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Summar

During the past year the Los Alamos free-electron
laser (FEL) oscillator has demonstrated high peak and
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average power (10 MW and 6 kW), broad-wavelength tun-
ability (9-35 um), and near-ideal optical quality

(0.9 Strehl ratio). An electron energy-extraction ef-
ficiency of 1% was measured. The predicted production
of synchrotron sidebands also was observed in the
broadened optical spectrum. As shorter wavelengths and
higher powers are pursued, higher currents with im-
proved beam quality will be required. Advanced injec-
tors and energy-recovery systems are being developed

1o meet these demands.

Introduction

Free-electron lasers are being actively developed
at many Laboratories because of several highly desir-
able properties. These lasers span the wavelength
range from centimeters to tenths of micrometers and
should be continuously tunable over an order of magni-
tude by varying the electron beam energy, the wiggler
wavelength, or both. Recent experiments indicate that
the optical quality is excellent at modest power
levels. FELs are scalable to high average power be-
cause the lasing medium is the electron beam itself and
it is removed from the cavity at nearly the speed of
light, thus avoiding the cooling problems associated
with using solid or gaseous lasing media. Finally, it
appears that FELs can be quite efficient through the
use of tapered wigglers and the recovery of most of the
kinetic energy left in the beam. .

The basic components of an FEL are an electron
beam, an external oscillatory field, and a radiation
field. The external osciliatory field causes the mov-
ing electrons to oscillate ("wiggle") transversely so
that the transverse electric field of the imposed pho-
tons can bunch and decelerate the electrons. The de-
celeration energy of the electrons appears as a coher-
ent enhancement of the radiatjon field.

FELs are configured as amplifiers or oscillators.
An amplifier increases the power of an external radia-
tion source during a single pass through the wiggler.
This configuration is best suited to the high-gain FELs
operating in the Raman (intense current) regime. An
FEL oscillator employs an optical resonator around the
wiggler that allows the radiation field to build up
with time through many synchronous passes with multiple
electron pulses through the wiggler. If the pulse
train is long enough and the small-signal gain (SSG)
is adequate, an FEL oscillator should start up from
spontaneous emission without an externally injected
radiation field.

The remainder of this paper will concentrate on
short-wavelength (<10-um) FEL oscillators operating in
the Compton regime where there has been substantial
progress lately. A recent, excellent review® by
Sprangle and Coffey Tlists most of the FEL experiments
and their wide range of parameters. The status of the
rf-linac-driven FELS has been reviewed recently by
Brau.?

In Fig. 1 we show the basic elements of a Compton-
regime FEL oscillator, which consists of a pulsed beam
of relativistic electrons from an rf linac directed
through a static, periodic, transverse magnetic field
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Fig. 1. The basic elements of a Compton-regime
FEL oscillator: relativistic electron beam,
magnetic wiggler, and optical resonator.

(called a wiggler), and an optical resonator with one
mirror slightly transmitting for output coupling. The
electrons oscillate transversely and emit polarized
radiation at a wavelength Ay determined by the
resonance condition,

Kw 2

— (1 + K7 /2y , M
2

Y
where &, is the wiggler period, v is the electron_en-
ergy in units of its rest mass, and K = ex,B/2mvmc* with
B being the peak magnetic field at the wiggler mid-
plane. The emission from the initial electron pulses
passing through the wiggler is primarily spontaneous.
The precisely spaced mirrors provide a round-trip time
for the light, which matches the period of the electron
bunches. As the captured radiation field increases,
the transverse electric field of the light causes lon-
gitudinal bunching on an optical-wavelength spatial
scale. When the average electron energy is above the
resonant energy defined in Eq. (1), the radiation field
causes a net deceleration accompanied by "stimulated
emission." If the optical gain of the wiggler at low
power Jevels exceeds the mirror and diffraction losses,
there will be a rapid build-up of this stimulated ra-
diation until the power losses (including outcoupling)
equal the power produced.

XS=

FEL Oscillator Experiments

Since the first operation of an FEL oscillator at
Stanford University in 1977,2 FEL theory and simula-
tions have advanced substantially. The introduction
of an accelerator-based description, which led to the
tapered wiggler,2 is resulting in higher efficiencies.
FEL amplifier experiments at Los Alamoss and Math
Sciences/Boeing® have demonstrated 4% efficiencies.

In 1983 and 1984, three oscillators were demon-
strated as shown in Table I. These oscillators used a
conventional linac, a superconducting (sc) linac, a
storage ring, and spanned a wide range of powers and
wavelengths.

The University of Paris/Stanford experiment at
Orsay represents the first operation of a visible wave-
length FEL on a storage ring,? which used a 1.3-m,
permanent-magnet optical-klystron wiggler (containing
magnetic bunching). With a 50-mA ring current, a net
gain per pass of ~0.007 was achieved. The oscilla-
tions grew for 200 us and then stabilized at 2-kW
intracavity peak power during the 1-ns electron
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TABLE 1
SUMMARY OF SHORT-WAVELENGTH FEL OSCILLATORS
Beam
Energy Peak Average
Year Institution Accelerator  {Mev) Wavelength Power Power?
1977 Stanford? sc linac 43 3.4 um 135 kW 5 W
1983 U Paris/Stanford? ACO 160 640-655 nm 60 mW TSuW
1983 TRW/Stanford® sc linac 66 1.6 um T MW BO W
1984 Los Alamos® rf linac 23-11.5  9-35 um 10 MW b kW

3average power during each beam macropulse.

bunches. The primary problem encountered was the deg-
radation of the mirror coatings by the ultraviolet ra-
diation from the ring and wiggler. With such a small
gain, practically any degradation could prevent oscil-
lation build-up.

The TRW/Stanford experiment was performed at Stan-
ford on the superconducting linac,® which represents
the first oscillator with a tapered wiggler. The ac-
celerator was operated at 66 MeV with peak currents
from 0.5 to 2.5 A with very low emittance and small
energy spread. A 5.4-m permanent-magnet wiggler was
used that contained two 0.5-m constant-perijod sections,
a magnetic bunching section, and a 3.2-m adjustable
tapered section. With a 1% taper in vy, a 7% gain per
pass was achieved, reaching saturation in 25 us. The
peak cavity power was 1.2 MW and the average output
power was 80 W at 1.6 pm. The efficiency obtained was
1.1%, which was a factor of 3 greater than the perform-
ance of the wiggler with no taper.

Los Alamos FEL Oscillator Experiment (0SX)

The schematic layout of the Los Alamos FEL oscil-
lator experiment® is shown in Fig. 2, and the typica)
10-um operating parameters are listed in Table II.

The electron gun produces a train of 2000 micropulses,
spaced 46 ns apart, for a macropulse of 100 us. These
micropulses are bunched and accelerated to ~21 MeV.
The train of high-current pulses then passes through
the wiggler, generating spontaneous emission followed
by stimulated emission, which grows exponentially to a
saturated level of optical power.
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7.1300 MHz VERTICAL DEFLECTOR
8. ELECTRON SPECTROMETER

9. OPTICAL RESONATOR MIRRORS
10. OPTICAL DIAGNOSTICS

Fig. 2. FEL block diagram.

The mirrors of the optical resonator were curved
for a stable, fundamental mode of the correct size to
maximize the wiggler's gain. The mirrors were composed
of multiple dielectric layers deposited on ZnSe sub-
strates transparent to visible light. This combination
allowed use of a He-Ne laser for mirror alignment and
alignment of the electron beam with the resonator. The
mirrors were remotely tilted for optimum alignment, and
the end mirror was translated longitudinally to achieve
the correct spacing. A separate He-Ne interferometer
monitored the mirror spacing continuously.

TABLE I1I
FEL OSCILLATOR PARAMETERS

Electron Beam

Electron energy 21 MeV
Acceierator frequency 1.3 GHz
Micropulse width 35 ps
Peak current 40 A
Micropulse repetition time 46.2 ns
Macropulse length 100 us
Energy spread 2% (FWHM)
Emittance 2.5 we-mmemrad
Diameter at waist 2.0 mm
Wigqler
Length 100 cm
Period 2.73 cm
Number of periods n
Gap between magnets 0.88 cm
field strength 0.3 T
Optical
Cavity length 6.92 m
Rayleigh range 63.2 cm
Diameter at waist 2.9 mm
Wavelength 0.5 um
Round-trip Yosses 6.5%
Output coupler 5.1%
Small-signal energy gain 40%
Average output power 6 kW
Peak output power 10 MW
Peak intracavity power 200 Mw

Extraction efficiency 1%
Cavity tuning range

Smali-Signal Gain

The SSG was routinely measured at the beginning of
each lasing experiment using a Hg:Ge photodetector.
The SSG depended strongly on the peak electron current,
and net values up to 60% were recorded for peak cur-
rents up to 50 A. The current required to reach the
lasing threshold was 7 A. Figure 3 shows an example
of the exponential rise with a 34% SSG starting from
incoherent spontaneous emission. The total radiation
growth from spontaneous emission to saturation ranged
between six to seven orders of magnitude.

Fig. 3. Exponential rise of the lasing micropulse en-
ergy from spontaneous emission en route to saturation
at the start of the electron-beam macropulse. A net
small-signal energy gain of 34% per cavity round trip

“is represented.

Output Power and Efficiency

The total energy produced in a train of optical
pulses within a macropulse was measured with an energy
calorimeter for each shot as shown in Fig. 4. The cav-
ity length and axis were tuned for maximum output and
minimum optical losses as determined by the decay time



Fig. 4.

Qutput power for strongly saturated lasing
with 40-A peak current and zero cavity-length detuning.
The temporal envelope follows the current macropulse
with minimal instability caused by energy variations

in the electron beam.

of the optical signal at the end of the electron cur-
rent macropulse. Maximum output was produced with max-
imum peak electron current and large output coupling
from the resonator. With a 40-A peak current and a 5%
output coupler, an output energy in excess of 500 md
was produced within a 90-us pulse train. At 1 pps,
that corresponds to 6 kW of average power over the
macropulse, or 0.5-W average over an hour. Measure-
ments of the temporal shape of individual electron
micropulses yielded a Lorentzian shape with FWHM of 35
+ 5 ps. Assuming a 30-ps optical pulse width during
the high-power tests (low-level beam current in the
temporal wings did not take part in the lasing), a peak
output power of 10 MW was obtained. This peak power
translates to 200 MW of circulating power inside the
resonator when the 5% outcoupling measurements indi-
cated a maximum energy-extraction efficiency of 0.75%.
The extraction efficiency can also be obtained by
comparing the energy distribution at a certain time
during lasing with the distribution at the correspond-
ing time in the macropulse without lasing. The energy
spectra from a number of different macropulses with and
without lasing have been plotted for 40-A peak currents
in Fig. 5. For this measurement, the low-energy tail
of the electron distribution was removed by a scraper
in the 60° achromatic bends. The energy change from
the nonlasing to the lasing condition, as well as the
reproducibility of the data, are evident. The measured
extraction efficiency (1.0 + 0.2%) is determined from
the difference in average energy of these two curves.

Synchrotron Sidebands

Special emphasis was given to the measurement and
interpretation of the optical spectra. As predicted
by Kroll, et al.,!® the spectra generally did not have
a single, narrow peak, but gave abundant evidence of
synchrotron sideband generation observed here for the
first time. Previous spectral measurements in the
Stanford University/TRW FEL experiments did not reveal
features associated with this instability, presumably
becaiLse of their short 3-ps micropulse. In this ex-
periment when the laser was oscillating near threshold,
either by cavity detuning or reduced electron current,
a single spectral peak was observed. The minimum FWHM
integrated over the macropulse measured was 0.3%, which
is a factor of 6 broader than the Fourier transform of
the 30-ps optical pulse. It is possible that some of
the width was due to variation of the wavelength caused
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Fig. 5. Energy distributions with and without
Jasing averaged over many micropulses. Six
spectra of each kind are superimposed.

by electron-energy changes. At higher powers, a richly
structured multiple-peak spectrum was usually observed.
The total FWHM of the spectra often reached 4%. Sig-
nificant variations in the relative heights of the
several peaks often occurred, presumably because of
electron current variations.

Wavelength Tuning

At the end of this year-long series of oscillator
experiments confined to the 9- to 11-um reflectance
band of the multilayer reflectors, a special experiment
was conducted to demonstrate the broad-wavelength tun-
ability inherent to FEL devices. First, the multilayer
reflectors were replaced by uncoated copper mirrors,
with the output mirror having a 1.8-mm-diam axial hole
to couple out the optical radiation (2.4% transmission
at 10 um) extracted from the electron beam. Then, by
varying the electron energy from 23 to 11.5 MeV, the
laser radiation was tuned continuously from 9 to 35 um,
a factor of 4. As the wavelength increased, the total
cavity losses declined because of reduced transmission
through the output coupler, which is consistent with
the larger divergence and beam diameter expected.

Also, over the range in which the fundamental lasing
wavelength was detectable, the SSG was measured and was
found to increase with wavelength as predicted by FEL
theory. With more experience in properly bunching and
transporting a lower energy electron beam through the
60° bending magnets, the tuning range of this system
probably could be extended to wavelengths approaching
100 um.

Spatial Beam Quality

Many applications of high-power lasers require high
intensities on a target surface or throughout a volume
of material. 1t is therefore highly desirable that all
of a laser's output power be focusable to the smallest
possible diameter. Theoretically, this is realizable
with a diffraction-limited beam having a Gaussian in-
tensity profile with no phase distortions. According
to the theoretical analysis of Quimby and Slater'! and
Bhowmik and Cover,'2 the FEL has the potential for
diffraction-limited output with only minimal intra-
cavity aperturing. Indeed, with a low-current electron
beam with extremely small emittance, the Stanford
University/TRW FEL has demonstrated excellent beam
quality, albeit at modest optical power levels.t?
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Measurement of the spatial beam quality of a high-
power FEL oscillator, driven by high-current electron
pulses with correspondingly larger beam emittance, was
one of the major goals of the Los Alamos FEL experi-
ment. An extensive series of tests yielded a quanti-
tative measure of the beam quality in the far fields
after a 1-m focal-length lens. No apertures, other
than the mirror mounts and the 6.6-mm-diam opening at
the entrance of the wiggler, were used for mode con-
trol. The quantitative measure of beam quality was the
Strehl ratio of axial intensities. A Strehl ratio of
unity indicates a perfect, unaberrated heam of Gaussian
intensity profile. Such would correspond to the lowest
order mode of the optical resonator. A series of
measurements was made of the beam spot size as a func-
tion of distance from the lens on both sides of the
focus. An analysis of a least-squares fit to the beam
radii versus distance from the focal plane yielded a
Strehl ratio value of 0.9. This very large value is
consistent with the close resemblance of the focused
beam to a Gaussian. The small deviation from a unity
Streh) ratio, corresponding to a net phase distortion
of n/22, could have been due to interaction with the
electrons or imperfections in the cavity mirrors or
external optics.

Los Alamos FEL Oscillator Improvements

Higher peak currents, improved electron beam qual-
ity, and greater overall efficiency are primary goals
of the Los Alamos FEL program. The oscillator is now
undergoing extensive changes to accomplish these .goals.
The changes include an extensively modified injector,
an rf energy-recovery system, and development of laser-
illuminated photocathode injectors.

Energy-Recovery Experiment (ERX)

The Los Alamos FEL will soon begin a series of ex-
periments to demonstrate improved extraction efficien~
cies and enhanced average power. Higher extraction
efficiencies will be accomplished by injector improve-
ments that should produce peak electron currents ex-
ceeding 100 A with improved emittance. Multipactoring
in one subharmonic buncher and the lack of solenocidal
fields over the first Tinac tank have limited the peak
currents to 50 A with an emittance of 2.5 w-mmemrad.
Simulations of a modified injector system indicate that
peak currents of over 100 A with 1 w-mmemrad should be
achieved. An important feature of the modified design
is the proximity of the fundamental buncher to the
lTinac. Because the gain of the FEL is linearly pro-
portional to the current, the performance should be
improved significantly.

After passing through the FEL, the electron beam
will have more than 90% of its original power and will
still have its microbunch structure. The mix of parti-
cles that were, and were not, captured by the photons'
deceleration bucket introduces several per cent of en-
ergy spread. This spread makes the beam unsuitable for
recirculation through the wiggler. However, the over-
all efficiency of the FEL can be greatly enhanced
through recovery of most of the power in the residual
electron beam. 1t appears that the most efficient
method of recovering the kinetic energy of the beam in
a FEL in this regime is through deceleration in rf-
excited linear accelerator structures. The kinetic
energy is thereby converted into rf power that is used
to accelerate new beam. A conversion efficiency
greater than 99% appears possible. Energy recovery in
an electrostatic accelerator used on the FEL at Santa
Barbara already has been accomplished.4

The ERX will use decelerator structures that are
separate from the accelerator to provide maximum ex-
perimental flexibility. Variable rf bridge couplers
will facilitate the rf power transfer over a wide

range of deceleration values.!S The ERX parameters

are listed in Table III and its layout is shown sche-
matically in Fig. 6. The major new systems added to
the oscillator experiment are an isochronous return
beamline, two side-coupled decelerator tanks, and two
variable bridge couplers. Each accelerator/decelerator
pair is excited by a common klystron with gradient ra-
tios determined by the bridge coupler. The 180° bend
is mounted on a translation table to adjust the beam
path for the proper decelerating phase angle.

TABLE III
IMPROVED OPERATING PARAMETERS IN ERX

Oscillator
Experiment  ERX

Macropulse Duration (us) 100 100
Micropulse Repetition Rate (MHz) 21.7 108.3
Peak Current (A) 50 100
Average Current (A) 0.05 0.30
Emittance {(w+mm-mrad) 2.5 1
Accelerator Efficiency 0.36 0.74
Deceleration (MeV) 0 18
Copper Losses (MW) 2.7 4.5
Beam Power (MW) 1.0 6.0
Recovered Power (MW) 0 4.6
Efficiency Improvement 1 1.5
Optical Power (kW) [ >50
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Fig. &. Layout of FEL oscillator with energy recovery.

The injector will be operated at 108 MHz in the
second phase of ERX to improve the overall efficiency
enhancement by nearly 50%. One of the most important
considerations in achieving large enhancements is at-
taining high average beam power relative to the copper
Tosses of the structures. It is possible to use the
accelerator itself simultaneously to decelerate elec-
trons and thereby eliminate the losses associated with
a separate decelerator. However, this method is less
flexible and is more prone to break-up instabilities
at high electron-beam currents.

Advanced Injectors

Most of the emittance growth in conventional elec-
tron 1inacs occurs during the bunching and acceleration
to relativistic energy (a few MeV). For bunches with
several nanocoulombs, the growth in the normalized
transverse emittance usually is more than an order of
magnitude above the gun emittance. High-current
optical-wavelength FELsS will require normalized emit-
tances smaller than 40 =+ mmemrad—-most of the conven-
tional injector emittance growth must be avoided.

At Los Alamos, an experimental program is under way
to develop injectors with high current-density photo-
cathodes that can be operated in high-field rf cavities



and frontally illuminated with mode-locked short-pulse
lasers.1s The already short bunches will be acceler-
ated guickly in the rf cavity, which is the first cell
of the injector. Photocathodes such as GaAs and Cs3Sb
are being investigated and are capable of current den-
sities exceeding 250 A/cmé with modest laser i1lumi-
nation.*? Present simulations indicate that 1-A
average current with a normalized emittance less than
20 wemmemrad may be achieved with this type of in-
jector. The demonstration of a reliable injector of
this type is expected within the next two years at Los
Alamos.

Conclusions

The Los Alamos experiments have demonstrated that
FELs are capable of their expected attributes: good
efficiency, broad wavelength tunability, excellent op-
tical quality, and high peak power. During the next
year, the improvements to the Los Alamos FEL should
result in even better and more reliable performance,
as well as demonstrating a technique for achieving very
high efficiencies in high average-power free-electron
lasers.
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