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A series of laser plasma interaction experiments at OMEGA (LLE, Rochester) using gas-filled
hohlraums shed light on the behavior of stimulated Raman scattering and stimulated Brillouin
scattering at various plasma conditions encountered in indirect drive ignition designs. We present
detailed experimental results that quantify the density, temperature, and intensity thresholds for
both of these instabilities. In addition to controlling plasma parameters, the National Ignition
Campaign relies on optical beam smoothing techniques to mitigate backscatter. We show that
polarization smoothing is effective at controlling backscatter. These results provide an experimental
basis for forthcoming experiments on National Ignition Facility.

I. INTRODUCTION

Numerous laser-plasma instability studies over the last
fifteen years have tried to emulate the electron density
and temperature that will be achieved in indirect drive
fusion targets at the National Ignition Facility [1]. Gener-
ally, these studies have shown strong sensitivity of laser-
plasma interactions to the exact plasma conditions and
laser beam smoothing techniques were shown to lower
backscatter levels primarily through the mitigation of fil-
amentation [2–4].

In preparation for indirect drive ignition experiments,
we have performed a series of detailed experiments at the
Omega laser facility (LLE/U. Rochester) [5] over the last
4 years to better quantify the importance of plasma con-
ditions, plasma length, and beam smoothing techniques
on backscatter in a regime relevant to the target designs
for the National Ignition Campaign currently underway
at Lawrence Livermore National Laboratory. By using a
closed geometry (gas-filled hohlraum) and through care-
ful radiation hydrodynamic designs, validated by Thom-
son scattering measurements, we obtained uniform multi-
millimeter long plasmas at temperatures between 1.5 and
3.5 keV and densities from 5 to 13%ncr where ncr is the
critical density for 0.35 micron light. We performed de-
tailed measurements of the backscatter from a 0.35 mi-
cron interaction beam propagating through these plas-
mas to obtain density, temperature, and intensity thresh-
olds for both stimulated Raman (SRS) and stimulated
Brillouin scattering (SBS). We have also quantified the
impact of phase plates and polarization smoothing on
these intensity thresholds.

This set of data provides strong guidance for the de-
sign of ignition hohlraums and the choice of laser param-
eters. The key results can be summarized, in a simpli-
fied way, as: (1) to insure propagation of 0.351 micron
light through millimeters of plasma, keep electron tem-
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FIG. 1: A 1.2-cm long indirect drive ignition hohlraum is
shown with the simulated plasma densities (top), and tem-
peratures (bottom). The laser intensities are superimposed
of the top.

perature above 2.5 keV, (2) to control SRS in the 10-
15% critical regime, limit the laser intensity to less than
1015 W-cm−2, (3) use polarization smoothing. This will
ensure that the linear gains for SBS and SRS remain
low and that high intensity speckles present in the laser
spots do not create large backscatter. Figure 1 shows
the density, temperature, and intensities for an indirect
drive fusion design. Backscatter is mitigated by remain-
ing in the strongly damped regime when the laser beam
intensity is high and keeping the laser intensity below the
backscatter thresholds where the density is high and the
temperature is low. In addition to the intrinsic value of
the experimental results presented in this paper, the rel-
ative success in modeling absolute backscatter levels for
a wide variety of parameters has built confidence in the
extrapolation to NIF experiments.

In Sec. II, the experimental setup is presented, includ-
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ing a description of the variations in the target platform
which has allowed us to systematically study various indi-
rect drive plasma conditions along the propagation path
of the NIF inner beams. Section III describes experi-
ments that emulate the high density regime (> 10%ncr)
created by the expanding gold wall and the blow off
plasma from the capsule. In Section IV, experiments are
presented that study the middle density regime (8.5%ncr)
where there is a potential competition between SRS and
SBS. Section V describes experiments to study the laser
entrance hole regime where the laser beams interact with
nearly 5 mm of low density (< 6%ncr) plasma. Section
IV presents quantitative measurements of the effect of
polarization smoothing on both SBS and SRS intensity
thresholds. The results are summarized in Section VII.

II. EXPERIMENTAL SETUP

A. Target Platform

1. Standard Low-Density Design

A standard design for gas-filled cylindrical cylinders
(“hohlraums”) has been developed over several years [6,
7] for use at the OMEGA Laser Facility to study laser-
plasma instabilities [8–11]. A 351 nm interaction beam
propagates along the hohlraum axis and therefore inter-
act with a long-scale under-dense plasma. This geometry
allows the measurements of both the backscattered and
forward scattered light and provides a complete account-
ing of the energy in the interaction beam [8, 9].

The standard design uses a L = 2-mm long hohlraum
with a diameter of 2r = 1.6 mm and 0.8 mm laser en-
trance holes. The hohlraums are heated by 33-351-nm
laser beams (14.5 kJ) in 3 cones with polar angles of ap-
proximately 20, 40 and 62 degrees. The heater beams
are pointed at the laser entrance holes and defocused
such that their intensities remain below the thresholds
for laser-plasma instabilities (I ∼ 1014 W-cm−3). The
laser beams primarily heat the inner walls of the gold
holhraum, which in turn heat the internal gas via electron
conduction. This design has been used to study laser-
plasma interaction at high temperatures (Te = 2−3 keV)
and low densities (ne = 5−10% ncr). At such conditions,
stimulated Brillouin scattering (SBS) dominates the in-
teractions, while stimulated Raman scattering (SRS) re-
mains energetically insignificant [8]. Previous stud-
ies have used Thomson scattering to characterize the
bulk hydrodynamics in this standard low-density plat-
form along the interaction beam path [12, 13]. The peak
electron temperature was measured to be Te = 3.5 keV
and at these temperatures, filimentation was successfully
mitigated to allow for unambiguous studies of the stim-
ulated Brillouin scattering instability.

FIG. 2: Simulated electron temperature profile is shown for
the conditions 0.1 ns after the rise of the main heater beams.
The “standard” low density target was simulated with an ini-
tial high density (12%ncr) gas fill to demonstrate the laser
beam imprint evident at early times. This imprint is sig-
nificantly reduced both at low densities (6%ncr) and in the
modified high density target design.

2. High-Density Design

In order to study SRS, particularly at plasma con-
ditions relevant to indirect drive fusion ignition exper-
iments, the standard platform was modified to allow
for higher density experiments. Previous attempts to
study SRS without modifying the standard low-density
hohlraum design have produced inconsistent results [14].

Radiation-hydrodynamic simulations with HY-
DRA [15] have been used to design the laser heated
gas-filled hohlraums discussed above and to obtain
predictions for the plasma conditions (Te, Ti, ne, etc).
Coupled with a linear gain model (LIP [16]), the time
and wavelength dependent gains for SRS and SBS are
calculated to further guide the experiments and to
interpret the measured spectra [7]. The linear gain
model uses an average laser beam intensity and by
postprocessing the plasma properties from the hydrody-
namic simulations calculates the steady-state convective
spatial growth rate for SRS and SBS as a function of the
scattered light frequency using a kinetic description of
the plasma susceptibilities. At each time, the total gain
is determined by integrating the growth rate along light
rays taking into account the spatially varying plasma
conditions. The gain calculations use an averaged laser
beam intensity and plasma conditions to evaluate the
backscatter from target designs and, as this paper
shows, can be a reasonable metric for understanding
how the backscatter instabilities will scale in a partic-
ular experiment. However, the ability to predict the
backscatter reflectivities often relies on the details of
the laser beam. For example, the speckles generated
by continues phase plates and modified by polarization
smoothing and smoothing by spectral dispersion all
effect the backscatter and are not accounted for in the
gain calculations.

When such simulations are applied to the standard de-
sign with a higher gas density, the predicted density along
the path of the interaction beam is not uniform. Figure 2
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(a) (b)

FIG. 3: The axial density profiles are shown for the (a) stan-
dard low density design with a high density gas fill and (b)
the modified high density design at various times (green) 0.7
ns, (blue) 0.8 ns, (black) 0.9 ns, (red) 1.0 ns, (black) 1.1 ns.

shows a snapshot of the electron temperature for a stan-
dard C5H12 filled hohlraum with initial electron density
(when fully ionized) of 12% nc. At such a high den-
sity, direct laser heating of the gas becomes important, as
shown in Fig. 2 by the early time high-temperature chan-
nels created along with the laser beams. Although these
high-temperature regions dissipate with time via electron
conduction, they leave their mark on the plasma condi-
tions by creating pressure waves, which show up later as
density variations (Fig. 3(a)). These density variations
lead to large variations in the wavelength dependent gain,
which complicate the study of the laser-plasma instabil-
ities. Simulations of lower-density hohlraums used (e.g.
6% nc) do not show such large density variations.
In order to achieve a more uniform high-density

plasma, we have redesigned the hohlraum and laser ir-
radiation pattern. The laser beams are focused in front
of the laser entrance holes and re-pointed to more uni-
formly irradiate the hohlraum gas near the axis. Fur-
thermore, elliptical phase plates with a 200 µm×300 µm
FWHM are added to the heater beams. To accommo-
date these changes, we increased the laser entrance hole
diameter from 0.8 µm to 1.2 µm. Two heater beams
are used to blow down the windows, 0.5 ns prior to the
rise of the main heater beams. Figure 4 shows that the
new design has more uniform irradiation patter and Fig-
ure 3(b) shows that the on-axis density profiles in the
new design have a significant reduction in the level of
density variations. This modified design results in rela-
tively small variations in the linear gains for SRS allowing
for a detailed study of the laser-plasma interactions to be
performed at high densities.

3. Long High-Temperature Design

To extend the interaction length, the standard
hohlraum design was increased from 2 mm to 3.5 mm and
5 mm. An additional 17 laser beams were added through
three equally spaced 1200 µm diameter laser entrance
holes around the equator of the hohlraum. To maintain
high temperatures as the hohlraum is lengthened, the

old

new

(a) Low Density Design

(b) High Density Design

FIG. 4: The laser beam pointing for the (a) standard low
density design and (b) the new high density are shown.

total laser heater beam power must be increased. The
hydrodynamic simulations exhibit a large region of gas
and blow off plasma inside the hohlraum that is nearly
isothermal. The temperature of the isothermal region
is controlled by a balance of laser heating with increas-
ing thermal energy, radiation cooling, and electron heat
transfer to the cold gold walls;

Te ∝ (ner)
−2/3

(
PL

L

)2/3

(1)

where PL is the total laser power. Therefore maintaining
a constant laser power per unit length keeps the temper-
ature approximately constant as the length is increased.
This analytical scaling was verified by hydrodynamic sim-

ulations (Te ∝
(
PL

L

)0.62
)where a flux limiter of f = 0.05

was used and the PL/L was scaled from 4.5 to 9. The ad-
dition of 8.5 kJ of heater beam energy allowed the total
laser power per unit length to be roughly constant be-
tween the 2 mm and 3.5 mm targets; this produces hot
Te > 2.5 keV plasmas for all three target platforms.

B. Interaction Beam

The 3ω interaction beam (1 ns square pulse) is focused
along the hohlraum axis by a f/6.7 lens to a best vac-
uum focus at the center of the hohlraum and is timed to
arrive 0.3 ns after the rise of the main heater beams (0.8
ns). Two continuous phase plates [17] have been used
for these studies to allow the intensity in these studies to
range over several orders of magnitude. The high inten-
sity phase plate has a vacuum focus diameter of 100 µm
FWHM and provides an average intensity at best focus
I100 µm = E[J ]×1013, where E is the incident laser-beam
energy ranging from 100 to 400 J. The low intensity phase
plate has a vacuum focus diameter of 200 µm FWHM and
provides a 1/4 of the intensity of the 100 µm beam.
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FIG. 5: (a) The intensity at which the SRS reaches 5% (inten-
sity threshold) is plotted as a function of the plasma density
(circles). (b) The measured instantaneous SRS is plotted as
a function of the linear gain exponent for intensities below
1 × 1015 W-cm−2 and a range of densities. The pf3D simu-
lations (open circles) reproduce the measured scaling. Polar-
ization smoothing was used on these shots.

C. Diagnostics

Light scattered from the interaction beam is measured
using a full-aperture backscatter station (FABS) [18], a
near backscatter imager (NBI) [19], and a 3ω transmit-
ted beam diagnostic (3ω TBD) [20]. Light scattered back
into the original beam cone is collected by the FABS,
where the SBS and the SRS spectra and energies are
measured. Light backscattered outside of the beam cone
is diffusively reflected from a plate surrounding the inter-
action beam. The plate is imaged onto two charge cou-
pled devices (CCD) which time integrate the SBS and
SRS signals. The NBI and FABS are calibrated in both
wavelength ranges using a pulsed-calibration system that
directs 5-ns laser pulses with known energies from target
chamber center [19]. Using this calibration system, the
error in the measurements of the SBS power is 10% and
the SRS power is 20%. The 3ωTBD allows us to accu-
rately measure the light propagating through the target
up to twice the original beam cone. The transmitted en-
ergy, spectrum, and temporal beam spray are measured.
By correlating the plasma parameters, backscatter, and
transmission measurements we are able to account for all
the scattered energy from the interaction beam.

III. HIGH-DENSITY REGIME

Figure 5 shows that the intensity threshold (intensity
at which the SRS backscatter reaches 5%) has a strong
dependence on the plasma density. The electron den-
sity was scaled in the 2-mm long target platfrom from
5% to 13% ncr while maintaining the electron temper-
ature above 2.5 keV to mitigate filimenation. For con-
ditions below 10% ncr, SRS remained below < 1% and
the backscatter is dominated by SBS (see Sec. V). For
densities above 10% ncr, SBS becomes small < 1% and a
20% increase in density results in an order of magnitude
increase in SRS [21].

FIG. 6: (a) SBS and (b) SRS linear gain exponents are plotted
as a function of time for various densities (black) 8%ncr, (red)
10%ncr, (blue) 12%ncr, and (green) 14%ncr.

Our experimental findings are consistent with theo-
retical predictions for a uniform plasma. Linear theory
predicts that the gain exponent for SRS scales strongly
with the background plasma density through the Landau
damping and is linear with respect to laser intensity. For
the experiments discussed here the linear gain exponent
can be written as

GSRS ≃ 0.2

(
I

1015[W-cm−2]

)(
1

νe/ωp

)
; (2)

νe/ωp =
√
π/8(kλd)

−3 exp [−(
√
2kλd)

−2] is the normal-
ized Landau damping rate where kλd is the ratio of the
Debye length over the wavelength of the plasma wave,
and ωp is the plasma frequency. The normalized damp-
ing rate increases from νe/ωp = 0.01 at ne = nc = 13%
to νe/ωp = 0.035 at ne/nc = 11%.

Figure 6 shows the time dependent SRS and SBS linear
gains for a range of densities calculated by LIP. Simula-
tions with electron heat flux ranging from 0.05 to 0.2
produce a variation in the SRS gain of 10%. Table III
summarizes this uncertainty in the calculated SRS gains
determined by the uncertainty in heat transport models
and uncertainty in absolute density (< 0.5%ncr).

ne/ncr flux limiter GSRS

10.5% 0.05 21.8
11.0% 0.05 24.3
11.0% 0.10 27.9
11.0% 0.20 27.2
11.5% 0.05 27.2

Our SRS measurements agree with linear damping
rates over a wide range of laser intensities and plasma
densities. Figure 5(b) shows that the measured SRS re-
flectivity scales with linear gain exponent over a range
of densities (10.8% < ne/nc < 13%) and intensities
(2.5 × 1014 W-cm−2 < I < 9 × 1014 W-cm−2). The
instantaneous backscatter is determined at a time 0.7
ns after the rise of the heater beams (1.2 ns) once the
plasma reaches high plasma temperatures where filamen-
tation effects are negligible. The instantaneous reflec-
tivity is calculated by averaging over a 100 ps range
and the error bars are given by the extreme reflectivities
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FIG. 7: The (circles) SRS and (diamonds) SBS backscatter
is plotted as a function of the electron temperature for an
intensity of 1015 W-cm−2.

within this range. Furthermore, Fig. 5(b) demonstrates
that the resulting increase in scattering resulting from
the increased density can be mitigated by reducing the
laser beam intensity to maintain a constant linear gain
exponent. Indeed, the density thresholds measured in
Fig. 5(a) correspond to the nearly the same SRS linear
gain (G13% = 22, G11% = 24).

These results highlight the sensitivity of SRS to density
and indicate the importance of controlling the plasma
density and the laser beam intensity in targets where
SRS will can have an adverse effect. Current ignition
designs for the NIF mitigate SRS by remaining in the
strongly damped regime (kλd > 0.4) when the laser beam
intensity is high and keeping the laser intensity below
the backscatter threshold where the density is high and
the temperature is low (kλd < 0.4), but future high yield
and high gain experiments will likely push these intensity
limits and other mitigation techniques will be required.

IV. MIDDLE-DENSITY REGIME

At plasma densities of 8.5%ncr, the SBS and SRS gains
are nearly equivalent and a competition between these
instabilities occurs. The peak electron temperature was
scaled from 1.5 keV to 2.4 keV by changing the total
heater beam energy from 9 kJ to 14.5 kJ. Figure 7 shows
that SBS dominates the backscatter for electron tem-
peratures above 2 keV, but at lower temperatures SRS
becomes energetically significant reducing the available
laser power for driving SBS.

FIG. 8: The SBS spectra is shown for the 2-mm (a), 3.5-
mm (b), and 5-mm (c) long targets at a vacuum intensity of
1.2× 1015 W-cm−2.

V. LOW-DENSITY REGIME

At an electron density of 6%ncr, the plasma length
was scaled to 5 mm while maintaining an electron tem-
perature above 2.5 keV. Figure 8 shows that the SBS
peaks early in time when the plasma is cold and then,
in the 2-mm long target, it drops below detection as the
plasma temperature increases. For electron temperatures
above 3 keV, the total backscatter is reduced below 1%
for intensities less than 2.5 × 1015 W-cm−2 [8]. When
the plasma length, the SBS remains significant through-
out the experiment despite the increasing electron tem-
perature. The spectra confirm that the increased laser
beam energy maintained the electron temperature above
2.5 keV by the > 0.8 nm SBS wavelength shift. In the
longer targets, the spectra broaden late in time as a result
of the increased ion temperature consistent with previous
Thomson scattering ion temperature measurements [6].

For an intensity of 6 × 1014 W-cm−2 the backscat-
ter increases from < 0.05% to > 10% when increasing
the plasma length from 1.3 to 4.0 mm. The intensity
threshold is measured to be I5mm = 4 × 1014 W-cm−2

for propagation through this 5-mm long target while the
threshold is a factor of 2.5 higher in the 2-mm long target
(I2mm = 1015 W-cm−2) [22]. These experiments demon-
strate that backscatter in a 4-mm long plasma (the 5-
mm long target produces a 4-mm long plasma) can be
controlled at ignition plasma conditions and intensities.
The experiments show that the backscatter threshold is
a function of the plasma length times the intensity; an
increase in plasma length can be compensated for by an
equivalent reduction in intensity as suggested by the SBS
linear gain

Gsbs ≃ 290λ0[µm]

(
ne

ncr

)(
L[mm]

Te[keV ]

)(
ωa

νa

)
I15[W-cm−2]

(3)
where the Landau damping rate νa normalized to the ion-
acoustic frequency ωa for our conditions is νa/ωa ≃ 0.15.

Figure 9 shows the measured SBS as a function of the
calculated SBS gain over a variety of lengths, intensi-
ties, and plasma conditions. Each point is obtained by
averaging the measured SBS over a 100 ps range and cal-
culating a SBS gain using LIP for the associated time
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FIG. 9: The measured instantaneous SBS reflectivity is plot-
ted as a function of the linear gain exponent for various
intensities (diamonds) x × 1014 W-cm−2, (down-triangles)
x × 1014 W-cm−2, (triangles) x × 1014 W-cm−2 and target
lengths, (black) 2 mm, (blue) 3.5 mm, (green) 5 mm.

between 0.6 ns and 1.1 ns after the rise of the heater
beams. This shows that linear gain is a good metric to
describe backscatter at these conditions.

VI. POLARIZATION SMOOTHING

Laser plasma instabilities are sensitive to parameters
that are not encompassed by the linear gain calculations.
Specifically laser beam smoothing techniques [e.g., ran-
dom phase plates (RPP), smoothing by spectral disper-
sion (SSD), polarization smoothing(PS)] are not directly
accounted for in the calculation of the linear gains. For
example, the reduction in intensity contrast and the lon-
gitudinal randomization of the polarization that occurs
when applying polarization smoothing does not change
the average laser beam intensity and therefore the calcu-
lated gains. A more sophisticated model, such as pf3D,
which accounts for speckles and polarization effects is
needed to calculate these effects.
Figure 10 shows that applying polarization smoothing

reduces the threshold for both SBS and SRS. At low den-
sities, 6%ncr, where SRS remains below 1%, polarization
smoothing reduces the SBS from 5% to less than 0.1%
at an intensity of 1.3 × 1015 W-cm−2. Applying polar-
ization smoothing allows the intensity to be increased by
a factor of 1.7 before the SBS exceeds the initial 5%.
This increased threshold in long-scale length plasmas is
attributed to the longitudinal mixing of the polarization,
not a reduction in contrast [23].
Figure 10(b) shows that polarization smoothing also

reduces the threshold for SRS at higher densities. At a
density of 11.5%ncr, SBS remains below 1%, and SRS
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FIG. 10: The instantaneous SBS (a) and SRS (b) 700 ps after
the rise of the heater beams are plotted as a function of the in-
teraction beam intensity. Two laser-smoothing conditions are
shown: CPP-only (blue circles), CPP and PS (red squares).
The simulated reflectivies calculated by pF3d are shown (solid
curves). The SRS data are for a density of ne/ncr = 11.5%
and the SBS data are for a density of ne/ncr = 6%.

becomes the dominant scattering process (see Sec. III).
Now adding polarization smoothing increases the SRS
intensity threshold by a factor of 1.6. These observa-
tions shows that polarization smoothing is an effective
mitigation technique for controlling both SRS and SBS
in a high-temperature inertial confinement fusion plasma
where filamentation effects are negligible.

Although the linear gains do not directly account for
the addition of polarization smoothing, simulations of
the interaction beam propagation and the instantaneous
SRS reflectivity using the code Pf3d [24] agree well with
the measured backscatter for both cases-with and with-
out polarization smoothing. These three-dimensional
calculations use a paraxial approximation to model the
whole laser beam propagating through the full 2-mm long
hohlraum plasma. The code includes models for both
SRS and SBS backscattering and shows that using a
fluid-based modeling of SRS and SBS including linear ki-
netic corrections (i.e. Landau damping), coupled to accu-
rate hydrodynamic profiles and a realistic description of
the laser intensity pattern generated by various smooth-
ing techniques leads to quantitative agreement between
the measurement and calculated relfectivities [25, 26].

VII. SUMMARY

In summary, we have performed a series of experiments
to study laser-plasma interactions in preparation for the
National Ignition Campaign. The experiments presented
in this manuscript have quantitatively measured the den-
sity, temperature, and intensity thresholds for backscat-
ter at conditions directly applicable to indirect drive ig-
nition plasma experiments. The experimental results
are compared with linear gain calculations over a wide
range of parameters. The complete set of experiments
along with the relative success of modeling the absolute
backscatter levels has built confidence in our tools used
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to extrapolate to the National Ignition Campaign.
This work performed under the auspices of the U.S.

Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344.
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