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Abstract

We report results and modelling of an experiment performed at the Target Area West Vulcan laser facility, aimed
at investigating laser—plasma interaction in conditions that are of interest for the shock ignition scheme in inertial
confinement fusion (ICF), that is, laser intensity higher than 10'® W/cm? impinging on a hot (T > 1 keV),
inhomogeneous and long scalelength pre-formed plasma. Measurements show a significant stimulated Raman scattering
(SRS) backscattering (~ 4%—20% of laser energy) driven at low plasma densities and no signatures of two-plasmon
decay (TPD)/SRS driven at the quarter critical density region. Results are satisfactorily reproduced by an analytical
model accounting for the convective SRS growth in independent laser speckles, in conditions where the reflectivity is
dominated by the contribution from the most intense speckles, where SRS becomes saturated. Analytical and kinetic
simulations well reproduce the onset of SRS at low plasma densities in a regime strongly affected by non-linear Landau
damping and by filamentation of the most intense laser speckles. The absence of TPD/SRS at higher densities is
explained by pump depletion and plasma smoothing driven by filamentation. The prevalence of laser coupling in the
low-density profile justifies the low temperature measured for hot electrons (7—12 keV), which is well reproduced by
numerical simulations.

Keywords: plasma simulations; shock ignition; stimulated Raman scattering; inertial confinement fusion; laser-plasma interaction

1. Introduction

A very recent experiment!! at the Lawrence Livermore
National Laboratory (LLNL) National Ignition Facility

Correspondence to: G. Cristoforetti, Istituto Nazionale di Ottica -
CNR, area della ricerca, Via Moruzzi 1, 56124 Pisa, Italy. Email:
gabriele.cristoforetti @cnr.it

(NIF) resulted in fusion energy yield of about 1.3 MJ, largely
in excess of the fuel energy, and about 70% of the laser
pulse energy. LLNL's scientists deem this is the threshold of
fusion ignition. The above experiment was conducted using
the indirect-drive (ID) approach”l. However, the direct-drive
(DD) approach”®! may have advantages compared with the
ID approach!*.
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Firstly, the efficiency of laser energy coupling with the
plasma corona is significantly larger, requiring a lower laser
energy for achieving fuel ignition. Furthermore, the ID
approach is intrinsically non-symmetric, with laser beams
overlapping at the entrance of the hohlraum and propagating
over long plasmas before irradiating the internal hohlraum
surface; this produces undesired plasma instabilities (e.g.,
crossed beam energy transfer (CBET)) and suprathermal or
hot electrons (HEs), on one side, and a non-uniform X-
ray irradiation of the capsule, on the other. A symmetric
irradiation scheme appears therefore a necessary precondi-
tion for reducing long-scale implosion asymmetries and for
achieving a higher control of laser—plasma interaction (LPI).

Among the DD schemes, shock ignition (SI), proposed by
Betti et all, is presently one of the most promising, and
has therefore been investigated in many recent works. Here,
the fuel is ignited by a strong shock driven by an intense
laser spike (~ 10'® W/cm?) at the end of the compression
phase. The main advantages of the SI scheme are the lower
implosion velocity during the compression stage, strongly
reducing the risk of Rayleigh-Taylor instabilities, and the
higher gain, enabling ignition at moderate laser energies,
already available in facilities such as the NIF and Laser
Megajoule (LMJ)¥. On the other hand, the interaction
of the laser spike with the long scalelength plasma corona
surrounding the precompressed pellet — at intensities that are
an order of magnitude higher than those envisaged in the
classical DD scheme — results in an outburst of parametric
instabilities, driven in a strongly non-linear regime that is
not yet fully understood. While the success of the original
DD scheme requires good comprehension and full control
of stimulated Brillouin scattering (SBS) and two-plasmon
decay (TPD) instabilities, the SI scheme makes the scenario
trickier, involving also the onset of stimulated Raman scat-
tering (SRS) and a boost of laser filamentation. Furthermore,
fully kinetic particle in cell (PIC) simulations show the
relevant competition between different instabilities and the
strongly non-linear character of their growth. The former
issue includes competition not only between instabilities
driven in different plasma regions, that is, by pump-depletion
mechanisms, but also between instabilities driven in the
same region, due to their different growth rates or damping.
The non-linear character of LPIs, on the other hand, involves
the modification of the dispersion relation for plasma waves
that are sufficiently intense, for example due to the electron
trapping in the electron plasma waves (EPWs), resulting in a
shift of the plasma frequencies and in the consequent change
of the instability growth rate.

Reaching a detailed comprehension of LPI in the SI regime
is important, not only because a large fraction of laser energy
can be diverted out of the plasma via scattered light (SBS and
SRS), therefore increasing the laser energy requirements, but
also because some instabilities (SRS and TPD) result in the
generation of HEs, which propagate through the compressed

G. Cristoforetti et al.

pellet and can affect the shock strength and preheat the fuel,
thus preventing fuel ignition.

Several recent experiments aimed at the investigation of
LPI and HE generation in conditions relevant for SI — that is,
laser intensities in the range of 10°-10' W/cm?2, with wave-
lengths in the ultraviolet (UV) range, impinging on plasmas
of a few keV temperature and of a few hundred micrometres
of density scalelength — have been reported®~'"l. None of
them, however, could meet all of these conditions simulta-
neously, because of laser energy limitations in the available
laser facilities. Results obtained in the OMEGA, LULI and
PALS facilities” ! suggested that SBS could be responsible
for a large amount of scattered energy, with values reaching a
few tens of percent of the laser incident energy. Experiments
also reveal the onset of SRS and TPD, but their relevance is
strongly dependent on experimental conditions, and their rel-
ative contribution is therefore more uncertain/~'!%15.17.181,
The onset of TPD, driven at densities close to the quarter
critical density, is usually observed via detection of wg/2
and 3wp/2 harmonics emission in the light scattered spec-
tra, produced by the non-linear coupling of incident laser
light with EPWs driven by TPDU!!21 ts quantification is
experimentally tricky, as well as the determination of the
amount and energy of the HEs accelerated by the related
plasma waves. However, while TPD is dominant in the
traditional DD scheme, 2D PIC simulations suggest that
its relevance could fall in SI conditions, because of SRS
competition®®?!), Here, absolute SRS could prevail on TPD
at densities close to the quarter critical density because of
the higher growth rate, due to the dependence on the plasma
temperature, while convective SRS at lower densities could
also damp the TPD growth by pump-depletion mechanisms.
Recent experiments at the PALS facility carried out with 1w
irradiation at approximately 10'® W/cm? suggest that TPD
is driven early, during the interaction of the leading part of
the laser pulse, while it is successively damped, probably
due to pump depletion caused by the onset of convective
SRS at lower plasma densities!'!. In typical exploding foil
experiments, in fact, SRS is driven at later times of interac-
tion, when the plasma scalelength has become sufficiently
large, and is convectively amplified at densities well below
the quarter critical density, close to the Landau damping
cutoff determined by the plasma temperature (kepwAp ~
0.3)'121 Very few experimentst'*?%?* however, explored
LPI at laser intensities close to 10'® W/cm? together with
plasma density scalelength higher than 200 pwm, as envisaged
in the SI scheme, where the non-linear character of SRS is
expected to be strong. These works show that SRS is driven
at very low densities, well below the Landau cutoff limit
kepwAp > 0.3, where Landau damping is expected to severely
reduce the instability growth rate. A full understanding of
these observations is also made complex by the relevance
of kinetic effects, due to the electron trapping into the
EPWs, which affects its dispersion relation!>*>"], resulting
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in a reduced damping of the EPWs and/or in a shift of the
resonance conditions”®=?!. A correct comprehension of this
process is particularly relevant for SI, since EPWs driven at
low densities are expected to generate very low energy HEs
(< 15 keV), which could be beneficial for amplifying the
shock pressure and would be unable to preheat the fuel to
performance degrading levels.

In the present paper, we describe the results obtained in an
experiment aimed at investigating the LPI of a laser pulse
focused at an intensity of approximately 10'® W/cm? on
a long pre-formed plasma, reaching a gradient scalelength
of approximately 400 pwm. Experimental results, showing
the onset of SRS in the strongly kinetic regime (kepwAp =
0.3—0.5), are presented and discussed also in view of analyt-
ical and PIC simulations.

2. Experimental setup

The experiment was carried out at the Vulcan laser in
the Target Area West (TAW), at the Rutherford Appleton
Laboratory. Four heating beams (E =250 J, A = 1.053 pwm,
T = 2.9 ns) were focused on a multilayer foil target by f#/11
optics to an FWHM = 570 pm x 800 wm spot on the
target surface to form an extended long scalelength plasma.
The large spot size was conceived to produce a 1D plasma
expansion in the interaction region and keep the intensity
on the target, here I = 3 x 1013 W/cm?, well below the
threshold for the onset of parametric instabilities. The beams,
smoothed by random phase plates (RPPs), were set at +7°
and £25° to the horizontal and vertical axes, respectively.
The interaction beam (Ey.x = 100 J, A = 527 nm,
T = 700 ps), smoothed by an RPP, was focused normally
(relative to the original target plane) on the pre-formed
plasma by an f#/2.5 lens to an FWHM = 24 um x 31 pum
spot. The superposition of heating and interaction beams
could be checked a posteriori by a pinhole camera imaging
of X-ray emission, filtered by a 6.5 pm Al foil, as shown
in Figure 1. The intensity on the target, calculated taking
into account the pulse energy measured shot by shot by
means of a calibrated calorimetric line, was in the range
of (1—2) x 10'® W/cm?. Because of the long scalelength
pre-formed plasma (see hydrosimulations in Section 3), we
varied the focal position Axy,. of the interaction beam with
respect to the original target surface position in the range
from —250 to +50 wm, where the negative sign indicates
that the laser waist is located before the target. The time delay
At between the rise front of the heating pulses and the peak
of the interaction pulse (see Figure 1) was varied from 0.6 to
3.2 ns, with the aim of exploring different density gradients
of the plasma at the time of the main pulse interaction.
Multilayer targets were used during the experiment. The
laser beams impinged on a 12 pm layer of polyvinylidene
chloride (PVDC) (C,H,Cl),, mimicking the low-density
ablation layer of an inertial confinement fusion (ICF)

capsule, over which a 100 nm thin film of aluminium was
deposited to prevent the laser light penetrating into the target
in the early stages of interaction. The chlorine ions present
in PVDC allowed the plasma temperature to be measured
via high-resolution X-ray spectroscopy. A Mylar layer of
thickness varying between O (no layer) and 100 pm was
located after the PVDC and was followed by a 10 pm
Cu tracer layer for detecting HEs via Ka spectroscopy.
Different values of Mylar thickness were used with the
aim of controlling the number of HEs reaching the Cu layer
to investigate their energy. A final 15 pm Mylar layer was
located after the Cu tracer layer, with the scope of reducing
the effect of HEs refluxing on the Ka intensity.

Two high-resolution X-ray spectroscopic diagnostics com-
bining spectral and 1D spatial resolution were implemented.
The Cu Ka line emission was studied using an X-ray spec-
trometer equipped with a quartz (233) crystal, spherically
bent to a radius of 150 mm, and protected by Kapton (13 pm)
and Mylar (10 pm) foils. The spectrometer was set to look at
the target at an angle of 11.8° from the normal and covered
a spectral range from 1.39 to 1.62 A (1 A=01nm), witha
spatial demagnification of 0.34. Spectra were recorded using
imaging plates (IPs) BAS-MS and digitized by a Fuji scanner
at a pixel size of 50 pm x 50 pm.

The macroscopic parameters of the plasma corona were
studied via analysis of H- and He-like Cl spectra emitted
from the PVDC coating. They were acquired by a second
spectrometer, equipped with a spherical mica crystal with
the bending radius of 150 mm, protected by 13-pm-thick
Kapton foil. The instrument covered the spectral ranges
from 4.16 to 4.53 A and from 3.33 to 3.63 A, diffracted
in the fourth and fifth diffraction orders, respectively, and
was set to look at the target at an angle of 17.5° £ 0.5°
versus the target surface. The spectra were again recorded
on the BAS-MS IP, digitized and corrected with respect
to the wavelength-dependent crystal reflectivity and filter
transmission. The wavelength calibration was based on the
ray-traced dispersion relation and tabulated wavelengths of
the dominant X-ray lines.

In addition to Ko detection, HEs were also characterized
by measuring the Bremsstrahlung X-ray emission by means
of two spectrometer ‘cannons’, looking at the front (BSC-1)
and rear (BSC-2) sides of the target at angles of 45° to their
respective normal axes. BSCs were designed by relying on
K-edge and differential filtering, with the atomic number Z
of the filters increasing from Al to Pb, and using the IPs as
detectors®*!. The stack of filters and IPs was housed in a lead
shielding box and combined with a collimating system and a
magnet for deflecting high-energy electrons. An example IP
scan from the BSC-2 cannon is shown in Figure 1.

Laser—plasma instabilities were investigated by means
of calorimetry and time-resolved spectroscopy of light
backscattered in the cone of the focusing optics of the
interaction beam. Light was collected behind the last turning
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Figure 1. Top, pinhole camera images of hard X-ray emission from plasmas induced by the heating pulses, by the interaction pulse and by all the beams.
Middle, sketch of the beam configuration in the vertical plane and target structure. Bottom-left, timing of the laser beams (relative intensity is arbitrary).
Bottom-right, image plate signal, obtained in calibration shot on copper targets, acquired by the Bremsstrahlung cannon (BSC) looking at the rear side of the

target; the intensity is proportional to photostimulated luminescence (PSL).

mirror of the laser transport line, separated in four different
channels, and sent to two calorimeters and two time-resolved
spectrometers. Spectral filters were placed in front of the
calorimeters to select light scattered by SRS (w < 0.8 wy)
and wavelengths close to A = 527 nm, including SBS and
laser backscattering (0.8wy < w < 1.5wy). The measured
energy, combined to an accurate measurement of the spectral
transmissivity of the optical line, yielded the plasma reflec-
tivity in these spectral ranges. Time-resolved spectrometers
(Atmin & 7 ps), consisting of monochromators (Acton
SP2300i) coupled to fast streak cameras (Hamamatsu C7700
and C5680), were devoted to measuring the scattered light
in the whole spectral range from w(/2 to 3wy/2, including
both SRS and half-harmonics derived from the coupling of

laser light with EPWs driven by TPD. The two spectrometers
were equipped with gratings of 300 and 600 mm™! and were
coupled to 512 x 512 and 1280 x 1024 pixels charge-coupled
devices (CCDs), resulting in spectral ranges of approxi-
mately 280 nm and 150 nm, respectively. A laser pick-off
was sent to the streak photocathode and used as a fiducial
signal for the absolute time calibration of SRS emission.

3. Interaction conditions

The interaction conditions of the main laser pulse with the
plasma corona were modelled by using the DUED!**! hydro-
dynamic code. 2D maps of density and temperature were
simulated for the cases when no heating beams were used
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Figure 2. Density and temperature profiles obtained from hydrodynamic simulations carried out with the DUED code: (a) 2D map of electron density in the
high-density region taken at the peak of the interaction pulse, in the case of delay time At = 2.9 ns; (b) longitudinal profiles of electron density at different
times of interaction in the case of delay time At = 2.9 ns; (c) longitudinal profiles of electron density and temperature taken at the peak of the interaction
pulse for delay times At = 1.6 ns (blue lines), A7 = 2.9 ns (red lines) and for the case where heating beams are not used (black lines); (d) transverse density
profiles taken at different distances from the target surface in the same conditions as (a); (e) temporal evolution of the dip in the density profile.

and when the main beam was delayed by At = 0.6-3.2 ns
with respect to the rising front of the heating beams.

When only the interaction beam is used, the density profile
at the laser peak shows a change of slope around n ~ 0.2n,
(Figure 2(c)), resulting in a density scalelength Ly
n/(dn/dx) ~ 90 wm at lower densities and Ly & 25 pum
for higher densities. The region around n = 0.2n, absorbs

most of the laser energy and therefore shows the maximum
plasma temperature, which rapidly falls in more rarefied
regions of the plasma.

When heating beams are used, the main pulse impinges
on a long pre-formed plasma corona with a density scale-
length of several hundreds of pwm, increasing with the time
delay At between the beams. Values of Ly ~ 380 wm and
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Figure 3. X-ray spectrum of K-shell chlorine emission from H- and He-like atoms. The measured spectrum includes the contributions of the fourth and the

fifth diffraction orders of the crystal.

Ly ~ 300 wm for a delay At = 1.6 ns, and of Ly ~ 450 pm
and Ly ~ 275 pm for a delay At = 2.9 ns are obtained at
densities n = 0.04n, and n = 0.1n., respectively. The intense
beam heats the plasma along its path, digging a hot low-
density channel with a transverse size of the order of the
laser waist, as shown in Figures 2(a) and 2(d). The channel
is weakly visible in the rarefied regions, but becomes deeper
at densities larger than n = 0.15x1.. The strong absorption
of laser light at n > 0.15n, produces a hot rarefied plasma
bubble, digging progressively a dip in the longitudinal profile
of electron density and producing a steepening at densities
n > 0.2n. (Figure 2(e)). The bubble propagates towards lower
densities at successive times, producing a modulation in the
density profile, down to n & 0.1n.. This strongly affects the
interaction conditions of the main pulse at densities higher
than n & 0.1n., which are self-consistently determined by the
main beam itself.

In contrast, the interaction conditions at densities lower
than n ~ 0.1n, are mainly determined by the heating beams,
and are characterized by plasma with a temperature of
approximately 1—1.2 keV and an exponentially decreasing
density profile.

Spatially resolved X-ray chlorine spectroscopy allowed
us to calculate the plasma temperature in different regions
of the plume. A typical spectral line-out, referring to the
K-shell emission from H- and He-like dopant Cl atoms at
800 pm from the target surface, is shown in Figure 3. It
includes well-resolved lines in spectral ranges 3.3-3.7 Aand
4.1-4.6 A, given by the fifth and fourth crystallographic
orders, respectively. The temperature is here obtained by the
ratio of Ly, and Hes lines!*!, after a comparison with syn-
thetic spectra calculated with the PrismSpect code!*°!. In the
region of interest (ROI) for parametric instabilities, that is,
in the range 0.03n.—0.12n,, the temperature retrieved by CI
X-ray spectra is approximately equal to 700-800 eV, a value

significantly lower than the value obtained by hydrodynamic
simulations. This discrepancy could be due, on one hand,
to the time-integration and to the spatial integration in the
transverse direction of the spectral measurements, leading to
an underestimation with respect to the local conditions on the
laser axis. On the other hand, the use of the nominal laser
intensity in the hydrodynamic simulations, thus neglecting
the energy scattered by parametric instabilities, could also
produce an overestimation of the plasma temperature.

Local conditions of interaction, that is, plasma temperature
and density gradient, could be here also affected by the onset
of filamentation, driven by the self-focusing of the speckles
produced by the RPP. The relevance of filamentation can be
estimated by considering a density/temperature perturbation
size of the order of the speckle size I, = 1.2Afy = 1.6 pum,
where fy = 2.5 is the f-number of the focusing system. A
hot spot in a laser speckle is stable to self-focusing if the
spatial growth gain G = k- [, where kg and /| are the spatial
growth rate and the speckle length, respectively, is less
than unity”®’). By considering a Gaussian-shaped speckle,
its length /; can be estimated by integrating along the x
longitudinal direction, Ij ~ [ dx/[1+ (x/Lr)*] = 7Lg,
where Lg &~ 2.8f7A¢ is its Rayleigh length®®!, obtaining
[} = 29 um. According to the local conditions described
above, the critical powers for ponderomotive self-focusing
are 930, 360 and 280 MW at n = 0.04n.,0.1n, and 0.25n,
respectively. These values are larger than the average power
in a speckle, which is approximately equal to 250 MW,
suggesting that self-focusing is driven only in the most
intense speckles. At densities around n = 0.04n., which are
relevant for the present experiment (see below), self-focusing
is driven in speckles with intensities / > 3.5(I), where (I)
is the intensity of the laser envelope. This threshold also
accounts for the reduction due to non-local electron heat
transportl***%l; this follows from the fact that the electron
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mean free path A, & 20 pwm is here much longer than the
temperature perturbation size, [, ~ 1.6 pm, resulting in a
reduced capability to dissipate the temperature gradients.
Considering the experimental conditions, we estimate a
number of speckles of approximately 16,000 in the focal
volume; assuming an exponential intensity distribution as
given by the RPP smoothing model®, this implies that
intensities up to 8(I)—10(I) are reached in the most intense
speckles.

The validity of the above estimation can be corroborated
by calculating the spatial growth rate «, of filamentation,
including ponderomotive effects and thermal correction, and
the net growth in a speckle length /;. According to Ref. [39],
kg =0.17 pwm~! in a speckle with I = 3.5 (I), which implies
that kg - [ > 1, that is, the instability can significantly grow
into the length of a speckle.

4. Experimental results

4.1. Laser-plasma instabilities

Light backscattered at A & 527 nm consisted of 15%—35%
of the laser energy, with no clear dependence in the explored
range on laser intensity or time delay between heating and
interaction beams; this value fell to 7% —8% when the heat-
ing beams were not used. It is worth noting that the spectral
resolution of the diagnostics did not allow one to distinguish
between SBS and laser light backscattered by the plasma.
The SRS calorimeter measured no signal in the shots
where only the heating beams or only the interaction beams
were used. The former result suggests that no spurious signal
produced by the heating beams affects the calorimetric mea-
surements in shots with both heating and interaction beams.
The latter observation can be explained by the fact that the
plasma produced by the interaction beam is too steep to
drive convective SRS. Considering the limits of detection of
the optical line, this means that the backscatter obtained by
using only the interaction beam was lower than 0.5% of laser
energy. In the shots when both heating and interaction beams
were used, a clear SRS signal was detected, with the fraction
of the interaction beam energy backscattered by SRS varied
in the range of 4%—20% of the interaction beam energy;
taking into account the effective duration of SRS shown in
Figure 4(d), SRS backscatter fluxes increase up to 30%—-50%
at times corresponding to the peak of the pulse. The value
was clearly dependent on the laser intensity, on the focal
position Axg, and on the time delay At between heating and
interaction laser pulses. The dependence on laser intensity
is shown in Figure 4(a), where a homogeneous set of shots
with fixed values of At = 3.2 ns and Axge = —150 pum is
selected. The effect of At can be observed in Figure 4(b),
where, however, a large variability of the SRS energy is
visible for each time delay, due to the included range of
laser intensities and of focal positions; this last parameter

affects in turn the local laser intensity at the density where
SRS is driven. The increasing trend shown in Figure 4(b)
can be ascribed to the progressive larger value of the density
scalelength with the time delay, as shown in Figure 2(c),
and is a clear indication that SRS growth has a convective
character; the trend may also be affected by the progressive
reduction of plasma temperature in the ROI, and therefore
of Landau damping of EPWs, with the time delay, as also
visible in Figure 2(c).

Detailed information about the timing of parametric insta-
bilities and the plasma density where they are driven can
be inferred by time-resolved spectroscopy of backscattered
light. A clear wy/2 or 3wy/2 signal was not detected in any
of the laser shots, although different gratings, filtering and
timing configurations were attempted. The absence of half-
harmonics suggests that TPD and absolute SRS are here
not driven, differently from other experiments carried out
at similar laser intensities. Time-resolved SRS spectra were
detected in all the shots where both heating and interaction
beams were used. A typical spectrum is shown in Figure 5.
The strongest signal was detected in the spectral region
ranging from 680 to 730 nm, as shown in Figure 4(c),
corresponding to a plasma density spanning from 0.03n, to
0.07n.. Measurements show that emission in this spectral
region is not affected by the laser intensity nor by the time
delay At, and also clearly show that SRS is driven in
successive bursts. As visible in Figure 5, in each burst SRS
light is emitted at the same time (within time resolution of
the spectrometer of 7 ps) in a large spectral region, from
680 to 730 nm, approximately, corresponding to the full
0.031n.—0.07n, density range.

The central SRS wavelength does not shift with time,
indicating that local conditions where SRS is driven are
stationary. This suggests that local pre-formed plasma con-
ditions, as determined by the heating beams, namely the
temperature and density profiles in regions n < 0.1n,, are not
affected significantly by the interaction beam, as expected
from hydrodynamic simulations. The SRS signal is peaked at
approximately 0-100 ps after the laser peak and its duration
increases with the delay At, as shown in Figure 4(d).

In a few shots, an additional SRS signal is observed at
wavelengths larger than 780 nm, as shown in the right-hand
image of Figure 5. This signal is much weaker than that
observed at shorter wavelengths, and consists at maximum
of a few percent of the main SRS reflectivity. Here SRS
begins approximately 200-300 ps after the laser peak and
lasts for a few hundred picoseconds. This signal peaked at
wavelengths moving with time from A = 870 nm to A =
780 nm; accounting for the Bohm—Gross dispersion relation,
this implies that SRS here progressively shifts from n. /n. &
0.13 to n./n. ~ 0.08. As shown in Figure 2(b), the density
profile in this range is strongly affected by the interaction of
the main laser pulse and varies with time, which explains
also the time-variation of SRS wavelength.
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Figure 4. Experimental results: (a) SRS reflectivity versus laser intensity for a set of selected data with fixed values of At =3.2 ns and Axgoc = —150 pm;

(b) SRS reflectivity versus the delay time At between heating and interaction beams; (c) typical SRS spectrum; (d) time profile of SRS light in shots with
different delay times At. In subplot (a), error bars of 20% are also reported for reference.

fiducial

Figure 5. Time-resolved SRS spectra acquired in two different shots by the Hamamatsu C7700 (on the left) and C5680 (on the right) streak cameras. Time
resolution is 18 ps. The laser fiducial in the left-hand image allowed us to determine the absolute timing of the interaction laser peak. The left- and right-hand
panels show the SRS spectra scattered at low and high plasma densities, respectively. The dashed line shows the spectral shift of SRS scattered light with

time at densities around 0.17.
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Figure 6. (a) Synthetic Bremsstrahlung X-ray emission spectra obtained by HE populations of different T} temperatures, resulting from Geant4
simulations. (b) Typical heat map of x? for different (Thor,Enot) combinations; the grey line represents the locus of minimum x2, while the projections

on the axes show that the optimal fit consists of Thor = 12 keV and Epot =2 J.

4.2. Hot electrons

The energy and the number of HEs were here retrieved by
BSC measurements. All IPs were scanned after approxi-
mately 20 minutes from exposure to reduce the uncertainties
produced by the signal decay with time and corrected for the
time fading, as in Ref. [42]. The signal was detected only in
the first five or six IPs, despite the adoption of several fil-
tering configurations and the addition of extra lead shielding
for noise reduction. The first IP was also discarded because it
was expected to be affected by plasma self-emission. On the
other IPs, the signal was obtained by extracting the photo-
stimulated luminescence (PSL) from an ROI centred on the
exposed part of the IP and by subtracting the background
measurement taken from an unexposed IP. However, due
to the significant non-uniformity of the background signal,
a line-out was taken across each IP and top hat functions,
including both a constant and a linear background terms,
were used to fit both the signal and background regions. The
extracted data were fitted by synthetic signals produced with
a combination of Geant4!**! simulations for both the detector
response and Bremsstrahlung emission from HEs propagat-

ing through a cold, unexpanded multilayer target, as shown
in Figure 6(a). The injected electrons had a Maxwellian
distribution of the form

2VE
£ (E, o) = % exp (—E/Tha), (1)

hot

with the HE temperature T}, ranging from 6 to 20 keV.

A residual sum minimization analysis between experimen-
tal and synthetic signals was carried out by varying both
the electron temperature Ty and their total energy Eno =
(3/2) NygThet, where Nyg is the total HE number. A typical
heat map of the value of x2 for each (Thou,Enot) combination
is reported in Figure 6(b), with the dark blue representing
the lowest values and thus the best fitting. The projection of
x? along the blue curve for each individual parameter allows
one to visualize the optimal (7o, Epot) combination and to
determine its uncertainty.

The results obtained for both cannons revealed tempera-
tures in the range of 7-12 keV with an uncertainty of approx-
imately 20%—30%. Total HE energy spanned from 1 to 7 J,
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corresponding to values of energy conversion efficiency of
approximately 1% —4%.

A low value of the HE temperature is in agreement with
the results obtained by Cu Ka spectroscopy; also in this
case the signals were very weak and visible only in a
limited number of shots. The stopping range of 10 keV
electrons in Mylar, calculated by continuous slowing down
approximation (CSDA), is in fact approximately 2 um, much
smaller than the thinnest layer of plastic used in the targets
before the Cu tracer layer. No clear correlation was found
between the energy and the temperature of the HE with
the laser intensity/energy nor with the SRS backscattered
energy. Moreover, similar results were retrieved for the shots
where heating and interaction beams were fired and for the
shots where only the main beam was fired. These results
suggest that multiple mechanisms are here responsible for
the generation of low-energy HE, among them also the SRS
driven at low densities is likely to contribute, as its scattered
light spectra are compatible with the measured HE energies,
but no clear evidence of the role of SRS in the generation of
HE was found.

5. Discussion

Experimental results show that LPI occurs far from the
critical density region, where SRS is predominantly driven
at density n &~ 0.04n., a weak SRS is occasionally measured
at densities close to 0.10n, and no instabilities taking place at
the quarter critical density are observed. These features can
be produced by the concurrence of several factors. Firstly,
both the high laser intensity and the long density scalelength
of the plasma favour a strong SRS growth at low densities, as
discussed below, producing a considerable amount of energy
that is backreflected (and a corresponding amount of energy
that is absorbed according to Manley—Rowe relations). This
produces a significant pump depletion of the laser pulse
before it reaches higher densities. Moreover, at the laser
beam intensities applied in our experiment we can expect
that the more intense speckles, having a peak intensity up to
8-10 times higher than the average value, would be subject
to self-focusing and filamentation. Due to the short length of
the speckles, resulting in speckle layers in the propagation
direction of approximately equal to 30 wm, the dynamics
of self-focusing will inevitably lead to not only spatial
but also temporal incoherence further inside the plasma,
practically after a two-speckle layer. This process, provoking
the so-called ‘dancing filaments’**, leads to plasma-induced
smoothing!**™"!, which is known to prevent or strongly
reduce the onset of SRS at higher densities in the plasma
profile. Finally, according to hydrodynamic simulations, a
significant collisional absorption is expected in the region of
densities of 0.15 — 0.20n.. The absence of 3w(/2 emission
could be therefore explained by the lower amount of laser
light reaching the quarter critical density region and by the
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reduced coherence of the beam, as well as by the local
conditions in the n./4 region. According to hydrosimula-
tions, in fact, the plasma temperature at n./4 is as high as
3-4 keV and the density profile is significantly steep, as
shown in Figure 2(e), both of these features resulting in a
rise of the TPD threshold to Itpp &~ 3 x 10 W/cm?.

5.1. SRS at low densities

SRS is mainly driven in the electron density range
between 0.03n. and 0.07n,, giving rise to EPW frequencies
Wepw = 0.22w0—0.29w) and wave numbers Kepy, =1.75w0/c—
1.63wy /¢, respectively. By considering electron temperatures
in the range of 1-1.2 keV in the ROI, the resulting Debye
length values, Ap = 0.3/kepw—0.5/kepw, indicate that the
EPWs should be under the influence of strong non-linear
Landau damping.

In order to depict the physics of SRS in the conditions
of interest, in the following sections we try to disentangle
various issues affecting the plasma response, tackling pro-
gressively (i) the effect of beam smoothing with the RPP, (ii)
the relevance of kinetic effects and, finally, (iii) the role of
filamentation.

5.1.1. Beam smoothing and the role of laser speckles

In order to account for the SRS driven in a multispeckle
focal volume, as produced by the RPP, we consider a sim-
plified model consisting of SRS growth in independent laser
speckles. The model, described in detail in the Appendix,
assumes that each laser speckle contributes incoherently to
the backscattered light from SRS, according to its local
intensity /g, where the laser intensities of the speckles follow
a probability distribution f (u = I/ (I)). SRS reflectivity is
here calculated in each speckle according to the classical
theory formulated by Rosenbluth!*®! for a convective growth
in an inhomogeneous plasma, that is, neglecting the kinetic
effects on the laser—plasma coupling, and is expressed by
Ry (1) = €€89"; here, & = Inoise/u () represents the ratio of
the noise level to the speckle intensity, whose typical value
for warm plasmas in LPI is roughly 107°, and g is the
amplification gain of a speckle at average laser intensity (I).
The model accounts for the saturation of SRS in the most
intense speckles, levelling their response to a constant value
of saturated reflectivity Rgy. The physics of the saturated
regime can be very complex because of the concomitance of
numerous non-linear effects in intense speckles. Saturation
can be produced by the depletion of the incident flux into
the speckle, or by non-linear processes in the coupling pro-
cess!?324954 strongly limiting the amplitude of the plasma
wave responsible for the laser light scattering. In our model,
R, denotes, for simplicity, a time-average value, smoothing
possible bursty SRS behaviour®. According to previous
experimental and simulation results, it can be estimated of
the order of 0.4—0.5.
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Figure 7. Values of total SRS reflectivity (blue) calculated by using Equation (2). Red and yellow lines indicate the contributions given by non-saturated
(first term in Equation (2)) and saturated (second term in Equation (2)) speckles. The inset represents the graph in logarithmic scale.

According to the model, the overall SRS reflectivity can be
written as

Umax

uf(u)du, — (2)

Usat

(R) =& f ) dut R /

0

where the two terms express the contribution from speckles
where SRS grows in the linear or in the saturated regime,
respectively. In Equation (2), umax = Imax/ () represents
the highest intensity achieved in the speckle ensemble,
while ug; = golog (Rsat/€) = (20 —logRsy) /g0 represents
the intensity for which saturation occurs.

As shown in Figure 7, the SRS backscattering is strongly
dominated by the high-intensity tail of speckle distribution,
that is, by the second term in Equation (2). By considering
the simplified probability density f(i) = e~ for the speckle
peak intensities (see Refs. [38, 41]) and a saturation value of
Rsa¢ = 0.4, the contribution from saturated speckles becomes
dominant already for values gg > 2. At go = 2 the speckles
with u > 6 contribute mostly to the backscattering, which is,
however, not yet saturated. For go = 5 already the speckle
population with u > 4 dominates, yielding already 10%
backscatter.

The practical expression for the convective SRS gain g for
the scattered light intensity, is given by!>°!

2
s 2 Ly (kepw/2K

g= 76 [16 0 \% ( P / 0)

0.527pm/ 100 pm  kg/ko

) 3)

with Ay denoting the laser wavelength, Ly the density
gradient length, I;s the laser beam average intensity in
units of 10'® W/ecm? and ko, k, and kepw being the wave
numbers of the laser light, the scattered light and the
plasma wave, respectively, with ks/ko = (1— 2@)1/ 2

kepw/ko = (1 — n/nc)l/2 + (l — 2«/n/nc)1/2 for backscatter.

In the shots where only the interaction beam was used,
relying on the nominal laser intensity and on the density
scalelength Ly =~ 30 pm given by hydrodynamic simula-
tions, we obtain a Rosenbluth gain g &~ 2.5, depending on the
density, that is, well below the SRS threshold, usually taken
as gm = 27. Applying the multispeckle model introduced
above results in a reflectivity of the order of 0.1%, which
is below the detection threshold of SRS in our experimental
setup (Ry, =~ 0.5%). This explains the lack of SRS detection
in these shots.

When heating beams are used, the density scalelength
Ly increases with the delay time At between heating and
interaction beams, ranging from 150 to 450 pum. By taking
Ly =400 pm at n./n. = 0.05, the gain obtained for /i = 1
is very high, g >~ 30, in a fully saturated regime. The gain
decreases, however, to g =~ 21 if we account for the local laser
intensity 7 & 7 x 10" W/cm? in the region n = 0.05n,; this
is due to the larger laser spots at large distances from the
target. Furthermore, the strong Landau damping yp of the
EPW significantly reduces the spatial growth rate, decreas-
ing as yé /vsyL, where yo and vg represent the homogeneous
SRS growth rate and the group velocity of the scattered
wave. According to classical convective theory, however,
the reduction of the spatial growth rate is compensated by
the corresponding increase of the amplification lengthl>’!,
rising as yp/k've, where «’ and v represent the spatial
derivative of the wavenumber mismatch of the three-wave
coupling and the group velocity of the EPW, respectively.
Therefore, even in a strong Landau damping regime, the
resulting total gain coincides with the undamped standard
Rosenbluth expression g = Zny% /&’ vevy|, from which Equa-
tion (3) is obtained, meaning that Landau damping does not
affect the scattered SRS light. In our conditions, however,
the extension of the amplification length is limited by the
length of the speckle /;; where SRS is driven, which implies
that the gain expressed in Equation (3) can be considered
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Figure 8. Time evolution of SRS gain calculated by using Equation (4)
for the laser beam configurations with time delay At = 0.9, 1.9 and
2.9 ns between heating and interaction beams. Dashed and solid lines
indicate the gains calculated by using the Rosenbluth theory and the

modified expression, Equation (4), respectively, accounting for Landau
damping in a speckle.

valid only when (yL/wepW) Ly < /2. If the condition is
not verified, the Rosenbluth-type amplification has to be
replaced by spatial amplification in a limited homogeneous
plasma, where the growth rate depends on the plasma wave
damping vy . By taking Ly = 400 pm, the latter condition is
verified for a damping rate y/wepw > 0.8%, which is met
for plasma densities n./n. < 0.07 at T, ~ 1 keV. Practically,
the general expression for the gain that should be applied for
spatial amplification in Equation (2) can be written as

(kepw / 2k0) ?

g=0271 A2
000 T ko

k
min {Lv, @ b l|| } , @
dyL ko

where A, Ly and [ are expressed in units of pm.

Via the latter expression we can evaluate the gain in
individual laser speckles. For Ly = 400 pm, n./n. = 0.05
and /¢ = 0.7, assuming that linear Landau damping applies,
we obtain a reduced gain in the range of g = 7—10 for plasma
temperatures 7 = 1-1.2 ke V.

It is instructive to calculate the SRS gain along the time
profile of the laser pulse by using the model described above,
applying Equation (4). In Figure 8, the time evolution of
the SRS gain at n./n. = 0.05 is reported for the cases
where the time delay At = 0.9, 1.9 and 2.9 ns. Values
of density scalelength and temperature are here taken from
hydrodynamic simulations. When At increases from 0.9 to
2.9 ns, Ly rises from 200 to 450 wm; however, since the
plasma coronal region becomes longer with time, the region
of density n./n. = 0.05 moves farther from the ablation
region, leading to a slight decrease of temperature with
At. For each delay time, the pure Rosenbluth gain, where
the amplification length is not limited by the extension of
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the speckle, is reported as a dashed curve. The real gain
(solid lines), however, is lower than this curve at some
times, where Landau damping is strong and the second term
in Equation (4) becomes dominant. For the lowest value
At = 0.9 ns, Rosenbluth gain prevails at all times — except
at times close to the laser peak — because of the steep profile
of the plasma. Differently, for the highest value At = 2.9 ns,
the Rosenbluth gain prevails only in the trailing part of the
main pulse, where the heating beams are switched off and
the plasma temperature rapidly falls, reducing the Landau
damping. Finally, in the middle case At = 1.9 ns, the gain is
strongly dominated by Landau damping at all times.

By applying the model from Equation (2) with Ry =
0.3/0.4/0.5, respectively, and integrating along the pulse
profile, the gain values plotted in Figure 8 result in an overall
reflectivity of 8%/9%/11% for At = 0.9 ns, 10%/11%/16%
for At = 19 ns and 17%/22%/27% for At = 2.9 ns.
Although the gain values from Equation (4) indicate lower
bound values, since possible effects due to non-linear Lan-
dau damping (kinetic effects) are not taken into account, the
reflectivity values that are obtained are in good agreement
with the experimental data shown in Figure 4(b), also con-
sidering the uncertainties on the plasma temperature and on
the value of Rg,. Further, Figure 8 shows that the model
qualitatively reproduces the increase of SRS duration with
At observed in the experiment (see Figure 4(d)).

5.1.2. Validation of the model and role of kinetic effects

In order to validate the model described above and to inves-
tigate the relevance of kinetic effects on the SRS growth, we
performed 2D and 3D simulations with the wave-coupling
code SIERAP® (CEA and CPHT), computing the plasma
response of an optically smoothed laser beam. Simulations
consider a linear density ramp in the range 0.02 < n./n. <
0.10, over a propagation length of several hundred wave-
lengths and several speckle lengths and concretely a sim-
ulation volume of 600 pm x 100 pm x 100 pm, along
and across the laser propagation axis, respectively. They
describe the SRS growth in an isothermal plasma from an
ensemble of about 1000 speckles for the duration of 10—
20 ps, corresponding to the peak of the laser pulse. The
modular concept of the SIERA code allows us to take
into account, or not, kinetic effects due to trapped particles
excited by high-amplitude EPWs, which result in a departure
from the Landau damping and in a detuning of the SRS
resonance condition!>*?’~*°1, In previous studies, in particu-
lar, it was shown that in inhomogeneous plasmas the spatial
amplification in speckles can be destabilized by the effect of
auto resonance due to the generation of trapped electrons,
eventually leading to higher SRS backscatter™®®>1,

While the model described in the previous section yields
already a satisfactory agreement with the experimental
results in terms of SRS backscattered energy, numerical
simulations reveal further features: (i) the spectral width of
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Figure 9. Spectra of the backscattered light from simulations with SIERA for an RPP beam at Iy = 10" W/cm? and for a density ramp 0.02 < ne/n. <

0.10, left/right subplots without/with taking into account kinetic effects.

the backscattered light is found in the window roughly in
between 650 and 750 nm, in agreement with the experiment;
(i1) SRS exhibits an overall bursty behaviour in the spectral
emission.

SIERA simulations (in agreement with the PIC simula-
tions described in the next section) show that kinetic effects
in intense speckles affect the SRS light spectrum. The exci-
tation of trapped electrons leads, in fact, to a broader SRS
spectrum and, in addition, produces a shift towards lower
EPW frequencies, and thus towards shorter wavelengths in
the scattered light, in the range of 650-700 nm, as shown
in Figure 9. The bursty behaviour in the simulations occurs
on a very short, ps time-scale, which is not resolved in the
experiment because of the 7 ps time resolution limit. The
bursts shown in Figure 9 are still a substructure of the SRS
bursts in the experiments, and they reflect the amplification
of the scattered light over the dominating density range of
SRS growth, and disruptions due to transient pump depletion
in intense speckles.

The time-average of the bursty behaviour in the multiple-
speckle simulations yields SRS reflectivity values of
(R) ~ 0.4-0.45 for both the cases with and without kinetic
effects for Iy = 10'© W/cm?; this value is in good agreement
with the model presented above by taking Ry, =~ 0.5.
Simulations show the negligibility of kinetic effects in
determining the SRS amplification at this high laser
intensity. In contrast, they reveal that kinetic effects produce
a strong boost of SRS reflectivity at lower laser intensities,
which are closer to the SRS threshold. This explains the quite
large reflectivity (R) ~ 0.3 obtained with SIERA simulations
at the much lower intensity of Iy = 3.5x 10" W/cm?.

These results also suggest that the model described in
the previous section is adequate at the high laser intensities
used in this experiment, where the role of kinetic effects on
reflectivity is marginal. For lower average beam intensity, the
situation could be different. In the model of Equation (2) we
have assumed the SRS gain from Equation (4) by evaluating

the linear Landau damping value. Our simulations, and
those in other work!>>*’!, suggest that HEs emerging from
high-amplitude EPWs in intense speckles massively modify
the distribution function of neighbouring lower intensity
speckles. In this case the local and most likely lower value
of Landau damping, as well as the EPW frequency shift
determined from the local electron distribution, needs to be
considered. The latter may favour a more vigorous onset of
SRS even in lower intensity speckles, such that our model
would underestimate the SRS reflectivity for lower average
beam intensity.

SIERA simulations with kinetic effects also depict the
evolution of the electron energy distribution function via
the EPW model used in the codel®®. The model for non-
linear EPWs is here certainly incomplete with respect to
more thorough approaches concerning particle trapping!®’!.
However, in the frame of validity of the model, it is possible
to deduce the complementary electron distribution function
F(E) = [ f(E') dE', which is shown in Figure 10; it
exhibits the form of a hot tail beyond the energy value
E. (vpn) = 5 keV corresponding to the EPW phase veloc-
ity vpn ~ 0.14c, to which a temperature Tho in the range
8-11 keV can be associated. This value is consistent with
the experimental measurements.

5.1.3. Self-focusing in intense laser speckles

In order to analyse in more detail the physics in single
intense speckles, we have also carried out simulations with
the 2D3V PIC code EMI2d of CPHT!*!=%3!,

As mentioned earlier, the optically smoothed laser beams
used in the experiments contain speckles with up to 8-10
times the average beam intensity (/) and, for the current
plasma, speckles with Iy, > 3.5(I) will be subject to self-
focusing. In these speckles, a significant density depletion is
expected to give rise to a reduction or even a suppression of
stimulated scattering in the centre of the hot spot, as shown
in Ref. [64].
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Figure 10. Complementary distribution function F’(E.) as a function (blue
line) of the electron energy E. from a typical simulation with SIERA for
an RPP beam at Iy = 10'® W/cm? and for a density ramp 0.02 < ne/ne <
0.10. The tail of the distribution evolves versus HE distribution (black line)
~ exp(—E¢/Thot) With Thor = 8 keV here, that is, in the range of the
experimentally observed values. The position of the energy corresponding
to the EPW phase velocity is indicated (dotted line at approximately 5 keV).

In the simulations carried out with the EMI2d code, we
focused on the micro-physics around an intense speckle
with voe/c = 0.1 corresponding to a peak intensity of 5 x
10" W/cm? for the conditions considered. Simulations have
been carried out in an inhomogeneous density profile with
Ly = 400 pwm around n. = 0.04n.. They evidently show
kinetic effects visible both in the frequency spectra, as mod-
elled in SIERA, and in the HE spectrum; for the mentioned
simulation with a high-intensity speckle an HE temperature
of 8 keV has been determined, with which the result from
the SIERA simulation is consistent.

EMI2d simulations were carried out with and without
mobile ions, in order to discriminate the impact of pon-
deromotive self-focusing. As expected, the self-focusing
provokes a local density depletion in the speckle, such that
both backscattering instabilities (SRS and SBS) develop
preferentially in the periphery of the speckle, but not in its
centre, as shown in Figure 11.

Here, however, a clear distinction is visible between the
actions of SBS and SRS, which is due to their different time-
scales. While SBS grows at times of the same order as the
self-focusing, SRS has a much faster growth>"-%3], allowing
the SRS to adapt very rapidly to ponderomotively induced
profile modifications. In this way, SRS (re-)establishes
rapidly in the arising filamentary structure, preferentially
in the rear of the self-focused speckle in which the plasma
density is not (yet) depleted. SRS therefore continues to con-
tribute vigorously to the backscatter process and leads even-
tually to higher backscatter rates than without self-focusing,
as already reported in previous experiments'®!. The limited
capacity of SRS mitigation by optically smoothed laser
beams was demonstrated by Fernandez et al.[®.

G. Cristoforetti et al.

Let us mention that SBS is also seen in our PIC simulations
with mobile ions, but starts from an unnaturally high noise
level because of the limited number of particles; in contrast
to SRS, however, SBS is mitigated by the ponderomotively
depleted density profile!®*].

5.2. SRS at higher densities

We have investigated the effects of filamentation driven at
low densities and of pump depletion produced by the high
SRS reflectivities (R) ~ 30%—50% obtained at the peak
pulse intensity on the beam propagation in denser regions
(n > 0.1n). We hence carried out further simulations, using
a version of SIERA that has been implemented into the hydro
code HERA¥"I, They confirmed a strong self-focusing
in more intense speckles and showed a vigorous growth
of SRS primarily in the first two or three speckle lay-
ers irradiated by the beam. Beyond this zone, as already
mentioned earlier, the formation of temporarily incoherent
filaments, due to speckles self-focusing, arises and provokes
the so-called ‘dancing filaments’*¥ and the onset of plasma-
induced smoothing!***"! further inside the plasma. This
has consequences on the LPI driven in denser regions and
explains the weak SRS observed at higher plasma density,
which is discussed in this section.

The origin and the time evolution of the weak SRS
observed at densities around 0.10n, are completely different
from those described in the previous sections. Here, SRS
appears at late times of interaction at densities around
ne = 0.13n, corresponding to kepwAp A~ 0.23, and fades
after a few hundred ps at densities around n. = 0.08n,
corresponding to kepwAp A 0.30. Scattered light is here partly
re-absorbed by collisions on its way out of the plasma, which
we estimated to amount approximately 20% re-absorption
for light originating at n. = 0.ln, and to 30% for light
originating at n, = 0.15n.. These values, however, are not
so large to support the hypothesis that SRS could be driven
at densities higher than n, = 0.13n. and not be observed
because of light re-absorption.

Looking at the longitudinal profiles of density given by
the hydro simulations (Figure 2(e)), it is evident that the
densities of interest correspond to the region of the cavity
drilled by the interaction beam. The density at the bottom
of the cavity decreases from n. ~ 0.15n, to n. =~ 0.08n. for
the times corresponding to SRS emission from higher den-
sities. This explains the temporal shift of the SRS spectrum
observed in the experiment. The strong density perturbations
observed at even larger distances from the target, and the
temporal evolution in these regions, mean that SRS cannot
be driven there.

The density in a cavity can be described by a parabolic
profile wg(x) = a)go (1 +x2/L2V), where Ly is the density
scalelength and determines the resonance length /. for SRS.
Absolute SRS can temporally grow at the minimum density
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Figure 11. Normalized transverse field strength e|Ey| /(mewoc) (upper subplot) and electron density perturbations (lower subplot) [nc (x,y) —nop (x)] /no(x)
as a function of space for a single laser speckle with peak field strength e|E>"in / (mewoc) = 0.1. The self-focusing speckle shows an elongated structure on
axis (koy =180) with a field strength higher than the initial value |Ey|m. The laser light enters from the left, x = 0. The dashed lines in both subplots indicate
the zones where SRS is amplified: the density perturbations (note that the range shown in y is reduced with respect to the upper subplot) exhibit plasma wave
oscillations in the periphery of the field hot spot, but not in the depleted zone inside. SRS-driven EPWs are in particular present at the rear on axis and in
the side wings. SBS-driven ion acoustic waves are found in the front part (PIC simulations show generally too high values).

if [.s exceeds the homogeneous growth length and if
the damping of the daughter waves can be overcome.
The bottom of the cavity represents a point of phase
inflection where the wavenumber mismatch « = ky —
ks — kepw can be expressed by «(x) = k”(0)x2/2, where
k(0) = 0 and «’(0) = 0. Here, the parabolic density profile
allows the EPWs to be trapped in the cavity and to be
described as solutions of a quantum harmonic oscillator, as
suggested by Barr et all®®l. Since the SRS homogeneous
growth rate yo = 5.7 x 10 2w, is here larger than the
separation of the frequency modes Aw =~ v./Ly ~ 9.5 x
IO_Sa)O, however, the quantized mode structure is washed
up and the classical Wentzel-Kramers-Brillouin (WKB)
approach of absolute SRS growth at a density ‘extremum’
can be applied. Here, the SRS threshold for the most unstable
mode, corresponding to the onset of the instability at the
bottom of the cavity, can be expressed by I'> > 0.15, where

2/3
I'? = v} /vevs(x”) P and k" = w§/3kepwv§L2V. In cases

where the instability growth dominates the damping of the
daughter waves, that is, yo > (/VeVs/2) (YL/Ve + Yeoll /Vs),
SRS grows in the absolute regime, while in case of non-
negligible damping SRS can still spatially grow in the
convective regime!®!.

In our case, a scalelength value Ly & 45 wm can be esti-
mated by fitting the density profile obtained from hydrosimu-

lations. According to the relation /;.s = (9V§L2Vkepw / a)g) 1/3,
reported in Ref. [70], we can estimate a value of the reso-
nance length /s = 4 wm, much shorter than the length of a
laser speckle. By considering the nominal laser intensities
at relevant times, the I'? value decreases from 0.51 to
0.31 during the times of SRS observation, due to the fall
of laser intensity at later times of interaction. The SRS
growth rate exceeds the Landau damping value of plasma
waves — dominating the collisional damping of scattered
light — when SRS is driven at n. = 0.13n; (kepwAp = 0.23),
while damping becomes stronger when the cavity becomes
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too deep (kepwAp = 0.30), halting the instability. Local values
of laser intensity can, however, be significantly different from
nominal ones: on one hand, they are strongly reduced by the
pump depletion of laser light suggested by the measured SRS
reflectivity, by the collisional absorption of laser light and
by the ‘dancing filaments’ effect, as discussed above, which
could explain the weak SRS signal observed; on the other
hand, again, intensity statistics in speckles can play a major
role in the SRS onset.

6. Summary

In the present experiment, we characterized laser interaction
with a long plasma corona with density scalelengths up
to 450 wm and intensities at Ay = 0.527 um up to 2 X
10" W/cm?, that is, close to values typical of the SI scheme
of ICF. In addition to a considerable reflection of light at
wavelengths approximately equal to Ao (15%—35%), includ-
ing a non-quantified amount of SBS backscatter, the experi-
ment showed a large SRS backscatter (4% —20%), increasing
with the scalelength of the plasma, at low plasma densities
ne ~ 0.05n., in a region prone to strong Landau damping
(kepwAp = 0.3—0.5). Occasionally, a very weak SRS signal
was measured at higher densities, while no signatures of
LPI at a quarter critical density were observed, confirming
that non-collisional coupling was driven only in the low
dense plasma corona. SRS could also be side- or near-
backscattered at angles distinct from backscattering, which
was, however, not investigated in detail in this experimental
campaign. The values of SRS reflectivity obtained with dif-
ferent plasma gradients are well reproduced by a simplified
model, accounting for the contribution given by independent
speckles, with local intensities following an exponential
distribution, and for the reduced gain due to classical Landau
damping. The model clearly shows that the reflectivity is
dominated by SRS driven in speckles in a saturated regime.
In order to investigate the micro-physics resulting in SRS
saturation into the speckles, and to evaluate the role of
kinetic effects and speckle self-focusing, simulations were
carried out by using the wave-coupling code SIERA and
the PIC code EMI2d. It was shown that SRS results in a
general bursty behaviour by transient pump depletion, which
is mainly responsible for SRS saturation. In addition, kinetic
effects result in a broadening and in a blue shift backscat-
tered light spectrum. No clear enhancement of SRS due to
the kinetic effect was, however, shown in the simulations,
which is due to the high laser intensity. PIC simulations
showed the occurrence of self-focusing in the more intense
speckles, leading to an enhancement of SRS, which is able
to rapidly adapt to the modified density profile, due to its
growth rate. Filamentation in high-intensity speckles also
suggests the occurrence of plasma-induced smoothing after a
few speckle layers, reducing the coherence of light reaching
higher density regions and explaining, along with pump
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depletion, the lack of SRS/TPD in these regions. Finally,
the experiment reveals the generation of low-energy HEs
(Thot ~ 7—12 keV). These electrons are probably produced
by a multiplicity of mechanisms, including the acceleration
in EPWs produced by SRS at low plasma densities, as
suggested by the SIERA and EMI2d PIC simulations, and
can be explained by the low phase velocity of plasma waves
in this region.

7. Conclusions

Results described in this paper confirm the importance of
speckle pattern and intensity distribution in determining
local conditions of interaction and the growth of parametric
instabilities. The long-scale plasma and the high laser inten-
sity, driving the self-focusing of speckles, produce strong
SRS amplification at low plasma densities. Even though the
higher predicted plasma temperatures of full-scale SI are
expected to enhance kinetic effects and to shift SRS outburst
at slightly higher densities, the present results suggest that
pump depletion and plasma smoothing prevent or at least
strongly decrease the impact of non-collisional LPI at a
quarter critical density, consequently limiting the generation
of electrons, with energies able to preheat the fuel capsule
being inhibited. Overall, our results suggest that a good
control of both filamentation and SRS remains a key factor
for the success of the SI scheme. Plasma smoothing induced
by filamentation could be a route to produce a beneficial
incoherence on the beam, needed to prevent the loss of laser
energy in low-density plasma regions via non-collisional
processes. However, a reduction of SRS driven in regions
where plasma smoothing is still inactive, which could be
obtained by using large bandwidth lasers, is required to avoid
the large SRS reflectivity, probably reaching 40%—50% in
the full angular range.

Appendix: Model for multiple-speckle backscatter

We consider an optically smoothed laser beam formed
by numerous speckles of equal size generated by an RPP
for which the peak intensity I, of the speckles follows a
probability distribution f (Isp). The so-called independent
speckle model*!! is based on the fact that each laser speckle
contributes incoherently to the total power (energy) of the
backscattered light from stimulated scattering processes,
such as SBS or SRS. The backscattered light flux Sgpp from
a laser beam generated by an RPP is then essentially the sum
of the contributions S; of the ny, individual speckles:

nsp

Srep = > Sj =Ry (Ip.j) Lip.j S

j=1

in which §; is expressed as the backscattered fraction 0 <R <
1 for the jth speckle with its peak intensity /g, ;. Although
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the speckle field of a finite number of speckles has statistical
fluctuations from the average probability density f (Iy,) for
each RPP realization™, once f(Iyp) is known, one can
determine the average backscattering via the integral:

Imax
Srep = (R) (I) = /0 Ry (D) If(D) dl, (6)

with (/) denoting the average speckle intensity, =

gma"lf(l)dl and with fgma‘f(l) = 1. Since (I) = I,), where I
is the envelope laser intensity of the beam, (R) corresponds
to the total reflectivity that is experimentally measured. The
intensity of the most intense speckle, Ii.x, is a function of
the number ng, of speckles in the interaction volume and can
be expressed by I/ (I) > logng, + ye (with yg >~ 0.5772)
with an important spread®!.

The response function of each speckle splits into two
regimes (i) and (ii), namely (i) for ‘lower-intensity’ speckles
with strong dependence on /g, up to the saturated regime for
which (ii) the response on the speckle intensity is only very
weak, such that Equation (6) simplifies to

Imax

Isat
R) (1) ~ / R LI A+ R / IFd. ()

Lsat

The physics of the saturated regime is simplified in this
model by the ensemble- and time-averaged saturation rate of
the backscattering, Rsy. See the discussion in the main text.

Following the classical theory formulated by Rosen-
bluth*®!, the growth of stimulated scattering in an inho-
mogeneous plasma, here SRS, can be expressed by Isgs =
Lioise €Xp(g), where the amplification gain g = Zny% /K [vevs]|
expresses the dependence on the laser intensity, via the
standard SRS growth rate y, o +/1, and on the density gra-
dient, via the spatial derivative x’ Lgl of the wavenumber
mismatch of the three-wave coupling, ¥ = ko — ks — kepw,
with Ly denoting the density scale length in the plasma.

The SRS reflectivity in a speckle of intensity I = u([),
that is, ISSI?S(u) = Ryu(l), can then be evaluated via the
amplification gain, gy, of a speckle at average intensity:

Ryp(u) = ", ®)

where & = Ioise/u (I) represents the ratio of the noise level
to the speckle intensity, whose typical value for warm plas-
mas in LPI is roughly 10~°. The speckle reflectivity Ry
saturates, due to depletion of the incoming flux or due to
non-linear effects in the plasma wave, at a level Ry, for the
speckle intensity Iy = ugy (1), which implies that the speckle
intensity for which saturation occurs, usy = g010g (Rsat/€) =
(20 —log Rsur) /80, depends on the gain go and only weakly
(logarithmically) on the saturation value Rg,. Evidently,
Rop = Rsae for u > ug (g0, logRsa). With Equation (8) in

Equation (7), one obtains

Umax

uf(u) du, €))

Usat
(R) = e/ ue"f (u) du—i—Rsat/
0

in which wup,y, corresponding to the most intense speckle,
is much greater than unity for ng, >1000; in practice, this
suggests using um,x — 0o in Equation (9).
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