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Complete Raman spectra of transparent media are obtained with a single 10-nsec, 10-mJ,
laser pulse by a new spectroscopic technique which exploits resonant behavior of nondegen-
erate four-wave mixing in the phase-conjugate geometry.

To obtain optical Raman (Brillouin, etc.) spectra
of transient media, hot media (above 10~3 K), or
static media exhibiting strong fluorescence, or to ob-
tain spectral resolution of greater than 1 cm™!, one
must generally employ some form of coherent Ra-
man spectroscopy (CRS). The most widely used
CRS techniques employ two coherent sources whose
frequencies are separated by nearly the Raman exci-
tation frequency. These techniques include (1)
stimulated Raman gain (loss) spectroscopy (SRS),' ~°
(2)  coherent anti-Stokes Raman  scattering
(CARS),*~% (3) Raman-induced Kerr effect
(RIKE),*>”? and two-beam interferometry.*”1°

Here we propose and demonstrate a new CRS
technique that also employs coherent sources at only
two frequencies. This is a form of four-wave mix-
ing in which two beams at » and at w —w (or at
® +w) mix with a third beam at o to generate a
fourth beam at @ —w (or at @ +w). The generated
beam is nearly phase conjugate to one of the beams
at . This effect, which we call “Raman-induced
phase conjugation” or RIPC has the following
characteristics. (1) The Raman signal is generated
as a coherent beam which is nearly phase conjugate
to one of the incident beams. (2) Up to 16 indepen-
dent combinations of beam polarizations are possi-
ble. (3) The Raman signal beam is not coincident
with any input beam. (4) Phase matching among
the four beams can be achieved for excitation fre-
quencies in a wide range (many hundreds of cm™!)
for a given beam geometry. (5) Phase matching
among the four beams can also be achieved, for
given beam frequencies, for a wide range of input, or
“image,” beam angles, thus allowing an enhanced
(or altered) phase-conjugate image at Raman reso-
nance. This spatial resolution can be used to
enhance spectral resolution or to focus on a particu-
lar region of the sample. (6) The wave vectors of ex-
citations observed in RIPC are nearly Q2w tw)n/c
where n is the refractive index. (7) If the input beam
containing o tw is broadband, and beam polariza-
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tions are properly adjusted, only Raman-shifted fre-
quencies will be conjugated, and the usual non-
resonant component will be absent. These properties
allow Raman spectra to be recorded with single (~
nsec) pulses. After describing our initial results and
theory, we note how RIPC may be superior to all
other CRS techniques in special situations, such as
for hot, birefringent, and slightly tremulous media.
A typical experimental arrangement for recording
(a large range of) the Raman spectrum with a single
10-nsec pulse by RIPC is shown in Fig. 1. Here a
Raman vibration(s) of frequency w in the medium S
is excited by the simultaneous presence of the mono-
chromatic beam 2 at @ and the spectral component
of the broadband beam 3 that is within a Raman
linewidth of @ —w (or of w+w if the broadband
source is at higher frequency than beam 1). This ex-
citation varies the optical polarizability seen by
monochromatic beam 1 (at ), scattering a portion
of it into beam 4, which becomes the signal at fre-
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FIG. 1. Schematic of apparatus used to observe RIPC.
Incident beams 1, 2, and 3 are polarized by polarizers P1,
P2, and P3. Output signal beam 4 is analyzed by polariz-
er P4. Polarizations are either as shown (relative to the
same plane in S) or modified as described in text. In-
cident beams were focused by lenses L 1 (1-m focal length)
and L2 (30-cm focal length) into the 1-cm long sample
cell S.
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quency o —w whose phase front is nearly conjugate
to that of beam 2 at the cell entrance plane. Some
typical spectrometer traces of beam 4 are shown in
Fig. 2. For these spectra the beams 1 and 2 were
each 10-mJ, 10-nsec pulses from a frequency-
doubled Nd:YAG laser, half of whose output was
used to pump the Rhodamine 6G dye laser which
supplied beam 3 with ~0.1-mJ, 8-nsec pulses of
broadband radiation spanning about 500 cm~'. The
angle 6, between beams 1 and 2 was ~40 mrad.
Phase matching optimized the signal when beam 3
was at an angle of 1 to 3 mrad from the direction
counter to beam 1 (depending on w in the range
1000—3000 cm™!). The observed signal spanning
300 cm ™! in Fig. 2(e) is well within the limit of 500
cm~! set by phase matching. Also within limits is
the image signal of Fig. 3 spanning ~ 30 mrad. The
limits set by phase matching can be estimated as fol-
lows.

Signals fall to half maximum whenever the mag-
nitude Ak of the beam wave-vector mismatch
Ak=k;—k,+k;—k, exceeds either 2.8/L (when
the absorption coefficient a times the interaction
length L is less than 1) or a (when aL > 1). Consid-
er nearly collinear and counterpropagating mono-
chromatic beams at @ and v (~w —w) aligned for
perfect phase match (Ak =0) as in Fig. 1. Then, if

only the angle of the input (image) beam 2 is varied
1

by A6 from the angle 6, made with beam 1, the re-
sulting Ak is (k, =wn, /c, etc.)

Ak ~ | 3ky(ky/ky—1)01,00 | . (1)

For the case of Fig. 3, we expect from (1) that A6
within +20 mrad will preserve phase matching. If,
on the other hand, only the frequency v of the pump
beam 3 is varied by Av around perfect phase match-
ing, one obtains

Ak ~ [ (0% —1+ky/ky)nsAv /e |, )

where 634 is the angle between beams 3 and 4.
From this, we expect in the situation of Fig. 2(e)
that phase matching is achieved for Av/2mc¢ within
the range +200 cm~!. These ranges are one to two
orders of magnitude larger than are available in
CARS spectroscopy.

The strength of the observed lines in Fig. 1 and
the absence of background wave mixing off reso-
nance in Figs. 1(a)—1(d) can be predicted from the
dependence on the optical electric field & (%,7) of
that part 2 ®(,1) of the nonlinear optical polariza-
tion density that is third order in &. In liquids,
gases, and glasses when the Born-Oppenheimer ap-
proximation is valid, i.e., when all optical frequen-
cies are well below the electronic band edge, Z ' i
of the form (with space argument X suppressed)!" 12

= (3) 1 > 2 2 ! 2 t = = o
P =108E N+ B [ _dsalt -8+ [__dsbt—5)8 (1) B ()8 (5) . (3)
T
(a) (d) Here o is a real number measuring the instantaneous
nonlinear electronic response or “hyperpolarizabili-
— _ ty” (that would be present if the nuclei were fixed),
and a(7) and b(7) are nuclear response functions
L | | . . . . .

A w -992 w, describing Raman-active excitations which alter the
w, -{2938, 2923, 2852) optical susceptibility. These “nuclear” terms may be
e thought of as of the linear form X(¢)&(t) but with
(e) X(¢) modulated by nuclear motions (vibration, rota-
tlon, etc.) driven by the interaction potential
— X &(s) at past times.'"'2 In thermal media, the
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FIG. 2. Spectra taken with apparatus of Fig. 1. Sam-
ples S were (a) cyclohexane and (b)—(e) benzene. In
(a)—(d) linear polarizers were fixed as shown in Fig. 1, but
in (e) polarizer P, was rotated clockwise by 6 ~10° from
direction shown. Spectra (d) and (e) were taken with
lower grating order. The cross sections of the three Ra-
man lines in (a) are comparable. The cross sections of the
Raman lines in (b) and (c) are in the ratio 0.01:0.1:1,
respectively. Spectra were recorded on Polaroid 410 film.
From one to ten pulses were used for exposure depending
on line strength.
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FIG. 3. Image replication. Images recorded on Po-
laroid 410 film at open exit slits of spectrometer when
four-hole image plate was inserted adjacent to P2 in Fig.
1. Reference image obtained with plane mirror in place of
cell S. This frequency-shifted replica was obtained with
benzene in cell S and all beams as in Fig. 1. Image sub-
tended 30 mrad at sample.
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response functions a(7) and b(7) are related to the
differential Raman scattering cross sections

d%o;(A)/dQdA

[em~!sr~! (rad/s)~!] which give the probability per
unit length for a photon to scatter from frequency »
to frequency v=w—A per unit (angular) frequency
range per unit solid angle for scattered polarization
either parallel (i =||) or perpendicular (i =1) to the
incident beam polarization. Defining the Fourier
transforms

Ap= fom dta(t)e’®

and similarly for B,, we have'"!?

Boltzmann’s constant times temperature. Because
of the causal nature of a (¢) and b (¢) the real parts of
Ap and B, can be calculated from the imaginary
parts (4) by the usual Kramers-Kronig integrals.''
Given the Raman spectrum of a medium and the
electronic hyperpolarizability o, the nonlinear polar-
ization density (3) is completely determined.

In our experiments & in (3) is essentially the sum
of three incident beams &+ & ,+ & ; which give
rise to a term in the polarization density 9"(_3’ which
generates a fourth phase-conjugate beam &, Our
results can be understood by assuming each beam is
a plane wave:

N
ik "X —iot

?,zReﬁle )

4 dz - 0K X —iv
ImBA=L3——Ul—(1_e—ﬁA/kT) 4) etc._’lf one takes from (3) the part (ReP4el Kax = ‘)
fiwy’ dQ1dA of 2 which generates the signal (phase-conjugate)
12 — _
and a similar relation with 4, and %o” —o0, substi- beam  ome fmgs that k=v—o=—A,
tuted for By and o,, respectively. Here kT i§ Ap=A_p=Ap Ag=As=, etc)
By=1[EE} Ex(0+Bo+24,) + ESE, Byo+Bo+B,) + EsES Ey(0+249+ B, )] F 7 . (5)

With the polarizers arranged as in Fig. 1, the effec-
tive polarization component is

Py =h-P,=(B,—24,)E,E3E+/8 ,

where 4 is a horizontal unit vector. Since B, and
A, are only large near Raman resonances, we ob-
serve in Figs. 2(a)—2(d) narrow lines when A~w
and negligible signal far from resonance. If the
linear polarizer &, is oriented at 7/4+6 from &,
then one finds from (5) that the effective component
of P, is P49 =P4,c0s6 + P,,sinf, where

P4vEl’)\.i54
=(0+Bo+7B,+A4,)E ESE; /4,

and 0 is a unit vertical vector (parallel to &;). Evi-
dent in Py, is the nonresonant (constant) background
term which is observed in Fig. 2(e) to interfere with
the resonant B, and 4, terms when A~w. Since
the output signal intensity is proportional to
| €% -P4|? in general, the details of this interference
can13t>e used to measure the parameters appearing in
(5).

If the incident beams are negligibly disturbed by
the mixing process, the intensity I, of the phase-
conjugate signal can be easily calculated from (5) in
terms of the incident intensities I,, I,, and I5. The
result is often written in the form

I,=B’L,I,1; , (6)

where L is an effective interaction length (equal to

[the cell length in our case) and B is a nonlinear coef-
ficient which depends on all beam polarizations and
the parameters in (5). For example, the magnitudes
of the signals seen in Figs. 2(c) and 2(d) may be es-
timated using the foregoing relations and the mea-
sured values for the 992-cm~! line of benzene:
1.6x 1078 for do);/dQ, 1.2 cm~" for the linewidth,
and 0.02 for al/a“.”’ls These give B~1 cm/GW
at line center. For our beam intensities, this predicts
1,/I,~107>, which is consistent with our observa-
tions.

We summarize the properties of RIPC as a Ra-
man spectroscopic tool by considering the following
task, for which RIPC appears to be better suited
than any other technique. Suppose one wished to
obtain the Raman spectrum of a crystal in a phase
that only exists at temperatures (> 10* K) that are
too high for spontaneous Raman spectra to be visi-
ble in the thermal background.'®!” Suppose further
that the dispersion of the refractive index is un-
known so that the CARS signal could not be ob-
tained without a very tedious search for the phase-
matching angle. Suppose also that the crystal is
birefringent. Then a probe beam having comparable
ordinary and extraordinary components (necessary
for RIKE) cannot be nulled by any practical polariz-
er to better than ~1%. This would make RIKE in-
sensitive to any but the strongest Raman lines. Sup-
pose further that the hot crystal is undergoing tem-
perature fluctuations. Raman gain spectroscopy and
two-beam interferometry, which rely on many
seconds of processing of very stable beams, become
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inapplicable. Noise-initiated single-pass stimulated
Raman scattering (ordinary SRS) might produce a
signal, but only at the strongest Raman line, and
provided that the crystal is not damaged by self-
focusing before threshold is reached. However, none
of these impediments would prevent RIPC spectra,

such as those in Fig. 2, from being obtained.
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FIG. 2. Spectra taken with apparatus of Fig. 1. Sam-
ples S were (a) cyclohexane and (b)—(e) benzene. In
(a)—(d) linear polarizers were fixed as shown in Fig. 1, but
n (e) polarizer P4 was rotated clockwise by 6 ~10° from
direction shown. Spectra (d) and (e} were taken with
lower grating order. The cross sections of the three Ra-
man lines in (a) are comparable. The cross sections of the
Raman lines in (b) and (c) are in the ratio 0.01:0.1:1,
respectively. Spectra were recorded on Polaroid 410 film.
From one to ten pulses were used for exposure depending
on line strength.
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FIG. 3. Image replication. Images recorded on Po-
laroid 410 film at open exit slits of spectrometer when
four-hole image plate was inserted adjacent to P2 in Fig.
1. Reference image obtained with plane mirror in place of
cell S. This frequency-shifted replica was obtained with
benzene in cell S and all beams as in Fig. 1. Image sub-
tended 30 mrad at sample.



