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basis of the one-electron model. ' We suggest
that further work is needed to calculate multi-
electron excitation in the framework of the many-
electron model.

We are very much indebted to Dr. M. Barat and
Dr. V. Sidis for many enlightening and clarifying
discus sions.
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A new effect is demonstrated in which a laser pulse can be made to induce a Kerr effect
only at Raman-shifted frequencies. This permitted the observation of a Raman spectrum
with a single. dye-laser pulse. The pulse power required is a small fraction of that re-
quired to produce stimulated instabilities. The spectral information emerges in a coher-
ent beam, phase matching is not necessary, and spectra can be obtained at any scattering
angle.

Spontaneous Raman scattering has been a pro-
ductive tool for studying the excitations of the
scattering medium. However, low signal levels
have precluded the use of Raman scattering in
short-lived or high-background media such as ex-
plosions, flames, shocks, and sparks. Nonlinear
optical effects, such as the stimulated and in-
verse Raman effects, and coherent anti-Stokes
Raman scattering, have been employed in at-
tempts to increase the effective signal-to-noise
ratio in Haman spectroscopy. ' Each of these
effects has disadvantages that have limited its
usefulness. In this paper we demonstrate a, new

nonlinear optical effect which can produce a com-
plete Raman spectrum in a coherent beam with
high scattering efficiency, without phase-match-
ing requirements, and without a concomitant
background from nonresonant nonlinearities. We
first describe this "Raman-induced Kerr effect"
by several experimental examples, and then out-
line the theory, which suggests useful variations
on our experiments.

In the Raman-induced Kerr effect, a strong po-
larized monochromatic pump beam at frequency
v induces complex, anisotropic changes in the re-
fra, ctive indices experienced by a weak probe
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Fig. l. Apparatus for observing Haman-induced Kerr
effect. Gian polarizer P1 produces probe polarization
el. Gian polarizer P2 and mica X/4 plate produce
pump polarization e2. Probe and pump beams are made
to overlap over a region (-8& 0.1&& 0.1 mm~) in sample
S by mirrors M1 and M2 and a 25-cm focal-length lens
L. Gian analyzer P3 passes polarization e3 into spec-
trometer.
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beam at frequency ~. These changes exhibit res-
onances when! &u —v! is near the frequency of a
Raman-active vibration in the scattering medium.
Being anisotropic, these changes cause the exit-
ing polarized probe beam to be partially trans-
mitted through a polarizer that normally blocks
it. The spectrum of the transmitted probe beam
reflects the spontaneous Raman spectrum.

In Fig. 1 we show the experimental setup with
which we observed the Raman-induced Kerr ef-
fect in several organic liquids by producing a
photographic display of their Raman spectra.
Polarized pump and probe beams (- 30 kW for 8
nsec) were generated by nitrogen-laser-pumped
dye lasers. The linearly polarized probe beam
had a continuous (-800 cm ' wide) spectrum
which enabled us to probe a large portion of the
spectrum with a single pulse. The probe light
exiting from the sample S was viewed through a
"crossed" linear polarizer P3 aligned to block
the probe when the pump beam was off. Figure
2 shows some typical spectra of transmitted
probe beams tuned to different frequency ranges.
In Figs. 2(a) and 2(b) the collinear pump beam
was essentially circularly polarized (- 99%), re-
sulting in Stokes and anti-Stokes spectra with no
observable background transmission. Theory
predicts that transmission at a negative (Stokes)
shift (-w) is the same as at the corresponding
positive (anti-Stokes) shift m; our observations
were consistent with that prediction.

When the probe polarizer (P3 of Fig. 1) was
slightly misaligned, a small fraction of the probe
light was always transmitted. This interfered
with the Raman-induced Kerr effect, as can be
seen in Fig. 2(c). Figure 2(c) also shows that the
"depolarized" (2948 cm ') and the "polarized"

Fig. 2. Spectra taken with ASA-400 film, four pulses
per exposure under polarization conditions described
in text Sam. ples were (a) oyclohexane and (b) —(d) ben-
zene. Asymmetric line shapes result from interfer-
ence as described in the text. Structure appearing in
background transmission in (c) and (d) is from spur-
ious interfering reflections. The frequency of the nar-
row-band pump laser is marked ~l .

(3062 cm ') Raman lines of benzene, whose scat-
tering cross sections differ by more than an or-
der of magnitude, are visible on the same photo-
graph.

When the pump-beam polarization was made
slightly elliptical (- 2%%uo opposite circular), a stim-
ulated background transmission occurred at all
probe frequencies. This nonresonant transmision
arose from the optical Kerr effect,"and inter-
fered with the Raman-induced Kerr effect. The
resulting constructive and destructive interfer-
ence is illustrated in Fig. 2(d). Interference be-
tween neighboring Raman lines also can occur,
as illustrated in Fig. 2(a). The interference phe-
nomena give a more complex spectral profile
than does ordinary Raman scattering.

The laser intensities used were less than those
required to produce observable stimulated Ra-
man scattering, as we verified by an unsuccess-
ful search for stimulated lines with either the
pump or the probe beam blocked. We also failed
to find any pump-induced changes in the probe
beam when the crossed polarizer P 3 was re-
moved. All the foregoing results were predicted
from the following theory.

In the ideal Raman-induced Kerr effect, the
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probe field is weak enough so that the nonlinear
electric polarization density is linear in its am-
plitude and quadratic in the pump field amplitude.
This means that we may study the propagation of
each frequency component of the probe field sep-
arately, superposing the results when, as in our
experiments, a broad-band probe wave is used.
The strong optical pump wave is monochromatic,
so that we may write the ith spatial component of
the total optical field in the medium as Re(F,e '~

+E,e ' '), where F, and E; are the spatially vary-
ing pump and probe field amplitudes. The nonlin-
ear electric polarization density at the probe fre-
quency cu is written conventionally as Re[6c,,»(- cu,

v, —v, ~)F,F„*E,e '"'].' Here as below, repeat-
ed space indices are assumed to be summed, and
esu are used. The frequency arguments here are
implied, if omitted.

To see the effect of this term on the probe
field, we write E, as [e,+s,(r)]E(r)., where e; is
the unperturbed probe polarization (normalized
so that e,*e, = 1) and E(r) is the unperturbed probe
amplitude in the absence of the nonlinear polari-
zation density which causes the small correction
s,.(r) (of order F'). Substituting these forms in
Maxwell's equations, and solving iteratively,
gives the following equation for the correction s,.
at a distance L into the medium along a "stream
line" in the vector field defined by gradE':

s, (L) = (12ziu/. nc) fo dx c,,»F, F~*e, ,
'

where the integral is taken along the stream line.
The linear refractive index is n; the velocity of
light is c.

With this explicit solution for the complex
change in polarization anywhere on the exiting-
probe-beam profile, we can calculate the result
of any Kerr-type measurement on the probe
beam. The results of such a calculation for the
usual nonresonant "optical" Kerr effect are well
known: In an isotropic medium a linearly polar-
ized pump field produces a birefringence for the
probe beam. "' In our observations of the Raman-
induced Kerr effect we could eliminate the non-
resonant background arising from this usual opti-
cal Kerr effect by making the pump beam circu-
larly polarized. To see how this possibility fol-
lows from (1), we must have an expression for
the tensor properties and frequency dependence
of c,,». We will use the Born-Oppenheimer ap-
proximation (BOA) to obtain such an expression
that is both useful for our experimental condi-
tions and related to the Raman-scattering spec-
trum of the isotropic medium. (The BOA as-
sumes that the optical fields produce no electron-
ic transitions; the electrons follow the nuclear
motions adiabatically. ) In the BOA, c,,» may be
expressed in terms of the real bulk electronic
"hyperpolarizability" coefficient o, plus two real,
causal nuclear response functions a(t) and b(t)."
In terms of the Fourier integral transforms A„
and 8 at angular frequency sv of the latter, "'

24c;,„i 5;)5,„(o+2Ao+B )+5;„5;,(o+Bo+B )+'5;,5„((o+Bo+22). (2)

where I(z) is the pump intensity at z along the
probe beam axis. Nonresonant terms proportion-
al to 0' +8 p have canceled out. To see, for exam-
ple, that an isolated Lorentzian Raman resonance
in the sample will cause a Lorentzian resonance
in (2) of the same width and shift, we recall that'

AC o'
(4)

Here, A, =A evaluated at m=0, etc. , and re=-~

The fraction of any probe ray that will be trans-
mitted by a polarizer which passes polarization
f,. (normalized so that f,*f,=1) is

~ f,*s,.~'. There-.
fore (1) and (2) give the fraction of an exiting
probe beam at frequency v+sv that passes through
a crossed linear polarizer on axis. For a circu-
larly polarized pump beam, this fraction is'

i( m2'a&/ 'nc')( A2„B)J,dzI(z)-i',

Here, 'do/ Qdud[em cm ' sr ' (rad/sec) '] is
the differential Raman scattering cross section
per unit volume to scatter photons from polariza-
tion x to polarization y (x,y, z is some Cartesian
system) and from frequency v to v=v+u. We
take (4) to include a companion relation in which
A„and 2o„,—o„,replace 8 and o„„respective-
ly. ' The real parts of A and B„areobtained
from their imaginary parts by the usual Kramers-
Kronig relation. From this it is evident that an
isolated Lorentzian Raman vibration of frequency
seR and half-width y contributes a term propor-
tional to ~so i+@ -mR~ to the transmitted fraction
(3). Furthermore, the spectrum of the Raman-
induced Kerr effect can be predicted from (4) in
(1) and (2) for any frequency dependence of the
Raman cross section, and for arbitrary pump-
and probe-beam polarizations and directions.
For example, the interfering Kerr-effect back-
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ground proportional to 0+8„that was observed
in Fig. 1(d) when the pump beam was elliptically
polarized, is easily calculated.

The Raman-induced Kerr effect we have de-
scribed is closely related to the stimulated and
inverse Raman effects which involve different
tensor elements of c,-,-» but the same frequency
arguments (+ &@,+ v). In the latter effects one ob-
serves stimulated gain or loss in a probe wave, ~"
whereas we have observed a stimulated optical
anisotropy. ' In all these effects, momentum and
energy are conserved for any two frequencies ~
and v, and for any two relative beam angles. By
contrast, the four beams (at three or more fre-
quencies) involved in the coherent anti-Stokes
Raman scattering effect must obey the familiar,
and restrictive, "phase matching" conditions. ~'

In summary, we have found, as theory predict-
ed, ' that the Raman-induced Kerr effect (a) yields
a complete Raman spectrum of a substance in
times on the order of nanoseconds; (b) requires
less laser power than is required for observable
stimulated Raman scattering; (c) can provide
the Raman spectrum in a coherent beam, which
allows spatial filtering of background noise;
(d) gives equivalent spectra at frequencies below
(Stokes) and above (anti-Stokes) the pump frequen-
cy; (e) allows the broad-band background from
the optical Kerr effect to be eliminated by proper
choice of pump polarization; (f) allows interfer-
ence between Raman lines and the optical Kerr
effect, which can be used to calibrate one effect
in terms of the other; and (g) requires no index
matching, and thus can yield a spectrum with the
probe beam at any angle to the pump beam. This
latter capability allows the probing of spectra for

a wide range of scattering wave vectors, and for
a wide range of scattering frequencies at a fixed
scattering direction. Media, like plasmas, in
which phase matching is impossible can be stud-
ied with this effect. The observation of a Raman-
induced optical Kerr effect does not depend on the
the coherence of the probe beam. However,
there are many advantages to using a spatially
coherent probe beam. For example, one can then
eliminate strong background signals due to fluo-
rescence or elastic scattering by spatial filtering.
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Finite-bandwidth effects are investigated by using the random phase approximation.
The conditions of validity are checked by solving exactly a. particular model. It is found
that a finite coherence length for the pump wave can favor the existence of absolute in-
stability.

Problems of laser fusion, plasma heating, and
ionospheric modifications have drawn attention
to the importance of plasma inhomogeneities for
the excitation of parametric instabilities. The

inhomogeneity introduces a wave number mis-
match which depends on the coordinate x. In
many cases this dependence can be approximate-
ly considered as linear. In such cases, it is now
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