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OVERTONE PRODUCTION OF SOFT X-RAYS
WITH FREE-ELECTRON LASERS*

M. J. Schmitt, C, J. Elliott, K. Lee, B. D, McV”y
Los Alamos National Laboratory, Los Alamos, NM t “5115

ABSTRACT

Two one-dimensional free-electrol~ laser codes have recently been written
t!lat include harmonic generation. A comparison of the results of Lhese codes
Silow that a self-consistent treatment of the harmonic interaction is not required
in the presence of a strong fundamental field. Use of these codes to predict the
effects of emittance on harmonic production have been conducted. The effects of
wigg!er-field amplitude fluctuations and odd-harmonic wiggler-field components
on the harmonic-radiation production are also discussed.

INTRODUCTION

The hal Inonics gcncratcd in free-electron laser (FEI,) oscillator cxpcri-
mcnts arc producml primarily through C( hercnt-spontaneous ridiation of thr
fundamentally-bunched electron bcarn. ‘1’his mechanism donlinatcs over the
much weaker harmonic linear-gain mechanism which cannot ovcrcomc ~ilvit~
mirror Iosscs. Th(’ amplitude 0[ each harmonic is dctcrminmf by its Fourier
cornpcmcnt of ~hc transverse current, scaled by the harmonic cou]jling corlli -
cient.

This paper cxp]orcs the cfTccts of emittanm , wiggler-firld illll[)lilll(lt’ lluc -
tudtions and odd-harmonic wiggler-fiolct colnponcnts cm harmonic product. ion.
A comparison bctwccn the one-dimcnsiond codes is discussed in Sw”tion ]. ]11
Sect.ion 11 the effects of cmittancc 011 the harmonic amplitudes art, ct\l~uliit(*(l
assuming ccmstnnt gain in tllc fUIldillH(:lltill. SmHll Hmplitudr’ fill CtUil~. ioIIS ill

the wiggler mugnctic field tire modcluf ill Section 111, Modificntiom of tl, v lliir-

Illmlic collpling cocflicicnts result.ing from a small tllir(l-tl;lrl]](~llir wigglul-firld
cumponcnt arc given in Section IV niong with their consrqurnccs 011 harllmtlic
l~roduction.

1. II ARMONI(; Ft;l, (: 01)1 I;S

Thr rquntions dcsrrihillg tho iutoructi(m 0( ()(l{l-llllrlll()lli(- fr(qu~llrit$s wil II
1 IIW[’wluntiolll+ Ilil\’(’ 1)!’(’11illl iL](’Ctr(Jll h(!illll ill a l;](;]~ n{[i W()]] (] OCUll J(911ht({ 112. ‘ ‘

illcorlx]rntrd into mollo-tlillit’t]sic)llal ( I II) co(lr writhw hy OIICor us ((;. .1. I’:lli(jtI )



to model both the radiation produced by the electron beam and the effect of the
harmonic fields back on the electrons. This self-consistent code integrates the
phase-averaged field equations given by

and the energy equation for each electron that states

(1)

where j denotes the jmth electron and j is the harmonjc number. T]]js code has
been compared to another code (HFELP) originality written by II. D, Nlc\~uy and
Iatcr modified by M. J. Schmitt to include the harmonic radiation producw] by
a fundamentally bunched electron beam, The effects of the t]arlIlollic radintio]l
fields on the electrons are not included in HFELP so that the clcctrorls arc only
affected by the fundame~tal electromagnetic field that is assumml to lW much
Iargcr than the harmonic fields,

To analyze the co}]t~rt’rlt-spollta ll(’f)~lscl~lissioll of a 1$111.ol)vri~t ing ilt t II(I

fundamental we assume the oscillator to have rcachcd sat.uriition so tt)ilt. a Iilrg(’

fundam~ntal wave exists. A single-pass calculation is thrn prrfornwd il~~llli]il]g

thr Paturatmf fUIldilIIl(’lltill signal exists at tllr clltrtillcv to t]I(I l~iggl(lr, ‘1’llis
calculation is valid amuming the mirror !OSSW at the hi~rl]lot)irs ~)rrw’l]t t}lv
harm’mic radiation fro~ll circulating ill the ~ilvi[~. t;ain ,lt. tllr f~lil(]illt](~l]til] is

adjus:c(] through an cfrcctivr fill factor tv IlliltCll that of tll(’ 31) (“;ll(’lllittion:{,
‘1’11(’rcsu]ts of both codm, for il;put parallwtrrs rrstlllll~]il]g tlI(w 01”t II(! I,()>
Alamos osc.i!ktor cxpcrimrnt’, arc sl]own in Figurw Iit,h for 1,.r fifl,ll IIilr’lllollic,
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Results at the first few odd harmonics observed thus far all yield identi-
cal results. From this comparison it is seen that for small }.armonic powers
(Pj/Pl < 1) a self-consistent analysis is no; required to obtain the correct har-
monic output levels. Thus, calculation of the harmonic radiation can be done
economically.

II. EMITTANCE EFFECTS

The growth of electron beam emittance has deleterious effects on FEL gain
and efllcicncy. To evaluate how emittance affects harmonic production, sinlula-
tions were performed with the lD code HFELP. Owing to the one-dimrnsionill

nature of the code, electron-bcanl cmittance WM modeled as an cfreclivc cl(lc -

tron energy spread. The energy spread represents the effcctivc axial energy of
the electrons. A typical d!stributicm for the electron barn used in the sinluia-
tions for the proposed Los Alamos XIJV FI?I,5 is shmvn ill Figurr 2 for th(’ CM(I

(,, = 40nnlm’mrad.
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Wmq Vilrir(l fret]) 2071 to 4(17rm ‘1’1)0 hurrlmnir (’h’ctric-liold ullll)litud(’s nl t II(* (111(1

of thr wig~lvr for tllow’ cmlditiotls art’ p!ottml ill I:igurr 3 for thv Iirsl tllrw’

()(1(1-lll~rli)()f)irs. All hiirlm~llics ~how n Hi~llili(’ilIlt rwlurtiol~ ill [irl(l nllll)lit.{1(1~’,

‘1*II(s tllir[l-llllrlllollir Illllplit.u(lv Nhowx thr grmh’st rf!vrt with n rwlllc!.ioll 01 lVII

in Iirld or tw(l or(l(’rs-of-lt) ~lgi~itll(lr” ‘t) pmw’r. ‘1’11{’S(’ r(’slllls chwrly HIIOW tlliil
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111. WI(:(:I.I’; R IJil’;l,l) I’:RRORS

‘1’11(’ Ir]iign(’tir field that results aft(’r tll(’ c(mstructi(m of a wiggl(’r lIlil~Il(’1

is not ii pur(’ sillusoi(l. I)ilf(’rvnc(w in tll~ lllilgll(!tiZiltioll Of (!ilCll lllil~ll(’t iill(l Illil-

chining tol(tranc(w guarantor that the resultant Iicl(l will Iltivr VnriillioIIS ill Lot 11

alllplitu(l(’ und Wavcl(’llgtll. In this s(wtiou w! (’ollsi(lrr the dr(l(.hof lllil~ll(’tl(’

alll;jlitudr Iluctu:lti(ms (m htirrllonic productioil. Althoug}l W(I i]r{* not, t rt,,lt -

illg lllil~ll(’ti~ WilV(’11111111)(’r llllC’tlliltiollS (Iir(v’tly, lli~’ir t~(’illlll(’llt (’illl 1)(’ Ililll(lll’(1

using this wllr)(’ formllli~l]l. Sincv thi~ is W 11) tr(ti]~lll(sllt it is tilcitl~ ilSSlllll(’(1

tllilt ILIIY rnn(lolll Wink of tll(’ vl(wlr(]l) tl(’iilii is cOII)]I(IIIS; It(I[l i]t t 1111 ;ll)l)ro])riil[~”

illt(irvuls to k(*(!]) t]l(* (’l(s(”troll MII(] (J])ti(’il] h)(’illlls co!lc(’llt,ri(’,

‘I’() Illt)drl thv Vilriilti(}ll of the Imlplitu(](’ of th(’ wiggh’r Iirl(l ill th(’ llll:ls(I-

~v(’rilgtd (’qlliltiolls 011(’ Chfl Cill(”lllllto iill cl~wtiv(’ Vilriilli(lll ill 111(’ (’11’(”trf)ll ]JtlilS~’

~1 (111(1 to t,tlw chhil~t’ ill thr nlngllctir-firld Ilrlll)litu(l(’. ‘1’1!(’ (’lm’tr(}ll ~)tlil!+(’ ill tll(’

wiggler RII(I optirnl Ii(’l(Is is Kiv(’li hy



Assuming a perturbation in the wiggler fie]d amplitude given by ABW, a resul-
tant perturbation in the axial position will result that will in turn produce a
vaiiation in the electron phase given by

A@ = (kW + k4)Az

and upon substitution for the appropriate value of AZ gives

where CLWis the dimensionless magnetic vector potential drlinrd

ellw
aw =

mec2kw “

Imp!crncntation of Eq(5) in tho ID code IIFELP was conducted

(4)

(5)

(6)

by calculating

the phase error correction for each electron caused by small magnetic-field amp-
litude fluctuation at eac.11wiggler half-period section. This correction was then
added to the clectmn’s phase after it had traverse each wiggler half-period. The
errors werv assumed to !lavc a gaussian distribution wit}l the l/e2 point dcfinml
as an irlput variablt’m Simulations were pmfornlcd for the partinlctc:s given in

suction 1! for tt)c prt)l)~wdLOS A]iirt)os XIJV FE]. a..suI]lillg a lYu error in tiI(I

nmgnctic field ami)litude and an enlitt,ancc of 207r. The results showed a 10

to X)’% d(’crease in the cl(*ctric field ailli)litll(lr of the first fcw odd-harmonics

concurrent with a 7% drcp ill the fundamental cl(’ctric-field anli)liludo.

Errors in wavcnumhcr CM lik(’wise bc treated b;/ calruliltil)g an cfrcctiv(’

Plliw(’ CIIiiII~C A #J~ ~- Akwz and incorporating it into (!i~~h el(’ctron’s ~)]lils(’

after mwry wiggtcr wavelength. A sirni)lc calcu]atiol] shows that for th(’ iil)()~(’

l)ilrillllCt(:rS a 1% wiggler magnetic-field anlplit, h.]dc flUCt UiltiOll is cquival(intl to

a ,75% flu~.tui~t;~~ll in the wigglrr wavelength, ‘1’bus, wiggl(’r arui)litud(’ illl(l

wavel]uml.wr orror~ should be kept below l% for harmonic allllllitu(ics to r(’rl]tiin

Ull(’fr(’ct(’di

IV, llAltMONIC WIGG1.KR 14’11’:1,1)COMI’ONENTS

‘]’() ;llCWiLW t]l(’ Stl(’ll~t. ]1 of t]l(’ k’h;l, illt~rW.tioll , cxprrliliuntcrs strivv to

W(’111(’v(’ norlllnliz(’d lllil}{ll(’t. i~ V(wt(}r I)ol, (’lit. ii\ls of or(l(’r I]l)ity or gr(’ilt (’r. ‘1’11(’

constru~tion of SUCI)wigglers rvsu]ts in Iliglily 1){’ilk(*(l lll;~glirtir tirld intvnsi(iw

nmr thr iN)l(’ f;lt.1’s ~igllif!cilll~ly dvviiltillg frmtl tll(’ illlill)’ti(’illly ilSS1llll(’(1 sill~l-

w)id. A h’(mrivr (I(v-onlpositioll of thcso fields yi(’ld ttlir(l-ll~lrllloilic fi(’1(1 roil Iim-

n(mts [ti)ploachillg 20% Or mm that Of the fl]r](l~llllt’l]tlll(;. q*Il(t~ifrtlctNof th(~~(~

!Iilrrlwllic wigglrr fi(’lds Cd!l?lrd lJo iilclu(lmi I)y lill(wr Hup(’ri)ositioll. ” \\’(’ h {1\’(’

ClllClllilt(’(1 Ilow tllw+(’ rOl:lpOncllts dlnngo 111’*coupling co(lfIirirnts (or thr ()(ld-

IIilrlllollic ril(liiltioll ull[l oxnlllinr I)vfow tlow a slllnfl tllir(l-llilrlllolli(” wifi}{l(*r Iit’1(1

Illo(lifim the fllll(lillll(’lltill mid tt!irtl-ll[irlllollic rmlintiOnm



To include the effect of a third-harmonic wiggler field we first define the
transverse velocity produced by a sum of harmonic wiggler fields as

2
[

2

()
P:= *

e2
~ AW,,, COS(mk@)

mec y = ~:c472
\ m= 1 }

(7)

which can be used to derive a new resonance cofidition in the high-~ limit given

(8)

These equations can then be used to derive new coupling cocfllcients for usc in
Ems,. Assuming only a third-harmcnic wiggler field with aW3/a.,1 << 1,

the ncw coupling terms for the fundamental and third-harmonic arc

Whcr(!

and

(9)

(10)

,J:, ((t:,)} ]

(11)

(12)

A colll])nrisoil of th(w II(!W ro(!flirivl] t:; (ilSSU1lli Ilg ii 10(!fi tllil(l -llilrlllorlic (-oll-

tributioil) with the 01(11 r.(wflici(’nts lbr pilrillll(!t(\rH (Wnsisl(’llt will) tll(w or tll(’

1,OS AliiIl]()~ (Jscilliktor (*xp(~riln(*l]t HI)OW tlli~t wliil(~ tl](’ fllli(liilil(~l)till t(”rill is lil]iif-

f(’ct(’d, tllc thil J-tlwrlmnic tvrul IIil.. (tllilll~(’(1 !)y 03(~t, Not(* [hilt }t~(’ t]il\~()i~ss~ll]]t’(1

tllo nln~llitudc (If (2,,,:! (Ipposih! that d Uu, I such thnt the r(wultant lllilgllOtliC Ii(’ld

is Ilmr(’ l’{’iik(~d tliiiil n ~iiluwi(l. For this c(mfigurution tll(’ tllir(l-tlilrlllolli C Imwrr

is (!llht~llc(vl by 75”/0. I’hiu OxnlIlpl(. (!ramaticnlly Hl]ows lIOw t!l(’ II;lrllml]ics Cilll

I)(’ illy(’(’t{}(l 1)1 llilrlllolli~ wi~~gl(’r Colllpollrllts. A Ilmrc lllurougl] i\]li\l~Sis of tllhi

Wwt is prwwlltd (~lwnvh(’r(*7m
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