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ABSTRACT

We present the results of an experiment on laser-driven shock waves performed at the Prague Asterix Laser system (PALS), where the funda-
mental frequency of the laser (1315 nm) is used to launch a strong shock in planar geometry. The experiment aims to characterize both shock
waves and hot electrons generated at intensities of ’1016 W=cm2. It is shown that, in these interaction conditions, hydrodynamics is
strongly impacted by noncollisional mechanisms, and the role of the hot electrons, generated by parametric instabilities, is essential in deter-
mining shock dynamics.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5119697

I. INTRODUCTION

The shock ignition approach to inertial confinement fusion (SI)1

presents several advantages compared to the standard central ignition
approach,2 such as a lower implosion velocity in the compression
phase, which makes SI less sensitive to hydrodynamic instabilities, and
a lower amount of energy needed to achieve ignition.3,4 In the SI
scheme, ignition is triggered by a strong shock (>300 Mbar) launched
by a laser spike of duration a few hundred picoseconds close to the
end of the compression phase, with intensity between 1015 and 1016

W=cm2. Interaction of the laser spike is expected to be strongly
affected by parametric instabilities such as Stimulated Brillouin
Scattering (SBS), Stimulated Raman Scattering (SRS), and Two
Plasmon Decay (TPD), which reduce the laser energy coupled with
the target and can also produce suprathermal electrons.5,6

Several works have pointed out the essential role of such hot elec-
trons (HEs) not only toward target preheating (a well-known effect in
inertial fusion research)7 but also in the process of shock generation
and in determining shock dynamics.8,9 It appears that if the energy of
HEs is not too high, they could actually improve the laser-plasma

coupling and increase the shock strength, while at the same time, they
would not be able to penetrate deeply into the target and preheat the
fuel.8,10 Therefore, experiments have recently addressed the study of
HE, parametric instabilities, and shock generation in the SI interaction
regime. These include experiments done at OMEGA11 in planar12 and
spherical geometries,13–15 at LIL,16 and at the Prague Asterix Laser sys-
tem (PALS).17,18 All of them made use of UV laser light, which is
expected to result in a stronger coupling with denser plasma regions.
The use of short wavelength laser light is essential for compressing
inertial fusion targets because it guarantees a better hydrodynamics
efficiency and a lower level of parametric instabilities. However,
assuming that HEs have a beneficial effect for the generation of the
final shock, it could be possible to think about mixed irradiation
schemes where compression is performed at 3x, and the final spike is
realized at 1x or 2x. The advantage of using longer wavelength radia-
tion is a lower level of damage to the optics for beam transport and the
availability of larger energy. For example, at PALS,19 the laser can rou-
tinely deliver 300 J in the third harmonic (k0 ¼ 438 nm) but up to
700 J in the first harmonic (k0¼ 1.315lm). Using phase plates to
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produce a uniform focal spot of 100lm, the full width at half maxi-
mum (FWHM) provides an intensity of �1:5� 1016 W cm�2 on the
target. If we consider the irradiance Ik2, which is the physical quantity
governing the onset of parametric instabilities, we reach Ik2 �
3� 1016 W lm2 cm–2, an order of magnitude higher compared to the
third harmonic.

Such nonlinear interaction conditions may result in stronger SRS
and TPD and consequently larger HE production, which should
strongly affect shock dynamics. In addition, studying parametric insta-
bilities and HE generation at high intensity and longer wavelengths
will allow for a better understanding of the physical processes that take
place and for retrieving quantitative information on thresholds and
conversion efficiencies. Such information is essential for developing
advanced numerical models and validating them.10

II. EXPERIMENTAL SETUP

Streaked-optical-pyrometry (SOP) was used to characterize
dynamics of the shock waves, while focusing spectroscopy with spa-
tial resolution (FSSR) and spherical crystal imaging (SCI) were used
to characterize Ka emission generated by interaction of hot elec-
trons20 with tracer layers buried in the target. Parametric instabil-
ities were studied by collecting light backscattered within the cone
of the focusing lens and characterizing it by time integrated optical
spectroscopy (OS) and calorimetry (Cal).21,22 Bremsstrahlung emis-
sion was recorded using a bremsstrahlung cannon placed in front
of the target (BC). A sketch of the experimental setup is shown in
Fig. 1.

In this work, we focus on hydrodynamics and hot electron effects
by analyzing SOP results through comparison with numerical simula-
tions. Other diagnostics provided complementary information on
laser-plasma interaction, which reinforces the proposed interpretation
of the experiment and allows constraining simulation parameters. For
some of them, the detailed analysis is developed in an associated
article.23

PALS is a single beam laser delivering 700 J at a fundamental
wavelength (k¼ 1.315lm) in an �300 ps, full width half maximum
(FWHM), Gaussian pulse. The beam was smoothed with a Random
Phase Plate (RPP) providing a Gaussian focal spot of �100lm

(FWHM). The RPP diameter was 30 cm, and its focal length was
60 cm, leading to an f/#2 optical system. By performing accurate calo-
rimetric measurements, we determined that only �50% of the nomi-
nal energy was contained in the 100lm spot. Therefore, the effective
laser energy inside the focal spot was 350 J. Figure 2 shows laser power
as a function of time (right) and intensity distribution as a function of
radius (left). Solid lines are horizontal and vertical line-outs of a time
integrated image of the laser focal spot. The dashed line represents the
smoothed profile used in simulations. The peak power of 1.10 TW
results in a peak intensity on axis of 0.97� 1016W/cm2 and in an inter-
action parameter Ik2¼ 1.68� 1016 W lm2 cm�2, which is largely
above the threshold for laser plasma instabilities. Hence, a significant
amount of hot electrons is expected to be produced. The PALS beam
was used to irradiate two-layer targets with a front layer of Polystyrene
(CH) of variable thicknesses, ranging from 10lm to 180lm, followed
by 5lm of Titanium. The targets were embedded into an aluminum
washer, and the inner diameter was 2mm. The use of different plastic
thicknesses allowed us to obtain information on both shock waves and
HE heating.

III. EXPERIMENTAL RESULTS
A. X-ray measurements

Figure 3 shows a typical 2D-resolved image of the Ti Ka emission
produced by hot electron interaction with a target (in this case, a 5-lm
Ti layer covered by 10lm of plastic). The elliptical shape of the emit-
ting area corresponds to the oblique line of sight of the imager observ-
ing the target surface at an angle of about 45�. The measurement of
the number of photons emitted by Titanium at this energy gives infor-
mation on the flux of hot electrons. This flux depends on the thickness
of the CH layer. Taking, for example, targets with 50lm of CH, it can
be found that only hot electrons with energies of �50keV reach the

FIG. 1. Experimental setup.
FIG. 2. (top-left) PALS laser focal spot (see the text) and (top-right) laser power as
a function of time for a total energy of 700 J. Target scheme (bottom).
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titanium layer. For targets with a thicker CH layer, this cut-off energy
increases, which results in a reduction of hot electrons reaching the Ti
layer and therefore a lower Ka signal. However, we observed the Ka sig-
nal even for the largest plastic thickness, implying the presence of a HE
component at high energy. Figure 4 presents the analysis of the Ka signal
as a function of the thickness of the CH layer. Squares represent the mea-
sured average fluxes at each thickness (these data refer to FSSR; however,
data from the SCI provide similar results), while spheres represent simu-
lations of hot electron fluxes. The analysis has been performed with the
Monte Carlo code GEANT424 simulating propagation of hot electrons
and the K-shell emission inside the studied target. The K-shell ionization
cross sections were provided by the PENELOPE physics library.25 The
Monte Carlo simulation, which best-fits the experimental data, uses
two Maxwellian hot electron populations—a dominant one with the
temperature of ’406 5keV and a hotter one with the temperature

of ’ 85keV6 5keV. In agreement with known scaling laws (and with
the results of Ref. 23), we attribute the first component to hot electrons
produced by SRS and the second one to TPD. The total conversion
efficiency from the laser to hot electrons is g¼ 5.36 0.58%, distributed
as 2/3 and 1/3 for SRS and TPD, respectively. Note that, in previous cam-
paigns at PALS, using 300 J energy at the third harmonic (k0 ¼ 438 nm),
the measured conversion efficiency was below 1% with the hot electron
temperature of 256 7.5keV.9,10

B. Bremsstrahlung cannon

A bremsstrahlung cannon (BC) provides information on the
high-energy photon distribution and hence indirectly allows us to esti-
mate the hot electron energy distribution. The typical results from this
diagnostic are shown in Fig. 5.

Monte Carlo simulations have been used in two steps to infer hot
electron temperature. First, the BC structure has been fully simulated
to obtain, at the entrance, the photon spectrum yielding signals in
each image plate. In a second step, the MC code has been run to find
the electron population, leading to the photon spectrum at the position
of diagnostic. The best results were systematically obtained using a
Maxwellian distribution at an electron temperature of 456 10 keV.

C. Streaked optical pyrometer

Information on the shock wave dynamics was obtained thanks to
Streaked Optical Pyrometry (SOP) that measures the breakout time of

FIG. 3. Distribution of Ka emission from the 1x-irradiated 5-lm-Ti foil covered by
10 lm of plastic, visualized by monochromatic imaging.

FIG. 4. Integrated Ka emission vs plastic thickness obtained using the FSSR spec-
trometer. Experimental points are averaged over several shots. Simulation points
include the contribution of two Maxwellian hot electron populations, a dominant one
with a temperature of ’ 406 5 keV and a hotter distribution with a temperature of
’ 856 5 keV.

FIG. 5. Raw data from BC (each circle corresponds to a different IP) and fit related
to a photon spectrum at the entrance of the diagnostic.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 26, 112708 (2019); doi: 10.1063/1.5119697 26, 112708-3

Published under license by AIP Publishing

https://scitation.org/journal/php


the shock at the rear side of the target. The target is imaged on the slit
of a streak camera that records the self-emission of the Titanium layer
in the visible range of the electromagnetic spectrum. Figure 6 presents
the SOP signal for three representative plastic thicknesses: 15, 50, and
125lm. Line-outs of the SOP signal as a function of time are also dis-
played. The peak of emission observed at early times is due to preheat-
ing of the rear surface by hot electrons reaching the Titanium layer
after crossing the plastic layer. Practically, it occurs at the time of the
maximum laser intensity. Due to such significant preheating, the target
rear side expands rapidly, cooling down, which implies a rapid reduc-
tion of the emitted thermal radiation. For 50lm and 125lm plastic
thicknesses, a second peak of emission is clearly visible. It is induced
by the shock produced at the front side of the target that crosses the
whole target, heating and compressing it and finally reaching the rear
side. For the target with 125lm of CH, the delay between the peak
due to hot electrons and the signal rising due to shock breakout is
4.16 0.2 ns. For the target with 50lm, this delay is 1.06 0.1 ns. For

the target with 15lm of CH, there is no signal rise, and so the delay
cannot be defined. This does not mean that there is no shock but sim-
ply that the hot electron heating dominates the shock heating, hiding
its arrival at the rear side. The signal due to hot electron preheating
decreases with the plastic thickness, as expected. This is due to the fact
that when the propagation thickness increases, fewer electrons arrive
at the Ti layer, reducing its heating. At the same time, the signal corre-
sponding to shock breakout also decreases because for larger propaga-
tion distances, the shock pressure reduces. However, for large
thicknesses, although reduced, it becomes larger than the initial peak
due to hot electrons.

D. Parametric instabilities

The impact of noncollisional processes in this interaction regime,
giving rise to HEs, is confirmed by spectroscopic and calorimetric
measurements of scattered light. In our setup, due to the low spectral

FIG. 6. Streak images of rear side emission for different thicknesses of the CH layer (top row) and corresponding line-out as a function of time (bottom row). The time t¼ 0 is
defined by the peak of the emission due to the electrons. For the target with a 125lm thick CH layer, the signal rises at t¼ 4.16 0.2 ns due to shock breakout. For the target
with 50 lm of CH, this rises at t¼ 1.06 0.1 ns. For the target with 15 lm of CH, the shock breakout time cannot be precisely measured.
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resolution of the optical diagnostics, we were not able to distinguish
SBS from laser light simply reflected from the target. The reflectivity
due to SRS, in the lens cone, was 0.6–4% of laser energy. Comparing
such results to our previous measurements performed at 3x,21,22 we
observe a large increase in SRS, which can be explained by the increase
in the irradiance parameter (Ik2), which determines the convective
gain in the resonance region. The measured increase in SRS is consis-
tent with the rise in the hot electron signal, suggesting that the main
HE component is generated by SRS. This is further confirmed by the
spectral characterization of SRS back reflectivity, showing a maximum
in the spectral range of 2400–2450nm,23 implying that SRS is prefer-
entially emitted at densities of 0.17–0.19 nc. In this case, assuming a
background plasma temperature to be�4 keV (as extracted from sim-
ulations and as expected from simple scaling laws), we can estimate
that the energy of electrons accelerated by the plasma waves produced
by SRS is�40 keV, in fair agreement with our experimental findings.

IV. DISCUSSION
E. The numerical tool

Numerical simulations of the experiment were performed with
the hydrodynamic code CHIC,26 which includes a model10 accounting
nonlinear laser-plasma interaction (LPI), the generation of hot elec-
trons, and their propagation into the plasma. The description of the
laser propagation is based on the Paraxial Complex Geometrical
Optics (PCGO): the laser beam is described by a bunch of thick
Gaussian rays. Unlike models based on ray tracing, the PGCO model
calculates laser intensity in plasma and allows computing parametric
instabilities and subsequent hot electron production. The electron
transport model is described in the continuous slowing down approxi-
mation considering electron-ion and electron-electron collisions. The
hot electrons are described by an exponential distribution function in
energy that is logarithmically discretized in a series of monoenergetic
beamlets. This multigroup model for HE beam transport in plasmas
has been validated by comparison with a reference code.27 The free
parameters defining the hot electron source are initial energy flux,
mean temperature, angular distribution, and direction. These parame-
ters are determined from laser and plasma characteristics, thus cou-
pling parametric instabilities and hot electron sources. In CHIC, they
are computed using scaling laws obtained from extensive PIC simula-
tions or experimental data.10 For TPDHE, flux (W/cm2) and tempera-
ture (keV) are defined as

FTPD ¼ 2:6� 10�2I 1� exp � nTPD � 1
� �1=2h in o

; (1)

TTPD ¼ 15:5þ 17:7nTPD; (2)

where nTPD ¼ I=ITPD is the ratio of the local intensity to the threshold
intensity ITPD ¼ 8:2TkeV=ðLlmklmÞ PW/cm2, with Llm being the den-
sity scale length in lm. The electron plasma waves are excited by TPD
in a broad range of directions within the cone 645� with respect to
the pump. Multiplicity of configurations for the pump and daughter
waves produces a uniform hot electron emission in the 645� cone
with respect to the PCGO ray direction.

The energy of hot electrons produced by SRS is linked to the
phase velocity of the electron plasma wave at the point of resonance. It
is supposed that the hot electrons are produced at the density of
ne ¼ 0:2nc, and their temperature reads TSRS ¼ 34þ 1:5TkeV.

10 The
hot electron flux reads

FSRS ¼ 12:5� 10�2I 1� exp � n1=3 � 1
� �� �n o

W=cm2; (3)

where n ¼ I=ISRS is the ratio of the local intensity to the threshold
intensity. The threshold intensity can be calculated using the absolute

or convective threshold formulas, ISRSabs ¼ 99:5=ðL2lmklmÞ2=3 PW/cm2

or ISRSconv ¼ 220= Llmklm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ne=nc

p� �
PW/cm2, respectively. From

experimental observations, it is known that SRS electrons are more
directional than TPD electrons relative to the laser direction. In CHIC
simulations, it is assumed that SRS electrons propagate in the laser
beam direction. The model describing coupling between the laser
beam, plasma dynamics, hot electron generation, and propagation has
been used to better simulate experiments in the intensity range of
1015–1016 W/cm2 with k¼ 351nm.10 Nevertheless, for longer laser
wavelengths, the scaling laws used to define the hot electron sources
from TPD and SRS have to be validated/tuned by comparison with
experimental measurements.

F. Simulation without the hot electron

We performed CHIC simulations using the PCGO description of
the laser beam, including or not the hot electron effects on hydrody-
namics. The three plastic thicknesses, 15, 50, and 125lm, have been
tested. All the simulations share a common time scale. The zero time
corresponds to the beginning of the laser pulse and differs from exper-
imental zero time used in Figs. 2 and 6 defined at the maximum laser
intensity. Comparisons between experiment and simulation concern
the delay time between emission induced by hot electrons and emis-
sion induced by the shock breakout and so are independent of the
choice of zero time. A focus is made on the interpretation of the thick-
est CH layer, characterized by a longer distance traveled by the shock
wave. Figure 7 presents the results from the simulation without hot
electrons. In this simulation, only 9.3% of the laser energy has been
absorbed through inverse Bremsstrahlung. This low absorption is due
to the short pulse, long wavelength, and high intensity of the laser
pulse. 2D maps of pressure and density 800 ps after the beginning of
the simulation show a well-defined shock front with a pressure of �12
Mbar. The maximum pressure, 14–15 Mbar, is reached just after the
peak of laser intensity. This relatively low pressure, for a laser intensity
of �1016 W/cm2, can be explained by two main reasons. First, at the
first harmonic, laser-plasma coupling is weak. The laser absorption is
less than 10% and takes place at a density of 6:5� 1020cm�3. Locally,
plasma temperature is high but pressure due to a low density is small.
The second reason is a small focal spot diameter of �100lm. Lateral
losses are important and strongly reduce the pressure. A one dimen-
sional simulation or a spherical geometry leads to higher pressure.
However, this pressure is large enough to compress the plastic up to
3.6 times its initial density. Pressure and density maps as a function of
time and space show that the shock propagates through the two layers
and breaks out at the rear side of the target 4.45 ns after the beginning
of the simulation.

Synthetic SOP images have been produced by looking at the total
radiation escaping from the target rear side in the range of 1–4 eV
accounting for the spectral acceptance of the SOP diagnostic (streak
camera sensitivity plus transport optics). In addition, we have taken
into account the spatial (80lm) and temporal resolution (80 ps) of the
diagnostics.
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As expected, in Fig. 8, only heating induced by the shock appears
on the SOP signal, and the first emission induced by hot electrons is
not reproduced by this simulation. Note that the X-ray emission pro-
duced by the laser-plastic interaction is not strong enough to heat the
Ti layer and to be registered on the SOP signal.

At this step, an important remark has to be done concerning sim-
ulations and comparisons with experimental data. The CHIC code is a
two dimensional hydro-code. Two geometries can be used: slab or
cylindrical. The latter may be very close to 3D simulation in a case of
cylindrical laser beam illuminating a target perpendicularly to the tar-
get surface. This geometry correctly represents the laser in terms of
intensity, power, and energy. In planar geometry, the focal spot is a
stripe with an intensity distribution, which is correct in one direction
but invariant in the other one. To keep the same laser intensity on the
target, the laser power has to be modified. For short hydrodynamic
simulations or large focal spot dimension, both geometries lead to the
same results. In this PALS experiment, the laser focal spot size was
only 100lm at FWHM, the pulse duration was short, and the shock
was traveling distances longer than 100lm during several nanosec-
onds. The geometry effect on shock propagation without hot electrons
can be tested for the different plastic thicknesses using the model based
on ray tracing (the PCGO model is for the moment implemented
in planar geometry only). For the thickest layer, 125lm, the shock

breakouts 600 ps later in the cylindrical case compared to that in the
slab one. This is mainly due to different lateral losses during the shock
creation and its propagation. Indeed, if in the cylindrical case, these
losses are correctly calculated, in slab geometry, the invariance by
translation in one direction reduces losses, leading to a higher pressure
and finally to a faster shock. This effect is smaller for thinner targets.
For the 50lm thickness, the delay between the two geometries is only
50 ps, and no difference is observed for the 15lm thickness.

G. Simulation with hot electrons

When simulating the case of the 125lm target with hot elec-
trons, we have assumed that the difference between planar and axi-
symmetric geometries still results in a shock breakout difference of
600 ps. All the following simulations have been performed in slab
geometry.

Figure 9 presents hydrodynamics with hot electrons. Both SRS
and TPD electrons have been considered. The temperatures and con-
version efficiencies of the electron sources are given by Eqs. (1) and
(3). For the SRS electrons, the time averaged temperature and conver-
sion efficiency are 39 keV and 9.2%, respectively. We used for this run
the absolute intensity threshold. For the TPD electrons, these parame-
ters are 83 keV and 1.9%. The SRS hot electrons have no initial diver-
gence, while the TPD hot electrons have a 645� divergence.

FIG. 7. Simulation without hot electrons. 2D map of pressure at 800 ps (top left), 2D map of density at 800 ps (top right). Pressure as a function of time and space (bottom
left). Density as a function of time and space (bottom right).
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Additionally, 8.2% of the laser energy is absorbed through inverse
Bremsstrahlung. Hence, collisional absorption is smaller than absorp-
tion by parametric instabilities. 2D maps of pressure and density 800
ps after the beginning of the simulation (Fig. 9, top row) show the
effects of hot electrons on hydrodynamics of the target. Hot electrons
heat the target both upstream and downstream of the shock front. In
the unshocked plastic, this heating increases the pressure up to a

maximum value of about 110 Mbar. We must notice, however, that in
this case, the pressure profile is not sharp, as the one obtained without
hot electron, but is characterized by a slow spatial decay. In this simu-
lation, because of a high upstream pressure, due to preheat, the shock
wave compresses the plastic only by a factor of 1.15. The pressure
increase due to the hot electron energy deposition also leads to expan-
sion of the target from both sides. At the rear side, the heated

FIG. 8. Synthetic SOP image obtained by postprocessing the results of CHIC simulations, without HE (left) and line-out of this results along the axis y¼ 0 (right).

FIG. 9. Simulation with hot electrons. 2D map of pressure at 800 ps (top left). 2D map of density at 800 ps (top right). Pressure as a function of time and space (bottom left).
Density as a function of time and space (bottom right).
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Titanium layer expands into vacuum, creating a decreasing density
gradient. Due to the directionality of the SRS hot electrons, this heating
is localized close to the laser symmetry axis (y¼ 0). As a consequence,
the shock front curvature is larger in the simulation with hot electrons.
The pressure and density as a function of time and space (bottom
row) show the dynamics of the target. The shock is faster in the simu-
lation with hot electrons, and it reaches the Titanium layer at 1.6ns,
against 4.2 ns in the simulation without hot electrons. However, due to
the large expansion of the Titanium layer, the breakout at the rear side
of the target is not well defined. Figure 10 shows the synthetic SOP
image obtained from this simulation. The emissivity of the rear side
shows a behavior similar to the experiment. During laser matter inter-
action (before 800 ps), there is a peak of emissivity due to direct heat-
ing of the Titanium layer by the hot electrons. This signal then
decreases with time as the layer expands and cools down. Then, the
shock breaks out at the rear side of the target, leading to a second
increase in the emissivity. In this simulation, the delay between the ris-
ing of the signal due to shock breakout and the peak of emission due
to hot electrons is 1.66 0.1 ns. Even considering 600 ps delay due to
planar geometry, this is much shorter than the experimental delay
(4.16 0.2ns). The disagreement between simulation and experiment
is due to overestimation of the amount of hot electrons in the compu-
tation. Indeed, in this simulation, 9.2% of the laser energy is converted
into SRS HE with a temperature of 39 keV. While the temperature is
close to the measurements, the conversion efficiency is much larger in
the simulation. In another simulation (not shown), the SRS intensity
threshold has been changed from the absolute to the convective one.
The latter intensity is higher, which leads to a smaller SRS electron
flux but not small enough to reproduce experimental data. This inac-
curacy in the scaling laws used to estimate HE source parameters is
not surprising since these have mainly been determined from experi-
ments and simulations at a shorter wavelength (typically 0.351lm)
and smaller Ik2.

H. Effects of reduced hot electron fluxes

We therefore performed another set of simulations adjusting the
HE flux and angular spreading with the goal of reproducing all experi-
mental measurements (shock breakout time, hot electron temperature,
and conversion efficiency). It is important to notice that the goal of
this study is not to discuss in detail the origin of hot electrons but is to

quantitatively characterize the hot electron amount and temperature
required to reproduce their effects on hydrodynamics. This is of course
more critical for SRS, which is the main source of hot electrons in our
conditions. In particular, we compared the hot electron flux needed to
reproduce experimental results to what predicated by scaling laws,
either considering the intensity threshold for absolute SRS or that for
convective SRS. Since the absolute SRS threshold is lower than the
convective SRS threshold, it means that absolute SRS is triggered ear-
lier in the laser pulse and acts for a longer time. Therefore, we get a
higher hot electron flux from absolute SRS as compared to convective
SRS. In both cases, we need to apply a reduction to the flux predicted
by scaling laws in order to get the flux required to reproduce experi-
mental results. This is a factor of about 4 if we consider absolute SRS
and about 2 if we consider convective SRS. Physically, the reduction of
hot electron fluxes needed for both SRS and TPD could be equivalent
to modify the scaling laws for the fluxes by adding a wavelength
dependence, but this reduction could also highlight a missing physical
effect in simulations, for instance, related to the presence of strong
magnetic fields close to the hot electron sources or other reasons. For
both SRS and TPD sources, the temperatures and initial divergences
have not been modified.

Figure 11 shows the effects of reduced hot electron fluxes on
hydrodynamics. The conversion efficiencies of SRS and TPD are now
2.3% and 1.1%, respectively. Additionally, 9.3% of the laser energy has
been absorbed through inverse Bremsstrahlung. 2D maps of pressure
and density 800 ps after the beginning of the simulation (Fig. 11, top
row) show that despite the flux reductions, hot electrons still heat the
target. However, their effects are significantly reduced. Expansion of
the Titanium layer is clearly less significant, and the shock is slower.
The maximum pressure in the target has also been reduced to �51
Mbar. This can also be observed in the pressure and density as a func-
tion of time and space (Fig. 11, bottom row). The shock now reaches
the Titanium layer at�2.2ns. However, similar to the precedent simu-
lation, expansion of the Titanium layer prevents from determining the
shock breakout time. Figure 12 presents the numerical SOP image
postprocessed from the hydrodynamic simulation, and it shows that
the rising of the signal due to the shock breakout arrives later. In the
time line-out (Fig. 12, right), the delay between the peak due to hot
electrons and the signal due to the shock breakout is 3.16 0.15 ns.
Adding 600 ps due to the planar geometry gives 3.76 0.14 ns, which is

FIG. 10. Synthetic SOP image obtained by postprocessing the results of the CHIC simulation presented in Fig. 9 (left) and line-out of this results along the axis y¼ 0 (right).
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much closer to the measured delay. Emissivity of the rear side as a
function of time and space (Fig. 12, left) shows that the shock
breaks out earlier away from the central axis (the earliest being for
y ’ 150 lm). Indeed, expansion of the Titanium layer is more sig-
nificant near the axis, y¼ 0, and so at this position, the shock prop-
agates a longer distance before breaking out. This effect is also

visible in the simulation with the nonreduced fluxes, but in this
case, the shock is faster, and therefore, the titanium layer has less
time to expand, reducing the difference between the center and the
edges of the emission. This effect is not observed in the experimen-
tal image, which suggests that in experiment, hot electrons are less
directional than what is assumed in the simulation.

FIG. 11. Simulation with reduced hot electron fluxes. 2D map of pressure at 800 ps (top left). 2D map of density at 800 ps (top right). Pressure as a function of time and space
(bottom left). Density as a function of time and space (bottom right).

FIG. 12. Synthetic SOP image obtained by postprocessing the results of the CHIC simulation presented in Fig. 11 (left) and line-out of this results along the axis y¼ 0 (right).
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I. Effects of angular spreading

We repeated the simulation with reduced fluxes and with 620�

initial divergence for the SRS electron source. While the temperature
and conversion efficiency for SRS and TPD hot electrons are kept
unchanged, electron heating shown in 2D maps of pressure and den-
sity at 0.8 ns, in Fig. 13, is much less directional. This results in a flatter
shock front and a decrease in the pressure in both shocked plastic and
the corona, the heated volume being larger, for the same injected
energy. A lower pressure and cooler unshocked material produces a
slower shock. The heated surface zone at the rear side is larger, which
reduces the time difference of the shock breakout between the center
and edges. Figure 14 shows the numerical SOP image. The curvature
of the shock breakout signal is still visible but is strongly reduced. Such
a curvature in the experimental image is not apparent but might be
blurred due to the low level of the signal. The line-out of the central
part of the rear side emission image shows a slightly later shock break-
out compared to that in the simulation without initial divergence. The
delay between the peak of emission due to hot electrons and the sec-
ond bump due to the shock breakout is 3.356 0.1 ns. Taking into
account 600 ps induced by the planar geometry of simulation leads to
a delay of 3.956 0.1ns, in agreement with the measured delay within
error bars. The maximum pressure in the target is now reduced to
about 40 Mbar.

The last simulation better reproduces the experimental SOP data,
while remaining close to the experimental constraints concerning the
measured characteristics of hot electrons. Yet, an increase in the signal
due to the shock breakout is steeper in the simulation, and it also starts
to decrease after �4.2 ns. This behavior differs from the experimental
signal that slowly increases with time. This difference has already been
observed in interpretation of other experiments.28 Among possible
explanations, we mention the equation of state and opacity of
Titanium, which might be inaccurate in the regime of low density
(below 1 g/cc) and moderate temperature (a few electron volts),
induced by rear side expansion.

J. Other plastic thicknesses

Parameters used to reproduce the experimental data for 125lm
targets have also been used to simulate the cases of different plastic
thicknesses (50 and 15lm). Figures 15 and 16 present synthetic SOP
images for both cases. The numeric SOP signals are close to the mea-
sured ones. For the 50lm thick CH (Fig. 15, right), the delay between
the peak of emission due to hot electrons and the signal due to shock
breakout is 1.156 0.10 ns. Adding 50 ps from the planar geometry
correction brings this delay in fair agreement with the measured delay
(1.06 0.1 ns). Concerning the 15lm thick CH, the shock breakout
does not lead to a significant increase in rear side emissivity. It slightly

FIG. 13. Simulation with reduced hot electron fluxes and with a 620� initial divergence of the SRS electron source. 2D map of pressure at 800 ps (top left). 2D map of density
at 800 ps (top right). Pressure as a function of time and space (bottom left). Density as a function of time and space (bottom right).
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changes the slope of the rear side cooling down after being heated by
hot electrons. This numerical SOP signal evolution looks similar to the
experimental image. Moreover, the overall shape of SOP images and,
specifically, the relative brightness of induced-hot electrons and -shock
emissions are correctly reproduced. As shock propagates, it com-
presses and heats matter and loses in strength. So one could expect to
obtain a lower emission for the thickest target. This is indeed the case,
but heating induced by hot electrons decreases even more rapidly with
the thickness. For 15lm, heating of the Titanium layer exceeds 40 eV
during the laser pulse, whereas it is of 28–30 eV and 12–15 eV for tar-
get thicknesses of 50 and 125lm, respectively. This is directly corre-
lated with the electron ranges. The distance of 15lm of plastic can be
crossed by 25 keV electrons, but distances of 50 and 125lm require
energies larger than 50 and 90 keV, respectively. Since hot electron dis-
tributions are exponential functions of temperature, the number of
electrons at high energy is much smaller, thus reducing the Titanium
temperature accordingly. The line-outs presented in Figures 14–16 use
the same scale and can be directly compared.

V. CONCLUSION

This work presents experimental results obtained at high intensi-
ties and long laser wavelength, k¼ 1.315lm. These conditions

dramatically increase hot electron generation and decrease the role of
collisional absorption. A significant fraction of the laser energy absorp-
tion is due to parametric instabilities, which are responsible for hot
electron generation. Consistent experimental data have been inter-
preted with the hydrodynamic code CHIC, which accounts for laser-
plasma coupling, the generation of hot electrons by SRS and TPD, and
their energy depositions. Compared to a previous PALS experiment
performed at the short laser wavelength (3x of the iodine laser), exper-
imental data can be interpreted only if the hot electron parameters are
modified. Specifically, the angular spreading of SRS electrons had to be
increased, and the hot electron fluxes had to be reduced by a factor
between 2 and 4 (depending on whether we consider the threshold for
absolute or for convective SRS). Such modifications of the fluxes could
be interpreted as the signature of an additional wavelength depen-
dence in the scaling laws for hot electron fluxes. However, they could
also be produced by some missing effects in the simulations, eventually
enhanced due to the long wavelength used in the experiment: 3D
geometry, the presence of a strong magnetic field near the hot electron
source, and strong filamentation locally modifying the laser intensity.

Spectroscopic data, data from crystal imagers and from brems-
strahlung cannon, demonstrate the presence of a significant number
of hot electrons, a fraction of which can penetrate deeply into the

FIG. 14. Synthetic SOP image obtained by postprocessing the results of the CHIC simulation presented in Fig. 13 (left) and line-out of this results along the axis y¼ 0 (right).

FIG. 15. Synthetic SOP image obtained by postprocessing the results of the CHIC simulation for a 50 lm plastic target (left) and line-out of this results along the axis y¼ 0
(right).
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target, suggesting energies beyond 90 keV. Our experimental results
and the simulations show a dramatic impact of hot electron preheating
on shock dynamics. Energy deposition from hot electrons is clearly
visible in the experimental and synthetic SOP images.

Hot electrons strongly increase the shock pressure.30 The previous
experiment performed at PALS, at the third harmonic, showed a pres-
sure increase of 40%.10 The pressure increase in the present experiment
is larger than 250%. This difference comes not only from an enhance-
ment of the hot electron number but also from a weaker laser-mater
coupling by collisional absorption. Hot electrons also have a significant
impact on shock velocity owing to preheat of the unshocked plastic.

The pressure increase due to hot electrons could be a beneficial
factor for shock ignition29 if one can suppress the strong preheat
upstream of the shock front. In our experiment, we used thin targets
characterized by a small areal density of �0.01 g/cm2, which are
unable to stop electrons with energies larger than a few tens of kilo
electron volts. In the SI scenario, one should get values of areal density
larger than unity for the compressed shell. This could be sufficient to
stop all hot electrons downstream of the shock. Therefore, in future
shock ignition experiments, hot electrons could turn out to be benefi-
cial for shock amplification, and long wavelength lasers could be a pos-
sible alternative for the spike irradiation.
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