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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 linemidth. 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 tra. nsition 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 mere always stim-
ulated when the laser mas plane polarized, it
mas 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 rnodula-
tion in the laser source (-4 nsec). The ratio

of peak pomers 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 mas predicted in 1933 by Dirac and Kapit-
za' 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.
Vfe 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 k of the electron traversing
the region occupied by the standing waves,

4w'n'c' do(m)
(d pv dQ

mhere n is the photon number density, & is the
angular frequency, y is the spectral width of
the electromagnetic radiation, v is the electron
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velocity, and do'(m)/dQ is the Thomson differ-
ential cross section for backscatter of a pho-
ton by a free electron. Although the original
analysis and all of the subsequent references
have been concerned explicitly with electrons,
it is of considerable interest to note that the
same analysis applies regardless of the nature
of the incident particle. Equation (1) remains
valid provided only that do'(w)dQ be interpreted
as the differential cross section for backscat-
ter of a photon from the particle in question.

Dirac and Kapitza regard the standing wave
as a superposition of two traveling waves. The
essence of their analysis is then the computa-
tion of the stimulated backscatter rate, viz. ,
that corresponding to scattering a traveling-
wave photon from a mode associated with one

propagation direction into the mode associated
with the opposite direction. Because photons
obey Bose statistics, this rate is proportion-
al not only to the radiation density in the mode
from which the photon is absorbed, but also
to the radiation density in the mode into which
the photon is emitted. ' It is to be emphasized,
however, that this proportionality to the pho-
ton density in the final-state mode is a conse-
quence of only the Bose statistics obeyed by
the photons, and is independent of the nature
of the scatterer. It is for this reason that the
Dirac-Kapitza analysis is directly generaliz-
able from electrons to arbitrary scatterers.

Equation (1) applies only if the Bragg condi-
tion is satisfied, i.e. , the particle must be in-
cident at an angle OB relative to the direction
normal to the photon-propagation vector. The
Bragg angle is given by eB=he)/Mcv, whereI is the particle mass. The particle is deflect-
ed through an angle 20B,. however, if the Bragg
condition is not satisfied, there is essential-
ly no scattering.

As an illustration of the magnitude of the ef-
fects, let us consider the scattering of a neu-
tral atom of atomic mass of about 20 and kinet-
ic energy of 1 eV. We shall choose the radi-
ation frequency to be that appropriate to a ru-
by laser (~ =wx10" sec '), a, power density

of one megawatt per cm', and a typical cavity
loss rate y of 10' sec '. For the back-scatter-
ing cross section, do'(m)/dQ, we choose a typ-
ical value of 10 cm corresponding to Ray-
leigh scattering. It should be observed, how-
ever, that da'/dQ for atoms is strongly frequen-
cy dependent, and at or near resonances can
be many orders of magnitude larger than the
value for Rayleigh scattering. For the numbers
we have chosen, the deflection angle is quite
small, namely, 20B——2&10 ' rad. However,
the interaction is quite strong; the scattering
probability per unit length is k' = 6.2 cm ', and,
as we have just indicated, it can be enormous-
ly greater near a resonance. This strong in-
teraction suggests that a large net scattering
angle may be attainable with a succession of
individual Bragg scatterings by an appropriate
arrangement of successive standing-wave cav-
ity orientations.

Finally, it should be mentioned that the above
reasoning can be readily extended to multiple-
photon events. That is, to every N-photon scat-
tering process occurring in free space there
corresponds anN-photon stimulated scattering
process for which the Bragg angle is NScu/Mcv,

'

the scattering angle is 2NS~/Mcv, and the scat-
tering probability per unit length is proportion-
al to the 2Nth power of the photon density n2N
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