
in figure2.5.

It consistsof a beamsplitter (usually madeof Mylar) thatwill split the radiation
into two raysdirectedtowardsthe two mirror arms. Thesetwo raysarereflectedfrom
themirrorsandrecombinedat the beamsplitter, andsentinto the detector By moving
one of the mirrors we obtain the interferogram,that is the variation of intensity (at
the detector)as a function of the optical path difference. The bunch length can be
deducedfrom this interferogram,but sincethe phaseof the signalis not measured,
only symmetricdistribution canbe obtained. Somedevelopmentshave beenmadeto
measurehe bunchasymmetryusingthis type of technique$33,34], but thesemethods
demandthe measuremenf a very wide frequeng rangeandthey make assumptions
on the behaiour of the signalat frequencieghat are not coveredby the measurement
device.

2.7 Micr owave Spectroscopy

Microwave spectroscop is basedon the analysisof the RF spectrumof the electron
bunch. Differentmethodshave beenproposedo couplethefield radiatedoy the bunch
into atransmissiorine thatwill bringthe signalto the detectionsystemseefigure 2.6.

In 2.6(a)thebunchpasse$y aceramiagapin thevacuumchamberits field radiates
from thegapinto a cavity andtheninto awaveguideleadingto a detecto35,36]. The
cavity resonatest a fixed frequeng andthe signalcanbe detectedby usingeithera
diodedetectoror a bolometer Several (anddifferent)resonancéoxescanbeinstalled
giving the possibilityto measureghe amplitudeat severalfrequencies.

Case2.6 (b) shavs an antennapick-up [37-39], usually working also at a fixed
frequeng. The signalcanbetransportedy a coaxialcableor a waveguidedepending
onthefrequeng rangeof the excitedsignal.lt is a systemsimilarto case(a).

Thesetwo systemsneasurdghe signalat fixedfrequenciesothatonly a few points
of the frequenyg spectrumcanbe obtained. The calibrationof the systemss difficult
andusuallyrequiresthe useof alternatve methodsfor crosschecking.In ary case,it
is a very fastway of monitoringthe bunchlength,ary changein the bunchlengthis
immediatelydetected.

Thenext two cases2.6(c) and(d), allow theexplorationof abroadbandwidthof the
electronRF field spectrum40,41]. In this way a knowledgeof the frequeng content
of the signalis possibleandallows the useof frequeng domainspectroscop (using
a Michelsoninterferometefor example)aswell astime domainanalysisthe methods
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Figure2.6: Differentset-updor couplingtheelectronbunchfield.

useddependn the requirements.In case(c) the time evolution of the electricfield
launchedin the waveguideis directly relatedto the electricfield of the bunch at the
beampipewall, thereforeit carriesthe informationaboutthe electronbunchshape.In
casgd) theelectronbeamcouplesnegy into thewaveguidemodewhenthewaveguide
modeoscillationdeceleratetheelectronshencethis methodhasanon-ngligible effect
onthebeam;andwhile thetransmissiomf thewaveguideimposeslow frequeng limit
onthetransmittedsignal,thetransittime, thetime requiredfor the electronto crossthe
waveguide,imposesa high-frequeng limit aswell.

Methods(b) and(c) arenon-destructie andproducea negligible disturbancen the
beam,in caseqa) and(d) the couplinggeometrycan be disturbing,especiallyin the
caseof atrain of buncheslue,to excitation of wakefields.
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2.8 Measure of the bunch length in the CTF

Theelectronbunchdistributionin CTF is usuallymeasuredisinga streakcamerahat
analyseghe light comingfrom transitionand Cerenlov converters(TCM) installedin
theCTFline[21]. Seefigure2.7 onpage20for amoredetailediayoutof the CTF drive
beamwhereit is shavn the positionof the instrumentatiorto controland measurdhe
beamproperties.

A TCM is composedf a pieceof vacuumpipe, an aluminiumfoil (astransition
radiator)and a thin sapphirelayer (as Cerenlov radiator)and a pneumaticmotor to
move theradiatorsn andoutthe beamtrajectory

The sapphiresheethasa thicknessof 0.3 mm andis tilted by 65.5° with respecto
the horizontalplane,in this way the radiationis directedin a directionperpendiculato
the electronbeam.The aluminiumfoil is 0.5 mm thick andis tilted at anangleof 45°,
to produceradiationin adirectionperpendiculato the electronbeam.

Theradiationproducedn the TCM is thentransportedusingmirrors andfocusing
lenses o the streakcameraroom, which is outsidethe CTF installationhall to avoid
radiationdamage. The transportsystemintroducestime andtrans\ersedispersionin
the light pulse. Several effects accountfor this dispersion,the chromaticaberration
of the lensesthe imagedistortion of a non-zerosize sourceimage,the defectsin the
lensangularpositions,the chromaticdispersionof air. All theseeffectsleadto atime
dispersiorof 2 ps(rms)andatrans\ersedispersiorof 70 pm.

The streakcamerainstalledin the CTF is a RGM-SC1 model with an amplifier
RAGM2 anda CCD cameraKRCCD, everythingprovided by the ARP compary. The
overallsystemis believedto have aresolutionof about2 psrmsfor thetypeof radiation
in usein CTF (a betterresolutioncanbe achievedfor amonochromatidaserbeam).

2.9 Designof the New Bunch Length Monitor for the
CTF

Oneof themainobjectvesof CTFis to testandstudythefeasibility of power transmis-
sionat30 GHzfrom thedrive beamto themainbeam.For anefficientpowergeneration
in the drive beamshortbunchesareneededthe fwhm lengthshouldbe lessthan5 ps
(0.6 mm). In orderto obtainthis shortbunchesa bunchcompressowasbuilt andin-
stalledin 1995[16], it wasdesignedo obtainbunch-lengthdelow 1 ps.

In the previous sectionis was shavn that the resolutionof the streakcamera(the
only methodavailablein the CTFto measurehebunchlength)was4 ps,thereforewith
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this set-upit is not possibleto testthe performancenf the compressoandto know the
lengthof the buncheswithin the requiredprecisionfor the experiments.Furthermore,
this methodwashighly disturbingfor the beam.

Accordingto the study of the stateof the art of bunchlength measurementand
the CTF requirementsit was concludedat this point to develop a new bunchlength
monitor (BLM) with the conditionsof being non-invasive and having a resolutionof
the orderof 1 ps (rms). It hasbeenshawn, in this chapter that all known methods
exceptthe microwave spectroscop aredestructve andsomeof themareonly suitable
for low beamchages. Therefore the developmentof the nev BLM will be basedon
the microwave spectroscoptechnique.



Chapter 3

Designof a Millimetr e-Wave Bunch
Length Monitor

The BunchLengthMonitor (BLM) hasbeendesignedo measurghe beamfrequeng
spectrumfrom which the bunchlengthcanbe deducedFor the bunchlengthsin usein
CTFtherelevantfrequeng rangeis above 25 GHz (12 mmwavelength) andtheshorter
thebuncheghehigherthe frequenciedo inspect.

In orderto studythebeamspectrumarectangulamwaveguideis coupledto thebeam
pipe (a so calledrectangulaRF pick-up). The bunchtravelling in the beampipe will
excite a signalin the waveguidethat carriesthe informationaboutthe bunchshape.A
computercode,MAFIA [42], is usedto computethe signalexcited in the waveguide.
That signaltravelsin the waveguide until it reacheghe detectionsystem. The trans-
missionin thewaveguideis affectedby dispersiorandattenuationDispersions dueto
thefactthatthegroupvelocityis frequeny dependentdifferentfrequenciesravel with
differentvelocities,thusevery frequeng will arrive at a differenttime to the detector
Attenuationis causedy thefinite conductvity of the waveguidewalls.

Thedetectiorsystemhasto beableto measurehefrequeng spectrunof thesignal.
Severalsystemsgdesignedor this purposearediscusse@dndadescriptiornof thedesign
of specialhigh-pasdilters usedin thesesystemss alsogiven.

3.1 Beamspectrum

Thefrequeny spectrumof a bunchcontainsall the informationaboutthe bunchshape
andlength,however, to determingheshapeat would benecessaryo measureheampli-
tudeandphasefor all frequenciegor atleastin awide range).If noinformationabout

23
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the phases availableandonly positive frequenciesaremeasuredhenonly symmetric
distributionscanbe obtaineddueto thefactthattheinverseFouriertransformof aeven
realfunctionis anothervenrealfunction. Furthermorefor frequenciesottoofarfrom

zero,all bunchdistributionshave a similar frequeny spectrunsothatthe spectruncan
beassumedo beparabolic.Thatcomedrom asecondrderdevelopmenof the Fourier
transform. Let us expandexp(— j wt) in a Taylor seriesusingthe integral form of the
Fouriertransform,

F(w)=/_°::(t)e—iwtdtz/_°:5(t)dt+j/_zwtf(t)dt—%/“Zwt)zf(t)dt... (3.1)

—00

Sincethe measuremendystemdoesnot distinguishbetweenpositive and negative
frequenciesthe signalthatis measureds arealevenfunction,andtakinginto account

F(w) realeven & f(t) realeven (3.2)

the function f(t) is alsoreal and even and thenthe imaginarypart of Equation(3.1)
vanishesAs aresult,we obtain

wlo?

F(w) = /_0:0 f(t)e 19t ~ Q (1— T) +O(wh) (3.3)

whereQ is thechage of thebunchando is the secondnomentunof f(t),

0= /tzf(t)dt (3.4)

In Figure3.1severalbunchdistributionsandtheir Fouriertransformsareplotted,the
correspondin@nalyticalfunctionsarelistedin Table3.1.

Bunchdistribution Fouriertransform rms
4
i |t| < Thm sin(0.5fwhm w)
Square | f(t) = Whm 2 F(w) = i o= %

| 0 otherwise
4

o (1= k) [t] < fwhm

: 2
Triangular| f(t) = { W™ F(w) = (M) o — Wwhm

0.5fwhm w V6
0 otherwise
Gaussian| (1) = 755 &~ 7) F(6) = exp(~05670%) | 0 = iy

Table3.1: Somepossiblebunchdistributionsandtheir Fouriertransforms.
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Figure3.1: Severalbunchdistributionsandtheir power spectrum.

For ary givendistribution the term fwhm denoteghe full width at half maximum
while o is thermsof thedistribution. Therelationbetweerthesetwo quantitiesdepends
on the type of distribution (e.g. for a gaussiarfunction fwhm= 1/8In2 ¢ while for a
triangularfunctionfwhm= 1/6 o). All thedistributionsplottedhave the sameo (=2 ps)
andit is clearly seenthatis difficult to distinguishonedistribution from anotherat low
frequenciesThe BLM measure$wo frequeng ranges26.5-40GHz and60-90GHz,
in bothrangest is still valid to assume gaussiaror a parabolicdistribution.

In orderto seethe effect of the bunchlengthon the bunchdistributionin Figure3.2
areplottedthe Gaussiarpower spectrafor differentvaluesof o, the shorterthe bunch
thelargertheamplitudeat high frequencies.
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Figure3.2: Paver spectrunfor Gaussiarbunchesof differentlength.

Figure 3.3 shaws the layout of the Bunch Length Monitor (BLM). As the bunch
travels by the rectangulaRF pick-up, its electromagnetidield inducesa field in the
waveguidethatis thenguidedto a detectorfor analysis.

: > detection
RF signa | " gystem
kapton
WR28 foil WR12
waveguide waveguide

eam
pipe

&
Y

Figure3.3: Layoutof themonitor.

Thefield inducedin the waveguide carriesall the information of the bunch spectrum
(BSw)), but the signalthat is detected(SD(w)) containsalso the responseunction
(RF(w)) of thewholesystemhencein orderto obtainthebunchspectruntheresponse
functionhasto beknown,

D(w) =BYWRF(w) =  BYw) = D(W)RF }w) (3.5)

The responsdunction of the systemis composedf the differentresponsesf the
differentelements suchas the coupling hole, the waveguide and the detectoritself.
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Differentapproachesanbe followedto obtainthe frequenyg responsef the different
componentstheoretically by direct measuremenge.g. with a network or spectrum
analyser)pr usingspecialtechniquedo analysehedata.

3.2 Field Induced by the Electron Bunch

This sectionoutlinesthe procesgo obtainthe fieldsinducedby a bunchin the wave-
guideandthe correspondindrequeng spectrumthatis the frequeng responsef the
rectangulapick-up. Thefrequeny spectrunof atrain of bunchess alsoshavn.

3.2.1 Fieldsof a Bunch of ChargedParticles

To obtainthe electromagnetifields createdoy abunchof chagedparticleit is easierto
first write down thefield in aco-moving frameandusethenthelLorentztransformations
to obtainthefieldsin the laboratoryframe.

The Lorentztransformatiorrelatethe fields in the frame were the particlesare at
restto thefieldsin the laboratoryframe. The componenof the electricfield parallelto
the bunchvelocity remainsunchanged,

B =E (3.6)

while for thetrans\ersecomponentshetransformations:
E, =yE, and = uTvX = (3.7)

wherethe primedquantitiesarein the restframeof the bunch,V is the velocity of the
bunchandc the speedof light. For an ultra-relatvistic bunch,v ~ c, thelengthin the
co-moving frameis y timeslarger thanin the laboratoryframe, hencethe longitudinal
chage densityis y timessmallerandthe component is reducedoy a factory. As
the perpendiculacomponenbf the electricfield in the laboratoryis gammatimesthe
field in the co-maoving frame this components not reducedin amplitude,therefore,
for ultra-relatvistic buncheswve areonly interestedn thetrans\ersecomponentsf the
electromagnetiéield.

Let usconsidemow anelectronbunchof N particleswith longitudinalchage dis-
tribution A(z) following a straighttrajectoryin free space.Thetrans\ersefieldsin the
laboratorymoving framewill be(in cylindrical coordinates)43,44]

N N .
= N(2) and  Hg(r,z) = e—V/\(z) r > beamradius (3.8)
2TEQr

E
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for arounduniform beamor

eNv

(1— e_zro22> A(2) and Hg(r,z) = — (1— e_2r022> A2 (3.9)

E(r,2) =

2Tiegr 2mr

for a round gaussiarbeam. From the above equationsve canderive the fields at the
beampipewall atz=0for abeamtravelling coaxially[36,40]

eN eNv

E(r,t) = 2mOR/\(t) and  Hg(r,t) = >R

At) (3.10)

Thebunchis very oftensupposedo be Gaussiann thelongitudinaldirection,

_ 2

1 o (3.11)

- v/ 21104

whereg; is thebunchlengthin time units,o; = vo;.
The frequeng spectrumis found by Fourier transformingEquation3.10. For the
magnetidield,

A()

eNv ~
ﬁ/\(w) (3.12)

H(r, ) =/ H(r,t)e 1¥dt =

whereA(w) is the Fouriertransformof A(t), for agaussiatistribution:

t2

Aw) = \—1/ e xf (3.13)

3.2.2 Fieldsinducedin the waveguide

Thefrequeng responsef therectangulapick-upis foundby applyingthefield equiv-
alenceprinciples, due to Schelkunof, acrossthe apertureformed by the waveguide
entrancecoupledto the beampipe[45],

Ax Fwg = Je = A x Hounch (3.14)

whereJ; is the currentinducedon the walls. Accordingto the previous equationthe
field launchedin the waveguidewill have the sametemporalevolution thanthe field
producedoy the bunch.

Theactualfield inducedin the waveguidecannot be calculatedanalyticallyasit is
a sumof alarge numberof modesandnumericalmethodshasto be usedto solve the
resultingequations However thereis a computermprogram MAFIA, thancancalculate
theamplitudeof the modesby solvingthe Maxwell's equatiomnumerically Theresults
obtainedwith this programareshowvn in the next section.
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3.2.3 A Train of Bunches

CTF canoperatein singlebunchmodeor with a train of bunchesthereforeit is nec-
essaryto know the frequenyg spectrunof atrain of bunchesaswell asthatof a single
bunch.

Thefield distribution in time of aninfinite train of buncheshaving all of themthe
samedistribution anda constantperiodt is the corvolution of the field for onesingle
bunchwith animpulsetrain,

i:—OO
Takinginto accounthatthefourier transformof the corvolution of two functionsis the
productof the Fouriertransformfor eachfunction,

F(f(t) ® fa(t)) = F(fa(1)) - F(F2()) (3.16)

thefrequeny spectrumis foundto bealsoa sumof pulses

Herain = H(r, w) ie‘j“” (3.17)
i=
This effect is bestillustrated graphically Figure 3.4 shavs a train of 5 identical
gaussiarbuncheqwith the samechage andthe samelengtho = 2 ps) separatedy a
distancedt = 30 pswhile Figure3.5showvsthe correspondindgrequeng spectrum.The
frequeng spectrunof atrain of bunchess aline spectrumwhich amplitudesdecrease
with increasingrequeng. The distancebetweentheselinesis givenby dv = 1/6t (=
33.3GHz in this example). The envelopeof the line spectrum shavn with a dashed
line, is thatof asinglebunchwith the sameo thattheindividual bunchesof thetrain, in
this casea gaussiarfunctionwith os = 50 GHz (= 1/ 0).
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3.3 Transmissionthr ough Waveguides

Thefollowing introductionto transmissionn waveguidesis derivedfrom [45] and[46].
Thetypeof waveguideconsidereds a hollow conductingcylindrical tube(i.e. with only
oneboundary)with acrosssectionwhichis uniform alongthedirectionof propagation,
asshavn in Figure3.6. Thewaveguideis assumedo be eitheremptyor filled with an
homogeneoussotropicmediumwith permittivity andpermeabilityparameters andp
andto beinfinitely long.

Figure3.6: Cilindrical waveguide.

The determinationof the electromagnetidields within that region is obtainedby
solvingtheMaxwell’'sequationsvith thecorrespondingpoundaryconditions(by choos-
ing theright coordinatesystem).It is found that the solutionscanbe divided into two
setsof solutionsor modes. For one setof modes,no axial magneticfield component
exists. Thesemodesarecalled“electric type” (E modes)or “transversemagnetic” that
is, TM modes.The othersetof solutionshave no axial componenbf electricfield and
arereferredto as“magnetictype” (H modes)or “transwerseelectric”, thatis TE modes.

3.3.1 General Properties

The electric and magneticfield in the interior of the waveguide are solutionsof the
homogeneousectorHelmholtzequationj.e.,

’E+KE=0 D?H+KH=0 (3.18)

Wherek(% = wlpeg. Thetype of solutionis thatof a wave that propagateslongthe z
axis. Sincethe Helmholtzequationis separabléor this kind of boundaryconditions,it
is possibleto find solutionsof theform f(z) g(x,y). Beingz theaxisof propagatiorand
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x andy suitabletrans\ersecoordinatesThe z dependenceanbe assumedo be of the
typeet’Z andthetime dependencis el

In orderto simplify Maxwell's equationsall the fields are decomposeahto trans-
verseandaxial componentandafterseparatingputthez dependencéime dependence
suppressed)

(%Y, 2) = E(%Y,2) + Eo(x Y, 2) = &(x, Y)e 2+ By(x,y)e ?
(% Y,2) = F(x ¥ 2) + F{x y,2) = A(x,y)er 2+ h(x, y)er?  (3.19)
whereE;, H; arethetrans\ersecomponentsandE;, H, aretheaxial components.

The Maxwell’s equationsusingthe above decompositiorand 0 = [y + [, = [y +
4, for az dependencet’ Z resultin

Oy x 8= joxeohy Op x h= jwegd,
8, x Ore, = Té, x 8= joeoh, 8, x Oth, =78, x h= — joeod, (3.20)
O:h= £Th, 8= +le,

Thesolutionsareclassifiedasfollows,

1. Trans\erseelectric(TE) modes.Solutionswith E; = 0 but H, # 0. All thefield
componentsnay bederivedfrom theaxial component; of the magnetidield.

2. Transersemagnetic(TM) modes. Solutionswith H, = 0 but E; # 0. Thefield
componentsnaybederivedfrom H,.

TE modes
Separatingequation3.18into trans\erseandaxial partsyields

Ofhz(x,y) +kehz(x,y) = 0 (3:21)
0?h+k2h=0 (3.22)
wherekZ = k3 + 2,
Fromthe Maxwell equation(3.20)to (3.3.1)with & = 0 asolutionis obtainedfor h
in termsof thetrans\ersecomponent;,

fe o (3.23)

kg

andgin termsof h

_k, .7
8= 1208, xh (3.24)
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ThefactorjZoko/T is calledthewaveimpedancef TE modeswith Zg = \/m being
theintrinsic impedancef free space For a propagatingnode,l is imaginaryandwill
betakenas j 3. Thewave impedanceZ, = ko/BZo is now real. For a non-propagating
mode thewave impedancas imaginaryandinductive.

The boundaryconditionsdeterminethe allowed valuesfor k., thusthe propagation
constantl” will dependon the waveguide geometry The parametelk; is called the
cutoff wave numbey sinceit determineshewavelengthatwhichfreepropagatiorceases
(r = 0). ThisoccurswhenAg is sothatk; = kg for agivenmode,hencethefree space
cutoff wavelengthis givenby

21
K (3.25)

Oncethe cutoff wavelengthhasbeendeterminedor a particularpropagatingnode,the
value of B andthe guide wavelengthmay be found. The guide wavelengthAg is the
distancehewave mustpropagateo undego a phasechangeof 2rmradianshence

2 Ao Mo€o 1/2
I T TGV W ( e ) (3.26)

For Ao < A¢ thereis free propagatiorof themode,at Ao = A free propagatiorstopsand
for Ao > A¢ themodeis exponentiallydampedwith distancealongtheguide(evanescent
mode).

TM Modes

The TM (or E) modeshave h, = 0 but & # 0. Thesemodesmay be consideredhe
dualof the TE modesby exchangingtherolesof theelectricandmagnetidields. Thus,
similar equationareobtainedfor fields

D2e,(x,Y) +kZes(x,y) =0 (3.27)
4

8= gDzez (3.28)

— _ . ko ~

h= ] Yo, x & (3.29)

whereYy = Zglandthewave admittancer for TM modess givenby

ko

Ye=Zg' = Yo (3.30)
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andZeZ = Z3.

In analogyto TE modesaninfinite numberof valuesfor k? existsgivensomebound-
ary conditions.For I' = j B, thewave admittances real, Ye = Yoko/3, while for I real
(non-propagatingnode)it is imaginaryandcapacitve.

3.3.2 Power, Energy and Attenuation

In awaveguidewith perfectlyconductingwalls, eachmodepropagatepower alongthe
guideindependenthof the presencef othermodes.The time-areragepower flow for
asinglepropagatingl E modeis givenby

P:%Re//éxﬁ*ézds - %//H-F\*ds - ?//é‘-‘e’*ds (3.31)
S S S

andfor asingleTM mode,

p:%//ﬁ.ﬁ*ds _ %//‘e‘-‘e’*ds (3.32)
S S

It can be proven that that for a propagatingmode, the time-aserageelectric and
magneticenegiesareequal,e.g.for aTE mode

1 - =
We = 023 / / BB =W, (3.33)
S

The power flowing alongthe waveguideis equalto the productof the total enegy
perunitlengthandthevelocity, vy, of enegy propagatiorP = 2Wevg, andfrom here

B Ao

Vg = %VC = )\_CVC (334)
wherev, = (pogo) /2.
Thephasevelocity vy is givenby
()

andit canbe easilyshavn thatvpvg = v2. Equations3.34and3.35arevalid for TM
modesaswell.
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Attenuation in Waveguides

If themetallicwalls of thewaveguidehave afinite conductvity o, they exhibit asurface
impedanceaivenby

1+ ]

y A
M~ 55

(3.36)

whereds = (2/wpo) Y2 is theskin depth. Thefinite conductvity resultsin apowerloss,
R, in the waveguidewalls. Sincelossis presenthe propagatingpowver mustdecrease
accordingto a factore~2%Z, wherea is the attenuationfor a power Py at the beginning
of theline the power ata distancezis P = Pye~2%2. Therateof decreasef poweralong
theline equalsthe powerloss

—g—sza =2aPye?%?2=2aP (3.37)
Hencethe attenuatiora arisingfrom conductorossis givenby,
J-Jdl
ﬂ — Rmfc—_’ (3.38)

T 2P 2Z[H-H*dS

whereRy, = (08s) ™2

3.3.3 RectangularWaveguide

Thisis themostcommonlyusedwaveguide,thecrosssectionis illustratedin Figure3.7.

bI
Figure3.7: Rectangulawaveguide.

Oncethe equationdor the magneticandelectricfield insidethe waveguideare solved
with the properboundaryconditionsa doubleinfinity setof possiblesolutionsis found
for both TE and TM waves. However, only a finite numberof modespropagatesn a
givenfrequeng range,andin particularthereis a rangewereonly the first mode,the
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TE;10, propagatesThe modesmay be labelledby two identifying integer subscripta
andm. Eachmodehasassociate characteristicutoff frequeng v¢ nm belowv which
the modedoesnot propagateOncev¢ nm hasbeendeterminedhe propagatiorfactoris
givenby

kg — k2 (3.39)

whereko = w,/Hogg andk; = 21v¢,/Ho€o. Sincethecutof frequeny differsfor different
modesthereis alwaysalower bandof frequenciegor which only onemodepropagates
(unlessv. hasthe samevaluefor two or moremodes).

The propagatiorconstang is functionof frequeng,

B=% P — 2 (3.40)

ary signal consistingof several frequencieds dispersedpor spreadout, in both time
andspaceasit propagateslongthe guide. This dispersionresultsfrom the different
velocitiesat which thedifferentfrequeny componentgropagate.

TE modes

Thefield componentareforn=0,1,2,..., m=0,1,2,...,n=m=#0

|_|Z = AnmCOSn]—-[X Cosm[ye:':j Bnmz
a b
T[Bnm NTIX mny
Hy =+ sin— cos—— e:FJBan
" J kcnmAnm I a b
mT[Bnm nm . My
Hy = +£] cOS— sin—2.gT 1 Pomz 341
’ b2 bkg nm DRy ™ a b ( )
nmx . .
Ex = Znnmj rggnmAnmCOS? sin %eﬁ Brmz
T[Bnm NTX mny .
Ey=—-2 sin— cos— = gF i Bnmz
y h,nmJ akc nmAnm i 3 b
wherethe Z, nn, is the wave impedancdor thennth TE mode
ko
Znm= 520 (3.42)

Bnm
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The cutoff wave numberis givenby

= [ (T4 ()] @3

a

andis clearlyafunctionof theguidedimension®nly. Thepropagatiorconstants given
by

a

Bom= (3~ K )% = [(i—:)z— (T)*- (%")2] T

Whenkg > ke nm, Bnm is purerealandthemodepropagatesyhenky < ke nm it is imagi-
naryandthe modedecaysxponentially Thefrequeng separatinghe propagatiorand
no-propagatiomandsyc, is givenby thesolutionof kg = ke nm, thatis,

Venm= %1 [(%H)ZJF (%n) 2] v (3.45)

wherec is thevelocity of light.
A typical guidemayhave a= 2b, in which case

2a
andve10=C/2a,V¢01="C/a,Vc11= v/5¢/2a, etc. Thereforethereis afrequeng band

C C
e 3.47
2a<v<a ( )

for which only the TE;p modepropagates.This is the dominantmodein rectangular
waveguidesandthe mostcommonlyusedin practice.

Power

Substitutingthefieldsfoundin the previous sectionin Equation3.31,it is found

|Anm] 2ab ( Bam )2
P = Z 3.48
nm 2€on50m kc,nm h,nm ( )

whereggy, is the Neumanrfactor equalto 1 for n = 0 andequalto 2 for m> 0.

If two modesarepresensimultaneouslythepoweris the sumof thatcontributedby
eachmode. This is a propertyof loss-freewaveguidesdueto the orthogonalityof the
eigenfunctionshatdescribethe trans\ersevariationof thefields.
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Attenuation

Therewill beacontinuoudossof power dueto thefinite conductvity of thewaveguide
walls. Consequentlyhe propagatiorconstanbecomes comple quantity ' = a + jf3,
wherea is anattenuatiorconstant.

For thedominantmodeTE; g the attenuatiorconstanis

_ R 2 Np
- abBlOkOZO (Zb@,lo—i_ a%) m

a (3.49)

To corvertattenuatiorgivenin nepergo decibelsmultiply by 8.686(= 20lge).

TM modes

For TM modessimilar solutionsto thosefor the TE modesarefound. A summaryof
the solutionsis givenin Table3.2 Friday, May 28,1999at 17:46

TE modes TM modes
an %ZO %ZO
2 2
kenm () + (%)
Bnm kg - kg,nm
Anm 2ab nm 2 Anml 2ab nm 2

an |2€0n|50m (k[i,nm) Zh’nm |2€0n|€0m (k[i,nm) Ye’nm
a 2Rm [(1+ k_)) K nm +0 (eo_m _ kg,nm) n2ab+mza2] 2Rn n?b3+nrad

nm oz, 1=K /K2 al 2 a\ 2 K ) nPb?+nea? bZov/1-K2 /K3 n?b?a+nad

Table3.2: Propertief modesn rectangulawaveguides.
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3.4 MAFIA Simulations- Frequencyresponsefthe RF
pick-up

The frequeny responseof the RF pick-up was computedwith the help of MAFIA.
MAFIA is a programpackagefor the computationof electromagnetidields by solv-
ing the Maxwell's equations.The basisof all simulationsis the theoryof the discrete
Maxwell grid equationsthe socalledFinite IntegrationTechniqug42].

MAFIA cancalculatethe amplitudeof the differentmodesexcitedin a smallpiece
of rectangulamwaveguideconnectedo the beampipein which anelectronbunch(with
Gaussiarchage distribution) is travelling. To solve this problem,in Cartesiarcoordi-
nates,it is necessaryo definemeshstepsin eachdirection,Ax, Ay andAz. Thetime
stepfor integrationhasto be definedproportionalto Az/c, wherec is the velocity of
light. Thesetwo parametersiz andAt, arethe mostimportantones,asAz limits the
lower wavelengththat can be computedwith a good accurag and At determineghe
computingtime (thatcanbe morethan1 day of CPUtime on a IBM-RS6000for very
smalltime steps).

Severalsimulationwheredonefor differentsizesof the meshstepAz to find acom-
promisebetweergoodaccurayg for shortwavelengthghigh frequenciespnda nottoo
long computingtime. The parameterdinally chosenfor the meshstructureare listed
in Table3.3. Thebeampiperadiusis 20 mm (thatis, the nominal CTF pipe radius).

WR28waveguide  WR12waveguide
(3.56x 7.11mm?) (1.549x 3.099mn7)

Az[mm] | 3.560/16=0.222 1.549/7=0.221

Ax = Ay [mm] 0.222 0.221
Beampipelength[mm] 21.360 21.686
Waveguidelength[mm] 2.0 2.0

Table3.3: Parametefor the MAFIA mesh.

Theseparametewherechosersothatthereis anintegernumberof meshstepsin each
direction. Figures3.8(a)and 3.8(b) shon the geometryusedfor the simulationswith
bothtypesof waveguides.
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#######

¥ -amnm,  omomg

#######

o
¥ -.oZam, A= 7]
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Figure3.8: Meshgeometryfor the MAFIA simulations.
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For thesegeometriesMAFIA will obtainthe TE;o modeamplitudeattheendof the
short(2 mm) waveguide coupledto the beampipe. In fact, othermodesare computed
but the TE; o is thedominantmodeandthe only onepropagatingn thefrequeng range
coveredby the detectionsystem.If MAFIA could be consideredo give an errorfree
solution, only one simulationfor a bunchwith a given lengthwould be necessaryo
obtainthe desiredfrequeng responsef the systemhowever, ary resultobtainedwith
anumericalmethodusingafinite meshhasanassociate@rror. In orderto have anesti-
mateof theerrorcarriedby MAFIA, severalsimulationsveremadefor differentvalues
of o of the Gaussiarbunch. The bunchlengthsusedwerec = 0.25,0.50,0.75,1.00,
1.25,1.50,1.75and2.00mm. Figure3.9 shavs the resultsof two differentsimulations
(0 =0.75Smmando = 1.25mm) for bothtype of waveguides.
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Figure3.9: Modeamplitudes.
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The Fourier transformof the (time dependentinodeamplitudewill give the fre-
queng spectrumof the excited mode. Therefore,a FFT (FastFourier Transform)is
appliedto all theresultsgivenby MAFIA, a differentfrequeng spectrumis obtained
for eachbunchlength,asshavnin Figure3.10for the previouscases.

N
T

Frequency spectrum [V*s/C]

L L L L L L L
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(a) WR28

» (&)
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w
T

Frequency spectrum [V*s/C]
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Frequency [GHz]

(b) WR12

Figure3.10: Frequeng spectrdor two differentbunchlengths.

The frequeng spectrumof the electronbunchis also Gaussian(the Fourier trans-
form of a Gaussiarfunctionis anotherGaussiarfunction),andthe signalin the wave-
guideis proportionalto the bunch spectrum. Therefore the responsdunction of the
pick-up canbe obtainedby dividing eachresultobtainedfrom the FFT by a gaussian
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distribution with the corresponding (sinceeachsimulationwasmadewith a different
bunchlength).

pu(w)

_ FFT{Modeamplitudét)}(w) [V
- Bunchshapéw) [H_Z]

The frequeng responsef the pick-upis then obtainedby averagingover the dif-
ferentsimulations. The resultis shown is Figure 3.11 andthe correspondingtandard
deviationin Figure3.12,this standardieviation givesanestimateof theerrorcontained
in the numericalresult. It canbe seenthatthe valueof standarddeviationis very small

exceptfor very high frequencie$>90 GHz), thatare,neverthelessabore our measure-
mentrange.
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w
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Frequency spectrum [V*s/C]
Frequency spectrum [V*s/C]

. . . . . . . .
40 45 50 55 60 40 50 60 70 80 90 100 110
Frequency [GHz] Frequency [GHz]

(a) WR28pick-up (b) WR12pick-up
Figure3.11:Frequenyg respons®f the pick-ups.
The power spectrumgives an estimateof the signal strength,the squareroot of

the power is obtaineddividing the frequenyg spectrumby the (frequeng dependent)
impedancef thewaveguide,Z(w),

/Powerw) = pu(w) [\/W]

Z(w) Hz

Theresultsfor the power spectrumareshavn in Figure3.13. This quantityis important
becausats inverseFourier transformsquaredyivesthe power (as a function of time)
coupledto thepick-up.

Powert) = [§*{ /Power(@) } |
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Figure3.12: Standardieviation.
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Figure3.13: Paver spectrum.

3.4.1 Beamoff Axis

The signal excited in the waveguide dependson the trans\erseposition of the beam
inside the beampipe, thereforeseveral simulationswere also madeto know how the
amplitudeof the signalchangesvhenthe beamis not centred. Thesesimulationwere
madeonly for the WR28waveguideasthefirst resultsalreadyindicatedthatthe varia-
tion of the signaldid notdependon frequeng. Thedifferentbeampositionssimulated
areshovnin Table3.4.

In Figure3.14(a)is shovn thefrequeny spectrunof thesignalexcitedin thewave-
guide for several vertical offsets(x = 0 always)andin Figure 3.14(b) are plotted the
sameamplitudesnormalisedo the amplitudeof the centredbeam. It canbe seenthat



3.4 MAFIA Simulations - Frequencyresponsef the RF pick-up 45

XY X Y| XYy X ¥y XYy
0 3, 33, 30| 3 -3|0 -3
0 5/ 55| 50| 55|05
o777, 70| 7 -7]0 -7
09, 995 90| 9 9|0 -9
0111111110} 11-11|0-11 X

Table3.4: Off-centrebeampositionsfor MAFIA calculation.

thevariationin amplitudewith the offsetis frequeng independenin therangethatwe
are measuring(26.5-40GHz). The small changedor high frequenciesare probably
dueto numericalerrors.As it wasexpectedwhenthe beamis closerto the pick-upthe
amplitudeof thesignalincreasesvhile it decreasewhenthebeamis furtheraway.
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Figure3.14: Spectrdor the differentvertical offsetssimulatedwith MAFIA.

In orderto know thevariationof theamplitudeof the signalwith respecto acentred
beam,all of themwerenormalisedo the spectrumof a centredbeam. As therelatve
variationof theamplitudeprovedto befrequeny independentheresultsareplottedfor
asinglefrequeny (30 GHz) asafunction of the offsetin the differentdirections.Fig-
ure3.15(a)shavsthevariationof theamplitudefor differentpositionof thebeamalong
they axis, in Figure 3.15(b)is shawvn the variationfor the beamin differentposition
alongthe x axisandFigures3.15(c)and3.15(d)show the variationasthe beammoves
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in diagonal this two plotsaresymmetricasonewould expectfrom the geometryof the
set-up;the horizontalaxe labelsgive the positionof the beamon the x axisandthey
positionis given eitherby y = x or y = —x, so thatthe distanceto the centreis v/2x.
Table3.4 givesthe positionof the beamfor all the simulations.
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Figure3.15: Signalamplitudefor differentbunchpositionsnormalisedo theamplitude
whenthebeamis on axis.
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3.5 WaveguidesUsedin the Monitor

Two typesof rectangulamwaveguidesare usedto pick-up the e.m. field of the bunch,
the WR28 covering the K5 band(26.5-40GHz) and the WR12 covering the E band
(60-90GHz). Thesefrequeng rangesarethosewhereonly the TE; o modepropagates.
In fact, the TE;q startsto propagateat the cut-off frequeny (21.1 GHZ for a WR28
and48.4 GHz for a WR12), but for frequenciestloseto the cut-off the attenuations
very strong. Thereforethe rangesgiven arethosein which the attenuations already
weakenoughto allow a goodtransmissionthesearethe “useful” rangesof the wave-
guide. The physicaldimensionsandotherparametersf thesewaveguidesaregivenin
Table3.5,

Inside Outside Cutoff Frequeng range | Theoretical
Width | Height | Width | Height | frequeny TEjp mode attenuation
[mm] | [mm] | [mm] | [mm] [GHZz] [GHZz] [dB/m]
WR28 | 7.11 3.56 9.14 5.59 21.1 26.5-40 1.45-0.99
WR12 | 3.099 | 1.549 | 5.130| 3.581 48.4 60-90 2.57-1.72

Table3.5: Characteristicef thewaveguidesusedin the bunchlengthmonitor.

Some(frequeng dependentgharacteristicef thetransmissionn thesevaveguides,
suchasimpedanceattenuatiorandphaseandgroupvelocity, areplottedin Figure3.16.
Theplot of the attenuatiorclearly shows, for both casesthatits amplitudeincreaseso
lower frequenciegasmuchas50%from the highestto the lowestfrequeng plotted).
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Figure3.16: Waveguidecharacteristics.
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3.6 Designof the DetectionSystem

Thedetectiorsystemhasto givethefrequeng spectrunof thesignal ,thevariationof its
amplitudewith frequeng will givethelengthof theelectronbunch.In otherwords,we
wantto build afrequeng spectrometerSeveral systemweredesignedor this purpose

e A mixerandaYIG filter
e Two mixers
e A powerdetectoranda setof differenthigh-pasdilters

in the next sectionghesethreesystemsaredescribed.
Beforegoinginto detailsaboutthesesystema shortdescriptionron how mixersand
YIG filterswork is given.

3.6.1 YIG Filters and Mixer, Brief Description

A YIG filter is atunablemicrowave filter. YIG standgfor Yttrium-Iron-Garnetthatis
the single-crystalmaterial of the ferrimagneticresonatorthat is usedto magnetically
tunethefilter.

Thefilter usedin thedetectiorsystems a multi-octave bandfilter from OMNIYIG,
Inc. (California, USA), which characteristicarelisted in Table 3.6. The maximum
bandwidthof thisfilter is 65 MHz.

Omniyig Frequeng | Insertion| Bandwidth | Off resonance
modelNo. range loss at3dB isolation

M1022 | 2.0-12.4GHz| 5dB | 25-65MHz 50dB

Table3.6: Characteristicef the YIG filter.

In ourapplicationthemixercanberegardedasamultiplier of two inputsignals this
is shavn schematicallyin Figure3.17. The signalappliedto the RF port hasa carrier
frequeny ws andamodulationwaveformA(t). Theothersignal,theLO (Local Oscilla-
tor), is asinusoidatfrequeny wp. As canbeseenpy applyingsimpletrigonometrythe
outputis foundto consistof modulatedcomponentst the sumanddifferencefrequen-
cies. Thesumfrequeng is thenrejectedby alow-pasdfilter. In this operatingmodeit
is alsocalleddown corverter The useof nonlinearmultipliersresultsin the generation
of harmonicsand differentmixing productsso thatfiltering is necessaryo obtainthe
desiredoutput.
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A(t) cos(w, t) —» ————— FILTER —— A(t) cod(w, - ) t]

AQ) cos(ca, 1 I A(t) cos(wyd) cos(w,t) = 0.5 A(t) [cos] (we-w,)t] + cod (ws+w,)T]]

Figure3.17: Schematigepresentationf a mixerasanidealmultiplier.

Differenttypesof mixer areusedfor the experiments,

o A QMB-2808-AG balancednixerwith integral oscillatorfrom QUINSTAR (Cal-
ifornia, USA) to cover the K4 band(26.5-40GHz). Thelocal oscillatoris setto
26.5GHz.

e Threebalancednixerswith integrallocal oscillatorsfrom ELVA-1 (Riga,Latvia)
to cover differentpartsof the E band. Thelocal oscillatorweresetto 56.5GHz,
74.5 GHz and 75 GHz. The currentset-upusesthe 56.5 GHz and 74.5 GHz
oscillators.

e Threedoublebalancednixer, modelDB0218IW2 from MITEQ (NY, USA) cov-
eringtherange2—-18GHz andwith andIF bandwidthof 750MHz.

3.6.2 Mixer + Mixer

Thetwo mixer areusedto down-corvertthe frequeng spectrumsothatthe signalcan
bereadoutdirectly with adigitizing oscilloscopeA detaileddescriptions givenof the
applicationof this methodto the K5 band(26.5-40GHz), the extensionto the E band
(60—90GHz) is straightforward. Figure3.18shavs anschematiaepresentatioof the
detectionprocess.

Digitizing
_— oscilloscope
High-pass Loca | Sweep
filter oscillator|| oscillator | | g-pass ~ Video
RF signal (26.5GH2) 26.5 GHz|| 2-14 GHz filter amplifier

frombunch O™ (50MHz) (18db)
— 1+ RN —
mixer/T mixer|

IFsignal: 0-13.5 GHz

Figure3.18: Schematigepresentationf the two-mixer detectionsystem.
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The signalcomingfrom the bunchandtravelling troughthe WR28 waveguide ex-
tendsfrom 21.1GHzto 40 GHz for thedominantmodeTE;, althoughthe specification
for the waveguiderangeis 26.5-40GHz it is advisableto usea high-pasdilter to cut
off thesignalbelon 26.5GHz. SeeFigure3.19for agraphicalrepresentationf thefol-
lowing description.Thefirst mixerwith a LO at26.5GHz will downcorvertthewhole
frequeng spectrunsothatthe outputsignalwill bein therange0—13.5GHz. Thesec-
ondmixerhasasweeping-O, it will downcorvertthesignalaccordingo thefrequeng
givenby theLO. To clarify the procedurdetsassumehatthe LO is at 8 GHz, thenthe
frequeng spectrum(0-13.5GHz) will beshiftedto therange0-5.5GHz, althoughthe
outputsignalif limited to 750 MHz becaus®f the bandwidthof the mixer. The oscil-
loscopewill readonly the signalwithin its bandwidthwhatwill give usthe amplitude
of the signalat 8 GHz (& oscilloscopéandwidth). The oscilloscopeseadsthe signal
ateachfrequeng stepof the LO oscillator Two optionalelementsanbeusedin order
to improve the measuredignal,anadditionallow passfilter to reducethe bandwidthof
thesignalreadby the oscilloscopeandanamplifierto increasehesignal.

First downconversion Second downconversion
(sweeping LO)
. Vi ,,-s‘\
“(variabl e),," 4

Amplitude

Nt
2L

(<> .
Oscilloscope
A bandwidth

Figure3.19: Spectrundowncorversion.

The sameprocesghatis doneby this combinationof two mixer could have been
achieved with only one mixer anda sweepingoscillatorin the frequeng range26.5—
40 GHz. However, the costof sucha source,at thesevery high frequenciesjs much
largerthanthe costof the secondmixer with a 2—15GHz local oscillatorandexceeds
the budgetof the experiment.Furthermoresucha systenmwould not necessarilygive a
betteraccurag, althoughit couldbe morecompactandeasyto install.

3.6.3 Power Detector + High-PassFilters

The power detectorusedis a planardopedbarrier detectorHP R422C(from Hewlett
Packard),for the K; bandanda ELVA detectorfor the E band. The power detectoris
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coupledto the waveguide outputandthe signalis directly readby the oscilloscopeas
shavn in Figure3.20.

RF signa High-pass

bunch oM detector o
- 3 Digitizing
oscilloscope

Figure3.20: Powver detectorset-up.

The power spectrumcanbe obtainedby usinga setof filters with differentcut-off
frequenciesFor eachfilter thedetectowill givetheintensityintegratedoveradifferent
frequeng range.Fromthis datatogethemwith thetransmissiorfunctionof eachfilter it
is possibleto reconstructhe power spectrum.

3.6.4 Mixer+YIG Filter+Power detector

Thisset-upis similarto the previousoneswherewe usedhigh-pasdilter. Thefrequeng
spectrumis first shiftedby the mixer sothatit is within thefrequeng rangeof the YIG
filter (2.0-12.4GHz). The YIG filter is a tunableband-pasdilter, whentunedat a
certainfrequeng the power detectorwill integratethe intensity of the signalover the
bandwidthof thefilter (~50 MHz). By moving thefilter acrosshewhole spectrunwe
will obtainthepowerateachfrequeng (integratedoverthefilter bandwidth)andfinally
we canreconstructhe power spectrum.

During the testsmadewith this systemit wasnot possibleto obtainarny signalon
the scope. The signalamplitudeafter the passagehroughthe filter is too low to be
measuredby the power detector However, it is not possibleto increaseheinput signal
intensitybecausdés maximumintensityis limited by themixerinstalledbeforethe YIG
filter. This problemcould be solvedwith the useof a moresensitve power detectoror
an amplifier at the exit of the mixer, however the equipmentat so high frequenciess
very expensve andnoneof this deviceswasacquired.

3.7 Micr owave Filters Design

Perforatednetalplates(grids) canbe usedfor the constructiorof transmissiorfiltersin
thefarinfraredandin the microwave regions. The complementargtructure a periodic
arrayof metallicdisks,alsopossessefiltering properties.Althoughthesetype of filter
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arein usesincemary yearssomefilter with new characteristicsvere designedand
fabricatedo fulfill therequirement®f our detectionsystem.

Thegeometryof theaperturegcircular, rectangularcross-like) determineshemain
characteristiof the filter, a plate perforatedwith slots hasbandpasgropertieswhile
if perforatedwith circularholesactsasa high-pasdilter [47—-49], moreover thereflec-
tion characteristicof a high-passransmissiorfilter is that of a low-passfilter. The
two dimensionakrrangementf the holes(symmetry distancebetweenholes)andthe
thicknessof the plate determinethe filtering propertiesof the grid. For example,in-
creasingthe thicknessenhanceshe filtering properties(the slopeof the transmission
curve atthe cut-off frequeng getssteeper)ut it alsoreduceghetransmissiorandcan
leadto Fabry-Perot-lile resonanceandercertainconditions[50].

Fabry-Perotresonancesan appearwhenthe radiationis reflectedback and forth
betweenthe boundariesof the holes. The conditionto obtaina resonances that the
thicknessof the plate, d, hasto be an integer multiple of half the wavelength,A, for
normalincidence.In generalfor aradiationwith anangleof incidenced, the condition
IS written as

A ndcosb

2 m

(3.50)

wheren is therefractve index of the mediumandm s aninteger.

A grid with circularholeswill behae asahigh-pasdilter. The cut-off frequeng of
thetransmissiorspectrumyc, is obtainedregardingtheholesascylindrical waveguides.
As in acylindrical waveguidethe electromagneti@ieldsis characteriseth TE andTM
modesthe cut-off wavelengthof eachmodeis givenby

2
Acmn= —T[a for TM modes (3.51)
mn
21
Acmn= ——a for TE modes (3.52)
Xmn

wherea is the radiusof the cylindrical waveguide, Xmn is the nth non-vanishingroot
of the mth-orderBesselfunction, Jn(x), andXm, is the nth non-vanishingroot of its
dervative.

Table3.7 shows the valuesof Xmn andx/,,, for thefirst modes.Thelowestcut-of is
for the TE;1 modeandis givenby

1 0586

A 2a

(3.53)

whichwill bethefrequeny cut-off for thetransmissiorspectrum.
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rootsof J(x) rootsof J'(X)
m m
0 1 2 3 0 1 2 3
1|2.405]| 3.832| 5.136| 6.380 3.832| 1.841| 3.054| 4.201
: 21 5.520| 7.016| 8.417| 9.761 7.016| 5.331| 6.706| 8.015

Table3.7: Rootsof the mth-orderBesselfunctionandits dervative.

3.7.1 Theoretical Model

The theoreticalformalism shovn hereis basedon the methodof momentsfor induc-
tive grids and was developedinitially by Chenin [51,52], applicationof thesegrids
to solarselectve surfacesandcorrespondingnicrovave measurementisave alsobeen
consideredn [53].

Considera planarelectromagnetievave incidenton a perfectly conductingscreen
perforatedwith apertureasshowvn in Figure3.21. The grid is assumedo be infinite
in extent, dy is the periodof the arrayin the x directionwhile dy is the projectionof
the otherperiodof the arrayontothey direction. The anglea is formedbetweernthe
directionsof periodicity. Theincidentwavevectork is atan angle0 to thenormalof the
grid andegis theanglebetweerthex axisandthe projectionof_li ontothex-y plane(the
screersurface).

reflected
wave y

transmitted

D2 \ wave ~ - 7

Figure3.21: Geometryof atwo-dimensionabrrayof circularholes.

Let usdivide thespacanto threeregions,Dg, D1 andD2. Dg andD» aretheregions
above and below the grid and D1 is the region within the aperture. Expandingthe
unknown electricand magneticfield distribution nearthe screenin a setof Floquets
modefunctionsandrelatingthe unknown fields in eachregion by meansof continuity
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conditionsatthesurfacesanintegralequationis obtainedor theunknown fieldsin each
aperture Theintegral equationis reducedpy the methodof momentsto a setof linear
algebraicequationsvhich canthenbe numericallysolvedwith the useof a computer

The transversecomponent®f the electricfield above andbelowv the meshcanbe
written asdiscretesumsover planewaves

Et (Xa ya Z) = EtI + z Er pqcDr pq(xa ya Z) (354)
pq
in Dg and
Et (Xa ya Z) = Z Er pq&Dr pq(xa ya Z) (355)
rpq

in D2, where®,pq(x,y,2) and &erq(x, Y, 2) representupward and downward travelling
planewaves. Thetrans\ersecomponent®f the magneticfields,H; canbe expressedn
asimilarmanner Thesubscriptr=1,2is usedto indicateTE or TM waves,respectiely.
Theorthonormamodefunctionscanbe expresseds

1 \Y} u
oTE - (ﬂx— ﬂy) W (3.56)
P4 /oy \tog ™ tpg >
o =4 (@H @9) Wha (3.57)
v Oxbdy \tpg  Tpq

whereWyq is thescalaimodepotentialthat, with the exp(jwt) time dependencemitted,
canbewritten as[54]:

Wpq = exp(— j (UpgX+ VpgY + Ypa2)) (3.58)
where
Ups = ksinBcosp+ 2P
X
o 2119 21p
Vps = ksinB@sing+ d_y ~ dctano (3.59)
vk2—t2 for k? > t2,
Ypg =
—jvkZ—t2 fork? < t?
with
2 _ .2
thq = UpsT Vps
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for p,g=0,£1,42,...,+

The orders(p,q)=(0,0) correspondo specularlyreflectedand transmittedorders,
other orderscorrespondo diffractedwaves. The modal propagationconstantypq is
positiveandrealfor thepropagatingnodesandis negative andimaginaryfor evanescent
modes.

For the caseof anisosceledriangulararray wherethe elementspacingsand the
angleof incidencesatisfy

2 2
(dl) + (%) > (1+5sinB)? (3.60)
X y
and
2(%) , (%) > 1+sinB (3.61)

the distantscatteredield consistof the p = g = 0 modes,otherwiseothermodesmay
alsoexist. In the later case,ananomalywill appearin the transmissiorandreflection
spectraatthe frequeng pointswhereordersceasdo propagateThesediscontinuities
areknown as"Woodanomalies".

Thefieldswithin the circularaperturesarewritten assumsover circularwaveguide
modes¥snmi(p, 6)

Ei(xY,2) = z [asnmiSiNk2Vsnmiz+ BsnmiCOSKaVsnmiz] Wsnm) (X, Y) (3.62)

snml

wheren andm areintegers. The subscripts distinguishesTE and TM modeswhile |
distinguishesnodeshaving zeroazimuthalcomponenihorizontalmodes)from those
having zeroradialcomponen{verticalmodes).Also

_ 1 X'im
Vinm=14/1 —(koa)2 (3.63)
Vonm=4/1— X%m)Z (3.64)
2nm— (koa .

whereJ' (X = 0 andJ(Xnm) = 0 andJ, andJ], arethe nth orderBesselfunctionand
its derivative, respectrely.

The amplitudeof the planewave expressionss found by applying continuity con-
ditions at the surfacesof the grid and by numericallysolving the resultingequations
with the help of acomputer Differentauthorshave shovn thegoodconcordancef this
theoreticamodelwith experimentaimeasurementgl9,50].
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3.7.2 High-PassFilter Design

A seriesof high-pasdilters weremanufcturedoy drilling circularholesin brassplates.
The diameterof the holeswere determinedoy the requiredcut-off frequeng for each
filter accordingo (3.53). Althoughthebehaiour of thistypeof filter is shovn in several
papersdifferent samplesof filters were designed constructedand measuredn order
to obtainthe mostsuitableparameterdor our requirements.A Microwave Network
AnalyzerHP8722Acapableof characterisinghefrequeng respons®f RFcomponents
from 50 MHz up to 40 GHz, with a frequeng resolutionof 100 kHz, was usedto
measurehe transmissiorandreflectioncoeficient of thefilters. Figure3.22shawvs an
schematidayoutof the set-upfor the measurementsf thefilter characteristics.

HP8722A 50 MHz - 40 GHz
\ /M\« 00000
|5 ouT IN SMA cable

Horn Filter  Hormn

{m:mﬂHHﬁ

\
\
\
WR28 |
\
\
\
\

\
|
\
|
: 3 cm 3cm waveguide
|
M easurement of | M easurement of
reflection factor y, N transmission factor )

~ - -

Figure3.22: Layoutof the measuremerget-up.

The first sampleswere designedo obtaina cut-off frequeny at 26.6 GHz. The
geometriparameteréseeFigure3.21)werea = 60°, dy = 6.9mmanddy = 6.0mmuwith
aholeradiusof 3.3mmandtwo differentthicknessesl 3.2mm (twice thediameterjand
26.4mm (four timesthe diameter) Figure3.23shavs anschematidayout.

Thecharacteristicsf thesdilter weremeasureéccordingo theplotin Figure3.22.
Thesecharacteristicsveremeasuredgeveraltimesin differentconditionsbut only typ-
ical samplesareshown in this report. The resultsobtainedfor the transmissiorcoef-
ficient areshavn in Figure 3.24(a)and 3.24(b)for the two differentthicknesses.The
transmissiorcurve increasearound26.6 GHz (the cut-off frequeng, indicatedin the
plot by thepointernumber), it is clearlyseerthatthe cut-off propertiesmprovewith a
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Figure3.23: Designof afilter with a cut-off frequeng of 26.5GHz.

thicker platebut at the sametime someresonanceappeamndthe curve seemgso ripple
more.
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Figure3.24: Transmissiorspectrum.

The reflection propertieswere also measurecand a sampleof the resultscan be
seenin Figure 3.25(a)and 3.25(b). The reflectionspectrumis that of low-passfilters
with a cutoff frequengy around26.6 GHz. The band-passharacteristi¢hat shav the
Figure 3.25(a)and 3.25(b)is dueto the fact that only waveswith a frequeng above
21.05GHz aretransmittedn the waveguideof the network analyzer
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Figure3.25: Reflectionspectrum.

In orderto try to avoid theresonancei thetransmissiorcurve, two new filterswere
designedandtested.Thesenew filters do not have simpleholesperforatedbut in order
to smooththe transitiona conicaledgewasaddedto eachside of the cylindrical hole.
The designsof bothfilters areshavn in Figure3.26 andFigure3.27,they differ in the
total thicknesgalthoughthe thicknessof the cylindrical holeis the samein bothcases)
andin theangleof the conicaledge 30° and20° respectiely.
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Figure3.26: Filter with cut-off frequenyg at 26.5GHz andconicaledgesat anangleof
30°.
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Figure3.27: Filter with cut-off frequeny at26.5GHz andconicaledgesatanangleof
20°.

Thetransmissiorandreflectioncharacteristicef thesefilters weremeasuredn the
sameway than the previous onesandthe resultsare shovn in Figure 3.28 and 3.29
respectrely. It canbe seenthatthe numberandamplitudeof theresonancedecreases
with the conicaledgesbut the transmissiorns lower asa consequencef the reduction
in the numberof holesperunit of surface.
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Figure3.28: Transmissiorspectrum.
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Figure3.29: Reflectionspectrum.

As a compromisebetweengood transmissiorand few resonance# was decided
to make the high-pasdilter accordingto Figure 3.27,the conicaledgewould have an
angleof 20°, the thicknessof the cylindrical hole would be twice its diameterwhile
thethicknessf the conicaledgewould be half its diameter(beingthetotal thickness3

timesits diameter).

A seriesof high-pasdfilters were preparedior differentcut-off frequencieswith
conicaledgesat an angleof 20°. The diameterof the differentfilters were obtained
accordingto Equation(3.53) for the differentfrequencies.In next table canbe found
themainparametersf thefilters, cut-off frequeng (v¢), hole diameter(d), periodin x
andy direction(dy anddy), andthicknesgt).

V¢ [GHZ] | d [mm] | dx [mm] | dy [mm] | t [mm]
26.6 6.6 9.0 7.8 19.8
30.0 5.86 8.00 6.93 17.58
35.0 5.02 6.84 5.92 15.06
40.0 4.39 5.99 5.19 13.17
56.5 3.11 4.23 3.66 9.32
70.0 2.51 3.41 2.95 7.52
74.5 2.36 3.22 2.79 7.08
75.0 2.34 3.20 2.77 7.02
80.0 2.20 3.00 2.60 6.60
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Chapter 4

Experimental Set-upof the Bunch
Length Monitor in the CTF

This chapterdescribeghe CTF drive beam(seeChapterl) with specialregardto the
instrumentatiorand the bunch compressqrthat canreducethe bunchlengthdown to
0.5ps(rms). The set-upof the BunchLengthMonitor (BLM) in this linac asinstalled
in 1997is describedn detailaswell asthemeasuremerdanddataacquisitionprocedure
which arein use. The detectioncan be madewith a diode detectoror with the two-
mixerstechnique.Iln both caseghe dataacquisitionis drivenby a PC usingprograms
speciallymadefor this purpose Sometypical experimentakignalsareshowvn.

4.1 CTF DriveBeamInstrumentation

The CTF drive beamaccelerators a S bandlinac, thatis working at a RF frequeng of
3 GHz[8]. It canwork in singlebunchmodeor with atrain of buncheq2 to 48). The
nominalradiusof thebeampipeis 20 mm althoughsomeelementslik etheaccelerating
structureshaveasmalleraperture Figure4.1shovsaschematidayoutof theCTFdrive
beamline shaving the positionof the beamdiagnosticelements.The BLM is labelled
asmicrowave spectrometeandit is installeddownstreanof the bunchcompressor

Theelectronbunchesareproducednsidea RF gunby illuminating a photocathode
with alaserpulse,this systemallows the generatiorof very short(8-10 psfwhm) high
chagebunchesTheRFgun[14] has2+1/2S-bandcellswith aniris diameteof 40 mm
anda CsTe photocathod¢10] placedon the backplane.The cathodds illuminatedby
alaserpulseof 262 nm wavelength[12] andthe electronsemittedarethenaccelerated
by thefield insidethegun (100MV/m) to anenegy of 7 MeV.

63
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Figure4.1: The CTFinstrumentation.
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The solenoidsthatfollow the RF gun, focusthe beambeforegoing into the High
ChageAcceleratingStructuregHCS)which will acceleratéhebunchesupto 50 MeV.
The HCSsare speciallydesignedo compensatdor the strongbeamloading caused
by the high chage beamwhen operatingwith a train of bunches[15]. A sequence
of quadrupolesallow to keepthe beamfocusedbefore compressiorand the steering
magnetorrectthe beamtrajectoryin bothtrans\ersedirections.Severalmonitorsare
installedto measureéhe beamcharacteristicéchage, trans\erseposition,phase).

The bunchcompressocanreducethe lengthof the bunchdown to 0.5 psrmsand
will bedescribedn detailin the next section.Oneof the dipole magnetf the bunch
compressocanalsobe usedasa spectrometeto measurehe enegy spectrumof the
beam.After thebunchcompressoseveralquadrupolesndsteeringnagnetareusedio
matchthe beamto the apertureof the 30 GHz sectionwhich hasa 7.5 mmradiusbeam
pipe. In the 30 GHz power extraction structuresthe beamis deceleratedo produce
power at 30 GHz in orderto acceleratehe main beam. The transitionor Cérence
radiatorsareusedto measurahe bunchlengthandthe emittanceof the beam.Finally
the beamis dumpedin a FaradayCup that measureshe chage. A spectromete(not
dravn in Figure4.1) is alsoinstalledat the end of the beamline to measurehe final
beamenepgy spectrumafterthe passag¢hroughthe 30 GHz power extractionsections.

Thebeamdiagnosticelementsnstalledare[55]:

e BeamPositionMonitors(BPM).
They indicatethe positionof the beamin the trans\erseplaneby using4 buttons
(antennasplacedaroundthe beampipe. The differencein amplitudeof the four
signalsgivesthebeamposition.

e PhaséVionitors(PM).
They givethe phaseof thebeamwith respecto the3 GHz RE Mechanicallythey
areidenticalto the 4 button BPMsbut have adifferentreadoutelectronics.

e Wall CurrentMonitors (WCM).
Measureghe chage of the bunch. They arecomposedf 6 feedthrougharound
the beampipe (so asto be beampositionindependentjhat measurehe image
currentof the beamtravelling on the beampipewall.

e TransitionandCeérenlov Monitors (TCM).
A pneumaticsystemintroducesn the beamline analuminium(0.5 mm thick) or
asapphireoil (0.3mm thick) to producetransitionor Cérenlov radiationrespec-
tively. Theradiationis thenanalysedwith the helpof a CCD cameraor a streak
camerao measurghe bunchtrans\ersedimensionsor the bunchlength.



66 Chapter4: ExperimentaSet-upof the Bundh LengthMonitor in the CTF

e Spectrometer
A dipolemagnetleviatesthebeamsothatit hitsascintillatingscreenTheenegy
spectrunof thebunchis measuredby varyingthe magnetidield of themagnetas
thedeviation angleis proportionalto the bunchmomentum.

e BeamLossMonitors.
Measurdghe radiationemittedby the bunch. They arevery usefulto optimisethe
transmissiorasthey indicatewherethe beamhits the chambeior is deviated. As
they aremoveable they arenotshavnin Figure4.1.

e Microwave Spectrometeor BLM.
ThesearetherectangulaRF pick-upsinstalledto collecttheelectromagnetitield
of thebunch.

e FaradayCup.
Measureshebeamchage atthe endof thelinac.

4.2 Bunch Compressor

Thebunchesn theCTFarecompresseth amagneticchicanecomposeaf threedipole
magnetstheonein thecentrehaving invertedpolarity with respecto theothertwo [16].

In adipolemagnetheelectronsaredeflectedaccordingo their enegy, theparticles
with lessenepy follow atrajectorywith asmallerradiusthantheoneswith moreenegy.
In a magneticchicanethis is translatedn a longer pathlengthfor particleswith less
enegy. In orderto obtaincompressiomwith this methodthe enegy in the bunchhas
to increasefrom headto tail. This effect canbe achiezed by a properphasingof the
acceleratingstructuresThen,the headof thebunch,with alower enegy, arrivesfirst at
theentranceof the chicanebut follows alongerpathwhile the particlesin thetail, with
moreeneqy, arrive later but follow a shorterpath. The global effectis a shorteningof
the bunchasshavn schematicallyn Figure4.2.
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Figure4.2: Compressiomn amagneticchicane.
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In orderto have the beamcentred(in thetrans\erseplane)atthe exit of thechicane
the condition [ Bdl = 0 hasto befulfilled, B is the magnetidnductionandtheintegral
is doneoverthe particletrajectory. In our casethe currentsfeedingthe dipole magnets
have to follow therelation

IC:1'2>< Ie (41)

wherel; is the currentin the centralmagnetandle is the currentof the othertwo (that
areequal)[55]. Theratio betweerthe currentandthe magnetidield in themagnetsare

2.49x 103 T/A for thecentralmagnetand
2.47x 103 T/A for theendmagnets.

The compressiomatio dependson two factors,the enegy spreadalongthe bunchand
the currentin the dipoles(that givesthe intensity of the magneticfield). The enegy
spreadalongthe bunchis controlledby the choiceof the phasan the acceleratingec-
tions. The phaseof theseelementscannot be arbitrarily chosenbut hasto be a com-
promisebetweenobtainingthe desiredenegy gain and having enoughenepgy spread
to allow compressionOncethe phasds fixedthe compressiorfiactorcanbe variedby
changingheintensityof thecurrentin themagnetsalwaysconstrainedy Equatiord. 1.

4.3 BLM Installation

Thefirst RF pick-up(for aWR28waveguide)wasinstalledatadistanceof 10.90m from
the photocathodéreferenceof all thelongitudinaldistancesn the CTF) andtherewere
16.2m of waveguidebeforereachingthe detector In this positionthe pick-upwasvery
closeto a BPM (sothatit waspossibleto checkthatthe beamis centred)and1.40m
beforea TCM. Thefirst measurementshovedthatthe TCM introduceda disturbance
in thedetectedignalevenwhennoneof thefoils werein thebeamline (seeChapters).
The TCM producesa discontinuityin the beampipe impedancethe electromagnetic
fields of the bunchesare distortedand partially reflectedandthe pick-up alsocollects
this signal,whichis thensuperimposeglthoughdelayedn time) to theoriginal signal
comingfrom the bunch. Thereforeit wasdecidedto move the pick-up away from the
TCM.

Thefinal installationof the two pick-ups(the seconcdonefor the WR12waveguide)
is asshown in Figure4.3. Thelengthof the two waveguidesinstalledto reachthe de-
tectoris different,the WR12waveguideis 12 m longwhile theWR28is 16 m (thelatter
onehasaspecialdelayline installed).A minimalwaveguidelengthof 12mis necessary
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Figure4.3: Pick-upsituation.

to reachthe detectorsituatedin a room above the CTF hall. However, the waveguide
introducesa dispersionin the signal (eachfrequeng travels with a differentvelocity)
thathelpsto separat¢hedifferentfrequenciessthey will arrive atdifferenttimesto the
detector Thereforepnewouldlik eto have awaveguideaslongaspossible.Yetanother
factorto take into accounts the attenuationin the waveguide,thatis muchstrongerin
the WR12 (~0.2 dB/m) thanin the WR28 waveguide (~0.1 dB/m) while muchmore
poweris collectedby the WR28waveguide.Consequentlyheactuallengthsarea com-
promiseamongall this factor Figure4.4 shows a generalayoutof the CTF hall with
the detectionsystemabove, after 1.6 m of concreteceiling (for radiationprotection).

AT

CTF hdll

9.7m yPick-up  cTF 35m

1.2m

Figure4.4: BLM set-up.

In Figure4.5is shavn the actualinstallationof the RF pick-upsin the CTF drive
beam.A Kapton™ foil wasusedto isolatethe vacuumin the beampipe, asindicated
in the picture. For the WR12 waveguidethis isolationprovento be enoughbut for the
WR28 (with 4 times more surface)therewasa small but continuoudeak that spoiled
thevacuum.In orderto avoid this a two-stepvacuuminstallationwassetup, thereare
two Kapton™ foils andin betweera speciavacuumchambemwhich containsapieceof
WR28waveguideperforatedvith smallholesto allow avacuumpumpto extracttheair.
This solutionwasvery satishctoryconcerninghe vacuumgquality but seemdo slightly
perturbthe bunchspectrunsignaltravelling troughthe waveguide.
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Figure4.5: Pictureof the RF pick-upsin the CTF drive beam.
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4.4 Measurementand Data Acquisition Procedures

Two detectionsystemsare currentlyin use,the diode detectorwith a setof high-pass
filters andthe two-mixerstechniqugseeChapter3). In both caseghe dataacquisition
is madewith a PC, locatedin the CTF control room, usinga GPIB (GeneralPurpose
InterfaceBus) and speciallybuilt programmes.Several programswerewritten during

the thesiswork to help with the dataacquisitionand settingof the instruments. The

programmesisedfor the dataacquisitionare written in C/C++ and make useof the

SICL (StandardnterfaceControl Library) of Hewlett Packardto controlandreadout

the oscilloscopeandsynthesizer

4.4.1 Power detection

Whendetectingthe signalwith a diodedetectorthe programmeordersthe oscilloscope
to acquirethesignalandsendt backto thecomputeithatwill storethedataasanASCII
file. Theacquiredsignalcanbe onesinglesampleor anaverageover severalsamples,
theusercanmodify on-screeiparameterto changehosesettings .Both signalscoming
from the WR12andWR28waveguides areacquiredat the sametime.

In Figure 4.6 are shown typical signalsmeasuredvith a diode detectoranda dig-
itizing scopein both frequeny bands(Ka: 26.5-40GHz and E: 60-90GHZz). The
two curvescorrespondo two differentcompressingatiosof the bunchcompressorA
highercompressions translatednto a larger amplitudeof the signal. The higherthe
frequeny measuredhe larger the increasan the amplitude thereforethis increasen
amplitudeis speciallynoticeablan the E band(ascanbe seenn the Figure4.6 (b)) .
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Figure4.6: Signalobtainedwith the diodedetectorin bothfrequeny bands.
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4.4.2 Two-mixersdetection

The detectionwith two-mixersis a bit morecomple, in Figure4.7 is shovn the pro-

cessof the signaldetection. The secondmixer coversthe range2-18 GHz, so it has
a maximumbandwidthof 16 GHz. In orderto detectthe whole E band(60-90GHz),

with a bandwidthof 30 GHz, it is necessaryo split the signalin two. A high-pass
filter (in transmissionyvith a frequeng cut-off of 74.5GHz let passthroughtherange
74.5-90GHz thatis collectedby a horn, while reflects(asa low-passfilter) the band
60-74.5GHz thatis thencollectedby anotherhorn. Both signalsthenfollow the same
processThePCcontrolstheoscilloscopeacquisitionandthe sweepingscillator(aHP

synthesizer).

26.5-40 GHz 60-90 GHz

RF signal RF signal
Zﬂ(— horn %&f

1< highpassfilter —>——
(transmission)

v locd oscillator

56.5 GHz

1< mixer 26.5GHz 74.5 GHz

sweep oscillator
2-14 GHz

< low passfilter (50 MHz)
<—video amplifier (18 db)

2nd mixer

digitizing
oscilloscope
A —— GPIBlines | computer

Figure4.7: Computercontrol of thetwo-mixersdetectionsystem.

Themeasuremerdndacquisitionprocessanbedividedin severalsteps,
1. ThePCordersthe synthesizeto oscillateat a certainfrequeng.

2. Theoscilloscopas orderedto startthe acquisition(in envelopemode)averaging
over severalsamples.

3. Theoscilloscopesendghe datato the computer

4. Thecomputemprocessethedataandstorestheresult.
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5. Theprocessstartsagainuntil the desiredfrequeng rangeis covered.

Finally thecomputemill givethefrequeny spectrunof theincomingsignal.Figure4.8
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(a) Signalat 30 GHz (b) Signalat60 GHz

Figure 4.8: Signalreadout by the scopeafter the mixing procedureat two different
frequencies

shownsthesignalreadout by the scopeafterthe mixing procedurestep2 of theacquisi-
tion processattwo differentfrequenciesDueto thefactthattheLO is notsynchronous
with the bunch,the LO signalhasalwaysa differentphasewith respecto theincom-
ing RF signal(generatedby the bunch),a directaverageover several acquisitionsafter
mixing would give azeroamplitudesignal. Hence the scopes setto “envelopemode”,
in this way it recordsthe maximumamplitudeat eachtime-pointfor eachacquisition.
Theresultingsignalwill bethe envelopeof severalsuperimposedignals. The number
of signalsnecessaryo obtaina good averagewas determinedempirically by observ-
ing whenthe envelopeof the superimposedignalsbecamestable. Thatnumberwas
restrictedby the needof keepingthe measuremerntme asshortaspossible(notlonger
thana few minutes). Thenthe areaof this signalis computedand usedasthe level
of the signalat the correspondindgrequeng (step4 of the acquisitionprocess).This
procedures applieduntil thewholefrequeng rangeis coveredsothatthefinal resultis
thefrequeng spectrunof the signalasshavn in Figure4.9, for a singlebunch,andin
Figure4.10for atrain of bunches.

Theacquisitionprogramallowstheuserto easilychanganostof the parameterghat
control the dataacquisitionasthe numberof averagesthe frequeng rangeor ranges
andthefrequeng step. Anotherprogramswerewritten to be ableto changethe oscil-
loscopeandsynthesizesettingsfrom the controlroom (verticalandhorizontalranges,
acquisitionmode,etc.).
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Figure4.10: Raw frequeng spectrunfor atrain of bunches.

A calibrationof the systemis neededn orderto deducethe bunchlengthfrom the
dataobtainedby bothmethods.Thecalibrationproceduresaredescribedn detailin the
next chapter
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Thenext figuresshaw therealinstallationof the mixing methodin the CTF gallery.
Figure4.11showvs anoverview of the wholeinstallationin a rack, with the power sup-
plies,thesynthesizethatis usedassweepingoscillator, thedigitizing scopeandthe K 5
andE bandprocessing.
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Figure4.11: Overview of thedetectionsystem.
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Figure4.12shows the set-upto measurghe K, bandin thefrequeng range:28.5—
42.5GHz) andFigure4.12shaws a closerview of the K5 bandmixers.
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Figure4.13: Closerview of the K5 bandmixers.
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Figure4.14 shows a generalview whereit is possibleto seethe set-upof the two
processin@reador the E band. Thefilter thatactsasa high-pasdilter in transmission
andasalow-pasdilter in reflectionallows thedivision of the E bandin two parts.

Te'o e I. t_ﬁefreﬁ_l]enc'y-_:r_', pégsmtrmsml&uor:l
St _-7256HZ T ﬂg ass inreflection’”

Figure4.14:View of the E bandprocessing.

In Figure4.15is showvn in detailtheset-upto procesghefrequeny range76.5-90.5
GHz of the E band.A closerlook of the E bandmixerscanbeseenn Figure4.16.
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Figure4.15: View of the set-upto processhefrequeny range76.5-90.5GHz.
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Chapter 5
Data Analysis and Results

This chapterpresentghe experimentalresultsand their analysis. The two detection
techniquespower detectionwith a diodeandRF mixing, follow differentdataprocess-
ing techniquesPicturesandplots of the curvesobtainedduringthe experimentsusing
both detectingtechniquegthe diodeandthe mixing method),areshownn togetherwith
plots of the expectedsignalcomingfrom computerandanalyticalcalculations.These
figureswill alsoshonv how the signalchangesvhencompressinghe bunch,andhow
this effectis particularlyvisible, asexpectedfor the higherfrequencies.

The analysisof the experimentalsignalinclude the comparisorwith the expected
signal,the understandingf unexpectedeffects,anda discussiorof calibrationproce-
duresfor both systems Several plotswill shav the experimentalresultsof the calibra-
tion proceduresor bothdetectiontechniques.

5.1 Datafromthe Diode Detector

The diodedetectormeasureshe power of theincomingelectromagnetievave. Dueto
dispersionin the waveguidesthis signalis spreadout in time, high frequenciesarriv-
ing first. A seriesof high passfilters, with differentcut-off frequenciescanbe used
to measurehe signalin differentfrequeny rangesandthenreconstructhe frequeny
spectrunfrom thesedata.However, this methoddid notwork becausét wasnot possi-
ble to calibratethewhole systemthatis, to know its frequeng responseNevertheless,
the diodedetectorwassuccessfullyusedto monitor variationsin the bunchlengthand
set-upthe bunch compressor A relative calibration method,using the bunchlength
measurementgiven by the streakcamerawastried, but sincethe streakcamerahasa
resolutionof 2 psrmstheresultingcalibrationwasnot accurateenough.

79
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5.1.1 ExpectedSignal

In orderto have anestimateof thesignalarriving atthediode,onehasto make useof the
frequeng responsef theRF pick-ups,obtainedwith thehelpof MAFIA, andanalytical
expressionfor the bunch shapeand the dispersionand attenuationin the waveguide.
Theseeffectsarefrequeny dependenthereforet is necessaryo work in Fourierspace
andoncethefinal resultis obtainedransformit backto time spaceausinganinverseFast
Fourier Transform(IFFT). Theprocesss asfollows,

R(w, z 0) = r(w) x Dispersion(w,z) x Attenudion(w, z) x Bunc spedrum(w, o)

R(w,z0) IFET

= p@zo)="7r ©

p(t,z0)

— ExpectedPawer: P(t,z0) = |p(t,z 0)|?

wherer(w) is the frequeng responseof the pick-up, R(w, z 0) is the bunch spec-
trum after travelling a distancez in the waveguide, Z(w) is the waveguideimpedance
and p(w, z,0) is the function which inverseFourier transformsquaredgivesthe signal
power, P(t,z o). Theresultingpower amplitudedependsnot only on thetime, but also
on the distancetravelled in the waveguide z andthe bunchlength. In all this process
only the first mode (TEj) is taken into account,asis the only mode propagatingn
thefrequeng rangethatis measuredMoreover the power thatis coupledto the other
modess nggligible comparedo the power carriedby thefirst mode.

Figures5.1 and5.2 shav the expectedsignals,in the Kz and E bandrespectiely,
for agaussiarbunchaftertravelling through8 m of waveguide,for four differentbunch
lengths. The signalamplitudeincreasesvhenreducingthe bunchlength becausehe
shorterthe bunchesthe moreimportantis the excitation of the high frequeng part of
thespectrum.Theincreaseof the signalwhenreducingthe bunchlengthis particularly
clearin the E band(60-90GHz), wherefor the longestbunchthe level of the signal
is almostzero,while it increasewery fastfor very shortbunches.Theincreasdn the
maximumlevel whenshorteninghe bunchlengthis shovnin Table5.1.

Kaband| E band
from 3.5psto 2.5ps 42% | 356%
from 2.5psto 1.5ps 26% | 177%
from 1.5psto 0.5ps 12% 71%

Table5.1: Increaseof signallevel whenshorteninghebunchlength.



5.1 Data from the Diode Detector

6
5r Solid line: 0.5ps
Dash-dotted line: 1.5ps
g4 K Dashed line: 2.5ps
. \ ,
m :H \ Dotted line: 3.5ps
o
2
foX 18 |
£ 3
©
©
5
okl 1
1r ]
0 1 1 1 \‘ L
0 5 10 15 20 25 30 35 40 45

Time [ns]

Figure5.1: Expectedpower arriving to thediodedetectoiin the K4 band.
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Figure5.2: Expectedpower arriving to the diodedetectorin the E band.
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The dispersionin the waveguidesmodifiesthe speedof transmissiorof the signal
accordingto its frequeng. The high frequenciedravel fasterthanthelow frequencies,
hencethey arrivefirst to thedetector In Figure5.3areshovn the poweramplitudeafter
8 and16 m of waveguide,theattenuationn thewaveguidehasreducedheamplitudeof
this signalanda amplifying factorhasbeenuseto make both signalof the sameheight
in orderto seethe stretchingeffect dueto dispersion.

n
q

N
T

Signal amplitude [a.u.]
S

0.5r

Time [ns]

Figure5.3: Signalsafter8 and16 m of waveguide.

5.1.2 Experimental Results

The first measurementvith the diode detectorwas madethe 5th October1996, the
signalis shavn in Figure5.4. At this time the hornswerenot installed,the diodewas
directly connectedo the end of the waveguide. Is is noticeable,comparingthis plot
with the onefor the expectedsignal (Figure5.1) thatit seemdo be a superpositiorof
thesamesignalwith sometime delay

The main signal startsat 8—9 ns while this superimposegbart startsaround10 ns
later. After sometestspart of this signalwasprovento comeatfter the passagef the
beamthroughthe TCM (seeChapter4). At the time this measuremenivasdonethe
TCM wasaroundl1.5 m behindthe RF pick-up, so that the beamwould take 5 nsto
reachthis elementandthenthe reflectedRF signal5 ns moreto reachthe RF pick-up.
In orderto testtheinfluenceof thiselemenin thedetectedignal,severalmeasurements
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Figure5.4: First signalmeasureavith the diodedetector

were performedwith the aluminiumor sapphiresheetin the beamline andout of the
beamline. Whenthe sheetswverein, the reflectedsignallevel wasmuchlarger, while
with thesheetout, thelevel of this partdecreasetlut neverdisappearedhatis because
the TCM cavity alonedisturbsthe bunchfield producingsomebackwardsreflectedRF
field. In Figuress.5areplottedthecurvesobtainedwith the TCM in andoutof thebeam
line. Thefactthatpartof thesignalis generatedh the TCM is speciallynoticeablewith
theuseof a 35 GHz high-pasdilter asshovnin Figure5.6.

Signal amplitude [mV]
[os]

Signal amplitude [mV]
o2}

. . . . . . h n Ok . . . . . . h |
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(@ TCMin. (b) TCM out.

Figure5.5: Paver curveswith no high-pasdilter.
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Figure5.6: Paver curveswith a 35 GHz high-pasdilter.

Althoughthedetectiorsystems notcalibratedt is possibleo comparegualitatively
the expectedsignalandthe real signalby usinga calibrationfactor (the ratio of max-
imum amplitudes)that makes both signal have the samemaximumvalue. Figure5.7
shows the experimentalsignalagainsta theoreticalsignalwith an arbitrarycalibration
factor In orderto simulatethe signalreflectedform the TCM, thetheoreticalsignalis
superimposetb itself with atime delayof 10ns.
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Figure5.7: Comparisorof expectedto measuredignal.
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After theseexperimentghe RF pick-upweremove backwardssothatthe TCM was
1 m furtheraway andthereflectedsignalwould have anadditionaldelayof 6 ns. It was
not possibleto placethe RF pick-upin a betterpositiondueto a lack of spacein the
CTF beamline.

The currentset-upof the Bunch Length Monitor (seeChapter4) usesa horn to
spreadutthe signalcomingfrom thebunchandanothemornto collectthe signalafter
passingthrougha high-pasdilter, this new configurationaddedsomedistortionto the
signal. The hornswere addednot only to usethe high-pasdilters but alsoto provide
a galvanicisolationfor the diode sincethe first time the diode was used,without the
horns,it was broken after a few minutes. This incidentwasthoughtto be causedoy
somecurrentflowing throughthe waveguide from the beampipe. Anotherelement
addedto thetransportine wasa pumpingsectionfor the K5 band(seeChapterd), that
also contrilbutesto distort the signal. Typical signalsobtainedwith the currentset-up
areshawn in Figure5.8for the K, bandandin Figure5.9for the E band. Thedifferent
lines correspondo differentcompressiorsettings thatis differentbunchlengths,that
areindicatedby the currentin thecompressoendmagnets.
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Figure5.8: Signalmeasureavith adiodedetectorin theK 4 band.

The signalshapeis similar for differentbunchlengthsbut the amplitudelevel in-
creasesas the bunch getsshorter as expected. Becausehe diode detectormeasures
power, theresultis very sensitve to a variationin chage (power goeswith the square
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Figure5.9: Signalmeasureavith a diodedetectorin the E band.

of thechage), thereforeeitherthe chage of the bunchis keptvery stableor it hasto be
measuredor every shotto normalisetheresults.

Thesignalsshowvn in thesefiguresdiffer from the theoreticalexpectedsignals(Fig-
ure5.1and5.2). At leastthe first part of the signalslook similar to the expected but
later there are, apparently somereflectionsaddingto the signal. One of this reflec-
tion hasbeenidentified,in the K5 band,ascomingfrom the TCM, but therearesome
othersignalscoupledin thewaveguideor evengeneratedomeavherein thewaveguide.
At this high frequenciegmetallic surfacesact as mirrors so that is possiblethat some
resonanceareformedsomavherein thesystem.

In the E bandsomeresonanceareinterferingwith the main signalso thatit looks
distortedby rippling andthereis clearlyareflectioncoming5-6 nsaftertheinitial signal.
Thatreflectionis generatedh avacuumpumpthatis installed95 cmafterthe E bandRF
pick-up,thatwould make a delayof 6 nsfor the signalreflectedat this point. However
thatcouldnotbetestedbecausét wasnot possibleto remove the vacuumpump. These
samemeasurementseremadeusinga 40 GHz anda 80 GHz high-pasdilter in the K,
andE bandrespectrely, theresultsareshovn in Figures5.10and5.11. Thereflection
following the mainsignalin the E bandhascompletelydisappearedndin the K5 band
alsopart of the signalcomingabout20 ns behindthe main signalhasvanished thus
they werecomposeaf frequenciebelon 80 GHz and40 GHz respectrely.
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In conclusion,it wasdifficult to analysethe signalcomingfrom the bunchdueto
the couplingof signalreflectedinsidethe beampipe andthe appearancef resonances
(mainly dueto theuseof hornsandthe pumpingchamber).
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Figure5.10: Measuredowerin theK, bandwith a40 GHz high-pasdilter.
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Figure5.11: Measuredpower in the E bandwith a 80 GHz high-pasdilter.
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With this methodis very difficult to measurehe bunchlengthfor atrain of bunches
dueto interferenceeffectsamongthe signalsfor eachbunchin thetrain, thatarespaced
by 0.333nsin time. Figures5.12and5.13 shav the power detectedrom atrain of 8
bunchesn theK4 band.
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Figure5.12: Power detectedrom atrain of 8 buncheswithout high-pasdilter.
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Figure5.13: Powver detectedrom atrain of 8 buncheausinga 35 GHz high-pasdilter.
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It wasnot possibleto properly calibratethis set-updueto a lack of the necessary
equipmentjnsteada calibrationrelative to the streakcamerawvastried, asexplainedin
thenext section.

5.1.3 Relative Calibration

An independentalibrationprocedurebasedntheindividual calibrationof all thecom-
ponentof the systemfailedasa consequencef not having theproperequipmentThe
filters characteristicsfor example,could only be measuredwith a network analyzey
in the frequeny range50 MHz—40 GHz. Thatimpliesthatthe frequeng responsef
filters with a highercut-off frequeng have to be inferred from the responseof those
filters thatwerewithin the network analyzerfrequeng range.Someothercomponents,
asthediodedetectoycouldnotbeproperlycalibratedastherewasno microvave source
with enoughoutputpower available.

As analternatve a calibrationrelative to the streakcamerameasurementsasused.
For differentset-upsof the bunch compressothe bunch length was measuredising
the streakcameraandatthe sametime the signalfrom thediodedetectomwasrecorded.
AssumingaGaussiarunch,thepeakamplitudeof thesignal(supposedio beat40 GHz
for theKa bandand90 GHz for the E band)is correlatedwith the form factorgivenby
the bunchlengthmeasuredvith the streakcamera.A regressionline is found for the
valuesof thepeakamplitudeagainstheform factorsquare Howeverthe streakcamera
is known to have a resolutionof about2 psrmsandary calibrationusingthe results
obtainedwith thatdevice will not be very accurate.Figures5.14,5.15and5.16 showv
someexperimentakesultsof the calibrationproceduren bothfrequeny bands.

This calibrationseemdo work fine for the K5 bandin Figure5.14,althoughthere
aretwo points,at40and48 A, wherethe streakcamerameasurementisherewrong. At
40 A thelengthmeasureds largerthanon bothsideswhile at48 A it is muchsmaller
andin both caseghe errorsbarsaresignificantlysmallerthanin the neighbourpoints.
This couldhave beencausedy a trans\erseshift of thebeamin the TCM.

In Figure5.15bothbandsarecalibrated put becausehe E bandis muchlesssensi-
tive to long bunchesotall pointareusedin the calibrationbut only the measurements
which bunchlengthis lessthan4 psrms. The K5 bandfollows the samebehaiour than
in the previous plot andthe E bandshows a bettersensitvity to shorterbunchesanda
saturatiorfor long bunches.The obseredbehaiour, in the E band,is expectedaslong
bunchesdo not excite high frequencieshencetherewill be no signal excited in this
band.
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Figure5.16shows a calibrationthatwasdonewith very shortbunchesonly, in this
casethe resultsfrom the streakcameraare doubtful, they shav a minimum length at
46 A while thedetectionof power shavs in bothbandsa minimumIength(a maximum
signallevel) at42 A.
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Figure5.16: Calibrationresultfor the K5 andE band.

With this methodsingle shot measurementsf the signalare obtained. Thus, the
diode detectorprovedto be a very usefulto obtainfastqualitatve information of the
variation of the bunchlength. However, it is not well adaptedio quantitatve bunch
lengthmeasurementsecausef the difficultiesto obtainanabsolutecalibration.

5.2 Datafromthe Mixing Method

With the mixing techniqueit hasbeenpossibleto measurehe frequeng spectrumof
a train of bunchesaswell as of a single bunch. Moreover, a methodwas found to
obtainthefrequeng responsef thesystemthatis anabsolutecalibration.By applying
this methodthe mixing techniquewassuccessfullycalibratedandwasableto measure
bunchesasshortas0.7 ps. However, the calibrationis still alengthyprocedureandhas
to berepeatedvhenerer ary modificationin the set-upchangeshefrequeny response
of thesystem.
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5.2.1 ExpectedSignal

The procesgo calculatethe signalexpecteds similar to the oneusedfor the diodede-

tector Theresultsobtainedfor thefrequeng responsaremultiplied by theattenuation
and a gaussiarbunch spectrum. Also the frequeng responseof someelementswvas

takeninto account,someof the mixers, for example,have a calibrationdeliveredby

thecompary which producegshem.Howevertherearesomeelementghatcouldnotbe

calibratedsothatthe signalobtainedcanonly give anapproximatedeaof the expected
signal. In Figures5.17and5.18areshavn the expectedfrequeng spectraof a single

bunchandatrain of bunchesyrespectrely, for differentrmsbunchlengths.
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Figure5.17: Expectedrequeny spectrunof asinglebunch.
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Figure5.18: Expectedrequeng spectrunof atrain of 16 bunches.

It is difficult to obsere the changein amplitudewith bunchlengthfor a train of
bunchesbut the envelopeof that spectrumis the samethanfor a singlebunchso that
the variationof amplitudelevel is alsothe same. The variation of the signallevel for
differentlengthsis listed in Table5.2. Comparingthesevalueswith the valuesfor the
power detection(Table5.1), it is seenthatthe increaseof signallevel whenthe bunch
getsshorteris less pronounced. This techniquemeasureshe squareroot of power,
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thereforethe increasels smaller However, the signalis directly proportionalto the
chage sothatis lesssensitve to variationsin the chage of the bunchthanthe power
detection.

at40GHz | at87 GHz
from 3.5psto 2.5ps 21% 99%
from 2.5psto 1.5ps 13% 58%
from 1.5psto 0.5ps 6% 26%

Table5.2: Increaseof signallevel with the bunchlengthat differentfrequencies.

5.2.2 Experimental Results

First of all, andin orderto shov how the mixing systemworks, someplots shaving
thebehaiour of thesystemusinga network analyzerasa RF sourcearepresentedThe
network analyzerwhichis ableto coverthefrequeng range50 MHz—40GHz wascou-
pledjust beforethefirst mixer andsetto oscillateat several differentfrequenciesThe
resultingsignalsfor the network analyzeroscillatingat 30, 34 and38.5GHz areshowvn
in Figures5.19(a)5.19(b)and5.19(c)respectrely. Thelinesindicatingthe frequeny
of oscillationare clearly visible in all casesdemonstratinghat the systemperforms
correctlyand canbe consideredas a satishctory spectrumanalyzer It is alsovisible
a backgroundsignaland somenoisein the form of small lines appearingat different
frequencies.However, the noiseis a cw signaland canbe suppressetly a dedicated
routinewhen processinghe data. This routinewas not usedto obtainthesebecause
it would have alsosuppressethe cw signalgeneratedy the network analyzer Any-
how, the noisesuppressingoutinewasimplementedandin useduringthe experiments
performedwith the CTF drive beambunches.
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Figure5.19: Signalobtainedusinga network analyzerasa source.
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Thefirst measurementgerformedwith the mixing methodfor a singlebunchanda
train of bunchesareshavn in Figures5.20and5.21. Comparingthesefigureswith the
onesshowing the expectedsignalsthey look quite different, but the responsdunction
of mary elementsvasnot known andthus,could not be usedto calculatethe expected
signal.However, in thespectrunof atrain of bunchegheexpectedine spectrums well
visible, theline spacingof 3 GHz correspondingo the bunchtime-spacingf 0.333ns.
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Figure5.20: Frequenyg spectrunof asinglebunchin the K, band.
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Figure5.21: Frequeng spectrunof atrain of 8 bunchesn theK, band.
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Typical signalsmeasuredvith the currentexperimentalconfigurationareshowvn in
Figures5.22,5.23and5.24in differentfrequeng ranges.Whenmeasuringhe bunch
lengthor calibratingthe systemonly thefrequeng pointsunderthelinesaremeasured.
For singlebunchmeasurementsnly afew frequeng pointsaremeasuredfor simplic-
ity the samethanfor a train spectrum)oecauseneasuringhe whole spectrumis not
necessarandit is a slow procedure.The speedof the measuremerns limited by sev-
eralfactors.Firstthebeamrepetitionfrequeng is 5 Hz, henceonly 5 measurementser
secondare possible. Secondthe measuredandwidth,50 MHz, imposessmall steps
(<50 MHz) in thefrequeny scanning And third, thefactthat25-30measurementser
frequeny point arenecessaryo have agoodaverage.Altogethergivesbetweern?0 to
24 minutesto determinghewhole spectrum Moreover, the speedof datatransmission
of the GPIB link alsoaffectsthe processpeed.
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Figure5.22: Frequeng spectrunof atrain of 48 bunchedn theK, band.
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Figure5.23: Frequenyg spectrunof atrain of 48 bunchesn therange58.5-70.5GHz.
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Figure5.24: Frequeng spectrunof atrain of 48 bunchesn therange76.5-88.5GHz.
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In Figures5.25,5.26 and 5.27 are shavn the frequeng spectrumof 48 bunches
beforeandafter compressionTheincreasen the signallevel is speciallysignificatve
in the E band (as expected). The line at 69 GHz is not visible becauset is partly
suppressetly thelow-pasgeflectingfilter characteristicandatthe sametimeit is very
sensitve to the positionof this filter. Theline at 84 GHz is alsosensiblysmallerthan
otherlines,but thatis notalwaysthe caseasis shovn in Figure5.24. Thiswasprobably
causeddy the positioningof the high-pasdilter thatchangedrom onemeasuremertb
the other showing thatthe signalis fairly sensitve to a changein the positionof this
high-pasdilter. This hasmotivatedthe studyof a new set-upthatshouldallow to find
the positionwhich bestshowvs all the linesandthencanbefixedin this configuration.
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Figure5.25: Compressiorspectrunof atrain of 48 bunchesn the K, band.
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Figure 5.26: Compressiorspectrumof a train of 48 bunchesin the frequeng range
58.5-70.5GHz.
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Figure 5.27. Compressiorspectrumof a train of 48 bunchesin the frequeng range
76.5-88.5GHz.



5.2 Data from the Mixing Method 101

The mixersusedin the detectionsystemwork symmetricallyon both sidesof the
LO frequeng. Thereforef the high-pasdilter in the E bandis suppressedt shouldbe
possibleto seethelinesof thetrain spectrunthatareabose andbelow the LO frequeny
(74.5GHz). Figure5.28shawvsthelinesabore the LO frequeng, thatis 78,81, 84 and
87 GHz, andbelaw, thatis 77, 80, 83,86 GHz in the plot thatcorrespondo the“real”
frequencie®f 72,69, 66 and63 GHz respectiely.
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Figure5.28: Spectrunof atrain of bunchesshawving thelinesabore andbelow the LO
frequeny (74.5GHz).

5.2.3 Absolute Calibration

Sincethe calibrationof the systemby measuringhe frequeng responsef all the el-
ementsfailed, a new methodwas developed. This methodcan give the bunchlength
by making two differentmeasurementfor differentbunch lengths)at two different
frequenciegoints. Although the methodis theoreticallypossible,it doesnot work in
practicebecauséhe experimentaineasuremen@renotaccurateenough However, the
samemethodbut usinga non-linearfitting to severalmeasurementst severalfrequeny
points,wassuccessfullyappliedto obtainthe frequenyg responsef the systemaswell
asthe bunchlength. Oncethe frequeng responsef the systemis known thereis no
needfor anothercalibration(unlessthe frequeng responsef the systemis modified)
andthe bunchlength canbe obtainedfrom a single measurementNeverthelessit is
recommendetb performperiodiccalibrationof the system.
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A simple calibration procedure

A simplemethodcanbeusedto obtainthebunchlengthandtheresponséunctionfrom
frequeny spectrumof the signal. Only two differentmeasurementat two different
frequenciesareneeded.

Let pi(w) be the frequeng spectrumof the signalfor a given bunchlengthasit
iIs measuredy the monitor. For two measurement®r differentbunchlengths,let us
defineR(w) astheratio betweerthetwo frequeng spectrums,

R(w) = 228 (5.1)

The frequeng spectrumsignalis composedf the frequeng spectrumof the bunch,
b(w) timesthefrequeny responsef the systemy (w) timesthechageq,

Pa(w) _ r(ow) qbi(w)
R(w) = = 5.2
= o) ™ ) qbe(@ 2
wherethe frequeng responsestaysthe samefor the differentmeasurementsk-or not
too high frequenciegseeEquation3.3)
r(w)q (1—— wz) 1- 201032
r(@a(l-3050%) 1- 30562

R(w) = (5.3)

If we considerthevaluesof the bunchspectrumat two differentfrequencieslabelleda
andb, thelastequationbecomes

Q|9
NSRS

and  R,= 1_3012 (5.4)
2

solvingfor o1 in bothexpressionandafter somealgebraionanipulationwe obtain:

L R 55
(Oa(k)b

e
==

RONPoN

NI (NI

whereo, dependnly on w, Ry andR, anddoesnot dependon ;. Therefore,it is
possibleto obtainthe valueof thelengthprovided thatwe have two measurement®r
two differentbunchlengths. Moreover, the responsdunctions,r(w,) andr(wy,) can
be alsocomputedrom the above equationsso thatis for further measurements no
longernecessaryo follow this processput onecancomputethe bunchlengthdirectly
from

p(w) =r(w)q (1— %02002> (5.6)
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In practicethis method,usingtwo frequenciesgdid not work, the accurag of the
measuremenivas not good enoughfor a direct computationof the bunchlength. As
an alternatve, a calibrationusing a non-linearfitting was successfullyappliedto the
experimentaldataasdescribedn next section.

Calibration by meansof a non-linear fitting procedure

In orderto calibratethe systemseveral measurementfor differentbunchlengthsare
neededFromthesemeasurementsnly thevalueof thesignalatsomefrequeny points
is used. Thesefrequeng points are multiples of 3 GHz, asthis is the repetitionfre-
gueny whenworking with atrain of bunchesput for a singlebunchary pointswould
bevalid. Let us supposeve have m measurementgor m differentbunchlengths)and
we usedthe valuesof the amplitudeat n frequeng points. Neitherthe valuesof the
lengthnortheresponsef thesystematthedifferentfrequeny pointsareknown, there-
fore we have a systemof mx n equationswith m+ n unknovn parameterssomeof
themwith anon-lineardependence.

We have to considera fitting for a systemof m x n equationswith nonlinearde-
pendenceon the m+ n unknowvn parameters.Startingwith sometrial valuesfor the
parametera minimisationprocedurdor x? is iteratively applied wherex? is afunction
of merit thatdetermineghe best-fitparametersvhenit reachests minimumyvalue. In
ourcase

X2 = Z) i(raq(l— L6 0?) - p(, 1))’ 5.7
i=0j=

wherer; and p; are the systemresponseand the measuredsignal, respectrely, at a
frequeng wy. As canbe seena secondorder polynomialis usedasbunchspectrum
function. The function x? is minimisedwith the help of the programMatlab usinga
Simplex methodin multidimensions.

The resultsof calibrationsproceduresionein Decemberl997 and July 1998 are
shavn in Figures5.29 and 5.30 respectiely. In the first case9 measurementaere
done(for differentcompressosettings)and6 frequeng pointswere scanned30, 39,
72,78 and87 GHz). In the secondcase8 measurementat 12 frequeng pointswere
made(30, 33, 36, 39, 60, 63, 66, 69, 78, 81,84 and87 GHz), but the measurementst
69 GHz were not usebecauséhe signal startsto be suppressedy the low-passfilter
around68 GHz. In both caseghe signalwasmeasuredn arangeof 300 MHz around
the correspondindgrequeng, at stepsof 25 MHz and20 MHz respectiely. The area
underthe signal was usedas an indicator of the signalamplitudeand the procedure
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explainedabore wasthenapplied.Oncethefrequeny responsef the systemis known
for thefrequeng pointsthatareusedthebunchlengthcannow bedirectly deducedor
eachsinglemeasuremeniThefactthatthe shortesbunchis at a differentsettingof the
bunchcompressois dueto differentsetsof machinegparametergor thetwo cases.
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Figure5.29: Calibrationresult.
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Figure5.30: Calibrationresult.
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TheMonitor is ableto measurdunchesasshortas0.5 ps, althoughthe errorbarat
this pointhasthe samevaluethanthe measuredength. Thelargestvaluefor theerroris
0.6 psandthatoccursfor theshortesbunchesln Table5.3and5.4 arelistedthevalues
of themeasuredunchlengthswith the correspondingrrors.

compressocurrent[A] | 20 25 | 30 | 35 | 40 | 45 50 55 | 60
rmsbunchlength[ps] | 1.43| 1.09 | 0.47| 0.00| 0.63| 1.08 | 1.99 | 2.08 | 2.30
left error[ps] | 0.23 | 0.38| 0.47 | 0.00 | 0.63 | 0.40 | 1.00| 0.09 | 0.05
righterror[ps] | 0.20| 0.28 | 0.53| 0.60 | 0.46 | 0.28 | 0.10 | 0.09 | 0.06

Table5.3: Valuesof thebunchlengthmeasuredn Decembed 997.

compressocurrentfA] | 15 | 20 | 25 | 30 | 35 | 40 | 45 | 50
rmsbunchlength[ps] | 2.25| 1.91| 1.00| 0.04 | 0.06| 1.24| 1.83| 2.25
left error[ps] | 0.07 | 0.13| 0.43| 0.04| 0.06 | 0.30| 0.12| 0.07
righterror[ps] | 0.07 | 0.10| 0.30| 0.66| 0.54 | 0.23 | 0.11| 0.06

Table5.4: Valuesof the bunchlengthmeasurean July 1998.

The valuesof the frequeng responsef the system(andthe correspondinggrrors)are
listedin Table5.5and5.6.

Frequeng [GHZ] 30 39 63 | 72 78 | 87
responséunction | 12.39| 11.68| 1.01| 2.40| 9.50| 7.87
lefterror| 0.58 | 0.56 | 0.07| 0.16 | 0.62 | 0.51
righterror| 0.59 | 0.56 | 0.06 | 0.15| 0.63| 0.52

Table5.5: Valuesof theresponsdunctionmeasuredh Decembed 997.

Frequeng [GHz]| 30 | 33 | 36 | 39 | 60 | 63 | 66 | 78 | 81 | 84 | 87
responséunction| 18.68 23.5110.11|12.2730.68 23.79 20.49 86.50 59.8522.94 73.45
left error| 1.97| 2.39| 1.08| 1.22| 3.89| 2.54| 2.15| 9.72| 5.84| 2.74| 7.79
right error| 1.98| 2.38| 1.09| 1.20| 3.88| 2.51| 2.17| 9.80| 5.78| 2.78| 7.81

Table5.6: Valuesof theresponsdéunctionmeasuredn July 1998.

The estimationof the errorassociatedo this calibrationprocedurevasrathercom-
plicatebecausef the big numberof differentparameter§s6]. The possiblecorrelation
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betweerary pair of parametersvasstudiedby computingthe variationof x? asafunc-
tion of the theseparameters Contourplots were obtainedby varying two parameters
while holdingall the othersfixedattheir optimumvalue(the onethatminimisedy?). In
anideal case|jf thetwo parametersireuncorrelatedin the region of the x? minimum
the contourswill be ellipsesthatwould becomecirclesby suitablescalingof the axis.
For the measurementsmadein Decemberl997, contour plots were dravn for every
possiblepair of parameterslemonstratinghat they were uncorrelatedr very weakly
correlated.Someof theseplots areshavn in Figure5.31. The centralpoints(star)in
theseplotsindicatesthe positionof the minimumvaluefor x2.
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Figure5.31: Typical correlationplots betweerdifferentparameters.
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Becauseof the apparentveak correlationbetweenparametershe errorswere es-
timatedby varying that parameteto the left andright of the ideal value (keepingall
otherparametergixed) andcomputingx? until it reacheda valueo over the minimum
value. This procedurés shovn in Figure5.32,wherex? is plottedasafunctionof some
parametep, theminimumof x2 is at p= p(optimum) andle andre representheerror
ontheleft andright side,respectiely, of the optimumvalue. The valueof o2 for X2 is
obtainedby dividing x? by the numberof degreesof freedom,

0° == v: numberof degreesof freedom (5.8)
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Figure5.32: Graphicalrepresentationf the procedureo find the errorfor x?
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Chapter 6
Discussionof Results

Someof theresultspresentedn the previous chapterarediscusse@ndcomparedvith
theresultsgivenby anothemeasurementnethod,namelyCerenkv radiationanalysed
with the streakcameraandwith bunchlengthpredictionsgivenby the beamdynamics
simulationprogrammePARMELA [57]. The comparisonof theseresultswill shaw,
first, thatthe streakcameras limited by aresolutionof 2 ps(rms)and,secondthatthe
bunchlengthvaluesmeasuredvith the mm-wave monitorusingthe mixing methodare
in excellentagreementvith thosecalculatedvith PARMELA.

6.1 Results Obtained with PARMELA and the Streak
Camera

A shortintroductionto the programmeARMELA is givenfirst. Theresultsobtained
with both methodsthe PARMELA simulationsandthe streakcamerameasurements,
arediscusse@ndthencomparedvith the bunchlengthvaluesmeasuredvith the mm-
wave bunchlengthmonitor (BLM). All theresultspresentedn this sectioncorrespond
to measuremenidonein the CTF onthe 4th and5th Decembed 997 (seeChapters).

6.1.1 BeamDynamicsSimulations with PARMELA

PARMELA is alinacparticle-dynamicsode.Thenamecomedrom, “PhaseandRadial
Motion in ElectronLinear Accelerators”.It is a versatilemulti-particlecodethattrans-
portsthebeamrepresentelly anensemblef particles throughauserspecifiedinacor
transporssystem It includesa 3-D point-to-pointspace-chae calculation.PARMELA
integratesthe particletrajectorieshroughthefields. This approachs speciallyimpor-

109
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tantfor electronsvheresomeof theapproximationsisedby othercodesvouldnothold.
PARMELA works equallywell for eitherelectronsor ions. PARMELA canusefield
distributionsgeneratedy either SUPERFISHfor RF problemsor POISSON[58,59]
for magnetproblems.

A simulationwith PARMELA wasmadefor eachcompressiorsettingusedto cali-
bratethe BLM onthe4th Decembe997. Thesesimulationsincludedall themagnetic
and RF elementsan the drive beamline from the photocathoden the RF gunto the
positionof the RF pick-up. Spacechage effectswerenot includedbecausef the low
chage perbunch,1.3nC, andtherelatively high beamenegy of 50 MeV. Theresults
of thesesimulationsarelistedin Table6.1.

Compressocurrent[A] | 20 | 25| 30| 35| 40| 45| 50| 55| 60
rmsbunchlength[ps]|2.16/2.041.74{1.400.980.590.420.72/1.32

Table6.1: Bunchlengthscalculatedvith PARMELA.

Theseresultsshow thatthe bunchesare (theoretically)compressedown to 0.4 ps
rms,the minimumlengthcorrespondingn this caseto aelectriccurrentof 50 A in the
compressoendmagnets.

6.1.2 Resultsfrom the Streak Camera

In the CTF thestreakcameraobtainsinformationaboutthelongitudinalbunchdistribu-
tion by analysingthe transitionor Cerenkv radiationproducedn the TCMs. Details
aboutthe streakcameraworking principle canbefoundin Chapter2.

Thevaluesof the bunchlengthsmeasureavith the streakcameraor eachcompres-
sion settingarelistedin Table6.2. Theseresultsare plotted togetherwith the bunch
lengthvaluesgivenby PARMELA in Figure6.1. It is clearly seen,in this figure, that
thestreakcameras notableto measurea bunchlengthsmallerthan1.9 psrmsevenif,
theoreticallythebunchesareasshortas0.4 ps.

Compressocurrent[A] | 20 | 25| 30| 35| 40| 45| 50| 55| 60
rmsbunchlength[ps]|2.67|2.46/2.33/2.292.082.04/1.91/11.87/1.91

Table6.2: Bunchlengthmeasuredby the streakcamera.

The resolutionof the measurementhadewith the streakcamerais the sumof the
resolutionof the streakcameraitself plusthe dispersionntroducedby the optical path
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Figure6.1: Bunchlengthobtainedwith the streakcameraandPARMELA simulations.

thatleadsthelight from the TCM to the streakcamera.The camerahasa resolutionof
aboutl ps(rms)andthe optical pathis responsibldor theremainingl ps(rms).

6.2 Calibration of the mm-Wave Monitor

In the previous chapter(Chapters) were presentedhe resultsof the calibrationproce-
duredonein Decembe997. Thosemeasurementshavedthatthe mm-wave monitor,
usingthe mixing technique canmeasureésunchesasshortas0.6 ps althoughthe pre-
cisionis of +£0.5 ps. The measuredunchlengthvalues,togetherwith the associated
errors,arelistedin Table6.3andthenplottedin Figure6.2.

compressocurrent[A] | 20 | 25| 30| 35| 40| 45| 50| 55 | 60
rmsbunchlength[ps](1.431.090.47/0.000.63/1.081.992.082.30
left error[ps]|0.230.380.47,0.000.63/0.401.000.090.05

right error[ps]|0.20/0.28/0.53/0.600.460.28 0.10/0.090.06

Table6.3: Valuesof thebunchlengthmeasuredn Decembed 997.

As describeds Chapter5 theseresultswere obtainedby measuringé frequeng
points(30,39,63,72,78 and87 GHz) for 9 differentsettingsof the bunchcompressor
A non-linearfitting routinefinds, by minimising x?, the bunchlengthvaluesaswell as
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Figure6.2: Bunchlengthsmeasuredvith the mm-wave monitorin Decembef997.

theresponsdunction ateachmeasuredrequeng. It wasalsopossibleto demonstrate
that all theseparametergbunch lengthsand responsdunctions)were almostuncor
relatedandthe error associatedo eachmeasuremenivas calculatedby varying each
bunchlengthuntil the corresponding? reacheda value+ao of the minimumvalue.

Theerrorbarsarelargerfor theshortesbunchesWhenthebunchlengthis reduced
higherfrequencie®f the bunchspectrumareexcited. For a very shortbunchthe bunch
spectrumn thefrequeng rangemeasuredby the monitoris quiteflat (seeChapter3) so
thatthefitting routingcannotproperlyfit asecondrderpolynomialtroughthedifferent
points. For the shortestbunch the spectrumis almostflat and for a horizontalline
o = 0 andthe associatecerror is very large. In the next table are listed the ratio of
the amplitudeof the bunchspectrumat 87 GHz to theamplitudeat 30 GHz for several
bunchlengths.

0=05psjco=1pso=2ps

Amplitudeat87 GHz
Amplitudeat30 GHz 0.97 0.88 0.59

One possibility to increasethe precisionof the measuremenwould be to measure
higherfrequenciesbut the presentimitation for the resolutionof the measurements
the pulseto pulsejitter, of about10%, of the electronbeamchage. Theeffectof sucha
jitter onthe measuremeniould bereducedby measuringsimultaneouslyto the bunch
length,the chage of the beam.
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6.3 mm-Wave Monitor versusStreak Camera

It wasalreadyobviousfrom theprevioussectionghatthemm-wave monitorhasamuch

betterresolutionthanthe streakcamera.Figure 6.3 shavs both, the streakcameraand

the mm-wave results,togetherfor a bettercomparison.The mm-wave monitor shows

a betterresolutionin all casesandnot only for the shortestbunchesalthoughin these
casess speciallynoticeable.
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Figure6.3: Bunchlengthsmeasuredvith the mm-wave monitorandthe streakcamera.

6.4 mm-Wave Monitor versusPARMELA

Figure6.4 shavs both,the PARMELA andthe mm-wave resultsfor the bunchlength.
Theagreemenbetweerboth setsof resultsis very good.

The mm-wave monitor resolutionis about0.7 ps (the smallestvalue measured$o
thatit is alreadynot possibleto resole the shortestounchlength (0.42 ps calculated
with PARMELA), althoughthis valueis aryhow in therangecoveredby theerrorbars.
In two caseghemonitorresultshave a smalldisagreemenwith the PARMELA results,
at20and30 A, thatwasthoughtto be causedyy anincreaseof the bunchchagewhen
measuringhesepoints. Thelaserpulseghatcreatethe bunchesvere,duringthewhole
periodof experimentsnot very stableandtherewerevariationsin the chage perbunch
from pulseto pulse.
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Chapter 7
Summary and Concluding Remarks

Thepresentvork describeshedesignjnstallation testingandoperatiorof anovel non-
interceptingbunchlengthmonitor for very shortelectronbunches.The main achieve-
mentsareherebysummarised.

The CTF studiesthe productionof power at 30 GHz by meansof anelectronbeam
with very shortbunches(< 2 psrms). In orderto studythe efficiengy of the power
productionit is necessaryo know the electronbuncheslength. Cornventionalbunch
length measurementtechniquedid not have the requiredresolutionto measurehe
CTF bunchesandin mostcasesveredestructve or very perturbatve. At the moment
this thesiswork startedthe length of the CTF electronbuncheswas measuredvith
a streakcamerausing Cerenlov or transitionradiation producedby the beamgoing
througha sapphiresheetor an aluminiumfoil respectiely. The resolutionof sucha
systemwasof the orderof 2 psrms.

Following the studyof the stateof theartin bunchlengthmeasurement&chniques
it wasdecidedto startthe designof a nev monitor. The new bunchlengthmonitoris
basedon the measuremendf the frequeny spectrumof the electromagnetidield of
the bunch. The bunchlengthis thenobtainedby studyingthe variation of the signal
amplitudewith frequeng.

e Theelectromagnetidield of the electronbunchis collectedby a non-destructie
RF pick-up. The RF pick-up consistsof a rectangulamwaveguide coupledto a
rectangulahole (of the samedimensionsimadeon the beampipe surface.

e Thefrequeng responsef the pick-up wascomputedwith the help of MAFIA,
a programpackagdor the computationof electromagnetidields by solving the
Maxwell's equations.

115
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Two differentdetectionsystemshave beendesignedo obtainthe frequeng spec-
trum of the bunchfrom the collectedsignal. The first usesa diode detectorand the
seconds a systemof RF mixersin combinationwith a sweepingoscillator, thatactsas
afrequeng analyzerfor very shortduty cycle signals.Both systemsawvereinstalledand
testedin the CTE Thefinal set-upinstalledin the CTF could measureghe bunchspec-
trumin threedifferentfrequeng bands:26.5-40GHz,60-74.5GHz and74.5-90GHz.

o A seriesof microwave filters weredesignedandfabricatedo be installedin the
CTF set-up. Thesefilters consistedof metal platesperforatedwith cylindrical
holes. A new featurewasaddedto improve thefiltering properties:conicalend-
ingsto thecylindrical holesto avoid resonances.

e Thediodedetectorprovedto be a very usefultool to tunethe accelerator With
this methodsingle shotmeasurementsf the signal are obtained,giving a fast
qualitatve informationof thevariationof thebunchlength. However, this method
is not well adaptedfor quantitatve bunchlength measurementbecauseof the
difficultiesto obtainanabsolutecalibration.

e Themixing techniquedetectionis ableto measurehe spectraof a singlebunch
aswell asthatof atrain of bunchesalthoughan averageover severalbuncheds
necessaryAn independenself-consistentalibrationtechniquehasbeendevel-
opedto obtainthe frequeng responsef the system.The mixing techniquehas
demonstratedts capabilityto measurebunchesasshortas0.7 psrms. Further
more, it shoveda very goodagreementvith the theoreticalbunchlengthvalues
obtainedwith the codePARMELA.

e Theacquisitionproceduras controlledremotelyby meansof a PCandspecially
madeprograms Additional programswverewritten to calibratethe systemandto
obtainthe bunchlengthin realtime.

e Thesystemis now routinelyin usein theCTFE

7.1 Futureupgrades

During the last stagesof the thesiswork, andafter analysingthe experimentalresults,
severalpossiblemprovementsor upgradesverealreadyproposedor thecurrentinstal-
lation sothatit will bepossibleo measureshorterbuncheswith evenabetterresolution.
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e The constructionof an electromagneti¢solationfor the detectionsystemis al-
readyundervay.

e Onepossibilityto measureshorterbunchesvould betheincreaseof themeasured
frequeng bandto higherfrequenciesthis couldbe accomplishedby installinga
waveguideof smallertrans\ersaldimensiongndadetectiorsystenmsimilarto the
onesalreadyin use.

e |t wasnotoriousduring the experimentalpart of this thesiswork that the laser
systemhada eneqy jitter from pulseto pulsethatcausedrariationsin the bunch
chage. It would be desirable to improve the quality of the measurementsn
stableproductionof electronbuncheswith the smallestpossiblevariationin the
bunchchage. Thatkind of improvementis, of course limited by thetime avail-
ableand,especiallythe budget. An alternatve solutionto avoid the effect of the
chage variationis describedelow.

e Theresolutionof the systemis mainly limited by thejitter in the pulseto pulse
bunchchage. In orderto achieve a betterresolutionthe bunchchage shouldbe
measuredt the sametime thanthe signalcoming from the bunch, so that, the
oscilloscop€gor theacquisitionprogram)could normalisethe signalto thechage
for eachmeasurement.
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Appendix A

List of Common Acronymsand

Abbreviations

CERN EuropeariLaboratoryfor Particle Physics

LHC LargeHadronCollider

CLIC Compact.InearCollider (CERN project)

CTF CLIC TestFacility

LEP Large ElectronPositron(collider)

LIL LEP InjectorLinac

BLM BunchLengthMonitor (presentedh this thesis)
TCM Transition- Cerenlov Monitor

BPM BeamPositionMonitor

WCM Wall CurrentMonitor

PM PhaseVionitor

LO Local Oscillator

CAS CLIC AcceleratingStructure

CTS CLIC TransferStructure

HCS High Chage (Accelerating)Structure

LAS LIL AcceleratingStructure

MAFIA Solutionof MAxwell’ sequationsoy the Finite IntegrationAlgorithm
PARMELA  PhaseandRadialMotion in ElectronLinear Acceleratorgtrackingcode)
FFT FastFourier Transform

IFFT InverseFastFourier Transform

Ka (band) Frequeng range:26.5-40GHz

E (band) Frequenyg range:60-90GHz

™ Trans\erseMagnetic(mode)
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TE Trans\erseElectric(mode)

CCD Chage CoupledDevice

rms Rootmeansquare

fwhm Full width at half maximum
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