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We report results and modelling of an experiment performed at the TAW Vulcan laser facility,
aimed at investigating laser-plasma interaction in conditions which are of interest for the Shock Igni-
tion scheme to Inertial Confinement Fusion, i.e. laser intensity higher than 1016 W/cm2 impinging
on a hot (T > 1 keV), inhomogeneous and long scalelength preformed plasma. Measurements show
a significant SRS backscattering (∼ 4 − 20% of laser energy) driven at low plasma densities and
no signatures of 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 gets 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), well reproduced by numerical simulations.

INTRODUCTION

A very recent experiment[1] at the Lawrence
Livermore National Laboratory (LLNL) National
Ignition Facility (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 they are the threshold of
fusion ignition. The above experiment was con-
ducted using the indirect-drive (ID) approach[2].
However, the direct-drive (DD) approach[3] may
have advantages with respect to ID [4, 5].

First, 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 Trans-
fer(CBET)) and suprathermal or hot electrons (HE), on
one side, and a non uniform X-ray irradiation of the
capsule, on the other. A symmetric irradiation scheme

appears therefore a necessary precondition for reduc-
ing long-scale implosion asymmetries and for achieving
a higher control of laser plasma interaction.

Among the DD schemes, Shock Ignition (SI), proposed
by Betti [6], is presently one of the most promising, and
is therefore investigated in many recent works. Here,
the fuel is ignited by a strong shock driven by an in-
tense laser spike (∼ 1016 W/cm2) at the end of the com-
pression phase. The main advantages of the SI scheme
are the lower implosion velocity during the compression
stage, strongly reducing the risk of Rayleigh Taylor in-
stabilities, and the higher gain, enabling the ignition at
moderate laser energies, already available in facilities like
the NIF and Laser Megajoule (LMJ) [7, 8]. On the
other hand, the interaction of the laser spike with the
long scalelength plasma corona surrounding the precom-
pressed pellet - at intensities which are an order of mag-
nitude higher than those envisaged in the classical DD
scheme - results in an outburst of parametric instabili-
ties, driven in a strongly non-linear regime that is not yet
fully understood. While the success of the original DD
scheme requires a good comprehension and a full control
of Stimulated Brillouin Scattering (SBS) and Two Plas-
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mon Decay (TPD) instabilities, Shock Ignition scheme
makes the scenario more tricky, involving also the onset
of Stimulated Raman Scattering (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 com-
petition between instabilities driven in different plasma
regions, i.e. by pump-depletion mechanisms, but also
between instabilities driven in the same region, due to
their different growth rates or damping. The non lin-
ear character of Laser-Plasma Interactions (LPI), on the
other hand, involves the modification of the dispersion
relation for plasma waves which are sufficiently intense,
for example due to the electron trapping in the electron
plasma waves (EPW), resulting in a shift of the plasma
frequencies and in the consequent change of the instabil-
ity 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
HE, which propagate through the compressed 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 Shock
Ignition - i.e. laser intensities in the range 1015 − 1016

W/cm2, with wavelenght in the UV range, impinging on
plasmas of a few keV temperature and of a few hundreds
of microns density scalelength - have been reported [9–
17]. None of them, however, could meet all of these
conditions simultaneously, because of laser energy limi-
tations in the available laser facilities. Results obtained
in OMEGA, LULI and PALS facilities [9–13] suggested
that SBS could be responsible for a large amount of scat-
tered energy, with values reaching a few tens of per-
cent of the laser incident energy. Experiments also re-
veal the onset of SRS and TPD, but their relevance
is strongly dependent on experimental conditions and
their relative contribution is therefore more uncertain
[9–12, 14, 15, 17, 18]. The onset of TPD, driven at
densities close to the quarter critical density, is usually
observed via detection of ω0/2 and 3/2 ω0 harmonics
emission in the light scattered spectra, produced by the
non linear coupling of incident laser light with EPWs
driven by TPD [11, 12, 19]. Its quantification is ex-
perimentally tricky as well as the determination of the
amount and of the energy of the HE accelerated by the
related plasma waves. However, while TPD is dominant
in the traditional DD scheme, 2D PIC simulations sug-
gest that its relevance could fall in SI conditions, because
of SRS competition [20, 21]. Here, absolute SRS could

prevail on TPD at densities close to the quarter critical
density because of the higher growth rate, due to the de-
pendence on the plasma temperature, while convective
SRS at lower densities could also damp the TPD growth
by pump depletion mechanisms. Recent experiments at
PALS carried out with 1ω irradiation at ≈ 1016 W/cm2

suggest that TPD is driven at early times, 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 [11]. In typical exploding-foil experiments, in
fact, SRS is driven at later times of interaction, when
the plasma scalelength has become sufficiently large, and
is convectively amplified at densities well below the quar-
ter critical density, close to the Landau damping cutoff
determined by the plasma temperature (kepwλD ≈ 0.3)
[11, 12]. Very few experiments [13, 22, 23], however,
explored LPI at laser intensities close to 1016 W/cm2 to-
gether with plasma density scalelength higher than 200
µm, 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 kepwλD > 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 EPW, which af-
fects its dispersion relation[24–27], resulting in a reduced
damping of the EPWs and/or in a shift of the resonance
conditions [28–32]. A correct comprehension of this pro-
cess is particularly relevant for SI, since EPWs driven at
low densities are expected to generate very low energy
HE (≤ 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 ∼ 1016 W/cm2 on a
long pre-formed plasma, reaching a gradient scalelength
of ∼ 400 µm. Experimental results, showing the onset
of SRS in strongly kinetic regime (kepwλD = 0.3 − 0.5),
are presented and discussed also in view of analytical and
Particle In Cell simulations.

EXPERIMENTAL SET-UP

The experiment was carried out at the Vulcan Laser
in the Target Area West (TAW), at the Rutherford Ap-
pleton Laboratory. Four heating beams (E = 250 J,
λ = 1.053 µm, τ = 2.9 ns) were focussed on a multilayer
foil target by an f#/11 optics to a FWHM = 570×800
µm2 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 · 1013
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FIG. 1. Top, pinhole camera images of hard X-ray emission
from plasmas induced by the heating pulses, by the inter-
action pulse and by all the beams. Middle, sketch of the
beam configuration in the vertical plane and target struc-
ture. Bottom-left, timing of the laser beams (relative in-
tensity is arbitrary). Bottom-right, image plates signal, ob-
tained in calibration shot on a copper targets, acquired by
the Bremsstrahlung Cannon looking at the rear side of the
target; the intensity is proportional to PhotoStimulated Lu-
minescence (PSL).

W/cm2, well below the threshold for the onset of para-
metric instabilities. The beams, smoothed by Random
Phase Plates (RPP), were set at ±7◦ and ±25◦ to the
horizontal and vertical axes, respectively.

The interaction beam (Emax = 100 J, λ = 527 nm,
τ = 700 ps), smoothed by a RPP, was focussed normally
(relative to the original target plane) on the preformed
plasma by a f#/2.5 lens to a FWHM ≈ 24 × 31 µm2

spot. The superposition of heating and interaction beams
could be checked a posteriori by a pinhole camera imag-
ing of X-ray emission, filtered by a 6.5 µm Al foil, as
shown in Fig.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 (1 − 2) · 1016 W/cm2. Because of the long
scalelength preformed plasma (see hydrosimulations be-
low) we varied the focal position ∆xfoc of the interaction
beam with respect to the original target surface position
in the range from −250 µm to +50 µm, where the neg-
ative sign indicates that the laser waist is located before

the target. The time delay ∆τ between the rise front of
the heating pulses and the peak of the interaction pulse
(see Fig.1) was varied from 0.6 ns 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 µm layer of PVDC
(C2H2Cl2)n, mimicking the low-density ablation layer of
an ICF capsule, over which a 100 nm thin film of alu-
minum was deposited to prevent the laser light to pen-
etrate 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
0 (no layer) and 100 µm was located after PVDC and was
followed by a 10 µm Cu tracer layer for detecting HE
via Kα spectroscopy. Different values of Mylar thickness
were used with the aim of controlling the amount of HE
reaching the Cu layer to investigate their energy. A final
15 µm Mylar was located after the Cu tracer layer, with
the scope of reducing the effect of HE refluxing on the
Kα intensity.

Two high resolution X-ray spectroscopic diagnostics
combining spectral and one-dimensional spatial resolu-
tion have been implemented. The Cu Kα line emission
was studied using an X-ray spectrometer equipped with
a quartz (233) crystal, spherically bent to a radius of 150
mm, and protected by kapton (13 µm) and mylar (10 µm)
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 Å to 1.62 Å, with a spatial demagnifica-
tion of 0.34. Spectra were recorded using imaging plates
BAS-MS (IP) and digitized by a Fuji scanner at a pixel
size of 50×50 µm2. The macroscopic parameters of the
plasma corona were studied via analysis of H- and He-
like Cl spectra emitted from the PVCD coating. The
second spectrometer was equipped with a spherical mica
crystal with the bending radius of 150 mm, protected
by 13-µm-thick kapton foil. The instrument covered the
spectral ranges from 4.16 Å to 4.53 Å and from 3.33 Å
to 3.63 Å, diffracted in the 4th and 5th diffraction or-
der, respectively and was set to look at the target at an
angle of 17.5◦± 0.5◦ vs the target surface. The spectra
were again recorded on BAS-MS IP, digitized and cor-
rected with respect to the wavelength dependent crystal
reflectivity and filter transmission. The wavelength cal-
ibration was based on the ray-traced dispersion relation
and tabulated wavelengths of the dominant X-ray lines.

In addition to Kα detection, HE were also charac-
terized by measuring the Bremsstrahlung X-ray emis-
sion by means of two spectrometer ”cannons”, looking
at the front (BSC-1) and at rear (BSC-2) sides of the
target at angles of 45◦ to their respective normal axes.
Bremsstrahlung cannons 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 images
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plates (IPs) as detectors [33]. 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 Fig.1.

Laser-Plasma Instabilities were investigated by means
of calorimetry and time-resolved spectroscopy of light
backscattered in the cone of the focussing optics of the
interaction beam. Light was collected behind the last
turning 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 scat-
tered by SRS (ω < 0.8ω0) and wavelengths close to
λ = 527 nm including SBS and laser backscattering
(0.8ω0 < ω < 1.5ω0). The measured energy, combined
to an accurate measurement of the spectral transmis-
sivity of the optical line, yielded the plasma reflectivity
in these spectral ranges. Time-resolved spectrometers
(∆tmin ≈ 7 ps), consisting of monochromators (Acton
SP2300i) coupled to fast Streak cameras (Hamamatsu
C7700 and C5680), were devoted to measure the scat-
tered light in the whole spectral range going from ω0/2 to
3/2 ω0, including both SRS and half-harmonics derived
from the coupling of laser light with EPWs driven by
TPD. The two spectrometers were equipped with grat-
ings of 300 l/mm and 600 l/mm and were coupled to
512x512 and 1280x1024 pixels CCD, resulting in spec-
tral ranges of ∼ 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.

INTERACTION CONDITIONS

The interaction conditions of the main laser pulse with
the plasma corona were modeled by using the DUED[34]
hydrodynamic code. 2D maps of density and tempera-
ture were simulated for the cases when no heating beams
were used and when the main beam was delayed by
∆τ = [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 ≈ 0.2 nc (Fig.2c), resulting in a density scalelength
L∇ = n/(dn/dx) ≈ 90 µm at lower densities and L∇ ≈
25 µm for higher densities. The region around n = 0.2
nc absorbs most of the laser energy and therefore shows
the maximum of plasma temperature, which rapidly falls
in more rarefied regions of the plasma.

When heating beams are used, the main pulse impinges
on a long preformed plasma corona with a density scale-
length of several hundreds of µm, increasing with the
time delay ∆τ between the beams. Values of L∇ ≈ 380
µm and L∇ ≈ 300 µm for a delay ∆τ = 1.6 ns, and of

FIG. 2. Density and temperature profiles obtained from hy-
drodynamic 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 case of delay time
∆τ = 2.9 ns; (b) longitudinal profiles of electron density at
different times of interaction in case of delay time ∆τ = 2.9
ns; (c) longitudinal profiles of electron density and tempera-
ture taken at the peak of the interaction pulse for delay times
∆τ = 1.6 ns (blue lines), ∆τ = 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.

L∇ ≈ 450 µm and L∇ ≈ 275 µm for a delay ∆τ = 2.9
ns, are obtained at densites n = 0.04 nc and n = 0.1 nc,
respectively. The intense beam heats the plasma along
its path, digging a hot low-density channel with a trans-
verse size of the order of the laser waist, as shown in
Figs.2a and 2d. The channel is weakly visible in the
rarefied regions, but becomes deeper at densities larger
than n = 0.15 nc. The strong absorption of laser light
at n > 0.15 nc produces a hot rarefied plasma bubble,
digging progressively a dip in the longitudinal profile of
electron density and producing a steepening at densities
n > 0.2 nc (Fig.2e). The bubble propagates toward lower
densities at successive times, producing a modulation in
the density profile, down to n ≈ 0.1 nc. This strongly af-
fects the interaction conditions of the main pulse at den-
sities higher than n ≈ 0.1 nc, which are self-consistently
determined by the main beam itself.
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FIG. 3. X-ray spectrum of K-shell Chlorine emission from
H- and He-like atoms. The measured spectrum includes the
contributions of the 4th and of the 5th diffraction order of the
crystal.

In contrast, the interaction conditions at densities
lower than n ≈ 0.1 nc are mainly determined by the
heating beams, and are characterized by a plasma with
a temperature of ∼ 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 re-
gions of the plume. A typical spectral lineout, referring
to the K-shell emission from H- and He-like dopant Cl
atoms at 800 µm from the target surface, is shown in
Fig.3. It includes well resolved lines in spectral ranges
3.3-3.7 Å and 4.1-4.6 Å, given by the 5th and by the
4th crystallographic orders, respectively. Temperature is
here obtained by the ratio of Lyβ and Heδ lines[35], after
a comparison with synthetic spectra calculated with the
PrismSpect code[36]. In the region of interest for para-
metric instabilities, i.e. in the range 0.03 − 0.12 nc, the
temperature retrieved by Cl X-ray spectra is ≈ 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 spec-
tral 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 en-
ergy scattered by parametric instabilities, could also pro-
duce an overestimation of the plasma temperature.

Local conditions of interaction, i.e. plasma temper-
ature 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 den-
sity/temperature perturbation size of the order of the
speckle size l⊥ = 1.2λf# = 1.6µm, where f# = 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 = κg · l‖, where κg and l‖ are the spatial gr-
woth rate and the speckle length, respectively, is less than
unity [37]. By considering a gaussian-shaped speckle, its
length l‖ can be estimated by integrating along the x lon-

gitudinal direction, l‖ '
∫∞
−∞ dx/[1 + (x/LR)2] = πLR,

where LR ≈ 2.8f2#λ0 is its Rayleigh length [38], obtaining
l‖ ' 29 µm. According to the local conditions described
above, the critical power for ponderomotive self focusing
is 930 MW, 360 MW and 280 MW at n = 0.04, 0.1 and
0.25 nc, respectively. These values are larger than the av-
erage power in a speckle, which is ≈ 250 MW, suggesting
that self focussing is driven only in most intense speck-
les. At densities around n = 0.04 nc, which are relevant
for the present experiment (see below), self focussing is
driven in speckles with intensities I > 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
transport[39, 40]; this follows from the fact that the elec-
tron mean free path λe ≈ 20 µm is here much longer than
the temperature perturbation size, l⊥ ∼ 1.6 µm, result-
ing in a reduced capability to dissipate the temperature
gradients. Considering the experimental conditions, we
estimate a number of speckles of ∼ 16000 in the focal
volume; assuming an exponential intensity distribution
as given by RPP smoothing model [41], this implies that
intensities up to 8-10 〈I〉 are reached in the most intense
speckles.

The validity of the above estimation can be corrobo-
rated by calculating the spatial growth rate κg of fila-
mentation, including ponderomotive effects and thermal
correction, and the net growth in a speckle length l‖.
According to [39], κg = 0.17 µm−1 in a speckle with
I = 3.5〈I〉, which implies that κg · l‖ > 1, i.e. that
the instability can significantly grow into the length of a
speckle.

EXPERIMENTAL RESULTS

Laser Plasma Instabilities

Light backscattered at λ ≈ 527 nm consisted of
15 − 35 % of laser energy, with no clear dependence, in
the explored range, on laser intensity or time delay be-
tween heating and interaction beams; this value fell to
7 − 8 % when the heating beams were not used. It is
worth to remark that the spectral resolution of the di-
agnostics did not allow 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
beam were used. The former result suggests that no spu-
rious signal produced by the heating beams affects the
calorimetric measurements in shots with both heating
and interaction beams. The latter observation can be
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FIG. 4. Experimental results. a) SRS reflectivity versus laser
intensity for a set of selected data with fixed values of ∆τ =
3.2 ns and ∆xfoc = −150 µm; b) SRS reflectivity versus
the delay time ∆τ between heating and interaction beams; c)
Typical SRS spectrum. d) Time profile of SRS light in shots
with different delay time ∆τ . In subplot a) error bars of 20%
have also been reported for reference.

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 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 vary-
ing in the range 4−20 % of the interaction beam energy;
taking into account the effective duration of SRS
shown in Fig.4d, SRS backscatter fluxes rise 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 ∆xfoc and on the time
delay ∆τ between heating and interaction laser pulses.
The dependence on laser intensity is shown in Fig.4a,
where an homogeneous set of shots with fixed values of
∆τ = 3.2 ns and ∆xfoc = −150 µm is selected. The
effect of ∆τ can be observed in Fig.4b, where however
a large variability of the SRS energy is visible for each
time delay, due to the included range of laser intensi-
ties 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 Fig.4b can be
ascribed to the progressive larger value of the density
scalelength with the time delay, as shown in Fig.2c, and
is a clear hint that SRS growth has a convective char-
acter; the trend may also be affected by the progressive
reduction of plasma temperature in the region of interest,
and therefore of Landau damping of EPW, with the time
delay, as also visible in Fig.2c.

FIG. 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 image allowed to determine the absolute
timing of the interaction laser peak. Left and right panels
show the SRS spectra scattered at low and high plasma den-
sities, respectively. The dashed line shows the spectral shift
of SRS scattered light with time at densities around 0.1 nc.

Detailed information about the timing of paramet-
ric instabilities and the plasma density where they are
driven can be inferred by time-resolved spectroscopy of
backscattered light. In none of the laser shots, a clear
ω0/2 or 3/2 ω0 signal was detected, although differ-
ent gratings, filtering and timing configurations were at-
tempted. The absence of half-harmonics suggests that
TPD and absolute SRS are here not driven, differently
from other experiments carried out at similar laser in-
tensities. Time-resolved SRS spectra were detected in
all the shots where both heating and interaction beams
were used. A typical spectrum is shown in Fig.5. The
strongest signal was detected in the spectral region rang-
ing from 680 nm to 730 nm, as shown in Fig.4c, corre-
sponding to a plasma density spanning from 0.03 to 0.07
nc. Measurements show that emission in this spectral
region is not affected by the laser intensity nor by the
time delay ∆τ , and also clearly show that SRS is driven
in successive bursts. As visible in Fig.5, in each burst
SRS light is emitted at the same time (within time res-
olution of the spectrometer of 7 ps) in a large spectral
region, going from 680 nm to 730 nm, approximately,
corresponding to the full 0.03-0.07 nc 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
conditions, as determined by the heating beams, namely
the temperature and density profiles in regions n < 0.1
nc, are not affected significantly by the interaction beam
as expected from hydrodynamic simulations. The SRS
signal is approximately peaked 0-100 ps after the laser
peak and its duration increases with the delay ∆τ , as
shown in Fig.4d.
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FIG. 6. a) Synthetic Bremsstrahlung X-ray emission spectra
obtained by HE populations of different Thot temperatures,
resulting from Geant4 simulations. b) Typical heat map of χ2

for different (Thot,Ehot) combinations; the gray line represents
the locus of minimum chi squared, while the projections on
the axes show that the optimal fit consists of Thot = 12 keV
and Ehot = 2 J.

In a few shots, an additional SRS signal is observed at
wavelengths larger than 780 nm, as shown in the right
image of Fig.5. This signal is much weaker than that ob-
served at lower wavelengths, and consists at maximum
of a few percents of the main SRS reflectivity. Here
SRS begins ∼200-300 ps after the laser peak and lasts
for a few hundreds picoseconds. This signal is peaked
at wavelengths moving with time from λ ≈870 nm to
λ ≈780 nm; accounting for Bohm-Gross dispersion rela-
tion, this implies that SRS here progressively shifts from
ne/nc ≈ 0.13 to ne/nc ≈ 0.08. As shown in Fig.2b, 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.

Hot Electrons

Energy and amount of HE were here retrieved by the
Bremsstrahlung Cannons measurements (BSC). All Im-
age Plates were scanned after ∼20 minutes from expo-
sure 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 5-6
IPs, despite the adoption of several filtering configura-
tions 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 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 linear background terms, were used to fit
both signal and background regions. The extracted data
were fitted by synthetic signals produced with a combi-
nations of a Geant4[43] simulations for both the detector
response and bremsstrahlung emission from hot electron
propagating through a cold, unexpanded multilayer tar-
get, as shown in Fig.6a. The injected electrons had a
Maxwellian distribution of the form

f(E, Thot) =
2
√
E

√
πT

3/2
hot

exp (−E/Thot), (1)

with the hot electron temperature Thot ranging from 6 to
20 keV.

A residual sum minimisation analysis between exper-
imental and synthetic signals was carried out by vary-
ing both the electron temperature Thot and their total
energy Ehot = 3/2 NHEThot, where NHE is the total
HE number. A typical heat map of the value of χ2 for
each (Thot,Ehot) combination is reported in Fig.6b, with
the dark blue representing the lowest values and thus the
best fitting. The projection of χ2 along the blue curve for
each individual parameter allows to visualize the optimal
(Thot,Ehot) combination and to determine its uncertainty.

The results obtained for both cannons revealed tem-
peratures in the range 7-12 keV with an uncertainty of
∼ 20−30%. Total HE energy was spanning from 1 J to 7
J, corresponding to values of energy conversion efficiency
of ∼ 1− 4%.

A low value of the HE temperature is in agreement
with the results obtained by Cu Kα 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 in Continuous Slow-
ing Down Approximation (CSDA), is in fact ∼ 2 µm,
much smaller than the thinnest layer of plastic used in
the targets before the Cu tracer layer. No clear corre-
lation was found between the energy and the tempera-
ture 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 interac-
tion beams were fired and for the shots where only the
main beam was fired. These results suggest that multi-
ple 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.
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DISCUSSION

Experimental results show that LPI occurs far from
the critical density region, where SRS is predominantly
driven at density n ≈ 0.04 nc, a weak SRS is occasion-
ally measured at densities close to 0.10 nc and no in-
stabilities taking place at the quarter critical density are
observed. These features can be produced by the con-
currence 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 which
is backreflected (and a corresponding amount of energy
which 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 in-
tensity 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 ≈ 30 µm, the dy-
namics of self focusing will inevitably lead to a spatial
but also temporal incoherence further inside the plasma,
practically after a two speckle layer. This process, pro-
voking the so-called ”dancing filaments” [44], leads to
plasma-induced smoothing[45–47] that is known to pre-
vent or strongly reduce the onset of SRS at higher den-
sities in the plasma profile. Finally, according to hydro-
dynamic simulations, a significant collisional absorption
is expected in the region of densities 0.15− 0.20 nc. The
absence of 3/2 ω0 emission could be therefore explained
by the lower amount of laser light reaching the quarter
critical density region, by the reduced coeherence of the
beam, as well as by the local conditions in the nc/4 re-
gion. According to hydrosimulations, in fact, the plasma
temperature at nc/4 is as high as 3-4 keV and the den-
sity profile is significantly steep, as shown in Fig.2e, both
these features resulting in a rise of the TPD threshold to
ITPD ≈ 3 · 1015 W/cm2.

SRS at low densities

SRS is mainly driven in the electron density range,
ne, between 0.03 nc and 0.07 nc, giving rise to Electron
Plasma Wave (EPW) frequencies ωepw= (0.22. . . 0.29)ω0

and wave numbers kepw=(1.75. . . 1.63)ω0/c, respectively.
By considering electron temperatures in the range of
1. . . 1.2 keV in the region of interest, the resulting De-
bye length values, λD = (0.3 . . . 0.5)/kepw, indicate that
EPWs should be under the influence of strong linear Lan-
dau damping.

In order to depict the physics of Stimulated Raman
Scattering in the conditions of interest, in the next sec-
tions we try to disentangle various issues affecting the

plasma response, tackling progressively (i) the effect of
beam smoothing with the RPP, (ii) the relevance of ki-
netic effects and finally (iii) the role of the filamentation.

Beam smoothing and role of laser speckles

In order to account for the SRS driven in a multi-
speckles focal volume, as produced by the Random Phase
Plate, we consider a simplified model consisting of SRS
growth in independent laser speckles. The model, de-
scribed in detail in the Appendix, assumes that each
laser speckle contributes incoherently to the backscat-
tered light from SRS, according to its local intensity Isp,
where laser intensities of the speckles follow a proba-
bility distribution f(u = Isp/〈I〉). SRS reflectivity is
here calculated in each speckle according to the classi-
cal theory formulated by Rosenbluth[48] for a convective
growth in an inhomogeneous plasma, i.e. neglecting ki-
netic effects on the laser plasma coupling, and expressed
by Rsp(u) = ε eg0u; here, ε = Inoise/u〈I〉 stands for the
ratio of the noise level to the speckle intensity, whose
typical value for warm plasmas in laser plasma inter-
action is roughly 10−9 and g0 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 Rsat. The physics of the saturated
regime can be very complex because of the concomitance
of numerous non linear effects in intense speckles. Satu-
ration can be produced by the depletion of the incident
flux into the speckle, or by non linear processes in the
coupling process[29, 32, 49–54], strongly limiting the am-
plitude of the plasma wave responsible for the laser light
scattering. In our model, Rsat denotes, for simplicity,
a time-average value, smoothing a possible bursty SRS
behaviour[55]. According to previous experimental and
simulation results, it can be estimated of the order of
0.4− 0.5.

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

〈R〉 = ε

∫ usat

0

u eg0uf(u) du+Rsat

∫ umax

usat

u f(u) du, (2)

where the two terms express the contribution from speck-
les where SRS grows in the linear or in the saturated
regime, respectively. In Eq.(2), umax = Imax/〈I〉 rep-
resents the highest intensity achieved in the speckle en-
semble, while usat = g0 log(Rsat/ε) ' (20 − logRsat)/g0
represents the intensity for which saturation occurs.

As shown in Fig.(7), the SRS backscattering is strongly
dominated by the high intensity tail of speckle distri-
bution, i.e. by the second term in Eq.(2). By consid-
ering the simplified probability density f(u) = e−u for
the speckle peak intensities (see [38, 41]) and a satura-
tion value of Rsat = 0.4, the contribution from saturated
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FIG. 7. Values of total SRS reflectivity (blue) calculated by
using Eq.(2). Red and Yellow lines indicate the contributions
given by non saturated (first term in Eq.(2)) and saturated
(second term in Eq.(2)) speckles. The inset represents the
graph in Logaritmic scale.

speckles becomes dominant already for values g0 > 2.
At g0 = 2 the speckles with u > 6 contribute mostly to
the backscattering, which is however, not yet saturated.
For g0 = 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[56]

g = 7.6 I16

(
λ0

0.527µm

)2
L∇

100µm

(kepw/2k0)2

ks/k0
, (3)

with λ0 denoting the laser wavelength, L∇ the density
gradient length, I16 the laser beam average intensity in
units of 1016 W/cm2, and k0, ks, and kepw are the wave
numbers of the laser light, the scattered light, and the
plasma wave, with ks/k0 = (1−2

√
ne/nc)

1/2, kepw/k0 =

(1− n/nc)1/2 + (1− 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 L∇ ≈ 30 µm given by hydrodynamic simula-
tions, we obtain a Rosenbluth gain g ≈ 2.5, depending
on the density, i.e. well below the SRS threshold, usually
taken as gth = 2π. Applying the multispeckle model in-
troduced above, it results in a reflectivity of the order of
0.1 %, which is below the detection threshold of SRS in
our experimental setup (Rth ≈ 0.5%). This explains the
lack of SRS detection in these shots.

When heating beams are used, the density scalelength
L∇ increases with the delay time ∆τ between heating and
interaction beams, ranging from 150 µm to 450 µm. By
taking L∇ = 400 µm at ne/nc = 0.05, the gain obtained
for I16 = 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 I ≈ 7 · 1015 W/cm2

in the region n = 0.05 nc; this is due to the larger laser
spot at large distances from the target. Furthermore,

the strong Landau damping γL of the EPW significantly
reduces the spatial growth rate, decreasing as γ20/νsγL,
where γ0 and νs represent the homogeneous SRS growth
rate and the group velocity of the scattered wave. Ac-
cording to classical convective theory, however, the re-
duction of the spatial growth rate is compensated by the
corresponding increase of the amplification length[57],
rising as γL/κ

′νe, where κ′ and νe represent the spatial
derivative of the wavenumber mismatch of the 3-wave
coupling and the group velocity of the EPW, respec-
tively. Therefore, even in strong Landau damping regime,
the resulting total gain coincides with the undamped
standard Rosenbluth expression g = 2πγ20/κ

′|νeνs|, from
which Eq.(3) is obtained, meaning that Landau damping
does not affect the scattered SRS light. In our condi-
tions, however, the extension of the amplification length
is limited by the length of the speckle l‖ where SRS is
driven, which implies that the gain expressed in Eq.(3)
can be considered valid only when (γL/ωepw)L∇ < l‖/2.
If the condition is not verified, the Rosenbluth-type am-
plification has to be replaced by spatial amplification in
a limited homogeneous plasma, where the growth rate
depends on the plasma wave damping γL. By taking
L∇ = 400 µm, the latter condition is verified for a damp-
ing rate γL/ωepw > 0.8% which is met for plasma densi-
ties ne/nc < 0.07 at Te ∼ 1 keV. Practically, the general
expression for the gain that should be applied for spatial
amplification in Eq. (2) can be written as

g = 0.27 I16 λ
2
0

(kepw/2k0)2

ks/k0
min{L∇ ,

ωepw
4γL

kepw
k0

l‖}

(4)
where λ0, L∇, and l‖ are expressed in units of µm.

Via the latter expression we can evaluate the gain in
individual laser speckles. For L∇ = 400 µm, ne/nc =
0.05 and I16 = 0.7, assuming that linear Landau damping
applies, we obtain a reduced gain in the range g = 7−10
for plasma temperatures T = 1 - 1.2 keV.

It is instructive to calculate the SRS gain along the
time profile of the laser pulse by using the model de-
scribed above, applying Eq.(4). In Fig. (8), the time
evolution of the SRS gain at ne/nc = 0.05 is reported
for the cases where the time delay ∆τ = 0.9, 1.9 and 2.9
ns. Values of density scalelength and temperature are
here taken from hydrodynamic simulations. When ∆τ
increases from 0.9 ns to 2.9 ns, L∇ rises from 200 µm
to 450 µm; however, since the plasma coronal region be-
comes longer with time, the region of density ne/nc =
0.05 moves farther from the ablation region, leading to a
slight decrease of temperature with ∆τ . For each delay
time, the pure Rosenbluth gain, where the amplification
length is not limited by the extension of 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 Eq.(4)
becomes dominant. For the lowest value ∆τ = 0.9 ns,
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FIG. 8. Time Evolution of SRS gain calculated by using
Eq.(4) for the laser beam configurations with time delay ∆τ =
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 Eq.(4) ac-
counting for Landau damping into a speckle, respectively.

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 ∆τ = 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 ∆τ = 1.9
ns, the gain is strongly dominated by Landau damping
at all times.

By applying the model from Eq.(2) with Rsat = 0.3
/ 0.4 / 0.5, respectively, and integrating along the pulse
profile, the gain values plotted in Fig.(8) result in an
overall reflectivity of 8% / 9% / 11% for ∆τ = 0.9 ns,
10% / 11% / 16% for ∆τ = 1.9 ns, and 17% / 22% /
27% for ∆τ = 2.9 ns. Although the gain values from
Eq.(4) indicate lower bound values, since possible effects
due to non linear Landau damping (kinetic effects) are
not taken into account, the reflectivity values which are
obtained are in a good agreement with the experimental
data shown in Fig.4b, also considering the uncertainties
on the plasma temperature and on the value of Rsat.
Further, Fig.(8) shows that the model qualitatively re-
produces the increase of SRS duration with ∆τ observed
in the experiment (see Fig.4d).

Validation of the model and role of kinetic effects

In order to validate the model described above and
to investigate the relevance of kinetic effects on the SRS
growth, we have performed 2D and 3D simulations with
the wave-coupling code SIERA[58] (CEA and CPHT),
computing the plasma response of an optically smoothed

laser beam. Simulations consider a linear density ramp
in the range 0.02 ≤ ne/nc ≤ 0.10, over a propagation
length of several hundred wavelengths and several speckle
lengths, concretely a simulation volume of 600 x 100 x 100
µm3, along and across the laser propagation axis, respec-
tively. 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 al-
lows 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[24–
27, 29]. In previous studies, in particular, it was shown
that in inhomogeneous plasmas the spatial amplification
in speckles can be destabilized by the effect of auto res-
onance due to the generation of trapped electrons, even-
tually leading to higher SRS backscatter[58, 59].

While the model described in the previous section
yields already a satisfactory agreement with the experi-
mental results in terms of SRS backscattered energy, nu-
merical simulations reveal further features: (i), the spec-
tral width of the backscattered light is found in the win-
dow roughly in between 650 nm and 750 nm, in agree-
ment with the experiment; (ii) SRS exhibits an overall
bursty behaviour in the spectral emission.

SIERA simulations (in agreement with the PIC simu-
lations described in the next section) show that kinetic
effects in intense speckles affects the SRS light spectrum.
The excitation of trapped electrons leads in fact to a
broader SRS spectrum and, in addition, produces a shift
towards lower EPW frequencies, thus towards shorter
wavelengths in the scattered light, in the range 650-700
nm, as shown in Fig. 9. The bursty behaviour in the
simulations occurs on a very short, ps-time scale, which
is not being resolved in the experiment because of
the 7 ps time resolution limit. The bursts shown in
Fig.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 yield SRS reflectivity val-
ues of 〈R〉 ∼ 0.4-0.45 for both the cases with and with-
out kinetic effects for I0 = 1016 W/cm2; this value is
in good agreement with the model presented above by
taking Rsat ≈ 0.5. Simulations show the negligibility of
kinetic effects in determining the SRS amplification at
this high laser intensity. Vice versa, they reveal that ki-
netic effects produce a strong boost of SRS reflectivity at
lower laser intensities, which are closer to the SRS thresh-
old. This explains the quite large reflectivity 〈R〉 ∼0.3
obtained with SIERA simulations at the much lower in-
tensity I0 = 3.5·1015 W/cm2.

These results also suggest that the model described in

Accepted manuscript

Downloaded from https://www.cambridge.org/core. 18 Oct 2021 at 13:09:39, subject to the Cambridge Core terms of use.

https://www.cambridge.org/core


11

FIG. 9. Spectra of the backscattered light from simulations
with SIERA for a RPP beam at I0 = 1016 W/cm2 and for
a density ramp 0.02 < n/nc < 0.10, left/right subplots with-
out/with taking into account kinetic effects.

the previous section is adequate at the high laser inten-
sities used in this experiment, where the role of kinetic
effects on reflectivity is marginal. For lower average beam
intensity the situation can be different. In the model of
Eq.(2) we have assumed the SRS gain from Eq.(4) by
evaluating the linear Landau damping value. Our sim-
ulations, and those in other work [55, 60] suggest that
hot electrons emerging from high-amplitude EPWs in in-
tense 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, need to be considered. The
latter may favour a more vigorous onset of SRS even in
lower intensity speckles, such that our model would un-
derestimate 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 code[58]. The model for
non linear EPWs is here certainly incomplete with re-
spect to more thorough approaches concerning particle
trapping[27]. However, in the frame of validity of the
model, it is possible to deduce the complementary elec-
tron distribution function F ′(E) ≡

∫∞
E
f(E′)dE′ which

is shown in Fig. 10; it exhibits the form of a hot tail be-
yond the energy value Ee(vph) ' 5 keV corresponding to
the EPW phase velocity vph ∼ 0.14 c, to which a temper-
ature Thot in the range 8-11 keV can be associated. This
value is consistent with the experimental measurements.

Self focusing in intense laser speckles

In order to analyze more in detail the physics in sin-
gle intense speckles we have also carried out simulations
with the 2D3V Particle-In-Cell (PIC) code EMI2d of
CPHT[61–63].

As mentioned earlier, the optically smoothed laser
beams used in the experiments contain speckles with up
to 8-10 times the average beam intensity 〈I〉, and, for the
current plasma, speckles with Isp > 3.5〈I〉 will be subject

FIG. 10. Complementary distribution function F ′(Ee) as a
function (blue line) of the electron energy Ee from a typical
simulation with SIERA for a RPP beam at I0 = 1016 W/cm2

and for a density ramp 0.02 < n/nc < 0.10. The tail of
the distribution evolves versus a HE distribution (black line)
∼ exp(−Ee/Thot) with Thot = 8 keV here, i.e. in the range
of the experimentally observed values. The position of the
energy corresponding to the EPW phase velocity is indicated
(dotted line at ∼ 5 keV).

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 center of the
hot spot, as shown in Ref. [64].

In the simulations carried out with the EMI2d code we
focussed on the micro-physics around an intense speckle
with vosc/c = 0.1 corresponding to a peak intensity of
5·1016 W/cm2 for the conditions considered. Simulations
have been carried out in an inhomogeneous density profile
with L∇ = 400 µm around ne = 0.04 nc. They evidently
show kinetic effects visible both in the frequency spectra,
as modeled in SIERA, and in the HE spectrum; for the
mentioned simulation with a high intensity speckle a 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 back-scattering instabilities (SRS and SBS) de-
velop preferentially in the periphery of the speckle, but
not in its center, as shown in Figs.11.

Here, however, a clear distinction is visible between
the actions of SBS and SRS, which is due to their dif-
ferent time-scale. While SBS grows on times of the
same order as the self-focusing, SRS has a much faster
growth[51, 63], allowing the SRS to adapt very rapidly
to ponderomotively induced profile modifications. In
this way, SRS (re-)establishes rapidly in the arising fila-
mentary structure, preferentially in the rear of the self-
focused speckle in which the plasma density is not (yet)
depleted. SRS therefore continues to contribute vigor-
ously to the backscatter process and leads eventually to
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FIG. 11. Normalized transverse field strength e|Ey|/(meω0c)
(upper subplot) and electron density perturbations (lower
subplot) (ne(x, y) − n0(x))/n0(x) as a function of space
for a single laser speckle with peak field strength
e|Ey|in/(meω0c) =0.1. The self-focusing speckle shows a
elongated structure on axis (k0y =180) with a field strength
higher than the initial value |Ey|in. 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 EPW are in particular present at the rear on axis and
in side wings. SBS-driven ion acoustic wave are found in the
front part (PIC simulations show generally too high values).

higher backscatter rates than without self-focusing, as al-
ready reported in previous experiments[65]. The limited
capacity of SRS mitigation by optically smoothed laser
beams was demonstrated by Ferndandez et al. [66].

Let us mention that SBS is also seen in our PIC simu-
lations with mobile ions, but starts from an unnaturally
high noise level because of the limited number of parti-
cles; in contrast to SRS, however, SBS is mitigated by
the ponderomotively depleted density profile[64].

SRS at higher densities

We have investigated the effects of filamenta-
tion driven at low densities and of pump de-
pletion produced by the high SRS reflectivities

〈R〉 ∼ 30 − 50% obtained at the peak pulse inten-
sity, on the beam propagation in denser regions
(n > 0.1nc). We hence carried out further simu-
lations, using a version of SIERA that has been
implemented into the hydro code HERA[47, 67].
They confirmed a strong self-focussing in more intense
speckles and showed a vigorous growth of SRS pri-
marily in the first 2-3 speckles layer 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” [44] and the onset of plasma-induced
smoothing[45–47] further inside the plasma. This has
consequences on the LPI driven in denser regions and
explains the weak SRS observed at higher plasma den-
sity, which is discussed in this section.

The origin and the time-evolution of the weak SRS ob-
served at densities around 0.10 nc are completely different
from those described in the previous sections. Here, SRS
appears at late times of interaction at densities around
ne = 0.13 nc, corresponding to kepwλD ≈ 0.23, and fades
after a few hundreds ps at densities around ne = 0.08
nc, corresponding to kepwλD ≈ 0.30. Scattered light is
here partly reabsorbed by collisions on its way out of
the plasma, which we estimated to amount to ≈ 20%
re-absorption for light originating at ne = 0.1 nc and to
≈ 30% for light originating at ne = 0.15 nc. These values,
however, are not so large to support the hypothesis that
SRS could be driven at densities higher than ne = 0.13
nc and not be observed because of light re-absorption.

Looking at the longitudinal profiles of density given
by the hydro simulations (Fig. 2e), 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 ne ≈ 0.2 nc to
ne ≈ 0.08 nc for the times corresponding to SRS emis-
sion from higher densities. This explains the temporal
shift of SRS spectrum observed in the experiment. The
strong density perturbations observed at even larger dis-
tances from the target, and the temporal evolution in
these regions exclude that SRS could be driven there.

The density in a cavity can be described by a parabolic
profile ω2

p(x) = ω2
p0(1 + x2/L2

∇), where L∇ is the density
scalelength and determines the resonance length lres for
SRS. Absolute SRS can temporally grow at the minimum
density if lres exceeds the homogeneous growth length
and if the damping of the daughter waves can be over-
come. The bottom of the cavity represents a point of
phase inflection where the wavenumber mismatch κ =
k0− ks− kepw can be expressed by κ(x) = κ′′(0)x2/2
where κ(0) = 0 and κ′(0) = 0. Here, the parabolic
density profile allows the electron plasma waves to be
trapped into the cavity and to be described as solu-
tions of a quantum harmonic oscillator, as suggested by
Barr et al.[68]. Since the SRS homogeneous growth rate
γ0 = 5.7 ·10−3ω0 is here larger than the separation of the
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frequency modes ∆ω ≈ ve/L∇ ≈ 9.5 · 10−5ω0, however,
the quantized mode structure is washed up and the classi-
cal 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 on-
set of the instability at the bottom of the cavity, can
be expressed by Γ2 > 0.15 where Γ2 = γ20/νeνs(κ

′′)2/3

and κ′′ = ω2
p/3kepwv

2
eL

2
∇. In cases where the instability

growth dominates the damping of the daughter waves,
i.e. γ0 > (

√
νeνs/2)(γL/νe + γcoll/νs), SRS grows in the

absolute regime, while in case of non negligible damping
SRS can still spatially grow in the convective regime [69].

In our case, a scalelength value L∇ ≈ 45µm can be
estimated by fitting the density profile obtained from
hydrosimulations. According to the relation lres =
(9v2eL

2
∇kepw/ω

2
p)1/3, reported in Ref.[70], we can esti-

mate a value of the resonance length lres = 4µm, much
shorter that the length of a laser speckle. By consider-
ing the nominal laser intensities at relevant times, the
Γ2 value decreases from 0.51 to 0.31 during the times
of SRS observation, due to the fall of laser intensity at
late times of interaction. The SRS growth rate exceeds
the Landau damping value of plasma waves - dominat-
ing on collisional damping of scattered light - when SRS
is driven at ne = 0.13nc (kepwλD = 0.23), while damp-
ing becomes stronger when the cavity becomes too deep
(kepwλD = 0.30) halting the instability. Local values
of laser intensity can be however significantly different
from nominal ones: on one side, they are strongly re-
duced by 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 dis-
cussed above, which could explain the weak SRS signal
observed; on the other side, again, intensity statistics in
speckles can play a major role in the SRS onset.

SUMMARY

In the present experiment we characterized laser in-
teraction with a long plasma corona with density scale-
lengths up to 450 µm and intensities at λ0 = 0.527 µm
up 2·1016 W/cm2, i.e. close to values typical of Shock Ig-
nition scheme of ICF. In addition to a considerable reflec-
tion of light at wavelengths ≈ λ0 (15− 35 %), including
a non quantified amount of SBS backscatter, the experi-
ment showed a large SRS backscatter (4−20 %), increas-
ing with the scalelength of the plasma, at low plasma
densities ne ≈ 0.05 nc, in a region prone to strong
Landau damping (kepwλD = 0.3 − 0.5). Occasionally,
a very weak SRS signal was measured at higher densi-
ties, while no signatures of LPI a quarter critical density
was observed, confirming that non-collisional coupling
was driven only in the low dense plasma corona. SRS
could also be side- or near back-scattered in an-
gles distinct from backscattering, which was how-

ever not investigated in detail in this experimen-
tal campaign. The values of SRS reflectivity obtained
with different 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 speck-
les in a saturated regime. In order to investigate the
micro-physics resulting in SRS saturation into the speck-
les, and to evaluate the role of kinetic effects and speckle
self focussing, simulations were carried out by using the
wave-coupling code SIERA and the Particle-In-Cell 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 ef-
fects result in a broadening and in a blue shift backscat-
tered light spectrum. No clear enhancement of SRS due
to kinetic effect was however shown in the simulations,
which is due to the high laser intensity. PIC simulations
showed the occurrence of self focussing in the more in-
tense 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 coher-
ence of light reaching higher density regions and explain-
ing, along with pump depletion, the lack of SRS/TPD in
these regions. Finally, the experiment reveals the gener-
ation of low-energy HE (Thot ∼ 7− 12 keV). These elec-
trons are probably produced by a multiplicity of mecha-
nisms, including the acceleration in EPWs produced by
SRS at low plasma densities, as suggested by SIERA and
EMI2d PIC simulations, and can be explained by the low
phase velocity of plasma waves in this region.

CONCLUSIONS

Results described in this paper confirm the importance
of speckle pattern and intensity distribution in deter-
mining local conditions of interaction and parametric in-
stabilities growth. The long scale plasma and the high
laser intensity, driving self focussing 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, present re-
sults suggest that pump depletion and plasma smoothing
prevent or at least strongly decrease the impact of non
collisional LPI at quarter critical density, consequently
limiting the generation of electrons with energies able to
preheat the fuel capsule is inhibited. Overall, our results
suggest that a good control of both filamentation and
SRS remains a key factor for the success of the Shock
Ignition scheme. Plasma smoothing induced by filamen-
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tation could be a route to produce a beneficial incoeher-
ence 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 a Ran-
dom Phase Plate for which the peak intensity Isp of the
speckles follows a probability distribution f(Isp). The
so-called independent speckle model [41] is based on the
fact that each laser speckle contributes incoherently to
the total power (energy) of the backscattered light from
stimulated scattering processes, like SBS or SRS. The
backscattered light flux SRPP from a laser beam gener-
ated by a RPP is then essentially the sum of the contri-
butions Sj of the nsp individual speckles,

SRPP =

nsp∑
j=1

Sj ≡ Rsp,j(Isp,j)Isp,j , (5)

in which Sj is expressed as the backscattered fraction
0 ≤ R ≤ 1 for the j-th speckle with its peak intensity
Isp,j . While the speckle field of a finite number of speckles
has statistical fluctuations from the average probability
density f(Isp) for each RPP realisation[38], once f(Isp)
is known, one can determine the average backscattering
via the integral

SRPP = 〈R〉〈I〉 =

∫ Imax

0

Rsp(I) I f(I)dI , (6)

with 〈I〉 denoting the average speckle intensity, ≡∫ Imax

0
I f(I)dI and with

∫ Imax

0
f(I) ≡ 1. Since 〈I〉 = I0,

where I0 is the envelope laser intensity of the beam,
〈R〉 corresponds to the total reflectivity which is exper-
imentally measured. The intensity of the most intense
speckle, Imax is a function of the number nsp of speck-
les in the interaction volume and can be expressed by
Imax/〈I〉 ' log nsp + γE (with γE '.57724) with an im-
portant spread[38].

The response function of each speckle splits in two
regimes (i) and (ii), namely (i) for ‘lower-intensity’ speck-
les with strong dependence on Isp up to the saturated
regime for which (ii) the response on the speckle inten-
sity is only very weak, such that Eq.(6) simplifies to

〈R〉〈I〉'
∫ Isat

0

Rsp(I) I f(I)dI +Rsat

∫ Imax

Isat

I f(I)dI. (7)

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

Following the classical theory formulated by
Rosenbluth[48], the growth of stimulated scattering
in an inhomogeneous plasma, here SRS, can be ex-
pressed by ISRS = Inoise exp(g) where the amplification
gain g = 2πγ20/κ

′|νeνs| expresses the dependence on
the laser intensity, via the standard SRS growth rate
γ0 ∝

√
I, and on the density gradient, via the spatial

derivative κ′ ∝ L−1∇ of the wavenumber mismatch of the
3-wave coupling, κ = k0−ks−kepw, with L∇ denoting
the density scale length in the plasma.

The SRS reflectivity in a speckle of intensity I = u 〈I〉,
i.e., ISRSsp (u) = Rspu 〈I〉 can then be evaluated via the
amplification gain, g0, of a speckle at average intensity

Rsp(u) = ε eg0u, (8)

where ε = Inoise/u〈I〉 stands for the ratio of the noise
level to the speckle intensity, whose typical value for
warm plasmas in laser plasma interaction is roughly
10−9. The speckle reflectivity Rsp saturates, due to de-
pletion of the incoming flux or due to non linear effects
in the plasma wave, at a level Rsat for the speckle in-
tensity Isat = usat 〈I〉, which implies that the inten-
sity of the speckle intensity for which saturation oc-
curs, usat = g0 log(Rsat/ε) ' (20 − logRsat)/g0 de-
pends on the gain g0 and only weakly (logarithmically)
on the saturation value Rsat. Evidently Rsp = Rsat for
u ≥ usat(g0, logRsat). With Eq.(8) in Eq.(7) one obtains

〈R〉 = ε

∫ usat

0

u eg0uf(u) du+Rsat

∫ umax

usat

u f(u) du, (9)

in which umax, corresponding to the most intense speckle,
is much greater than unity for nsp >1000; in practice this
suggests to use umax→∞ in Eq. (9).
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