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Thomson scattering (TS) has been used to investigate the two-ion decay instability of ion acoustic
waves generated by stimulated Brillouin scattering in an underdense CH plasma. Two complementary
TS diagnostics, spectrally and spatially resolved, demonstrate the occurrence of the subharmonic decay
of the primary ion acoustic wave into two secondary waves. The study of the laser intensity dependence
shows that the secondary ion acoustic waves are correlated with the SBS reflectivity saturation, at a

level of a few percent.
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The propagation of an intense laser beam within a long
scale-length underdense plasma can give rise to para-
metric instabilities such as the stimulated Brillouin scat-
tering instability (SBS) [1]. It consists in the decay of the
incident electromagnetic wave into an ion acoustic wave
(IAW) and a scattered electromagnetic wave. SBS repre-
sents a serious threat to inertial confinement fusion
schemes as it may cause the reflection of a large fraction
of laser energy and spoil the uniformity of the irradiation.
Experiments carried out in the context of fusion [2] have
reported limited levels of backscattering, less than 30%,
which are much lower than the levels predicted by most
theoretical models, which in some cases reach 100%.
Nevertheless, such high levels have been measured
under certain conditions [3]. The physical mechanisms
responsible for the limited SBS reflectivity and for
its saturation are not yet clear. Pump depletion in the
highest intensity regions of the focal volume could be
partly responsible. In these areas of active SBS, the
nonlinearity of the plasma response gives way to a
variety of phenomena that could also reduce the SBS
growth, including ion tail formation, ion trapping,
high-harmonics generation, and nonlinear frequency
shifts (see Ref. [4], and references therein). Among the
different processes, the decay of the SBS (primary) AW
into two secondary IAW has been proposed as a mecha-
nism to limit the amplitude of the primary IAW. This
instability, referred to as the two-ion decay (TID) insta-
bility, has been predicted in several theoretical and nu-
merical studies [5,6].

In this Letter, we present the first observation, using
Thomson scattering, of such secondary IAW and of their
correlation with the primary SBS-driven AW in time and
space, as well as the evolution of their relative amplitudes
with the laser intensity. An important result is that the
secondary IAW were only observed in the range of in-
tensities where the SBS reflectivity was in the saturated
regime. This could be evidence of their participation in
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the saturation of SBS. The amplitudes of the primary and
secondary waves, which were collected using separate
optics, have been measured. At a laser intensity of
~1.0 X 10'® W/cm?, the ratio between the primary and
secondary waves was close to ~8—10 with the assumption
of a coherent emission—an indication that the secondary
waves are not negligible.

The experiments were carried out using five of the six
~600-ps FWHM lasers beams of the nanosecond facility
at the Laboratoire pour I’Utilisation des Lasers Intenses
(LULI). All beams were in the horizontal plane. The
plasma was created from a 1.2-um-thick, 380-um-wide
CH ({(Z) = 3.5) foil irradiated by two A = 0.53 wm coun-
terpropagating beams. The plasma was then heated by a
third identical beam with a delay of 0.6 ns. Random-phase
plates (RPP) were used on the creation and heating beams
for plasma reproducibility. The plasma’s main expansion
axis (z axis) was perpendicular to the target’s initial
surface (z = 0). The plasma was well characterized in
previous experiments [7]. Its maximum density at the
peak of the interaction pulse, which was n,, ~ 0.15n,
(where n, = 1X 10> em™3 is the critical density for
1.053 wm light), decreased exponentially in time as
Nmax () = nmax €xp(—1[ps]/530). The typical scale length
of the plasma’s inverse parabolic profile was ~700 pm.
The measured electron temperature was between
500-700 eV and ion temperature was estimated at
~200 eV, so that ZT,/T; ~9. With a 1.7 ns delay after
the heating beams, a 1.053-um interaction beam focused
by a f = 50 cm lens was sent propagating along the z axis
(towards z > 0). In the following, we will refer to the
front part of the plasma as the entrance side of the
interaction beam with z < 0. The beam diameter was
reduced to 50 mm with the use of a diaphragm, which
selected a quasi—plane wave front in the laser beam, in
order to produce a focal spot close to the limit of dif-
fraction. The 2D far-field images of the intensity distri-
bution showed that 50% of the laser energy was contained
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within a spot of 15 um in diameter leading to a maxi-
mum intensity of 1.0 X 10'® W/cm?.
An f/3, A, =035 pum, low-intensity (I)~
10'2 W/cm?) probe beam was used for Thomson scatter—
ing (TS) off the IAW. It was synchronized with the
interaction beam and sent at 67.5° from the interaction
beam axis. The TS light was collected by a f/1.5 off-axis
parabola and sent to two different stations: (i) a 1D time-
resolved imaging system of the plasma spatially resolved
along the z axis with a 100 ps temporal resolution and (ii)
a spectrometer coupled to a multislit S1 streak camera
enabling simultaneous observation of the time-resolved
spectra of the TS light at different locations along the
z axis. The spectral and temporal resolutions were, at
best, 0.8 A and 160 ps. The parabola was centered at
81° from the z axis and had an effective aperture of
34°. Masks were placed on the probe beam (reducing its
effective aperture to f/8) and the collection optics to
select the wave-vector magnitude and direction of the
probed TAW.
The two instabilities considered in this experiment are
shown schematically in Fig. 1. In the SBS instability [see
Fig. 1(a)], the incoming electromagnetic (EM) wave (K,
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FIG. 1. Vector-diagram of (a) the backward SBS geometry

and (b) the TID geometry: the prlmary wave (K;,,, @igw)
decays into two secondary IAW (k};%, }2) propagating at a
small angle 7. (c) Experimental setup and wave-vector
diagram for down-TS off the primary and secondary [AW.
This latter satisfies k; = k,, — K, and o; = 0, = @4,. (d)
Scattering angle § as a function of the probe beam angle 6,
both measured from the z axis, that satisfy the matching
conditions for the primary IAW and four of its decay products.
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wg) parametrically decays into an ion wave (K;,,,, ®;4,)
and a backscattered EM wave ( kggg, wgps). The TID
instability [see Fig. 1(b)], consists in the decay of the
SBS-driven ion wave into two secondary IAW (k)2

w2 ) directed at a variable angle 7. The geometry of
the experiment [see Fig. 1(c)] was designed, using the
matching conditions and the linear dispersion relations of
the TAW, to collect the down-Thomson scattered light
off primary IAW associated with near-backward SBS
(e <25°) and secondary IAW associated with the decay
of the primary waves at angles 7 between 0 and 20° from
the primary waves. Figure 1(d) shows the calculated
scattering angle 6 as a function of the probe angle 6 for
the primary IAW and for four of its decay products (see
Ref. [8] for more details). The diagram has been limited
to the accessible angles in the experiment. To study the
primary IAW driven by SBS, the probe beam angles 6 and
collection angles 6 were chosen, respectively, between
[66,5° 73,5°] and between [72° 77°] from the interaction
beam axis (window 1). The scattered light off secondary
IAW was collected between angles 6 € [90° 95°] using
two probe beam apertures: 6 € [66,5° 73,5 | (window 2)
and 0 € [73° 78] (window 3). The probe beam and col-
lection apertures of window 2 were optimized for the
observation of IAW that satisfy the conditions k.2 =~
Kiaw/2 and ©};2, = w,,,/2, for which simulations predict
the maximum growth rate [6] of = (IN/N)w,,, /4.
Window 3 was selected to detect the decay modes,
kiqw/3 and k;,,,/4. In our conditions, the product of the
wave vector by the Debye length is k;,,,Ap ~ 0.15 for the
primary IAW. Wave vector magnitudes ranging from
1.5ky to 2.1ky (ky in vacuum) for the primary waves,
from 0.6k, to 1.2k, for the secondary waves in window
2, and from 0.4k to 0.9k, for window 3 could be detected
by the diagnostic. The solid angles of the probe beam and
of the collection optics were the same for windows 1 and
2, providing a relevant comparison of the Thomson scat-
tered intensities.

A complementary diagnostic was set up to study the
backscattered EM waves associated with SBS. The scat-
tered light, collected within the laser-focusing aperture,
was analyzed in spectrum (using a spectrometer-streak
combination) and in energy (using a fast photodiode). The
collected light included pure backscattering and side
scattering up to an angle of 5° from the laser axis. The
reflectivity dependence on the laser intensity, shown in
Fig. 2, consists of an exponential growth, between inten-
sities 10'3 and 10" W/cm?, followed by saturation at a
near constant level of ~5-10% for laser intensities
greater than 10" W/cm?. The SBS spectra are wide
and completely blueshifted.

Two examples of TS spectra off IAW associated with
SBS and TID, using the three combinations of masks, are
shown in Fig. 3 for a laser intensity of 5 X 10'5 W/cm?.
The diagnostic collected light emitted from a plasma slab
of a height of 50 wm in the case of the primary waves and
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FIG. 2. Time-integrated average SBS reflectivity as a func-
tion of the average intensity of the f/10 interaction beam.

of 150 pm in the case of the secondary waves. The slab
was 25 um in width and was located at z = —350 um.
This location corresponded to maximum SBS activity
according to both the TS imagery diagnostic and the
backward SBS diagnostic. In the latter case, the spectral
shift of the backscattered light agreed with the net blue-
shift due to the Doppler effect of the expanding plasma
around —350 pm [9].

The blueshifts of the three TS spectra are in agreement
with the calculated values: dw = w;,, = k;znlcs — u(z)],
where c; is the sound velocity and u(z) is the plasma flow
velocity (deduced from thermal TS measurements).
Assuming an expansion velocity of u(—350 wm) ~ 3.0 X
107 cm/s and k;,,, between 1.5k, and 2.1k, this formula
predicts blueshifts between (0.8—1.2) A for the scattered
light off the primary waves collected in window 1. In the
case of the scattered light off k;,,,/2 secondary waves, the
mean shift is expected to be between (0.4-0.6) A. The
spectral shift of the light collected in window 3 should be
about 0.3 A, as observed in Fig. 3(b). In order to detect
the scattering off the secondary waves in windows 2 and
3, a larger spectrometer slit was used to collect a signifi-
cant signal, which lowered the spectral resolution to 2 A.
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FIG. 3. Spectra of IAW at z = —350 um in the front part of
the plasma collected (a) in window 1, (b) in window 2 (gray
solid line) and in window 3 (black solid line). The spectra have
been time-integrated over 200 ps. Intensity scale is relative and
given in arbitrary units. The spectral resolutions for the pri-
mary IAW [(a)] and secondary IAW [(b)] are 0.8 and 2.0 A,
respectively.
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The signal collected in window 2 was on the average
50-100X weaker than the signal associated with SBS-
TAW and stronger by a factor of 2 than that collected in
window 3. This demonstrates that the k;,,,/2 decay mode
has a greater growth rate than either the k;,,,/3 or k;,,,/4,
as suggested by the numerical results. This diagnostic
already provides a clear identification of IAW produced
by the decay of the primary SBS TAW. Such waves have
also been detected in a gold (Au) plasma, but presented a
broad k spectrum [10].

More complete information about the spatial evolution
of the amplitude of the two types of IAW within the
density profile along the z axis was obtained from
the imaging diagnostic which was also temporally re-
solved. This diagnostic collected light emitted from a
75-pum-high plasma slab over the spectral range of
(3510 = 10) A. Figure 4 displays two frames showing
the Thomson scattered light intensity off TAW associated
with backward SBS [Fig. 4(top)] and with TID
[Fig. 4(middle)] as a function of space (z) and time. The
SBS-IAW signal was a hundred times more attenuated
than the TID-TAW signal. The most interesting result is
the complete correlation in space and time of the two
types of IAW. They both grow in the front part of the
plasma, with a maximum around 350 wm from the initial
target plane, and occur during the first half of the laser
pulse. This result has already been obtained, with an RPP
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FIG. 4 (color online). Time-resolved intensity image along
the z axis of IAW associated with SBS collected in window 1
(top) and of IAW collected in window 2 associated with TID
(middle). Bottom: lineouts in Z of the SBS (red/upper curve)
and TID (blue/lower curve) images averaged over 100 ps and
given in relative signal intensity. The TID signal in the lineout
has been multiplied by 25.
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FIG. 5. Time-integrated Thomson scattered signal off pri-
mary AW associated with SBS (collected in window 1) and
secondary IAW (collected in window 2) at z = —350 um in
the front part of the plasma as a function of the average laser
intensity.

irradiation, for the IAW associated with SBS [9]. The
novelty is the evidence of IAW that present the spatial,
temporal, and spectral properties of the subharmonics
produced by the TID instability of the SBS-driven IAW.

Once the waves were well identified, we proceeded to
the relative measurements of the scattered intensity off
the IAW associated with SBS collected in window 1 with
the secondary IAW collected in window 2 as a function of
the laser intensity. The results are plotted in Fig. 5. The
points are time-integrated scattered signals at z =
—350 um. For laser intensities lower than 9 X
10" W/cm?, the TS light off TID-IAW was below the
detection threshold. Above this value, there is a fast
increase of the TID-IAW scattered light. The dots for
SBS-IAW are consistent with the SBS reflectivities of
Fig. 2. The secondary IAW were detected only at laser
intensities for which the SBS reflectivity was in a satu-
rated regime. In fact, there was no evidence of TS light
from TID-IAW when a RPP was added to the interaction
beam, the intensity of which thus reduces to 8 X
10 W/cm? in a focal spot diameter of 320 wm. The
SBS reflectivity curve for this type of irradiation was
measured in a previous experiment and did not show
saturation [see Figure 6(c) of Ref. [7]]. Although high-
intensity speckles account for most of the SBS, which is
likely in a saturated regime, the level of secondary AW
in the probed volume was probably too small to be
detected. Assuming that the scattering comes from a
coherent TAW, the Thomson scattered power (P,) is pro-
portional to the square of the density fluctuation level
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(8n/n)? associated with the IAW [11]. With the values
computed in Fig. 5, we estimate the IAW amplitude
ratio between the secondary and primary IAW to be of
approximately 8-10 for a laser intensity close to
10'® W /cm?.

In summary, IAW associated with the TID instability
of SBS-driven ion waves were observed using two inde-
pendent Thomson scattering diagnostics. The Thomson
spectra enabled unambiguous identification of the waves
and the spatial imaging diagnostic allowed us to establish
a good correlation between the primary and the second-
ary IAW. Although the complete spectrum of AW could
not be probed in this experiment, the fact that the sec-
ondary waves associated with the TID instability were
only observed when the SBS reflectivity was in the satu-
rated regime is a strong indication that TID plays a role in
the saturation of SBS, alongside other possible participat-
ing mechanisms.
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