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Stimulated Brillouin scattering (SBS) has been measured from hohlraums with plasma conditions

similar to those predicted for high gain targets.

The plasmas differ from the more familiar exploding

foil or solid targets in being hot (3 keV), high electron density (102! cm™), stationary, confined within
a gold cylinder, and uniform over greater than 2 mm. Peak SBS backscatter is <3% in these hohlraums
for an interaction beam with intensities of (1—4) X 10'> W/cm?, laser wavelength equal to 0.351 um,
f/4 or f/8 focusing optics, and a variety of beam smoothing implementations.

PACS numbers: 52.40.Nk, 52.50.Jm

The goal of inertial confinement fusion (ICF) is to
produce energy by heating and compressing capsules
containing fusion fuel. The proposed next-generation
ICF facility, the National Ignition Facility (NIF), is de-
signed to produce moderate energy gain from both x-ray
heated (“indirect drive”) and laser-heated (“direct drive”)
fuel capsules. Typical indirect drive targets consist of
spherical fuel capsules enclosed in cylindrical gold
hohlraums. Laser beams, arranged in cylindrical rings,
heat the inside of the gold wall to produce x rays which
in turn heat and implode the capsule to produce fusion
conditions in the fuel. Detailed calculations show that
adequate implosion symmetry is maintained by filling
the hohlraum interior with low-density, low-Z gases
[1]. The plasma produced from the heated gas provides
sufficient pressure to keep the radiating gold surface from
expanding excessively.

In the NIF targets, the laser beams will propagate
through several millimeters of plasma with electron den-
sity of about 10! cm™ (n,/n. ~ 0.1 for 0.351 um light)
before depositing energy in the hohlraum wall. The frac-
tion of the laser energy that is collisionally absorbed in
the low-Z gas fill is modest (~10% at the peak of the
laser pulse). However, estimates based on simple linear
gain theory raise concern that stimulated Brillouin scat-
tering (SBS) reflectivities could exceed acceptable levels
of the large scale length plasmas in these targets. SBS
reflectivity >10% may unacceptably degrade target per-
formance by reducing the energy available for radiation
heating and/or disrupting symmetry. In the NIF plasmas,
density and velocity gradients are weak, whereas damping
of the SBS-produced ion waves by light ions in the gas fill
is efficient [2] and limits the SBS gain coefficient. Under
these conditions, the small signal intensity gain coefficient
for SBS is
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where I is the laser intensity in W/cm?2, A is the laser
wavelength in microns, n./n. is the electron density nor-
malized to critical density, 7, is the electron tempera-
ture in keV, w, and v; are the ion-acoustic-wave fre-
quency and amplitude damping rate, respectively, and L
is the plasma length. Predicted gain coefficients for NIF
plasmas are >20, whereas Gsgs < 15 is required to en-
sure <10% reflectivity if linear theory applies. (For such
large gains theoretical estimates [3] indicate that nonlin-
ear mechanisms will limit the scattering to lower levels.)
Plasma conditions in past studies of parametric instabili-
ties in laser-produced plasmas [4] differ significantly from
expected NIF conditions. For those exploding foil or solid
targets, where scale lengths =1 mm and electron tempera-
tures ~ 0.5-2 keV were typical, SBS is limited by detun-
ing of the reflected light because of gradients in the flow
velocity. The lack of quantitative theoretical understand-
ing of those experiments discourages extrapolation to NIF
conditions.

Random phase plates (RPP) [5] and temporal smooth-
ing methods such as smoothing by spectral dispersion
(SSD) [6] are commonly used in laser-plasma interaction
experiments to increase the time-averaged beam unifor-
mity at the target plane. Instability growth in an RPP
intensity distribution [7] can vary with the size of the
speckles. The role of speckles in determining instability
levels is important for NIF because the underdense plasma
size is large compared to the speckle size of the proposed
f/8 beam focusing. In simulations [8,9], f/8 beams
filament more than f /4 beams. 3D simulations [10] show
that SBS reflectivity, unlike filamentation, is not directly
limited by the speckle length. In these simulations, SBS
grows over the entire resonant region, which is several
speckles long, with a total gain greater than that calculated
for the average intensity. However, even if the bandwidth
is less than the SBS growth rate, temporal smoothing re-
duces SBS by partially destroying the cooperative scatter-
ing among hot spots (phase conjugation). Modification of
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the RPP intensity distribution by filamentation could also
affect SBS. For the plasma parameters of these experi-
ments and I ~ 2 X 10'> W/cm?, simulations indicate that
f/4 speckles are stable to filamentation but f/8 speckles
are unstable [9]. Temporal smoothing makes filamenta-
tion more difficult because the filament must form before
the hot spot moves to a different location. One goal of
these experiments is to test the f number and temporal
smoothing scaling of SBS.

We have used the Nova laser to produce plasmas with
conditions similar to those predicted for NIF hohlraum
targets and have measured SBS from these plasmas.
In these experiments, the targets are cylindrical gold
hohlraums with length and diameter of 2.5 mm [11].
The hohlraums do not contain capsules, but are filled
with neopentane (CsH ;) gas at a pressure of 1 atm
(102" electrons/cm?® when fully ionized). As shown
in Fig. 1, the gas is contained by two polyimide
(CH (N,05) windows ~6500 A thick. Nine beams of
Nova in two rings heat the gas with ~30 kJ of 0.351 um
light in a 1.4 ns shaped pulse. The tenth beam is a
probe, or interaction, beam whose intensity, pulse shape,
f number, and “smoothness” are varied. The SBS
backscatter intensity and spectrum from the interaction
beam are measured with time resolution of 100 ps and
spectral resolution of 1 A. The interaction beam has a
trapezoidal pulse with an ~600 ps flattop and an ~300 ps
rise and fall. The interaction beam is typically delayed
~600 ps relative to the start of the heating beams, and
is smoothed spatially with a RPP providing intensities in
the range of (1—4) X 10" W/cm? at the peak of the Airy
pattern. Temporal smoothing is done either by SSD with
frequency modulation bandwidth [6] or by 4 colors [12].
The 4-color scheme propagates four frequencies through
four quadrants of the focusing lens and overlaps them
at the focal plane. The line separation is 61 = 4.4 A
at 1.053 um for a total linewidth of 13.2 A for these
experiments (4-color bandwidth with A =10 A is
proposed for the NIF).

To produce a uniformly hot plasma inside the Nova
hohlraum, a substantial fraction of Nova’s energy (~12 kJ)
must be coupled to the gas. Because the absorption length
exceeds the target size for the temperatures of interest
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FIG. 1. Schematic diagram of the target geometry. Shaded
regions show the focusing and pointing of the heater beams
(light shading) and interaction beam (dark shading).
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(>5 mm for 0.351 pm light at 7, = 3 keV), the energy
absorbed in the gas is determined by the laser path length.
The heater beam geometry shown in Fig. 1 was chosen to
produce the desired plasma temperature by maximizing the
absorption in the gas. We also use a ramped pulse for the
heater beams to avoid scattering from the solid window
material or the initially cold fill gas. The detailed plasma
conditions for both the Nova gas-filled hohlraums and
NIF targets are obtained from 2-dimensional LASNEX [13]
simulations. The simulations are cylindrically symmetric
about the hohlraum axis, and include the gold hohlraum
wall, the gas fill (including dopants in the Nova targets),
the membrane over the laser entrance hole which con-
fines the gas, and (in the case of the NIF target) the cap-
sule. Standard LASNEX models are used for Lagrangian
hydrodynamics, laser absorption, radiation transport, flux
limited electron transport (using f = 0.05), and nonlinear
thermal equilibrium atomic physics. The simulations pre-
dict that a uniform plasma ~2 mm long with electron den-
sity ~10%'/cm?3, electron temperature ~3 keV, and flow
velocity <107 cm/sec is maintained for >0.5 ns during the
peak of the interaction pulse. A more extensive descrip-
tion of the plasma conditions and LASNEX simulations will
be published elsewhere.

To illustrate the similarity between plasma .conditions
in NIF target designs and Nova gas-filled hohlraums, we
summarize in Table I the SBS gain and the calculated
values of the plasma parameters in the underdense plasma
that determine the gain.

The Nova plasma parameters are within ~50% of the
NIF values except for the ion/electron temperature ratio,
which is lower in the Nova targets because of the shorter
time available for electron-ion equilibration to occur. This
difference leads to larger ion acoustic wave damping v;
in NIF than in Nova targets [2]. However, the differ-
ence in path length compensates to give similar gain co-
efficients for NIF and Nova targets in the same intensity
(I =2 X 10" W/cm?). Hence these Nova targets ac-
cess conditions that are very similar to NIF designs both
in SBS linear gain and in the individual plasma param-
eters that determine the scattering characteristics. Cal-
culated gain coefficients for the highest intensity Nova
experiments (I = 5 X 10> W/cm?) exceed the NIF value
by more than a factor of 2.

TABLE 1. Comparison of selected plasma parameters for
Nova gas-filled hohlraums and NIF targets.

Nova NIF
Interaction length [ dI ~2 mm ~3 mm
Line density [(n./n.)dl ~0.2 mm ~0.3 mm
Electron temperature 3 keV 5 keV
Ion/electron temperature ratio 0.1-0.2 0.4
Gain coefficient Gsgs
(2 X 10" W/cm?) 22 21
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Extensive characterization has been carried out to assure
that predicted plasma conditions have been achieved in the
underdense plasma. The electron temperature is inferred
from both single-element and isoelectric line ratios [14]
from Ti/Cr or K/CI spectra from foils placed in the path
of the interaction beam. Detailed analysis of the ioselec-
tronic spectra confirms that 7, > 3 keV during the interac-
tion pulse [15]. Time-resolved measurements without the
interaction beam verify that electron conduction provides
good temperature uniformity. Several diagnostics charac-
terize the propagation of the heating beams through the
(initially) cold gas. The temporal history of gold M-band
emission from streaked spectra recorded through the laser
entrance hole provides a measure of the beam propagation
speed in the gas. Gated x-ray images, dominated by emis-
sion from 1% Ar dopant in the gas, provide evidence that
the beams propagate without significant breakup or refrac-
tion. These experimental observations, which are in good
agreement with LASNEX predictions, support important as-
pects of our modeling of NIF targets.

Backscattered light near the laser frequency is mea-
sured with a grating spectrometer—streak-camera com-
bination as well as with time-integrating calorimeters.
Spectra recorded from each of the four quadrants of the
lens show the same temporal evolution and spectral shift
relative to the incident frequency in that quadrant. A typi-
cal backscattered spectrum is shown in Fig. 2. Reflection
from the expanding window at the laser entrance hole pro-
duces the unshifted feature in time-resolved spectra early
in the interaction pulse. The reflectivity peaks soon after
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FIG. 2. Streaked spectrum of backscattered light from 1-color

f/8 interaction beam. Temporal lineouts of the frequency-
integrated reflectivity (bold line) and the interaction beam
intensity (light line) are plotted below. The peak reflectivity
is 0.015 and the peak intensity is I = 1.7 X 10" W/cm? for
this case.

the interaction beam reaches peak intensity and decreases
before the intensity drops. We calculate that this time de-
pendence results from a decrease in the gain caused by an
increase in the ion acoustic wave damping rate as the ion-
electron temperature ratio increases in time. At the time
of peak scattering, the wavelength of the peak emission is
redshifted ~3—7 A. In the fluid limit, the frequency shift
of SBS scattered light is Aw = 2ko(V — Cy), where kg is
the laser wave number, C; is the ion sound speed, and V)
is the flow velocity parallel to the scattering vector; hence
the observed redshift is evidence that the SBS spectrum
is dominated by scattering from regions of plasma where
V| < Cy as predicted by linear gain analysis. By contrast,
SBS spectra from lower temperature, expanding targets [4]
are routinely blueshifted.

Figure 3 shows the peak SBS backscatter into the lens as
a function of intensity for f/4 and f/8 interaction beams.
Peak SBS reflectivities with f/8 interaction beams, which
closely match the NIF beam configuration, are <3% for
neopentane-filled targets. Time-integrated reflectivities
are less than 1%. The scattering levels for all intensi-
ties are well below the >30% reflectivities predicted by
linear theory. Reflectivity levels are not changed when
4-color bandwidth is added. This insensitivity to band-
width agrees with simulations [10] on if ad hoc nonlin-
ear damping rates are imposed to match the measured
SBS reflectivity. At higher interaction intensities (>2 X
10" W/cm?), the simulations indicate that filaments form
and scatter significant light outside the lens cone. Es-
timates of the angular distribution of the backscattered
light based on energy collected by photodiodes near the
backscatter direction indicate that the total backscatter is
within a factor of 2 of the backscatter into the lens for these
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FIG. 3. SBS reflectivity into the focusing lens for f/4

(circles) and f/8 (squares) interaction beams. Filled squares
show f/8 shots for which 4-color bandwidth with 4.4 A
line separation was added. Reflectivities from f/4 shots with
3.5 A SSD bandwidth (filled circles) were below the detection
threshold.
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experiments. More detailed measurements of the angular
distribution of the reflected light are now underway.

Peak scattering levels from f/4 interaction beams are
comparable to f/8 (1% —2%). With an SSD bandwidth of
3.5 A, scattering from the interaction beam is below the
detection threshold of ~0.1%. The apparent efficiency of
SSD in suppressing SBS may be related to the details of
the speckle motion: with SSD, the hot spots move in an
effectively random way, whereas with 4-color smoothing
the hot spot pattern exactly recurs in a time 27/dw,
where dw is the line separation.

The observation of similar reflectivities from single-
color f/4 and f/8 interaction beams at comparable nomi-
nal intensities is somewhat at odds with gain scaling. For
these large plasmas, beam divergence produces a signifi-
cant drop in intensity (a factor of ~2 for f/8 and ~4 for
f/4) across the scattering region. This difference leads to
a larger calculated gain for f/8 (Gsgs = 22) than for f/4
(Gsps = 15) for the same intensity at best focus. Several
possible explanations for these findings are under inves-
tigation theoretically and experimentally. For example,
for the large gains calculated for these targets, nonlinear
saturation mechanisms may limit the amplitude of the ion
waves driven by SBS [3]. The measured energy in hot
electrons for these experiments is <1% of the incident laser
energy in all cases indicating that stimulated Raman scat-
tering is low, in agreement with linear gain estimates.

We have demonstrated low SBS reflectivity in NIF-
relevant gas-filled hohlraum experiments on Nova. These
targets closely match the calculated plasma conditions and
SBS gain coefficients for NIF targets. The interaction
beam mimics the NIF laser beam intensity, focusing, and
beam smoothing. The maximum time-dependent SBS
reflectivity is less than 3% for NIF-relevant conditions.
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J. Fernandez, W. Hsing, and B. Wilde of LANL. The
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FIG. 2. Streaked spectrum of backscattered light from 1-color
f/8 interaction beam. Temporal lineouts of the frequency-
integrated reflectivity (bold line) and the interaction beam
intensity (light line) are plotted below. The peak reflectivity
is 0.015 and the peak intensity is / = 1.7 x 10" W/cm? for
this case.



