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Density Dependence in Thermal Rayleigh Scattering in Gases*
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Additional measurements of critical absorption coefficients and anti-Stokes shifts have been
made in stimulated thermal Rayleigh scattering in CO2 and CH4. The threshold power for
different absorption coefficients was determined as a function of density. The results are in
qualitative agreement with the theoretical predictions of Gray and Herman.

INTRODUCTION

The phenomenon of stimulated thermal Rayleigh-
scattering (STRS) in liquids was predicted by Her-
man and Gray. ' The predictions of (1) the absorp-
tion coefficient required to produce equal gains
for STRS and stimulated Brillouin scattering, (2)
the anti-Stokes shift of half the incident linewidth,
(3) the sharp threshold required, and (4) spectral
and temporal narrowing were verified by Rank,
Cho, Foltz, and Wiggins. ' This work has been
extended to additional liquids and a number of
absorbers. '

The existence of STRS in gases was shown to
exist in CO, and N, using NO, and I, as absorbing
molecules. 4 The distinction between the produc-
tion of this stimulated scattering in liquids and
gases has been discussed by Gray' and Gray and
Herman. ' Introduction of the absorbing molecules
would enhance the thermal fluctuation in a gas in
a manner analogous to that in liquids and, con-
sequently, STRS could be produced in the gas
when the laser light is incident. In liquids it was
assumed, however, that the excited molecules
undergo rapid and localized thermalization. The
assumption is well justified since the thermaliza-
tion relaxation time is negligibly small compared
with the characteristic time of the fluctuations.
In gases, on the other hand, it is necessary to in-
clude the effects of diffusion of the excited mole-
cules away from the point of excitation and those
of thermalization processes with relaxation times
which are now comparable to the characteristic
time of the fluctuations. It has been concluded
from the theoretical considerations'~' that the
threshold power for STRS in gases should be de-
pendent on density of the gas in addition to its
dependence on the absorption coefficient.

It is the purpose of the present writing to present
the experimental results on the dependence of
threshold upon gas density and the amount of ab-
sorption.

EXPERIMENTAL

The apparatus is essentially the same as was used
in previous work. ' 4 The laser system produced

up to 0.7 J with a temporal half-width of 10 nsec.
The divergence was -7 mrad and the light was
focused into the gas cell with a 10.6-cm focal-
length lens. The beam was attenuated by glass
plates placed before the diagnostics so that the
incident power could be varied to determine the
threshold power as a function of gas pressure
and absorption coefficient. The absorbing mole-
cule used in the threshold studies was NO, . The
absorption coefficient for a given amount of NO,
in the gas cell was found not to depend strongly
on the density of the other gas. The coefficient
was measured using techniques previously de-
scribed. The gases investigated were CO, and
CH4.

The spectral width of the incident light varied
in the range of 0.017-0.026 cm '. Care was
taken to exclude as much of the incident light as
possible from the interferometer quadrants which
detected the backscattered radiation. This was
essential in getting a precise measure of the fre-
quency shift and in determinirg the threshold as
precisely as possible. Observations were made
with a 101-mm Fabry-Perot interferometer.

RESULTS AND DISCUSSIONS

The results of measurements on the critical
absorption coefficients and the anti-Stokes fre-
quency shifts that have been determined to date
are summarized in Table I. The expected fre-
quency shift was calculated using a linewidth of
0.021 cm '. The precision of measurement of
the observed frequency shift is + 0.003 cm '.

The work on gases of Gray and Herman'~' pre-
dicts that the anti-Stokes shift is r &/2v 3, where
FL is the half-intensity width of the incident light.
It appears that the measured shifts are somewhat
larger than predicted. This is not understood
since, as was noted previously, ' the effects of
stray light and saturation tend to reduce the
amount of shift that is observed. The predicted
increase in shift at lower densities is too small
to be measured at the present time.

A series of measurements was made to study
the threshold for STRS in CH, and CO, as a func-
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TABLE I. Measured values of the critical absorption coefficient for several gases at the indicated densities. The
measured anti-Stokes frequency shifts are also given. The expected shift is 0.006 cm

N2

N2

CO2

CH4

p (amagats)

47
47
69
30

NO2

I2

NO)

NO2

n„it(cm ')

0.007
0.02-0.05

0.018

Geo (cm )

0.008
0.008
0.012
0.005

tion of density. This was done for each gas using
two different values of absorption coefficient.
The backscattering showed an abrupt appearance
when the power density at the focus of the lens
was raised sufficiently. The results are shown
in Figs. 1 and 2. The relative values of the
threshold power are repeatable to 10%. The
results of Gray and Herman indicate that in gases
the threshold should be inversely proportional
to the density and to the absorption coefficient.
This follows from the result that the gain in the
stimulated process depends upon the heat de-
posited in the gas and upon the thermalization
time which depends on the density. They predict
that the gain, and hence the input power required
to produce a given minimum detectable intensity
of backscattered light, is given by

1 Pn P

C [1+( ' rZ/2)/pl'~ ]'
th P

pn p
(1+p0/p)'

where P is the coefficient of volume expansion,
n is the absorption coefficient, Cp is the specific
heat at constant pressure, p is the density, co~
is the diffusion rate, and I'~ is the half-intensity
width of the Bayleigh line. Only the terms which
are important in this experiment are retained
from the complete expression. Recognizing that
the ratio P/Cp can vary, at least for some gases,
over the density range investigated, we can plot

(Pn/C )(P ) versus [p/(1+ p0/p)'] '

and expect a straight line of zero intercept, the
slope of which depends upon geometrical factors
associated with the focused beam as well as molec-
ular parameters.

The results are shown in Figs. 3 and 4. The cal-
culated values of p, are given in the figures. The
fit of the data to a straight line is considered
satisfactory except for the lowest densities where,
although the relative measurements of the thresh-
old are as precise as at higher density, the ab-

solute values are not as well determined. They
indicate a conservative measurement of the
threshold power and indicate that a somewhat
lower power input would have been sufficient.
The data are not sufficiently precise to determine
the value of p, to better than an order of magni-
tude.
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FIG. 2. Dependence of threshold power on gas density
in a CH4-NO2 mixture for two absorption coefficients.
The solid lines are drawn using the values of slope and

po from Fig. 4 ~

GAS DENSITY (AMAGATS)

FIG. 1. Dependence of threshold power on gas density
in a CO2-NO2 mixture for two absorption coefficients.
The solid lines are drawn using the values of slope and

po from Fig. 3.
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The critical absorption coefficient is not as
easily compared with theory as it is in the case
of liquids since in gases it involves the thermal
relaxation time 7.„ the time for the absorbed
laser light energy to be deposited as heat in the
bulk gas. The value of 7, reflects the quenching
ability of the bulk gas. From the experimental
results it is possible to use the definition of o.cr
and solve for a value of this parameter. From
the work of Dietz' and Gray and Herman'
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FIG. 3. Comparison of experimental results with

predicted density dependence in a CO2-NO2 mixture for
two absorption coefficients.

~ 33/2 no cc 'R
p

1 n2 —1(0 C F cr

Here c is the speed of light, c, is the speed of
sound, and or~ is the Brillouin frequency shift.

From the results given in Table I values of
7'~= 6x 10 ' sec for CO, and 1.0x 10 ' sec for
N, when NO, is the absorber molecule can be cal-
culated. There are no known values of this pa-
rameter with which to make comparison. How-
ever, they are short compared with radiative
lifetimes. '

ACKNOWLEDGMENTS

0.IO0.060.02 0.080 0.04
( I + ~o )2

( AMAGATS )

FIG. 4. Comparison of experimental results with
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