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RECENT RESULTS OF THE LOS ALAMOS FREE-ELECTRON LASER OSCILLATOR EXPERIMENT*

R. L. Sheffield, R. W. Warren, B. E. Newnam, W. E. Stein,
J. C. Goldstein, and M. T. Lynch, AT-7, MS H825

Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

Since the last Lasers ’83 Conference, significant progress has been made on the Los
Alamos free-electron laser (FEL). Although the previously reported results were in agree-
ment with theory, the data were plagued by gain fluctuations, and no spectral measurements
had been obtained. Since then, the source of the fluctuations has been analyzed und sub-
stantially reduced. Also , the optical power end spectra dependence on beam emlttance,
alignment, cavity length, energy spread, and current were aystemRtically studied. This
paper reports on the results obtalneel with a uniform-period wiggler.

j~troduction

This paper 1s divided into two sections: The first section covers electron-beam per-
formance and electron-beam energy-distribution measurements,
lation:

with and without laser oscil-
the second section discusses optical results. The electron-beam eneray measure-

ments showed that 1% of the power was ~xtracted from a 1-MW
pulse) electron beam.

The optical results included the fullowing:

● Small-signal gain up to 60%

● Wavelength tuning range of 9 to 35 urn

● Strong Raman sidebands in the optical spectra

● Cavity-length detuning curves in general agreement

● Strehl ratio of 0.9

● Optical peak power of 10 NW

● Observation of the second and third harmonics

Experimental Appalatus

(average over a l~fi-us macro-

with theory

The apparatus was described in detail at last year’s conference;i therefore, only &
brief description will be given in this paper. This experiment used a conventional rf
accelerator, a l-m uniform-period wiggler, and operated at a nomin~al 10-um wavelength.
The major characteristics and paranetere of the gpt, oscillator system are listed in
Table 1. A plan view of the major component+ of the accelerator, the wiggler, and the
optical cavity is shown in Fig. 1. A more detailed view of the beamline section containing
the major electron diagnostics is shown in $ig. 2. Temporal characteristics (F!g. 3) of
the electron beam’s 1OO-US macropulse are 2000 36-ps mlcropulses separated by 46 ns.

~lectrorl Be am MeasuremQ~~

The electron-beam diagnostics consisted of standaL’d beam-clJrrent, spatial-position,
and spaticl-profile mrnitors and a time-resolvable beam-energy spectrometer. This section
will discuss the results obtaln~ I with the beam-profile monitors and the spectrometer.

The profile monitors were SuiIIasil quartz plates combined with a vidicon camera viewing
the Cerenkov light produced by the passage of the electron beam through the quartz. Two
of these monitors were used in conjunction with an upstream quadruple lens to determine
tk,e electron-bears emittance. By varying the quadruple field strength, a waist was formea
at one of the monitors. Thn unnormalized emittance c was then calculated from the expr3s-
slon c - n i~~ D214S, where D1 and D2 are the beam diameters at the twc monitors and S 1s
the separation of the monitorg, The beam emittanc!e as a function of the gun current 1s
shown in FiE. 4. The extraction-efficiency measurements were taken at en emitt~nce of
2.5 w*mm*mrad (40”A micropulae current).

The time-resolvable beam-energy diagno~tlca provided a three-dlmennional presentation O(
the electron current as a fllnction of energy and time. A quartz screen was located at the
focal plane of the energy spectrometer. The Cerenkov light produced by the electron beam

——.—- ------ .. . . .. . ., —-. .. .....—
*lhia work was performed under the auspices of the US Dept. of finerRy and supported by
thu US Army Ballistic Missile Defense Organization.



TABLE I

EXPERIMENTAL PARAMETERS

Optical

Wavelength

Cavity length, L=
Mirror reflectance (at 10.5 ~m)

Mirror reflection bandwidth
Raylelgh range, zF

Undula~ —

Magnets
Length
Period
Number of periods
Gap between magnets
Peak magnetic field
Undulator parameter, aw

Ele~ron Bearr

Electron er,ergy

Accelerator frequency
Mlcropulse spacing
Micropulse width, (FWHM)
Chtzrgefmlcropulse
Peak current
Macropulse length
Repetition rate
Energy spread
Emittance

!’
. .

1’
I

.
‘“-1,,

9-11 ~m, dielectric milrOrS
and 9-35 urn, copper mirrors

6.92 m
99.8%, rear; choice of 95%, 97.5%

or 99.8% front coupler
2 o%
0.63 m

SmCo5, 0.5 X 0.5 X 3.5 cm
100 cm
2.73 cm, constant
37
8.8 mm
0.3 T
0.76

~l,o MeV at 1005 ~m, 11.5- to
23-MeV tuning range

1.3 GHz
46.2 ns
~642n~ ;:d(Lorentzian shape)

.; UP to 3.2nC
40A atd; UF t; 50 A
100-120 us (>2000 mlcropulses)
1 Hz
2% FWHM star.dard; 1-3% variable range
2.5-5.5 n*mm*mrad

,.
1!

.

Fig. 1. Expar~mental urk’angement of the LO!Y Alamos IWL. Numbers designate (1) 80-keV
electron gun, (2) 108- and 1300-MHz bunche’s, (3) 10-MeV linac tank, (4) 11-MeV linac
t&nk, (5) undulacor, (6) slow vertical deflector (7) 1300-MHz vertical deflector, !8)
electron spectrometer, (9) optical re~onator mirrors, and (10) optical diagnostics and
resc,llator alignment tables.
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Fig. 2. Purt of beamline includjng 60° bends, wiggler, slow and fast deflector,
quadruple magnet, and spectrometer system.
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Fig. 3. Schematic diagram illustrating
the 1-s, 1OO-VS, 46-ns, and 3b-p.3 time
intervals,
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GUN CURRENT(A)

Fig. 4. Emittance measured after the ac-
celerators as a function of gun curlent.
A ~FJ th? normal operating point; B is used
when high laser eain and output power a?e
deslced; C is used when good emittance and
high-energy extraction are desired.

passing through the q~l~rtz screen was viewed by two gat.cable, microchannel-plate intensi-
fiers optically coupled to vidicon TV cameras, The ener8y distribution waa obtained by a
horizontal diaperaion of the electrons in a 90° magnetic spectrometer, and the time resolu-
t.lon was produced by a vertical deflection of the beam, TWO a~parate, vertical -cleflectiorl
devices covered different time domains. A pulsed electromagnetic dipole (slow deflectrr)
covered between 10 and 100 MS, and an rf cavity (faat deflector) covered between 10 and
100 pa.

The bemllne downstr~am from the accelerators 1s Shown in Fig. 2. First in line are the
three boo noniaochronous, doubly achromatic, bendinu magnets. The magneta bring the eltjc-
tron beam into the optical resonator and, in conjunction with a slit Ryatem, remove un-
desirable low-energy electrons from the beam. Next in the beamlir?e is the wi~gler followod
by the S1OW deflector, fast deflector, diagnostic quadruple, and the 90° spectrometer
magr,@t with its focal-plane quartz screen.
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The diagnostic quadruple served two purposes: First, it permitted adjustment of the
axial position of the electron-beam waist and, as a conseque~ce, optimized eithzr the ver-
tical (time) resolution or horizontal (energy) resolution. Second, the quadruple in-
cr:ased the vertical deflection of the beam at the target screen and provided better ver-
tical (time) resolution.

One of the two vldicons viewing the focal-plane screen had a wide field of view and was
used w+.th the slow deflector. The other camera had a smaller field of view (greater ❑agni-
ficatlon) and, when used with the fast deflector, was operated in the gated mode. lhe
overall resolution of the camera systems was limited by the electron-beam spot size.

A diagram showing how the slow deflector produced a deflection of th,? beam at the foc8l-
plme screen is shown in Fig. 5. The construction of the slow deflector Is discussed in
Ref. 3. The TV image from the slow-deflector monitor cannot be reproduced for publication
with acceptable quality. Therefore, Fig. 6 Is shown as an artist’s reproduction of the
pattern produced on the TV ❑onitor. By taking s cross section through the three-
dimenslonal representation along the energy axis, the electron distribution can be
obtained at the time indicated by Tc on the time axis on Fig. 6a. Without laser oscilla-
tion, the electron distribution had a 2% FWHMenergy spread. When oscillation occurred,
the electron energy distribution was shifted downward and was G’istorted in accordance with
the transfer of energy to the photon beam (Fig. 6b).

For beam conditions optimal for strong laser oscillation (peak micropulse current of
40 A), the energy spectra at the time corresponding to peak laser intensity were plotted
with and without oscillation as in Fig. 7. The data for several sequential macropulses
vere superimposed for this ❑easurement; the low-energy tail of the electron distribution
was removed by a scraper in the 60° achromatic bends. The energy change caused by the
laser oscillation, as well as the reproducibility of the data, Is evident. The measured
extraction efficiency of 1.0 i 0.2% was determined from the shl~t in the average energy
of these two curves.
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Fig. 6a. Display of current density versus
energv and time during a macropulse without
laser oscillation; Tc indicates the time at
which the energy dlstrib(!tion was obtained.

Fig. 5. Schematic view of slow deflector
and quartz screen.
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Fig. 6b. Display of current density versus
energy and time during n macropulse with
l~ser oscillation; Tc indicatea the time at
which the eneray distribution was obtained.
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Fig. ~. Energy distributions with end without
leser oscillation averaged over many mlcropulses.
Six spectra of each kltid are superimposed.

The fast deflector gave the
electron current as a function of
time and energy during lr.divid~al
micropulses. The electron beam was
vertically deflected in the meg-
netic field of an rf resonant cav-
ity driven at the fundamental fre-
quency of the accelerators. Oper -
sting in a manner analogou~ to the
slow deflector, the fast deflector
gave a 3-D representation on the
qu&rtz screen of the electron cur-
rent as a function of both energy
and time except in the picosecond
rsnge. The ❑icrochannel-plate-
lntensifisd vidicon was gated to
L.eh either a sing;.e or 8rOUP of
micropulses at any time during the
100-us ❑acropulse. The construc-
tion details for the fast deflec-
tor are given in Ref. 3.

An arrist’s reproduction of the
thres-dimensional micropulse pres-
entation on the fast-deflecror mon-
itor is shown in Fig. 8a. The cur-
rent density is indicated by the
shading. The dashed line traces the
crest of the current distribution.
The curve follows the variations of
the accelerator field and approxi-
mates c cosine function. It iS.
tiowever. double valued in time.
The rotation of the cosine functicn
is a consequence of the nonisochro-
riism of the 60= achromatic bends.

tilgtier energy electrons bend less and so take less time to traverse the bends. Thus, the
energy-time curve differs before and after the 60° bends. This difference is manifested
by a horizontal shift of the time axis to later times by 26 ps for every 1% of energy drop.

Laser oscillation will occur only when the electron current is sufficient to provide
adequate gain. Therefcre. energy extraction in the micropulse will only occur for those
electrons that have a current above a threshold value determined by the optical cavity
losses. This condition is evident in Fig. 8b where oscillatim coincided with the peak
of the electron density. only those electrons at the peak were dispersed toward lower
energies. Tt,e dispersed low-energy tail was not rotared toward later time as were the
early ar.d late tails 1s ttie primary distribution because the energy extraction occurred
ifi the wlggler,which was downstream from Zhe nonisochronous 60” bends.

A cross section was made ac time Tc (the peak of the electron density) with and witti-
cut oscillation. In this measurement the FEL was oscillating weakly, and low-energy elec-
trons were not removed by the scraper. A 0.4% energy-extraction efficiency W-S measured

>fi Psj witnin the micropulse-Eor t?ils small Interval (--- The extractio~ ‘efficiency fur
tfie whole micropulse was C.2%.

The tempsral pulse share (that 1s, cuzrent versus time) of a micropulse was measured
using the fast deflectrjr. An integration of the distribtirion over energy results in a dis-
tribution of electro,~ current as a function of time. The correct temporal profiie was ob-
tained by measuririg the pulse shape with the fast deflector off and deconvolving the pulse
duratiGn ~shown in Fig. 91 of 36 PS (I%IHM). Performing the same operation on the dispersed
tail present duril~g Oscillation ahowed that only the electror,s in the central 20 ps [or
less) of the pulse contributes tc oscillation. An improvement in the time resolution will
be required tc accurately meas~re the duration of oscillation in future experiments.

Optical P?easurements

The optical measurements ar~ qddressed in the following order small-signal
en~tgy and power output. cavity-length derunlng.

Rain,
Raman aidebands. oprical harmoni~sm

wavelengtri tuning. and spatial beam quality.
The small-signal gain dspenda strongly on the peak electron current, and maximum values

of 15 and 60% were ❑easured for respective peak currents of 30 and 5@ A. Representative
data of the grOWth from incoherent apont~neous emission to exponential gain are shown In
Fig. 10. For thin case. a small-signal gain of lj5% was measured by a Hg.Ge photodetector
(after correcting for detector nonlinearities).
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Fig. 8a. Display of current density versus
energy and time in a micropulse without
laser oscillation; Tc indicates the time
at which the energy distribution was
obtained.
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Fig. 8b. Displa, of current density versus
energy and time in a micropulse with laser
oscillation; T~ indicates the time at which
the ener8y dis~rtbution was obtained.

Fig. 10. Exponential rise of the optical
micropulse energy frcm spontaneous emission
en route to saturation. A net small-signal
energy gain of 34% per cavity round trip is

repzesectecl.

The results of the energy and power raeusuruments ure summarized in Table 11. The to+al
optical ●nergy lntearated over a ❑acrop”Jlse was measured t.sing a Scjentech calorimeter,
supplemented by a Gentec pyroelectric energy meter. Using the Initial elertron-beam power
(calculated from ti?? measured beam current and energy) the oPticel mea~uremmts 6ave, for
● V% output coupler, an energy-extrnctlon efficiency of 0.6%; however, no corresponding
measurements of energy extraction from the electron beam were made for this case. For a
nomlna: 0.25% coupler, the optical measurements gave an ener8y’ -extraction efficiency of
1.1 * 0.1%. This result is tc be compared with the energy-extraction afficienc~ of
1.0 i 0.2% m~usdred directly by the electron spectrometer.



TABLE I I

BEST OSCILLATION RESULTS FOR 30- AND 40-A PEAK CURRENTS

Output coupler transmittance (%)a

Power decay rate from optjcal

?4icropulse peak current (s)

Net small-signal energy gain

Duration of lasing macropulse

Average output power (kW)c

Peak output power (HW)c’d

Peak intracavity power (MW)c’d

Extraction efficiency (%)

From la;er energy output:c

cav

%)b
(us

ty (%)

0.25

z1.6

27

5

70

1.3

2

800

1.1 i 0.1

Computed from electron-beam energy

spectrum:e 1.0 * 0.2

Cavity tuning range (urn) 80-100

7

7.5

-40

<40

90

6

10

140

0.6

not measured

55-60

aAverage over the width of the spectral output.

bLess than theoretical predictions because cf the iast-rlslng electroin
energy at the start of the macropulse.

‘Average over the entire optical macropulse.

‘A 30-ps optical pulse assumed for this calculation. Peak powers twice
the values given were predicted for the 1- to 2-ps substructure
associated with the observed spectra.

‘tlaximum value during the macropulse.

A typical cavity-length detuning curve 1s shown in Fig. 11. The saturated optical power
is plotted against cavity length. The zero of the length (horizontal) scale corresponds
to the maximum laser power. The electron energy was selected to obtain essentially con-
stant cavity-mirror reflectance over the entire bandwidth of Eenerated wavelengths.
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Two Raman sp=ctra are present~d in Fig. 12.
Each spectrum is integrated over an ?ntire
macropulse. A minimum spectral width of
u.3% FWHM (Fig. 12a) was obtained wt,en the
laser was forced to oscillate near threshold,
either by cavity detuninfi or reduced electron
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current.- However, frr n~tmal operation (high

: : optical power) the spectral l%fli?l (Fig. 12b).
: < was 2-4%. Significant variations in both the.
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Fig. 11. Resonator cevity-length
dependence. Negative lengths ind
short cavity.
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detur.lng
cate

width and structure occurred shot-to-shot,
caused in part hy electron-bunch phase and
amplitude jitter of the electron beam.

Coherent spontaneous emission at harmonic
wavelengths of the fundamental oscillation
wavelength was due to deviations from sinu-
soidal ❑otion of bunched electrons within the
undulator. The coherent spontaneous emission
was detected using a h18h-reJectlon filter
in front of a sensitive Hg:Ge detector (to
block the fundamental 10.5-um radiation).
The detected signal exhibited the following
properties: In contrast to the gradual expo-
nential decay at the end of a macropulse
characteristic of the fundamental, (Fig. 13),
the filtered optical power exhibited a sudden



FiB. 12b. ?IultipeaR spectrum of the high-
power laser output. characteristic of the
Raman instability, attained with an opti-
mum cavity length (zero detuning). This
oscillogram displays a FUHll of 4% for the
entire spectrum cencered at 10.5 um.

drop after the last current micropulse fol-
lowed by an exponential decay faster than
that of the fundamental; this behavior was
due to the dielectric mirror reflectance at
the second and third harmonics (high reflec-
tance et the third harmonic and very low re-
flectance at the second harmonic). For both
harmonics, the macropulse envelope was mudu-
lated with high-frequency noise (Fig. 14) not
observed on the fundamental macropulse enve-
1ope. Using moderately narrow-band interfer-
ence filters and a Hg:Ge detector, the total
power level of the second and third harmonics
exiting both resonator mirrors was measured
to be -10 5 that of the fundamental.

For
optics
coated
to Osc,
The li[
hole tl

the wavelength tuning experiment. .he
resonator was configured with un-

copper mirrors to enable the resonator
hate over a large spectral bandwidth.
ht was coupled out through an axisl
at transmitted 2.4% at 10.6 um, BY

varying the electron energy, tt?e wavelength
of the laser radiation was tuned continuously
from 9 to 35 MKO. a factor of 4. Direct
detection of the laser radiation over this
bandwidth waa not possible because the Hn:Ge
detector and the ZnSe output window havs
wavelength cutoffs at 16 and 22 wn, respec-
tively. Instead, the presence of longer
wavelength oscillation was inferred by the

following: first, the electron beam uas tuned to ●nergies corresponding to longer wave-
lengths; second, measurement of the electron energy SpeCtrUm showed substantial ener8y ex-
traction over the entire tuning range; third, the detected macropulse envelope had the
power and high-frequancy noise consistent wtth harmonica of the fundamental; fourth, as
the wavelength increased, the total cavity loss decreased (reduced transmlasion through



the OUtput coupler at lower wavelemtha).
Almost no realignment and refocusing of the
electron beam were required to ch~e the
GIGCtrOn-be~ energy by the f8ctOr Of 2 neces-
sary to tune the oscillator from 9 to 35 ~.
With more experience in properly bunching ●nd
transporting a lower energy electron beam
through the 60” bending magnets, we believe
that the tuning range of this system could be
extended to wavelengths approaching 100 wm.

The Strehl ratio (ratio of the focal-plane
axial intensity of the measured beam to an un-
aberrated Gaussian beam with the same diver-
gence at the lens plane) of the optical beam
was measured to be 0.9. The r(sult was inde-
pendent of the magnitude of the Ram.en sideband
instability. This ratio corresponds to a net
phase distortion of kJ20 and could have been
due to imperfections in the cavity mirrors or
external op:ics. The transmitted beam energy
througn a 1.6-mm-diam aperture in the focal
plane was 99%. This transmittance is very
close to the 99.7% theoretical transmittance
c&lculated for a Gaussian beam with the same
spot size.

summary

The recent results of the Los Alamos FEL oscillator experimer,t have been summarized.
The problems discussed at last year’s conference have been resclved, and slfytlficant prog-
ress has been made in understanding operation of our FEL. The most interesting results in
elude small-signal gains up to 60%, electron-energy extraction efficiency of 1.0 i 0.2%,
1O-MU peak output power, 6-kW average power fov a 9Q-Ms macropulse, Strehl ratio of 0.9,
observation of the second and third narrnonics, observation of the Raman sideband instabil-
ity, and tuning of the oscillator wavelength from 9 to 35 UM by varying the electron-bean
energy from 23 to 12 MeV.
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