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This Letter reports the observation in back-
ward stimulated Raman scattering of short puls-
es of Stokes radiation having a peak power one
order of magnitude higher than the incident
laser pump power. Direct observation shows
the pulses to have a duration ~3 X107 gec (~1
cm). This effect has been observed most strong-
ly in carbon disulfide. Previous studies!™ of
backward stimulated Raman scattering have
reported the time-average backward Stokes
power equal to or less than the forward power,
both being a small fraction of the incident la-
ser power. The intense pulses observed in this
work are shown to be analogous to the sharp-
ened wave fronts which arise in propagation
through an amplifying medium having an invert-
ed population.®™* In forward-traveling wave-
stimulated Raman gain, pulse generation is
prevented by pump saturation. A given travel-
ing volume element of Stokes wave has access
only to pump energy stored in approximately
the same volume, since both waves travel at
about the same velocity. In backward wave
gain, on the other hand, the leading edge of
the Stokes wave can extract pump energy stored
throughout the amplifying region, attaining a
transient peak power far in excess of the pump
power. Because of the large available gain and

suitable initiation conditions, the stimulated
Raman effect may provide a generally useful
source of highly intense picosecond light pulses.
Our experimental arrangement is shown in
Fig. 1. The pump source is a @-switched ruby
laser having a nearly diffraction-limited angu-
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FIG. 1. Right: (A) Incident laser pulse; (B) reflect-
ed Raman Stokes plus Brillouin light; filters in front
of the photodiode favor the Raman-Stokes light by a
factor of 3; (C) reflected Raman~Stokes light only.

(20 nsec per division.) Left: Schematic of the experi-
mental arrangement to measure the length of the Ra-
man spikes.
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lar divergence of 5x10~* rad, peak power of
1.4 MW, and pulse duration of 12 nsec. The
laser beam passes through a 3X inverted tele-
scope into a 30-cm cell of carbon disulfide.

The 4.3-m separation of the laser and the cell
was adequate to eliminate multiple pulses of
amplified Brillouin light. The incident, reflect-
ed, and transmitted light signals were measured
with photodiodes and Tektronix 519 oscilloscopes,
the over-all detection systems having a rise
time of ~0.5 nsec. Figure 1 shows oscilloscope
traces of the incident laser light (4), the re-
flected Stokes plus Brillouin light (B), and the
reflected Stokes light only (C).

The backward (reflected) Raman-Stokes com-
ponent appears reproducibly as a single pulse
occurring several nanoseconds after the begin-
ning of the laser pulse, with a width <1 nsec
and a sufficiently high energy to produce ring-
ing of the detection system. The apparent peak
Stokes power of 5x10° W is ~2 times the instan-
taneous laser power and represents a lower
limit to the true peak value. The forward Stokes
component consists typically of 5-10 irregular
spikes of duration 1 nsec or less, similar to
those previously reported.!'>!? The apparent
peak power in the forward direction is of the
order of 1% of the peak laser power. Near-
field photographs of the exit cell surface showed
that the forward Stokes light occurs primarily
in filaments, in agreement with Refs. 11 and
12 and Garmire, Chiao, and Townes.!* On the
other hand, almost all of the intense reflect-
ed Stokes pulse is emitted from a roughly uni-
form broad area of diameter 0.7 mm coincid-
ing with the area illuminated by the incident
laser beam. The frequency shift of the back-
ward emission is 6.5x10% cm™?, in agreement
with previous observations.

The backward Stokes pulse is immediately
followed by (or is coincident with) the abrupt
onset of stimulated Brillouin scattering, which
reaches a peak value of 929 of the incident
laser power, and continues throughout most
of the laser pulse.!

Direct measurements of the Stokes pulse du-
ration were made with the intensity autocorre-
lation technique'® shown in Fig. 1. The back-
ward Stokes pulse I(¢) is divided at the beam
splitter into two components (1, 2) which, after
undergoing a variable differential optical de-
lay time 7, are subsequently recombined in
a crystal of potassium dihydrogen phosphate
(KDP) oriented to allow phase-unmatched sec-
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ond harmonic generation. In our experiments
the time delay 7 was provided by suitable com-
binations of glass plates and liquid cells. The
coincidence photomultiplier detects the harmon-
ic-beam component having propagation vector
K, +k, and therefore provides an integrated
signal J(7) proportional to fl(t)l(t+'r)dt. The
pulse duration was taken to be the value of 7

for which J(7)/J(0) =0.5. From several sets

of measurements the average Stokes pulse du-
ration was found to be 74 =3 X107 sec. The
time resolution of the experiment, determined
by the beam and crystal geometry, was 1 x10™1
sec. From an independent measurement of

the pulse energy, 2x107*J, the peak pulse
power is estimated to be 3 MW, or nine times
the instantaneous laser power. The observed
pulse energy represents about 1/5 the maxi-
mum available energy stored in the total cell
length.

In an independent experiment, 74 was esti-
mated from relative energy measurements of
second harmonic light generated from the Stokes
and Brillouin pulse (Tg=1X107° sec).’* The
energy ratio of the fundamental pulses, which
had equal geometrical cross sections, was
E,(Stokes)/E,(Brillouin) =0.012; for the harmon-
ic pulses, £,(Stokes)/E,(Brillouin)=0.03. If
one assumes similar pulse shapes, these data
lead to an estimate of 74 =5x10"" sec in rea-
sonable agreement with the first experiment.

The initial backward-wave Stokes amplifica-
tion is described by the rate equations

m  on _

ar ¢ o =0cAn, (1)
aA A

Y —C'é?——O'CAn, (2)

where n and A represent the Stokes and laser
photon densities, respectively, propagating
with speed ¢ in the +x and —x directions, and

o is the stimulated emission cross section.
The general solution!” of Egs. (1) and (2) shows
the growth of a sharp pulse near the leading
edge of the Stokes wave. Consider the special
case of uniform laser photon density A,, where
the unsaturated gain seen by the leading edge
of the Stokes pulse is 0A,=G cm™!, From a
model in which the initial Stokes wave has lin-
early increasing intensity, the calculated pulse
width at half-maximum intensity (in CS,) is ¢7g
~6.9/RG cm, where RA, is the peak Stokes
photon density, and R>>1. The calculated pulse
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energy is ~(5.2/0) In(2.9R) photons cm™2, From

the values 0=5.2x107"" ¢m?,%® beam diameter
0.7 mm, A;=1.5x10' cm™ at the time of the
pulse, and c¢7¢=5.5x10"" ¢m (in CS,), one cal-
culates from the ratio (pulse energy)/(pulse
width) the power gain R =9 quoted above, and
from the product (gain)X (pulse width) the value
R=16. A third estimate, R =10, follows from
the harmonic generation experiments. The
three independent estimates are consistent to
within the experimental accuracy. The calcu-
lated pulse energy is 3x10™* J, in agreement
with the observed energy.

A probable mechanism for the initiation of
the pulse is the abrupt onset of backward stim-
ulated Stokes emission near the exit cell sur-
face, accompanying the occurrence of laser
self-focusing in that region. In measurements
of the dependence on cell length of the laser
threshold power for pulse formation, it was,
in fact, found that a plot of (laser threshold
power)'’? versus (cell length) ~! gave a straight
line characteristic of the self-focusing effect,®
a result supporting the above suggestion. A
mechanism contributing to the observed quench-
ing of subsequent backward pulses is the build-
up of intense stimulated Brillouin scattering
following the pulse. Two-photon absorption does
not appear to be important in the present ex-
periments.**

The rate equations are inadequate to describe
pulses of length less than (27ap)™*=5x10"2
cm, where AV=3 cm™! is the full width of the
spontaneous Raman line. Such pulses may oc-
cur with longer cells and improved geometry.
The analyses of Wittke and Warter,?® which take
explicit account of the dynamic macroscopic
polarization, can be generalized to describe
stimulated Raman pulses. A preliminary con-
clusion is that pulses of length significantly
narrower than (27AD) ™! can be generated with
a limiting energy of the order of A,/a photons
cm™2, where « is the residual linear absorp-
tion per cm.

Pulses of the type described above may play
a role rather generally in high-gain stimulated
Raman and Brillouin experiments, although the
repetitive occurrence of such short pulses may
not be readily apparent with conventional de-
tectors. Such picosecond light pulses may be
useful in nonlinear optical experiments and oth-
er applications. Since the occurrence of a back-
ward pulse momentarily exhausts the laser pump
light, this effect may contribute to the insta-
bility of self-trapped filaments and to the ir-

regular nanosecond spiking observed in stim-
ulated Raman scattering.!»1?

The authors are indebted to Mr. W. Rother
and Mr. M. Stanka for valuable technical as-
sistance.
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