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Stimulated Brillouin Scattering in Multispecies Laser-Produced Plasmas
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Growth and saturation of the stimulated Brillouin scattering (SBS) instability has been studied in C
CH, and CH2 laser-produced plasmas which have nearly identical density profiles. The backscatter
reflectivity is highest for the CH2 plasma (,15%) and up to,5 times lower for the pure carbon plasma.
This result is explained by the stationary inhomogeneous theory of SBS and confirmed by numeri
simulations provided one allows for the nonuniform expansion of hydrogen and carbon ions that lea
to an axial asymmetry of the SBS gain and results in the observation of a blueshifted scattered li
spectrum from CH targets. [S0031-9007(96)00909-X]

PACS numbers: 52.35.Nx, 52.40.Nk, 52.50.Jm
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The stimulated Brillouin scattering (SBS) instability
produced by the parametric coupling of an incident lig
wave to an ion acoustic wave and a scattered light w
whose frequency is within a percent of the incident la
frequency,v0 [1,2]. The SBS instability is of concer
in inertial confinement fusion (ICF) applications becau
of the potential of scattering a large percentage of
incident laser light in the underdense corona, decrea
the coupling efficiency of the laser to the imploding targ
Recent work on gasbag and simpleHohlraum [3] targets
have shown that in ICF plasmas with more than one spe
of ions it is important to include all the species in t
modeling in order to understand the Landau damping
the ion waves [3–7] and the effect of this on SBS. In t
work we show that in the flowing multispecies plasm
characteristic of both directly driven and indirectly driv
ICF, the mean-ion model is inadequate for quite anot
reason. We find that SBS is strongly affected by
separation of the ion species due to differential ion fl
in the ambipolar fields of the expanding plasma, a re
which successfully models the previously unexplain
observed broadening towards shorter wavelength of S
spectra from plasmas created from plastic foils [8,9].

In this Letter, we describe an experiment in whi
a focused laser beam interacts with underdense plas
preformed with C, CH, and CH2 target materials. The
target thicknesses have been chosen so that the laser
always interacts with virtually the same electron dens
profile independent of target material. The backsca
spectra from the C targets are symmetric about the ce
plasma ion acoustic frequency, while those from the
and CH2 targets are asymmetrically broadened towa
shorter wavelengths, producing reflectivities up to 5 tim
higher than those from the C targets. Analytic analy
of the convective SBS gain shows that the obser
asymmetry is a result of the differential flow velocities
the H and C ions which produce gradients in the so
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speed that enhance (reduce) the gain on the front (r
side of the target. The predictions of a one-dimensio
(1D) fully nonlinear fluid model of SBS, which accoun
for nonuniform profiles of flow velocity, plasma density
and ion concentration, are consistent with the experime
results.

The experiment was conducted using the Janus la
at Lawrence Livermore National Laboratory. The targe
used were foils:45 mgmycm2 carbon,50 mgmycm2 pary-
lene (CH), and50 mgmycm2 polypropylene (CH2). The
target thicknesses were chosen so the targets would h
the same column density, and therefore produce the s
electron density profile, regardless of the target mater
The plasma was formed by a 50 J,0.532 mm wavelength,
1 ns nominally square pulse focused on target to a s
diameter of400 mm. At a time of 1.5 ns after the end
of the plasma forming pulse, a1.064 mm wavelength,
100 ps full width at half maximum (FWHM) Gaussia
pulse arrived at the target. The best focus of this sec
beam was located at the target plane and had a FW
diameter of9 mm; because the spatial profile of the bea
at best focus is non-Gaussian [10], the diameter wh
contains half the energy is16 mm which gives a peak in-
tensity of5 3 1016 Wycm2. The confocal parameter wa
approximately200 mm. The time interval between th
two beams was chosen so that the peak density seen b
second beam was high enough to observe saturation w
keeping the reflected SBS energy high enough to obse
the exponential growth of the instability. Throughout th
experiment, best focus was always at the target plane
the intensity was changed by varying the energy.

The density profile was measured using a folded-wa
interferometer that used a0.35 mm wavelength, 50 ps
probe pulse that arrives at the target at the peak of
100 ps interaction pulse. The interferogram was recor
using a television camera, then Abel inverted to produ
axial density profiles. Figure 1 shows typical axial dens
© 1996 The American Physical Society
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FIG. 1. Measured axial density profiles for the three tar
materials.

profiles for C, CH, and CH2 targets. The profiles are virtu
ally identical, with a peak density near0.025nc wherenc is
the critical density at which the plasma frequency equ
v0. The foil is initially located atz ­ 0. For densities
this low, the filamentation instability has been shown
perimentally and theoretically to be below threshold [1

The energy and spectrum of the backscattered l
near the laser wavelength were monitored as the l
energy was varied. A whole-beam beam splitter reflec
4% of the light backscattered into the focusing lens t
calorimeter which measures the backscattered energy.
light was collected at three angles: 180±, 135±, and 45±

relative to the direction of propagation of the interacti
beam, and multiplexed using optical fibers at the inpu
a 1.25 m Czerny-Turner spectrometer and recorded u
a streak camera with an S-1 photocathode and,100 ps
time resolution. The main purpose of the streak cam
for the experiment discussed here was to separate
the signals from different angles. We verified that t
collected light energies were too low to produce spec
broadening in the optical fiber. We observed that
mixed species plasmas, CH and CH2, have reflectivities
up to 5 times that of the carbon plasma at the highest l
energy. In Fig. 2, we plot the backscattered energy a
function of incident laser energy by integrating the strea
signal for each event. The streak signal is calibrated a
highest energies by the calorimeter measurements.
energy exhibits exponential growth up to an intensity
1.5 3 1015 Wycm2. Further increase in the incident las
intensity leads to an approximately constant backscatt
signal level which indicates saturation of the instability

The higher reflectivity of the mixed species plasmas
a result of a spectral broadening not observed with
carbon plasma. The carbon plasma shows a spec
(see Fig. 3) that has a redshifted peak and a bandwid
about 20 Å, independent of the incident laser energy.
mixed species plasmas, on the other hand, show a sim
spectrum only at lower energies; as the laser energies
increased, the spectrum becomes broader, mainly tow
t
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FIG. 2. Scaling of the backscattered SBS reflected energyJ)
as a function of incident laser energy (J) and target material. At
the highest incident energies, carbon has the lowest reflecti

the blue. Note that the reflectivity atl ­ 10 650 Å,
does not change very much. The drop in signal atl ­
10 665 Å is an instrumental cutoff.

We interpret the redshifted peak observed in the car
plasmas for all laser energies, and in the mixed-spe
plasmas at low laser energies as due to SBS growin
the peak of the plasma profile. This is a region where
expect SBS to grow fastest because the density grad
scale length is very large. From the SBS frequency ma
ing conditions, the frequency shift of the scattered elec
magnetic wave (of frequencyvs) is Dv ­ v0 2 vs ­
via. The ion acoustic frequency of the fast mode,via,
and wave vector,kia, satisfy the linear dispersion relatio

X
a

Z2
anaTe

nema

k2
ia

svia 2 kia ? uad2 ­ 1 , (1)

whereZa, na , ma, andua are the charge, density, mas
and flow velocity of each ion species [a ­ 1 (carbon),
er
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FIG. 3. Behavior of the CH backscattered spectrum a
function of the incident energy. The evolution of the spectr
is further illustrated by lineouts of the streaked spectra at
peak of the laser pulse.
1279



VOLUME 77, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 12 AUGUST 1996

in
de
red

,

ion

2)
kl
e

ate

ar
er
bo
m
ed
o-
ric
th
ex
ec
s
he
ic
ity
he
nt

ial
1]

lly
to
sma
er-
und

t

x-
nu-
er
%
e is
he
er-

of

n-

de
sms
r-
3].
to

me
r,
ch
2 (hydrogen)], respectively. The ion thermal effects
Eq. (1) have been neglected. Close to the peak of the
sity profile, where flow velocities are small as compa
to the sound speed, one obtains from Eq. (1),

via ­ kiacs 1 kia ? u , (2)

where cs ­ s
P

a Z2
anaTeynemad1y2 is the sound speed

and u ­ s
P

a Z2
anauaymadys

P
a Z2

anaymad is the flow
velocity. Note that Eq. (2) is also an approximate solut
to the dispersion relation (1) in the limit ofju1 2 u2j ø
cs. Sinceu ø 0 at the top of the plasma profile, Eq. (
predicts redshifted scattered light which should be wea
dependent on the observation angle. This is confirm
by the spectrum observed at 135± which shows similar
redshift. From this interpretation, we obtain an estim
of the electron temperature of 500 eV.

Since the hydrogen ions will expand faster than the c
bon ions, it is possible to obtain regions of plasma wh
there is a larger concentration of hydrogen ions than car
ions. The self-similar expansion of a two species plas
was examined analytically by Gurevich [11] who show
this effect for the first time. In Fig. 4 we display inhom
geneous profiles of plasma parameters used in nume
simulations of SBS. They have been obtained from
numerical solutions to the fluid model which describes
pansion of the exploding foil target. The background el
tron densityneszd at t ­ 1 ns approximately correspond
to the experimental density profile shown in Fig. 1 for t
temperatureTe ­ 500 eV. Figure 4 shows the symmetr
density profiles and part of the antisymmetric axial veloc
profiles. The laser propagates from the left to right. T
hydrogen ion concentration increases away from the ce
of the target and dominates forz . 200 mm. The large
values of flow velocitiesu, u1 (carbon), andu2 (hydrogen)
normalized tocss0d (the value ofcs at z ­ 0) are respon-
l
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FIG. 4. Typical profiles of electron densityneynes0d, carbon
ion, n1yne, and hydrogen ion,n2yne, concentrations, axia
plasma flow velocity,uycss0d, sound speed,csycss0d, and axial
flow velocities of carbon,u1ycss0d, and hydrogen,u2ycss0d,
used in SBS simulations. The curve markedGCHyGC shows
the ratio of SBS gains for CH and C targets calculated fr
Eq. (3).
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sible for the blueshifted SBS light (cf. Fig. 3). The spat
scales shown in Fig. 4 are consistent with Gurevich’s [1
solutions.

The SBS was modeled using a one-dimensional, fu
nonlinear fluid description [12] which was generalized
account for a second ion species, inhomogeneous pla
flow and density, and Landau damping. This wave int
action code describes SBS in a plasma with backgro
conditions (na , ua , a ­ 1, 2) shown in Fig. 4. In the
simulations, the plasma extends over the length ofL ­
1000 mm with the point of the initial target location a
z ­ 0 mm. This point is characterized byua ­ 0 and an
equal concentration of carbon and hydrogen ions,n1 ­ n2,
for CH targets. Within the lengthL, the electron density
varies from its maximum valuene ­ 0.03nc atz ­ 0 mm
to ne ø 0.01nc at the left boundary. Figure 5 shows e
amples of backscattered light spectra obtained from
merical simulations. The mixed ion target shows high
reflectivity by a factor up to two, 24% as compared to 13
for the carbon target. The main reason for this increas
a broader spectrum of SBS light from CH plasmas. T
high intensity examples from Fig. 5 represent a mod
ate laser flux of7.5 3 1014 Wycm2, giving rise to pro-
cesses which could be understood within linear theory
SBS. The lower intensity result (5 3 1014 Wycm2) from
the CH target is mostly redshifted and quite narrow, co
sistent with experimental results.

In our code, the nonlinear physics of large amplitu
sound waves includes all previously described mechani
within the fluid approximation, i.e., frequency shift, ha
monic generation, and localization of sound waves [1
At high intensities, these mechanisms can contribute
broadening of scattered light spectra due to rapid ti
variations of SBS reflectivity. We have found, howeve
that the spectral width associated with this effect is mu
smaller than the width observed in experiments or the sp
tral width produced in simulations due to inhomogeneit
of plasma parameters. Therefore, the essential proce
responsible for larger SBS reflectivity in mixed ion speci
FIG. 5. Spectra of SBS scattered light for the plasma profi
shown in Fig. 4 for different targets and laser intensities.
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targets can be qualitatively described using linear stat
ary theory of SBS in inhomogeneous plasmas.

In order to connect to analytic theory, we conside
convective growth of SBS for the case of laser wa
vector k0 along thez axis parallel to both density an
flow velocity gradients. According to convective theor
the instability grows byeG where the convective gainG
is given by [9,14,15]G ­ 2pg

2
0yjk0

zyia,zys,zj, whereg0
is the homogeneous growth rate andyia,z and ys,z are z
components (normal to the target) of ion acoustic wave
scattered light group velocities, respectively. The wa
vector mismatchk0 in G is given by [14]k0

z ­ dk0,zydz 2

dkia,zydz 2 dks,zydz, where the subscriptz denotes the
component of the wave vectors of the pump wave,k0,
resonant ion acoustic wave,kia, and the scattered ligh
wave,ks, in thez direction. We find that

G .
2pg

2
0

v0j sin2suy2d cosuDj
, (3)

whereD ­ sneyncd f2u 2 cs sinsuy2dgyLN cosu 1 2s1 2

neyncdcsf1yLu 1 1y sinsuy2dLcg. The gradient scale
lengthsLu, Lc, andLN are defined asLu ­ cssduydzd21,
Lc ­ cssdcsydzd21, LN ­ nesdneydzd21, andu is thez
component of the flow velocityu.

The analytic expression (3) illustrates two importa
effects. One can see from the linear dispersion rela
(1) that the ion acoustic wave frequency depends on
ion concentration. This dependence leads to a broa
scattered electromagnetic wave spectrum, because a w
range of ion acoustic frequencies can satisfy local S
matching conditions in plasmas with nonuniform dist
bution of different species. The broader spectrum
CH targets in Fig. 5 is due to the contribution from th
flow velocity of the hydrogen ions tovia [Eq. (2)], which
changes over a wider range of values than the carbon
velocity, and due to the varying ion concentration.

The second important effect of multi-ion species targ
is the dependence of the sound speedcs on z due to the
varying concentration of hydrogen and carbon ions. T
cs gradient can contribute to the expression for the S
gain G (3), through the scale lengthLc. The factorD in
(3) describes dependence of the SBS gain onLc and Lu

and the dependence on the electron density inhomogen
LN , which is weaker by a factorneync. For backscattered
SBS andneync ø 1 the expression forD can be simpli-
fied to the following formD ø 2css1yLc 1 1yLud. The
simplified form ofD explains the observed asymmetry t
wards blue wavelengths in the spectrum of the scatte
light from CH targets (cf. Figs. 3 and 5). From the curv
depictinguycss0d andcsycss0d in Fig. 3, one can see tha
in front of the target (z , 0), Lc is negative and reduces th
mismatch due to the inhomogeneity of the flow,Lu, while
in the back of the target (z . 0) bothLc andLu are posi-
tive which increasesD and reduces the gain. This is als
illustrated by the curve showing the ratio of SBS gains
CH and C targets,GCHyGC calculated locally from Eq. (3)
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for backscattered light. The asymmetry of this line is d
to the asymmetry ofGCH produced by the effect describe
above. Over 30% difference in gain amounts to more t
an order of magnitude larger amplification for SBS fro
CH plasma in front of the target. It is also likely th
at higher reflectivities pump depletion may localize S
growth in front of the target where it leads to blueshift
scattered light. Note that thez variation of the frequency
shift via (2) is defined by the flow velocityuszd and is only
weakly affected by the changes incs due to varying con-
centrations of ions for the parameters of our experime

In summary, we have shown that, although theory
experiment have shown the importance of mixed
species to the damping of SBS, in laser-produced p
mas, the hydrodynamic expansion produces a situatio
which a mixed species plasma results in a higher SBS
flectivity than a single species plasma. The experime
results have been successfully modeled by a fully non
ear fluid code.
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