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ONE-DIMENSIONAL SIMULATION OF A FREE-ELECTRON LASER OS-

CILLATOR USING A DIFFRACTION GRATING AS A C’AVITY MJRROR*

H. Takeda and J. E. Sollid

Los Alamo3 National Laboratory, MS- E591, Los AltiTTLo.9,

The free-electron laser (FEL) oscillator is known to

NM 87’545 USA

excite parasitic sidehanci wave-

lengths in addition to the fundamental wavelengths at high intracavity power. W’hen a

tapered ~~iggler is used., the sidebands reduce the extraction efficiency. To eliminate the

sidebands and to increase the extraction efficiency, we studied an FEL cavity with (JXICof

the mirrors ruled as a diffraction grating. The diffraction grating deflects the light in the

cavity selectively according to the wavelength: the sidebands can lx elimini~ted by deflec-

tion to off-axis of the cavity. Because the grating mirror must be moumxd with an angle,

laser pulse is stretched after diffraction. The pulse stretching reduces optical intensity.

Wre studied the effect of pulse stretching numerically using a one-dimensional FEJ, code

FELP. 1 Using this code, the free-electron laser performance is calculated and compared

with different line densities of grating for the following three wigglers: an unt a~wretl wig-

gler, a 12% wavelength tapered wiggler, and a wiggler tapered in v.ave ntunher I)y 30(XJ.

The wavelength aperture caused by the grating also is studied as a function of linr (lt~xlsit,y.

1. Introduction

T()nchicvc a high cxtrrtcti{m dficim:c y, the si(l{’lmn(ls c}ul lx’ clilnixlat(’(1 l)y s(”v(’r:]l

(Jl)ti{”iil Illt’t,llo(ls as discussed ill ref. [1], onr {,f !llr ~neth{xls l~tilizcs tl~( ,Icthv.ti,,ll (,f

light ill tllc c~ivity schwtively according t(; tlw wavf’lrllgtil, Tlliti cull lW (l(Mw I)y ~llnkillg

01’(S of tile Il]irrors into a (iiffract,iO1i griktit;g. Becallsc tlw Krat,il)g i~ltr{j(lllc(v+ st(q)wis~’

(Iisist)lltilllliti(ls in t,llt’ (q)ticnl l)Illsr, n rnt,li(v’ IIigll ol)ticai IONH I]lllstl 1)(’ (“ot]ll)]ol]lis(’(1” ~vitll

t II(I 1]1(’rit of Wiri(vlry (’tlil~lIk(.(*11~(’I]t,. TIIt (Iilfrnct( ’(1 Iigllt l) IIIs(I is dho st r(il(.llf’(1 I tmttl])or:lll~.

‘1’llf’ ~’!ftv”t~ of !,11(1grntillg (Mi tllr (]l)tit”~~ll)illsc nrr tllr(v” (!illl(’llsioll/11. ‘1’() (“0111])/11’(”

tl)f’ ol)li{’ill r~”slllts witl) tll(’ c~i,vit,y w~it,llollt,grlltillg, ill Wlli{’11 si(l{’l);illfis ;lr(’ t’xt-it(’{l, \V(’
——-. ————..--.———. ——. .

+ Il”f)rl{ l)~v-f(mll~vl Iltltl(v t11(*:Illsj)ir{’s of t11{’ 1IS. Ih’l)t, of ltll(’1’~y /111(1 511])1)01”l(’(1 In’

III(I [~.S, .4r IlIy Str:]t(’~i(. f)~,f(’lls(’ i401111111\II(l.

1 I: KI,l) is n 1)11(0(Iilll(’lisio]lnl fwf~ (’i(v.troll IIIS(II (SOII(* lviit 1($111))’ 11.1) \l(’\’(’J, 11S l’~:):!l ,

1,05 .’\lillllo S X;lti(ll;ll 1,/11)01’lltl)I’~, 1,():< /\l:lllll~:), NNl s’i,”)l~)
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have folded the three-dimen’ mal effects induced by a grating into a olle-(iiln(=I~si(>I~;il,

free-electron laser pulse code FELP. Using this code, the laser performance is calculat(~(l

and compared for different line densities of grating.

.41though the calculation performed here is idealized, similar gratings are Ijuilt; a

sideband sllpprcssion experiment was pelformed with an untapered wiggler at t,ll~j Los

Alamos free-electron laser facility as discussed in ref. [2].

2. The suppression of sidebands by a ruled mirror

Given a grating iine spacing d, the inci(hmce angje ~i and the diffraction anklr 6,,

measured frc m tlw normal to the average surface are related I)y the gratixlg f(lrI1llda iiS

A

sin8U = – sintl, + — , (1)
d

where A is the wavelength of the laser.

fVhen a grating is mmmtcd to satisfy the Lit trow condition, i.e., the incipience ang: e 0,

and the diffraction angle 8U are set e,q~ml, they satisfy eq. ( 1 j with @i = t?U, By inspecting

the geometry shown ill fig, 1, we scc that the grating blaze angle 0~1 is eqllal to 8,. W(I

designate the wavelength a.n(i the (iiffract ion angle that satisfy tile Lit trow c(mdi(,i(m i~~ A (,

axl(l 0“() 01 #1(], Tll(’n, the grating form~lla rmiuccs to

A()
~ill #b/ Q Sill #,io ~ sill 810 = ‘— . (2)

:!d

.~ssliil~illg tll[~t,t~l(’ gr[itillg is nlo~lrlt,f)(l i~t fib/ for ~,}, ~i)l(~tll~lt n li~q(’r wit,ll /1 wflv(’1(’llg(,ll \

tllilt ({i ff(*rs froltl A() shilws 011t,llc gratil]g wit,ll t,ll(”allgl(’ of ill(.i(lflIl(.r at 0,(), t,ll~”(iiffr{~ctioll

i\ll~l(’ tit, is ol)t,ai)l(’(1 [1.S

sitlfl,, = +-j(2.\ - A()) . (3)

‘1’lkis (vlll;ltloll sl]ows tl]}~t ttle si(l(’})nll(ls, lmvillg wlLv(Il(~; IgtlIs otll(r tllllll ,\(), III(J (liffl~l(’t{,(l

of~ :Ixis, IIy callt,i]lg tll(s ol)tl(’111 ~lxis of tll{’ rIIl(’(1 lIlitloi wit]l tll(’ I)IIIx(’ :1111,1(* #,)1 so (]1111

i II(’ I,lltl’(w r[iy witl) .\II stays 011 tll(’ (’ii Vlt’y’ axi;; Ilft (’r sll(’(.(v+siv(+ ( l{ir;l(’ti~]li,I
,.

,i(l(,l)oll(ls I’;III

1) ‘ (Iltil’il(”tf ’11 off axis of tllr cavity Illi(l (Iv(’lltllllll,y {’litllitll~t(ui. i“ig U hl]ows III(s (.;ivity

(“ollli}~lll;lt ion,

‘1’11(’ (“;IIIII’(1 Illllror I]l(;(lili(s II!(* i(l(l!l (;,,::<i~,ll IIJ()(I(’ ii, two ltfa~:i: ]“ll:,t , 111(, ]i~l)t 1)111:.(

is h])(’’tl:lll:~ :.f’]); lrllt (’(1 1111(1is hi)lf’11(1 lilt (’l”il!l~ ~)1’(”oll(l, llIf ’ li~llt ]IIIl:if is :,! I(’I (II(LII 11(*(.:111:,(,

,)
.,



Because any light pldse can be decomposed into wavelength components, ~ve can

explore tile wavelength accept ucc of the cavity by tracing a monochromatic ray in tlle

cavity.

3. The wavelength acceptance of a cavity

\Vhen the plllse is stretched by the canted mirror and diffracted back to t,!le cavity

optical axis, the spectrum of the pulse narrows because the waves with the remaining

wavelengths are diffracted to off-axis directions. lVhen tile wavelength is very dificrent

from AII, the cavity can not sustain these waves in wlbsequtmt pCasscs and the wa~’es at,

these wavelengths will Le lost from the cavity.

Knowing the incidence angle 0, and the incidence position at the mirror in the cavity,

the diffracted ray can be crdc’dated using eq. ( 1). By tracing the ray for a number o!

passes, the wavelength acceptance of the cavity can he obtained: The rays within tile

acceptance stay in the cavity, and the rays out of the acceptance are lost from the cavity.

The ray with A. traces on the cavity axis, but rays with other wavelengths bounce in the

cavity with an angle to the optical axis and with a lateral displacement. Starting on axis,

a ray was traced lip to 2000 passes, Table 1 S1,OWSthe mirror rind the cavity ~)aranwters

Ilsfxl in tile sim~dati(m. Apertures that, correspol~d to three times tl~e dimcnsi(m)s waists

art’ ilnposmi at the c[~vity rm~t,rr and tit the mirror’s to t?liminatx? mlt-of-bolmd rays. A r!ly

With a Wavt!lc’slgt}l of 1(),()45 Ilnl Illa(ie (Jrily t~lret?rollnd tIil~s ill tllc cavity nxifi was t}1(’11l(wt

( fig, 3n), T}ic tilllll~x’r of ~lits nt, thr xIAvI Iniiror i~ ~dottct~ n.. a fllilcti(m of lat,rr;d Ix?sitioli

at tiic mirr:)r. Wllc]l the wnvchwgth of L]](*ray is clmww clf)st’r t{) t,lle Lit~,row wav{’lcilgt Ii

AO = 10.1 /tIll, tlw ray is co,ltainwl in tiw ca~’ity. At wavehvlgt]l A = 10,084” i~ill, tll(’ ray

t)scillwtti(l lwtwcvl~ tll(’ crl~t,t’r of tlw xllirr(m }i,tl(l tlllr (),9 cnl l)osit,i(~l) al)())lt tile lit’(vilg(’

l){w)ti~)ll at ().4 cl]], TIN* large ~:l)try at l)t~tli (*]l(Is SIII)WStlmt tlw itltmsrct it)ll of tIll’ ray

:lllti filf’ 11)11’I’01”IIIOV(’S S]OW\y at 1)0111 f’Il(iS. At wavv14’llMtl~A -I 10,1?! l~tl~,(1w rny fwf.iil;~t{’s

ill n %illlil:lr wny, I)llt ti’v mvf’rugv ])(,sitioll is lit 1().5 (’ill. ‘~lw rny with .1 10143 //111is

lost ~~ft(r ftlllr passes, m srv~l ill fig. 3(

]Porgr;)tiilgs 1“111(’{iWjlil (j iitl{v4/111111 iill(! 10 ii]] ‘s/111111, til,’ Wltvf’1(’llgtil ;L(’f’t’i)t;lll(’(’s A.\/ \

l~y IIIS ltllf-ill~ ;lI(’ t~l)t~liil(~(i IIS (),,S()f, ! (), i ‘~{1iIII{i ().II(X, I ().1’~, lt’s]~(’~.ti~(’ly, If w{’ 11(’j(lI’{’t

t 11~ t l“nlls V(’rht’ rb~.ill;lt i~)[l of rllys {It t II(. t]lilt$)[, t li(’ ll\’(’l’il~(’ r:Ij” ]Mlsit if~tl I il;lt, f.{)[l(15]){IlItl:,

tt) tll(” lllt(’rs~’l”ti{)ll I}v JI st:~li{}ll;lry III~F ill tilt’ i’;~litv ~.;III I)(I i“ilit.ili;lt(’ti ;Iti:ll!’ti(”llll:’ 1111111

lrf~ol]~f,ttl{.;l] ~.{tll!,i{l{,l;~tioil:i ;llIlllf’,, ‘I’l Ii:+ I)r,)t(tlllIfL .lit’i(ls ~~(”t’<+l~tilll((’:. ;I!)~I~ll t~fil(~ t ilI’ 1:1)



simulation,

4. The pulse stretching by a ruled mirror

%Vc can assume that the optical cavity establishes approximately a Gaussian mode

between mirrors. \Vhen an optical pulse exits from the undulator with its transverse

Gaussian profile, the waist size r. i3 determined as a function of disti.nce z from the ccntcr

of the undulator as

(4)

v~!ere A and 6 are the wavelength of the laser and the Rayieigh range. The pulse arrives at

the Aed mirror after diffracting and expanding its waist while maintaining the Gaussian

profile.

%tisfying the Littrow motmiing condition, the optical axis of the mirror with grating

is set to make an angle equal to the blaze angle gbl with respect to the cavity axis, One end

of the Gaussian wing arrives at the mirror earlier than the other end of the wing. When

the twmter of the pulse arrives at the center of the mirror, the wavcfrout from one end is

already diffracted by the same distance as the distance from the wavcfront of the other

CIKJto the mirror.

At the Littrow mounting, the first-ordm diffraction of light by the mirror emerges as

if the light is rcflectd by mimomirmrs mounted as stairs with spacing d and (kpt]l 1/2J,1

}wtwern thmn ( fig. 4). When the wavckts from each micromimor arc wlpcrposrd hhmg the

(Iirectioll of prnpn~nt, ion, a stretching of the light DUISCis ohscrvcd. WC nrc nss~mliI~g thnt,

tlw Illirror (limcnsi(m is Inlwh smtdlvr than tiw distarwc hetwcvn t,iw nlirror nnd tlw wigglrr

so tll{~t (Iiffrm.ti.)[1 iwrivillg at the wiggler rnn lx’ consi{hmvl M Fru~lldlofcr (liffractit~I1. EVCI1

if WC*Iwslllni’ tllatl tllc light l}ulse tlllnt ]mqmgutm to tlw Illirrf)r is (M1tllu (q)t icnl nxis [Jf

tl]r r!,vity, t,lw (Iiffrnrtr(l lig]lt frt)l]l CIKIIIllirroll]irr[w is tlisp~’rs~~tlnrnkis t.lw (]l~ticnl nxism

.lltllt)llgll tll(’ Iutrrnlly (Iislwzst’(1 ]JIIIW*I)r(qmgnt(w tt) tlw Illirn)r wil,ll gr;lt,illg [Lt,I)r(w(’(hiilqg

])11ss(’s, OII]V u lNI].s41 (lI~fiII(Y{ Witl Il tl~(. wnvf”l(’llgt,lls sllrro~lll(lillg 1.11(s I,il tr(nv rny ,\l I r(lli];lil)s.

ill 1 iw cnvity.

5. Sin]tllntiolls Ilsillg n ():lc-(lilllclltii()ll[ll $’fl,l} ro(lc with plllsc strctrl]iilg

4



determined from the spectral components of the stretched pulse. ?. V/e assume that each

wavelet from the grating overlaps well with the electron beam at the wiggler.

The light pulse observed at the wiggler is the superposition of wavelets that are tem-

porally displaced. At this superposition we impose weights from, individual wavelet inten-

sities. The light loss at the grating rilirror is considered as a part of cavity loss becallse the

material of the mirror and the ruling of the grating affect the amount of light diffracted

into the first-order diffraction.

The parameters used in the simulation are shown in Table 2. Because the grating

has a fixed, narrow bandwidth, the cant angle of the ruled mirror determines the center

wavelength of the window. The cant angle must be set so that the gain at the center

wavelength must far exceed the cavity loss. Because the gain curve changes its shape

M the laser intensity increases, this condition must be satisfied simultaneously both at

the small-signal and at the large-signal regime. The gain curves for the wiggler tapered

parabolically by 3(J% in wave number are shown in fig. 5; the large signal gain is obtained

with input intensity 1.7 X 101 I W/crnz. }Ve set the cant angle to give a wavelength of

10,25 pm; this is sho~ n as the arrows in fig. 5. Siiniiarly, the center wavelengths are set to

10.2 pm for other types of wigglers: the untapered wiggler and the 12?lo tapered wiggler.

The center wavc,engths are chosen as a compromise to obtain a large gain both at high

intensity and at low intensity of the laser.

Calculating with the 3070 wave number tapered wiggler, elect ric field profiles alfmg

the ~~ulse am shown at the top row in fig. 6 for both the 6 lines/mm grating am-i the 10

lines/llml grating. After 300 passes, tlwy are stretched significal~tly. The pldse profile for

tilt’ uxmlled mirror shows a modulation caused by the sidcba,nds. The Follrim trausf(mns

{~f t,lw l)I1ls(*s arc sIIOWI1 ill t,lle swOIl(l r(,w of fig. 6. Wll(:n 1~()gratjllg is lJrcscllt,, wc ol)srrvr

n significant I)rmmcc of si(klmmls.

5



are the single-pass extraction efficiencies that correspmd to the peak gain of 5.5?Z0.

6. Effects of gratings with the three types of wiggler

Nfultipass simulations using the one-dimensional code FELP were performed up to

600 passes, where the efficiencies reached sat uration. A uniform wiggler, a 1270 tapered

wiggler, and a 3070 parabolically tapered wiggler are assumed for the simulations with

two types of grating mirrors: a mirror ruled with 6 lines/mm, and a mirror ruled with

10 lines/mm.

The extraction efficiencies are plotted in fig. 9 as a function of electron-beam current

for the untapered wiggler. For reference, the peak efficiencies of single-pass calculations

are also plotted; the input powers are set so that the peak gain is about 5.570. The optical

power of the pulse reaches up to 0.5 GW and 2.0 GW with either grating at 250 A and

at 400 fi, respectively. Wit bout gratings, the optical power of the pulse reaches up to

4.5 GW at 400 A. However, the extraction efficiencies with either grating are at least

a factor of 2 lower than without gratings. This result shows that the pulse stretching

by the grating reduces the extraction efficiency significantly. Comparing the efficiencies

between n-grating and the single pass, we conclude that the sidebands contribute a higher

cx~ ract ion efficiency by over a factor of 2 at low current.

The extract ion efficiencies for the 12~otapered wiggler arc plotted in a manner similar

to that for the unt apcred wiggler (fig. 10). The single-paw peak efficiencies are also plotted

for reference. The optical powers of the pulse are 3 GW and 5 (3W with currents at 250

UINI400 A, respect ivcly. Except at low current (150 A), thc efficiencies do not depend on

tlw clwrcxlt, aml they are. almost equal for either cme. The gratings fail to improve the

rffirirncy cxrrpt at low clwrcnt.

Tilt’ l~xtrncticm diicimmics for tl~c 30(% paruholically taprrcd wiwlrr arr plotttxl ill

fig. 11, The siugle-ptws potik rficicnrirs arc A) plotted M n rrfrrrncr. The o])tical pfnvcrs

of t,llr l)IIISC with (j lilm+/Inln grilti[lg at sntllrmti(m nrc 5 G\V [uI(l 9 GW \vit Il c{lrrrnts nt

?50 UIM1400” A rcqwct.ivrly. Wit,lltnlt, grntillgs, tlw (q)tirnl I)i)wcrs nrr 3.~~GW 1111(16 C;W

iill t.lm.sf’ rllrrmlts, wlwrc I)otll tllr ~)l)ti(’nl powrr Rll(l tllw :.~tlrm-ti(m Mici(wcirs fillrtlmtr

Ill}(nlt :L().h (~\V. Chmrly, tlw ~rntillgs rlllImlcc t,lw vxtrnctio]l f’ificirllcit~s I]y n fnctt)r of nt

Ifwsl l.2 for t II(* 30(X t;ll)tmxl wip;glrr.

(;



Table 1. Mirror and cavity parameters

Spherical mirror radii 12

Mirror separation 2D

Littrow ray AO

iVaist 00 at cavity center

Waist ul at mirror

Aperture at cavity center +300

Aperture ~i mirrors +3a1

Rayleigh range 6

Grating line spacing d

353 cm

691.8 cm

10.1 pm

0.89 mm

6.33 mm

+2.67 mm

+1.!3 cm

49 cm

10 lines/mm,

6 lines/mm

Table 2. One-dimensional simulation parameters

E-beam peak current

E-beam energy

E-beam $

E-beam emit tance

E-beam pulse

Grating line density

Wiggler length

Wiggler taper

Wiggler period

Net intensity lore/pass

~~ A, 250 A, 350 A

21 MeV

196

1 r.rnm.mrad

10 ps parabolic profile

6 lines/mm, 10 lines/mm

100 cm

Uniform, 12% in wavelength,

3@%parabolically in wave! umber

2.73 cm at the ent.rmwe

5JI (including grating hxs)
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Figure captions

Figure 1. In a mirror mounted to satisfy the Littrow mounting condition, the incident

angle 81, the diffraction angle (?U, and the blaze angle 861 are equal.

Figure 2. A cavity with a mirror ruled with grating. The mirro: is canted at blaze

angle ebi. The optical mode is semi-Gaussian.

Figure 3. Distribution of ray positions at the ruled mirror. The number of rays that

hit the mirror is shown as a function of position on the mirror. The wavelenth of

the ray determi~es the average position.

Figure 4. The pulse-stretching mechanism. RELyssee the Littrow-mounted mirror with

grating as stairs with a height A./2. Successive wavelets are displaced by Jo,

and the pulse is stretched after superposition.

Figure 5. Small-signal and large-signal gait curves for the 30% tapered wiggler. The cant

angles of the ruled mirrors are set so that they correspond to 10.25 ~m.

Figure 6. The stretched pulse profiles and the spectra are shown for gratings with 6 lines/mm,

with 10 lines/mm, and without gratings. Each spectrum has a single line when

gratings are used.

Figure 7. Extraction efficiencies with gratings for the 30% parabolically tapered wiggler.

Figure 8. Extraction efficiencies without gratirgs and efficiencies by single-pass calculatiiul.

The peak gain is set to 5.5% for the single-pass calculation.

Figure 9, The efficiencies fer the untrtpcred wiggler. The single-puss efficiencies nrr ol)ti~i~l(’( I

for a peak gain of 5.5%, therchy showing that the sidebnnds enhance c,%cit-mcy

MI(1thut the grating reduces efficiency.



Figure 11. The efficiencies for the 30% parabolically tapered wiggler show that the

efficiencies can ;. enhanced by the grating.
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