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Laser probe signals were sent at intervals of 0.1-1 psec along a meter-long path traversed by a strong
laser pulse which produced stimulated Raman scattering in hydrogen at 10 atm. Double-exposure
holographic interferometry was then used to determine the advance in the phase of the probe signal, and
hence to investigate the evolution of the refractive properties of the gas in which molecular vibrations were
excited. The refractive index initially increased along the path as a result of the increase in the
polarizability of the molecules when vibrations were excited in them, and focusing of the radiation took
place. The measured increase in polarizability was Aa = (1.53+0.22) X 10~2% cm®. This was followed by
the relaxation of vibrations accompanied by thermal expansion of the gas and the defocusing of radiation
which increased with time. The power of the equivalent lens producing the same focusing and defocusing
effects was measured. Photographs showing the convergence and divergence of the light rays were also

obtained.

PACS numbers: 51.70.+f

1. INTRODUCTION AND OBJECTIVES

It is well known (see, for example, the review by
Bloembergen!'?) that stimulated Raman scattering (SRS)
takes place when a sufficiently strong light beam is in-
troduced into a molecular medium. Some of the inci- -
dent quanta 7Zw; are transformed into the quanta of
scattered Stokes radiation Zws and these propagate in
the direction of the incident beam. The energy differ-
ence #{w; - wg), which is equal to the vibrational quan-
tum of the molecules 78, is expended in vibrational ex-
citation.

The appearance of a large number of vibrationally
excited molecules produces a change A# in the refrac-
tive index along the beam path, and this gives rise to
the refraction of the transmitted radiation. The vibra-
tional excitation is accompanied by an increase in the
polarizability of the molecules, the refractive index
along the beam path becomes greater than elsewhere,
and this produces a focusing effect in relation to both
the incident and forward-scattered radiation. This
process of self-interaction of radiation is called SRS
self-focusing. It has been extensively investigated
both theoretically and experimentally. 2101

SRS is usually excited by a giant laser pulse of length
of the order of 107® sec. This excitation is followed by
a much more prolonged variation in the optical (refrac-
tive) properties of the medium along the beam path.
The vibrational energy is transformed into the transla-
tional energy of the moving molecules in the course of
their vibrational relaxation. This type of “nonlinear”
heating of the medium is frequently much greater than
heating due to ordinary (linear) absorption. It is ac-
companied by thermal expansion and, in most media, a
reduction in the refractive index. If the radiation pro-
ducing the SRS were not restricted to a short pulse but
were to continue, the SRS self-focusing effect would
eventually necessarily be replaced by defocusing. This
reversal of the focusing mechanism was investigated
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theoretically by Raizer!*!! in relation to the Kerr self-
focusing and thermal defocusing due to ordinary absorp-
tion of light. The result of the change in the sign of the
refraction effect of SRS has been observed in experi-
ments **71%2 on the excitation of SRS by a train of short
pulses in a cell with parallel windows. SRS self-focus-
ing was found to lead to the decollimation of the beam
and a deterioration in the @ of the “resonator” for the
Stokes radiation, which was formed by the reflecting
windows of the cell. The result of this was an increase
in the threshold, and SRS was produced by only some of
the pulses in the train, separated by a “dead interval, ”
Kravtsov, Naumkin, and Protasov 9 interpreted and
qualitatively explained the size of the “dead interval” by
assuming that the beam was recollimated and the @ of
the resonator was reestablished when the reduction in
the refractive index connected with thermal expansion
was compensated by its increase due to higher polar-
izability.

We have used the following method for the direct ex-
perimental investigation of the evolution of the refrac-
tive properties of the medium during the excitation of
SRS. A powerful giant pulse was used as the vibration-
al pump, and the evolution of the optical properties of
the medium along the path of the beam was observed
with the aid of low-power laser probe pulses sent along
the same path at relatively long intervals of time, be-
ginning with the onset of the vibrational excitation but
prior to the onset of relaxation.

In contrast to previous work in which SRS self-focus-
ing was investigated, we have examined not only the
resultant effect of the change in the angular properties
of the light beam, but also the changes in the refractive
properties of the medium along the beam path. This
was done by the method of holographic interferometry.
The probe beam was used to record at each instant of
time the radial distribution of the advance in the phase,
or the optical length of the disturbed part of the path.
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As far as we know, this is the first direct determina--
tion of the time-. and space-resolved disturbances in
the optical properties along the beam path. To investi-
gate the beam path at different instants of time, a new
pulse was produced each time although there is a very
interesting theoretical proposal for the continuous holo-
graphic recording of the entire nonstationary process
during a single pump pulse. 2

The medium under investigation was hydrogen at a
pressure of 10 atm. The hydrogen molecule has a very
large vibrational quantum (7 =8.75%x 1072 J, #Q/k
=6350 °K) so that one expects higher temperatures and
greater thermal expansion. The relatively high pres-
sure must be used to reduce the SRS threshold. The
evolution of the refractive properties of the medium
was followed for 4.5 usec after the pump pulse. These
data were then used to determine the increase in polar-
izability of the hydrogen molecule due to vibrational ex-
citation, and the power and position of the “SRS lens”
at different instants of time, i.e., the equivalent lens
producing the same focusing or defocusing effect as the
actual disturbances of the optical properties along the
beam path. The experiments revealed a more rapid in-
crease in the defocusing effect of the disturbances than
one would expect from published data on vibrational re-
laxation in hydrogen. This is probably connected with
accelerated relaxation due to impurities in the gas.

2. APPARATUS AND EXPERIMENTAL METHOD

The apparatus is illustrated schematically in Fig. 1.
SRS was excited by a neodymium laser consisting of a
master oscillator and two amplifiers. It was @-
switched with a Pockels cell. The master oscillator
was operated in a single transverse mode. The radia-
tion was linearly polarized. The output parameters of
the laser pulse were as follows: peak power up to 20
MW, full width at half height 25-30 nsec, and diver-
gence 0. 0015-0. 002 rad (determined from diffraction-
intensity zeros). The radiation was focused at the mid-
point of the cell filled with hydrogen at 10 atm by a lens
with a focal length of 200 cm. The cell length was 122
cm. A Faraday shutter was used to prevent back-re-
flected radiation from entering the laser. The Faraday

FIG. 1. Experimental arrangement: l—exciting neodymium
laser, 2—neodymium amplifier, 3—mirrors, 4—Faraday
shutter, 5—focusing lens f=200 cm, 6—cell containing com-
pressed hydrogen, 7—probing ruby laser, 8—calorimeter for
measuring the SRS pump energy, 9--photocell with oscillo-
graph used to measure the time difference between pump and
probe, 10—optical system for isolating the probe radiation,
11—holographic photofilm, 12—camera for recording the
shadow pattern, 13—lens, f=10 cm.

437 Sov. Phys. JETP 46(3), Sept. 1977

shutter consisted of TF-5 glass in a pulsed magnetic
field and a polarizer. The shutter transmitted less than
1% of the reflected radiation into the laser.

A 10-kW ruby laser, which produced no additional
disturbance in the gas, was used to probe the path
traversed by the exciting laser beam. The ruby laser
was Q-switched with a Pockels cell and was operated
in a single mode (in the transverse and longitudinal
indices). The pulse length was 40 nsec and the spec-
tral width was 0. 0005—0. 001 A. The probing pulse
was synchronized with the exciting pulse with the aid
of Pockels cells. The time shift between the pulses
could be varied between —100 and +100 usec. A sys-
tem of mirrors and beam splitters was used to divide
the probing laser beam into two. One of the two (the
object beam) propagated along the path 3;~3; and, hav-
ing traversed the path of the exciting beam, eventually
reached the holographic photofilm 11. The other (ref-
erence) beam reached the photofilm along 3,-3,-3,~11.
The probe beam was not focused and remained parallel
to within its natural divergence.

To obtain a high-quality interference pattern from a
phase object, it is essential to exclude all possible
phase distortions due to optical elements and to image
on the photographic film only the interfering field cor-
responding to the position of the phase object. Conven-
tional interferometers do not satisfy both requirements
under the conditions of stimulated Raman scattering in
compressed gases. In particular, the position of the
SRS lens may change radically for small changes in the
energy of the exciting radiation. We used double-expo-
sure holographic interferometry to overcome these two
difficulties in conventional systems. The interference
pattern is first produced without the exciting pulse and
then again with the exciting pulse. This enables us to
exclude distortions due to the passage of the beam
through the optical element of the system (see, for ex-
ample, Collier3l),

The changes in the refractive index are very small,
and the path difference between the reference and ob-
ject beams is of the order of a wavelength. In conven-
tional double-exposure interferometry, only one or two
interference fringes are therefore produced and this
makes it difficult to obtain information on the trans-
verse distribution of the advance in phase. The mirror
3, was therefore rotated through a small angle between
exposures, so that the reference beam was itself ro-
tated for the second exposure relative to the reference
beam in the first exposure. Since the hologram was
reconstituted with a single beam, the reconstituted
wave fronts propagated at a small angle to one another.
The interference pattern therefore had a banded struc-
ture (as in conventional interferometry). This resulted
in an increase in both the resolving power and the sen-
sitivity with which the phase was recorded. Both holo-
grams and ordinary photographs of the objects were
recorded. Because of its high sensitivity, the method
can be used to show directly the nature of the deviation
of the probing radiation produced by the object.

The measurements were carried out along the excit-
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ing beam path, so that we had the problem of isolating
the probing radiation. Glass light filters could not be
used to isolate the required wavelength because ab-
sorption of the entire energy of the exciting beam pro-
duced parasitic changes in the phase of the probing
beam. Attempts to reflect the exciting radiation with
a dielectric mirror were not successful because optical
breakdown was found to occur near the mirror surface.
We therefore used exciting and probe beams of differ-
ent polarization. Some of the radiation energy was re-
moved by a polarizer (stop), and the remaining small
fraction was reflected by a mirror and absorbed by
light filters.

The energy of the exciting pulse was measured calo-:
rimetrically in each case. The time difference between
the exciting and probe pulses was measured with a pho-
tocell and an oscillograph.

3. EXPERIMENTAL RESULTS

To obtain the distribution of the advance in phase
over the transverse cross section, the plane of the ob-
ject mustbeimaged on the recording photographic film.
Since a considerable length is necessary for SRS to
develop, the photographic film cannot be placed direct-
ly after the object under investigation. Over long
paths, on the other hand, the initial phase shift gives a
considerable change in both phase and amplitude of the
probe wave front in the plane of the photographic film.
This ensures that the variation in the refractive index

FIG. 2. Interference pattern (¢=1.5 sec): a—in the plane of
the hologram, b—in the plane of maximum contrast of the in-
terference fringes.
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FIG. 3. Distance between the phase inhomogeneity and the
hologram as a function of the energy of the exciting radiation.

is a maximum at the center of the object, and the in-
terference fringes are found to be completely smeared
out. Inthe process of reconstruction, we therefore
photographed the plane in which the contrast of the in-
terference fringes was a maximum. Figure 2 shows
the interference pattern in the plane of the hologram
and in the plane with maximum contrast of the inter-
ference fringes. It is easily seen that this plane cor-
responds to the plane immediately after the optical in-
homogeneity, where the phase shift has not as yet af-
fected the amplitude distribution of the probe beam.
Simple formulas can then be used to determine the ap-
proximate position of the phase inhomogeneity under in-
vestigation. Figure 3 shows a graph of the position of
the object under investigation as a function of the inci-
dent energy (the distance between the object and the
hologram is plotted along the ordinate axis).

The distance between the hologram and the object
cannot be determined with great accuracy (in the final
analysis, the precision depends on the gradient of the
refractive index) and the graph must be regarded as
largely qualitative. Nevertheless, it shows that the
distance between the object and the hologram increases
with increasing incident energy, i.e., it approaches the
focusing lens. This explains the fact that SRS develops
at shorter distances from the beginning of the cell for
stronger pump pulses.

Figure 4 shows photographs illustrating the phase
changes in the probe wave front at difference instants
of time for roughly the same energy of the exciting ra-
diation (0.4 J). Figure 4b gives the corresponding pho-
tographs illustrating the amplitude variations of a plane
probe wave front due to these phase changes. It is
clear that the phase changes and hence their effect on
the plane probe wave front are very dependent on the
delay time. During the initial stage, for times {50.1
usec, i.e., infact, directly after the excitation of
SRS, the change Az in the refractive index is positive
and the interference fringes bend upward. The inten-
sity at the center of the photograph is somewhat high-
er than in the peripheral region. This is connected
with some focusing of the probe radiation due to the in-
crease in the refractive index along its path. At sub-
sequent times, the picture undergoes a radical change.
Even after 0.3 usec, the transverse gradient of the
refractive index changes sign near the beam axis, the
interference fringes bend downward, and the intensity
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FIG. 4. Dynamics of the SRS lens: left—interference pat-
terns; right—shadow photographs.

of the radiation falls sharply in the central part of the
photograph, i.e., the axial part of the radiation is de-
focused. The defocusing effect increases with increas-
ing time and substantially exceeds the initial focusing
effect. During the reduction in the.refractive index,
waves corresponding to higher values of the refractive
index propagate away from the axis in the central part
of the beam. On the interference pattern, these cor-
respond to fringes bending upward whilst, on the pho-
tographs, they correspond to regions of increased
brightness. Measurements on the interference pat-
terns show that the radial propagation velocities are in
good agreement with the velocity of sound in hydrogen
(a=1.25 km/sec=1.25 mm/usec). These are radial
_compression waves due to thermal expansion of the
gas in the axial region.

The interference pattern provides information on the
advance in the phase of the probe wave that has tra-
versed the region with disturbed refractive index. Con-
sider a rectangular coordinate frame x, y, z with the
light beam lying along the z axis. The advance in the
phase of the light wave at the point x, y at exit from
the disturbed region is

201 =22 [ An(a,y,2)ds, (1)

where X\ is the wavelength of the probe radiation in vac-

439 Sov. Phys. JETP 46(3), Sept. 1977

uum. The vertical shift of a fringe segment by an
amount equal to the separation between the fringes cor-
responds to A¢ =27 or

_" Andz=h.

In general, it is clear from the photographs that thes
beam cross section is elliptical, but we shall replace
it approximately by an equivalent circle. For small
radial distances # from the beam axis, the advance in
the phase can be approximated by the parabola

Ag(r)=Ag(0)— %’-‘-Aﬂ. (2)

The coefficient A is determined by the curvature of
‘the interference fringes near the beam center if the
fringes bend upward (4>0), and vice versa. The sur-
face of constant phase corresponding to (2) near the
axis of the light beam is part of the sphere z = Ar?

+ const. The rays are focused at the center of the
sphere, and the focal length of the equivalent lens is
equal to the radius of curvature of the spherical sur-
face,! i.e., f=A/2. The SRS lens powers determined
in this way and the corresponding focal lengths are as
follows:

¢, usec: 0.1 0.3 0.65 0.9
1/f,m': 1.9 -3.2 -6.7 -10.4
f, cm: 53 =31 -15 -9.6

These data refer to the case where the energy Eg
=~ 40-50 mJ is transferred from the pump pulse to the
Stokes radiation. Positive signs correspond to focus-
ing and negative signs to defocusing lenses.

It is clear that SRS self-focusing is rapidly trans-
formed into defocusing, and the latter is very strong,
exceeding the focusing effect by an order of magnitude
after only one microsecond.

4. DETERMINATION OF THE POLARIZABILITY OF
AN EXCITED HYDROGEN MOLECULE

The positive change in the refractive index of the
gas during the initial stage (¢ 10”7 sec) is connected
exclusively with vibrational excitation of the molecule.
The variation in the advance of the phase during this
stage can be used to determine directly the polariz-
ability of the vibrationally excited molecules (a*) or,
more precisely, the difference Aa=a’ - @, where «
is the polarizability of undisturbed molecules. In point
of fact, if N* is the density of excited molecules, then
An=27AaN*. Substituting this in (1) and integrating
the advance in phase A¢(x, y) with respect to the trans-
verse coordinates x, y, we obtain the total number of
excited molecules throughout the excited volume:

Hr= jN-dzdydz. (3)

On the other hand, if we neglect the excitation of the
higher Stokes and anti-Stokes components, as well as
the absorption of the Stokes radiation in the medium,
which can be done with very little loss of accuracy, the
number of excited molecules is determined simply by
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the energy E; of the emerging Stokes radiation, which
can also be determined experimentally: #*=Eg/fws.
The increase in polarizability is then given by

A hos

g AeG nasdy. (4)

When the advance in phase was integrated with re~
spect to the transverse coordinates, the interference
pattern was processed with allowance for the elliptic
shape of the beam. This yielded Aa= (1 7+0.25)x1074
A+ sece m?/V=(1.53+0.22)x10~% ¢cm®, which amounts
to 19% of a. We note that for the typical values Es
=40 mJ and Fwg=1.0%10"? J, the total number of ex-
cited molecules is only 4 =4x10'". The relatively
low precision with which Aq was determined was due
to the fact that the energy Es of the Stokes radiation
was determined from a calibration graph giving E as
a function of the pump energy E;. Unfortunately, the
anergy measurements were subject to a considerable
spread. To reduce this spread, the calorimetric
measurements were carried out immediately before
the measurements of the refractive index, and the lat-
ter were carried out without any change in the experi-
mental arrangement. Stimulated scattering of the
higher Stokes and anti-Stokes components (up to three
components were scattered) could not introduce a
large error into the measured values of Aa, The re-
sults obtained for A« were, in fact, in satisfactory
agreement (to within experimental error) with other
measurements'™ and calculations®®?[Aa=(1.2 -1, 8)
%1074 A +sec * m?/V and Aa=1,55 x10™4 A+ gec
+m?/V, respectively].

5. THERMAL EXPANSION AND SRS DEFOCUSING

Let us now estimate the concentration of excited mol-
ecules and the temperature of the heated gas when the
vibrational energy is transformed into heat. The in-
tensity I's of the Stokes wave increases along the path
of the parallel pump beam (along the z axis) in accor-
dance with the expression*!!

I’
Is=
1+ (1.°/1s°) exp(—GL.2) ' ®

where I °L is the intensity of the pump wave at entry to
the scattering medium (z=0), I% is the intensity of the
spontaneous Stokes radiation with which amplification
begins, and G is the proportionality constant in the gain
coefficient GI;. The Stokes wave saturates over an ef-
fective distance z,q, which is defined by the condition
GI%24,~In(I%/I3). The distribution of the excited
atoms along the directlon of the beam is N (z) dls/dz.
It has a maximum at z=2,,,, and the full width of the
maximum at half height is Az=3.35/GI%. This may
be adopted as the effective length of the cylinder in
which the excited atoms are localized.

It is usually considered that GI%z,.,~ 20 at the thresh-
old intensity of the parallel pump bearer.™! In
our experiments, the beam exciting the SRS was fo-
cused with a long focal length lens and was almost par-
allel. The intensity on the window of the cell was
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measured and was found to be only half the intensity at
the focus at the center of the cell. This means that,
under the threshold conditions, the effective length z,,,
is roughly equal to the length of the cell (122 cm). The
intensity of the exciting radiation was greater by a fac-
tor of 1.5 than the SRS threshold, so that z,,, was
smaller than the length of the cell by the same factor.
Hence, 2,,~80 cm and 2=0.17z,,=14 cm.

The advance in the phase along the beam axis during
the SRS stage gives the quantity

IN'dzzN'Az

along the beam axis. For the first interference pat-
tern (Fig. 4a), the change of phase at the center of the
beam is A@ =0, 6X21r and hence N *Az=0.8)/21Aa
~4,4x10" cm™, The mean density is, therefore, N
= 3.1%x10'® cm™. The effective cross- sectional area of -
the column in which the excitation took place is S
=#"/N*Az%0.9x102 cm?. The cross section of the
pump beam has the form of an ellipse with semiaxes
in the ratio 3:1. The two radii of the excited column
were found to be R=0, 31 mm and 1 mm.?’ The beam
radius can be measured directly from the first inter-
ference pattern, taking into account the magnification,
and is given by the horizontal half-width of the central
“hump. ” The density of molecules at p=10 atm is N
=2.7x10? cm™, i.e., the concentration of excited
molecules in the column, N */N=1.2x10%, is very
high.

According to recent data, 114=17 the vibrational relax-
ation time in hydrogen at room temperature (7 =239 °K),
reduced to the pressure p=10 atm, is 7= 35 sec. As
we shall see presently, for {<< 7, the gas is heated only
a few degrees. The relaxation time 7 is thus reduced
only slightly, and the rate of release of heat remains
constant in time. The increase in the temperature of
the gas (diatomic gas, specific heat at constant pres-
sure) is

NhQ ~ (6)

where AT ® corresponds to the end of vibrational relax-
ation (£=).

A simple estimate of the change in the concentration
of the molecules, AN, and the corresponding change in
the refractive index, Azn,, due to thermal expansion can
easily be obtained on the assumption that the expansion
process occurs under steady conditions at constant
pressure. In this approximation,

Any=2naAN= 2na( oN ) AT=—2naNAT= . (7)
or T

According to (6) and (7), the ratio of the refractive-
index changes An due to thermal expansion to the in-
crease in polarizability (An, = 27AaN*) is given by

Am, @ hQ t t (8)
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This shows that the defocusing effect of negative An,
may exceed the focusing effect of positive An, in a time
t~7/33~1 usec. This is an order-of-magnitude esti-
mate, but experiments have shown that the defocusing
of the axial part of the light beam sets in before this
time, i.e., for #=0.2 usec (see above). When ¢t~1
Lsec, defocusing is already greater than the initial fo-
cusing. The nonsteady character of the true thermal
expansion process must, at least to some extent, have
an effect here and should be appreciable for times ¢
comparable with the time ¢s=R/a=0.25 usec, i.e., the
time taken by sound to traverse the characteristic dis-
tance (equal to the radius of the column in which the
release of heat takes place).

The thermal expansion of the gas at low rates of heat-
ing is described by the equations of gas dynamics in the
acoustic approximation. Assuming that the process is
cylindrically symmetric, these equations are !

JaAp 1 9

+ po— —ru=0,
at Po r or i

j a. ap. . ¢
02y 080 O Pin=(—DN (VA2 —,

ut ar Jar

(9

where p, is the undisturbed gas density, Ap is the
change in density, u is the mass velocity, p,, is the in-
crease in pressure due to the release of heat without
change in density, and y=7/5 is the adiabatic exponent.
In the limit as ¢{>>{,, the pressure becomes uniform,
9u/3t~ 0, and Ap= ~p,,/d®, which is equivalent to (7).

In the opposite limiting case, when ¢< ¢, in the col-
umn in which the heat release takes place, we can ne-
glect the term a?8Ap/d7. This yields™!

tlﬁ
tit

F()=N"(r)/N*(0),

Ap=8p" ) 7 F () F= o (P4/10), §=1/R,

Ap™ (0) =— (y—1) N* (0)hS/a?, (10)

where Ap~(0) is the final change in the density on the
axis for £=«. In contrast to the quasiequilibrium case
for which Ap~N*~f, the distributions of An,~Ap and
Apg~N* for t< t, are given by the different functions
F(¢) and £(£). It is readily seen that, for distributions
that fall with distance from the axis, say, f=exp(-£2)
or cos(nt/2), the expansion of the gas near the axis is
greater than in peripheral regions. This is due to the
fact that the mass expelled from the center, where the
heat release is at a maximum, does not succed in
reaching “infinity, ” as in the “equilibrium” case, but
is mixed into the peripheral region where it partly com-
pensates the local gas expansion.

The deviation of the light rays is determined by the
radial gradient of the resultant refractive index, i.e.,
by the distribution

An=An,,+Ana=—C,t’F(%) +Cof (%) (11)

where C; and C, are coefficients independent of 7 and ¢.
If the distributions F and f were identical, as in the
equilibrium case, the transformation of the positive
SRS lens, corresponding to the reduction in An between
the axis and the edge, into a negative lens (An increases
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with distance from the axis) would occur simply when
the change in the sign of Az took place. If, on the other
hand, the ratio F/f increases with decreasing distance
from the axis, the curvature of An(y) at the point »=0
may change sign before the quantity Az itself changes
sign. This means that the “paraxial” lens will begin to
scatter well before thermal expansion compensates
the polarization effect at all points, i.e., before the
time predicted by (8). Calculations with a Gaussian
profile f have shown that the change in the signs of the
curvature of An on the axis and the paraxial SRS lens
occurs for

3 TRT/2 Ao 7'
|2 22 8% ]
[4 w0 ’]

For R=0.3 mm, £,=0.25 usec, and T=35 isec, we
obtain £~ 0. 33 usec instead of the 1 usec predicted by

- (8). Admittedly, ¢ is then somewhat greater than t,,

whilst the approximation defined by (10) is valid only

for £<t,, but the qualitative effect of the acceleration
of the change in the sign of the lens due to nonsteady

expansion processes is present.

The importance of hydrodynamic effects is also indi-
cated by the clearly observable fact that the “positive
humps” on the interference patterns (regions with Az
>0) propagate with the velocity of sound outside the
thermal column. The shift of the interference fringes
in the upward direction in the “hills” is of the order of
the downward shift in the “valley” at the center for ¢
=1 usec, and becomes relatively smaller for times ¢
= 2-2.5 usec. This is consistent with the overall pic-
ture of the process. For ¢~ {,, the gas injected from
the thermal column is concentrated not too far from
its boundary, the cylindric factor still has a relatively
minor effect, and Ap in the compression region is of
the same order as on the axis where expansion takes
place. For ¢> t,, the compression wave departs with
the velocity of sound to considerable distances, and the
mass M~ 1R?|Ap(0)| ejected per unit length of the col-
umn is distributed over a volume of the order of n(atf,
i.e., the increase in density in the compression wave
is of the order of Ap~ [Ap(0) (¢,/tF << 14p(0)I.

It is important to note that the photographs in Fig.
4b can be used independently of the interference pat-
terns to estimate the variation in the refractive index
along the beam path. The radius 7; of the dark spot
and the distance L between the photographic film and
the disturbed region in the cell can be used to deter-
mine the angle of deflection 6= 7,/L of the parallel
probe beam in the axial region, due to the appearance
of negative values of An. Thus, for £=0.8 usec, 7;
=1.6 mm, and L~120 cm, we have 6~ 0.00135. In the
case of small deflections, the ray equations given by
geometric optics yield 6= (2| An’|)/?, where An’ is the
radial difference between the refractive indices “tra-
versed” by the beam in the course of its deflection from
the initial direction along the z axis.'**’ A path length
Az=14 cm in the medium corresponds to a radial devi-
ation of the axial part of the beam through a distance
Ay~ 0Az=0.19 mm, which is comparable with the radi-
us R= 0.3 mm of the disturbed column, but is still less
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than this radius. Since at time #= 0.8 usec, 14n,| is
comparable with An,, one would expect that An’ = An
‘= |An!| would be of the order of Ang=27AaN™, but
less than this quantity. Infact, An/==62/2~-0.9

%1078 and An,~ 3x1078,

Let us now summarize our discussion. It must be
admitted that, despite the qualitative agreement be-
tween experiment and the above discussion of the hydro-
dynamic process, a quantitative analysis of the latter,
based on various approximations and the solution of a
number of model problems, does not yield a satisfac-
tory explanation of the measured absolute advances in
the phase and the powers of the SRS lenses during the
thermal expansion process. Theoretical calculations
can be made to agree with experiment only if it is as-
sumed that thermal expansion occurs more rapidly than
is indicated by the vibrational relaxation time 7=35 sec.
Infact, our valuesof 7 are smaller thanthis value by fac-
tors of two or three. It is very likely that this is a
reflection of the true state of affairs. Although pub-
lished datat**™*"1 provide no indication of the purity of
the hydrogen gas employed, it is probable that high-
purity gas was employed as is customary in studies of
vibrational relaxation because fractions of a percent of
water vapor or organic molecules produce considerable
acceleration of vibrational relaxation. On the other
hand, our experiments were performed with ordinary
commercial hydrogen and the cell was not specially
cleaned. This was probably the reason for the acceler-
ation of relaxation.

In conclusion, the authors wish to thank V. F,
Strel’tsov for his help in the preparation of the experi-
ment, and Yu. G. Khronopulo and V. P. Protasov for
valuable discussions.

YFor example, if the light beam passes from air into a thin
lens, one surface of which is a plane and the other a sphere
of radius R, then A=(n—-1)/2R, where 7 is the refractive in-
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dex of the lens material and f=R/(n~1).

2'We note that these values are somewhat smaller than the
transverse dimensions of the beam itself. This is not unex-
pected because the excitation of SRS is very dependent on the
pump intensity which decreases between the beam axis and
its periphery.
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