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ABSTRACT

In an experiment carried out at the Prague Asterix Laser System at laser intensities relevant to shock ignition conditions (I > 1016 W/cm2),
the heating and transport of hot electrons were studied by using several complementary diagnostics, i.e., Kα time-resolved imaging, hard
x-ray filtering (a bremsstrahlung cannon), and electron spectroscopy. Ablators with differing composition from low Z (parylene N) to high
Z (nickel) were used in multilayer planar targets to produce plasmas with different coronal temperature and collisionality and modify the
conditions of hot-electron generation. The variety of available diagnostics allowed full characterization of the population of hot electrons,
retrieving their conversion efficiency, time generation and duration, temperature, and angular divergence. The obtained results are shown
to be consistent with those from detailed simulations and similar inertial confinement fusion experiments. Based on the measured data, the
advantages, reliability, and complementarity of the experimental diagnostics are discussed.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0157168
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I. INTRODUCTION

Shock ignition (SI) is a state-of-the-art high-gain scheme to
direct-drive inertial confinement fusion (ICF), in which a strong
converging shock is launched at the end of the compression phase
to ignite the fuel.1–4 The strong shock is triggered by a short intense
laser spike (300–500 ps) with an intensity of ∼1016 W/cm2. There-
fore, the success of the SI concept depends on efficient coupling
of the laser spike with the extended plasma corona surrounding
the imploding envelope. However, in this interaction regime, the
nonlinear growth of parametric instabilities5–7 and the resulting gen-
eration of hot electrons (HEs)8–11 can play an important role in the
laser–plasma coupling. The latter can be detrimental if the electrons
are too energetic and preheat the fuel, as in the conventional ICF
approach, but if they are insufficiently energetic, they cannot pene-
trate the compressed fuel and can even increase the shock pressure,
which would facilitate fuel ignition.12 Therefore, a detailed under-
standing of HE generation under SI plasma conditions is required,
but this is hampered by the difficulty of performing a full-scale SI
experiment with the laser facilities currently available. Moreover,
because of the high nonlinearity of the processes, extrapolation of
experimental results obtained at lower laser intensities13–15 and typi-
cally colder plasmasmay lead to incorrect conclusions.16 Meanwhile,
numerical 2D particle-in-cell simulations are valuable for identify-
ing the interplay of physical mechanisms and plasma parameters
that influence these processes, but they are usually limited to a few
picoseconds of interaction, which is much shorter than the ignition
spike.17 To quantify the impact of HEs on the fuel compression and
plasma hydrodynamics, specific modules have been implemented
into hydrodynamic codes to evaluate the growth of parametric insta-
bilities, the generation of HEs, and the energy deposition into the
plasma.18 This approach determines the parameters with correct
orders of magnitude, but their validity is limited because the calcu-
lations simply implement scaling laws obtained from experiments
carried out at lower laser intensities.

In addition to the difficulty of performing experiments under
full-scale SI conditions, the characterization of HEs propagating into
the plasma is often made difficult by the limitations of experimental
geometry and diagnostics. To simplify the diagnostic setup and pro-
vide better lines of sight, most of these laser–plasma experiments are
usually carried out in a planar geometry by using flat targets. This
geometry allows the use of various diagnostic tools for characterizing
the HEs and the laser–plasma interaction (LPI), including ultra-
fast x-ray imaging,19,20 x-ray and optical spectroscopy,15,21–23 angu-
lar filter refractometry,24 and particle time-of-flight methods20,25

(e.g., electron spectrometers with strong magnetic field or neutron
diagnostics).

When foil targets with a thickness of a few tens of microm-
eters are considered, electron magnetic spectrometers (designated
herein with the label ES) located behind the target can be used,
allowing direct measurements of the electron energy distribution
function (EEDF) for the laser-generated source, which is crucial
in ICF experiments.26–28 However, these spectrometers only detect
the most-energetic electrons that can propagate through the target
and escape from its rear side. In fact, some HEs undergo multi-
ple collisions into the target, dissipating either some or all of their
energy; consequently, their signature in the ES spectra acquired
behind the target is either missing or down-shifted in energy.

Incidentally, a significant fraction of the electrons that are expected
to preheat the ICF fuel in a full-scale SI reactor are usually trapped
because of induced charge separation and “recirculate” into the tar-
get, thereby preventing their detection by these detectors. On the
other hand, the dissipation of energy of low-energy electrons into
the target produces secondary x rays that can be measured by vari-
ous techniques. Typical diagnostic tools include x-ray spectroscopy
and imaging,29 which offer spatial and temporal information about
HE transport into the target and allow retrieval of the energy spec-
trum of the electron source. However, characterizing HEs by using
x-ray tools implies assumptions about the spatial geometry of the
source or the EEDF characteristics; moreover, it requires model-
ing the HE propagation through an ionized target, which is not yet
fully understood. These factors result in the obtained results having
considerable uncertainty.

Overall, from the situation described above, it is evident that
each diagnostic can measure only a fraction of the HEs, depend-
ing on their energy, the target composition, and the propagation
geometry; this should be accounted for when comparing different
experiments, and it can explain some of the discrepancies observed.
This also suggests that a combined approach is desirable to achieve
a reliable characterization of the full HE source, which is needed
to estimate the effects on the heating of the cold fuel. Herein, we
report the results of an experiment at the Prague Asterix Laser
System (PALS)30 facility, aimed at characterizing HEs generated at
laser intensities relevant to SI. We compare the results of differ-
ent HE diagnostics, including time-resolved Kα imaging and hard
x-ray bremsstrahlung and electron spectroscopy, showing correla-
tions among them and discussing critically their advantages and
disadvantages.

II. EXPERIMENTAL SETUP AND METHODS

The experiment reported herein was conducted at PALS,30 a
joint facility of the Institutes of Physics and Plasma Physics of
the Czech Academy of Sciences. A multilayer target was irradiated
(Fig. 1) at normal incidence by a laser pulse with an energy of ∼600 J
and a duration of ∼300 ps to study the generation of HEs at a laser
intensity typical of SI. Operating at the fundamental wavelength of
1.315 μm, the laser beamwas smoothed by a random phase plate and
focused to a Gaussian spot with a FWHM of ∼100 μm, resulting in a
peak intensity on the target of ∼1.5 × 1016 W/cm2. The target struc-
ture used in the experiment is shown in Fig. 1, the main difference
among the targets being the material of the ablation layer forming
the plasma corona, which was a 20 μm-thick flat layer of pure alu-
minum, carbon (polycrystalline graphite with a density of ∼1 g/cm3),
titanium, nickel, or parylene N (CH), the latter coated with a thin
Al layer (40 nm). Behind the ablation layer was a 50 μm layer of
polypropylene (PP) in which the HEs generated by LPI could prop-
agate, followed by a 10 μm layer of copper used as a tracer of HEs by
the time-resolved Kα imaging technique (see below). Finally, a 20 μm
layer of parylene N was used to reduce the effect of HE recirculation
into the Cu layer.

Using targets with different compositions was done to inves-
tigate the effects of the ablator on the extent of parametric insta-
bilities and the HE conversion efficiency and temperature.15,31 See
Ref. 32 for a detailed characterization and discussion of LPI. Herein,
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FIG. 1. Schematic of experimental setup and target design. In the experiment, a
solid layered target with a choice for the ablation layer is irradiated by an intense
laser pulse, and diagnostics involving an x-ray time-resolved Cu Kα imager and
time-integrated Cu Kα spectrometer, ESs, and a BSC are used simultaneously.
The Cu Kα imager comprises a spherically bent quartz crystal combined with an
x-ray streak camera synchronized with a frequency-tripled pickoff of the heating
laser.

we show and discuss results pertaining to the laser-driven source
of HEs. In addition to using time-resolved Kα imaging and spec-
troscopy, the HEs were characterized using a time-integrated x-ray
continuum spectrometer [bremsstrahlung cannon (BSC)] based on
differential filtering28,33–35 and three ESs deployed in front of and
behind the target.27

A. Kα time- and 1D-space-resolved imaging

Time-resolved Kα imaging was used to measure the Kα1 emis-
sion from copper (λ ≙ 1.5406 Å) heated by HEs generated in the
ablation layer. For this purpose, a spherically bent round quartz
crystal (422) (R ≙ 500 mm) arranged at an almost normal angle
of incidence was used. The entrance window of the crystal had a

diameter of d ≙ 24 mm, resulting in a corresponding spectral win-
dow of 1.4 mÅ limited by the edges of the crystal. X rays were
detected by a Hamamatsu C13410-06 x-ray streak camera (desig-
nated herein with the label XRS), whose cathode was placed close to
the meridian focus for the imaging scheme, with instrumental spec-
tral broadening playing a negligible role. The XRS slit in front of the
cathode was positioned horizontally, so that the lateral coordinate of
the signal into the XRS image (i.e., the x axis) indicated the spatial
extent of the HEs emitting area which was practically not affected
by the crystal rocking curve; the spatial resolution was limited to
∼4 μm by the XRS pixel size, as recalculated to the source position.
The vertical coordinate (i.e., the y axis) was related to the temporal
evolution. A typical XRS imagemeasured in the experiment is shown
in Fig. 2(a), while the spectral window of the measured spectrum is
shown in Fig. 2(b) together with simulated Kα x-ray spectra emit-
ted by Cu targets at different temperatures. Assuming that the bulk
temperature of the Cu layer is no more than a few tens of electron-
volts,34 the spectral window overlaps well with the Cu Kα1 line [see
Fig. 2(b)]; however, for higher bulk temperature, the line contour
broadens significantly to exceed the natural width of ∼0.46 mÅ,36

and so the instrumental spectral width samples only a portion of the
Kα emission. The entrance slit of the XRS was filtered by a 10 μmalu-
minum foil to prevent the optical radiation of the laser plasma from
reaching the camera. A thick lead screen was also located in the line
of sight from the target to the slit to protect the XRS from direct
x rays and hot particles generated during the laser interaction.

Cu Kα1 emission was detected with a temporal smearing of
∼33 ps due to the slit width. The absolute timing of the Kα emis-
sion was made possible by using a frequency-tripled pick-off of the
main laser beam as a time fiducial. See Ref. 37 for a detailed descrip-
tion of the absolute time calibration. Using this method, the absolute
delay between the impact of the laser on the target and the genera-
tion of the Kα emission was measured with an uncertainty of 45 ps,
taking into account the overall experimental jitter and temporal pro-
file fitting. The intensity calibration of the imager was performed by
comparing the total integral flux on the XRS with the signal mea-
sured on an absolutely calibrated Fuji SR-type imaging plate (IP)38

positioned in front of the XRS cathode. The transfer function of the

FIG. 2. (a) Example of x-ray streak camera (XRS) image measured in experiment. The white arrowed line in the image shows the laser profile, and the spatial scale is given
for the detector plane at magnification M ≙ 4 of the optical scheme. (b) Simulated Kα emission profiles obtained for different temperatures of Cu layer. The simulations were
performed using the FLYCHK code with 30 keV electrons added at a level of 0.01% to stimulate the Kα excitation. The dashed gray region indicates the spectral window of
the imager.
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imager spectrometer and the filter transmission for a given setup
were also considered.

B. Bremsstrahlung cannon

Indirect information about the amount and energy of the
generated HEs was obtained using a BSC, which is a hard
x-ray spectrometer that measures x rays emitted during laser–matter
interaction in a broad spectral range.34 The BSCwas positioned at an
angle of 45○ to the normal axis of the target surface on its front side
(see Fig. 1) and consisted of a stack of alternating filters and IPs of
MS-type housed in a thick lead shield (Fig. 3). The distance from
the target chamber center (TCC) was 220 mm. Each IP recorded
the temporally, spatially, and frequency integrated signal of the hard
x rays emitted from the target and propagated through the filters in
front of it. These x rays are mostly bremsstrahlung emission gener-
ated by HEs colliding with atoms and ions in the target. The x-ray
signal was gradually attenuated by each filter so that progressive
IPs inside the BSC recorded the contribution of higher-energy por-
tions because of the filtering out of lower-energy photons. Thus,
the instrument recorded photons with energy greater than 10 keV,
thereby excluding the copper Kα signal. Furthermore, electrons up
to ∼1 MeV were prevented from penetrating the stack thanks to sev-
eral PTFE (C2F4) filters placed at the entrance. The IPs were scanned
successively with a Fuji Image Reader BAS-1800, and the photostim-
ulated luminescence (PSL) signal over each IP and the relative error
were extracted from the scanned files; the PSL values are related
to the dose deposited according to calibration curves obtained in

Ref. 39, and the uncertainty related to this signal is determined by
the noise level measured in the region of interest. An example of
the signal measured in the IP stack is shown in Figs. 3(b) and 3(c).
Labeled as 1 in Fig. 3, the first IP corresponds to the signal filtered
by the first Al layer and was discarded to avoid the possible effects of
plasma emission. The color scheme in Fig. 3(b) shows the decrease
of signal intensity measured by the progressive IPs.

Tentori et al.34 described in detail the post-processing tech-
niques used for the signal obtained by the BSC. Briefly, the
parameters for the HE distribution and thus the resulting pho-
ton spectrum can be found by comparing the signals measured on
the IPs with synthetic signals generated by GEANT4 simulations.
The procedure involves calculating the detector response (which
is done with multiple GEANT4 runs) by injecting monoenergetic
photons into the synthetic diagnostic; the spectral response for
each photon energy consists of the energy absorbed by each IP per
photon in the simulation. The photon spectrum detected by the
diagnostic is assumed to be described by a function of the form
fph(E) ≙ A/E ⋅ exp(−E/Tph), with the values of the parameters A
and Tph retrieved by performing chi-square analysis against the
experimental signal, as explained by Tentori et al.34

By applying a similar method, starting from the x-ray spectrum
retrieved with the procedure described above, we reconstructed
the energy distribution of HEs originating from the x rays by the
bremsstrahlung process while propagating into the target. For this
purpose, GEANT4 simulation runs were performed, with monoen-
ergetic electrons with variable energy injected into the multilayer
target in the direction of the laser and a simulated detector placed

FIG. 3. (a) Hard x-ray spectroscopy setup inside vacuum chamber using bremsstrahlung cannon (BSC). (b) Materials and thicknesses of progressive filters for signals
measured in imaging plates (IPs); not shown here are the PTFE (C2F4) filters used to stop electrons from penetrating the stack. (c) Measured dose as function of channel
number, and comparison to dose fitted from model. (d) Comparison between x-ray spectrum fph(E) (black line) fitting signals in (b) and bremsstrahlung spectrum produced
by 3D Maxwellian distribution of electrons fe(E) (red line) propagating through target. The photon and electron distributions calculated by GEANT4 have temperatures of 30
and 36 keV, respectively.
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where the BSC would be in relation to the target and laser. With
the response from each set of electrons recorded individually, the
HE source corresponding to any arbitrary x-ray spectral distribution
could be retrieved, and this allowed also to simulate the effect of the
target composition on the measured x-ray spectrum. To compare
the synthetic signals with the experimental ones, a chi-square mini-
mization method was used to optimize the parameters of the fitting
procedure. Assuming a single-temperature 3DMaxwellian distribu-
tion for HE energy fe(E) ≙ 2/

√
π ⋅ A/Te

3/2 ⋅
√
E ⋅ exp (−E/Te), the

HE temperature (Te), absolute number of electrons (A), and their
total energy could be calculated for each laser shot. As an exam-
ple, the photon and electron distributions obtained for shot 55 196
(a target with a carbon ablation layer) are shown in Fig. 3(c).

C. Electron magnetic spectrometers

Three identical ESs were placed in front of and behind the
target, allowing us to directly measure the energy distribution of
the electrons departing from the TCC in the backward direction
(ES1 and ES2) and accelerated in the forward direction and exiting
the target (ES3). They were installed in the vacuum chamber on a
breadboard in the horizontal plane at angles of 25○ (ES1), 51○ (ES2),
and 31○ (ES3) with respect to the normal to the target, as shown in
Fig. 4. The ESs were based on magnetic deflection27 and consisted
of a 1 mm beam collimator, ferrite magnets with a field of 80 mT,
an IP holder, and a shielding case. They allowed us to measure the
energy spectrum of the electrons from 50 keV to 1.5 MeV. The low-
energy cutoff was produced by a gap between the entrance hole and
the IP, so that less-energetic electrons were deflected in the mag-
netic field toward the ES front shield and could not hit the IP. The
distance to the TCC was 300 mm for each ES, resulting in a solid
angle of HE measurement of 9 × 10−6 sr. The calibration of the posi-
tion on the IP (determined by the deflection angle) and the electron
energy was obtained using particle tracking simulations.27 These
parameters allowed an accurate angular scanning of electron emis-
sion from typical laser-induced plasmas at PALS. With the method
of alignment that was used, the accuracy of the electron spectrometer

alignment was less than 1 mrad. See Krupka et al.27 for more details
about the ESs that were used.

The electron spectra retrieved from the scanned IPs show a
clear exponential decreasing trend in the range of energies from
150 keV to 300–450 keV (Fig. 4), depending on the shot. The por-
tions of the spectra at lower and higher energies are not considered
here because of the effects of magnetic and electric fields on the tra-
jectories and the critical correction for the IP efficiency and noise,
respectively. For the analysis, we therefore fitted the spectra in the
energy range of 150–300 keV by using a 3D Maxwell function as
done for the BSC data. For ES1 and ES2, the HE source is described
satisfactorily by the temperature of the Maxwellian distribution
fitting the spectrum, while the spectrum measured by ES3 is signif-
icantly different from the spectrum of HEs entering the target, this
being because of the effects of HE propagation. A direct comparison
of the ES3 spectra measured for different targets is also complicated
by the different Z values of the ablators, resulting in a different stop-
ping power and a different efficiency of bremsstrahlung emission.
Here, the effects of HE propagation into the target on the measured
spectra were estimated by using dedicated GEANT4 simulations, as
discussed below.

D. X-ray spectrometer

A focusing spectrometer with spatial resolution (FSSR) was also
placed in the vacuum chamber for some laser shots to measure
the ratio between bremsstrahlung and Kα emission for each abla-
tor. It was based on a spherically bent crystal of quartz (2243) with
2d ≙ 2.024 Å and a radius of curvature of R ≙ 150 mm, measuring
characteristic x-ray lines in the spectral range of λ ≙ 1.38–1.56 Å.
The spectrometer observed the K-shell line emission at an angle
of 50○ from the front target surface with a demagnification of
0.41. The emission was registered on an IP and scanned with
an Amersham Typhoon IP scanner (equivalent to GE 7000). The
detector holder was covered with aluminized polypropylene foil
(1 μmCH2 + 0.2 μmAl) to protect the IPs from optical radiation and
with 10 μm-thick Cu foil to suppress the spectral background. The

FIG. 4. (a) Experimental arrangement of hot electron (HE) spectrometers. The angles 25○ (ES1), 51○ (ES2), and 31○ (rear, ES3) are with respect to the target normal. (b)
Typical electron spectrum measured by spectrometer ES3, and Maxwellian function fitting the experimental data. The experimental spectrum is not corrected for the electron
propagation through the target.
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FIG. 5. (a) Spectra of Cu Kα group recorded in shots irradiating Cu foil (top) and
composite target with Al flash + CH ablative layer (bottom). The absence of the
K-shell emission from highly ionized Cu indicates a relatively low temperature of
the buried diagnostic layer. (b) Temporally and spatially integrated Cu Kα1 signal
collected on IP and emitted from different types of composite targets. For Ti and
Ni ablators, the Kα emission cannot be extracted unambiguously from the spectral
background.

crystal was protected by 13 μm-thick kapton foil. Figure 5(a) shows
two experimental spectra obtained from laser shots on Cu foil and
a multilayer target, while Fig. 5(b) shows the measured values of the
Cu Kα1 signal emitted from different composite targets. The absence
of highly ionized states for Cu K-shell emission in the case of mul-
tilayer targets implies low plasma temperatures29 as considered in
Fig. 2(b).

E. Hydrodynamic simulations

To retrieve the evolutions of the plasma density scale length
and coronal temperature, the interaction conditions were simulated
using the radiative-hydrodynamic code CHIC,18 in a way similar
to that described by Cristoforetti et al.22 These parameters play a
primary role in determining the intensity and the energy distribu-
tion of the laser-driven HE beam. In particular, in the CHIC code,
HE generation is implemented40 by using appropriate scaling laws
and local and instantaneous values of laser intensity and plasma
parameters. The HE generation is simulated here by accounting for
the interplay between two-plasmon decay (TPD)/stimulated Raman
scattering (SRS) and the hydrodynamics of the plasma. The plasma
temperature in the CHIC simulation shows a peak value in corre-
spondence with the laser peak, increasing from 3 to 5.5 keV with the
atomic number Z of the materials. The density scale length increases
with time and shows no significant differences among the materials

(the maximum difference is ∼10%), being ∼90–100 μm at the laser
peak time (150–160 μm at +200 ps).

III. DATA ANALYSIS AND DISCUSSION

The aim of the present paper is to validate existing models and
results of HE generation by comparing different but complementary
diagnostics for characterizing HEs in ICF experiments, highlighting
the capabilities and disadvantages of each of them. In what follows,
we discuss several issues in light of the present results, including
the determination of HE temperature, amount, divergence, and time
evolution.

A. Hot-electron temperature

As described above, the temperature Te of the HEs produced
by LPI can be estimated by using both the ES and BSC data. We
are particularly interested here in the HEs propagating in the for-
ward direction inside the target, which are the more-critical ones
for ICF. Figure 6(a) shows the values of Te obtained from the BSC
x-ray spectra for all the target types and for laser intensities in
the range of (0.3–1.2) ×1016 W/cm2; as can be seen, Te tends to
increase with increasing laser intensity, with no evident dependence
on the ablator composition. The electron temperatures measured by
BSC and ES3 are compared in Figs. 6(b) and 6(d); for an appro-
priate comparison, we use the data of spectrometer ES3 because it
records the forward-propagating HEs as those producing the hard
x raysmeasured by the BSC, while spectrometers ES1 and ES2 record
backward-propagating electrons. We also assume that ES3 and BSC
measure the same population of HEs, this being because the x rays
from deep target layers are less energetic and are attenuated by prop-
agation in the target, especially in the Cu layer or in the high-Z
ablator. The black dashed line in Figs. 6(b) and 6(d) indicates the
ideal case when the temperatures measured by the two diagnostics
are equal. The errors in the electron temperature measurement (not
shown in the figure for clarity) were typically ∼3–7 keV for both
diagnostics. As can be seen, the temperatures calculated by fitting the
raw spectra measured by ES3 are always higher than those estimated
by the BSC data. The larger discrepancy is observed for targets which
used a higher-Z ablator, i.e., Ti and Ni; this suggests that popula-
tions measured by ES3 are likely to be impacted by their propagation
through the target.

GEANT4 simulations similar to those described above for ana-
lyzing the BSC data were used to estimate the effect of the transport
of HEs into the target on their energy distribution. Monoenergetic
electrons were injected into the target, and a synthetic detector
was placed at the corresponding location of ES3 in the experiment.
The expected spectrum of electrons recorded by ES3 can be esti-
mated for any arbitrary distribution of electrons launched into the
target. Note that a cold and unexpanded target is assumed here
because the code accounts for neither the target ionization nor
the hydrodynamic expansion of the ablated layer; however, these
approximations are not expected to change the electron propaga-
tion significantly.41,42 In fact, simulations of deposited energy41,42

in our range of 150–300 keV showed that the discrepancy between
a heated target and a cold one is less than 10%. GEANT4 simula-
tions also account for neither plasma effects into the target nor the
effect of the sheath field produced on the rear side of the target;
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FIG. 6. (a) Electron temperatures measured by BSC diagnostics vs laser intensity. For better readability, a typical error bar is given for only one of the points. (b) and
(d) Comparison of electron temperatures estimated from BSC x-ray spectra with those obtained from ES3 spectrometer before (b) and after (d) the GEANT4 correction
accounting for transport into the target (d). The electron spectra were recorded behind the rear side of the target, and the dashed lines indicate equal values for the BSC and
ES3 diagnostics. (c) Modification of energy distribution of HEs along their propagation into a multilayer target with Ni ablator, obtained from GEANT4 simulations. The violet
curve is the 3D Maxwellian distribution of HEs with temperature 40 keV injected into the Ni ablator; the other curves are the distributions expected at different target layer
interfaces. The red curve is the electron distribution at the rear side of the target, and it is fitted by an exponential function with a temperature of 68 keV (black dashed line)
in the energy range of 150–300 keV. The experimental electron spectrum for shot 55 189 (black solid line) measured by the ES3 spectrometer is overplotted in the graph,
suggesting that the measured spectrum with a temperature of T′e ≙ 68 keV corresponds to an input HE population with a temperature of Te ≙ 40 keV.

the latter results in a significant refluxing43 of low-energy electrons
that cannot overcome the potential barrier and a reduction of the
energy of the electrons that can leave the target. By assuming that
the energy cutoff produced by the sheath field is of the order of the
HE temperature,44 we estimate that the sheath field should not sig-
nificantly affect the spectrum in the high-energy tail used for the
analysis (EHE > 100–150 keV).

Figure 6(c) shows clearly how collisions of HEs into the target
affect their energy distribution, where a Maxwellian HE distribution
with Te ≙ 40 keV is injected into the target with a Ni ablator (purple
curve); the other colored curves represent the distributions of elec-
trons reaching the different layers in the target, with the red curve
being the expected distribution of electrons escaping from the rear
side. Note that the population of HEs measured at the rear target

surface in the energy range of 150–300 keV is one to two orders
of magnitude lower than the original injected population. Mimick-
ing the analysis of the experimental data, an exponential fit of the
red curve in the range of 150–300 keV results in a temperature of
68 keV, i.e., 1.7× higher than the temperature of the injected elec-
trons. This shows the need for post-processing the experimental
spectra by accounting for the collisions simulated with GEANT4
to estimate the temperature of the HEs before entering the target.
The results of this procedure are shown in Fig. 6(d), where the val-
ues of Te obtained from the BSC x-ray spectra are compared with
those obtained from the ES3 spectrometer after the above correc-
tion. The points now lie much closer to the dashed line, suggesting
that it is collisions that dominate the deviation of the ES3-measured
spectrum from that generated at the TCC.
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The HE temperatures measured for the forward-propagating
HEs agree with those from previous experiments22,45,46 and particle-
in-cell simulations47 under similar irradiation conditions, and they
can be explained by electron acceleration in plasma waves driven
by parametric instabilities. In particular, the HE temperatures agree
with the phase velocities of plasma waves driven by convective SRS
or TPD in the underdense plasma.48

The temperature of electrons obtained by the spectrometers
located in front of the target (ES1 and ES2) is noticeably different
from that obtained by the rear spectrometer ES3. The discrepancy is
particularly striking for the data obtained by ES1 installed at 25○, giv-
ing usually higher values of electron temperature up to 70–80 keV.
An additional difference between the data of the front and rear
spectrometers is the energy distribution of the HEs; in fact, for a
considerable amount of shots, the front HE spectra have a clear addi-
tional spectral component that peaks in the range of 300–500 keV
[see Fig. 7(a)]. The evident differences between the electron distribu-
tions and temperatures obtained by the front and rear spectrometers
can be explained by the different generation mechanisms and the
effect of the strong azimuthal magnetic field in the spectra measured
in the front side.

The values of electron temperature obtained by fitting the ES1
data in the range of 150–250/300 keV are consistent with the Beg
scaling,49 giving Te ≈ 70 keV for a laser intensity of 2 × 1016 W/cm2.
This agreement suggests that the main contribution of backward-
propagating HEs is from electrons accelerated by resonance absorp-
tion (RA) at the critical density,50 which is made possible by the

FIG. 7. (a) Examples of electron spectra for shots with Ni (high Z) and CH (low Z)
ablation layers from front spectrometers. (b) Comparison of HE source populations
registered by BSC and ES diagnostics. The dashed line corresponds to equal
populations, and the ES data account for transmission through the target.

rippling of the critical density surface or by the low f /# number
of the laser focusing system. In fact, simulations suggest that these
electrons propagate from high-density to underdense plasma along
the density gradient51 and therefore could be partially measured by
ES1. Note that our results correspond to the lower limit of Beg scal-
ing mentioned by Beg et al.49 and have a linear dependence in this
range.

The high energy peak (300–500 keV) observed in some HE
spectra [Fig. 7(a)] suggests that an additional mechanism is at play
for the generation of backward-propagating HEs, but its origin is
unclear. The presence of additional peaks in the electron spec-
tra in the range of 250–400 keV could perhaps be explained by
Pukhov scaling,52 which gives Te > 200 keV for our parameters.
Although the scaling applies to different intensities and time scales,
the presence of a long-duration intense laser can produce suffi-
cient quasi-stationary electric and magnetic fields in the plasma.53–55

Moreover, the presence of laser speckles is expected to result in local
values of laser intensity that are much higher than the nominal value
of the laser envelope.4,56 In the context of laser plasma accelerators,
peaks in the electron spectra are related to the localized injections
of electrons into the accelerating plasma wake.57 However, the sit-
uation here is different because electron plasma waves are excited
by RA, TPD, and SRS11 rather than by laser wakefield acceleration
and are unable to produce almost-monochromatic HE bursts at such
high energies, so further experiments are needed to investigate the
related acceleration mechanism.

B. Hot-electron conversion efficiency

Here, we discuss the experimental data obtained by the differ-
ent diagnostics in order to assess their capability to provide infor-
mation about the absolute and relative amounts of HEs propagating
through the target.

In Fig. 7(b), we plot the absolute number of electrons per solid
angle obtained for all the shots from analyzing the ES3 and BSC data.
The plotted values are the population parameters of the Maxwellian
distribution obtained by the best fitting of the experimental data,
and they can be equated with the recorded doses because the elec-
tron temperatures of BSC and ES3 are equal as shown in Fig. 6(d).
The amount of HEs obtained from the ES3 data accounts for the
different stopping powers of the ablators, which were calculated by
GEANT4. The corresponding transmissivity of a Maxwellian elec-
tron distribution through the different targets is shown in Fig. 8(a)
for various HE temperatures. These curves were obtained by inject-
ing electrons at a distance of 200 μm from the target surface with
a spot size of 50 μm and a cone angle of 45○. The electrons were
distributed into 45 energy bins spaced logarithmically from 10 keV
to 2 MeV, then the transmitted electrons were acquired by a syn-
thetic diagnostic taking into account the position and solid angle of
the spectrometer in the real experiment. Finally, the transmissivity
was calculated by considering the total population of theMaxwellian
distribution.

Figure 7(b) clearly shows that the amount of HEs retrieved
by ES3 is always lower than that calculated by the BSC diagnos-
tics. A possible cause of this discrepancy is a lower divergence of
the HE source as suggested by the analysis of Kα imager data (see
below); this could result in an underestimation of the amount of
HEs detected by ES3, which is located at 31○ from the target normal.

Matter Radiat. Extremes 8, 065602 (2023); doi: 10.1063/5.0157168 8, 065602-8

© Author(s) 2023

 0
3
 O

c
to

b
e
r 2

0
2
3
 0

7
:4

3
:1

3



Matter and

Radiation at Extremes
RESEARCH ARTICLE pubs.aip.org/aip/mre

FIG. 8. (a) Calculated transmission of HEs emerging from rear surface of target
as estimated by GEANT4 simulations. The values were calculated by injecting
Maxwellian distributions of electrons with different input temperatures on the front
surface of the target. Electrons were injected at 200 μm from the target surface with
a spot size of 50 μm and a cone angle of 45○. The dashed rectangle shows the
typical range of measured electron temperatures in the experiment. (b) Conversion
efficiency of laser energy into HE energy obtained from analyzing BSC data. The
dashed lines are to guide the eye and emphasize the trends for Al and parylene-
C ablators, whereas the actual dependence can be different. For clarity, a typical
error bar is given for only one of the data points.

This is also confirmed by the GEANT4 simulations, in which the
transmission of HEs through the target material depends strongly on
the cone angle, the spot size, and the energy range of the spectrum.
Therefore, the strong dependence of the results on the HE propaga-
tion direction makes the HE spectrometers unsuitable for obtaining
an accurate estimation of the HE amount.

On the other hand, a dedicated set of GEANT4 simulations
revealed that the HE information retrieved from BSC data is affected
only slightly by the HE divergence when the acquisition geometry is
accounted for. Therefore, BSC data allow one to obtain a more reli-
able estimate of the total energy of HEs and then of the conversion
efficiency of laser energy into HEs. The values of the conversion effi-
ciency of laser energy into HEs obtained from analyzing BSC data
are shown in Fig. 8(b) for all the laser shots. Most of the values
are between 0.5% and 1.5%, similar to those obtained in other SI-
relevant experiments (such as at the Omega Facility58 or NIF59). No
clear dependence of conversion efficiency on the ablation layer is
observed, except for a distinctly lower conversion efficiency in the
case of parylene-C and carbon (i.e., low Z) targets. For each ablator,
the graph also shows an increasing trend of conversion efficiency

with laser intensity. These values can be compared with those pro-
vided by CHIC simulations accounting for SRS and TPD scaling as
given by Antonelli et al.60 and performed under the same laser con-
ditions. The latter gives conversion efficiencies of HEs driven by SRS
and TPD of 2.3% and 1.1%, respectively, and HE temperatures of
the two populations of 39 and 93 keV, respectively. The values corre-
sponding to HEs accelerated by SRS plasma waves are closer to those
measured by BSC and ES3 (see above), although the conversion effi-
ciency is twice as high. Note here that our conversion efficiencies
given in Fig. 8(b) refer only to HEs propagating in the forward direc-
tion because the HE populations measured by ES3 and BSC are very
similar [see Fig. 7(b)].

HEs propagating through the target undergomultiple collisions
with free and bound electrons, resulting in both bremsstrahlung
continuum and bound–bound line emissions. The Kα imager mea-
sures the intensity of the 2p Ð→ 1s fluorescence driven by the
collisions of HEs with K-shell electrons in the Cu tracer layer. There-
fore, this diagnostic provides indirect information—time-resolved
here—about the total amount and spatial distribution of the HEs.
However, the signal from the imager is usually integrated over a nar-
row spectral bandwidth determined by the size of the crystal, which
is here less than 1.4 mÅ. Spectral integration does not allow one to
distinguish the relative contribution of the signal originating from
the Kα line and that due to the plasma corona continuum emis-
sion under the line; consequently, the prevailing contribution of the
emission is a priori unknown and deserves more-detailed investiga-
tion, analogous to studies of HE effects in laser-irradiated bare Cu
targets.29

To disentangle the two contributions, in a limited number of
shots we measured the x-ray spectrum in the range λ ≙ 1.38–1.56 Å
by using an x-ray spectrometer (see Sec. II). The spectrum obtained
for the target with a parylene-C ablation layer is reported in Fig. 5(a),
showing that the Kα emission line is more intense than the contin-
uum background emission in the same spectral range. A distinct Kα

emission above the continuum was also observed for targets with C
and Al ablators. Typically, the recorded ratio of Kα1 maximum vs
bremsstrahlung emissions was greater than 2.5 for all these targets,
except for shots with low laser energy. This implies that the spectrally
integrated signal measured by the Kα imaging system is dominated
by Kα emission, and therefore this diagnostic can be safely used
as marker of HEs. However, low-energy shots were excluded from
the following analysis because of the lower Kα1 intensity. On the
other hand, in the x-ray spectra obtained by using targets with high-
Z ablators (Ti and Ni), the Kα emission is very faint compared to
the bremsstrahlung and plasma coronal emission, implying that Kα

imaging diagnostics cannot be used for those shots.
This scenario was also confirmed by using FLYCHK61 and

GEANT4 simulations, as shown in Fig. 9(a). In the graph, we com-
pare the expected number of photons detected by the Kα imager,
which are produced by (i) Kα fluorescence due to HE collisions in
the Cu layer (green curves), (ii) bremsstrahlung emission due to col-
lisions of HEs into the target (blue curve), and finally (iii) emission
from the coronal plasma in front of the target due to bremsstrahlung
and recombination processes (red and black curves). The values
for (i) and (ii) were simulated by using GEANT4 and consider-
ing a Maxwellian HE distribution with a temperature of 40 keV
[Fig. 6(a)] and a total energy of 3 J, as obtained by the BSC diag-
nostics. Note that the simulation of the Kα emission in GEANT4
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FIG. 9. (a) Number of Kα1 photons (green) for different values of Cu layer (solid,
dashed, and dotted lines) measured by Kα imager, compared to number of
bremsstrahlung photons produced by collisions of HEs into target (blue line) and
to the number of bremsstrahlung + recombination photons emitted by the plasma
corona, calculated in 1D (black) and 3D geometry (red). The first two values were
estimated by using GEANT4 simulations and the last one by post-processing the
results of hydrodynamic simulations with the FLYCHK code. (b) Typical plasma
conditions along density profile, derived from CHIC hydrodynamic simulations, and
successively post-processed in the FLYCHK simulations. The plot corresponds to
the conditions at the time of laser peak arrival on the Al ablator.

is quite crude and based on the libraries of PENELOPE62 and/or
Livermore63 for experimental and theoretical effective cross sections
for inner shell ionization by electron impact in a cold material. In
particular, the broadening of the spectral lines and frequency shift
are not accounted for. In Fig. 9(a), the number of Kα photons was
therefore corrected by accounting for the effective portion of the
line acquired by the imager for different electron temperatures of
the tracer layer [see the dashed and dotted lines in Fig. 9(a)] using
the line profiles simulated by FLYCHK in Fig. 2(b).

Coronal emission (iii) is simulated by post-processing the
plasma conditions given by the CHIC hydrodynamic code with the
collisional radiative FLYCHK code. First, we considered a 1D plasma
approximation (black solid line) and calculated the photon emission
relying on the longitudinal profiles of density [Fig. 9(b)] and temper-
ature along the central axis. Next, we estimated the correction due to
the 3D geometry (red solid line) of the plasma by considering a 3D
plasma hemisphere. The coronal emission was obtained by integrat-
ing the emissivity in different regions of the plasma density profile
by considering discrete bins centered at densities from 0.1nc to 60nc.
For all the ablators, the emissivity in each region was determined by
using FLYCHK at the density and temperature values given by the
hydrosimulations. The total emission was determined by summing
the contributions of all the regions, neglecting the reabsorption of

the radiation. The same procedure was repeated at different times
along the laser pulse, integrating the emission at discrete tempo-
ral intervals. Figure 9(b) shows only the plot corresponding to the
conditions at the time of laser peak arrival on the Al ablator, while
other temporal profiles were simulated with a step of 100 ps. The
values shown in Fig. 9(a) confirm that Kα line emission is overcome
by coronal emission for high-Z ablators such as Ni and Ti. This
means that the Kα imager data are only acceptable for targets with
low-Z ablation layers, and therefore other cases were subsequently
ignored.

The typical conversion efficiency of HE energy into Cu Kα1

photons estimated by the Cu Kα imager was less than 0.1% and was
slightly higher for Al multilayer targets if compared to that obtained
for C and parylene-C ablation layers. We observe that the photon
yield for all the targets is correlated well with the HE population
given by ES3 [see Fig. 10(a)]. However, despite being correlated well,
the data for Al targets are shifted with respect to those for C and
CH targets because of both the stopping power in the target and the
different heating of the Cu tracer layer.

The above analysis suggests that care should be taken when esti-
mating the HE flux via Kα imaging. In fact, a rigorous approach
to this quantification requires detailed hydrodynamic and Monte
Carlo/numerical modeling to assess the contribution to the sig-
nal due to continuum x-ray emission (including the corona or HE
bremsstrahlung emission) and the percentage of the Kα line profile
(widened by the target heating) effectively measured by the imager

FIG. 10. (a) Dependence of HE population registered by rear electron spectrom-
eter in range of 150–300 keV on Kα intensity. (b) Spatial FWHM profiles of Kα

emission registered by Kα imager for different targets used in experiment.
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as discussed for example by Renner et al.29 Some of these issues
might in principle be overcome by using a Kα spectrometer, which
can directly quantify the background below the line and exclude
uncertainties due to the line shift and width. On the other hand, the
collection efficiency of the imager is considerably higher than that of
the spectrometer, so choosing the optimum experimental strategy is
not completely straightforward.

C. Divergence and time evolution of hot electrons

In the geometric scheme used for the Kα imager, because of
the quasi-monochromacity of the imager spectral window, the hor-
izontal size of the signal in the streaked image [Fig. 2(a)] depends
only on the size of the source (and on instrumental functions of
the crystal used, which have been taken into account) and not on
the full spectral distribution of the emitted x-ray radiation. This
makes this diagnostics the most suitable for investigating the spatial
distribution and the divergence of the HEs.

Typical spatial profiles of the Kα emitting regions obtained in
shots with CH, C, and Al ablators are shown in Fig. 10(b), where the
curves were obtained by a vertical integration of the streaked images
over the full temporal sweep. As can be seen, the Kα extent obtained
in shots on Al ablators is usually smaller than that obtained on CH
and C targets. By considering the available set of shots, the average
value of the Kα widths for Al targets is 170 ± 15 μm, and those for
CH and C targets are 240 ± 50 and 250 ± 20 μm, respectively, where
the second number is the standard deviation and therefore repre-
sents the shot-to-shot reproducibility. The spread of the observed
values was higher for the CH ablator, going from 170 up to 310 μm,
while carbon and aluminum ablators showed more-stable values.
The HE extent can be used to evaluate the divergence of the HEs
penetrating the target. For this issue, we need an assumption about
where the HEs are generated with respect to the target surface.
Here, we assume that HEs are generated within an area compa-
rable to the focal spot size (FWHM ≙ 100 μm) and are driven by
SRS or TPD in the density range of 0.15nc to 0.25nc. This assump-
tion agrees with the experimental observation of SRS spectra from
PALS experiments, e.g., in Ref. 64. Consequently, the position of
the HE source can be determined by considering the density pro-
files given by hydrodynamic simulations at times of Kα emission.
By using these values, we obtained a divergence of ±25○ for C and
CH targets and a much lower value of ±10○ for Al targets. Our
measurements of the HE divergence are consistent with the results
given in Ref. 65, where a more planar (axial) expansion enforced by
a heavier plasma was observed. These values suggest that the HE
spectrometer (which detects forward-accelerated electrons) should
be placed in this angular range for optimal detection. Therefore, in
the current measurements, the ES3 spectrometer tended to under-
estimate the HEs generated in shots with Al ablators, which have
smaller divergence. However, note that the measured spatial extent
of Kα (and hence the estimated divergence) can be affected by a
possible angular dependence of HE energy, as shown in some exper-
iments and kinetic simulations.43 In our experiment, in fact, only
energetic electrons (EHE > 55 keV for parylene N and EHE > 75 keV
for aluminum multilayer targets) can reach the Cu tracer layer.
Therefore, the divergence of lower-energy electrons can differ from
that estimated above. Also, the comparison between the Kα extent
and divergence in different targets can be affected by the different

stopping powers of the ablators. The sheath effect from the rear side
of the target can in principle lead to an incorrect determination of
the divergence of the HEs, but our design of the target minimizes
this effect because the last parylene-N layer absorbsmost of electrons
reflected back to the copper tracer.

The typical duration (FWHM) of Kα emission was 250–300 ps
for laser intensities of the order of 1016 W/cm2 [Fig. 11(a)], which
is slightly shorter than the duration of the laser pulse (300–370 ps).
The mean duration measured for the carbon and parylene-N abla-
tors was less than that for the aluminum one [Fig. 11(a)]. At lower
laser intensity, we measured a longer Kα duration in the case of the
aluminum ablator, and this effect could be related to the spectral
shift of Kα discussed in Fig. 2(b). In fact, a higher laser intensity
could produce a faster and higher heating of the target and of the
Cu layer, and therefore a faster and larger shift of the Kα line out
of the spectral window. This mechanism could in principle affect
also the comparison of temporal durations obtained for different tar-
gets because of the different conversion efficiencies of HEs and the
different stopping powers of the targets. More experimental and/or
numerical investigations are therefore needed to quantify the extent
of this phenomenon.

The absolute temporal calibration of the XRS allowed us to
measure the timing of the Kα emission with respect to the laser max-
imum, as shown in Fig. 11(b), and the uncertainty of the time of
Kα emission is estimated to be ±45 ps.37 The timing of HE genera-
tion depends on the time needed to establish the optimal conditions
in the plasma (e.g., density scale length and temperature) for the

FIG. 11. (a) Dependence of Kα emission duration on laser intensity for different
target ablators. (b) Timing of HE generation as measured by Kα emission vs laser
pulse profile observed in shots over CH, C, and Al ablators.
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development of parametric instabilities at the given laser inten-
sity. When combined with a time-resolved diagnostic of paramet-
ric instabilities driven in LPI, this information can contribute to
unequivocal identification of the mechanism responsible for HE
generation under ICF conditions.8,66 In addition, in a full-scale SI
scenario, the time of HE generation influences the preheating of the
fuel. In the present experiment, the delay of maximum HE genera-
tion with respect to the laser peak ΔtHE was larger for the Al ablation
layer (ΔtHE ≈ 20 ps), while the C and CH ablators typically displayed
negative values (ΔtHE ≈ −70 ps), implying that HEs are mainly gen-
erated before the laser maximum. Note that the different timings
of HE bursts between the aluminum and carbon/parylene-N data
could be affected by a possible spectral shift of the generated Kα line.
In fact, aluminum ablators absorb more energy from HEs, result-
ing in fewer HEs reaching the Cu tracer layer and therefore a lower
heating of Cu; consequently, we expect that the shift of the Kα line
outside the spectral window is smaller for Al ablators, allowing one
to observe the emission at later times. However, a detailed interpre-
tation of these effects requires further dedicated experiments. See
elsewhere for more details about the measured delays and their rela-
tionship to ICF.32,37 A detailed spectroscopic and calorimetric analy-
sis of backscattered light combined with the HE characterization22,32

suggests that SRS instabilities could be the predominant mechanism
producing HEs. The reasons for HE quenching after the laser peaks
are still not clear and deserve new investigations, but an LPI inves-
tigation (not shown here) suggested that both TPD and SRS are
also driven before the laser peak and that SRS reflectivity seems to
correlate better than TPD with the Kα time profile.

D. Comparison with other SI-relevant experiments

Our experimental results were compared with previous mea-
surements and simulations performed at the PALS facility by
our and other groups.10,11,22,29,43,60,65,67,68 Note that the density
scale length and plasma coronal temperature reached under these
conditions are typically lower than those envisaged in a full SI
experiment.59,69 Different schemes were used for these experiments:
in some experiments, the targets were massive and too opaque for
HEs to be observed from the rear side, while other targets were

composed of plastic ablators (tens of micrometers thick) on which
the laser was focused, followed by mid-Z tracers (usually copper or
titanium). Note that multilayer targets are also very useful for pro-
viding information about hydrodynamic and HE effects when using
a shock breakout technique.60

Table I summarizes the key experimental parameters used in
experiments performed in past decades at the PALS facility at 1ω,
showing the results obtained under similar interaction conditions. In
particular, the HE temperature Th (assuming a Maxwellian distribu-
tion) and the laser-to-HE energy conversion efficiencies are reported
for each experiment. Unfortunately, it is not always noted what type
of Maxwellian distribution (2D or 3D) was used to infer the HE tem-
perature, so measurement uncertainties of up to 20% are possible
during the comparison. We also found that only Antonelli et al.60

and Cristoforetti et al.22 considered a two-temperature distribution
function to interpret the experimental data. Therefore, we distin-
guish the results obtained for massive and multilayer targets because
they usually consider different HE populations.

The experiments with massive targets10,43,65,68 involved self-
generated spontaneous magnetic fields and measuring HEs from the
front side of the target because of the RA mechanism. Our electron
temperatures measured by front electron spectrometers (i.e., for HEs
propagating backward) are consistent with those cited above. For
all experiments with multilayer targets (including ours), we observe
Th values of ∼30 keV (measured from the rear side of the target
and by BSC, i.e., for HEs propagating forward). The conversion effi-
ciency reported by Antonelli et al.60 and Cristoforetti et al.22 slightly
exceeds our measured values, but it was based on the K-shell time-
integrated emission and so it is important to note that it measures
the Cu atoms’ response to HEs with energies above the K-edge
(or ionization) limit, which is close to 9 keV. By contrast, Ren-
ner et al.29 showed the minimum conversion efficiency. The limited
range of photon energies and the complicated calculation scheme
in the numerical model are possible reasons for the different values.
For comparison, the conversion efficiency given by Batani et al.11 is
based on a similar method but is significantly higher.

In our experiment, the measured population of backward-
propagating HEs was sufficiently lower than that of forward-
propagating ones. This result validates the conclusion presented in

TABLE I. Summary of shock ignition (SI)-relevant experiments performed at PALS facility at 1ω, i.e., at λ ≙ 1315 nm. The target configuration and the key laser parameters
used in each experiment are reported. In particular, we indicate the total laser energy Etot delivered on target and the laser intensity I. The measured HE temperature Th and
the laser-to-HE energy conversion efficiency η are reported in the last two columns. If a paper considers a two-temperature distribution function, then both temperatures are
indicated. In our paper, we used data from the front∗ and rear electron spectrometers, correspondingly.

Reference Year Target Etot (J) I (1015 W/cm2) Th (keV) η (%)

10 2014 Massive Cu or Al 290–580 50 >50 2–7
29 2016 Cu foil +massive 440 20 29+8−4 0.11–0.23
11 2018 Layered CHTiCu 650 10 30 ± 9 5.32+6.9−0.26

60 2019 Layered CHTi 700 10
40 ± 5 3.5 ± 0.5
85 ± 5 1.8 ± 0.5

22 2019 Layered CHTiAl 650 10 58 ± 10 5.3 ± 2
43 2020 Massive Cu + plastic 500 10 58 ± 10 0.6–3

This work 2023 Different ablators + PP + Cu + CH 600 3–15
35 ± 7

0.9+0.8−0.570 ± 20∗
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Refs. 10, 43, 65, and 68, i.e., the backward-propagating electron flow
is strongly affected by the MG-scale spontaneous azimuthal mag-
netic fields and is reflected back to the target. However, the direction
and energy distribution of reflected HEs should also be investigated
because the topology of these fields is quite complicated.

The experiments conducted at other laser facilities (e.g.,
Omega34,58,70 and NIF59) typically have distinct interaction con-
ditions, and so different mechanisms of HE generation could be
involved.71–80 However, note that the conversion efficiency mea-
sured in our experiment is similar to the typical values measured
elsewhere,34,58,59 while the electron temperature can be different. In
our experiment, we suggest that HEs are mainly produced by SRS
instabilities; see Ref. 32. This is indicated by the fact that the HE
temperature measured here is consistent with the phase velocity of
electron plasma waves produced by SRS.

IV. CONCLUSIONS

Herein, we used a combined approach with a longer laser wave-
length in the IR range, high laser intensities exceeding 1016 W/cm2,
and thin multilayer targets to study the generation of HEs under SI-
relevant conditions. These conditions lead to strong LPI and HEs,
giving a better understanding of the physics of HE production in
the forward and backward directions, as well as the possibility of
using longer-wavelength pulses in the spike part of an SI design. We
reported a detailed analysis of the data obtained by four different
HE diagnostics, namely a BSC, three electron magnetic spectrom-
eters, a time-resolved Kα imaging system, and a time-integrated Kα

spectrometer, and we provided an extended discussion of the results.
The analysis revealed drawbacks and advantages of each diagnostic,
suggesting that their combined use might result in complementary
information providing a more complete characterization of HEs
generated under ICF conditions.

The results showed that the BSC is a powerful diagnostic for
determining the temporally and spatially integrated energy distri-
bution, temperature, and conversion efficiency of the HEs propa-
gating through the target. Analyzing the experimental data requires
Monte Carlo simulations of the electron transport into the target
with an accurate geometry of the laser–target interaction condi-
tions. Electron magnetic spectrometers provide a simple-to-use but
very effective method for direct temporally integrated and angularly
resolved measurements of the energy distribution of the HEs. The
narrow angular window of this diagnostic also offers a tool for inves-
tigating the divergence and anisotropic features of the HEs. In our
experiment, for example, different energy distributions are found for
HEs propagating in the forward and backward directions, suggest-
ing different generation mechanisms. When electron spectrometers
are located behind the target, caution is needed to account for the
energy- andmaterial-dependent stopping power of the target, which
results in a measured energy distribution and therefore temperature
of the HEs that can differ significantly from those describing the HEs
observed on the front side. Therefore, correct use of the diagnostics
requires proper correction of the raw data relying on Monte Carlo
simulations; alternatively, targets thinner than the stopping range
of electrons with the expected temperature/energy should be used
in combination with an experimental setup with a spectral energy
cutoff able to reduce the effects of magnetic and sheath fields on the
electron trajectories.

Kα imaging and spectrometer systems can be used in both the
time-resolved and time-integrating mode, thus providing valuable
information about the production of HEs; this configuration can be
of primary importance for determining the impact of the HE kinet-
ics on the fuel compression, or if combined with a time-resolved LPI
diagnostic, it can be a significant tool for understand their origin. A
major difficulty in using these diagnostics is reliable subtraction of
the x-ray background produced mainly by the bremsstrahlung and
recombination emission of the plasma corona, which can be compa-
rable to and in some cases even surmount the intensity of the Kα line.
While the background continuum intensity can be easily quantified
and therefore subtracted from the total intensity by using a Kα spec-
trometer, correct quantification of the continuum contribution can
be quite tricky for an imaging system and needs dedicated measure-
ments or simulations. An additional difficulty of the imaging system
is the spectral range of the x-ray acquisition, which is limited by the
crystal size and optical setup. In fact, in some cases the spectral range
can make it impossible to acquire the entire Kα line shape, which is
because of the temperature dependence of the Kα width and central
wavelength, but this does not influence the determination of the HE
rising edge timing vs the laser profile. Nevertheless, the Kα imaging
system is the favorite diagnostic for investigating the divergence and
spatial features of HEs.

The present results provided an electron temperatures of
∼35 keV and a laser-to-HE conversion efficiency of 1%–2%. These
values are consistent with detailed simulations done with the CHIC
code60 at λ ≙ 1.315 μm and a laser intensity of 1016 W/cm2, as well
as with experimental data collected under similar conditions from
the front and rear sides of the target.10,22,43 Implementing a com-
prehensive set of multiple diagnostics as reported herein is very
important for future studies focused on understanding HE genera-
tion and transport in ICF-scale targets and their relationship to laser
plasma instabilities.
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