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An experimental program was designed to study the most important issues of laser-plasma interaction

physics in the context of the shock ignition scheme. In the new experiments presented in this Letter, a

combination of kilojoule and short laser pulses was used to study the laser-plasma coupling at high laser

intensities for a large range of electron densities and plasma profiles. We find that the backscatter is

dominated by stimulated Brillouin scattering with stimulated Raman scattering staying at a limited level.

This is in agreement with past experiments using long pulses but laser intensities limited to

2� 1015 W=cm2, or short pulses with intensities up to 5� 1016 W=cm2 as well as with 2D particle-

in-cell simulations.
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The shock ignition scheme opens the possibility to reach
ignition in laser fusion with a reduced laser energy com-
pared to previous schemes, direct and indirect drives [1]. In
this scheme, a strong shock is launched at the end of the
compression phase by adding a short (a few hundreds of
picoseconds) high-intensity pulse that ignites the com-
pressed fuel leading to a high fusion gain [2]. However,
the numerical simulations predicting ignition are obtained
with untested assumptions on the laser-plasma coupling
efficiency which is not so well known in this regime [3].
While the plasma conditions, electron density, and tem-
perature are the same as those encountered by the com-
pression laser pulse, the shock ignition pulse is more
intense by at least 1 order of magnitude. This means that
all the nonlinear processes, plasma instabilities [4,5] which
were possibly under control for the compression phase,
may grow in an uncontrolled way, dramatically reducing
the coupling of this pulse with the plasma and, conse-
quently, the strength of the shock. The strategy that is
needed to mitigate the risks associated with the shock pulse
propagation and coupling needs a good understanding of
the physics of the different processes.

Among the different plasma instabilities, stimulated
Brillouin (SBS) and Raman (SRS) scattering, two-plasmon
decay and filamentation are the most dangerous processes.
Although significant progress has been achieved in numeri-
cal simulations of laser-plasma coupling, those are not yet
predictive for large plasmas and high-intensity conditions.
The linear gain analysis indicates that, under the shock
ignition interaction conditions, the convective amplifica-
tion of SBS should be very significant and that SRS should
be strong in front of the quarter critical density leading to
dramatic losses of energy [6]. However, calculated SBS

reflectivities have been successful only if nonlinear pro-
cesses do not play an important role [7]. Filamentation of
the beam may result in beam spraying, reducing the energy
in the vicinity of the critical density as well as modifying
the interaction conditions and consequently the growth of
SBS and SRS. It is impossible to predict numerically what
will result from the mutual interplay between these three
instabilities as many nonlinear effects, including coupling
between the plasma waves, secondary decays, or kinetic
effects may occur. Above all, both SBS and SRS can be in
particular regimes for the shock ignition (SI) interaction
conditions, the strongly coupled regime for SBS [8] and the
inflationary regime for SRS [9], for which there is almost
no experimental data. Experimentally, it is difficult to
obtain both a large hot plasma and high laser intensity.
Most experiments to date have focused on moderate inten-
sity, below 3� 1015 W=cm2 and long pulses [10,11]. But
to achieve the required pressure (�300 Mbar) to ignite the
core, the shock spike must have higher intensities (�5�
1015 � 3� 1016 W=cm2). Past experiments have mea-
sured SBS reflectivities with laser intensities higher than
5� 1015 W=cm2 and pulse duration between 1 and 150 ps
[12–15]. Some of them have shown high SBS reflectivities,
up to 43%. However, the temperature and size of the
preformed plasma were limited by the amount of available
energy of the laser beams and there was no control of the
laser intensity distribution. In terms of plasma parameters
of interest, typically, at the arrival time of the shock pulse,
the plasma corona will have an extent of around 1 mmwith
a characteristic density scale length Ln � 300–700 �m,
and an electron temperature Te � 2–3 keV [16].
We have designed dedicated experiments, associating

long, high energy, and short, high-intensity, laser pulses
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to study the propagation and the energy deposition of a
high-intensity laser pulse in a preformed long and hot
plasma under well-controlled interaction conditions. For
the first time, the short, high-intensity pulse was focused
through a random phase plate leading to a well-defined
intensity distribution in the focal volume. The primary
contribution of this work is to bring new experimental
results on laser-plasma coupling in a regime that has never
been explored before. Our results show that the backscatter
is dominated by stimulated Brillouin scattering with stimu-
lated Raman scattering staying at a limited level.
Filamentation has been observed but does not seem to
play a significant role on the laser-coupling. The message
of this manuscript is that the SBS loss of energy is a
potentially serious handicap for the SI scheme and it is
needed to find a way to control it.

Experiments have been carried out on the Pico2000 laser
facility at the LULI laboratory. This facility couples two
laser beams, one in the nanosecond regime, and one in the
picosecond regime, in the same vacuum chamber. The
setup is shown in Fig. 1(a), with the two beams at 112.5�
from each other. The long pulse delivers 400 J in 1.5 ns,
square pulse, at 0:53 �m of laser light. It was focused with
an f=4 lens through random phase plates with elongated
elements producing an elliptical focal spot of 100�
500 �m2 or 100 �m� 1 mm full width at half maximum
(FWHM) and an average intensity of 2–5� 1014 W=cm2.
It was used to preform a plasma from either a thin-
exploded foil or a low-density foam [17]. Strips of CH
foils with initial thickness of 1.5, 2.5, and 3:5 �m and
500 �m–1 mm width and foams of 3, 6, 10, and
12 mg=cc with 500 �m–1 mm length were used to pro-
duce quasihomogeneous plasmas of different initial elec-
tron density. The short laser pulse was sent along this
direction, delivering 20 J in 5 ps at 0:53 �m. It was
focused with an f=4 off-axis parabola through a random
phase plate leading to a 100 �m diameter (FWHM) focal

spot composed of speckles with a well-known intensity
distribution in vacuum, shown in Fig. 2(a), and average
intensities between 2� 1015 and 3� 1016 W=cm2. The
time delay between the two beams was 1.5 ns, so the short
laser pulse interacted with a millimeter-long plasma having
a well-defined electron density and a temperature in the
keV range without cross-beam effects. For some shots, a
stack of foam of increasing densities was used to create a
density profile rising up to the critical density, completing
the data in inhomogeneous plasmas. As shown in Fig. 1(b)
in the case of a stack of foam with initial densities of 3, 6,
and 12 mg=cc with 300 �m length each, it was possible to
generate a plasma profile close to the one of the corona of a
compressed target. Diagnostics mainly focused on the
powers and spectra of the scattered light collected in
the backward direction of the short pulse laser for both
the Raman and Brillouin spectral ranges and on the trans-
mitted light through the plasma with 2D and 1D far field
images. In backscatter, the light was collected in the inci-
dent aperture and analyzed with two combinations of
spectrometer-streak camera with a spectral resolution of
1 and 50 Å for the SBS and SRS stations, respectively. In
transmission, the light was collected in twice the incident
aperture. The streak cameras were needed to separate the
contributions from the long and the short pulses. All diag-
nostics were absolutely calibrated in situwith laser shots of
known energy.
In the first part of the experiment, shots were dedicated

to the plasma characterization, electron density, and tem-
perature. For the thin exploded foils, the electron density
was deduced from the Raman spectra at low interaction
intensity which exhibited a narrow component. Using the

FIG. 1 (color online). (a) Setup of the experiment showing the
two laser beams with long, high energy and short, high-intensity
pulses, and the main diagnostics. (b) Schematic view of the
density profiles along the interaction laser axis of a composed
foam target (blue steps) and of the shock ignition corona (red
curve) as calculated in numerical simulations [16].

FIG. 2 (color online). 2D far-field images of the intensity
distribution of the picosecond laser. (a) In vacuum, (b) inside
the plasma produced from a 10 mg=cc foam with 500 �m length
at 2� 1015 W=cm2, and (c) at 2� 1016 W=cm2. (d) Outline
along the y direction of the 2D distribution for these two
intensities.
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standard relationship between the Raman wavelength and
the plasma density [4,5], the densities were 0.05, 0.11,
and 0.21 (� 0:02) times the critical density (nc ¼
4� 1021 cm�3) at the top of the profile for the foils with
initial thickness of 1.5, 2.5, and 3:5 �m, respectively. For
the low-density foam, the velocity of the ionization front
produced by the nanosecond pulse alone was measured by
imaging the sidescattered 2! on a streak camera looking at
the output plane of the plasma. This has enabled us to
control the penetration depth of the nanosecond pulse in
the plasma and so to precisely adjust the picosecond beam
axis position to study its propagation and coupling in fully
ionized foam plasma having an electron density given by
the initial density of the foam. For 3, 6, 10, and 12 mg=cc,
the electron densities were [0.22, 0.44, 0.8, and
0.91 (� 0:05)] nc. The electron temperature was Te �
ð0:9� 0:15Þ keV; it was measured using characteristic
transitions in H- and He-like Cl ions doped for diagnostic
purposes into the foam samples. Time-integrated spectra
have been measured by means of a focusing spectrometer
with spatial resolution using a spherically bent mica crystal
as a dispersive element and an image plate as a detector.

For all the explored conditions, laser intensities, from
2� 1015–3� 1016 W=cm2, and all plasma densities, the
maximum SRS reflectivity stayed below 7%. A diagnostic
was set to look for emission at 1:06 �m, the half harmonic
of the incident laser wavelength, which is a signature of
processes occurring near the quarter critical density layer,
two-plasmon decay (TPD) and absolute Raman, but no
signal was observed within the limit of the sensitivity of
the detector, demonstrating a conversion efficiency below
10�3 of the initial laser energy. From these experimental
results, it seems that neither SRS, nor TPD are a problem as
far as losses of energy or for the production of supra-
thermal electrons for these conditions.

Evidence of plasma smoothing were observed from the
2D images of the intensity distribution at the output of the

plasma. As expected, the effects were stronger at high
plasma density. In Figs. 2(b) and 2(c), the intensity distri-
butions at the output of the plasma are shown for the case
of a 10 mg=cc foam for two laser intensities, 2:2� 1015

and 2:2� 1016 W=cm2. At low laser intensity, the inten-
sity distribution is similar to that observed in vacuum
[Fig. 2(a)], showing that it was not modified by the propa-
gation of the laser pulse in the plasma. On the other hand,
at high laser intensity there is some widening of the initial
focal spot diameter by �40% (FWHM) compared to the
low intensity case and a clear smoothing of the spikes.
Traces along a diameter, shown in Fig. 2(d), demonstrate a
reduction by a factor of 4 of the contrast at high intensity.
This transition is observed within parameters, plasma den-
sity and laser intensity, in agreement with the usual crite-
rion based on the ratio between the average speckle power
and the critical power [18] showing that the plasma in-
duced beam smoothing was produced by collective for-
ward stimulated Brillouin scattering and filamentation.
However, the total amount of light outside the aperture
beam was less than 20% of the transmitted light, so we
concluded that filamentation was not relevant for determin-
ing the laser coupling.
SBS was studied as a function of the interaction intensity

and plasma density in quasihomogeneous plasmas of
500 �m length as well as in increasing density profiles
up to the critical density. A typical time-resolved spectrum
of the backscattered SBS light from a 0:11nc plasma at
maximum intensity is shown in Fig. 3(a). The first signal in
time corresponds to scattered light from the nanosecond
beam at 112.5�. The second signal is the backward SBS
spectrum of the picosecond pulse. Its height corresponds to
the width of the streak camera slit. The spectrum of the
picosecond pulse in vacuum is shown in the bottom part of
Fig. 3(a) for reference. SBS spectra have been recorded for
various electron densities at high interaction intensity and
they are shown in Fig. 3(b). For low initial electron density

FIG. 3 (color online). (a) Time-resolved spectrum of the light collected in the focusing optics of the picosecond beam showing, as a
function of time, the scattered light from the nanosecond pulse and the backscattered SBS light from the picosecond pulse with an
intensity of 2:5� 1016 W=cm2; the spectrum of the picosecond pulse in vacuum is shown in the bottom part of the image with a
reduced temporal scale. (b) SBS spectra of the picosecond pulse at maximum intensity for preformed plasmas of various initial
maximum densities.
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(0:05nc), the width of the SBS spectrum is almost twice
that of the picosecond pulse, and is redshifted by 7–8 Å.
This shift corresponds to the expected SBS shift (given by
the ion-acoustic frequency) for an electron temperature
of �ð0:8� 0:15Þ keV [4,5]. For higher electron densities
(> 0:1nc), we observe a broadening of the spectra to the
blue, the largest broadening being obtained for the highest
initial density (10 mg=cc foam). Part of this broadening
could be explained by an extension of the SBS activity in
areas where the plasma expansion toward the laser pro-
duces a blue Doppler shift that is superimposed on the SBS
shift. This had been observed previously in a similar
plasma-beam configuration using Thomson scattering
from the ion-acoustic waves (IAW) associated with SBS
[19]. Moreover, at high intensity and high electron density,
SBS is in the strongly coupled regime [8] as its growth rate

is �SBS ¼ 2:95 � 10�3 !0½I14�2
0ne=ncðnc � neÞ=nc�1=3�

0:56 � 10�2!0 � 4!iaw; where !0 is the laser frequency,

so is larger than the ion acoustic frequency !iaw. In this
regime the IAW spectrum is rather broad and the amplifi-
cation gain is not too sensitive to the frequency mismatch,
which could explain the observed spectra.

The broadening of the spectra is accompanied by a
strong increase of the SBS reflectivity. The evolution of
the SBS reflectivity as a function of the plasma density
at high laser intensity and as a function of the laser inten-
sity for the high-density plasmas are shown in Figs. 4(a)
and 4(b), respectively. Very high levels ð�60� 5Þ% of
SBS reflectivity are observed for densities close to critical
and intensity of 2:5� 1016 W=cm2. Shots with compound
targets, ð3þ 6Þ mg=cc, and ð3þ 6þ 12Þ mg=cc, pro-
duced similar reflectivities as the 6 or the 10 mg=cc foams
with similar length, showing that the important parameter
is the maximum electron density of the preformed plasma.
The dependency of the SBS reflectivity as a function of the
laser intensity displays a continuous increase of the reflec-
tivities with the intensity with no evidence of saturation.
This is different from previous results with short pulses of
Refs. [14,15] that displayed reflectivities below 10% up to

intensity �1017 W=cm2. The difference may be attributed
to the plasma density effect as these former SBS measure-
ments were obtained in low-density plasmas, below
0:05nc, and these new experiments demonstrate that this
is a critical parameter.
Numerical simulations have been performed for parame-

ters close to those of this experiment. The 2D simulations
with relativistic particle-in-cell code predict that SBS
dominates the coupling for times longer than
�7000!�1

0 � 2 ps [20,21], which is shorter than our pulse
duration. They find a reflectivity of�5% for an intensity of
4� 1016 W=cm2 and a maximum electron density of
0:4nc. This is close to our measurements, which provide
reflectivities of 1% to 10% for electron density varying
from 0:2nc to 0:4nc. From the comparison between the
experimental and the numerical results, it seems that
kinetics effects and the interplay between filamentation
or cavitation, which destroys the coherency of the resonant
coupling, is dominating the SBS growth. The temporal
resolution of the experimental diagnostics cannot capture
all the fine features of Raman, but our results confirm that,
even if Raman is in the inflationary regime, the reflectiv-
ities stay at a low level. The absence of a TPD signature in
the experiment is in agreement with the fact that it is
observed to saturate very quickly in the simulations.
The two main questions are then how to extrapolate the

SBS results to higher plasma temperature and to times
longer than our pulse duration at high intensity. At high
temperature, one can expect low collisional absorption in
the low density part of the profile and consequently more
laser energy arriving in the high density part. From our
results, this will produce an increased SBS reflectivity. The
mechanisms described just after, leading to SBS saturation,
will also be less efficient at high temperature. For longer
pulse duration, one can expect that filamentation, self-
focusing, and stimulated forward Brillouin scattering will
produce smoothing of the laser intensity distribution as
observed in the experiment. This results in speckles of
smaller diameter than the initial ones, which are stable

FIG. 4 (color online). (a) SBS reflectivity as a function of the maximum plasma electron density for two interaction intensities.
(b) SBS reflectivity as a function of the picosecond pulse intensity for various plasma densities; former results (open symbols) from
experiments with short pulse lasers, Ottawa [14] and P102 [15], are plotted on the same graph for comparison.
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for SBS. This can lead to SBS saturation at lower levels
than what is measured in 5 ps. The nonlinear evolution of
SBS was studied in the limit of a fluid description with the
harmonic decomposition method [22]. Fluid-type nonline-
arities of the ion acoustic waves (IAW) associated with
SBS can reduce its growth due to SBS-induced flow modi-
fication and/or due to IAW harmonics generation. These
simulations show that IAW harmonics generation can
transform the coherent three-wave SBS coupling into an
incoherent type that leads to a first phase of large and
bursty SBS reflectivity followed by reduction or suppres-
sion of SBS at long time due to nonlinear ion wave effects.
The parameters of our experiments correspond to this first
phase and large levels of IAW harmonics were observed
in the simulations. Longer pulse duration experiments dis-
play reflectivities close to 40% [10,11,23]. This does not
take into account the scattered light outside the focusing
optics that can significantly increase these values.

In conclusion, plasma instabilities have been studied in
long (mm) and hot (keV) preformed plasmas at high laser
intensity. The main result is that SBS dominates the laser-
plasma coupling for all conditions explored in this work.
This is in agreement with multidimensional kinetic simu-
lations and demonstrates that the laser-plasma coupling
efficiency is a serious issue for the success of the SI scheme
unless a good control of SBS is found.
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