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Summary

At CERN (EuropeanLaboratoryfor Particle Physics)the CLIC (CompactLinear

Collider)studyis pursuingthedesignof anelectron-positronhigh-energy linearcollider

usingan innovative conceptfor the RF (RadioFrequency) power production,the so-

calledtwo-beamaccelerationscheme.In orderto keepthe lengthof the collider in a

reasonablerangewhile beingableof acceleratingelectronsandpositronsup to 5 TeV,

thenormal-conductingacceleratingstructuresshouldoperateatveryhigh frequency (in

thiscase30GHz). TheRFpowernecessaryto feedtheacceleratingcavities is provided

by asecondelectronbeam,thedrivebeam,runningparallelto themainbeam.

TheCLIC TestFacility (CTF) wasbuild with themainaim of studyinganddemon-

stratingthefeasibility of thetwo beamaccelerationschemeandtechnology. It is com-

posedof two beams,the drive beamthat will generatethe 30 GHz RF power andthe

mainbeamwhich will beacceleratedby this power. In orderto have a goodefficiency

for thepowergeneratedby thedrivebeam,thelengthof thedrivebeamelectronbunches

hasto beshorterthan2 psrms.Conventionalbunchlengthmeasurementtechniquesdid

not have the requiredresolutionor weredestructive. An innovative approachis based

on themeasurementof thebunchspectrumusingnon-interceptingpick-ups.

Thenew bunchlengthmonitormeasuresthefrequency spectrumof theelectromag-

neticfield of thebunch. Thebunchlengthis obtainedby studyingthevariationof the

signalamplitudewith frequency. Dueto thesmallbunchlengthsvery high frequencies

have to bemeasured,sothatthemonitorbecomesamicrowavespectrometer. Theelec-

tromagneticfield of thebunchis collectedby a rectangularRF pick-upconnectedto a

waveguideof the samedimensionsthat leadsthe signal to the detectionsystem.The

field inducedin the waveguidehasa temporalevolution directly relatedto that of the

electronbunch. Hence,it is possibleto derive the spatialcharge distribution from the

frequency spectrumof thatsignal.

Detectionis madeeitherby adiodedetectoror by acombinationof RFmixerswith

a RF sweepingoscillator. Thediodedetectorallows singleshotmeasurementsandhas

proven to be a very fastqualitative methodto observe variationsin the bunchlength.

However, this methodprovedout to bevery difficult to calibrateandis not suitablefor

measuringbunchtrainsdueto interferenceeffects.Themixing techniquemakesuseof

two RF mixers. Thefirst one,with a local oscillatorsetat a fixedfrequency ν, down-

shifts the frequency spectrumof the incomingRF signalby anamountν. Thesecond

mixershasa sweepingoscillatorasa source,with eachfrequency stepof theoscillator

themixerdown-shiftstheRF signalby a differentquantity, allowing a digitizing oscil-



loscopeto detectthepartof thespectrumwithin its bandwidth.By sweepingoversome

givenfrequency rangetheoscilloscopewill measurethefrequency spectrumamplitude

in this range. This techniquecannot only measurethe frequency spectrumof a sin-

gle bunchbut alsoof a train of bunches.Furthermore,an independentself-consistent

calibrationprocedurewasdevelopedandsuccessfullyappliedto this detectionsystem.

Two RF pick-upshave beeninstalledin theCTF drive linac. Onefor thesocalled

WR28 waveguideandthe otherfor the so calledWR12 waveguide. The two pick-up

togetherwith theproperdetectionsystem,allow themeasurementof thesignalin three

frequency ranges,28.5–40.5GHz, 58.5–60.5GHZ and76.5–88.5GHz. Experiments

performedin theCTF, with a train of 48 bunches,have shown a very goodagreement

betweenthevaluesmeasuredwith themixing techniqueandthevaluesobtainedwith the

simulationprogrammePARMELA. Moreover, the experimentalresultsdemonstrated

thecapabilityof thesystemto measurebunchesasshortas0.7psrms.
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Chapter 1

Intr oduction

Beamdiagnosticsplays a crucial role in the operationof any particleacceleratorby

providing informationon the beampropertiesandbehaviour. In this way the proper

operationalconditionscanbeestablishedfor both,theroutineoperationof accelerators

andfor machinedevelopments.Eachacceleratortypehasvery differentrequirements

concerningthe diagnosisof the beamandeachonerequiresa specialisedstudyand,

quite often, the developmentof new methodsandtools, as it is the casefor the CTF

(CompactLinear Collider Test Facility) at CERN (EuropeanLaboratoryfor Particle

Physics).Thedesignparametersof this facility demandthegenerationof very intense

andshortelectronbunches(on a picosecondscale). This thesisreportdealswith the

design,construction,commissioningandoperationof a novel non-interceptingbunch

lengthmonitorcapableof resolvingsub-picosecondbunchlengths.Thesystemis cur-

rently implementedin theCTFbeamline andit is usedduringroutineoperation.

1.1 High-Energy Colliders

At CERN,Geneva (Switzerland),the constructionof the newesthigh-energy collider,

theLHC (LargeHadronCollider)hasalreadystarted[1]. LHC is aproton-protoncircu-

lar collider, of 27 Km of circumference,usingsuperconductingtechnologyto make the

protonbeamscollide at a centreof massenergy of 14 TeV. However, the international

scientificcommunity, undertheauspicesof theInternationalCommitteefor FutureAc-

celerators(ICFA), is alreadystudyingthedesignof thenext high-energy collider.

Thesestudiesare mainly focussedto threedifferent typesof colliders: electron-

positronlinear colliders,muon-muoncollidersandvery large hadroncolliders. In the

framework of theanalysisof anew electron-positronlinearcollider, theCLIC (Compact

1



2 Chapter1: Introduction

LinearCollider) study[2] is beingcarriedout at CERN,wheresomecrucialaspectsof

theCLIC designhavebeenandarebeinginvestigatedin theCLIC TestFacility (CTF).

1.2 The CLIC study

The CLIC project is designingan electron-positronlinear collider, that is two linear

acceleratorthat will leadelectronsto head-oncollisionswith positrons,with a centre

of massenergy from 0.5 TeV to 5 TeV [3]. In order to limit the overall length,high

acceleratingfieldsaremandatoryandthesecanonly beobtainedwith RF accelerating

structuresoperatingatahighfrequency. Thechoiceof 30GHzis consideredto beclose

to thelimit beyondwhichstandardtechnologyfor thefabricationof normal-conducting

travelling-waveacceleratingstructurescanno longerbeused[4]. Themainparameters

of theCLIC designarelistedin Table1.1.

Sincepulsedhigh power power sourcesat 30 GHz do not exist the 30 GHz RF

power necessaryto feedtheacceleratingstructuresis extractedfrom a secondelectron

beam,theso-calleddrive beam,runningparallelto themainbeamby meansof power

extractingandtransferstructures[5]. Thisconceptis calledtheTwo BeamAcceleration

scheme(TBA). A generallayoutof theCLIC complex at 3 TeV is shown in Figure1.1.

Centreof massenergy [TeV] 2 Ub 0.5 3
Luminosity [1034cm

� 2s
� 1] L 0.5 10.6

Numberof photons/elecron nγ 0.8 2.2
Linac repetitionrate [Hz] fR 200 75
Numberof particles/bunch [109 e

�
] Nb 4.0 4.0

Numberof bunches/pulse kb 150 150
Bunchspacing [ns] ∆b 0.67 0.67
Transverseemittances [10

� 8radm] γεx� y 188/10 60/1
Bunchwidth [nm] σx� y 196/4.5 40/0.6
Bunchlength [µm] σz 50 30
Beampower perbeam [MW] Pb 4.81 10.81
RF frequency [GHz] ω

2π 30 30
Acceleratingfield [MV/m] G 100 150
Total length [km] LS 6.6 27.5
RF power persection [MW] PS 116 231
RF pulselength [µs] ∆K 0.121 0.121
AC to beamefficiency [%] ηAC

beam 14.18 10.65

Table1.1: Someparametersof the0.5and3 TeV CLIC designs.
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Figure1.1: Overall layoutof theCLIC complex at 3 TeV C.M.
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Figure1.2showsthelayoutof the30GHzRFpowertransferfrom thehigh-intensity

low-energy drivebeamto thelow-intensityhigh-energy mainbeam.Thedrive beamis

deceleratedin thetransferstructures,theenergy lossis convertedin 30 GHz power by

meansof speciallydesignedcorrugatedwaveguidesandit is transferredto theacceler-

atingstructuresthroughstandardwaveguides.In orderto haveagoodpowerproduction

efficiency, theelectronbunchesin thedrivebeamhave to beshorterthan2 psrms.

CTS CTSFQ +
BPM

FQ +
BPM

DRIVE
LINAC

MAIN
LINAC BPM CAS CAS CAS CAS

4 cm 3 cm 54 cm 50 cm

223 cm

92.5 cm
(80 cm active) 17 cm 2 cm 111.5 cm

462 MW 462 MW

CTS: CLIC Transfer Structure
FQ: Focusing Quadrupole

CAS: CLIC Accelerating Structure
BPM: Beam Position Monitor

Figure1.2: Layoutof theCLIC TransferandAcceleratingmodules(3 TeV C.M.).

1.3 The CLIC TestFacility

CTFII is theexperimentalfacility of theCLIC studydedicatedto demonstratethefeasi-

bility of theCLIC two-beamacceleratorschemeandits associated30 GHz technology.

In theframeof theCLIC studies,CERNhasbuilt two facilities:CTF I [6,7], whichhas

beenoperatedfrom 1990to 1995,andCTF II [8,9], which is presentlyin operation.

CTFI wasmainlydedicatedto drive-beamand30GHzpowerproductionstudies.A

high impedance,disk-loaded,30GHzacceleratingstructurewasusedasthedrivebeam

power extractingstructureandproduced76 MW at 30 GHz. This power wasusedto

establishanacceleratingfield of 94 MV/m in a30GHzacceleratingstructure.Thefirst

bunchof thedrivebeamwasusedto probetheacceleratingfield.

CTFII is theprototypeof atwo-beamaccelerator, its layoutwith thetwo beamlines

is shown in Figure1.3. The drive beamgeneratespower at 30 GHz, while the main

beamprobestheacceleratingfield in the30GHzaccelerator. Bothbeamsaregenerated

by S-bandRF-photo-injectorswhosephoto-cathodes[10,11] areilluminatedby short

UV laserpulses(3.5psrms)[12]. Beforeinjectionin the30GHztwo-beamaccelerator,

bothbeamsareacceleratedin S-band,disk-loadedstructuresandafteraccelerationthe
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drive-beambunchesarecompressedin a magneticchicane.The latter is essentialfor

efficient power productionat 30 GHz. The two-beamtestacceleratorconsistsof two

fully-engineeredCLIC building blocks. The testacceleratoris equippedwith a proto-

typemicron-precisionactive-alignmentsystem[13] in orderto gainexperiencein areal

acceleratorenvironment.TheCLIC TestFacility (CTF II) is describedin moredetailin

thenext section.

Figure1.3: Layoutof theCTF2.

1.3.1 The CTF II

A major challengeof CTF II is the productionandtransportof the drive-beamtrain,

madeof intense(13.4nC) andshort (2 ps rms) bunches,which is neededto produce

the requiredmicrowave power for the main-beamacceleration.Somerelevant design

parametersof thedriveandmainbeamsarepresentedin Table1.2.

Themainbeamis generatedin a 2-cell RF photo-injector(M1) andoperateswith a

singlebunchof 1 nCcharge.A secondbunch,with a variabledelayrelative to thefirst,

canbe switchedon to allow wakefieldstudiesin the30 GHz structures.Beforebeing

injectedinto the30 GHz acceleratorthemainbeamis acceleratedup to about46 MeV

in an S-bandtravelling wave structure(M2). This is necessaryto obtaina geometric

emittancethat is small enoughto fit into the acceptanceof the 30 GHz accelerating

structures(M3), which have a beamapertureof only 4 mm in diameter. Magnetic

spectrometers(M4) beforeandafter the 30 GHz acceleratorareusedto measurethe

mainbeamenergy.
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Drivebeam Main beam
Beamenergy 60 MeV 45 MeV
Pulserepetitionfrequency 5 Hz 5 Hz
Numberof trainsperpulse 1 1
Numberof bunchespertrain 48 1–2
Bunchrepetitionfrequency 3 GHz variable
Chargeperbunch 13.4 nC 1 nC
Total chargeperpulse 640 nC 1 nC
Bunchlength(rms) 2 ps 2.5 ps
Drivebeam30 GHzdeceleratingfield 7.6 MV/m
Probebeam30 GHzacceleratingfield 95 MV/m

Table1.2: Main parametersof theCTF2drivebeam.

The drive beamis generatedin a 2+1/2-cellRF photo-injector(D1) speciallyde-

signedfor high-chargeacceleration[14]. At thedesignspecifications,thephoto-injector

operatesat afield of 100MV/m andgeneratesa train of 48buncheswith abunchspac-

ing of 10 cm andtotal chargeof 640nC. The train energy at thephoto-injectorexit is

7MeV andthetotalenergy spreadduetobeamloadingis about20%.Thephoto-injector

is followedby two travelling waveS-bandstructures(D2) optimisedfor high-chargeac-

celeration[15]. In orderto provideapproximatecompensationof thebeamloading,one

of theacceleratorsis operatedat +7.81MHz while theotherworksat -7.81MHz with

respectto the bunchrepetitionfrequency. The chosenacceleratorfrequenciesreduce

theresidualtrain energy spreadto about7%.

As a resultof the laserpulselengthon thephotocathode,longitudinalfocusingRF

forcesanddefocusingspace-chargeforces,thebunchlengthafteraccelerationis about

3.4 ps rms at the nominalcharge. Sinceefficient 30 GHz power productionrequires

shorterbunchlengths,a magneticchicane(D3), togetherwith optimisedphasingin the

acceleratingstructures,is usedto compressthebunchesto 2 psrms[16,17]. After the

bunchcompressor, thebeamis injectedinto the30 GHz decelerator(D4) wherea part

of its energy is convertedinto 30GHzpower. A downstreamspectrometermagnet(D5)

measurestheenergy spectrumof thebeamafterpowerextraction.

TheCTF II 30 GHz two-beamacceleratorconsistsof prototypesof CLIC modules,

equippedwith 30 GHz Power ExtractionandTransferStructures(CTS),30 GHz disk-

loadedacceleratingstructuresand30GHzbeammonitoringequipment.Sinceoperation

at high frequency requirestight alignmenttolerances,eachmoduleof the30 GHz two-

beamacceleratoris equippedwith amicron-precisionactivealignmentsystem,consist-

ing of beampositionmonitorsandactuators.
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The30GHzacceleratingsectionsarefully-engineeredCLIC prototypeaccelerating

sectionsoptimisedfor single-bunchacceleration(i.e. they arenotdetunedor dampedto

suppresswakefields). The sectionsaremanufacturedto micron tolerancesusingparts

madeonultra-precisiondiamond-toollathes.

The30GHzPowerExtractionandTransferStructures(CTS)consistof a15mmdi-

ametercirculartubecoupledby 4 slotsto thebroadsidesof four corrugatedrectangular

waveguides.In orderto selectively dampthetransversemodes,lossylongitudinalslits

terminatedwith resistivematerialsarecut in symmetryplanesof themaindecelerating

mode. The adoptedstructureshave an effective lengthof 0.6 m anda designr’/Q of

1080Ω/m. The extractedpower dependsquadraticallyon the charge per bunch, this

yieldsto apowerproductionof 71MW perstructurewhenoperatedatdesignspecifica-

tions. Thedeceleratingfield increasesalongthestructureandreaches7.6MV/m at the

end,correspondingto adrive-beamdecelerationof about2.3MeV perstructure.

A pictureof thelongitudinalsectionof aCTSis shown in Figure1.4. In thispicture

canbeseenthecorrugatedwaveguidesextractingandchannellingthepowerto anoutput

slit. Also visible to theright is a pieceof SiC dampingmaterialto selectively dampthe

transversemodes.

Figure1.4: Extremityof openCTSwith ouputcouplersandchannels.
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Two-BeamAccelerationand Power Production at 30GHz

Recently, experimentsperformedat the CTF II demonstratedthe viability of the two-

beamaccelerationandpowerproductionat30GHzby simultaneouslypassingthedrive

beamthroughthe30GHzdeceleratorandthemainbeamthroughthe30GHzaccelera-

tor [18].

At presenttwo power extractionstructuresareinstalledin the30 GHz decelerator.

Eachpowerextractionstructureis connectedto one30GHzacceleratingstructureof the

mainbeam.A comparisonof thesedesignparametersandthemeasuredonesis given

in Table1.3. To date27 MW at 30 GHz is producedin theCTSandusedto establish

a meanacceleratingfield of 59 MV/m in the 30 GHz accelerator. The total power at

30 GHz was41 MW and the total main-beamaccelerationwas28 MeV. As already

experiencedin CTF I (at higher power levels), no RF breakdowns were observed in

eitherthe30GHzwaveguidenetworksor theacceleratingstructures.The30GHzpower

productionis limited, at this moment,by thedrive-beamchargethatcanbetransported

throughthedecelerator. Althoughthemaximumacceleratedchargeexceedsthedesign

goal,thedrive-beamtransmissionthroughthe30GHzdeceleratoris still unsatisfactory.

Full transmissionis presentlyachieved up to a drive beamcharge of 340 nC. Above

this value, the drive beamtransmissionprogressively deterioratesand the maximum

transportedcharge,sofar, is 374nC. Possiblereasonsfor theunsatisfactorybehaviour

at high charge levels includethe gradientin the drive-beamaccelerator, which is still

below thedesignvalue,transversematchingproblemsandvariousproblemsconcerning

thelasersystem.

Design Achieved
specification performance

Maximumdrivebeamacceleratedcharge 640 nC 755 nC
Drivebeamchargeduringexperiments 640 nC 475 nC

MaximumdrivebeamchargethroughCTS 640 nC 374 nC
Numberof drivebeambunches 48 48
Drivebeambunchlength(rms) 2 ps 2 ps

30GHzpower from CTS 71 MW 27 MW
30 GHzpowerpulselength 14 ns 14 ns

Meanacceleratingfield in HCS 95 MV/m 59 MV/m
Maximumprobebeamacceleration 47 MeV 28 MeV

Table1.3: Designspecificationandcurrentperformancein theCTF2.
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1.4 A New Bunch Length Monitor

Oneof the crucial issuesof the CTF II is the generationof very shortbunches(2 ps

rms or less)andthe possibility to monitor andmeasuresuchshort lengths. The work

presentedin this reportcoversthecrucialsubjectof measuringsuchshortbunches.At

the momentthe work started,the bunch length in the CTF was measuredby means

of a streakcamerato analyzetransitionor Cerenkov radiationproducedby a screen

insertedin thebeampath.Thismethodpresentstwo majordrawbacks,first theuseof a

screenin thebeampathspoilsthebeamcharacteristicsandleadto beamlossesaswell

asto radiationhazards,dueto thehigh beamintensity. Secondly, the resolutionof the

measurementis limited to about2 psrms. After a thoroughstudyof thestateof theart

in veryshortbunchlengthsmeasurements,it wasdecidedto designanew systembased

on thedeterminationof thebunchfrequency spectrumusingmicrowavespectroscopy.

Thebunchspectrumis picked-upby a rectangularwaveguidecoupledto thebeam

pipe. Thesignalis thenanalyzedwith eitherfastdiodedetectorsor by a RF mixer in

combinationwith a RF sweeposcillator. Thediodedetectorgivesreal-timemonitoring

of the variationof the bunchlength,while the mixer set-upallows quantitative bunch

measurementsfor both, single bunchesand train of bunches. The mixing technique

hasbeenadoptedasthedetectionsystemfor bunchlengthmeasurements.Suchsystem

hastheadvantagesof beingnon-intercepting,self-calibrating,easyto implementin the

beamline andrelatively low-cost(compared,for example,to astreakcamera).

The thesiswork includesthe design,the installation,the commissioningand the

operationof thenew monitor. Thedesigntaskincludesthechoiceof thesignalpick-up,

the systemto transportthe signalandthe designof the detectionsystem.During the

operationof themonitorit wasdemonstratedits capabilityto measurebunchesasshort

as0.7 ps rms. It shouldbe remarked that a self-consistentcalibrationprocedurehas

beendevelopedto obtainandindependentandabsolutecalibrationof themonitor.

In Chapter2 is describedthe stateof the art of bunch length measurementtech-

niques.Thesemethodscanbecategorisedin time domainmethodsandfrequency do-

mainmethods.Someof themarecapableof measuringpicosecondelectronbunchesbut

they cannotbeusedin linacsor they aredestructive. Sincesomemethodsusetheradi-

ationemittedby theelectronbunchesashortintroductionto differenttypesof radiation

(transition,Cerenkov andsynchrotron)is alsogiven.

Chapter3 coversthedesignof thebunchlengthmonitoradoptedin theCTF. First

it is explainedhow to reconstructthebunchlengthfrom thebunchspectrum,bothfor a

singlebunchandatrainof bunches.Thefrequency responseof theRFpick-upis studied
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by usingthecomputercodeMAFIA andthetransportof thesignalwith waveguidesis

calculatedanalytically. Two detectionsystemsareadopted,thefirst consistingof a fast

diodedetectorwhich allows real time monitoringof thevariationof thebunchlength.

Thesecond,a seriesof microwave mixersin combinationwith a sweepingRF source,

actingasaspectrumanalyzer, whichcanmeasurethelengthof singlebunchesandtrains

of bunches.

Chapter4 dealswith the experimentalset-upof the bunch length monitor in the

CTF andthe dataacquisitionprocedure.Typical signalsobtainedwith both detection

methodsarealsoshown.

In Chapter5 and6 theexperimentalresultsandtheiranalysisarepresentedanddis-

cussed.Theexperimentalsignalsareshown andcomparedwith theexpectedones.The

explanationsof unexpectedeffectsaregiven.A descriptionof differentcalibrationpro-

ceduresis alsopresented.Theresultsobtainedwith themixing techniquearecompared

with thevaluesmeasuredwith astreakcameraandwith thepredictionsof thesimulation

programmePARMELA. Thesecomparisonshow, first, thatthestreakcameraresolution

is limited to 2 psandsecondthatthemicrowavemonitoris in verygoodagreementwith

thebunchlengthvaluespredictedby PARMELA.

Finally theconclusionsarediscussed.



Chapter 2

Methods for Measuring the Length of

Electron Bunches

Direct measurement(i.e. with a pick-upandanoscilloscope)of the lengthof bunches

of electronswith σ � 1 ns, is very difficult, thusmoreelaboratetechniqueshave been

developed. In this chapterseveral methodsfor measuringthe lengthof shortbunches

arereviewed [19]. The differenttechniquescanbe divided into two main areas,time

domainmethodsandfrequency domainmethods.� Thetimedomainmethodsreviewedare,

– Picosecondphotoconductivedetectors

– Streakcamera

– RFdeflector

– Spectrometer� Thefrequency domainmethodsdescribedare,

– Coherentradiation

– Microwavespectroscopy

Someof thesemethodsrequiretheuseof the radiationemittedby theelectronbunch,

thereforeabrief introductionto differenttypesof radiationemittedby chargedparticles

is givenfirst.

11
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2.1 Radiation Emitted by a ChargedParticle

A chargedparticle(e.g.anelectron)in motioncanemitelectromagneticradiation[20].

Emissioncanhappenwhentheparticleis accelerated(ordecelerated);this radiationis

usually called bremsstrahlungwhen accelerationis producedby the electromagnetic

field of theatomicnucleiof a targetelementandsynchrotronradiationwhentheaccel-

erationis producedby a externalelectromagneticfield. Thereis alsoemissionwhen

theelectronchangesmedia,that is, passesthrougha interfacebetweentwo mediawith

differentrefractionindex. The lattercanberegardedasa specialcaseof acceleration,

asa changein therefractionindex impliesa changeof light speed.A differentcaseis

theCerenkov radiationemittedwhenthespeedof anelectrontravelling in a mediumis

largerthanthespeedof light in themedium[21,22].

It is importantto remarkthat for thesetypesof radiationtheemissioncanbe con-

sideredto be instantaneous,thus the temporaldistribution of the radiationis directly

relatedto thatof thebunchof chargedparticlesthatemittedit.� Cerenkov Radiation

A chargedparticlemoving in acontinuummediumat aconstantvelocitywill po-

larisethemediumin theregioncloseto theparticlepath.If thechargeis travelling

at a speedhigherthanthephasevelocityof light in this medium,thepolarisation

will not besymmetricalongtheparticlepathandtherewill bea resultantdipole

field alongthis axis. Theradiationemittedat differentpointsof thechargetrack

will be in phasewith oneanotherfor an emissionangleθ so that the Cerenkov

relation,

cosθ � c
vn� ω � with ν 	 c

n � ω � (2.1)

is fulfilled, wherev thevelocityof thecharge,c thespeedof light in vacuumand

n � ω � therefractionindex of themedium[23].� TransitionRadiation

It is emittedby a charged particle moving at constantvelocity in an inhomo-

geneousmedium,in a mediumchangingin time or whenpassingcloseto such

a medium. In general,a charged particle moving at velocity v (constant)in a

mediumof refractive index n � ω � will radiateif theratioof theparticlevelocity to

thelight phasevelocitycph

v
cph
� vn� ω �

c
(2.2)
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changes(wherec is thespeedof light). It is clearthat this ratio canchangeboth

dueto thevariationof v (acceleratedparticle)anddueto achangein therefraction

index n 
 ω � . The simplestproblemof this type is the crossingof a boundary

betweentwo mediaby acharge(usuallyvacuum-metal).Transitionradiationcan

alsooccurwhenachargepassescloseto someobstacles(diaphragms,slits,etc.),

which in thiscaseis calleddiffractionradiation.Transitionradiationis emittedin

theforwardandbackwarddirectionfor aparticleimpingingin adirectionnormal

to asurface,andis stronglypeakedatanangleθ � γ  1 with respectto theparticle

trajectory, whereγ is theLorentzfactor(γ  2 � 1 ��
 v� c� 2).� SynchrotronRadiation

Synchrotronradiationdiffersfrom theothertypesof radiationexplainedabove in

thefactthatis emittedby chargesmoving onanon-straighttrajectory. In thiscase

theradiationis dueto a change,not in themodulusof �v, but in its direction.The

radiationis emittedin a directiontangentto thetrajectoryof thechargedparticle

andwithin ahighly collimatedangleof � γ  1. Theradiationpoweris proportional

to the fourth power of the particlemomentumandinverselyproportionalto the

squareof thetrajectoryradius.

2.2 PicosecondPhotoconductiveDetectors

Thesedetectorsarebasedon fastCdTe (or GaAs)photoconductorsandarein use,for

instance,atLEP(CERN’sLargeElectronPositroncollider)to measurethebunchlength

via autocorrelationof theX-ray synchrotronradiation[24,25].

High
voltage P0

P1 P2 Pn

t
Integrator n

Synchrotron radiation
(X-rays)

Delay line 50 Ω

Acquisition electronics

t
Integrator 1

Autocorrelation

Figure2.1: Layoutof detectorprinciple.
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Figure 2.1 shows the basicprinciple of the detector. The synchrotronlight illu-

minatesthe fastphotoconductors(Pn), that areconnectedto a delay line. The signal

travelling throughthedelayline comesfrom the(biased)photoconductorP0. This sig-

nal addsup to thesignalinducedby thesynchrotronlight with a differentdelaytime in

eachphotoconductor. Theintegratedsignalis thenreadby thedataacquisitionelectron-

ics andeachphotoconductorgivesa point for the autocorrelationprofile of the bunch

shape,from wherethe bunch length can be extracted. The evaluationof the perfor-

mancewith a laserhasshown a resolutionof 5.7ps(rms)for theautocorrelationof two

photoconductors.

This systemallows individual bunchmeasurementsin LEP bunchtrainsdueto the

fast responseof the detectorsandthe useof a fastgating(10 ns) for the polarisation

(bias)voltage.

2.3 StreakCamera

A streakcamerais an optoelectronicdevice ableto obtainvery high temporalresolu-

tion of radiationpulses[26]. In theparticleacceleratordomaintransition,Cerenkov or

synchrotronradiationproducedby theelectronbeamareusedassourcesfor thestreak

cameraastheir temporalintensityis directly relatedto thatof theelectronbeam.There-

fore,by measuringthelengthandstructureof thelight pulsethelengthandstructureof

theelectronbeamis obtained.

CCD
camera

Phosphorescent
screen Intensif ier

Photocathode Accelerating
mesh

Light
pulse

Slit

Sweep
generator

Streak camera

Figure2.2: Schematiclayoutof astreakcamera.

Usuallyonly asectionof theradiationsourceis investigated,for thispurposeaslit is

placedat theinput of thecamera.Thephotonsthatpasstheslit will hit a photocathode
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producinganelectronbeamwith a temporalstructurethatwill be proportionalto that

of the light pulse. After accelerationtheseelectronsaresweptby a deflectingelectric

field generatedby a fastrampedvoltageappliedto two metallicplates.In this way, the

temporalvariationof intensity is transformedinto spatialinformationwhenhitting a

phosphorescentscreen.Thelight intensityof thephosphorscreenis recordedby aCCD

camera.For aschematiclayoutseefigure2.2.

Theresolutionof thestreakcamerawill dependonseveralfactors.First theelectron

energy spreadfrom thephotocathode(thatwill alsodependon thechromaticityof the

light pulse),secondthestaticimagesizeof theslit andthird theelectronbeamselffield

effectsandthedeflectionrampspeed.Timeresolutionsof a few hundredfemtoseconds

havebeenachievedmeasuringmonochromaticlaserpulses.

2.4 RF Deflector

The generalprinciple of this techniqueis very similar to that of the streakcamera,

to convert the time informationof the beaminto transversespatialinformation [27],

however, a directmeasurementis doneon theelectronbeaminsteadof usingradiation

emittedby thebeam.

In figure2.3a schematiclayoutof a RF-deflectorsystemis shown. Thebeamgoes

electron
bunch

RF deflecting
cavity collimator collector

Figure2.3: Schematiclayoutof a RF-deflectorfor bunchshapemeasurements.

througha RF-deflectingcavity whosedeflectingangledependson thephaseof theap-

plied field (that canbe adjusted).The beamgoesthenthrougha collimator andonly

thepartof thebeamwith thecorrectphasepassesthroughtheslit to thecollector. The

intensitydistribution of thewholebunchis obtainedby changingthe phaseof thede-

flectingfield, thatresultsin thedifferentportionsof thebeampassingtheslit. A faraday

cupcanbeusedascollectordevice.

Theperformanceof this systemis limited by thedeflectionangle,

deflectionangle� emittance
beamradius
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by wakefield effectsdueto interactionsof the beamwith the deflectingcavity andby

uncorrelatedenergyspread.All thisfactorsreducetheresolutionwith increasingcharge.

For low bunchcharges,a resolutionof 1 pscanbeachieved.

For high intensityor ion beams,thesecondaryelectronsemittedby thebeamwhen

hitting a thin wire canbeusefor diagnostics[28–30],seeFigure2.4. In this case,the

resolutionof themeasurementwill bereducedby theconversionof themainbeaminto

asecondaryelectronbeam.

Secondary emitted electrons

Ion beamThin wire

Beam pipe

To RF deflection system

Figure2.4: Emissionof secondaryelectronby anion beamhitting awire.

2.5 Spectrometer

Theprinciple is thesamethanfor thepreviousmethods,i.e. transformthe time infor-

mationinto transversespatialinformation. Theelectronbeamis deflectedby a dipole

magnetafterhaving gonethrougha timedependentacceleratingfield. Theeffectof the

time dependentaccelerationis a distributionof particleenergy alongthebunchrelative

to its phase.In this way whengoingthroughthedipolefield every longitudinalsection

will feeladifferentfield strength(thatis proportionalto theparticleenergy) andfollow

a differenttrajectory, asthebendingradiusis proportionalto thefield strength.There-

fore the time (or longitudinal) informationwill be transformedinto transversespatial

information.

This methodhasthesamelimitations thantheRF-deflector, a goodresolutioncan

only beobtainedfor low charges.

2.6 Coherent Radiation

Electromagneticradiationfrom electronbunches(Cerenkov, transition,synchrotron)is

coherentlyenhancedat wavelengthswhich areof the orderor longerthat the electron

bunchlength. Thefrequency spectrumof thecoherentradiationcarriesinformationof

thebunchdistribution.
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Thetotal intensityof theradiationemittedby a bunchof N electronsat wavelength

λ, usingfar-field approximation,canbeexpressedas[31]

Itotal � λ �����N � N � N � 1� f � λ � � Ie � λ � (2.3)

whereIe � λ � is theintensityof theradiationemittedby anelectron.Thecoherentpartis

proportionalto N2 andcontainsthe form factor f � λ � , that is themagnitudesquaredof

theFouriertransformof thebunchdistributionS� �r � ,
f � ω ��� ���� � ei 2π

λ n̂ rS� �r � d�r ���� 2 and
�

S� �r � d�r � 1 (2.4)

wheren̂ is theunit vectordirectedfrom thecentreof thebunchto theobservationpoint

and �r is thepositionvectorof anelectronrelative to its bunchcentre.If theradiationis

observedin theforwarddirectionfrom a transverselysymmetricbeam,theform factor

is independentof the transversebunchdistribution, it is thereforedeterminedonly by

the longitudinalbunchdistribution. For wavelengthslarger thanthe bunchlengththe

form factor approachesunity and the total radiationintensity is coherent(Itotal � λ � ∝
N2). On theotherhand,for wavelengthsshorterthanthebunchlength,theform factor

reducesto zero,andthe radiationbecomesincoherent(Itotal � λ � ∝ N). If radiationcan

not beobservedin theforwarddirection(which is thecasefor transitionandCerenkov

radiation)the transversebunch distribution contributesto the form factor [32]. This

contribution canbe neglectedundercertainconditions,neverthelessit is advisableto

have a small transversebeamsizeandsmall detectorangularacceptancefor accurate

subpicosecondbunchlengthmeasurements.

Fixed mirror

Beam
splitter

M
oveable m

irror

Focusing
mirror

Radiation source

Detector

Figure2.5: Schematiclayoutof aMichelsoninterferometer.

The coherentpart of the radiation,which containsall the information about the

longitudinalproperties,canbeusedto measurethebunchlengthby meansof autocor-

relationor spectralanalysistechniques.Oneof themostusedtechniquesto measurethe
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form factorspectrais the Michelsoninterferometer, whoseschematiclayout is shown

in figure2.5.

It consistsof a beamsplitter (usuallymadeof Mylar) that will split the radiation

into two raysdirectedtowardsthetwo mirror arms.Thesetwo raysarereflectedfrom

themirrorsandrecombined,at thebeamsplitter, andsentinto thedetector. 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 signal is not measured,

only symmetricdistribution canbe obtained.Somedevelopmentshave beenmadeto

measurethebunchasymmetryusingthis typeof techniques[33,34], but thesemethods

demandthe measurementof a very wide frequency rangeandthey make assumptions

on thebehaviour of thesignalat frequenciesthatarenot coveredby themeasurement

device.

2.7 Micr owaveSpectroscopy

Microwave spectroscopy is basedon the analysisof the RF spectrumof the electron

bunch.Dif ferentmethodshave beenproposedto couplethefield radiatedby thebunch

into a transmissionline thatwill bring thesignalto thedetectionsystem,seefigure2.6.

In 2.6(a)thebunchpassesbyaceramicgapin thevacuumchamber, its field radiates

from thegapinto a cavity andtheninto a waveguideleadingto a detector[35,36]. The

cavity resonatesat a fixed frequency andthe signalcanbe detectedby usingeithera

diodedetectoror a bolometer. Several(anddifferent)resonanceboxescanbeinstalled

giving thepossibilityto measuretheamplitudeat severalfrequencies.

Case2.6 (b) shows an antennapick-up [37–39], usually working also at a fixed

frequency. Thesignalcanbetransportedby a coaxialcableor a waveguidedepending

on thefrequency rangeof theexcitedsignal.It is asystemsimilar to case(a).

Thesetwo systemsmeasurethesignalat fixedfrequenciessothatonly a few points

of the frequency spectrumcanbe obtained.The calibrationof the systemsis difficult

andusuallyrequiresthe useof alternative methodsfor crosschecking. In any case,it

is a very fastway of monitoringthe bunchlength,any changein the bunchlength is

immediatelydetected.

Thenext two cases,2.6(c) and(d),allow theexplorationof abroadbandwidthof the

electronRF field spectrum[40,41]. In this way a knowledgeof thefrequency content

of the signal is possibleandallows the useof frequency domainspectroscopy (using

a Michelsoninterferometerfor example)aswell astime domainanalysis,themethods
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Figure2.6: Dif ferentset-upsfor couplingtheelectronbunchfield.

useddependson the requirements.In case(c) the time evolution of the electricfield

launchedin the waveguide is directly relatedto the electric field of the bunchat the

beampipewall, thereforeit carriesthe informationabouttheelectronbunchshape.In

case(d) theelectronbeamcouplesenergy into thewaveguidemodewhenthewaveguide

modeoscillationdeceleratestheelectrons,hencethismethodhasanon-negligibleeffect

onthebeam;andwhile thetransmissionof thewaveguideimposesalow frequency limit

on thetransmittedsignal,thetransittime, thetime requiredfor theelectronto crossthe

waveguide,imposesahigh-frequency limit aswell.

Methods(b) and(c) arenon-destructiveandproducea negligible disturbancein the

beam,in cases(a) and(d) the couplinggeometrycanbe disturbing,especiallyin the

caseof a train of bunchesdue,to excitationof wakefields.



20 Chapter2: Methodsfor MeasuringtheLengthof ElectronBunches

B
ea

m
 P

os
it

io
n 

M
on

ito
r 

(B
PM

)
W

al
l C

ur
re

nt
 M

on
ito

r 
(W

C
M

)

T
ra

ns
it

io
n 

an
d 

C
er

en
ko

v 
M

on
ito

r 
(T

C
M

)
M

ic
ro

w
av

e 
Sp

ec
tr

om
et

er
 (

ad
de

d 
in

 1
99

7)

RF gun
Solenoid

Fo
cu

si
ng

tr
ip

le
t

Solenoid

H
ig

h 
C

ha
rg

e
A

cc
el

er
at

in
g

se
ct

io
ns

Fo
cu

si
ng

tr
ip

le
t

B
un

ch
co

m
pr

es
so

r

Sp
ec

tr
om

et
er

Fo
cu

si
ng

tr
ip

le
t

Fo
cu

si
ng

tr
ip

le
t

Faraday cup

St
ee

ri
ng

 m
ag

ne
t

30 GHz power
transfer sections

Ph
as

e 
M

on
ito

r 
(P

M
)

Figure2.7: Instrumentationin theCTF.
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2.8 Measureof the bunch length in the CTF

Theelectronbunchdistribution in CTF is usuallymeasuredusinga streakcamerathat

analysesthe light comingfrom transitionandCerenkov converters(TCM) installedin

theCTFline [21]. Seefigure2.7onpage20for amoredetailedlayoutof theCTFdrive

beamwhereit is shown thepositionof the instrumentationto controlandmeasurethe

beamproperties.

A TCM is composedof a pieceof vacuumpipe, an aluminiumfoil (as transition

radiator)and a thin sapphirelayer (as Cerenkov radiator)and a pneumaticmotor to

movetheradiatorsin andout thebeamtrajectory.

Thesapphiresheethasa thicknessof 0.3 mm andis tilted by 65.5o with respectto

thehorizontalplane,in this way theradiationis directedin a directionperpendicularto

theelectronbeam.Thealuminiumfoil is 0.5mm thick andis tilted at anangleof 45o,

to produceradiationin adirectionperpendicularto theelectronbeam.

Theradiationproducedin theTCM is thentransported,usingmirrorsandfocusing

lenses,to the streakcameraroom, which is outsidethe CTF installationhall to avoid

radiationdamage.The transportsystemintroducestime andtransversedispersionin

the light pulse. Several effects accountfor this dispersion,the chromaticaberration

of the lenses,the imagedistortionof a non-zerosizesourceimage,the defectsin the

lensangularpositions,thechromaticdispersionof air. All theseeffectsleadto a time

dispersionof 2 ps(rms)anda transversedispersionof 70µm.

The streakcamerainstalledin the CTF is a RGM-SC1model with an amplifier

RAGM2 anda CCD cameraKRCCD, everythingprovidedby theARP company. The

overallsystemis believedto havearesolutionof about2 psrmsfor thetypeof radiation

in usein CTF(a betterresolutioncanbeachievedfor amonochromaticlaserbeam).

2.9 Design of the New Bunch Length Monitor for the

CTF

Oneof themainobjectivesof CTF is to testandstudythefeasibilityof power transmis-

sionat30GHzfrom thedrivebeamto themainbeam.For anefficientpowergeneration

in thedrive beamshortbunchesareneeded,the fwhm lengthshouldbe lessthan5 ps

(0.6 mm). In orderto obtainthis shortbunchesa bunchcompressorwasbuilt andin-

stalledin 1995[16], it wasdesignedto obtainbunch-lengthsbelow 1 ps.

In the previous sectionis wasshown that the resolutionof the streakcamera(the

only methodavailablein theCTFto measurethebunchlength)was4 ps,therefore,with
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this set-upit is not possibleto testtheperformanceof thecompressorandto know the

lengthof thebuncheswithin the requiredprecisionfor theexperiments.Furthermore,

this methodwashighly disturbingfor thebeam.

According to the study of the stateof the art of bunch lengthmeasurementsand

the CTF requirements,it wasconcludedat this point to develop a new bunch length

monitor (BLM) with the conditionsof beingnon-invasive andhaving a resolutionof

the order of 1 ps (rms). It hasbeenshown, in this chapter, that all known methods

exceptthemicrowave spectroscopy aredestructive andsomeof themareonly suitable

for low beamcharges. Therefore,the developmentof the new BLM will be basedon

themicrowavespectroscopy technique.



Chapter 3

Designof a Millimetr e-Wave Bunch

Length Monitor

TheBunchLengthMonitor (BLM) hasbeendesignedto measurethebeamfrequency

spectrumfrom which thebunchlengthcanbededuced.For thebunchlengthsin usein

CTFtherelevantfrequency rangeis above25GHz(12mmwavelength),andtheshorter

thebunchesthehigherthefrequenciesto inspect.

In orderto studythebeamspectrum,arectangularwaveguideis coupledto thebeam

pipe (a socalledrectangularRF pick-up). The bunchtravelling in thebeampipe will

excite a signalin thewaveguidethatcarriesthe informationaboutthebunchshape.A

computercode,MAFIA [42], is usedto computethe signalexcited in the waveguide.

That signal travels in the waveguideuntil it reachesthe detectionsystem. The trans-

missionin thewaveguideis affectedby dispersionandattenuation.Dispersionis dueto

thefactthatthegroupvelocity is frequency dependent,differentfrequenciestravel with

differentvelocities,thusevery frequency will arrive at a differenttime to thedetector.

Attenuationis causedby thefinite conductivity of thewaveguidewalls.

Thedetectionsystemhasto beableto measurethefrequency spectrumof thesignal.

Severalsystems,designedfor thispurpose,arediscussedandadescriptionof thedesign

of specialhigh-passfilters usedin thesesystemsis alsogiven.

3.1 Beamspectrum

Thefrequency spectrumof a bunchcontainsall theinformationaboutthebunchshape

andlength,however, to determinetheshapeit wouldbenecessaryto measuretheampli-

tudeandphasefor all frequencies(or at leastin a wide range).If no informationabout

23
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thephaseis availableandonly positive frequenciesaremeasuredthenonly symmetric

distributionscanbeobtaineddueto thefactthattheinverseFouriertransformof aeven

realfunctionis anotherevenrealfunction.Furthermore,for frequenciesnottoofar from

zero,all bunchdistributionshaveasimilar frequency spectrumsothatthespectrumcan

beassumedto beparabolic.Thatcomesfrom asecondorderdevelopmentof theFourier

transform.Let us expandexp ! " j ω t # in a Taylor seriesusingthe integral form of the

Fouriertransform,

F ! ω #%$'& ∞( ∞
f ! t # e( j ωtdt )*& ∞( ∞

f ! t # dt + j & ∞( ∞
ω t f ! t # dt " 1

2
& ∞( ∞
! ω t # 2 f ! t # dt , , , (3.1)

Sincethe measurementsystemdoesnot distinguishbetweenpositive andnegative

frequencies,thesignalthatis measuredis a realevenfunction,andtakinginto account

F ! ω # realeven - f ! t # realeven (3.2)

the function f ! t # is also real andeven and thenthe imaginarypart of Equation(3.1)

vanishes.As a result,weobtain

F ! ω #�$*& ∞( ∞
f ! t # e( j ωtdt ) Q . 1 " ω2σ2

2 / + O ! ω4 # (3.3)

whereQ is thechargeof thebunchandσ is thesecondmomentumof f ! t # ,
σ2 $*& t2 f ! t # dt (3.4)

In Figure3.1severalbunchdistributionsandtheirFouriertransformsareplotted,the

correspondinganalyticalfunctionsarelistedin Table3.1.

Bunchdistribution Fouriertransform rms

Square f 0 t 13254667 668 1
fwhm if 9 t 9 : fwhm

2

0 otherwise

F 0 ω 1;2 sin< 0 = 5fwhm ω >
0= 5fwhm ω σ 2 fwhm?

12

Triangular f 0 t 13254667 668 1
fwhm @ 1 ACB t Bfwhm D if 9 t 9 : fwhm

0 otherwise

F 0 ω 1;2 @ sin< 0 = 5fwhm ω >
0= 5fwhm ω D 2

σ 2 fwhm?
6

Gaussian f 0 t 132 1?
2π σ exp 0 A t2

2σ2 1 F 0 ω 1;2 exp 0 A 0 E 5ω2 σ2 1 σ 2 fwhm?
8ln2

Table3.1: SomepossiblebunchdistributionsandtheirFouriertransforms.
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Figure3.1: Severalbunchdistributionsandtheirpowerspectrum.

For any given distribution the term fwhm denotesthe full width at half maximum

while σ is thermsof thedistribution. Therelationbetweenthesetwo quantitiesdepends

on the type of distribution (e.g. for a gaussianfunction fwhmFHG 8ln2 σ while for a

triangularfunctionfwhmF'G 6 σ). All thedistributionsplottedhave thesameσ (=2 ps)

andit is clearlyseenthat is difficult to distinguishonedistribution from anotherat low

frequencies.TheBLM measurestwo frequency ranges,26.5–40GHz and60–90GHz,

in bothrangesit is still valid to assumeagaussianor aparabolicdistribution.

In orderto seetheeffect of thebunchlengthon thebunchdistribution in Figure3.2

areplottedtheGaussianpower spectrafor differentvaluesof σ, theshorterthebunch

thelargertheamplitudeat high frequencies.
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Figure3.2: Powerspectrumfor Gaussianbunchesof differentlength.

Figure 3.3 shows the layout of the BunchLength Monitor (BLM). As the bunch

travels by the rectangularRF pick-up, its electromagneticfield inducesa field in the

waveguidethatis thenguidedto adetectorfor analysis.

WR12
waveguide

beam
pipe

detection
system

bunch

kapton
foilWR28

waveguide

RF signal

Figure3.3: Layoutof themonitor.

The field inducedin the waveguidecarriesall the informationof the bunchspectrum

(BSI ω J ), but the signal that is detected(SD I ω J ) containsalso the responsefunction

(RF I ω J ) of thewholesystem,hencein orderto obtainthebunchspectrumtheresponse

functionhasto beknown,

SD I ω J�K BSI ω J RF I ω JLK�M BSI ω J�K SD I ω J RFN 1 I ω J (3.5)

The responsefunction of the systemis composedof the differentresponsesof the

different elements,suchas the coupling hole, the waveguide and the detectoritself.
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Differentapproachescanbefollowedto obtainthefrequency responseof thedifferent

components,theoretically, by direct measurement(e.g. with a network or spectrum

analyser)or usingspecialtechniquesto analysethedata.

3.2 Field Induced by the Electron Bunch

This sectionoutlinesthe processto obtainthe fields inducedby a bunchin the wave-

guideandthecorrespondingfrequency spectrum,that is thefrequency responseof the

rectangularpick-up.Thefrequency spectrumof a trainof bunchesis alsoshown.

3.2.1 Fieldsof a Bunch of ChargedParticles

To obtaintheelectromagneticfieldscreatedby abunchof chargedparticleit is easierto

first write down thefield in aco-moving frameandusethentheLorentztransformations

to obtainthefieldsin thelaboratoryframe.

The Lorentz transformationrelatethe fields in the framewerethe particlesareat

restto thefieldsin thelaboratoryframe.Thecomponentof theelectricfield parallelto

thebunchvelocity remainsunchanged,O
EP%Q OE RP (3.6)

while for thetransversecomponentsthetransformationis:O
ESTQ γ

O
E RS and

O
H SUQ O

1
µ0c2

O
v V OES (3.7)

wheretheprimedquantitiesarein the restframeof thebunch,

O
v is thevelocity of the

bunchandc thespeedof light. For anultra-relativistic bunch,v W c, the lengthin the

co-moving frameis γ timeslarger thanin the laboratoryframe,hencethe longitudinal

charge densityis γ timessmallerandthe componentEP is reducedby a factorγ. As

theperpendicularcomponentof theelectricfield in the laboratoryis gammatimesthe

field in the co-moving frame this componentis not reducedin amplitude,therefore,

for ultra-relativistic buncheswe areonly interestedin thetransversecomponentsof the

electromagneticfield.

Let usconsidernow anelectronbunchof N particleswith longitudinalchargedis-

tribution Λ X zY following a straighttrajectoryin freespace.The transversefields in the

laboratorymoving framewill be(in cylindrical coordinates)[43,44]

Er X r Z zY�Q eN
2πε0r

Λ X zY and Hθ X r Z zY�Q eNv
2π r

Λ X zY r [ beamradius (3.8)
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for a rounduniformbeamor

Er \ r ] ẑ�_ eN
2πε0r ` 1 a eb r2

2σ2 c Λ \ ẑ and Hθ \ r ] ẑ�_ eNv
2π r ` 1 a eb r2

2σ2 c Λ \ ẑ (3.9)

for a roundgaussianbeam. From the above equationswe canderive the fields at the

beampipewall at z=0 for abeamtravelling coaxially[36,40]

Er \ r ] t ^�_ eN
2πε0R

Λ \ t ^ and Hθ \ r ] t ^�_ eNv
2πR

Λ \ t ^ (3.10)

Thebunchis veryoftensupposedto beGaussianin thelongitudinaldirection,

Λ \ t ^�_ 1d
2πσz

eb t2

2σ2
t (3.11)

whereσt is thebunchlengthin timeunits,σz _ vσt .

The frequency spectrumis found by Fourier transformingEquation3.10. For the

magneticfield, e
H \ r ] ω ^�_*f ∞b ∞

H \ r ] t ^ eb jωtdt _ eNv
2πR

e
Λ \ ω ^ (3.12)

where

e
Λ \ ω ^ is theFouriertransformof Λ \ t ^ , for agaussiandistribution:

Λ \ ω ^%_ 1
v

eb t2

2σ2
t (3.13)

3.2.2 Fields induced in the waveguide

Thefrequency responseof therectangularpick-upis foundby applyingthefield equiv-

alenceprinciples,due to Schelkunoff, acrossthe apertureformed by the waveguide

entrancecoupledto thebeampipe[45],

n̂ g'hHwg _ihJc _ n̂ g'hHbunch (3.14)

where hJc is the currentinducedon the walls. Accordingto the previous equationthe

field launchedin the waveguidewill have the sametemporalevolution thanthe field

producedby thebunch.

Theactualfield inducedin thewaveguidecannot becalculatedanalyticallyasit is

a sumof a large numberof modesandnumericalmethodshasto be usedto solve the

resultingequations.However thereis a computerprogram,MAFIA, thancancalculate

theamplitudeof themodesby solvingtheMaxwell’sequationnumerically. Theresults

obtainedwith this programareshown in thenext section.
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3.2.3 A Train of Bunches

CTF canoperatein singlebunchmodeor with a train of bunches,thereforeit is nec-

essaryto know thefrequency spectrumof a train of bunchesaswell asthatof a single

bunch.

The field distribution in time of an infinite train of buncheshaving all of themthe

samedistribution anda constantperiodτ is theconvolution of thefield for onesingle

bunchwith animpulsetrain,j
Htrain k r l t m�n jHbunch k r l t mpo ∞

∑
i q�r ∞

δ k t s iτ m (3.15)

Takinginto accountthatthefourier transformof theconvolutionof two functionsis the

productof theFouriertransformfor eachfunction,t k f1 k t mpo f2 k t m m�n t k f1 k t m m;u t k f2 k t m m (3.16)

thefrequency spectrumis foundto bealsoasumof pulsesj
Htrain nwvH k r l ω m n

∑
i q 0

er j ω iτ (3.17)

This effect is best illustratedgraphically, Figure 3.4 shows a train of 5 identical

gaussianbunches(with thesamechargeandthesamelengthσ n 2 ps)separatedby a

distanceδt = 30 pswhile Figure3.5shows thecorrespondingfrequency spectrum.The

frequency spectrumof a train of bunchesis a line spectrumwhich amplitudesdecrease

with increasingfrequency. Thedistancebetweentheselines is givenby δν n 1x δt (=

33.3GHz in this example). The envelopeof the line spectrum,shown with a dashed

line, is thatof asinglebunchwith thesameσ thattheindividualbunchesof thetrain, in

this caseagaussianfunctionwith σ f = 50 GHz(= 1x σ).
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Figure3.5: Frequency spectrumof a train of 5 bunches.
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3.3 Transmissionthr oughWaveguides

Thefollowing introductionto transmissionin waveguidesis derivedfrom [45] and[46].

Thetypeof waveguideconsideredis ahollow conductingcylindrical tube(i.e. with only

oneboundary)with acrosssectionwhich is uniformalongthedirectionof propagation,

asshown in Figure3.6. Thewaveguideis assumedto beeitheremptyor filled with an

homogeneousisotropicmediumwith permittivity andpermeabilityparametersε andµ

andto beinfinitely long.

z  axis

Figure3.6: Cilindrical waveguide.

The determinationof the electromagneticfields within that region is obtainedby

solvingtheMaxwell’sequationswith thecorrespondingboundaryconditions(by choos-

ing theright coordinatesystem).It is found that thesolutionscanbedivided into two

setsof solutionsor modes.For onesetof modes,no axial magneticfield component

exists.Thesemodesarecalled“electric type” (E modes)or “transversemagnetic”,that

is, TM modes.Theothersetof solutionshave no axial componentof electricfield and

arereferredto as“magnetictype” (H modes)or “transverseelectric”, thatis TE modes.

3.3.1 GeneralProperties

The electric and magneticfield in the interior of the waveguide are solutionsof the

homogeneousvectorHelmholtzequation,i.e.,

∇2 yE z k2
0
yE { 0 ∇2 yH z k2

o
yH { 0 (3.18)

wherek2
0 { ω2µ0ε0. The typeof solutionis thatof a wave thatpropagatesalongthez

axis. SincetheHelmholtzequationis separablefor this kind of boundaryconditions,it

is possibleto find solutionsof theform f | z} g | x ~ y} . Beingz theaxisof propagationand
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x andy suitabletransversecoordinates.Thez dependencecanbeassumedto beof the

typee� Γz andthetimedependenceis ejωt .

In orderto simplify Maxwell’s equationsall the fields aredecomposedinto trans-

verseandaxialcomponentsandafterseparatingout thez dependence(timedependence

suppressed)�
E � x� y� z��� �Et � x � y� z��� �Ez � x � y� z��� �e� x� y� e� Γz � �ez � x� y� e� Γz�
H � x� y� z��� �Ht � x� y� z�p� �Hz � x� y� z��� �h � x � y� e� Γz � �hz � x� y� e� Γz (3.19)

where

�
Et ,

�
Ht arethetransversecomponents,and

�
Ez,

�
Hz aretheaxial components.

TheMaxwell’s equationsusingtheabove decompositionand∇ � ∇t � ∇z � ∇t �
Γâz for az dependencee� Γz resultin

∇t � �e � jωε0

�
hz ∇t � �h � jωε0

�
ez

âz � ∇tez � Γâz � �e � jωε0

�
hz âz � ∇thz � Γâz � �h �H� jωε0

�
ez (3.20)

∇t

�
h � � Γhz ∇t

�
e � � Γez

Thesolutionsareclassifiedasfollows,

1. Transverseelectric(TE) modes.Solutionswith Ez � 0 but Hz �� 0. All thefield

componentsmaybederivedfrom theaxial componentHz of themagneticfield.

2. Transversemagnetic(TM) modes.Solutionswith Hz � 0 but Ez �� 0. Thefield

componentsmaybederivedfrom Hz.

TE modes

SeparatingEquation3.18into transverseandaxialpartsyields

∇2
t hz � x� y��� k2

chz � x� y��� 0 (3.21)

∇2
t

�
h � k2

c

�
h � 0 (3.22)

wherek2
c � k2

0 � Γ2.

FromtheMaxwell equation(3.20)to (3.3.1)with

�
ez � 0 asolutionis obtainedfor

�
h

in termsof thetransversecomponenthz�
h � � Γ

k2
c

∇zhz (3.23)

and

�
e in termsof

�
h �

e � k0� Γ
Z0âz � �h (3.24)
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Thefactor jZ0k0 � Γ is calledthewaveimpedanceof TE modes,with Z0 �*� µ0 � ε0 being

theintrinsic impedanceof freespace.For a propagatingmode,Γ is imaginaryandwill

be takenas j β. Thewave impedanceZh � k0 � βZ0 is now real. For a non-propagating

mode,thewave impedanceis imaginaryandinductive.

Theboundaryconditionsdeterminetheallowedvaluesfor kc, thusthepropagation

constantΓ will dependon the waveguide geometry. The parameterkc is called the

cutoff wavenumber, sinceit determinesthewavelengthatwhichfreepropagationceases

(Γ � 0). This occurswhenλ0 is sothatkc � k0 for a givenmode,hence,thefreespace

cutoff wavelengthis givenby

λc � 2π
kc

(3.25)

Oncethecutoff wavelengthhasbeendeterminedfor aparticularpropagatingmode,the

valueof β andthe guidewavelengthmay be found. The guidewavelengthλg is the

distancethewavemustpropagateto undergo aphasechangeof 2π radians,hence

λg � 2π
β � λ0�

1 ��� λ0 � λc � 2� 1� 2 � µ0ε0

µ ε � 1� 2
(3.26)

For λ0 � λc thereis freepropagationof themode,atλ0 � λc freepropagationstopsand

for λ0 � λc themodeis exponentiallydampedwith distancealongtheguide(evanescent

mode).

TM Modes

The TM (or E) modeshave �hz � 0 but �ez �� 0. Thesemodesmay be consideredthe

dualof theTE modesby exchangingtherolesof theelectricandmagneticfields.Thus,

similar equationareobtainedfor fields

∇2
t ez � x � y�p� k2

cez � x� y��� 0 (3.27)

�e ��� Γ
k2

c
∇zez (3.28)�h � � j
k0

Γ
Y0âz � �e (3.29)

whereY0 � Z   1
0 andthewaveadmittanceYe for TM modesis givenby

Ye � Z   1
e � j

k0

Γ
Y0 (3.30)
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andZeZh ¡ Z2
0.

In analogyto TEmodes,aninfinite numberof valuesfor k2
c existsgivensomebound-

ary conditions.For Γ ¡ j β, thewave admittanceis real,Ye ¡ Y0k0 ¢ β, while for Γ real

(non-propagatingmode)it is imaginaryandcapacitive.

3.3.2 Power, Energy and Attenuation

In awaveguidewith perfectlyconductingwalls,eachmodepropagatespoweralongthe

guideindependentlyof thepresenceof othermodes.Thetime-averagepower flow for

asinglepropagatingTE modeis givenby

P ¡ 1
2

Re£p£
S ¤E ¥ ¤H ¦ âzds ¡ Zh

2
£p£
S ¤h § ¤h¦ ds ¡ Yh

2
£p£
S ¤e § ¤e¦ ds (3.31)

andfor asingleTM mode,

P ¡ Ze

2
£�£
S ¤h § ¤h¦ ds ¡ Ye

2
£p£
S ¤e § ¤e¦ ds (3.32)

It can be proven that that for a propagatingmode, the time-averageelectric and

magneticenergiesareequal,e.g.for aTE mode

We ¡ 1
4

ε0Z2
h £�£

S ¤h § ¤h¦ ¡ Wm (3.33)

Thepower flowing alongthewaveguideis equalto theproductof the total energy

perunit lengthandthevelocity, vg, of energy propagationP ¡ 2Wevg, andfrom here

vg ¡ β
k0

vc ¡ λ0

λc
vc (3.34)

wherevc ¡�¨ µ0ε0 © ª 1« 2.

Thephasevelocityvp is givenby

vp ¡ ω
β ¡ k0

β
vc (3.35)

andit canbe easilyshown that vpvg ¡ v2
c. Equations3.34and3.35arevalid for TM

modesaswell.
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Attenuation in Waveguides

If themetallicwallsof thewaveguidehaveafinite conductivity σ, they exhibit asurface

impedancegivenby

Zm ¬ 1  j
σδs

(3.36)

whereδs ¬*® 2̄ ωµσ ° 1± 2 is theskindepth.Thefinite conductivity resultsin apower loss,

Pl , in thewaveguidewalls. Sincelossis presentthepropagatingpower mustdecrease

accordingto a factore² 2αz, whereα is theattenuation,for a power P0 at thebeginning

of theline thepoweratadistancez is P ¬ P0e² 2αz. Therateof decreaseof poweralong

theline equalsthepower loss³
∂P
∂z ¬ Pl ¬ 2αP0e² 2αz ¬ 2αP (3.37)

Hencetheattenuationα arisingfrom conductorlossis givenby,

α ¬ Pl

2P ¬ Rm ´ C µJ ¶ µJ · dl

2Z ¸ µH ¶ µH · dS
(3.38)

whereRm ¬�® σδs° ² 1

3.3.3 RectangularWaveguide

Thisis themostcommonlyusedwaveguide,thecrosssectionis illustratedin Figure3.7.

z

y

x

b

a

Figure3.7: Rectangularwaveguide.

Oncetheequationsfor themagneticandelectricfield insidethewaveguidearesolved

with theproperboundaryconditionsa doubleinfinity setof possiblesolutionsis found

for both TE andTM waves. However, only a finite numberof modespropagatesin a

given frequency range,andin particularthereis a rangewereonly the first mode,the
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TE10, propagates.The modesmaybe labelledby two identifying integersubscriptsn

andm. Eachmodehasassociateda characteristiccutoff frequency νc¹ nm below which

themodedoesnotpropagate.Onceνc¹ nm hasbeendeterminedthepropagationfactoris

givenby

β º¼» k2
0 ½ k2

c (3.39)

wherek0 º ω ¾ µ0ε0 andkc º 2πνc ¾ µ0ε0. Sincethecutoff frequency differsfor different

modes,thereis alwaysalowerbandof frequenciesfor whichonly onemodepropagates

(unlessνc hasthesamevaluefor two or moremodes).

Thepropagationconstantβ is functionof frequency,

β º 1
c
» ω2 ½ ω2

c (3.40)

any signal consistingof several frequenciesis dispersed,or spreadout, in both time

andspaceasit propagatesalongthe guide. This dispersionresultsfrom the different

velocitiesat which thedifferentfrequency componentspropagate.

TE modes

Thefield componentsarefor n º 0 ¿ 1¿ 2 ¿ À À À , m º 0¿ 1 ¿ 2¿ À À À , n º m Áº 0

Hz º Anmcos
nπx
a

cos
mπy

b
eÂ j βnmz

Hx º*Ã j
nπβnm

ak2
c¹ nm

Anmsin
nπx
a

cos
mπy

b
eÂ j βnmz

Hy º*Ã j
mπβnm

bk2
c¹ nm

Anmcos
nπx
a

sin
mπy

b
eÂ j βnmz (3.41)

Ex º Zh¹ nm j
mπβnm

bk2
c¹ nm

Anmcos
nπx
a

sin
mπy

b
eÂ j βnmz

Ey º ½ Zh¹ nm j
nπβnm

ak2
c¹ nm

Anmsin
nπx
a

cos
mπy

b
eÂ j βnmz

wheretheZh¹ nm is thewave impedancefor thenmth TE mode

Zh¹ nm º k0

βnm
Z0 (3.42)
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Thecutoff wavenumberis givenby

kcÄ nm Å5Æ Ç nπ
a È 2 É Ç mπ

b È 2 Ê 1Ë 2
(3.43)

andis clearlyafunctionof theguidedimensionsonly. Thepropagationconstantis given

by

βnm Å�Ì k2
0 Í k2

cÄ nmÎ 1Ë 2 ÅÐÏ�Ñ 2π
λ0 Ò 2 Í Ç nπ

a È 2 Í Ç mπ
b È 2 Ó 1Ë 2

(3.44)

Whenk0 Ô kcÄ nm, βnm is purerealandthemodepropagates;whenk0 Õ kcÄ nm it is imagi-

naryandthemodedecaysexponentially. Thefrequency separatingthepropagationand

no-propagationbands,νc, is givenby thesolutionof k0 Å kcÄ nm, thatis,

νcÄ nm Å c
2π Æ Ç nπ

a È 2 É Ç mπ
b È 2Ê 1Ë 2

(3.45)

wherec is thevelocityof light.

A typicalguidemayhavea Å 2b, in whichcase

νcÄ nm Å c
2a
Ì n2
É

4m2 Î 1Ë 2 (3.46)

andνcÄ 10 Å cÖ 2a, νcÄ 01 Å cÖ a, νcÄ 11 ÅØ× 5cÖ 2a, etc.Therefore,thereis afrequency band

c
2a Õ ν Õ c

a
(3.47)

for which only the TE10 modepropagates.This is the dominantmodein rectangular

waveguidesandthemostcommonlyusedin practice.

Power

Substitutingthefieldsfoundin theprevioussectionin Equation3.31,it is found

Pnm ÅÚÙAnm Ù 2ab
2εonεom

Ñ βnm

kcÄ nm Ò 2

ZhÄ nm (3.48)

whereεon is theNeumannfactor, equalto 1 for n Å 0 andequalto 2 for m Ô 0.

If two modesarepresentsimultaneously, thepower is thesumof thatcontributedby

eachmode. This is a propertyof loss-freewaveguidesdueto theorthogonalityof the

eigenfunctionsthatdescribethetransversevariationof thefields.
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Attenuation

Therewill beacontinuouslossof powerdueto thefinite conductivity of thewaveguide

walls. Consequentlythepropagationconstantbecomesacomplex quantity, Γ Û α Ü jβ,

whereα is anattenuationconstant.

For thedominantmodeTE10 theattenuationconstantis

α Û Rm

abβ10k0Z0 Ý 2bk2
cÞ 10 Ü ak2

0 ß 2 Np
m

(3.49)

To convertattenuationgivenin nepersto decibels,multiply by 8.686( Û 20lge).

TM modes

For TM modessimilar solutionsto thosefor the TE modesarefound. A summaryof

thesolutionsis givenin Table3.2Friday, May 28,1999at 17:46

TE modes TM modes

Znm
k0

βnm
Z0

βnm
k0

Z0

kcà nm á â nπ
a ã 2 ä â mπ

b ã 2
βnm á k2

0 å k2
cà nm

νcà nm
c

2a æ n2 ä 4m2

Pnm çAnm ç 2ab
2εonεom è βnm

kcé nm ê 2
Zh à nm çAnm ç 2ab

2εonεom è βnm
kcé nm ê 2

Yeà nm

αnm
2Rm

bZ0 æ 1ë k2
cé nmì k2

0 í â 1 ä b
a ã k2

cé nm

k2
0

ä b
a è ε0m

2 å k2
cé nm

k2
0 ê n2abî m2a2

n2b2 î m2a2 ï 2Rm

bZ0 æ 1ë k2
cé nmì k2

0

n2b3 î m2a3

n2b2aî m2a3

Table3.2: Propertiesof modesin rectangularwaveguides.
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3.4 MAFIA Simulations- Frequencyresponseof the RF

pick-up

The frequency responseof the RF pick-up was computedwith the help of MAFIA.

MAFIA is a programpackagefor the computationof electromagneticfields by solv-

ing theMaxwell’s equations.Thebasisof all simulationsis the theoryof the discrete

Maxwell grid equations,thesocalledFinite IntegrationTechnique[42].

MAFIA cancalculatetheamplitudeof thedifferentmodesexcitedin a smallpiece

of rectangularwaveguideconnectedto thebeampipein which anelectronbunch(with

Gaussianchargedistribution) is travelling. To solve this problem,in Cartesiancoordi-

nates,it is necessaryto definemeshstepsin eachdirection,∆x, ∆y and∆z. The time

stepfor integrationhasto be definedproportionalto ∆zð c, wherec is the velocity of

light. Thesetwo parameters,∆z and∆t, arethe mostimportantones,as∆z limits the

lower wavelengththat canbe computedwith a goodaccuracy and∆t determinesthe

computingtime (thatcanbemorethan1 dayof CPUtime on a IBM-RS6000for very

smalltimesteps).

Severalsimulationwheredonefor differentsizesof themeshstep∆z to find acom-

promisebetweengoodaccuracy for shortwavelengths(high frequencies)anda not too

long computingtime. The parametersfinally chosenfor the meshstructurearelisted

in Table3.3. Thebeampipe radiusis 20 mm (that is, thenominalCTF pipe radius).

WR28waveguide WR12waveguide

(3.56x 7.11mm2) (1.549x 3.099mm2)

∆z [mm] 3.560/16= 0.222 1.549/7= 0.221

∆x ñ ∆y [mm] 0.222 0.221

Beampipelength[mm] 21.360 21.686

Waveguidelength[mm] 2.0 2.0

Table3.3: Parameterfor theMAFIA mesh.

Theseparameterwherechosensothatthereis anintegernumberof meshstepsin each

direction. Figures3.8(a)and3.8(b) show the geometryusedfor the simulationswith

bothtypesof waveguides.
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(a)Waveguide:WR28

(b) Waveguide:WR12

Figure3.8: Meshgeometryfor theMAFIA simulations.
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For thesegeometriesMAFIA will obtaintheTE10 modeamplitudeat theendof the

short(2 mm) waveguidecoupledto thebeampipe. In fact,othermodesarecomputed

but theTE10 is thedominantmodeandtheonly onepropagatingin thefrequency range

coveredby the detectionsystem.If MAFIA couldbe consideredto give an error-free

solution,only onesimulationfor a bunchwith a given lengthwould be necessaryto

obtainthedesiredfrequency responseof thesystem,however, any resultobtainedwith

anumericalmethodusingafinite meshhasanassociatederror. In orderto haveanesti-

mateof theerrorcarriedby MAFIA, severalsimulationsweremadefor differentvalues

of σ of theGaussianbunch. The bunchlengthsusedwereσ = 0.25,0.50,0.75,1.00,

1.25,1.50,1.75and2.00mm. Figure3.9showstheresultsof two differentsimulations

(σ = 0.75mmandσ = 1.25mm) for bothtypeof waveguides.
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Figure3.9: Modeamplitudes.
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The Fourier transformof the (time dependent)modeamplitudewill give the fre-

quency spectrumof the excited mode. Therefore,a FFT (FastFourier Transform)is

appliedto all the resultsgivenby MAFIA, a differentfrequency spectrumis obtained

for eachbunchlength,asshown in Figure3.10for thepreviouscases.
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Figure3.10:Frequency spectrafor two differentbunchlengths.

The frequency spectrumof theelectronbunchis alsoGaussian,(theFourier trans-

form of a Gaussianfunction is anotherGaussianfunction),andthesignalin thewave-

guide is proportionalto the bunchspectrum.Therefore,the responsefunction of the

pick-up canbe obtainedby dividing eachresultobtainedfrom the FFT by a gaussian
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distribution with thecorrespondingσ (sinceeachsimulationwasmadewith a different

bunchlength).

puô ω õ%ö FFT ÷ Modeamplitudeô t õ ø�ô ω õ
Bunchshapeô ω õ ù VHzú

The frequency responseof the pick-up is thenobtainedby averagingover the dif-

ferentsimulations.The result is shown is Figure3.11andthe correspondingstandard

deviation in Figure3.12,thisstandarddeviationgivesanestimateof theerrorcontained

in thenumericalresult. It canbeseenthatthevalueof standarddeviation is very small

exceptfor very high frequencies(>90GHz), thatare,nevertheless,aboveour measure-

mentrange.
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Figure3.11:Frequency responseof thepick-ups.

The power spectrumgives an estimateof the signal strength,the squareroot of

the power is obtaineddividing the frequency spectrumby the (frequency dependent)

impedanceof thewaveguide,Z ô ω õ ,û
Powerô ω õ%ö puô ω õû

Z ô ω õ ù ü W
Hz ú

Theresultsfor thepowerspectrumareshown in Figure3.13.Thisquantityis important

becauseits inverseFourier transformsquaredgivesthe power (asa function of time)

coupledto thepick-up.

Powerô t õ�öþýýý ÿ�� 1
� û

Powerô ω õ � ýýý 2
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Figure3.12:Standarddeviation.
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Figure3.13:Powerspectrum.

3.4.1 Beamoff Axis

The signal excited in the waveguidedependson the transverseposition of the beam

insidethe beampipe, thereforeseveral simulationswerealsomadeto know how the

amplitudeof thesignalchangeswhenthebeamis not centred.Thesesimulationwere

madeonly for theWR28waveguideasthefirst resultsalreadyindicatedthat thevaria-

tion of thesignaldid not dependon frequency. Thedifferentbeampositionssimulated

areshown in Table3.4.

In Figure3.14(a)is shown thefrequency spectrumof thesignalexcitedin thewave-

guide for several vertical offsets(x = 0 always)and in Figure3.14(b)areplotted the

sameamplitudesnormalisedto theamplitudeof thecentredbeam.It canbeseenthat
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x y x y x y x y x y

0 3 3 3 3 0 3 -3 0 -3

0 5 5 5 5 0 5 -5 0 -5

0 7 7 7 7 0 7 -7 0 -7

0 9 9 9 9 0 9 -9 0 -9

0 11 11 11 11 0 11 -11 0 -11

y
20

0

10

-10

-20
-20 -10 0 10 20

x

Table3.4: Off-centrebeampositionsfor MAFIA calculation.

thevariationin amplitudewith theoffsetis frequency independentin therangethatwe

aremeasuring(26.5–40GHz). The small changesfor high frequenciesareprobably

dueto numericalerrors.As it wasexpectedwhenthebeamis closerto thepick-upthe

amplitudeof thesignalincreaseswhile it decreaseswhenthebeamis furtheraway.
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Figure3.14:Spectrafor thedifferentverticaloffsetssimulatedwith MAFIA.

In orderto know thevariationof theamplitudeof thesignalwith respectto acentred

beam,all of themwerenormalisedto thespectrumof a centredbeam.As the relative

variationof theamplitudeprovedto befrequency independenttheresultsareplottedfor

a singlefrequency (30 GHz) asa functionof theoffset in thedifferentdirections.Fig-

ure3.15(a)showsthevariationof theamplitudefor differentpositionof thebeamalong

the y axis, in Figure3.15(b)is shown the variationfor the beamin differentposition

alongthex axisandFigures3.15(c)and3.15(d)show thevariationasthebeammoves
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in diagonal,this two plotsaresymmetricasonewouldexpectfrom thegeometryof the

set-up;the horizontalaxe labelsgive the positionof the beamon the x axis andthe y

position is given eitherby y � x or y ��� x, so that the distanceto the centreis � 2x.

Table3.4givesthepositionof thebeamfor all thesimulations.
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Figure3.15:Signalamplitudefor differentbunchpositionsnormalisedto theamplitude
whenthebeamis on axis.
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3.5 WaveguidesUsedin the Monitor

Two typesof rectangularwaveguidesareusedto pick-up the e.m. field of the bunch,

the WR28 covering the Ka band(26.5–40GHz) and the WR12 covering the E band

(60–90GHz). Thesefrequency rangesarethosewhereonly theTE10 modepropagates.

In fact, the TE10 startsto propagateat the cut-off frequency (21.1 GHZ for a WR28

and48.4GHz for a WR12), but for frequenciescloseto the cut-off the attenuationis

very strong. Thereforethe rangesgiven arethosein which the attenuationis already

weakenoughto allow a goodtransmission,thesearethe “useful” rangesof thewave-

guide.Thephysicaldimensionsandotherparametersof thesewaveguidesaregivenin

Table3.5,

Inside Outside Cutoff Frequency range Theoretical

Width Height Width Height frequency TE10 mode attenuation

[mm] [mm] [mm] [mm] [GHz] [GHz] [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: Characteristicsof thewaveguidesusedin thebunchlengthmonitor.

Some(frequency dependent)characteristicsof thetransmissionin thesewaveguides,

suchasimpedance,attenuationandphaseandgroupvelocity, areplottedin Figure3.16.

Theplot of theattenuationclearlyshows, for bothcases,thatits amplitudeincreasesto

lower frequencies(asmuchas50%from thehighestto thelowestfrequency plotted).
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(c) WR28: propagation
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Figure3.16:Waveguidecharacteristics.
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3.6 Designof the DetectionSystem

Thedetectionsystemhasto givethefrequency spectrumof thesignal,thevariationof its

amplitudewith frequency will give thelengthof theelectronbunch.In otherwords,we

wantto build a frequency spectrometer. Severalsystemweredesignedfor thispurpose� A mixeranda YIG filter� Two mixers� A powerdetectorandasetof differenthigh-passfilters

in thenext sectionsthesethreesystemsaredescribed.

Beforegoinginto detailsaboutthesessystemashortdescriptiononhow mixersand

YIG filters work is given.

3.6.1 YIG Filters and Mixer, Brief Description

A YIG filter is a tunablemicrowave filter. YIG standsfor Yttrium-Iron-Garnet,that is

the single-crystalmaterialof the ferrimagneticresonatorthat is usedto magnetically

tunethefilter.

Thefilter usedin thedetectionsystemis amulti-octavebandfilter from OMNIYIG,

Inc. (California, USA), which characteristicsare listed in Table3.6. The maximum

bandwidthof this filter is 65MHz.

Omniyig Frequency Insertion Bandwidth Off resonance
modelNo. range loss at 3 dB isolation

M1022 2.0–12.4GHz 5 dB 25–65MHz 50 dB

Table3.6: Characteristicsof theYIG filter.

In ourapplicationthemixercanberegardedasamultiplier of two inputsignals,this

is shown schematicallyin Figure3.17. Thesignalappliedto theRF port hasa carrier

frequency ωs andamodulationwaveformA 	 t 
 . Theothersignal,theLO (LocalOscilla-

tor), is asinusoidatfrequency ωp. As canbeseen,by applyingsimpletrigonometry, the

outputis foundto consistof modulatedcomponentsat thesumanddifferencefrequen-

cies. Thesumfrequency is thenrejectedby a low-passfilter. In this operatingmodeit

is alsocalleddown converter. Theuseof nonlinearmultipliersresultsin thegeneration

of harmonicsanddifferentmixing productsso that filtering is necessaryto obtainthe

desiredoutput.
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A(t) cos(ωs t)

A(t) cos(ωp t)

FILTER A(t) cos[(ωs - ωp) t]

A(t) cos(ωst) cos(ωpt) = 0.5 A(t) [cos[(ωs-ωp)t] + cos[(ωs+ωp)t]]

Figure3.17:Schematicrepresentationof a mixerasanidealmultiplier.

Dif ferenttypesof mixerareusedfor theexperiments,� A QMB-2808-AG balancedmixerwith integraloscillatorfrom QUINSTAR (Cal-

ifornia, USA) to cover theKa band(26.5–40GHz). Thelocal oscillatoris setto

26.5GHz.� Threebalancedmixerswith integral localoscillatorsfrom ELVA-1 (Riga,Latvia)

to cover differentpartsof theE band.Thelocal oscillatorweresetto 56.5GHz,

74.5 GHz and 75 GHz. The currentset-upusesthe 56.5 GHz and 74.5 GHz

oscillators.� Threedoublebalancedmixer, modelDB0218LW2 from MITEQ (NY, USA) cov-

eringtherange2–18GHzandwith andIF bandwidthof 750MHz.

3.6.2 Mixer + Mixer

Thetwo mixer areusedto down-convert thefrequency spectrumsothat thesignalcan

bereadoutdirectlywith adigitizing oscilloscope.A detaileddescriptionis givenof the

applicationof this methodto theKa band(26.5–40GHz), theextensionto theE band

(60–90GHz) is straightforward. Figure3.18shows anschematicrepresentationof the

detectionprocess.

RF signal
from bunch

Local
oscillator
26.5 GHz

Sweep
oscillator
2-14 GHz

Low-pass
filter

(50 MHz)
1st 

mixer
2nd

mixer

High-pass
filter

(26.5 GHz)
Horn

Video
amplifier
(18 db)

Digitizing
oscilloscope

IF signal: 0-13.5 GHz

Figure3.18:Schematicrepresentationof thetwo-mixerdetectionsystem.
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The signalcomingfrom thebunchandtravelling troughtheWR28 waveguideex-

tendsfrom 21.1GHzto 40GHzfor thedominantmodeTE10, althoughthespecification

for thewaveguiderangeis 26.5–40GHz it is advisableto usea high-passfilter to cut

off thesignalbelow 26.5GHz. SeeFigure3.19for agraphicalrepresentationof thefol-

lowing description.Thefirst mixerwith a LO at 26.5GHz will downconvert thewhole

frequency spectrumsothattheoutputsignalwill bein therange0–13.5GHz. Thesec-

ondmixerhasasweepingLO, it will downconvert thesignalaccordingto thefrequency

givenby theLO. To clarify theprocedureletsassumethattheLO is at 8 GHz, thenthe

frequency spectrum(0–13.5GHz) will beshiftedto therange0–5.5GHz,althoughthe

outputsignalif limited to 750MHz becauseof thebandwidthof themixer. Theoscil-

loscopewill readonly thesignalwithin its bandwidthwhatwill give us theamplitude

of thesignalat 8 GHz ( � oscilloscopebandwidth).Theoscilloscopesreadsthesignal

at eachfrequency stepof theLO oscillator. Two optionalelementscanbeusedin order

to improvethemeasuredsignal,anadditionallow passfilter to reducethebandwidthof

thesignalreadby theoscilloscopeandanamplifierto increasethesignal.

ν0

Frequency

A
m

pl
itu

de νi

Oscilloscope
bandwidth

First downconversion
(fixed LO)

Second downconversion
(sweeping LO)

(fixed) (variable)

Figure3.19:Spectrumdownconversion.

The sameprocessthat is doneby this combinationof two mixer could have been

achieved with only onemixer anda sweepingoscillator in the frequency range26.5–

40 GHz. However, the costof sucha source,at thesevery high frequencies,is much

larger thanthecostof thesecondmixer with a 2–15GHz local oscillatorandexceeds

thebudgetof theexperiment.Furthermore,sucha systemwould not necessarilygivea

betteraccuracy, althoughit couldbemorecompactandeasyto install.

3.6.3 Power Detector+ High-PassFilters

The power detectorusedis a planar-dopedbarrierdetectorHP R422C(from Hewlett

Packard),for theKa bandanda ELVA detectorfor theE band. Thepower detectoris
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coupledto thewaveguideoutputandthesignalis directly readby theoscilloscope,as

shown in Figure3.20.

RF signal
from
bunch

High-pass
filter

Horn
Diode

detector
Digitizing

oscilloscope

Figure3.20:Powerdetectorset-up.

Thepower spectrumcanbeobtainedby usinga setof filters with differentcut-off

frequencies.For eachfilter thedetectorwill givetheintensityintegratedoveradifferent

frequency range.Fromthisdata,togetherwith thetransmissionfunctionof eachfilter it

is possibleto reconstructthepowerspectrum.

3.6.4 Mixer+YIG Filter+Power detector

Thisset-upis similar to thepreviousoneswhereweusedhigh-passfilter. Thefrequency

spectrumis first shiftedby themixersothatit is within thefrequency rangeof theYIG

filter (2.0–12.4GHz). The YIG filter is a tunableband-passfilter, when tunedat a

certainfrequency the power detectorwill integratethe intensityof the signalover the

bandwidthof thefilter (  50 MHz). By moving thefilter acrossthewholespectrumwe

will obtainthepowerateachfrequency (integratedoverthefilter bandwidth)andfinally

wecanreconstructthepowerspectrum.

During the testsmadewith this systemit wasnot possibleto obtainany signalon

the scope. The signalamplitudeafter the passagethroughthe filter is too low to be

measuredby thepowerdetector. However, it is not possibleto increasetheinput signal

intensitybecauseits maximumintensityis limited by themixerinstalledbeforetheYIG

filter. This problemcouldbesolvedwith theuseof a moresensitivepower detectoror

an amplifier at the exit of the mixer, however the equipmentat so high frequenciesis

veryexpensiveandnoneof thisdeviceswasacquired.

3.7 Micr owaveFilters Design

Perforatedmetalplates(grids)canbeusedfor theconstructionof transmissionfilters in

thefar infraredandin themicrowaveregions.Thecomplementarystructure,a periodic

arrayof metallicdisks,alsopossessesfiltering properties.Althoughthesetypeof filter
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are in usesincemany yearssomefilter with new characteristicswere designedand

fabricatedto fulfill therequirementsof ourdetectionsystem.

Thegeometryof theapertures(circular, rectangular, cross-like)determinesthemain

characteristicof the filter, a plateperforatedwith slotshasbandpasspropertieswhile

if perforatedwith circularholesactsasa high-passfilter [47–49],moreover thereflec-

tion characteristicsof a high-passtransmissionfilter is that of a low-passfilter. The

two dimensionalarrangementof theholes(symmetry, distancebetweenholes)andthe

thicknessof the platedeterminethe filtering propertiesof the grid. For example,in-

creasingthe thicknessenhancesthe filtering properties(the slopeof the transmission

curve at thecut-off frequency getssteeper)but it alsoreducesthetransmissionandcan

leadto Fabry-Perot-like resonancesundercertainconditions[50].

Fabry-Perotresonancescanappearwhen the radiationis reflectedbackand forth

betweenthe boundariesof the holes. The condition to obtaina resonanceis that the

thicknessof the plate,d, hasto be an integer multiple of half the wavelength,λ, for

normalincidence.In general,for a radiationwith anangleof incidenceθ, thecondition

is written as

λ
2 � ndcosθ

m
(3.50)

wheren is therefractive index of themediumandm is aninteger.

A grid with circularholeswill behaveasahigh-passfilter. Thecut-off frequency of

thetransmissionspectrum,νc, is obtainedregardingtheholesascylindrical waveguides.

As in acylindrical waveguidetheelectromagneticfieldsis characterisedin TE andTM

modesthecut-off wavelengthof eachmodeis givenby

λc�mn � 2π
χmn

a for TM modes (3.51)

λc�mn � 2π
χ �mn

a for TE modes (3.52)

wherea is the radiusof the cylindrical waveguide,χmn is the nth non-vanishingroot

of the mth-orderBesselfunction, Jm � χ � , andχ�mn is the nth non-vanishingroot of its

derivative.

Table3.7shows thevaluesof χmn andχ�mn for thefirst modes.Thelowestcut-off is

for theTE11 modeandis givenby

1
λ � 0 � 586

2a
(3.53)

whichwill bethefrequency cut-off for thetransmissionspectrum.
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rootsof J� χ �
m

0 1 2 3

1 2.405 3.832 5.136 6.380
n

2 5.520 7.016 8.417 9.761

rootsof J’ � χ �
m

0 1 2 3

1 3.832 1.841 3.054 4.201
n

2 7.016 5.331 6.706 8.015

Table3.7: Rootsof themth-orderBesselfunctionandits derivative.

3.7.1 Theoretical Model

The theoreticalformalismshown hereis basedon the methodof momentsfor induc-

tive grids andwasdevelopedinitially by Chenin [51,52], applicationof thesegrids

to solarselective surfacesandcorrespondingmicrowave measurementshave alsobeen

consideredin [53].

Considera planarelectromagneticwave incidenton a perfectlyconductingscreen

perforatedwith aperturesasshown in Figure3.21. The grid is assumedto be infinite

in extent, dx is the periodof the array in the x directionwhile dy is the projectionof

the otherperiodof the arrayonto the y direction. The angleα is formedbetweenthe

directionsof periodicity. Theincidentwavevector�k is atanangleθ to thenormalof the

grid andφ is theanglebetweenthex axisandtheprojectionof �k ontothex-y plane(the

screensurface).

α
φ

dx

dy

x or s1

y

k sinθ s2

θ

φ x

z

y

grid

reflected
wave

incident
wave (k)

transmitted
wave

Figure3.21:Geometryof a two-dimensionalarrayof circularholes.

Let usdividethespaceinto threeregions,D0, D1 andD2. D0 andD2 aretheregions

above and below the grid and D1 is the region within the aperture. Expandingthe

unknown electricandmagneticfield distribution nearthe screenin a setof Floquet’s

modefunctionsandrelatingtheunknown fields in eachregion by meansof continuity
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conditionsat thesurfacesanintegralequationis obtainedfor theunknown fieldsin each

aperture.Theintegralequationis reduced,by themethodof moments,to asetof linear

algebraicequationswhichcanthenbenumericallysolvedwith theuseof a computer.

The transversecomponentsof the electricfield above andbelow the meshcanbe

writtenasdiscretesumsoverplanewaves

Et � x� y� z��� Ei
t � ∑

r pq
Er pqΦr pq � x � y� z� (3.54)

in D0 and

Et � x� y� z��� ∑
r pq

Er pqΦ̂r pq � x � y� z� (3.55)

in D2, whereΦr pq � x� y� z� andΦ̂r pq � x� y� z� representupward anddownward travelling

planewaves.Thetransversecomponentsof themagneticfields,Ht canbeexpressedin

asimilarmanner. Thesubscriptr=1,2is usedto indicateTE or TM waves,respectively.

Theorthonormalmodefunctionscanbeexpressedas

ΦTE
pq � 1�

dxdy

�
vpq

tpq
x̂ � upq

tpq
ŷ Ψpq (3.56)

ΦTM
pq � 1�

dxdy

�
upq

tpq
x̂ � vpq

tpq
ŷ Ψpq (3.57)

whereΨpq is thescalarmodepotentialthat,with theexp(jωt) timedependenceomitted,

canbewrittenas[54]:

Ψpq � exp � � j � upqx � vpqy � γpqz� � (3.58)

where

ups � ksinθcosφ � 2πp
dx

vps � ksinθsinφ � 2πq
dy
� 2πp

dx tanα
(3.59)

γpq �"!#$ #%
&

k2 � t2 for k2 ' t2 �� j
&

k2 � t2 for k2 ( t2

with

t2
pq � u2

ps � v2
ps



56 Chapter3: Designof a Millimetre-WaveBunch LengthMonitor

for p) q * 0 ) + 1 ) + 2 ) , , , ) + ∞
The orders(p,q)=(0,0) correspondto specularlyreflectedand transmittedorders,

other orderscorrespondto diffractedwaves. The modal propagationconstantγpq is

positiveandrealfor thepropagatingmodesandis negativeandimaginaryfor evanescent

modes.

For the caseof an isoscelestriangulararray wherethe elementspacingsand the

angleof incidencesatisfy -
λ
dx . 2 / - λ

2dy . 2 021
1
/

sinθ 3 2 (3.60)

and

2

-
λ
dx . )

-
λ
dy . 0 1

/
sinθ (3.61)

thedistantscatteredfield consistof the p * q * 0 modes,otherwiseothermodesmay

alsoexist. In the latercase,ananomalywill appear, in the transmissionandreflection

spectra,at thefrequency pointswhereordersceaseto propagate.Thesediscontinuities

areknown as"Woodanomalies".

Thefieldswithin thecircularaperturesarewritten assumsovercircularwaveguide

modesΨsnml

1
ρ ) θ 3

Et

1
x ) y) z34* ∑

snml 5 asnmlsink2νsnmlz
/

bsnmlcosk2νsnmlz6 Ψsnml3 1 x) y3 (3.62)

wheren andm areintegers. The subscripts distinguishesTE andTM modeswhile l

distinguishesmodeshaving zeroazimuthalcomponent(horizontalmodes)from those

having zeroradialcomponent(verticalmodes).Also

ν1nm *�7 1 8 χ 9 2nm1
k0a
3 2 (3.63)

ν2nm * 7 1 8 χ2
nm1

k0a
3 2 (3.64)

whereJ9 1 χ 9nm3:* 0 andJ
1
χnm3�* 0 andJn andJ9n arethenth orderBesselfunctionand

its derivative,respectively.

Theamplitudeof theplanewave expressionsis foundby applyingcontinuitycon-

ditions at the surfacesof the grid andby numericallysolving the resultingequations

with thehelpof acomputer. Dif ferentauthorshaveshown thegoodconcordanceof this

theoreticalmodelwith experimentalmeasurements[49,50].
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3.7.2 High-PassFilter Design

A seriesof high-passfiltersweremanufacturedby drilling circularholesin brassplates.

Thediameterof theholesweredeterminedby the requiredcut-off frequency for each

filter accordingto (3.53).Althoughthebehaviour of thistypeof filter is shown in several

papersdifferentsamplesof filters were designed,constructedandmeasuredin order

to obtain the mostsuitableparametersfor our requirements.A Microwave Network

AnalyzerHP8722Acapableof characterisingthefrequency responseof RFcomponents

from 50 MHz up to 40 GHz, with a frequency resolutionof 100 kHz, was usedto

measurethetransmissionandreflectioncoefficient of thefilters. Figure3.22shows an

schematiclayoutof theset-upfor themeasurementsof thefilter characteristics.

HP8722A 50 MHz - 40 GHz

OUT IN

Measurement of
reflection factor

Measurement of
transmission factor

Horn HornFilter
Horns

Filter

WR28
waveguide

WR28
waveguide

SMA cable

SMA cable

3 cm 3 cm

γ

Figure3.22:Layoutof themeasurementset-up.

The first sampleswere designedto obtaina cut-off frequency at 26.6 GHz. The

geometricparameters(seeFigure3.21)wereα ; 60o, dx = 6.9mmanddy = 6.0mmwith

aholeradiusof 3.3mmandtwo differentthicknesses,13.2mm(twicethediameter)and

26.4mm (four timesthediameter).Figure3.23showsanschematiclayout.

Thecharacteristicsof thesefilter weremeasuredaccordingto theplot in Figure3.22.

Thesecharacteristicsweremeasuredseveraltimesin differentconditionsbut only typ-

ical samplesareshown in this report. The resultsobtainedfor the transmissioncoef-

ficient areshown in Figure3.24(a)and3.24(b)for the two differentthicknesses.The

transmissioncurve increasesaround26.6GHz (the cut-off frequency, indicatedin the

plot by thepointernumber2), it is clearlyseenthatthecut-off propertiesimprovewith a
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Figure3.23:Designof a filter with acut-off frequency of 26.5GHz.

thickerplatebut at thesametimesomeresonancesappearandthecurveseemsto ripple

more.
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Figure3.24:Transmissionspectrum.

The reflectionpropertieswere also measuredand a sampleof the resultscan be

seenin Figure3.25(a)and3.25(b). The reflectionspectrumis that of low-passfilters

with a cutoff frequency around26.6GHz. The band-passcharacteristicthat show the

Figure3.25(a)and3.25(b)is dueto the fact that only waveswith a frequency above

21.05GHzaretransmittedin thewaveguideof thenetwork analyzer.
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Figure3.25:Reflectionspectrum.

In orderto try to avoid theresonancesin thetransmissioncurve,two new filterswere

designedandtested.Thesenew filters do not have simpleholesperforatedbut in order

to smooththe transitiona conicaledgewasaddedto eachsideof thecylindrical hole.

Thedesignsof bothfilters areshown in Figure3.26andFigure3.27,they differ in the

total thickness(althoughthethicknessof thecylindrical holeis thesamein bothcases)

andin theangleof theconicaledge,30o and20o respectively.
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Figure3.26:Filter with cut-off frequency at 26.5GHz andconicaledgesat anangleof
30o.
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Figure3.27:Filter with cut-off frequency at 26.5GHz andconicaledgesat anangleof
20o.

Thetransmissionandreflectioncharacteristicsof thesefilters weremeasuredin the

sameway than the previous onesand the resultsare shown in Figure 3.28 and 3.29

respectively. It canbeseenthat thenumberandamplitudeof theresonancesdecreases

with theconicaledgesbut the transmissionis lower asa consequenceof thereduction

in thenumberof holesperunit of surface.
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Figure3.28:Transmissionspectrum.
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Figure3.29:Reflectionspectrum.

As a compromisebetweengood transmissionand few resonancesit wasdecided

to make the high-passfilter accordingto Figure3.27, the conicaledgewould have an

angleof 20o, the thicknessof the cylindrical hole would be twice its diameterwhile

thethicknessof theconicaledgewould behalf its diameter(beingthetotal thickness3

timesits diameter).

A seriesof high-passfilters were preparedfor differentcut-off frequencies,with

conicaledgesat an angleof 20o. The diameterof the differentfilters wereobtained

accordingto Equation(3.53) for the differentfrequencies.In next tablecanbe found

themainparametersof thefilters, cut-off frequency (νc), holediameter(d), periodin x

andy direction(dx anddy), andthickness(t).

νc [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 chapterdescribesthe CTF drive beam(seeChapter1) with specialregardto the

instrumentationandthe bunchcompressor, that canreducethe bunchlengthdown to

0.5ps(rms). Theset-upof theBunchLengthMonitor (BLM) in this linac asinstalled

in 1997is describedin detailaswell asthemeasurementanddataacquisitionprocedure

which are in use. The detectioncanbe madewith a diodedetectoror with the two-

mixerstechnique.In bothcasesthedataacquisitionis drivenby a PCusingprograms

speciallymadefor this purpose.Sometypicalexperimentalsignalsareshown.

4.1 CTF Dri veBeamInstrumentation

TheCTF drivebeamacceleratoris a S bandlinac, thatis working at a RF frequency of

3 GHz [8]. It canwork in singlebunchmodeor with a train of bunches(2 to 48). The

nominalradiusof thebeampipeis 20mmalthoughsomeelements,liketheaccelerating

structures,haveasmalleraperture.Figure4.1showsaschematiclayoutof theCTFdrive

beamline showing thepositionof thebeamdiagnosticelements.TheBLM is labelled

asmicrowavespectrometerandit is installeddownstreamof thebunchcompressor.

Theelectronbunchesareproducedinsidea RF gunby illuminating a photocathode

with a laserpulse,this systemallows thegenerationof very short(8-10psfwhm) high

chargebunches.TheRFgun[14] has2+1/2S-bandcellswith aniris diameterof 40mm

anda Cs2Te photocathode[10] placedon thebackplane.Thecathodeis illuminatedby

a laserpulseof 262nm wavelength[12] andtheelectronsemittedarethenaccelerated

by thefield insidethegun(100MV/m) to anenergy of 7 MeV.

63
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Figure4.1: TheCTF instrumentation.
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The solenoids,that follow the RF gun, focusthe beambeforegoing into theHigh

ChargeAcceleratingStructures(HCS)whichwill acceleratethebunchesupto 50MeV.

The HCSsare speciallydesignedto compensatefor the strongbeamloadingcaused

by the high charge beamwhen operatingwith a train of bunches[15]. A sequence

of quadrupolesallow to keepthe beamfocusedbeforecompressionand the steering

magnetscorrectthebeamtrajectoryin bothtransversedirections.Severalmonitorsare

installedto measurethebeamcharacteristics(charge,transverseposition,phase).

Thebunchcompressorcanreducethe lengthof thebunchdown to 0.5 ps rms and

will bedescribedin detail in thenext section.Oneof thedipolemagnetsof thebunch

compressorcanalsobeusedasa spectrometerto measurethe energy spectrumof the

beam.After thebunchcompressorseveralquadrupolesandsteeringmagnetsareusedto

matchthebeamto theapertureof the30GHzsection,whichhasa7.5mmradiusbeam

pipe. In the 30 GHz power extractionstructuresthe beamis deceleratedto produce

power at 30 GHz in order to acceleratethe main beam. The transitionor Cěrencov

radiatorsareusedto measurethebunchlengthandtheemittanceof thebeam.Finally

the beamis dumpedin a FaradayCup that measuresthe charge. A spectrometer(not

drawn in Figure4.1) is alsoinstalledat the endof the beamline to measurethe final

beamenergy spectrum,afterthepassagethroughthe30GHzpowerextractionsections.

Thebeamdiagnosticelementsinstalledare[55]:< BeamPositionMonitors(BPM).

They indicatethepositionof thebeamin thetransverseplaneby using4 buttons

(antennas)placedaroundthebeampipe. Thedifferencein amplitudeof thefour

signalsgivesthebeamposition.< PhaseMonitors(PM).

They givethephaseof thebeamwith respectto the3 GHzRF. Mechanicallythey

areidenticalto the4 buttonBPMsbut haveadifferentreadoutelectronics.< Wall CurrentMonitors(WCM).

Measuresthechargeof thebunch. They arecomposedof 6 feedthrougharound

the beampipe (so asto be beamposition independent)that measurethe image

currentof thebeamtravelling on thebeampipewall.< TransitionandCěrenkov Monitors(TCM).

A pneumaticsystemintroducesin thebeamline analuminium(0.5mm thick) or

asapphirefoil (0.3mmthick) to producetransitionor Cěrenkov radiationrespec-

tively. Theradiationis thenanalysedwith thehelpof a CCD cameraor a streak

camerato measurethebunchtransversedimensionsor thebunchlength.
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A dipolemagnetdeviatesthebeamsothatit hitsascintillatingscreen.Theenergy

spectrumof thebunchis measuredby varyingthemagneticfield of themagnetas

thedeviationangleis proportionalto thebunchmomentum.= BeamLossMonitors.

Measuretheradiationemittedby thebunch.They areveryusefulto optimisethe

transmissionasthey indicatewherethebeamhits thechamberor is deviated.As

they aremoveable,they arenotshown in Figure4.1.= MicrowaveSpectrometeror BLM.

ThesearetherectangularRFpick-upsinstalledto collecttheelectromagneticfield

of thebunch.= FaradayCup.

Measuresthebeamchargeat theendof thelinac.

4.2 Bunch Compressor

Thebunchesin theCTFarecompressedin amagneticchicanecomposedof threedipole

magnets,theonein thecentrehaving invertedpolaritywith respectto theothertwo [16].

In adipolemagnettheelectronsaredeflectedaccordingto theirenergy, theparticles

with lessenergy follow atrajectorywith asmallerradiusthantheoneswith moreenergy.

In a magneticchicanethis is translatedin a longerpath length for particleswith less

energy. In orderto obtaincompressionwith this methodthe energy in the bunchhas

to increasefrom headto tail. This effect canbe achieved by a properphasingof the

acceleratingstructures.Then,theheadof thebunch,with a lowerenergy, arrivesfirst at

theentranceof thechicanebut followsa longerpathwhile theparticlesin thetail, with

moreenergy, arrive laterbut follow a shorterpath. Theglobaleffect is a shorteningof

thebunchasshown schematicallyin Figure4.2.

momentum momentum

phase phase

tail
 p > p0

head
 p < p0

p0 p > p0

p0

p < p0

IN OUT

Figure4.2: Compressionin amagneticchicane.
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In orderto have thebeamcentred(in thetransverseplane)at theexit of thechicane

thecondition > Bdl ? 0 hasto befulfilled, B is themagneticinductionandtheintegral

is doneover theparticletrajectory. In our casethecurrentsfeedingthedipolemagnets

have to follow therelation

Ic ? 1 @ 2 A Ie (4.1)

whereIc is thecurrentin thecentralmagnetandIe is thecurrentof theothertwo (that

areequal)[55]. Theratiobetweenthecurrentandthemagneticfield in themagnetsare

2 @ 49 A 10B 3 T/A for thecentralmagnetand

2 @ 47 A 10B 3 T/A for theendmagnets.

Thecompressionratio dependson two factors,theenergy spreadalongthebunchand

the currentin the dipoles(that givesthe intensityof the magneticfield). The energy

spreadalongthebunchis controlledby thechoiceof thephasein theacceleratingsec-

tions. The phaseof theseelementscannot be arbitrarily chosenbut hasto be a com-

promisebetweenobtainingthe desiredenergy gain andhaving enoughenergy spread

to allow compression.Oncethephaseis fixedthecompressionfactorcanbevariedby

changingtheintensityof thecurrentin themagnets,alwaysconstrainedby Equation4.1.

4.3 BLM Installation

ThefirstRFpick-up(for aWR28waveguide)wasinstalledatadistanceof 10.90m from

thephotocathode(referenceof all thelongitudinaldistancesin theCTF)andtherewere

16.2m of waveguidebeforereachingthedetector. In thispositionthepick-upwasvery

closeto a BPM (so that it waspossibleto checkthat thebeamis centred)and1.40m

beforea TCM. Thefirst measurementsshowedthat theTCM introduceda disturbance

in thedetectedsignalevenwhennoneof thefoils werein thebeamline (seeChapter5).

The TCM producesa discontinuityin the beampipe impedance,the electromagnetic

fields of the bunchesaredistortedandpartially reflectedandthe pick-up alsocollects

thissignal,which is thensuperimposed(althoughdelayedin time) to theoriginalsignal

comingfrom thebunch. Thereforeit wasdecidedto move thepick-upaway from the

TCM.

Thefinal installationof thetwo pick-ups(thesecondonefor theWR12waveguide)

is asshown in Figure4.3. The lengthof the two waveguidesinstalledto reachthede-

tectoris different,theWR12waveguideis 12m longwhile theWR28is 16m (thelatter

onehasaspecialdelayline installed).A minimalwaveguidelengthof 12m is necessary
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BPM
TCMWR12 WR28

Pick-ups

13 cm 1.12 m 1.33 m
Beam
pipe

9.70 m

Pick-up initial position 8 cm

4 cm 1.5 cm73 cm

photocathode

Figure4.3: Pick-upsituation.

to reachthedetectorsituatedin a room above the CTF hall. However, the waveguide

introducesa dispersionin the signal(eachfrequency travels with a differentvelocity)

thathelpsto separatethedifferentfrequenciesasthey will arriveatdifferenttimesto the

detector. Therefore,onewould liketo haveawaveguideaslongaspossible.Yetanother

factorto take into accountis theattenuationin thewaveguide,that is muchstrongerin

the WR12 ( C 0.2 dB/m) thanin the WR28 waveguide( C 0.1 dB/m) while muchmore

power is collectedby theWR28waveguide.Consequentlytheactuallengthsareacom-

promiseamongall this factor. Figure4.4 shows a generallayoutof theCTF hall with

thedetectionsystemabove,after1.6m of concreteceiling (for radiationprotection).

CTF hall

Detection

3.5 m

1.6 m

CTF

1.2 m

9.7 m Pick-up

Ceiling High-pass
filter

Horns

Detector
RF
signal

Figure4.4: BLM set-up.

In Figure4.5 is shown the actualinstallationof the RF pick-upsin the CTF drive

beam.A KaptonTM foil wasusedto isolatethevacuumin thebeampipe,asindicated

in thepicture. For theWR12waveguidethis isolationprovento beenoughbut for the

WR28 (with 4 timesmoresurface)therewasa small but continuousleak that spoiled

thevacuum.In orderto avoid this a two-stepvacuuminstallationwassetup, thereare

two KaptonTM foils andin betweenaspecialvacuumchamberwhichcontainsapieceof

WR28waveguideperforatedwith smallholesto allow avacuumpumpto extracttheair.

Thissolutionwasverysatisfactoryconcerningthevacuumqualitybut seemsto slightly

perturbthebunchspectrumsignaltravelling troughthewaveguide.
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Kapton foil

WR28 waveguide

Vacuum chamber

Support
for the

waveguides

WR12
waveguide

Kapton
foil

Electron beam

Beam pipe

To vacuum
pump

To detection
system

Figure4.5: Pictureof theRF pick-upsin theCTF drivebeam.
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4.4 Measurementand Data Acquisition Procedures

Two detectionsystemsarecurrentlyin use,the diodedetectorwith a setof high-pass

filters andthetwo-mixerstechnique(seeChapter3). In bothcasesthedataacquisition

is madewith a PC, locatedin the CTF control room, usinga GPIB (GeneralPurpose

InterfaceBus) andspeciallybuilt programmes.Severalprogramswerewritten during

the thesiswork to help with the dataacquisitionandsettingof the instruments.The

programmesusedfor the dataacquisitionare written in C/C++ andmake useof the

SICL (StandardInterfaceControl Library) of Hewlett Packardto controlandreadout

theoscilloscopeandsynthesizer.

4.4.1 Power detection

Whendetectingthesignalwith adiodedetectortheprogrammeorderstheoscilloscope

to acquirethesignalandsendit backto thecomputerthatwill storethedataasanASCII

file. Theacquiredsignalcanbeonesinglesampleor anaverageover severalsamples,

theusercanmodifyon-screenparametersto changethosesettings.Bothsignals,coming

from theWR12andWR28waveguides,areacquiredat thesametime.

In Figure4.6 areshown typical signalsmeasuredwith a diodedetectoranda dig-

itizing scopein both frequency bands(Ka: 26.5–40GHz and E: 60–90GHz). The

two curvescorrespondto two differentcompressingratiosof thebunchcompressor. A

highercompressionis translatedinto a larger amplitudeof the signal. The higherthe

frequency measuredthe larger the increasein theamplitude,thereforethis increasein

amplitudeis speciallynoticeablein theE band(ascanbeseenin theFigure4.6(b)) .
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Figure4.6: Signalobtainedwith thediodedetectorin bothfrequency bands.
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4.4.2 Two-mixersdetection

The detectionwith two-mixersis a bit morecomplex, in Figure4.7 is shown the pro-

cessof the signaldetection. The secondmixer coversthe range2–18GHz, so it has

a maximumbandwidthof 16 GHz. In orderto detectthewholeE band(60–90GHz),

with a bandwidthof 30 GHz, it is necessaryto split the signal in two. A high-pass

filter (in transmission)with a frequency cut-off of 74.5GHz let passthroughtherange

74.5–90GHz that is collectedby a horn, while reflects(asa low-passfilter) the band

60-74.5GHz that is thencollectedby anotherhorn. Both signalsthenfollow thesame

process.ThePCcontrolstheoscilloscopeacquisitionandthesweepingoscillator(aHP

synthesizer).

sweep oscillator
2-14 GHz

low pass filter (50 MHz)

video amplifier (18 db)

digitizing
oscilloscope

1st mixer

2nd mixer

high pass filter
(transmission)

local oscillator

26.5-40 GHz
RF signal

1st mixer

2nd mixer

60-90 GHz
RF signal

26.5 GHz 74.5 GHz

horn

computerGPIB lines

56.5 GHz

Figure4.7: Computercontrolof thetwo-mixersdetectionsystem.

Themeasurementandacquisitionprocesscanbedividedin severalsteps,

1. ThePCordersthesynthesizerto oscillateat acertainfrequency.

2. Theoscilloscopeis orderedto starttheacquisition(in envelopemode)averaging

overseveralsamples.

3. Theoscilloscopesendsthedatato thecomputer.

4. Thecomputerprocessesthedataandstorestheresult.
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5. Theprocessstartsagainuntil thedesiredfrequency rangeis covered.

Finally thecomputerwill givethefrequency spectrumof theincomingsignal.Figure4.8
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Figure4.8: Signal readout by the scopeafter the mixing procedureat two different
frequencies

showsthesignalreadoutby thescopeafterthemixing procedure(step2 of theacquisi-

tion process)at two differentfrequencies.Dueto thefactthattheLO is notsynchronous

with thebunch,theLO signalhasalwaysa differentphasewith respectto the incom-

ing RF signal(generatedby thebunch),a directaverageover severalacquisitionsafter

mixing wouldgiveazeroamplitudesignal.Hence,thescopeis setto “envelopemode”,

in this way it recordsthemaximumamplitudeat eachtime-pointfor eachacquisition.

Theresultingsignalwill betheenvelopeof severalsuperimposedsignals.Thenumber

of signalsnecessaryto obtaina goodaveragewasdeterminedempirically by observ-

ing whenthe envelopeof the superimposedsignalsbecamestable. That numberwas

restrictedby theneedof keepingthemeasurementtime asshortaspossible(not longer

thana few minutes). Then the areaof this signal is computedandusedas the level

of the signalat the correspondingfrequency (step4 of the acquisitionprocess).This

procedureis applieduntil thewholefrequency rangeis coveredsothatthefinal resultis

thefrequency spectrumof thesignalasshown in Figure4.9, for a singlebunch,andin

Figure4.10for a trainof bunches.

Theacquisitionprogramallowstheuserto easilychangemostof theparametersthat

control the dataacquisitionasthe numberof averages,the frequency rangeor ranges

andthefrequency step.Anotherprogramswerewritten to beableto changetheoscil-

loscopeandsynthesizersettingsfrom thecontrol room(verticalandhorizontalranges,

acquisitionmode,etc.).



4.4 Measurementand Data Acquisition Procedures 73

30 32 34 36 38 40
100

150

200

250

300

350

400

450

Frequency [GHz]

S
ig

na
l a

m
pl

itu
de

 [a
.u

.]

(a)Ka band.

78 80 82 84 86 88
0

50

100

150

200

250

300

Frequency [GHz]

S
ig

na
l a

m
pl

itu
de

 [a
.u

.]

(b) E band

Figure4.9: Raw frequency spectrumfor asinglebunch.
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Figure4.10:Raw frequency spectrumfor a trainof bunches.

A calibrationof thesystemis neededin orderto deducethebunchlengthfrom the

dataobtainedby bothmethods.Thecalibrationproceduresaredescribedin detailin the

next chapter.
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Thenext figuresshow therealinstallationof themixing methodin theCTF gallery.

Figure4.11shows anoverview of thewhole installationin a rack,with thepower sup-

plies,thesynthesizerthatis usedassweepingoscillator, thedigitizing scopeandtheKa

andE bandprocessing.

Power
supplies

Sweeping
oscillator

(synthesizer)

Digitizing
oscilloscope

E-band
signal

processing

Ka-band
signal

processing

Storage
space

Figure4.11:Overview of thedetectionsystem.
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Figure4.12shows theset-upto measuretheKa bandin thefrequency range:28.5–

42.5GHz)andFigure4.12showsacloserview of theKa bandmixers.

2nd mixer

26.5 GHz LO oscillator

50 MHz low-pass filter

18 dB amplifier 1st mixer

RF signal
from the bunch

26.5 GHz high-pass filter

to oscilloscope

Figure4.12:View of theKa bandprocessingset-up.

2nd mixer

26.5 GHz LO oscillator

1st mixer

signal from
the sweeping

 oscillatorto oscilloscope 
(through the low-pass filter)

incoming signal

Figure4.13:Closerview of theKa bandmixers.
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Figure4.14shows a generalview whereit is possibleto seethe set-upof the two

processingareasfor theE band.Thefilter thatactsasa high-passfilter in transmission

andasa low-passfilter in reflectionallows thedivisionof theE bandin two parts.

74.5 GHz filter
-high-pass in transmission
-low-pass in reflection

Processing of the frequency range:
 76.5 - 90.5 GHz

Processing of the frequency range:
 58.5 - 72.5 GHz

Figure4.14:View of theE bandprocessing.

In Figure4.15is shown in detailtheset-upto processthefrequency range76.5–90.5

GHzof theE band.A closerlook of theE bandmixerscanbeseenin Figure4.16.

2nd mixer 74.5 GHz LO oscillator

50 MHz low-pass filter
18 dB amplifiers

1st mixer

RF signal
from the bunch

74.5 GHz filter
-high-pass in transmission
-low-pass in reflection

signal from 
sweeping
 oscillator

to oscilloscope

Figure4.15:View of theset-upto processthefrequency range76.5–90.5GHz.
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2nd mixer 74.5 GHz
LO oscillator

50 MHz low-pass filter

1st mixer signal from 
sweeping
 oscillator

to oscilloscope

incoming signal

Figure4.16:Closerview of theE bandmixers.
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Chapter 5

Data Analysis and Results

This chapterpresentsthe experimentalresultsand their analysis. The two detection

techniques,powerdetectionwith adiodeandRF mixing, follow differentdataprocess-

ing techniques.Picturesandplotsof thecurvesobtainedduringtheexperiments,using

bothdetectingtechniques(thediodeandthemixing method),areshown togetherwith

plotsof theexpectedsignalcomingfrom computerandanalyticalcalculations.These

figureswill alsoshow how the signalchangeswhencompressingthe bunch,andhow

this effect is particularlyvisible,asexpected,for thehigherfrequencies.

The analysisof the experimentalsignal includethe comparisonwith the expected

signal,theunderstandingof unexpectedeffects,anda discussionof calibrationproce-

duresfor bothsystems.Severalplotswill show theexperimentalresultsof thecalibra-

tion proceduresfor bothdetectiontechniques.

5.1 Data fr om the DiodeDetector

Thediodedetectormeasuresthepower of the incomingelectromagneticwave. Dueto

dispersionin the waveguidesthis signal is spreadout in time, high frequenciesarriv-

ing first. A seriesof high passfilters, with differentcut-off frequencies,canbe used

to measurethesignalin differentfrequency rangesandthenreconstructthe frequency

spectrumfrom thesedata.However, thismethoddid notwork becauseit wasnotpossi-

ble to calibratethewholesystem,thatis, to know its frequency response.Nevertheless,

thediodedetectorwassuccessfullyusedto monitorvariationsin thebunchlengthand

set-upthe bunch compressor. A relative calibrationmethod,using the bunch length

measurementsgivenby thestreakcamerawastried, but sincethestreakcamerahasa

resolutionof 2 psrmstheresultingcalibrationwasnotaccurateenough.

79
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5.1.1 ExpectedSignal

In orderto haveanestimateof thesignalarriving atthediode,onehasto makeuseof the

frequency responseof theRFpick-ups,obtainedwith thehelpof MAFIA, andanalytical

expressionfor the bunchshapeand the dispersionandattenuationin the waveguide.

Theseeffectsarefrequency dependent,thereforeit is necessaryto work in Fourierspace

andoncethefinal resultis obtainedtransformit backto timespaceusinganInverseFast

FourierTransform(IFFT). Theprocessis asfollows,

RD ω E zE σ F�G r D ω F�H DispersionD ω E zF�H Attenuation D ω E zF�H BunchspectrumD ω E σ FG�I p D ω E zE σ F�G RD ω E zE σ FJ
Z D ω F IFFTG�I p D t E zE σ FG�I ExpectedPower: P D t E zE σ F4G�K p D t E zE σ F K 2

where r D ω F is the frequency responseof the pick-up, RD ω E zE σ F is the bunch spec-

trum after travelling a distancez in the waveguide,Z D ω F is the waveguideimpedance

andp D ω E zE σ F is the functionwhich inverseFourier transformsquaredgivesthesignal

power, P D t E zE σ F . Theresultingpoweramplitudedepends,notonly on thetime,but also

on the distancetravelled in the waveguidez andthe bunchlength. In all this process

only the first mode(TE10) is taken into account,as is the only modepropagatingin

the frequency rangethat is measured.Moreover thepower that is coupledto theother

modesis negligible comparedto thepowercarriedby thefirst mode.

Figures5.1 and5.2 show the expectedsignals,in the Ka andE bandrespectively,

for agaussianbunchaftertravelling through8 m of waveguide,for four differentbunch

lengths. The signalamplitudeincreaseswhenreducingthe bunchlengthbecausethe

shorterthe bunchesthe moreimportantis the excitation of the high frequency part of

thespectrum.Theincreaseof thesignalwhenreducingthebunchlengthis particularly

clear in the E band(60–90GHz), wherefor the longestbunchthe level of the signal

is almostzero,while it increasesvery fastfor very shortbunches.The increasein the

maximumlevel whenshorteningthebunchlengthis shown in Table5.1.

Ka band 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 whenshorteningthebunchlength.
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Figure5.1: Expectedpowerarriving to thediodedetectorin theKa band.
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Figure5.2: Expectedpowerarriving to thediodedetectorin theE band.
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The dispersionin the waveguidesmodifiesthe speedof transmissionof the signal

accordingto its frequency. Thehigh frequenciestravel fasterthanthelow frequencies,

hencethey arrivefirst to thedetector. In Figure5.3areshown thepoweramplitudeafter

8 and16m of waveguide,theattenuationin thewaveguidehasreducedtheamplitudeof

this signalanda amplifying factorhasbeenuseto make bothsignalof thesameheight

in orderto seethestretchingeffectdueto dispersion.
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Figure5.3: Signalsafter8 and16 m of waveguide.

5.1.2 Experimental Results

The first measurementwith the diode detectorwas madethe 5th October1996, the

signalis shown in Figure5.4. At this time thehornswerenot installed,thediodewas

directly connectedto the endof the waveguide. Is is noticeable,comparingthis plot

with theonefor theexpectedsignal(Figure5.1) that it seemsto bea superpositionof

thesamesignalwith sometime delay.

The main signalstartsat 8–9 ns while this superimposedpart startsaround10 ns

later. After sometestspart of this signalwasproven to comeafter the passageof the

beamthroughthe TCM (seeChapter4). At the time this measurementwasdonethe

TCM wasaround1.5 m behindthe RF pick-up, so that the beamwould take 5 ns to

reachthis elementandthenthereflectedRF signal5 nsmoreto reachtheRF pick-up.

In orderto testtheinfluenceof thiselementin thedetectedsignal,severalmeasurements
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Figure5.4: First signalmeasuredwith thediodedetector.

wereperformedwith the aluminiumor sapphiresheetin the beamline andout of the

beamline. Whenthesheetswerein, the reflectedsignallevel wasmuchlarger, while

with thesheetsout,thelevel of thispartdecreasedbut neverdisappeared,thatis because

theTCM cavity alonedisturbsthebunchfield producingsomebackwardsreflectedRF

field. In Figures5.5areplottedthecurvesobtainedwith theTCM in andoutof thebeam

line. Thefactthatpartof thesignalis generatedin theTCM is speciallynoticeablewith

theuseof a35 GHzhigh-passfilter asshown in Figure5.6.
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(b) TCM out.

Figure5.5: Powercurveswith no high-passfilter.
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(b) TCM out.

Figure5.6: Powercurveswith a35 GHzhigh-passfilter.

Althoughthedetectionsystemis notcalibratedit is possibleto comparequalitatively

the expectedsignalandthe real signalby usinga calibrationfactor(the ratio of max-

imum amplitudes)that makesboth signalhave the samemaximumvalue. Figure5.7

shows theexperimentalsignalagainsta theoreticalsignalwith anarbitrarycalibration

factor. In orderto simulatethesignalreflectedform theTCM, thetheoreticalsignalis

superimposedto itself with a timedelayof 10ns.
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Figure5.7: Comparisonof expectedto measuredsignal.
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After theseexperimentstheRFpick-upweremovebackwardssothattheTCM was

1 m furtherawayandthereflectedsignalwouldhaveanadditionaldelayof 6 ns. It was

not possibleto placethe RF pick-up in a betterpositiondueto a lack of spacein the

CTF beamline.

The currentset-upof the Bunch Length Monitor (seeChapter4) usesa horn to

spreadout thesignalcomingfrom thebunchandanotherhornto collectthesignalafter

passingthrougha high-passfilter, this new configurationaddedsomedistortionto the

signal. The hornswereaddednot only to usethe high-passfilters but alsoto provide

a galvanic isolationfor the diodesincethe first time the diodewasused,without the

horns,it wasbroken after a few minutes. This incidentwasthoughtto be causedby

somecurrentflowing throughthe waveguide from the beampipe. Another element

addedto thetransportline wasa pumpingsectionfor theKa band(seeChapter4), that

alsocontributesto distort the signal. Typical signalsobtainedwith the currentset-up

areshown in Figure5.8 for theKa bandandin Figure5.9 for theE band.Thedifferent

linescorrespondto differentcompressionsettings,that is differentbunchlengths,that

areindicatedby thecurrentin thecompressorendmagnets.
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Figure5.8: Signalmeasuredwith adiodedetectorin theKa band.

The signalshapeis similar for differentbunchlengthsbut the amplitudelevel in-

creasesas the bunchgetsshorter, asexpected. Becausethe diodedetectormeasures

power, the resultis very sensitive to a variationin charge (power goeswith thesquare
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Figure5.9: Signalmeasuredwith adiodedetectorin theE band.

of thecharge),thereforeeitherthechargeof thebunchis keptverystableor it hasto be

measuredfor everyshotto normalisetheresults.

Thesignalsshown in thesefiguresdiffer from thetheoreticalexpectedsignals(Fig-

ure 5.1 and5.2). At leastthe first partof the signalslook similar to theexpected,but

later thereare, apparently, somereflectionsaddingto the signal. One of this reflec-

tion hasbeenidentified,in theKa band,ascomingfrom theTCM, but therearesome

othersignalscoupledin thewaveguideor evengeneratedsomewherein thewaveguide.

At this high frequenciesmetallic surfacesact asmirrors so that is possiblethat some

resonancesareformedsomewherein thesystem.

In theE bandsomeresonancesareinterferingwith themainsignalso that it looks

distortedby ripplingandthereis clearlyareflectioncoming5-6nsaftertheinitial signal.

Thatreflectionis generatedin avacuumpumpthatis installed95cmaftertheE bandRF

pick-up,thatwould make a delayof 6 nsfor thesignalreflectedat this point. However

thatcouldnotbetestedbecauseit wasnotpossibleto removethevacuumpump.These

samemeasurementsweremadeusinga40GHzanda80GHzhigh-passfilter in theKa

andE bandrespectively, theresultsareshown in Figures5.10and5.11. Thereflection

following themainsignalin theE bandhascompletelydisappearedandin theKa band

alsopart of the signalcomingabout20 ns behindthe main signalhasvanished,thus

they werecomposedof frequenciesbelow 80 GHzand40GHzrespectively.
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In conclusion,it wasdifficult to analysethe signalcomingfrom the bunchdueto

thecouplingof signalreflectedinsidethebeampipeandtheappearanceof resonances

(mainly dueto theuseof hornsandthepumpingchamber).
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Figure5.10:Measuredpower in theKa bandwith a40 GHzhigh-passfilter.
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Figure5.11:Measuredpower in theE bandwith a80 GHzhigh-passfilter.
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With thismethodis verydifficult to measurethebunchlengthfor a trainof bunches

dueto interferenceeffectsamongthesignalsfor eachbunchin thetrain,thatarespaced

by 0.333ns in time. Figures5.12and5.13show thepower detectedfrom a train of 8

bunchesin theKa band.
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Figure5.12:Powerdetectedfrom a train of 8 buncheswithouthigh-passfilter.
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Figure5.13:Powerdetectedfrom a train of 8 bunchesusinga35GHzhigh-passfilter.
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It wasnot possibleto properlycalibratethis set-updueto a lack of the necessary

equipment,insteada calibrationrelative to thestreakcamerawastried,asexplainedin

thenext section.

5.1.3 RelativeCalibration

An independentcalibrationprocedure,basedontheindividualcalibrationof all thecom-

ponentsof thesystem,failedasaconsequenceof nothaving theproperequipment.The

filters characteristics,for example,could only be measured,with a network analyzer,

in the frequency range50 MHz–40 GHz. That implies that the frequency responseof

filters with a highercut-off frequency have to be inferred from the responseof those

filters thatwerewithin thenetwork analyzerfrequency range.Someothercomponents,

asthediodedetector, couldnotbeproperlycalibratedastherewasnomicrowavesource

with enoughoutputpoweravailable.

As analternativeacalibrationrelative to thestreakcamerameasurementswasused.

For different set-upsof the bunch compressorthe bunch length was measuredusing

thestreakcameraandat thesametime thesignalfrom thediodedetectorwasrecorded.

AssumingaGaussianbunch,thepeakamplitudeof thesignal(supposedto beat40GHz

for theKa bandand90 GHz for theE band)is correlatedwith theform factorgivenby

the bunchlengthmeasuredwith the streakcamera.A regressionline is found for the

valuesof thepeakamplitudeagainsttheform factorsquare.Howeverthestreakcamera

is known to have a resolutionof about2 ps rms andany calibrationusingthe results

obtainedwith thatdevice will not bevery accurate.Figures5.14,5.15and5.16show

someexperimentalresultsof thecalibrationprocedurein bothfrequency bands.

This calibrationseemsto work fine for theKa bandin Figure5.14,althoughthere

aretwo points,at40and48A, wherethestreakcamerameasurementswherewrong.At

40 A thelengthmeasuredis largerthanon bothsideswhile at 48 A it is muchsmaller,

andin bothcasestheerrorsbarsaresignificantlysmallerthanin theneighbourpoints.

Thiscouldhavebeencausedby a transverseshift of thebeamin theTCM.

In Figure5.15bothbandsarecalibrated,but becausetheE bandis muchlesssensi-

tive to long bunchesnot all point areusedin thecalibrationbut only themeasurements

whichbunchlengthis lessthan4 psrms.TheKa bandfollows thesamebehaviour than

in thepreviousplot andtheE bandshows a bettersensitivity to shorterbunchesanda

saturationfor longbunches.Theobservedbehaviour, in theE band,is expectedaslong

bunchesdo not excite high frequencies,hencetherewill be no signalexcited in this

band.
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Figure5.14:Calibrationresultfor theKa band.
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Figure5.15:Calibrationresultfor theKa andE band.
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Figure5.16shows a calibrationthatwasdonewith very shortbunchesonly, in this

casethe resultsfrom the streakcameraaredoubtful, they show a minimum lengthat

46A while thedetectionof powershows in bothbandsaminimumlength(a maximum

signallevel) at 42A.
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Figure5.16:Calibrationresultfor theKa andE band.

With this methodsingleshotmeasurementsof the signalareobtained. Thus, the

diodedetectorproved to be a very useful to obtainfastqualitative informationof the

variationof the bunch length. However, it is not well adaptedto quantitative bunch

lengthmeasurementsbecauseof thedifficultiesto obtainanabsolutecalibration.

5.2 Data fr om the Mixing Method

With the mixing techniqueit hasbeenpossibleto measurethe frequency spectrumof

a train of bunchesas well as of a single bunch. Moreover, a methodwas found to

obtainthefrequency responseof thesystem,thatis anabsolutecalibration.By applying

this methodthemixing techniquewassuccessfullycalibratedandwasableto measure

bunchesasshortas0.7ps.However, thecalibrationis still a lengthyprocedureandhas

to berepeatedwheneverany modificationin theset-upchangesthefrequency response

of thesystem.
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5.2.1 ExpectedSignal

Theprocessto calculatethesignalexpectedis similar to theoneusedfor thediodede-

tector. Theresultsobtainedfor thefrequency responsearemultipliedby theattenuation

anda gaussianbunchspectrum. Also the frequency responseof someelementswas

taken into account,someof the mixers, for example,have a calibrationdeliveredby

thecompany whichproducesthem.However therearesomeelementsthatcouldnotbe

calibratedsothatthesignalobtainedcanonly giveanapproximateideaof theexpected

signal. In Figures5.17and5.18areshown theexpectedfrequency spectraof a single

bunchanda train of bunches,respectively, for differentrmsbunchlengths.
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Figure5.17:Expectedfrequency spectrumof asinglebunch.
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Figure5.18:Expectedfrequency spectrumof a trainof 16 bunches.

It is difficult to observe the changein amplitudewith bunch length for a train of

bunchesbut the envelopeof that spectrumis the samethanfor a singlebunchso that

the variationof amplitudelevel is alsothe same.The variationof the signal level for

differentlengthsis listed in Table5.2. Comparingthesevalueswith thevaluesfor the

power detection(Table5.1), it is seenthat the increaseof signallevel whenthebunch

getsshorteris lesspronounced. This techniquemeasuresthe squareroot of power,
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thereforethe increaseis smaller. However, the signal is directly proportionalto the

charge so that is lesssensitive to variationsin the charge of thebunchthanthe power

detection.

at 40GHz at 87 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 thebunchlengthat differentfrequencies.

5.2.2 Experimental Results

First of all, andin order to show how the mixing systemworks, someplots showing

thebehaviour of thesystemusinganetwork analyzerasaRFsourcearepresented.The

network analyzer, whichis ableto coverthefrequency range50MHz–40GHz,wascou-

pled just beforethefirst mixer andsetto oscillateat severaldifferentfrequencies.The

resultingsignalsfor thenetwork analyzeroscillatingat 30,34 and38.5GHzareshown

in Figures5.19(a)5.19(b)and5.19(c)respectively. The lines indicatingthe frequency

of oscillationareclearly visible in all cases,demonstratingthat the systemperforms

correctlyandcanbe consideredasa satisfactoryspectrumanalyzer. It is alsovisible

a backgroundsignalandsomenoisein the form of small lines appearingat different

frequencies.However, the noiseis a cw signalandcanbe suppressedby a dedicated

routinewhenprocessingthe data. This routinewasnot usedto obtain thesebecause

it would have alsosuppressedthe cw signalgeneratedby thenetwork analyzer. Any-

how, thenoisesuppressingroutinewasimplementedandin useduringtheexperiments

performedwith theCTFdrivebeambunches.
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(a)Network analyserat30 GHz.

30 32 34 36 38 40
0

20

40

60

80

100

120

Frequency [GHz]

S
ig

na
l a

m
pl

itu
de

 [a
.u

.]

(b) Network analyserat 34GHz.
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(c) Network analyserat38.5GHz.

Figure5.19:Signalobtainedusinganetwork analyzerasasource.
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Thefirst measurementsperformedwith themixing methodfor asinglebunchanda

train of bunchesareshown in Figures5.20and5.21. Comparingthesefigureswith the

onesshowing theexpectedsignalsthey look quitedifferent,but the responsefunction

of many elementswasnot known andthus,couldnot beusedto calculatetheexpected

signal.However, in thespectrumof atrainof bunchestheexpectedline spectrumis well

visible, theline spacingof 3 GHzcorrespondingto thebunchtime-spacingof 0.333ns.
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Figure5.20:Frequency spectrumof asinglebunchin theKa band.
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Figure5.21:Frequency spectrumof a train of 8 bunchesin theKa band.
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Typical signalsmeasuredwith thecurrentexperimentalconfigurationareshown in

Figures5.22,5.23and5.24in differentfrequency ranges.Whenmeasuringthebunch

lengthor calibratingthesystemonly thefrequency pointsunderthelinesaremeasured.

For singlebunchmeasurementsonly a few frequency pointsaremeasured(for simplic-

ity the samethanfor a train spectrum)becausemeasuringthe whole spectrumis not

necessaryandit is a slow procedure.Thespeedof themeasurementis limited by sev-

eralfactors.First thebeamrepetitionfrequency is 5 Hz, henceonly 5 measurementsper

secondarepossible.Second,the measuredbandwidth,50 MHz, imposessmall steps

(<50MHz) in thefrequency scanning.And third, thefactthat25-30measurementsper

frequency point arenecessaryto have a goodaverage.Altogethergivesbetween20 to

24 minutesto determinethewholespectrum.Moreover, thespeedof datatransmission

of theGPIB link alsoaffectstheprocessspeed.
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Figure5.22:Frequency spectrumof a train of 48bunchesin theKa band.
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Figure5.23:Frequency spectrumof a train of 48bunchesin therange58.5–70.5GHz.
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Figure5.24:Frequency spectrumof a train of 48bunchesin therange76.5–88.5GHz.
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In Figures5.25, 5.26 and 5.27 are shown the frequency spectrumof 48 bunches

beforeandaftercompression.Theincreasein thesignallevel is speciallysignificative

in the E band(as expected). The line at 69 GHz is not visible becauseit is partly

suppressedby thelow-passreflectingfilter characteristicsandat thesametimeit is very

sensitive to thepositionof this filter. The line at 84 GHz is alsosensiblysmallerthan

otherlines,but thatis notalwaysthecaseasis shown in Figure5.24.Thiswasprobably

causedby thepositioningof thehigh-passfilter thatchangedfrom onemeasurementto

the other, showing that the signalis fairly sensitive to a changein the positionof this

high-passfilter. This hasmotivatedthestudyof a new set-upthatshouldallow to find

thepositionwhichbestshowsall thelinesandthencanbefixedin this configuration.
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Figure5.25:Compressionspectrumof a trainof 48 bunchesin theKa band.
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Figure5.26: Compressionspectrumof a train of 48 bunchesin the frequency range
58.5–70.5GHz.
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Figure5.27: Compressionspectrumof a train of 48 bunchesin the frequency range
76.5–88.5GHz.
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The mixersusedin the detectionsystemwork symmetricallyon both sidesof the

LO frequency. Thereforeif thehigh-passfilter in theE bandis suppressed,it shouldbe

possibleto seethelinesof thetrainspectrumthatareaboveandbelow theLO frequency

(74.5GHz). Figure5.28shows thelinesabove theLO frequency, thatis 78,81,84 and

87 GHz, andbelow, that is 77, 80,83, 86 GHz in theplot thatcorrespondto the“real”

frequenciesof 72,69,66and63 GHzrespectively.
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Figure5.28:Spectrumof a train of bunchesshowing thelinesaboveandbelow theLO
frequency (74.5GHz).

5.2.3 AbsoluteCalibration

Sincethe calibrationof thesystemby measuringthe frequency responseof all theel-

ementsfailed, a new methodwasdeveloped. This methodcangive the bunchlength

by making two differentmeasurements(for differentbunch lengths)at two different

frequenciespoints. Although themethodis theoreticallypossible,it doesnot work in

practicebecausetheexperimentalmeasurementsarenotaccurateenough.However, the

samemethodbut usinganon-linearfitting to severalmeasurementsatseveralfrequency

points,wassuccessfullyappliedto obtainthefrequency responseof thesystemaswell

asthe bunchlength. Oncethe frequency responseof the systemis known thereis no

needfor anothercalibration(unlessthe frequency responseof thesystemis modified)

andthe bunchlengthcanbe obtainedfrom a singlemeasurement.Nevertheless,it is

recommendedto performperiodiccalibrationof thesystem.



102 Chapter5: DataAnalysisandResults

A simple calibration procedure

A simplemethodcanbeusedto obtainthebunchlengthandtheresponsefunctionfrom

frequency spectrumof the signal. Only two differentmeasurementsat two different

frequenciesareneeded.

Let ρi L ω M be the frequency spectrumof the signal for a given bunch lengthas it

is measuredby the monitor. For two measurementsfor differentbunchlengths,let us

defineRL ω M astheratio betweenthetwo frequency spectrums,

RL ω M:N ρ1 L ω M
ρ2 L ω M (5.1)

The frequency spectrumsignal is composedof the frequency spectrumof the bunch,

b L ω M timesthefrequency responseof thesystem,r L ω M timesthechargeq,

RL ω M�N ρ1 L ω M
ρ2 L ω M N r L ω M q b1 L ω M

r L ω M q b2 L ω M (5.2)

wherethe frequency responsestaysthe samefor the differentmeasurements.For not

toohigh frequencies(seeEquation3.3)

RL ω M�N r L ω M q L 1 O 1
2σ2

1 ω2 M
r L ω M q L 1 O 1

2σ2
2 ω2 M N 1 O 1

2σ2
1 ω2

1 O 1
2σ2

2 ω2
(5.3)

If we considerthevaluesof thebunchspectrumat two differentfrequencies,labelleda

andb, thelastequationbecomes

Ra N 1 O 1
2σ2

1ω2
a

1 O 1
2σ2

2ω2
a

and Rb N 1 O 1
2σ2

1ω2
b

1 O 1
2σ2

2ω2
b

(5.4)

solvingfor σ1 in bothexpressionsandaftersomealgebraicmanipulationweobtain:

σ2 N 1
ωa ωb P 2

ω2
a O ω2

b Q ω2
bRa O ω2

aRb

Ra O Rb
(5.5)

whereσ2 dependsonly on ω, Ra andRb anddoesnot dependon σ1. Therefore,it is

possibleto obtainthevalueof thelengthprovidedthatwe have two measurementsfor

two differentbunch lengths. Moreover, the responsefunctions,r L ωa M and r L ωb M can

be alsocomputedfrom the above equations,so that is for further measurementsis no

longernecessaryto follow this process,but onecancomputethebunchlengthdirectly

from

ρ L ω M�N r L ω M q R 1 O 1
2

σ2ω2 S (5.6)
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In practicethis method,using two frequencies,did not work, the accuracy of the

measurementwasnot goodenoughfor a direct computationof the bunchlength. As

an alternative, a calibrationusinga non-linearfitting wassuccessfullyappliedto the

experimentaldataasdescribedin next section.

Calibration by meansof a non-linear fitting procedure

In order to calibratethe systemseveral measurementsfor differentbunchlengthsare

needed.Fromthesemeasurementsonly thevalueof thesignalatsomefrequency points

is used. Thesefrequency pointsaremultiplesof 3 GHz, as this is the repetitionfre-

quency whenworking with a train of bunches,but for a singlebunchany pointswould

bevalid. Let ussupposewe have m measurements(for m differentbunchlengths)and

we usedthe valuesof the amplitudeat n frequency points. Neither the valuesof the

lengthnor theresponseof thesystemat thedifferentfrequency pointsareknown, there-

fore we have a systemof m T n equationswith m U n unknown parameters,someof

themwith anon-lineardependence.

We have to considera fitting for a systemof m T n equationswith nonlinearde-

pendenceon the m U n unknown parameters.Startingwith sometrial valuesfor the

parametersaminimisationprocedurefor χ2 is iteratively applied,whereχ2 is a function

of merit thatdeterminesthebest-fitparameterswhenit reachesits minimumvalue. In

our case

χ2 V n

∑
i W 0

m

∑
j W 0 X r i q X 1 Y 1

2
ω2

i σ2
j Z Y ρ X ωi [ σ j Z Z 2 (5.7)

where r i and ρi are the systemresponseand the measuredsignal, respectively, at a

frequency ωi . As canbe seena secondorderpolynomial is usedasbunchspectrum

function. The function χ2 is minimisedwith the help of the programMatlab usinga

Simplex methodin multidimensions.

The resultsof calibrationsproceduresdonein December1997andJuly 1998are

shown in Figures5.29 and 5.30 respectively. In the first case9 measurementswere

done(for differentcompressorsettings)and6 frequency pointswerescanned(30, 39,

72, 78 and87 GHz). In thesecondcase8 measurementsat 12 frequency pointswere

made(30, 33, 36, 39,60, 63, 66,69, 78, 81,84 and87 GHz), but themeasurementsat

69 GHz werenot usebecausethe signalstartsto be suppressedby the low-passfilter

around68 GHz. In bothcasesthesignalwasmeasuredin a rangeof 300MHz around

the correspondingfrequency, at stepsof 25 MHz and20 MHz respectively. The area

underthe signal was usedas an indicator of the signal amplitudeand the procedure
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explainedabovewasthenapplied.Oncethefrequency responseof thesystemis known

for thefrequency pointsthatareused,thebunchlengthcannow bedirectlydeducedfor

eachsinglemeasurement.Thefactthattheshortestbunchis at adifferentsettingof the

bunchcompressoris dueto differentsetsof machineparametersfor thetwo cases.
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Figure5.29:Calibrationresult.
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Figure5.30:Calibrationresult.
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TheMonitor is ableto measurebunchesasshortas0.5ps,althoughtheerrorbarat

thispointhasthesamevaluethanthemeasuredlength.Thelargestvaluefor theerroris

0.6psandthatoccursfor theshortestbunches.In Table5.3and5.4arelistedthevalues

of themeasuredbunchlengthswith thecorrespondingerrors.

compressorcurrent[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

right error[ps] 0.20 0.28 0.53 0.60 0.46 0.28 0.10 0.09 0.06

Table5.3: Valuesof thebunchlengthmeasuredin December1997.

compressorcurrent[A] 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

right error[ps] 0.07 0.10 0.30 0.66 0.54 0.23 0.11 0.06

Table5.4: Valuesof thebunchlengthmeasuredin July1998.

Thevaluesof the frequency responseof thesystem(andthecorrespondingerrors)are

listedin Table5.5and5.6.

Frequency [GHz] 30 39 63 72 78 87

responsefunction 12.39 11.68 1.01 2.40 9.50 7.87

left error 0.58 0.56 0.07 0.16 0.62 0.51

right error 0.59 0.56 0.06 0.15 0.63 0.52

Table5.5: Valuesof theresponsefunctionmeasuredin December1997.

Frequency [GHz] 30 33 36 39 60 63 66 78 81 84 87

responsefunction 18.68 23.51 10.11 12.27 30.68 23.79 20.49 86.50 59.85 22.94 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 theresponsefunctionmeasuredin July1998.

Theestimationof theerrorassociatedto this calibrationprocedurewasrathercom-

plicatebecauseof thebig numberof differentparameters[56]. Thepossiblecorrelation
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betweenany pair of parameterswasstudiedby computingthevariationof χ2 asa func-

tion of the theseparameters.Contourplots wereobtainedby varying two parameters

while holdingall theothersfixedat theiroptimumvalue(theonethatminimisedχ2). In

an idealcase,if the two parametersareuncorrelated,in theregion of theχ2 minimum

thecontourswill beellipsesthatwould becomecirclesby suitablescalingof theaxis.

For the measurementsmadein December1997, contourplots were drawn for every

possiblepair of parametersdemonstratingthat they wereuncorrelatedor very weakly

correlated.Someof theseplotsareshown in Figure5.31. The centralpoints(star)in

theseplotsindicatesthepositionof theminimumvaluefor χ2.
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Figure5.31:Typical correlationplotsbetweendifferentparameters.
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Becauseof the apparentweakcorrelationbetweenparametersthe errorswerees-

timatedby varying that parameterto the left andright of the ideal value(keepingall

otherparametersfixed)andcomputingχ2 until it reacheda valueσ over theminimum

value.Thisprocedureis shown in Figure5.32,whereχ2 is plottedasafunctionof some

parameterp, theminimumof χ2 is at p \ p ] optimum̂ andleandre representtheerror

on theleft andright side,respectively, of theoptimumvalue.Thevalueof σ2 for χ2 is

obtainedby dividing χ2 by thenumberof degreesof freedom,

σ2 \ χ2

ν
ν : numberof degreesof freedom (5.8)

χ(p)

ppm

χm

χm + σ

p-le p+re

le re

Figure5.32:Graphicalrepresentationof theprocedureto find theerrorfor χ2
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Chapter 6

Discussionof Results

Someof theresultspresentedin thepreviouschapterarediscussedandcomparedwith

theresultsgivenby anothermeasurementmethod,namelyCerenkov radiationanalysed

with thestreakcamera,andwith bunchlengthpredictionsgivenby thebeamdynamics

simulationprogrammePARMELA [57]. The comparisonof theseresultswill show,

first, thatthestreakcamerais limited by a resolutionof 2 ps(rms)and,second,thatthe

bunchlengthvaluesmeasuredwith themm-wavemonitorusingthemixing methodare

in excellentagreementwith thosecalculatedwith PARMELA.

6.1 Results Obtained with PARMELA and the Streak

Camera

A shortintroductionto theprogrammePARMELA is givenfirst. The resultsobtained

with both methods,the PARMELA simulationsandthe streakcamerameasurements,

arediscussedandthencomparedwith thebunchlengthvaluesmeasuredwith themm-

wave bunchlengthmonitor(BLM). All theresultspresentedin this sectioncorrespond

to measurementsdonein theCTF on the4thand5thDecember1997(seeChapter5).

6.1.1 BeamDynamicsSimulations with PARMELA

PARMELA is alinacparticle-dynamicscode.Thenamecomesfrom, “PhaseandRadial

Motion in ElectronLinearAccelerators”.It is a versatilemulti-particlecodethattrans-

portsthebeam,representedbyanensembleof particles,throughauser-specifiedlinacor

transportsystem.It includesa3-D point-to-pointspace-chargecalculation.PARMELA

integratestheparticletrajectoriesthroughthefields. This approachis speciallyimpor-

109
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tantfor electronswheresomeof theapproximationsusedby othercodeswouldnothold.

PARMELA works equallywell for eitherelectronsor ions. PARMELA canusefield

distributionsgeneratedby eitherSUPERFISHfor RF problemsor POISSON[58,59]

for magnetproblems.

A simulationwith PARMELA wasmadefor eachcompressionsettingusedto cali-

bratetheBLM on the4thDecember1997.Thesesimulationsincludedall themagnetic

andRF elementsin the drive beamline from the photocathodein the RF gun to the

positionof theRF pick-up. Spacechargeeffectswerenot includedbecauseof the low

chargeperbunch,1.3 nC, andtherelatively high beamenergy of 50 MeV. Theresults

of thesesimulationsarelistedin Table6.1.

Compressorcurrent[A] 20 25 30 35 40 45 50 55 60

rmsbunchlength[ps] 2.16 2.04 1.74 1.40 0.98 0.59 0.42 0.72 1.32

Table6.1: Bunchlengthscalculatedwith PARMELA.

Theseresultsshow that thebunchesare(theoretically)compresseddown to 0.4 ps

rms,theminimumlengthcorresponding,in thiscase,to aelectriccurrentof 50A in the

compressorendmagnets.

6.1.2 Resultsfr om the StreakCamera

In theCTFthestreakcameraobtainsinformationaboutthelongitudinalbunchdistribu-

tion by analysingthe transitionor Cerenkov radiationproducedin theTCMs. Details

aboutthestreakcameraworkingprinciplecanbefoundin Chapter2.

Thevaluesof thebunchlengthsmeasuredwith thestreakcamerafor eachcompres-

sion settingare listed in Table6.2. Theseresultsareplottedtogetherwith the bunch

lengthvaluesgivenby PARMELA in Figure6.1. It is clearlyseen,in this figure, that

thestreakcamerais notableto measureabunchlengthsmallerthan1.9psrmsevenif,

theoretically, thebunchesareasshortas0.4ps.

Compressorcurrent[A] 20 25 30 35 40 45 50 55 60

rmsbunchlength[ps] 2.67 2.46 2.33 2.29 2.08 2.04 1.91 1.87 1.91

Table6.2: Bunchlengthmeasuredby thestreakcamera.

Theresolutionof themeasurementsmadewith thestreakcamerais thesumof the

resolutionof thestreakcameraitself plusthedispersionintroducedby theopticalpath
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Figure6.1: Bunchlengthobtainedwith thestreakcameraandPARMELA simulations.

that leadsthelight from theTCM to thestreakcamera.Thecamerahasa resolutionof

about1 ps(rms)andtheopticalpathis responsiblefor theremaining1 ps(rms).

6.2 Calibration of the mm-WaveMonitor

In thepreviouschapter(Chapter5) werepresentedtheresultsof thecalibrationproce-

duredonein December1997.Thosemeasurementsshowedthatthemm-wavemonitor,

usingthe mixing technique,canmeasurebunchesasshortas0.6 psalthoughthe pre-

cision is of _ 0̀ 5 ps. The measuredbunchlengthvalues,togetherwith the associated

errors,arelistedin Table6.3andthenplottedin Figure6.2.

compressorcurrent[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

right error[ps] 0.20 0.28 0.53 0.60 0.46 0.28 0.10 0.09 0.06

Table6.3: Valuesof thebunchlengthmeasuredin December1997.

As describedis Chapter5 theseresultswere obtainedby measuring6 frequency

points(30,39,63,72,78and87 GHz) for 9 differentsettingsof thebunchcompressor.

A non-linearfitting routinefinds,by minimisingχ2, thebunchlengthvaluesaswell as
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Figure6.2: Bunchlengthsmeasuredwith themm-wavemonitorin December1997.

theresponsefunctionat eachmeasuredfrequency. It wasalsopossibleto demonstrate

that all theseparameters(bunch lengthsand responsefunctions)were almostuncor-

relatedandthe error associatedto eachmeasurementwascalculatedby varying each

bunchlengthuntil thecorrespondingχ2 reachedavalue a σ of theminimumvalue.

Theerrorbarsarelargerfor theshortestbunches.Whenthebunchlengthis reduced

higherfrequenciesof thebunchspectrumareexcited.For averyshortbunchthebunch

spectrumin thefrequency rangemeasuredby themonitoris quiteflat (seeChapter3) so

thatthefitting routingcannotproperlyfit asecondorderpolynomialtroughthedifferent

points. For the shortestbunch the spectrumis almostflat and for a horizontal line

σ b 0 and the associatederror is very large. In the next table are listed the ratio of

theamplitudeof thebunchspectrumat 87 GHz to theamplitudeat 30 GHz for several

bunchlengths.

σ b 0 c 5 ps σ b 1 ps σ b 2 ps
Amplitudeat87 GHz
Amplitudeat30 GHz 0.97 0.88 0.59

Onepossibility to increasethe precisionof the measurementwould be to measure

higherfrequencies,but thepresentlimitation for theresolutionof themeasurementsis

thepulseto pulsejitter, of about10%,of theelectronbeamcharge.Theeffectof sucha

jitter on themeasurementwouldbereducedby measuringsimultaneously, to thebunch

length,thechargeof thebeam.
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6.3 mm-WaveMonitor versusStreakCamera

It wasalreadyobviousfrom theprevioussectionsthatthemm-wavemonitorhasamuch

betterresolutionthanthestreakcamera.Figure6.3 shows both, thestreakcameraand

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

a betterresolutionin all cases,andnot only for theshortestbunches,althoughin these

casesis speciallynoticeable.
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Figure6.3: Bunchlengthsmeasuredwith themm-wavemonitorandthestreakcamera.

6.4 mm-WaveMonitor versusPARMELA

Figure6.4 shows both, thePARMELA andthemm-wave resultsfor thebunchlength.

Theagreementbetweenbothsetsof resultsis verygood.

The mm-wave monitor resolutionis about0.7 ps (the smallestvaluemeasured)so

that it is alreadynot possibleto resolve the shortestbunchlength(0.42 ps calculated

with PARMELA), althoughthis valueis anyhow in therangecoveredby theerrorbars.

In two casesthemonitorresultshaveasmalldisagreementwith thePARMELA results,

at 20 and30 A, thatwasthoughtto becausedby anincreaseof thebunchchargewhen

measuringthesepoints.Thelaserpulsesthatcreatethebuncheswere,duringthewhole

periodof experiments,notverystableandtherewerevariationsin thechargeperbunch

from pulseto pulse.
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Figure6.4: Bunchlengthsmeasuredwith themm-wavemonitorandPARMELA.



Chapter 7

Summary and Concluding Remarks

Thepresentwork describesthedesign,installation,testingandoperationof anovelnon-

interceptingbunchlengthmonitor for very shortelectronbunches.Themainachieve-

mentsareherebysummarised.

TheCTF studiestheproductionof power at 30 GHz by meansof anelectronbeam

with very shortbunches( d 2 ps rms). In order to study the efficiency of the power

productionit is necessaryto know the electronbuncheslength. Conventionalbunch

length measurementstechniquesdid not have the requiredresolutionto measurethe

CTF bunchesandin mostcasesweredestructive or very perturbative. At themoment

this thesiswork startedthe length of the CTF electronbuncheswas measuredwith

a streakcamerausing Cerenkov or transitionradiationproducedby the beamgoing

througha sapphiresheetor an aluminiumfoil respectively. The resolutionof sucha

systemwasof theorderof 2 psrms.

Following thestudyof thestateof theart in bunchlengthmeasurementstechniques

it wasdecidedto start thedesignof a new monitor. The new bunchlengthmonitor is

basedon the measurementof the frequency spectrumof the electromagneticfield of

the bunch. The bunch length is thenobtainedby studyingthe variationof the signal

amplitudewith frequency.e Theelectromagneticfield of theelectronbunchis collectedby a non-destructive

RF pick-up. The RF pick-up consistsof a rectangularwaveguidecoupledto a

rectangularhole(of thesamedimensions)madeon thebeampipesurface.e The frequency responseof the pick-up wascomputedwith the helpof MAFIA,

a programpackagefor thecomputationof electromagneticfields by solving the

Maxwell’sequations.
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Two differentdetectionsystemshave beendesignedto obtainthe frequency spec-

trum of the bunch from the collectedsignal. The first usesa diodedetectorand the

secondis a systemof RF mixersin combinationwith a sweepingoscillator, thatactsas

a frequency analyzerfor veryshortduty cyclesignals.Both systemswereinstalledand

testedin theCTF. Thefinal set-upinstalledin theCTF couldmeasurethebunchspec-

trumin threedifferentfrequency bands:26.5–40GHz,60–74.5GHzand74.5–90GHz.f A seriesof microwave filters weredesignedandfabricatedto be installedin the

CTF set-up. Thesefilters consistedof metal platesperforatedwith cylindrical

holes.A new featurewasaddedto improve thefiltering properties:conicalend-

ingsto thecylindrical holesto avoid resonances.f The diodedetectorproved to be a very usefultool to tunethe accelerator. With

this methodsingle shotmeasurementsof the signalare obtained,giving a fast

qualitativeinformationof thevariationof thebunchlength.However, thismethod

is not well adaptedfor quantitative bunch lengthmeasurementsbecauseof the

difficultiesto obtainanabsolutecalibration.f Themixing techniquedetectionis ableto measurethespectraof a singlebunch

aswell asthatof a train of bunches,althoughanaverageover severalbunchesis

necessary. An independentself-consistentcalibrationtechniquehasbeendevel-

opedto obtainthe frequency responseof thesystem.The mixing techniquehas

demonstratedits capabilityto measurebunchesasshortas0.7 ps rms. Further-

more,it showeda very goodagreementwith the theoreticalbunchlengthvalues

obtainedwith thecodePARMELA.f Theacquisitionprocedureis controlledremotelyby meansof a PCandspecially

madeprograms.Additional programswerewritten to calibratethesystemandto

obtainthebunchlengthin realtime.f Thesystemis now routinelyin usein theCTF.

7.1 Futur eupgrades

During the laststagesof the thesiswork, andafteranalysingtheexperimentalresults,

severalpossibleimprovementsor upgradeswerealreadyproposedfor thecurrentinstal-

lationsothatit will bepossibleto measureshorterbuncheswith evenabetterresolution.
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readyunderway.g Onepossibilityto measureshorterbuncheswouldbetheincreaseof themeasured

frequency bandto higherfrequencies,this couldbeaccomplishedby installinga

waveguideof smallertransversaldimensionsandadetectionsystemsimilar to the

onesalreadyin use.g It wasnotoriousduring the experimentalpart of this thesiswork that the laser

systemhada energy jitter from pulseto pulsethatcausedvariationsin thebunch

charge. It would be desirable,to improve the quality of the measurements,an

stableproductionof electronbunches,with thesmallestpossiblevariationin the

bunchcharge. Thatkind of improvementis, of course,limited by thetime avail-

ableand,especially, thebudget.An alternativesolutionto avoid theeffect of the

chargevariationis describedbelow.g The resolutionof the systemis mainly limited by the jitter in the pulseto pulse

bunchcharge. In orderto achieve a betterresolutionthebunchchargeshouldbe

measuredat the sametime thanthe signalcomingfrom the bunch,so that, the

oscilloscope(or theacquisitionprogram)couldnormalisethesignalto thecharge

for eachmeasurement.
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Appendix A

List of CommonAcronymsand

Abbreviations

CERN EuropeanLaboratoryfor ParticlePhysics

LHC LargeHadronCollider

CLIC CompactLInearCollider (CERNproject)

CTF CLIC TestFacility

LEP LargeElectronPositron(collider)

LIL LEP InjectorLinac

BLM BunchLengthMonitor (presentedin this thesis)

TCM Transition- Cerenkov Monitor

BPM BeamPositionMonitor

WCM Wall CurrentMonitor

PM PhaseMonitor

LO LocalOscillator

CAS CLIC AcceleratingStructure

CTS CLIC TransferStructure

HCS High Charge(Accelerating)Structure

LAS LIL AcceleratingStructure

MAFIA Solutionof MAxwell’ sequationsby theFinite IntegrationAlgorithm

PARMELA PhaseandRadialMotion in ElectronLinearAccelerators(trackingcode)

FFT FastFourierTransform

IFFT InverseFastFourierTransform

Ka (band) Frequency range:26.5–40GHz

E (band) Frequency range:60–90GHz

TM TransverseMagnetic(mode)
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TE TransverseElectric(mode)

CCD ChargeCoupledDevice

rms Rootmeansquare

fwhm Full width at half maximum
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