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Abstract

Processes of laser energy absorption and electron heating in an expanding plasma in the range of irradiances / 2=
1015-1010 W . pum? /cm2 are studied with the aid of kinetic simulations. The results show a strong reflection due to
stimulated Brillouin scattering and a significant collisionless absorption related to stimulated Raman scattering near and
below the quarter critical density. Also presented are parametric decay instability and resonant excitation of plasma waves
near the critical density. All these processes result in the excitation of high-amplitude electron plasma waves and electron
acceleration. The spectrum of scattered radiation is significantly modified by secondary parametric processes, which
provide information on the spatial localization of nonlinear absorption and hot electron characteristics. The considered
domain of laser and plasma parameters is relevant for the shock ignition scheme of inertial confinement fusion.
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1. Introduction

Laser energy absorption in plasma shows two opposite
trends, depending on the laser intensity. The absorption
coefficient decreases with the laser intensity in the non-
relativistic domain for laser irradiances in the range 10'%—
10'® W . um?/ecm?, which is explained by the increase of
the plasma temperature and decrease of the electron—ion
collision frequency[ 11 In contrast, at relativistic irradiances,
above 10'® W.pum?/cm?, the efficiency of laser energy
deposition in plasma increases due to resonant plasma wave
excitation and strong coupling to electrons at a steepened
density profile”. The domain of intermediate irradiances
between 10" and 10'® W . pum?/cm? is much less studied.
It was demonstrated that, at the lower limit of this domain,
collisional absorption decreases and is replaced by collec-
tive effects — in particular, by stimulated Raman scattering
(SRS)BI. However, the details of the collisionless absorption
process were not sufficiently discussed and the simula-
tions were performed for a rather short laser wavelength
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A = 0.35 um, and therefore for relatively low irradiances
122 < 101 W um? /cm?.

Parametric processes in a hot, large-scale plasma have
been studied in Refs. [4, 5] for parameters relevant for
indirect inertial confinement fusion experiments, and also for
lower irradiances than we are interested in here. Collision-
less laser energy absorption due to resonance excitation of
large-amplitude plasma waves was reported in Ref. [6], but
this study was limited to very steep plasma density profiles
where parametric instabilities are suppressed. In future
experiments with more intense laser pulses and longer wave-
lengths, nonlinear and collisionless processes will certainly
be important. This domain of laser and plasma parameters
is also of interest for various applications of high-power
lasers, in particular, the shock ignition scheme of inertial
confinement fusion targets!’).

This paper presents results of laser—plasma interac-
tion studies in the domain of high irradiances 11> =
109-10'® W . um? /cm? and at normal incidence of the laser
on a planar inhomogeneous expanding plasma. The theoret-
ical and numerical analysis is related to the experiment!8!
performed on the PALS laser system in Prague!®). The laser
delivers up to 700 J in a 350 ps pulse at a wavelength of
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Table 1. Input laser and plasma parameters used in modeling of nonlinear interaction processes.

Laser pulse Intensity 7,5, Density scale Electron Ion temperature
time #p, ps 1015 W/cm2 length L, pm temperature 7,, keV T;, keV
—200 4.5 26 2.7 0.15
—100 13.4 54 3.8 0.22
0 21.5 66 43 0.25
100 18.7 83 4.5 0.26
200 8.8 133 35 0.20

1.315 pm. By focusing the pulse in a 100 pm spot at a flat
solid target, one obtains intensities above 2 x 10'® W/cm?,
resulting in strongly nonlinear phenomena such as broad-
band scattered radiation and fluxes of energetic electrons.
While this paper does not aim at a detailed interpretation of
experimental data, we consider the experimental parameters
as representative for such a regime of interaction, and use
them for our detailed studies of interaction physics. By
performing extended two-dimensional particle-in-cell (PIC)
numerical simulations we characterize the amount of laser
energy reflected and absorbed in the plasma, the spectrum
of reflected light, and the energy distribution of electrons
carrying absorbed energy into denser plasma beyond the
critical layer. Moreover, by analyzing the spatial and spectral
distribution of plasma charge and density fluctuations,
we identify the processes responsible for scattering and
absorption of laser energy and its redistribution in the
plasma. It is demonstrated that SRS near the quarter critical
density is the dominant process responsible for the laser
energy absorption, while stimulated Brillouin scattering
(SBS), operating in lower-density plasma layers, creates a
significant amount of reflected light.

The paper is organized as follows. Section 2 describes the
methodology of the work and the numerical tools. Section 3
contains the major results concerning the energy balance in
the plasma, characteristics of scattered radiation, and spatial
and energy distribution of electron fluxes. Section 4 is
dedicated to the analysis of physical processes responsible
for laser energy absorption and scattering. Finally, Section 5
discusses the results and presents our conclusions.

2. Methodology

The interaction conditions for the PALS experiment have
been modeled with the radiation hydrodynamic code
CHIC!'?! and the plasma corona has been characterized
by four parameters: the laser intensity in the center of the
focal spot Ijy, the density scale length L, at the quarter
critical density by assuming an exponential density profile
ne(x) = n. exp(x/L,) along the target normal, and the
electron and ion temperatures, 7, and 7;, respectively.
These parameters are presented in Table 1. The critical
electron plasma density (n, = €gm.wo /ez, wo = 2mc/Ay) is
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6.4 x 1020 cm3 for a laser wavelength of 19 = 1.315 pum.
Here, e is the elementary charge, m, is the electron mass
and €p is the vacuum dielectric permittivity. The plastic
(CH) plasma is represented as a mixture of electrons and
single-ion species with charge Z = 3.5 and atomic mass
A = 6.5. The temporal profile of the laser pulse is shown in
Figure 1(a), with the circles indicating the five representative
points. It has a bell-like shape with slower descending slope
and a full-width at half-maximum (FWHM) of 350 ps. Time
tp = 0 corresponds to the pulse maximum. The plasma scale
length and temperatures are asymmetric; they increase with
time to the end of the laser pulse because of plasma heating
and expansion. The temperature decreases in the end.

The radiation hydrodynamic code CHIC 1! includes
two-dimensional axially symmetric hydrodynamics with ion
and classical or nonlocal electron heat conduction, thermal
coupling of electrons and ions, and detailed radiation trans-
port. The laser propagation is described in the paraxial
complex geometrical optics approximation!!!, coupled to
simplified models of resonance absorption and hot electron
generation due to the two-plasmon decay (TPD) and SRS!'?].
These nonlinear features of the laser—plasma interaction
model have been tested in experiments with short wave-
length lasers (0.35 wm) and at low laser irradiances 2 <
10> W . um?/cm?. We do not expect it to be sufficiently
predictive for the conditions we are interested in here. The
plasma parameters calculated with CHIC are considered as
a first approximation for the plasma density profiles and
temperatures, which are modified subsequently by the PIC
simulations.

Kinetic simulations are performed with the relativis-
tic electromagnetic code EPOCH!'3! in a planar two-
dimensional geometry in the p-polarization plane (laser
electric field in the plane of simulation).  Absorbing
boundary conditions are applied for the electromagnetic
fields, and particles are thermalized to prevent the hot return
currents. The simulation box size in the transverse direction
with respect to the laser propagation is [, = 65 um. It is
sufficiently large to allow filamentation of the laser beam
and the development of multiple filaments.

The condition for the threshold wavelength modes of the
filamentation instability is given by Ref. [14]: (1o/ ly)2 <
(@pe/@0)? (Vosc/Ve)? /2, Where wpe = (€*no/m,€0)'/? is the
plasma frequency, vosc = € Elas/Mmewp is the electron quiver
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Figure 1. (a) The pulse shape and the selected representative points for the kinetic simulations. (b) Typical filamentation structure observed in our simulations
and represented by the electron density distribution at the time corresponding to the laser pulse maximum in panel (a).

velocity, Elas = (211as/ eoc)l/ 2 is the laser electric field, and
ve = (T,/m,)"/? is the electron thermal velocity. The typical
filamentation structure observed in simulations is shown by
the electron density distribution for the case of 7, = 0
in Figure 1(b). The box length in the laser propagation
direction, [, ~150-450 wm, was chosen 5-8 times larger
than the corresponding density scale length given in Table 1
so as to cover the range of plasma densities from 0.01n,
to n. with additional margins from both sides where the
transmitted and reflected fluxes have been calculated. The
mesh resolution éx = §y = 0.02 1y is chosen to resolve
the Debye length. The corresponding time step is 6t =
0.08 w, ', The laser in each simulation is assumed to be
a plane wave with a 1 ps rise time following a constant
intensity given in Table 1. In the experiment, the laser
intensity distribution may have fluctuations — so-called hot
spots which influence the onset of filamentation. However, in
the conditions considered here, the laser power significantly
exceeds the threshold of the ponderomotive self-focusing
P =~ 0.034T, xev(n./n.)(GW). Assuming the filaments
occur above 0.1n., and for the plasma temperature 7, ~
3 keV, the corresponding critical power will be P, ~ 1 GW.
For a typical speckle size in the PALS experiment of ~5 pm
and an intensity 2 x 10'® W/cm?, the average speckle power
is ~30 GW; that is, more than an order of magnitude larger
than the critical power. Therefore, in our case the overall
laser field is well above the filamentation threshold and the
intensity fluctuations due to the hot spots will not be so
important. In realistic laser beams with a speckle structure,
intense speckles with P/P.. much greater than one may
occur and affect the onset of both SBS and filamentation of
the average beam treated by the current study.

Each simulation was performed for about 10 ps until a
quasistationary state had been reached. The results from the
quasi-steady phase of the interaction can be compared with
the corresponding macroscopic data. The PIC simulation
starts with the temperature and density profiles originat-
ing from the hydrodynamic simulations, but with uniform
density and intensity distributions in the transverse direc-
tion. Although it is not fully self-consistent, we found
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that the filamentation always appears in the initial stage
when the laser intensity profile is growing, as shown in
Figure 1(b). Therefore, when the stationary state is reached,
the filamentation structures in all cases are similar and the
initial uniform transverse density distribution is modified.
The characteristic expansion velocity in the hydrodynamic
simulation is about 1 wm/ps. The corresponding plasma
profile variation is negligible in the simulation time of less
than 10 ps. The characteristic velocity gradient length is
about L, ~ 160 pm — more than hundred times larger than
the laser wavelength. The condition for the net growth of
SBS can be written as (Vosc/Ve)> > (S/koLv)(Za)%/wf,e).
The effect of velocity gradient length on the SBS growth rate
is very small, as the electron quiver velocity is of the order
of the electron thermal velocity. For the laser intensities
of the particular PALS experiment, SBS takes place in the
strongly coupled regime so that the presence of the sonic
point for plasma expansion is not important for the spectrum
of the reflected light. For these reasons the plasma expansion
velocity was not accounted for in the simulation.

In Ref. [15], Cui et al. concluded that the collisional
absorption becomes less significant when the laser intensity
is close to 10'® W - wum?/cm?, as the plasma temperature is
rather high. This observation agrees with our hydrodynamics
simulation predicting the collisional absorption to be less
than 9%. The collisions are thus neglected in numerical
simulations, as we are interested in the demonstration of
nonlinear laser absorption. In what follows the lengths are
given in units of the laser wavelength 19 = 1.315 pm and
the time in picoseconds.

3. Energy balance in laser—plasma interactions

The interaction process enters after 5—-6 ps into a quasista-
tionary regime where the internal energy in the simulation
box remains approximately constant. Only this asymptotic
stage of each simulation interval is analyzed in what follows.
The outgoing energy balance averaged over the last 1 ps
of simulation is presented in Table 2. The energy flux
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Figure 2. (a) Dependence of the longitudinal component of the electron energy flux Fy (Equation (1)) on the plasma density averaged over the transverse
coordinate and the last 1 ps of the simulation time. The electron energy flux is normalized to the instantaneous incident laser energy flux Fia5(7p). (b) Electron
density profiles in the expanding plasmas used in PIC simulations. The five lines in both panels correspond to the pulse time 7, given in Table 1: black
tp = —200 ps, blue 1, = —100 ps, red 7, = 0, green 7, = 100 ps and pink 7;, = 200 ps.

Table 2. Energy balance in the simulation box observed in PIC simulations.

Pulse time Backscattered Sidescattered Transmitted Hot electron Bulk electron
Ip, PS fraction SBS/SRS fraction fraction temperature, keV temperature, keV
—200 0.40/0.001 0.55 0.05 48 2.9
—100 0.33/0.02 0.58 0.07 62 4.6

0 0.12/0.03 0.64 0.21 90 5.7
100 0.12/0.04 0.60 0.24 93 5.0
200 0.35/0.02 0.60 0.07 57 4.4

through the left boundary is made up of backscattered and
reflected electromagnetic waves. The contributions of SRS
and SBS have been separated by the spectral filtering. Both
processes are based on the three-wave coupling mechanism
and matching the conditions of energy conservation, wg =
w| + s, and momentum conservation, ko = k,1 + k;.
Here, w; and k; signify the frequency and wavevector of the
plasma response as the electron plasma wave (EPW) and ion
acoustic wave (IAW) for SRS and SBS cases, respectively.
As the electron plasma frequency is comparable to the
light frequency, SRS corresponds to large frequency shifts
(typically larger than 0.lwp). It was separated from SBS
by spectral filtering of backscattered light with w < 0.9wy.
Backscattered light with smaller frequency shifts (0.9 <
w/wy < 1.1) was attributed to SBS. The energy flux through
the transverse boundaries is also made up of electromagnetic
waves. It is verified that the Poynting vector has a normal
component to the boundaries near the transverse sides of
the simulation box and a sign corresponding to the outgoing
waves. The sidescattering is defined as the field detected
on the transverse boundaries (y = 465 wm). Repartition
between the back- and sidescattering in our simulations is
related to the aspect ratio of the box [, /I. A fraction of the
scattered waves are crossing the transverse box boundaries
and are not detected by the backscattering diagnostics. For
this reason both back and sidescattered waves are considered
together while evaluating the reflected laser energy.

It follows from Table 2 that the dominant part of scat-
tered energy is carried by a weakly frequency-shifted light.
Further analysis confirms that this has to be attributed to
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the specular reflection and SBS. This fraction of scattered
light gradually decreases from 95% at the beginning of laser
pulse, where the reflection from the critical density domi-
nates, to approximately 80% at the laser pulse maximum,
where SBS dominates. The contribution of the strongly
shifted light is relatively small and reaches barely 3%—4%
at the laser pulse maximum.

The transmitted energy flux beyond the critical density is
carried by the thermal and suprathermal electrons. In the
quasistationary state, that electron energy flux is equal to the
absorbed laser energy flux. As demonstrated in Table 2, the
suprathermal electrons have an average energy which is 10
times larger than the plasma temperature. The origin of these
hot electrons is identified in Figure 2. Panel (a) shows the
dependence of the longitudinal component of the electron
energy flux Fy on the plasma density integrated over the
transverse direction. Here, the electron energy flux F,, is
defined as

Fox (x) =/d)’/d3pfe(l),x)<€vx
o
=2 dy/ depze
- 0
X f dé sinf cosb f,(c,0,x), (D)
0

where f, is the electron distribution function, 6 is the polar
angle of electron momentum p with respect to the laser
propagation axis x, and ¢ is the electron energy. The
five lines in this panel correspond to the simulations with
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Figure 3. (a) Distribution of the electron energy flux entering the overcritical plasma n, > n. on the parallel momentum, d Fy /dp, . All curves are normalized

~

to the total electron energy flux at that position. The five lines in both panels correspond to the pulse times 7, given in Table 1. The color code is the same
as in Figure 2. (b) Distribution of electrons in the plasma near the critical density as a function of the energy ¢ and the polar angle 6. The laser pulse time
tp = 0 and the quasi-steady phase of the simulation are considered. Color bar is in a logarithmic scale.

five values of the laser intensity given in Table 1. The
curves are normalized to the instantaneous incident laser
flux Flas(tp) = las(tp)ly. There are three clearly different
parts in this plot. The electron energy flux is almost zero
in the density range below n, ~ 0.2n.. This means that
there is no notable coupling of laser energy to the plasma.
A dramatic increase of the electron energy flux occurs near
the quarter critical density in a density interval (0.2-0.3)n..
At early times ¢, = —200 and —100 ps there is also a notable
increase of the electron flux in the region before the critical
density, (0.85-0.95)n., but this is not the case for later times.
The parametric instabilities before and at the quarter critical
density lead to significant absorption of the laser energy, and
only a relatively small amount of light reaches the critical
density zone. However, there are no collisions included
in our simulations. The observed laser energy absorption
is fully nonlinear. Further analysis identifies SRS as the
dominant absorption process.

The spatial extent of the zones of efficient laser energy
absorption can be seen from the density profiles shown in
Figure 2(b). During the PIC simulation time of 10 ps, the
transversally averaged density does not change much, al-
though there is significant small-scale modulation related to
the laser filamentation. This feature is shown in Figure 1(b)
and discussed in the next section. The spatial extent of
the zone near the critical density where hot electrons are
generated is less than 10 pm, while the spatial width of the
interaction zone near the quarter critical density increases
with time from 10-20 wm at early times to more than
100 wm at later times. The expansion of the interaction zone
explains a significant increase of energy transfer from the
laser to electrons.

The dependence of the outgoing electron energy flux on
the parallel momentum

dF, Jdp, = f dy / dpydp.vee o x) ()
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is shown in Figure 3(a). It is taken beyond the critical density
X > x. in the zone where laser radiation cannot penetrate,
and is normalized to the total energy flux at that position.
The effective temperature of energetic electrons increases
gradually with time from 48 keV at 7, = —200 ps to 62 keV
and 90 keV at the two subsequent laser time moments (see
Table 2 and Figure 3(a)). At the end of the laser pulse
the temperatures of both the bulk and hot electrons de-
crease. Hydrodynamic simulations predict reasonably well
the plasma state: the plasma density profile averaged over
the transverse coordinate is weakly modified compared to the
input profile, and the electron average plasma temperature at
the end of the run shown in Table 2 is only 10%—20% higher
than the input value shown in Table 1.

The energy flux into the dense plasma is carried by both
the thermal and suprathermal (hot) electrons. In contrast,
the return current, py < 0, is carried only by thermal
electrons, which compensate the hot electrons ejected from
the corona into a dense plasma. The number of hot electrons
increases with time. Assuming that an energy of 50 keV
(approximately 10 times the electron temperature) separates
the thermal and suprathermal electrons, one can evaluate the
contribution of the hot electrons to the energy transport. At
the time t, = —200 ps only 20% of the total energy flux
is carried by electrons having energy greater than 50 keV.
This fraction increases to ~30% at the time —100 ps, and
in two subsequent time moments their contribution is about
65%, while it decreases to 25% at the last time moment. The
angular distribution of hot electrons is shown in Figure 3(b).
It is rather broad, with a characteristic opening angle of
~50°, which is explained by a broad angular spectrum of the
plasma wave turbulence excited in the zone of laser energy
absorption.

The question that arises from this analysis of the energy
balance and inspection of Tables 1 and 2 is as follows.
What is the major mechanism of laser energy absorption and
how is this energy transferred to energetic electrons? This is
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Figure 4. (a) Magnetic field Fourier spectrum in the part of the simulation box corresponding to the densities below the quarter critical as a function of
the longitudinal and transverse components of the wavevector. Color bar is in a logarithmic scale. (The spectrum calculated from the instantaneous code
output provides only the absolute values of the wavevector components.) (b) Frequency spectra of the backward propagating radiation recorded at the front
boundary of the simulation box during the quasi-steady phase of interaction, for different conditions according to Table 1. The results correspond to the pulse
time 7, = 0 and the quasi-steady phase of the interaction. The color code is: black 7, = —200 ps, blue 7, = —100 ps, red , = 0, green 7, = 100 ps and

pink 7, = 200 ps.

obviously related to plasma wave excitation. But if SRS is
indeed the dominant process, how can such a high forward
energy flux exceeding 20% in the second part of the laser
pulse be compared to the very low level of Raman scattered
light, which is less than 5%. These issues are discussed in
the next section.

The angular distribution of the scattered light is shown in
Figure 4. It presents the Fourier spectrum of the magnetic
field | B, (kx, ky)|2 in the part of the simulation box where
the density is smaller than the quarter critical density. As
there are no hot electron energy sources in this region,
here we expect to see only the incident laser wave and the
outgoing scattered waves originating from denser plasma
layers. Indeed, the most intense part of the Fourier spectrum
corresponds to the wavevector close to kg = wg/c. This part
is related to the incident laser and to the SBS. The scattered
radiation has a quite large opening angle of about 40°—45°.
This opening angle is larger than the focusing angle of the
PALS laser lens, which is about 15°, thus implying that
a significant part of the scattered light could be missed
while considering only the fraction of backscattered light
within the focusing lens. This opening angle is also much
larger than the aspect ratio of the simulation box, which
corresponds to the opening angle of ~10° (in the case of
the simulation corresponding to 7, = 0). This fact explains
our method of evaluation of the reflected laser energy by
taking into account the energy fluxes through the front and
side boundaries of the simulation box.

The magnetic field Fourier spectrum also contains emis-
sion of harmonics at %wo and 2wq of the laser light and
emission at frequencies lower than the laser frequency.
Emissions at frequencies higher than @y carry a very small
fraction of the laser energy. They originate from scattering
of the laser or SBS waves on the plasma waves excited near
the critical and quarter critical densities. Harmonics are not
important for the energy balance, but their presence confirms
the plasma wave activity in these density zones.

The angular distribution of the low-frequency part of the
scattered light shown in Figure 4(a) is directed backwards
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and has a much narrower opening angle, which can be
captured entirely by our backscattering diagnostic. This
strongly anisotropic emission is a signature of backward
SRS. The spectral distribution Ak ~ 0.3k is much larger
than one would expect from SRS near the quarter critical
plasma. This feature indicates that SRS originates from a
broader density region and is accompanied by secondary
processes — parametric decays, cavitation and resonance
absorption — that are detailed in the next section.

The electromagnetic wave spectrum in the frequency do-
main is presented in Figure 4(b) for the radiation emitted
in the backward direction and for laser pulse times varying
from —200 ps to 200 ps. The backscattered intensity
increases for some time after the laser pulse maximum,
which is explained by the plasma expansion. The high-
frequency part also contains emissions at %wo and 2wg. A
significant broadening of the %wo spectrum in the second
part of laser pulse, 1, > 0, is due to extension of the SRS-
driven plasma waves to densities lower than the quarter
critical density. In contrast, the second-harmonic spectrum
is narrow at all times and its intensity is smaller than the
intensity of the harmonic %a)o. This confirms a secondary
role of nonlinear processes near the critical density in the
laser absorption. The signals at %wo and 2wq disappear
at a late time of the interaction 7, = 200 ps, and the
SRS signal goes down by an order of magnitude. The
longitudinal component of the electron energy flux indicates
a strongly decreased laser absorption, which is explained by
SBS developing over the extended plasma density profile.

The particularity of the low-frequency part of the backscat-
tered light spectrum is in increasing the signal amplitude
toward lower frequencies, a double-hump maximum at half
the laser frequency and an extension of the spectrum to
lower frequencies at high laser intensities. While the higher-
frequency part of the scattered light, ® > %a)o, can be
attributed to scattering of the laser or SBS daughter wave
on the SRS-driven plasma waves near or below the quarter
critical density, the origins of the second lower-frequency
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Figure 5. (a) Fourier spectra of electromagnetic waves, (b) electron plasma waves — charge density, and (c) ion acoustic waves in the quarter critical density
region for the laser pulse time 7, = 0 and the simulation time # = 5 ps. Color bars are in logarithmic units.
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Figure 6. (a) Distribution of the Poynting vector (x-component in W/cm?) in real space around quarter critical density, (b) the charge density (Zn; —ne)/ne
and (c) the ion density normalized to the critical density Zn;/n. for the laser pulse time ¢, = 0 and the simulation time # = 5 ps. The solid black lines
represent the density range between 0.22n, and 0.28n on the initial density profile.

peak and the lower-frequency wing of the spectrum are
not immediately evident, and will be discussed in the next
Section 4.1.

4. Characterization of parametric instabilities

In order to identify the processes of laser absorption and hot
electron production we analyze in detail the electromagnetic
and plasma wave spatial distribution in particular zones near
the critical and quarter critical densities by considering as a
representative example the simulation corresponding to the
maximum laser intensity ¢, = 0.

4.1. Laser-plasma interaction near the quarter critical
density

The quarter critical density is identified in Figure 2 as the
major domain of laser absorption and the major origin of hot
electrons. Figure 5 shows the Fourier spectra of the magnetic
field (electromagnetic waves), charge density perturbations,
and ion density perturbations in the density range near the
quarter critical density, corresponding to a spatial width
of 504p in the laser propagation direction. These are
instantaneous spectra which resolve only the absolute values
of the corresponding wavenumber components. Therefore,
only a quarter of the phase space is shown.

One can see the harmonics of the laser frequency and
the central structure at |ky| < 0.2ko in addition to the
main laser field at k ~ 0.85kp in the spectrum of the
electromagnetic field in Figure 5(a). The wavelength shift
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of the main field is due to the dispersion of electromagnetic
waves in plasma, k = ko+/1 — n./n., and the broad angular
distribution can be explained by the contribution of SBS
daughter waves. This can be clearly seen in the intensity
distribution in real space, shown in Figure 6(a): the laser
beam is strongly filamented, and backward propagating
electromagnetic waves are localized inside the filaments. In
our conditions of a high laser intensity, the filamentation
instability proceeds in a strongly coupled regime and has
the highest growth rate, y i >~ a)p,-ao/\/i[m], where wp; =
(Zi2e2n,- /eom;)'/? is the ion plasma frequency. The period
of spatial modulation of the laser intensity of 51p—84¢p can
be seen in Figure 6(a). Longitudinal modulation of laser
filaments with a period ~0.551p observed in Figure 6(a)
is due to the interference of the incident laser field with
the backward propagating SBS waves. The intensity of the
laser wave in the filaments is increased by a factor of 10
compared to the incident laser intensity, thus providing a
strong boost for the scattering instabilities, SBS and SRS,
which can be identified in the Fourier spectra of the electron
and ion acoustic plasma waves.

The structure of the Fourier spectrum of the charge density
perturbation in Figure 5(b) aligned in the laser propagation
direction contains four particular features: plasma waves
with k, >~ 0.9k, a central circular structure with k >~ 0.4k,
an intense structure at k, >~ 1.8kq, and its harmonic at k,, >~
3.6kg. The structure at 1.8k is a quasistatic electron density
perturbation driven by interference of the laser and SBS
waves in the filaments. It corresponds to the longitudinal
modulation of filaments with a period ~0.551p observed
in Figure 6(a), to the similar modulation of the charge and
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Figure 7. (a) Spatial distribution of the Poynting vector (x-component in W/cmz) in real space around the critical density, (b) the charge density (Zn; —
ne)/ne and (c) the ion density normalized to the critical density Zn;/n for the laser pulse time ¢, = 0 and the simulation time ¢ = 5 ps. The solid black

lines represent the region (0.9 — 1)n. near the critical density.

density seen in Figures 6(b) and 6(c), and to the feature
at ky ~ 1.8kp in the Fourier spectrum of the ion density
in Figure 5(c). The latter represents also the SBS-driven
ion acoustic waves. These charge and density modulations
are strong, with a relative amplitude of the order of 20%-—
30%. Consequently, they produce a second harmonic at
ky =~ 3.6k, also seen in Figures 5(b) and 5(c). The
amplitude of the electrostatic field can be evaluated from
Figure 6(b). The amplitude of the charge fluctuations (Zn; —
ne)/ne ~ 0.1 with wavenumber k, >~ 1.8ko corresponds to
an electrostatic field E ~ 0.05E,, where E, = m,woc/e is
the Compton field, comparable to the incident laser field with
the dimensionless amplitude ag = Elas/E. >~ 0.1.

The peak in the charge density fluctuations at k, =~
0.9k corresponds to the wavenumber of the laser field near
quarter critical density. It represents the SRS-driven plasma
waves. The direction of propagation of the SRS daughter
electromagnetic waves can be deduced from Figure 5(a).
They are represented by a feature in the domain k < ko
extended in the transverse direction with k, < 0.3kg. This
is a clear indication of the SRS sidescattering, which is an
absolute instability in this density range. By comparing the
electric charge and ion density spatial distributions in panels
(b) and (c) in Figure 6, we conclude that the plasma wave
activity is localized in the region x = 23019—26041¢ where
the plasma density is close to or slightly below the quarter
critical density. It coincides exactly with the zone of hot
electron production seen in Figure 2.

The obliquely propagating SRS daughter waves cannot
easily escape the plasma because of their small wavenumber
and large amplitude density fluctuations. They are strongly
coupled to electron plasma waves and drive a secondary
parametric decay instability (PDI) which corresponds to
excitation of pairs of electron plasma and ion acoustic waves
with equal and oppositely directed wavevectors. They are
represented by a peak in the charge density fluctuations at
k < 0.4kg in Figure 5(b). A similar signature can be seen in
the spectrum of ion acoustic waves in Figure 5(c), although
laser filamentation also contributes to this spectral feature.
All these observations indicate SRS as the primary source
of large-amplitude plasma waves, which undergo secondary
decays and efficiently accelerate electrons. The dominant
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role of SRS in laser energy absorption is confirmed by the
fact that the phase velocity of the principal plasma wave
Vpr = (w0/2)/(0.9kp) =~ 0.55¢ corresponds to an electron
energy of 100 keV and is very close to the effective tem-
perature of hot electrons given in Table 2. Other processes,
including particle trapping and quasi-linear-like diffusion,
may also accelerate electrons, which requires further more
detailed investigations.

Manifestations of this process can be also seen in the low-
frequency patterns in Figure 5. In the Fourier spectrum in
panel (a) it is represented by the feature at k,, >~ (0.3-0.6)kg.
In the frequency spectrum of backscattered waves in panel
(b) it is shown as a low-frequency lobe extending below %wo.
Such very low frequency electromagnetic waves cannot be
directly produced in SRS. They are related to the electron
plasma waves produced by secondary parametric instabilities
and transformed in electromagnetic waves on steep plasma
density gradients on the edges of filaments.

4.2. Laser—plasma interaction near the critical density

The processes near the critical density can be also understood
from comparison of the spatial distribution of waves and the
analysis of their Fourier spectra. The spatial distribution
of the wave activity is shown in Figure 7. The average
plasma density increases from 0.55n, to n. over 3041y, and
then remains flat beyond x = 3201g. Vertical dashed lines
identify the zone with an average density higher than 0.9n,
and where the density plateau begins. The electromagnetic
field distribution in Figure 7(a) shows strong filamentation
of the laser light with a period of a few wavelengths in
the plasma with a density n, < 0.9n.. The interference
structure with a period ~A¢ within each filament corresponds
to beating of the incident laser and reflected SBS waves.
(Because of dispersion, the laser wavelength at this density is
~24p.) However, the laser intensity in this region is strongly
reduced: it is on average 4-5 times smaller than the incident
intensity.

One can also see weak small-scale periodic structures
~0.554 indicating the sites of the second-harmonic gener-
ation. They appear between the filaments, where the plasma
density is higher than the critical density. This density
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Figure 8. Fourier spectra of (a) electromagnetic waves, (b) electron plasma waves — charge density, and (c) ion acoustic waves in the region around critical
density for the laser pulse time ¢, = 0 and the simulation time ¢ = 5 ps. Color bars are in logarithmic units.

interval is also marked by strong-amplitude plasma waves
localized in a narrow spatial region near density 0.9n. in
Figure 7(b). A correlation between excitation of the second
harmonic of the laser field and plasma waves indicates the
process of resonance absorption. This hypothesis is con-
firmed also by the spectrum of charge density fluctuations
in Figure 8(b) showing a broad lobe with wavenumbers
extending between 1.5kg and 2.5kg. Such a broad spectrum
is explained by a large amplitude of plasma waves E/E. ~
0.1 generating secondary parametric decay of the plasma
waves (PDI). In panels (b) and (c) in Figure 8, in the same
spatial region, one can see the electron and ion acoustic
plasma waves propagating in the transverse direction. These
are the products of the PDI driven by the laser wave near its
turning point.

Laser penetration into the dense plasma terminates with
the formation of cavities seen at x ~ 3174 in Figure 7(c).
Formation of such cavities or “bubbles” was reported already
in early publications on the laser absorption and parametric
processes in near-critical plasmas!® 1181 but because of
much shorter spatial scales the role of laser filamentation and
the parametric processes near the quarter critical plasma was
overlooked.

The structures shown in Figure 7 in real space are also
observed in the Fourier spectra shown in Figure 8. The
spectrum of electromagnetic waves in Figure 8(a) consists
of an intensity circle with k >~ 1.8kq, representing second-
harmonic radiation, and a very intense and broad feature at
k =~ 0.5kg, representing the Brillouin scattered light. SBS
and filamentation manifest themselves in the Fourier spectra
of ion density in Figure 8(c), with two features at ky, =~
(I — 2)ko and Aky ~ 0.2ko, respectively. The relatively
small ion acoustic wavenumber for the backscattered SBS
is explained by electromagnetic wave dispersion.

The process of linear transformation of electromagnetic
waves into longitudinal plasma waves of the same fre-
quency is therefore the dominant laser absorption process
near the critical density, but its contribution is apparently
much smaller compared to the processes near the quarter
critical density. The wavenumbers of resonantly excited
plasma waves correspond to phase velocities 0.3¢—0.5¢, and
therefore they generate electrons with energies in the range
10-70 keV, which are smaller than the effective hot electron
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temperature shown in Figure 2(a) and Table 2 for this case.
On the other hand, in the simulations at the laser pulse
time t, = —200, —100 or 200 ps, the absorption around
critical density is more significant, and thus the hot electron
temperature is effectively lower.

5. Discussion

The laser—plasma interaction features discussed in detail in
the previous sections can be summarized as follows. The
pulse entering the plasma undergoes strong filamentation, re-
sulting in narrow density channels transporting laser energy
with an intensity enhanced up to 10 times the initial laser
intensity. This intensity enhancement could be even stronger
in the realistic 3D case, where filamentation proceeds in two
transverse directions. Concentration of the laser flux in the
filaments accompanied by amplification of the laser electric
field drives strong scattering instabilities, SBS and SRS. The
former is responsible for the major part of the scattered
light emitted in a wide cone with an opening angle 20°-30°.
Approximately half of the scattered energy goes into the
solid angle of the focusing optics. The zone of strong SBS
is localized in the density range (0.2-0.5)n., so a significant
part of the laser energy has access to a density close to the
quarter critical density where absolute SRS develops. It
results in the excitation of large-amplitude plasma waves
and efficient electron acceleration. SRS can account for
absorption up to 20%—-25% of the incident laser energy, and
produce electrons with an exponential energy distribution
and temperature of 80-90 keV. These electrons contribute
about half the energy flux entering from the corona into the
overdense plasma.

Only a small fraction of the daughter SRS waves leave
the plasma. They undergo a secondary parametric decay
instability and scattering on large-amplitude plasma waves,
so the energy flux carried with downscattered electromag-
netic waves in the backward direction is 4-5 times smaller
than the electron energy flux. Moreover, the inverse process
of resonance transformation of electron plasma waves into
electromagnetic waves on small-scale density fluctuations
results in broadening of the reflected light spectrum to
frequencies below half of the laser frequency. Analysis of the
spectrum of reflected light in that long-wavelength domain


https://doi.org/10.1017/hpl.2019.25

10

may provide important information on processes near the
quarter critical density and confirm the present scenario of
laser—plasma interaction.

The plasma zone close to the critical density also shows
a similar ensemble of nonlinear processes, including small-
scale filamentation, SBS in the filaments, resonance transfor-
mation of laser light in plasma waves on a steepened density
profile, and secondary instabilities of laser and plasma waves
and PDI, resulting in laser energy absorption, electron accel-
eration and heating. However, the fraction of the laser energy
penetrating to the critical density region is less significant,
and its contribution to the total laser energy absorption is
relatively small. Moreover, the phase velocity of plasma
waves excited in that zone is lower, and the energy of
accelerated electrons is 2-3 times lower than in the quarter
critical density.

These processes analyzed in detail for the time corre-
sponding to the laser pulse maximum have also been ob-
served in simulations corresponding to other laser times
and intensities. However, the relative role of the processes
near the critical and quarter critical densities changes. The
laser filamentation is less strong, resulting in a smaller
SRS, and favoring excitation of two-plasmon decay (TPD),
which is completely suppressed at high laser intensities.
Consequently a smaller fraction of the laser energy is ab-
sorbed near the quarter critical density, and the resonance
laser absorption near the critical density makes a larger
contribution with electrons accelerated to smaller energies.

The described scenario of laser—plasma interaction cor-
responds to the particular conditions of a long-wavelength,
high-intensity laser pulse. While applying this scenario to
realistic conditions one would need to account for collisional
processes, which will result in an increase of the total
absorbed laser energy. However, as the collisional processes
operate near the critical density, the processes near the quar-
ter critical density will remain unchanged. Measurements
of the spectrum of backscattered laser light and the hot
electron energy flux in the overdense plasma are needed for
experimental verification of the proposed scenario.
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