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Abstract

Suprathermal electrons produced by laser–plasma interactions at 0.53-μm laser wavelength have been investigated
using 19 electron spectrometers. The targets were 2- and 10-μm-thick Al foils, while the laser average intensities were
2 × 1013 and 7 × 1014 W/cm2. A double temperature distribution was observed in the electron energy spectrum: the
lower electron temperature was below 25 keV, whereas the higher was ∼50 keV. The angular distribution of the total
suprathermal electron energy approximately obeyed the Gaussian distribution, peaking along the k vector of the
incident laser beam for perpendicular incidence. Furthermore, the conversion rate of laser energy into escaped
suprathermal electron energy over the π sr solid angle was ∼10−4 at ∼1014 W/cm2, increasing almost linearly with the
laser intensity.
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1. INTRODUCTION

The study of suprathermal electrons produced by laser–plas-
ma instabilities (LPIs) has long been recognized as critical
for the development of the inertial confinement fusion
(ICF) approach (Fraley and Mason, 1975; Yaakobi et al.,
1976). In both direct-drive ICF (Craxton et al., 2015) and
indirect-drive ICF (Lindl, 1995), suprathermal electrons can
deposit their energy into the nuclear fuel (preheat), leading
to a reduction of pressure at the moment of maximum com-
pression during the target implosion. In the case of shock ig-
nition (Perkins et al., 2009), suprathermal electrons in the
laser spike may benefit the launching of a second shock or pre-
heat the shell, depending on their energies (Theobald et al.,
2015). In addition, the angular properties of suprathermal
electrons determine the fraction absorbed in the fuel or shell.
Spectrally and angularly resolved measurements of supra-
thermal electrons are crucial in laser-driven ICF researches.

Commonly, suprathermal electrons are considered to be
accelerated by electron plasma waves (EPWs) (Kruer,
1988), which can be generated by stimulated Raman scatter-
ing (SRS) (Estabrook et al., 1980; Riconda and Weber,
2016), two-plasmon decay (TPD) (Langdon et al., 1979),
and resonance absorption (RA) (Bezzerides et al., 1980).
In previous experiments, Ebrahim et al. used a 10.6 μm
CO2 laser to irradiate the plasma produced by 1.06 μm
laser pulse at the electron density of 1/4 critical density of
10.6 μm (Ebrahim et al., 1980); the emission of the es-
caped suprathermal electrons, which were detected by elec-
tron spectrometers (ESMs) at various angles, reached the
maximum value in the plane of polarization of the CO2

laser and peaked at 45° with respect to the k vector of
the CO2 laser beam; TPD was considered to be one of
the main contributors. Later, similar experiments (Ville-
neuve et al., 1984) performed with a shorter wavelength
(0.35 μm) interaction beam directly irradiating plastic
planar targets exhibited considerably weaker directionality;
assuming isotropic emission, <10−3 of the incident energy
was converted into suprathermal electron energy. In recent
experiments, a wide divergence of suprathermal electrons
was observed by measuring the radiation emitted by
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suprathermal electrons on spherical targets (Yaakobi et al.,
2013).
Thus, accurate measurements of the energy spectrum and

angular distribution of suprathermal electrons are necessary
for LPI and ignition studies. In previous experiments, the
emission properties either were not obtained at the same
shot, or they did not cover enough angles at the same time.
In our latest experiments, 19 ESMs, the highest number
ever employed, were used to measure the emission properties
of suprathermal electrons escaping from planar targets simul-
taneously. A double temperature distribution of the electron
energy spectrum was detected, whereas the angular distribu-
tions appeared all similar, obeying a Gaussian distribution
for targets of different thicknesses; however, the full width
at half maximum (FWHM) varied. Besides, the conversion
rates of laser energy into escaped suprathermal electron
energy for 10-μm-thick Al foil targets were estimated.

2. EXPERIMENTAL SETUP

A schematic drawing of the experimental setup is shown in
Figure 1(a). The ninth beam of ShenGuang II facility at the
Shanghai Institute of Optics and Fine Mechanics was used
at a wavelength of 0.53 μm, which delivered up to ∼1000 J
in the 2-ns-wide square main pulse with a small prepulse,
as shown in Figure 1(b). The laser beam was focused perpen-
dicularly onto the targets with a continuous-phase plate, and
the FWHM of the focal spot was 350 μm (f/4.5). The targets
were Al foils with thicknesses of 2.0± 0.1 and 10.0±
0.5 μm. The ESMs were placed at the rear of the targets to
measure the suprathermal electrons escaping from the targets
in the horizontal and vertical planes; the angular intervals
were 10°. Unfortunately, there was an angle of 15° between
the plane of polarization and the vertical plane, but the exper-
imental results along the two directions showed only a little
differences. The ESMs were made of ferrimagnetic materials
and calibrated by an intense-pulsed electron beam (Shen
et al., 2016; Liu et al., 2017). The Fuji BAR-SR2025 imag-
ing plate (IP) was selected as detector (Tanaka et al., 2005).
Owing to the 6-μm-thick protective layer on the IP, electron
energies lower than 20 keV could not be detected. Each po-
sition of ESM was collimated by a laser pointer, and their
collecting solid angle was set to a value lower than 10−5

sr. In addition, some signal collectors were placed near the
ESMs to collect the optical signals.
One of optical signal collector next to the 0° ESM with the

optical filter was used to record 0.53-μm wavelength signal
from targets, which was used to judge whether the target
was burned through or not. The typical time waveform of
the incident pulse and the signal from the optical signal col-
lector are shown in Figure 1(b). The results indicated that,
contrary to the 2-μm-thick Al foil, the 10-μm-thick Al foil
target could not be burned through during the main pulse.
Details of the different shots used in this work are reported
in Table 1.

3. EXPERIMENTAL RESULTS

3.1. Suprathermal electron energy spectra

The escaped suprathermal electrons were detected by using
ESMs. Typical suprathermal electron spectra for the
10-μm-thick (shot 112007 and shot 603018) and 2-μm-thick
(shot 602013) Al foil targets at different angles with respect

Table 1. Shot details

Shot
Target thick

(μm)
Laser intensity
(1014 W/cm2)

Laser energy
(J)

Shot 112007 10.0 0.87 206
Shot 602013 2.0 2.3 468
Shot 603017 2.0 2.3 464
Shot 603018 10.0 2.2 426

Fig. 1. (a) Schematic diagram of the experimental setup. The gray elements
represent the electron spectrometers (ESMs); their sizes are about 106 × 36 ×
160 mm and their distances to the target center are about 570 mm; the 19
ESMs can be installed in 22 different positions, depending on the experimen-
tal requirements. The yellow elements near the ESM at 0° are optical signal
collectors. The green cone represents the 0.53 μm laser pulse. (b) Typical
time waveform of the incident pulse and signals from the optical signal col-
lector for 2- and 10-μm-thick Al foil targets.
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to the k vector of the incident laser are shown in Figure 2.
The results revealed that the spectra obtained from the
10-μm-thick target were more uniform than those observed
from the 2-μm-thick target along different directions.
The suprathermal electrons generated by TPD, SRS, and

RA are considered to obey a 3D Maxwellian distribution
(Villeneuve et al., 1984). This distribution function can be
expressed as

dN

dE
= 2π−1/2N0(kT)−3/2E1/2 exp

−E

kT

( )
, (1)

where N0 is the total number of electrons, kT is the electron
temperature, and E is the kinetic energy of a single particle.
By plotting ln (E−1/2dN/dE) versus E and fitting the straight
line, the electron temperatures can be obtained, as shown in
Figure 2(f). The electron temperature distributions for the 10-
and 2-μm-thick Al foil targets were clearly different. For the
10-μm-thick target, the electron temperatures at different
angles were all equal to ∼40 keV, while for the 2-μm-thick
target, the electron temperature decreased as the angle in-
creased. As shown in Figure 2(d), the electron energy spectra
of the 2-μm-thick Al foil target exhibited a double tempera-
ture distribution, especially at ±30°; the lowest temperatures
were below 25 keV.

3.2. Angular distribution of total suprathermal electron
energy

The total energy of escaped electrons in the range of
50–400 keV at different angles was calculated (Fig. 3). The

result for shot 112007 in Figure 3(a) shows that there was
little difference in integrated energy values obtained at the
same angle but in different directions. Clearly, the angular
distribution observed for the 10-μm-thick target [Figs 3(a)
and (b)] was flatter than that of the 2-μm-thick target
[Fig. 3(c)]; the FWHM of the energy curve observed for
the 2-μm-thick Al foil target for shot 602013 [Fig. 3(c)]
was ∼62°. The difference in angular distribution between
the 10- and 2-μm-thick Al foil targets was analyzed. To ex-
clude the influence of the thick target, a Monte Carlo simu-
lation experiment involving electrons with the energy and
angular distribution of shot 602013, passing through an
8-μm-thick Al foil, was performed using the EGSnrc code
system (Kawrakow and Rogers, 2000). As shown in
Figure 3(c), the simulated curve appeared still significantly
narrower than the experimental curve observed for the
10-μm-thick Al foil target in Figure 3(b). The different gen-
eration mechanisms and self-generated magnetic field char-
acteristics (Gao et al., 2012) may be responsible for this
outcome.

3.3. Conversion rate of suprathermal electrons

The conversion rate of laser energy into escaped suprather-
mal electron energy was calculated over the π sr solid
angle behind the target, around the k vector of the incident
laser. The 1/4 sphere (π sr) was divided into seven zones
whose plane angle ranges were approximately 0–5, 5–15,
15–25, 25–35, 35–45, 45–55, and 55–60°. The formula for
calculating the conversion rate is given by

Fig. 2. Measured escaping suprathermal electron energy spectra (a–c) for 10-μm-thick Al foil target at different angles along upward, left,
and right directions, respectively, and (d–e) for 2- and 10-μm-thick Al foil targets at different angles along left directions of shot 602013
and shot 603018, respectively. (f) Fitted electron temperature of 2- and 10-μm-thick Al foil targets at different angles and directions.
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η =
∑7

i=1 Eel(i)/ΩESM × Ω(i)
Ein

, (2)

where Eel(i) is the total energy of suprathermal electrons from
50 to 400 keV, measured by one or two ESMs in the ith zone,
ΩESM is the ESM aperture, Ω(i) is the solid angle of the ith
zone, and Ein is the incident laser energy. As the burn-
through of the 2-μm-thick Al foil targets causes light
energy leakage, only the conversion rates of the experiments
involving the use of the 10-μm-thick Al foil were calculated;
the variation of the conversion rate as a function of the laser
intensity is shown in Figure 4. The conversion rate appeared
to increase linearly with the laser intensity varying from
0.2 × 1014 to 7 × 1014 W/cm2, while the growth rate was
∼2.59 [10−5/1014(W/cm2)]. When the intensity of the
main pulse reached 4 × 1014 W/cm2, ∼10−4 of the incident
energy was converted into suprathermal electron energy
over the π sr solid angle along the direction of the laser.

4. DISCUSSION

Generally, under the laser conditions adopted in this work,
suprathermal electrons are thought to be accelerated by
EPWs, which are mostly produced by RA, TPD, and SRS.
However, wave–particle interaction in laser-produced plasma
is a very complex phenomenon that may have various origins
and involve different linear and non-linear mechanisms. In this
paper, our discussion mainly concentrates on the characteris-
tics of the electron energy spectra and the angular distribution.

4.1. Characteristics of electron energy spectra

As shown in Figure 5, the electron energy spectra obtained
for the 2- and 10-μm-thick targets are compared. The
EGSnrc Monte Carlo code was used to simulate electrons
from the 2-μm-thick target (shot 602013) passing through
1- and 8-μm-thick Al foils. The simulation of the 1-μm-thick

Fig. 3. Total electron energy from 50 to 400 keV at different angles for (a) shot 112007 (10-μm-thick Al foil, 206 J, 8.7 × 1013 W/cm2),
(b) shot 603018 (10-μm-thick Al foil, 426 J, 2.2 × 1014 W/cm2), and (c) shot 602013 (2-μm-thick Al foil, 468 J, 2.3 × 1014 W/cm2). The
dots and triangles represent experimental data points, while the curves are the best fit to the data by using the Gaussian function. The
dashed curve with arbitrary units in (c) is the result of the Monte Carlo simulation of an electron beam based on the electron phase
space data from shot 602013, passing through an 8-μm-thick Al foil.

Fig. 4. Conversion rate of incident laser energy into suprathermal electron
energy versus laser intensity in the vacuum. Only the suprathermal electrons
in the π sr solid angle behind the target around the k vector of the incident
laser were calculated. The black dots represent experimental data points,
whereas the red curve, whose growth rate is 2.59, indicates the results of
the linear fitting.

Fig. 5. Comparison of electron energy spectra between experiments under
similar laser conditions and Monte Carlo (MC) simulations. The green and
red curves, which indicate the MC simulation results, show that, when an
electron beam with double temperature distribution (Shot 602013) passes
through an 8-μm-thick Al plate, the electrons will become a single temper-
ature distribution as that obtained for the 10-μm-thick Al target (Shot
603018).
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Al foil was used to test the simulation parameter settings,
owing to its little influence on the spectrum, and the
8-μm-thick Al foil was used to represent the non-ablated
part of the 10-μm-thick Al foil target during the main
pulse. The results reveal that most of the electrons with a
double temperature distribution will disappear in the lower
temperature range when they pass through an 8-μm-thick
Al foil, producing a single temperature distribution spectrum
as that obtained for the 10-μm-thick Al target. This indicates
that the suprathermal electrons generated in the corona of
plasmas actually have a double temperature distribution.
In addition, according to a previous work (Rousseaux

et al., 1992), the kinetic oscillation energy just before wave
breaking of the RA in a linear density profile was calculated
as

ΔEmax(keV) ≅ 2 × 10−6
�������
I0λμLμ

√
, (3)

where I0 (W/cm2) is the intensity of the incident laser, λμ is
the laser wavelength in microns, and Lμ is the density scale
length of plasmas at the critical density (nc) in microns. At
I0= 2.3 × 1014 W/cm2, λμ= 0.53 μm, and Lμ/λμ ∼1 near
nc, it can be obtained that ΔEmax is ∼16 keV, which is con-
sistent with the lower temperature. Thus, these electrons at
lower temperatures can be assumed as generated by RA insta-
bility, while other electrons at higher temperatures may be
generated by SRS and TPD instabilities. Besides, the intensi-
ty difference of the electron spectra obtained for 2- and
10-μm-thick targets under similar laser conditions may be
caused by the different plasma density distributions. As the
2-μm-thick target was burned through during the main
pulse, the density scale length of plasmas below 1/4 critical
density became longer than that formed in the 10-μm-thick
target experiments; this may reduce the threshold intensity
of TPD and SRS (Rousseaux et al., 1992), causing the gen-
eration of more electrons.

4.2. Angular distribution

Although 19 ESMs were used to detect the angular distribu-
tion of the electron emission, they could not cover all the
angles in space. To fully detect the emission directions of
the suprathermal electrons, several IPs covered with
15-μm-thick Al foils were placed behind the 2-μm-thick Al
foil target during the shot 603017 experiment. In this shot,
the laser condition was similar to that used for shot
602013. Both suprathermal electrons and X rays, as well as
other particles, can be detected by IPs. Fortunately, as the
2-μm-thick Al foil target could be burned through, a small
amount of hard X rays could be generated through brems-
strahlung. Besides, most low-energy X rays, electrons with
energy lower than 45 keV, and other particles could be ab-
sorbed by the 15-μm-thick Al foil on the IPs, along with
the 6-μm-thick protective layer. Furthermore, the sensitivity
of the IPs (BAS-SR) to the X rays was lower than that to

the suprathermal electrons by one order of magnitude
(Maddox et al., 2011). Thus, the results in Figure 6 partly
show the emission intensity of suprathermal electrons. Con-
sidering the intensity of the signals, optical density filters
were inserted to avoid the saturation of the IP reader (Tani-
moto et al., 2008). Unfortunately, the signals in the central
region were still too intense and thus saturated the IP
[higher than 8000 PSL/(50 μm)2], resulting in a flat-topped
experimental peak. However, the fitting (without saturated
data) results revealed that the angular distribution of the
suprathermal electrons was consistent with the Gauss distri-
bution observed for the results obtained using the ESMs.

In addition, the angular distribution of suprathermal elec-
trons is directly related to the EPW propagation directions.
For electrons with energy ranging from 50 to 400 keV
(Fig. 3), EPW propagation directions mainly depend on the
wave-vector and frequency matching conditions of TPD
and SRS. (1) For TPD instability, in a homogeneous
plasma, the EPW vectors of maximum TPD growth theoret-
ically travel both up and down the density gradient at tens of
degrees (depending on the plasma conditions) relative to the
laser beam (Vu et al., 2010); the experiments with CO2 lasers
were in good agreement with these theoretical findings
(Ebrahim et al., 1980), as the largest suprathermal electron
signals were observed at 45° with respect to the laser direc-
tion. (2) For SRS instability, the experiment conducted by
Drake et al. with a 0.53 μm laser showed that the backscat-
tered Raman light was usually a few times more intense
than the sidescattered light (Drake et al., 1984), indicating
that forward traveling EPWs would be excited more than
side traveling EPWs, considering the wave-vector matching
conditions. If we ignore the disturbance factors, such as hot
spots in the focal spot, the angular distribution is just

Fig. 6. Intensity of suprathermal electrons versus angle for shot 603017
(2-μm-thick Al, 2.3 × 1014 W/cm2). The black curve represents the experi-
mental data, the flat top of this curve may be caused by the imaging plate
saturation; the blue curve represents the signal intensity of 8000 PSL/
(50 μm)2. The Gaussian function was used to fit the experimental data
(red curve); the full-width at half-maximum was ∼69°.
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determined by the combination of TPD and SRS instabilities.
Thus, if the SRS instability is dominant, the Gauss distribu-
tion of suprathermal electrons can be explained, and this as-
sumption was supported by an experiment conducted at the
OMEGA laser facility (Theobald et al., 2015). In this exper-
iment, strong reductions of backscattered SRS emission and
suprathermal electrons were observed when smoothing by
spectral dispersion with 1 THz bandwidth was switched;
however, the 3/2ω emission caused by TPD instability was
only slightly reduced, indicating that the SRS appeared to
be the primary generation mechanism of suprathermal
electrons.
Moreover, the distribution of electron temperature shown

in Figure 2(f) also suggests that the SRS instability is dom-
inant in the 2-μm Al target experiments. As we know that
the approximate temperature of suprathermal electrons accel-
erated by Landau damping or wavebreaking can be given
Tse ∼1/2me(υφ)2, where υφ is the phase velocity of the EPW
(Campbell et al., 2017). In the plasma, υφ ∼ υEMg =
c

�����������
1− ne/nc

√
, where υEMg , ne, and nc are the group velocity

of the electromagnetic wave in the plasma, the electron den-
sity of the plasma, and the critical density, respectively. It can
be noted that the phase velocity decreases with the increase
of electron density. Considering the fact that the TPD insta-
bility theoretically only occurs near nc/4, while the SRS in-
stability can occur in the lower density, so we believe that the
phase velocity of the EPWs generated by SRS instability can
be higher than by TPD instability, and the SRS instability is
more likely to be important for the higher temperature. In the
experiments of 2-μm Al foil target, due to the target burned
through, the lower plasma density promotes the occurring of
SRS instability. It leads to the electron temperature higher at
the smaller angles as the result of 2-μm Al target experiment
shown in Figure 2(f).

5. CONCLUSION

To summarize, suprathermal electrons from 0.53-μm laser-
produced plasma were investigated by using 19 ESMs. The
obtained electron energy spectra presented a double tem-
perature distribution, in which the lower electron tempera-
ture was below 25 keV, while the higher was∼50 keV. The
angular distribution of the total suprathermal electron
energy from planar foil targets agreed with the Gaussian
distribution well, peaking along the k vector of the incident
laser. This distribution characteristic implies that supra-
thermal electrons produced by SRS instability were domi-
nant. Based on their energy and angular distribution, the
conversion rates of laser energy into escaped suprathermal
electron energy over the π sr solid angle were calculated.
Roughly 1/10 000 of laser energy was converted to suprather-
mal electron energy at a laser intensity of ∼1014 W/cm2; the
conversion rate increased approximately linearly with the
laser intensity (from 0.2 × 1014 to 7 × 1014 W/cm2), exhibit-
ing a growth rate of ∼2.59 [10−5/(1014 W/cm2)].

ACKNOWLEDGMENTS

The authors gratefully acknowledge the valuable advice of Baifei
Shen and the experimental support of Xiaowei Yang, Junjian Ye,
Guo Jia, and the technical team of the SGII Facility. This work
was supported by the Chinese Academy of Sciences grant No.
CXJJ-16S042.

REFERENCES

BEZZERIDES, B., GITOMER, S. & FORSLUND, D. (1980). Randomness,
Maxwellian distributions, and resonance absorption. Physical
Review Letters 44, 651–654.

CAMPBELL, E.M., GONCHAROV, V.N., SANGSTER, T.C., REGAN, S.P.,
RADHA, P.B., BETTI, R., MYATT, J.F., FROULA, D.H., ROSENBERG,
M.J. & IGUMENSHCHEV, I.V. (2017). Laser-direct-drive program:
promise, challenge, and path forward.Matter & Radiation at Ex-
tremes 2, 37–54.

CRAXTON, R., ANDERSON, K., BOEHLY, T., GONCHAROV, V., HARDING,
D., KNAUER, J., MCCRORY, R., MCKENTY, P., MEYERHOFER, D. &
MYATT, J. (2015). Direct-drive inertial confinement fusion: a
review. Physics of Plasmas 22, 110501.

DRAKE, R.P., TURNER, R.E., LASINSKI, B.F., ESTABROOK, K.G., CAMP-

BELL, E.M., WANG, C.L., PHILLION, D.W., WILLIAMS, E.A. &
KRUER, W.L. (1984). Efficient Raman sidescatter and
hot-electron production in laser-plasma interaction experiments.
Physical Review Letters 53, 1739–1742.

EBRAHIM, N.A., BALDIS, H.A., JOSHI, C. & BENESCH, R. (1980). Hot
electron generation by the two-plasmon decay instability in the
laser-plasma interaction at 10.6 μm. Physical Review Letters
45, 1179–1182.

ESTABROOK, K., KRUER, W. & LASINSKI, B. (1980). Heating by
Raman backscatter and forward scatter. Physical Review Letters
45, 1399–1403.

FRALEY, G. & MASON, R. (1975). Preheat effects on microballoon
laser-fusion implosions. Physical Review Letters 35, 520–523.

GAO, L., NILSON, P.M., IGUMENSCHEV, I.V., HU, S.X., DAVIES, J.R.,
STOECKL, C., HAINES, M.G., FROULA, D.H., BETTI, R. &
MEYERHOFER, D.D. (2012). Magnetic field generation by the
Rayleigh-Taylor instability in laser-driven planar plastic targets.
Physical Review Letters 109, 115001.

KAWRAKOW, I. & ROGERS, D. (2000). The EGSnrc code system:
Monte Carlo simulation of electron and photon transport.
NRCC Report No. PIRS-701, National Research Council of
Canada.

KRUER, W.L. (1988). The Physics of Laser Plasma Interactions.
Redwood City, CA: Addison-Wesley.

LANGDON, A.B., LASINSKI, B.F. & KRUER, W.L. (1979). Nonlinear
saturation and recurrence of the two-plasmon decay instability.
Physical Review Letters 43, 133–136.

LINDL, J. (1995). Development of the indirect-drive approach to in-
ertial confinement fusion and the target physics basis for ignition
and gain. Physics of Plasmas 2, 3933–4024.

LIU, H., AN, H., SHEN, J., KANG, N., ZHOU, S., LEI, A. & LIN, Z.
(2017). Design and calibration of hot-electron spectrometer
array for angle-resolved measurement. Review of Scientific In-
struments 88, 520.

MADDOX, B., PARK, H., REMINGTON, B., IZUMI, N., CHEN, S., CHEN,
C., KIMMINAU, G., ALI, Z., HAUGH, M. & MA, Q. (2011). High-
energy x-ray backlighter spectrum measurements using calibrat-
ed image plates. Review of Scientific Instruments 82, 023111.

Huiya Liu et al.668

https://doi.org/10.1017/S0263034617000702 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034617000702


PERKINS, L.J., BETTI, R., LAFORTUNE, K. & WILLIAMS, W. (2009).
Shock ignition: a new approach to high gain inertial confinement
fusion on the National Ignition Facility. Physical Review Letters
103, 045004.

RICONDA, C. & WEBER, S. (2016). Raman–Brillouin interplay for in-
ertial confinement fusion relevant laser–plasma interaction.
High Power Laser Science and Engineering 4, e23.

ROUSSEAUX, C., AMIRANOFF, F., LABAUNE, C. & MATTHIEUSSENT, G.
(1992). Suprathermal and relativistic electrons produced in la-
ser–plasma interaction at 0.26, 0.53, and 1.05 μm laser wave-
length. Physics of Fluids B 4, 2589–2595.

SHEN, J., AN, H.H., LIU, H.Y., REMNEV, G.E., NASHILEVSKIY, A.V., LI,
D.Y., ZHANG, J., ZHONG, H.W., CUI, X.J. & LIANG, G.Y. (2016).
Energy spectrum analysis for intense pulsed electron beam.
Laser and Particle Beams 34, 742–747.

TANAKA, K.A., YABUUCHI, T., SATO, T., KODAMA, R., KITAGAWA, Y.,
TAKAHASHI, T., IKEDA, T., HONDA, Y. & OKUDA, S. (2005).
Calibration of imaging plate for high energy electron
spectrometer. Review of Scientific Instruments 76,
13507–13507.

TANIMOTO, T., OHTA, K., HABARA, H., YABUUCHI, T., KODAMA, R.,
TAMPO, M., ZHENG, J. & TANAKA, K.A. (2008). Use of imaging
plates at near saturation for high energy density particles.
Review of Scientific Instruments 79, 10E910.

THEOBALD, W., NORA, R., SEKA, W., LAFON, M., ANDERSON, K.S., HO-

HENBERGER, M., MARSHALL, F.J., MICHEL, D.T., SOLODOV, A.A. &
STOECKL, C. (2015). Spherical strong-shock generation for
shock-ignition inertial fusion. Physics of Plasmas 22, 155001.

VILLENEUVE, D., KECK, R., AFEYAN, B., SEKA, W. & WILLIAMS, E.
(1984). Production of hot electrons by two-plasmon decay insta-
bility in UV laser plasmas. Physics of Fluids 27, 721–725.

VU, H., DUBOIS, D., RUSSELL, D. & MYATT, J. (2010). The reduced-
description particle-in-cell model for the two plasmon decay in-
stability. Physics of Plasmas 17, 072701.

YAAKOBI, B., PELAH, I. & HOOSE, J. (1976). Preheat by fast electrons in
laser-fusion experiments. Physical Review Letters 37, 836–839.

YAAKOBI, B., SOLODOV, A., MYATT, J., DELETTREZ, J., STOECKL, C. &
FROULA, D. (2013). Measurements of the divergence of fast elec-
trons in laser-irradiated spherical targets. Physics of Plasmas 20,
092706.

Emission properties of suprathermal electrons produced by laser–plasma interactions 669

https://doi.org/10.1017/S0263034617000702 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034617000702

	Emission properties of suprathermal electrons produced by laser--plasma interactions
	Abstract
	INTRODUCTION
	EXPERIMENTAL SETUP
	EXPERIMENTAL RESULTS
	Suprathermal electron energy spectra
	Angular distribution of total suprathermal electron energy
	Conversion rate of suprathermal electrons

	DISCUSSION
	Characteristics of electron energy spectra
	Angular distribution

	CONCLUSION
	Acknowledgments
	References


