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Short Wavclmgth FELS*

Richard L, Sheffield
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Los Alamos, NM 87545

Abstruct

The generation of coherent ultravioletand shorter wave-

length light is presently Iimitcd to synchrotronssources. The

reecnt progress in the developmentof brighterelectron beams
enables the use of much lower energy electron rf Iirmcs to reach

short-wavelengths than previously considered possible. This
paper will summtize the present resuhsohtairwd with synchro-
tronssources, review propsed short-wavchmgth FEL designs

and then present 8 new design which is capable of over ,arrorder

of magnitude higher power in the extreme ultraviolet.

1. Introduction

Optical rndintion below 200 nm has m,anypotential uses [ l].

T?re class of uses gcnemlly fall into two categories: bzsic

research in such artws ns biological processes, solid slate

physics, chemical processes, snapshots of:emp~rially unst~blc
targets, and photolilhogmphy for ,scmiconductor processing.

13iologicnl studies include UV dnmrtge of DNA, Rnrwan spec-
troscopy, and time resolved fluorescence spectroscopy, Solid

state physics resenwh covtrs ultm-high resolution photoumis-
sion tom interfilccsnnd mrrftaces,detectors, optics, nnd nonlinear
harmonic generation, t3cmicnl research include dynnmics of
highly excited states, ~ias-phnse photochemistry, and surface
photochemistry,

Adwmccd Iithq.wilphic technologies require fcnture sizes of
Icss thut 0.25 mirrons [2], Optical projection Iilhogrnphy :5

currently used with mecury Imps or excimcr laws nnd is th~
pm.cess of’ choice fur wmiconduclor prcrccssing. Prujcctioc

Iithogmphy below 0.25 microns wns not thought 10 he pwible

becnuse of the high power Ievcls (10 to 100 WNS) in the 10 to
100 nm wnvclcngth hnnd which Is required for ndcquatcwnfcr
throughput, C’twtsequcndy, Iirrge resmrch sums Iutvc FrNn spent

on nlt~tnnle kwhrrdugics (such as x-ray tmnsmission using

proximity mn~ks).

Klcclron synchrotrons CNI gcncrnle rndinliorr hum Icss thnn
0, I nm to grcntcr Ihnn 100 nm, Even though synchrotrons can
produce n wide rnrqtc of wnvclcrr~ths, the output p)wcr in a

nnrrow hnndwidth Is Iimitrd (h’1~, I ) relnlivc to thrtt nttainnhle
by ficc.electron hwcrs (l;l{l ,s). Mlwc of the rthovc nwnlioncd

rrxcarch r4ppllrrttlmts rrquirc Idghcr power Icvdr thntl syncllro-
Iron sourccr4either fur htcrwlng Ihc signnl to noise rntm or for

tnulliphoton pr{rwssesl l)llt}lt}lill~l~grnl)lty Icquirrs .srvernl

orders Itwrcrwc In rrvcrnxc pwvr nvcr synchrulrmm ‘Illc

. Work sIIpporIrd by I AmAlnnmn Iwrllonnl I Amllmwy Inslllulhmid

!illp~wlhiu Rcsenrth, under ihc nuriplccsof [ht I lnllml SIUICW

Dcpnt IIIWIII or l!ncrgy.

increased power requirements have driven research into the use
of free-electron lasers fcr the generation of shofi ‘wavelen@h
light,
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11. Free-Electron Lasers Ill. RF LINAC FELS

A free-electron laser (FEL) converts electron Iwa n energy

into ah:ghlycollimated, high-power beam of light by stimulated
emission, An FEL produces an laser km of good optical

quality and narrow bandwidth and is tunable over a wide
wavelength range. A schematic of~, rf Iinac biasedFEL in an

oscillator configurateion is shown in F!g. 2. The essential com-
ponents of an FEL are the electron accelerator and a mns-
ve~ly-crscillat ing magnetic field (called a wiggler or undulator

depending on the magnitude of the on-axis magnetic field). lle
magnetic field initially causes the electron beam to oscillate,
thereby generating spontaneous optical r,adimion. Later in the

process, the magnetic field couples the electron &tam motion to
the optical field which h,asbuilt up in the optical resonator for

an FEL oscillator or the amplifkr wiggler for an FEL ;m~plifier,

This motion fol ces the electrons to do work a~~inst the oplical
field, hmher incrcwingthe energy in thr optical radiation. The
pwformance of the FEI. dqwnds to a Inrgc degree on the

brightrwss crfthc elect ion biim nnd the wiggler drsign. Ikcau.se

ofrecenl improvumenlsin thcdc: - I ofclcctron sources [3]-[4],
FELs can now operat: in the extreme ultraviolet and .sofi x-ray
regime at relatively low enwgics (al GeV), Since the wave-
length of the radiation from the FEL is proportional 10 the

wiggler period, signillc,ant rcscnrch effort is bcini: riirccttidi to

the design of shorter-period wiggler fwlm [5].[7],

Short -wnvclcngth frrc .elcctrmr la~!rs Ihtl into two cntego-
rws: rf I;nac hwsedwvl stor[~gcring Ixmcd. 1will hricfly dcscribc
rcprescntntive F1l. dcsi~ns fi}r Iwth ofttlc cntck~lritw,

Th: rf Iinac category can lx divided into two approaches

based on the type ;f FEL opticdl system used. The two
approaches are an optical resonator and a single pass amplifier.
In an optical resonator, the light recirculates in a nxonator so

that the optical power can buildup to very high levels, increming
the electron beam to light extraction efllcit!nc y, 1{owever,

mirrors have very low reflectivity in the sub 100 nm region and
thus the optical gain must be very high to overcome resonator

losses, In an amplifier, the light is single p.tss nnd so there are
no resonator losses, hut the wiggler rnu.stbc very long (approxi-
mately twice,aslongns inanoscillator) to allow ihe light to build
up to high power Icvcls.

Uri,an Nmvnam of Los Alamos National 1.ahwa!ory has

proposed an cwwcmc ultritviolet (XUV) FEI, operating down to
1 nm [8], A systcm schmnatic is shown in Fig. 3. The system

ccmsistsofa single Iirmc driving seven different oscillators,each
oscillator producing a ditliwent wavelength. Over certain

wavelength regions, normal incidcncc opt ius hii~e sufficient

rctlectivity to he uwd M resonator mirro~ [8]. From 60 to 100
nm, polishwi chw i~sally-v:ipr-dc~ sited (CVD) silicon car-
bide exhibits 40 to 50$%rctlect,ance at normal incidence. From
80 to 100 nm, unoxidized aluminum films go from 40% to
gmtcr than 90% reflectivity. From 10 to 20 nm, Mo nnd Si

multilayer reflectors have hmverm 40 io 50% reflectivity. At

the prc&’nt time, nonnnl incidence optics do not exist for the

wavclcnt:!lls brtwucn 201060 nm and below 10 nm, To provide
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mirrors for the remaining wavelengths arrd to reduce bmrn-
induced thermal distortion of the mirror surfaces, Nwmrn has

proposed a ring resonator with multifaceted mirrors [9], sche-
matically shown in Fig. 4. This mirror system uscs the inclease
in reflectance (greater than 95°/0 per sw face at these wave-
lengths), enabled by tots! cxtemal reflection, The machine

parameters are: iuaximurn beam encrgyof I GeV, peak currents
of 300 to 400 A, normalind 90?4 emittance (the 90°/0 emitta.nce
-4 ~the nns emittance) of <30 rr mm-mrad, and a O.I?Io energy

spread. The wiggler is 5 m long for 50 nm and 12 m long for 4
nm with a wiggler period of 1.6 cm,

The other rf Iinac designs operate in an FEL amplifier

configuration. Two reprvsental ivedcsigns, one from Broolihaven
National Laboratory (BNL) and the other from University of

California at Los Angeles (UCLA), follow.
BNL has proposed a Ultraviolet Free-ElwAron Laser User

Facility [IO] to be used in conjunction with the National
Synchrolron Light Source (NSLS), This I+L operates m ‘an
injection-locked amplifier with the seed rmliation produced by

a conventional tunable Imer. A schematic of the systmn is
shown in Fig. 5, The major system features we a photo injector
elrwron source, a superconducting recirculnling Iinac, and two
FEL amplifier be,amlincs, TIN repetition rate for the elcc~ron

pulsesfrom the accelerator is I k}+z. Each ampli fier Ixunline
operates at 0,55 kl IZ rmd the output optical pulses from the

amplifiers have fin adjustable relative timing with respect to

each other. The output optical pulses from eidl amplifier will
be split bvtween two experinwnud stations by rotating mirro~s
The machine offers low cncr~y spread (O. I V.) and short pulse

durations (possibly down to 200 fs), The machine paranwwrs

are: 250 McV thl energy. peak currw~t of 300 A, normalizml
90°!4 ernit(ancc of 32 Knwn-mrad, anJ an erwrgy sprvnd of J. I ‘iu,

‘llw wiggler is composed ofn short (2 ,Sm ) suldmmwnic wiggler
with 3.$ cm period nndrrIungcr(11 m) main wiggler with n 2.2

cm period, The main wiggler has a 4.5 m section whit+ Ims iI
1,2% taper, Rwwwch i? nl,so presently Iwing com-iuctmi on a

superconducting wig~!l with a 8,8 mm period. At 100 nm, the

cnlculatcd nvcrauc Iwvcr is I wntt,

At UCLA, an x-rw linear light so~rce (LI.S) F..u been
prolm.scd [6]. In this design, very high ii~c~krator gradients
(nenr 20G ivlcV,’in) are used to reduce the ovt’rail machine
length. To attain the very high gradlcnts, a high frequency (10-
30 G[{z)accelerator structure isckivcnbyarelat ivistic klystron,

under development by 1.1.NL/L@LKLAC [ I l]. A schematic of
the relativistic klyslron and its induction Imac driver is shown

in Fig. 6. The FEL designs are based on self-amplified sponta-
neous-emission (SASE)

Inwclllllc.

IV, Storage rings

F.tl(ltlicrtccll!)iquc filr producing short ~il\~l~l)@h light is to
use storngc rings with lung stmight wctions for an k’FiL xcilla.

trrr. I’@posals Imve hccn nmde by Stanford University [12]
(work on Ibis proposiil is proceeding at Duke 1Inivtrsity) and

University of DLNImum! [13].

“Iltc Stm~ford dcsI 1.I\ is bawd on a I (;cV s!oragt ring. A
schwrmtic oftlw machiiw is shown in Fi~, 7, In tlw long striti~ht

scclion is spnce for a 2”1m long Idtllittt)r. A I GcV Iinac will
inject electrons into the ring rtt full wwr~y. Altcrnattly,
positr~ms will M inj~w”frdtt, incrmse thv Iifutinw ofthe stored
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beam. In an FEL, electrons gain an energy spread as the

electrons inleract with the optical field. In storngc rings, the
induced energy spread is then d,arnpedby synchrotrons radiation
losses with an -10 ms time constant. The peak current in this

design is 270A with a 90% normalized emittance of 170 x mm-

mrad. lle machine is designed to prmlvce optical radiation
from greater than 100 nm to less than 30 nm,

U*L—

Figure 7. Schcnl:~[icof Skinfurd I Jniwrsily’s 1 (lcV slt~r~gcring.

lle storage ring at the Llnivcrsity cf Dortmuml is cnllm-1
DELTA. The ring h,asam,aximum energy crqmhilityof 1,5 GcV,

A schematic of the machine is shown is Fig. 8, “Ilw DEI.TA
Imice was optimized for FEL operation. Two stmig!lt w“ctions
approximately 20 m long with zrro di;pcrsion ,and with ncmly

constant Ma functions ,areavirilablc for insertion devices. The

ring h,asa low 90V0 normalized emitt,ance of40 n mm-mmd at

I GeV, short dtamping lime (- 0,2 s), high Peik currents ( 180
A), and Icmgbrmn liftltime. Tlw nmchine isdcsignud toptoduce

opt ical radintkm from 400 nm to 25 nm,

V, C’rmpxt Short-Wiivclctlg[5 I;EL

A study iIl Los A1.arnosNat iomd Lahornlory w.ns stmtcd m
detmninc if a (rclalively) small, less coslly XUV lWL is now
possible using the advances in FEL systcm components in the
I*sI SCV~!rillye,vs. In particular, significant duvclopnwnls Imve
occurred in high-brightness cluctrorr linncs [ 14] and sh(wt-

r

1“I

Figurc tl. lJyUUI of the Dwwnurkl shmqw ring, sh(wing Ihc Iinac,

lhc full-mxgy I-umkr ml [k m;lin sluruguring.

wavelength wigglers [15]. This study is directed at providing a

machine for photoli:hographic processing applications. The

design follows frum the Ad~iul~ed Free-Electron Lwcr lnit ia-
ti ;e (AF%LI) at Los Al,amos National I.nborntoW.

The AFEI.I program goals arc to build an Advanced FEL
(AFEL) using a high-brightness electron beam and a

rnicrowiggler, whih! minimizingsize iu~dcost. A schematic of
lhc AFEL isshowm in Fig, 9, Ilxtcnsivu Iinilcdrsign cahwlations

have been m.adc using a modifiwi version of PA Rhll+LA, This
version of PARhlELA directly incorpwatcs files from POIS-

SON, MAFIA, ~J Sl!f’f; RFISlt [16] toaccuriltcly describc the
field distributions in the accclcra!or. ‘Ilw electron bwun parame-

ters tare:20 MeV fhml energy, 200 to 300 A prak for 10 ps, and
a 90% nimnnliz.cd elnill:ulce of )Cssthan I 5 Ir nim-mrtad. Only

those electrons in them iddlc 7YY0of the pul.sc in I ime cmltrilmste
to the FEI. inlrra(lion (tlw mtnpmd wings do: ml intrract). The
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To be finished just a line drawing of major components of an XUV FEL

Figure 10. Schematic of a XUV Fl!l. hascdon the AFEL s)slcrn design.

emi~ce ofjust the middle 75°/0of the pulse is lessthan 8 x mm-

mrad. The accelerator is 1.2 m tong giving a true gradient of 18

MV/m. The calculated gain (with the FEL cede FELEX) for the

3rd harmonic of a 3 mm period pulsed wire wiggler is greater
than 50V0 al 390 nm. Acceleratoroperal ion is scheduled to begin

in the first half of 1992,

basedon the AFEL systcm, an XUV FEL wasdesigrred [17].

The XUV FEL schematic is shown in Fig. 10. The base line

design for a 60 nm machine is: 90 MeV find energy, 1 nC

micropul= charge, 0.13 A a%erage current, and 160 A peak

current. The accelerator is driven by four Thomson CSF 2022E
20-MW 1300-MHz kIystronsoperatedat 60 Hzwhh aO.3%duty

f~ctor. The overall accelerator Iengih is 5 m. The pulsed wire

wiggler has a @xl of 2.6 mm and is 22 cm long. The optical

resonator uses multiketed reflector optics and is approxi-
mately 4 m long, The calculated output power is 100 W at 60
nm,
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