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In the counter-irradiation, which is one of the fast ignition schemes, higher core energy coupling can be
expected when there are two hot electron flows in counter directions. Two plasma mirrors were installed for the
counter irradiation at about 180 degrees. The hot electron effective temperatures (Teff) were measured by using
electron energy spectrometers. Teff vs the laser intensity on a foil target followed Wilkes’ scaling law. The energy
incident on the target could be calculated by estimating the laser intensity on the target from Teff and estimating
the focusing radius from the X-ray pinhole camera image. As a result, the reflectivity could be estimated to be
17± 3%.
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1. Introduction
Fast ignition [1–3] is one of the inertial fusions, per-

formed by additional heating of an imploded core. The re-
alization of conventional inertial fusion requires compres-
sion of 1000 times the solid density and ignition at the final
stage of implosion. This requires a huge amount of laser
energy. Since fast ignition performs implosion and igni-
tion in an independent process, it can be expected that the
required energy can be reduced with relatively weak com-
pression.

Fast ignition may be performed on one side or the
other sides when additional heating is applied to the implo-
sion core. In the former case it is relatively easy to design
lasers and targets. However, the latter has a complicated
structure, which is proposed by The Graduate School for
the Creation of New Photonics Industries (GPI) [4]. In
a case of counter-irradiation, Weibel instability creates a
complex magnetic field [5] which is expected to be an effi-
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cient confinement while the physical process is underway.
By counter irradiating, hot electrons also run in

counter directions. This causes the Weibel instability and
creates a complex magnetic field around the core. Hot
electrons are trapped around this magnetic field and heat
the core efficiently. Such a phenomenon can be expected
when the laser intensity is 1018 W/cm2 or more. On the
other hand, if it is 1017 W/cm2 or less, shock wave heating
can be expected.

The laser at GPI is low intensity. Therefore, we car-
ried out the experiment with one of the world’s largest
heating lasers, the LFEX. LFEX has 4-beam bundles with
rectangular shapes. However, it is designed as only a one
side injection device. Two of the four beams are reflected
by mirrors and irradiate to the target. On the other hand,
the pre-pulse removal is a challenge when using high inten-
sity lasers for additional heating. If the pre-formed plasma
produced by the pre-pulse is large, the energy of the hot
electrons becomes too large, and the heating efficiency
decreases. Therefore, instead of using normal mirrors, a
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plasma mirror is used to remove the pre-pulse [6].
The LFEX lasers are designed to be unilaterally inci-

dent, so each beam cannot swing significantly. It is an easy
way to install plasma mirrors close to the target. The prob-
lem is that the intensity of the laser on the plasma mirrors
is extremely strong, more than two orders of magnitude
higher than the intensity conventionally used. Here we will
consider whether the plasma mirror works well with such
strength. For this purpose, it is important to measure the
reflectivity of the plasma mirror.

2. Experimental Setup
The experiment was conducted using an LFEX laser

[7] (port-through energy about 1 kJ) at The Institute of
Laser Engineering, Osaka University. The LFEX is a 4-
beam bundle that comes from port 52 (p52). Each of the
four beams can be operated independently. However, it
cannot be irradiated at a large swing, since it is also used
as a one pulse compressor.

As shown in Fig. 1, the beams are divided into two and
irradiate the two plasma mirrors. The plasma mirrors are
2 mm× 2 mm glass plates and are installed at 190 degrees,
3 mm away from the target. This is because the counter
light does not damage the other optical component, so each
irradiation of 5 degrees is tilted.

The target used was a deuterium thin polyethylene
film (10 μm and 100 μm thick) containing copper. The
10 μm target was for observing heating and 100 μm target
was for observing the effect of counter irradiation in detail.
The generated number of hot electrons could be estimated
by observing the Kα at which electrons hit copper. Con-
tained deuterium was for DD neutron measurement.

The measurement arrangement is shown in Fig. 2. The
LFEX laser is injected toward the center of through the
plasma mirrors near the target. Hot electrons are mea-
sured by three electron energy spectrometers (ESM) [8].
The three ESMs are installed, behind the two plasma mir-
rors on the opposite side of the LFEX, 20.9 degrees (from
the LFEX traveling direction, p43) and the sides perpen-
dicular to the LFEX, 90 degrees (p34 and p35) (Fig. 3).
ESM avoids the influence of strong X-rays from the target
by arranging permanent magnets in parallel along the X-

Fig. 1 Plasma mirrors. Two plasma mirrors installed at 3 mm
distance from target. Injection angle of each beam 5 de-
grees from target normally due to protection of compo-
nent from back scattering of LFEX.

ray direction. By minimizing the magnetic field leakage,
it is possible to measure electron spectra from 0.5 MeV to
120 MeV and protons or deuteron ions up to 7 MeV. An
imaging plate (IP) is used as the detector.

Three XPHCs [9] are installed at 138.2 (p24), 109.5
(p26) and 138.2 degrees (p56). These are for observing the
focused diameter of the target. Two HOPGs [10] (Kα mea-
surements) are installed at 109.5 (p41) and 159.1 degrees
(p44). The electron beam intensity is observed from the
absolute amount of Kα and the temperature rise from the
line near Kα. A Mandala [11] neutron measuring instru-
ment is installed 15 m outside 125.3 degrees (p37). This
mainly measures DD neutrons of the thermal and laser ac-
celerated beam-target.

Figure 3 shows the plasma mirror and target from the
ESM. The installation positions of the ESMs are carefully
selected so that the generated electron and ion beams are
not hidden by mirrors and other components. Alignment
is performed in advance in a similar optical system outside
the chamber.

XPHC p26

XPHC p24

XPHC p56

HOPG p41

HOPG p44

Fig. 2 Diagnostic arrangements. Three ESMs installed in for-
ward direction (ESM#3), and two vertical directions
(ESM#4 and #5). XPHCs for spot size monitors. HOPGs
are X-ray spectrometers. MANDALA is neutron time-of-
flight detector.

Fig. 3 Viewing sights from ESMs. Viewing sights from ESM#4,
#3 and #5 left, center, right, Two plasma mirrors and tar-
get shown. Red arrows indicate LFEX direction.
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(a)

(b)

Fig. 4 Electron and Ion spectra. (a) Electron spectra, Vertical
Teff (ESM#3) becomes slightly high. (b) Ion spectra, Ion
component estimated about 80% deuterium. Vertical Ion
flux also becomes high.

3. Experimental Results
Figure 4 (a) shows a typical ion energy spectrum in

the counter-irradiation. ESM#4 and ESM#5 are observed
from the axial direction of the laser reflected by the plasma
mirror. ESM#3 is observed from a direction perpendicular
to the laser irradiation axis.

When the 10 μm target is irradiated with the same
laser intensity on the left and right, the electron spectra
of ESM#4 and ESM#5 are almost the same. However, the
electron spectrum of ESM#3 is different. Teff in ESM#3 be-
comes high. This may suggest that hot electrons are cap-
tured by the magnetic field due to Weibel instability and
accelerated in the plasma [12].

Figure 4 (b) shows the spectrum of ions. Hydrogen ad-
sorbed on the surface is generated as protons, although the
target contains deuterium polyethylene. Ions cannot distin-

Fig. 5 on spectra with/without 1.5 μm Al foil. (a) Experimental
results. 1.5 μm Al foil covered from 0.1 m to 0.2 m on IP.
(b) Calculation results based on results without Al foil.
Ions enter foil at oblique angle. Therefore, start position
of track on IP clearly different by HD ratio.

guish between protons and deuterons in the ESM. This is
because particles with the same momentum draw the same
orbit because the energy analysis is performed only with
the magnetic field. We attached 1.5 μm of aluminium foil
on ESM#5 and compared the difference in the track on
the IP of ESM#4 without aluminium foil (Fig. 5 (a)). Al
foil was attached on IP by the self-static electricity. Here,
ions with the same energy distribution are assumed to be
observed in ESM#4 and ESM#5. We assume that there
is no energy dependence of the hydrogen-deuterium (HD,
= D/(D+H)) ratio. The spectrum of ESM#4 is varied by
a HD ratio scan with 1.5 μm of aluminium foil in the cal-
culation (Fig. 5 (b)). The calculated spectrum matches the
spectrum obtained by ESM # 5 when the deuterium con-
centration can be estimated to be about 80%.

Ions in ESM#3 were also increased as electrons. This
is because the ions compensate for the potential of hot elec-
trons escaping.

Neutrons are generated mainly from the DD reaction
between beam deuterons, which are by laser acceleration
and deuterons in the target. The average energy of ions
can be obtained from their spectrum. The neutron energy

2404084-3



Plasma and Fusion Research: Regular Articles Volume 17, 2404084 (2022)

0.3

0.4

0.5

0.6

0.7

0.8
0.9

1

2 3 4 5 6 7 8 910

Teff vs Teff_Wilks

Intensity(1018W/cm2)

Fig. 6 Teff vs Laser intensity. Teff in direct irradiation assumed
on Wilks’ scaling (broken line). Error bar on star (direct
irradiation without plasma mirrors) comes from XPHC
data ambiguity. Other data have small errors when reflec-
tivity determined.

spectrum, which is calculated from the energy of ions is in
good agreement with the experiment results [13].

When the laser intensity asymmetrically irradiates the
10 μm target on the left and right sides, Teff on the stronger
side increases and the ions increase. In a case of such
asymmetry, there is no increase compared to Teff and ion
flux on the perpendicular direction (ESM#3) in symmetri-
cal irradiation. Teff becomes low at the 100 μm target when
observed in the perpendicular direction. This is because
the thick target reduces the electron current density that
forms the magnetic field, due to Weibel instability. If one
side is delayed by 50 ps at the 100 μm target, plasma ac-
celeration will occur and Teff will increase because the de-
layed laser is incident in pre-formed plasma.

Figure 6 plots the laser intensity on the target on the
horizontal axis and Teff on the vertical axis. Several scal-
ings [14, 15] have been proposed for the relationship be-
tween laser intensity and Teff at high intensity short pulses.
Wilkes’ scaling [16] is closest to the condition in this case.

(broken line in Fig. 6). We adopted Teff on the opposite side
of the laser irradiation.

The star in Fig. 6 indicates Teff when the target was
directly irradiated without using the plasma mirror. At this
time, the XPHC data was 56±4 μmφ. Next, the reflectivity
was changed to fit Teff obtained in the experiment to Wilks’
scaling. The results correspond to a reflectivity of 17±3%.

4. Summary
Counter-irradiation is one of the fast ignition schemes.

It can be expected to increase heating efficiency by trap-
ping hot electrons in the magnetic field caused by Weibel
instability. Here, the high-intensity laser, LFEX is used to
realize counter-irradiation, using plasma mirrors near the
target. The irradiation intensity of the plasma mirrors is
around 1018 W/cm2. The reflectivity can be observed to be
17± 3% assuming Wilks’ scaling by using ESMs.
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