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HIGH-EFFICIENCY FREE-ELECTRON LASER RESULTS

K. Boyer, C. A. Brau, B. E. Newnam, W. E. Stein,
R. W. Warren, J. G. Winston, and L. M. Young
Chemistry Division
University of California
Los Alamos National Laboratory
Los Alamos, NM 87545

Abstract

Results obtained with a tapered-wiggler {ree-
electron laser demonstrate the concepts proposed by
Morton for enhanced efficiency and show deceleration
of electrons by as much as 7%, and extraction of more
than 3% of the total electron-beam energy as lager
energy when the laser is operated ss an amplifier.
The experiment is preseotly being reconfigured to ex-
amine its performance as a larer oscillator.

By looking at the frve-electrorn laser as a parti-
cle accelerator working backwards, Morton! realized
that the technijues used ro accelerate particles could
be used to improve the performance of free-electron
lasers. In particular, he predirted the capture of
electrons in "stable-phase" regions, or "buckets" in
the electron phase space, and proposed that by decel-
erating the "buckets", the trapped electrons could be
derelerated to extract significant amounts of their
energy as optical radiation. In fact, since electrons
nat trapped in the stable regions are forever escluded
from them—at least in the adiapatic spproximation—
piz:e=-displacement techniques could also be used to
accelerste or decelerate electrons in a free-electron
lager.

In pasticle accelerators, the buckets are accel-
erated by changing the phase velocity of the rf field
in the waveguide. In free-electron lasers, on the
other hand, the interaction between the electrons and
the (transverse) optical field is wmediated by the
wiggler magnetic field, which makes electrons at the
resonant energy oscillate at the optical frequency, as
shown in Fig. 1. Iu this case the velocity of the
buckets is chenged by varying (tapering) the period of
the wiggler magnets along the length of the wiggler.
In the absence of a prebuncher, only about balf the
electrons f{ind themselves in the stable-phase regions
ot the beginning of the wiggler. These electrons
follow the taper in the resopant eneigy of the wiggler
and form & low energy pesk in the electrom distribu-
tion fuoction at the end of the wiggler. The un-
crapped electrons are actually accelerated slightly
and fors. a second peak slightly above the initial
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¥ig. 1. Bchumitic disgram of the Los Alemos free-

electron laser cxpeviment (AP-1-V0-81483-1).

energy. If the electrons sre injected into the wig-
gler with less than the resonant energy, the empty
buckets pass downward through the electron distribu-
tion function as they decelerate. To conserve phase
apace as the stable-phase regions descead, the phase
space outside the buckets—containing the electrons—
must move up slightly. This is the principle of
"piase-displacement" a. celeration.

To test these predictions, an experiment has been
carried out with a 20-MeV electron beam, as shown in
Fig. 1. The electron beam had an average current of
about 250 mA, an energy spread of 0.5%, an emittance
of 0.5 n mm-mrad, and a pulse length of 5 ns. The CO,
laser had » peak power of 1 GW, operating on a single
longitudinal and transverse mode, with s pulse length
variable from 1 to 10 ns. The wiggler was ! m long
and used SmCog; permanent magnets to create a 0.3-T
field with a period tapered from 2.7 cm at the en-
trancc to 2.4 ca at the exit. Under design operating
conditions with the electrons injected at the rescnant
energy, about half of the electrons are predicted to
bccome trapped in the buckets and be decelerated about
7%.2 The average deceleration under these conditions
is predicted to be more than 3%. As shown in Fiz. 1,
the experimental diagnostics included an electron
spectrometer to measure the energy spectrum of the
electrons leaving the wigzler and an optical detector
to meassure the smplification of the COp laser beam.
Only the results «f the electron spectrometer are dis-
cussed here.

A typical electron spectrum is shown in Fig. 2.
The spectium displays the double-peaked electron-
energy distribution function predicted by theery. The
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Fig. 2. Elactron distridbution functiou at asn input

optical power of 0.75 OV (AP-1-V0=9331).



high-energy peak npear the origical energy contains
those electrons mot trapped in the buckets, while the
low-energ’ peak contains those electrons trapped in
the buckets and decelerated with the taper in the
wiggler period. Agreement with theory is quite good.
For the conditions of this messurement, the trapped
electrons represented about 60% of the total and were
decelerated about 6.5%1. The total extraction (corre-
sponding to the average deceleration of the electrons)
wvas about 3.5% of the initial electron energy. This
is about an order of magnitude larger than has been
obtained in experiments using uniform (untapered)
wvigglers.

As shown in Fig. 3, the average erergy extracted
from the electron beam depended on the initial energy
of the electrons. Maxamum extraction (deceleration)
occurred vhen the electrons entered at tke resonant
cnergy, corresponding to the velocity of the buckets
st the wiggler entrance. However, by .njecting the
electrons at too lc~ an energy, they could be acceler-
sted instead of decelerated, by the principle of phase
displacement. This corresponds, of course, to laser
absorpticn rather than gain.

Figure 4 gshows the saturstion behavior of the
laser amplifier as the input laser power was in-
creased. Since the slope of a line connecting the
origin with a given cata point is propoirtional te the
amplifier gain, it is clear that the seall signal gain
(below about 0.2 GW) was smaller than the saturated
gain (from about 0.2 to 1.0 GW). This is in good
agreement with theoretical predictions. The inflec-
tion point near 0.2 GW is due to the threshold (around
0.1 GW) for the formation of stable-phase regions
(buckets). Since the gain of an oscillator is equal
to the loss when the oscillator reaches saturation,
these results suggest that such a laser might net
start from noise without some external help. Indeed
this will be the case for highly tapered wigglers.
However, in the present experiments the amall-signal
gain at vavelengths slightly shorter than the resonant
value is larger tban the gain st resonance, enough to
exceed the saturated gain. Thus, when oscillator ex-
periments are attempted it is expected that the laser
will start at a slightly shorter wavelength and then
“chirp" downward in frequency to the resonant wave-
length as the oscillator saturates.
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Fig. 3. Averag: emcrgy entraction at an imput opti-
cal pover of 0.75 G (AP-1-V0-9348).
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Fig. 4. Saturation of the free-electron-liser ampli-
fier at an incident electroao-beam energy of
20.9 MeV (AP-1-VG-9226).

At the present time, the experiment is being
reinstalled in s new shielded vasult for operation as
s laser oscillator. For this purpose it is necessary
to provide an optical resonator, and to increase the
peak electron-besm current and macropulse length. The
optical resonator uses & near-concentric design to
focus the laser to a small spot in the wiggler. A
HeNe laser permits alignment to sbout 1 yrad, and an
interferometer is used to contrel the length to about
0.1 pm. A subharmonic buncher is being installed to
increave the useablu peak current to about 50 A. This
is sufficient for & gain ol 10-30% per pass, depending
on the wiggler taper. An emittance lesi than 2 &
mmenrad and an energy spread less than ti% will be
required. To minimize the energy spread, the accel-
erator has been split in%o two sections, which may de
phased with respect to one snother in such a way as to
cancel rhe effects of single-bunch beam loading.* To
give the oscillater time to starl from noise, & new rf
system has been constructed using two Litton L3707
klystrons. These produce sbout 3.5 NV each, in pulses
100 ps long.

In sumsary, the results of laser amplifier saper-
imen*t demvnstrate the principles of tapered wigglers
proposed by Morton! and confirm quantitative theoret-
ical predictions of high extraction efficiency.
Oscillator experiments will bs undertaken to explore
the performance in this mode of operation.
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