UCRL-ID-133227

Parametric Instabilities in Laser/Matter Interaction:
From Noise Levels to Relativistic Regimes

H. A. Baldis
C. Labaune
W. L. Kruer

February 11, 1999

This is an informal report intended primarily for internal or limited external
distribution. The opinions and conclusions stated are those of the author and may o
may not be those of the Laboratory.

Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under Contract W-7405-ENG-48.



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States
Government or the University of California. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.

This report has been reproduced
directly from the best available copy.

Available to DOE and DOE contractors from the
Office of Scientific and Technical Information
P.O. Box 62, Oak Ridge, TN 37831
Prices available from (423) 576-8401

Available to the public from the
National Technical Information Service
U.S. Department of Commerce
5285 Port Royal Rd.,
Springfield, VA 22161



UCRL-ID-133227

February 11, 1999

Final report LDRD 96-ERI-011
Parametric Instabilities in Laser/Matter Interaction:

From Noise Levels to Relativistic Regimes

H.A. Baldis, C. Labaune, and W.L. Kruer

The purpose of this LDRD was the study of parametric instabilities on a laser-
produced plasma, addressing crucial issues affecting the coupling between the laser
and the plasma. We have made very good progress during these three years, in
advancing our understanding in many different fronts. Progress was made in both

theoretical and experimental areas.

The coupling of high-power laser light to a plasma through scattering
instabilities is still one of the most complex processes in laser-plasma interaction
physics. In spite of the relevance of these parametric processes to inertial
confinement fusion (ICF) and all other situations where a high-power laser beam
couples to a plasma, many aspects of the interaction remain unexplained, even after
many years of intensive experimental and theoretical efforts. Important instabilities
under study are stimulated Brillouin scattering (SBS), stimulated Raman scattering
(SRS), and the Langmuir decay instability (LDI). The study of these instabilities is
further complicated by the competition and interplay between them, and, in the case

of ICF, by the presence of multiple overlapping interaction beams.
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Stimulated Brillouin scattering consists of the decay of the incident
electromagnetic (EM) wave into a scattered EM wave and an ion acoustic wave
(IAW). Similarly, SRS consists of the decay of the incident EM wave into a scattered
EM wave and an electron plasma wave (EPW). Langmuir decay instability is the

further decay of an EPW into a secondary EPW and an IAW.

The principal areas of research covered during this three-year period were the

following:
a) Modeling of Parametric Instabilities in Speckles
b) Langmuir Decay Instability
C) Non Maxwellian Plasmas
d) Multiple Interaction Beams
) SBS from Speckle Distributions

Modeling of Parametric Instabilities in Speckles

The theory of parametric instabilities in randomized laser beams is based on
the idea that a laser beam focused through a random-phase plate (RPP) in a plasma
produces a statistical interference pattern that consists of many randomly distributed
local maxima of intensity. In each maximum, called a “speckle”, the laser field
drives the parametric instabilities, each having a different reflectivity, depending on
the laser power trapped in the particular beamlet. However, because of the small
size and random locations of the speckles, experimental observations represent
averaged data, which are the sum of emissions from many independent speckles

integrated over the resolution time of the instruments. We applied this modeling
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to an experiment where the back-scattered light due to stimulated Brillouin
scattering was resolved in space, across the laser’s focal spot. In the experiment, we
observed that more than 50% of the scattered light was generated in only a few
localized speckles. This implies that the ratio of the local reflectivity from a speckle
to the average one (if space resolution were ignored) was over 100 — a significant
discrepancy if one is to compare the average reflectivity to existing theories on

parametric instabilities.

Langmuir Decay Instability

The Langmuir Decay Instability (LDI) is of importance as a potential saturation
mechanism for SRS. We studied Langmuir waves experimentally using Thomson
scattering, in a collaborative effort with the laser facility at Ecole Polytechnique,
France. Using Thomson scattering of a short wavelength probe beam, two EPW’s
with the same frequency and propagating in opposite directions were
simultaneously observed. The primary EPW’s were identified as an LDI product.
Other possible mechanisms of production of the secondary EPW’s were analyzed
and ruled out. This experiment demonstrated that (1) even small density
fluctuations associated with Langmuir waves can produce the Langmuir decay
instability and (2) the decay of the Langmuir waves should be included in the

modeling of SRS, even in the case of low reflectivities.
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The study of SBS and SRS is further complicated by the interplay between the
instabilities and/or the decayed waves. Their growth in the presence of waves
(either IAW or EPW) associated with another instability is an important element in
any attempt to explain their behavior. In experimental conditions similar to the
study of LDI, an anticorrelation between the levels of IAW’s and EPW'’s has been
observed by changing the initial conditions for interaction. Inhibition of SBS by SRS
can explain the observed delay for the Raman growth. The spatial location of SBS
can be explained partly by pump depletion inside the laser hot spots (speckles) which
contribute the most to SBS, and partly by the overall intensity distribution along the
laser axis. The interplay between these instabilities has been an experimental fact for
over 10 years, and their understanding is a crucial element to determine the laser
coupling and laser light distribution in plasmas created inside cavities such as

hohlrams.

Non Maxwellian Plasmas

Non-Maxwellian electron velocity distribution functions exist in plasmas
where there are sources of energy to sustain the plasma state away from the usual
Maxwellian equilibrium. Whether it be nonlinear, many-wave interactions (such
as described by quasi-linear theory), turbulence, a high-power laser heating a high-Z
plasma, or nonlocal heat transport in laser-produced plasmas due to steep
temperature gradients — non-Maxwellian velocity distributions have long been
identified for conditions that are readily accessible in experiments today. When the
laser intensity is sufficiently high, electron-ion heating takes place fast enough that

electron-electron collisions cannot equilibrate the distribution, giving rise to these
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novel states. Through this project, we developed the first systematic calculations of
the solutions of the plasma-dispersion relation, taking into account electron velocity

distributions that can be different from Maxwellian.

Multiple Interaction Beams

An important component of our research was the modification of the
instabilities in the presence of multiple interaction beams. Enhanced forward-
stimulated Brillouin scattering (SBS) has been theoretically predicted both in the
case of crossing beams with different frequencies in homogeneous plasmas, and in
the case of beams with same frequency in presence of plasma flow. This can produce
energy transfer from one beam to the other or a redistribution of the laser energy

along the forward direction.

We reported the first observation and spectral analysis of enhanced forward-
scattered light of a laser beam in the presence of a second, identical, laser beam,
crossing the first one at 22,5°. Results obtained with parallel and crossed
polarization for the two beams demonstrate that the coupling between the beams
must happen through the ion acoustic waves. Enhanced forward scattering is likely
due to enhanced forward stimulated Brillouin scattering through same type of
resonant process as what has been observed theoretically for symmetric modes, or
experimentally for waves propagating along the bisector of two beams. Linear theory
predicts no growth when the two laser beams have the same frequency, but because
of the small angle between the two beams (22,5°), the frequency of ion acoustic
waves involved in this process is very small compared to the laser frequency. The
resonance conditions should be easily satisfied if one includes all possible
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modifications of laser frequencies through hydrodynamic effects, density evolution,
local heating, or modifications of ion acoustic frequency through Doppler effect in
the flowing plasma. The large width of the red-shifted component also indicates that
a broad spectrum of ion acoustic waves can contribute to the coupling. If SBS is in
the strongly coupled regime, nonresonant ion modes could be driven by the laser

beam, with the frequency of these modes depending on the laser intensity.

SBS from Speckle Distributions

The localization of SBS was studied in a plasma irradiated using random
phase plates (RPP) to produce a statistically predictable intensity distribution in the
focal spot. We presented the first experimental evidence of the localization of SBS
emission, in a plane perpendicular to the laser beam axis, demonstrating that only
few small interaction regions contribute to the total SBS emission. SBS emission
from these small spots has been evaluated leading to local reflectivity much higher
than the average SBS reflectivity, by a factor ~100. These observations are consistent
with the recent concept of convective amplification of SBS in randomly distributed
speckles as produced by the RPP. This new approach is important as it can explain
the moderate observed average SBS reflectivity, because of the limited number of
SBS-active speckles, and pump depletion within these speckles. This statistical
theory has been successful in explaining a number of different physical features of
SBS in a recent experiment. The observation of localized regions of SBS emission
observed in this experiment demonstrates the importance of the microscopic

description of SBS.
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Interplay between ion acoustic waves and electron plasma waves
associated with stimulated Brillouin and Raman scattering

C. Labaune, H. A. Baldis,"" N. Renard, E. Schifano, and A. Michard
Laboratoire pour I'Utilisation des Lasers Intenses (LULI), Centre National de la Recherche Scientifique,

Ecole Polytechnique, 91128 Palaiseau Cedex, France
(Received 3 June 1996; accepted 31 October 1996)

Direct evidence is presented of the temporal and spatial interplay between ion acoustic waves
(IAWSs) associated with stimulated Brillouin scattering (SBS) and electron plasma waves (EPWs)
associated with stimulated Raman scattering (SRS) in conditions of interest to inertial confinement
fusion (ICF). The two types of waves grow over a limited region in the front part of the plasma, but
at different times. Inhibition of the EPWs by the IAWSs has been observed in the early part of the
laser pulse, and this inhibition can be strengthened by increasing the level of the IAWs. © 1997
American Institute of Physics. [S1070-664X(97)01702-3]

I. INTRODUCTION

Stimulated Brillouin scattering (SBS) and stimulated Ra-
man scattering (SRS) are among the most important para-
metric instabilities in laser-produced plasmas.’? SBS and
SRS correspond to the decay of the incident electromagnetic
(EM) wave into a scattered EM wave and an ion acoustic
wave (IAW), or an electron-plasma wave (EPW), respec-
tively. Apart from the intrinsic interest of the wave coupling
mechanisms, these two instabilities have important implica-
tions in inertial confinement fusion (ICF) due to the possible
large conversion of laser energy into scattered light affecting
ICF drive efficiency and symmetry.> The study of parametric
instabilities driven in laser-produced plasmas offers the pos-
sibility to study not only the parametric process itself, but
also the complex interaction between plasma waves in high-
temperature high-density plasmas. Waves driven by paramet-
‘ric instabilities interact among themselves, modifying in turn
the behavior of the instabilities. It has become clear in recent
years that the interaction between different plasma waves
yields an interplay between the parametric instabilities that
obscures the characterization and understanding of the para-
metric process itself. Although the interplay between the
daughter waves associated with the instabilities was ob-
served more than ten years ago,*S little effort has been made
towards the characterization and experimental study of this
important phenomenon. A vital aspect of the evolution to the
instabilities is their growth in the presence of waves (either
IAW or EPW) associated with another instability, or their
saturation associated with secondary -decays, such as the
parametric decay of the EPW from SRS.” The study of para-
metric instabilities under these conditions is the extreme
counterpart to similar studies in microwave pumped experi-
ments in the laboratory, and in the ionosphere, using much
longer hf decametric waves as a pump. i

Considerable theoretical work has addressed the under-
standing of the SRS growth in the presence of ion acoustic
waves from SBS.¥ Numerical simulations have indicated the
weakening of SRS by the presence of SBS, when ion fluc-

YAlso at the Institute for Laser and Plasma Sciences (ILSA), Lawrence
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tuations are included in the calculation of the SRS growth.
One of the possible explanations for this is the spoiling of the
phase-matching requirement for SRS by the ion waves. The
first experimental observation of competition between SRS
and SBS was reported by Walsh ef al.,* who observed a
strong correlation between the quenching of SRS plasma
waves and the initiation of SBS ion waves. In the same ex-
periment, seeding SBS with a small amount of stimulated
backscattered light5 caused the SRS emission to be com-
pletely eliminated. This experiment, was performed with a
much longer laser wavelength (A=10.6 um) and with a
much higher 7A%(~10'® Wum?/cm?) than we will be dis-
cussing here (/ is the laser intensity per unit area). These
parameters placed the instabilities in the saturated regime for
which modeling is difficult, and the low plasma temperature
does not fit ICF plasmas well. A second experiment also
observed an anticorrelation between SBS and SRS using one
arm of Nova’ to form the plasma and to pump the
instabilities.® In this experiment the diagnostics were based
on the scattered electromagnetic waves, which cannot permit
as direct an observation of the instabilities as plasma waves.

In this paper, we present direct evidence of the temporal
and spatial interplay between IAWs associated with SBS,
and EPWs associated with SRS. Direct observation of these
waves has been done using Thomson scattering of a short-
wavelength probe beam. The two types of waves grow in the
same region of plasma, but at different times. The EPWs
start to grow only when the IAWs have disappeared. The
level of the density fluctuations associated with the EPWs is
further reduced when the IAWs level is enhanced by modi-
fying the initial noise level from which they grow. The ap-
pearance of the waves at the beginning of the interaction
pulse is opposite to what was observed in the CO, experi-
ment, which underlines the importance of the initial condi-
tions on the instabilities growth and dominance. The impor-
tant point is that these new data demonstrate the inhibition of
Raman by Brillouin in a different regime compared to the
previous experiments. The results have been produced by the
interaction between a laser beam with a well-characterized
laser intensity distribution obtained with a random phase
plate (RPP) and a preformed plasma. The intensity of the
interaction beam was intentionally kept low in order to pro-
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FIG. 1. Experimental arrangement. All laser beams and Thomson scattering
collecting optics are in the same plane.

duce SBS and SRS below saturation, and to be able to apply
the theory of parametric instabilities in statistically distrib-
uted independent speckles.'%!! One has to be careful with the
interpretation of saturation: at the intensities used in this ex-
periment, the instabilities are below saturation of the overall
beam reflectivity, that is to say, the relatively small observed
reflectivities will increase with increasing laser intensity.
This does not imply that saturation does not occur inside the
high-intensity speckles. This will be discussed further in Sec.
Iv. :

Il. EXPERIMENTAL ARRANGEMENT

The results presented here are part of the program at the
Laboratoire pour 1'Utilisation des Lasers Intenses (LULD to
study the physics of parametric instabilities in the context of
ICF, using collective Thomson scattering as the key
diagnostic.'? The experiments have been performed using the
six-beam laser facility, to produce the interaction between a
1.053 um pump and a well-characterized preformed plasma.
The absolute correlation in time and space of the waves as-
sociated with the instabilities has been made possible by a
new technique'®> developed for these studies, which permits
us to multiplex a conventional streak camera, providing si-
multaneous recordings of the temporal evolution of the Thom-
son scattered light from the two types of waves on the same
detector.

The laser beam configuration and experimental arrange-
ment is shown in Fig. 1. The 600 ps full-width half-
maximum (FWHM) Gaussian beams were all in the same
plane and arrived at the target at different times: two
0.53 um plasma-producing beams at ¢=0, a 0.53 um
plasma heating beam at r=1.2 ns, the 0.35 um Thomson
scattering probe beam at = 1.48 ns, and the 1.05 xm inter-
action beam at t=1.72 ns (timing refers to the peak of the
pulse). Random phase plates (RPP)"® were used on the
beams producing and heating the plasma to obtain plasmas
as uniform and reproducible as possible. The interaction
beam was focused with an f/6 lens through a RPP of 2 mm
square elements. The combination of the focusing lens and
the RPP produces an Airy pattern central maximum with
65% of the total laser energy in a spot diameter of
320 pm. Within this spot, the maximum average intensity is
10" W/em?, for an energy of 100 J. The mean FWHM di-
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ameter of the speckles is ~6 um and the mean length is
~300 wm. The targets were mass-limited free-standing CH
foils of 450 um diam and 1.5 wm thickness.

The geometry for Thomson scattering was chosen to ob-
serve the scattered light that corresponds to IAWs associated
with backscattered SBS and EPWs associated with backscat-
tered SRS. The Thomson scattering probe was focused with
a combination of a lens and a RPP with elongated elements,
to form a focal region 100 wm by 1 mm along the axis of the
interaction beam, thus allowing us to image the location of
the waves over the whole interaction length. The Thomson
scattered light was collected with a parabolic mirror and im-
aged onto two different diagnostics by secondary spherical
mirrors. Since the EPWs and IAWs of interest have different
wave numbers, they were collected by different areas on the
parabolic mirror. Masks were used as required, to select the
waves of interest at different stages during the experiment. A
double image of the plasma was formed at the entrance slits
of a streak camera; separate filtration and attenuation in front
of each slit permitted us to select the range of frequencies
(IAW or EPW), and to adjust the level of the signals to fit
within the dynamic range of the camera. This technique pro-
vides an absolute correlation in space and time between the
two instabilities. A separate spectrograph-streak camera
combination was used to obtain the time-resolved spectra of
the waves. ' »

The plasma was well characterized over many experi-
mental campaigns.'® The electron density at the peak of the
plasma profile evolved from 0.25 n, to 0.08 n,, from the
beginning to the end of the interaction beam (where
n,=1.1x10" cm™3 is the critical electron density for
No=1.05 um light). The density profile had a quasi-inverse-
parabolic form along the interaction axis, with a FWHM of
1 mm. The electron temperature (T,) of the plasma, obtained
by Thomson scattering in the absence of the interaction
beam, was between 0.4 and 0.5 keV. '

lil. RESULTS ON THE INTERPLAY

Figure 2 shows the time-resolved location of IAWs and
EPWs along the axis of the interaction beam. The scattered
signals are related to the density fluctuations (dn/n)aw.epw
associated with the IAWs and EPWs corresponding to back-
scattered SBS and SRS, respectively. If the scattering takes
place from coherent plasma waves, the scattered power lev-
els are proportional to the square of (dn/n)aw gpw - Time is
referred to the plasma-forming laser pulses, the initial posi-
tion of the target was at z=0, and the interaction beam ar-
rived from the right. Absolute timing and location of the
signals were provided by the early plasma emission during
the preforming pulses. For both backscatter instabilities the
growth is limited to a relatively small region, in the front part
of the plasma relative to the interaction beam. The interac-
tion region is smaller than the scale length of the plasma and
is not limited by the length of the line focus of the Thomson
scattering probe. The interaction region for the IAWSs shows,
as a function of time, a drift toward the laser side; the EPWs,
on the other hand, drift toward the center of the plasma.

Figure 3 shows the time-resolved spectra of IAWs and

Labaune et al.



Time

(ns)

Position Z (um)

FIG. 2. Location of Thomson scattered light from JAWs and EPWs, asso-
ciated with backscattered SBS and SRS, respectively, as a function of time,
and recorded on the same streak camera. The Thomson scattered intensity is
proportional to the square of the levels of the density fluctuations associated
with the plasma waves. Position z=0 corresponds to the summit of the
plasma. The interaction beam arrives from the right side. The difference
between contours corresponds to a factor of 2 in intensity.

EPWs obtained with the second Thomson scattering diagnos-
tic, using a low dispersion diffraction grating. These spectra
correspond to plasma waves from a well-defined region of
plasma, located 300 um from the summit toward the laser.
The wave number of these waves was set by masks that
limited the light collection to an aperture of 5°. A time ref-
erence was given by the plasma emission during the pre-
forming pulses. This diagnostic provides the frequencies and
wave numbers of the observed plasma waves, thus confirm-
ing their connection with backscattered Brillouin and Raman
instabilities. By using three slits on the streak camera, good
agreement with the first diagnostic was obtained on the spa-
tial and on the temporal evolution of the plasma waves.

An interesting result is the temporal interplay between
the two instabilities that is observed on the two complemen-

1.5 i 200
Time
(ns)
150
1.7
100
1.9
50
21 = -
350 375 400 425 450
Arb. Units

Wavelength (nm)

FIG. 3. Time-resolved spectra of Thomson scattered light from IAWs and
EPWs.
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tary diagnostics. The onset of the IAWs takes place at the
very beginning of the interaction pulse; the emission lasts
around 300 ps and is maximum ~ 100 ps before the peak of
the interaction pulse. Simultaneously with the disappearance
of the IAWSs, one observes a rapid growth in the level of
fluctuations associated with EPWs. The EPWs are observed
only after the disappearance of the IAWs and the duration of
the EPWs signal is around 300 ps. Further to the temporal
interplay between IAWs and EPWs, we observe that, within
100 um (which represents shot to shot fluctuations), the
EPWs are located in the same region of plasma where the
TAWs just disappeared. This interplay between the two insta-
bilities had been observed in all laser shots, and under vari-
ous plasma conditions.

IV. DISCUSSION

It will be useful to compare the present results with mod-
eling of the instabilities, taking into account the laser inten-
sity distribution produced by the random phase plate. The
use of a random phase plate on the interaction beam has the
advantage of producing a large number of statistically inde-
pendent speckles in the interacting volume so that the stan-
dard statistical distribution over their intensities can be
calculated.!® The theory of convective amplification of SBS
in an inhomogeneous plasma,l""17 including diffraction and
inhomogeneity of the flow velocity, has been applied to an
individual speckle to calculate the SBS reflectivity and den-
sity fluctuations associated with the IAWs as a function of
space and time. However, because of the small size and ran-
dom location of speckles, experimental observations repre-
sent average data, which are the sum of emissions from
many independent speckles integrated over the instrumental
space and time resolution. The comparison between experi-
ment and modeling is then based on the averaging of the
previous quantities over the distribution of speckles. For the
purpose of this paper, only results from the modeling will be
discussed, leaving more details on the calculation and de-
scription of the modeling to Ref. 18.

The modeling predicts the same temporal evolution of
SBS as the one that has been observed. The temporal in-
crease of the SBS reflectivity follows the laser intensity,
while the drop of the SBS gain is mainly due to the reduction
of the electron density due to plasma expansion. Using the
convective Rosenbluth gain19 and the plasma parameters, the
average SBS gain (= the SBS gain calculated for average
laser intensity) is :

(G)~0.046 Ly(t)ho(Lu/T){n(t)/[n.=n(D]}

where I,4 is the laser intensity in units of 10' W/cm?, n, is
the electron density, T, is the electron temperature in keV,
and L,=c _‘(du/dz)_l is the velocity gradient scale length.
The maximum average SBS gain in this experiment is about
3, and the model predicts that the major contribution to the
averaged reflectivity comes from speckles with an intensity
around four times above the average laser intensity, corre-
sponding to local gains of 10-12. Such speckles are in the
regime of strong pump depletion, which produces a shift of
the maximum of density perturbations toward the laser as
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FIG. 4. Temporal evolution of the intensity of the Thomson scattered light from IAWs and EPWs. Frame B corresponds to enhanced initial noise level from
which the IAWs grow compared to frame A. Same filtration has been used, in front of the streak camera, for these two shots.

they follow the intensity distribution. Combining this effect
with the overall intensity distribution along the laser axis,
including inverse bremsstrahlung absorption, the modeling
predicts that the maximum of average density fluctuations
associated with the IAWs is shifted by around
250-300 xm, in agreement with the observed location of the
IAWs.

Contrary to .SBS, the behavior of SRS cannot be pre-
dicted by modeling of the isolated instability. The main point
is that SRS should start earlier in the laser pulse than what
was observed, as is clear from the experiment that EPWs
start only after the disappearance of IAWs. We assume that
this inhibition of Raman early in the interaction pulse is due
to the ion fluctuations associated with SBS, a phenomena
previously observed in numerical simulations and in theoreti-
cal treatment of the instabilities, as indicated earlier in this
paper.? To test this hypothesis, a new set of experiments was
made, where the initial noise level from which SBS grows
was purposely enhanced by seeding it with initial ITAWSs hav-
ing matching characteristics to the SBS ion waves.?® Mea-
surements of space- and time-resolved density fluctuations of
the two types of waves are presented in Fig. 4, where frames
A and B correspond to the standard shot, and to the shot with
enhanced IAWs noise level, respectively. We definitely ob-
serve anticorrelation in the change of the levels of the IAWs
and EPWs, which demonstrate that an increased level of
IAWs produces a reduction of the level of EPWs.

V. SUMMARY AND CONCLUSIONS

We have presented direct evidence of temporal and spa-
tial interplay between IAWs associated with SBS and EPWs
associated with SRS. Anticorrelation between the levels of
IAWSs.and EPWs has been observed by changing the initial
conditions for interaction. Inhibition of Raman by Brillouin
can explain the observed delay for the Raman growth. The
spatial location of SBS can be explained partly by pump
depletion inside the speckles, which contribute the most to
SBS, and partly by the overall intensity distribution along the
laser axis. The same argument can be used to explain the
SRS location, as it follows the resultant intensity distribu-
tion. This could also explain the drift of EPWs toward the
summit of the plasma as a function of time: pump depletion
produced by active SBS disappears when SBS drops, and the
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peak intensity comes back to the center of the plasma. The
results presented in this paper show the importance of taking
into account the interplay between instabilities to success-
fully characterize and understand the behavior of parametric
instabilities in laser plasmas. This is particularly true in hohl-
raums plasmas, where a large number of laser beams over-
lap. The problem of interplay between SRS and SBS is fur-
ther complicated by the interplay between different modes of
SBS pumped by different interaction beams, as discussed in
Ref. 20.
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Abstract

Theoretical calculations of a Thomson scattering cross section and dynamical
form factors are presented for high-Z laser produced inhomogeﬁeous plasmas.
Relevance of these results to astrophysical plasmas is pointed out. Compar-
isons with recent experimental observations are discussed with emphasis on

the effects of plasma inhomogeneity, ion-ion collisions and non-Maxwellian

distribution functions.
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I. INTRODUCTION

Thomson s\ca.ttering (TS) is an important radiative process involving incoherent scatter-
ing of electromagnetic waves by free electrons in plasmas. TS has several applications in
astrophysics. In stellar interiors scattering from free electrons is one of the basic processes
contributing to the radiative opacity [1]. It has been shown recently that by properly ac-
counting for the plasma response in the calculations of the TS cross-section one can reduce
the solar opacity [2] and hence change predictions for the core parameters. This has been
done by including broadening of the Langmuir wave resonance due to the Doppler effect and
particle collisions.

With the advent of laser plasma interaction experiments in the regime of parameters
of interest to astrophysics, TS becomes extremely important as the accurate plasma di-
agnostics. One of the main applications of the laboratory astrophysics is benchmarking of
numerical codes used in modelling of astrophysical processes. This can be only accomplished
with the help of reliable laboratory plasma diagnostic techniques such as the TS.

Since early days of laser plasma interaction physics, TS has been perfected as the diag-
nostic of enhanced levels of fluctuations due to parametric instabilities. Larger scattering
powers from non-thermal fluctuations are easier to detect and many of these measurements
have fundamental importance elucidating nonlinear saturation processes which are valid in
the wide range of laser produced plasmas. Scattering from stable plasmas for the purpose of
defining electron density, temperatures of electrons and ions, flow velocities, ionization lev-
els, particle distribution functions and thermal transport has been also copducted. Several
interesting experiments have characterized low temperature laser produced plasmas [3;4],
x-ray laser plasmas [5] and the inertial confinement fusion targets [6].

In this paper we discuss some theoretical results related to the calculations of the TS
cross section in inhomogeneous plasmas and dynamical form factors which are valid under
different physical conditons. Such theories and improved experimental techniques lead to

further development of the TS as the most versatile and accurate diagnostic of laser produced



plasmas.

In Section II we derive an expression for the TS cross section in inhomogeneous plas-
mas. Section ITI summarizes different results for the dynamical form factor: in collisionless
inhomogeneous plasmas, plasmas with frequent ion-ion collisions and in plasmas described

by the non-Maxwellian distribution functions. Conclusions and discussion are presented in

Sec. IV.

II. THOMSON SCATTERING FROM INHOMOGENEQUS PLASMAS

Hot and dense plasmas produced by powerful lasers are almost always inhomogeneous.
This is also a desirable feature in the laboratory astrophysics applications, where expanding
corona or blow-off plasma is close to a "real” astrophysical conditions [cf. Ref. [7]]. Following
the standard procedure (cf. e.g. [8]), we first derive the scattering cross section for the

incoherent Thomson scattering in such plasmas. The incident pump is modelled by,
Ey(r, t) = Eo(r)fo cos(wpt — kg - r). (1)

We have assumed that within the scattering volume the probe is well approximated by the
cylindrical laser beam with the prescribed polarization 7jy. The scattered radiation field is

described by the vector potential A(r,t) which at the large distance, r, from the plasma is

approximated by the following expression,
—_ i 3,./ | ! (] ! A !
A(r,t)—cr/Vdr /dt 53, ¢)6(¢ —t+r/c—7-'/c), @)

L

where r’ varies within the scattering volume V and the separation of scales, r >> 7/, has
been used in the approximate definition of the retarded time. The fluctuating nonlinear
current §J is the result of a coupling between the Thomson probe (1) and the electron

density fluctuations. From the solution to kinetic equation in the quasilinear approximation

one obtains
e rdz 1
§J(r,t) = -m—e/g exp(—zzt); §S(r, z), (3)
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where the fluctuating source S is the Laplace transformed product of the fluctuating elec-

tron density, V¢, and the laser pump (1),
8S(r,t) = SN°(r,t) Eo(r, £). (4)

In the derivation of Eq. (3) we have assumed that the plasma is almost transparent to the
probe laser, i.e. wy > w, and wp > k - v, where k is the wave vector of a collective plasma
response and v is the characteristic particle velocity. The fluctuating current (3) provides
a source of the radiation at the frequency w;, which is close to the probe ﬁ-equenéy wg. A
large value of w; simplifies description of a plasma response to scattered radiation and the

propagation of a laser light inside the plasma. In the radiation zone, fields are approximated

by the following expressions [9]

AxA, Elzlﬁx(ﬁxA), (5)

B1=
[+

O |

where # is the unit vector along the direction of r. Suppose that the instrument measures
the scattered electric field along the direction of a unit vector ;. To calculate energy flux

of the scattered radiation at the distance r from the plasma we first derive the statistically

averaged value of a Poynting vector
(P) = = (o 1) 5 (A%(r,)). Q
- 4 c? ’

Using formulas (2), (3) and (5) in Eq. (6) we find the following expression

(P) = oV gmart [, ' [ [ FoBE) (N3N () @)

{exp [—iw twofz (r'—r1)) +iko- (r' — r’l)] + c.c.} , (7

where ry = €2/m,c?. The symbol (6N®(r')0N®(r}))(w) defines Fourier transformed in time

density correlation function. We have used the relation
(§N*(w)dN*(w')) = 2m(dN*ON°)(w) §(w + '),

which is valid in the stationary plasmas.



Details of the derivation presented above are necessary to define limits of validity of the
Thomson scattering cross-section in inhomogeneous plasmas. We will consider an example
of the experimental data [10,12] where the inhomogeneity of the plasma flow and density
play an important role in the calculation of a cross-section. One can easily account for this
effect if the spatial scale of density and flow variations is much longer than the correlation
length of electron fluctuations. In stable plasmas the correlation length of a density correla-

tion function (§N*(r')dN°(r})) is of the order of a Debye length, Ap. This is a much shorter

~ distance than the hydrodynamical scale of plasma parameter variations or the spatial vari-

ations of a probe intensity in the plasma. Exploring this separation of scales we introduce
in Eq. (7) a Fourier transform with respect to a difference between spatial variable, r' —r,
and retain a long scale spatial variations of the time averaged probe energy flux cEg(r’)/8
and of the dynamical form factor S(k,w;r') = (§N°5N*)(k,w)/n¢.. The argument r’ in
the dynamical form factor, S, corresponds to long scale variations described by the hydro-
dynamical variables. We have introduced S(k,w), which is calculated locally at different

points in an inhomogeneous plasma. Thus, the expression for the scattered power, P, into
a solid angle d2 in the frequency range dw reads
: . dQ cE3(r
P, = (fio - in)*ronoe o - /V dsr'—gfr ) S(k,w;r'), (8
where the wave-vector k and the frequency w are related by the condition

Wy — W

k =Lk — ——. (9)

The expression for the power scattered by electrons (8) at the frequency w; = wp — W

~ depends on the electron density, scattering volume V, and the dynamical form factor S(k,w)

describing a plasma response. Expression (9) shows a relation between the direction of
observation 7 and the wave-vector k which is probed in the plasma. For k < kp the main
contributions to the scattering cross section are provided by the resonances at frequencies

w corresponding to the ion-acoustic and Langmuir fluctuations at the particular k.



’

III. DYNAMICAL FORM FACTOR

The usefulness of the TS as the diagnostic technique is greatly enhanced when applied
with the relevant theoretical expressions for the S(k,w). Equally important is a proper
modelling of the TS cross-section in the radiation transport codes.

Consider three different expressions for a dynamical form factor which are applicable
in plasmas: without collisions, with high ion-ion collisionality and described by the non-
Maxwellian electron distribution function produced during an intense inverse bremsstrahlung
heating. All'three cases illustrate the potential of the TS as the plasma diagnostic, and are

of relevance to the TS measurements from the high-Z, gold plasmas [10].

A. Collisionless approximation

In collisionless plasmas the power spectrum of density fluctuations in the frequency and

wave vector space is a well known quantity (cf. e.g. [11]), which reads

2

Sle,w) =21~ 22‘(&&;) Fomwft)
4+ [Xw) ’ 2108 28, — '
e(k, w) ﬂ(z_r;e) Zg - Flv=w/k), (10)

where f#(v = w/k) stands for the one dimensional distribution function of a B-type particles

evaluated at the velocity w/k. A dielectric response function .
ek, w) =1+ x°(k,w), o (11)
B

is defined by the susceptibility function,

Wl 1 af%(v)
a - Pa 3 .
X (e w) = k? /de—k-v+iek ov (12)

Since the original derivation of an expression for the dynamical form factor (cf. Ref. [11] and
references therein), Eq. (10) has been applied in the interpretation of numerous experiments.

Here we would like to illustrate two features of this theory: (i) S(k,w) (10) can be calculated



locally with the f* given, for example, by the local Maxwellian in inhomogeneous plasmas
with a scale separation between the correlation length and hydrodynamical gradients (as
discussed in Sec. II); (i) the most straightforward and reliable measurement of plasma
parameters can be obtained from the simultaneous scattering spectra in frequency ranges
corresponding to ion acoustic and Langmuir resonances.

Figure 1 shows S(k,w) (10) for the parameters of a gold homogeneous plasma (Z = 42,
T, = 2keV, n. = 2.1 x 10%%cm=3) plotted as the function of a scattered light wavelength for
(kAp)~! = 2.3. The probe wa.velen_gth is 5266 A. From the separation of two ion acoustic
peaks, Fig. 1, one can estimate the product ZT,, which defines in high-Z plasmas the value
of an ion-acoustic frequency. The Langmuir wave resonance (Fig. 1) is then used to calcu-
late elctron density, nq., and temperature, T,. This can be done with a reasonable éccuracy
because for the small value of (kAp)~1, corresponding to Strongly damped Langmuir fluctua-
tions the overall shape of the S(k, w) is sensitive to both temperature and density variations.
After finding T, one can improve an estimate of Z by matching aga.iﬁ the separation be-
tween two ion-acoustic peaks with a more accurate estimate of T,. Figure 1 illustrates also
. the difficulties in practical realizaton of this straightforward procedure. They are related to
very different sensitivities required in measurements of low and high frequehcy parts of the
spectra both in terms of spectral resolutions and sensitivities of the instruments.

The scattering cross-section from Eq. (8) which is calculated using S(k, w) (10) and local

Maxwellian distribution functions

ot = (o) oo [-ReGO om, (19

is shown in Fig. 2. Calculations of the spatial integral in Eq. (8) is simplified by the geometry
of the experiment, where the direction of observation, #, is approximately in the plane of
Ey(r) variations, i.e. in the transverse direction to ko. Figure 2 shows an ion-acoustic
resonance which is Doppler shifted due to the flows, u, and exhibits small asymmetry
between the peaks due to the drift of electrons with respect to ions, u. # ;. Note how much

broader are the resonances as compared to simple theory in Fig. 1. This is almost entirely

7



due to the inhomogeneity of the flows, which are approximated by the linear functions of
position, ue = uga(1l + z/L,), where z is along the direction of the expanding plasma and

L, =400 pm is also in the very good agreement with hydrodynamical simulations.

B. Frequent ion-ion collisions

One of the characteristics of highly ionized plasmas is a small Landau damping of ion
acoustic waves due to the large ratio, ZT,/T;. Small damping is responsible for sharp-
ness of the ion acoustic resonances shown in Fig. 1. At the same time a large Z value
makes ion-ion collision frequency, which is proportional to Z2, comparable to ion-acoustic
frequency. Therefore, plasma response at the ion-acoustic resonance, described by S(k,w)
should include colhsmna.l effects.

The formulation of a dynamical form factor wh1ch is valid in the entire regime of part1cle
collisionality has been recently discussed in Ref. [13]. This theory is based on the non-
local fluctuating hydrodynamical model. S(k,w) takes the following form in the limit of

collisionless electrons and collisional ions,

| 4k2(¢3 + v%'i)')'a

where we have introduced the definitions,

5 4w 9w +29.7w%v? + 11.704
- 2 =2 i i i
w=yg+lnd and Li=gtooInd= o i v 235 )

for the ion acoustic group velocity and ion specific heat ratio. The damping of an ion-acoustic

wave, 7, involves electron Landau damping and the frequency dependent ion viscosity, 7,

T C 2 k2v2 '
s =1/— L k 5 Ti - 1
7 8vﬁv+3 V‘R,e (16)
where,
3 V2 1. 491/2

urs wh + 4. 05V2w2 +2.330%



and v; = 4/T 24 N /3Ty /2 is the ion-ion collision frequency (A, is a Coulomb loga-
rithm). In spite of high values of ; in gold plasmas the effect of collisions on the shape of
an ion-acoustic resonance is moderate. As expected Eq. (14) produces broadening of the
resonance as compared to collisionless expression (10). However, as the values of S(k,w)
differ by only 10 - 30 %, this improvement has negligible effect on the interpretation of éxpér—
imental results [10,12]. There, a 0.54 resolution of the spectrometer and an inhomogeneity

of the plasma are far more important in determining the shape of the resonance.

C. Super-Gaussian distribution function

An important characteristic of a dense high-Z plasma is a strong inverse bremsstrahlung
(IB) absorption. Langdon [14] has shown that due to IB the electron distribution function
would take the form proportional to exp[—(v/u(t))*], 2 < u < 5, for the parameter Z' v3[v2 >
1, where vg is the 6scﬂlatory velocity of an electron in the electric field of the electromagnetic

wave and u(t) increases in time during IB plasma heating. Next, Matte et al. [15] introduced

a stationary version of this distribution function

e(n) — B _(¥)
fov) = 4rv3T(3/u) exP [ (v.) ] ' (18)
where v2 = 3['(3/p)v2/T(5/k) [v? = (1/3) [ d®vv?f(v)] and the index u is related to the

laser intensity by the fitting expression
p=2+3/(1+1.66/a"™), a=Zvi/:. (19)

In the experimental measurements [10,12], which motivate our study, the parameter x (19)
corresponds approximately to 3 < p < 3.5. The Thomson probe in these measurements has
an intensity I &~ 2.5 x 10'* W/cm? and gives rise to IB heating.

Zheng et al [16] suggested that a Thomson scattering could be applied to verify theo-
retical predictions (18) for the electron distribution function. They pointed out thaf only

simultaneous measurements of the scattered light in the frequency regimes corresponding to



ion-acoustic and Langmuir wave resonances could provide necessary data to infer electron
temperature and density in plasmas described by the non-Ma.xwelliaﬁ distribution functions.
These distribution functions change the ion-acoustic dispersion relation and therefore could
complicate identification of the electron temperature. The Langmuir wave resonance fér
the parameters of the experiment [12] corresponds to very strongly damped fluctuations (cf.
Fig. 1) and therefore even small variations in the slope of the distribution function results
in dramatic changes to the scattering cross-section, as it is illustrated in Fig. 3. We have
plotted in Fig. 3 part of the dynamical form factor (10) corresponding to the Langmuir
wave resonance using modified distribution functions (18) with different exponents. Dra-
matic changes in the profile of S(k, w) with moderate variations of  are not observed in the
experimental results. As the TS experiments by Glenzer et al. [10] are the first accurate mea-
surements in plasmas which should display features revealing non-Maxwellian distribution

functions, their apparent absence must prompt more studies on the limits of applicability of

the solutions (18) and (19).

IV. CONCLUSIONS

We have reported on the theories relevant to the TS experiments in highly ionized laser
produced plasmas which have been applied in the interpretation of experimental measure-
ments [12]. The full account of these studies, including results of experiments and detailed
comparisons with Lasnex simulations will be published elsewhere [12].

The potential of the TS can be fully explored only by involving the relevant theoret-
ical results for the scattering créss section and dynamical form factor. We have deri'ved
and applied to the experimental conditions a Thomson scattering cross section (8) in in-
~ homogeneous plasmas. Using local Maxwellian distribution functions we have found values
of important plasma parameters by accurately matching spectra of Thomson scattered ra-
diation, Fig. 2. A simultaneous analysis of the scattered light spectra in the frequency

range corresponding to ion acoustic and Langmuir fluctuations in a hot and dense plasma

10



has demonstrated means of accurate measurements of the ionization level Z. This could
established TS as an important diagnostic in opacity studies of dense plasmas.

Finally we have compared theoretical predictions for the TS cross section for electrons
described by the non-Maxwellian distribution functions with experimental results. Super-
Gaussian distributions are expected in plasmas with strong IB heating where Zv2/v2 >
1.. Changes in the electron distribution function involve flattening of f¢ at small particle
velocities and reduction of the number of fast electrons. Qur comparisons show convincingly
no changes in the tail of the distribution function over wide range of flow velocities, densities
and electron temperature accessible in the experiment. Further studies are necessary in
order to improve theoretical basis for non-Maxwellian distributions. It has been shown, for
example, by theory and Fokker-Planck simulations [17] that localised heating of the plasma
due to IB absorption leads to distribution functions which are linearly unstable to the return

current instability. Signatures of this instability has been also observed in the experiment

[12].
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‘inertial confinement fusion
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Abstract. This paper presents recent experimental results that clearly demonstrate the complex
interplay between parametric instabilities in a laser-produced plasma. These results include: (a)
the interplay between ion acoustic waves (IAW) and electron plasma waves (EPW) associated
with stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS), (b) the
interplay between IAW from two independent SBS decays when two interaction beams are
present and (c) the observation of a secondary process, the Langmuir decay instability (LDI),
which is the further decay of EPWs driven by SRS, into an [AW and a secondary EPW.

1. Introduction

Laser-driven inertial confinement fusion (ICF) is an approach to fusion that employs the
energy of laser beams to achieve the compression of a thermonuclear fuel target to reach
ignition and efficient burn [1]. Two approaches are pursued: direct drive, in which the
laser beams directly irradiate the capsule, and indirect drive, in which the laser energy is
converted into x-rays inside a hohlraum, which in turn irradiate the capsule containing the
fuel. Radiation-driven fusion (indirect drive) has the advantage of being less sensitive to
small-scale nonuniformities of the laser beams; conversely, a potential disadvantage is the
presence of a large scale length of plasma traversed by the laser inside the hohlraum, that
can produce parametric instabilities. The study of these parametric instabilities and the
interplay between them is the subject of this paper.

Since current designs of indirect drive targets have a gas filling the hohiraum, the source
of plasma is two-fold: plasma created at the inside wall of the hohlraum, as the source of
x-rays, and plasma formed by jonization of the fill-gas. Gas is used to minimize the motion
of the laser spot, to minimize laser absorption in the propagation path inside the hohlraum
and to control detrimental plasma effects on the capsule along the axis of symmetry of the
hohlraum. The two plasmas formed inside the hohlraum blend and mix in the presence of the
laser beams, and as the laser light propagates through this plasma, the light can decay into
a combination of scattered electromagnetic waves (EMW), and local longitudinal modes of
the plasma. In the absence of magnetic fields, a plasma can sustain electromagnetic waves
and two plasma modes: ion acoustic waves (IAW), and electron plasma waves (EPW). Even
if the plasma may have strong self-generated magnetic fields, IAW and EPW are the only
modes of importance in these plasmas.

The decay of the incident EMW (laser light) into local modes (either IAW or EPW)
and a scattered EMW enhances the level of density fluctuations (%’-)[Aw.gpw associated with
the local mode, due to the ponderomotive force generated by the beating between the two

t Also at: Lawrence Livermore National Laboratory.
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EMWs [2]. This increase of (‘;'i)mw_gyw further enhances the decay, thus generating a
feed-back loop that yields to unstable growth, and thus to the creation of an instability.
If the waves involved in the decay satisfy conservation of energy, wo = @ + @2, and
conservation of momentum, ko = k; + k2 (where | is the scattered EMW, 2 is either
an IAW or an EPW, and w and k are the respective frequency and wavevector for each
wave) the decay grows exponentially. This exponential growth is certainly a potential
problem in ICF: the scattered EMW can leave the plasma, thus losing a large fraction
of the laser energy, as well as producing a redistribution of the laser energy inside the
hohlraum, affecting the requirements for symmetry of implosion. The instabilities of interest
are stimulated Brillouin scattering (SBS), and stimulated Raman scattering (SRS) [2,3].
Stimulated Brillouin scattering consists of the decay of the incident EM wave (wy, ko) into
a scattered EMW (wsgs, Ksss) and an IAW (wiaw, kiaw), and stimulated Raman scattering
consists of the decay of the incident EMW (wo, ko) into a scattered EMW (wsgs, Ksrs) and
an EPW (wepw, kepw)-

These instabilities have been studied extensively in the past, by characterizing primarily
the EMW scattered from the plasma (3], and in the context of ICF, the effort has been
primarily on the evaluation of the reflectivity; in other words, the energy loss. Since
hohiraums for the national ignition facility (NIF) are much larger than the present Scale-
1 Nova targets [1], an estimate of the future role of parametric instabilities requires an
understanding of the behaviour of the instabilities in present targets, in order to extrapolate
with confidence to larger plasmas.

A vital aspect of the évolution of instabilities is their growth in the presence of waves
(either IJAW or EPW) associated with another instability and, to a lesser level, in the presence
of waves associated with secondary decays such as the parametric decay of the EPW from
SRS. It has become clear in recent years that the interaction between different plasma waves
yields an interplay between the parametric instabilities that obscures the characterization
and understanding of the parametric process itself. Waves driven by different parametric
instabilities can interact among themselves, modifying in turn their behaviour, as was clearly
demonstrated in early experiments at NRC in Ouawa [4,5]. A further complication arises
when considering the overlap of multiple laser beams; not only is there the interplay between
instabilities driven by one beam, but also the interplay between instabilities driven by
different beams [6].

We present in this paper recent experimental results, obtained at the Laboratoire pour
I'Utilisation des Lasers Intenses (LULI), that clearly demonstrate the complexity of the
interplay between instabilities. We will discuss in the following three particular effects:
(a) the interplay between JAW and EPW associated with SBS and SRS, (b) the interplay
between IAW from two independent SBS decays when two interaction beams are present
and (c) the observation of a secondary process, the Langmuir decay instability (LDI), which
is the further decay of EPWs, driven by SRS, into an JAW and a secondary EPW.

2. Experimental arrangement

The results presented here were obtained using collective Thomson scattering as the key
diagnostic [7,8). The laser beam configuration and plasma formation was as follows. The
600 ps full-width half maximum (FWHM) Gaussian beams were all in the same plane and
arrived at the target at different times: two 0.53 um plasma producing beams at t = 0,
2 0.53 um plasma heating beam at ¢ = 1.2 ns, the 0.35 um Thomson scattering probe
beam at f = 1.48 ns, and the 1.05 um interaction beam at t = 1.72.ns. Two interaction
beams have been used individually or«’together for different parts of the experiment. The
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geometry of the experiment is shown in figure 1. Random phase plates (RPP) [9] were used
on the beams producing and heating the plasma to obtain plasmas that were as uniform
and reproducible as possible. The interaction beam was focused with an f/6 lens through
an RPP of 2 mm square elements. The resulting focal spot diameter was 320 um FWHM
with a focal depth of 1.5 mm. The average intensity in the focal spot was 10'* W cm™2.
The targets were 450 pum diameter, 1.5 um thick, (CH), disks. The electron density at
the peak of the plasma profile evolved from 0.25 n¢ to 0.08 n, from the beginning to the
end of the interaction beam (where n. = 1.1 x 10?' cm™ is the critical electron density
for g = 1.05 pm light). The density profile had a quasi-inverse-parabolic form along the
interaction axis, with an FWHM of 1 mm. The electron temperature (7;) of the plasma,
obtained by Thomson scattering in the absence of the interaction beam, was between 0.4

and 0.5 keV.

Interaction beam
Parabolic mirror f/6 A = 1.053um

(34° aperture)
Interaction beam
f/6 A =1.053um

Plasma producing beam Plasma producing beam
f/6 X =527 nm f/6 A =527 nm

. l I Heating beam
f/6 A =527 nm

wavelength, time, space f/3 A =351 nm

Thomson scattered '
diagnostic resolved in Probe beam
and wavenumber

Figure 1. Experimental arrangement for the experiment at LULL All laser beams and Thomson
scattering collecting optics are in the same plane.

The geometry for Thomson scattering permitted us to collect scattered light
corresponding to JAW and EPW associated with SBS and SRS over a large range of
scattering angles, thus permitting the observation of waves associated with backscattering
as well as sidescattering instabilities. The Thomson scattering probe was focused with a
combination of lens and an RPP with elongated elements, to form a focal region 100 um
by 1 mm along the axis of the interaction beam, thus allowing us to image the location of
the waves over the whole interaction length. Thomson-scattered light was collected with a
parabolic mirror and imaged onto different diagnostics, using masks to select the waves of

interest at different stages during the experiment.

3. Experimental results on interplay |

3.1. Interplay between instabilities: competition SBS-SRS

The first result is the clear evidence of the mutual exclusion between IAW and EPW in time.

Although these waves were observed to occur around the same region of plasma, they were

never present at the same time. Figure 2 shows the temporal evolution of IAWs and EPWs.

The scattered signals are related to the density fluctuations (énﬂ)mw,gpw associated with the

IAWs and EPWs corres{ponding to backscattered SBS and SRS, respectively. If the scattering
A E 4
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takes place from coherent plasma waves, the scattered power levels are proportional to the
square of ("”—")[AWAEPW‘ Time is referred to the plasma forming laser pulses. Absolute
timing and location of the signals were provided by the early plasma emission during the
preforming pulses. The time-resolved signals in figure 2 are from waves located 300 um
from the centre of the plasma in the direction of the interaction laser beam. The location of
these waves is characteristic of the plasma and laser parameters, and is discussed in [10].
The interaction region is smaller than the scale length of the plasma and is not limited by
the length of the line focus of the Thomson scattering probe.

Scattered
intensity
I (arb. units)

IAW.

—
1.5 1.7 19 Time (ns)

Figure 2. Temporal evolution of Thomson-scattered light from IAWs and EPWs, associated
with backscattered SBS and SRS. respectively, from the same region of plasma, and recorded
on the same streak camera. The Thomson-scattered intensity is proportional to the square of the
levels of the density fluctuations associated with the plasma waves.

The onset of the IJAWSs takes place at the very beginning of the interaction pulse; the
emission lasts around 300 ps and is maximum ~ 100 ps before the peak of the interaction
pulse. Simultaneously with the disappearance of the IAWs, one observes a rapid growth
in the level of fluctuations associated with EPWs. The EPWs are observed only after the
disappearance of the IAWs, the duration of the EPWs’ signal is around 300 ps. Further to
the temporal interplay between IAWs and EPWs, we observe that, within 100 um (which
represents shot to shot fluctuations), the EPWs are located in the same region of plasma as
the IAWs just disappeared from. This interplay between the two instabilities was observed
in all laser shots, and under various plasma conditions.

3.2. Multiple beam effects: resonance and off-resonance IAW behaviour

A different aspect of the experiment was the study of the JAW when more than one
interaction beam was present [6]. For this study, a second interaction laser beam was
used at a lower intensity than the primary interaction beam, to act as a seed of IAW for
the primary interaction beam. This had the effect of modifying the growth of SBS, which
then starts from a well defined level of IAW, rather than from thermal fluctuations. The
angle between the two beams was 22.5°. Ion acoustic waves travelling along different
directions were recorded with temporal and spatial resolution. The direction of observation
was defined by masks on the Thomson scattering optics, limiting the collection angle to 5°,
and in steps of 5°. An interesting aspect of this configuration is that of all possible IAWs
driven by the seed beam, only side scattering SBS with [AW travelling along the direction
bisecting the angle between the two beams will have matching wavenumber to a similar
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decay pumped by the main interaction beam. Along any other direction, there is a mismatch
between the JAW wavenumbers driven by each of the two beams.

14 A 1,0 B

12 _
5 S o8
< 10 <
K] ]
o £ o
H H
5 °® S 0,4
. 4
[} [ ]
3 4 3
u:',; g 0,24
2
0 0,0 , -
0 1 2 3E13 0 1 2 3613
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Figure 3. Levels of intensities of Thomson-scattered light from ion acoustic waves as a function
of seed-beam intensity, integrated in time and space. (A) lon acoustic waves travelling along
the bisector to the directions of the pump and seed beams (resonance). (B) Ion acoustic waves
along a direction off-resonance.

Along the direction of matching wavenumbers a strong enhancement in the level of IAWSs
was observed. The total signals, integrated in time and space, are plotted in figure 3(A) as a
function of the seed-beam intensity, showing enhancement of IAW even for a low-intensity
seed beam. An unexpected result was obtained when probing along off-resonance directions.
Even for small levels of seed beam (/yeeq = 10" W cm™2), a strong reduction was observed
in the level of IAW. A further reduction was obtained as the intensity of the seed beam was
increased, with a total reduction of a factor of eight at /;eeq = 3 x 10> W cm~2. Figure 3(B)
shows the intensities of scattered light from IAW for this off-resonance direction, integrated
in time and space as a function of seed beam intensity, showing the drastic effect on the
IAW. A ratio of lieq/Ipump = 3% was sufficient to reduce the total observed level of
scattered light from IAW by a factor of five. The reduction in the level of scattered light
from IAW was observed on either side of the direction of resonance. At 5° away from
resonance, the mismatch in wavevector between the seed and the pump beams is sufficient
to change a strong enhancement into a strong reduction in the level of IAW. For a low seed
beam intensity (Zseed/ Jpump = 3%), the amount of reduction off-resonance is a much larger
effect than the enhancement at resonance. An explanation for the reduction of IAW is the
presence of IAWs driven by the seed beam, either in backscatter or sidescatter, which are
seen by the pump beam as long wavelength ion waves [6]. Modification to the level of
scattered SBS light is discussed by Labaune er al {11].

3.3. Secondary decay processes: Langmuir decay instability

The study of the interplay between instabilities is further complicated by secondary decay
processes. This can be the decay of the EMW associated with either SBS or SRS, or the
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decay of the IAW or EPW into lower modes, yielding in some cases to cascading effects.

Of current interest is the Langmuir decay instability (LDI), where an EPW (Langmuir wave)
decays into a secondary EPW and an IAW [12,13]. If SRS generates large levels of EPW,
this can become a source to drive LDI. Since one of the daughter waves of the decay is
an IAW, processes that can modify the levels of [AW can in turn modify the LDI decay,
which in turn can have an effect on the initial SRS decay. A consequence of this interplay
is the potential for providing a saturation mechanism for SRS [14]. Recent simulations have
indicated this possibility [15-17].

Thomson scattered intensity at
Jt=1.85ns

i
387 351 321 A(nm)

Figure 4. Thomson-scattering spectra showing two sets of electron plasma waves traveiling in
opposite directions. Different attenuations have been used for each wave, resulting in a relative
amplitude §n/n(down)/8n/n(up) of approximately 20 to 40.

Direct evidence for the presence of LDI has been obtained under experimental conditions
as described in the previous sections. Using space- and time-resolved Thomson scattering,
two sets of EPW were observed, one travelling parallel to the incident laser pulse, and the
second travelling in the opposite direction. Figure 4 shows Thomson scattering spectra
at time t = 1.85 ns. The signals correspond to Thomson scattered light from EPW
having the same frequency, but opposite wavevector. The observed spectra of these
two sets of EPW are symmetric with respect to the probe frequency, and are in perfect
synchronization. Each wave is recorded with different attenuation, resulting in a relative
amplitude 8n/n(down)/én/ n(up) of approximately 40. Both waves are present at the same
location in the plasma.

The observed up and down EPWs can only be explained by LDI. Reflection of the
EPWs at their critical density is ruled out because of the strong damping affecting the
EPW. Coupling to IAW driven by SBS is also ruled out because of the time difference
between SBS and SRS, as demonstrated in section 3.1,

4. Conclusions

We have presented clear evidence of three different aspects of the interaction between waves
associated with different parametric instabilities. These results show the complexity of the
interaction process, and the need to study these instabilities together. Results show the strong
effect of IAWs, not only on SRS but on SBS as well. The interplay between SBS and SRS
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confirms early results [4] of this phenomena; the reversed temporal behaviour between SBS
and SRS in the early experiment is due to the different plasma and laser conditions. The
coupling between JAWs driven by SBS from two different interaction beams is a new result
that shows, for the first time, the reduction of SBS due to IAW from a different SBS decay.
This indicates the complexity in dealing with experiments where multiple beams overlap.
Finally, the observation of counter-propagating EPW from SRS clearly demonstrates the
existence of LDI, a mechanism that introduces a further link between EPWs and IAWs.
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PACS. 52.35Fp ~ Electrostatic waves and oscillations (e.g., ion-acoustic waves).

PACS. 52.35Mw- Nonlinear waves and nonlinear wave propagation (including parametric effects,
mode coupling, ponderomotive effects, etc.).

PACS. 52.40Nk - Laser-plasma interactions (e.g., anomalous absorption, backscattering, mag-
netic field generation, fast particle generation).

Abstract. — Experimental reflectivities due to stimulated Brillouin scattering (SBS) and ion
acoustic fluctuations have been successfully modelled, over four orders of magnitude of SBS
reflectivity, using a newly developed theory of parametric instabilities in randomized laser beams.
The observed temporal evolution of SBS has been interpreted using the hydrodynamic evolution
of the plasma parameters. Location of SBS in the front part of the plasma is due partly to pump
depletion in the SBS-active speckles, and partly to plasma conditions.

S

In the last two decades, sé*nulated Brillouin scattering (SBS) has received considerable
experimental and theoretical attention [1], [2]. In this process the incident light wave decays
into an ion acoustic wave (IAW) and a scattered electromagnetic wave. This instability can
grow in the plasma corona which surrounds the fuel pellet in laser fusion experiments. It
can reduce the coupling efficiency of laser light into the plasma and destroy the high degree
of symmetry necessary for efficient compression of the capsule [3]. Extrapolation of present
results to Inertial Confinement Fusion (ICF) targets requires understanding of the instability.
This will come from modeling which can provide good agreement with experiments on more
than one features, including SBS reflectivity and evolution of the waves involved in the coupling.

This letter presents the application of a novel technique for modeling the interaction physics,
which takes into account the statistics of the distribution of laser light intensity in speckles in
a plasma and employs a consistent description of SBS reflectivity from a single speckle. This
model, described in more detail in ref. [4], predicts SBS reflectivities from a recent experiment,
over four orders of magnitude, without any adjustments in the initial noise level of the density
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fluctuations from which SBS grows. Apart from two very recent experiments [5], [6], modeling
of SBS reflectivities without any adjustment factor always failed in the past twenty years. The
success of the present comparison is due to the evolution of both experimental and theoretical
approaches. Ameliorations in the experimental part consist of a combination of improved use
of Thomson scattering [7] to diagnose the decay waves and the use of a well-characterized
laser intensity distribution in the focal volume, obtained with a random phase plate (RPP) [8].
Amelioration in the theoretical part is the application of the statistics of randomly distributed
independent speckles [9] to the SBS theory in an individual speckle including effects of light
diffraction and depletion, and plasma inhomogeneity [10]. Because of small size and random
location of speckles, experimental observations represent averaged data, which are the sum
of emissions from many independent speckles integrated over the instrumental resolution time
and volume. The stimulated scattering from an individual speckle could be very strong and
nonlinear effects like the pump depletion define the single speckle reflectivity. However, the
number of statistically significant speckles in the interaction volume may be relatively small
having a minor effect on the overall beam propagation through a plasma. Thus the conception
of randomly distributed independent speckles makes a natural bridge between strong nonlinear
effects observed in experiments and relatively weak overall modification of the interaction beam.

The experimental results presented in this paper have been produced by the interaction
between an RPP smoothed laser beam and a well-characterized preformed plasma [11]. The
intensity of the interaction beam was intentionally kept low to produce SBS in a weak-coupling
regime, to be below saturation, to have a number of active speckles small enough so they can
be considered as independent, with a total number of speckles large enough so the statistics can
be applied. Separate shots have shown that the speckles distribution was not much modified
by the presence of the plasma compared to the distribution in the vacuum. To isolate SBS
from some other parametric instabilities which can grow in the corona, the electron density of
the preformed plasma was chosen below quarter critical (n. is the critical electron density for
the interaction beam) during the interaction pulse. The low laser intensity, not far above SBS
threshold, should also allow to separate SBS and filamentation, as this process has a higher
threshold than SBS.

The experiments have been performed using the six beams of the Laboratoire pour 1'Utili-
sation des Lasers Intenses (LULI) laser facility. The interaction beam had a wavelength of
Ao = 1.053 pm, a pulse duration of 0.6 ns (FWHM) and was focused with an f/6 lens
combined with RPP. The focal spot diameter was 320 um, and the maximum average intensity
was 10'* W/cm?, for an energy of 100 J. The Rayleigh length, L, of the beam was ~ 1 mm.
The mean diameter of the speckles is ag ~ 6 um and the mean length is Lr ~ 300 pm. These
dimensions correspond to the decorrelation distances between different speckies. Speckles were
well characterized everywhere in the plasma. The plasma was preformed by exploding a thin
small disk of plastic (CH), with two opposite laser beams with a wavelength of 526 nm,
arriving to the target 1.72 ns before the interaction beam. The electron density at the peak of
the plasma profile decayed exponentially with the characteristic time 0.4 ns. It evolved from
0.2 n¢ to 0.07 nc, from the beginning (¢ = 1.7 ns) to the end (¢ = 2.3 ns) of the interaction pulse
(where ne = 1.1x10?! em™3 is the critical electron density for Ag = 1.05 um light). The density
profile had a quasi-inverse-parabolic form along the interaction axis, with a characteristic length
L, = 1 mm. The electron temperature T, of the plasma before the interaction beam arrival, was
between 0.4 and 0.5 keV, which increased during the interaction pulse to about 0.6-0.7 keV.
The ion temperature 7; was approximately 250 eV. The electron densities and temperatures,
obtained by Thomson scattering, agree well with 2D hydrodynamic simulations of the plasma
evolution. These simulations provide also values of the plasma expansion velocity u(z), its scale
length L, changes from 300 um in the plasma center up to 500 um at the plasma edges. Both the
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ion acoustic and electromagnetic waves produced by the SBS decay in backscattering direction
were diagnosed. The thomson scattering of a 351 nm probe beam was used to measure the ion
fluctuation levels as a function of space and time. The backscattered light into the focusing
optics of the interaction beam (62 = 0.045 sr) was spectrally resolved as a function of time,
and absolute reflectivities were measured. Detailed results are presented in ref. [12].

Experimental SBS reflectivities depended strongly on the average incident laser intensity:
from 7 x 1077 at 4 x 10'2 W/em?, to 3 x 1072 at 8 x 10'®> W/cm?. Laser intensities have
been modified by changing the laser energies and keeping all plasma conditions the same.
Another major result of this experiment is the direct observation of the location of the ion
acoustic waves associated with SBS by imaging the plasma using the Thomson scattered light
on a streak camera. Significant level of ion acoustic fluctuations is observed only in a small
region of the density profile located in the front part of the plasma relative to the interaction
beam. The measured scattered power, at maximum intensity, corresponds to an average density
fluctuation level (6n/ne)? of ~ 5 x 104, The duration of the Thomson scattered signal has
a full width at half-maximum of ~ 300 ps. It is shorter than the interaction pulse, with its
maximum at ~ 100 ps before the maximum of the interaction pulse. Measurements of the
temporal evolution and of the spectral characteristics of the SBS backscattered light agree with
the observed behavior of the ion acoustic waves [12].

The modeling is based on the theory of stationary SBS convective amplification in an
inhomogeneous plasma [13] which is applied to an individual speckle to calculate the SBS
reflectivity and IAW amplitude. We assume that SBS starts from the thermal noise level of
IAW fluctuations and due to the plasma flow velocity gradient each particular three wave
interaction extends over a distance L, which is short compared to the Rayleigh length Ly of
the speckle. Then we solved the equation for the laser power in a speckle accounting for the
losses due to the scattered light generation and found the transmitted power, p; as a function
of incident power p;. The SBS reflectivity from a speckle was defined as the lost pump power,
R = (pi — pt)/pi, it was found as a function of p; and then averaged over the distribution of
speckles using the statistical description of ref. [9], yielding (R), the average reflectivity from
a distance of one Rayleigh length.

The total reflectivity is calculated by integration of (R) along the laser ray trajectories taking
into account the profiles of plasma density, temperature, velocity, and laser intensity, provided
by 2D hydrodynamical simulations. The equation for the average intensity of the laser beam is _

I 2z

dz A2+ 1L2
where k;p is the inverse bremsstrahlung absorption coefficient. The first term in the right-hand
side accounts for the divergence of the full laser beam, with the two other terms describing
losses due to absorption and scattering, respectively. Defining the beam power (P) = mp?(I),
where p(z) is the beam radius given by geometrical optics, we solve eq. (1) for the given density
profile, assuming that the input power (P ) at z = —L,, is known, and we calculate the scattered
power, which is defined as (Ps) = [Z7 §2mp*(R)(I).

(1) - iB<I>—<Lii<R>, (1)

TABLE I. — Measured and calculated total SBS reflectivities for various incident laser intensities.

Average laser intensity (W/cm?) 8 x 10'2 2 x 10'® 4 x 101 8 x 10'3
Total measured SBS reflectivity 107% 10-° [2-4]x10~* [1-3]x1072
Total calculated reflectivity 8 x1077 2x107® 3x107* 1.3 x 1072
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Fig. 1. - Calculated and measured temporal dependence of the SBS intensity, relative to the incident
laser pulse. The incident laser intensity is 0.8 x 104 W/cm?.

Figure 1 shows the comparison between calculated and measured SBS intensities as a
function of time. Both the experiment and the calculation show that the maximum of SBS
emission occurs ~ 100 ps in advance of the laser peak because of plasma density decay, with
a duration of approximately half of the incident pulse duration. This comparison is within an
error bar of 50 ps. The SBS pulse shape and calculated reflectivity of 2% agree well with the
measurements. Good agreement has been found also for the threshold of SBS and for the SBS
reflectivities obtained for various laser intensities between 8 x 10'2 and 104 W /cm?, as shown
in table I.

Figure 2 shows the experimental (left) and calculated (right) spatial distributions of the
square of the ion acoustic amplitude (6n/n.)? along the axis of the interaction beam as a
function of time. The spatial profile of the average ion acoustic wave amplitude i—f (2) is

calculated from the average reflectivity coefficient: ( %)2 = g %%(R);(é%, where v, and w;

are the ion acoustic damping rate and frequency. The calculated and measured levels of density
fluctuations agree within a factor of two. The shift of the location of the peak of the ion acoustic
waves is due to the combination of the inverse bremsstrahlung absorption of averaged laser

Time,
s}

221

—
-600 -500 -400 -300 -200 -600  -500 -400 z (um)

Fig. 2. - Experimental (left) and theoretical (right) distributions of the square of the density fluctua-
tions associated with the ion acoustic waves as a function of position along the axis of the interaction
beam and as a function of time. The interaction beam is coming from the left; z = 0 corresponds to
the initial target position. The average laser intensity is 0.8 x 1014 W/cm?.
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acoustic waves.

The direct observation of the growth of the IAWs in the front part of the density profile proves
speculations made in many other experiments [14] that have shown blue-shifted backward SBS.
This paper provides a physical interpretation of the location of SBS in the front part of the
plasma based on hydrodynamical plasma profiles and on pump depletion in the SBS active
speckles. We cannot rule out that nonuniform expansion of multispecies plasmas can also
lead to an increased SBS gain in the front part of the plasma [15]. This effect can be also
incorporated in the statistical SBS theory. However, our analysis demonstrates that assumption
of the SBS emission from laser hot spots provides a good interpretation of SBS experiments at
low laser intensities.

We would like to stress out that the usual approach based on the calculation of the SBS
reflectivity from the average SBS convective gain, (G) < 3, provides a reflectivity of about
two-three orders of magnitude lower than measured. Furthermore, it will never predict the
observed shift of the ion waves location as this shift is partly due to pump depletion and this
effect will be negligible. This model is quite general and should be able to explain many other
experiments with low intensities without assumptions about nonthermal noise.

*kk

REFERENCES

(1] KRUER W. L., The Physics of Laser Plasma Interactions (Redwood City, California, Addison-
Wesley Publishing Company) 1988.

[2] BaLpis H. A, CaMPBELL E. M. and KRUER W. L., Physics of Laser Plasmas (North-Holland,
Amsterdam) 1991, pp. 361-434.

[3] LinpL J., Phys. Plasmas, 2 (1995) 3933

[4] TikHONCHUK V. T., LABAUNE C., BaLpis H. A., Phys. Plasmas, 3 (1996) 3777

[5] YOUNG P. E., Phys. Rev. Lett., 73 (1994) 1939. .

[6] DRAKE R. P., WaTT R. G. and ESTABROOK K., Phys. Rey. Lett., 77 (1996) 79.

7] BaLDIS H. A., VILLENEUVE D. M. and WaLsH C. J., Can. J. Phys., 64 (1986) 961.

] KaTo Y., Mima K., MivaNaGga N., ARINAGA S, KITAGAWA Y., NAKATSUKA M. and Ya-

MANAKA C., Phys. Rev. Lett., 53 (1984) 1057.

[9] RosE H. A. and DuBois D. F., Phys. Fluids B, 5 (1993) 590; Rose H. A. and DuBois D. F.,
Phys. Rev. Lett., 72 (1994) 2883; Rosk H. A., Phys. Plasmas, 2 (1995) 2216.

[10] TiknONCHUK V. T., PESME D. and MoUNAIX PH., Stimulated Brillouin reflectivity from laser

hot spots in an inhomogeneous plasma, to be published in Phys. Plasmas.



36 EUROPHYSICS LETTERS

[11]) SEka W., CraxToN R. S., LABAUNE C., BaLDIs H. A., RENARD N., ScHIFANO E. and
MICHARD A., Bull. Am. Phys. Soc., 40 (1995) 11, 1777. !

[12] LaBaUNE C., BaLDis H. A., ScHIFANO E., BAUER B., MICHARD A., RENARD N., SEkA W,
Moobpy J. D. and EsTaBROOK K. G., Phys. Rev. Lett., 76 (1996) 3727.

[13] GorBuNOV L. M. and POLYANICHEV A. N., Sov. Phys. JETP, 47 (1978) 290; RAMANI A. and
Max C. E., Phys. Fluids, 26 (1983) 1079.

[14] MosTovYCcH A. N. et al., Phys. Rev. Lett., 59 (1987) 1193; TANAKA K. et al., Phys. Fluids, 27
(1984) 2960; PHILLION D. et al., Phys. Rev. Lett., 39 (1977) 1529; RoseN M. D. et al., Phys.
Fluids, 22 (1979) 2020; YOuNG P. E. et al., Phys. Fluids B, 3 (1991) 1245; CHIROKIKH A. V.
et al., Bull. Am. Phys., 38 (1993) 1934.

{15] Young P. E., Foorp M. E., MaxmMov A. V. and Rozmus W., Phys. Rev. Lett., T7 (1996)
1278.



VOLUME 80, NUMBER 9

PHYSICAL REVIEW LETTERS

UCRL-JC-128618
2 MARCH 1998

Localization of Stimulated Brillouin Scattering in Random Phase Plate Speckles
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This paper presents the first experimental evidence of the transverse localization of stimulated
- Brillouin scattering (SBS) emission to the laser beam axis, demonstrating that only a few small regions
of plasma contribute to the emission. As a consequence, SBS reflectivity of these regions is much
higher than the average SBS reflectivity, by a factor of ~50—100. These observations are consistent
with the recent concept of SBS growing mainly in “active” speckles, having an intensity higher than the

average laser intensity.

PACS numbers: 52.35.Nx, 52.35.Fp, 52.40.Nk, 52.50.Jm

Stimulated Brillouin scattering (SBS) is a parametric in-
stability which can occur during the propagation of an in-
tense laser beam through a plasma in the presence of ion
density fluctuations {1,2]. This instability is of crucial im-
portance in inertial confinement fusion (ICF) because it can
induce significant losses of the incident laser energy and
spoil the illumination symmetry required to reach good im-
plosion efficiency of the pellet. Stimulated Brillouin scat-
tering is the resonant decay of the incident electromagnetic
wave (EMW) into a scattered EMW and an ion acoustic
wave (IAW). Characterization of the total, or macroscopic,
SBS reflectivity is important to ICF, but in spite of the ef-
forts during the last twenty years, it has been very difficult
to match measured and calculated SBS reflectivities aver-
aged over space and time. More detailed characterization
of local SBS reflectivity is extremely important if one is
to extrapolate with confidence the role of scattering insta-
bilities to the large plasmas encountered in the national
ignition facility targets [3], and to develop methods for
controlling them.

We present in this paper the first experimental evidence
of the localization of SBS emission, in a plane perpendicu-
lar to the laser beam axis, demonstrating that only a few
small interaction regions contribute to the total SBS light.
SBS emission from these small spots has been evaluated
leading to local reflectivities much higher than the average
SBS reflectivity, by a factor of ~100. These observations
are consistent with the recent concept of convective am-
plification of SBS in randomly distributed speckles {4] as
produced by a random phase plate (RPP) [S]. This new
approach is important as it can explain the moderate ob-
served average SBS reflectivities because of the limited
number of SBS-active speckles, and pump depletion within
these speckles. Application of the statistical theory has
been successful in explaining a number of different physi-
cal features of SBS in a recent experiment [6]. The obser-
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vation of localized regions of SBS emission presented in
this paper demonstrates the importance of the microscopic
description of SBS.

The use of a RPP on the beam which pumps the SBS
instability is an important component of the present study,
not only because it provides beam smoothing and re-
producible experimental conditions, but also because it
produces a small-scale intensity distribution in the focal
volume which can be described by a statistical function.
A RPP is a transparent substrate with a random pattern of
phase elements that introduce a phase shift of 0 or 7 on
the incident light. The far-field intensity distribution con-
sists of an overall envelope determined by an individual
phase plate element. Within this envelope, there is a fine-
scale speckle structure due to the interferences between
different phase element contributions, whose dimensions
are determined by the f/number of the focusing optics.
The advantage of this technique is that it creates a well-
defined intensity distribution in the laser focal spot which is
nearly independent of aberrations of the initial laser beam.
Within the focal region, however, there are large ampli-
tude laser intensity fluctuations in a speckle scale length,
randomly distributed, which manifest themselves in fluc-
tuations on the SBS growth and reflectivities as discussed
in this paper. The overall SBS reflectivity is the sum of
contributions from the individual speckles.

The experiments have been performed using two beams
of the laser facility of the Laboratoire pour I’Utilisation
des Lasers Intenses (LULI) at Ecole Polytechnique. One
beam, with wavelength 1.053 wm, was used to preform a
plasma by irradiating CH foils 500 nm thick, using an f/8
focusing lens. The second beam, with wavelength Aq =
0.53 wm, was the interaction beam, with a delay of 300 ps,
and an angle of 45°, with respect to the plasma forming
beam. Both laser pulses have a full width at half maxi-
mum (FWHM) duration of 600 ps. The interaction beam

© 1998 The American Physical Society
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FIG. 1. Time-resolved spectrum of stimulated Raman
backscattering of the interaction laser beam. Electron densities
are deduced from the resonance relations of the Raman decay
and the linear equations of dispersion of the waves, using an
electron temperature of 0.7 keV.

was focused with an f/3 lens and a RPP with 1.5 mm
square elements. The focal spot diameter was 110 um
(FWHM), with a maximum average intensity of Toump =
3 X 10" W/cm?. The speckles generated by the RPP on
the interaction beam had a mean diameter of 3 wm (mini-
mum to minimum) and a mean length of 32 um. During
the interaction pulse, the plasma density was below criti-
cal electron density (critical density for Ag = 0.53 um
light is n. = 4 X 102! cm™3). The electron density pro-
file had an approximately parabolic shape along the laser
axis with a scale length of ~300 wm, with the maximum
density on axis decreasing from 0.1, to 0.06n, during the
first 300 ps of the interaction pulse. Characterization of
electron density and temperature of the plasma was done
using time-resolved spectra of stimulated Raman scatter-
ing in the backward direction. An example of a Raman
. spectrum is shown in Fig. 1. Electron density on the laser
axis was deduced from the temporal evolution of the long
wavelength edge of the spectra, and an electron tempera-
ture (T,) of 0.7 keV was deduced from the Landau cutoff
of the Raman spectra.

The diagnostic to measure the space resolved SBS con-
sisted of a three-frame gated optical imager (GOI). This
instrument yields three two-dimensional images with a
temporal resolution of 150 ps, with an adjustable delay be-
tween frames, which was chosen to be 200 ps. During
the first phase of the experiment, the focal spot produced
by the RPP was characterized in the absence of plasma
by imaging the beam waist of the transmitted laser light.
This was recorded using the same GOI instrument. Dur-
ing the second phase, the GOI detector assembly was in-
stalled in the back scattering diagnostic station, to measure
the space distribution of the SBS emission. The spatial
resolution was 5-10 um. The experimental arrangement
is illustrated in Fig. 2, showing simultaneously the optical
configurations to characterize the focal spot, and to image
the far-field distribution of SBS in the backscattered di-
rection. The RPP on the interaction beam was placed be-
fore the beam splitter that collected the backscattered light,
to permit undisturbed imaging of SBS emission. Time-
resolved SBS spectra and absolute SBS reflectivities were
also measured in the backscattering direction of the inter-
action beam.

The laser intensity distribution at the beam waist of the
focal spot in the absence of plasma is shown in Fig. 3.
Since the actual location and intensities of the individual
speckles vary from time to time due to fluctuations in the
optical characteristics of the laser beam, a direct compari-
son on the location of the speckles and SBS emission is not
possible (since only one GOI instrument was available),
but the statistical distribution of speckles as a function of
intensity will be the same during the experiment. Figure 4
shows the far-field SBS intensity distribution at three dif-
ferent times during the interaction pulse (¢ = 1.2 ns cor-
responds to the peak of the interaction beam). The data
show the localized nature of the SBS reflectivity, with ma-
jor contributions to the overall reflectivity coming from a
few well-defined regions, located mainly in the central part
of the focal spot. Some correlation in time of the location
of SBS emission can be observed in the three frames. It

A A Focusing
o a lens ym ey
Interaction beam| - "~ 777 10pticalt =™ =~
(0.53 tm) . .gl;tem_‘, - =meor
RPP ’ plasma e
Plasma producing beam RPP
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FIG. 2. Experimental arrangement for the GOI diagnostic to measure either the laser intensity distribution at best focus or the

space distribution of the SBS emission.
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FIG. 3. Spatial laser intensity distribution at the beam waist
of the focal spot in the absence of plasma. The circle has a
diameter of 100 zm.

was observed that the SBS growth was localized in small
regions and persisted for times longer than 200 ps, but
shorter than the laser pulse duration.

From these images, the SBS emission was analyzed in
detail to obtain the local peak reflectivities and to com-
pare them to the total, or average in time and space, SBS
reflectivity. This latter was low, typically between 10~
and 1075, due to plasma conditions, low laser intensities,
and the use of a 0.53 wm laser pump. The SBS emission
from the individual spots shown in Fig. 4 was evaluated,
given the local brightness of the emitting spots. For the
data shown in frame 2 of Fig. 4, only 1/100 of the area of
the focal spot contributed to the measured reflectivity. The
SBS hot spot, marked A in Fig. 4, contains approximately
50% of the total reflected light, implying that the peak lo-
calized SBS emission was higher than the average reflec-
tivity by a factor between 50 and 100. If one takes into
account the temporal evolution of the SBS emission, one
ends with even higher peak reflectivities. The localized
SBS emission, as indicated in Fig. 4, does not necessarily
imply that these are due to single speckle contributions.
Because of optical integration along the laser axis and over
the optical resolution of the system, the SBS emission from

t=1.2ns

t=1.4ns

one spot could be the result of the superposition of contri-
butions from more than one speckle.

The spectrum of the backscattered SBS light was ana-
lyzed as a function of time. The time-resolved SBS spec-
trum, from the same shot as the GOI images of Fig. 4,
is shown in Fig. 5. It is redshifted from the laser wave-
length, with a shift and a broadening increasing as a
function of time. Using the velocity profile from two-
dimensional hydrodynamics simulations, we observe that
SBS starts around the isothermal sonic point, which is lo-
cated ~100 wm in front of the summit of the density pro-
file, and then the region of SBS emission extends towards
the peak of the profile up to ~100 wm on the back of the
target.

The SBS reflectivities, local and average, were cal-
culated using a statistical approach [4,6,8] which had
been applied to the experiment using electron density,
electron temperature, and velocity profiles provided by
two-dimensional hydrodynamic simulations. The basic
assumption of the statistical SBS theory [4] is that the
scattered radiation is generated in several independent
speckles, rather than homogeneously over the illuminated
region of plasma. The first step of this theory is to cal-
culate the integrated reflectivity from a single speckle,
using the known SBS linear theory in stationary convec-
tive regime [7], taking into account diffraction of scattered
light in the speckle and pump depletion [8]. The reflec-
tivity of the single speckle is then averaged over the sta-
tistical distribution of speckles with different intensities in
the interaction region [6,8].

The SBS intensity has been calculated according to this
model, and shows reasonable agreement with the experi-
ment for the total SBS reflectivity (5 X 10™4) as well as
for its temporal evolution and location. The model used
the profiles given by the numerical simulation, which pro-
vided good agreement with the experiment for the tempo-
ral evolution of the electron density on the laser axis as
measured from the Raman spectra. More recent experi-
ments [9} have shown improved agreement between ex-
periment and modeling for SBS reflectivities when using

=1.6ns

50 um

>
X

FIG. 4. Spatial intensity distribution of the SBS emission at three different times during the interaction pulse. These images are
integrated over 150 ps; t = 1.2 ns corresponds to the peak of the interaction beam. The circles are positioned in the same way as

in Fig. 3, and have a diameter of 100 xm.
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FIG. 5. Time-resolved spectrum of the SBS light collected in
the focusing optics of the interaction beam. In the SBS decay,
the frequency of the SBS light is given by wsps = wg — wj,u,
and the wavelength shift of the SBS light compared to the laser
light is 8A-= (A}3/2mC)kigw(c, — u), where ki, is the wave
number of the ion acoustic wave, c, is the sound speed, and
u is the expansion velocity. The pump laser wavelength is
Ao = 5265 A,

the experimental shape of the electron density profile, and
temperature, measured with a Thomson scattering diag-
nostic. At the time of SBS maximum activity, the maxi-
mum emission comes from a region z = —20 um from
the plasma center and has an extent of about 120 wm
FWHM. This area corresponds to the subsonic plasma
expansion, in agreement with the observed redshift of the
SBS spectrum. ’

The average SBS gain is very low for the parameters
of this experiment: (G) = 4.6 X 1071[(I (W /cm?)) X
Ao (um) L, (um) ne/nc1/(1 — ne/nc)[T. (keV) + 3 X
T; (keV)/Z] = 1(L, is the velocity gradient scale length,
T; is the ion temperature), for which the expected SBS
refiectivity should be extremely small if it would not be
for the presence of the statistical distribution of intensities
associated with the speckled structure of the focal spot.
Taking into account this gain, we can study the contri-
bution of speckles with different intensities to the SBS
reflectivity. This is a growing function of the speckle
relative intensity (x = 1/(I)), which ends abruptly at
u = 11 because the expected number of speckles in
the interaction volume with higher intensities than this
value is less than 1. Most of the SBS emission comes
from speckles with intensities u between 10 and 11. If
the spatial resolution of the instrument would be able
to resolve one speckle, the maximum local reflectivity
that would be measured will be as high as 0.15-0.2,
which is about 2000 times larger than the average SBS
reflectivity. For the case of the experiment, the optical
resolution Ao was larger than a speckle diameter d so the
maximum observed reflectivity decreases as the square of

the ratio of the spatial resolution to the speckle diameter:
Ricasured = Rmax(do/Ap)?. Hence, for an instrumental
resolution of about 10 xm, the maximum intensity will
be ~200 times above the average, which is close to the
experimental result.

In summary, we have presented the first detailed experi-
mental characterization of the far-field distribution of the
SBS reflectivity, showing that the emission comes from
very small regions defined by the laser intensity distribu-
tion due to the RPP used in the focusing optics. Model-
ing of both the average and local reflectivities gives values
that are very close to the experimental values, demonstrat-
ing the importance of considering the microscopic nature
of the interaction. This experiment demonstrates clearly
the need for detailed evaluation of the reflectivity of SBS
as a function of space and time, if one is to attempt to com-
pare experimental results with existing theoretical models.
This also applies to other instabilities such as stimulated
Raman scattering.
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Direct observations of secondary Langmuir waves produced by the parametric decay instability of
primary Langmuir waves are presented. The measurements have been obtained using Thomson
scattering of a short-wavelength probe laser beam and are resolved in time, space, frequency, and
wave number. The primary Langmuir waves were driven by stimulated Raman scattering (SRS) of
a smoothed laser beam in a preformed plasma. Measurements of the amplitude of the density
fluctuations associated with primary and secondary Langmuir waves show that the threshold of the
Langmuir decay instability (LDI) is close to the threshold of the Raman instability. This is in
agreement with theoretical predictions. However, the ratio of amplitudes of the density fluctuations
associated with both secondary and primary Langmuir waves does not agree with existing theories
of SRS saturation due to LDI cascading and/or strong Langmuir turbulence in homogeneous
plasmas. An explanation based on the interaction beam intensity distribution produced by the

random phase plate in the plasma is discussed.

[S1070-664X(98)02101-6]

. INTRODUCTION

Langmuir waves, or electron plasma waves (EPW), can
be easily excited in a plasma and are responsible for a variety
of nonlinear effects in many plasma applications, like inertial
confinement fusion, particle acceleration, current drive, and

microwave heating in tokamaks, x-ray lasers, and iono-,

spheric plasma modification.! EPWs are especially important
in laser plasmas as encountered in the context of inertial
confinement fusion by laser beams,? as they can accelerate
electrons to high energy that preheats the fusion fuel and
reduces the target gain. They can also scatter large amounts
of incident laser light in undesired directions. Several mecha-
nisms have been identified that can generate EPWs in laser-
produced plasmas: stimulated Raman scattering (SRS), two-
plasmon decay, parametric decay instability, Langmuir
decay instability, resonance absorption, and hot electron
pulses.> Because of weak dissipation of these EPWs due to
Landau or collisional damping, Langmuir waves interact be-
tween themselves, couple to ion acoustic waves, and often
bring plasma into a turbulent state.*8 Previous laser—plasma
interaction experiments have focused on qualitative spectral
indications of the mechanisms of EPW generation, coupling,
and dissipation, while there was no direct measurement of
EPW decays. EPWs are difficult to diagnose as they do not
radiate directly light outside the plasma. Scattering of an
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94550.
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electromagnetic wave off EPWs is a common way to collect
and analyze light associated with EPWs. The most frequently
used diagnostic of parametric instabilities had been based on
the scattering of the incident laser light itself from the lon-
gitudinal waves resulting from the decay.7 However, infor-
mation on longitudinal waves can be distorted by the propa-
gation and nonlinear interaction of the electromagnetic wave
in a dense plasma. Thomson scattering of a short-wavelength
and low-intensity laser beam® is a much more relevant
method to measure directly the spectrum of density fluctua-
tions in a plasma, and identify waves associated with specific
decays.

In this paper we describe results of an experiment that
was conducted to study features of the Langmuir decay in-
stability, including threshold, growth, and temporal evolution
of the plasma waves. The Langmuir decay instability (LDI)
is the decay of a primary Langmuir wave into a secondary
Langmuir wave and an ion acoustic wave. First theoretical
predictions of this instability were reported by DuBois and
Goldman.® Only indirect experimental indications of LDI
have been reported so far, based on the dependence of SRS
reflectivity on EPW damping or broadening of SRS
spectra.”'? In the present experiment, SRS was used as the
source of EPWs, as the Langmuir wave spectrum driven by
SRS is simpler than the primary spectrum, driven by either
the ion acoustic decay instability or the two-plasmon decay.
In particular, EPWs driven by SRS are emitted only in the
forward direction of the laser propagation. Thus, any EPWs
traveling antiparallel to the laser wave vector must be due to
the LDI or another mechanism that can reverse the EPW’s
wave vector. LDI is of particular importance for SRS in the
context of laser-driven inertial confinement fusion, as it had
been proposed as one of the possible mechanisms respon-

© 1998 American Institute of Physics
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sible for the saturation of the instability."’~'* In the experi-
ment presented in this paper, both primary and secondary
EPWs, coming from the Langmuir decay of the first ones,
have been observed on the same time-resolved spectra of the
Thomson scattered light. The threshold of the Langmuir de-
cay instability has been observed to be close to the threshold
of the Raman instability, as predicted by theory. However,
the maximum ratio of the amplitudes of secondary and pri-
mary EPW was found to be less than what was expected
from theories of SRS saturation due to LDI cascading'™*'*
and/or strong Langmuir turbulence’® in homogeneous plas-
mas.

The Langmuir decay instability (LDI) is a three-wave
process, where the dispersion relation is satisfied for each
wave, as well as conservation of energy and momentum:
wepw1= wepw2+ Wiaw2 and kepwl = kepw2+ kiaw2 , Where @ and
k; are the frequencies and wave numbers of the pump
{(epw1), the daughter or secondary Langmuir waves (epw2),
and the daughter ion acoustic wave (iaw2). In this-paper we
report the study of the backward decay, which is the most
probable, for which the secondary EPW is emitted in back-
ward direction compared to the primary one. Taking into
account that the frequency of the ion acoustic wave is much
smaller than the frequency of the Langmuir waves, the fre-
quencies and wave numbers of both EPWs are almost iden-
tical but propagating in opposite directions. The plasma pa-
rameters have been chosen so that the maximum electron
density was below quarter-critical for most of the interaction
pulse, to eliminate sources of EPWs associated with mecha-
nisms at critical density (resonance absorption or parametric
decay instability), or at quarter-critical density (two-plasmon
decay), thus limiting the types of EPWs present in the
plasma.

The experimental setup, beam configuration, plasma
characteristics, and diagnostics are described in Sec. II. Ex-
perimental results on threshold, growth, and temporal evolu-
tion of EPWs associated both with SRS and LDI, are pre-
sented in Sec. III. Other possible mechanisms of production
of the observed counterpropagating EPWs besides LDI are
discussed in Sec. IV. All these other mechanisms are ruled
out, leaving LDI as the only candidate to explain the ob-
served EPWs. In Sec. V we present theoretical results on
LDI and their comparison with experiments. Interpretation of
SRS and LDI is based on the speckles distribution of the
laser intensity in the focal volume produced by the random
phase plate placed on the interaction beam. In Sec. VI we

conclude this paper.

1. EXPERIMENTAL CONDITIONS AND DIAGNOSTICS

The experiments have been performed with the six-beam
laser facility of the Laboratoire pour I'Utilisation des Lasers
Intenses (LULI), using a 1.053 um interaction beam and a
well-characterized preformed plasma. The laser beam con-
figuration and the principal diagnostic of this experiment are
shown in Fig. 1. The 600 ps full-width half-maximum
(FWHM) Gaussian beams were all in the same plane and
arrived at the target plane at different times. Two beams,
converted to the second harmonic (A =527 nm), arrived at
t=0 from opposite directions on thin plastic disks (CH), to
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FIG. 1. Experimental setup showing the beam configuration and the main
diagnostic based on time-resolved spectra of Thomson scattered light of a

short-wavelength probe beam.

produce the plasma. The initial foil thickness, 0.940r 1.2 um
(alternatively), was chosen for the targets to bum through
toward the end of the primary plasma producing beams. At
t=1.1ns, a third 0.53 xm laser beam was used to heat the
plasma. Random phase plates (RPP) were used on the beams
producing and heating the plasma to obtain plasma condi-
tions as reproducible as possible. The 1.053 um interaction
beam was focused with an f/6 lens through a RPP of almost
square 2 mm elements, after a delay of 2 ns with respect to
the plasma-forming beams. The combination of the focusing
lens and the RPP produced an Airy pattern central maximum
with 65% of the total energy in a spot diameter of 320 pm.
Within this spot, the maximum average intensity was
10" W/cm®, for an energy of 100 J. The interaction beam
energy was varied from 20 to 85 J, above the observational
threshold for SRS. The mean FWHM diameter of the speck-
les was 9 um, and their mean length was 250 pm.

The target orientation was chosen perpendicular to the
interaction beam in order to present an axially symmetric
long-scale-length plasma to the interaction beam. Electron
density was measured, as a function of position along the
laser beam axis and time, using time-resolved spectra of the
scattered light from electron plasma waves, associated with
SRS, recorded simultaneously at different places in the
plasma,’ by using multiple slits on the streak camera.'® The
density profile had an approximately inverse parabolic shape
along the laser axis with a scale length of ~1 mm. For the
1.2 um targets, the maximum electron density on the axis
decreased from 0.25n, to 0.05n, during the interaction pulse
due to plasma expansion (n, is the critical density for 1.053
pm laser light, n,=1.1X10% cm™3). The electron tempera-
ture measured using thermal Thomson scattering in the ab-
sence of interaction beam'” was ~0.5 keV at r=1.7 ns at the
center of the plasma. Two-dimensional hydrodynamics simu-
lations show that the plasma was heated due to the interac-

tion beam to ~0.7 keV at the peak of the interaction pulse,

and then decreased due to plasma cooling because of expan-
sion.

The EPWs were observed along the interaction beam
axis using collective Thomson scattering (CTS) of a 351 nm
wavelength, 600 ps Gaussian, probe beam that started 240 ps
before the interaction pulse. The probe beam was focused
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FIG. 2. Imaging of the plasma to the entrance slit of the spectrometer. (a)
Sketch of the plasma electron isodensities (.= const), indicating the direc-
tion of the interaction laser beam. (b) Image of the plasma at the entrance
slit of the spectrometer, after rotation by 90°. The probed volume is located
300 um in the front part of the plasma. It is 75 um along the interaction
axis, 70 um in height, and 300 um along the transverse direction.

onto the plasma with an f/3 lens combined with a RPP with
elongated elements (0.1X0.9) mm?, producing a line focus
of 100 umX1 mm along the axis of the interaction beam.
The Thomson scattered light was collected with an off-axis,
34° aperture parabolic mirror, which was part of the optical
system imaging the focal region onto the entrance slit of a
spectrometer, after a rotation by 90°. The output of the spec-
trometer was coupled to a stweak camera. The CTS
spectrometer—streak camera combination was aligned to ob-
serve scattered light from a small volume in the region of
peak SRS-driven EPW -activity, which was ~300 um to-
ward the interaction beam from the plasma center.'® The size
of the probed volume was set by the magnification of the
imaging system, the width of the slits of the spectrometer,
and the streak camera, and the focal spot diameter of the
interaction beam. This was 75 um along the interaction axis,
70 pm in height, and 300 um along the transverse direction.
A scheme of the probed volume along with isodensities of
the plasma is shown in Fig. 2. The range of wavelengths
observed was between 280 and 480 nm, with a temporal
resolution of 50 ps and a spectral resolution of 30 A. Time-
integrated results, obtained under different pumping condi-
tions and with different diagnostics, have been previously

reported. 19
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FIG. 3. Wave-vector diagrams for the SRS of the interaction beam, the LDI
of the electron plasma waves produced by SRS, and Thomson scattering of
the probe beam. The relationships between the wave numbers and frequen-
cies of the probe beam (Kpeobe: Wprobe)r the EPW {kepui2, Wepwi 2)» and
scattering beam (k. , Wscqy) are also indicated.
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The geometry of the CTS diagnostic was designed to
collect downshifted scattered light (@gown™ @probe™ Pepw!)
from the primary EPWs associated with backward SRS. Up-
shifted scattered light (wup= Wprope+ Wepw2) from secondary
EPWs having same frequency and opposite wave numbers as
the primary EPWs was emitted in the same direction and
collected by the same CTS detector optics. Figure 3 shows
the general wave vector diagrams for the Raman and the LDI
decays, and for Thomson scattering, as well as the relation-
ships between the wave numbers and frequencies of the
probe beam (Kprobe» @probe)> the EPW (kepw12, @epwi2) and
scattered beam (ky ., ®sean)- TO ensure that the two strongly
different light amplitudes both fell within the streak camera
dynamic range, colored filters that attenuated only the SRS-
driven EPW scattered light were placed before the spectrom-
eter and a neutral filter was positioned over only the SRS-
driven EPW side of the spectrum, after the spectrometer, at
the streak camera entrance slit. The spectral dependence of
the total optical system was taken into account when unfold-
ing the data to make quantitative wave—amplitude compari-

sons.

300 ps

Time

FIG. 4. (a) Time-resolved spectra of the Thomson scattered light from ion
acoustic waves associated with stimulated Brillouin scattering, primary elec-
tron plasma waves associated with stimulated Raman scattering, and sec-
ondary electron plasma waves associated with the Langmuir decay of the
former ones. These three types of waves are driven by the interaction beam.
The first signal in time is Thomson scattered light from electron plasma
waves produced by the two-plasmon decay of the plasma-producing beams.
Intensity of the interaction beam was 8 X 10" W/cm?. Different optical at-
tenuations have been used for the four signals. (b) Temporal evolution of
scattered light from primary and secondary EPWs showing symmetrical
slopes in frequencies as a function of time [dw,,/dt/dwoun/dt
=(>\,,,,..,,/)\,,)7d)\,,,,/dt/d)\‘hw,, ldr=—1].
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FIG. 5. Temporal evolution of scattered intensities from primary (in black)
and secondary (in grey) EPWs for specific electron densities between 12%
and 3% of critical density. Different auenuations were used for the up- and
downshifted, and for different electron densities.

. TIME-RESOLVED THOMSON SCATTERING
SPECTRA

Two typical time-resolved spectra of CTS light are
shown in Fig. 4. Time runs from left to right and wavelength
from bottom to top. The earliest signal observed in Fig. 4(a)
at 351 nm comes from 3/2-harmonic emission of the 526 nm
plasma-producing beams, caused by the two-plasmon decay
(TPD). Another burst of 351 nm light follows 1.85 ns later,
early in the interaction pulse. This is light scattered by.ion
acoustic waves (IAW) associated with stimulated Brillouin
scattering (SBS). About 30 nm above this burst (red-shifted),

(EPW1)
SCan
1,00E+08 ¢ (A.U)
l-'.
-
1,00E+07 .
]
1,00E+06
i .
Io (W/cm?)
1,00E+05 L L L !
1,00E+13 5,00E+13 9,00E+13

(a)

and 0.24 ns later, is the scattered light from the primary
EPWs driven by SRS of the interaction beam, and simulta-
neous with it, symmetrically below the 351 nm probe fre-
quency, is the blue-shifted light from the secondary EPWs.
The optical attenuations used in front of the spectrometer are
frequency dependent, so the apparent intensities observed in
this figure are not significant of the relative amplitudes of the
waves. The edge of the neutral density Wratten filter (attenu-
ation by.a factor of 10), placed at the streak camera entrance
slit, can be seen by the apparent sharp change in plasma light
intensity at 340 nm (blue-shifted light below 340 nm is un-
attenuated). v

Plasma densities, at which both primary and secondary
EPWs have been produced, can be deduced from the scat-
tered wavelengths using the following relation: n,/n,=9(1

~ Aprobe /\1s)?. This was obtained by neglecting the Bohm-
Gross correction to the EPW frequency, which would give a
correction <5% for the electron temperature encountered in
these experiments. The spectra of Fig. 4 correspond to maxi-
mum plasma densities evolving between 12% and 3% of the
critical density, for both EPW components. We observe ex-
act synchronization and symmetry of the EPW’s frequencies
with respect to the probe frequency as a function of time. At
any given time the width of the EPW spectra can be inter-
preted as due to the range of plasma densities that the probe
beam encounters along the transverse direction of the inter-
action laser. The higher cutoff for the downshifted compo-
nent and a lower cutoff for the upshifted one, correspond to
the highest plasma densities that are on the laser axis. The
change of frequency as a function of time is due to the de-
crease of the electron density due to plasma expansion, and
we observe symmetrical slopes in frequencies (d Wypgear /dt
= = d®gownscan/d?), as shown in Fig. 4(b).

Time evolution of the scattered intensities from primary
and secondary EPWs is shown in Fig. 5 for specific electron
density between 12% and 3% of critical density. This dem-
onstrates a perfect correlation in time between the two types
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5,00E+04 [
4,00E+04 [
3,00E+04 }
2,00E+04 |

1,00E+04 | . L. (EPWI)
(AU)

1,00E+07 2,00E+07 3,00E+07

(b)

FIG. 6. (a) Variation of totul intensity of scattered light from electron plasma waves created by stimulated Raman backscattering as a function of the laser
pump intensity. (b) The relation between intensities of secondary and primary EPWs.
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FIG. 7. The ratio of the amplitudes of the density fluctuations associated
with secondary and primary EPWs as a function of the pump intensity.

of waves. Different attenuations are used for the up- and
downshifted, and for different electron densities. For the
highest densities, n,/n.= 10%, the two signals have exactly
the same duration. At low density, n,/n.<8%, the upshifted
signal is shorter in time and peaks in advance of the down-
shifted one. This is particularly significant at n,/n.=3%,
where the upshifted signal is turned off when the intensity of
the downshifted signal is still large.

The measured thresholds for SRS and LDI were 2
x 10" and 5x10" W/ecm?® respectively. Above these
thresholds, scattered intensities from both EPWs increase
fast with the pump intensity, as shown in Fig. 6. The scat-
tered intensity associated with the primary EPWs [Fig. 6(a)]
increases by more than two orders of magnitude when the
pump intensity is increased by a factor of ~4, with an ap-
proximately exponential 1aw, Iaq.epwi~eXp(2Gg). Assum-
ing that the SRS gain Gp . is proportional to the laser in-
tensity and approximating the experimental points in Fig. 6
with a straight line, one finds that Gy ,, varies from 2 for
I=3x10" W/cm? to 4 for 1=9X 10" W/cm?. Figure 6(b)
shows the dependency of the scattered intensity from sec-
ondary EPWs as a function of the scattered intensity from
primary EPWs, exhibiting a threshold for the apparition of
the counterpropagating EPWs.

The measured scattered power corresponds to a maxi-
mum average density fluctuations level of én/n~10"3 for
the primary EPWs associated with backscattered SRS.® From
the CTS spectra, integrated over time and wavelengths, we
have measured the ratio of the amplitudes of the density
fluctuations associated with the primary and secondary
EPWs. This ratio is plotted as a function of the pump inten-
sity in Fig. 7. It varies between 37 for the pump intensity
very close to threshold of LDI, to 17 for the highest intensity
used in this experiment. As can be seen in Fig. 5, this ratio
does not depend much on time, nor on electron density.

V. ORIGIN OF THE COUNTERPROPAGATING EPWS

Apart from LDI, other processes have been considered
as possible sources for the observed counterpropagating
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EPWs, and they have been ruled out for reasons that will be
discussed in this section. As the primary EPWs are created in
the front part of the plasma, they travel in the direction of
increasing densities, and could be reflected at their critical
density. The distance between the SRS resonance point,
where the primary EPWs are created, and their turning point
is Az=~3 (kepwiAp)®L,, where \p is the Debye length and
L, is the density gradient scale length. For typical parameters
of the experiment, kwAp=~0.15 at n,/n.=0.1, and L,
=1 mm, we find Az=~70 um. The damping length of the
EPWs can be estimated from their group velocity v, .,y and
their ~ damping rate  vg,: 1 amping™= Vg epw! Vepw
= 3kupwA hWepw/Vepw . The EPW damping is mainly colli-
sional for densities higher than 0.05n, and collisionless for
densities lower than 0.05n,, yielding for 7,=0.5 keV and
EPW damping length of 8 um at n,/n,=0.1 and 2 um at
n,/n.=0.04. Even if including some uncertainty on the local
value of L,, these numbers rule out the possibility for the
primary EPWs to propagate to their turning point and return
to the region of observation, taking into account the wide
range of densities where the secondary EPWs were observed.

Reflection of primary EPWs from ion density fluctua-
tions could be another mechanism for the secondary EPW
generation. This requires large-density perturbation ampli-
tudes (~10%) that have not been observed in this experi-
ment and that would likely quench the SRS itself due to
additional EPW damping.?®

The generation of secondary Langmuir waves due to
mode coupling between primary EPW and IAW associated
with SBS?! has been ruled out for two reasons. The first one
is the observed delay in time between the two instabilities, as
shown in Fig. 4, where the overlap between the two types of
waves is very short.”? SBS starts first, early in the interaction
pulse, and SRS starts to grow only when SBS is disappear-
ing. The second reason is that the wave number of EPWs
produced by such a mechanism would not match the CTS
collecting direction. It would be kepw m=Kepw) T Mkige , With
kiaw=2ky and m being any positive or negative number. The
closest m is m= —2, which gives, for the density region
n./n.=0.03 to 0.1, k.p,=—2.2ky to —2.4ky, where kg is
the wave number of the interaction wave. This is different
from the wave number of the CTS observed EPW, which is
between 1.2 and 1.8k, and the light scattered out of such
waves would be out of the collecting optics.

The last mechanism that can be considered as a possible
source of Langmuir waves traveling in an opposite direction
to the incident laser is the excitation of EPWs by a stream of
fast electrons.” The hot electrons will have to have a veloc-
ity equal to the EPW phase velocity. This corresponds to
electron energy >20 keV, which are unlikely to be present
in this experiment because of the lack of critical or quarter-
critical densities, where they might be generated. In addition,
the spectrum of Langmuir waves produced by this process
would be much broader than what was observed in the ex-
periment.

V. THE LANGMUIR DECAY INSTABILITY

In the previous. section we have shown that the Lang-
muir decay instability is the only candidate to explain the
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FIG. 8. Density fluctuations of the primary EPWs, (8n/n)w, , required to
reach the threshold of the Langmuir decay instability as a function of elec-
tron density of the plasma, and for three electron temperatures.

observed secondary EPWs in this experiment. The necessary
condition for this instability to grow is that the amplitude of
the primary EPW exceeds the damping threshold:®

on Viaa Vepw2
4] 222
epwl

s
ia2 Wepw2

Where Vigyzepw2, are the damping rates of the secondary
{AW and EPW, respectively. For our plasma parameters,
with ZT,/T;~8, which correspond to a moderate IAW
damping in CH plasmas, v;,/w;;,~0.1,2* the threshold den-
sity fluctuations (Sn/n)epy,; is plotted as a function of elec-
tron density in Fig. 8, for three electron temperatures, T,
=0.2, 0.3, and 0.5 keV. For densities larger than 7% of crid-
cal density, the LDI threshold corresponds to ( nin) epu
~7x%1073; the threshold increases rapidly at low electron
densites. Density fluctuations of 7X 10~ are larger than the
measured average amplitude of SRS-EPWs, and the strong
increase of threshold for densities lower than 5% of critical
at 0.5 keV would not let LDI to occur at n,/n,=3%, as it
had been observed. This first argument demonstrates that we
cannot explain the experimental results in terms of average
quantities. One can notice that this theoretical threshold ap-
plies to a monochromatic Langmuir wave pump. For a
broadband SRS-driven EPW, the LDI threshold might be
higher, which does not affect our previous statement.

The same problem arises with the convective SRS gain
calculated for average laser intensity. Assuming convective
SRS in an inhomogeneous density profile, the exponential
amplification of EPWs associated with SRS can be calcu-
lated using the convective SRS gain coefficient:

Ln (ke wl)z
Gpe=1.8X 107 18(1\2 (—) =
Rth ( ) K ksgsko

where 7 is the pump intensity in W/ecm?, \ is the laser wave-
length in um, L, is the density gradient scale length in um,
kepw) and kggg are the wave numbers of the EPW1 and scat-
tered Raman light, respectively. For our conditions, /=9
X108 W/em?, L,=1mm, n,/n,=0.08, we get: Gpy=0.7.
This value is too small to explain the observed primary
EPW’s amplitude, and no secondary EPWs would have been
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expected. This is also in contradiction with the SRS gain,
which was estimated from Fig. 6: Gg ¢xp,~3.5 for the same
laser intensity.

These two apparent contradictions can be resolved if we
account for the inhomogeneous intensity distribution of the
interaction beam produced by the random phase plate. Pre-
vious calculations assumed an homogeneous laser intensity
distribution, and it has been demonstrated analytically> and
numerically® that SRS from randomized laser beams has a
lower threshold than perfect beams. In the focal volume, the
laser intensity is distributed over hot spots or speckles, some
of them having a much higher intensity than the average.
These high-intensity speckles are responsible for most of the
SRS signals. We define the parameter « as the ratio of the
maximum intensity / of a speckle to the average intensity
(I): u=1I/(I). The statistical distribution of these speckles in
a plasma can be described by the three-dimensional probabil-
ity function M3(u)~(Vf/Vsp)ue'“,25 where V is the focal
volume and Vg, is the characteristic volume of a single
speckle. From the above comparison between the calculated
and measured SRS gains, we conclude that SRS cannot grow
in the overall focal volume and must occur in speckles with
higher intensities than average. This hypothesis is reminis-
cent of the idea of Ref. 27 that SRS emission cannot be
explained with average laser intensity, although that paper
was based on SRS emission from filaments, and no RPP was
used in the experiment. This idea is also in agreement with
our previous modeling of stimulated Brillouin scattering
(SBS) growing in speckles, which led to good agreement
with the experimental results on SBS reflectivities and ion
acoustic fluctuation levels.”® The theory of SRS from RPP
laser beams has been derived in Ref. 25. Corresponding nu-
merical simulations are described in Ref. 26.

According to the measured SRS gain, speckles with u
=35, having a convective SRS gain of the order of 3.5, could
explain the observed SRS gain and EPW’s amplitude. For

. our parameters, V;~8 10’ um? and V,~1.6X 10* um?, the
‘expected number of such speckles, M3(5), in the focal vol-

ume is around 170, which is large enough to ensure the sta-
tistical approach. A more accurate way to estimate the éffec-
tive SRS gain is following. According to the statistical
theory,” the EPW intensity and the intensity of the scattered
light scale as /oq~exp[(2 Gr— 1)tpyy], Where u,, is the
maximum intensity of the speckle that can be found in the
scattering volume. We can estimate u,,~7 from the condi-
tion that the expectancy to find higher-intensity speckles is
small: M(up,,)~1. Then the effective SRS gain, Gs=(Gg
—1/2)ttpy , will be about 1.4 for I=9X 10> W/cm?, which
is smaller than the experimental value. Probably, this differ-
ence could be attributed, at least partially, to self-focusing of
laser light in speckles. Indeed, the laser power in a speckle
with u=5 for the average intensity I=9X 10 W/cm? is
about 200 MW, which is comparable to the critical power for
self-focusing for our plasma parameters. It has been shown
in Ref. 29 that the effect of self-focusing will be to decrease
the apparent threshold of the instability. If we take 0.2, in-
stead of 0.5, for the threshold in the formula of G,¢, we then
obtain a gain of 3.5, in agreement with the experimental
value. Self-focusing will also explain the discrepancy on the
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SRS threshold between theory and experiment. The SRS
threshold predicted by the statistical theory for G r=1/2 cor-
responds to a laser intensity of 6X 10> W/em?, which is
three times above the measured value. Using Gg=0.2 lowers
the theoretical threshold to 2.4X 10> W/cm?, very close to
the observed value.

The previous measurement of the amplitude of density
fluctuations associated with the primary SRS-EPWs (Sec.
IIT) have to be corrected to take into account that EPWs are
localized in speckies that represent a smaller scattering vol-
ume than the geometrical volume used before. To do so we
need to calculate the number of active SRS speckles that
contribute to the probed volume. The above formula M 3(u)
describes the probability distribution for the speckles centers
in a three-dimensional space while in this experiment, the
width of the CTS probed volume (8z=75 Am) was nar-
rower than the mean speckle length (1 s=250 um). For the
case Jz<1,, one has to use the two-dimensional probability
distribution function M ,( U)~(Sqcan/Ssp)u'?e ™% where,
instead of the ratio of volumes in M 3(u), we have the ratio
of surfaces in the plane across the direction of propagation of
the interaction laser beam, S, /8p==330. Then we can cal-
culate the number of speckles that contribute to the Thomson
scattered light, M,(5)~35, speckles. Therefore the scattered
signal is collected from approximately five speckles and their
volume is approximately 70 times less than the total probed
volume. Because of that the amplitude of the density fluctua-
tons, (n/1)epu1~ Iscan/Iprope) "(Vean) =2, 'has to be cor-
rected by a factor of ~9, which is the square root of the ratio
of the probed and scattered volumes.

The real amplitude of SRS-EPWs, averaged in time, is
then =9X 1073, which is above the calculated LDI thresh-
old. Probably, the local EPW amplitude could be even larger
than this estimate. This last argument comes from inhomo-
geneity of the laser light intensity across the speckle and
from the observed shortening of the TS signal associated
with secondary EPWs compared to the one associated with
primary EPWs, which shows that the laser intensity is above
the threshold only for part of the Gaussian laser pulse. A
marginal self-focusing in speckles can also contribute to ad-
ditional enhancement of EPW amplitudes.

The occurrence of LDI at low plasma densities {n,/n,
<5%) is due to the electron temperature decreasing along
with the plasma density, which is in agreement with the adia-
batic cooling of the plasma due to expansion at this time of
the laser pulse. From Fig. 8, the laser intensity is above the

~ threshold for a temperature of ~0.2-0.3 keV. The vanishing

of the scattered signal associated with the secondary EPWs
atn,/n.=3% during the second half of the scattered signal
associated with the primary EPWs shows that the LDI
threshold increases toward lower densities, and it is margin-
ally reached at this density. Hence the LDI can be suppressed
by minor modifications of the plasma conditions.

It is possible to connect the primary EPW’s amplitude at
the threshold with the SRS level. According to the linear
SRS theory,'" and assuming strong EPW damping, we have

on 1 Wenyw Up 2
(7) ~— (kepw)‘D)z( ) VRsgs,

4 Vepw Ure
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FIG. 9. The time-resolved spectrum of Thomson scattered light from elec-
tron plasma waves driven by stimulated Raman scattering showing temporal
and spectral swructures. The laser intensity is 7 X 10> W/em®.

where vy /v, is the ratio of quiver electron velocity to ther-
mal velocity. We assume that nonlinear effects are negli-
gible, as they will come mainly from the secondary EPWs
and their amplitude is very small. For our parameters and
n./n,=0.08, it yields (On/n) epu 1= VR sgs. Therefore a small
SRS reflectivity, ~107%, is enough to excite LDI. This esti-
mate also explains why the observed thresholds for SRS and
LDI are close. The occurrence of LDI modifies the SRS
growth. and eventually leads to SRS saturation. It has also
been observed in simulations that LDI demonstrates nonsta-
tionary pulsating behavior near its threshold.'!~'4 This can
turn off SRS by increasing the damping of the EPWs, lead-
ing to a dynamical evolution of the instability on a short time
scale (~ of the order of a picosecond). Temporal bursts ob-
served in the Thomson scartered spectra of EPW's associated
with SRS, as shown in Fig. 9, could be a signature of this
effect. Although the temporal resolution of the streak camera
cannot resolve one picosecond, the observed temporal modu-
lations of the EPW could be an indication of the interplay
between SRS and LDI. This type of structure has already
been observed in many past experiments under different in-
teraction conditions.

The last point to be discussed is the ratio of amplitudes
of secondary and primary EPWs. From theories'%!3 of SRS
saturation due to LDI cascading and/or strong Langmuir tur-
bulence in homogeneous plasmas and for homogeneous laser
intensity, it is expected that LDI should produce secondary
EPWs of comparable amplitude as the primary ones, and
eventually a cascade of Langmuir waves will take place as
long as the amplitude of the primary EPW is at least twice
above the LDI threshold. Even if the cascade would occur in
the experiment, it would not be possible to see it with the TS
diagnostics, because the scattered light from the subsequent
cascades would be superimposed to the already present sig-
nals from primary and secondary EPWs. The TS diagnostics
does not have enough spectral resolution to separate these
contributions. As the previous estimates have demonstrated
that, in our conditions, SRS originates from the highest-
intensity speckles, a possible explanation of the observed
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small ratio of EPW’s amplitudes could be that the number of
speckles that contribute to the upshifted signal in the probed
volume is much smaller than the number of speckles that
contribute to the downshifted TS signal because primary
EPW amplitude could be below the LDI threshold for part of
the SRS-active speckles. The measured ratio would then be
an indication of the relative number of active speckles for
these two instabilities.

To illustrate the results of the statistical theory on the
SRS saturation and the secondary LDI, we have developed a
simple semiqualitative model. We assume that the EPW in-
tensity increases exponentially with the speckle intensity be-
low the LDI threshold, according to standard theory of con-
vective SRS. Above the LDI threshold, the EPW intensity
growth slows down. We approximated EPW1 and EPW2
intensities above the LDI threshold with linear functions of
the pump intensity, assuming that amplitudes of both EPWs
are comparable for laser intensities twice above the LDI
threshold. This is in agreement with the theory and numeri-
cal simulations of SRS saturation due to LDL!!~'* Then the
expression for EPW1 intensity is

(8nin)lp~exp(2Ggu) if (8n/n)2 <(dn/n)ipu,
and
(6‘7;/7;)5pwl =( 5"/")12_Drm[1 +aGplu—uy)],
for (8n/n)%,>(dn/n)ip:

Here Gj is the SRS gain calculated for the average laser
intensity, @ is a numerical coefficient of the order of 0.3, uy,
is the speckle at the LDI threshold. Correspondingly, the
secondary EPW is absent for u<u, and increases linearly
with 4 above it:

(8n/n) = (8n/n) D@ Grlu—uy), for u>uy.

The EPW intensities were then averaged with the probability
distribution function M,(u) assuming that there is no
speckle above some maximum intensity um,,~7, and that the
LDI threshold is 1.4 times above the SRS threshold. The
result of this model, which is shown in Fig. 10(a), illustrates
the dependence of the primary EPW intensity on the SRS
average gain. It shows a faster growth of the EPW1 intensity
below the LDI threshold than above it, with a change of the
slope by a factor of 2. The ratio of secondary to primary
EPW amplitudes is shown in Fig. 10(b). This ratio is small,
like experimental values, for average intensities very close to
the LDI threshold, and increases as a function of the laser
intensity, as it had been observed in the experiment, but with
a larger slope. More measurements, with higher laser inten-
sities, would be of great interest to push further this model-

ing.

VI. CONCLUSIONS

In summary, using Thomson scattering of a short-
wavelength probe beam, two EPWs with the same frequency
and propagating in opposite directions have been simulta-
neously observed. The primary EPWs, copropagating with

the laser beam, are associated with the SRS instability, while

the secondary EPWs have been identified as a LDI product.
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FIG. 10. (a) Dependence of the averaged intensity of the primary EPW on
the average SRS gain calculated from the simple model described in the text
for uge, =7, @=0.3. It is assumed that the LDI threshold is achieved at_the
maximum intensity speckle for Gz=0.7. The gain Gzx=0.5 corresponds to
the SRS threshold. (b) The ratio of secondary to primary EPW average
amplitudes as a function of average SRS gain. Parameters are the same as in

(a).

Other possible mechanisms of production of the secondary
EPWs have been analyzed and ruled out. This experiment
demonstrates that even small density fluctuations associated
with Langmuir waves can produce the Langmuir decay in-
stability and that its threshold is close to the threshold of the
Raman instability. This shows that decay of the Langmuir
waves has to be included in the modeling of SRS, even in the
case of low reflectivities. More measurements on the change
of the SRS gain as a function of the pump intensity are
needed to improve modeling of the saturation of SRS. The-
oretical analysis including randomly distributed speckles has
improved a lot the modeling of an experiment. Nevertheless,
from our results on the SRS threshold and on the SRS gain,
it looks that self-focusing of the laser light in speckles has to
be included in the modeling, which will be the next step of
this program. Self-focusing could produce a density deple-
tion inside the speckles that could be deep enough to trap and
back refiect the primary SRS EPWs. The maximum mea-
sured ratio of the amplitudes of the density fluctuations as-
sociated with secondary and primary EPWs is smaller than
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what the cascade theory of SRS saturation predicts. This
theory applies to homogeneous plasma and intensity distri-
bution and could be reconsidered for the case of more real-

istic plasmas.
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Particle simulations and the analytical solution of coupled mode equations are used to demonstrate
that the mode coupling of a primary ion acoustic wave produced by stimulated Brillouin backscatter
with a secondary finite-amplitude ion wave propagating at a finite relative angle can reduce the
amplitude of the primary ion wave and the backscatter. The simulations and analysis give results
that are in qualitative agreement with experimental observations [Baldis et al., Phys. Rev. Lett. 77,
2957 (1996)] of the partial suppression of stimulated Brillouin backscattering (SBBS) when there
are simultaneous, overlapping SBBS processes at a finite relative angle, which may influence SBBS
reflectivities in other current and future laser-fusion experiments with multiple overlapping beams.
© 1998 American Institute of Physics. [S1070-664X(98)00309-7]

I. INTRODUCTION

In laser-plasma experiments at the Laboratoire pour
L’Utilisation des Lasers Intenses (LULI),! it was observed
that the primary ion acoustic wave (IAW) produced by
stimulated Brillouin backscattering (SBBS) of one pump la-
ser beam could be substantially reduced in amplitude in the
presence of a secondary SBBS process involving a second
(seed) laser beam propagating at a 22.5° relative angle. This
observation and its elucidation are of significant interest; the
study and control of SBBS have been the object of continu-
ous theoretical and experimental research for many years be-
cause of the importance of SBBS in laser fusion.>"!* The
symmetric compression of fusion targets in either direct
drive or indirect drive can be affected by SBBS and other
parametric instabilities unless these instabilities are con-
trolled. Furthermore, in order to optimize the fusion perfor-
mance of experiments proposed in the National Ignition Fa-
cility (NTF),'* which will have multiple crossing laser beams
and require careful control over the timing and relative am-
plitudes of the crossing beams, the interaction of simulta-
neous SBBS events in crossing laser beams should be under-
stood. Finally, the nonlinear interaction of driven waves in a
plasma is of fundamental interest.

In this research, we make use of the BZOHAR two-
dimensional, hybrid (particle ions and Boltzmann fluid elec-
trons) simulation code introduced in earlier work.!’® As de-
scribed in Ref. 15, Poisson’s equation with a nonlinear
Boltzmann electron response is solved in two spatial dimen-
sions for the self-consistent scalar electric potential with the
ion density collected from particle ion positions; and the
Maxwell curl equations are reduced via a temporal envelope
approximation to a Schrodinger-like equation for the high-
frequency transverse wave amplitude. The electron pondero-
motive potential due to the transverse waves is included in
the electron Boltzmann response. Here, using model simula-
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tions and a mode coupling analysis, we propose a mecha-
nism that can explain some of the LULI observations. The
simulations and the analysis indicate that mode coupling of
the ion waves in the primary and secondary SBBS processes
leads to enhanced damping of the-ion waves which reduces
their amplitudes and the SBBS reflectivities as observed in
the LULI experiments. In some sense this work is a logical
extension of the earlier work of Maximov et al. which ad-
dressed the effects of long wavelength velocity and density
perturbations in detuning SBS.!6

IIl. SIMULATIONS AND ANALYSIS

The interaction between seeded and primary IAWs is
most easily studied in two-dimensional, doubly periodic,
electrostatic simulations of ponderomotively driven ion
waves (Figs. 1 and 2). In Fig. 1 are results from three simu-
lations in which a primary IAW was resonantly excited by an
imposed electron ponderomotive potential with amplitude
e$o/T,=0.05, kA ,=0.1,and T,/T;=10.27 in a CH plasma
(plasma parameters motivated by the LULI experiments),
where Ap, is the electron Debye length, and T, and T; are the
electron and ion temperatures. In the first simulation there
was no seeded secondary IAW, and the primary IAW relaxed
via a decay instability15 after being driven to a large ampli-
tude. In the second and third simulations, a secondary IAW
was excited at nearly the same frequency but at a relative
angle of 18° and with driver amplitudes e ¢,.q/T.=0.0025
and 0.02, respectively. The primary and secondary wave
driving amplitudes were turned on smoothly over two acous-
tic periods and left on. The collapse of the primary IJAW in
the first simulation when no seed is present is caused by the
parametric decay into two ion waves at the half-harmonic of
the primary IAW’s k, wave number and with finite, but gen-
erally smaller, k,. The two-ion-wave parametric decay has
been described in Ref. 15 and elsewhere.!” The primary ion

© 1998 American Institute of Physics



Phys. Plasmas, Vol. 5, No. 9, September 1998

(a)

Cohen et al. 3403

10
60
5.0
A0

FIG. 1. (a) The ratio of the Fourier amplitudes at the
driving frequency and wave number of the plasma elec-

‘primary
NS
To(Kakn)!

no. seed

€daeed/Te=0.0025

wave response to its driving potential as a function of time
was only minimally reduced by the secondary seeding with
€ Peea/ T, =0.0025. However, the primary IAW was reduced
substantially for e ¢g.eq/T,=0.02 so that the primary IAW

100 —
o7 7o 2n:h =
-2 arm.
10 ‘quv }
1073 vy
10-4 o AR
10-5 3rd harm.
1076
1077
© v @ o 2 8 ]
100
10-1 primary (10,0 *
2 LNy =y
107 ¥ seed i

10-3 zv('::)r«f“'““v‘h\qu
10-4 |41 " decay mode s
10-5
10-6
1077
10-8

legw/Tel

10-1 §- PP gl el
~t seed (9.3)

10—2 [A

. Km beat wave (18,3
103 {4 noise’ >y
10~ beat wave (1,3)
10-5
1076
10°7
108

ost/2r
FIG. 2. Time histories of the amplitudes |e &, IT,| of the primary IAW, its
second and third harmonics, the seed wave, a decay mode of the primary,
and the beats of the seed and primary IAW for the strongly seeded case in

Fig. 1. The number pairs are labels indicating the x and y mode numbers of
the waves in the simulation.

o 9w
NN

tric potential and the electron ponderomotive potential
|#/Po) as a function of time for edy/T,=0.05 and
€ Poeea ! T,={0,0.0025,0.02}, and (b) the corresponding
|#(ks,ky)| vs k. and k, at w,t/27w=12 with a 128Ax
X 1284y domain, 64 particles per species per cell,
kApe=0.1 for the driven wave, acoustic driving fre-
quency w,=k,c,/(1+k3\3,)"2, where c, is the sound
speed, and seed wave at 18°,

©0seed/Te=0.02

did not exceed the threshold for the decay instability.'* The
seed IAW amplitudes were never big enough to exceed this
threshold. In Fig. 2 we present the time histories of the am-
plitudes of the primary, seed, and beat waves of the primary

- and seed in the strongly seeded case. The beats of the pri-

mary and strong seed grew at the expense of the primary and
the seed, and all of the modes ultimately were damped by
heating the ions. In the strongly seeded case; the decay
modes of the primary IAW, which were observed to grow to
amplitudes |e¢,/T,|~0.05 for the weakly driven seed,
achieved amplitudes |e ¢ /T,|<2X 1073, which was typical
of the simulation noise level in these driven plasmas. The
amplitudes of the second and third harmonics of the primary
wave tracked the growth and relaxation of the primary in this
strongly seeded case. There was significant ion trapping and -
acceleration of a fast ion tail due to the action of the primary
wave 3713

The peak primary ion wave amplitudes for the simula-
tions shown in Fig. 1 were |e¢;/T,|~0.15-0.3 and then
relaxed to |e ¢, /T,|~0.05 on the time scale of 5-10 acous-
tic periods due to the action of ion wave parametric decay or
mode coupling and damping on the ion velocity distribution
function. This is a relatively fast time scale and is shorter
than the 50 ps temporal resolution of the Thomson scattering
used to diagnose the jon wave amplitudes in the LULI ex-
periments. The LULI measurements suggested ion wave am-

plitudes no larger than |dn,/no|~|ed/T,|~0.1. The

strength of the mode coupling depends on the product of the
primary and secondary IAW amplitudes. With ey /T,
=(.01, which led with no secondary seeding to a peak re-
sponse |dn, /ng|=0.1 like the LULI observations, and seed-
ing with € deq/T,=0.003, we observed in the simulation a
peak primary wave amplitude |8n,/ng|=0.08, ie., a 20%
reduction due to mode coupling with this small seed IAW.
The electrostatic simulations illustrate that mode cou-
pling with the seed IAW provides an additional loss channel
for the primary IAW (and also for the seed). The following
mode coupling analysis illustrates how the coupling of the
ion waves leads to additional dissipation for the primary
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IAW that reduces its amplification by SBBS and reduces the
SBBS reflectivity. Consider the following simplified set of
coupled mode equations modeling resonant SBBS and
heavily damped ion waves in a uniform plasma in steady
state:

da 1
—=c,aga,; backscattered transverse wave,

Vs ox
(1a)

da_,l
T =0a0a

dt — V51851 _C3a:2as3=0 primary IAW,

(1b)

dag;
——c4aslasz (Ys3tild)ag=0 beat-wave IAW,

dt
(1c)

where ¢y, ¢,, ¢3, and ¢4 are coupling coefficients that can be
identified in the analyses of SBBS*™*%” and the two-ion-
wave parametric decay;'® v ¢ is the group velocity of the
backscattered electromagnetic wave; da/dt is a convective
time derivative on a wave amplitude a; y;; and 7y, are lin-
ear dissipation rates for the ion waves; a, and a, are the
amplitudes of the pump and backscattered electromagnetic
waves; d,-ds;, and a3 are primary, seed, and beat-wave
ion wave amplitudes; and A; is a frequency mismatch. The
mode coupling equations are readily solved in steady state
with the seed amplitude a,, a fixed parameter; from Egs.
(1b) and (1c),

G C4a5145 a
3=, 4=

’ Ys3t lA:B ’ Y:{
where Rey™ is the effective damping of the primary IAW,

€280ay

, @

0304|a:2|2 3)

I
7:1_ 51

The second term in Eq. (3) represents the enhancement of the
damping of the primary IAW arising from the mode coupling
induced by the seed. A spatial growth rate for SBBS is ob-
tained from Egs. (1a) and (2):

Y3t iAs3

C102|ao' Yéas
,
g'yq] 087{&"1

where ysgs is the homogeneous-medium temporal growth
rate for weakly coupled Brillouin backscatter.” ¢’ The ex-
ponential amplification of both the backscattered electromag-
netic wave amplitude and the primary IAW amplitude in the
backward direction over a length L is given by exp(«L). The
gain exponent G= «L has been altered by the mode coupling
induced by the seed IAW from the gain exponent in the
absence of the seed, Go= yﬁBsL/ Vg¥s1t

)

a
K—-a—'lﬂ( 1

G=2 LG, )

Y

The mode coupling has led to enhanced damping of the
primary ion wave if IV;{/ v,1/>1; and the gain exponent is
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reduced correspondingly. If there is a 20% enhancement of
the effective dissipation, as suggested by the 20% reduction
of the primary IAW realized in our ponderomotively driven
electrostatic simulations using parameters appropriate to the
LULI experiment, then for Gy~5, which is a typical value
for the LULI experiment with laser intensity I,
=10" W/cm? at 1 um,'® the square of the relative density
perturbation in the primary IAW is expected to be reduced
by [exp(—5X0.2)]>=0.14. This estimate is in rough agree-
ment with the LULI observations.

If the seed IAW leads to enhanced damping of the pri-
mary IAW via mode coupling, we expect a similar effect on
the seed due to the action of the primary IAW. This is ob-
served in the time histories in Fig. 2 where, after the primary
and seed IAW amplitudes are driven to finite amplitudes,
they both decay accompanying and following the growth of
the beat waves of the seed and primary IAWs. This can be
understood by augmenting the coupled mode equations, Egs.
(1a), (1b), and (Ic), to include a dynamical equation for the
seed JAW of the same form as Eq. (1b). The seed IAW also
acquires an enhanced damping rate arising from the mode
coupling induced by the primary and the seed of the same
form as in Eq. (3).

The seed IAW in the LULI experiments is excited by the
interaction of a seed laser beam propagating at a finite rela-
tive angle with respect to the primary laser beam. In our
simulations we have considered only the effects of a single
specific seed IAW with the backscatter IAW of the primary
laser beam. The work of Dubois, Bezzerides, and Rose'
analyzes the collective parametric instabilities of many over-
lapping and converging laser beams. Their formulation is a
useful reference for understanding the following qualitative

arguments. The Thomson scattering diagnostics in the LULI .

experiments reveal that for a weak seed laser strength, the
backscatter IAW is the dominant IAW.! Therefore, we focus
on the mode coupling of the backscatter IAWs of both the
primary and the secondary laser beams in this work. How-
ever, in the LULI experiments there was also the mutually
resonant IAW propagating at an angle that bisected the angle
between the propagation directions of the two laser beams.
This mutually resonant IAW was jointly driven by the SBS
ponderomotive forces of the primary and seed laser beam,
and it was not surprising that its amplitude was enhanced as
the seed laser strength was increased. The mutually resonant
IAW amplitude squared scaled approximately linearly with
seed laser intensity suggesting that the seed and primary SBS
ponderomotive forces added incoherently. 19 Figures 2-4 of
Ref. 1 indicate that the primary backscatter IAW amplitude
for zero seed laser intensity was larger over a bigger volume
than was the amplitude of the mutually resonant IAW, which
was enhanced over only a very narrow cone of angles, and
that the suppression effect of the backscatter IAW due to the
nonresonant seed was more dramatic than was the enhance-
ment effect of the mutually resonant IAW. The overall re-
flectivities in the LULI experiment were relatively low,
~5%; and pump depletion was not believed to be signifi-
cant, except perhaps over a short-lived transient time scale
that the diagnostics could not resolve in the expenments

In the simulation studies reported here, only a single
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FIG. 3. Time histories of the instantaneous (solid curve) and cumulative
average (dotted) reflectivities and primary IAW amplitudes |edy /T,|* as
functions of time for (2) €Puea/T.=0.01, (b) €Pueq/T.=0.07, and (c)
edya/T,=0.14 in a CH plasma with my/m,=1836, T,/T;=2.4, k\pe
=0.2, laser electron quiver velocities v§/v,=0.577 for the input value of
the primary laser beam incident from the left side of the simulation, viiv,
=0.0577 for the input value of the backscatter wave at the right side of the
simulation, v, =(T,/m,)"?, and electron density equal to 10% critical den-
sity. The time histories of |e ¢y /T,|* were computed from the Fourier trans-
form of the electric potential with respect to y at a position x=L,/4.

seed IAW and a single primary IAW are considered rather
than a spectrum of IAWs propagating at various angles. We
present quantitative arguments for the efficacy of the seed
IAW associated with the backscatter of the seed laser in sup-
pressing the backscatter of the primary laser via mode cou-
pling of the IAWs. We expect that the mutually resonant
IAW also mode couples with the primary IAW and aids in
the suppression effect, because the physics of the mode cou-
pling with the primary IAW is qualitatively the same for
both the mutually resonant and the nonresonant seed IAWs.
Thus, our model calculations likely underestimate the sup-
pression effects of mode coupling on the backscatter of the
primary by omitting the mutually resonant IAW. The inclu-
sion of the mutually resonant IAW in our simulations and
quantitative analysis is beyond the scope of this paper and
will be left to future research. -

To corroborate the suppression of SBBS due to mode
coupling induced by a seed IAW, we performed electromag-
netic simulations of SBBS with a ponderomotively driven
plane-wave seed IAW propagating at 30° with respect to the
primary IAW excited by the SBBS. In these simulations only
exactly forward and backward scattered electromagnetic
waves were allowed (k,=0) with radiative (outgoing-wave)
and charge-conserving boundary conditions in x and period-
icity in y. The mesh used was 2600AxX512Ay, with 25
particles per ion species per cell, Ap.~Ax, T,=0.6 keV,
T,/T;=2.4 in a CH plasma, L,~42\,, L,~8Xo, where Xg
is the laser wavelength, and kA p.=0.2. The results of three
electromagnetic simulations are shown in Fig. 3 for
€ P e/ T.={0.01,0.07,0.14} and a plane-wave laser beam
corresponding to 10™ W/cm? at 1 um wavelength. The time
histories of the instantaneous and cumulative time-averaged
reflectivities, and the amplitudes (e ¢, /T,)* of the primary
IAW in each case demonstrated a significant reduction of the
reflectivities for £>20 ps and of the primary IAW amplitudes
as €Peeq/T, was increased. We performed an additional
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FIG. 4. Peak (solid ¢ ) and time-averaged (0100 ps, A) reflectivities and
peak AW amplitudes (M) |e@,/T,|? as functions of relative seed laser
intensity I, /I, for Io=10" W/cm? from a series of two-dimensional SBBS
backscatter simulations varying v5/v, incident from the left and using
v}/v,=0.04 for the backscatter incident from the right, and other param-
eters as in Fig. 3 with no JAW seeding.

simulation with no seed, ey .q/T.=0, and obtained the
same results for the time histories of the backscatter reflec-
tivities and the primary IAW amplitudes shown in Fig. 3 for
€ Poeeq/ T, =0.01. These results illustrate that the suppression
effects of the seed IAW required both finite amplitude and
finite time in which to occur. The maximum observed reflec-
tivities and IAW amplitudes achieved for t<20 ps were un-
affected by the IAW mode coupling whose effects set in at a
later time after the primary and seed IAWSs acquired finite
amplitudes. This can be understood by retaining time deriva-
tives in Eqgs. (1b) and (1c) and considering the dynamics.
The first peak in the reflectivities and the subsequent relax- °
ation was affected by several nonlinearities observed in the
simulation diagnostics: ion trapping, transient ion wave har-
monic generation, parametric decay of the primary 1AW,
and partial pump depletion and associated nonlinear oscilla-
tions in the reflectivity.

~ The LULI data demonstrated that the reduction of the
primary IAW amplitude was directly correlated with the in-
tensity of the seed laser beam driving the secondary SBBS
process. To make connection between the results of Fig. 3
and the LULI data, we undertook a series of SBBS simula-
tions with no IAW seeding in which the laser intensity was
varied (Fig. 4). This is not the same as a self-consistent elec-
tromagnetic simulation of the two interacting SBS events
(which is beyond the scope of this simulation model). How-
ever, because the mode coupling produced by both the seed
and primary JAWs requires a finite time to have a damping
effect after the seed and primary IAWs reach finite ampli-
tude, the relation between the peak SBBS IAW amplitude
and the single pump laser intensity and the use of the results
of Fig. 3 provide a first approximation to the seed laser in-
tensity needed to suppress the backscatter of the primary
SBBS. The results for the peak instantaneous and the cumu-
lative time-averaged (over 100 ps) reflectivities and the peak
IAW amplitude (e @, /T,)? are plotted in Fig. 4 as functions
of the average seed laser intensity I/l with no primary
laser beam present, where Io= 10" W/cm® and the same
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LULI plasma parameters were used as in Fig. 3. (The seed
pump laser was incident from the left side of the simulation
box. The input value of the backscattered electromagnetic
wave at the right side boundary for the series of simulations
shown in Fig. 4 was fixed at a relative intensity of 0.005I,,
and the reflectivities and concomitant peak primary IAW
amplitudes were relatively insensitive to this input value.)
The simulation reflectivity averaged over 100 ps for I,=1,
the reference LULI intensity, was 5%; and there was a sharp
decrease in reflectivity with decreasing laser intensity, both

of which results are in reasonable agreement with the LULI

observations.'® For I,/I;<0.5 there was no ion wave decay
instability observed in these simulations, because the peak
amplitudes of the primary SBBS IAW were below threshold
for the decay instability (|e/T,|<0.2 in this case)."’ In
comparing particle simulations of SBBS to experiments, it is
important to take into account the temporal resolution of the
experimental measurements (typicaily =50 ps). The peak re-
flectivities and other transient features occurring on time
scales less than ~20 ps in the simulations cannot be resolved
in the laboratory experiments.

The results in Fig. 4 allow us to infer the corresponding
seed laser intensity required to produce the seed JAW ampli-
tude used to suppress the primary SBBS process. In Fig. 5
we compare the LULI data on backscatter suppression to our
BZOHAR simulation results. The primary IJAW amplitude
(e i /T,)? was reduced to 1/4 its value at the inferred inten-
sity I,/I3=0.35 compared to its amplitude with no seeding
in the simulation, while the primary IAW was reduced to 1/6
its unseeded value at an intensity I,/I,=0.3 in the LULI
experiments. We expect that by including in our model the
other ion waves (including the mutually resonant IAW) pro-
duced by the two interacting SBS events, there would be
additional mode coupling and a further enhancement of the
suppression of the backscatter of the primary pump laser.
However, this is beyond the scope of our simulation model.

That the reflectivities and the SBBS suppression exhib-
ited in the simulations are in rough agreement with the LULI
observations is somewhat remarkable given the simplicity of
the model. In addition to the omission of the angular spec-
trum of SBS, the actual laser intensity spatial structure was
not incorporated into the simulations; and the simulation do-
mains were smaller than a single speckle (hot spot) in the

0.35

0.2
Inferred Laser Intensity l¢/lo

LULI beams. However, the simulations did use appropriate
spatially averaged laser intensities and plasma parameters. In
Fig. 6 we show the results of a SBBS simulation that suggest
that although the peak reflectivities and corresponding IAW
amplitudes may depend on the domain (or speckle) length
over which the instability amplifies initially, a nonlinear re-
laxation occurs to a much smaller length scale than the sys-
tem length over time scales less than or equal to the temporal
resolution of the measurements in the experiments. The pic-
ture that emerges from these simulations and multiple-
speckle fluid simulations® is that SBBS occurs as brief scin-
tillations dominantly in laser hot spots, which give rise to
bursts of reflectivity and large amplitude ion waves whose
spatial domains of activity may rapidly shrink as the ion
waves and the concomitant reflectivity relax with momentum
and energy going from the laser to the ion waves and ulti-
“mately into the ion velocity distribution function. The experi-
mental diagnostics integrate in space and time over multiple .
SBBS scintillations.'® :

(@ Primary 1AW
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FIG. 6. (a) Instantancous and cumulative time-averaged reflectivities and
primary SBBS IAW amplitude |e ¢, /T, |? (computed from the Fourier trans-
form of the electric potential with respect to y at x=L,/4) as functions of
time. (b) Snapshots of the y-averaged electron charge density as a function
of position x plotted over the entire x domain at 10, 20, and 50 ps from a
simulation with backscatter input boundary condition v§/v,=0.0115, no
IAW seeding, and otherwise the same parameters as in Fig. 3.
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lil. SUMMARY

The simulations and analysis presented here indicate that
a seeded ion wave can induce mode coupling of the seeded
and SBBS ion waves (where the seed, SBBS, and beat ion
waves are damped on the plasma) which substantially sup-
presses the SBBS reflectivity and its accompanying ion wave
in qualitative agreement with the LULI experimental obser-
vations. Such a mechanism may mitigate SBBS activity in
other experiments in which intense laser beams cross at finite
angles.
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Modification of the growth of scattering processes in the case of
multiple beam irradiation compared to single beam irradiation has been
investigated in a preformed plasma using Thomson scattrering of a short
wavelength probe beam, and spectral and temporal -analysis of reflected
and transmitted light. First observations of the reduction of the
amplitude of ion acoustic waves associated with stimulated Brillouin
scattering, amplification of the amplitude of electron plasma waves
associated with stimulated Raman scattering, and transfer of energy
between crossing beams with same frequency in a flowing plasma under
crossed beam irradiation are reported.

1. Introduction

In the indirect drive approach to inertial confinement fusion
(ICF) several laser beams will be focused and overlap near the laser
entrance hole. Interaction processes between these beams and the
underdense plasma in this region can be influenced by crossing effects.
Parametric instabilities (Kruer 1988 ; Baldis et al. 1991), like stimulated
Brillouin and Raman scattering (SBS and SRS) and filamentation, have
deleterious effects for laser fusion (Lindl 1995) and the modification of



their growth under multiple beam irradiation compared to single beam
irradiation must be understood to design efficient fusion scheme. Energy
transfer between crossing beams can affect the initial symmetry which
is controlled by adjusting the relative power of the different beams.

Modification of interaction processes between one laser beam and
a plasma, in the presence of other laser beams, can proceed from
different effects. The region of beam overlap will result in higher
intensity than was present in an individual beam, and non linear
processes will be affected by this increase of intensity. Theoretical
studies have predicted that collective parametric instabilities can have
lower thresholds than single-beam instabilities when considering many
overlapping beams (DuBois et al.1992 ; Rose et al. 1992). In the cases of
SBS and SRS the geometry and the symmetry of the beams are important
to produce this effect. A well-defined resonance of the amplitude of ion
acoustic waves associated with SBS has been observed along the
bisecting direction between two laser beams (Baldis et al. 1996). In the
case of two beams, energy transfer through ion acoustic waves has been
studied both in the case of beams with different frequencies in
homogeneous plasmas, and in the case of beams with same frequency in
presence of plasma flow (Kruer et al. 1996 ; Eliseev et al. 1996 ;
McKinstrie et al. 1996). Energy transfer between two frequency-
mismatched laser beams has been observed to be maximum when the
difference in the frequencies of the two beams was comparable to the
frequency of the ion acoustic wave (Kirkwood et al. 1996). It has also
been observed that crossing COj laser beams of identical frequency can
causes oscillations in the beam intensities on the time scale of the ion
wave frequency by driving ion waves nonresonantly (Marsh et al.1994).

In this paper, we present experimental results on the modification
of stimulated Brillouin and Raman growths in backward and side
directions when two beams are simultaneously focused into the plasma
compared to one beam irradiation. These results are based both on direct
measurements of the amplitude of the plasma waves associated with
these instabilities using Thomson scattering of a short wavelength
probe beam, and on SBS reflectivities. We also report on the observation
of energy transfer between two crossing beams with same frequency in
a flowing plasma. These two experiments were performed with the same
beam configuration and timing, but with different electron density of
the plasma. In the following, we will refer to experiment 1 for the SBS,
SRS studies, and experiment 2 for the transfer of energy study.



2. Experimental set-up

The experiments have been performed using the six-beam laser
facility at LULI, to produce the interaction between one or two 1.053 mm
laser pumps and a well-characterised underdense, preformed plasma. A
scheme of the laser beam configuration and timing is shown in Figure 1.

Thomson scattered light resolved in
wavelength, time, space and wavenumber :
IAW associated with SBS ‘>

EPW associated with SRS

SBS station
Plasma producing
beam, A=0.53pm Interaction beam C

A=1.053um

Interaction beam F

Temporal and
A=1.053um

spectral analysis of
transmitted light

Plasma producing beam
A=0.53um

Heating beam, A=0.53um

Beam timing

Probe beam,
A=0.35um

0

g
plasma_~ beam “probe interaction
producing beams beam beams

FIGURE 1 : Scheme of the experimental set-up

Three 0.53 pm beams were used to preform and heat the plasma
from a thin exploded foil. Two identical 1.053 um laser beams were
focused with f/6 lenses through random phase plates (RPP) in the
plasma with 2 ns time delay with respect to the plasma forming beams.
Their focal spot diameters were 320 um, and maximum average
intensities were 1014 W/cm2. The angle between the two beams was 22.5°
and the axis of symmetry of the plasma was placed on the main
interaction beam axis which were beams F and C, respectively for
experiments 1 and 2. For some shots the heating beam was used as an
interaction beam to study the effect of the geometry of the crossing



beams with respect to the Thomson diagnostic. The sixth beam was used
as a probe beam, with 0.35 pm wavelength, to produce scattering off the
plasma waves produced by the parametric instabilities.

The targets were thin plastic (CH) foils, with initial foil thickness
1.2 um. The electron density of the plasma was modified by changing the
total energy of the three plasma producing beams from 150 J to 15 J (at
20). In the first case (experiment 1), the plasma was fully characterised
using time-resolved spectra of the Thomson scattered light off electron
plasma waves associated with SRS. Temporal evolution of the electron
density profiles along the laser axis and temperature were deduced from
these spectra during the interaction laser pulse. The maximum electron
density, on the laser axis, varied between 0.3 and 0.08 nc (where n¢ is
the critical density for 1.053 um light), the density scalelength was 500
pum, and the electron temperature was 0.5 keV. Comparison with 2D
hydrodynamical simulations provided good agreement with these
measurements. The second type of plasma (experiment 2) was
characterised using spatial and temporal evolution of the 5/2w emission,
produced by the coupling between the 3w probe beam and ®/2 plasmon
produced by the two plasmon decay of the interaction beam. This
harmonic emission provided information on the position of the quarter-
critical layer as a function of time and comparison with 2D
hydrodynamical simulations indicated that the electron density on the
target axis evolved from 0.45 to 0.2 nc during the interaction pulse.

The geometry of the Thomson scattering diagnostic was designed
so the collected light corresponded to backscatter instabilities of beam F,
both for SBS and SRS. The scattered light was sent to three streak
cameras, of which two were coupled with spectrometers. The temporal,
spectral, and spatial intensity of electron plasma waves (EPW) and of ion
acoustic waves (IAW) associated respectively with SRS and SBS was
analysed. The second important diagnostic for these experiments was
another spectrometer coupled with a streak camera which provided
time-resolved spectra of the SBS light collected in the focusing lens of
beam F in experiment 1, and of light transmitted along beam C in
experiment 2.



3. Effect of crossing beams on SBS and SRS in backward
and side directions

We have studied the effect of crossing beams on SBS and SRS by
measuring the variation of the scattered light intensity off the plasma
waves as a function of the second beam intensity. Intensity of the
Thomson scattered light is proportional to the square of the plasma
waves amplitude, so it gives direct information on the growth of the
scattering mechanisms. Results are shown in Figure 2. They represent
the total scattered intensity, integrated in space, time and spectrum off
IAW associated with SBS of beam F (Fig. 2-a), and off EPW associated with
SRS of beam F (Fig. 2-b). In both cases we have observed that the
scattered intensity off plasma waves associated with beam C was
negligible compared to the scattered intensity off plasma waves
associated with beam F. This is in agreement with what was expected
from the amplitude of plasma waves associated with sidescattering
processes compared to backscattering processes.
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FIGURE 2 : Modification of the intensity of the Thomson scattered light off ion
acoustic waves (IAW) associated with stimulated Brillouin scattering and electron
plasma waves (EPW) associated with stimulated Raman scattering as a function of
the secondary beam intensity

These results are the first observation of the reduction of the
amplitude of ion acoustic waves associated with stimulated Brillouin
scattering and amplification of the amplitude of electron plasma waves
associated with stimulated Raman scattering under crossed beam



irradiation. A reduction of the SBS light collected in the focusing lens of
beam F was observed in the case of two beams irradiation in agreement
with the reduction of the IAW intensity.

More complete studies indicate that same effects happen with
different geometries of the beams with respect to each other and with
respect to the Thomson scattering diagnostic, but that the reduction or
amplification factors depend on the geometry. This indicates that the
observed effects are not produced simply by the increase of intensity, or
modification of the intensity distribution, in case of two beams
irradiation. We have also observed independent modification of the
amplitude of IAW and EPW when using different geometries, which
indicates that the observed results can not be explained only by the
competition between SBS and SRS.

We think that coupling between the plasma waves associated with
the two beams is the most likely process to produce the observed change
of growth of SBS and SRS. In the case of SBS, it has been observed in
numerical simulations (Cohen et al. 1995), that the presence of
secondary IAW produced by another beam can decrease the growth of
the primary IAW because of mode coupling. The secondary IAW are
acting as a perturbation to the SBS growth, and total SBS is reduced in
case of multiple beam irradiation compared to one beam irradiation. This
was an unexpected result, which is a good news for ICF experiments. This
interpretation is in agreement with previous experiments which showed
a very narrow resonance on the amplification of IAW amplitude for IAW
along the bisecting direction between the two beams, and reduction of
IAW amplitude for all the other directions. In the case of experiments
described in this paper, the scattered light was collected in an angle
three times larger than the one used to observe the resonance effect, so
that the reduction is stronger than the amplification which can not be
observed. The amplification of EPW associated with SRS is not well
understood yet. It may be produced by the seeding of the instability by
the other beam through resonance conditions between the electron
plasma waves. These resonance conditions may be easier to get than for
the IAW, because of the dependency of the EPW frequency on electron
density. This interpretation is in agreement with the fact that the
amplification factor depends on the position of the beams with respect to .
the Thomson scattering diagnostic.



4. Transfer of energy between crossing beams in a flowing
plasma

The transmitted energy of beam C was collected with an f/3 lens,
off-axis from beam C by 3°, and with a larger aperture than the one of
beam C. This light was temporally and spectrally resolved. We studied the
total level and spectral composition of transmitted energy of beam C with
and without beam F. Figure 3 shows the temporal evolution of the
transmitted energy in the two cases: beam C alone, and beams C + F. We
observe an overall increase of the total transmitted energy by a factor
2.3 in presence of beam F. To understand this result, we spectrally
resolved the transmitted light. Figure 4 shows the time-resolved spectra
of the transmitted light for the two cases: beam C alone, and beams C + F.
In both cases, we observe two spectral components. The first one is
unshifted from the initial laser frequency, starts early during the
interaction pulse and stops before the end. Its spectral width is the same
as the one of transmitted energy through vacuum and is defined by the
spectrometer. The second one is red-shifted by a few Angstrém, is broad,
with temporal and spectral structures, starts later than the first
component, and lasts until the end of the laser pulse.

Transmitted
A Erergy
| (AU)

n i >
0 200 400 600 Time (ps)

FIGURE 3 : Transmitted energy along beam C direction for the two cases : beam C
alone, and beam C in the presence of beam F. We observe an amplification of the
transmitted energy by a factor 2.3 in the case of two beams irradiation.

The unshifted component is no much modified by the presence of
beam F as- can be seen by comparing Fig. 4-a and b, while the red-shifted
component is strongly enhanced by the presence of beam F. The



amplification factor (total transmitted energy with beams C+F, divided by
total transmitted energy with beam C alone) is 0.9 for the unshifted
component and 3.5 for the red-shifted component. So, the amplification
of beam C is mainly due to the amplification of the red-shifted
component. We have also observed that the intensity of the red-shifted
component depends on the energy of beams C and F, so is produced by a
non linear effect, and is in the non-saturated regime.
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FIGURE 4 : Time-resolved spectra of the transmitted light along beam C
for the two cases : beam C alone, and beam C in the presence of beam F.
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The measured spectral shift of the red-shifted component is much
larger than what could be expected from forward stimulated Brillouin in
this plasma. This one is related to the scattering angle 6, to the elctron
density relative to critical density and to the electron temperature T :

SA(R) = 15.9 (1 - ne/nc)'? sin(6/2) Tdlev)

For our conditions, 8 ~10°, Te ~0.5 keV, n/nc. ~0.2, 8A is of the order of
1 A. Self-phase modulation of the laser light in a rapidly varying
electron density plasma could produce this type of shift (Yamanaka et al.
1975 ; Labaune et al. 1985 ; Afshar-Rad et al. 1991). This effect produces a

frequency shift 8(0:%&%i (1-ne/ng)?dz and a wavelength shift



81:-%(1-%/%)"0% after a propagation of 8z. The overall evolution

of the electron density due to plasma expansion is not fast enough to
produce the observed frequency shift. Filamentation of the laser light in
the active speckles could strongly enhance self-phase modulation
because of the rapid decrease of electron density in the filaments and
produce shifts of a few Angstroem, as observed in the experiment. This
phenomena is also in agreement with the decrease of the shift as a
function of time, going to zero at the end of the pulse, when d(nd/nc)dt goes
to zero. Because of the non linear behaviour of the enhancement of the
transmitted light in presence of the secondary beam, our observations
could be interpreted as due to enhancement of forward stimulated
Brillouin scattering in self-focused speckles.

~

5. Conclusion

The experimental results presented in this paper are the first
evidence that overlapping beams can have a detrimental effect on the
growth of backward SBS. Long wavelength ion fluctuations associated
with sidescattering of the other beams could produce a non-linear
inhibition of SBS by introducing an additional damping. On the other
hand, overlapping beams can enhance the growth of backward SRS, and
modify the transmitted light of one beam. This latter may be due to
enhanced forward SBS in filaments and can affect the initial intensity
balance between the beams in a fusion experiment. Experiments with
crossing beams can allow well-controlled studies of parametric
instabilities and they should allow to better understand many aspects of
the growth of SBS and SRS, including their competition.
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