
Vor. UME 1&, NUMBER 22 PHYSICAL REVIEW LETTKKS 30 NOVEMBER 1964I

INVERSE RAMAN SPECTRA: INDUCED ABSORPTION AT OPTICAL FREQUENCIES
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According to the dispersion theories of Kra-
mers and Heisenberg, and Dirac, the occur-
rence of incoherent scattering of radiation
manifests itself both in emission and in ab-
sorption. ' Up to the present time, all inves-
tigations of such processes, including Compton
scattering, the normal Raman effect, or the
recently discovered stimulated Raman scat-
tering, ' have been concerned with the emission
of the scattered radiation and its spectrum.
We wish to report here spectroscopic evidence
for the absorption occurring during incoherent
scattering at optical frequencies.

In studies of normal and stimulated Rarnan
scattering, the scattering medium is irradiated
with monochromatic light of frequency v, and
energy density pp. This light is absorbed and
simultaneously light is emitted spontaneously
or by stimulation, at either the Stokes frequen-
cy vp-vM or the anti-Stokes frequency vp+ v~,
with the atoms or molecules changing their
energy states by +hv~. The probability of
absorption of v, and emission of vy vo+ v~
is given by

16714 8'll'A v~
~~~ po A+ s dvo~

where p. is the well-known matrix element
for two-photon processes. ' The term p, 8mhv, '/
c' leads to normal or spontaneous Raman scat-
tering, and the term p,p, leads to stimulated
Raman scattering. The energy density p, at
frequency vp+ v~ is usually considered to arise
from spontaneous scattering; however, it can
also build up from light at vo+ vM, which is
incident on the medium together with light at

1~3
p ~

In our experiments, the scattering medium
was irradiated simultaneously with intense
monochromatic light of frequency v, and with
an intense continuum. Under this excitation
the atoms and molecules are stimulated to
emit radiation at v, and at the same time to
absorb radiation at vo+ vM or vo-v~ from the
continuum, the net effect being to change their
energy states by +hv~ or -hv~, respectively.
The transitions representing this stimulated
scattering process are shown on the energy-
level diagram of Fig. 1(a), along with the re-

suiting absorption spectrum. The probability
for this process is again given by Eq. (1) when

pp and p, are interchanged and v, is replaced
by vp. We have observed sharp and very strong
absorption lines in the spectrum of the con-
tinuum after it traverses the medium. These
absorption lines appear on the high-frequency
side of vp, that is, at vo+ vM, and their fre-
quency displacements from v, correspond to
known Raman shifts v~ for the scattering me-
dium. We believe the absorption spectra arise
from the stimulated scattering process just
discussed and shall call them "inverse Raman
spectra. '~

The experimental arrangement is shown in
Fig. 1(b). The exciting source for radiation
v, was a giant-pulse ruby maser having at the
transmitting end of the cavity a plane-parallel
plate (ref lectivity -20$) of Corning 2-58 glass
which also served as a mode selector and as
a light filter. The radiation was emitted in
single bursts of duration -30 nsec and energy
0.1 joule. Usually the emission occurred at
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FIG. 1. (a) Molecular transitions and virtual tran-
sitions leading to Raman emission and inverse Ra-
man (absorption) spectra. Incident radiation is rep-
resented by solid lines, observed radiation by dashed
lines. (b) Experimental arrangement (schematic)
for obtaining inverse Raman spectra. Cell A is used
to furnish a continuum of suitable frequency range
(vo+ v~* 5) which is then incident on cell B simul-
taneously with maser radiation vz.



VOLUME 13, NUMBER 22 PHYSICAL REVIE%' LETTERS 30 NOVEMBER 1/64

by=992. 0 CM

Ne

6506.528
l

6532.882

FIG. 2. The anti-Stokes line of liquid benzene
at vo+992. 0 cm '. {a) Sharp and (b) broad stimu-
lated Raman emission lines of benzene obtained when
maser radiation is emitted in one or two lines, re-
spectively; (b) also shows the sharp absorption line
from benzene itself. (c) Inverse Raman spectrum,
obtained with a single maser pulse using as a back-
ground continuum the broad toluene emission whose
center is indicated by the arrow. {d) Inverse Ra-
man line of nitromethane at vo+917. 8 cm

a single frequency, but sometimes at two or
more frequencies within a range &1 cm
Earlier spectroscopic studies' of stimulated
Raman radiation revealed that when the maser
emission was in a single sharp spectral line,
all of the Raman emission lines were sharp;
whenever the maser emission contained addi-
tional components, all of the Raman emission
lines, with the exception of the first Stokes
line, were considerably broadened, sometimes
up to several hundred cm '. Examples of these
two extremes are given in Figs. 2(a) and 2(b)
showing the first anti-Stokes line of the 992.0-
cm ' vibrational frequency of liquid benzene.
This broad anti-Stokes emission was chosen
as the source of background continuum for the
present experiments. To be sure, its frequen-
cy range is somewhat limited, but its advan-
tages are high intensity and synchronization
with the maser beam.

Maser radiation was first incident on liquid
toluene in cell A placed near the focus of a
lens where the beam power density was -100
1UIW/cm' and produced intense stimulated Ra-

man emission at vo+ 1003 cm '. The radia-
tion emerging from cell A was then incident
on a second liquid, in cell B on Fig. 1(b). The

resulting radiation fel1. on a. ground-glass screen
which was focused on the slit of a large grat-
ing spectrograph having a resolving power
of 10' and a dispersion of 2.5 A/mm. With
sufficiently intense maser radiation, the tol-
uene "continuum" extends to the region of the
benzene anti-Stokes line at vo+ 992.0 cm
When benzene was placed in cell 8, the prom-
inent absorption line shown in Fig. 2(c) was
observed. Its frequency is the same as that
of the Raman emission line. It exhibits almost
complete absorption and its width is -2 cm ',
equal to that of the normal Raman emission
line. Similar absorption spectra were observed
with liquid pyridine (at vo+990.2 cm ) and
with liquid nitromethane (at v, +917.8 cm ')
in cell B. The spectrum of nitromethane is
shown in Fig. 2(d). In this case, the Raman
shift is -90 cm ' from that of toluene, and
10 flashes from the maser were necessary
to extend the toluene continuum to this region.
Even with this weak continuum, the absorption
is seen to be very strong (and the linewidth
very narrow), an indication that a threshold
is not involved in this induced process.

Strong absorption within the stimulated Ra-
man anti-Stokes emission line itself has already
been reported, ' and examples are shown in
Figs. 2(b) and 2(c) for benzene and toluene,
respectively. We have observed similar ab-
sorption in other liquids, including bromoform,
carbon disulfide, nitrobenzene, nitromethane,
pyridine, and tetrachloroethylene. We sug-
gest that this absorption or "self-reversal"
is due to the induced scattering which is dis-
cussed here and which is demonstrated more
convincingly by the present experiments using
two different liquids. It should be stressed
that all of the inverse Raman spectra reported
here were observed under conditions such that
the power losses in cell A were sufficient to
reduce the maser radiation incident on cell
8 below threshold for stimulated Raman emis-
sion and to permit higher order processes
at vo+nv~ to occur, and only the stimulated
Raman Stokes and anti-Stokes lines of toluene
(i.e., the liquid in cell A) were observed.

From the present discussion and Eq. (1),
it is clear that the inverse Raman spectrum
is the analog of the stimulated Raman emis-
sion spectrum, and, therefore, the available
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theories'&' of the stimulated Raman effect should

apply to both emission and absorption. In prin-
ciple, one would also expect to find similar
characteristics in the two spectra since the
same matrix elements are involved in absorp-
tion and emission. However, the different
methods used in stimulating the scattering,
depending on whether emission or absorption
is to be observed, lead to significant differ-
ences in the corresponding spectra, which
should be noted. Since stimulated Raman emis-
sion is usually excited with light of one fre-
quency, it exhibits a threshold and, therefore,
in the emission spectrum generally only one
or two vibrational lines are observed corre-
sponding to the lines of highest intensity per
bandwidth in the normal Raman spectrum.
In order to observe the inverse Raman spec-
trum, both the continuum and the monochro-
matic stimulating radiation are supplied. There
is no threshold and therefore the complete
Rarnan-active spectrum should be observable.
In addition, since extremely high electric fields
are necessary for observing inverse Raman
spectra, higher order terms in the polariza-
bility (p = nE+PE + ~ ~ ~ ) may become signifi-
cant and lead to less restrictive selection rules.

Investigations of inverse Raman spectra are
potentially of great importance in molecular
spectroscopy. With improvement in the pres-
ent pulsed technique (particularly in the use
of a more suitable broad continuum), or with
the development of continuous operation tech-
niques using cw masers, it should be possible
to investigate the inverse Raman spectra of
gases, liquids, and solids, including rotation-
al and electronic transitions in addition to the
vibrational transitions reported here. High-
speed Raman spectroscopy of interest in the
study of free radicals and other short-lived
species may be possible. On the practical
side, inverse Raman spectroscopy may help
to avoid the difficult problems of fluorescence
emission and the consequent masking of the
normal Raman emission spectrum which has
plagued the users of Raman emission for ana-

lytical purposes. It may also be mentioned
that although Raman absorption is weak with

ordinary emission sources, it may be of im-
portance in astrophysics. Finally, since the
inverse spectrum is so intimately related to
the stimulated emission spectrum, its study

may help in a quantitative understanding of
the stimulated Raman effect which in emis-
sion is overlapped by higher order and para-
metric effects.

One of us (B.P.S.) gratefully acknowledges
stimulating discussions with Dr. T. Y. %u
on this subject 12 years ago. At that time
attempts to observe the inverse Raman spec-
trum using powerful mercury lamps and a long
multiple-traversal cell were unsuccessful.
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