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We demonstrate a significant reduction of stimulated Brillouin scattering by polarization smoothing in

large-scale high-temperature hohlraum plasma conditions where filamentation is measured to be negli-

gible. The stimulated Brillouin scattering experimental threshold (defined as the intensity at which 5% of

the incident light is backscattered) is measured to increase by a factor of 1:7� 0:2 when polarization

smoothing is applied. An analytical model relevant to inertial confinement fusion plasma conditions

shows that the measured reduction in backscatter with polarization smoothing results from the random

spatial variation in polarization of the laser beam, not from the reduction in beam contrast.
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Inertial confinement fusion (ICF) at megajoule laser
facilities [1,2] requires a high degree of uniformity in the
laser focal spot intensity, for the direct drive approach [3],
and efficient laser beam propagation, for the indirect-drive
approach [4]. The current indirect-drive designs rely on
laser-smoothing techniques to enhance laser beam propa-
gation through centimeter-long, low-density (ne ’
5� 1020 cm�3), high-temperature (Te > 2 keV) plasmas
which allows the laser energy to be efficiently converted
into soft x rays in the hohlraum wall. Previously, polariza-
tion smoothing has been shown to reduce backscatter
through the mitigation of filamentation [5–8], but for con-
ditions where there is no filamentation, as expected in ICF,
no experiment to date has quantified the effect of polariza-
tion smoothing on backscatter [9–12].

In this study, we present the first experiments that quan-
tify the reduction of stimulated Brillouin scattering (SBS)
by polarization smoothing in a high-temperature (Te ’
3 keV) ICF relevant plasma where filamentation effects
are measured to be negligible. Figure 1 shows that the SBS
reflected power is lower at all times when polarization
smoothing is applied. The SBS intensity threshold is mea-
sured to increase by a factor of 1:7� 0:2 where the thresh-
old for backscatter is defined as the intensity (Ith) at which
5% of the incident power is backscattered. An analytical
model is presented that explains the effect of beam smooth-
ing on the backscatter threshold which results from the
mixing of the polarizations, not a reduction of the beam
contrast.

A hohlraum target platform for studying laser-plasma
interactions in 2-mm long high-temperature plasmas has
been developed by aligning an interaction beam down the
axis of a gas-filled gold cylinder (hohlraum); this allows
direct measurements of the laser beam propagation and
transmission at ignition hohlraum plasma conditions [13].
The hohlraum is heated by 33, 1-ns square pulsed, fre-
quency tripled (�0 ¼ 351 nm) laser beams (14.5 kJ) at the

OMEGA Laser Facility [14]. The heater beams are
smoothed by elliptical phase plates that project a
�250 �m diameter intensity spot at the 800 �m diameter
laser entrance holes.
The 1.6-mm diameter, 2-mm long hohlraum targets are

filled with 1 atm of a 30% CH4 and 70% C3H8 gas mix.
The uniform plasma conditions along the interaction beam
path (Te ’ 3 keV, ne ’ 5� 1020 cm�3) are comparable to
the plasma conditions that the inner beam propagates
through on current targets planned for ignition experiments
on the National Ignition Facility [15]. These plasma con-
ditions have been validated using Thomson scattering [13]
and by two-dimensional HYDRA [16] hydrodynamic
simulations.
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FIG. 1. The measured SBS power is shown to be lower at all
times when polarization smoothing (solid curve) is added to a
CPP-smoothed beam (dotted curve); an incident power of
200 GW is used (dashed curve). The reflectivity peaks early in
time as the interaction beam reaches maximum power and the
plasma is cold (Te � 2 keV); the backscatter decreases rapidly
as the electron temperature increases [26].
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Figures 2(a) and 2(b) show the simulated laser spots at
best focus for the 3! interaction beam focused by a f=6:7
lens. The simulated spot is generated using the OMEGA
aberration model [17] and the measured near-field phase of
the continuous phase plate (CPP) [18]. The average on axis
intensity at best focus for this beam is I ¼ 1:05�
P ðin GWÞ � 1013 W cm�2, where P is the incident laser
beam power ranging from 50 to 500 GW.

A new birefringent polarization smoothing (PS) crystal
has been designed for these experiments that sufficiently
separates the speckles in the far field without affecting the
average spot size. After the laser beam propagates through
this crystal, two beams separated by a small angle are
created with equal intensity and orthogonal polarizations.
The separation between the two beams was characterized
to be 15 �m at best vacuum focus [Fig. 2(c)]. When used
with a CPP, this 15 �m separation at the focal plane is
sufficient to decorrelate the two speckle patterns while
having a minimal effect on the average intensity of the
laser beam [Fig. 2(d)].

Light scattered from the interaction beam is measured
using a full-aperture backscatter station (FABS) [19], a
near backscatter imager (NBI) [20], and a 3! transmitted
beam diagnostic (3!TBD) [21]. Light scattered back into
the original beam cone is collected by the FABS. The NBI
measures backscattered light outside the original beam
cone that reflects from a plate surrounding the interaction
beam. A new calibration technique was employed using a
pulsed calibration system to deliver a known energy to the
NBI scatter plate and the FABS calorimeters. The resulting
uncertainty in the measurements of the total SBS energy is
5%. The 3!TBD allows us to measure the interaction

beam power and a near-field image after propagation
through the plasma, within twice the original f=6:7 beam
cone.
Figure 3 is the main experimental result of this Letter. It

shows that the SBS intensity threshold for the CPP-
smoothed laser beam (Ith ¼ 1:3� 1015 W cm�2) is in-
creased by a factor 1:7� 0:2 when polarization smoothing
is applied (Ith ¼ 2:2� 1015 Wcm�2). This novel result
has been obtained by accessing high electron temperature
conditions where filamentation and absorption are miti-
gated. The SBS power is obtained by averaging the tem-
porally resolved SBS reflectivity over 50 ps, 700 ps after
the rise of the heater beams. The error bars are given by the
extreme reflectivities within the 50 ps time interval. At
700 ps the plasma has had time to reach an electron
temperature of Te ¼ 2:7 keV and the plasma density on
axis is still uniform. Late in time the shock wave produced
by the ablation of the gold wall reaches the hohlraum axis
(t ’ 1:1 ns). Furthermore, our reflectivity measurements
have the largest dynamic range around 700 ps; early in
time the reflectivities are affected by pump depletion and
late in time they are below detection levels (<0:1%).

Figure 3 shows that using 3 �A of smoothing by spectral
dispersion (SSD) has no significant effect on SBS. This can
be expected in this strongly damped regime where the
damping rate of SBS-driven ion acoustic waves �a �
2 ps�1 is much larger than the inverse correlation time
introduced by the laser bandwidth. The situation could be
quite different in a weakly damped regime, such as in the
gold plasma close to the hohlraum wall [22]. Previous
observations of SBS reduction through control of filamen-
tation by SSD does not apply to this high electron tem-
perature, moderate intensity experiment, as noted before.
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FIG. 3 (color). The measured instantaneous SBS reflectivity at
700 ps is plotted as a function of the average interaction beam
intensity; three laser-smoothing conditions are shown: CPP
(blue), PS (red), and 3 �A SSD (open symbols). An analytical
model that calculates the thresholds is shown for the CPP only
(solid blue curve) and when polarization smoothing is applied
(dashed red curve).
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FIG. 2 (color). The far-field intensity distribution is simulated
using the OMEGA laser beam aberrations, the (a) measured CPP
phase, and the (b) measured PS shift. (c) The polarization shift at
the best vacuum focus was measured to be 15 �m. (d) The
vacuum transverse intensity profile is compared with (red) and
without (blue) polarization smoothing demonstrating that the
average intensity of the beam is not modified.
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Figure 4 shows the total energy backscattered and trans-
mitted through the plasma. For low backscatter conditions,
more than 75% of the energy is transmitted through the
plasma. For an incident laser energy of 200 J, polarization
smoothing increases the total energy transmitted from 60%
to 70% while the backscattered energy is reduced from
19% to 8%. HYDRA calculates a peak transmission of the
interaction beam, excluding backscatter, to be 90% and the
time integrated transmission to be 80%.

Figure 5 shows the near-field (lens plane) intensity
profile after the interaction beam has propagated through
the plasma. No significant difference in beam spray is
measured when polarization smoothing is applied; as
beam spray is a measure of filamentation, this is direct
evidence that filamentation is not the main contribution to
the measured effects of polarization smoothing on SBS.
Furthermore, less than 5% of the total SBS is measured
outside of the FABS for incident interaction beam inten-
sities less than I < 3� 1015 Wcm�2. These results are
explained by the fact that the experiments remain below
the thermal and ponderomotive filamentation thresholds by
interacting with high electron temperature (Te ’ 3 keV)
plasmas and by using moderate laser intensities.

The SBS intensity threshold determined using a detailed
1D model (DEPLETE [23]) predicts the threshold for SBS to
be 2� 1015 Wcm�2 which is higher than the measured
threshold made with a CPP-smoothed laser beam (1:3�
1015 W cm�2). DEPLETE uses the plasma conditions simu-
lated by HYDRA and the average laser intensity on axis to
calculate the laser and backscattered intensities, in steady
state, along a 1D ray profile. It solves for the scattered-

wave intensity spectrum over a range of frequencies in-
cluding realistic noise sources and pump depletion.
We have previously shown that three-dimensional whole

beam simulations can correctly calculate the SBS threshold
by including a realistic description of a CPP-smoothed
laser beam [24]. Here we develop an analytical model
that explains and quantifies the effect of polarization
smoothing without requiring large simulations.
In the strongly damped steady-state regime, the ampli-

fication of the backscattered light field A1 is governed by
@zA1 ¼ �M0A1 where � � 8 mm�1 is the strongly
damped spatial growth rate for our plasma conditions, at
an average intensity of 1015 W cm�2. M0 contains the
spatial information about the interaction beam. For a
CPP-smoothed beam, M0 ¼ jA0j2 is the local intensity
normalized to the average. With PS, the fields are separated
in two orthogonal polarizations,

A1 ¼ a1
a1p

� �

and

M0 ¼ ja0j2 a0a
�
0p

a�0a0p ja0pj2
 !

:

Assuming M0 constant along the propagation axis z over
one correlation length of the laser (i.e., the length of one
typical hot spot Lsp ¼ 5f2� ¼ 78 �m), one can calculate

the amplification factor � ¼ jA1ðzþ LspÞj2=jA1ðzÞj2 over a
speckle length by exponentiating M0. The amplification
factor for a CPP-smoothed beam, assuming A1ðzÞ is un-
correlated with M0, is

�CPP ¼ hexpðGspIÞiCPP; (1)
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FIG. 5 (color). The intensity profile of the transmitted beam
spray is plotted for an incident intensity of 2� 1015 Wcm�2 and
for two laser beam smoothing conditions: CPP only (blue), and
CPP and PS (red). The near-field transmitted beam images are
inset. The dashed circles represent a f=6:7 cone (� ¼ 4:3�)
around the center of the beam.
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FIG. 4 (color). The time integrated transmission (top) and
backscatter (bottom) are plotted as a function of interaction
beam energy, with (red circles) and without (blue diamonds)
polarization smoothing.
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and when polarization smoothing is used, the amplification
factor becomes

�PS ¼ ð1þ hexpðGspIÞiPSÞ=2; (2)

where hiCPP [hiPS] means a statical average over the laser
intensity distribution, normalized to the average intensity,
pðIÞ ¼ expð�IÞ [pðIÞ ¼ 4I expð�2IÞ]. For a short plasma
where the average gain per speckle length is large (Gsp ¼
2�Lsp > 1), the main contribution to the backscatter am-

plification comes from the most intense speckles [25]
which is eventually enhanced by self-focusing; polariza-
tion smoothing has been shown to reduce the laser power
in these intense speckles, thereby mitigating backscatter
[5–7].

This experiment, and most ICF relevant conditions, are
in a very different regime; the amplification occurs over
many speckles (L � Lsp), where L is the plasma length

(L � 19Lsp for this experiment), and the gain per speckle

is small (Gsp < 1). The overall amplification is then

�L=Lsp � 1. In this case, the amplification term in � can
be expressed as hexpðGspIÞiPS ¼ ð1�Gsp=2Þ�2 when po-

larization smoothing is applied and hexpðGspIÞiCPP ¼ ð1�
GspÞ�1 when it is not. To first order in Gsp, these terms are

equal and the reduction in beam contrast with polarization
smoothing does not affect the backscatter. The strong in-
crease in the SBS threshold with polarization smoothing is
then due to the factor 1=2 in the amplification factor (�PS)
which comes from the fact that on average only one of the
polarizations is amplified over a speckle length (Lsp) at a

given transverse location.
For long plasmas and moderate gain per speckle, it is the

short correlation length of the interaction beam polariza-
tion, not the reduction in beam contrast, that explains the
effect of polarization smoothing on SBS. The overall in-
crease � in the SBS threshold when applying polarization
smoothing is calculated by setting �PSð�GspÞ ¼
�CPPðGspÞ; for Gsp < 1 one finds

� ¼ 2�Gsp

2

1�Gsp=2

1�Gsp=4
: (3)

For the conditions of Fig. 3 and the measured threshold
intensity of ICPPth ¼ 1:3� 1015 W cm�2, the 1D gain is

G1D ¼ 13:8. This leads to a gain per speckle of Gsp ¼
0:7 and, according to Eq. (3), an increase in threshold of
� ¼ 1:72when polarization smoothing is applied, which is
consistent with the measurements.

In summary, we have experimentally demonstrated that
using polarization smoothing increases the intensity

threshold for stimulated Brillouin scattering by a factor
1:7� 0:2 in large-scale high-temperature hohlraum
plasma conditions. An analytical model explains that this
effect is primarily due to the random polarization of the
laser beam, not its lower contrast, and predicts an increase
in the threshold between 5=3 and 2 for ICF conditions,
which is consistent with the experimental results. This
study validates polarization smoothing as a key beam
conditioning option for future ICF facilities. Its implemen-
tation on the National Ignition Facility will allow the use of
smaller focal spots (i.e., higher laser intensities), leading to
higher radiation temperatures in hohlraums and more sym-
metry tuning flexibility for ignition attempts.
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