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Group X-1, MS E531

Los Alarms National Laboratoi y
Los Aia.mos, Nhf 87545

(505) 667-4370
(505) 665-3389 (FAX)

ABSTRACT

We present results of Integrated Numerical Experiment ( INEX ) simulations
of the performance of a l-m untapered wiggler FEL oscillator driving a
2-I-I] wiggler FEL amplifier for tlw new HIB.4F (High- Brig} ltness Acceler-
ator Free- E1ectrcm Laser) facility at Los Alamos. INEX simuli-itions utilize
a numerically-generated electron micropulse, from ISIS/PA Rhl EL.4 calcu-
laticms of the p}lc>tcJixlject{>r/lixlac/bcm~ transport system, in tht’ 3-D FEL
sin~ul ation cod{’ FELEX.

1. I1ltrtxl\lctioll.

The Los Alamos free-electron laser facility has hecn subst ant iall) modifid I)J4t11(1

wldit ion of a ~Jllotoc[itll(~fl(’”injector for the lillac and two additiorm.1 accclrrator t:ixllis .4

very brig])t Len-m with arl energy nrar 40 hit-n’ will be gmwratml. This will allow opmat i{~!l

of FELs tit a.rl optical wav~’lwlgtll near 3 pnl if already existing wigglers arr UWYI. TIIf’



Since the same electron beam will be used to exci

have to be constrained to low power operat iml so that

spread in this c=(’) will be mtintaixled for use in tile

methods for such operation of the oscillator.

e both wigglers, the oscili:itor \vill

the electron Iw:ml quality (cxlmg~

amplifier. We will discuss sm’(ral

We distinguish two possible regimes for amplifier operation: in the lin]it of no cncrg~.

spread added by the oscillator to the electron beam, very large ( > 1000) small-signal gai[]s

are possible in the (untapered) amplifier; at higher oscillator power levels, with great (’r

induced enerqv spread added to the electron beam, moderate gains (10-30) are possil )1(’

(with the amplifier untapemd or slightly tapered), Phenomena in both the high gaill iili(l

the moderate gain regime’s will bc accessible to cxpcrirncnta.1 study. ~r prw’nt calculittt’fl

results for both rcginlcs.

Extc’nsive nunl(’ricid SiHILdiitioIIS of t]le HIB.4F ~~li(~toillj(’ctor/)illiic/l ){’wll trillls],,,l ?

systenl hrive beer] (Iorlr [2], The riurl~crictily-g(~ x~erat(~clelectron mim-q)ulsc froni tllos(

~a.lcu]ilt ions is used in tli(’ 3. D FEL silxlulatioIl co(l(I FELEX [3, 4, 5] to ql]nlltitiit iv(l)

predict FEL perfornlance. W’(I have extcnd(’d this INEX (Integrated Numcrictil Exl~(’ri-

mc~lt ) method b~” ret urnillg the electrwl beanl to tile accelerator codr PA Rhl EL.4 aft (’r it

has ir)trractcd wit 11tllc optical fic](l in t}Ie oscillator. Tllc electrons at-r tllc;~ llul]lrri(iJl!

trwls~)ortcd ar(mx)d tllc lgoo bczl(l mqgr]et atI(l focused into the RmArtdyI]r 2-111all]~)lifit~

wigghl. Thr electro!ls arr thel) agtiill insrrtw] ixlto FELEX at thnt poil)t to ~;il(.{lliit(

the atlllJifirr pcrfornm.nce. Tliv INEX tt~ctliod of co~l~)lcd wcclmator, FEL silnulatiojls }]i).~

1. ‘1’li( 40

tnllk All



th( l-m oscillator wiggler. Following its interaction with the oscillator’s optical field in the

l-m wiggler, thtj electron beam is transported to the 2-m amplifier wiggler by a new 150°

bend magnet. Great cam [2] has been taken in the design of the linac/bea.m transpox-t

system to minimize the deleterious effects of wakefields upon the electrons, particularly in

the highly dispersive sections of the 60° and 150° magnets.

The opt ica.1resonator for the oscillator is designed for an optical wavelcngt h of 3 pnl.

It will consist of t~xo CaFz mirrors, of radii of curvature 3 and 4 meters, separated by about

6.93 m. Each mirror will have a reflectivity of about 99%. The lowest order Gaussian cavity

mock hM a Ra~.leigh range of 37 cm and is focused at the center of the wiggler. Relri]

opt ics will transport light fronl the oscillator to the arnplif,cr, as shown in Fig. 1.

For hlOPA es~wriments, the l-m oscillator wiggler will be untapercd mld will ha\t, a

peak wiggler fi(}ld B“. of 3214 G and a wavelcngt }, Au, of 2,73 cm (thus giving a dimcrlsioxlless

vector potential au. of 0. S184), For high power oscillator experiments, a different l-xx~

wiggl(~r u’ill be usc(i: it has a 30(; tapm (in kU, = -%r/Au ).

Tl]r 2-m anlplificr wiggim will Iw constructed and sup~)lied by Rnckctdynr. Tl)iit

clrvice will ha!.r a fixed wavclcngtll Au, = 2.4 cn: but will ha~~ca variable gap, M“ith a f~lll

gnl) of ~i}mut 1 c~ll, BU. = 454S,7G (au = 1) will be newied to produce gain at 3 pm wit}i tll~’

40 LI(Iv HIB,4F vlrctr(J1l lwaxl~, This wigglrr CM1br liIIViir]~ tapmwl ix) BU, by oprnillg [;])

the

arc

flat

tht’

111.

gli]) at tllr rxit clld a Iittlc nl(m’ thftxl thr gal) ~it the i’zltrancc. Morr complicat ml ti~]){’rs

wiggler and tllc various Lm oscillator wigglms ar(’

linearly polarizrd wigglm field. Further cletriils of

ctm be found in [8],

A1lll)llfier Pmf(ml][ulrr Drtmllkir)rs Col~stra.itlt.s Orl Osi-illator Prrfornmxlcc



interaction wit h light in the oscillator. The higher the operating power of the oscillator.

the larger will be the ener~v spread induced in the electron beam. The pcr-formancc of

the amplifier decreases with increasing electron beam ener~t” spread; hence, the oscillator

must run weakly so as not to increase too much the energv spread of the electrons which

are sent on to the amplifier. on the other hand, the performance of a tapered wiggltv

runplifrer increases with increasing input optical power. Therefore, the design of the HIB.4 F

SAhf@PA system needs to provide for an oscillator which can maintain the brightness of

the electron beam at an acceptable level and still provide su.fhcient light to drive the

amplifier to desired levels.

It should be noted that other S.4M0PA designs may utilize electron beam and optical

beam switching techniques that can circum~ent this problem [9]. Also, a SAhl OP.4 design

in which the ~’l(lrti~l~ bearr~ traverses the amplifier first h- been proposed [10]. The HIII.4F

SAhl OPA must also satisfy constraints of available Iaboratov space, a~=ailable equi~Jmcl]t,

and progranl scht’dule requirements, Thus, sonw of the other possible desigrl srhcx])e> for

a SAhf OPA FEL system were not considered for HIBAF.

OIle can cxlvistige at lrast two djffcrcnt HI13.4F SANIOPA qwrating regimw: ( 1)

An uxlta~wrrd anl~)lificr with a very low pmvcr o~cillat.or. Under these conf~iti(ms, R v~’ry

largr ( > 3000) smdl-signs] giiil] hti.+ bt=e:l calcul~itcd using e PA Rhf EL .~-~nvr:i~ (1(1(11(’rtr{~]i

micr(q)ulsr. High gaill FZL physics at arl cq)(ica,l wavelcmgti, of 3 pm car] tw studi~vl il\ t})is,

configurate iwl. (2) A linearly ta~)md amplifirr wigglm and a m{)drrt.tr power ow~l];,t t,r:

this would tw used for maximum power arid ext.mrt iol~ dli(’irnry fr(ml tilt’ !$AP.1(’WA ~’1~1,

Syst(’111,
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tiona! ener~; spread f37/7 = 0.25%. For the 2-m Ro-ketdyne wiggler in an untaperxd

configuration, the small-signal gain dropped by about a factor of two for Ml incrc~sc by

a factor of two (from 0.25% to 0.5!Z ) in rrns energy spread. For this wiggler in a linearly

tapered configuration wit h a 6X total taper in B., with 9.2 hf~%’ optical input, the al]l-

plifier’s gain and extraction ef%ciency dropped by about a factor of two when the electrml

beam rms energy spread increased by about, a factor of four (from 0.25% to 1.0%).

Hence, we conclude that the oscillator must be operated so as to iilcrease the origir]a]

electron beam ener~ spread by factors of about 2 to 6 (up to 0.5$Z0to 1.5%). N1ote that

these estimates neglect the change in shape of the ener~ distribution that accompanies an

increaw in the rrns energy spread. That is, the effect on the amplifier of increasing the mls

energy spread by a factor of four will differ for distributions of different shapes having tllc

sanw rms sprctid. Howe\’er, the approximate range of acceptable induced energ~’ spr(,ii(l

increases is kno\vn,

I\’, Controlling thr oscillator Power Level.

1 hc calcuilitml maximum (with respect to optical wavelength) srnall-signtll gain of tl]r

oscillator witl] the unttiswred wiggcr of Sm. 11 is about 550?I. since the cavity lossm art

expcctcd to IN’ only about 2(Z, this drvicr will saturate at a very high optical intm)sity

and ind~lcr arl unacceptably larg(’ energy spread 011 the electron beam. Ti](I oscilliit~~r

call be o~wr[itcd at knv power by ( 1~,reducing thr smull-signs.l gain and (2) il)crra.sirlg tli(’

optical resf)rlator 10S.WS.The gain can be reduced by (a) defocusing the clectrol] beam i~)tll~~

wiggh~r, (b) usillg a Littrmv gratilig (or other wave] cngth filter) tc} tunr the laser wa~’elcngt II

ovm tlw gain ctwve, and (c) adjusting the length of the opticai resmmtor for laser oprratioll

on t}lc wil]g of thr lcllgtl] dct,u~iing (drsynchrmlism ) curve. The cavity losses cwi INS

increa.srd by adjusting tlw clrctroli hull cnergv so that thr resonant vvnl’rlcngtl~ f{ill>

ir~ thv I(mw rrfloctivitv (}ligl]t’r tra~lslxlissi(u]) rrgi(J1~of tl)v dir]vctrir mirr(m. Esi(l(~[ltl:,

a colljl)it~ntiol] of all of tllvs{l tvrllllit;(lrs Cml I)(’ uswi sirl]uitww(msly to ~)ro(illcr stnl)l(’

oscill;~t(jr (q~(’r;itioll ut I(}W I)(JWV1



Since the saturated power level (in the absence of sidebands) in a uniform wiggler FEL

oscillator varies approximately as N-4, where N is the number of periods of the wiggler

field, one might think of limiting the oscillator power level by using a very long wiggler. 111

the case of HIBA F, a wiggler longer than l-m would not fit into the available space aloxlg

the electron beamline. Hence, this option – which also would require the construction of

an entirely new wiggler - was not seriously considered,

Since the maximum gain of the oscillator is so large, methods (b) and (c) for gaill

reduction suffer from the difficulty of reducing the gain close to, but still above, zero.

That is, for cavit~ losses of 2%, the gain would have to be reduced from 550X to perhaps

5X to keep the oscillator power level low. Such a large reduction, by wa~’elength tuning or

cavity length tuning, is possible in Principle, but would be hard to achieve experimentally

since small fluctuations in the micropulse current — which will probabl)’ exist —- call

momentaril~” shut off the laser, In order to avoid sensiti~’ity to such fluctuations, a met}md

of gain reducticxl originally proposed by W. Stcix~ [11] has been studied and appears to })(’

quite promising.

Tl~c rr)et})od proposed by Steix] is to reduce the gain by increasing thr size of t1]~

elcctr(m brain in tll~ oscillator wigglm. Sinm the wiggler is a planar wiggler, the usu:i]

focusirig of thr electrons involves matching the beam size in the plane of the bctatroxl

mot io]l, according to the emit tance an(] the wigglrr field; the “natural focusillg” of t1]<1

wiggler kee~~s this dimcrlsiorl constant during traversal of the wiggler [12], In the otllrr

(%igglt” ) plane, the electrons are externally focused such that the beam size at the cm)t {r

of the wiggler, i, is equal to the matched beam sizr in the betatron plane, V. Stvill’s

suggmt lox] is to defocus the bmnl in the x-direction such th[it i = ny, where n is WI

integrr in tile rangy 2 I (). Figure 2 shows u plot of thr radius of the vacuum lowest, or(l(~r

q)t ird III(KI(’ of thr HI13AF cavity as a function o! position ixl t,hr ) rri ulliforn] wigglf’~,

Thr rlcrtrt)ll-bea.r]l rmlitis ix] tilt ~..clirt’ctiorl is thr wditl line (c(nlsta.llt valtw til)otlt (1.().II

rm ), Tl)r cllrves lnlwlwl n= 1. 21=-?, 11~-4, nll(l 11=8 sll(m’ tli(’ ( lrctrf)ll I)rtull x rwlills vtIrslis

(i



position in the wiggler for various amounts of defocus. Increasing the beam size in the

x-direction reduces the interaction with the optical mode and so reduces the gain.

Figures 3-6 show calculated oscillator performance data for electron beam focusing

characterized by n=l, 2, 4, and 8 respectively. Each figure consists of a pair of graphs: the

left-hand graph shows gain vs. optical wa}’elength, with optical power as the pa-rarnetcr

that distinguishes different curves; the right-hand graph shows the factor by which the rrns

energv spread of the electron beam has increased over its initial value vs. optical wave-

length, with internal optical power again labeling different curves. These calculations were

single-pass single wavcfront calculations using the electron beam parameters of Sec. III.

The meaning of these calculations is this: Fig. 5, for example, shows that defocusing

the elect rcm beam to the n=4 condition produces gain curves whose maximum values are

in the 60(;{ - S()$I range for intracavity po~~ers of zero to 16 hill’. In particular, at 8 Nllf’

and an optical wavelength of 2.66 pm, the gain is about 707c; if the reflectivity of each

cavity mirror is 77X am{] there arc no other losses, then the cavity loss would equal the

gain at a steady-state internal peak power of SM\V. The right-hand graph of Fig. 5 shmvs

that. at 2,6C PHI and 8\l\\., the electrcm beam rms ener~v spread would be increased hy

al.mdt a factor of 2.5, which is in the desirrd range.

Thus. hy defining the laser wave’lcxlgth (by means of a Littrow grating or othrr in-

traraiity wavrlcngth filter) and the total cavity loss, orw can fix the steady-state internal

opmat i!lg ~Jfmx*rof thr oscillator and, therefore, the associated increa~e in energy sprea(]

added to the electron bt w]]. Note that steady-state laser operation is possible only for

wa~’elmlgtlis for whicli the small siglml gain exceeds zero: that is for wavelengths grcnt m

thax~ a})ollt 2,82 pnl in Figs, 36. Note also that, for the curves shown in the right -hant]

gra~)lls of Figs, 3-6, the cavity losses am varied as the laser wa~~elength varies: an easier

modr of o~wr~tim] is to fix the cavity loss tmd vary thr filtm wavelcngtl~. This WLNI1(I

l+?ti(ltf~ vari~~lls stc;i(ly-stutr p~)wrr lr~’~’ls, wit!] Va.ri(nls awwi}ited induced cmrr~v sprrwls,

W’(* ll:i\(’ clifvxIII to prcscrlt possil~]r oscill[ttor” (qwrnt i~lg corl(litiolls as furictiO1ls of slight 1]



different parameters.

V. INE.X Results For 11=4 Oscillator.

Figure 1’ shows plots of the current, normalized emittances in the x (wiggle plane)

amd y (betat ron plane) directions, and energy distribution of an electron micropulse fronl

the accelerator simulations. This pulse was propagated through the linac/bearn transport

system up to the entrance to the l-m oscillator wiggler and focused in approximately the

n=4 configuration. Figure 8 shows the results of a 3-D fiite pulse FEL calculation in

which that electron micropulse was used on each pass of a multipass oscillator simulation

using the FELIX code. The maximum calculated small signal gain was 84$ZC,while each

cavity mirror was assunled to have a reflectivity of .79 (37,6% round trip cavity loss). The

oscillator saturates in about 150 passes with an optical pulse of about 40 hll~ peak poivm-.

Note the change of ord!nate scales between the plots of the initial and final electron energy

distributiolis.

Thr final electron distribution was then returned to PARhlELA. That be,arn w~~

propagated around the 150° bend magnet and focused into the 2-m Rocketdyne wiggi{r,

Figure 9 shmvs the change in emittance caused by propagation around the bend magrl(’t.

Thr y emit tamce was not changed, but the x ernittance (in thr plane of the bend) wa.~

increased from about 25 n n-ml -mr to 33 n mrn-mr at the center of the rnicropuls~’. Tllc

currerlt ar]d encrg:( spread of thr rnicropulse did not change during this stage of prop;i~:i

ticm.

Tho results of’ using the above micropulsc in the 2-m Rocketciyne amplifier are as

follows: with the amplifier in an untapered configuration, and light at the waveiengt Ii

of oscilltit.or operation, 2.9925 pm, a small-signal gain of 351.4 was achieved. This is

substantially below the value of 3000 found with the electron rnicropu!se before intcractiO1l

in tlw oscilltitor and prolmghtion around the 150° bend, but it d~xw show that tilt’ hig]i

gai~l regilllc CW1k acceswd b) thv HIIIAF MOPA expm-i]uent.

If tllf’ R{wket(lyne wigql,(:r is r(ulfig{lrcd with a 6(X talwr ill I?,,, tll(’ o])tic;i] WilYf’1(’Il~t 11

8



is again 2.9925 pm, and we assume that the oscillator mirrors are such that 20% of the

peak intracavity power, which amounts to 8 MM’, can be delivered ~~ the relay optics to

the entrance of the amplifier, we find the results given in Table 1: by varying the gap to

tune B., in the amplifier, we obtained a maximum optical gain of about 16 and a maximum

rnicropulse-averaged extraction efficiency of 0.6670. one could achieve a lot more in this

mode of amplifier operation if the wiggler were not restricted to linear tapers, or if the

wiggler were longer than 2 meters.

VI. INEX Ibsults For A High Power Oscillator.

We have calculated the performance of an oscillator with the same optical cavity as

used above and with a l-m parabolically tapered wigg ~r instead of the uniform wiggler.

With the numerically-generated micropulse focused into the wiggler for maximum gain.

the results are shown in Fig. 10: a micropulse-averaged extraction efficiency of about 4X

is reached with a peak intracavity optical power of about 20GIV. We note that this fully

3-D finite pulse simulation did not have enough resolution to allow sidebands to grow, so

the result must be understood to be valid in the presence ef some type of optical filtering

which would not allow the growth of sidebands,

\’II. Sunm~W and Conclusions.

A new FEL fncility named HIBAF is being built at Los Alarnos, Among the various

kinds of experiments phmned are SAh40PA studies with a low power oscillator and a 2-m

amplifier Wiggler to be supplied by Rocketdyne, High power oscillator experiments will

also be clone; all FEL experiments using existing wigglers will be done at a fundOment al

optical wavelength near 3 pm.

IA:c have studied various methods of operating the oscillator at low power w as not to

unduly perturb the electron beam which is sent on to drive the amplifier. Defocusing tl]~~

electrons in the oscillator’s wiggler looks quite feasible, but experimentally this idea will

proba})ly be combined with single wavelength opwat ion using a Lit trow grating and cavity

lengtl] tuning. W’c have studied the pcrformanre of the MOPA system with INEX, w](I

9



have extended INEX to include repeated exchanges of electron micropulses between the

accelerator simulation code PA Rhl ELA and the FEL simulation code FELEX. A specific

configuration of defocused electron beam in the oscillator wiggler, combined with high-loss

mirrors (this can easily be achieved by tuning the electron beam energy such that the laser

wat~elengt h falls on the rising transr-n.kon part of the dielectric mirror reflectivity curve),

produced an internal power of 40MW with a modest increase of electron beam energy

spread. Propagation of that electron beam through the 150° bend magnet increased the

emittance by about 20?lo. The resulting beam produced a maximum gain of 350 with a

small optical signal injected into an unt.apered amplifier; a gain of 16 and an extraction

efficiency of 0.66X was achieved with a 6% taper in 13U,and 8 MW peak power injected.

\l”e have shown that both high gain and high extraction efficiency MOPA experiments

are possible, and that the INEX method can be used to design and analyze such experi-

ments. Hence HIB.4F should be able to significantly extend the Stanford-Rocketdync FEL

hfOP.4 experiments that were reported in [13]. l~ith the very bright electron beam fron]

HIB.4F, we predict that a high power oscillator could reach peak optical powers of 2(1

Gil’ inside the cavity and an extraction efficiency of 4% with a l-m parabolically tapered

wigglcl.

Figure captions:

Figure 1: Schematic layout of HIBAF facility.

Figure 2: Optical and electron beam radii vs. position within the oscillator wiggler,

Figure 3: Calculated oscillator performance data for n= 1.

Figure 4: Calculated oscillator performance data for n=2.

Figure 5: Calculated oscillator performance data for n=4.

Figure 6: Calculated oscillator performance data for n=8.

Figure 7: Electron micropubw properties at entrmwe to oscillator wiggler.

Figure 6: Calculated oscillator performance properties.

Figure 9: Erylittancc growt 1] by pro~mgat ion through thv 150° bend xnngr]rt.

10



Figure 10: High power oscillator results.
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TaMc 1: Gain and extraction efficiency of 2-m amplifier wiggler with a fi7~ B., trtpcr

as a function of initial magnetic field for m incident power of 8 M\$’.
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