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Abstract

A widely usedapproachin describingradiation fields
generatedy shortpulserf linac FEL oscillatorsis based
on modal expansionof the intracavity fields and solving
the wave equationfor the amplitudesof the excited trans-
versecavity eigenmodesin time andaxial dimension.In
thistime domainapproachmnodeamplitudesarecalculated
by adoptingthe slowly varying envelope approximation
(SVEA). The longitudinal propagationnumberk, of the
carrierwaveis usuallyassumedo represena groupveloc-
ity anda wave impedancef the frequencieencompassed
within the spectrabandwidthof the optical pulseenvelope
asit evolveswithin the interactionregion. However, in
caseswheredispersie effectsarisingfrom a waveguided
cavity becomdnfluential,the space-frequencapproactis
a straightforwardmethodto tacklethe problemwithoutin-
troducingfurther approximations.Onesuchcaseis being
studiedbasedon a highly slippagedominatedshortpulse
rf-linac FEL operatingatlong wavelengths.

INTRODUCTION

The aim of this paperis to presentnumericaldesign
toolsfor investigatingthe temporalandspectralcharacter
isticsof THz pulsesgeneratedby shortpulserf-linac based
waveguided FEL oscillators. We demonstratepplication
of thesenumericaltoolson thedesignstudyandparameter
optimizationof a THz FEL systenthatis expectedo oper
ateoverafrequeng rangebetweenl00-1100microns[1].
Combinationof effectsresultingfrom the useof picosec-
ondsshortelectronpulsesandlong radiationwavelengths
spreadover suchawide spectratangeontheonehandand
propagatiorof shortradiationpulsesin lengthywaveguide
resonatorgasrequiredin mostof therf-linac drivenFELS)
on the otherhand,necessitata carefulanalysisof the in-
terplay betweenenhanceatoherentspontaneougsmission
(CSE), waveguide dispersion(group velocity dispersion),
slippageandcavity desynchronisatioeffects. In devising
the numericaldesigntool, we adoptspace-frequencap-
proach[2, 3] which enablesa correctdescriptionof these
effectshbut it is time consumingwhensimulatingan oscil-
lator FEL configuration.On the otherhand,emplgying an
additionalformalismto modelthe relevant aspectsf the
problemin an approximatedvay while creatingpractical
meandn termsof cpuusage.Theformerrigorousformal-
ism is usedto validatethe applicationrangeof the latter
in tackling the designproblemwith areasonableccuray
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andreplaceit in casef shortcomingsn modellingprop-
erly the physicsof the above mentionedTHz FEL system.
The two methodspresentedn the paperare contemplated
for thedesignstudyof theplanedwide spectrarangeong
wavelength shortpulsewaveguide THz-FEL oscillatot

Sampleresultsare given applying the developedfor-
malismsonahighly slippagedominated-EL regimewhere
submillimeterto millimeter wavelengthradiationis gener
atedby a few picosecond$ong high peakcurrentelectron
bunches.

DESCRIPTION OF THE MODELS
Time domain model

The time domainapproachpresentechereand the im-
plementednumericalalgorithmis describedin detailsin
[4, 5]. Severalassumptionsreadoptedn the modelthat
reducegreatlythe computationakffort in orderto enable
an optimizationof the systemparameters.The longitudi-
nal motion of eachmacroparticleis tracked whereasthe
transversemotion is accountedor by the beamervelope
equationg4]. Thelatterincludestheinfluenceof 3D beam
effectsin an averagedmanner The profile of the optical
field is definedby the trans\ersemodesthat are excited
in a parallel plate (PP) waveguide resonatof{5, 6]. The
evolution of the modeamplitudesis governedby Eq. (1)
where by adoptingSVEA andintroducingthe transforma-
tionsz' = z — vyt andz = z — v,t, theinhomogeneous
wave equationsimplifiesinto:
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In (1) uq(z, 2") is the complex ervelopeof a modulated
wave train with carrierfrequeng w andaxial wavenumber
k., of the excited ¢'th mode,which satisfythe waveguide
dispersiorrelation. 6;,(z,%) is the ponderomotie phase.
The longitudinaldistribution of the particlesis represented
by thetermx(z,z) = Nz(z,%)/nonr; A, whereNz(z,z)
denoteghe numberof particleswithin afractionof thera-
diation periodallowing for a more accuratedescriptionof
CSEeffectswhenthe currentprofile of the electronbunch
variessignificantlyat the scaleof the radiationperiod[5].
The sourcetermis averagedover the associategubwave-
lengthlongbeamsegmentA. F isthefilling factor (,(z,%)
resultsfrom averagingthe sourceterm over the trans\erse



gaussiardensityprofile of the electronbeam.For the case
of a parallelplates(PP)waveguideit canbe expressedy
theanalyticalterm:

CQ(Z7E) = eg (z) {602/4n + 69*2/477} (2)
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with the parameterg, «, n and@ definedin [5]. o, and
o, arethe rms transwersedimensionsof the beam,deter
minedby solvingthe beamervelopeequationsn termsof
thelongitudinalpositionz [4].

Due to the waveguide dispersion,slippage effects in
shortpulsewaveguideFELsexhibit differencesn compar
isonto openresonatoFELs. The slippagelength L, for
theresonantadiationwavelength),. is definedas:
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whereN,, andk_, arethe numberof the wiggler periods
and the cutoff wavenumberof the ¢'th trans\ersemode,
respectiely.

The boundaryconditionsfor the transversemodesare

imposedy theresonatoandcanbeformulatedasfollows:
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Wherequ") (L, t") denoteghe complex amplitudeof the
¢'th modeat the exit of the interactionregion at the pass
numbern andt, = L./v,, is the cavity round-triptime.

p' signifiesreflectivity of the mirrors. P(,,q, describes
modescorversion,cavity lossesandoutcoupling.

The group velocity dispersioneffects might influence
the dynamicsof the FEL amplification processin multi-
ple round-trips.Theinclusionof groupvelocity dispersion
into the time domain model requiresthe solution of the
secondorderwave equation[7]. In the presentednodel,
the quadraticterm associatedvith the group velocity dis-
persionis omitted in the waveguide dispersionrelation
asa consequencef SVEA. Instead,the dispersionis al-
lowed for in an approximatemannerin the model. Using
a Fourier seriesexpansion(FSE), the comple field am-
plitude uy(z, 2') is expressedat eachpass,at the end of
the FEL interactionin termsof longitudinal eigenmodes
of the cold cavity with therespectie w; = [ - 2w /t, and
k.q(wi). Eachl'th longitudinalmodepropagatesvith the
own k., (w;) over the dispersie feedbacksection. Prior
enteringthe interactionregion,thefield amplitudesof the
longitudinalmodesare summed(FSE™!) to yield the up-
datedu,(z = 0,t) which encompassethe effect of group
velocity dispersioroverthe“drift” sectionin thepreceding
round-trip. Subsequentlystartingthe new round-trip,the
procedureis repeatedwithin the interactionregion, after
carryingoutmary integrationstepsn solvingthefirst order
wave equationasdescribedn Eq. (1). Although the out-
lined algorithmmakesuseof thelongitudinalcavity modes

in representinghe comple field amplitudew,(z, 2’), it
circumwentsto reformulatethe wave equation(1) for the
amplitudesof the longitudinalmodesandsparessolvinga
large numberof coupledaxial modeequations.

Soace-frequency model for FEL oscillators

Assuminga uniform cross-sectiorresonator(usually a
waveguide), the total electromagnetidield at every plane
z canbe expressedn the frequengy domainasa sumof a
setof trans\erse(orthogonal)eigenfunctionswith profiles
&q(z,y) [2, 3]. At thebeginningof around-tripnumbern,
eachof the modesis assumedo have aninitial amplitude

ci™ (0, ) andthetotal field atz = 0 is givenby:
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The amplitude of the gth mode excited by the electron
beamwith currentdensityJ (™ (z, y, z; f) is givenby:
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where the normalizationof the mode amplitudeis made
via the complex Poynting vectorpower N, [3]. Thespec-
tral densityof the enegy flow aftertheinteractionwith the
electronbeamat the nth round-tripis:
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After around-tripin theresonatoof length L., thefield
attheentranceof theinteractionregionis [8]:
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wherep, . is acomplex coeficient, expressinghe inter-
modefield reflectvity of transwersemodeq” to modeq’,
dueto scatteringof the resonatomirrorsor ary otherpas-
sive elementsn the entirefeedbacKoop. Scalarmultipli-
cationof both sidesof Eq. (9) by &, (z,y), resultsin the
initial modeamplitude:
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Tablel: Operationaparametersf THz-FEL.

PARAMETER THz FEL

Wavelength: A =& 1100 pm

Beamenepgy: E, =10+ 13 MeV

Enegy spread: oe(rms) = 0.3%

Bunchchage: Qp =135 pC

Pulselength: o,(rms) = 1.0 + 3.5 ps

Repetitionrate: 23.6MHz

Wiggler period: Ay = 80 mm (hybrid.)

Wiggler: K(rms) =0.8+3.9

Numberof periods: N, =40

Waveguide: Rectangular (38 x 10mn?)
or PP waveguide(d = 10mm)

Resonatoround-

trip length: {~6.35m

which s requiredin equation(7) to solve thefield excited
in theconsecutre round-trip.In thefrequeng domain,the
total out-coupledradiation obtainedat the oscillator out-
putafter N round-tripsis composeaf a summatiorof the
circulatedfields (6) insidetheresonator:

Eout (f) =
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whereY , is gth modefield transmissiorf theout-coupler
The enegy spectrumof the electromagneticadiationob-
tainedatthe outputafter N round-tripsis givenby:
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whereT, = |T,|? is the power transmissiorcoeficient of
modeg.
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SIMULATIONS

To simplify the analysis,singletransversemodeT Ey;
is assumedn the simulations. Operationaparameter®f
the systemis givenin Table 1. Drive electronbunchcon-
sistsfrom shortT, = 7.2 psbuncheswith Gaussiarnon-
gitudinaldistribution andwith anenegy-phaseorrelation
similar to the onesconsideredn [9, 10]. Figurel demon-
stratesspectrumof spontaneougmissionobtainedin the
frequeny domainby the WB3D code[3, 8]. The simu-

lationswere carriedout with N, = 1000 macroparticles;

the resultedspectrumwasthennormalizedto the number
of electronsN, = Qs/ (N, e) in the simulation(see[11]
for details). The power of spontaneousmissionis P, =

1Simulationscarriedoutin thetime domainmodel.
2Simulationscarriedoutin the space-frequencapproach.

W) 11y & 5.5 uW, whereW,*P) ~ 0.5 fJ is the total
enegy flux of spontaneousmissionfound by integration
of the spectrumandr,, = Ly /vz0 — Ly /vgr = 0.11 NS
is the slippagetime.

The following resultsrelateto FEL oscillator configu-
ration, basedon a train of buncheswith repetitionrate of
about23.6 MHz. Fig. 2 shaws evolution of the bunching
factorb(z) = efw:ti(2) alongthe wiggler as function of
oscillatorround-tripnumber At the first round-trip,spon-
taneousemissiontakes place. At this stage,the intensity
of theradiationis ratherlow andvariationsin thebunching
factoraremainly dueto theinitial enegy-time correlation
in the electronbunch. At further round-trips,the emitted
field causesdditionalbunchingin the electronbeam.

Evolution of the storedintracavity enegy during the
first round-tripsis presentedn Fig. 3. Fabry-Perotres-
onatorlineshapeis also drawvn for the comparison. The
free-spectral range is F'SR =~ ti ~ 23.6 MHz, where
tr = L./vgr ~ 42.4 nsis theround-triptime. The full-
width half-maximum of the transmissiorpeaksis givenby

— FSR _ mﬁ _
FWHM = = 0.65 MHz, where F = VR =

36.0 is the Finessef theresonatofR = |p|? = O 84 isthe
total round-trip power reflectvity). The oscillatorenegy
buildupis shovnin Fig. 4.

Evolution of the radiation build-up processwhen the
buncheswith uncorrelatecenegy spreadareinjectedwas
consideredn the time domainmodel. Comparisorof re-
sultsof Fig. 4 and5 revealssignificantreductionof optical
pulseenepy at the last case. The differencemight be ex-
plainedby the enhancemenof coherentemissiondue to
enegy-phaseorrelation,asdescribedn [10].

CONCLUSIONS

In the paperwe presentedwo approachegor simulat-
ing excitation and buildup of FEL radiationin an oscilla-
tor configuration.Using the models,a studyof a FEL op-
eratedat the sub-millimeterwavelengthswas carriedout.
The space-frequencmodelaccountdor dispersioreffects
in the waveguide without approximationsvhen radiation
pulsesareexcited by atrain of shortelectronbunchesro-
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Figurel: Spontaneousmissionspectrum.
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Figure2: Evolution of the bunchingfactoralongthe wig-
gler for differentoscillatorround-trips.
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