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This Letter reports the first observation of
stimulated Raman scattering involving transi-
tions between molecular rotational levels. In
a diatomic gas, this scattering involves a AJ
=+2 transition and has an intensity proportion-
al to the square of the anisotropic part of the
molecular polarizability (y,,)?. The correspond-
ing process in liquids, referred to as stimu-
lated Rayleigh scattering,’ arises from the an-
isotropic part of the Rayleigh line and produces
a frequency shift corresponding to the peak
of the unresolved rotational wing. In a gas the
intensity-dependent change of refractive index
at the laser frequency due to the dispersion
associated with these rotational transitions

is comparable to or greater than the index change
resulting from the alignment of the anisotrop-
ic molecules.?

Polarization studies using a circularly polar-
ized laser beam indicate that the observed ro-
tational transitions are associated with AM
=+2 as predicted. Threshold data show that
various pure rotational and rotational-vibra-
tional transitions compete and that different
transitions dominate as the gas temperature
and laser polarization are varied.

For pure rotational Raman scattering in a
diatomic gas the nonlinear polarization at the
Stokes frequency, 13(ws), can be written in com-
plex notation as®

P(w) = 3(a+c)Ew@ [ Ex(w)- Bw)]+ 2a- ) Ex(@)[Ew,) Elog) 1+ bE@IEx(w)- Ew)), (1)

where E(ws) and _ﬁ(wl) are the electric fields
at the Stokes and laser frequencies; anda, b,
and ¢ are constants related to the anisotropic
polarizability y,, Because the rotational tran-
sitions involve a traceless symmetric scatter-
ing tensor, it can be shown that?

a=tb=-fo=(1/8),7, ?
with
Yoo =@ ||=C1,

where @ | and a are the polarizabilities along
the molecular axis and perpendicular to it.

Figure 1 indicates that for pure rotational
transitions the largest nonlinear polarization
(and hence the highest gain) results from coun-
ter-rotating circularly polarized beams (AM
=+2), The gain for parallel plane-polarized
scattering (AM =0) is £ as large. For vibra-
tional transitions which involve a large isotrop-
ic polarizability (scalar scattering?), the high-
est gain occurs for AM =0 and is essentially
independent of laser polarization.

The experiment consisted of measuring the
frequency and state of polarization of the Stokes
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FIG. 1. The form of the nonlinear polarization at the
Stokes frequency [P(wg)] for pure rotational Raman
scattering in a diatomic gas. The proportionality con-
stant relating P(ws) to its expansion third order in elec-
tric field strength [E(w)] is the same for all cases
shown in the figure.
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radiation emerging in both the forward and
reverse directions from the deuterium cell,

as shown schematically in Fig. 2. In order to
obtain thermal equilibrium between para and
ortho deuterium, a layer of activated charcoal
was placed on the bottom of the 30-cm-long
pressure cell before it was filled to 420 psi
and sealed at room temperature. The proper-
ties of the Raman transitions were then studied
at constant density as a function of gas temper-
ature and laser polarization.

Using linear polarization, only vibrational
transitions [@,(/)] could be stimulated as is
shown by part (a) of Fig. 3. The dominant tran~
sition switched from @ ,(2) to @ ,(1) to @ ,(0) as
the gas temperature was decreased from 300
to 80°K. Although the vibrational frequencies
(~2990 cm™!) were not measured, the frequen-
cy differences between adjacent lines were de-
termined (4.24 and 2.11 cm™?) and found to be
in good agreement with measurements from
spontaneous Raman spectra.’

When the laser was circularly polarized, two
pure rotational transitions [S ,(J)] were stimu-
lated: S (2) at 414 cm™* (from room temper-
ature to 200°K) and S ,(0) at 170 cm™* (below
160°K), as shown in Fig. 3(b). The Stokes ra-
diation in the forward direction had the oppo-
site sense of circular polarization while that
;_)?o—pagating in the reverse direction had the
same sense as the laser beam, as would be
expected for a AM =+2 transition.

Strong anti-Stokes lines were observed in
the forward direction, although none were ex-
pected since the nonlinear polarization at the
anti-Stokes frequency is zero for a circularly
polarized laser beam. However, the X/4 plate -
in the incident laser beam was not perfect; con-
sequently, the laser was elliptically polarized
allowing the anti-Stokes lines to occur.
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FIG. 2, Schematic of experimental agreement. The
output beam of the @-switched 3 x2-in.2 ruby exhibited
a beam divergence of less than 1 mrad and produced
10 MW in two resolvable axial modes separated by
about 0.01 ecm™1,
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FIG. 3. Comparison of the inverse of measured
threshold laser power with the predicted Stokes power
gain curves (see text). In part (a) for a linearly polar-
ized laser, only pure vibrational transitions [asterisk,
Q4(0); circle, @,(1); diamond, Q,(2)] are stimulated.
The data point for @4(2) at 300°K was fitted to its gain
curve and all other data were plotted relative to it.
The gain curves were calculated assuming that the line-
widths of the transitions were in the ratios 2:1:2. In
part (b) for a circularly polarized laser beam, pure
rotational transitions linverted triangle, $(0), and
square, Sy(2)] are also seen in addition to @(1) and
Q41(2). The data point for @,(1) at 200°K was fitted to
its curve and all data were plotted relative to it. The
gain curves were calculated assuming that the line-
widths of the rotational transitions were equal to that
of @4(1) which is half that of @,(0) or @,(2). Two data
points at the same temperature indicate that two tran-
sitions could be stimulated simultaneously. In this
case it is probable that the threshold level for the less
likely transition is modified by the presence of the dom-
inant transition.
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In Fig. 3, the inverse of laser power neces-
sary to achieve stimulated scattering is com-
pared to the calculated Stokes gain® which is
a function of the polarizability matrix element
for the transition, the population difference
between the transition levels, and the transi-
tion linewidth. Because the linewidths of the
transitions have not been measured with suf-
ficient resolution, they are considered as an
adjustable parameter to fit the threshold data.
Reasonably consistent agreement can be achieved
by assuming that the vibrational transitions
for even J had linewidths a factor of 2 larger
than all other transitions.”

The rotational Raman transition S (0) has
also been stimulated in hydrogen (1 atm, 80°K)
using a laser beam of either linear or circu-
lar polarization. Because in both D, and H,
the vibrational transitions were always stim-
ulated when the laser was plane polarized, it
was not possible to measure the polarization
dependence of threshold power for the rotation-
al transitions.

During these and other studies, large pulses
of Stokes radiation were observed in the reverse
direction. The time duration of these pulses
were instrument limited (<1 nsec) while the
forward Stokes radiation followed the modula-
tion in the laser source (~4 nsec). The ratio

of peak powers front to back varied with experi-
mental conditions, but was typically 3:1 for
both the rotational and vibrational lines. Stim-
ulated Brillouin scattering was neither expect-
ed nor observed during these experiments.®

The authors are indebted to P. D. Maker for
his helpful discussions.
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It was predicted in 1933 by Dirac and Kapit-
zal! that electrons could undergo Bragg reflec-
tion from standing light waves. This phenom-
enon of electron-wave scattering is analogous
to the ordinary scattering of light waves by
periodic structures such as diffraction gratings
and crystals. Recent interest® has been stim-
ulated by the increased possibility of observ-
ing the effect using the intense light beams now
available as a result of laser technology.

We wish to point out that Bragg reflection
by standing light waves is not restricted to elec-

trons, but should occur for all particles capa-

ble of scattering photons, including neutral

atoms. The Dirac-Kapitza analysis results

in the expression for the scattering probabil -

ity per unit length & of the electron traversing

the region occupied by the standing waves,
_4m3nc* do(m) (1)

wrho  dQ’

where n is the photon number density, w is the
angular frequency, v is the spectral width of
the electromagnetic radiation, v is the electron
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