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Abstract

We presentheformulationandexperimentakesultsof a new approactio design-
ing internalmodecorverterreflectorsfor high-paver gyrotrons.Themethodemploys
anumericalphaseretrieval algorithmthatreconstructshefield in the modecorverter
from intensity measurementghus accountingfor the true field structurein shaping
thebeam-formingeflectors.An outlinefor designinga four-reflectormodecorverter
is presente@ndgeneralizedo the caseof anoffset-fedshapedeflectorantennaThe
requisitephaseretrieval andreflectorshapingalgorithmsare also developedwithout
referenceto specificmode corverter geometry The designapproachis appliedto
a 110 GHz internalmodecorverterthattransformsthe TEx; ¢ gyrotroncavity mode
into aGaussiaeamatthegyrotronwindow. Coldtestexperimentesultsof themode
corvertershav thata Gaussiarbeamwith the desiredamplitudeandphaseis formed
at the window aperture. Subsequenhigh-paver testsin a 1 MW gyrotron confirm
the Gaussiarbeamobsered in cold tests. The generaldevelopmentof the approach
andits validation in a quasi-opticalmode cornverterindicatethatit is also applica-
bleto otherquasi-opticalmicrowvave applicationssuchasradioastronomyfree-space
transmissionines,andmitre bendsfor overmodedvaveguides.

*Microwave Powver ProductsDivision, CommunicationgndPower Industries,Palo Alto,
CA 94303USA



1 Intr oduction

Gyrotroninternalmodecornverterstransformthe high-ordercircularwaveguidemodeof a
gyrotroncavity into a Gaussian-lik modesuitablefor free-spacegropagation.A typical
mode corverter consistsof a waveguide sectionwith a radiatingaperturefollowed by a
seriesof reflectorg(or mirrors),asdepictedn Figurel. Thewaveguideconstitutesithera
Vlasov [1] or rippled-wall [2] launcherthatdirectsthe microwave enegy radially through
a wall aperture,separatingt from the spentelectronbeam. The radiatedwave is then
focussedoy a seriesof reflectorsthat alsoserne to guidethe microvave beamthrougha
low-lossvacuumwindow andout of thetube.

At the power levels of microwave radiationproducedby conventionalhigh-powver (~
1 MW) gyrotrons,the electricfield intensity profile over the window apertureprovesto
be the limiting factorin the overall power handlingcapability of the gyrotronfor long-
pulseand CW operation. The microvave beamshapeon the window is constrainedoy
thethermalcharacteristicef thewindow materialandcooling configurationaswell asby
edgediffractionlossesatthewindow aperture Theinternalmodecornverterreflectoramust
beshapedo provide afield profile atthewindow thataccommodatethethermalproperties
of thewindow materialandminimizesedgelosses.

Previous modecorverterreflectordesignshave relied on numericalsimulationsof the
fields radiatedby the launcher For instance the rippled-wall launchercan be modeled
usingcoupledmodetheory which leadsto a setof simultaneouslifferentialequationghat
aresolvednumericallyfor thefieldsinsidetheguide[3]. Theradiatedield, computedrom
a vectordiffractionintegral, beharesasa quasi-Gaussiabeamthat canbe focussednto
a nearly-idealGaussiarbeamat the window by using doubly-cuned reflectorsdesigned
from analyticexpressiong3, 4]. For more complicatedfinal beamshapessuchasa flat
power profile over the window aperture reflectorsynthesismethodsthatincorporatethe
simulatedlauncherfieldsin the reflectorshapingareused[5]. Experimentakesultshave
demonstratedhowever, thatthefield intensityonthegyrotronwindow oftendoesnotagree
with the designprofile [6]. This deviation from designresultsin a lower power handling
capabilityof thewindow, limiting the overall performancef the gyrotron.
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Figurel: Mode CorverterSchematic.



Cold test (low-power) measurementsf the field profile in the modecorverterreveal
thatthe fields radiatedby the launcherdiffer from thosepredictedby theory This differ-
encemay arisefrom machiningerrorsin the launcher misalignmeniof the launcherwith
respecto thereflectorspr anincompletetheoryfor thelauncher Suchvariationsfrom the
ideal, theoreticalsituationsuggesthatary reflectordesignbasedon simulatedfields will
not producethe desiredoutputfield in actualoperation.In orderto overcomethe obsened
difficultiesin forming the desiredmicrowave beamshapen a gyrotron,we recentlypro-
poseda new approactio reflectordesignthatincorporatesneasuredield intensitiesin the
designprocesg7].

The following paperreportsthe developmentand experimentalvalidation of this ap-
proachto internal mode corverter reflectordesign. Section2 outlinesthe basicdesign
procedurdor afour-reflectorinternalmodecorverter Thereflectorsaretreatedasphase-
correctingsurfaces,which permitsa generalizatiornof the designapproachto arbitrary
guasi-opticakystems.An algorithmfor retrieving phasefrom intensity measurements
discussedn Section3, while Section4 extendsthe phaseretrieval algorithmto the prob-
lem of shapingphase-correctingurfaces. Section5 appliesthe proposeddesignmethod
to a 110 GHz internalgyrotronmodecorverterwith a diamondwindow. We presentex-
perimentalresultsfor both cold testsandhot teststhat verify the efficacy of the proposed
method.

2 Outline of Reflector DesignApproach

As discussedn Sectionl, the measuredutputbeamof gyrotronmodecornvertersoften
differs from the theoretically-predictedields. This discrepang betweentheory and ex-
perimentappeardo originatewith the launcherfields. For example,considera 110 GHz
gyrotroninternalmodecorverterthatusesarippled-wall launcherandfour reflectors(Fig-
urel) to transformthe TE», ¢ cylindrical modeinto aflat-top beamat the outputwindow.
Figure2 showns thetheoretically-computefield intensityat the planeof thethird reflector
surface(M3 in Figurel), while Figure 3 givesthe measuredield intensityover the same
plane.In eachfigure,thez-axisorigin is atthebeginningof thelauncherasdepictedn Fig-
urel. Althoughthetwo patternsaresimilar, therearesignificantdifferencesn thesizeand
shapeof theindividual intensitycontoursthatultimatelyresultin the obsereddifferences
betweertheoreticabndexperimentawindow electricfield intensityprofiles[6].

To accounfor theactualfieldsin the modecorverter we proposethefollowing proce-
durefor designingthereflectorsbasedn intensitymeasurements, 8]:

1. Designandbuild thelauncherto producea Gaussian-like beam.

2. Measurdhefield radiatedby thelaunchermnddesignthefirst doubly-cunedreflector
by fitting anelliptical Gaussiarbeamto the measuregbattern.

3. Measurdhefield intensityfollowing thefirst reflectoranddesignthesecondeflector
basedn abest-fitGaussian.

4. Measurethe field intensity following the secondreflectorandretrieve the phaseof
thebeamto reconstructhefull field structureof thewave.
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Figure2: Theoreticalfield intensity over a planeat the Reflector3 position. Contoursof
constantE,|? areat 3 dB intervalsfrom peak;the —3 dB and—24 dB curvesarelabeled.
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Figure 3: Measuredield intensity over a planeat the Reflector3 position. Contoursof
constantE,|? areat 3 dB intervalsfrom peak;the —3 dB and—24 dB curvesarelabeled.



5. Usethereconstructefield afterthesecondeflectorandthedesiredield structureon
thewindow asinputto areflectorshapingorocedurdo determineghesurfaceprofiles
for reflectorsthreeandfour.

6. Simulatereflectorshreeandfour in anumericalelectromagneticsodeto verify the
design.

Thesestepscanbe generalizedo the caseof shapingreflectorsin an offset-fed,dual-
reflectorantenna.Steps(1) — (3) definethe feed,andthe remainingstepsinvolve shaping
thereflectorantennadsrom measurementsf the feed. The above outline thenreducego
the problemsof retrieving phasdrom intensitymeasurementndreflectorshaping.

3 PhaseRetrieval from Intensity Measurements

At high frequencieg> 100 GHz), the difficulties of directly measuringphaseleadto the
stipulationthat we recover the phasefrom field intensity measurementsThis phasere-
trieval problemwasconsideredy Katsenelenbaurf®] in termsof aniterative determina-
tion of phasecorrectorsGerchbeg andSaxton[10] (evidently independently)ntroduced
asimilar approacHor themorerestrictve caseof retrieving phasdrom anobjectfunction
andits Fouriertransform. The generalcaseof two or morearbitrarymeasurememlanes
is presenteésa modifiedGerchbeg-Saxtonalgorithmby AndersorandSali[11], andwe
outline a similar methodbelow. Althoughthe formulationis in termsof a scalarfield, we
canalwaysdecomposehe beamin free spaceasa sumof threelinearfield vectors. The
additionalissuesof attainability uniqgueness;onvergenceof thesolution,andexperimental
validationof thisinverseproblemhave beenthe subjectof muchstudy;for asurwey see[9]
—[16].

Iterative phaseretrieval is accomplishedwith the following algorithm. Supposewe
have two measuremenplanes,perpendiculato the z-axisin a Cartesiancoordinatesys-
tem,with awave propagatingoughly paraxially or quasi-opticallyalongthe z-axis. The
measuremenplanesare locatedat z; andz, with z; < 2, andthe (for now continuous)
measuredmplitudeover eachplaneis denotedA; (X,y) andAx(x,y), respectiely.

Thetotal scalarfieldson thetwo measuremerglanesarethenwritten as

U]_(X, Y, Zl) = A]_(X, y)ei(pl(x,y) UZ(X7 Y, 22) = AZ(X7 y)ei(pZ(ny)a (1)

wheregi(X,Y), ¢(X,y) aretheexactphase®ntheirrespectieplanes.Thefieldsarerelated
by the planewave expansioras

Ua(x,y,22) = F~H{ BV g iuy vz} 2)

where 7 is the Fourier transformand F ~1 its inverse. Our earlierrequirementhat the
beampropagateoughlyparaxiallystemdrom thefactthatin thecaseof discretelysampled
dataunderpracticalmeasuringconditions,the rangein k-spacefor the Fourier kernelis
limited by the samplingrate, and we cannothopeto recoser modal componentsf the
wave that have large valuesof ky andky. Furthermorewe planto treatthe reflectorsas
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phase-correctingurfacesn Sectiord, andthatdecisionnecessarilyimits our approacho
guasi-opticabeams.

Thephasas retrieved by iteratively solving (2) for the phaseunctionsg;, @ with the
measure@mplitudesasweights. For compactnessye have droppedthe explicit variable
dependencén the field functionsu, A, and@. Beginning with aninitial phaseguesson
thefirst plane,@; @, we computeu,(© with uy (@ = A;e®® wherethe superscriptienotes
thefield afterthenth iteration. Clearly, the calculatedamplitudeon plane2, A>(?, will not
equalthe measuredcorrect)amplitudeover that plane(unlessthe initial phaseguessvas
theactualphaseon planel). We canrepresenthe error aftereachiterationas

Efz)= /51 ‘Al,Z—A(l?%|2dSl,2; (3)
2

wherethe subscriptsl, 2 referto the correspondingplane.
For the next stageof theiteration,we replacethe computedamplitudeon plane2 with

the measurecdamplitudeA, to producea modifiedfield on plane2: up(0 = Azei“’z(o). We

thenpropagatehis field backto planel via (2), with indexes1 and?2 interchangedA new

field is constructedn planel usingthe computedohaseand measuredmplitudeon that

plane.Theprocesss repeatedN timesuntil theerrorE(N) (3) is lessthansomeprescribed
value.

The advantageof the above phaseretrieval algorithmlies in evaluating(2) for the case
of discretely-sampleamplitudes(or field intensityl, whereA = v/1). Eachiterationin-
volvestwo discreteouriertransformsaandonecomplex multiply. Usingatwo-dimensional
FastFourier transform[17] we canrapidly compute(2). We have implementeahis ap-
proachin an original FORTRAN codethat hasbeenbenchmarkd againstsimulatedand
measureddata. In practice,the error (3) tendsto decreasen stageswith a numberof
plateausbeforethe error reachessomeabsoluteminimum (seee.g.[13]). Our studiesof
simulateddataindicatethat overcomingthe local minima correspondgo improving the
resolutionof fine detailsof the field structure particularlyat low intensity Additionally,
thecorvergenceof the solutiondepend®nthedistancebetweermeasuremerlaneswith
larger planeseparationgmproving the rateof corvergence.However, if thebeamchanges
significantlyover arelatively shortdistancethenthe measuremerdatastill containsuffi-
cientinformationfor the phaseretrieval, at the expenseof needingmoreiterations.Given
thesefactors,the ability to performmary (100 — 1000)iterations,madefeasibleby our
implementatiorof the phaseretrieval algorithm, is crucial to obtainingan accuratefield
reconstruction.

4 Reflector Shaping

In Section2 weintroducedheconcepthatthelaunchemndfirst two reflectoran themode
corverterconstitutea feedin a corventionaloffset-fed,dual-reflectorantenna.Extending
thisanalogywe canview the shapingof reflectorshreeandfour asthegeneralproblemof
beamsynthesisn antennadesign— givenaspecifiedfeed,shapehereflectorsto produce
thedesiredoutputbeam.
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Figure4: Reflectorshapinggeometry

Onetechniquefor shapingthe reflectorsis to treatthemasphase-correctingurfaces;
thatis, the polarizationandamplitudeof theincidentwave remainunchangediponreflec-
tion. This approximationholdsfor a wide classof quasi-opticalmicrowave engineering
problems;the designof mirrors, lenses,and resonatorsn Gaussiaropticsreliesheavily
on modelingelementsasphasecorrectorge.g.[4]). Anotheradwantageof this treatment
is thatwe canusethe phaseretrieval algorithmdescribedn Section3 to definethe phase
correctingsurfaceq18, 19, 20], unifying our designapproachunderasingleconstruct.

To seethe relationshipbetweerphaseretrieval andreflectorshaping,considerthe ge-
ometryof Figure4. The two phase-correctingurfacesare castasequivalentthin lenses
with phase-correctinfunctionsA; (x,y) andAx(x,y). The beamis propagatingalongthe
z-axis, perpendicularlyto eachlenssurface. The incidentbeamis denotedas A;€® and
theoutputbeamis A,€%. We seethattheamplitudesA; andA, maybeassociatethrough
the pair of self-consistenphasesp;® and ¢, which aredetermineddy applyingthe phase
retrieval algorithmto A; andA,. Thenthe phasecorrectingfunctionrequiredto transform
the incidentphase @1, into the first self-consistenphase @3¢, is givenby A1 = @°— @1.
Similarly for the secondbhase-correctinfunctionwe have A = @ — @°

In the above procedurewe seethat the first phasecorrectortransformsthe incident
phasesuchthatthebeamamplitudeatthe secondohasecorrectomwill bethedesiredoutput
amplitude A2, andthe secondcorrectorsynthesizeshe desiredoutputphase.An interest-
ing consequencef this obsenationis thatwe canproducea specifiedbeamintensity but
not phaseusingonly onereflector This situationis relatedto basicGaussiaropticswhere
we canusea single sphericalmirror or lensto transforma Gaussiarbeaminto eithera
beamwith a specifiedwaistsizeor with a specifiedminimumwaistposition(focal length),
but notboth.



5 Experimental Resultsfor a110GHz Gyrotron

5.1 Overview

Our applicationinvolves retrofitting the last two reflectors(M3 and M4 in Figure 1) of
the existing modecorverterin a1 MW, 110 GHz gyrotron. The existing modecorverter
transformsthe TE 6 cavity modeinto a beamwith a flat power profile acrossa 10-cm-
diameterdouble-disksapphirenvindow. The nev modecornverterusesa 5-cm-diametedi-
amondwindow to improve the power-handlingcapabilitiesof the gyrotron,andne~v mode
converterreflectorsarerequiredto producea Gaussiarbeamon the window. The speci-
fied beamminimumwaistis 1.52cm andshouldoccurat the window aperture providing
aflat phaseover thewindow. This waistsize correspondso a theoreticatransmissiorof
99.6%o0f the power in the microvave beamthroughthe window aperture.Theserequire-
mentsof circular beamshape flat phase andhigh transmissiorefficiency at the window
arestringentandthey provide arigoroustestof the proposedeflectordesign.

5.2 FeedField Measurements

Thefirsttwo reflectoran themodecorverterwerepreviously designedastoroidal (doubly-
curved) surfacesbasedon simulatedfields from the launchey obviating the needin this
applicationfor Stepq1) —(3) in Section2. Thepre-«istinglauncherandtoroidalreflectors
thusform afeedwhoseradiatedield we measureaccordingio Step(4).

Thefeedfield intensitymeasurementaere performedat Communicationgnd Pover
Industries(CPI) using a three-axismotorizedscannerbuilt by the University of Wiscon-
sin[5]. Thereceving hornwasanopen-endedvaveguidemountedon the scanneandfed
to a heterodyneecever. Thefeedstructurewasplacedexternalto the gyrotrontubeand
the scannewas orientedto make planarscansasshowvn in Figure5. The launcherwas
excited by a Gunndiodesourcewhoseoutputwastransformednto the TE;> g modeby a
coaxialmodetransducer The modepurity of this transduceis estimatedo be approxi-
mately99 %; a detaileddiscussiorof modepurity in a similar transducedesignedor the
TEj152 modeis givenin [21].

We performedmeasurementaver nine planesnearthe positionof thethird reflector as
shavn schematicallyn Figure5. Theplanesarel4cm x 14 cmwith a64 point x 64 point
samplinggrid thatcorrespond$o asamplingdensityof 0.8\. Figure3 shovsthemeasured
field intensity on the planeof the third reflector and Figure 6 shavs the measuredield
intensity11.9cm from thethird reflectorplane. The beamis propagatingparaxiallyalong
aline 25° off they-axis, out of the page,andhas< —25 dB cross-polarizationindicating
the scalarphaseretrieval is suitablefor this case. Furthermorethe beamshapechanges
significantlyover the measurememange— from Figure 3 to Figure6 —, so despiteour
relatively closeplanespacing(on the orderof tensof wavelengths)ve canstill expectan
accuratdield reconstructioraccordingto the discussiorin Section3.
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Figure5: Schematiof scangeometryfor therigid launchettoroidal reflectorfeedstruc-
ture.
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Figure6: Measuredield intensityon a planelocated11.9cm in y from the Reflector3
position. Contoursof constantEy|? areat3 dB intervalsfrom peak;the —3 dB and—21dB
curvesarelabeled.
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5.3 PhaseRetrieval

The measurementdetailedin Section5.2 wereinterpolatedonto 128 point x 128 point
gridsto provide a 0.4\ grid spacingin orderto avoid half-wavelengthundersamplingiu-
mericalartifactsin the phaseretrieval. In addition,we modifiedthe beamshapeandposi-
tion to temporarilycreatea beampropagatingrormalto the measuremer(or obsenation)
planes.Specifically theprofile of thebeanmwascontractedy afactorcosd in z(0 is thein-
cidenceanglewith respecto the planenormal)to accounfor thebeamdistensioroverthe
measuremerglanesandthegeometriccentersof thebeamswverealignedalongacommon
propagatioraxis. Suchatransformatiorrelievesthe phaseretrieval algorithmof retrieving
boththe nominalphasestructureandphaseilt of the beam.Obliquebeampropagatioris
accomplishedby addinga phasdilt a posteriorito the nominalphasestructuredetermined
by the phaseretrieval.

The phasewasretrieved in 500 iterationswith threemeasuremenplaneslocatedap-
proximately25A apart. Thereconstructedield waspropagatedo anindependen(i.e. not
usedin the reconstructionmeasuremenplaneto verify the phaseretrieval, and we ob-
senedgoodagreemenbetweerthe measuredndsimulatedamplitudesonthatplane.

5.4 Reflector Shapingand Simulation

We shaped pair of reflectorsusingthe proceduredescribedn Section4 with the recon-
structedfield from Section5.3 asthe incidentwave, A;€%, andthe desiredGaussiaras
output,Ayd?®.

Oneimportantaspecbf the reflectorshapingprocedurenot mentionedn Section4 is
thefactthatthe physicalsizesof the actualreflectorsurfacesmustbetakeninto accounin
the shaping.For instancethe third reflector(M3 in Figurel) is limited in z— alongthe
tubeaxis— to approximately8.5 cm; this dimensionis large enoughto interceptboththe
main beamandthe —24 dB sidelobein Figure 3, but it is significantlymore narrav than
theobsenationplane.To accounfor thesmallersizeof thephysicalsurface we simply set
all field amplitudesoutsideof the surfaceperimeterto zero. The benefitof incorporating
the final reflectordimensionsn the shapingprocedurebecomesapparenif we consider
insteadthe caseof usingthe whole obsenation planein the designandthenforming the
surfaceboundaryafterwards.Theresultis thatourassumedield overtheentireobsenation
planewill be truncatedby arectangulawindow whosepulsewidth is the physicalwidth
of thereflector Theradiatedield revealsthis windowing asthefamiliar corvolution of the
desiredfield patternwith a sincfunction,which leadsto unwantedsidelobes.

The final reflectorsurface shapesare showvn in Figure 7. For the third reflector the
beamis incidentfrom belown. Physically we seethattheelongationn thex-directionof the
patternin Figure3 will befocussednto themainportionof thebeamby thesharpcurvature
evidentfor x > 0 in thereflectors profile. Therandomsurfacefluctuationsaroundtheedge
of thereflectorarisebecaus¢he phasean thatnegligible-amplituderegionis indeterminate.
The beamradiatedfrom the third reflectorpropagateso the fourth reflector alsoshovn
in Figure7. The surfaceis strongly sphericalto focusthe incidentwave into the desired
Gaussiarbeamat thewindow aperture.

Thereflectorsveresimulatedn a physicalopticscode[3] usingthereconstructedeed
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Figure 8: Simulatedfield intensity on the window plane. The window centeris at z =
37.4 cm,x = 0 cm. Contoursof constantEy|? areat 3 dB intervalsfrom peak;the —3 dB

32 34 36 38 40 42 44
z (cm)

and—21dB curvesarelabeled.

fieldsastheinitial field distribution. The physicalopticscodeis independenof the code
usedin the phaseretrieval/reflectorshaping,andthuswill reveal ary systemicerrors(if
they exist) in thephaseetrieval code.The simulatedield intensitypatternon thewindow,
shaowvn in Figure8, is in fact the desiredGaussiarbeam. Integratingthe power over the
obsenation planerevealsthat 99.5%of the beampower will passthroughthe apertureas
comparedo 99.6%for anidealGaussiarwith awaistsizeof 1.52cmin the5 cmaperture.
Figure9 comparesheintensityprofile of thedesiredGaussiateanmto thesimulatedoeam.
The simulatedbeamexhibits a nearly-idealGaussiarprofile with a waist sizeof 1.55cm
— 0.03cm largerthanthe 1.52 cm design. The sidelobeto the right of beam,on the +z
side,corresponds$o unrecaoeredsidelobepower originally generatedy thefeed,asseen

in Figure3.
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Figure9: DesiredGaussiar(solid) and Simulated(dashed)eamintensitiesalongthe z-
axisatthewindow plane.Thewindow centeris atz= 37.4 cm.
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5.5 Experimental Results— Cold Tests

Theshapedeflectorswverefabricatedrom solid copperandmountedon the feedstructure
for coldtestmeasurementsf theoutputfield. Usingthe samesource/receerarrangement
from the feedfield intensity scans(Section5.2), we measuredhe outputfield intensity
before,on, andafterthe window plane. Figure 10 shows the field patternon the window
plane.Themeasuredeamis a well-formedGaussiarwith a size,shapeandpositionthat
agreewell with thesimulatedbeamin Figure8. Thecross-polarizedomponents approx-
imately 30 dB below the peakof the main polarization,confirming our assumptiorof a
scalarfield. The measuredeamis slightly elliptical with awaistsizein zof 1.6 cmanda
waistsizein x of 1.7 cm. Thelargerbeamwaistof 1.7 cm amountdo only a 0.66A devia-
tion in beamradiusfrom design.An ideal Gaussiarbeamwith thesewaistparametersvill
transmit99% of the beampower throughthe 5 cm window aperture,dueto the presence
of somelow sidelobepower, theintegratedvaluefor the measuredlatais 98%. This value
is acceptabldor high power gyrotronoperation,andrepresents 1% errorin the design.
This closeagreemenof measuredeamwaist sizeandtransmittedpower to the specified
designparameterdicatethatour reflectorshapingapproactworksvery well.

To further examinethe Gaussiamuality of the beam,we comparean ideal Gaussian
intensity profile to that of the measuredbeam. The measuredand theoreticalintensity
profiles along z are given in Figure 11. We note the measuredbeamhas an excellent
Gaussiarprofile that matcheghe ideal beamover the rangeof appreciablentensity The
—21dB sidelobeto theright of themainbeamappeardecause¢hesidelobencidentonthe
third reflector(seeFigure 3) is not fully reflectedinto the mainbeam. This sidelobemay
be unrecwerablebecausat is propagatingat a differentanglethanthe main beam,most
likely theresultof spuriousmoderadiationfrom thelauncher

The Gaussiamatureof the beamcanalsobe verified by consideringthe evolution of
the wave profile with distance. Figure 12 shaws the beamintensity contourson a plane
located60 cm from thewindow aperture Thefield is Gaussiawith awaistsizeof 3.9cm
in both x and z, the theoreticalwaist size (assuminga minimum waist at the window of
1.6cm)is 3.6cm. This 0.3cmdivergencen beamsizeoverthe 60 cm (220N ) propagation
distances practicallynegligible, andwe seethatthe measuredeambehaesasa nearly-
ideal Gaussiarbeam.

We have shawvn explicitly, usingthe measuredield intensities thatthe outputbeamis
a well-formed Gaussiarwith parametergloseto thoseof the design. We canextendthe
dataanalysishy employing the phaseretrieval algorithmto roundoutthe study With input
field intensitieson planedocated10 cm before at,and40 cm beyondthewindow position
iny, weretrievedthe phaseoverthewindow apertureandthis phases shovn in Figurel3
alongthe z-axis. SincethedesignGaussiarbeamhasits minimumwaistat thewindow, we
expectthe phasethereto beflat. Thisis indeedthe casefor the reconstructeautputfield
phaseof Figure 13. The mild slopein the phasearisesbecausehe beamis propagating
atanangleof 0.2° in the y — z plane,which leadsto a small beam-centeoffsetin z (see
Figurel2).
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Figure 10: Measuredield intensity on the window plane. The window centeris atz =
37.4 cm,x = 0 cm. Contoursof constantEy|? areat 3 dB intervalsfrom peak;the —3 dB
and—21dB curvesarelabeled.
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Figure12: Measuredield intensity 60 cm from the window plane. Contoursof constant
|Ex|? areat 3 dB intervalsfrom peak;the —3 dB and—21 dB curvesarelabeled.
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5.6 Experimental Results— Hot Tests

The completemode corverter was assemblednd placedinside the gyrotron for hot, or
high-pawer, testingwith thediamonadwindow at CPI. Thetubeoperatecait650kW for 1.6s
pulselengthsandat 940 kW for 0.001s pulselengthswith an averagepower of 50 kW.
Thediamonadwindow performedwell throughouthetesting,indicatingthatthe microwave
beamis well-matchedo thewindow aperture Preliminaryinfraredcamerameasurements
were also madethat confirm the Gaussiarshapeof the output beam. Figure 14 showvs
normalizedintensity contoursof an IR camerameasurement2.7 cm from the window.
Thedimensionsn Figure14 arebasedon estimatedoeamsizeat thatplaneposition. The
precisesizeandpositionof the beamareunknavn becausef difficulties associatedavith
determininga referencdramein the closedload system.However, we caninfer from the
Gaussiarshapeof the intensity contoursand the fact that the beampasseghroughthe
window with very low lossthatthe high-paver microvave beamhascharacteristicglose
to thoseof the cold testresultsdiscussedn Section5.5.

6 Conclusions

We have presente@ generalimethodfor designingeflectoran quasi-opticabystemsased
on phaseetrieval from intensity-onlymeasurementd.he methodrelieson afastphasee-
trieval algorithmthatis alsousedto shapephase-correctingurfaces.Following the basic
developmentof necessargomponentsye appliedthe methodto the specificcaseof de-
signinggyrotroninternalmodecorverterreflectorsto producea specifiedGaussiarbeam
onthegyrotronvacuumwindow. Thefield intensityradiatedby thefeed(launcherandtwo
toroidal reflectors)was measurecandthe phasereconstructedrom thosemeasurements.
The reconstructedvave thensened asinput to the reflectorshapingroutine, from which
we derived the reflectorsurface shapes. The reflectorswere then mountedin the mode
converterandwe measuredhe final outputbeam. Examinationof the outputbeampa-
rametersshaved that the designmethodworks extremelywell, producinga beamwith a
waist size that differed from designby only 0.66A. We showved that approximately98%
of the power in the beamwill exit the window apertureandthat beyond the aperturethe
beamevolvesasa nearly-idealGaussiarwith the prescribedlat phaseprofile at the win-
dow plane. High-power testingof the mode corverterindicatesthat the outputbeamis
well-matchedo thediamondwindow, which shouldenabldong-pulseoperationof thegy-
rotron. Theexperimentalalidationof the proposediesignapproactalongwith its general
formulationin termsof quasi-opticalphase-correctioprovide incentie for applyingthe
methodto otherareasof microvave engineeringsuchasradio astronomyandhigh-powver
microwave structuredesign.
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