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A table-top fusion experiment is performed. A 4J/0.4-ns output of an LD-pumped high-rep. laser HAMA
is divided into the imploding and heating beams, which are illuminated on double deuterated polystyrene foils
separated by 100um. Hot electrons produced by the heating pulses heat the imploded core, emitting X-ray
radiations >20 eV and yielding some 103 thermal neutrons. The result shows an important step toward developing

the fast-ignition scheme fusion plant.
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1. Introduction

Figure 1 shows the key issues together with the
roadmap for achieving an inertial confinement fusion (ICF)
power plant[1]. The National Ignition Facility (NIF) is to
achieve ignition and burning of fuel. Although this repre-
sents an important milestone toward developing an fusion
power plant, the main stage for achieving inertial fusion
energy does not use single-shot mode, but rather it uses
repetitive-shot mode. The main path to the fusion energy
is shown on the central row. A lot of works are necessary
to realize a power plant[2]. One key issue is the devel-
opment of a high-repetition-rate, high-efficiency laser with
output energies of the order of kilojoules or greater. An-
other is fuel fabrication and high-repetition fuel injection.
In addition, power plant technology, such as an innovative
wall materials, will need to be developed.

We divide the roadmap for achieving a fusion plant
into three phases. The zeroth phase involves developing
1-kJ drivers perform engineering tests and to produce neu-
trons. No fuel compression is considered. The first phase is
to develop a breakeven machine that uses a 100-kJ driver.
Here the fuel is compressed to 100 x the solid density or
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Fig. 1 Key issues and paths to an ICF power plant. Upper left re-
gion represents current experiments in single-shot mode.
Other regions indicate the main path using repetitive-shot
mode toward the fusion power plant. Yellow boxes indi-
cate problems that need to be resolved.

more. The second phase is to demonstrate a commercial
reactor. The fuel may be compressed to around 500 x. We
have developed an LD-pumped laser system with a repe-
tition rate of 10Hz. This repetition rate is high enough
for this stage. We are in the zeroth phase, as indicated
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Fig. 2 Neutron yield versus Input laser energy: Oth (0.1 ~ 1kJ
laser, 1 X compression), Ist (1 ~ 100kJ, 100 x compres-
sion) and 2nd phase (100kJ ~ 10MJ laser, 100 ~ 500 x
compression).

by the star in Fig. 1. Figure 2 plots the neutron yield and
the fusion gain versus the input laser energy. The implo-
sion and heating beams are coaxially aligned. The input
laser energy is divided 50% to implosion and 50% to fast-
heating. The zeroth phase does not provide any fuel com-
pression, but a fuel heating. 100 X compression is con-
sidered for the 2nd phase and 100 ~ 500 x for the 3rd.
The zeroth phase output will be an unified Mini-Reactor
CANDY, a concept of kJ fast-ignition scheme unified ma-
chine, as shown in Fig.2. The second phase uses the
counter-illumination Fast Ignition scheme, where a unit
module system of 1.8 MJ laser energy yields the thermal
power gain of 200, when the DT bullet fuel is compressed
to 500 X the solid density each 0.1 second. A power plant
has 4 modules of reactor. The fast-ignition is a very useful
scheme for the ICF.

We have started the high-repetition-rate table-top
fusion experiment in the counterillumination and fast-
ignition scheme (partially reported in [3]) to demonstrate
the scheme adequate for the power plant. Here we show
that the hot electrons deposit their energy to the periph-
eral plasma and they reach the core plasma to emit X-ray
radiations. Once heated, the core plasma maintains a few
hundred electronvolts of temperature as long as the core
stagnates. The future plant design will have the counteril-
lumination and fast-ignition scheme.

2. Highly-Repetitive Table-Top Ex-
periment
An LD-pumped high-repetition-rate HAMA laser

consists of a seed beam supplier laser “BEAT” and a pump
laser “KURE-I". “BEAT” is a Ti:sapphire optical paramet-
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Fig. 3 (a) Counter-illumination scheme and (b) Double foil CD
target. Imploding beams (Long beam-1,-2: red) are fol-
lowed by heating beams (Short beam-1,-2: yellow). (c)
STAR 1D hydrodynamic flowchart. The heating beam is
delayed between 0.3 and 2.0 ns from the imploding beam
peak.

ric chirped pulse amplification system [4,5]. KURE-I is an
LD-pumped Nd:glass laser system (Hamamatsu Photonics
Product), which pumps a Ti:sapphire crystal to amplify the
seed beam from “BEAT”.

The amplified chirped 3.6 J-800 nm in the 0.4-ns pulse
is divided into two beams, one for imploding and another
for heating the imploded core. The imploding beam is
divided into two beams (Long beam-1 and Long beam-
2) and is transported using different paths to the target
chamber. The remaining beam is time-delayed and pulse-
compressed to a 110-fs Gaussian beam by two pairs of
gold-coated plane gratings. This beam is then divided
into two heating beams (Short beam-1 and Short beam-
2). Short beam-1 is co-aligned to Long beam-1 and Short
beam-2 to Long beam-2, respectively. A cross-beam di-
vider stage enables us to coalign the four beams to counter-
illuminate both sides of a target. The beam energy is 0.55J
for a long beam and 0.48J for a short one. The beam di-
ameter is 60 mm.

Using a pair of off-axial 7.6-cm-diameter dielectric-
coated mirror (OAP), we counter-focused the beams, such
that Long beam-1 and Short beam-1 are focused from the
right-hand direction of the target and Long beam-2 and
Short beam-2 approach from the left-hand side as shown
in Fig. 3 (a). All the beams are p-polarized on the target.

The target consists of two parallel 2-mm square plain
foils. The foil is made of deuterated polystyrene ((CgDg),
and is 11 wm thick, supported with 100-pm-thick stainless
steel. The separation (gap) between the foils is 100 pm. We
set the focal position of the beams at the center between
the double foils. The focal spot size wy is 32 um. The
intensities are 5.9+0.5x10'% and 1.9+0.3x10'7 [W/cm?],
respectively.

A one-dimensional hydrodynamic code STAR [6] pre-
dicted that for 11-um-thick foils with 100-um gap, the tar-
get rear surfaces meet each other 1.4 ns after the imploding
beam peak.

A part of the pulse-compressed beam is converted to
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Fig. 4 2w 100-fs probe captures the double foil image at the
moment occurring 1.3 ns after the peak of the imploding
beam. A stainless steel supports the double foils. The
probe is synchronized with the heating beam. The target
is tilted at 1.3° to the probe. ICCD camera is gated at
20 ns.

the second harmonics (400-nm wavelength) to probe the
collision between two counter-injected plasmas. The probe
captures shots of the double foil shadows, just when the
compressed core is formed, as in Fig. 4. The probe cutoff
density n. is 6 x 10?! cm™. The collecting lens with nu-
merical aperture of 7.18 takes an image of the core shadow,
whose boundary density is 0.1 n.. Figure takes 1.3 ns af-
ter the compression beam peak and marks the instance of
the heating beam illumination. At this time the implod-
ing beams are no longer present. The probe axis is per-
pendicular to the main beam axis. The plasma image is
relayed through an interference filter (394+15nm) to an
ICCD camera that is open for 20ns. The foil thickness is
11 wm and the gap separation is 100 um. Since the target is
tilted at 1.3°, the foil shadow is observed to be 45 um thick,
not 11 um thick. At this time, the formed core expands ra-
dially.

An X-ray streak camera (Hamamatsu Photonics
C4575-03) is used to capture the emissions related to the
implosion and heating of the double foils. The 50-um slit
determined the spatial resolution to be 54 um. The obser-
vation is normal to the laser axis and tilted at 1.3° to the
target surface. The image is magnified 7.0 times. We used
a full-window range of 1.1 ns. The 30-nm Au-coated 100-
nm-parylene-N cathode detects photons in the region from
20eV to SkeV.

Figure 5 (a) shows the image for the heating beam of
a 1.1-ns delay. We see only the emissions due to the ini-
tial foil ablations. No core emission is shown. At a 1.3-ns
delay, it is seen, as in Fig.5(b). The delay agrees with
the maximum compression time, predicted by STAR 1D.
If no heating beams are illuminated around this time, we
observed neither core emissions, nor peripheral emissions.
Note that since the stainless support masks the areas be-
tween the center and the initial foils, which makes dark
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Fig. 5 X-ray streak image of the imploding-heating foils (a) at
1.1-ns delay, no core emission is seen. (b) At 1.3-ns de-
lay, the core is heated. The Au cathode detects emissions
not less than 20 eV.

Fig. 6 X-ray core-emissions and their tails at the same condition
as in Fig. 5 (b), without the stainless support.

grooves between the core emission and the peripheral foil
ones.

To make the core emission clear, we removed the
stainless support, which is shown in Fig. 6. The figure is
the same parameter shot as that in Fig. 5 (b). The heating
beams give three bright circular spots at the top and the
following central and two side emission tails.

The central emission spot is delayed by 50 ps from the
side emission spots and is much strong, which seems to say
that the hot electrons generated at the ablation surfaces are
transported to the core and heat it up within 50 ps. The hy-
dodynamic thermal transportation will take a longer time.
STAR 1D suggests that the side (Shell Ablation) emis-
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Fig. 7 Diamond: X-ray core-emissions versus the heating beam
delay on radius-time diagram. The vertical error bar is the
shot-to-shot deviation (standard error) for every 10 shots.
Dot: DD thermal neutron time of flight signal from ND3.
The error bar is 1o

sions are between the cutoff and the ablation surfaces and
the central emission is at the imploded core. Although it
seems that the side emissions close to the ablation surface
are peeled off as time passes, the core stagnates and emits
X-rays for 300 ps full-width half maximum (FWHM) or
more. These features are observed only when the heating
beams are between 1.1 and 2.0 ns.

Figure 7 plotted X-ray core-emissions and DD ther-
mal neutron yield versus the heating beam delay, showing
that the imploded cold core is heated by the heating beam
to emit X-ray radiations, which is similar to the PW laser
results [7]. The vertical error bar is the shot-to-shot devia-
tion (standard error) for every 10 shots. A neutron detector
ND3 is a 6-inch plastic scintillator (NE102, 15 cm in diam-
eter and 6 cm in length) coupled to a 2-inch photomultiplier
(H7195) located 1.43 m from the target normal to the laser
axis [4]. After accumulating each 10 shots, we have filtered
the low frequency noises less than 150 MHz out through a
Fast Fourier Transform filter, which shows a small peak
around 1.4 ns as in Fig. 7. At 1.4 ns, the neutron yield was
around 1000, close to that estimated when 30% the laser
energy is converted to the core internal one. Since the sim-
ulation suggests the core density is compressed to 2 X the
solid CD density of 1.1 g/cm? at least, then the deuteron
density will be np = 9 x 10?2 cm™. Assuming the Z num-
ber of Carbon is ~ 4, the plasma density in the core will
be n, = 6 x 102 cm™. If 30% of the heating beams en-
ergy is absorbed at the cutoff region and is transported into
the 30 um diameter core, and supposed the all particles in
the core have the same temperature, then it will be 300eV.
This temperature can yield the neutrons Ny in 7 of 300 ps
stagnation period as Ny = nlz)/4(0'vth)V‘r ~ 2000, where
(o) = 3.5 x 1072 cm?/s and V is the core volume.

Using the electron density profile at the maximum
compression calculated by STAR 1D, the 1D PIC (PI-
CLS1d) [8] was performed to study fast electron trans-

port and energy deposition in the imploded plasmas. The
preimploded plasmas are initially consisting of carbon and
deuteron ions. The carbon (deuteron) ions are ionized
at Z = 2(1). They are ionized to a higher charge state
through heating. The heating beam with a duration of
100 fs and a peak intensity of 2 x 10'7 W/cm? is incident
from the boundary, which is an absorbing boundary for
particles and electromagnetic waves. The absorption of the
laser energy is 33.8%, which was small due to the 1D re-
striction. So that this PIC simulation underestimated the
heating performance, more than the experiment suggested.
Two groups of hot electrons with 50 and 200 keV in quasi-
Maxwellian distributions are produced by the short pulse.
The lower energy group contains ponderomotive electrons,
which carry most of the absorbed energy. These electrons
slow down and deposit energy via collisions. Higher en-
ergy electrons are produced below the critical density via
plasma waves excitation. These energetic electrons are
transported through the imploded plasma and are scattered
by the ions. The electron bulk temperature below ~ 20n,
is greater than 100eV. The core region is also heated up
diffusively to ~40eV electron temperature at 4 ps. At this
time the plasma is not thermally equilibrated, and the ion
temperature is slightly over 20eV. So far the simulation
does not agree with the experiment. The optimization of
the heating laser to achieve the efficient core heating is
planned for a future study.

3. Conclusion

We have started the high-repetition-rate table-top
fusion experiment in the counterillumination and fast-
ignition scheme to demonstrate the scheme adequate for
the power plant. The hot electrons reach the core plasma
to emit X-ray radiations. Once heated, the core plasma
maintains a temperature of more than few tens electron-
volts as long as the core stagnates. The simulation suggests
that fast heating initiates the fusion reaction, which pro-
duces the measurable neutrons. The result that the heating
pulse effectively transport its energy to the core plasma,
is promising for promoting the laser fusion scheme. Us-
ing the similar Fast Ignition configuration, we showed the
roadmap to the power plant.
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