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Experiments have been performed evidencing significant stimulated Raman sidescattering (SRS) at large
angles from the density gradient. This was achieved in long scale-length high-temperature plasmas in
which two beams couple to the same scattered electromagnetic wave further demonstrating for the first time
this multiple-beam collective SRS interaction. The collective nature of the coupling and the amplification at
large angles from the density gradient increase the global SRS losses and produce light scattered in novel
directions out of the planes of incidence of the beams. These findings obtained in plasmas conditions
relevant of inertial confinement fusion experiments similarly apply to the more complex geometry of these
experiments where anomalously large levels of SRS were measured.
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A laser electromagnetic wave propagating in an under-
dense plasma can resonantly couple with the plasma normal
modes to give rise to scattered light waves [1–3]. In the case
of the coupling with electron plasma waves (EPW), the
instability is called stimulated Raman scattering (SRS) and
produces light scattered with wavelengths up to twice the
one of the incident laser. Anomalously high SRS losses that
significantly undermine the target performance were mea-
sured, sometimes in unforeseen directions, in the large
number of beams inertial confinement fusion (ICF) [4]
experiments performed at the megajoule energy level
[5–10]. While the instabilities of one individual laser beam
in a homogeneous plasma are expected to mainly develop
along the beam propagation axis, the interaction of multiple
beams in an inhomogeneous plasma as occurs in ICF
experiments involves intricate physical mechanisms that
may result in increased amplification of the scattered light
in new directions.
In configurations involving multiple beams, collective

instabilities could develop that modify the preferential
decay geometry [11]. These collective instabilities can
occur in the case of laser beams having a common
symmetry axis along which they drive a common daughter
wave. It was evidenced in experiments for the two plasmon
decay instability [12–14] and for the stimulated Brillouin
scattering [15]. This type of collective instability for SRS is
expected to result in increased SRS amplification at various
angles by sidescattering of the multiple beams. The growth
of SRS for a single beam may also produce significant

sidescattering in an inhomogeneous plasma in the geom-
etries where the scattered light is amplified along directions
close to the normal to the density gradient [16–17] where
the effective plasma inhomogeneity is strongly reduced.
This redshifted SRS scattered light, emitted at large oblique
angles from the density gradient, is however expected to
experience significant collisional absorption and refraction
before exiting the plasma making it difficult to observe in
experiments.
We have taken advantage of the collective amplification

of such an SRS sidescattered wave by multiple beams to
evidence this process at large angles from the density
gradient in experiments performed in high-temperature,
low-Z, long scalelength plasmas. The experiment described
in this Letter is also the first that demonstrates this multiple-
beam collective SRS interaction with a common side-
scattered wave. Two cones of six beams were incident on
both sides of a low-density foam target at 60° with respect
to the target normal. The angular distribution of the SRS
scattered light, measured around the bisecting plane of two
beams, evidences a significant signal corresponding to the
collective SRS of the two beams sharing a scattered
electromagnetic wave. The signal maximized at an angle
of ∼48° from the target normal where the corresponding
time-resolved spectrum was also measured. This observa-
tion in vacuum corresponds to SRS light produced at ∼80°
from the density gradient in the plasma region of inter-
action. This optimum angle results from the increase of the
SRS collective gain partly compensated by the increased
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collisional absorption of the SRS signal as the light is
scattered at larger angles from the density gradient. The
collective nature of the coupling and the amplification at
large angles from the density gradient are found to increase
the global SRS losses and to produce light scattered outside
the planes of incidence of the two beams in directions that
we characterize experimentally.
The experiments were performed on the 351 nm Omega

laser facility at the University of Rochester. The targets
were 7 mg=cc C12H16O8 foams [18] with a diameter of
2.5 mm and a length of 950 μm aligned along the H3-H18
axis of the Omega target chamber. The laser beams were
focused by f=6.7 lenses through elliptical phase plates
producing spot sizes with a 200 × 300 μm diameter (full
width at half maximum). These beams were fired at the
energy level of 400 J in a 1 ns square pulse producing a
maximum intensity of 7 × 1014 W=cm2 per beam. This
intensity was chosen to produce a supersonic ionization of
the low density foam. Previous experiments [19–23]
performed with similar foams and analytical modeling
[24] indicate that the ionization front propagates at a speed
of 0.9 mm=ns in a 7 mg=cc foam. Twelve beams were
used, incident at 60° from the foam axis, making a 6-beams
cone on each side of the target. Figure 1(a) represents a side
view of the geometry of these beams in the target. On each
side, the beams were shifted from the center of the target by

150 μm, measured along the foam axis [z axis in Fig. 1(a)],
towards the foam entrance. After ∼0.5 ns, the regions of
foam ionized by the different beams of a same cone start
superimposing. After this time, the remaining foam is
rapidly ionized and heated.
During the ionization of the foam target, the plasma

expands along the z axis over the surface (⌀ ∼ 1.3 mm)
covered by the cone of 60° beams. For the times of interest
(t ¼ 0.5–1 ns), this expanding plasma presents an expo-
nential density profile along z with a characteristic length
Ln ∼ cs t ∼ 300 μm at t ¼ 1 ns. This expansion can be
considered as monodimensional for the times of interest
(t < 1 ns) for which the plasma scale length is still small
compared to the transverse size of the irradiated zone
⌀ ≫ Ln. Exponential density profiles are used to fit the
results of hydrodynamics simulations with a good accuracy.
These density profiles are shown in Fig. 1(b) for t ¼ 0.5
and 1 ns. The electron temperature was measured with
thermal Thomson scattering [25] validating the electron
temperature (Te ≥ 2 keV) found in the hydrodynamics
simulations at t ¼ 1 ns.
The angular distribution of the 6 beams incident on the

H18 side is schematically shown in Fig. 2(a) together with
the representation of the near backscattered imager (NBI)
that measured the time-integrated angular distribution of
the light scattered in the Raman wavelength range
λSRS ¼ ½450–900� nm. This diagnostic collects the SRS
light scattered around the midplane [see Fig. 1(c)] of beams
45 and 50 with angles between 20° and 60° from the target
normal. A typical image recorded on this diagnostic is
shown in Fig. 2(b). The SRS scattered light is observed at
angles of �6° around the midplane close to the region
mentioned as FABS25 located at ∼48° from the z axis. The
time-resolved spectrum of the light scattered in this
direction collected in an aperture of�4° was also measured
with temporal and spectral resolutions of 100 ps and 9 nm.
The corresponding SRS spectrum is shown in Fig. 2(c). The
SRS signal starts at t ∼ 0.5 ns, as soon as the beams start
overlapping in the foam plasma. It lasts until the end of the
laser pulses with an almost constant wavelength of
λSRS ∼ 600 nm. Absolute energy measurements performed
in a calorimeter in this same direction indicate that the SRS
losses associated with this signal maximize at ∼5% of the
power available in one beam. Shots were performed with
foams of different densities with beams fired at slightly

(a)

(c)

(b)

FIG. 1. (a) Schematic representation of the two cones of beams
in the foam target; (b) density profile along the z axis at t ¼ 0.5
and 1 ns; (c) 3D representation of the sidescattering geometry in
the bisecting plane of beams 45 and 50. The conjugate EPWs in
this collective excitation are represented by the green arrows for
beams 45 and 50.

FIG. 2. (a) Angular distribution of the 6
beams incident on the H18 side and
scheme of the NBI diffuser plate; (b) typ-
ical image recorded with the NBI
diagnostic for a 7 mg=cc foam; (c) time-
resolved spectrum of the SRS light col-
lected in the direction of FABS25 in the
same shot as for (b).
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different energy levels and the signal measured in the three
diagnostics all varied in proportion confirming their
common origin.
As would be expected for a two-beam collective SRS

instability, the scattered light is maximum in the bisecting
plane of the two beams. However, a collective scattering
involving only two beams could develop over a range of
sidescattering angles in this plane. Rather, in the experi-
ment, the SRS scattered light is observed to be concentrated
at angles between 42° and 54° measured with respect to the
target normal. These experimental observations are, how-
ever, perfectly consistent with the amplification of a
collective SRS instability in the inhomogeneous plasma
by the two neighboring beams (beams 45 and 50) in their
region of overlap. We first take into account the propaga-
tion of the 351 nm light on its way inside the plasma. The
latter is refracted as it propagates to higher densities so that
the laser beams cross the original foam axis in
z < −150 μm. The laser beam path is illustrated in
Fig. 3(a) for t ¼ 1 ns. The two beams cross in z ¼
−300 μm where the electronic density is 0.17 nc in agree-
ment with the measured value for their SRS signal of
λSRS ∼ 600 nm. In the region of beam crossing, the 351 nm
light makes an angle of ∼71° with the density gradient. The
absorption of the 351 nm light before it reaches this region
is negligible.
We next consider the SRS sidescattering of the two

beams in their bisecting plane represented by the red
dashed-dotted vertical line in Fig. 2(a). In the following,
the geometry of this SRS sidescattering for beams 45 and
50 will be specified through the angle, θSRS;p, measured in
their bisecting plane, between the sidescattered light and
the z axis [see Fig. 1(c)]. The density gradient in the region
of beams overlap is approximated by a linear ramp with a
characteristic scale length Ln ¼ 300 μm. The Rosenbluth
SRS gain factor in amplitude [26] for the amplification of
the SRS light as a function of θSRS;p is shown in Fig. 3(b).

This calculation [16–17] takes into account the oblique
incidence of the 351 nm light, the Raman decay side-
scattering geometry and the inhomogeneity. The
Rosenbluth gain factor increases like Ln= cosðθSRS;pÞ that
provides the main dependence. This formula remains valid
until the WKB approximation made to calculate the
Rosenbluth gain fails. In long scale-length plasmas, this
occurs in the close vicinity of θSRS;p ¼ 90° only (for
θSRS;p > 88° for the parameters of this experiment).
The increase of the SRS gain with θSRS;p is counterbal-

anced by the absorption of the SRS light on its way outside
the plasma when it is emitted at larger θSRS;p. The paths of
the SRS light in the plasma is shown for three values of
θSRS;p in Fig. 3(a). As θSRS;p increases, the SRS light must
travel through longer plasma regions before exiting so that
it experiences more collisional absorption. The amount of
SRS light transmitted through the plasma is also shown in
Fig. 3(b) as a function of θSRS;p. For angles larger than 85°,
the SRS light is fully absorbed in the plasma so that one
would expect that even if this instability develops, the
corresponding SRS light would not be observable in
experiments. The product T × expðGSRSÞ maximizes for
θSRS;p ∼ 75°–80° which is consequently the expected opti-
mum angle for the observation of the collective SRS of
beams 45 and 50. For this angle, significant amplification
of the SRS light is expected from the calculated Rosenbluth
gain (GSRS > 10) and 10%–30% of the SRS light is
transmitted. Taking into account the refraction of this
SRS light as illustrated in Fig. 3(c) gives an angle of
∼47° for its observation in vacuum in good agreement with
the experiment.
A striking feature in the data recorded in FABS25 is the

small range of wavelengths covered by the SRS signals
when the conditions were changed. The spectra measured
for foams with 4, 5, and 7 mg=cc are compared in Fig. 4(a)
showing that the SRS signal remains confined between
λSRS ¼ 570 nm and λSRS ¼ 620 nm. Figure 4(b) illustrates
the refraction of the SRS light as a function of its wave-
length for various angles of production, θSRS;p, in the
plasma around the optimum. Since FABS25 collects the
SRS light refracted with θSRS;v between 44° and 52°,
Fig. 4(b) explains the small extent in λSRS observed in
the measured spectra. Also, the short wavelength cutoff
observed at λSRS ¼ 570 nm tends to indicate that little SRS
amplification is possible for θSRS;p < 75°. Figure 4(b)
similarly explains the small extent in θSRS;v (between
42° and 54°) observed in the NBI diagnostic.
Considering the finite size of the two beams and their
geometry, we illustrate, in Figs. 4(c) and 4(d), their overlap
in two planes perpendicular to the z axis and located in
z ¼ −300 μm and z ¼ −350 μm. This analysis indicates
that the collective SRS signal could be amplified by the
two beams in the 7 mg=cc foam plasma for electronic
densities ranging approximately from ne=nc ¼ 0.14 (or
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FIG. 3. (a) calculated refraction of the 351 nm laser light and of
600 nm SRS light for θSRS;p ¼ 55°, 71°, and 85° in the density
profile for t ¼ 1 ns; (b) Rosenbluth gain (GSRS) for ne=nc ¼ 0.17
as a function of θSRS;p and transmission (T) of the SRS light for
λSRS ¼ 600 nm through the density profile at t ¼ 1 ns. GSRS is
calculated for 2 beams with polarizations aligned with the
scattered light; (c) exit angle (θSRS;v) of the SRS light produced
at ne=nc ¼ 0.17 as a function of θSRS;p.
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λSRS ¼ 589 nm) to ne=nc ¼ 0.195 (or λSRS ¼ 651 nm). In
this range, the expected θSRS;v nearly decreases from 52°
down to 35° for θSRS;p > 75°. The large angle cutoff is close
to the experimental observations but very little light can be
detected in the NBI diagnostic for θSRS;v < 42°. In the
corresponding longest wavelengths range, the SRS light is
produced at larger densities preventing its detection outside
the plasma.
This analysis is further confirmed by the shots performed

in lower density foams (5 mg=cc) at the slightly reduced
beam energy of 350 J. The SRS signal, shown in Fig. 4(a),
was reduced by a factor of∼3 compared to the higher energy,
7 mg=cc measurements. This experiment was repeated with
beams 45 and 50 pointed in the middle of the foam rather
than in z ¼ −150 μm. With this new pointing, the beams
cross each other in a denser plasma with ne=nc up to 0.24.
The signals measured in the FABS25 and NBI were reduced
by a factor ∼10 compared to what was observed with the
original pointing. This confirms that either the SRS collec-
tive signal could not grow for these higher densities or that its
absorption in these denser regions prevents its observation
outside the plasma. In these conditions where the collective
SRS signature outside the plasma was strongly reduced, we
have been able to detect the lowest single beam sidescattered
SRS signal of beam 50 in the NBI diagnostic. The latter
remains located close to the original aperture of beam 50
(up to sidecattering angles of ∼5° compared to the original
beam aperture) and is ∼10 times lower than the collective
SRS signal measured with the beams pointed in
z ¼ −150 μm. This confirms that the individual beam
sidescattering contribution in the signal previously dis-
cussed is negligible.
A level of ∼5% of collective SRS sidescattering has been

measured representing only a fraction of the global SRS
light which is mostly absorbed before exiting the plasma.
The hot electrons simultaneously generated by the driven
EPW are also of primary concern in the ICF context [27].
For the parameters of this experiment, ne ¼ 0.17 nc and for
θSRS;p ∼ 75–80°, the trapping of electrons in the stimulated
EPW is expected to accelerate hot electrons with energies

∼25 keV. In this experiment, the hot electron component
was inferred from the hard x-ray emission it produces via
bremsstrahlung in the foam plasma [28]. The Hard X-ray
Detector [29] gives an electron temperature of ∼20 keV
close to the expected value. According to recent calibra-
tions [30], significant levels of x-ray signals were measured
in this experiment. The corresponding total energy invested
in these hot electrons depends on the details of the x-ray
emission. However, from simple models [28], we estimate
that this energy is of at least a few hundreds joules
consistent with losses of more than 10% of the laser beams
power. These hot electrons propagate inward along the
driven EPW shown by the green arrows in Fig. 1(c).
The plasma conditions reached in our experiment, i.e., an

exponential density profile with Ln ∼ 300 μm and
Te ∼ 2 keV, approach those of megajoule scale direct-drive
experiments [31,32]: Ln ∼ 350–600 μm, Te ∼ 3.5–5 keV
and laser intensities I ¼ 4–10 × 1014 W=cm2. The mecha-
nism evidenced in our experiment is so expected to
similarly develop in these experiments. It could occur
between any pair of beams over a broad range of electronic
density to produce SRS light in the bisecting plane of the
two beams almost transverse to the target normal that is
further refracted and absorbed before exiting the plasma.
The resulting angular distribution of this SRS light then
depends on the specific geometry of each experiment.
Because this SRS is refracted and absorbed in the plasma,
its diagnostic will remain very partial in most of the
experiments making it difficult to accurately estimate the
associated losses. Inhomogeneous density profiles are also
present in the region of crossing beams at the laser entrance
hole early in the laser pulse in indirect-drive configurations
[33,34]. In these experiments, performed with a large
number of beams, this pairwise coupling is expected to
accelerate hot electrons all propagating forward with
directions that depend on the detailed geometry of the
beams and energies that increase with the SRS sidescatter-
ing angle.
The large amplification of SRS electromagnetic waves

almost transverse to the density gradient as theoretically

λ λ

θ

θ

FIG. 4. (a) SRS spectra measured in FABS25 for different conditions: in 4 mg=cc and 7 mg=cc foams at 400 J and in a 5 mg=cc foam
at 350 J; (b) exit angle of the SRS light for the various densities in the crossing beams region shown as a function of its wavelength; the
gray dashed lines represent the aperture of FABS25; representation of the two beams overlay in the planes (c) z ¼ −300 μm and
(d) z ¼ −350 μm. The laser beam spots are shown for two beams incident at 71° of the z axis and overlapping in z ¼ −300 μm. The
contours are shown at 50% of the maximum intensity.
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predicted 40 years ago has been evidenced in hot long
scale-length plasmas. The occurrence of the collective
Raman scattering instability in which multiple beams
couple to the same scattered light wave has been demon-
strated for the first time. This mechanism was successfully
invoked to explain the large level of SRS measured in
indirect-drive ICF [6,35]. The collective coupling and the
amplification at large angle from the density gradient
increase the amount of SRS losses that are only partly
measured in experiments due to the refraction and absorp-
tion of the redshifted SRS light. Depending on the beams’
geometry, mitigation strategies may have to be developed
like reducing spot sizes which will push the beams’ overlay
to denser plasma regions where SRS could not grow.

The experiment described in this manuscript was funded
by the Agence Nationale pour la Recherche under the ANR
project ILPHYGERIE (ANR-12-BS04-0006-01). We
gratefully acknowledge the Omega operating teams.
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