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Growth and saturation of the stimulated Brillouin scattering (SBS) instability has been studied in C,
CH, and CH laser-produced plasmas which have nearly identical density profiles. The backscattered
reflectivity is highest for the Cklplasma 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 numerical
simulations provided one allows for the nonuniform expansion of hydrogen and carbon ions that leads
to an axial asymmetry of the SBS gain and results in the observation of a blueshifted scattered light
spectrum from CH targets. [S0031-9007(96)00909-X]

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

The stimulated Brillouin scattering (SBS) instability is speed that enhance (reduce) the gain on the front (rear)
produced by the parametric coupling of an incident lightside of the target. The predictions of a one-dimensional
wave to an ion acoustic wave and a scattered light wavélD) fully nonlinear fluid model of SBS, which accounts
whose frequency is within a percent of the incident lasefor nonuniform profiles of flow velocity, plasma density,
frequency,w [1,2]. The SBS instability is of concern and ion concentration, are consistent with the experimental
in inertial confinement fusion (ICF) applications becauseesults.
of the potential of scattering a large percentage of the The experiment was conducted using the Janus laser
incident laser light in the underdense corona, decreasingt Lawrence Livermore National Laboratory. The targets
the coupling efficiency of the laser to the imploding target.used were foils45 wgm/cn? carbon,50 wgm/cn? pary-
Recent work on gasbag and simplehlraum[3] targets  lene (CH), and50 wgm/cn? polypropylene (CH). The
have shown that in ICF plasmas with more than one specidarget thicknesses were chosen so the targets would have
of ions it is important to include all the species in thethe same column density, and therefore produce the same
modeling in order to understand the Landau damping o€lectron density profile, regardless of the target material.
the ion waves [3—7] and the effect of this on SBS. In thisThe plasma was formed by a 5003532 wm wavelength,
work we show that in the flowing multispecies plasmasl ns nominally square pulse focused on target to a spot
characteristic of both directly driven and indirectly driven diameter of400 um. At a time of 1.5 ns after the end
ICF, the mean-ion model is inadequate for quite anotheof the plasma forming pulse, 064 wm wavelength,
reason. We find that SBS is strongly affected by thel00 ps full width at half maximum (FWHM) Gaussian
separation of the ion species due to differential ion flowpulse arrived at the target. The best focus of this second
in the ambipolar fields of the expanding plasma, a resulbeam was located at the target plane and had a FWHM
which successfully models the previously unexplaineddiameter o9 wm; because the spatial profile of the beam
observed broadening towards shorter wavelength of SB&t best focus is non-Gaussian [10], the diameter which
spectra from plasmas created from plastic foils [8,9]. contains half the energy i wm which gives a peak in-

In this Letter, we describe an experiment in whichtensity of5 X 10'® W/cn?. The confocal parameter was
a focused laser beam interacts with underdense plasmapproximately200 wm. The time interval between the
preformed with C, CH, and Ckltarget materials. The two beams was chosen so that the peak density seen by the
target thicknesses have been chosen so that the laser pusgEond beam was high enough to observe saturation while
always interacts with virtually the same electron densitykeeping the reflected SBS energy high enough to observe
profile independent of target material. The backscattethe exponential growth of the instability. Throughout the
spectra from the C targets are symmetric about the centrakperiment, best focus was always at the target plane and
plasma ion acoustic frequency, while those from the CHhe intensity was changed by varying the energy.
and CH, targets are asymmetrically broadened towards The density profile was measured using a folded-wave
shorter wavelengths, producing reflectivities up to 5 timesnterferometer that used @35 um wavelength, 50 ps
higher than those from the C targets. Analytic analysigrobe pulse that arrives at the target at the peak of the
of the convective SBS gain shows that the observed00 ps interaction pulse. The interferogram was recorded
asymmetry is a result of the differential flow velocities of using a television camera, then Abel inverted to produce
the H and C ions which produce gradients in the soundxial density profiles. Figure 1 shows typical axial density
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FIG. 1. Measured axial density profiles for the three targetFIG. 2. Scaling of the backscattered SBS reflected eneligy (
materials. as a function of incident laser energj) &nd target material. At

the highest incident energies, carbon has the lowest reflectivity.

profiles for C, CH, and CHtargets. The profiles are virtu-
ally identical, with a peak density ne@025n, wheren, is
the critical density at which the plasma frequency equal:i0665 R is an instrumental cutoff
@0. The foil IS |n|t|ally_ IOC‘."‘tEd ak = 0. For densities We interpret the redshifted peak observed in the carbon
this low, the filamentation instability has been shown ex-

. : plasmas for all laser energies, and in the mixed-species
perimentally and theoretically to be below threshold [lQ]. lasmas at low laser energies as due to SBS growing at
The energy and spectrum of the backscattered lig

near the laser wavelength were monitored as the lasey . peak of the plasma profile. This is a region where we
. 9 . xpect SBS to grow fastest because the density gradient
energy was varied. A whole-beam beam splitter reflecte

cale length is very large. From the SBS frequency match-

0 . . )
4% O.f the “ght. backscattered into the focusing lens to a}ng conditions, the frequency shift of the scattered electro-
calorimeter which measures the backscattered energy. Tt}ﬁ:

light was collected at three angles: 28035, and 45 w?gn%;(;Vi\é;vzc(gzgﬁ:q?ég%#ci (ﬁ‘at)h: f:sot;ng)éie:
relative to the direction of propagation of the interaction_ '*; ' , : : . -
beam, and multiplexed using optical fibers at the input ofand wave veciorky,, satisfy the linear dispersion relation
a 1.25 m Czerny-Turner spectrometer and recorded using

a streak camera with an S-1 photocathode arid0 ps

time resolution. The main purpose of the streak camera a

for the experiment discussed here was to separate O\lfvthereZa, 1, my, andu, are the charge, density, mass,

the signals from different angles. We verified that the ; . I
. . nd flow velocity of each ion species [= 1 (carbon),
collected light energies were too low to produce spectra?

broadening in the optical fiber. We observed that the

mixed species plasmas, CH and gHhave reflectivities

up to 5 times that of the carbon plasma at the highest laser
energy. In Fig. 2, we plot the backscattered energy as a
function of incident laser energy by integrating the streaked

signal for each event. The streak signal is calibrated at the
highest energies by the calorimeter measurements. The
energy exhibits exponential growth up to an intensity of

the blue. Note that the reflectivity at = 10650 A,
does not change very much. The drop in signah at
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1.5 X 10" W/cn?. Further increase in the incident laser 410° | 1

intensity leads to an approximately constant backscattered

signal level which indicates saturation of the instability. 210° [ .} ]
The higher reflectivity of the mixed species plasmas is %

a result of a spectral broadening not observed with the 0 10° c|, 294 J

carbon plasma. The carbon plasma shows a spectrum
(see Fig. 3) that has a redshifted peak and a bandwidth of

abput 20 A,.independent of the incident laser energy. .T.hEIG. 3. Behavior of the CH backscattered spectrum as a
mixed species plasmas, on the other hand, show a similgi,ciion of the incident energy. The evolution of the spectrum

spectrum only at lower energies; as the laser gnergies i€ further illustrated by lineouts of the streaked spectra at the
increased, the spectrum becomes broader, mainly towarggak of the laser pulse.

10 &
10580

10600 10620 10640

Wavelength (A)

10660 10680

1279



VOLUME 77, NUMBER 7 PHYSICAL REVIEW LETTERS 12 AcusT 1996

2 (hydrogen)], respectively. The ion thermal effects insible for the blueshifted SBS light (cf. Fig. 3). The spatial
Eqg. (1) have been neglected. Close to the peak of the deseales shown in Fig. 4 are consistent with Gurevich’s [11]
sity profile, where flow velocities are small as comparedsolutions.

to the sound speed, one obtains from Eq. (1), The SBS was modeled using a one-dimensional, fully
nonlinear fluid description [12] which was generalized to
Wia = kiaCs + Kig - W, (2)  account for a second ion species, inhomogeneous plasma

h L = Z2n,T,/n,m,)"? is th d ¢ flow and density, and Landau damping. This wave inter-
\;vnée:lei (Z(ZZ%nas /m/’;/(nz) sz /me ;S?:?hesﬁgv?/ ' action code describes SBS in a plasma with background

velocity. Note that Eq. (2) is also an approximate solutionCONditions @, ue, a = 1,2) shown in Fig. 4. In the

to the dispersion relation (1) in the limit ¢, — u,| <  Simulations, the plasma extends over the lengttL of
¢,. Sinceu ~ 0 at the top of the plasma profile, Eq. (2) 1000 um with the point of the initial target location at

predicts redshifted scattered light which should be weakly = ? pm. This.pomtf is CgaraCt‘érﬁeéj by, = 0and an
dependent on the observation angle. This is confirme§dudl concentration of carbon and hydrogen lans= n,,

by the spectrum observed at T3&hich shows similar or CH targets. Within the length, the electron density

redshift. From this interpretation, we obtain an estimate/a"€s from its maximum value, = 0.03n. atz = 0 um
to n, = 0.01n. at the left boundary. Figure 5 shows ex-

of the electron temperature of 500 eV. ) ;
Since the hydrogen ions will expand faster than the Cargmples O.f backscattered I'g.ht spectra obtained fmr.” nu-
erical simulations. The mixed ion target shows higher

bon ions, it is possible to obtain regions of plasma wherd" -
there is a larger concentration of hydrogen ions than carbo flectivity by a factor up to two, 24% as compargd to 13%
or the carbon target. The main reason for this increase is

ions. The self-similar expansion of a two species plasm ;
was examined analytically by Gurevich [11] who showeda.broader spectrum of SBS I'gh.t from CH plasmas. The
high intensity examples from Fig. 5 represent a moder-

this effect for the first time. In Fig. 4 we display inhomo- | f - 14 T givi X
geneous profiles of plasma parameters used in numericgfe laser flux of7.5 X 10 W/cnr, giving rise to pro-

simulations of SBS. They have been obtained from th&esses which could be understood within linear theory of

: : 14
numerical solutions to the fluid model which describes ex>BS: The lower intensity resulf (< 10'* W/cn) from

pansion of the exploding foil target. The background elec:[he CH tgrhget IS ”.“’S“y rledshllfted and quite narrow, con-

tron densityn.(z) atr = 1 ns approximately corresponds sistent wit jxperzlmentell_ resu tsﬁ . £ litud

to the experimental density profile shown in Fig. 1 for the In our co e, the nonlinear physics of large amplitude

temperaturd’, = 500 eV. Figure 4 shows the symmetric sound waves includes all previously described mechanisms
P .

density profiles and part of the antisymmetric axial veIocityWithi_n the ﬂUid. approximatio'n, i.'e., frequency shift, har-
onic generation, and localization of sound waves [13].

profiles. The laser propagates from the left to right. The" hiah | I h hani b
hydrogen ion concentration increases away from the cent t high intensities, these mechanisms can contribute to
of the target and dominates for> 200 um. The large roadening of scattered light spectra due to rapid time

values of flow velocitie, u; (carbon), and:, (hydrogen) variations of SBS r_eflectivity.. We hgve f_ound, hqwever,
normalized toc, (0) (the value ofc, atz = 0) are respon- that the spectral width associated with this effect is much

smaller than the width observed in experiments or the spec-
tral width produced in simulations due to inhomogeneities

2.0 ‘ ' ' —7 of plasma parameters. Therefore, the essential processes
u/c,(0) s responsible for larger SBS reflectivity in mixed ion species
’ A
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FIG. 4. Typical profiles of electron density,/n.(0), carbon
ion, ny/n., and hydrogen ionn,/n., concentrations, axial 0 ! 2.
plasma flow velocityu/c,(0), sound speed;,/c,(0), and axial 10610 10630 10650 10670

flow velocities of carbonu;/c,(0), and hydrogenu,/c,(0), Wavelength (A)

used in SBS simulations. The curve markédy/Gc shows

the ratio of SBS gains for CH and C targets calculated fromFIG. 5. Spectra of SBS scattered light for the plasma profiles
Eq. (3). shown in Fig. 4 for different targets and laser intensities.
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targets can be qualitatively described using linear statiorfor backscattered light. The asymmetry of this line is due

ary theory of SBS in inhomogeneous plasmas.

to the asymmetry oficy produced by the effect described

In order to connect to analytic theory, we consider aabove. Over 30% difference in gain amounts to more than
convective growth of SBS for the case of laser wavean order of magnitude larger amplification for SBS from

vector ko along thez axis parallel to both density and

CH plasma in front of the target. It is also likely that

flow velocity gradients. According to convective theory, at higher reflectivities pump depletion may localize SBS

the instability grows by® where the convective gai@
is given by [9,14,15]G = 27Ty(2)/|;<£v,-a,zvs,zl, wherey,
is the homogeneous growth rate ang , and v, arez

growth in front of the target where it leads to blueshifted
scattered light. Note that thevariation of the frequency
shift w;, (2) is defined by the flow velocity(z) and is only

components (normal to the target) of ion acoustic wave andieakly affected by the changes ¢ due to varying con-
scattered light group velocities, respectively. The wavecentrations of ions for the parameters of our experiment.

vector mismatch’ in G is given by [14]«! = dko./dz —
dki,./dz — dks./dz, where the subscript denotes the
component of the wave vectors of the pump wakg,
resonant ion acoustic wave;,, and the scattered light
wave, ky, in thez direction. We find that

_ 277')/3
wo| sirt(6/2) cosdD|’

3)

whereD = (n./n.)[—u — cssin(6/2)]/Lycod + 2(1 —
ne/n:)cs[1/L, + 1/sin(6/2)L.]. The gradient scale
lengthsL,, L., andLy are defined ag, = c,(du/dz)~",
L. = cy(dcg/dz)™ ', Ly = n.(dn./dz)"', andu is thez
component of the flow velocitu.

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