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Experimental observation of parametric instabilities at laser
intensities relevant for shock ignition
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Abstract – We report measurements of parametric instabilities and hot electron generation in
a laser intensity regime up to 6 × 1015 W/cm2, typical of the shock ignition approach to inertial
fusion. Experiments performed at the PALS laboratory in Prague show that the incident laser
energy losses are dominated by Stimulated Brillouin Scattering (SBS) rather than by Stimulated
Raman Scattering (SRS) or Two-Plasmon Decay (TPD). Results are compared to hydrodynam-
ics simulations using a code that includes self-consistent calculations of non-linear laser plasma
interactions and accounts for the laser intensity statistics contained in the beam speckles. Good
agreement is found for the backscattered SRS light, and for temperature and flux of hot elec-
trons. The effect of high-intensity speckles on backscattered SRS is also underlined numerically
and experimentally.

Copyright c© EPLA, 2017

Introduction. – Shock Ignition (SI) [1–6] is a promis-
ing approach to Inertial Confinement Fusion (ICF) [7–9],
that relies on the separation of the compression and igni-
tion phases. Since the target is not meant to be ignited
by the pressure-volume work of the imploding capsule, it
can be assembled at lower velocities [1] with lower inten-
sity nanosecond laser pulses (I ≈ 5 × 1014 W/cm2). This
reduces the risks associated to hydrodynamic instabilities
during the compression. The ignition of the hotspot relies
on an intense laser pulse (I up to ≈ 1016 W/cm2), gener-
ating a pressure P > 300Mbar at the ablation layer which
drives a strong shock into the target. The final fuel assem-
bly is non-isobaric resulting in higher target gains than in
conventional hotspot ignition. This scheme is compati-
ble with present-day “NIF-like” laser technology [2,10,11]
and, therefore, a full-scale demonstration of SI could be
realized in the next decade.

The success of the SI concept depends mainly on
the coupling of the laser spike with the extended
corona surrounding the imploding shell, where an effi-
cient laser absorption, able to generate a strong shock
wave (> 300Mbar), is needed. In recent experiments
carried out at OMEGA laser [12,13] in spherical ir-
radiation geometry, at laser intensities relevant for SI
(I ∼ 6 × 1015 W/cm2), a peak ablation pressure close
to 400Mbar was inferred, which constitutes a significant
breakthrough toward the demonstration of the feasibility
of the SI scheme. Despite this step forward, the physics of
laser-plasma interaction in this highly non-linear regime, is
still largely unknown and needs dedicated investigations.

Notably, laser-plasma interaction at Iλ2 >
1014 Wμm2/cm2 is strongly non-linear. Parametric
instabilities (Stimulated Brillouin Scattering (SBS),
Stimulated Raman Scattering (SRS), and Two-Plasmon
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Decay (TPD)) may arise [14–17], with the unwanted
effects of reflecting a large part of incident laser light
and generating Hot Electrons (HEs). Further, laser
filamentation may alter compression uniformity and
enhance the growth of parametric instabilities [18].

The presence of HEs is usually detrimental in ICF be-
cause they may preheat the target, making compression
more difficult. In the SI scheme, HEs are generated at the
end of the compression phase, when the shell areal density
is high. As a result, they do not affect target compres-
sion and might even improve the shock pressure provided
their kinetic energy is not too large [1,12,13,19]. However,
recent studies using a hydrodynamic model incorporat-
ing HEs effects [20] suggest that the highest energy HEs
may prevent hotspot ignition by preheating the fuel and
by driving an inner-shell interface ablation that increases
the hotspot mass prior to the ignitor shock arrival [21].
As such, the characterization of HEs generated in the SI
regime is a key physical issue that must be carried out.

While integrated SI experiments require spherical ge-
ometry, many underlying processes can be investigated in
planar geometry, which offers the advantage of a simpler
scheme and an easier approach to diagnostics. In this let-
ter, we report experimental results in the intensity range
(2–6) × 1015 W/cm2, obtained using the Prague Asterix
Laser System (PALS) [22], and simulation results ob-
tained with the radiative-hydrodynamic code CHIC [23]
that includes a description of the non-linear laser-plasma
interaction. While in previous work [24] we investigated
hydrodynamics and shock propagation, here we focus on
the impact of laser-plasma instabilities and their role in
the generation of hot electrons. Although plasma condi-
tions are significantly different from those envisaged in a
real SI reactor, in particular density scale length and elec-
tron temperature are lower than expected, we think that
the data reported here can contribute to draw a picture
of the growth of parametric instabilities in this interac-
tion regime. Our work shows that the impact of para-
metric instabilities in the SI regime is controlled by local
intensities and plasma conditions, varying on the scale of
speckle dimensions, which can drive non-linear and kinetic
effects. An accurate modeling of the local interaction is
therefore needed in order to allow mastering the interac-
tion and hence the processes bringing to successful shock
ignition.

Experimental set-up. – The PALS iodine laser de-
livers pulses with wavelength λ0 = 1.3μm and duration
τ = 300 ps [22]. In the experiment we used an auxiliary
pulse delivering ≈ 30 J and the main pulse delivering up to
300 J, both smoothed with Random Phase Plates (RPP)
to produce a uniform irradiation. The auxiliary pulse was
operating at the fundamental frequency and focused to
I ≈ 7 × 1013 W/cm2 in an extended spot (full width at
half-maximum, FWHM = 900μm) to create an approx-
imately planar plasma. The main pulse, delayed up to
1.2 ns with respect to the auxiliary pulse, was converted

to 3ω (λ0 = 438 nm) and focused by an F/2 lens to create
a strong shock. The beam profile in the laser waist and
the effective energy enclosed in it were accurately mea-
sured by imaging and calorimetric techniques. A spot size
of 100μm FWHM provided an envelope peak intensity on
the target up to Imax = 6 × 1015 W/cm2. Local inten-
sity in laser speckles can however exceed this value by a
factor up to one order of magnitude. By changing the de-
lay between the pulses we tuned the density scale length
L = ne/(dne/dx) of the preformed plasma. According
to hydrodynamic simulations, L varies from 50 to 150μm
in the underdense plasma during the interaction with the
main pulse. These values are in agreement with interfer-
ometric measurements conducted both in the visible [25]
and in the X-ray domain [26].

Three-layer targets were used. The front layer was
parylene-C plastic (C8H7Cl) of various thicknesses, mim-
icking a low-Z ICF ablator material. High-resolution X-ray
spectroscopy of chlorine ions allowed getting the plasma
temperature [26]. Underneath plastic, two tracer layers of
Ti and Cu (10μm each) were placed. X-ray spectroscopy
of Ti and Cu Kα radiation, originating from collisions with
hot electrons, was used to estimate their average energy
and flux. Kα emission was measured with a CCD work-
ing in single-photon regime and with two spherically bent
quartz (422) and (203) crystals providing a 2D spatial dis-
tribution of Kα intensity on the target surface [27]. Both
Kα and X-ray spectrometers used Kodak AA400 films as
detectors.

The backscattered radiation from SRS and SBS was col-
lected through the focusing lens of the main beam and
measured by two calorimeters. On the same line, backscat-
tered radiation was spectrally analyzed by a broadband
spectrometer, allowing the detection of radiation both
in the range ω0/2 < ω < ω0, originating from SRS at
ne < nc/4, and at ω ≈ ω0/2, originating from SRS/TPD
occurring at ne ≈ nc/4. Besides, the 3/2ω0 harmonic of
the laser frequency, generated by the mixing of laser light
with electron plasma waves (EPWs) produced by TPD,
was collected inside the vacuum chamber and sent to a
UV spectrometer and a calorimeter.

Experimental results. –

X-ray spectroscopy. X-ray spectra, showing well-
resolved He- and Li-like lines from Cl ions, were compared
with SPECT3D [28] predictions, providing a time-
integrated temperature of ≈ 700–850 eV in the overdense
plasma near the ablation surface (ne ≈ 3ncr ≈ 2 ×
1022 cm3) [26]. This temperature is in a good agreement
with hydrodynamic simulations and, as expected, is lower
than in the underdense region (ne ≈ nc/4), as inferred
from the ω0/2 spectra (see below).

Calorimetry. Back-reflected light is dominated by
wavelengths near λ ≈ 438 nm, carrying 5–15% of the
incident energy and originating from SBS and laser light
reflected at the critical density. The light backscattered by
SRS, in the 630–750 nm range, is ∼ 0.02–0.2% of the laser
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energy. The energy backscattered in both spectral ranges
increases when the delay rises from 0 to 1200 ps, growing
by a factor 2 and 5, respectively. Indeed, larger delays
produce longer scale length plasmas, resulting in larger
gain for instabilities. The estimated energy scattered in
half-harmonics is ∼ 0.5% of laser light. These values are
larger than what reported in our previous paper [24] due
to a more accurate characterization of the laser intensity
profile in the focal plane. Our new evaluation is closer to
data from other experiments [2]. The use of an integrating
sphere also showed the presence of light scattered outside
the lens focusing cone.

Two-plasmon decay. Emission of 3/2ω0 and ω0/2 har-
monics was detected, giving evidence that a fraction of
laser radiation reaches the nc/4 surface. Both components
show a doublet structure (see fig. 1), related to the fre-
quency difference of plasma waves produced by TPD insta-
bility |δω|/ω0 = (9/4)(ν2

e/c2)κ, where κ = ke ·k0/k2
0−1/2,

ke is the blue EPW wave vector and ve is the electron
thermal velocity. The 3/2ω0 harmonic (λ = 292 nm) blue
peak is weaker than the red one, due the fact that the
blue EPW must be reflected at the critical density before
coupling to the laser light.

Spectra of the ω0/2 harmonic (λ = 876 nm) agree
with the results of other experiments [29,30], showing a
broad blue-shifted peak (labeled 1), a sharp red-shifted
peak (2), and a less evident small bump at even higher
wavelengths (3), which in ref. [30] is referred to as a sup-
plementary peak. The blue peak 1 has a shift similar
to peak 3, and approximately 3 times the shift of the
narrow red peak 2. Also the width of peak 1 is larger
(∼ 3.6 times) than that of peak 2, suggesting a different
origin. The sharp red-shifted peak 2 is associated to hy-
brid TPD/SRS instability [31], as in ref. [30], where the
laser wave decays into a forward EPW with wave vector
ke ≈ k0 (κ = 1/2) and in a backward partly electro-
static and partly electromagnetic wave. Peaks 1 and 3
are associated to TPD waves and are produced by Inverse
Resonance Absorption (IRA) or Raman Downscattering
(RD) of laser light [32]. In the IRA process, an EPW with
k⊥/k0 < 0.1 is converted into a photon near its turning
point. Considering that blue EPWs propagate inward the
density gradient, i.e., toward their turning point, it is ex-
pected that the ω0/2 blue peak is more intense than the
red one, that is originated by outgoing EPWs and need
additional processes (e.g., Langmuir decay instability) to
reverse their direction and be converted into photons. In
the RD process, conversely, a laser photon is downscat-
tered by a plasmon produced by TPD. The matching con-
ditions for this process however need that the laser photon
is rescattered at a proper angle or that the photon is pro-
duced by stimulated Brillouin scattering, as shown in de-
tail in refs. [30,32]. So, both IRA and RD need particular
coupling conditions, and many authors have speculated
on the prevalence of the one or the other in different ex-
periments. Here, both coupling conditions can be fulfilled

Fig. 1: (Colour online) Typical 3/2ω0 and ω0/2 spectra,
obtained at 5 × 1015 W/cm2.

near nc/4, where filamentation, turbulence, cavitation and
laser photon scattering can occur.

According to ref. [30], the shift of the narrow peak 2 in
the ω0/2 spectrum provides a reliable estimate of plasma
temperature not being affected by the observation angle,
filamentation or cavitation [33]. By setting κ = 1/2, we
find that the plasma temperature increases from 1.35 to
1.68 keV when Imax rises from 2.4 to 3.7 × 1015 W/cm2.
This agrees with hydrodynamic simulations and with the
Landau cutoff of SRS produced at densities ne < nc/4.

Interestingly, the frequency shift of the peaks of 3/2ω0

emission, Δω/ω0 ≈ 1.1× 10−2, is equal to that of peaks 1
and 3 of the ω0/2 spectrum, suggesting that the EPWs
responsible for these harmonics are the same (ke ≈ 2.9k0).
For a plasma temperature Te ≈ 1.5 keV, we get keλD ≈
0.27, indicating that these EPWs are close to the Landau
cutoff.

Stimulated Raman scattering. Typical SRS spectra
are shown in fig. 2(a), revealing a backscattered emission
in the spectral range 630–750 nm. Wave number matching
conditions locate backward SRS in the 0.09–0.16 nc den-
sity range, well below nc/4. The short-wavelength limit
corresponds to the expected Landau cutoff (kλD ≈ 0.27)
for the electron temperature of ∼ 1.5 keV.

Spectra also exhibit complex and non-reproducible
features, where intensity, spectral bandwidth and com-
plexity strongly increase with the laser intensity and the
delay. Since the intensity threshold for SRS in a non-
uniform plasma scales inversely with the density scale-
length L, and the SRS growth rate γ2

0 is proportional to
the laser intensity I, we then plotted the spectrally in-
tegrated intensity ISRS vs. the product I · L (fig. 2(b)).
Given the time and space dependence of laser intensity, we
considered the laser intensity Iav averaged over one stan-
dard deviation in time and space (Iav = Imax/1.366). L
values for the different shot conditions (intensity, delay)
were taken from hydrodynamic simulations. Figure 2(b)
shows a typical SRS feature of exponential growth lev-
eling off at saturation, which is hidden in the plot as a
function of laser intensity alone (not shown here). This is
the indication that the density gradient is indeed decisive
in determining the SRS growth.

According to ref. [34], the SRS threshold in-
tensity Ith in inhomogeneous plasmas is given by
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Fig. 2: (Colour online) (a) Backscattered SRS emission spectra
obtained with laser intensity I ≈ 4×1015 W/cm2 and different
delays between prepulse and main pulse (0, 600, and 1200 ps).
The spike at 657 nm is a laser harmonic. (b) Backscattered
SRS energy vs. the product Iav · L, where Iav is the average
laser intensity. Full squares are experimental data and empty
squares hydrodynamic simulations. The vertical line represents
the SRS threshold.

v2
0/c2 > 4|ke − k0|/k2

eL, where v0 is the quiver velocity
of an electron in the laser field.

This condition implies that Ith · L = 500 ×
1015 Wμm/cm2 (vertical line in fig. 2(b)), correspond-
ing to a threshold intensity Ith between 4.5 × 1015 and
8 × 1015 W/cm2, depending on the density scale length,
which is above the intensity in all our shots. This suggests
that SRS is originated into the laser speckles, and the in-
tensity statistics across the RPP-smoothed laser beam is
essential for explaining our results. Based on the focusing
geometry and focal volume size, the number of speckles
can be estimated to be ≈ 105. Assuming an exponen-
tial speckle intensity distribution f(I) ∝ exp(−I/Iav)/Iav

typical for RPP-smoothed beams [35], intensities up to
∼ 8–10Iav can be achieved. Moreover, the most intense
speckles can undergo self-focusing further contributing to
the SRS emission. At the lowest laser intensities, only
speckles with intensities at least ≥ 5 times the average
intensity can drive SRS. Conversely, at higher laser inten-
sities, also speckles with intensity marginally higher than
Iav can play a role. Therefore, when the laser intensity in-
creases, SRS reflectivity increases as the result both of the
larger intensity in a single speckle, and of the increasing
number of speckles above Ithres. This trend is confirmed by
numerical simulations as explained in detail below (empty
symbols in fig. 2(b)). Nevertheless, the growth observed
in the experiment is smaller than that expected by the
Rosenbluth gain [36]. This suggests that damping and
kinetic effects lead to saturation of SRS inside the speck-
les. The importance of kinetic mechanisms in SRS satu-
ration is also suggested by the spectral broadening shown
in fig. 2(a), increasing with intensity and delay. This can
be related to temporal reflectivity bursts and pulsations
in non-linear saturation of anomalous SRS, as found in
kinetic (PIC) simulations [33,37].

Hot electrons. HEs flux and average energy were ob-
tained by Cu Kα and Ti Kα spectroscopy. The reduction
of the Kα yield obtained by increasing the plastic thickness
allowed the penetration depth of HEs to be calculated and

Fig. 3: (Colour online) Correlation between Kα photon
number, generated from collisions with hot electrons, and SRS
intensity.

hence their average energy. Another approach for estimat-
ing the HE energy is to consider the ratio between Cu Kα

and Ti Kα emissions on the same shot, which is more accu-
rate since this value does not depend on the absolute num-
ber of generated hot electrons. Monte Carlo simulations
performed with the GEANT4 [38] and PENELOPE [39]
codes were used for evaluating the hot-electron temper-
ature, by using the electron stopping range tables [40].
Assuming an exponential distribution for hot electrons
∼ exp(−E/Thot), the average energy (“temperature”) is
found to be Thot = 25 ± 8 keV and the energy conver-
sion ∼ 0.1% ± 0.05% of the incident laser energy. Such
values are in agreement with data obtained from plasmas
with similar temperature and density scale length values,
where SRS is the main source of HEs [41]. Also, the HE
energy is close to what can be estimated from the phase
velocity of the SRS-driven plasma waves in the density
region 0.09–0.16 nc, which is TSRS ∼ 17–20 keV. These
arguments suggest that HEs are mainly generated by SRS,
and only marginally by TPD. This conclusion is also sup-
ported by the coarse correlation between Cu Kα photon
number and SRS signal (fig. 3).

Numerical simulations. – Simulations have been car-
ried out using the radiative-hydrodynamic code CHIC [23].
In addition to laser refraction, diffraction, resonant and
collisional absorption, the code takes into account SRS
and TPD processes and generation of HEs, by means of
appropriate scaling laws using the local and instantaneous
values of laser intensity and plasma parameters [20]. Since
SBS was not included in the model, the related reflected
energy was subtracted from the incident pulse. The LPI-
generated HEs are transported into the plasma using a
reduced model based on the angular scattering approxi-
mation [42,43], validated against kinetic simulations. This
coupled approach allows accounting for the interplay be-
tween HEs energy deposition, hydrodynamics and compe-
tition between LPI processes.

In this code, laser propagation is described using a new
model based on stochastically distributed Gaussian beam-
lets [44]. This allows reproducing the laser intensity en-
velope and, to a significant extent, the speckles in the
focal spot. Typically, the model is able to reproduce re-
alistic intensity distributions up to 4–5Iav but not the
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speckles of higher intensity, a limitation imposed by the
mesh size. According to the expected intensity distri-
bution in the speckles, the energy fraction contained in
speckles above 5Iav (noted χ5) is only 0.67%. Nonethe-
less, these high-intensity speckles may play an important
role in our experimental conditions (fig. 2(b)). We ad-
dressed this issue in the simulations by maximizing the
energy fraction χ5, within the limits of the laser propaga-
tion model. This was obtained by refining the Lagrangian
mesh to allow for smaller scale variations of the inten-
sity distribution. Mesh refinement in the code allowed to
reach values of χ5 ≈ 0.3%. The difference between this
value and that expected in the experiment (χ5 ≈ 0.67%)
was compensated by using a value of SRS threshold lower
than the calculated one by a factor of 2. The same mesh
resolution and modified threshold were then used for all
simulations.

In order to test the validity of our model, we ran sim-
ulations at intensities well below the modified threshold
(Iav = 2.1 × 1015 W/cm2). An increase of χ5 from 0.02%
to 0.06% and 0.3% with reduced SRS threshold resulted in
a SRS signal increase from the noise level (i.e., no SRS pre-
dicted) to 0.003% and 0.008% of the incident laser energy.
The latter value reasonably matches the experimental re-
sults, while the increasing trend of SRS with χ5 clearly
shows the impact of the intensity statistics on the SRS
level.

Simulations accounting for the speckle statistics were
carried out in our experimental conditions, where the en-
velope laser intensity is significantly lower than the SRS
threshold. A good agreement is obtained (empty squares
in fig. 2(b)) confirming the importance of accurate mod-
eling of the speckle statistics.

A general picture of the interaction can be drawn by
inspecting simulation results obtained at a laser intensity
of 4 × 1015 W/cm2 and with a 600 ps delay between the
pulses. A large fraction of the pulse energy is collision-
ally absorbed (∼70.5%) while a small amount (∼1.3%)
is resonantly absorbed at the critical surface. The reso-
nant absorption produces electrons with an average energy
of ∼3 keV, which are therefore indistinguishable from the
thermal electrons. SRS and TPD appear slightly later.
The time-integrated SRS reflectivity is ∼ 0.25%, in good
agreement with the experiment. Both TPD and SRS pro-
duce forward emitted HEs, with conversion efficiencies
of ∼ 0.35% and 0.07% of the laser energy, respectively.
The temperature of hot electrons from TPD (≈ 66 keV) is
higher than that of electrons from SRS (≈ 17 keV), as ex-
pected. The measured HEs temperature is between these
two values but definitely closer to SRS. The discrepancy
in HE production from TPD in the simulation suggests
that, in the experiment, TPD is damped or saturated by
kinetic effects. Since in our model, parametric instabilities
are described by scaling laws, saturation processes specific
for our conditions (e.g., cavitation phenomena or damp-
ing of daughter waves into small speckles) are probably
underestimated.

Fig. 4: (Colour online) Instantaneous HE flux as a function of
time for SRS (green) and TPD (blue). Density scale lengths
computed at nc/4 and 0.12nc are also shown (dashed blue and
green lines, respectively). The peak intensity of the laser pulse
is indicated as a gray line.

The evolution of the density scale length at ne ≈ 0.12nc

and ne ≈ nc/4, indicative, respectively, of the layers where
SRS and TPD are active, is shown in fig. 4 alongside the
laser/HE energy conversion efficiencies. SRS is maximum
after the laser peak, when the scalelength becomes large
enough while the laser intensity remains high. The plasma
temperature is similar in both layers and varies with time
from 0.5 to 2.8 keV at the laser peak. This is in good agree-
ment with the time-integrated estimate based on TPD
splitting (Te ≈ 1.68 keV at I = 3.7 · 1015 W/cm2). In
the overdense region, the plasma temperature is lower, in
agreement with X-ray spectroscopy results.

Summary and conclusions. – In the present ex-
periment, backscattering is dominated by SBS and laser
reflection (5–15%) while the contribution from SRS, oc-
curring at 0.09–0.16nc near the Landau cutoff, is of the
order of 0.1%. While the level of SBS agrees with other
experiments carried out under similar interaction condi-
tions, SRS backscatter appears at least an order of mag-
nitude lower [12,41,45]. This can be maybe explained by
the longer plasma scale lengths obtained in other works
and/or by the low f/# of our focussing system, that com-
bined with the phase plate, results in small speckles, in-
hibiting filamentation and damping the SRS growth.

The latter seems confirmed by the spectral modulation
of SRS spectra and the reflectivity saturation observed at
the highest laser intensities/delays explored, which sug-
gests the occurrence of kinetic effects suppressing the
growth of EPWs inside the speckles. The correlation
of SRS reflectivity and Kα emission and the measured
HE temperature (25 keV) suggest that HEs are mainly
generated by SRS, similarly to conclusions of recent ex-
periments in spherical geometry [12,41]. The presence of
half-harmonics confirms the TPD at nc/4.

Hydrodynamic simulations well reproduce SRS levels
and the plasma temperature from the experiment, while
TPD is overestimated, probably because saturation mech-
anisms are underestimated. The agreement of simulated
and experimental SRS reflectivities points out the need
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of correctly modeling the speckle intensity statistics for
reproducing LPI in laser-fusion experiments.
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