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Los Alamos, New Mexico 87545

Abstract

An FEL oscillator has been operatsd at wavelengths between 9 and
1] vm with a pea' intracavity power of about 20 MW and an average
output power of 1 kW in 70-us pulses. We present the design parameters
and operating characteristics. We report measurements of spontzneous
emission, satart-up of oscillations, and signal growth through ~9
orders of magnitule 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 Alamos Free-Electron laser (FEL) recently has achieved oscillation in the spec-
tral renge from 9 to ll um. The maximum in-cavity power was sbout 30 MA, while the peax
and average extracted powers were 1 MW and 1 kW, respectively. These power levels and
tuning range 011 cxcsf% previously reported values. 1In contrast with the FEL oscillators
operated a:t Stanford and L.U.R.E., (Orsay),”? the Los Alamoe FEL has a short wiggler
(1 m), operates at a high peak current (25 A), and employs a conventional rf lineat accel-
erator rather than a supercrnducting structure or a storage ting. In the following sec-
tions, firdt we briefly review the operation of the accelerator ard beamline. For a more
complete discussion of the accelerator and its peripheral eguipment we refer the reader to
earlier publications.d: The remainder of this paper is devoted toc the optical results
to vhich we cumpare our theoretical predictiona.

Accelerator

The major characteristics and parameters of the FEL oscillator system are listea 1n
Table I; a plan view including the major components o! the accelerator, the ~iggler, angd
the optical cavity is shown in Fig. 1. The electron gun (Fig. 1, left side) produces a
train of 2000 micropulses, spaced 46 ns apact, with a total duration of about 100 us.
This train of 2000 pulses, called the macropulse, passes through the wiggle: fjenerating
spontaneous emission nd, 1if conditions are right, stimulated emission, which grows
exponentially to a saturated leve: of optical power. Sach mic. pulse is emitted from the
gun as a 2-A pulse zsbout 3 ns lony.
Because the optical gain in the wiy-

T T T e e L e - gler increases rtrongly with current,
—re - ——— J— el . wa have provided three bunchers® in
ouN the beamline to transform the micro-

'1.,7( , "tﬂﬂ“r"l*-r, pulses into shorter pulses with
Y BUNCHER higher currents. The first two sun-

“/ " 'lMLtl\z( harmonic bunchers were not used fot
ICHER the lnluntl oxporimcnn reported here
because of technical problew. The

fcceLenarons \, P "' e RRORS combination of the final fundamental

cmm Lo ue buncher and accelerator served to

— —_—— T ' achieve a moderate (X10) bunching so
—_——— e —— that the peak micropulse current
reached +25 A. Without the subhar-

Fig. 1. 8chematic of Los Alamos FEL oscillator monic bunchers, howevur, each micro-
system, pulse wap complex, including a famly

*Work performed for Defenae Advanced Research Projects Agency under the auspices of the US
Department of Energy.



TABLE 1

FEL OSCILLATOR PARAMETERS

Wiggler
Length 100 cm
Period 2.73 cm
Gap between magnets 0.88 cm
FielA strength 0.31 7T
Optical
Cavity length 6.92 m
Rayleigh range 63.2 ¢cm
Diameter at waist 2.8 mm
Wavelength 9-11 um
Round-trip losses 3.3%
Output couples 3.0%
Electron Beam
Electron energy 20-23 MeV

Accelerator Fregquency 1.3 GHz

Micropulse width, estimated 30 ps

Peak current, estimated 25 A
Micropulse repetition time 46.15 ns
Macropulse length 100 us
Energy spread ~2%  (FWHM)
Emittance A2r mmemrad
Diameter at waist 2.0 mm

of about five components (as shown in Fig. 2),
each of which could oscillate independently of
the others. These components are separated by
0.77 ns and appear to be about 0.5 ns wide.
Their widths are actually much 1less, about
30 ps, but are broadened by the limited fre-
quency response of the current monitor and os-
cilloscope. There are several dizadvantages
with this kind of micropulse, for 2xample,
lower peak currents and grerter beam loading
of the accelerator. However, some advantages
resulted: 4in particular, the opportunity to
examine the onset and saturation of oscilla-
tion for the different members of the family
under identical conditions except for the
difference in current.

accCelerator is di-
esch with smeparate
The acceler-

As shown in Fig. 1, the
vided into two sections,
control of amplitude and phase.
ator is required to capture the charge pro-
vided the buncher, to accelerate the charge
to about 20 MeV without significant loss, to
provide a small energy-spread «nd emittance,
and to accomplish all this without signifi-
cant deviation during the 2000 micropulses in
a macropulse, Our measurements showed that
that these qgoals wer. accomplished. About
one-third of the charge leaving the gqun
reached the wiggler, a part being rejected at
the accelerator's entrance and another part
being purposely rejected at the scrapwr of
Fig. 1 because of {its low energy. Electron
beam measurements also {indicated that the
energy spread was about 2% FWHM, with
a transverse emittance of 2n mmemrad.
Figure 3} shows a measurement of beam energy

versus time during the macropulse. Tnis
display was produced by the slow aeilec-
tor and energdy spectrometer combination?
of Fig, 1. VFigure 3 shows that the peak
enerQqy and energy spread remained rela-
tively constant during the 100-us macro-
pulse, except for a short-lived transient
at its beginning.
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Fig. 2. Electron-curtent micropulse
oscillogram revealing its multicompo-
nent structure. Horizontal scale:
1l ns/cm; vertica) scale:r 0.5 A/cm.
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Fig. 1.
tempuora)

Electro) spectrometer maaiure of

cfependence of energy spread
during & macropulse. The bright horizen-
tal lina is an artifact caused by “he
fluorescent screen design. GBome distor-
tion of the e¢neiqQy dastribution was pro-
duced by the TV screening system,



Of even more concern than energdy spread and emittance is the regularity of the arrival
time of the micropulses at the wiggle.. 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 fixea
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.

wWiggler
A l-m-long, permanent-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 identical to
that used in previous studies.

Optical System

The optical cavity was about 6.9 m long with a round-trip time tor optical pulses march-
ing the electron micropulse separation of 46.15 ns. 1Its two mirrors are curved to torm a
scable 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 2nSe substrates transparent to v.sible
light. This ccmbination allowed use of a HeNe laser beam for mirror alignment. The re-
spective reflectances of the end mirror and output coupler weres 99.7 ani 97.0%.

The mirrors were remotely tilted for optimum alignment, and one mirror was tianclatea
longitudinally to achieve the correct spacing. The correct alignnent was determined with
an interferometer technigque using a HelNe laser. This laser also was used to align tneg
electron beam on the axes of the wiggier and optical cavi‘y as previously describea. %2
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 COj-laser pulse through the end mirror and monitored the output through the output
mirror as the pulse reflected back and forth between the mirrors. Figure 4 shows an
example of the measured output. Two interesting features are evident: tfirst, the pulse
decayed exponentially, indicating the expected round-trip cavity loss of 3%. Secoid, the
pulse decay was strongly amplitude modulated with a pericd about eight times the pulse
spacing. This modulation was caused by a slight off-axis injection of the CO- pulse.
An off-axis pulse of this kind will "walk" tranversely across the faces of the mirrors,
oscillating around their common axis with a period that we calculate to be ¢ight round
trips--in agreement with the observations. Our optical dJestector obviously was sensi‘.ive
to the position of the walking pulse.

The injected CO,; pulse also was used to
measure the cavity length by adding the
signal shown in Fig, 4 to a 108-MHz gaine
wave, a submultiple of the 1l.3-GHz frequen-
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cavity length was adjusted with a
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evidence of stimulated cm ssion.
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Our most sensitive optical detector was
a mercury~-doped, liquid helium=cooled
germanium detector connected through two
$-GHz amplifiers in series to a 1-GHz
Fig. 4, Temporal decay of 10.6-um energy at oscilloscope display (Tektronix 7104).

the output of the oscillator cavity. The This detector was used directly to view
periodic atructure resulted from slight off- the spontaneous emission from the electron
axis injection of a aingle 1-ns COp-laser beam and, with attenuators and tilters of

pulea. various kinds, to monitor the growing and
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rig. 5. Supeyiposition of the decaying COj;-
laser pulse exiting the oscillator cavity
and the 108-MHz accelerator master oscilla-
tor.

saturated stimulated emission at 10 um, as
well as various harmonics of 10 um. Fig-
ure 6 shows the spountaneous emission mea-
sured near the end of the 100-us macropulse.
It shows a short train of pulses produced by
the beam and afterwards, an exponentially
decaving train of echoes. 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 casvity losses in this
way before attempting to find the correct
cavity length.

As the correct length was approachead,
sporadic bursts of oscillaticn were ob-
served. Figure 7 shows spontaneous emis-
sion 0oan a compressed time gcale where the
whole macropulse is displayed. Clearly
shown within the macropulse is an interval
of temporary oscillation. When the cavity
length was finally optimized, oscillation
occurred during the whole macropulcze, and
saturation was gtablilhed within 10- 0 us
at power levels 107 times above spontanecus
emission. Figure 8 cgchows an example of the
measurements we obtained. Superimposed on

ig. 8 is shown the optical power that theo-

retically would develop if the optical gain were 4, 8, and 16%.
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Fig., 6. Temporal decay of 10-um spontaneous

emission from the oscillator cavity ariter
the end of the macropulse of current.
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Fig. 7. Spontaneous 10-ym emission during
the macropulse of current revealing the
threshold for stimulated emissjion.

Clearly, the observed be-

havior agrees qualitatively with these curves in time to saturation and saturated power,

but disagrees markedly in uniformity of the saturated power.

discussed further relow.

This discrepancy w'll ope

During the sarly-growch stage of the emission, the optical gain fluctuates widely in the

Zanner noted above for the saturated power.
served during this stage.

transmission through the output mirror,

of 20N\,

Figure 9 s.ows the maximum growth we have Ob-
Th:s growth corresponds t. a net growth of 178 per pass and a
qross value (including the cavity loss of 3\)
a2 lower rate, of some memhers of the micropulse family that had lower current.
iny end of a saturated macropulse of optical pulses is shown in Fig, 10,
decay of pulse amplitude clearly reveals the 3V cavity loss,

Figure 9 also shows the growth, at
The trail-
The exponential
caused almost entirely by
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Fig. 8. Temporal variation of stimulat-
ed emission output power near saturation
for the several micropulse~-current compo-
nents, Theoretical curves are plotted
for comparison. Accuracy of the vertical
pow~r scale is within *25%,

Fig. 10. Temporal decay of l0-.an energy/ at
the oscillator exit after the end of the
macropulse of current.
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cillation for the several micropulse-
current components.

Fig. 11. Spatial profile (1-D) of the tem-
porally integiated laser output. Bezm dian-
eter at l/e¢ level is 15.5 mm,

Two important properties of a laser beam are its mocle guality and its spectral harmonic
content, Measurements were made of the spatial profile of cur extracted laser beanm,
Fig., 11, using a multielement pyroelectric array, from which we deterinined that tha beam
was composed mainly of the fundamental Gaussian mode. When we purposely tipped the cavity
mirrors, however, we stimulated the walking motion of the optical beam discuvssed above.
This behavior can be described as the generation of a mixture of the two lowest order cav-
ity modes. Figure 12 is an oscillogram, like Fig. 10, of the trailing ond of a macropulse
showing an amplitude modulation that results from this walking motion.

The second and third harmonics of 10 um were observed as well during oscillations.
Besides their different wavelengths, they were characterized by ditferent decay behavior
in the cavity. Multilayer mirrors composed of quarter-wave-thick films like ours reflect
strongly only at odd harmonics of their design wavelength. Thus, the third harmonic
gererated during oscillation ‘e trapred within the cavity and leaks out slowly, like tne
fundamentul, but at a differe t rate. In contrast, the second harmonic is not trapped



within the cavity but dies immediately when the
electron beam is turned off. We have obpserved
both behaviors: a 154/pass loss for tne thirgd
harmonic and instantaneous extinction for «th:
second harmonic.
, The high reflectivity region of our mirrors
i b{.ﬂ. A, ex;ends from 9 ¢o 11 um, Oscillation within
#'"fuy &* this range was accomplished ezsily by varying the

) g ”v* v electron beam energy by #5%.
n - &
| I,.’-HS{

Theoretical Comparison

A comparison of theory with experiment 18 comp-
licated by the irregularity of the gain with time
and by our lack of knowledge concerning the Sshapge
and peak current of the electron beam in the wig-

. ,. 11" ’h\:
'"Jq"uﬂ--*wnvvq,@-- ; gler. We assune that the current pulse is Gaus-

; ] sian in shape and 30 ps wide. With these assump-
tiona, our peak current was about 25 A. \we will
test this ahape-ASSumptyon later with tne help

Fig. 12. Postlasing temporal decay of of the fast deflector. However, pre’imina.y
10-um energy at the oscillator exit calculations show that for this peak current, for
when cavity mirrors were intentionally an- energy spread of 2¢, and for an emittance of
misaligned. 2r mmemrad, the small signal gain should be lés

and should have saturation characteristics as

shown in the curve labeled "164" of Fig. 8. Tne
maximum, measured small-signal gain (see Fig. 9) was 208, in good agreement with tris
theory. The approximate magnitude, as well as the fluctuations in the saturation characl-
teristics shown in Fig. B, is in qualitative agreement with this as well as a second calcu-
lation in which we assumed that the phase of the accelerator was modulated sinusoidally
around the correct phase w.th a period of 10 us and an amplitude of 5°. This modulation
gsimulates a real, more random, modulation that we believe is causec by phase noise 1n our
master oscillator.

Another i{mportant feature of our experimental results, which has been compared with
theqry, is the spatial profile of the light palse. The measurod widths at the 1l/e and
1/e¢ points were 11.5 and 15.5 mm in both the x- and y-directions. The ratic of these
widths, 1.35, ig8 in guod agreement with 1.414, the theoretical value for a Gaussian shape.
The absolute values agree with the theoretical wiichs within better than 108, but at the
present time this comparison cannot be made more precise without a better knowledge of the
wavelength generatcd in this first series.

Summar

This paper ims a report of our initia)l experimental results that must yet be augmentea
by some crucial information, that is, spectral data. These dats are also plagued with gain
fluctuations that we believe to be associated with phase errors 1n our master oacillator.
The FEL oscillators operated at Stanford and L.U.R.E. escaped this noise problem because
of the special features of superconducting accelerators and storage rings, respectively.
We are now attempting to identify and correct our problem. Within these limitations, our
results are in good agreement with theoretical predictions ard no anomalous behavior has
been otserved.
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