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Los Alamos, New Mexico 87545

Abtract

Free-electron lasers (FELs) for the vacuum-ultraviolet and soft
x-ray spectral regions (toge:her termed the XtJ’4) arc being
developed m Los Alitmos ‘or integration into a proposed national
UV/XUV FE.L use~ facility for scientific experimentation. This
facili[y wouk.i consist of a sequence of up to 15 FEL oscillators itnd
imlpliflers, driven by a single, rf-linem accelwmor, that will generire
tinmdly tunable, picosecond-pulse. coherent radiation over the r~nge
lrom 1 m 400 nm, Below 3(N) nm, the petik- and average-power
outpu! of [hese FE1. devices should su~ass the capabilities of tiny
cxis[ing, ucmlinuously tunitble phomn sources by many orders of
magnitude. We list the design parameters and predicted output of
these FE1.s and make comparison with synchrotrons raditition
sources. Brief mention is given 10 our recent progress in developing
Ihe three primary components (electron beam, mitgrwtic undulimw.
and resonator minors).

Introduction

Since 19X3, it nml[i-div iplimu-y tcum of I,os Alamos s~.ientists
h;Is been developing [he requisite technologies” needed I() extend
r!-linac. driven free-electron Iuscrs into the cx~rc[llc- ultrtivi~~lc[
Iwyond I(N) nm. This uc[ivity. sponsored by [he [J. S. ll~i~iirtlll~llt
td’ I{nergy. wtis ii n;lturul spin(dl from the l)oD high. p~wer l;l!l.
pr(~griilll iit I.(Js Alii[ll~)s whi:”h requires visible tind neiir-infriired
dcvi(.cs. With t-(mfidcm.c Ih;][ wc will k JMC I() okin it su!fk”icn[ly
I)righl clctvnm kill)l from ;:n rf Iir ur ticc.elcr,tor, we have (Icsigncd
;I scrirs (d’ I:l:i. ()~illitt()r:; iind umplifkrs [hilt will gcl)~rntc hr(~idly
Illlliltllt’, pi~xwixmd pulsetmins spitrlning Illc ultrilviokt 10 IIlc soft
K r:l~ \IICt’lrill IWngc fnml I to 4(M) nm, our rlulllcric”ill Silllllliltioll%

prcdlrf th:i! I-wI(}w .UM) 11111the iwilk iii)(l ~ver;lgc Ix)wer olltl)l]l 01”
[h~9\~ (ILOVIL.CS shoIIl(l ~[lrpilss Ih: ~;ipiihili[ics ()( illly cxis[ing,
l’t)n[inuonslv Illllilllic phot[}ll s4)urt CS hy Illil!ly orders (d’ Illilglli[ll(lt’.
A(’l-tmling [;) thc p;irtilmipil[l[s i~t [hc W1-CIII ( )SA ‘i”tlpi~.;ll Mce[ing ~m

l’1~1. A/)/) //(-i/( i(tn,t in IiIC (Ilrr(ivifdr[’ h(.l(iiit I ‘Iotd(-rot”t”. NC w

Jllwil.t) ( M;\rctl 2 5, 19HH ), SIK.11 ph(}totl w)~lrl”es, WIICI1 (IL.vc I(JIw(l

11110 uwr lill’lllllC\, Will grCill l\’ ClltldllL”L” ttlC r~”WilKl) i“;l~Mlllllll C% id ;1

Illlltkr (d sL”kvltll’IL”(liwlpllnc~.
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only once at 107 to 1(F 13z without the constraints imposed by
storing a recirculating beam including peak-cument densiry limitation
by the Toushek efrect, 2) linac FELs can prcduce both high-peak
and high-average output power simultaneously, 3) the linear
geometry allows unrestricted and variable undulamr length, 4) iI
number of FEL oscillators can be driven in series restricted onlv by
the available labratory space, and 5) the electrons exiting ihe ~ELs
can be used to generate neutrons, posirons, and gamma riiys for
additional experiments in synchronism, if desired, with the FEL
photons.

Los Alamos work cm extending FELs into the XUV begtin in

eitmest tifter Newnam, et al.4 and Goldstein, et itl.s determined that
rf Iimtcs needed only modest improvements to be itble to meet the
electron beam quali[y ret]uirements for FE1. operation tit
wavelengths <!()() nm. Since Ihat time, we have had the practical
benefit of tipproxirnately 7(W() hours operation of the Los Aktmos
in frured l:[ll. (9 - 45 pm) with high- petik currents (25(X) A)
resulting in lmge vulues 0! optical gain (up to 4( H)%/piIss) tit I(! pm
from it shofl. I -m undulator, ( 1W13- IW18). Experience with this
system has plovided invnlutihle insighl and data with whi~. h to
design a linac-based l:l{l. light sounx as it scientific rese:uh facility
in the extrerm: ultrtiviolct.d-lo To determine realis[ic t]perating
ptirumeters for Xl IV 1:1{1. iimpliflers tind multiple-pass oscill~t[ws.
II. Mc.Vey I I f(wmulated [he 3-D simulation code I: E1,l{X which has
proved inviillJ~bl~ in simulating the cll~ittunuc.lilllitell l;l{l.
intcrmvi(ms.

I’LL Lhullillul Uliult
“1’tw (ImLX-lIIIIiIl (1(.sIMI1 III’ IIw Im,ln}w”(l 1.{)s Al; IIINm X ! ‘V 1’1:1,

I’m’llllv l’. \llllw’11 Ill I’lg. I . ;111(1(lLm\l~ll \l)C(”lll(”s ill’(. ~lV~ll Ill “1.ill)lL.
I II llli”lllil~\ J wmrs (I1 1’1’1 (N”llliltl}m, (Invcll Ilv il \lllgl(” 1“11111;1(’.
111;1[111(1111(1\llllllll:lll(. oll\IV \llilll IIN” udl K I’;IV IIlr{;llgh 111(’,Iltr;lvl(drl
\lWl 11;11 lilllg\’\ 110111 I 1111} 11) .!(x) 11111 “1”11(. \h(ltl(”\l W’;lv(.1(.llglll

t)\l’lll; lllll\ ;1[(. !}1(1(’1(’(1 lll\l Ill 111(. Wxlll(.n(’t” \lll[’(” III(”V Ir(llllf(. 11)1”

Ill}! ll(. \l ({llillllv [“1(.(’11[}11 l~illll. 111(. ~illll ill ll~ll~!l’f W.1~(’1(.ll)!lll\ 1~1(.~~

.111[’(’1(.11 I)v Iw;llll (k~lmlilll!ul l;V~ll i{), illl Ill 111(.ll\( lllilllll\ ~11(’
111.V}:IIIYI 10 pt. rllllll 111[”(.11.1”11(}1)Iw;llll Cllrl)!v i)lll\ \’(’l\ dl}!llllv,
W’llh III(” (.llrl”gv (. II I; I1”IIIN1 (.111(’lt.11(’v tlrlll~ 1(.\\ 111;11)() l’? I“lllltl[.1
Ik.illll 11(.~lml; lllllll IW U;lh(.11(’1(1 (.llcl’l\ Ill IIN” Iwillllllllc ;Ill(l Illiipll(.11(”

Illltllll; lllu Illll\l lx’ IM!. V(. II I(UI Ilv 11)11111111/ill}! lll\l”l )lllllllllll(. \ 1’11(.

111111111(’1{)1 l)\l lIlilllll\ lllil\ Ibr Ill(”ll”;luxl Jllvll; llll\ (l)ll\l\l(”l\l Ullll

IIK. ;Illkllllll 1~1 ,11i 1111111:111(11(.lh.l ):\” yll(.illt ,111(1/llr l.llll[lilll(”(.



degradation in the elect.ron beam. The opera[ing wavekng[hs of
each of [he FELs will either be tuned as a group by \ mying [hr
electron energy or independently over a smaller rang: by adjusling
~he undultitor gaps.

The rf Iinac swucture muy be either a room-[empertiturc,

~-ryogenic. or superconducting design. All of the pas[ infrared FE1.
cxperimen[s iII Los Altimos have used a side-coupled, standing-
wave [.-band ( 1.3 ~J}{z) rf-linac optmued a[ slightly tihwe ambienl
wmpem[ure, and we Imve performed extensive design ctilculations
for similar linac swucvures from l(X) MeV m 1 (3cV for an XIIV
I:Cl.. I Iowcvcr, the cryogenic and superconducting (w 4K) op[ions
:ire being extimined idso bem.i.se [hey offer potenlia] w.ivan[ages of
uw mw’rt~pulse opcra[ion, improved pulse -[o-pulse sttibilily, and
rcdu~mcd cIC~-[riCiil L“(M[ due to ll~wer power dissipation in [hc
s[rucmlurr.

RcgwIg I;uIvc 11:1. :blld~fw:,
All 1111(”1111(111,11(’\’;lllil 11 Iwlwl”(.11 ;111 I’ll Ilw”lll;lltll ;Ill(l illl 1“1”1
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amplifier. The procefis &gins with SASE riditition generated from
[he first bunch of electrons. If thr mirror reflectance re[ums more
radiirtion to the undulamr entmnce dmn is gener~ted by spontaneous
emission from the next electron bunch of the pulse train, tilen the
re[umed optical lwam will experience more gain and will grow to d
much higher level than by SALE alone. This me~hod w::y be the
mos( effective wtiy of generating FEL rddiation below 1() nm since u
less dermmding tmdeoff can be made between the ehxmmt hetim
quali[y and the undulamr Iellg[h than is possible with a single-pass
;mlplitier.

Op[iral harmonics are na[urally genermd within FELs using
pltimu undulatory by [he nonuniform axi~l n-m[ion of the electrons.
( ‘(~)~~rcw harmonic rw-iimion is mdiated by the electrons bunched {m
[hc wavelength suttle of the fundamental Iasing intensily.
ouwoupling the optical harmonics is L very good method of
exte,’ding ihe wtivelenglh coverage m much shorter wavelengths.
allhough M much reduced power. tlmn can be supported by [he gain
or mirwnr reflectance bandwidth of a given FEL oscillator. For
example, the first F-EL oscillator shown in Fig. 1, operating tit 12 i
2 nm. should product harmonics below 10 nm with signifrctin[
power. Wi~h I -MW peak intracavlty power ilt 12 nm al]d I %
uncorrected rmdorn field mews, [he ix>wers prmked in [he third (4
rim), fil[h (2.4 nm) and :;evcnth ( 1.7 nm) harmonics will he 6 W,

I(N) mW, and 40 mW. respect ively. ih (The p~wer in the mm
hmnoni~.s is cxmsidmihly smdkr than [hat of the odd hmmmics.
k.lining wi[h wavciength, and mtiy lx less inqwmimt.)

Prdicted X[.!V WI output

( ‘cmpurism with Sywhrol ml 1.ight Sourcrs



l)cvcloptncm .Schedulcfor an X[JV FM. Facility

Prim- m building u cwmpletc user facility. the Los Al;imo.; 1:111.
wam prqxws 10 cmdut.[ it series of FEI. oxillamr dcnmnswtilions
ill progressively shorwr wavelengths, [he first of whicmh WOUI(J he
fr~ml 50 IL) I(N) nm. Ily mid- 1989, the status of the elemon-ham,
Ilndul;itm. tind mirror wc-hno]ogies should well suppor[ [his
c-xpcrimcnt. l-he second-phase ohieu; ivc will he E-N. osuil !;uion in
ihe 10- to I$nm region, corr+mnding m the hig:t-reflcctanc.t ham!
~~t-;I Rh multitiic.ctcd mirror. Ttlis will require higher clcctrm IWUIII
rncrgy (addi[ionid xcclerdm swu~.[’m)m.f ‘i Iow-emiuwv:e clc~-troll
bc:lm possible only wilh ~ phottw-ti[hok Injector. Since the
rcflectumx. o! mirrors Iwlow 10 run is not high enough for I:istr
osc.ill;]t:;rs, the [bird phase wili ,mtiuue coherent. I - 10 lo-rim

r;difi[ion hy SASI1 within very long amplifier Uduliiiors.
S.l~x’essful c’(}mple[ion of these [hrce stages, will enable the
mul[i - 1%1. F~cility [o cover Ihe entire I - 10 4( H)-nrn range wi[h
pn)jcLstt,! t}u[put m~iiut;(m t.hamcteristics ihiil W~IT given in ‘~iihl~ 2.
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1. D~ RI--J uLELLs for the Ultrudwulx S
. .

TJL)Ic .“7, . . . . v“ ) ) ‘d-l ,X-&lv RL‘i2io[~

Ususn bun
Energy:

PciIk current:

?;omxl Iimd emit tance:

(W)% of electrons)

I%d mirr(ws:

I(J() to 5(M) MeV’. FM. oscillu[tm
750 MeV to I GeV, FEL SASE w-npliticr

100” m 4(N) A. M required

25K m 40n mm-m, for owillau~rs
an mm-mr, fl}r u lb-m SASI~ umplifkr

0.1% to ().2~. FWIiM

<300” ps for room-lempera[urc Iinx opti~m
s c-w f{)r supcruonduc[ing lirm- oplion

I m I ()% for RT Iinac op[ion
I(N)% for superconducting iiniu- op[h}n

/! m: S’\-nm osc.illutor. I 2 m: 1()-nrn o~ill;mw
l.6 ~.m
7.5 Ii(i

R >40~ , mul[ifa~”cled tlti[s + pilril!NJl(Ji(l\ U i[h

me[al toutings of Al and Si f(}r 35-100” nm: :\g ml RI]

t(~r 10-14 nm; nwl[iltiyers !~w I 4-35 nm
(’VI> SiC for 260 nm, optiontil.



1%~ Proposed,>“- 1~ ~~-_l in., .-
Drivcn UV/XLJV l:l{l.

,Micmpulse dura[ion: 10 -30 ps ( FW} I%l); possibly comprcssihk 10< 1 ps

Mucropulse dur~tion: 300-KS,” Rep. @ 30 I{z: 300 I Iz optimml for RT lin;l~”
sCW ft~r superconducting limw oplion

f:;]cili[y wavelength span : I nm to 400 nm. oscillators and SASE amplifiers

Spectral im.ndwid[h: I cm-1 Fourier-transfm-rll limit of 1()-ps pulse.
up 10 - I % if sidebands m ~lloweci

Pcdi P(m’cl ;1[ [U.rgc[: >20 \lW, for 2(K) 10400 nm, ( I cm- I l]W)
I to 210 NIW, for 12 [0 IO() nm, ( 1 ~ml-l 13W)
10 W, :lt 4 nm (-lrd harmonic of 12 nm)
12 hlW. tit h nm (SASE ampiiticr)

1 m >10 W for oscillator, for RT lin;:u
< ] kW aI I(M) nm for superconducting ]in:w option

I(F - 1015 phomntilo-ps pulse. 1 - 4(N) nm. resp.

101s - lo~~ photons/see-, average, “ “ “

2 I ()~6pho[ons/wu/( mm- mr )2/I ~mm-1 11W. ~iik

2 ] 020” phomns/seu/( mm-mr)2/ I -t-m-’ B W, uvcr.

linear with circular/clliplicid lJpli{m

l.imi!ed by Fiwrier lrmsfornl of mimopulscs



“.,tron w~nScurttsU -1 . . . .

SSRL ALS XIlv

MKmlJiKa Uw&smRh JyJ_”!d

Photons/see 1012 lol~ 1019. ]020”

:il sample

Peak power lo-~ w 10-1 w >lo+~ w
ar Sarnplc

Avemge power 10-5 w 10-4 w >1 W.>low
at sample

Aver~ge & ptw.k lol~.lo~f” lol~,ldy 1020,/020

spectral brightness
at sample

( photcms/sec/( mm-mr)~/B W)

— .—. — — —- .—___ . .. . .
a

b

c

d

Stanford Synchrotrons Research Laborato~ wiggler: 18
(). I % spectr~l bandwidth after a monochromator with I ()% efficiency assunwd.

predicted performance of undulatm B in the Advanced Ligh~ !%m~e stordge ring hcginni ng

mnstmct ion at Lawrence Berkeley bbomo~.’ H-20
0.1 % spectml hundwidth after a monochromwor with I (Wf efficiency tissunwd.

Single-pass, 1HO-W-V rf-limw FEL operated at .30 } Iz with 3(W-nlA ;ivcr~gc uur-rcn[ duril]g [hc
3( M)-ps nmxopulsc, i.e. 1% du[y f~ctor: ou[pu[ for 1070 duty is also given.
.Minimum spectml bandwidth is limited by the Fourier trinsform of ]0-ps rnicv-opulscs,
i.e. -1 cm-] (().()()1% at 1O() rim),
Wider biindwidth with higher output pwer, limited by mirror distortion, is mtainahle by ullow’ing
~-onmdled side-band growth: e.g.. 1% BW increases [he tihove FE1. output v:ducs by 6 .X.

Mul[iply u]] l;l{l. output vtilues by another 10X if driven by a 500-MeV Iin:w.



Figuresi

Figure 1. Configuration of [he proposed Los Alamos XUV/UV FEL Ficility ( 1 m 400 rim). onI;
rf-linear accelerator drives multiple, FEL oscillators in series. An additiontil long undulator will lx
used to produce 1- to 10-nm coherent pulses by SASE or in a regenmalive (2- or 3-p:Iss) :Implilicr
using available mirrors.

Figure 2. The time-aver~ge spectral flu> delivered on target by rf-linac FE1.s is conlp:wcd with [hil[
predicted for the :nost powerful synchrotrons light source designs represented by undul:llors ill (I1c
[.BL Advanced Light Source. 19-21 The FEL curve was calculated for [hc Los Alanms rf-lin;lc l:l;l.
design, and a monochromator efficiency of 10% was applied to the published unduliit~’r ouIput

curves. Besides narrower spectral bandwidth of -1 cm-l, the FEL has an addi[iontil fdctor of .3000
advantage in comparisons of ~ spectml flux. To convert the time-average curves to petik V:IIUCS,
[he appropriate multiplier for the FEL is 1@ ( 1()-ps pulse every 100 ns during a 3(M)-ps nlilc.rtlpl]ls~
repeated at 30 Hz) and that for the stomge-ring insertion devices is -3(M).



CO NFIGW3ATION OF THE PROPOSED LOS ALAMOS

xlJlj:U~ F~~~-~L~c~~()~ LASER FAC]LITY

(1 to 400 rim)

.r
ONE rf LINEAh ACCELERATOR DRIVES

MULTIPLE, FEL OSCILLATORS IN SE R:ES

FOCUSING

QUAORUPOLE 10-14 nm

lN~ECTOR / &d”

20-40 nm

Q$’

75-150 nln

57’

,b:F\fl%@”y~’
‘%7z?;#’ ~-El ““

I

[

<

LINEAR ‘1 UNDULATOR %
ACCELERATOR ! 14-30 nm 40-80 nm 100-200 nm

I
\
I ]6 m A. SE.
I MPLIFIER c l-10nm
L

+ 500 Me V- I GeV
(short macropulse,
-lps)
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