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Onset and Saturation of the Spectral Intensity of Stimulated Brillouin Scattering
in Inhomogeneous Laser-Produced Plasmas

R. P. Drake,1 R. G. Watt,2 and Kent Estabrook3
1Plasma Physics Research Institute, Lawrence Livermore National Laboratory, L-418, P.O. Box 808, Livermore, California

2Los Alamos National Laboratory, Los Alamos, New Mexico 87545
3X-Division, Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, California 94551
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Measurements are reported of the spectral intensity of emissions attributed to stimulated Brillouin
scattering (SBS) of 0.53mm laser light from an inhomogeneous CH plasma, at densities of interest
to laser fusion or x-ray lasers. The onset of SBS confirms recent theory, and no dependence
of the saturated spectral reflectivity on density or pump strength is seen. The total reflectivity,
which reaches 15%, increases with the spectral width of the SBS. These quantitative data can
test theory and simulations of saturation and also have implications for the National Ignition
Facility. [S0031-9007(96)00528-5]

PACS numbers: 52.40.Nk, 52.25.Rv, 52.35.Nx, 52.50.Jm
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Stimulated Brillouin scattering (SBS) is a well-know
phenomenon in any medium which sustains both elec
magnetic and acoustic waves. In SBS, a resonant ac
tic wave scatters an electromagnetic pump, producin
scattered-light wave. The scattered-light wave then b
with the pump so as to amplify the original acoustic wa
through the nonlinear response of the medium. SBS
relevant to many applications of lasers, where it may
useful for phase conjugation or pulse modification, or m
be detrimental. Intense SBS can deplete the laser po
can damage laser (or x-ray laser) optics, and in plas
can heat the ions. The growth and saturation of SBS
plasmas [1] has proven difficult to understand in exp
ments to date [2,3]. In addition, this subject remains
issue for the proposed National Ignition Facility, as d
pletion or even redirection of the laser power can prev
ignition. The present work reports, for inhomogeneo
plasmas, the first confirmation of the onset of SBS p
dicted by recent theory [4] and also reports the first d
regarding the scaling of the saturated spectral intensity
opposed to total reflectivity) of SBS from a large, inh
mogeneous, flowing plasma.

The present work addresses two specific issues.
first is the scaling of the SBS onset. While experime
have long attributed the observed scattered light w
small frequency shifts to SBS, these experiments h
faced many obstacles and have for the most part b
inconclusive [2,5,6]. There are many potential sour
of signal at such frequencies, and few experiments h
observed the onset of SBS as an additional confirmat
Recent progress has included observations of the sp
profile of the acoustic waves near threshold [7] and of
scaling of the SBS onset in homogeneous plasmas [
We report here the first confirmation of the theory [4]
an inhomogeneous plasma.

The second issue is the saturation behavior. Exis
nonlinear theory has proven sufficient to explain, prin
pally through ion trapping, the saturation of SBS in e
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periments using infrared (CO2) lasers or microwaves a
pumps [10–12]. In contrast, it has fared poorly [2
(predicting much-larger-than-observed saturation lev
in explaining experiments using pumps of “short” wav
lengths#1.06 mmd, which is the regime relevant to las
fusion and x-ray lasers. Measurements of the integra
reflectivity, often reported previously, are inadequate
test theory or simulation of saturation. They inheren
convolve plasma volume and signal amplitude, sin
regions whose flow velocities differ significantly wi
contribute independently at different frequencies to
total scattering of the pump. Instead, measurements o
scaling of the SBS spectral intensity (e.g., W cm22 nm21)
are necessary. We provide such data here and show
they rule out some candidate saturation mechanisms.

The experiment (Fig. 1) was performed at the Trid
laser facility [13]. We formed a plasma by irradiatin
a 6.7mm thick, CH target with175 6 25 J of 527 nm
laser light in a1.3s60.1d ns full width at half maximum
(FWHM) pulse of approximately constant intensity. T
preforming,fy6, laser beam had a nominally flat-topp
spatial profile and was both defocused and inciden
a 60± angle to form an elliptical,160s620d mm by
320s640d mm spot. A “pump” laser beam, of the sam
527 nm wavelength and the same pulse shape, del

FIG. 1. Schematic of the experiment.
© 1996 The American Physical Society 79
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mechanically by 1.6 ns (to 50 ps accuracy) relative to
onset of the first beam, irradiated the plasma at nor
incidence. The pump passed through a random ph
plate having 6 mm hexagonal elements, and was focu
onto the target using a lens of 120 cm focal leng
stopped tofy8.3. This produced a 110mm diam FWHM
laser spot in the plasma, with the most intense spec
having an 11mm full width (min to min) and 290mm
full length. The pump intensity,Ipump , quoted below is
the average intensity, calculated asIpump  0.5ELytA,
whereEL and t are the laser energy and pulse durati
respectively, andA is the area of a 110mm diam spot.
We used whole-beam attenuators to varyEL.

We made three measurements of the reflectivity
coupling whole-beam samples of the incident and reflec
light (i) into calorimeters, (ii) into a fast photodiode, an
(iii) into a fiber optic, which went to a 0.5 m Czerny
Turner spectrometer and streak camera whose output
recorded using a scientific-charge-coupled device cam
The resolution in time and wavelength was 230 ps (limi
by the spectrometer) and 1 Å, respectively. We samp
the reflected light in anfy6 cone (in two cases we use
an fy8.3 cone, finding no significant differences). Th
three reflectivity measurements typically agreed to wit
20% whenEL was above 10 J so that the calorime
obtained good signals. For each shot, we used the m
accurate measurement of the reflectivity to calibrate
spectral intensity of the streaked image. The streak cam
response was linear for these data. No variations
the streak-camera sensitivity in time or wavelength w
identified, but such variations potentially could reach
factor of 2.

These targets are thicker than the “exploding foi
used in a number of past studies, and reviewed in [
They might be referred to as “ablating foil” targets. Tw
dimensional, hydrodynamic simulations by theLASNEX

computer code [15,16], using a flux limiter of 0.0
provided plasma parameters for the theoretical analy
Figure 2 shows results for a 67 J pump, at 1.8 ns (200
after the pump onset). We found that, throughout m
of the pump pulse, the pump laser is absorbed atn #

0.4nc, where nc is the critical density of the pump
The plasma density falls roughly exponentially to low
densities, with a characteristic scale length of 220mm.
Electron conduction carries some of the laser energy to
ablation surface, which is separated from the absorp
layer by an extendeds,300 mmd zone of plasma a
n , 0.3nc. Negligible laser intensitys, 0.1% Ipumpd
penetrates through this plasma to the critical surface,
thus critical-surface phenomena cannot contribute to
results discussed below.

Both the simulations and observations of stimulated
man scattering (SRS) indicate that the maximum den
remains above0.1nc throughout the pump pulse. We o
served no SRS during the growth and saturation of S
discussed below. Near the end of the pump pulse
cept at the lowest pump energies), the foil is predicted
80
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FIG. 2. Simulation results at 1.8 ns, corresponding to
conditions of Fig. 3(e). Normalizations are indicated on
axis labels, andI14 is theIpump in units of 1014 W/cm2.

burn through. The density of the extended plateau reg
then drops belowncy4 so that SRS can be driven ther
At this late time, well after the saturation of SBS, we o
served SRS fromn . 0.1nc.

The simulations at 1.8 ns find the flow velocity,y, the
velocity gradient, and the velocity scale length,s=yycsd21,
to be 5.5 3 107 cmys, 7.5 3 108 s21, and 500mm, re-
spectively, atn , 0.05nc. Here cs is the sound speed
The profiles of density and velocity are insensitive toIpump .
In contrast,Te at 1.8 ns increases from 400 eV with a 2
pump to,1 keV with a 67 J pump. The half maximum
of Ipump is at0.35nc whenTe is 1 keV and at0.27nc when
Te is 400 eV.

The observed spectra showed systematic and re
ducible variations. Figure 3 shows the measured spe
intensity, Ispect, from six laser shots, withIpump as indi-
cated. We interpret the observed wavelength as the c
bination of an acoustic shift and a Doppler shift (oth
sources of wavelength shift are unimportant here).
example, the data of Fig. 3(f) extend from0.23nc and
Mach 0.7 at13 Å to 0.02nc and Mach 2.8 at215 Å,
based on the simulations and the ion wave phase ve
ity in CH plasmas [17].

Figure 3(a) shows weak signals having redshifts of ab
0–4 Å. We provisionally attribute these signals to Tho
son scattering from the acoustic noise at comparativ
high density. Such scattering should be proportiona
the local laser intensity, which sufficiently explains t
observed time dependence. The inferred noise spec
is far (about 105 times) above thermal levels and cann
be isotropic, as no comparable, blueshifted signal is s
(This result is not unique [2].) We would not expect to s
SBS here, as the gain is small even after integrating o
the distribution of laser intensities, becauseIpump is well
below the homogeneous damping threshold for convec
instability [18], which is about 1013 W/cm2. As Ipump in-
creases above 1013 W/cm2, the data show weak SBS whic
grows nonlinearly in time, as shown in Fig. 3(b) and
shorter wavelengths in Fig. 3(c).
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The

ined in
FIG. 3(color). The scattered spectral intensity,Ispect, is shown for six laser shots. The numbers indicateIpump in units of 1013 W/
cm2. The contours are spaced by factors of 2 inIspect, with the highest contour at 50% of the maximum in each case.
maxima, in W cm21 nm21, are (a)7.1 3 1010, (b) 7.1 3 1011, (c) 1.4 3 1013, (d) 4.8 3 1013, (e) 1.5 3 1014, and (f) 1.8 3 1014.
The minimum in the emission at22 Å is produced by a dead spot on the photocathode and is not real. The bars are expla
the text.
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Convective amplification, limited by the gradient
flow velocity, provides a good explanation for the da
of Figs. 3(c)–3(f). The theory of Ref. [4], which ac
counts for the distribution of intensities in the laser spe
les, predicts that one should seesaturatedsignals at each
frequency for whichIpump is large enough that the conve
tive gain of backscattered power, evaluated for an inten
Ipump , is approximatelye1. We used the simulation resul
for each case shown in Fig. 3 to evaluate the convec
gain by established methods [18–20]. The shaded ba
Fig. 3 show the range of wavelengths for which the g
exceedse1. The data confirm the theory remarkably w
both in scaling withIpump and in magnitude. The prese
results are thus the first confirmation, in an inhomogene
plasma, of the theory of Ref. [4]. Traditional convecti
theory, in contrast, would require thatIpump be much larger
to produce saturation.

Although the interpretation just given explains the o
servations fairly well, it is worth asking whether this i
terpretation is unique. We do not believe the obser
signals could be due to an absolute instability, because
damping threshold for absolute instability is above 1016 W/
cm2. In addition, there are good reasons, discussed ab
to believe that neither critical-surface phenomena nor S
interfere with the observed SBS. Furthermore, much
the blueshifted spectrum of Fig. 3 originates from regio
where Landau damping quenches SRS.

While one cannot easily rule out any impact of tw
plasmon decay (TPD), any effect it might have sho
be localized in wavelength since TPD occurs only n
ncy4. As thency4 surface is near the sonic point in th
plasma, any coupling to SBS of ion waves produced
consequence of TPD [21] should alter the emission a
or the time dependence near the unshifted frequency.
such local effect is observed in the data. TPD is
predicted to exceed its damping threshold here be
the gain for SBS and thermal filamentation is significa
-
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perhaps one of these mechanisms (SBS is well know
quench SRS [22]) quenches TPD.

Thermal filamentation of the laser speckles could
playing some role here, although it is not requir
to explain the SBS onset. Once these speckles
ceed the (nonlocal) threshold for thermal filamentat
[23,24], the spatial gain for filamentation is large enou
s.100 cm21d so that they should focus quite strongl
The hatched bars in Fig. 3(b) show the range of wa
lengths over which the threshold for thermal filamentat
(Table 1, Ref. [23]) is exceeded at a perpendicular w
number of 2py5.5 mm. The comparison suggests th
thermal filamentation may explain some of the long-te
saturation behavior, perhaps by rendering the beam an
plasma unable to sustain SBS, but we leave to later w
the detailed discussion of this and other long-term beh
ior. In contrast, the gain for ponderomotive filamentati
remains small throughout.

The observed scattering also shows systematic sa
tion behavior. ForIpump above about 1014 W/cm2, the
signals increase rapidly to a maximum instantaneous e
sion, Imaxsld at each particular wavelengthl. We focus
here on the behavior ofImaxsld, the maximum saturated
level. Imaxsld is effectively averaged over one time
resolution element of 230 ps. While the actual maxim
emission might be composed of numerous, brief burst
is not composed of a single, intense maximum because
rise time and the FWHM of the intense emission are t
ically in excess of 400 ps. The most important prope
of Imaxsld is that the innermost contour, which enclos
signals within a factor of two of the overall maximum
spans a large inferred range of density [more than a fa
of 5 in Fig. 3(f)]. Moreover, the slight increase inImaxsld
with increasing blueshift (on the assumption that the ins
mental response is sufficiently uniform) is consistent w
the gradual decrease in the velocity gradient. The s
rated amplitude of the acoustic fluctuations is thus roug
81



VOLUME 77, NUMBER 1 P H Y S I C A L R E V I E W L E T T E R S 1 JULY 1996

ity
fo

ate

h
pi-
tu

ity

se
ng
in
m

ion
sm

n
i

or
ve
fo
v
th
ge
ek
na
u-
he
ad
ta

ou
a

sm
se
is
ry
t
o
m
n

igh
an

ce
lete
n

n
in
of
d

as

S.
. F.
e
of

ed
rgy
er
os

s

ett.

tt.

nd

n-

s.

r,
FIG. 4. The temporal maximum in the spectral reflectiv
of the backscattered light is shown versus pump intensity
selected wavelengths, as indicated. The total, time-integr
reflectivity, R, is also shown.

independent of the density at which SBS is resonant. T
may prove difficult to explain as saturation models ty
cally find the normalized, rather than the absolute, fluc
ation amplitude to depend weakly on density.

Figure 4 shows that the saturated spectral reflectiv
ImaxsldyIpump , also varies little withIpump. Once sig-
nal appears at any given wavelength,ImaxsldyIpump im-
mediately approaches 15% per nm. It then increa
little asIpump increases several-fold. The small scatteri
from any given resonant volume of plasma weighs aga
saturation mechanisms which require large ion-wave a
plitudes, including ion trapping and harmonic generat
[12]. The observed scaling weighs against mechani
that predict a dependence of reflectivity on pump inte
sity, such as ion tail formation. The abrupt saturation
reminiscent of the behavior of SRS [25]. However, f
SRS, there is an instability of the driven Langmuir wa
which provides a natural and very definite threshold
saturation. The analogous instability of the SBS ion wa
[26] seems unlikely to be important here, however, as
ion-wave damping and wave number are both too lar
These data thus pose a challenge to theories that se
explain SBS saturation. We note that it requires exami
tion of the spectral intensity to correctly identify the sat
ration behavior. The total reflectivity increases with t
width of the saturated spectrum and thus increases ste
with Ipump as a larger volume of plasma is driven uns
ble, reaching time-integrated values of,15% (implying
instantaneous values above 50%) in some cases.

In conclusion, we have produced an inhomogene
plasma in which the onset and saturation of SBS m
be reproducibly observed, using a laser pump and pla
density in the regime of interest to x-ray lasers and la
fusion. The onset of SBS above the observed no
level is reasonably consistent with current linear theo
The spectral reflectivity of the scattering saturates a
low level that is nearly independent of pump strength
density but is nonetheless large enough to be of so
concern for applications. In the context of laser fusio
recent experiments [27] have driven SBS to very h
theoretical gain over a very narrow frequency range,
82
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have observed small total reflectivities. The eviden
here suggests that such experiments provide incomp
evidence regarding the level of SBS which will be drive
in the National Ignition Facility. In fusion targets o
this facility, the laser beams will penetrate plasma
which there is some gain for SBS across a range
flow velocities. The issue of the spectral width an
corresponding total reflectivity of SBS in such plasm
remains to be addressed.
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