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Observation of laser-induced anisotropic changes in the frequency
and damping of ion acoustic waves in a laser plasma
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Temporally and spectrally resolved large-angle Thomson scattering was used to study the fre-

quency and damping of short-wavelength (kkD, —1) ion acoustic fluctuations in a plasma in the
presence of a high-frequency (coo) co~, ) laser beam. At high laser intensities (v„,/v, & 1), the fre-
quency of the ion acoustic waves which propagated parallel to the electric field of the laser (i.e.,
parallel to the electron quiver velocity) was observed to be larger than the frequency of the waves
which propagated in the perpendicular direction. An increase in the fluctuation amplitude for those
waves that propagated parallel to the electric field was observed to be coincident with the shift in

the ion acoustic frequency. Both the frequency shift and the increase in the fluctuation amplitude
can be explained in terms of the off-resonance ion acoustic decay and the off-resonance oscillating
two-stream instabilities. The experimental results are in good agreement with the predictions of
theory.

I. INTRODUCTION

A high-intensity electromagnetic wave can produce
significant changes in a plasma. Besides heating the plas-
ma through classical absorption, the electromagnetic
wave can drive electrostatic plasma Auctuations either
directly or indirectly. In particular, parametric processes
which involve the generation of large-amplitude electron
plasma and ion acoustic waves at the expense of the elec-
tromagnetic wave have been studied extensively. In such
processes the plasma Auctuation amplitudes can be
driven to well above thermal levels and large changes can
occur in both the frequency and the damping of these
waves.

An intense electromagnetic wave for which u„,/u, ~ l
[v„,=eEO/m, coo is the peak oscillation velocity of the
electrons in the electric field Eo of the electromagnetic
wave of angular frequency coo, and u, =(kttT, /m, )' is
the electron thermal velocity] can also change the disper-
sion relation of plasma Auctuations which are not strong-
ly driven by any parametric process. This was first inves-
tigated theoretically by Aliev and Silin' for the case
coo))to, [co, =(n, e /m, eo)' is the electron plasma
frequency]. Silin later used a fiuid approach with zero
thermal motion (T, = T, =0) to study the situation closer
to resonance, coo=co, . Thermal motions of the electrons
and ions were considered in the kinetic treatments of Si-
lin and Sanmartin who studied primarily the cases
coo co, and coo ~ co „respectively. Besides being of in-
terest in terms of basic plasma physics, changes in the
plasma wave Auctuation amplitudes induced by the elec-
tromagnetic wave can increase the effective collision rates
and lead to enhanced absorption of the electromagnetic
wave.

In this paper we report on time-resolved measurements
of the effect of a high-intensity laser beam on the frequen-
cy and damping rate of thermal level ion acoustic waves.
The primary diagnostic used in this experiment to study
the ion acoustic waves was time-resolved large-angle
Thomson scattering. Thomson scattering from thermal
plasma waves has been used extensively in the past as a
plasma temperature and density diagnostic in tokamak
and other magnetically confined plasmas. For these
long duration plasmas it has been possible to use mul-
tichannel photomultiplier systems to record the temporal
changes in the spectrum of the scattered light. In the
field of laser plasma interactions, time resolved Thomson
scattering using streak cameras has become a standard
diagnostic in the study of the very nonthermal plasma
Auctuations driven by parametric processes. On the oth-
er hand, very few thermal Thomson scattering experi-
ments on laser plasmas have been reported. Most of
these experiments have measured the time evolution of
the Thomson scattered spectrum in a shot-to-shot
manner. " Recently, we have reported time-resolved
Thomson scattering measurements of the electron and
ion temperatures obtained with a spectrograph —streak-
camera combination. ' The present work is an out-
growth of these temperature measurements and was
motivated by the nonisotropic behavior observed in the
spectrum of the Thomson scattered light. '

II. THEORY

The plasma dispersion relation in the presence of a
long-wavelength electromagnetic wave, as first derived by
Silin, is given by
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where g, (co) and y, (co) are the complex ion and electron
susceptibilities, k and co are the wave vector and complex
frequency of the plasma oscillation, and J is the Bessel
function of order m. Wave vector k is much larger than
ko. For the case of either zero laser intensity (v„,=O) or
for waves propagating perpendicular to Eo (k.v„,=O),
Eq. (1) reduces to the usual field-free plasma dispersion
relation, 1+y; (co ) +y, (co ) =0. Equation (1) describes
both instabilities and shifts in the frequency of stable ion
acoustic waves.

Analytical approximations for the damping and fre-
quency of plasma fluctuations in the presence of an elec-
tromagnetic wave have been obtained from Eq. (1) for
special plasma conditions ' and more recently exact nu-
merical solutions have been obtained. ' ' Two regimes
with different behavior usually appear in the solutions for
kA, D, ~0.4, ' ' where A,D, =(k&T, eo/n, e )' is the
electron Debye length. For the case cop & coBG, the result-
ing instability is referred to as the off-resonance oscillat-
ing two-stream instability (OTS). ' ' Throughout this
paper, ma&, the Bohm-Gross frequency, is the real part of
the frequency of the electron plasma fluctuations deter-
mined from the dispersion relation 1+y;(co)+y, (cv) =0.
The usual approximation, coBG =co~, +3u, k, is not accu-
rate for values of kA. D, «0.4. For cop) coB&, the instabili-
ty is known as the off-resonance ion acoustic decay insta-
bility (IAD), or off-resonance parametric decay. ' ' At
resonance (n, =n„)both OTS and IAD can be treated as
parametric processes. ' In IAD the electromagnetic
wave decays into an electron plasma wave with frequency
co-cop, and an ion acoustic wave with frequency co;, .
Both daughter waves propagate nearly perpendicular to
the electromagnetic wave vector (parallel to Eo). In OTS,
two electron plasma waves are generated with frequencies

which propagate in opposite directions. These
waves beat together to drive a stationary, zero-frequency
ion acoustic fluctuation.

While the growth rates of both instabilities are greatest
at resonance (i.e., for plasma densities around critical,
n,„),at high laser intensities ( v„,/v, ) 1) significant
growth can also occur at lower densities in the range
0.5n„&n,&n„. Both the low-frequency ion acoustic
wave and the high-frequency electron plasma wave are
driven unstable with the same growth rate and have fre-
quencies shifted from their zero pump field values. In
this work we have investigated the growth rate and fre-
quency of only the ion acoustic waves.

In order to illustrate the differences between the off-
resonance forms of OTS and IAD we have plotted in Fig.
1 the frequency and damping of the ion acoustic waves as
a function of U„,/U„as obtained from a numerical solu-
tion of Eq. (1). The values are normalized by the frequen-
cy co;, and the damping rate y;, of the ion acoustic wave
calculated for zero pump intensity. Note that in Fig. 1(b)
—y/y, , is plotted; hence positive values correspond to
growth. The plasma parameters for Fig. l were chosen to
correspond to the interaction of a COz laser beam
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FIG. 1. Numerical solutions of Eq. (1) for (a) the normalized
frequency and (b) the normalized damping rate of ion acoustic
waves in the presence of a high-intensity electromagnetic wave
vs U„,. /U, . Values of —y/y;, greater than 0 indicate instability.
Carbon plasma: T, = T; =100 eV, Z=6, kA, D, =0.38, CO2 laser:
k0 = 10.6 p, m, co0 = 1.78 X 10' s

(A,0=10.6 pm, coo=1.78X10' s ') with a fully ionized
carbon plasma (Z=6, T, =T, =100 eV, n„=10' cm ).
The wavelength of the ion acoustic wave was chosen such
that kA.D, =O. 38 (see discussion below concerning Fig. 2).
For these conditions, coaz =cop at n, =0.63n,„.Therefore
the curves for n, =0.6n„correspond to cop&co&G and
IAD while the curves for n, =0.7n „correspond to
cop & coBG and OTS. For n, =0.6n„,both the ion acoustic
frequency and growth rate increase as U„,/v, is increased
reaching maxima at U„,/U, -6—7. For n, =0.7n,„,the
frequency decreases with increasing laser intensity, drop-
ping to zero when the waves become unstable. This in-
stability is therefore nonpropagating and purely growing.

A fluid approach is probably better for obtaining a
physical understanding of how the electromagnetic wave
can induce a shift in the ion acoustic frequency. This
model is valid only for kv„,/coo ~ 1 (the amplitude of the
electron oscillation is less than the ion acoustic wave-
length) and kA, D, S 1. In the usual first-order derivation
of the ion acoustic frequency from the fluid equations, the
restoring force for the waves is provided by the pressure
gradient Vp, due to the gradient in density between the
wave peaks and troughs. Terms involving v. Vv in the
momentum equations are usually ignored as second or-
der. However, for large electron quiver velocities,
v„,-Vv„,can become significant in the electron equation
and its time average (the "ponderomotive force") must be
considered along with Vp in calculating the restoring
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force on the ion acoustic waves. The total restoring force
and hence the wave frequency can increase or decrease
depending on the sign of the v„,-Vv„,term.

For coo) coBo (IAD) the electron quiver velocity due to
the electromagnetic wave for electrons in the wave with
wave vector k is slightly greater for those electrons at the
wave crests than for those at the wave troughs. This is
because the regions of higher density are closer to reso-
nance (co~o=coo) since the plasma frequency, co~„ is
greater there. In this case v„,Vv„,has the same sign as
Vp and so the restoring force and the wave frequency in-
crease with laser intensity. For coo (co&G (OTS) the
quiver velocity of the electrons in the wave with k vector
k is greatest for the electrons at the wave troughs since in
this case those electrons are closest to resonance. There-
fore, the v„,.v„,term decreases the total restoring force
and, hence, the wave frequency is expected to decrease
with increasing laser intensity.

A'hen the oscillation amplitude of the quivering elec-
trons exceeds approximately one half of the ion acoustic
wavelength, kv„,/mo ~ m, the electrons oscillate from the
wave peaks to the troughs and the fluid model breaks
down. Equation (1) does not have the restriction
ku„,/coo~ l. Indeed, the numerical solution of Eq. (1)
shown in Fig. 1 exhibits variations in the ion acoustic fre-
quency which can probably be explained in terms of such
large oscillation amplitudes. Other aspects of the rela-
tionship of the fluid and kinetic approaches are treated in
the Appendix.

The simple physical pictures presented so far begin to
break down for values of kkD, ~0.4 where the Landau
damping of the electron plasma and ion acoustic fluctua-
tions can become very large. For large kkD, both the
off-resonance IAD and off'-resonance OTS instabilities be-
come weaker and in fact the OTS instability ceases to
occur. This point is illustrated in Fig. 2 where we have
plotted the frequency and growth rates for the ion acous-
tic fluctuations versus kkD, as calculated from Eq. (1).
The results for several fixed electron densities are shown.
The plasma conditions were chosen to be similar to those
encountered in our experiment. Figure 2(b) is almost
identical to Fig. 2 in Ref. 15, which was for similar plas-
ma conditions.

For the densities of 0.7 n„and 0.8n„both the IAD
and OTS instabilities occur. For these densities as kA, D,
is increased from zero, the frequency of the ion acoustic
fluctuations increases gradually and reaches a peak value
at the point where the IAD instability has its largest
growth rate. At coB&=~o the growth rate suddenly drops
and the frequency falls to zero. For larger values of kA, D,
the OTS instability occurs and the frequency remains at
zero. As kA, D, is increased even further, the growth due
to the laser cannot overcome the natural Landau damp-
ing of the electron plasma and ion acoustic waves and the
instability growth rate begins to fall. At kk.D, -0.43 the
OTS growth rate becomes negative (there is a net damp-
ing) and the ion acoustic frequency suddenly becomes
nonzero. For still larger values of kA.D, the presence of
the electromagnetic wave can cause the ion acoustic fre-
quency to increase and the damping to decrease over the
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field free values. Such a decrease in the damping, while
not actually producing an instability, can in fact lead to
an increase in the ion acoustic fluctuation level. ' ' '

For lower densities (n, ~0.6n„),the behavior of the
off-resonance IAD instability is similar to that described
above. However, the o6'-resonance OTS instability was
not observed in our solutions at the lower densities.
Rather, the ion acoustic waves remain damped even for
large U„,/U, . This is in agreement with previous obser-
vations by Sanmartin who found that OTS could occur
only for n, )0.61n„[seeEq. (23) of Ref. 4].

III. EXPERIMENTAL DIAGNOSTICS

Since the theory of Thomson scattering can be found in
several authoritative works ' only those results pertinent
to the present experiment will be summarized here.

The wave vector k of the plasma fluctuation probed by
a particular Thomson scattering optical setup is deter-
mined by the Bragg scattering condition

lr=+(lt„—lt „),
where k, and k„arethe wave vectors of the probe and

FIG. 2. Numerical solutions of Eq. (1) for (a) the frequency
and (b) the growth rate of ion acoustic waves in the presence of
a high-intensity laser beam vs kA, D, . Curves for several densities
are shown and the regions of IAD and OTS are indicated. Car-
bon plasma: T, =T, =100 eV, Z=6; CO, laser: A,o=10.6 pm,
U „/U,=2.
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scattered light, respectively. If k „=k„then the magni-
tude of the probed wave vector is given by

4~. 0
k = sin —,2' (3)

where A, , is the wavelength of the probe and 0 is the an-
gle between the probe and scattered beams. The frequen-
cy of the scattered light is red or blue Doppler shifted
from the probe frequency by an amount equal to the fre-
quency of the plasma fluctuations,

+CO. COP. —CO (4)

P, roP„(R,ro„)dQdes„= ~sX(sXE, )i2' 3
Xn, VS(k, ~)dQ des„.

The character of the plasma fluctuations probed in an
experiment is determined by the probe wavelength and
the scattering geometry. The type of scattering is usually
given in terms of the parameter o. =1/kA. D, . For o. (&1,
fluctuations are probed whose wavelengths are much less
than the Debye length. These fluctuations are heavily
damped and the spectrum of the Thomson scattered light
is usually Gaussian in shape and reflects the Doppler
shift due to scatter from uncorrelated individual elec-
trons. (Because of their much greater mass, the ions
scatter much less light than the electrons. ) The scattered
spectrum is therefore directly related to the electron dis-
tribution function.

As o. is increased, the wavelength of the probed fluc-
tuations approaches or exceeds the Debye length. These
fluctuations are less heavily damped and, in a thermal
plasma, resonances start to appear at the Bohm-Gross
frequency (electron plasma waves) and the ion acoustic
frequency (ion acoustic waves). Note that both these fre-
quencies are defined only for a given wave vector k.
These resonances lead to correlations between the elec-
trons in the plasma which in turn lead to peaks in the
spectrum of the Thomson scattered light with shifts, ac-
cording to Eq. (4), of +coiio (the electron satellites) and

co;, (the ion feature). The intensities and widths of
these spectral peaks are determined by the damping on
the associated plasma waves. For values of a-1 the elec-
tron plasma waves are heavily damped and no electron
satellites appear in the scattered spectrum. Only the cen-
tral ion feature is present and its spectral profile is deter-
mined by the electron and ion distribution functions and
the electron density. In the present experiment the spec-
trum of the central ion feature was measured as a func-
tion of time for values of a —1.

The Thomson scattering spectrum can be calculated
from the spectrum of thermal plasma fluctuations. This
is usually given in terms of the spectral density function
S(k, co), which is a measure of the amplitude of tluctua-
tions with wave vector k and frequency ~. The power
scattered into the solid angle dQ in the spectral frequen-
cy range co„~co„+des„,as measured at a point located
at position R, is given in terms of the spectral density
function by

(2~)' Z 2 Xe
exp —x,

kU, e
(6)

where Z is the charge on the ions, v;=(k&T, /m, )' is
the ion thermal velocity, and c, =1+g, +g, . The effects
of the drift velocities of the electrons and the ions U&,
and U&, are included in the definitions of x, and x, ,

x, = [(co/k ) —v„,]/&2v, ,

x, = [(co/k )
—vq, ]/&2v, .

Sheffield gives approximate formulas for calculating g,
and g;. Alternatively, they may be calculated directly
from the complex error function and the results used to
calculate S(k, cv).

Plots of logio[S(k, cu)] as calculated from Eq. (6) are
shown in Fig. 3 for values of the parameter a ranging
from 0.5 to 5.0. The abscissa is given in terms of the
wavelength shift in angstroms to facilitate comparison
with experiment. In Fig. 3(a) we have also plotted
log, o[S(k,~)] for completely uncorrelated electrons in
order to illustrate how correlations between the electrons
lead to peaks in the scattered spectrum. While as a is in-
creased the scattered spectrum remains dominated by the
Doppler broadening from uncorrelated electrons, peaks
superimposed on this spectrum appear which result from
scatter from those electrons which move at the phase ve-
locity of the plasma fluctuations. According to linear
theory the number of those electrons does not increase
but rather the correlations between the electrons in the
fluctuations lead to constructive interference in the light
scattered only from those electrons moving at the wave
phase velocity.

In Fig. 3(b) the spectrum of the central ion feature is
plotted for a range of values of a. The red- and blue-
shifted peaks due to the ion acoustic resonances become
prominent features for u «0.5. The separation between
the two peaks in the ion feature provides a direct measure
of the ion acoustic frequency. In addition, several plasma

Here, P
„

is the power and 2 is the cross-sectional area
pr

of the incident probe beam, ro=2. 82X10 ' m is the
classical electron radius, and V is the volume of the
scattering region defined as the intersection of the probe
beam and that part of the plasma imaged bg the collec-
tion optics. The geometrical factor

t
s X (s X E, ) ~, where

s is a unit vector in the direction from the scattering
volume to point R and E„„is the unit vector in the direc-
tion of the probe polarization, was slightly less than 1 in
the present experiment.

From Eq. (5) it can be seen that for a fixed arrangement
of the scattering optics the scattered power is determined
by the electron density while the shape of the scattered
spectrum is determined by the spectral density function.
For the case of a stable plasma without the oscillating
laser field and with Maxwellian distributions for both the
electrons and the ions (we will allow T, to be difFerent
from T; ), S(k, cv) becomes'

2)1/2
S(k, co)= exp( —x, ) 1—

kv, ' c
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pulses was accomplished by using the high-voltage pulse
from the CO2 laser switchout Pockels cell to trigger the
YAG oscillator Q switch and to switch out the probe
pulse.

Electron densities in the preformed plasma were mea-
sured on every shot by means of a Mach-Zender inter-
ferometer. In the present experiment, the density in the
interaction region ranged from 0.3n,

„

to 0.8n„.Tem-
poral resolution was limited by the 2 —4-ns duration of
the probe pulse as well as by the fact that the inter-
ferometric fringes were oriented parallel to the CO& laser
beam and therefore their shape was insensitive to plasma
changes caused by the CO2 laser pulse. However, results
of the Thomson scattering measurements, as discussed in
Sec. V, indicate that only minor changes to the plasma
density occurred during the laser interaction.

The Thomson scattering optical arrangement is shown
in Fig. 5. The optics were arranged to make measure-
ments of the Thomson scattered light in two directions in
a single shot. The green probe pulse ( —300 mJ) which
was polarized slightly off vertical was focused onto the in-
teraction region to a spot &100 pm in diameter by an

f /10, 150-mm focal length lens. Thomson scattered
light was collected by a second f/10, 150-mm focal
length lens and focused by a 200-mm focal length lens
onto the slit of a spectrograph (I-m, f/10, Czerny-
Turner, with a 1200-groove/mm grating blazed for 5000
A). A magnified image of the output spectrum was fo-
cused by a cylindrical lens, which was used to cancel the
astigmatism introduced by the off-axis focusing of the
spectrograph, and a 55-mm focal length lens onto the slit
of the streak camera (Hadland Imacon 500). A probe in-
tensity fiducial was split off from the scattering probe
beam before the target chamber, sent through an optical
delay line, and introduced directly onto the slit of the
streak camera, bypassing the spectrograph, by a short
piece of optical fiber. The streak records were recorded
on negative film and later digitized.

Details of the optical arrangement used for temporally
separating the light from the two 90' scattering measure-

10.6pm Pump Beam

Beam
Dump

ments is shown in Fig. 6(a). The first scattering signal
was due to light scattered at 90' with respect to the probe
beam, directly into the collection optics. Light which
was scattered in the opposite direction was refocused by a
confocal mirror system and sent into the same collection
optics with an optical delay of 4.0 ns with respect to the
first scattering signal. Because of the extremely small
scattering cross sections involved, the effect of rescatter-
ing of the second signal as it passed through the plasma
on its return to the collection optics was negligible.

The wave vectors of the ion acoustic waves probed by
the Thomson scattering setup are determined by the
wave-vector matching condition [Eq. (2)] and are shown
in Fig. 6(b). The first scattering signal was due to light
scattered from ion acoustic Auctuations which propagat-
ed parallel and antipara11el to the wave vector of the CO2
pump laser (i.e. , perpendicular to the CO2 laser polariza-
tion), while the second scattering signal was due to
scatter from ion acoustic Auctuations which propagated
perpendicular to the CO2 laser beam but parallel to its
polarization direction. Therefore, for the first scattering
signal, k v„,=0 and we expect the CO2 laser pulse to
have no direct effect on the Thomson scattering spectrum
except through thermal changes in the plasma tempera-
ture. However, for the second scattering signal, k is
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the optical setup for simultaneous two-direction 90 scatter, (b)
the fluctuation wave vectors probed by the Thomson scattering.



39 OBSERVATION OF LASER-INDUCED ANISOTROPIC CHANGES. . . 2555

parallel to v„„andfrom Eq. (1) we expect the oscillating
electrons to cause changes in the ion acoustic frequency
and damping rate and hence to lead to changes in the
Thomson scattering spectrum.

The scattering optics were aligned with the aid of a
100-pm pinhole located at the interaction region. Final
alignment was performed with the target chamber under
vacuum and it is estimated that the scattering volumes
for the first and second scattering signals overlapped to
better than 50 pm. Because of the extremely low scat-
tered light levels (only —1/10" of the probe energy was
scattered into the collection optics) great care was taken
to optimize the collection efficiency while reducing stray
light levels. In order to obtain measurable signals it was
necessary to use wide slits on both the spectrograph and
the streak camera. This resulted in spectral and temporal
resolutions of 0.7 A and & 150 ps, respectively. The dy-
namic range of the streak photos was limited to -20 be-
cause of the high gain setting of the streak-camera
intensifier.

Stray light was reduced in several ways. The probe
beam was dumped into a blackened Rayleigh horn, and
circular baNes in front of the probe focusing lens and the
collection lens limited their fields of view. Because the
solid carbon disk was located as little as 300 pm from the
scattering region, stray light rejections from the disk
were inevitable. Fortunately, by properly orienting the
disk and using a small light baffl in contact with its edge
it was possible to prevent the rejections from directly

entering either set of collection optics. The fact that the
scattering region was imaged onto the slit of the spectro-
graph also reduced the effect of stray rejections since
most stray light hit the blades of the slit and did not enter
the spectrograph. Finally, although not a problem in this
experiment, the temporal dispersion of the streak camera
allowed discrimination between the true signal and any
light scattered from the chamber walls.

V. RESULTS

The wave vectors probed by the 90 Thomson scatter-
ing had magnitudes of —1.7X10 m '. Plasma densities
in the interaction region were controlled by varying the
height of the disk target and in the present experiment
ranged from less than 0.3n„to greater than 0.8n„corre-
sponding to k/ko ratios in the range from 34 to 63.
Therefore, the wave vectors of the probed plasma Auctua-
tions were much larger than those which are driven by
parametric processes. For typical plasma temperatures
of T, -200 eV, the scattering parameter a ranged from
1.0 to 1.6. The thermal Thomson scattering spectrum is
therefore expected to show only the ion feature which,
for this range of a' s, is influenced to a considerable extent
by the plasma density as well as by the electron and ion
temperatures.

Streak records of the Thomson scattering spectrum are
shown in Fig. 7 for three separate shots. The top part (I)
is the spectrum due to ion acoustic fluctuations which
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propagated parallel and antiparallel to the wave vector of
the CO& laser beam. The lower part (II) is the spectrum
due to fluctuations which propagated parallel to the elec-
tric field of the CO2 laser beam, i.e., parallel to the elec-
tron quiver velocity. Because it was not possible to total-
ly eliminate all the stray light from scatter in both direc-
tions, the second scattered spectrum often showed an un-
shifted peak due to stray light between the two ion
feature peaks. Plasma light levels were always below
detection threshold.

The probe intensity fiducial is shown along the upper
left edge of the streak records. Temporal modulations in
the probe intensity are due to mode beating between the
longitudinal modes of the YAG oscillator and are much
smaller than the sudden intensity modulations observed
in the ion feature spectrum. The source of the latter
modulations is discussed below.

Since the frequency separation between the two peaks
in the ion feature is equal to 2',, and co;,
—(ZksT, /m;)', the heating of the plasma during the
CO2 laser pulse and the eventual cooling after the pulse
are evident from the streak records. On shots with no
CO2 laser pulse, the scattering spectrum from the pre-
formed plasma was unchanged over the duration of the
probe pulse. This indicates that any changes in the pre-
formed plasma conditions occurred slowly and that the
probe pulse had negligible effect on the plasma. There-
fore any changes during the interaction pulse were solely
due to the CO2 laser.

The streak records were digitized and lineouts made at
the times of interest. Plasma conditions were then deter-
mined by fitting theoretical Thomson scattering spectra
convolved with the instrumental broadening. The top
spectrum on the streak records was used for the fitting
since theory indicates that this spectrum was unaltered
by the presence of the CO2 laser except through thermal
changes in the plasma due to heating. The ion acoustic
frequency and damping rate determined from the top
spectrum are therefore taken to be equal to the field free
values co,, and y,, Possible causes of the sudden
enhancements in the red peak of the top spectrum are
discussed below.

The fitting of theoretical spectra was accomplished in-
teractively on a computer. Guesses were made for T„T,,
vd, and vd; and the theoretical spectrum was calculated.
The electron density was held fixed at the value deter-
mined from interferometry and the average Z of the ions
was calculated from T, using the Saha equation. Param-
eters were varied until a best fit was obtained. Uncertain-
ties in the fitting results in probable errors in the various
parameters of 15% or 10 eV (whichever is larger) for T„
25% or 10 eV (whichever is larger) for T, , 30% for vd

„

and 5 X 10 m/s for vd, . The electron and ion tempera-
ture time histories determined from the top spectrum on
each streak record are shown in Fig. 7.

The relative timing of the CO2 laser pulse and the
streak records was determined only roughly since there
was no absolute timing fiducial. The approximate start of
the laser pulse was signaled by an increase in the electron
temperature. Simulations' have shown that the max-

imum electron temperature should occur very near to the
time of peak laser intensity. However, the timing deter-
mined from this method did not agree with that deter-
mined from the onset of heating. The uncertainty in the
timing of the CO2 laser pulse determined from this
discrepancy is estimated for the present experiment to be
approximately +0.3—0.5 ns.

VI. DISCUSSIQN

Except for the brief periods of enhanced scatter, the in-
tensity of the ion feature spectrum before and during the
CO& laser pulse was almost unchanged. Therefore the
plasma fluctuation levels remained at their low thermal
levels during the interaction pulse. On some shots where
no sudden asymmetric increase in the intensities of two
peaks of the first spectrum was observed, a slight de-
crease in the overall intensity was noted as the electron
temperature increased. This behavior can be almost en-
tirely accounted for by the decrease in S(k,~) as the elec-
tron temperature was increased. [S(k,co) decreases by
—50% between T, =50 eV and T, = 150 eV]. Therefore
we conclude that any changes in the plasma density dur-
ing the interaction pulse either due to further ionization
or hydrodynamic motion were small and that the density
measured by interferometry was a reasonable estimate of
the actual density during the interaction.

A. Frequency shift

From the streak records shown in Fig. 7 it can be seen
that the maximum separation of the two spectral peaks
was greater in the second spectrum (II) than in the first
(I). This implies that the ion acoustic frequency was
greater for those fluctuations which propagated parallel
to v„,than for those that propagated perpendicular to
v„,(parallel to ko). Since T, is roughly proportional to
the square of the spectral peak separation (at least for the
case of zero laser intensity), this difference, if interpreted
as due to a directional dependence in the electron temper-
ature, would imply a very nonisotropic electron distribu-
tion function. It is difficult, however, to explain how the
rapid oscillation of the electrons in the field of the laser
could lead to two different "thermal" distributions with
different temperatures. The electron-electron Maxwelli-
anization time for a plasma at a temperature of
T, = 150 eV and a density of n, =5 X 10' cm is 10—20
ps. Since the 90' deflection time for electrons for the
same conditions is less than 1 ps, the electron distribution
function should isotropize before two thermal distribu-
tions with different temperatures can develop. We have
proposed' instead that the difference between the two
scattering spectra was directly due to a directional depen-
dence in the ion acoustic frequency, as discussed in the
theory section, rather than a nonisotropic electron tem-
perature. While the electron distribution function in the
laboratory frame is still required to be highly nonisotro-
pic and nonthermal as a consequence of the oscillating
field of the laser (the distribution function in the direction
of Eo is double peaked), the distribution function in the
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FIG. 8. Measured ratio of ion acoustic frequencies for fluc-
tuations propagating parallel and perpendicular to v„,vs the
ratio of the peak electron quiver velocity to the electron thermal
velocity. Plasma densities ranged from 0.45n,

„

to 0.75n„and
peak electron temperatures ranged from 50 to 250 eV. The er-
ror bars shown represent the typical statistical uncertainties in
the measurements.

oscillating frame is assumed to be isotropic and Maxwel-
lian.

In Fig. 8 we have plotted the ratio of the peak mea-
sured ion acoustic frequency for fluctuations which pro-
pagated parallel and perpendicular to v„,, versus the peak
value of v„,/U, . Here, U„,is determined from the spa-
tially averaged laser intensity incident on a spot 100 pm
in diameter with the assumption of no refraction or
deterioration of the beam. The results from shots with
peak electron temperatures between 50 and 250 eV and
plasma densities in the ranges 0.45n„~n,~0.6n„and
0.6n,„~n,~0.75n,„areincluded. The results show no
strong density dependence. This appears surprising since
it is expected that at the lower densities off-resonance
IAD should occur for which the frequency ratio is
greater than 1, while at the higher densities, off-resonance
OTS should occur for which the frequency ratio is equal
to zero. However, as can be seen from Fig. 2(a), a
nonzero frequency ratio occurs at the higher densities for
both small values of kA, D„atwhich off-resonance IAD
occurs, and for large values of kA, D, where the ion acous-
tic wave remains damped. Only in the narrow range of
kkD, values where OTS occurs is the frequency ratio
equal to zero.

Since A.D, increased rapidly as the plasma was heated
by the CO2 laser, the value of k A,D, rapidly passed
through the range favorable to OTS. For example, just
prior to the CO& laser pulse, the electron temperature was
-40 eV resulting in ki, D, -0.3 for n, =0.7n,„.There-
fore, provided the laser intensity was suScient, IAD oc-
curred and the frequency ratio was greater than 1. Even
for laser intensities below the IAD threshold, the ion
acoustic frequency is expected to shift to larger values
(see Fig. 1). By the time the plasma temperature had in-
creased to only 85 eV the value of kA.D, had reached 0.43
and the region of OTS had been passed. For higher tem-
peratures, although the waves remain damped, the fre-

quency ratio could again be greater than 1. Since the
measured peak electron temperatures were higher than
100 eV, we conclude that the frequency ratios greater
than one measured for n, &0.6n„were likely due to the
"instability" operating in either the IAD or this latter,
damped regime.

B. Enhanced Auctuations

As can be seen from the lower spectra in the streak
records shown in Fig. 7, a sudden enhancement in the
scattered intensity occurred coincident with the largest
shift in ion acoustic frequency. In fact, often the spectral
peak separation remained small until the time of the
enhancement when the peaks suddenly separated [see
Fig. 7(a)]. This enhancement in the scattered light inten-
sity is due to an increase in the ion acoustic fluctuation
level above the normal thermal level. We interpret this
change in the fluctuation amplitude to be due to either a
decrease in the ion acoustic damping rate or an instability
in the waves, both of which are caused by the CO& laser
and are associated with the frequency shift through the
off-resonance IAD and OTS instabilities.

The scattered light level during the period of enhance-
ment was measured to increase typically by a factor of
less than 20 (approximately the dynamic range of the
streak camera). Since the scattered intensity is propor-
tional to S(k, co) [see Eq. (5)] and S(k, cu) is proportional
to ' ~n, (k, cu)~ /n„where n, (k, cu) is the Fourier com-
ponent of the fluctuating electron density with wave vec-
tor k and frequency co, the presence of the laser caused an
enhancement of only 4—5 times in the fluctuation ampli-
tude. This level of enhancement is much less than that
observed in a previous experiment' ' where the
enhancement in the fluctuation level ranging from 2 to
10 times were observed. (However, for k A.D, values simi-
lar to those encountered in the present experiment the
enhancement levels were comparable. ) In that experi-
ment the enhanced scattering levels were also attributed
to an increase in the ion acoustic fluctuation level driven
by the off-resonance OTS and IAD instabilities. Howev-
er, they observed that the level of enhancement was the
same both in and out of the plane of polarization of the
unpolarized pump laser. While we observed enhanced
fluctuations propagating both parallel and perpendicular
to the pump polarization (Eo), our spectrally resolved
measurements have revealed that the character of the
enhancement was very different in the two directions.
Whereas in the direction parallel to Eo both spectral
peaks were enhanced as predicted for the OTS and IAD
instabilities, in the direction perpendicular to Eo, only the
red spectral peak was enhanced while the blue peak actu-
ally faded. Because of this difference in behavior and the
fact that theory predicts that off-resonance IAD and OTS
should have no effect on ion acoustic waves propagating
perpendicular to Eo, we conclude that some other
mechanism(s) besides IAD and OTS was responsible for
the enhancement in the ion acoustic waves which pro-
pagated perpendicular to Eo.

The enhancement of the red peak and the fading of the
blue peak shown in the top spectra of the streak records
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of Fig. 7 correspond to an increase (decrease) in the fluc-
tuation amplitude of those ion acoustic waves which pro-
pagated antiparallel (parallel) to the CO2 laser wave vec-
tor ko. Theoretical Thomson scattering spectra ' ' can
be fitted to the experimental spectra by assuming simply
a drift of the electrons through the plasma in the direc-
tion antiparallel to kz. Such a drift leads to a difference
in the slope of the electron distribution function at the
ion acoustic velocities for waves which propagate parallel
and antiparallel to ko. This in turn leads to differences in
the Landau damping rates and hence a difference in the
fluctuation amplitude and scattered intensity. We there-
fore believe that in the present experiment, the asym-
metric behavior observed in the enhancement of top spec-
trum of Fig. 7 can be attributed to an electron drift, prob-
ably driven by a heat flux.

C. Comparison to theory

A detailed comparison of the time histories of the fre-
quency ratios as measured from the three streak records
shown in Fig. 7 and those predicted from theory are
shown in Fig. 9. Calculated time histories of the corre-
sponding damping rate ratios are also plotted. The
period of enhancement of the bottom spectra on the
streak records is indicated. The theoretical curves were
calculated using the measured time histories of the elec-
tron and ion temperatures shown in Fig. 7. The electron
density and the laser intensity as well as the time of the
start of the laser pulse were varied in order to obtain a
best fit to the experimental points. A triangular pulse
with a 0.5-ns rise time and 1.5-ns fall time was used to ap-
proximate the temporal shape of the CO& laser pulse.
The start of the pulse was taken to be approximately the
time at which the electron temperature started to rise

from its value in the preformed plasma. As has already
been mentioned, uncertainties in the actual temporal
shape of the laser pulse lead to an uncertainty in the tim-
ing between the laser and the streak photos of +0.3 —0.5
ns.

Qualitatively, the behavior of the frequency and damp-
ing predicted from theory is very similar to that seen in
the experiment. Both theory and experiment show an in-
crease in the ion acoustic frequency for those waves
which propagated parallel to v„,. The sudden enhance-
ment in the scattered intensity at the time of the largest
frequency shift corresponds to the period of growth or
decreased damping seen in the theoretical calculations.
The theoretical curves plotted in Fig. 9 are quantitative
best fits to the experimentally measured frequency ratio.
The electron density and peak laser intensity used in the
fitting are indicated in the caption to Fig. 9. In addition,
we have listed the experimentally measured electron den-
sity at the interaction region in the preformed plasma and
the peak CO& laser intensity, spatially averaged over the
central 100-pm focal spot. Consideration of probable
corrections and experimental uncertainties indicates that
the quantitative agreement between the measured and
best-fit values for the density and intensity is much better
than indicated by these numbers.

The plasma density required to give a best fit was in all
cases -0.1n,„—0.2n„smaller than that measured for the
preformed plasma. Although, as previously noted, the
scattering results do not show any evidence of large
changes in the electron density in the interaction region
during the CO2 laser pulse, a change in the density of
only 20—30% would probably have been difficult to
detect because of the changes in the scattered intensity
due to other effects such as electron drifts and changes in
S(k, co) due to plasma heating. For this reason and also
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because of uncertainties in the interferometry and Abel
unfolding process, we consider the density required for a
best fit to be within experimental uncertainty of the mea-
sured density.

The laser intensity required for a best fit was about a
factor of 2 —4 smaller than that expected from the mea-
sured focal spot size and the incident laser energy. How-
ever, since the CO2 laser beam propagated at an oblique
angle to the density gradient in the preformed plasma,
the beam was refracted away from the region probed by
the Thomson scattering. Measurements of burn marks
produced by the CO2 laser beam after passing through
the plasma, as well as numerical ray tracing, have indeed
shown considerable defocusing and deflection. The
discrepancy between the measured temporal behavior of
the electron temperature and that predicted by numerical
simulations' is also evidence for beam refraction. There-
fore, we believe that refraction can probably account for
the reduction in the laser intensity required in order to
achieve quantitative agreement between the experiment
and theory.

The growth rates predicted by theory are approximate-
ly 10" s '. The fluctuation level e-folding time is there-
fore only —10 ps and it is expected that the enhancement
in the fluctuation level should be much higher than the
4—5 times observed in the experiment. The predicted
growth rates may be too large because of an incorrect
choice of the plasma and laser parameters. Since the con-
ditions were such that the laser frequency was very close
to the Bohm-Gross frequency, a small change in the plas-
ma density or laser intensity could greatly change the
growth rate or have even caused the instability to disap-
pear and the enhancement to have been due to reduced
damping alone. It has also been suggested' that since for
the off-resonance IAD instability two electron plasma
waves are present, these waves can couple together and
drive the second harmonic of the unstable ion acoustic
wave. Such a process can act as a source of enhanced
damping and possibly saturate the instability.

Finally, both off-resonance IAD and OTS are expected
to produce unstable electron plasma waves which grow at
the same rate as the ion acoustic waves studied in this ex-
periment. Since these waves are normally quite heavily
damped, any resonances associated with the instability
would likely be quite broad [see Fig. 3(a)]. In addition,
since for our plasma parameters, more total light is scat-
tered into the Thomson scattering ion feature than into
the electron satellites, and the ion feature was enhanced
by only —20 times, the electron satellites probably
remained below the detection threshold. A brief search
was made for enhanced electron plasma waves and in ac-
cordance with the points above, no signals above stray
light levels were observed.

VII. CONCLUSIONS

We have compared the frequency and damping rates of
ion acoustic waves which propagate parallel and perpen-
dicular to the electric field of a high intensity polarized
laser beam. In agreement with the predictions of theory,
we have observed an intensity dependent increase in the
ion acoustic frequency as well as an increase in the fluc-

tuation amplitude of ion acoustic waves which propagat-
ed parallel to the laser electric field, i.e., in the direction
of v„,. Observed ratios of the ion acoustic frequencies
for waves which propagated parallel and perpendicular to
v„,were as large as 1.6 while the enhanced fluctuations
were 4—5 times thermal levels. Time histories of the
measured frequency ratio and the fluctuation level show
good qualitative agreement with the temporal behavior
predicted by theory. Reasonable quantitative agreement
is also obtained if corrections due to refraction and de-
focusing of the laser beam as it passed through the plas-
ma are applied to the laser intensity.

Although the frequency shifts and observed changes in
the fluctuation levels can be caused by both the off-
resonance IAD and the off-resonance OTS instabilities,
Thomson scattering constraints and beam refraction led
to experimental conditions which were more favorable to
the detection of IAD than OTS. Conditions favorable to
off-resonance OTS, if they existed at all, probably oc-
curred only for a short time while the plasma tempera-
ture was changing rapidly. Considerable changes in the
present experiment would be necessary to study this in-
stability in detail ~

ACKNOWLEDGMENTS

We would like to acknowledge valuable discussions
with W. L. Kruer, T. W. Johnston, and F. Brunel, and
the technical support of R. Benesch. We would also like
to thank A. Avery and J. Watton for operating the CO2
laser.

APPENDIX

Here we derive expressions for the frequency shift in
various limits from a fluid theory and from the Silin
dispersion relation, Eq. (1). A fluid theory for parametric
instabilities yields

CO

2
COp(.

k A, D,

1+0 AD,

~Uosc

2

2
(k .Eo)

cv —
co~, (1+3k v, /cv )

(k+ Eo)

co+ —
co&, ( 1+3k+v, /co+)

(A 1)

where co, and co; are the electron and ion plasma fre-
quencies, co and k are the frequency and wave vector of
the ion sound wave, and k+ and Ep are unit vectors in the
dil ections k+:kp+ k and Ep. The electromagnetic terms
have been dropped; because k ~ 3kp the solenoidal fields
at co+=cop+co=~p, k+ —+k are farther off resonance
than are the irrotational fields. For kkD, ~1, k»kp,
and coo —

co~, &&co~, (kv, /coo), we find that the eff'ective
electron temperature for ion sound waves is increased by
the factor
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kc,

2vosc cos 0'+2" .,/, -1
—y;=co~;/co, y, (co)=(kA, D,), and y, (co )= —co, /
co . Equation (1) becomes

("vo.~ /coo) cos 8=1+
2(kA, D, )' 1 —n, /n„' (A2)

CO

2
p,

k AD, +[1—Jo(kv„,/coo)]

1+0 k~,

where c, = (ZT, /m; )
'~ is the isothermal sound speed,

co/k is the (modified) sound speed, v, =ktt T, /m„v„,is
the (peak) electron oscillation velocity in the electric field

Eo of the 10.6-pm laser light, 0 is the angle between k and
Eo, and n, /n„ is the electron density relative to critical
density. Thus the sound wave dispersion will seem to in-
dicate an enhanced anisotropic electron temperature.

In the experiment, n, /n„=0.5 —0.8, U„,/v, -2—8,
and k/ko ~33. These lead to kkD, -1, kv„,/coo is not
small, and coo/ku, —1. Any of these conditions invali-
dates the derivation of Eq. (A2), which predicts too large
an effect. Keeping the assumption ko«k, we can use
Eq. (1), which applies for arbitrary kv„,/coo, with kinetic
electron and ion response.

With the orderings kv; « co « kv, « coo, we have

J (kv„,/coo)
+2 g

, (m~o/~„)
(A3)

One cannot simply combine linearly the pressure contri-
butions of v, and v„„asin Eq. (A2). The independent
parameters include at least (kA. D, ) and k/ko, in addition
to (v„,/v, ) and n, /n„In. Eq. (A3), note that 1 —Jo
and every term in the summation are positive, so the
sound frequency is always increased by the presence of
the laser light, in this approximation.

In the limits of cold plasma and low density (small
co~, /coo), Equation (A3) reduces to co =co, [1—Jo(kvo„/coo)]; this is Eq. 1.14 of Aliev and Silin, ' who
call this effect anisotropic sound. Kaw and Dawson also
consider alteration of sound wave dispersion, but close to
critical density and in the small kv „/coolimit.
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