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Type-III-burst radio signals can be mimicked in the laboratory via laser-plasma interaction. Instead of
an electron beam generating Langmuir waves (LW) in the interplanetary medium, the LWs are created
by a laser interacting with a millimeter-sized plasma through the stimulated Raman instability. In
both cases, the LWs feed the Langmuir decay instability which scatters them in several directions. The
resulting LWs may couple to form electromagnetic emission at twice the plasma frequency, which has
been detected in the interplanetary medium, and recently in a laboratory laser experiment [Marques et
al. Phys. Rev. Lett. 124, 135001 (2020)]. This article presents the first numerical analysis of this
laser configuration using particle-in-cell simulations, providing details on the wave spectra that are too
difficult to measure in experiments. The role of some parameters is addressed, with a focus on laser inten-
sity, in order to illustrate the behavior of the electromagnetic emission’s angular distribution and polarization.
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I. INTRODUCTION

Electron beams from solar eruptions or interplanetary
shocks produce intense radio emissions'* at the plasma
frequency wj, and its harmonic 2w,. Following the origi-
nal idea of Ginzburg & Zhelezniakov?, the beams provide
the free energy for the bump-on-tail instability which
generates Langmuir waves (LW). The decay of these
plasma waves leads to the emission of the electromag-
netic waves. In particular, we study a two-step process
for the emission at 2w,: it relies on the Langmuir de-
cay instability (LDI)** which scatters LWs on ion acous-
tic waves (IAW); the resulting, counter-propagating LWs
couple with the forward LWs to form an electromagnetic
(EM) wave at ~ 2wy,.

In the interplanetary medium, experimental space-
craft measurements have evidenced this coupling® and
provided characterization of the EM source location®™.
However, the EM emissions are subjected to scattering ef-
fects in the plasma cloud, broadening the apparent source
size! The question is thus to estimate the relative
contribution of the scattering and the intrinsic emission
pattern in the source size, as observed by spacecraft.
Laboratory measurements may add complementary in-
sights, and a first laser-plasma interaction experiment
has recently provided data on 2w, emission?. Instead of
an electron beam, a high-energy nanosecond laser pro-
duces LWs by stimulated Raman scattering (SRS). They
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can initiate the LDI*¥ and generate EM emission at 2wj,.
The experimental results supported the above scenario
for the 2w, emission, and that its polarization is aligned
with the plane containing the laser axis and the direction
at which the emission is observed.

The present article explores this laser setup via large-
scale numerical particle-in-cell (PIC) simulations. They
allow to perform parametric studies and provide direct
information on electrostatic waves that was not accessible
in the experiment. These simulations support that the
LDI-based scenario is dominant in these conditions, with
conversion efficiencies and polarization coherent with the
experimental results of Ref. [12l By varying several pa-
rameters, we show that the 2w, emission’s angular dis-
tribution and polarization are strongly influenced by the
growth of the LDI. Indeed, the LDI tends to scatter LWs
at large angles which imprint their direction on the 2w,
EM waves, thus reducing the 2w, degree of polarization.
The important parameters are mostly the wave ampli-
tudes and the plasma density (other parameters do mat-
ter, e.g. temperature and mass ratios, but they are con-
strained by the experimental conditions). Thus we focus
on a comparison between low-power and high-power laser
interaction to exemplify the different outcomes in terms
of 2w, emission. Note that previous numerical works
have explored the growth of LDI in laser-plasma interac-
tion using reduced models for selected processes*®. Even
though the plasma conditions were somewhat different,
we obtain similar trends in the present article, while our
numerical modeling relies on a first-principles approach.
In addition, we address the production of 2w, which was
not previously considered.
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Section [T recalls the wave processes that result in 2w,
emission. In section m we summarize the relevant ex-
perimental configuration and detail our simulation setup.
Sections[[V]and [V]are devoted to the cases of a low-power
and a high-power laser, respectively. We discuss these
findings with respect to the experimental results in sec-
tion [VI] and consider the relevance of laser experiments
for space scenarios in section [VII}

Il. BASIC PROCESSES

All notations are given in Appendix [A] We recall the
dispersion relations: w? = w2 + k2¢2 for electromagnetic
waves, w? = w? + 3k*vg, for LWs and w? ~ k%% for
TAWs.

Here, the generation of radiation at 2w, can be de-
scribed in three steps. First, the SRS instability scatters
and redshifts an EM wave from the laser, off one LW:

EMlascr — EMSRS + LWO

As the LW frequency is close to w, the scattered EM
wave frequency is close to wy — w, to ensure energy con-
servation. The conservation of momentum then gives the
following wave vector for the LW:

7
kLWO:<cosa+\/cos2a—n1_:2>ko (1)

where ko is the laser wave-vector in the plabma n =
wp/wo and « is the angle between k:LWO and k. Note
that the fastest-growing mode corresponds to backward-
scattering (o = 0), with the scattered EM wave going
backward and the LW going forward!®.

The second step, in the regime of low kpwAp (this
parameter determining Landau damping), consists in the
LDI where the previous LW is scattered by an TAW:

LWy — LW, + 1AW,

The TAW carries very little energy so that the secondary
LW has almost the same frequency, and a slightly de-
creased wave-vector'®. The conservation of momentum
gives the following wave-vectors for the secondary LW
and for the TAW:
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where 6 is the angle between kLw1 and kLWO, and ¢ is
the angle between kI Aw1 and k‘Lwo The fastest growing
mode corresponds to the LW being scattered backwards,
but with a large angular acceptance (it requires multi-
dimensional treatment). Note that this process can be
repeated on LW, to produce yet another LW, and so on,
creating an LDI cascade?Z,

The third step (LW coalescence) results from the non-
linear current produced by the beating of two LWs which
yields an EM wave at 2w,:

LW, + LWJ — EMng

The dispersion relation gives ka,,, ~ V3 wp/c. The po-
larization of the EM wave is in the plane given by the
wavevectors krw; and Ery;.

1l. EXPERIMENTAL AND NUMERICAL SETUP

The experiment from Ref. [12] features an expand-
ing plasma created by the irradiation of a 4 pm-thick
polypropylene foil with a 500 J, 2 ns-long laser pulse of
wavelength Ay = 526 nm and linear polarization. This
laser beam is smoothed with a random phase plate and
focused by a lens of f-number 8, resulting in a focal spot
with a speckle pattern of average intensity ~ 8 - 104
W /cm? in the central region, while the maximum speckle
intensity is ~ 5-101° W/cm?. Speckles with typical trans-
verse sizes of a few microns are distributed over a spot
with a full width at half maximum of ~ 150 pym. The
laser heats the foil up while it is expanding. When the
electron density has decreased down to n. ~ 0.1n., the
plasma opacity is low enough, and the wave damping is
weak enough to generate the Raman instability.

To study numerically these experimental conditions,
we employ two-dimensional (2D) PIC simulations™® (with
the code SMILEM?) which describe self-consistently the
plasma interaction with electromagnetic fields. The de-
tailed simulation parameters are given in Appendix [B}

For the initial state of the plasma, we rely on the same
hydrodynamic simulations as those presented in Ref. 12
These used the code FLASH2%2U in a two-dimensional,
cylindrical geometry, with a 7 mm x 3.5 mm box, a res-
olution of 0.4 pum, and 6 levels of mesh refinement. The
radiative transfer is solved in a 40-multigroup diffusion
approximation. Longitudinal profiles of density and tem-
perature along the central axis were extracted 1.5 ns af-
ter the beginning of the interaction, defining the baseline
configuration for the PIC simulations. Figure [I] presents
these profiles and highlights the portion included in the
PIC simulations.

Being highly resource-intensive, the PIC simulations
are limited to a short window, spatially and temporally,
assumed to be representative of the whole interaction.
These technical limitations (in addition to those from the
experiment) prevent a quantitative comparison to the ex-
perimental results, but enable qualitative discussions and
provide profound insights into the regimes of interaction.
Spatially, we reproduce the typical size of a single speckle.
Temporally, we have considered simulation durations of
the order of the typical speckle life-time. This life-time
has been evaluated using the Hera paraxial code?4/23
which can simulate the whole laser propagation: its in-
tensity speckle pattern (from the random phase plate) is



124 —.- T.[keV]
104 === Tilkev]
—— 10ne¢/n¢
0.8
0.6
0.4
02 =====——"
0.0 T T T T T
4200 4400 4600 4800 5000 5200

Longitudinal position [um]

FIG. 1. Density and temperature profiles from hydrodynamic
simulations, 1.5 ns after the beginning of the interaction. The
light-grey area exemplifies the typical field of view of the ex-
perimental diagnostics. The darker grey area corresponds to
the portion included in the PIC simulations.
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FIG. 2. Transverse intensity pattern of the laser at the center
of the plasma vs. time, as calculated by the code Hera.

modified by damping (inverse Bremsshtahlung) and by
the ponderomotively-driven plasma hydrodynamic evo-
lution, potentially leading to self-focusing and plasma-
induced smoothing. The 2D Hera simulation features a
1 mm-long (1000 cells), 0.5 mm-wide (2048 cells) plasma
given by 2D hydrodynamic simulations, after plasma cre-
ation and heating. The laser focus is located at the cen-
ter of our simulation box with a 6 - 10* W /cm? average
intensity. Figure [2] confirms a non stationary behavior
corresponding to plasma-induced smoothing?#25, The
resulting time scale for speckle duration ranges from 5 to
10 ps: this is typically what we use for the PIC simula-
tions.

Concerning the PIC simulations, two laser intensities
are presented: either ~ 6 -10% W/cm? or ~ 4 - 101
W /cm?, corresponding to a maximum normalized laser
vector potential of ag = 0.016 or ag = 0.04, respectively.
Varying the laser intensity corresponds to different sce-
narios since it is closely related to the amplitude dn of
the fluctuations of the electron density. This, in turn, in-
fluences the growth rate of the LDI®, which is generally
proportionnal to dn.

The fully-ionized, neutral C3Hg plasma has an electron

density ne ~ 0.122n. with a profile along the propagation
axis x extracted from the same 2D hydrodynamic simu-
lations as discussed above. As the experimental plasma
extent is much larger than the PIC simulation box, we
limit this profile to the region around the maximum den-
sity (down to ~ 5% below). This is justified by the
Raman instability being most effective where gradients
are small, and by the experimental diagnostics collecting
most of the signal from that central region. The tempera-
tures are taken from the same hydrodynamic simulations
which indicate an electron temperature of T, = 850 eV
and an ion temperature of T; = 430 eV.

The dimensionless physical parameters common to all
simulations are: kpwAp ~ 0.17 (which dictates the
damping of LWs), ko, /kpw ~ 0.4 (which relates to the
matching conditions for wave-vectors) and T./T; ~ 2
(which is involved in the IAW damping). They are well
within the range of conditions obtained from the exper-
imental measurements and from the hydrodynamic sim-
ulations.

Some elements are not included in our simulations,
such as collisions or ionisation, but we expect those to
have very limited impact in the experimental conditions.
Note that we verified that including collisions in PIC sim-
ulations did not change significantly the results; this is
in agreement with the estimated mean free path of one
or several hundreds of microns being significantly larger
than the size of a speckle. Moreover, a three-dimensional
simulation might reveal some differences related to laser
self-focusing or polarization effects. This should not af-
fect the general picture.

IV. SIMULATION AT LOW POWER

In a first configuration, we set the laser speckle to a
relatively low intensity of ~ 6-10'* W /cm? (ag = 0.016).
This intensity is representative of the average focal-spot
intensity in the experiment. Figure [3| (first panel) illus-
trates the transverse electric field (mainly the incident
laser) that remains fairly uniform after the backscattering
has started. The other panels show the density fluctua-
tions associated to all electrostatic waves at two different
times: during the SRS linear growth (depending on the
location in space) and after the whole box has become
turbulent.

We performed 3D (space & time) Fourier transforms
on these electron density maps, over 2D space and a given
range of time (~ 100 wo_l ~ 0.03 ps). By selecting the
wave-vectors (kz, ky) and frequencies that satisfy the LW
dispersion relation (keeping only positive frequencies), we
obtain k,-k, spatial spectra at different times. Figure
shows examples at three different times. Red and yel-
low lines identify the Raman- and LDI-produced waves,
respectively. The Raman peak (at k, ~ 1.4wg/c, con-
sistently with Eq is initially very strong but weakens
gradually. LDI-produced waves are initially propagat-
ing backwards but the scattering cascade progressively
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FIG. 3. Low-intensity case. First panel: typical map of the
transverse electric field. Other panels: fluctuations of the
electron density at two different times representative of the
growth and turbulent phases.

isotropizes their direction. Note that the change in wave-
vector length is only of a few percent for each cascade,
so that the spectrum does not fill the low-k region.

To ensure that these LWs are associated to IAWs with
the expected wave-vectors, z — y 2D Fourier transforms
have been performed on the ion density maps (given the
collection time considered, the low frequency of the ion
acoustic modes prevents any distinction between positive
and negative frequencies; this makes 3D Fourier trans-
forms superfluous). Examples are given in Fig. at
three different times. The IAW wave-vectors match the
expected form of Eq. [3] Their angular distribution is less
isotropic than that of LWs, because, due to momentum
conservation, their angle is approximately twice smaller.

For a quantitative comparison, Fig. [6] shows the evo-
lution of the total energy in different waves. This is ob-
tained by integrating the k,-k, spectra of EM waves and
LWs over wave-vectors of interest. Note that we dis-
tinguish LWs from SRS and those from LDI using the
very strong directivity of the former. All waves initially
grow exponentially (linear phase) but they saturate after
1.6 ps, due to the large amount of LDI-scattered LWs
which deplete the Raman LWs. Whereas the latter were
10 times stronger than the former in the linear phase,
they become 10 times weaker 2 ps after saturation. LDI-
scattered LWs stay at their saturation level as long as
the laser remains on. Overall, they dominate the LW

ke c/wo

FIG. 4. Low-intensity case.  Spatial spectra of LWs
(d*#ie /dkydky) in arbitrary units at three different times. Red
and yellow lines identify the wave-vectors produced by SRS
(Eq. |1) and by the first LDI step (Eq. , respectively.

spectrum for most of the simulation duration.

As a result of SRS-produced LWs being depleted, the
LW spectrum loses its initial directivity (close to the
laser EO) given by the SRS instability. This depletion
also causes LW coalescence to mostly occur between
two secondary LDI-scattered waves (LW ) instead of be-
tween one LDI-scattered and one Raman wave (LW; and
LWj). These secondary LWs are eventually uniformly
distributed in angle, thus the 2w, EM radiation will also
have no significant directivity. This isotropization of
EM radiation will actually occur faster than that of the
LWs. Indeed, EM radiation at any angle solely requires
ELWZ- and ELWJ- to differ by /3 wp/c, which corresponds
to a ~ 40% difference: k-spectra with 40% spread (in
length or angle) may produce EM waves in all directions.
This is confirmed in Fig. [7] where the angular distribu-
tion is given at a few different times. Even though there
are preferential emission directions at early times (when
SRS-produced waves are still dominant), this is rapidly
lost in favor of a more isotropic angular distribution.

Another consequence of the isotropic LW spectrum is
that the EM emission will lose its polarization. Indeed,
for a given emission direction €, the wave-vectors ELWZ-
and Eij of the two parent LWs define a plane contain-
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FIG. 5. Low-intensity case. Spatial spectra of TAWs
(d*#;/dk.dk,) at the same times as Fig. Magenta lines
identify the wave-vectors produced by LDI (Eq. .
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FIG. 6. Low-intensity case. Energy in various waves as a
function of time, with respect to the current laser energy in
the simulation box.

ing both € and the polarization axis. As l;Lwl- and Eij
become isotropically distributed, the same applies to the
polarisation axis, resulting in a less-polarized emission.
Note that this effect cannot be observed in the present
simulations because they are two-dimensional: LW coa-
lescence can only produce waves polarized in the plane
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FIG. 7. Low-intensity case. Angular distribution of EM waves
(|dB./df)?). Left: Raman. Right: 2w,.

given by their wave-vectors (z-y here).

We have performed similar simulations at the same
intensity, varying different plasma parameters. The
isotropisation is always more pronounced when LDI is
more efficient. The most important parameter appears
to be the plasma density: lower densities mean less LDI,
and, for a density of n, = 0.07n,., the SRS-produced LWs
are actually still dominant even after 10 ps. Other pa-
rameters that reduce the LDI cascade are: gradients in
the density or laser profile, ions with high mass, and high
T, /T..

V. SIMULATION AT HIGH POWER

We now set the laser speckle to an intensity of ~ 4-10'°
W/ecm? (ag = 0.04), representative of the strongest
speckles in the experiment, where the self-focusing and
filamentation of the laser wave are important. This ap-
pears in the first panel of Figure [8] showing the laser’s
transverse electric field. It also illustrates the behavior
of the electron density: even in the turbulent regime, the
strong laser field drives (via SRS) coherent LWs in the
form of filaments (strong turbulence).

The corresponding LW spectra, shown in Fig. [9] are
obtained in the same manner as in Sec. [Vl While the
LDI-induced LWs grow with negative k,, the Raman
waves remain strong. Contrary to the previous low-
intensity case, two groups of LWs (forward waves close
to the SRS wave-vector and backward waves from LDI)
persist at all times. No obvious LDI cascade contributes
to their isotropisation, as visible in the last panel of Fig.
a

Figure provides a quantitative comparison of the
energy in the various waves. The Raman EM waves are
produced more efficiently than in the low-intensity case,
but the more striking difference is that the Raman LWs
are not depleted by LDI. They remain constant, at the
same level as LWs from LDI, whereas they ended lower
by more than one order of magnitude in the previous
section.

The consequence of LWs being now split in two halves
(peaked Raman forward, broad LDI backward) is that
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FIG. 8. High-intensity case. First panel: typical map of the
transverse electric field. Other panels: fluctuations of the
electron density at two different times.

the Raman directivity will be imprinted on the angu-
lar distribution of the 2w, EM waves resulting from LW
coalescence. This is illustrated in Fig. The direc-
tion of these EM waves is mostly forward, by construc-
tion of wave-vectors that must satisfy the conservation of
momentum. Indeed, the LWs from LDI have a slightly
shorter wave-vector than those from SRS, and this con-
strains their direction. The 2w, emission in the opposite
direction (180°) is explained by another construction of
wave-vectors: there is a weaker forward-SRS instability
that creates backward LWs with shorter wave-vectors.
These LWs are visible in Fig. |§| at k, ~ —0.5wp/c, and
after isotropization through LDI (not highlighted in the
figure) they couple with the initial LWs to produce back-
wards radiation.

In addition to an angular distribution with some di-
rectivity, this high-intensity case would likely exhibit a
higher degree of polarization. Indeed, one of the two
LWs generating 2w, emission has to come directly from
SRS, with a narrow forward direction ELWO. Knowing
the emission direction €, the polarization plane contains
both ELWO and €, which explains why the degree of polar-
ization will be proportionnal to the directivity of ELWO.

VI. COMPARISON TO EXPERIMENTAL RESULTS

We have performed a large number of simulations, but
have limited this discussion on a comparison between low

ke c/wo

FIG. 9. High-intensity case.  Spatial spectra of LWs
(d*#ie /dkydky) in arbitrary units at three different times. Red
and yellow lines identify the wave-vectors produced by Raman
(Eq. [1) and LDI (Eq. [2)), respectively.

and high-intensity speckles, while keeping all other pa-
rameters as close as possible to the experimental situa-
tion of Ref. (12l The goal was to show two limits in which
the LW spectrum becomes either isotropic or directional,
and the 2w, emission has a corresponding angular distri-
bution and degree of polarization. Note that the exper-
imental results did not provide a direct measurement of
the angular distribution: the hydrodynamic simulations
proved that strong refraction from the plasma prevented
a proper analysis. Indeed, the location of the emitting
plasma is not known with sufficient precision to calculate
the effect of refraction with sufficient certainty. We will
thus discard the measurements at various angles from our
analysis, and focus instead our discussion on the conver-
sion efficiency and the polarization.

A first comparison to that experimental study is the
estimated energy conversion efficiency from laser to 2w,
emission, ~ 1.7 - 1075 according to the experimental re-
sults. To compare with the simulations, we must take
into account three factors. (i) The experimental value
corresponds to the total, integrated emissions, while they
are instantaneous in the simulations. As the laser dura-
tion is 2 ns and the emission lasted only 0.3 ns, we must
multiply the experimental value by ~ 7. (ii) A signifi-



—— EM from SRS
—— LW from SRS
-%- LW from LDI

EM at 2w,

Energy in waves / Energy in laser

FIG. 10. High-intensity case. Energy in various waves as a
function of time, with respect to the current laser energy in
the simulation box.

FIG. 11. High-intensity case. Angular distribution of EM
waves (|dB./df|?). Left: Raman. Right: 2w,.

cant fraction of the laser energy is used in forming and
heating the plasma. This fraction ~ 75%, was directly
extracted from the hydrodynamic simulations. (iii) The
experimental plasma was large enough to cause some re-
absorption. Using the hydrodynamic simulation results,
we performed a ray tracing computation to estimate this
effect showing that a quarter of the initial emission is
absorbed in the surrounding plasma. These three correc-
tions bring the instantaneous, local value for conversion
efficiency to 6 - 107°, well within the simulation results
which show an efficiency between 5-107° and 10~%. Note
that the whole laser pattern may not contribute equally
to the emission as its spatial distribution, and that of
the plasma, are not homogeneous. This factor cannot
be precisely calculated as it would require PIC simula-
tions to cover a much larger space, but it would bring
the compared efficiency closer.

An intermediate efficiency comparison may also be dis-
cussed: the conversion from laser to SRS EM waves at
180°. The experimental data shows a typical peak SRS
emission of ~ 10 GW /sr. Its angular spread is not known
directly, but it is estimated using two detections at two
slightly different angles to be ~ 0.1 sr, thus a backward-

SRS peak power of ~ 1 GW. The laser power is of the
order of 200 GW, which results in a conversion efficiency
of a ~ 5-1073. This is reasonably close to the simulated
conversion (1072 up to a few 1072).

The polarization of the 2w, emission provides a
stronger characterization of the experimental scenario.
It is related to the LW angular distribution. Indeed, the
polarization always lies in the plane formed by the two
wave-vectors ELWi and Eij, which also contains the di-
rection of observation. As a consequence, the LW angular
distribution around the axis of observation determines
the degree of polarization. In the situation studied in
Sec. the LWs are relatively uniformly distributed (cf.
Fig. [4). Numerical estimates lead to a reduction of the
signal of less than 50% if a polarizer was placed with
its axis along y (compared to a fully non-polarized emis-
sion). In the other case (Sec. [V} Fig.[d), we find that the
signal would be reduced by an order of magnitude, as the
forward LWs dominate the spectrum and favor a polar-
ization along x. This second case matches the experimen-
tal results where the presence of a polarizer reduced the
signal by an order of magnitude, although a quantitative
comparison is not possible due to shot-to-shot variations.
Nevertheless, the 2w, polarization shows that the exper-
imental conditions are overall similar to those presented
in the second, high-power case. We can thus conclude
that the high-power speckles present in the laser profile
contribute to most of the signal.

VIl. CONCLUSIONS

In summary, PIC numerical simulations have proven
succesful in describing the physical scenario for the
growth and coupling of waves that ultimately generate
2w, emission in a laser-plasma experiment. The rich
structure of this setup can have many outcomes, but we
identified two main routes which result in different an-
gular distributions and degrees of polarization. They are
mainly governed by the growth of the LDI which controls
the degree of anisotropy of LWs. The LDI growth, in
turn, depends on various parameters (such as the plasma
density, the ion and electron temperatures, etc.); we pre-
sented two cases differing by the laser intensity as it
appeared a predominant parameter which can be easily
linked to experimental conditions. With very low wave
amplitudes and little LDI growth, turbulence would be
very weak, and LWs would remain mostly on-axis, thus
yielding directive and polarized emission. As the am-
plitudes increase, turbulence tends to isotropize IAWs
and LWs, causing loss of directivity and polarization, but
those are recovered with higher amplitudes that force the
system in the input’s direction.

The main perspective for this study is to relate these
findings to the space-physics conditions, and eventually
compare to results from spacecraft or ground observa-
tion. Our study shows that the breadth of LW k-spectra
strongly affects the directionnality and the polarization



of the 2w, emission. This fact will likely apply to space-
plasma configurations. Future experiments will be fo-
cused on the differences between the laser and space
setups: ratios between wave-vectors, temperatures, and
waves amplitudes. A constant magnetic field could also
be applied on the plasma to match the interplanetary
conditions more closely.

SUPPLEMENTARY MATERIAL

An input file for the Smilei code is provided as supple-
mentary material.
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Appendix A: Notations

e Speed of light in vacuum: ¢

e Permittivity of vacuum: gq

e Permeability of vacuum: pug

e Electron and ion mass: m. and m;
e Electron charge: —e

e Jon average charge: Ze

e Laser frequency: wy

e Laser wave-vector in the plasma: kg

e Laser critical density: n. = aqﬂnaﬂ%/@2
poe2IA2
2m2m?2ce3)

e Electron and ion temperatures (in units of energy):
T, and T;

e Laser normalized amplitude: a¢ =

where I is the average laser intensity

e Electron and ion densities: n, and n;

e Thermal velocity: vgn = /Te/Mme

e Ton acoustic velocity: ¢; ~ \/(ZT. + 3T;)/m;

nee?
Mme€o

e Electron plasma frequency: wy, =

e Electron Debye length: Ap = v /wp

o 1) =wp/wo = \/Ne/Nec

Appendix B: Simulation parameters

Particle-in-cell simulations describe the plasma parti-
cle distribution as a collection of discrete macro-particles.
The electromagnetic fields are computed on regular grids.
Fields affect macro-particless through the Lorentz force,
and macro-particles affect fields via their current in
Maxwell’s equations. In this article, all PIC simulations
are carried out using the open-source code SMILEIZ,
Maxwell’s equations are solved with the finite-difference
time-domain method using a staggered Yee grid?®, and
the projection of particle currents on the grid follows
Esirkepov’s algorithm®”.

The PIC simulations are 2D in space (3D in momentum
space) with a cartesian domain of size 80 \g by 32 A¢ with
3072 x 1280 cells, and a timestep of 0.1 wal. Spatially,
we mimic the transverse shape of a single speckle: the
laser transverse envelope has a gaussian shape with a
full-width at half-maximum of 12)\g. The laser field’s
temporal envelope is a short (100 fs) linear ramp up to
a constant value. Importantly, the boundary conditions
are absorbing in all directions so that the side-scattered
2w, electromagnetic waves do not cycle back into the box
and cause spurious signal.

Each particle species (C, H, and electron) of the plasma
has 196 macro-particles per cell. The total number of
particles in one simulation is ~ 2-10°. They are split
between 64 nodes (1536 cores) of the Irene-Skylake par-
tition of the Joliot-Curie supercomputer. The typical
time for one core to process one timestep for one particle
is 180 ns. Overall, one simulation uses 25000 to 50000
core-hours for a physical time of ~ 10 ps.
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