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A HIGH-POWER, FREE-ELECTRON LASER BASED ON
STIMULATED RAMAN BACKSCATTERING

A tunable, submillimeter laser oscillator, based on a compara-
tively new principle independent of atomic transitions, is reported
operating at megawatt power levels., The mechanism, referred to as
stimulated Raman backscattering, involves the interaction of an
intense relativistic electron beam (25 kA, 12 MeV) with a spatially
rippled magnetic fieldl (period Re ™ 8 mm). Unlike the "Ubitron,"2
a non-relativistic device, the output radiation is Doppler-shifted
to a wavelength much shorter thean "o' Furthermore, unlike the
spontaneous radiation (Bremsstrahlung) from a low current relativistic
beam in an "undula.tor,"3 this device involves a three-wave parametric
processh'7 in which a scattered electramagnetic wave grows as a
result of the interaction between a pump wave (here, a periodic
magnetostatic ripple in the laboratory frame) and a negative-energy
beam collective mode - in our case, the space charge wave. This
three-wave process clearly distinguishes the present experiment
fram the free electron laser at Stanford University8 which employed
the tenuous beam in a linear accelerator. That experiment, involving
no collective modes, was operated in the Compton regime; the gain was ﬁ
low (i.e.r‘LL« 1 where Ty, is the amplitude growth rate and I'L is c'cimug

the length of the interaction region) and salient laser parameters ——
Note: Manuscript submitted November 13, 1978. S———
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such as gain” and saturated power level” were a strong fuaction of L.
In contrast, the present experiment is in the high-gain regime

T. L > 1 where th'6 and saturated efficiency5 depend only on the

L
intrinsic properties of the electron beam and the ripple amplitude,
but not on finite system length.

The properties of the interaction, a convective1 beam instability,
were first s’cudiedlo"12 in the superradiant mode, where the beam
amplifies noise radiation in a single-pass system, Spectral studies12
of the ecmission show that the scattered frequency appropriate to our

circumstance is

2y g - wp/y
s 1-8

w,

where y = (1 - 52)'%, B = v/c, v is the electron speed along the
magnetic axis and - (hnnez/ymo)%; the density (n) is measured in
the lab frame. The linewidth of the superradiant emission}g which
is greater than 10%, is attributable partly to beam-energy spread
and partly to the dispersive growth rate}3

Feedback of the output signal using a quasi-optical cavity with
two mirrors should improvel the performance, providing that a) excita-
tion of other unstable modes does not occur, that b) the accelerator
pulse length permits several bounces of the radiation in the optical
resonator, and that c) the accelerating voltage remains constant
during that interval. The first requirement is met because
scattering from the cyclotron idler mode is dampedl’ due to the high
beam densities in our experiment. The accelerator we have used

(NRL's VEBAls) only marginally fits the last two requirements: the
2
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pulse remains strong for about 4o nsec, permitting approximately
four passes of radiation, and the voltage unfortunately has a 20 nsec
periodic ripple which ranges between 5-10% of peak energy. Since
xs ~'z°/2y2 one expects the scattered radiation to spread over a

wavelength range:

M g ™ 2 by/y ~ 10-20%
Nevertheless, the coherence of the laser signal is found to be better
by nearly an order of magnitude. Obviously, better results can be
expected from an accelerator specially suited to our requirements.

The experimental configuration is shown in Fig. 1; the cylindrical
shell electron beam (dia. = 4.5 cm; thickness - 1 mm), field emitted
from a graphite cathode, is adiabatically expanded through the 2" 0.D.
drift tube using magnetic field profiling, thereby locating the
electrons within the ray path of a set of plane, polished, adjustable
aluminum mirrors separated by 150 cm. The mirrors, with 0.D. = 5 cm
and I.D. = 1.8 cm, permit about 2% of the intercavity power to be
diffraction-coupled into a lightpipe. The cathode end of the cavity
was unavoidably lossy. The mirrors must be carefully aligned to ; 4
within .O5° with the aid of an optical laser beam so that the
reflected radiation returns through the amplifying medium.

The 4O cm "undulator" is constructed of insulated aiuminum -
rings through which current flows in alternating directions16 with
an 8 mm period. The undulator produces a magnetostatic ripple field
having a radial amplitude (B,) up to 400 G at the radius of the

electron beam.




Figure 2 shows the output signal with the mirrorsaligned (2a) and
misaligned (2b), together with the accelerator voltage (2c). The laser
signal (2a) is not only much stronger than the superradiant signal
(2b) but it is also more regular; it frequently shows a step-structure
with output increasing after a 10 nsec interval which is the cavity
bounce time for the radiation. During the tail of the voltage pulse,
when the beam y has dropped appreciably, the emitted power quickly
decreases implying absorption of cavity power (negative gain) by off-
resonance electrons. (Amplification by the electron beam depends
on the difference between the wavelength of the radiation it would
superradiantly emit and the wavelength of the existing cavity radia-

¢ shows the laser

tion. An analysis using single-electron dynamics
gain depends on the detuning.) After the electron beam shuts off,
the power exponentially declines due to leakage of radiation from
the cavity; we determine the cavity Q =~ 3 from the exponentiation
rate, The output power is 0.1-1.0 MW, implying an intercavity power
level of ~ 10 MW.
Figure 3 shows the dependence of the power on ripple amplitude

for both the superradiant and lasing mode of operation; the output
increases rapidly for the laser as the pump is increased above ~ 80 G

amplitude. Earlier experiment812’16

under superradiant conditions
(travelling-wave amplification) showed that the scattered power is
exponential in field ripple amplitude; the superradiant power in

this experiment (lower curve, Fig. 3) is obviously quite small.




The dependence of the laser output upon the pump as observed here
(upper curve, Fig. 3) is more nearly characteristic of conventional
laser performance.18

Measurement of wavelength and spectral width (Ms/)‘s) were made
with a quasi-optical versionll of a Fabry-Perot interferameter. Two
plane, parallel screen meshes were mounted in the light pipe; the
adjustable gap (d) between the reflectors is measured with a micro-
meter. A crystal detector monitors the incoming power and another
crystal detects the signal transmitted through the Fabry-Perot;
thereby, shot-to-shot power fluctuations are normalized out. The
distance between maxima yields AS/Z and the normalized width of a
maximum yields the spectral width (A S/k g Ad/d) or instrumental
19

resolution,” whichever is greater. The resolution is influenced by
mesh reflectivity (~40%) and parallelism, which contribute to a
limiting resolving power ~50. Shots where the accelerator voltage
was not reproducible were discarded, to remove variations in )
caused by variations of vy.

Figure 4a shows the performance of a Fabry-Perot, of similar
construction to the one used for these laser measurements, using
coherent power fram a 3 mm Klystron. The instrumental width of the
maxima, or the fringe "contrast", is due to a mirror reflectivity
~70% in this example. In Fig. 4b we show data for the Fabry-Perot
pattern of the laser output at the same time in voltage history for

each shot, from which we conclude )‘s = 4OOy. This wavelength is in
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agreement with that given by eq. (1) using y = 3.4 and wp/en = 8 GHz
(obtained from the diode voltage, beam current, and witness plate
measurements). The variation in amplitude of the maxima in Fig. Lb

is caused by slightly missing the optimum resonance location as the
resonantor gap is narrowed mechanically. The radiation from stimulated
backscattering off the cyclotron mode, which should occur at xs ~ 500u
is not found in this system.

In Fig. 4c we show in detail a maximum located at m - 2d/x =~ 20;
it is clear Axs/xs ~ 2%, which is essentially the limit of instrumental
resolution. All measurements shown in Fig. Lb,c were taken during
peak power; the Fabry-Perot pattern was also clearly observed at
an earlier instant when the laser power was half as large; in that
case Axs/xs ~ L,

When the laser mirrors were removed, a measurement of the spectral
linewidth under conditions corresponding to the lower curve in Fig. 3
gave Axs/xs ~ 10%. This result is in agreement with previous measure-
ments of spectral width in this mode of operation}z Thus, a consider-
able improvement in coherence is effected by the addition of
regenerative feedback in the laser cavity, and the linewidth narrows
as power increases, in accord with conventional laser perfornmnce?o

In the superradiant mode of operation (no mirrors, single-pass
gain) it has been found that increasing power output can be
obtained by increasing the pump amplitude; however, this increases
AAS/AB%2’13 The laser cavity configuration provides a signal of

improved coherence as the power increases.
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Finally, the present experiment may be compared with theoretical

N
analyses. The expression for gain in the stimulated Raman regime is 6

rL= [(eex/mc,)2 preLo/hwc?’]% (2)
For the parameters of the present experiment Eq. (2) yields I' L = 1.6;
thus, it is quite plausible that several passes of radiation through
the cavity are necessary and sufficient to pass the lasing threshold.

The theoretical expression for saturated efficiency 185’21

M = wto/in(y-1)e (3)
which is calculated as 4%. The measured 1 megawatt output corresponds
to 0,003% efficiency. Thus, as might be expected with the limited
4O nsec time duration of the electron beam, or as might be deduced

fram Fig. 3, the wave amplification process is far from saturation.

Research supported by AFOSR (Grant F4L4620-75-C-0055) and ONR.
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(a)

e S (b)
(c)

Fig. 2 — (a) The laser signal; (b) signal from the apparatus with
a mirror misaligned; (c) diode voltage, 1.25 MV. The horizontal
axis is time, 20 nsec/div.
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Fig. 3 — Dependence of power output upon pump amplitude (radial
component of ripple field S8;). Upper curve: (x) system lasing; (O)
lower curve, anode mirror removed (superradiant mode).
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Fig. 4 — Fabry-Perot data. (a) Response to a coherent wave at A = 2.8
mm, d ® 5\/2; (b), (c) show the laser signal analyzed by the Fabry-
Perot; (b) shows a wide scan and (c¢) detail under optimum resolving
power = 50). The break in the ahscissa in (b) is due to readjustment
of the apparatus which caused a stepwise motion of Fabry-Perot

carriage.
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