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ABSTRACT

Comprehensive understanding and possible control of parametric instabilities in the context of inertial confinement fusion (ICF) remains a
challenging task. The details of the absorption processes and the detrimental effects of hot electrons on the implosion process require as much
effort on the experimental side as on the theoretical and simulation side. This paper describes a proposal for experimental studies on nonlinear
interaction of intense laser pulses with a high-temperature plasma under conditions corresponding to direct-drive ICF schemes. We propose to
develop a platform for laser-plasma interaction studies based on foam targets. Parametric instabilities are sensitive to the bulk plasma tem-
perature and the density scale length. Foam targets are sufficiently flexible to allow control of these parameters. However, investigations
conducted on small laser facilities cannot be extrapolated in a reliable way to real fusion conditions. It is therefore necessary to perform
experiments at amulti-kilojoule energy level onmedium-scale facilities such as OMEGAor SG-III. An example of two-plasmon decay instability
excited in the interaction of two laser beams is considered.

©2019Author(s). All article content, exceptwhere otherwisenoted, is licensedunderaCreativeCommonsAttribution (CCBY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1063/1.5090965

I. INTRODUCTION

The physics of laser-plasma interaction is an indispensable part
of research in inertial confinement fusion (ICF). It defines the ef-
ficiency of laser energy transfer to the target, the quality and quantity
of laser energy absorption, and such undesirable processes as hard x-
ray and hot-electron generation. It is, however, difficult to scale up
laser-plasma experiments performed on small-scale (sub-kilojoule)
laser facilities where plasmas have smaller spatial scale and/or lower
temperatures. For appropriate modeling of laser-plasma interaction
in the coronas of fusion-relevant targets, one needs to create plasmas
of spatial size 300–500 μm and with temperatures of 3–5 keV. The
internal energy of such a hot plasmawith density close to critical is of
the order of a few kilojoules. There are a limited number of laser
facilities that are able to provide access to the required parameters.
The corresponding hot and dense plasmas can be created on the
surface of a thick solid target,1–3 with spherical targets,4 or by using

low-density foams.5 The major questions that need to be addressed
in laser-plasma interaction studies are related to scaling of the
processes studied on smaller and colder plasmas to ignition-size
targets at laser intensities exceeding 1015 W/cm2 and at laser
wavelengths varying from 0.5 to 0.35 μm. These questions are as
follows: (i) How efficiently can one transport laser energy through a
large low-density corona to the near-critical region? (ii) How large
can the laser absorption be, and how can it be improved? (iii) What
fraction of the absorbed laser energy is transferred to suprathermal
electrons, and how can one control their number and energy? At
present, there are no reliable methods for controlling the parametric
instabilities, and there is a serious risk of adverse effects from these
when conditions for ignition are attained. In this paper, we propose a
platform for experimental studies of laser-plasma interactions for
ICF ignition conditions. We include a choice of appropriate targets,
diagnostics, and experimental setups.
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The remainder of the paper is structured as follows. Section II
describes in some detail the properties of foam targets. Section III
describes the various interaction configurations to be considered. The
single-beam scenario is considered in Sec. IV and the multiple-beam
scenario in Sec. V. Finally, conclusions are presented in Sec. VI.

II. TARGETS

Spherical irradiation geometries are available only on the
OMEGA and GEKKO-XII facilities, but the available laser energy is
too small (30 and 3 kJ, respectively) to attain the required plasma
parameters. Therefore, we discuss here possible experiments in a
planar geometry using either solid or foam targets. Solid targets
offer the possibility of creating a planar expanding plasma with
density scale length exceeding 100 μm and expanding with su-
personic velocity. Typically, two sets of laser beams are needed. The
first set of beams, called the prepulse, serves to create an expanding
plasma. By varying the delay between the prepulse and the main
pulse, one can vary the plasma density scale length. The prepulse
needs to be focused on a large spot of diameter 500–800 μm and to
be sufficiently energetic to maintain a sufficiently high plasma
temperature. Typically, such a setup requires energies of the order
of a few kilojoules or more.1,3

The advantage of solid targets is the possibility of combining
measurements of absorption and reflection with measurements of
energy transferred to the target and to hot electrons. For this, the
targets typically contain multiple layers behind the ablator that allow
measurement of hot-electron number and energy and of ablation and
shock-wave pressure.6 With these targets, it is easy to achieve su-
personic plasma expansion velocities, which are important for
studying effects such as beambending and cross-beam energy transfer
(CBET).

Typically, these targets consist of several layers made of different
materials. The first layer—the ablator, made of plastic—serves for
plasma production and interaction studies, one or twometallic layers
behind it serve for hot-electron measurements, and the final layer,
made of plastic or quartz, serves for shock measurements. Hot
electrons entering the metallic layers produce characteristic Kα
emission, with the number of photons being proportional to the
number of electrons with energies above the K-edge cutoff.7 By
comparing the number of x-ray photons emitted from two different
metallic layers, one can estimate also a characteristic hot-electron
temperature. This can also be measured from bremsstrahlung
emission of hot electrons in the ablator. The shock pressure is esti-
mated either bymeasuring the time needed for the shock to propagate
through the transport layer with pyrometry8 or by measuring the
shock velocity with interferometry.9

Low-density foams are frequently used as targets for laser-
plasma interaction experiments because they can be easily con-
verted into large-volume homogeneous plasmas, which are of interest
inmany applications, such as ICF, bright x-ray sources, and studies of
material properties under extreme conditions. The major advantage
of foam targets is their rapid conversion from a structured solid
material into a quasi-homogeneous plasma under intense radiation,
with a flow velocity gradient that can be controlled by the foam
thickness and the time delay between the heating and interaction laser
pulses. The temperature of this plasma can be varied by choosing the
laser intensity and wavelength.

There have been a number of developments in foam technology
during the last 10–15 years.10 Plastic foams with density varying from
2 to 30 mg/cm3 and of millimeter size can be created and supported
in a metallic holder. These foam targets are fairly reproducible, with
pore size of the order of 1–2 μm, and their chemical composition can
be varied by mixing different elements. They are quickly homoge-
nized under the action of intense laser or x-ray radiation.

There are two possibilities for foam ionization in experiments. The
foam is ionized either by a flash of x-ray emission from a thin metallic
layer covering the foam or by preforming laser beams, producing a
plasma with the required density and temperature. The x-ray flash is a
convenient approach, since the foam is transparent to radiation and the
created plasma is rather homogeneous. However, because of the small
optical depth of the plasma, its temperature is quite low. For example,
according to Ref. 11, foams of density 5–20 mg/cm3 ionized by copper
x-rays producedwith a 60 J, 600ps laser pulse gave aplasma temperature
of less than 10 eV. Another possibility is foam ionization with a laser-
sustained supersonic ionization wave. For laser pulse intensity in the
range 1014–1015 W/cm2, the ionization front velocity is 400–700 km/s,
and a plasma of thickness of ∼500 μm can be created with a pulse
duration of approximately 1 ns.5,12 A theoretical model describing
propagation of an ionization wave in foam has been developed in Refs.
13–15.One can estimate qualitatively the laser energy needed for plasma
formation. As a figure of merit, we consider a 10 mg/cm3 foam of
diameter 1mmand thickness 1mm.The volume of the foam is∼1mm3

and it has mass 10 μg. To fully ionize and heat such a plasma to a
temperature of 1 keV, one needs to provide an energy of 100 MJ/g.
Assuming an energy deposition efficiency of 50%, one would need an
energy of ∼10 kJ to raise the temperature to a level of 3–5 keV. This
example illustrates the need for a large-scale facility.

A photograph of a typical foam target is shown in Fig. 1. The
foam has the form of a disk of diameter 1–2 mm and thickness
200–800μm. It is supported by ametallicwasher of the same thickness
with a transverse slot for observation of x-ray emission from the
ionization front. The plasmas created from foams are rather ho-
mogeneous, with a characteristic spatial scale of the order of the foam
thickness. They are also rather easily accessible for optical and x-ray
diagnostics, but there is a problemwith the detection of hot electrons,

FIG. 1. Photograph of a foam target inserted in a washer. The foam diameter is
2 mm. Reprinted with permission from Depierreux et al., Phys. Rev. Lett. 102,
195005 (2009). Copyright 2009 by the American Physical Society.12
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although these can be detected, and their effective temperature
measured, by doping the foam with a high-Z element and measuring
characteristic Kα and/or bremsstrahlung emission. Another possi-
bility would be to detect the electrons escaping the target. However,
none of these methods will provide a quantitative value for the total
number of hot electrons. This problem requires special attention.

III. POSSIBLE INTERACTION GEOMETRIES
AND CORRESPONDING PARAMETERS

Modeling of plasma formation and design of the interaction
geometry allowing formation of a large-size homogeneous plasma on
high-energy laser installations such as SG-III Prototype and SG-III is
the first goal of this project. Based on the expected plasma
characteristics, a variety of original experiments can be planned. We
demonstrate here several experimental setups that could be in-
teresting for testing the features of parametric instabilities under
conditions relevant to ICF in direct- or indirect-drive geometries. The
experimental design is based on the actual performance of the SG-III
Prototype.16 The laser facility has eight beams operating at a wave-
length of 351 nm and equipped with continuous-phase plates. Each
beam delivers an energy of up to 1 kJ in a 1–3 ns pulse with a
controlled temporal profile. The focal-spot diameter can be varied
from 0.5 to 2 mm, and the maximum intensity of a single beam in the
focal spot can be ∼1015W/cm2. The beams are evenly distributed over
cones of 45° and 135° with respect to the chamber axis. Thus, a group
of four beams can be focused in a large focal spot of diameter ∼1 mm
and used for preforming a plasma with desired parameters.

The other four beams can be used as interaction beams or as
sources for x-ray radiography. The intensity domain of interest for the
interaction beams is in the range of 1015–1016 W/cm2, which cannot
be achieved with currently available phase plates. It is therefore
desirable for laser-plasma interaction experiments to equip one or two
laser beams with smaller phase plates capable of focusing the beams
in a 100 μm diameter spot. With such a development, the whole
intensity domain of interest could be scanned. It is also desirable to
implement temporal smoothing techniques and controlled spectral
broadening, at least for the interaction beams. That would allow such
important problems as control of parametric instabilities to be
addressed. The installation also provides one high-power (PW) beam
that can be used for proton radiography of laser-driven shocks and
self-generated electric and magnetic fields.

IV. SINGLE-BEAM INTERACTION

Propagation of a single interaction beam in a prepared plasma is
of principal importance for designing schemes with efficient laser
absorption and low-level scattering from an underdense plasma.
There is a problem with controlling the level of stimulated Raman
scattering (SRS), which in some experiments can attain ∼50%, ac-
companied by significant numbers of hot electrons. There are two
qualitatively different explanations for such a strong SRS. One is
related to SRS saturation by the secondary Langmuir decay instability
(LDI). This process involves secondary ion-acoustic waves, in which
the dissipation is controlled by the charge-to-mass ratio of ion species
in the plasma.17,18 It was demonstrated experimentally that by adding
heavier ion species to a plasma, one can decrease ion-acoustic wave
damping, decrease the LDI threshold, and thus saturate the SRS at a
lower level.19,20 This observation was confirmed in a more recent

experiment,4 where a high level of SRS and hot-electron production
was reported only in plastic targets containing hydrogen and where
the ion-acoustic damping was assumed to be relatively high.

Another regime of SRS evolution has been found in hot and low-
density plasmas, where daughter plasma waves are suppressed owing to
strong Landau damping. It was demonstrated experimentally21,22 that
the SRS reflectivity increaseswith timebecause of gradual suppressionof
Landau damping due to electron trapping in a growing plasma wave.
Such an inflationary SRS is expected to operate in hot plasma and may
generate less-energetic electrons. However, a transition from the LDI
saturation regime to the inflationary regime has not been studied ex-
perimentally. It is expected to occur in plasmas with temperatures of a
fewkiloelectron volts and could be of great importance for ignition-scale
targets. Moreover, in the same electron temperature range of a few
kiloelectron volts, there is competition between SRS and the two-
plasmon decay (TPD) instability that develops near quarter critical
density andmanifests itself in hot-electron generation. TPD is expected
to dominate at relatively lowplasma temperatures of 1–3 keV,while SRS
is expected to be more important at higher temperatures.3,23 Direct
experimental demonstrationof such competition is still pending, despite
its importance for ICF studies.

Competition between SRS and TPD and between the LDI and
inflationary saturation regimes can be studied in foam-produced
plasmas where the density, temperature, and species content can be
controlled independently. Identification of the dominant parametric

FIG. 2. Characteristic temporal evolution of backscattered emission in the SBS
(blue) and SRS (red) wavelength domains for the case of laser interaction with
plasmas of temperature 2 keV (a) and 10 keV (b). The laser intensity is ∼1016 nm.
Reprinted with permission from Weber and Riconda, High Power Laser Sci. Eng. 3,
e6 (2015). Copyright Authors 2015, licensed under a Creative Commons Attribution
License.23
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instability (SRS or TPD) and the dominant saturation regime (LDI or
inflation) can be performed by analyzing the frequency spectrum and
angular distribution of the scattered radiation and the energy and
angular distribution of hot electrons. An example of the temporal
evolution of the laser reflected light is presented in Fig. 2 for two cases
differing in plasma temperature. In the case of a lowplasma temperature
in Fig. 2(a), the TPD and stimulated Brillouin scattering (SBS) in-
stabilities dominate, and the reflected light is weakly shifted in wave-
length (less than 10% of the main wavelength). In contrast, in the hot
plasma [Fig. 2(b)], SRS dominates the plasma response, and the
backscattered light is strongly downshifted (marked in red in thefigure).

There is additional interest in single-beam interaction studies in
relation to SBS. Its growth rate depends directly on ion-acoustic
damping and should exhibit anticorrelation with SRS in the LDI
regime. It is expected24 that adding light-hydrogen ions to a plasma
will increase ion-acoustic wave damping and suppress SBS, while it
will also suppress LDI and thus promote SRS to a higher level.
Another possibility is spectral broadening of the laser beam. About
0.1% spectral width could be sufficient for significant SBS suppres-
sion.However, a spectral width an order ofmagnitude largerwould be
needed for SRS control. The scheme described above is, however, a
simplified vision of the competition process. A speckled structure of
the incident laser beam, self-focusing, and refractionmay significantly
alter the plasma response.25

V. EXCITATION OF PARAMETRIC INSTABILITIES
IN THE FIELD OF MULTIPLE BEAMS

Multibeam laser-plasma interaction is an indispensable part of
any ICF scheme. In the direct-drive scheme, the focal spots of dif-
ferent laser beams overlap over the target surface to produce target
irradiation that is as homogeneous as possible. Interaction of incident
and reflected laser beams gives rise to cross-beam energy transfer
(CBET),26,27 double stimulated scattering where both laser beams
excite a common plasma or ion-acoustic wave,28 and multibeam
TPD.29–31 In the indirect-drive scheme, the laser beams cross each
other in the laser entrance hole, exciting collective parametric in-
stabilities.32 The consequences of these multibeam interactions are
not sufficiently understood at present.

A. Cross-beam interaction

The CBET process corresponds to energy exchange between two
electromagnetic waves via a common ion-acoustic wave. This is a
version of SBS where both pump and seed waves have comparable
amplitudes and frequencies, while the resonance ion-acoustic wave is
excited locally owing to the Doppler frequency shift of the in-
terference pattern of thewaves in theflowof the expanding plasma.As
the energy is transferred to the lower-frequency wave, it is the out-
going wave that picks up energy from the ingoing one.

That process induces undesirable energy losses and absorption
asymmetry. It accounts for 30%–40% of the energy losses in the polar
direct drive scheme on the OMEGA-scale targets.33 One possibility that
can be tested is to dope the ablator with lighter ion species, which will
increase ion-acoustic damping and decrease CBET efficiency.24 Another
possibility is to use spectrally broadened laser beams. Themost common
method for modeling CBET is based on ray tracing34 and paraxial
complex geometrical optics.35 More detailed simulations with electro-
magnetic codes have been developed recently.36,37 In contrast to simpler

methods for CBETmodeling, they will allow the design of experiments
under controllable conditions. In particular, it has been predicted that
self-focusing of speckled beams may significantly increase the trans-
ferred power and may stimulate SBS in the direction common to both
interacting beams. An example of such energy exchange ratio de-
pendence on the intensity ratio of the incident beams is shown in Fig. 3.

These issues need to be investigated further, in particular in the
context of their potential contribution to the rapidly expanding
domain of plasma optics, i.e., the manipulation of high-intensity
laser beams with plasmas.38,39 Future developments of CBET in-
volving short-pulse laser beams could be a promising method of
plasma-optical parametric amplification40 that could be upscaled to a
kilojoule level.

B. Excitation of parametric instabilities in the field
of two laser beams

When two ormore laser beams overlap in a plasma, excitation of
SRS and TPD can be enhanced in special directions corresponding to
resonant interaction of both laser beams with a common daughter
wave. In the context of TPD, such processes have been studied
theoretically by Myatt et al.30 and experimentally at the OMEGA
facility at laser intensities below1015W/cm2 andplasma temperatures
less than 1 keV.31 Excitation of SRS in the direction bisecting two laser
beams has been reported in Ref. 5. It was demonstrated that such a
double SRS may be responsible for strong scattering in some specific
directions, although this may not be detectable with currently
available diagnostics. Moreover, it may be related to excitation of
strong plasma waves and electron acceleration in some particular
directions.41 Further studies of such multibeam laser parametric
processes and their correlation with hot-electron production are of
prime interest for ICF.

Studies of CBET and parametric instabilities with two crossing
beams can be conducted in a similar experimental setup. The difference
lies in the orientationof the beamwith respect to theplasmaflowand the
detection directions. In the case of CBET, the plasma flow is transonic

FIG. 3. Dependence of the power amplification of the second (receptor) beam on its
intensity normalized to the reference intensity I0 � 9 3 1014 W/cm2. The incident
beams have the same intensity. The solid lines show the energy exchange of two
speckled beams with and without account being taken of speckle self-focusing (blue
and red, respectively). The dashed lines show similar predictions for regular
Gaussian beams. Reprinted with permission from Raj and Hüller, Phys. Rev.
Lett. 118, 055002 (2017). Copyright 2017 by the American Physical Society.36
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and has to be directed perpendicularly to the common direction of both
beams. The energy is expected to be transmitted in the direction of the
wave propagating downstreamwith respect to theflow. The efficiency of
energy exchange can be controlled by the plasma flow velocity, the ratio
of light to heavy ion species, the angle of beam crossing, and the spatial
and temporal smoothing. Foam targets can be especially useful for
studies of transonic flows, because the velocity gradient can be in-
dependently controlled.

A representative case of competition of parametric instabilities
driven bymultiple beams is the competition between TPD and SRS in
an inhomogeneous plasma in the field of two laser beams of equal
intensities and p-polarization incident at angles ±θwith respect to the
density gradient. The maximum growth rate of the TPD instability is
γTPD ≃ 1

4 k0ca0, where k0 � ( �
3

√
/2)ω0/c is the laser wavenumber at

quarter critical density, a0 � eE0/meω0c is the dimensionless laser
amplitude, and ω0 is the laser frequency. This instability corresponds
to excitation of two plasma waves with wavenumber components
parallel (k∥) and perpendicular (k⊥) to the laser propagation direction
that are related by

k‖ � 1
2
k0 ±

�������
1
4
k20 + k2⊥

√
. (1)

The common plasma wave can be found at the intersection of the
resonance curves corresponding to the two laserwaves.An example of
such a resonance configuration is shown in Fig. 4(a). The common
plasma wave (green) propagates in the direction bisecting two laser
waves (black). Its wavenumber kp1 � k0 cos θ/cos 2θ. The plasma
waves excited in this configuration (kp1, kp2, and k′p2) have a growth
rate twice that of the standard TPD. It is expected that hot electrons
will be generated preferentially in the direction of the commonplasma
wave. The angle 2θ between the laser beams controls the phase ve-
locity of this wave,

vph1 � c�
3

√ cos 2θ
cos θ

, (2)

and thus the hot-electron energy. This phase velocity decreases as the
angle between the laser beams increases, and this double TPD is
suppressed for angles θ larger than ∼40°.

Excitation of SRS with two laser beams may proceed with either
common scattered waves [Fig. 4(b)] or common plasma waves
[Fig. 4(c)] for both forward and backward scattering. Resonance
with a common plasmawave can be realized only under the condition
(ω0/c) sin θ0 ≤ ks, which limits the range of plasma densities to ne ≤ ns,
with

ns
nc

� cos2 θ0
1 + �������������

cos4 θ0 + sin2 θ0
√

2
, (3)

where θ0 is the angle of laser incidence on the plasma. The electron
density ns corresponds to the particular situation where the common
scattered wave propagates perpendicularly to the density gradient
(assuming that the laser waves propagate symmetrically with respect
to the density gradient). In that configuration, the SRS threshold is
very low and is probably the first to be excited. The common plasma
waves propagate in the direction of bisection, and their phase velocity
can also be controlled by the angle between the laser beams. Con-
figurations similar to those shown in Figs. 4(b) and 4(c) can also be
realized for the SBS process.

C. Kinetic simulation of the two-laser-beam interaction

To evaluate nonlinear effects in the interaction of two laser
beams with an inhomogeneous plasma, a series of kinetic simulations
are performed with the particle-in-cell (PIC) code EPOCH42 in a
planar two-dimensional geometry. We present here a generic setup
where two laser beams of equal intensity I0 � 8 3 1014 W/cm2 at a
wavelength λ� 350 nm enter a box 400λ3 320λ from the left at angles
θ0 � ±20° with respect to the normal (x axis). Both beams are
p-polarized and have a flat-top intensity profile of width ∼50λ. The
intensity increases with time during the first 850 laser periods and
then remains constant. The full simulation time is about 7.5 ps, which
is sufficient to attain a quasistationary regime of interaction. Open
boundary conditions are applied to the fields.

As we are interested in exploring the interaction processes near
quarter critical density for ignition-size targets, the plasma temper-
ature is set to Te � 3 keV for electrons, and a low ion temperature
Ti � 170 eV is chosen to ensure weak ion-acoustic wave damping. We
consider a CH plasma with effective ion charge Z � 3.5 and effective

FIG. 4. Scheme of resonance interactions for TPD (a) and SRS [(b) and (c)] excited by two laser waves with wavenumbers k01 and k′01 propagating at angles±θ with respect to the
density gradient. The axes are in units of ω0/c. (a) and (c) show the interactions with common plasma waves (green and blue), and (b) shows the interactions with common
scattered waves (red).
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atomicmassA� 6.5. The plasma density varies linearly from 0.01nc to
0.3nc over a length of 345λ. Absorbing boundary conditions are
applied to the particles. A mesh resolution δx � δy � 0.02λ and a time
step δt � 0.08ω−1

0 are chosen to resolve the Debye length. Eight
particles par cell, 4 ions and 4 electrons, were used in that simulation.
The physical parameters are rather similar to those considered in
Ref. 30, except that we do not account for electron collisions, but our
density profile is extended to lower densities, thus allowing account to
be taken also of the SRS and SBS processes.

Numerical simulations show that the TPD instability dominates
under the conditions considered here. The threshold intensity of the
standard TPD30 is 5.83 1014W/cm2. This is lower than the intensity of
each beam, the plasma waves are excited on a time scale of a few pi-
coseconds, and their level remains approximately constant throughout
the simulation time, with the effective electric field amplitude attaining
high values of eEx ∼ 0.1meω0c and remaining localized in a narrow zone
of about 10 laser wavelengths near quarter critical density. This value of
the electric field is about 10 times larger than the value reported in
Ref. 30, indicating that the approach based on solving the Zakharov
equations might be inappropriate in the case considered here.

The physical processes occurring in laser-plasma interaction can
be characterized by considering the Fourier spectra of the electro-
magnetic and plasma waves shown in Fig. 5. The bright spot in
Fig. 5(a) represents the incident laser waves. As their wave vectors
have x components that are equal and y components that are of
opposite sign, they are represented by a single point at kx � 0.80ω0/c
and ky � 0.34ω0/c. A narrow bright point at kx � 0, ky � 0.68ω0/c in the
ion density spectrum in Fig. 5(c) corresponds to interference of two
pump waves.

The bright circle with wavenumber k ≃ 0.9ω0/c in Fig. 5(a)
represents the SBS waves originating from plasma densities com-
parable to or larger than nc/4. The scattered waves propagate in
directions nearly opposite to the pumpdirections. They correspond to
double SBS on the common ion-acoustic wave having wave vector
components kx ≃ 1.6ω0/c and ky � 0, with the scattered waves
propagating in the directions opposite to the pump waves.

The double TPD instability can be clearly seen in the spectrumof
charge fluctuations in Fig. 5(b), representing essentially electron
plasma waves. The common plasma wave, according to Eq. (1), has
wave vector kx � 1.16 ω0/c and ky � 0. This wave is the dominant
feature in the charge density spectrum in Fig. 5(b). A second plasma
wave with wave vector kx � −0.36ω0/c and ky � 0.34ω0/c is also clearly
seen in the spectrum, but with a smaller amplitude. The resonantly
driven plasma wave undergoes secondary modulation instability,
leading to a spread in its angular spectrum.

Excitation of the common plasma wave presents a convenient
way to control hot-electron acceleration and energy transport.
According to Eq. (2), the phase velocity of the common wave in the
case considered here is 0.43c, corresponding to a resonant electron
energy of 56 keV. The characteristic velocity of an electron trapped in
this plasma wave, vtr � (eEx/mekp)1/2 ≃ 0.3c, is comparable to the
phase velocity. One may therefore expect accelerated electrons in
the energy range 40–100 keV. Indeed, Fig. 6(a) shows that a tail in the
electron energy distribution appears at an energy of ∼30 keV and
extends to 150 keV, with a characteristic exponential slope corre-
sponding to an effective temperature of 15 keV. Such a steep energy
slope is a result of a relatively narrow spectrum and high amplitude of

the plasmawave, which is located near the resonant wavenumber [see
Fig. 5(b)] with an angular spread. Correspondingly, the electrons are
accelerated in a relatively broad opening angle of ∼30° in the forward
direction [see Fig. 6(b)]. The possibility of controlling the energy
spectrum of accelerated electrons by changing the angle between the
pump waves merits experimental confirmation. Competition of the
double TPD with SBS and SRS instabilities is also a potential subject
for experimental investigation.

FIG. 5. Spectra (in logarithmic units) of the magnetic field Bz (a), charge density
ni − ne (b), and ion density ni (c) calculated at time t � 7.5 ps. The instantaneous
spectra do not resolve the sign of the wave vectors, so only a quarter of the Fourier
space corresponding to absolute values of kx and ky is shown. The simulation
parameters are presented in the text.
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The overall efficiency of laser absorption due to the TPD process
is relativelymodest in the example considered here.We observe about
5% of the incident laser flux scattered in the backward direction, while
15%–20% is side-scattered and 65%–70% transmitted. The absorbed
fraction of 5% is transmitted to hot electrons, which are accelerated
near quarter critical density and carry the energy flux in the forward
direction. That energy balance is qualitatively consistent with nu-
merical simulations conducted using the Zakharov equations for
plasma waves with one43 and two30 pump waves. However, the ef-
fective temperature of the hot electrons is lower in our case, while the
absorbed energy flux is twice as great.

VI. CONCLUSIONS

The proposed studies of parametric instabilities cannot be ac-
complished in a single experimental campaign and require joint ded-
icated efforts over an extended period. This analysis provides a general
perspective and demonstrates the importance of an experimental
platform dedicated to laser-plasma interaction physics. The ELI-
Beamlines group possesses numerical tools for design both of targets
and of particular experiments. A single laser beam interaction for the
conditions relevant to a shock ignition scheme is presented in Ref. 25.
The basic target design can be performed using a radiation hydrody-
namic code with a special module accounting for foam plasma ho-
mogenization in front of the ionization wave15 and for magnetic field
generation. Laser-plasma interaction experiments can be designed
with a hybrid approach combining hydrodynamic and kinetic simu-
lations with a PIC code in two and possibly three spatial dimensions.
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