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2Centre Lasers Intenses et Applications, University of Bordeaux–CNRS–CEA, 33405 Talence, France
3Laser Fusion Research Center, China Academy of Engineering Physics, Mianyang 621900, China
4Institute of Plasma Physics, Czech Academy of Sciences, 18200 Prague, Czech Republic
5Independent Foam Target Supplier, Carnoustie, DD7 6DP, United Kingdom
6Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, 11519 Prague, Czech Republic
7Institute of Applied Physics and Computational Mathematics, Beijing 100088, China
8Center for Applied Physics and Technology, Peking University, Beijing 100871, China
9School of Science, Xi’an Jiaotong University, Xi’an 710049, China

Note: This paper is part of the Special Issue on Progress in Matter and Radiation at Extremes in China.
a)Author to whom correspondence should be addressed: vladimir.tikhonchuk@eli-beams.eu

ABSTRACT

The physics of laser-plasma interaction is studied on the Shenguang III prototype laser facility under conditions relevant to inertial confinement
fusion designs. A sub-millimeter-size underdense hot plasma is created by ionization of a low-density plastic foam by four high-energy (3.2 kJ)
laser beams. An interaction beam is fired with a delay permitting evaluation of the excitation of parametric instabilities at different stages of
plasma evolution. Multiple diagnostics are used for plasma characterization, scattered radiation, and accelerated electrons. The experimental
results are analyzed with radiation hydrodynamic simulations that take account of foam ionization and homogenization. The measured level of
stimulatedRaman scattering is almost one order ofmagnitude larger than thatmeasured in experimentswith gasbags and hohlraums on the same
installation, possibly because of a greater plasma density. Notable amplification is achieved in high-intensity speckles, indicating the importance
of implementing laser temporal smoothing techniques with a large bandwidth for controlling laser propagation and absorption.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0023006

I. INTRODUCTION

A comprehensive understanding of parametric instabilities and
the possibility of controlling them in the context of inertial con-
finement fusion (ICF) remains a challenging task. The details of the
absorption processes and the detrimental effects of hot electrons on

the implosion process are of great importance for both direct and
indirect implosion schemes. At the moment, there are no reliable
methods of controlling parametric instabilities and there is a serious
risk of their adverse effects preventing ignition conditions from being
reached. There is a clear need for more experimental studies
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supported by theoretical analysis and simulations. Here, we present
results of studies of the excitation of parametric instabilities and
generation of hot electrons in an underdense preformed plasma under
conditions relevant to ICF implosion experiments with spatial scales
of 300 μm or more and electron temperatures in the region of 2 keV.
The experiments are performed on the Shenguang III prototype
(SGIII-P) laser facility delivering about 8 kJ energy at a wavelength of
0.35 μm and a pulse duration of a few nanoseconds.1–3

A large number of experiments have been performed on dif-
ferent laser facilities at a sub-kilojoule energy level, but they have
involved smaller characteristic plasma lengths and lower temper-
atures.4–8 The competition between stimulated Raman scattering
(SRS) and two-plasmon decay (TPD) near a quarter critical density9

depends strongly on the electron temperature,10–12 and it is important
to generate temperatures in the range of 2 keV–3 keV in order to
assess their behavior under fusion-related conditions. Moreover,
excitation of stimulated Brillouin scattering (SBS) and its competition
with SRS13–18 in a plasma with density below quarter critical depends
on the plasma temperature and density scale length. For these pa-
rameters to be comparable to those under ICF conditions, a laser
energy of several kilojoules is needed for the plasma creation.

Several experiments have already been conducted at the multi-
kilojoule laser energy level3,19–21 and have provided important in-
formation about the nonlinear laser–plasma interaction. They have
been conducted in a planar geometry, which provides access to
various diagnostics for plasma characterization andmeasurements of
nonlinear processes. The use of low-density foams22 in the experi-
ments19,23 is advantageous because of the possibility of creating a
quasi-homogeneous high-temperature plasma with small velocity
gradients.24 However, numerical simulations of foam ionization are
difficult. It is known that the ionization front propagates inside a foam
sample more slowly than in a homogeneous material of equivalent
density and chemical composition. Several models have been pro-
posed recently of how this delay can be treated numerically,25–30 and it
is also important to compare them with experiments.

In the present paper, we report on an experiment dedicated to
studies of laser-plasma interaction under conditions relevant to ICF
with low-density foam targets. The preliminary experimental design
has been described in Ref. 31.

The remainder of the article is organized as follows. Numerical
simulations of plasma formation from a foam under the experimental
conditions are presented in Sec. II. Section III describes the experi-
mental setup and diagnostics. Section IV presents the major ex-
perimental results and their qualitative analysis. A discussion and
conclusions are presented in Sec. V.

II. NUMERICAL MODELING OF LASER-PLASMA
INTERACTION

A. Interaction conditions

Weaim for studies of laser-plasma interactions under conditions
relevant to ICF. A large-scale (Ln ∼ 300 μm), underdense (ne ∼ 0.2ncr),
and hot (Te ∼ 2 keV) plasma was created with four laser
beams delivering a total energy of 3.2 kJ in 1 ns at the third harmonic
(λ � 0.351 μm) of a Nd:glass laser. Here, Ln is the plasma density scale
length, ne and Te are the electron density and temperature, λ is the
laser wavelength, and ncr � 9.05 3 1021 cm−3 is the corresponding
critical density. Four laser beams irradiated from two sides a foam

target of average density 10 mg/cm3–12 mg/cm3 and thickness
0.8 mm, and then, with a time delay of 0.5 ns or 1 ns, an interaction
laser beam at the same wavelength and with intensity close to 1015W/
cm2 was used for the interaction studies.

B. Hydrodynamic simulations

Plasma formation was simulated using radiation hydrodynamic
codes with the goal of defining the optimal interaction conditions,
that is, creation of a sufficiently homogeneous plasma with required
density and temperature.

The experiment is three-dimensional, and it cannot be fully
simulated using the available hydrodynamic codes accounting for the
laser-plasma interaction and foam structure. Consequently, the
numerical simulations were performed in two steps. First, interaction
of heating beams with the target was simulated using the two-
dimensional (2D) axisymmetric Eulerian radiation hydrodynamic
code XRL2D,32,33 which describes laser energy deposition accurately
butmodels foamas a homogeneousmaterial. Second, the propagation
of the ionization front in the foam was simulated using the 2D
axisymmetric arbitrary Lagrangian–Eulerian hydrodynamic code
PALE (Prague Arbitrary Lagrangian Eulerian),34 which accounts for
the foam’s porous structure but considers normal incidence of laser
beams. Tomake the simulations compatible with these two codes, the
laser power in the PALE simulation was adjusted to obtain the same
ionization front velocity as in the XRL2D simulation with the same
homogeneous material.

XRL2D is a 2D Eulerian radiation hydrodynamic code for
studying laser interactions with solid-density targets. The electron
and ion energy equations are solved with Kershaw’s nine-point
diffusion difference scheme, and the electron heat flux is deter-
mined by the flux-limited diffusion model. The radiation transfer
equation is solved by the flux-limited multigroup diffusion method.
The laser energy deposition via inverse bremsstrahlung is calculated
with a 3D ray-tracing package. The thermodynamic quantities are
derived either from the ideal gas model or from data on the realistic
equation of state. The mean opacity is calculated with the relativistic
self-consistent average atom model OPINCH,35 and contributions
from free-free, free-bound, and bound-bound transitions are taken
into account.

FIG. 1. Time dependence of the ionization front position in hydrodynamic simu-
lations of the target considered as a homogeneousmaterial of density 10mg/cm3 (1)
and 12 mg/cm3 (2) and with a model29 accounting for the foam homogenization with
foam density 10 mg/cm3 (3) and 12 mg/cm3 (4). The yellow background shows the
temporal profile of the laser pulse power. The laser propagates in the negative z
direction, and the foil edge is at z � 0.
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In the XRL2D simulations, two laser beams incident on a target
from one side at an angle of 45° weremodeled using a cone of opening
angle of 45° with respect to the target normal and at a realistic power,
and the target was modeled as a homogeneous material of equivalent
density. Such a simulation describes the delivered laser energy cor-
rectly, but unfortunately does not account for the foam homogeni-
zation and thus overestimates the plasma temperature and ionization
front velocity. Figure 1 shows the position of the ionization front as a
function of time along the target normal. The simulations with a
target described as a homogeneous material (curves 1 and 2) over-
estimate the ionization front velocity.

The propagation of an ionization front in a foam is delayed
because of the time needed for dense elements in the foam to expand
under the heat flux delivered by the laser beam, electrons, or radiation.
Depending on the foam density and the laser intensity and wave-
length, the ionization may propagate as a fast supersonic ionization
wave or as a blast hydrodynamic wave including density compression
beyond the front. Among the different numerical descriptions of foam
homogenization,27–29 we implemented in our 2D axisymmetric hy-
drodynamic code PALE the hydrothermal wave model described in
Ref. 29 and enhanced by random scattering of the laser light in the
nonhomogenized foam region.

PALE34 is a hydrodynamic Lagrangian code for laser-generated
plasma simulations. It solves hydrodynamic Euler equations formass,
momentum, and energy conservation laws, accounts for the
Spitzer–Härm flux-limited electron heat conductivity, and assumes
normal incidence of the laser light. It describes laser propagation and
energy deposition by a ray tracing model including inverse brems-
strahlung and resonance absorption at the critical surface. The state of
the plasma is described by the quotidian equation of state (QEOS).36

A degree of foam homogenization ISFOAM is calculated for each
macroscopic computational cell following the foam model established
byGus’kov et al.37 ISFOAM is zero for fully homogenized cells, equals one
for cells with a cold foam, and is between zero and one for cells un-
dergoing homogenization. This parameter determines the major
macroscopic properties of a foam material,29 such as laser absorption,
electron heat conduction, and hydrodynamic motion. The hydro-
thermal wavemodel is complemented by ray scattering from randomly
oriented foam elements. When a ray enters the computational cell, it is
randomly scattered with a probability equal to IsFoam of the cell.

The results of the simulations for foam densities of 10 mg/cm3 and
12 mg/cm3 are shown in Fig. 1. The ionization front was detected as the
positionwhere the electron temperature attained a value of 200 eV,which
is sufficiently large compared with the cold material, but still about 10

times smaller than themaximum temperature in the heated plasma. The
front velocity is delayed, and the calculated value of the front velocity of
350 μm/ns–450 μm/ns was used for choosing the foam thickness. The
foamof thickness of 0.8mmwasexpected tobe ionized in1nswhile being
irradiated by laser beams from two sides. Unfortunately, the ionization
front velocity observed in the experiment was smaller than expected,
about 300 μm/ns–350 μm/ns, and so the foam was not fully ionized.

The numerical simulation with the PALE code was used for
defining the plasma hydrodynamic parameters of the expanding hot
plasma and characterization of the parametric instabilities. The
plasma characteristics along the symmetry axis for the foam density of
10 mg/cm3 are shown in Fig. 2. The plasma temperature is nearly
constant in space and in time,with a characteristic value ofTe≃ 1.8 keV.
Thepositions of the ionization and rarefaction fronts are clearly defined
by an abrupt increase in temperature. The profiles of the expansion
velocity are approximately linear, as expected for an isothermal
rarefaction wave. The stationary point is located near the plasma edge,
z � 0, where the flow velocity is equal to the acoustic velocity cs ≃ 350
μm/ns. The characteristic spatial scale of velocity variation increases
linearly with time, attaining a value Lu ≃ 300 μm at t � 1 ns.

The electron density profile shown in Fig. 2(b) is nearly expo-
nential, with a characteristic scale increasing linearly with time and
with a characteristic value Ln ≃ 300 μm at the end of the heating
pulse. A small density compression above the full ionization value of
3.23 1021 cm−3 can be seen near the ionization front. However, in the
close vicinity of the ionization front, the plasma density is too steep,
and so parametric instabilities can develop farther from the front
where the plasma density decreases below 2 3 1021 cm−3, that is,
below a quarter critical density, 14ncr � 2.2631021 cm−3.

The temporal dependence of the scattered light calculated using
PALE is shown in Fig. 3 for the laser interaction with the 10 mg/cm3

foam. The total scattered energy amounts to about 13% of the incident
energy of the heating laser beams. The strongest scattering occurs at the
very beginning of the laser pulse, when the foam is not yet ionized.When
the ionization wave is formed and propagates inside the foam, the in-
tensity of scattered radiation decreases with time, because of laser light
absorption in the ionized plasma. As the foam solid elements are ran-
domlyoriented, the light scattering contains a small diffusive component.

III. EXPERIMENTAL SETUP AND DIAGNOSTICS

A. Experimental setup and targets

The overall scheme of the experimental setup and plasma di-
agnostics is shown in Fig. 4. In the experiments, we used five laser

FIG. 2. Spatial profiles of plasma electron temperature (a), density (b), and flow velocity (c) at four timemoments of 0.25 ns (solid blue), 0.5 ns (dashed blue), 0.75 ns (dotted blue),
and 1 ns (solid red) calculated using the PALE code for a foam density of 10 mg/cm3. The laser propagates in the negative z direction, and the foil edge is at z � 0.
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beams at the Shenguang-III prototype laser facility.1–3 Each beam
delivered ∼800 J at the third harmonic (wavelength 351 nm) in a
trapeze-like pulse of 1 ns duration with a rise and fall time of 0.15 ns.
All the beams had an elliptical shape so that their footprints on the
target surfacewere circular. Four laser beamswere used for the plasma
creation. As shown in Fig. 5, they were focused from two sides on the
target at an angle of 45° with respect to the normal with an f/5.4
focusing lens. Beams S1 and S2 came from the top hemisphere and
beams S3 and S4 from the bottom. Each pair of beams was focused
250 μm below the corresponding target surface in a circle of diameter
500 μm. The beam transverse profile was super-Gaussian of order 3.5,
more than 90% of energy was contained within this circle, and the
overlapping intensity of two beams was 8 3 1014 W/cm2. The in-
teraction beamN2 had the same energy, but it was focused to a spot of
300 μmdiameter with the same super-Gaussian transverse profile and

arrived at a delay of 0.5 ns or 1 ns with respect to the heating beams.
The intensity on target of this beam was (1.0–1.2) 3 1015 W/cm2.

All laser beams were smoothed spatially with continuous phase
plates and temporally by spectral dispersion (SSD). The laser pulse
spectral width at the wavelength of 351 nm was 0.02 Å without SSD
and 1 Å with SSD. Temporal smoothing was switched off for the
interaction beam N2 in several shots, with the goal of evaluating the
role of high-intensity speckles in the excitation of parametric
instabilities.

As shown in Figs. 5 and 6(a)–6(c), the beams did not overlap at
the upper target surface. The interaction beam propagated about
200 μm through the cold foam before entering the hot plasma created
by the heating beams. This represents less than 20% of the total target
volume crossed by the interaction beam.Moreover, analysis of the Kα
images presented in Sec. IV D implies that interaction takes place
throughout the beam trajectory in the plasma. Thus, the role of
nonionized foam is expected to be small.

The targets were made of a foam with a density of 10 mg/cm3 or
12 mg/cm3 and a pore size of ∼1 μm and were doped with copper
nanoparticles at a mass fraction of 1% for diagnostic purposes. The
foam chemical formula C15H20O6 corresponds to a maximum
electron density of 3.2 3 1021 cm−3 (for the foam mass density of
10 mg/cm3) with ions having average charge Z � 3.85 and average
atomic mass A � 7.2. This density is approximately one-third of
the critical density, which is ncr � 9.05 3 1021 cm−3 for a laser
wavelength of 0.351 μm. The foam of diameter 2 mm was supported
by a washer of diameter 8 mm with a 1.2 mm window for x-ray
diagnostics, as shown in Fig. 6(d). The foam thickness of 0.8 mm was
chosen from the expected ionization front velocity, which was about
400 μm/ns for our laser parameters according to the numerical
simulations presented in Sec. II.

While the quarter critical density was produced near the ioni-
zation front, numerical simulations presented in Sec. II show that the
density profile is too steep in this region, and parametric instabilities
cannot be excited at densities above 0.2 ncr. This is in agreement with
the optical measurements presented in Sec. IV C, which do not show
any activity near quarter critical density.

B. Diagnostics

Scattered light from the plasma was measured with two full-
aperture backscattering (FABS) stations installed on the beams S1 and
N2, and with a near-backward-scattering (NBS) station installed on
the beam N2. The FABS measured signals in two spectral domains,
near the main laser wavelength (denoted by SBS) and downshifted
(denoted by SRS), within the laser beam focusing aperture of ∼0.03 sr,
with temporal resolution better than 100 ps and spectral resolution
better than 0.1 nm in the SBS channel and better than 10 nm in the
SRS channel.

The NBS station collected the light scattered outside the laser
focusing cone within a solid angle of 0.30 sr. The scattered light was
collected by a hollowed off-axis ellipsoidal mirror and then separated
into two channels by a beam splitter for SBS and SRS measurements,
respectively. In the SBS channel, the detectable wavelength was in the
range 351 ± 2 nm; in the SRS channel, the detectable wavelengths
ranged from 400 nm to 700 nm. In each channel, the scattered light
was recorded by an energy meter, without temporal resolution.

FIG. 3. Temporal dependence of the fraction of scattered light (blue) obtained in the
PALE simulation for a foam density of 10 mg/cm2, with the heating laser beams (red)
and with the interaction laser beam (black) delayed by 0.5 ns (a) and 1 ns (b). All
pulses are normalized to unity.
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The x-ray diagnostics were operated in the hard and soft spectral
ranges. Their position with respect to the target laser beams is shown
in Fig. 4. A Kα imager was used to observe the plasma from the right
side in Fig. 4(b) at an angle of 22.5° with respect to the target plane.
Photons were reflected from the crystal and detected at the image

plate (IP) protected by filters of Mylar, aluminum, and copper. The
imager was absolutely calibrated and measured Kα emission with
energies 8046 eV–8050 eV of the cold copper atoms (with temper-
ature less than 120 eV and ionization state Z* < 1538) excited by
energetic electrons having energy above 9 keV. The detection effi-
ciency was 1.3 3 10−6 per photon emitted from the target assuming
isotropic emission. This accounts for the solid angle of view of the
crystal of 3.23 10−3 sr (see Fig. 4), its reflectivity, spectral acceptance
(0.8 mÅ), IP resolution, and sensitivity.

A soft x-ray spectrometer (SXS) measured the spectrum of soft
emission of the plasma at an angle of 20° from the target normal in the
upper hemisphere. Soft x rays were measured by 15 channels, which
covered the energy range from 125 eV to 4000 eV with a resolution
ranging from 40 eV to 50 eV at the bottom edge to 100 eV–200 eV at
the top edge. This setup has a better resolution in the energy range
below 1000 eV and a poorer resolution above 1000 eV. The x-ray
spectra were obtained by iterative fitting of the signals recorded by the
15 channels and by comparison with the theoretically predicted
spectra.

An x-ray streak camera (XSC) provided a time-resolved plasma
image in the normal to the target direction. It observed the plasma in
soft x rays with a temporal resolution better than 50 ps through the
window in the washer as shown in Fig. 6(d). The imaging slit was
parallel to the target surface (thus providing spatial resolution be-
tween the top and bottom of the target), and then the slit of the XSC
itself was perpendicular to the target surface. The XSC measured the
position of the ionization fronts as a function of time as they
propagated through the foam.

Target self-emission was alsomeasured using two x-ray pin-hole
cameras (XPHCs) recording plasma emission in the energy range
above 2 keV. One camera (XPHC1) was positioned in the upper
hemisphere at an angle of 20° from the target normal, and the other

FIG. 4.Overall experimental setup seen from the top (a) and the side (b). Red arrows indicate the direction of incidence of the heating beams S1–S4, and green arrows indicate the
direction of the interaction beamN2. The target and the washer are in the target chamber center. The positions of the electron spectrometers (ES) are indicated by letters A, B, D, E,
and F. Also shown are the positions of the crystal and a cassette with image plates (IP) for the Kα detection.

FIG. 5. Scheme of overlapping of the heating and interaction beams in the foam
target. The heating beams S1 and S2 and the interaction beam N2 come from the
top and the heating beams S3 and S4 from the bottom. All beams are directed at an
angle of 45° with respect to the target normal. The beams S1 and S2 are focused
150 μm above the target center, the beam N2 is focused at the center, and the
beams S3 and S4 are focused 150 μm below the target center.
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(XPHC2) saw the target from the lower hemisphere at an angle of 45°

with respect to the equatorial plane. XPHC1 was operated in all shots
and provided the major information, whereas XPHC2 was operated
only in five shots and provided complementary information.

Electron emission outside the targets was monitored by several
compact spectrometers (ES) based on fast electron deflection in a
magnetic field. In each of these spectrometers, electrons transmitted
through an aperture with a diameter of 1mmdrilled in a thickMurytal
plastic are affected by a transverse field between steel poles attached to
permanent magnets. The optimum distance of the entrance aperture
from the target is 300 mm but the construction of spectrometers is
flexible enough to guarantee reliable operation at an arbitrary angle and
distance from the target. The energy range covered by each spec-
trometer spans from 55 keV to 1.5 MeV. This energy range is much
larger than the plasma potential, which is comparable to the bulk
electron temperature and cannot be more than a few keV in our ex-
periment. The trajectories of electrons in the magnetic field are traced
using the SIMION code,39 taking into account the measured field
strength. The cross-sections of these trajectories with the plane of the
detector, the absolutely calibrated imaging plate BAS-SR, determine the
scale for energy distribution measurements of incident electrons.

In the experiment, five electron spectrometers were employed.
They were positioned at a distance of 30 cm from the target and

observed the plasma from the left hemisphere at an angle of 45° with
respect to the equatorial plane and at angles of 65°–80° with respect to
the propagation direction of the interaction beam. The solid angle of
detection was 10−5 sr.

IV. EXPERIMENTAL RESULTS AND QUALITATIVE
ANALYSIS

The parameters of the laser beams and targets as well as the
overall results obtained with optical and x-ray diagnostics are pre-
sented in Table I. There were in total 11 useful shots (numbered from
334 to 344), two of them without interaction beam (335 and 343) and
one shot with only two heating beams coming from the top side (341).
The laser energy was varied from shot to shot within less than 10%.

The full formof the identification number of each shot is SGIIIP-
SHOT2019XXX. Inwhat follows, we retain only the last three digits of
the shot number.

A. Observations of laser-plasma interaction in the
x-ray domain

An example of the time-integrated spectra obtained with the soft
x-ray spectrometer (SXS) in three consecutive shots is shown in
Fig. 7(a). It shows Lyα emission of carbon and oxygen ions in the

FIG. 6. Footprints of the heating beams and the interaction beam N2: (a) at the top of the foam target, 400 μm from the target center; (b) at the target center; (c) at the bottom,
−400 μm from the target center. The blue dashed circles of radius 500 μm are drawn for reference. (d) Photograph of the foam target (white), washer, and holder as used in the
experiment.

TABLE I. Characteristics of the laser beams and targets in each shot along with measured optical and x-ray signals. The values in columns N2 show the SBS and SRS signals from
the N2 beam only. The energy of a parasitic specular light measured by the N2 FABS station is subtracted from these data. Original data are shown in Table II in the Appendix.

Shot no.

Density
(mg/
cm3)

Laser energy (J) Delay
(ns)

SSD
On N2

N2 SBS (%) N2 SRS (%)
S1 FABS

(%)
Kα

(109 photons)

S1 S2 S3 S4 N2 Total FABS NBS FABS NBS SBS SRS Top Bottom

334 10 795 891 761 806 722 3975 0.5 Off 4.5 8.5 . . . 11.5 9.2 0.7 . . . . . .
335 10 1026 982 757 807 0 3572 . . . . . . 0 0 . . . 0 7.9 2.4 . . . . . .
336 12 837 861 810 868 816 4192 0.5 Off 5.4 5.9 . . . 11.8 8.5 0.4 . . . . . .
337 12 957 838 771 769 754 4089 0.5 Off 9.1 12.2 2.4 16.4 15.2 . . . 1.45 2.42
338 10 889 912 781 804 801 4187 1.0 Off 4.4 5.9 5.4 28.5 16.4 . . . 0.13 0.27
339 10 655 751 778 844 698 3726 1.0 On 4.1 3.9 2.2 20.3 8.6 . . . 0.26 0.13
340 12 916 912 729 754 790 4101 1.0 On 5.7 3.5 2.5 21.2 13.2 . . . 0.24 0.38
341 12 800 847 0 0 820 2467 1.0 On 6.0 0.3 2.7 20.6 12.0 . . . . . . . . .
342 12 930 873 762 737 910 4212 1.0 Off 8.7 −0.9 4.2 17.6 14.1 . . . 11.6 9.5
343 12 869 870 768 753 0 3260 . . . . . . 0 0 0 0 13.0 . . . 0.22 0.27
344 10 868 792 770 772 913 4115 1.0 Off 3.1 4.0 0 25.0 12.4 . . . . . . . . .
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domain below 1 keV and L-shell emission of copper ions near 1.4 keV.
The copper L-shell group allows us to estimate the bulk temperature,
since the positions of these lines are sensitive to temperature varia-
tions in the range from 1 keV to 2 keV.

For shots 338 (blue curve) and 339 (red curve), the Cu group
shape is in agreement with the plasma temperature of 1.8 keV cal-
culated with the hydrodynamic code and discussed in Sec. II. For shot
340 (black curve), the bulk temperature is lower. According to the
shape of the structure (broader and shifted to low energies), the bulk
temperature is of the order of 1 keV. The origin of such a significant
temperature variation will be studied in future experiments.

Figure 7(b) shows an image recorded in shot 338 with the x-ray
streak camera (XSC). Time goes from top to the bottom and the origin
of the x axis is at the target center. There are bright emissions from x ≃
−0.4 mm and +0.4 mm corresponding to the plasma edges. Emission
from the left edge is weaker and cut from the top, as it was partially
obscured by the positioningmask. The total pulse duration in this shot,
including the heating and interaction beams, is 2 ns, but the duration of
x-ray emission is longer, as plasma cools and expands after the end of
the laser pulse. Unfortunately, the resolution of this XSC image is not
sufficiently good, and it is overexposed. Thus, it is difficult to discern the
position of the ionization front. This is much better resolved in the
image taken in shot 341, where only two heater beams have irradiated
the foam from the left side [see Fig. 7(c)]. Here, it is evident that the
ionized region is extended to 300 μm–350 μm from the left foam edge to
the right during the time of heating beams of 1 ns. There is no ionized
plasma from the other side of the foam. So, this figure
demonstrates clearly that the ionization front propagates with a velocity
of ∼300 μm/ns–350 μm/ns, which is less than the ∼400 μm/ns expected
from the numerical simulations reported in Sec. II. Therefore, we
conclude that the foam was not fully ionized by the heating beams. The
two ionization waves propagating from both edges of the foam did not
converge at the center during the time of heating.

The observed ionization front velocity is of the same order as the
ion acoustic velocity of ∼300 μm/ns–350 μm/ns calculated with the
hydrodynamic code and discussed in Sec. II. Thus, the foam ioni-
zation and plasma expansion proceed simultaneously. A rarefaction

wave forms behind the ionization front and produces an inhomo-
geneous plasmawith density scale length increasing in time, as shown
in Fig. 2(b).

XPHC images of the target are shown in Fig. 8. They can be
compared directly with the beam footprints in Fig. 6. Figures 8(a) and
8(b) taken in two consecutive shots reveal the geometry of interaction.
The central bright emission comes from the heating beams S1
(coming from the top) and S2 (coming from the left). The bright spot
near the right edge of the blue circle is emission from the interaction
beam N2. Emission on the bottom edge of the blue circle in Fig. 8(b)
comes from the bottom plasma irradiated by the beam S3. It is
disabled in shot 341 and is absent in Fig. 8(a).

The images in Figs. 8(a) and 8(b) were taken with XPHC1. They
are only slightly distorted along the vertical axis, with a coefficient
cos 20° � 0.94. The image in Fig. 8(c) was taken with XPHC2, and it is
more strongly distorted along the vertical axis, with a coefficient
cos 45° � 0.71. The interaction beam still comes from the right and the
heating beam S3 from the top. These images confirm that all the laser
beams were focused on the central part of the target and did not touch
the washer. All recorded emissions are thus coming from the foam
plasma, which extends outside the beam footprints. The average
radius of the plasma column can be estimated to be about 400 μm.

B. Observations of scattered light near
the laser frequency

A typical time-resolved spectrum of the scattered light near the
laser frequency is shown in Fig. 9(a). As expected fromhydrodynamic
simulations (see Fig. 3), it has two peaks, corresponding to the heating
and interaction pulses. The spectral features corresponding to these
two peaks are rather different. The spectral width of the first one is
narrow, similar to the laser bandwidth. The second peak is spectrally
broadened. Similar features can be seen in the spectra recorded in
other shots and shown in Fig. 9(b).

To understand the origin of these emissions, two shots (335 and
343, with foam densities 10 mg/cm3 and 12 mg/cm3, respectively)
were performed with only four heating beams activated. Both S1 and

FIG. 7. (a) Spectrum of soft x-ray plasma emission obtainedwith the SXS diagnostic in three consecutive shots: 338 (blue), 339 (red), and 340 (black). Peaks at 367 eV, 653 eV, and
1400 eV correspond to the emission of carbon, oxygen, and copper ions at a plasma temperature of 1.8 keV. (b) Streaked image of plasma observed with the XSC diagnostic in soft
x rays in the equatorial plane through the washer slit in shot 338. The x axis in the image corresponds to the target normal direction, with the point x � 0 corresponding to the target
center. (c) Streaked image of plasma obtained with XSC in shot 341, where the heating beams S3 and S4 coming from the right were disabled. The orange dashed lines show the
putative positions of the ionization front (right) and the expanding plasma (left).
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N2 FABS stations were activated and measured nonzero signals.
Figure 10(a) shows the temporal profile of the heater beams and the
signal near the main wavelength recorded by the N2 FABS station. As
shown in Table II in the Appendix, the N2 SBS FABS station
measured a significant level of reflectivity of ∼9%–16%. While this
reflectivity agrees with the levels reported in other experiments,3,40,41

this early scattered light cannot be produced by SBS from the heating
beams, because at these early times the plasma density and velocity
profiles are so steep that the SBS gain is much smaller than one. We
suppose that these signals originate from specular and diffuse scat-
tering of the heating beams from the cold nonionized foam. The
narrow spectrumof scattered light in shot 335, shownby the red curve
in Fig. 9(b) confirms this conclusion.

This hypothesis is consistent with the foam homogenization
model presented in Sec. II. Similarly to the observation, the calculated
scattered signal, shown by the blue curves in Figs. 3(a) and 3(b), is
strongest at the beginning of the heating pulse during the first 0.2
ns–0.3 ns and decreases strongly afterwards.

As can be seen from Figs. 5 and 6(a), the line of view of the N2
FABS station corresponds to the direction of specular reflection of the
S2 beam. Considering the energy of the S2 beam in shot 335 of 982 J
and the energy of 23.7 J measured by N2 FABS, the scattered fraction
is 2.4%. To separate the scattered signal produced by the interaction
beam, the contribution of this initial parasitic signal was subtracted
from the SBS signal recorded by theN2 FABS station in the shots with
the interaction beam. A similar procedure was applied to the N2 NBS
measurements, where the parasitic specular reflectivity was 9.8%. The
data in Table I show already-corrected reflectivities. The columns “N2
SBS” and “N2 SRS” in the table show only the scattered light produced
by the N2 beam. This procedure is based on only two laser shots. It
may introduce uncontrolled errors, and this may be the reason why
the effect of SSD on the reflectivity level is not observed. The original
energies measured in the experiment are shown in Table II in the
Appendix for reference.

The secondburst of backscattered light shown inFigs. 9 and10(b) is
stronger than the first one, and its spectrum is significantly broadened.
This cannot be explained by diffuse reflection from the foam, which is
expected to be much weaker at that time (see the second maximum of

reflectivity in the numerical simulation in Fig. 3). This burst of back-
scattering can be explained by excitation of SBS and by its subsequent
suppression. Such a process of excitation and self-suppression of SBS has
already been observed in Refs. 41 and 42 and has been interpreted as a
result of speckle self-focusing and beam spraying.

In our experiment, the laser beam focused with a lens f# � 5.4
creates speckles with a transverse size d � f#λ ≃ 1.9 μm and longi-
tudinal length zR � πd2/λ ≃ 32 μm. For a laser intensity 1015 W/cm2,
the average speckle power is about 30 MW, which is a factor of 5–10
smaller than the critical power of ponderomotive self-focusing Pcr in a
plasma with a temperature of 2 keV and a density of 0.2 ncr.
(According to Ref. 43, the critical power can be represented as
Pcr ≃ 40TkeVncr/neMW,where the electron temperature Te is in keV.)
So, we do not expect speckle self-focusing under our conditions, but
excitation of SBS is possible.

The SBS convective gain43,44 is proportional to the laser intensity
and the characteristic length of plasma flow variation Lu. It can be
conveniently represented as

GSBS � 0.45I15 Luλ0T
−1
keVne/ncr, (1)

where the laser intensity I15 is in units of 1015 W/cm2 and the
characteristic length of velocity variation Lu and the laser wavelength
λ0 are in micrometers. The plasma density and velocity profiles are
obtained in the hydrodynamic simulations presented in Sec. II. For
the interaction beam average intensity I15 ≃ 1015 W/cm2 and for the
calculated temperatureTe≃ 1.8 keV, velocity scale lengthLu≃ 100 μm,
and density ne/ncr ≃ 0.1–0.2, the expected SBS gain is of the order of
GSBS ≃ 1–2, and so stimulated scattering from the average laser in-
tensity should not be observed. However, light intensity in speckles is
several times larger than the average laser intensity. Theoretical
analysis45–47 shows that a strong SBS backscattering of the order of a
few percent can be excited in speckles for the gain calculated for the
average intensity of the order of 1. We therefore conclude that
scattering fromhigh-intensity speckles is the origin of SBS observed in
our experiment.

While speckle self-focusing is not expected under our interaction
conditions, the density perturbations produced by the ponderomotive
force in speckles propagate across the plasma as ion acoustic waves

FIG. 8. Hard x-ray pinhole images recorded with XPHC1 [(a) and (b)] and XPHC2 (c) in shots 341 (a) and 342 [(b) and (c)]. The orientation of (a) and (b) is the same as in Fig. 6(a)
(the interaction beam N2 comes from the right). In shot 341, the heating beams S3 and S4 were disabled. The blue circles of diameter 1 mm are drawn for reference.
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and produce laser beam refraction and spraying. According to the
theoretical analysis by Grech et al.,48 beam spraying may take place
for a speckle average power of the order of 5%–10% of the critical
power. It is likely that a similar process takes place in our experiment,
since the speckle power satisfies that criterion.

The measured level of SBS in the backward direction is of the
order of (5.7 ± 1.3)%, and it is not notably affected by the SSD and
foam density variation. This is in agreement with the fact that SBS
develops on a time scale of a few picoseconds, which is shorter than
the laser beam correlation time. The fraction of scattered light de-
tected with NBS is of the same order of magnitude. It varies in a large
range from 0% to 12%, with an average value of 6.3%.

The time-integrated spectra of SBS measured with N2 FABS are
shown in Fig. 9(b). They are broadened to about 0.3 nmand redshifted
with respect to the laser wavelength by less than 0.1 nm. These values
are smaller than expected in a plasma at rest. The SBS-driven ion
acoustic wave has a frequency ωs ≃ 2ω0cs/c, where c is the velocity of
light and cs ≃ 300 μm/ns–350 μm/ns is the ion acoustic velocity. That

would correspond to a wavelength shift of about 0.7 nm, which is
much larger than observed. Consequently, SBS develops in the
transonic zone, where the plasma flow velocity is equal to the local
acoustic velocity. This is in agreement with the hydrodynamic
simulations shown in Fig. 2(c). This zone corresponds to a plasma
density ne/ncr � 0.1 and a large velocity scale length Lu ∼ 100 μm,
which are favorable for SBS development.

C. SRS observations

Time-resolved and time-integrated spectra of downshifted
scattered light measured by the N2 FABS station are shown in Fig. 11.
The spectrum covers a broad region from 450 nm to 610 nm. It is
evident that it is due to SRS. The corresponding density range is
ne/ncr � 0.05–0.18. The maximum emission at 510 nm corresponds

FIG. 9. (a) Time-resolved spectrum of laser light scattered in the N2 FABS near the
laser frequency in shot 337. The white and green curves show the time dependence
of intensity and the time-integrated spectrum. (b) Time-integrated spectra near the
laser wavelength recorded by the N2 FABS station for shots 334 (blue), 335 (red),
336 (black), and 337 (green). In shots 334, 336, and 337, the interaction beam N2
was delayed by 0.5 ns and SSD was turned off; in shot 335, the N2 beam was not
activated. The foam density is 10 mg/cm3 in shots 334 and 335, and 12 mg/cm3 in
shots 336 and 337.

FIG. 10. (a) Temporal profiles of the heating laser beam S1 (red) and the backward-
scattered signal (blue and green, in the SBS and SRS channels, respectively)
recorded in shot 335 with only four heating beams activated. (b) Temporal profiles of
the heating S1 beam (red), the interaction beam N2 (black, delayed by 1 ns),
backward-scattered light near the laser frequency (blue), and backward-scattered
SRS signal (green) recorded in the 339. All signals were recorded by the N2 FABS
station.
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to a density ne/ncr � 0.1. According to the hydrodynamic simulation
shown in Fig. 2(b), this range of densities corresponds to the foam
edge, −0.2 mm < z < 0.1 mm. This location of the SRS activity is in
agreement with the Kα emission shown in Fig. 12(a).

There is no scattered light near the wavelength of 700 nm
corresponding to half the laser frequency. Thus, processes near
quarter critical density were not activated in our experiment.

The convective gain of SRS in the backward direction is given by
the expression43,44

GSRS � 1.83 10−3I15Lnλ0, (2)

where the characteristic density scale length Ln is in micrometers.
According to the hydrodynamic simulations presented in Sec. II, the
density scale length is about 50 μm–70 μm at the time 0.5 ns, which is
insufficient for excitation of SRS by the heating pulses. After 1 ns, the
density scale length increases to 300 μm–500 μm, and the SRS gain for
the average N2 beam intensity attains a value of about one. This is

sufficient for SRS excitation in the high-intensity speckles, but not at
the average intensity. An increase in the density scale length with time
is consistent with the increase in SRS reflectivity with the interaction
beam delay.

A typical temporal profile of SRS emission measured with N2
FABS is shown in Fig. 10(b) (green curve) for the case of a 1 ns delay of
the N2 beam. It follows the laser pulse shape with a delay ∼0.1 ns to
0.2 ns. This small time delay suggests that the cold foam seen by the
N2 beam as it enters the target plays a minor role in the interaction
process. No notable dependence of SRS signal on the laser beam
temporal smoothing or on the foam density was observed. This may
be related to a relatively small SSD relative bandwidth of ∼33 10−4.
However, only a small fraction of SRS (3.2± 1.2)% goes into the focusing

FIG. 11. (a) Time-resolved SRS spectrum of laser light scattered in the N2 FABS
below the laser frequency for shot 338. The white and green curves show the time
dependence of intensity and the time-integrated spectrum. (b) Time-integrated SRS
spectra recorded by the N2 FABS station for shots 338 (blue), 339 (red), 340 (black),
341 (pink), 342 (green), and 344 (cyan). The interaction beam N2 was delayed by
1 ns in all shots, and SSD was turned off in shots 338, 342, and 344. The foam
density is 10 mg/cm3 in shots 338, 339, and 344, and 12 mg/cm3 in shots 340, 341,
and 342. The depressions in the spectra around 530 nm are due to the interference
filter suppressing the second harmonic of laser radiation.

FIG. 12. (a) Time-integrated Kα image. The distance between bright spots is
∼0.8 mm. The yellow zone shows the projection of the interaction beam. (b) Hot-
electron energy distribution measured with the electron spectrometer in the same
shot 337 (black). The dashed red curve shows the interpolation with an exponential
function corresponding to a temperature of 22 keV.
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optics. A much larger fraction of backward SRS, (27.3 ± 3.8)%, was
detectedby theNBS for the case of a1nsdelay.A largedifference between
the SRS signal detected by the FABS andNBS stations is unexpected.This
may indicate a significant role of Raman side scattering in our interaction
conditions.

In the shotswith a 0.5 ns delay of theN2beam, the SRS signal was
delayed by 0.25 ns, with a twice smaller reflected fraction of about
(14.0 ± 2.3)%. This may indicate a greater role of cold nonionized
foam in the zone where the interaction beam enters the target. This
issue needs further analysis.

D. Observation of hot electrons

Generation of hot electrons was diagnosed by electron spec-
trometers and Kα emission. A typical time-integrated image obtained
with Kα x rays is shown in Fig. 12(a) for shot 337. It shows two bright
spots at a distance of ∼0.8 mm, which is compatible with the target
thickness. As the recorded (nonshifted) Kα emission originates from
cold atoms with a temperature less than 120 eV,38 this figure implies
that some amount of nonionized foam or cold plasma is present at the
target edges. This is confirmed by tracing the N2 beam trajectory over
the x-ray image, which passes essentially out of the emission zones.
Conversely, by comparing the x-ray emission zones with the beam
footprints in Figs. 6(a) and 6(c), one may tentatively attribute their
positions to the parts of the foam where no beams are present.

The presence of two spots in the Kα images indicates that the
interaction beam propagates throughout the foam from top to bot-
tom, but a small fraction of hot electrons may also be produced by the
action of the heating beams. This was confirmed by observation of Kα
emission in shot 343, where the N2 beam was absent. However, the
action of the N2 beam strongly enhances the Kα emission. A full
interpretation of this observation is pending.

Figure 12(b) shows typical time-integrated electron energy
distribution measured in one of the ES channels. The electron
spectrum can be interpolated with an exponential function corre-
sponding to the hot electron temperature of 22 keV.No electrons with
energies above 200 keV have been detected, which is consistent with
the hypothesis of their acceleration in the SRS-driven electron plasma
waves. It is not, however, possible to estimate the number of produced
electrons, because of the small solid angle of reception and the large
angle of the spectrometer position with respect to the propagation
direction of the interaction beam. Electron spectrometers provide
information only on electrons escaping from the target. These rep-
resent only a small fraction of the electrons produced by the laser–
target interaction. These may be the reasons why the signal from the
electron spectrometers variedwithin two orders ofmagnitude and did
not show any correlation with the measured SRS reflectivity.

The energy range of detected electrons is in qualitative agreement
with the process of electron acceleration in the SRS-driven plasmawaves.
The wavelength range of the SRS spectrum of 450 nm–610 nm corre-
sponds to a range of plasma wave phase velocities vph � (0.13–0.30)
c and a range of energies εe � mev2ph/2 � 4.5 keV–25 keV. This range is
consistent with the measured temperature of escaped electrons.

The Kα imager was absolutely calibrated and provided us with a
number of emitted photons. Assuming isotropic photon emission, the
total number of emitted photons varied from ∼108 in shot 343, where
the interaction beam was disabled, to more than 1010 in shot 342
showing an SRS reflectivity about 28%. However, that diagnostic was

activated only in six shots, and it was not possible to observe a
correlation between the SRS and Kα signals. One may, however,
estimate the total number of hot electrons. Considering the copper
excitation cross section of 200–300 b and the probability of photon
emission ∼2 3 10−3, according to Refs. 49 and 50, one hot electron
may produce about 10−5 photons while crossing plasma of size
0.5 mm. Thus, a number of emitted photons of 1010, corresponds,
according to this estimate, to a total number of hot electrons of about
1015. This number corresponds approximately to 1% of the total
number of electrons in a plasma with density 1021 cm−3 and volume
0.1 mm3.

V. CONCLUSION AND OUTLOOK

Wehave studied stimulated scattering of intense laser pulses and
hot-electron production in an underdense and hot preformed plasma
on the SGIII-P facility. By using a low-density foam target heated by
multi-kilojoule laser beams, we succeeded in creating a plasma with a
temperature of about 2 keV and a density up to 0.2ncr extending over
more than a 1000 laser wavelengths. It was shown that such a plasma
produces a rather high level of the scattered light in the near-backward
direction. Both SBS and SRS contribute on the levels of ∼15% and
∼30%, respectively, to the plasma reflectivity. While the SBS reflec-
tivity is comparable to the levelmeasured in experiments with gasbags
and hohlraums on the same installation,3 the SRS reflectivity is almost
one order ofmagnitude larger. Such a big differencemay be explained
by a larger plasma density in our experiment.

It is important to note that for the considered average laser
intensity of about 1015 W/cm2 at the third harmonic of the Nd:glass
laser, the spatial gains of both scattering instabilities, SBS and SRS, are
rather small, of the order of 1–3. Anotable amplification is achieved in
high-intensity speckles andwas not suppressed by SSD. This indicates
the importance of implementing laser beam temporal smoothing
techniques with a larger bandwidth for controlling the plasma
reflectivity. A high level of SRS backscattering is qualitatively cor-
related with hot-electron generation. However, further development
of hot-electron diagnostics is needed for quantitative characterization
of the number and spectrum of hot electrons.

Foam targets are promising for detailed studies of parametric
instabilities in hot large-scale plasmas. In the numerical simulations,
the foam ionization front velocity was overestimated, which resulted
in a plasma density limited to 0.2ncr and a plasma size limited to
300 μm. Further development of the foam ionizationmodel is needed.
This will open the possibility for quantitative design of further
experiments with plasmas of a larger size and densities of the order of
or larger than the quarter critical density where strong parametric
instabilities are expected.
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APPENDIX: ORIGINAL SCATTERED ENERGIES
MEASURED IN THE EXPERIMENT

The results recorded by N2 SBS FABS in shots 335 and 343 are
used to calculate the energy fraction specularly reflected from beam
S2. Based on this fraction, the specular reflection contribution is
subtracted in all other shots. Table II presents the reflectivities
measured in all channels before subtraction.
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