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HIGH-EFFICIENCY XWE-ELECTRON USER RESULTS

K. Boyer, (,. A. Brau, B. E. Newntm, W. E. Stein,
R. W. Warren, J. G. Winston, ●nd L, H. Young

Chemistry Division
University of California

Loa Alamos National Laboratory
Los Alanos,

Abstrmct

Results obtained with ● tapered-wiggler free-
●lectron laser demonstrate tne concepts propofied by
Horton for ●nhanced ●fficiency ●nd show deceleration
of ●lectron- by *S much as 7%, and ●xtraction of ❑ore
than 3% of the total ●lectron-beam ●nergy #s lacer
●nergy when the laser is operated ●m ●n ●mplifier.
The ●xperiment is presenLly being reconfigured to ●x-
amine its performance ●s a la~er oscillator.

By lookin8 ●t the fr~e-electrot. laser as J parti-
cle accelerator working backwards, Hortonl realized
thtt tbe techniques used to ●ccelerate particles could
be u~ed to improve the performance of free-electron
ltsers. In particular, he predicted the capture of
●lectrons in “stable-phase” regions, or “buckets” in
the ●lectron phase apace, and proposed that by decel-
●rscinq the “buckets”, thr trapped ●lectrons could be
decelerated to ●xtrmct significant ●mounts of their
●nergy aa optical radiation. In fact, since ●lectrons
nat trspped in the stable re810nS sre forever ●~cluded
from them-at least in the adiaoatic approximation—
pk::--~isplacement techniques could ●lso be used to
●ccelerate or decelerate ●lectrons in a free-electron
laser.

In paxticle scceleratora, the buckets are ●ccel-
●:ated by changing the phsse velocity of the rf field
in the waveguidc. In free-electron lasers, on the
other hand, the interaction between the ●lectrons and
the (transverse) optical field is mediated by the
wigsler maBnetic field, which makes ●lectrons ●t the
resonant ●ner~y oscilla~e ●t tbe optical frequency, ss
ohown in Fig. 1. In this csse the velocity of the
buckets is chanaed by varyins (taperinR) tbe period of
the wilgler ●a~nets alon~ tbe lantth of the wi~gler.
In the sbsence of s prebuncher, only about hslf the
●lactrons f~nd thcmselvea in tbe stable-phase regions
at the beginnin~ of the wi~~le~. Tbeoe electrons
follow tht taper in tht resonant enel~y of the wi~gler
●hd fom a low ener~y pesk in the ●lectron distrtbu-
tlon function st the ●nd of the eit~ler. The un-
trapped ●lectrons ●re actually accelerated slithtly
and fo~ a secood penk slightly ●bove the initiai
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●oergy. If the ●lectrons ●re injected into the wig-
gler with leas than the resonsnt ●nergy, the empty
buckets pass downward through tke rlectrcn distribu-
tion function ●S they decelerate. To conserve phase
npace ●s the stable-phase regions descend, the phzse
space outside the buckets—containing the ●lectrons—
●ust mnve up slightly. This is the principle of
“piltse-displacement” ●cceleration.

To test these prediction, sn experiment hts been
csrrie4 out with a 20-HeV ●lectron beam, as shown in
Fig. 1, The ●lectron beam had an average current of
shout 250 MA, #n ●nergy spread of 0.5%, ●n ●mittance
of 0.5 n m-mrad, ●nd t pulse length of 5 ns. The Cf)2
ltser had a peak power of 1 GW, operating on a siogle
longitudinal ●nd transverse mode, with a pulse length
vmrisble from 1 to 10 ns, The wiggl~r was 1 m long
and used SmCo5 permnent ❑sgnets to create ● 0.3-T
field with s period tapered from 2.7 cm at the en-
trsncc to 2.4 n ●t the ●xit. Under design operating
conditions with the ●lectrons injected at the resenant
●nersy, shout half of the ●lectrons mre predicted to
b~come trapped in the buckets ●nd be decelerated ●bout
7%.2 The average deceleration under these conditions
is predicted to be ❑ore than 3%. As ohoun in Fia. 1,
the ●xperimental diagnostics included sn ●lectron
spectrometer to ●essure tbe ●neray spectrum of the
●lectrons leaving the wigaler snd an optical detector
to ■essure the smplifics~ion of the C02 lsser beam.3
Only the results ~-f tha electron spectrometer are dia-
cusaed here,

A typicsl electron orectrum in shown in Fig. 2.
The spect:um displays the double-peaked electron-
●ntrsy dictributiou function predicted by theory, The

rim. a. Eltctrom distribution functiou at an lnuut
optlcil powr of-0.75 OU (AP=l=VO-9~9i).
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“? high-eoergy peak ❑enr the orisical ●nergy contains
those ●lectrons ❑ot trapped in the bucket-, while the
lw-ener~; peak contains those ●lectron- trapped in
the buckets and decelerated with the taper in tlm
wit~lcr period. Asreemnt with thao~ is quite -ood.
For the condition of thio mwsurement, the trappeo
●lectroos represencad ●bout 6ti of tha total ●nd were
decelerated ●bout 6.52. The total ●#traction (corre-
mpondint to the ●verage deceleration of the ●lmctrom)
waa ●bout 3.5% of the initial ●lectron ●mer~y. Tbim
is about ●n order of mosnitude lar~cr than hms been
obtained in ●xperinsnts using uoiform (umtaperod)
wi~tlers.

At shwn in Fjs. 3, the ●veraga ●cergy ●xtracted
from tbe ●lectron beam depended on the initial ●nersy
of the ●lectronc. Haxlm extraction (deceleration)
occurred when the ●lectrons ●ntered at the resonant
ener~y, corrospondin~ to the velocity of the buckets
●t the wiggler ●ntrance. However, by .njecting tha
●lectron- ●t too led m ●nersy, they could be acceler-
●ted inttead of decelerated, by the principle of phase
displacement. This corresponds, of course, to lase:
●bsorption r~ther than Cain.

Figure 4 shows the caturstion bahavior of the
laser amplifier as the input laser pwer wam in-
creased. Since the slope of ● line connecting the
oritin with ● liven data point is proportional to the
●plifier #sin, it is clear that the men siuIal s-in
(below ●bout 0.2 W) was omaller then tba saturated
#tin (from #bout 0.2 to 1.0 W). Thic i- in Sood
●~reement with theoretical predictions. Tbe inflec=
tion point near 0.2 GW is due to the threshold (arouod
0.1 GH) for the fotmtlon of stable-phase regions
(buckets). Since the gain of an oscillator is ●qual
to the loss when the oscillator reaches saturation,
thase results mssest that cuch a Iaaer ■isht not
start from noise without some caternal help. lndml
this will bc the caoe for hishly taper~d wis~lerm.
However, in the present ●xperimento the #mall-sl#nal
sain at wavelmsths sli~htly shorter than the remon~nt
value is lar~er than the sain at reconanc~, ●nough to
●xceed ths saturated ssin. Thus, when oscillator ●x-
perlmentt are attempted it is ●xpected that the lacer
will start aL a slishtly ohorter wavolmsth and then
“chirp” dwoward in fraquency to the reaoaant wave-
length as the oscillator mturatw.

s
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Fi&. 4. Saturation of the free-electron-l!ser ●mpli-
fier ●t ●n incident ●lectroo-beom ●oer#y of
20.9 Hev (AP-1-vG-9226).

At the prement time, the ●xperlmenc is beins
reinstalled in ● naw shielded vwlt for operation ●s
● laser oscillator. For this purposa it is nccesaary
to provid? ● optical resonator, ●nd to increase the
pmk ●lectroo=bem current and mcropulce lonsth. The
optical raaonator uses ● ❑ear-concentric decisn 10
focuh the laser to ● small spot in th~ wissler. A
IIeNe laser pemits ali~nt to about 1 prad, and an
interfer-ter is used to control the lensth :0 about
0.1 ~. A oubhmmonic bumcher it beins installed to
increaoe the umeablw peak currtnt to abwt 50 A. This
L- sufficient for ● gain OX 10-30Z per pssm, dependins
on tbe wi~sler tapsr. An emlttance lesI than 2 R
-=mrad and an ●ner~y spread 1000 than ii% will be
required. To ●iaimim tbe ●narsy spread, the accel-
●rater bam been opl[t in:o two mectiom, which ●y he
p?mod with rmpect to one snocher in such ● way ●s to
cancel r.he ●ffecto of singla-bu.och beam loadin~.’ To
sive thr osclllater tLme co otarL froo noioe, a new rf
syatm ham been cormtructed usins two Litton L9707
klystrons. Them produce about 3.5 HVmch, in pulms
IOOIJOloq.

In mmwy, tho reaulta of laser qlifiar espar-
inn”k d~ounatrate the principles of Coporedwigtlers
propoaod by Hmtom’ and confirm quontitatiw theoret-
ical prcdictioas o? high o~traction ●fficimcy.
Oscillator onpwimtth will b~ umdertahn to ●plom
theperformnca in this oede of opmtlom.
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