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Stimulated Brillouin scattering has been studied in plasma conditions approaching those expected
within laser-driven cavities (hohlraums) capable of driving a fusion capsule to ignition with x rays.
These conditions are achieved using a gas-filled hohlraum design that was fielded at the Nova laser.
As the intensity of an interaction beam (351 nm in wavelength) is increased above an onset valueI, the measured Brillouin backscatter into the lens rises sharply and saturates. I, decreases as the
optic f number increases. The saturation level depends on the gas ion species.

PACS number(s): 52.35.Nx, 52.35.Mw, 52.40.Nk, 52.50.Jm

I. INTRODUCTION

Control of laser-plasma instability is crucial for suc-
cess in indirect-drive laser fusion [1], where the x rays
within a case (called a hohlraum) implode a fusion cap-
sule. Ignition hohlraums, such as those planned for the
National Ignition Facility (NIF) [2], will be filled with
millimeter size underdense plasmas with low-g (low ion-
ization state) ions [3]. This plasma (provided by a gas
fill or a liner) resists encroachment by the high-Z wall
into the hohlraum volume while allowing propagation of
the laser to the high-Z plasma, where conversion to x
rays occurs. In particular, NIP beams will traverse a 2—
3 mm path where the electron and ion temperatures are
T = 3—5 keV, T, /T, 0.5, and the electron density is
n, /n, O. l during peak laser power [4]. (n, = 9 x 102i

cm is the critical density above which A = 351 nm
laser light cannot propagate. ) In these plasmas, stimu-
lated Brillouin scattering (SBS) [5] could be significant,
particularly backscatter, which is expected to have the
highest gain.

SBS levels of 351-nm lasers in supersonic, underdense
CH plasmas are low (& 5%) [6,7], contrary to the case
of 1053-nm lasers [8]. But these encouraging single-beam
experiments lacked quantitative theoretical understand-
ing. They did not have the laser energy, beam smooth-
ing, or the geometry necessary to achieve simultaneously
conditions in which the SBS threat in ignition hohlraums
could be assessed confidently.

Nova experiments (contemporary with those reported
herein) with gas-filled bags of polyimide (C22HipOsN2)
skin with sub-pm thickness come closer to achieving the
desired conditions [4,9]. However, in order to extrapo-
late to ignition conditions, it is also important to study
Brillouin backscatter in the relatively complex hohlraum
plasmas. The wide range of densities, temperatures, Z,

*Present address: Lawrence Livermore National Lab, Liver-
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and gradient lengths in such a system potentially allows
the coexistence of various instabilities that could either
seed [7] or compete [10,11] with each other. Previous
measurements of SBS of 527-nm beams in hohlraums
[12] lacked the scale lengths and the low Zplasma fi-ll

characteristic of present ignition-hohlraum designs. SBS
studies on Nova (complementary and contemporary to
ours) with an alternative long-scale-length hohlraum de-
sign [13] have compared SBS levels to linear-theory pre-
dictions within a limited range of relatively high intensi-
ties using a single hydrocarbon gas fill.

This paper presents the first study of the dependence
of SBS of 351-nm light on laser intensity, optic f number
and ion mixtures in well-characterized hohlraums con-
taining plasmas approaching NIF plasma scale lengths
and conditions. These plasmas are produced by the Nova
laser [14] despite its much lower energy relative to NIF.
We compare to predictions from a theoretical model,
which accounts for the laser speckle pattern [15].

II. HOHLRAUM TARGETS
The Nova gas-filled gold hohlraum used in our study,

pictured in Fig. 1 (left), is cylindrically symmetric with
a length of 1.6 mm and a diameter of 3.2 mm. The
round sections have a 0.7 mm radius of curvature. The
two laser-entrance holes (LEH's) have a diameter of 1.6
mm. All beams cross the symmetry axis 0.7 mm from
the hohlraum midplane, i.e., 0.1 mm inside their I EH.

Three gas fills at 1 atm. pressure are used: C5Hi2,
CsDi2, and CO2, resulting in (n, /n ) = 0.12, 0.12,
and 0.06, respectively, when fully ionized. Gas fills at
5 atm. of He and He-H (same number of atoms each)
have also been used, resulting in n, /n = 0.03. The
hohlraum pressure is monitored until a few seconds be-
fore the shot. With 1 atm. pressure, silicon-nitride I EH
windows (0.25-ym thickness, 1.8-mm length and width,
and 6-mm curvature radius when pressurized) keep the
gas in the hohlraum. With 5 atm. , polyimide windows
(0.5-pm thickness, and 1-rnm curvature radius) are used.
Window material strengths set the pressure limits.
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FIG. 1. Left: The gas-filled hohlraum is illustrated. The
footprints of the ten Nova beams incident on the inner wall
are indicated (those on the far wall have a dashed outline).
Right: Calculated profiles within the hohlraum along a beam
path (startiug at the LEH) are plotted for time 1 us.
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Figure 1 (right) shows two-dimensional radiation hy-
drodynamic modeling (using the LASNEX computer code
[16]) of T„T,, n„laser intensity and Quid velocity v„
along the path of beam propagation (ko) in a hohlraum
filled with regular or deuterated neopentane (CsHr2 or
CsDr2). LASNEX includes no scatter from parametric in-
stabilities. In these experiments, nine f/4 3beams . turn
on at time 0, reaching a power level of 2 TW each in less
than 0.1 ns. Power linearly increases to 3 TW at time
1..4 ns, when the beams are turned oK These drive beams
diverge for a distance of 3.4 mm from best focus before
hitting the hohlraum wall. According to the simulation,
the plasma conditions shown in Fig. 1 are approximately
maintained for the last 0.5 ns of the laser drive. With
CO2 or He-H fills, LASNEX yields a similar T evolution,
albeit with the expected j.ower n, . For He and. He-H only,
LASNEX also shows a strong converging shock emanating
from the domelike high-pressure I EH windows.

In inhomogeneous plasmas, the possible SBS gain
length is usually controlled by the plasma-Bow scale
length L„along the interaction beam [17],I„=c,/(I7v„.
kII), where the ian acoustic speed is c, (cm/s) = 3.1 x
10 gZ[T, (keV)]/A and the atomic weight is A. Fram
Fig. 1 (right) we infer L„1—3 mm for the Nova
hohlraum, comparable to I 6 mm for NIF conditions
(Fig. 2 in [4]). For He and He-H, LASNEX shows that
the window-induced. shock reduces I and increases T,
With lower I. , higher T, , and lower n, we expect greatly
reduced SBS gain in He and He-H hohlraums, which is
borne out by our results.

The evolution of the radiation temperature T„hasbeen
measured with Dante, an array of filtered x ray diodes
[18]. Peak T, in four neopentane hohlraums measured
202 + 5 eV. LASNEX quantitatively Inodels the T„evolu-
tion well. Thus we infer from LASNEX modeling that the
drive beams traverse the fill plasma at nearly full power
and get absorbed mostly in the gold wall, rather than
scattering and leaving the hohlraum.

T, has been diagnosed radially at the hohlraum mid-
plane by Cr-Ti isoelectronic x ray spectroscopy [19] with

FIG. 2. Spectra of backscatter into the interaction-beam
cone (f/4 3) are . shown for three typical shots. The gas fills,
backscattered energies (excluding scatter from other beams),
and corresponding reflectivities are indicated. The interac-
tion beam and reHected SBS powers for shots 25051818 and
25051820 are plotted in the bottom graph.

time-resolving Bragg-diKraction spectrometers [20]. We
place within the hohlraum a 6-pm-diam. graphite Aber
previously co-sputtered with equal parts of Cr and Ti
to a thickness of O. l pm [19,20]. LASNEX simulations of
hohlraums with 6bers show very rapid T, equilibration of
Cr and Ti with the surrounding plasma. The measured
T~ = 3.0 + 0.5 keV throughout the volume just inside the
wall is consistent with LASNEX.

There is evidence that the n profiles are not as uni-
form as LASNEX predicts. The neopentane simulation
shows at time 1 ns (see Fig. 1) where the beams cross the
midplane that n 0.10 —0.15n„rising to 0.25n, after
1.2 ns due to shocks arriving from the window plasma.
Density diagnostics include narrowly collimated detec-
tion at 104' from ko of stimulated Raman scatter (SRS)
and (3/2)w emission from twa-plasmon decay. These
measurements indicate the presence of n, /4 at the mid-
plane (+O.l mm) within the interaction beam as early
as 0.7—1 ns [21]. Strong SRS emission corresponding to
n, /n, = 0.03—0.15 is also observed [21],perhaps showing
density depletion from self-focusing.

III. INTERACTION BEAM AND DIACNOSTIC

The 351-nm interaction beam (No. 7) has a randorn-

phase plate to spatially smooth the beam [22]. The re-

sulting beam has hot spots of average width = fA and
length = 7f A, where most SBS gain is expected to oc-
cur [15]. The pulse shape is a 1-ns square pulse turned
on at time 0.4 ns, which allows interaction with a pre-
heated plasma. Interaction-beam intensities quoted in
this paper are those at the peak of the average-intensity
envelope, not those of individual speckles.

The backscatter within the cone of the interaction
beam is coHimated by the focusing lens, and a known
fraction passes through the last laser-turning mirror. The
full-aperture backscatter station (FABS) diagnostic is lo-

cated behind this mirror. The backscattered beam is
attenuated, altered to select the SBS frequency band,
and. focused onto both time-integrating calorimeters and.
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FIG. 3. SBS reflectivity (into the interaction-beam cone)
from gas-filled hohlraums is plotted vs beam intensity.

a spectrometer coupled to a streak camera. The system is
calibrated by firing the beam into a calibrated spherical
fused-silica optic and detecting the known reHection.

IV. BACKSCATTER RESULTS

The SBS into FABS, shown in Fig. 2, is redshifted, as
expected &om the predicted subsonic plasmas (Fig. 1).
There is modest heater-beam scatter into the interaction-
beam cone, particularly before the interaction beam
turns on (see Fig. 2). This spurious scatter is quantified
with "null" shots, where the lens is focused but the beam
is not fired. For an f/4 3cone, th. is scatter is 2.9 + 0.6 J
for C5Hg2, CSDg2 and CO2 and 0.9+0.2 for He and He-H.
It is about 4 times smaller for f/8 The 0.6-3. uncertainty
drives the noise Hoor shown in Fig. 3 right.

FABS SBS reflectivity data (ratio of reflected to inci-
dent energy of the interaction beam) are shown in Fig. 3,
where the heater-beam contribution has been subtracted.
The figure shows a dramatic effect of the ion species on
the SBS reHectivity. The reHectivity appears to corre-
late inversely with Landau damping rates of the SBS ion
wave. For Nova conditions (T, /T, 0.2), the estimated
Landau-damping rates normalized to the ion acoustic fre-
quency (v, /oe;) for He-H, C5Hi2, CsDi2, He, and CO2 are
0.35, 0.25, 0.15, 0.01, and 0.01 [23,24). It is noteworthy
that NIF designs now rely on a He-H mixture for SBS
control instead of He alone. This is validated by compar-
ing our reQectivity data from He with those from He-H.
Remember that He and He-H reHectivities should not be
compared to the others. Our He and He-H hohlraums
should have lower SBS gain (lower n, and L, higher
T;), as discussed above. In the (1—3.5) x10 W/cm2
range, direct backscatter is 0.26 + 0.06% for He while
only 0.04 + 0.02 % for He-H. The comparisons between
C5Hq2 and C5D j 2, and between He and He-H, rule out n
or T variability as the culprit for saturation variability.

A strong dependence of SBS reHectivity on ion damp-
ing rate is surprising since even at v, /cu, = 1, the cal-
culated linear SBS gain with the average (let alone hot-
spot) laser intensity in these plasmas is enough to reflect
most of the light [e.g. , Eq. 1 in Ref. [4]]. So even with

enhanced damping from anomalous ion heating due to
trapping [25], high reflectivities should still be observed.

The dips in direct backscatter with neopentane (Fig. 3)
at (2—3) x10 W/cm are due to the centroid of the SBS
backscatter shifting away from the beam-cone axis by a
few degrees. This novel effect has been diagnosed with
the near backscatter imager (NBI) diagnostic. It moni-
tors the SBS Huence from 162 from ko to just outside
the interaction-beam cone at = 173 . The NBI is a cali-
brated Al diffuser ring, placed against the inside wall of
the target chamber, which is imaged by a filtered, ab-
solutely calibrated camera. Figure. 3, left panel, shows
that when the net NBI contribution (after null-shot sub-
traction) is added, the reflectivity from C5Hi2 does not
really dip, but remains around a saturated value. SBS at
60 —150 from ko is detected with the oblique scatter ar-
ray (OSA) diagnostic [26], an array of filtered absolutely
calibrated photodiodes and co-located fiber optics cou-
pled to a streak camera for time resolution. SBS Huences
at these angles (hundreds of 3/sr) appear to be mostly
due to the heater beams. Further details of oblique scat-
ter and the observed backscatter angular shift are the
subject of future papers.

Since the beam divergence within the target is not neg-
ligible for f/4 3, ther. e is uncertainty in calculating the
relevant vacuum laser intensity for Fig. 3. To resolve
this, we note that, given T = 3 keV, the scattered-light
redshift should be 0.9 nm (neglecting any plasma-flow
Doppler shift). Combining observed shifts with plasma-
flow modeling (see Fig. 1, right), the SBS location within
the hohlraum and the correct intensity can be estimated.
The f/4 3intera. ction beam was focused either near the
midplane or near the LEH (at the crossing of the axis).
When focused at the midplane, the relative intensity at
the wall and at the LEH is about 0.65 of the midplane
value. When focused at the LEH, intensities (relative
to peak) are 0.65 at the midplane and 0.3 at the wall.
For the f/8 beam, always focused at the midplane, the
LEH and wall intensities are 0.8 of the midplane value.
In Fig. 3, LEH intensities were used for CSHg2 and CO2
for consistency with the observed smallish redshifts late
in time (see Fig. 2). For C5Di2, large redshifts indicate
using the midplane intensity in Fig. 3.

The shapes of the reflectivity-intensity curves (Fig. 3
including near backscatter for C5Hi2) are like the theo-
retical prediction in Ref. [15], Fig. 1. SBS turns on at
an onset critical intensity I and saturates slightly above
I . With increased damping, the calculated I increases
because stronger drive is necessary to get significant SBS
gain [15]. This is validated by the higher I observed
as the fill is changed from CO2 to CSDq2 and to C5Hq2.
The Ref. [15] model is strictly valid only in the strong-
damping limit. Extension to CO2 is thus uncertain.

V. DISCUSSION

As predicted [15], the observed C5Hi2 value of I, =
3 x 10 W/cm for f/8 in Fig. 3 is lower than the I
1.5 x 10 W/cm for f/4. 3. The longer f/8 hot spots
require less intensity to achieve the same SBS gain. But
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FIG. 4. Calculated critical intensities for f/4 and f/8,
vrith and without self-focusing included, are plotted vs L„
for v, /tu, = 0.25, n, /n, = 0.1, and T, = 3 keV, i.e. , CsHiq.

both values are lower than those calculated using Eq. (16)
in Ref. [15]. A better calculation includes the effects of
nascent self-focusing (SF), which modestly increases hot-
spot intensity, which in turn increases SBS, finite L, and
multiple ranks of hot spots [27]. Both I estimates are
compared in Fig. 4. For a nominal L —1 mm, the
calculated I, including SF for both f numbers (solid and
dashed lines) are reasonably close to the observed I, .

Detailed comparison of our data to the model in
Ref. [15]beyond the existence and value of I, is not valid
for two reasons. First, the calculation assumes thermal
levels for the seed &om which SBS grows. Seed levels
in Nova plasmas appear to be much larger. Second, the
only saturation mechanism in the model is pump deple-
tion, clearly unrealistic given our data. These two effects
do not affect the predicted I values, but they change the
noise Qoor and the saturated value of the reflectivity.

VI. SUMMARY

In conclusion, Nova hohlraums with conditions ap-
proaching those expected within ignition hohlraums have
been designed and characterized. Conditions have been
varied to better understand SBS. SBS reflectivity from
the most ignitionlike plasmas (CsHi2) is small. As the
laser intensity is increased, the SBS reflectivity increases
sharply as an onset intensity I is reached, and satu-
rates slightly above I . This feature is in agreement with
theory [15]. The dependencies of I, on f/number and
on acoustic damping also agree with theory (Fig. 4 and
Ref. [15]). The saturation level, which strongly decreases
with increased estimated damping rate, is not under-
stood. Finally, we observe a deflection of the backscatter
out of the beam cone at a certain intensity. A possi-
ble explanation, related to cross-beam plasma flow and
filamentation, is the subject of a future manuscript.
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