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A mode-locked neodymium-glass laser with a fast shutter was used to study light scattering
from an absorbing liquid. Two equal high-intensity beams from the laser intersected at a
small angle in the liquid, and the resulting stimulated diffractive scattering was observed.
Scattering was found on two time scales: a fast effect, developing within the 10-psec duration
of a mode-locked laser pulse, and a slow effect requiring many nanoseconds to develop. An

analysis is presented which shows the slow effect to be a combination of stimulated thermal
Rayleigh scattering and stimulated thermal Brillouin scattering. The fast effect is explained
as a result of saturation of the absorbing liquid in an interference pattern.

I. INTRODUCTION

Molecular scattering of light, in the form of
Hayleigh, Rayleigh-wing, and Brillouin scattering,
is now known in both spontaneous and stimulated
versions. The stimulated scattering was first
demonstrated for Brillouin scattering by Chiao,
Townes, and Stoicheff. ' Characteristic of their
experiment, and almost all of those that followed,
is the use of two light beams passing through the
same region of the material being studied. One

beam is a high-intensity laser beam, and the sec-
ond, at some angle to the first, is of very low in-
tensity.

In the sample, then, is an interference pattern
of electromagnetic fields caused by the two beams.
The fields are coupled to some property of the
sample (density, polarizability, etc. ). Hence, the
condition of the sample is altered-in stimulated
Brillouin scattering (SBS), for example, a sound
wave is induced. The changed properties of the
sample, acting back on the light through the dielec-
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FIG. 3. Absorption spectra of Cu(NO3)2 in acetone and

EK9860 dye in dichloroethane,

attenuated by filters, so the intensity at the sam-
ple was less than 500 kW/cm .

The aperture and mirror arrangement shown in
Fig. 2(b) produced two converging beams at the
sample. The angle between the beams was 5 mrad,
and the intensity in each beam was roughly 0. 5
GWlcm'.

By changing the optical path length, the pulses
in the second-harmonic beam could be delayed or
advanced relative to the intense ir pulse pairs at
the sample. The location of the zero-delay posi-
tion was determined accurately with the use of an
optical Kerr shutter at the sample position.

Samples were held in a glass windowed cell
0. 07 cm thick. Two different liquids were studied:
EK9860, an organic dye in dichloroethane solvent,
and Cu(NOS)~ dissolved in acetone. The absorption
spectra of both samples are shown in Fig. 3. For
both liquids, the transmission of the sample cell
for low-intensity light at X = l. 06 p, was 10%.

The ir light at 1.06 p, was detected with PIN
photodiodes. They had a response time of less
than 0. 3 nsec and were linear up to output currents
of at least 0. 5 A. To detect the (green) second-
harmonic pulses at 0. 53 p, , a type-931A photomul-
tiplier was used. To obtain sufficient time resolu-
tion with this tube, the output was taken from dy-
node No. 7, and the voltage from the photocathode
to this dynode was set to 2200 V. Connected this
way, the tube was able to completely resolve the
separate pulses (4 nsec apart). Outputs from the
detectors were observed with Tektronix Nos. 519
and 454 oscilloscopes.

III. EXPERIMENTS WITH ir ALONE

(a) CU (NO&) —acetone52
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FIG. 4. Ratio of scattered to monitored ir light. (a)
Cu(NO3)2-acetone sample, apparatus of probe experiment
but with the green beam blocked; (b) EK9860 sample, ap-
paratus of the delay experiment.

The scattered ir intensity in the first-order dif-
fraction (see Fig. 1) from the sample was mea-
sured and was normalized by dividing by the inten-
sity of one of the transmitted beams. Figure 4
shows this scattering ratio for typical pulse trains
for the Cu(NO~)2-acetone and EK9860 samples.

For the Cu(NO, )2-acetone sample, the noise lev-
el was established by blocking one of the strong ir
beams to the sample. For the pulse trains shown
for the EK9860 sample, the apparatus of Fig. 5
was used. This is basically the same experiment
as the one shown in Fig. 2, but without the second-
harmonic beam. In addition, the pulses in the two
strong beams may be advanced or delayed relative
to each other A.s shown in Fig. 4(b), scattering
is observed when the delay between the two beams
is zero; this is compared with the noise level found
when the delay between the two beams is 10 psec.

As shown in Fig. 4, the scattering ratio for both
liquids rises after about ten pulses have passed
through the sample, ultimately growing to about
5-10 times the noise level by the end of the pulse
train.

For the Cu(NO~)z-acetone sample, the scattering
ratio for the first few pulses was the same as the
noise level to within the experimental error of
about 50/p. For the EK9860 dye, however, imme-
diate scattering was observed with a scattering
ratio for the first few pulses of 2-4 times the noise
level. [This initial scattering from EK9860 was
also observed with the apparatus of Fig. 2 to pro-
vide unambiguous comparison with the Cu(NOB)~



DIFFRACTIVE SCATTERING OF PICOSECOND LIGHT PULSES. . . 2285

( Laser ,
'

r--
I j
L
Fast
Shutter

Laser
Beam

r
70%
mirror

Variable
delay

l00% mirror

Aperture
Sample

Cell

Variable

Delay

Detector
PIN

'I

cn ~
C0

O

Dg
~ eo ~ +

~ eo
s s s

4 8 12 I6 20 Pulse+

Both I r beams
open

sIy

4l

D 'D

e
C00 Q

D 0O' e-
~ 0 oooo' ~ QQe ~

I ~ s s

4 8 I2 I6 20 Pulse 4

One Ir beam
blocked

Identical
glass prisms

EK 9860 sample
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acetone. Results were the same as those shown
in Fig. 4(b). ]

The apparatus of Fig. 5 was also used without
the fast shutter to observe the scattering of ir
light in EK9860 as a function of the delay between
the strong ir beams. Results are shown in Fig.
6. Each point is the average of several pulse
trains, looking only at the scattering during the
strongest part of each pulse train.

IV. EXPERIMENTS WITH SECOND HARMONIC

The low-intensity train of green pulses was used
as a probe to study the grating produced by the in-
tense ir pulse pairs. The apparatus of Fig. 2 was
used for both samples.

Typical scattering ratios are shown in Fig. 7 for
both liquids. The noise level was established by
blocking one of the strong ir beams. For both
liquids, no immediate scattering above noise level
was found. The scattering started to grow larger
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FIG. 7. Ratio of scattered green light to monitored ir
light. Apparatus of probe experiment.

after about ten pulses had passed through the sam-
ple, eventually becoming 5-10 times the noise
level.

With the fast shutter removed and using the
EK9860 sample, a sheet of Polaroid film (no lens
system) was exposed to a single-pulse train from
the laser at the location of the photomultiplier.
Three orders of diffraction may be seen, as shown
in Fig. 8. When the fast shutter was in place for
the same experiment, only the first order could
be seen on the film.

Additional Observations

Scattering was studied without the fast shutter
for the EK9860 dye. For both the fundamental and
the second harmonic, the scattering was large
(10-20 times background noise) for all pulses in
the pulse train. However, it should be noted that
the pulse train develops gradually, and some sig-
nificant fraction (-10%%) of the total energy in the
pulse train has already passed through the sample
by the time the pulses are large enough to be clear-

~ ~
~ ~ ~

I I I I I I I I I I I s s I

0 I 2 5 4 5 6 7 8 9 IO I I l2 I5 I4

Relative delay (psec)

arbitrary zero

Diffracted ~
Beams Incident Beam

FIG. 6. ir scattering as a function of the delay between
the two strong beams. Average of several pulse trains
per point, with no fast shutter.

FIG. 8. Polaroid film exposed to scattered green light.
Apparatus of probe experiment without the shutter.
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If the liquid absorbs a fraction f= 1 —e, where
cy is the attenuation coefficient and 8' is the sample
thickness, of a pulse of duration t„,then the aver-
age heat absorbed per unit volume in the sample is

Q(x) = I(x)t f/W = g [1+cos(2xx/L)],
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This energy absorbed from the light mill appear
as a change of temperature of the liquid. The re-
sulting temperature distribution is

T(x) = T+ To[1+cos(2~x/L)],

(sr) ~O (8)

mhere T is the temperature before the radiation
reaches the sample and C~ is the specific heat per
unit volume at constant volume.

The pressure distribution caused by this heating
has the same form,

P(x) = P+ P,[1+cos(2wx/L)]

with
3vt= ~ is like (b) t = v is like (a)

FIG. 9. Behavior of liquid heated by one ir pulse pair at
time v=0.

P0 TO T0

=T0 ~ )
T

(8)

ly discernable.
Attempts were made to observe scattering above

noise level with the liquids (dichloroethane and
acetone) without any absorbers. These attempts
were unsuccessful.

V. ANALYSIS OF RESULTS

The general problem of stimulated scattering in
absorbing liquids has been reviewed in several
recent papers, "for experiments with one strong
beam and one weak beam. The folloming is a brief
consideration of scattering induced in an absorbing
liquid by tmo strong beams. Slom effects related
to density changes will be discussed first, and the
fast effect observed with EK9860 dye will be in-
terpreted afterwards.

Calculation of Behavior of Liquid

The arrangement of the light and the sample is
shown in Fig. 1. The strong input beams consist
of trains of short coherent pulses with wavelength

The angle between the beams is 8, and hence
the intensity of the light in the sample varies as

I(x) = 2I [1+cos(2wx/L)],

where Io is the intensity in each beam, I = X/sin8
is the wavelength of the pattern induced in the liq-
uid, and x is transverse to the average direction of

where P is the isobaric thermal expansion coeffi-
cient and K~ is the isothermal compressibility.

A liquid that has a pressure-temperature dis-
tribution of this form mill react as shown schemati-
cally in Fig. 9. The easiest way to understand
this behavior is to consider the induced distribution
of T(X) and P(X) as the sum of two waves: an
isobaric temperature-density wave as shown in
Fig. 10(a) and an adiabatic pressure (sound) wave
as shown in Fig. 10(b).

The pressure wave, with amplitude P0 from Eq.
(8), will have associated with it a temperature

By applying one of the thermodynamic Maxwell
relations, this can be expressed as

T, =P —= — — =P

(10)
where Cp is the specific heat per unit volume at
constant pressure.

Combining (8) and (10) gives

TP y —1
Tg TQ r~ T0Cp~ y

where y is the usual ratio C~/C» and use has been
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quantities for the liquids in these experiments, as
excited by a single ir pulse pair.

In the actual experiments, the liquid is acted
upon by a train of pulses. Themodel of Figs. 9
and 10 allows easy visualization of the action of
successive pulses, with results essentially the
same as those obtained by Pohl. ~'

Each successive pulse pair imparts a new con-
tribution to the already present waves. For the
isobaric wave, the new contributions may simply
be added up, as evolution of this wave during the
course of the entire pulse train is negligible. How-
ever, evolution of the adiabatic wave must be con-
sidered, and the addition must take proper account
of the phases of the new and exciting waves.

Let p&, &
and p„,be the amplitudes of the isobaric

and adiabatic density wave produced by the 3th

pulse pair (p, , = —p, ,), arriving at the liquid at
time f, Then at time t, the total isobaric wave
will be

pe= ~p&t~
tp& t

the adiabatic wave will have an amplitude

made of the relation y —1 = TP /CvKz.
The remaining fraction of the temperature wave

is associated with the isobaric wave and has an
amplitude

T =Tp T =Tp~ /y. (l2)

=P —— - =PIf' =P =T
p V 8I' y

0
y

and for the isobaric wave

p
' V eT» ' 'y

The density waves associated with these two com-
ponents may also be determined. For the adiabatic
wave,

tp& t

and the total density wave will be

pr = ps+ pp cos(2lT f/ T)' (17)

TABLE I. Thermodynamic parameters for the
experiment.

Each pulse pair, considered by itself, creates
equal density waves of the two types. If the pulse
pairs are spaced any integer times 7 apart, the
summed adiabatic and isobaric waves remain equal
in amplitude. In all other cases, p~ becomes
larger than p&.

As Pohl has pointed out, "the case when the two
waves are equal is of special importance. In this
situation, the total density wave becomes null
once in each cycle of the adiabatic wave, as in-
dicated by Eq. (17). When the liquid is in this

Acetone Dichlo roe thane Units
Therefore the two density waves have equal and

opposite amplitudes, which is not surprising since
uniform density for their sum was an initial con-
dition of the problem.

These two waves behave quite differently. The
isobaric "wave" just stands where it is and shows
only slow (milliseconds) thermal diffusive decay.
The pressure wave is an acoustic standing wave,
oscillating with period 7 = I,/c„,where c„is the
speed of sound in the liquid. The preceding analy-
sis depends on the inequality t&«v, which is easily
satisfied in these experiments.

Table I shows numerical values of the various

cv

Kg

p
'y

Cy

Io
L

To
po

pe/p

1.30
1.390x 10 '
1.27 x 10 ~o

0.7911
1.34
1.2x 10

1.10
1.135x 1p-3

0.797x 10
l. 2521
1.43
1.1 x 105(calo)
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constant-density configuration, only a temperature
wave is present, and one may try to observe pure
temperature scattering; that is, scattering repre-
sented by the second terms of Eqs. (2) and (3).
This configuration of the liquid may be achieved by
careful synchronization or, probably more easily,
by using only one exciting pulse pair.

Actually, even for properly timed pulses, two
effects tend to introduce disparity between the
amplitudes of the two waves. First, the damping
times of the two waves are different; the isobaric
wave decaying through simple thermal diffusion
and the adiabatic wave through dynamic acoustic
damping. Second, the wave pattern is only created
in a small area, and the standing acoustic wave
actually consists of two equal wave pulses traveling
in opposite directions that happen to overlap.
After they are created, they will travel away from
the region where they were produced.

~/~0 = pr/p (20)

and N = 5n from Egs. (1) and (2) or (3), respective-
ly.

Far from the sample, the amplitude of the light
field 1s found by integrating the amplitude conti"1-
bution across tl e sample in the usual manner. The
result is that at an angle co from the direction of

Calculations of the Effect on Light

With the configuration of the liquid known at any
time, the scattering of the light may be determined.
Several influences are important: The density vari-
ations cause variations in the refractive index and
in the absorption coefficient, and the temperature
variations also cause changes in the refractive
1ndex. Needed then 1s the scatter1ng of light
from a volume with a sinusoidally varying index of
refraction and attenuation.

The analysis is simplified by the thinness of the
sample and the small angles of incidence and
scattering. If one is concerned only with radiation
within an angle P of the normal on a sample of
thickness 8' in which the wavelength of the pattern
is I. [see Pig. 1(b)], and &PW«I. , then the sample
may be considered simply to be a diffraction grat-
ing. '2'3 In the experiments reported here I.= Q. 02
cm, P & 0. 005 rad, and W = 0. 07 cm, so &f& W s 0. 05I.
and a diffraction grating calculation is adequate.

The optical properties of the liquid are the index
of refraction

n(x) =n, +icos(2'/I, )

and the absorption coefficient

n(x) = o,0+2 cos(2'/I. ),
where no and no are the values before the waves
are induced. The amplitudes of these variations
are related to quantities considered earlier by

the incident beam, the light intensity is

I(&) I e-0!&w Q ( U)lnl+2m 1

„p (In( +I) fm!

zUV . V l2

x 1 — +i —(n]+ nz
ln t+ m+1 p

=ioe "' l&i.i(2U)+il'[&i I-z(2U) —~l i+ (2U)] ',
(22)where

U = 7t WN/X and V = ~ WA, (23)

for an angle ~ which satisfies the expected relation
I.sinu& =nX, and I(&d) =0 for other angles. (The
inclusion of the variable transmission is a modi-
ficationofanotherwise well-known calculation. '~~)

This calculation assumes that e"' = 1 —V.
For the slow effect, V may be found using Eq.

(20). To find K and U, it is necessary to estimate
values of the derivatives in Eq. (1).

The quantity most accessiMe to measurement,
and hence found in the literature, is (dn/dT) I, .
This is related to the quantities of interest here by

(24)

To get some idea of the relative contribution of
the two terms, it is useful to refer to the I orentz-
Lorenz relation. This indicates that, if the
molecular polarizability remains constant,

an (n'+ 2)(n' —1)
Bp 6pQ

(25)

Using this expression, and the measured value of
dn/dT for acetone, and putting the numbers into
Eq. (24) gives

—5. 3 x 10" = (0. 504)(- 1.10x 10 3) +
BT p

(25)
—g. 3x1Q '= —5. 5x1Q '+

BT p

Mack in fact used this as a means of calculating
(en/BT), , but this does not seem valid in view of
the restrictions on Eg. (25). In fact, calculating
(sn/BT), this way is equivalent to assuming that the
molecular polarizability depends much more
strongly on 7 than it does on P or p,. an assump-
tion that is not at all obvious. What is really
needed is measured values of one of the partial
derivatives, and they are lacking.

However, the numbers in (26) do indicate that
the direct effect of T on n is quite small compared

. with the indirect effect through the density, as is
well known. So when density changes are present,
as they are in the slow effect, it will suffice to con-
sider only an/ep and ignore (Sn/ST), . Hence, we
have
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B~ Lorefitz-Lorem

Bn 1 dn

P drmea w~

N, 2=2—p, ,
Bfl

Bp
' yulse yair

Acetone

1.359

0.504

0.480

6 x 10-'

Dichloroethane

1 ~ 444

0.410

4.2x 10"5

TABLE II. Optical parameters for the experiment. cos (haft), where f=1/~ is the frequency of the
acoustic wave in the liquid. Thus the first-order
scattered light may be considered to be composed
of three frequency components: one unshifted, or
Rayleigh component, arising from the stationary
wave ps, snd components shifted by +f, each half
the intensity of the unshifted component, repre-
senting Brillouin scattering from the wave p~. In
the higher orders, appropriately higher multiples
of the frequency shift will be found.

U= q W'kN~(2 0.12 0.09 Fast Scattering

BQN= —p~,
Bp

(27)

Numerical values for these experiments are shown
in Table II.

Using (20) and (27) for the present experiments,
after about ten pulses have passed through the
sample, pr will be about 3x10 g/cm~ for acetone,
so

U=O. 3 and V=3x10

Clearly in this case, terms containing V in ex-
pressions (21) or (22) are unimportant. Consider-
ing the first term (m = 0) in the first sum of ex-
pression (21), for n=1, a rough estimate is that
it will represent the entire sum to within 4%, and
for higher values of n (higher orders) the approxi-

. mation will be even better. So for U small com-
pared with 1, the phase grating produces a diffrac-
tion pattern, in which the intensity in the nth order
is proportional to (U "'/In I!)'.

If U is not small compared with 1, the intensity
of the nth order is proportional to [J~„~(2U)].

The experimental results for the slow scattering
are in accord with this analysis. The two density
waves p~ and p~ grow with additional pulses passing
through the sample. Their sum p~, which is re-
sponsible for the scattering (U~ pr), has a free-
oscillation period of 170 nsec. Thus, in the fast-
shutter experiments (Figs. 4 and 7), the 40-nsec
time required for scattering to grow large is quite
reasonable.

In experiments without the fast shutter, p~ is
growing slowly with new input pulses by the time
the pulses in the train are large. And the oscilla-
tions of p~ are fairly small, as p„is larger than

p» therefore the scattering seems fairly constant.
From the preceding analysis, the two density

waves p~ and p~ may be shown to be responsible
for Rayleigh and Brillouin scattering, respectively.
For example, consider the scattering of a weak,
continuous probe beam from a liquid in which p~
and p~ are equal. Then the scattering in the first
order, proportional to (pz, )~, will oscillate as

Observations of scattering from EK9860 with the
fast shutter [Fig. 4(b)] show significant scattering
of the first ir pulse pair to pass through the sam-
ple. Density fluctuations of the kind described
above cannot develop in the 10-psec duration of the
pulses; therefore, another mechanism must cause
the scattering.

The absorption peak at 1.06 p, of the EK9860 dye
is known to be saturable, "and this saturation
seems the most likely cause of the scattering. '
The saturation of absorption of this dye is well
known, and has made this dye popular for Q-
switching and mode-locking neodymium lasers.
An intensity of 56 MW/cm reduces the absorption
of a thin or dilute sample by a factor of 2, and the
dye recovers in 6-9 psec. Presumably, the in-
tense ir pulses will bleach a diffraction pattern in
the dye, which will then scatter the latter part of
the pulses. The green light will be unaffected, as
the dye is practically transparent to that wave-
length anyway.

The low-intensity transmission of the sample
was 10%, but the over-all transmission for the
high-intensity pulse pairs was roughly 50%%uo. As
a rough approximation, the net transmission of the
sample will be considered to be 10% at the minima
of the diffraction pattern and 60% at the maxima.
In terms of the model used for the slow effect, this
means A [Eq. (19)] is 0.25/Wand V is 0. 06.
Studying Eq. (22) for n = 1, the second term will be
the important one when U=0 at the beginning. And
it will be roughly the same size as the first term
when U= 0. 1 as the slow scattering develops. This
is in accord with the observations [Fig. 4(b)],
which found slow and fast effects of roughly the
same size.

Other possible causes of fast scattering have
been described in several recent articlese '~ which
review the problem of scattering in absorbing
liquids. These other effects do not seem to fit
the results reported here, for the reasons enu-
merated below.

Fast scattering caused by changes in the index
of refraction as a simple temperature dependence
[second term of Eq. (1)] is ruled out by the fact
that the green probe light was unaffected. Also,
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Realistic Rayleigh Temperature Wave

RPo

Realistic" Brillouin Pressure Wave

FIG. 11. More realistic representation of the waves of
Fig. 10.

a true temperature effect would be cumulative over
several pulses until the density effect became
dominant, and this was not observed.

Actually, in the duration of a single pulse, a
new temperature is not established. Mack pro-
posed' that the energy input to the solvent, as
entropy rather than temperature, changed the in-
dex of refraction. Again, this is ruled out in the
present results by the fact that the probe light was
not scattered.

Four-photon interactions"'" (light-by-light
scattering) have a geometry similar to these experi-
ments. But they do not depend on the presence of
an absorber in the liquid.

Four-photon interactions from the EK9860 mole-
cules are possible and similar to some proposed
stimulated-scattering effects. But all such light-
by-light scattering effects would exhibit a sensi-
tive relation between power levels and the angle
between the beams, even for a two-strong-beam
experiment. The fast effect reported here was
essentially independent of angle over a factor of
2, and simply increased regularly (faster than
linearly) with input power.

Scattering of picosecond pulses in nonsaturable
absorbers and in transparent liquids has been re-
ported by Mack. ' No equivalent of the fast shut-
ter was employed, so the time development is not
completely certain, though two different time
scales of scattering were clearly involved. ~ His
results are difficult to compare with the negative
results reported here, because the experiment was
of the one-strong-beam-one-weak-beam type in a
much thicker sample, and the pulses were of higher
intensity than those used for this experiment, '
though the pulses were also shorter and the energy
density was about the same. So the experimental
situation regarding picosecond scattering in non-
saturable liquids at extremely high power levels
is not yet completely settled.

Approximations

In the preceding analysis, the behavior of the
liquid has been severely simplified from reality.

Without more precise measurements available, it
does not seem productive to carry this analysis
much further. However, a listing of some of the
factors that have been ignored may be useful.

First, this analysis has assumed that the
"waves" created in the liquid are quite extensive.
In actuality, they are rather short "wave" trains,
covering only ten or so cycles, as indicated in
Fig. 11 which is to be compared with the idealized
case represented in Figs. 9 and 10.

The average pressure and temperature in the
excited region are higher than that in the surround-
ing liquid. Hence, superposed on the wave behav-
ior will be broad T and P peaks, which will diffuse
and radiate outward from the region of excitation.
Since they contain spatial frequencies much lower
than those of the waves, they will have small ef-
fect on the scattering.

Another complication is the effect of the weak
scattered radiation on the liquid. This diffracted
light will interfere with the high-power beams, and
produce small additional effects in the liquid. This
is described in the original theories of STBS,
STRS, and STS, where it is in fact the only effect.
Particularly in the case of samples that are "thin"
enough to be treated as diffraction gratings, this
effect will be very small.

The induced transmission grating in saturable
absorbers is not a simple sine wave, and it is not
small in the sense required for the calculation of
the integral tEq. (21) or (22)]. This results in
coupling to more terms in an expression like (22)
for a. given order of diffraction. This would be
important if accurate comparisons of the intensity
in various orders were to be made.

Radiation passing through the liquid will exert
influences, such as electrostriction, additional to
the heat-absorption effect considered here. These
could be taken into account by adding additional
terms to Eqs. (5) and (7), and would not produce
any qualitative changes in the theory.

Also, the radiation energy is not absorbed uni-
formly throughout the thickness of the sample, as
was assumed to get Eci. (4). Instead, the absorbed
light intensity is greatest where the light enters
the sample and decreases as the light passes
through. Compared with the idealized distribution
used here, this actually produces a slightly less-
ened phase retardation, as there is some "washing
out" of the pressure distribution as the front and
rear of the cell come into equilibrium. However,
the only effect on the form of the phase retardation
will be some deviation from the simple sine-wave
shape.
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The density-fluctuation spectrum and wave-vector distribution are calculated for a plasma
subjected to the influence of two intense laser beams. The influences of the plasma ions, a
possible external uniform magnetic field, the spectral intensity distribution of the mixed laser
beams, and their finite diameter are taken into account. The spectrum is shown to consist of
two contributions, of which one is recognized as the thermal-fluctuation spectrum while the
other .is induced by a force generated by the mixed laser beams. Both contributions simply
add as a result of the incoherent nature of the thermal fluctuations. It is shown that the theo-
retical results are in agreement with recent experimental observations. Special attention is
also directed to the case in which two beams, generated by the same laser, are mixed in a
plasma, and it is shown that enhancement of the ion feature in the spectrum of more than two
orders of magnitude against the thermal case can be produced by employing common Q-
switched ruby lasers.

I. INTRODUCTION

Methods for generation of electrostatic waves of
controlled amplitude, spectrum, and wave-vector
distribution are of great interest in plasma physics
since they are essential for the study of many non-
linear plasma phenomena. One of the most prom-
ising methods, which does not rely on perturbing
mechanical probes and which can be used in high-
density high-temperature plasmas, makes use of
the mixing effect of two laser beams passing
through a plasma. First proposed for a Lorentz
plasma, the mixing effect has meanwhile been ob-
served in an experiment, ' while the theory has
been extended to include the effect of the ions and a
uniform external magnetic field. So far, however,
theoretical calculations have treated the mixed

light waves as plane and monochromatic, and a
comparison between observation and theory has not
been possible, since the nonlinear character of
the light mixing effect prohibits a straightforward
extension of the theoretical results to the case of
polychromatic light beams of finite diameter. For
light scattering experiments, the knowledge of
spectral and wave-vector distributions of the den-
sity fluctuations are important for the design of the
optical detection system. In the present study we
therefore propose to develop the theory for phys-
ically realistic situations, which would make pos-
sible accurate predictions of and comparison with
experimental results. In general, the effects of
plasma ions, a possible uniform external magnetic
field, and the initial plasma conditions are in-
cluded.




