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Abstract. Many nonlinear processes may affect the laser beam propagation and the laser energy deposition
in the underdense plasma surrounding the pellet. These processes, associated with anomalous and nonlinear
absorption mechanisms, are fundamental issues in the context of Inertial Confinement Fusion. The work
presented in this article refers to laser-plasma interaction experiments which were conducted under well-
controlled conditions, and to their theoretical and numerical modeling. Thanks to important diagnostics
improvements, the plasma and laser parameters were sufficiently characterized in these experiments to
make it possible to carry out numerical simulations modeling the laser plasma interaction in which the
hydrodynamics conditions were very close to the experimental ones. Two sets of experiments were carried
out with the LULI 2000 and the six beam LULI laser facilities. In the first series of experiments, the
interaction between two single hot spots was studied as a function of their distance, intensity and light
polarization. In the second series, the intensity distribution of stimulated Brillouin scattering (SBS) inside
the plasma was studied by means of a new temporally resolved imaging system. Two-dimensional (2D)
simulations were carried out with our code Harmony2D in order to model these experiments. For both
series of experiments, the numerical results show a very good agreement with the experimental ones for
what concerns the main SBS features, namely the spatial and temporal behavior of the SBS-driven acoustic
waves, as well as the average SBS reflectivities. Thus, these well diagnosed experiments, carried out with
well defined conditions, make it possible to benchmark our theoretical and numerical modelings and, hence,
to improve our predictive capabilities for future experiments.

PACS. 52.38.-r Laser-plasma interactions — 52.38.Bv Rayleigh scattering; stimulated Brillouin and Raman
scattering — 52.65.-y Plasma simulation — 52.70.Kz Optical (ultraviolet, visible, infrared) measurements

1 Introduction

Many nonlinear processes [1] can affect the propagation
and the coupling of the laser beams with the under-
dense plasma surrounding the laser fusion pellet. Among
them, filamentation and self-focusing [2] may modify the
laser intensity distribution, and eventually lead to beam
spreading. In addition, the parametric scattering instabil-
ities, Stimulated Brillouin Scattering (SBS) and Stimu-
lated Raman Scattering (SRS), are able to induce energy
losses, to modify the angular distribution of the laser light,
and to generate high energy electrons. These instabilities
are of primary importance for laser fusion, because they
may significantly reduce the laser absorption efficiency
and uniformity in ignition scale targets [3]. The potential
risk in neglecting these processes was impressively demon-
strated by recent experiments carried out at the National
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Ignition Facility (NIF) with laser and plasma parameters
close to the future laser fusion experiments: SBS reflec-
tivities of the order of 30% were measured during the
main (high intensity) laser pulse, eventually leading to
a proportional decrease of the radiation temperature of
the “indirect-drive” hohlraum target [4]. Controlling the
nonlinear processes responsible for these detrimental con-
sequences is therefore a primary issue and requires a good
physical understanding and adequate modeling capabili-
ties.

Much progress on the understanding of these nonlinear
processes has been achieved in the last few years, thanks
to coordinated efforts between experiments, theory and
numerical simulations.

On the experimental side, multiple beam experiments
made it possible to create and to probe well-controlled
and well-characterized plasmas, independently of the “in-
teraction beam”. This progress resulted from a flexible
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laser beam geometry and timing. In middle size facilities,
sophisticated experiments, with many complementary di-
agnostics, have been carried out with a large number of
laser shots, thus allowing the complete characterization of
the plasma parameters.

On the basis of such well-prepared experiments, real-
istic plasma temperature and density profiles have been
deduced from the diagnostics and from accompanying hy-
drodynamical simulations. These profiles have then been
introduced in the numerical simulations describing the
main laser-plasma interaction, bringing the simulations
and the experiments closer each one to the other. In ad-
dition, new numerical diagnostics, mimicking the experi-
mental ones, have been developed [5].

Two techniques have been used in the experiments pre-
sented in this paper, so as to have a well-defined laser in-
tensity distribution in the focal volume. In the first series
of experiments, described in Section 2, a special focusing
device was designed so as to give rise to two single, well de-
fined hot spots in the focal volume. Such a case can easily
be modeled numerically. The second series of experiments,
presented in Section 3, was carried out with the use of
random phase plates (RPP), which is a technique able to
produce a well-defined speckle distribution in vacuum in
the focal plane [6]. Such a RPP beam can be adequately
modeled theoretically and simulated numerically.

2 Interaction between two laser ‘hot spots’

In this section, we present new experimental results in
which the interaction of two neighboring laser beams in
a plasma was investigated. This experiment was designed
in order to mimic the interaction of two neighboring laser
speckles of a RPP beam. The two neighboring hot spots
configuration was obtained by using a diaphragm on the
laser beam so as to use only a small part of the transverse
section; thus, the phase front can be considered to be flat,
which allows to focus each beam to a limit close to the
diffraction limit.

In so-called “single hot spot” experiments, the volume
of the interacting plasma is limited and can nowadays be
easily described numerically. Thus, such single hot spot
experiments, well diagnosed and carried out under well de-
fined conditions, are particularly useful to make progress
in laser-plasma interaction physics: indeed, on one hand,
they are able to provide data from a reduced-scale interac-
tion region with high spatial and temporal resolutions [7],
and with a good knowledge of the intensity and (!) phase of
the laser field; on the other hand, they can be modeled and
numerically simulated, making it possible to benchmark
the numerical codes. Moreover, the single hot spots exper-
iments are useful to understand the fundamental physical
mechanisms taking place in multiple hot spot configura-
tions, such as in RPP beams. In particular, the question
of the independence of individual hot spots with respect
to the laser-plasma interaction remains a primary issue.
Indeed, in numerous models involving parametric instabil-
ities, the independence of individual laser speckles is as-
sumed [8] a priori. Thus, the backscatter-reflectivities due
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Fig. 1. Images of the intensity distribution at best focus as
a function of the coordinates z and y transverse to the laser
propagation axis: (a) in vacuum; (b) in a preformed plasma;
(c) in a thin exploded foil.

to SBS and/or SRS have mainly been computed within
this hypothesis [9]. On the other hand, as discussed in
reference [10], several mechanisms are able to make the
speckles to interact between them. Two types of coupling
between speckles may occur: (i) on the fast time scale, an
electromagnetic coupling can take place due to the propa-
gation of the diffracted and scattered light by each of the
speckles; (ii) on the slow (acoustic) time scale, a hydro-
dynamic coupling can occur, associated with ion density
perturbations propagating between the speckles. Thus, it
remains important to find out experimentally whether the
hot spots can be considered to be independent or not for
what concerns laser-plasma interaction.

We set-up an experiment using the LULI 2000 facil-
ity designed to study the effect on the light propagation
of a second hot spot in the close neighborhood of a first
hot spot. More specifically, this experiment consisted in
splitting a coherent laser beam into two sub-beams, in fo-
cusing these two sub-beams in a plasma, so that the mu-
tual distance, relative intensities, and polarization of the
two resulting speckles were well defined, and in qualifying
the laser light propagation features as a function of these
parameters and of the electron plasma density.

The energy of each of the two main laser LULI 2000
beams was 400 J at 0.53 pum, in a 1.5 ns square pulses,
and they were separated in angle by 45°. The first beam,
the “plasma formation beam”, was focused through a f/4
lens with a RPP on a thin plastic foil in order to pre-
form the plasma by exploding the foil. The second beam,
the “interaction beam”, was delayed by 1.5 ns and was
focused through a pair of holes covered by small prisms
and a FF = 800 mm corrected lens in order to produce
the two sub-beams. The holes were 50 mm in diameter,
when the diameter of the laser beam was 200 mm. The
phase plane of the beam was almost flat for such a trans-
verse distance, and indeed we could observe two neighbor-
ing hot spots in the focal volume in vacuum as shown in
Figure la. The size of each hot spot was 17 ym in diam-
eter (zero to zero) and 10 pum at full width at half max-
imum (FWHM). The maximum intensity, corresponding
to full laser energy, was 1.5 x 1016 W /cm?; however, most
of the shots were done with a reduced energy. The main
diagnostics were based on images of the intensity distri-
bution in the plane transverse to the propagation direc-
tion. These images were taken inside the plasma, where
the best focus was found in the plasma-free case. Two
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types of imaging were designed: (1) “snapshots” of the
2D transverse cross section of the beam, with a temporal
integration over about 100 ps; (2) one single transverse di-
rection (1D) as a function of time. The domain over which
the images were taken around the best focus had a spa-
tial width of 10 pm (in the propagation direction), i.e. it
was small as compared with the single hot spot Rayleigh
length Lr ~ 400 pm.

In a first part of these experiments, we compared the
laser intensity distribution in the following three cases: the
case “a” corresponds to the shots with no target, so that
the imaging was made inside vacuum; the case “b” corre-
sponds to the experiments when the formation beam was
fired 1.5 ns before the interaction beam on the thin foil.
Although the target is a thin foil, this case “b” will be re-
ferred to, in the following, as the “preformed plasma” case,
for simplicity, because the hydrodynamics plasma param-
eters evolve slowly when the interaction beam hits the
target; the case “c” corresponds to the experiments made
when the formation beam was not used, so that the inter-
action beam interacted directly with the thin foil target.
This case “c” will be referred to as the “thin foil” case. The
distance between the two hot spots in vacuum (case “a”)
was 40 pym. Obviously, they do not overlap at best focus, as
shown in Figure 1a. In the preformed plasma case (“b”) at
the time of arrival of the interaction beam, the density pro-
file was quasi-parabolic along the laser axis, with a plasma
density below quarter critical during the interaction pulse.
From hydrodynamic simulations, we could estimate the
electron temperature in the range T, = 0.5-0.7 keV and
the ion temperature in the range T; = 0.2-0.4 keV. It can
be observed in Figure 1b that each hot spot is fragmented,
although remaining well separated from the other. The hot
spot fragmentation can be interpreted as due to filamenta-
tion. For ne/n. ~ 0.2 and T, = 0.7 keV, the critical power
for filamentation is P, ~ 0.1 GW, whereas the laser beam
power is Pr, ~ 0.1114 GW, I14 denoting the laser intensity
in units of 10'* W/cm?. Therefore, the criterion for the
onset of self-focusing, namely p > 1, withp = P, /P. ~ I14
is well satisfied in the intensity regime I > 10 W/cm?
considered here.

We now consider with more details the preformed
plasma case (“b”) for which the plasma conditions are
well-defined. The most significant result can be seen by
comparing the temporally resolved images, shown in Fig-
ure 2, of the intensity distribution in one dimension trans-
verse to the laser axis. Figure 2a shows the case “a” of
a single hot spot, and Figure 2b shows the case “b” of
two neighboring hot spots separated by a well-defined dis-
tance, denoted as d. The hot spot distance corresponding
to Figure 2b is d = 20 um. The images were taken in the
center of the plasma inside the hot spot(s). In Figure 2a,
where only a single beam is present, the onset of filamen-
tation is evidenced by the occurrence of several parallel,
and almost stationary streaks in the z-direction. In the
case of two neighboring hot spots, Figure 2b, the image
is completely different as compared to Figure 2a, in that
the image does not show features which could be clearly
related to individual hot spots, even if each of them were
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Fig. 2. Time-resolved intensity distribution inside the plasma
as a function of one of the transverse coordinates, z. Case (a)
of a single hot spot; (b) in the presence of a second hot spot,
the distance between the hot spots being d = 20 pm.

in a self-focusing stage. Indeed, the image exhibits a very
non-stationary behavior of the transverse laser intensity
profile with transient high intensity peaks corresponding
to short lifetime filaments, and the initial location of each
hot spot cannot be identified in this turbulent stage. Thus,
the image of Figure 2b rather indicates that some global
process is taking place, involving the two hot spots to-
gether. Therefore, we interpret the image of Figure 2b as
demonstrating that the two hot spots strongly interact
one with each other.

In order to confirm this interpretation, we now put
some estimates concerning the possibility for two hot spots
to interact between them. A simple estimate of the hydro-
dynamic interaction time between two parallel hot spots,
thyd ~ d/cs leads to a value of the order 60-80 ps. which
is shorter than the time interval 100 ps shown on the left
hand side of Figure 2 (¢s; denotes the plasma sound veloc-
ity; ¢s is of the order of ¢; ~ 0.2-0.25 pm/ps for the case
considered here). Thus, the time scale of the experiment,
as well as the time interval corresponding to Figure 2, is
sufficiently long to make it possible to observe the inter-
action between the two hot spots, if an hydrodynamic-
type coupling was effectively taking place between them.
We also have to consider the effect of the ion acoustic
wave (IAW) damping on the density perturbation dur-
ing their propagation from one hot spot to the other. In-
deed, the ion acoustic wave (IAW) damping, denoted as
Viaw, 1S able to attenuate the density perturbations emit-
ted from the first hot spot before they reach the second
one [10] whenever the inequality vq,d/cs > 1 is satis-
fied. Consequently, the coupling between neighboring hot
spots is expected to be negligible whenever the condition
Viawd/cs > 1 is fulfilled [11]. The damping v;4, can be
obtained from the value of the ratio Vg /wiaw character-
izing the IAWs, where w;,,, = kcs stands for the frequency
of the TAW perturbation with wavenumber k. The wave-
numbers k of the TAW perturbations produced by one hot
spot typically satisfy the inequality k > 7/D, where D de-
notes the hot spot diameter and can be estimated to twice
the beam waist ag, namely D & 2a¢p = 12 pm [where ag
is related by the factor 1/2(In 2)'/? with the beam diam-
eter at FWHM, being 10 pm as indicated earlier]. From
the inequalities v;qwd/cs > 1 and k > w/D, one deduces
that the inequality d/D > [TViqw/wiaw] ' is a sufficient
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condition that ensures that the two neighboring hot spots
do not interact. More precisely, the numerical simulations
carried out in reference [10] show that two hot spots do
not interact between each other whenever the inequality
d/D > 0.15/[Viaw/Wiaw| is fulfilled. For our experimen-
tal parameters, Viqw/Wiqw can be estimated to be in the
range 0.07-0.1 [12], so that one expects from these esti-
mates,that the two hot spots interact whenever their mu-
tual distance d satisfies d < 18-26 pm.

Concerning now the agreement between our exper-
imental results with these estimates, we have already
stated that Figure 2b demonstrates that the two neighbor-
ing hot spots strongly interact between each other when
their mutual distance is d = 20 yum. On the other hand,
the results corresponding to the inter-hot spot distance
d = 40 pm, (not displayed here) do not show any signifi-
cant interaction between the two hot spots: the transverse
intensity distribution in the case of two hot spots appears
to be the simple sum of the intensity distributions of two
isolated hot spots, each intensity distribution behaving as
previously described for a single hot spot. In conclusion,
our experimental results do support the conjecture and the
results obtained in reference [10] along which two neigh-
boring hot spots of diameter D strongly interact between
each other whenever their mutual distance d satisfies the
condition d/D < 0.15/[Viqw/Wiaw], and do not interact
otherwise.

We will end this section with a few comments concern-
ing the thin exploded foil case “c”. The corresponding im-
age in Figure 1c does not allow to identify two separated
hot spots, so that this case is strikingly different from the
preformed-plasma case “b”. The interaction, in the case of
an exploding foil, involves processes that are more complex
than in the preformed plasma case, namely ionization dy-
namics and electron waves, occurring on a fast time scale.
Also, the TAW damping rate can be much weaker, leading
to a significant change of the hydrodynamic-type interac-
tion between neighboring hot spots, as compared with the
preformed plasma experiments. More detailed experimen-
tal results and comparison with numerical simulations will
be published in a forthcoming paper.

3 Space and time evolution of stimulated
Brillouin scattering (SBS)

The second type of experiment was designed to study the
spatial intensity distribution of stimulated Brillouin scat-
tering (SBS) inside the plasma in the case of a RPP irradi-
ation. To do so, a new imaging diagnostic was developed,
which makes it possible to record 2D images of the SBS
emission corresponding to a temporal integration of 100 ps
at various times during the laser pulse. It enables us to
compare the incident and back reflected spatial intensity
distributions.

This second type of experiment was carried out on the
LULI six beam facility. The laser beams were used with
the same temporal pulse shape, but with different tim-
ings and colors. The pulse shape is close to Gaussian, the
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Fig. 3. (Colour online) Colour scaled transverse images of the
SBS backscattered light intensity taken in the focal plane for
two intensities of the incident RPP laser beam.

FWHM being in the order of 600 ps; however it differs
from Gaussian, because the maximum intensity actually
takes place at approximately 100 ps before mid-time of a
Gaussian 600 ps FWHM Gaussian pulse. The interested
reader is referred to reference [13] for the detailed char-
acterization of the laser pulse shape. The two first beams
were shot at 2w on a thin plastic foil to produce a plasma,
and the plasma was heated by a third 0.53 ym beam de-
layed by 1.1 ns; the interacting beam was the fourth beam,
at 1.053 pm. A fifth beam was used at 0.35 pm, synchro-
nized with the interaction beam, to probe by Thomson
scattering the plasma parameters and the plasma waves
associated with SBS. Random Phases Plates were used on
all the beams in order to ensure a good reproducibility of
the shots. The maximum intensity of the interaction beam
was 8.5 x 1013 W /cm?.

Results concerning the plasma parameters and the ini-
tial studies on SBS have been reported in previous pub-
lications [13,14]. Here we will simply summarize the new
SBS features discussed in reference [15], and we will es-
sentially focus on their modeling and numerical simula-
tions. The main new SBS experimental results consisted
in the demonstration that, for this combination of param-
eters, SBS was in a non-saturated regime. In particular,
the plasma SBS active volume was observed to increase
nonlinearly with the laser intensity, and the duration of
the SBS activity was found to increase with the laser in-
tensity. Concerning the plasma SBS active volume,

(i) we were able to measure its transverse area thanks to
our imaging diagnostics. Two transverse images of the
SBS backscattered light intensity, taken in the focal
plane, are shown in Figure 3 for the laser intensities
I =93x102 W/ecm? and I = 8.5 x 10 W/cm?.
These images correspond to a temporal integration of
100 ps and they were recorded at the time of maxi-
mum SBS emission. A strong increase of the emitting
area can be clearly observed with increasing laser in-
tensity;

the longitudinal extension of the SBS active volume
has been deduced from the 3w Thomson scattering di-
agnostic. The SBS-driven IAW waves were observed
to be located in the front part of the plasma, and
a clear increase of their longitudinal extension with
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Fig. 4. Evolution of Thomson scattered intensity off the SBS-
driven IAW as a function of the longitudinal coordinate z for
the laser intensities I = 2 x 10" W/em? and I = I = 7 x
10" W/cm?.

increasing intensity was measured, as can be seen
in Figure 4 showing the Thomson scattered inten-
sity as a function of the longitudinal direction z for
the two laser intensities I = 2 x 10'®* W/cm? and
I=7 x 103 W/cm?.

All these results show that SBS was in an unsaturated
regime in this RPP interaction beam experiment. Another
evidence of SBS being in an unsaturated regime is that a
modest increase of the intensity led to a larger increase of
the reflectivity. Thus, the SBS reflectivity R jumped from
R = 0.1% for I = 2.5 x 10'* W/cm? to R = 1.05% for
I =8 x 10! W/cm?. The origin of this SBS reflectivity
increase can be detailed as being due to: (i) an increase of
the transverse area Az Ay by a factor 4; (ii) an increase of
the longitudinal extension Az of the SBS-active region by
a factor 1.5, and, (iii) an increase of the temporal duration
At by a factor 2.

We now focus on the modeling of these experimen-
tal results. The numerical simulations were carried out
with our code Harmony2D. The detailed description of
this code can be found in references [13,16], so that we
will simply summarize its main features. The calculations
with Harmony2D are based on the decomposition into var-
ious spatial scales, allowing for an efficient computation
of the different quantities describing the plasma [16,17]:
the plasma expansion (long-wavelength) is described by
an usual hydrodynamics code, whereas the IAW excited
by the instabilities (short-wavelength) are described by
envelope equations. The IAW nonlinearities can be taken
into account by solving additional equations describing the
TAW harmonics and sub-harmonics. The total transverse
electric field is decomposed in a forward and a backward
component, for each of which the paraxial approximation
is made. The momentum transfer into the flow caused by
the TAW excitation due to the SBS instability is also taken
into account [17].

The numerical results with Harmony2D in 2 spatial
dimensions reproduce nicely the experimental features of
the SBS-driven IAWSs, in particular, the localization of
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Fig. 5. Amplitude of the SBS-driven IAW obtained from
Harmony2D simulations, for the two laser intensities (I) =
2.5 x 10 W/ecm? and (I) = 8 x 10" W/cm?. The maxi-
mum IAW relative amplitude is 6n/n =~ 1.6 x 10~2 in the case
(I = 2.5 x 10" W/cm?, and én/n ~ 6 x 1072 in the case
(I = 8 x 10" W/cm?.

the TAW in the front part of the plasma, and the in-
crease of the SBS activity area with the laser intensity
increase. Figure 5 shows the amplitude of the SBS-driven
TAW obtained from Harmony2D simulations, for the two
laser intensities (I) = 2.5 x 103 W/cm? and (I) = 8 x
10'® W/cm?. The maximum IAW relative amplitude dn/n
is 6n/n ~ 4 x 1072 in the case (I) = 2.5 x 10* W/cm?,
and 6n/n ~ 1.4 x 1072 in the case (I) = 8 x 10'* W /cm?.
These two numerically simulated IAW profiles can be ob-
served to be close to the experimental Thomson scattered
intensity profiles displayed in Figure 4.

In order to properly compare the simulation results
with the experimental ones, the numerical simulations av-
eraged SBS reflectivity, denoted as (R), was computed by
integrating in time over the backscattered light collected
in the same aperture angle as the one of the incident light
beam, in order to reproduce the experimental conditions.
The values are then found to be very close to the exper-
imental reflectivities: thus, for (I) = 8 x 10 W /cm?,
the numerical simulations lead to the SBS reflectivity
(R) = 1.5% , when the experimental SBS reflectivity Resp
was Regp ~ 1%. It is interesting to point out that this
low reflectivity does not result from nonlinear saturation
mechanisms. Indeed, we compared the results from (i) sim-
ulations in which we retained the TAW nonlinearities cor-
responding to harmonics and sub-harmonics generation,
together with a nonlinear frequency shift modeling kinetic
effects, with (ii) those in which we completely ignored the
TAW nonlinearities. We did not see any significant differ-
ences concerning the mean reflectivity, although the in-
stantaneous SBS reflectivity could attain short-time peak
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values as high as 20-40% in the case where no IAW non-
linearity was kept. Such high transient reflectivity values
were reached during short time intervals, of the order of
a few ps. Thus, we conclude that in the parameter regime
of these experiments, the IAW nonlinearities do not play
a major role, and that the low value of the averaged re-
flectivity (R) is due to (i) the spatial and temporal in-
coherence induced by plasma-smoothing [2] in the most
intense speckles; and (ii) the fact that the plasma density
decreases with time on the time scale of the laser pulse,
resulting in a decrease of the SBS growth rate. On the
other hand, we found that the proper characterization of
the plasma density profile and of the temperatures (be-
fore starting the simulations with the interaction beam)
has to be carried out accurately. Similarly, we found it
very important to take into account collisional and nonlo-
cal transport effects [18] during the laser-plasma interac-
tion, to quantitatively reproduce the experimental results
by numerical simulations. More recently, in a work still in
progress and concerning LULI monospeckle experiments,
we found similarly a very good agreement between the ex-
perimental results and our Harmony2D simulations. The
mean reflectivity was observed to be low as well, and in
this case of a monospeckle experiment the low reflectiv-
ity value was interpreted as being due to the onset of the
filamentation instability [2]. This instability leads to the
reduction of the spatial coherence of the monospeckle, so
that SBS grows to levels that are much below the predic-
tions based on the spatial amplification of a coherent laser
beam.

4 Conclusion

After many years of efforts, important progresses have
been achieved, both in the experiments and in the numer-
ical modeling. These combined progresses now allow to
compare experimental and simulation results on a quan-
titative level. Thus, well diagnosed experiments, carried
out with well defined laser beam and plasma conditions,
make it possible to benchmark our theoretical and numer-
ical modeling, and hence, to improve our predictive capa-
bilities. In the work presented here, we have experimen-
tally demonstrated the interaction between hot spots for
the first time, in accordance with theoretical predictions.
Furthermore, for the case of mm-size expanding plasmas,
numerical simulations involving SBS backscattering have
shown very close agreement with the experiments. In this
unsaturated regime, the non local transport reveals to be
an important feature to reproduce the low 1SBS reflectiv-
ity values.
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