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Abstract.—

An FEL oscillator has been operat~d at wavelengths between 9 and
11 urn with a pea’ intracavity power of abo~t 20 MW and an average
output power of 1 KW in 70-u6 pulsc9. We present the design parameters
and operating characteristics. We report measurements of spontaneous
●mission, start-up of oscillations, and signal grokth through %9
orders of magnitu.le to saturation. The dependence of gain and satura-
tion on cavity length, alignment, beam parameters, and other critical
variables are discussed and compared with theory.

Introduction

The LOS Alamas Free-Electron laser (FEL) recently has achie.#ed oscillation in the spec-
tral range from 9 to 11 um. The maximum in-cavity power was %bout 30 WA, while the pea~
snd ●verage ●xttactod powers ware 1 MW ●nd 1 kW, roapectively. These power levuls and

;~~;;!e;’%e ;;’nf%%~e~~ ‘~r%i~y~!~. ~~p~~~m~y~~~es”
In contrast with the FEL oscillators

the Los Alamos FEL has a short wiggler
(1 m), ope;mt~s ●t ● high peak current [25 A), and ●mploys a conventional rf linear ●ccal-
●rater rathex than ● aupercnnductinq structure or a storaqo rin9. In the following se:-
tions, first we briefly review the operation of the ●ccel~rator a~d boamline. For ● more
completo discussion of

~he~\e rcma~nderef thi.p~p., isd.voted tetheoptic.1 ~eSuLtS
ccclerator ●nd itm peripheral ●quipment we refar the reader ta

●arlier publicationoo4~
to which wo cumpare our theoretical pradictiona.

Accolorator

The major characteristics and parameters of the FEL oscillator system a-e l~stea in
Table II ● plan view including the major component of the accelerator, the #iqql@r, and
th~ optical cavity is shown in Fig, 1. The ●lectron gun (rig. 1, left side) produce- a
train of 2000 micropulsos, opaced 46 ns ●pa~t, with a tOtal duration of ●bout LOO LS.
Thio train of 2000 pulaem, called the macropulso, pasaes through tho wiggle! qencrating
spontaneous ●miosion -rid, if conditions aro ri9ht, ●timu:atod ●mission, which qrows
●xponentially to ● saturated love:. of optical power. Sach mic~’pulse is ●mitted from th~

9un ●s a 2-A pulse cbout 3 ns long.
-.-—-—— —...-—-. --_..-._.,...._ -._.. Becaute tht optical gain in thu wiy-

.—. -. . ——- -—.—. - ,_.-. --
l-:; ~~ - ——-

~lcr incrtasea Ptronqly with current,
— ——. ,____ ,, .-,___ ,,, .,.-, we have provided three bunchers6 in

*[“]~ .“. th~ beaml-ine to transform the m\cro-
~’cc~~~r?tnq,;~:

, rmmcwn
pu19eo into rnhorter pulses w~ttl
hlqher currents.

fi~~”d=
/

The first two *uu-
,b Ylomtn /“ harmonic bunchera were not used for

-/
/

the initial cxperimento reported here

uccLcnATmI
<#!q.J?” --. .-mnnas

becausa of technical problelm. The
combination of the final fundamental

.11
1. ...... —-..—..=.,-_,,- .—--——__
Fi9. 1. Schematic of Los
myatem.

r/- ‘d
..— .* .. -, buncher ●nd accelerator served to

. ●chieve ● moderate (X1O) bunching so
that the peak micropulsn curr~nt
reached %25 A. Without the aubhar -

Aiamom FCL osclllater monic bunchero, howevur, gach micro-
pulse was complex, including ● f~mily

.—
●Work p~rformed for Defenac
Departmnt of Enerqy.
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TABLE 1

FEL OSCILLATOR PARAMETERS

wiggler

Lenqth
Period
Gap between magnets
Field strength

Optical

Cavity length
Rayleigh range
Diameter at waist
Wavelength
Round-trip losges
Output couplei

Electron Beam

Electron ●nergy
Accelerator Frequency
14icropulse width, ●stimated
Peak current, ●stimated
Mlcropulse repetition time
Macropulse lenqth
Energy spread
Emittance
Diameter at waist

100 cm
2.73 cm
0.88 cm
0.31 T

6,92 m
63,2 C!ll

2.8 mm
9-11 Jrll
3.34
3.p5

20-23 MeV
1.3 GHz
30 ps
25 A

46.15 nn
100 us
=29 (FWH?t)
~2n mm’mrhd
2.0 mm

of ●bout five components (aa ahown in Fig. 2),
●ach of which could oscillate independently of
the others. ThesQ componanta aro aoparated by
0.77 na and ●ppear to be ●bout 0.5 ns wide.
Their widtha ●re ●ctually much loos, ●bout
30 pm, but ●ro broadoned by thg limited fre-
quency response of the current monitor and os-
cilloscope. There are several diaadvantaqes
with this kind of micropulse, for axtmpl~,
lower peak curr~nta and qrer,ter beam loading
of the accal~rator. However, some advantages
r~uultedl in particular, the opportunity to
Qxaminq the ons~t and saturation of oscilla-
tion for the diff~rgnt mcmbora of tho family
under Identical conditionrn ●~cept fot tho
diffarenca in current.

As thown in rig. 1, the ●ccelerator is di-
vided into two rectiona, ●ach with aeparatc
controi of ●mplitude ●nd phase. Th@ ●ccelcr-
●tor is requir~d to cap+uro tho charqo pro-
vided the buncher, to accal~rate the charqc
to ●bout 20 MoV without significant 10SS, to
provid~ ● small ●norqy-tprotd ●nd ●mittanco,
●nd to ●ccomplish all this without 9igrlifi-
chnt davi~!ion during th? 2000 micropulaea in
a macro u:a~,

{
Our meaeur~m~nts

thbt
showmd that

t ● me qoals wer.. ●ccomplished. About
one-third of the charq~ leaving the gun
reach~d the wigqlqr, a part beinq
the

rojectod ●t
sccol~rator’a Qntrance ●nd ●nothsr part

being purposely rejected at tho ●crapwr of
Fig. 1 because of its 10V ●norqy. Electron
beam mcaourom~nta alao indicated that the
Qnerqy aprcad wa m about 2t Fwtlm, with
● transverng ●mltt.ante of ?n mm’rnrad.
Fiqurc 3 ohowa a m~asurcm~nt of beam ●norgy

versus time durin~ the macropulse, Tnia
display was produced by the slow aeilec-
tor and energy spectrometer combinatlon7
of Fig. 1. Figure 3 ahowe+ that the peak.
●nergy and energy spread remained rela-
tively constant during the 1OO-US macro-
pulse, ●xcept for a short-lived tranaient
at its beginning.

Fig, 2. El@ctron-current micropuloe
oscillogram rev*aling ita multicompo-
nent ctructure. Horizontal ●calel
1 na/cml vertical •calo~ 0.5 A/cm.

t-
Ioop+

F19. 3. ~lOCtrO1’, ~peCtrOMOter mIJaJUre Of

temporal dependence of Qntr$y ●proad
during a macropulae. Tho bright horizon-
tal lino la ●n ●rtifact caused by ‘he
fluoroacont screen deeign. Some diator-
tlon of the cn~~qy distribution waa pro-
duced by the TV ncreenlng ayatem,
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Of even more concern than energy spread and emittance is the regularity of the arrival
time of the micropulses at the wigglek. There were effectively two clocks in the experi-
ment: (1) the oscillator that drove the accelerator and determined the electron bunch
arr!val time~ and (2) the light pulse reflecting back and forth between the mirrors. For
optimum performance, these two clocks must beat with the same frequency and with a fixes
phase difference throughout each macropulse. We attempted to provide this constancy by
employing a stable crystal-controlled oscillator and by mounting the mirrors of the optical
cavity on sturdy supports- Difficulties were encountered, that is, phase noise, which will
be discussed below.

Wiggler

A l-m-long, per~anent-magnet, plane-polarized wiggler was used in these experiments
(Table 1). Except for its uniform 2.73-cm period, that is, no taper, it was identlc~l to
that used in previous studies.4t5

Optical System

The optical cavity wag about 6.9 m long with a round-trip time for optical pulses marchi-
ng the electron micropulse separation of 46.15 ns. Its two mirrors are cur’~ed to form a
stable resonator, with a fundamental mode of the right size to to maximize the gain of tne
wiggler. This mode can be described by its Rayleigh range of 0.6 m. The mirrors were com-
posed of multiple dielectric layers deposited on ZnSe substrates transparefit to V.slble
light. This combination allowed use of a HeNe lastr beam for mirror alignment. The re-
spective reflectance of the end mirror and output coupler wer~ 99.7 an3 97.Ob.

The mirrors wele remotely tilted for optimum alignment, and one mirror was tLan.lateii
longitudinally to achieve the correct spacing. The correct alignment was determined with
an interferometer technique using a He?Je laser. This laser also was used to align tne
electron beam on the axes of the wiggier and optical cavi”-y as previously describes.4~>
A separate HeNe interferometer monitored the mirror spacing continuously. The correct
spacing was determined by a series of successive approximations. First, we measured the
separation with a steel tape measure, achieving a precision ot +2 mm. Next, we injected a
l-ns C02-laser pulse through the end mirror and monitored the-output through the outpJt
mirror as the pulse reflected back and forth between the mirrors. Figure 4 shows an
+xample of the measured output.. Two interesting features are evident: tirst, the pulse
decayed ●xponentially, indicating the expected round-trip cavity 10S3 of 38. Seco~d, the
pulse decay was strongly amplitude modulated with ● pericd about ●ight times the pulse
spacing. This modulation was caused by a slight off-axis injection of the CO, pulse.
An elf-axis pulsa of this kind will “walk” transversely across the faces of the mirrors,
oscillating ●round their common ●xis with ● period that we calculate to be tight round
trips--in ●~reement with the observations. Our optical ietector obviously was sensi’.ive
to ;he posi~ion of the walking pulse.

Fig. 4. Temporal decay of 10.6-um energy ●t
tho output of the oscillator cavity. The
periodic structure resulted from sllght off-
axis injection of ● singl~ l-ns C02-laser
pult~.

The injected C02 pulse also was used to
meaaure the cavity length by adding the
signal shown in Fig. 4 to a 108-MHz sine
wave, ● submultiple of the L.3-GHz frequen-
cy usad to drive the accelerator. If the
optical cavity has the correct length, an
oscillogram will show every echo of the ln-
jeeted C02 pulse superposed on the 108-MHz
sine wave with ●xactly the same phaae re!.a-
tionship. Figure 5 shows ●n example of
this composite signal. By ●xf4mln~n,]
several hun- dred ●choes in this way, the
cavity length was adlusted with a
precision of ~0.5 mm. The final length

1
●d ustment wati made b~ aebrching for
● v dence of stimulated ●m ssion.

@L~cal Results

Our most sensitive optical detector waa
● merc~ry-doped, liquid helium-cooled
germanium det~ctor connected through two
5-GHz ●mplifiers in series to ● 1-GHz
oscilloscope display (Tektronix 71U4) .
This detector was used directly to View
the spontaneous ●mission from the ●lectron
baam and, with ●ttenuator ●nd filters of
various kinds, to monitor tke growing ●nd



rig. 5. Supe~position of the decaying C02-
laser pulse exiting the oscillator cavity
and the 108-MHz accelerator master oscilla-
tor.

sat’urateZ stimulated emission at 10 ~m, as
well as various harmonics of 10 um. Fig-
ure 6 shows the spontaneous emission mea-
sured near the end of the 1OO-US macropulse.
It shows a short train of pulses produced by
the beam and afterwards, an exponentially
decaying train of echoe8. Although the
noise level of these measurements is high, a
crude measurement of the cavity loss could
be obtained from the decay region. Normal-
ly, we verified low csvity losses in this
way bef~re ●ttempting to find the correct
cavity langth.

As the correct length was approached,
sporadic bursts of oscillation wer? ob-
served. Figure 7 shows spontaneous emis-
sion 0,1 a compressed time scaln where th~
whole macropulse is displayed. Clearly
shown within the macropolse is an interval
of temporary oscillation. When the cavity
length was finally optimized, oscillation
occurred during the whole macropulce, ●nd
saturation was e tablished within 10 0 us
at power levels 10! times above spontaneous
emission. Figure $ chows an example of the
measurements we obtained. Superimposed on
Fig. 8 is shown the optical power that theo-

Fig. 6. Temporal decay of 10-timspontaneo~
emission from the oscillator cavity aitet
the end of the macropulse of current.

Fig. 7. Spontaneous 10-um amission during
the macropulse of curtent reveallng the
threshold for stim~lated omission.

retically would develop if the optical gain were 4, 8, and 16t. Clearly, the observed be-
havior ●yr~es qualitatively with these curves in time to saturation ●nd saturated power,
but disa9rees markedly in uniformity of the saturated power. This discrepancy w!L1 De
discussed further below,

9uring the sarly-growth stag? of the emission, the optical 9ain fluctuates widely in the
:anner noted ●bove for the eatJrated power. Fi9ure 9 ●.mws the maximum 9rowth we have ob-
served d’)ring this st.aqe. Th]s 9rowth corresponds t~ ● net growth of 17s per paas and t
qross value (inc?udin9 th~ cav’ty loss of 3\) of 20t. Fi9ure 9 SISO shows the growth, at
a lower rate, of some members of the micropulse family that had lower current. The tr~ii-
inq ●nd of a saturated mec:ropulse of optical pulses is shown in Fi9. 10. The ●xponential
decay ot pulse ●mplitude clearly rtiveals the 38 cavity loss,
transmiaaion through the oukput mirror.

cauaed ●lmost ●ntirely by
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Fig. 8. Temporal variation of stimulat-
ed emission output power near saturation
for the several micropulse-c’)rrent compo-
nents. Theoretical curves are plotted
for comparison. AcCUraCy of the vertical
pow~’r scale is within :25%.

Fig. 9. Temperal build-up of laser os-
cillation for the several micropulse-
current component.

,

Fig. 10. Temporal decay of 10-Lm ●nerg{ at
the oscillator exit after the end of the
macropulse of current.

Fig. 11. Spatial profile (l-D) of the temp-
orally integ ated laser output. Beem dlaru-

5eter at l/e level is 15.5 mm.

Two important properties of a laser beam are its mode quality and its spectral harmonic
conter)t, Measurements were made of the spatial profile @f cur extracted laser beam,
Fig, 11, using a multielement pyroelect?ic ●rray, from which WQ deter}mincd that. thz beam
was composed mainly of the fundamcn+.al Gsustian mode. When we purposely tipped th@ cavity
mirrors, howev~r, we stimulated the walking motion of th~ optical beam di$cuss~d ●bove.
Thi8 b~havior can be described ●s the generation of a mixture of the two lowest order cav-
ity modeis. Figure 12 is ●n oscillogram, like Fig. 10, of the trailing ond of ● macropolsc
ahowin9 ●n ampl!tude modulation that results from this walking motion.

The ●econd ●nd third harmonics of 10 urn were observed as well during oscillations.
Besides their different wovelcngths, they were chatactarized by differc~t decay behavior
in tho cavity. Multilayer mirrorm composed of quarter-wave-thick films like ours reflect
strongly only at odd harmonics of their design wavelength. Thus, the third harmonic
9er,Qratod dllring oscillation ‘Q trapped within the cavity ●nd leaks out slowly, Like tne
fundament~l, but ●t ● differe t rate. In contrant, the #econd harmonic js not trappwcl



i9. 12. Postlasing temporal decay of
O-Lm ●ner9y at the oscillator ●xit
hen cavity mirrors were intentionally
isaligned.

within the cavity but dies immediately when the
electron beam is turned Off. Me have o~served
both behaviors: a 159/Pa95 10SS for the thlra
harmonic and instantaneous extinction for ~~e

second harmonic.

The high reflectivity region of our mirrors
extends from 9 to 11 um. Oscillation wlthln
this range was accomplished ●asily by varying the
●lectron beam ●nergy by ~5t.

Theoretical Comparison

A comparison of theory with ●xperiment 18 comp-
licated by the irregularity of the gain with time
and by our lack of knowledge concerning the shape
and peak current of the ●lectzon beam Ln the wig-
gler. We assume that the current pulSe 1S 6adS-

sian in shape and 30 ps wide. With these ass:~.p-
tiong, our peak current was about 25 A. \ie will
test this shape-assumpt’on later

+
with ~r,e Ilelp

of the fast deflector. However , p:e’lmlna:i
calculations show that for this peak currenc, for
an energy spread of 20, and for an emlttance of
2r mm-mrad, the small signal gain ahodld be lbs
a.ld should have saturation characteristics as
shown in the curve labeled “166” of Fig. 8. Tae

ma~im,um, measured small-signal gain (see Fig. 9) was 20Q, in good agreement with tr,~s
theory. The approximate magnitude, as well as the fluctuations in the saturation cna:a:-
terlstics shown in Fig. B, is in qualitative agreement with this as well as a second caL:d-
lation in which we assumed that the phase of the accelerator was modulated slnusoldall’i
around the correct phase n.th a period of 10 us and an amplitude of 5°. This moaulatlon
simulates a real, mere random, modulation that we believe is caused by phase noise in OJr
master oscillator.

Another important feature of our experimental results, which has been compared with
the ry, io the spatial profile of the light pJlse.

9
The measured widths ●t th~ l/@ and

l/a points were 11.5 snd 15.5 mm in both tha x- ●nd y-directions. ThQ Catic of thoso
widths, 1.35, is in good ●greement with 1.414, the theoretical value for ● Gaussian shape.
The ●bsolute values ●greo with the theoretical wljcho within bett9r thmrt 109, but ●t the
present time thim comparison cannot be made mor? precis~ without a better knowlmdge of the
wavelength generated in this first series.

Summary

Thit paper ie ● report of our initial ●xperimental results that must yet be au~mont.oa
by oome crucial information, that L-, spectrsl data. These datk ● re also plaquod wxth gtin
fluctuations that we believo to b. ●ssociated with phase ● rrors In our master oscillator.
The FEL oscillators operated ●t Stanford ●nd L.U.R.E. ●scaped this noiso problem because
of the special features of superconducting accelerators ●nd storage rinqfi, respectively.
We are now attempting to identify and correct our problem. ld~thin th~se limitations, our
r~sults are in good ●greement with thearctical predictions ard no ●nomalous behavior hts
been ot~erved.
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