
VOLUME 76, NUMBER 20 P H Y S I C A L R E V I E W L E T T E R S 13 MAY 1996
Location of Ion-Acoustic Waves from Back and Side Stimulated Brillouin Scattering
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Direct observation of the location of ion-acoustic waves (IAWs) explains for the first time the
stimulated Brillouin scattering (SBS) spectra in backward and side directions. The regions of SBS
activity are limited and smaller than the scale length of the plasma. The IAWs are localized in the
front part of the plasma, resulting in blue Doppler shift of the scattered electromagnetic wave, and the
distance from the summit changes with the SBS angle. [S0031-9007(96)00210-4]

PACS numbers: 52.35.Fp, 52.35.Nx, 52.40.Nk, 52.50.Jm
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Stimulated Brillouin scattering (SBS) [1] is an impo
tant instability in the context of inertial confinement f
sion (ICF), which has been studied up to now mainly fro
the electromagnetic wave (EM) associated with the de
and primarily in the backward direction [2]. Sidescatt
ing can strongly affect the redistribution of laser ene
in both direct and indirect drive [3], modifying the initia
energy balance between the beams. This is particu
true in the case of indirect drive where direct irradiati
of the capsule is to be avoided, and where sidescatte
can contribute to coupling between beams at the cros
points [4].

Stimulated Brillouin scattering consists of the dec
of the incident EM wavesv0, $k0d into a scattered EM
wave svSBS, $kSBSd and an ion-acoustic wave (IAW
svIAW , $kIAW d where v and k are the frequency an
wave number, respectively, for each wave. The scatte
geometry is defined by the direction of propagation of
scattered EM wave. We defineu as the angle between th
scattered EM wave and the pump EM wave (u  180±

is direct backscatter). Of the two waves produced
the decay, only the IAW can provide information abo
the location and the extent of the region of activi
Information on the IAW can be obtained by Thoms
scattering of a short wavelength probe beam [5]. T
technique provides the most direct characterization
these waves, including their frequency, wave number,
location. Evidence of stimulated Brillouin sidescatteri
has been obtained in the past from the EM scatte
light of wavelength near the incident laser [6], b
information coming from these waves is limited becau
they are integrated along the direction of propagation,
refraction of the scattered light can significantly chan
the angular distribution of the scattered light [7].

This paper presents the first data on the localiza
of IAWs and their correlation with the EM waves fro
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the same SBS decay for side and backward directio
The measurement of the location of IAWs in the dens
profile provides the required Doppler shift correctio
of the scattered EM waves, which are then in go
agreement with the observed SBS spectra. Blueshifts
redshifts of backward and side scattering, respective
can be explained by the change of location of t
associated IAWs, confirming the assumptions made
many past experiments [8]. A novelty of this experime
is the use of three different interaction beams, w
the same characteristics, to irradiate a well-characteri
preformed plasma. This multiple beam configurati
allowed the study of IAW over a large range of scatteri
angles, using the same Thomson scattering probe
collecting optics, and the same SBS station. Using o
beam at the time and the same SBS station provi
exact measurements of SBS as a function of the an
eliminating uncertainties due to calibration of separa
diagnostics.

The experiments described in this paper have b
performed using the six beams of the Laboratoire po
l’Utilisation des Lasers Intenses (LULI) laser facility. Th
geometry of the configuration is shown in Fig. 1. Th
pulse shape of all beams was Gaussian with a full wi
at half maximum (FWHM) of 0.6 ns. The timing an
characteristics of the beams were as follows. The plas
was formed by two opposite beams (A and E in Fig. 1)
with a wavelength of 526 nm and maximum att  0.
The three interaction beams (C, F, andD in Fig. 1) have
a wavelength of 1.053mm and a timing oft  1.72 ns
after the plasma producing beams. Each of these be
was focused with anfy6 lens combined with an RPP o
2 mm elements. This produced a focal spot with 64%
the energy into a320 mm diameter spot, with a maximum
intensity of 1014 Wycm2. The probe beamsBd started
240 ps before the interaction beam in order to probe
© 1996 The American Physical Society 3727
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FIG. 1. Configuration of the laser beams and geometry
Thomson scattering.

interaction at the very early stage, and had a wavelen
of 351 nm. It was focused with anfy2.5 lens and an
RPP with elongated elements,0.1 3 0.9 mm, producing
a line focus of100 mm 3 1 mm along the axis of the
interaction beam.

The targets were small disks ofsCHdn, 1.5 mm thick.
The diameter of400 mm was chosen to be smaller tha
the focal spot diameter of the plasma producing bea
The advantage of using mass limited targets is that ther
no matter left when the probe beam arrives, so eliminat
any possible parasitic scattered light. They were pla
normal to the interaction beam under use, in order
have the plasma expansion along the axis of the be
At the time of interaction, the plasma had a dens
profile with an approximately inverse parabolic sha
along the laser direction with a scale length of,1 mm
and was flat over a distance of400 mm in the transverse
direction. The maximum electron density evolved fro
25% to 8% of critical density (nc  1.1 3 1021 cm23

is the critical electron density forl0  1.05 mm light)
during the interaction pulse, with an electron temperat
of 0.5 keV [9].

The Thomson scattering was set up to probe the IA
associated with SBS. The plasma was imaged onto
slits of an array of spectrometers and streak camera
obtain time, space, and frequency resolved density fl
tuations associated with the IAWs. The frequency a
wave number of the Thomson scattered light are given
vscatt  vprobe 2 vIAW , $kscatt  $kprobe 2 $kIAW . The
probed IAWs correspond to different angles of SBS sc
tering sud, depending on the choice of interaction bea
Figure 2 shows the general wave vector diagrams
the SBS decay of each of the interaction beams. T
Thomson scattered light with angles between 15 and±

from the probe axis, was collected by an off-axis pa
bolic mirror. These angles cover a range of SBS ang
u  150±–180± for beamF, of u  130±–160± for beam
C, and u  70±–100± for beamD. Improved angular
resolution was obtained by using vertical masks on
scattered light beam, limiting the collecting angle to 5±.
3728
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The SBS diagnostic analyzed light collected by the
cusing lens of beamF sdV  0.045 srd. This provides
the time-resolved spectra and reflectivity measureme
for backscattering, sidescattering atu  157, 5± and at
u  135± for interaction beamsF, C, and D, respec-
tively.

Figure 3 shows the location of ion-acoustic flu
tuations associated with three SBS ang
su  180, 157, 5, and135±d as a function of time.
The range of wavelengths shown in this figure was
lected using color and interference filters, with a bandp
of 150 Å centered at 351 nm. As a function of time, tw
signals are observed in each of these frames. The
signal is the three-halves harmonic produced by the
teraction of the plasma producing beams with the plas
s3y2 3 2v  3vd. This emission is not isotropic and
due to the scattering geometry, the predominant contri
tion is from beamE. This signal provides good spatia
and temporal references for the different images. T
second signal is the Thomson scattered light from
IAWs associated with SBS during the interaction pulse

As can be clearly seen from Fig. 3, the density flu
tuations are larger for backscattering than for sidescat
ing. Assuming that the scattering is from a coherent
acoustic wave, the Thomson scattered powersPscattd is
proportional to the square of the density fluctuation lev
sdnynd associated to the IAWs and to the power of t
probe beamsPprobed. The relation can be written [10]
Pscatt 

1
4 sdnynd2PprobeAr2

e n2
el

2
probeL2

z , where A is a
geometrical factor which takes into account the imagi
of the plasma onto the slit of the streak camera,re is the
classical radius of the electron,ne is the electron density
lprobe is the wavelength of the probe beam, andLz is the
length of the interaction region along the probe axis. W
used the Bremsstrahlung emission of the plasma, betw
380 and 390 nm, to calibrate the system. The measu
scattered power corresponds to an average density
tuation level of,5 3 1024 for the IAWs associated to

FIG. 2. Wave-vector diagrams for the SBS decay of each
the interaction beams. The ion-acoustic waves which can
probed by the Thomson scattering diagnostic correspond to S
anglesu  150±–180± for beamF, u  130±–160± for beam
C, andu  70±–100± for beamD.
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FIG. 3. Location of the ion-acoustic waves associated to S
for different SBS decompositions: 180, 157,5, and 135± with
respect to the pump beam. The interaction beam is com
from the right. The initial target position, or top of the dens
profile, is at z  0. The early signal corresponds to plasm
emission during preforming beams, and timet  0 refers to
the maximum of these beams. The late signal correspond
Thomson scattered light from IAWs during the interaction.

backscattered SBS. The variations of density fluctuati
with the SBS decay angle agree with the observed v
ations on the SBS reflectivities as a function of ang
shown in Fig. 4. The SBS reflectivity in backscatteri
direction is a few percent, with a fast decrease as a fu
tion of the SBS angle: by a factor of,80 for 157,5± and
,103 for 135± compared to backscattering.

A new and important result is the localization of io
acoustic fluctuations in a small region of the dens
profile in the front part of the plasma relative to th
interaction beam region that changes with the SBS de
geometry. In all cases, the interaction region is sma
than the scale length of the plasma. The duration
the Thomson scattered signal has a full width at h
maximum of,300 ps, shorter than the interaction puls
with its maximum at,150 ps before the maximum of th
interaction pulse.

The temporal behavior of the ion-acoustic fluctuatio
can be explained [11] by the evolution of the SBS ga
using linear theory. The SBS gain depends mainly
five parameters which are the laser intensity, elect
density and electron temperature, density, and velo
gradient scale lengths [12,14]. The temporal increase
the SBS gain follows the laser intensity, while the dr

FIG. 4. Angular distribution of stimulated Brillouin scatterin
reflectivity.
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of the SBS gain is due to a combination of reductio
of the electron density due to plasma expansion a
increase of temperature due to plasma heating by
interaction beam.

The spatial behavior of SBS is new and cannot
predicted by the linear theory applied to the averag
intensity and reflectivity. The two parameters which c
produce spatial variation of the gain along the laser ax
in the Rosenbluth formula, are the laser intensity and
flow velocity. We found that, even if we include invers
Bremsstrahlung absorption, SBS losses, and change
direction of the flow velocity for the two sides of th
plasma, the gain is still maximum close to the summit
the density profile. Location of SBS in the front part o
the plasma has been observed in numerical simulati
[13], due to a higher laser intensity in this region becau
of the beating of the incident and backscattered wav
as well as pump depletion due to high SBS reflectivitie
This does not apply to the overall beam in our experime
as the averaged SBS reflectivity for backscattering
only a few percent and overall pump depletion is n
significant.

A realistic interpretation of these results can be do
by considering the real intensity distribution in the foc
volume as produced by the random phase plate
applying the theory of Brillouin in the statistics o
speckles rather than to the average laser intensity [1
Then stimulated scattering from some high intens
speckles could be very strong, with nonlinear proces
being involved, but the number of statistically significa
speckles in the interaction volume can be relatively sm
and have a minor effect on the overall beam propagat
through the plasma. Such speckles are in the regime
strong pump depletion, leading to a shift of the maximu
intensity from the center of the speckle towards the las
and similarly for the maximum of density perturbation
This description of SBS in an individual speckle is the
averaged over the statistical distribution of speckles in
plasma, and the observed density fluctuations exhibit
same shift towards the laser. This theory cannot acco
nevertheless, for the change of location of the ion acou

FIG. 5. Time-resolved spectra of scattered light at thr
rearward angles: 180, 157,5, and 135±.
3729
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waves with the SBS angle. A possible explanation
this discrepancy is that the dominant process of backw
SBS suppresses much weaker processes of side scatte
because of nonlinear damping or detuning for other
acoustic waves [16].

The time-resolved spectra of the scattered light by
SBS instability are shown in Fig. 5 for the same thr
angles of decay as in Fig. 3. The spectrum is wi
and completely blueshifted in the case of backscat
They are narrower, and nonshifted or redshifted
157,5 and 135±, respectively. Using the locations o
the IAWs associated with each SBS decay measu
in the experiment and the velocity profile fromLASNEX

simulations, we have calculated the shift of the SBS sp
tra produced by both the Brillouin and the Doppl
effects: dlsÅd  sl2y2pcdkIAW fcs 2 u sinsuy2dg, where
cs is the sound speed andu is the expansion velocity
fuscmysd  6 3 104zsmmdg. For our conditions the shift
is given by

dlsÅd  7.02s1 2 neyncd1y2 sinsuy2d

3 f2.27T 1y2
e skeV d 2 6 3 1023zsmmd sinsuy2dg .

For IAWs positions between 200 and600 mm, and
backscatter geometry, this formula predicts spectral sh
between215 and12 Å from the laser wavelength. Fo
positions between 190 and400 mm, andu  157±, this
formula predicts spectral shifts between25 and 13 Å
from the laser wavelength. For positions between 0 a
200 mm, and u  130±, this formula predicts spectra
shifts between 3 and10 Å from the laser wavelength
These calculated spectral shifts agree well with t
observed SBS spectra. The measured SBS spectra
a little wider than the calculated ones. This differen
can be explained by the fact that the volume of plas
which contributes to the SBS light may be larger in t
transverse direction than the one which is probed alo
the laser axis by the Thomson scattering diagnostic.

In conclusion, we have observed good correlati
between the location of ion-acoustic waves and
spectra of electromagnetic waves generated in the s
stimulated Brillouin scattering decay, in backward and
side directions. Furthermore, these results are the
direct observation of the growth of the IAWs in the fron
part of the density profile. These new observations pro
speculations made in many past experiments that h
shown blueshifted backward SBS. The observed cha
of location of IAWs with the SBS angle confirms previou
speculations, that scattering at each SBS angle origin
at a different location in the plasma, proposed to expl
side SBS spectral shifts [17].
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