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Abstract:

A DPSSL-pumped laser HAMA is developed to realize high-repetitive ICF experiment.
To demonstrate a counter irradiation fast heating fusion scheme, amplified chirped pulse
of 4J/0.4ns is divided into four beams, two for imploding and the others for heating the
imploded core. This is the first demonstration that 10-J class DPSSL is adapted to ICF
experiments and succeeded in DD neutron generation. Repetitive ICF experiments can
accelerate to optimize this neutron generation condition. Based on HAMA, we can de-
sign and develop an integrated repetitive ICF experiment machine by including the other
indispensable IFE technologies such as target injection and tracking.

1 Introduction

The achievement of controlled fusion burn and gain with single-shot mega-joule-class
laser such as National Ignition Facility (NIF) is scheduled within a few years. Following
this scientific proof of ignition, inertial fusion energy (IFE) needs to start engineering
development based on repetitive mode experiment. In this engineering phase, development
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FIG. 1: Diagram of HAMA and target irradiation system

of IFE driver has the first priority because energy or power of IFE driver decides the
design and size of IFE experiment machine. A diode pumped solid-state laser (DPSSL)
is a promising candidate of the reactor driver for IFE because we can operate it at a
high repetition rate (>10 Hz) with high efficiency (>10%)[1]. Based on available DPSSL
represented by HALNA[2] and Mercury[3], we can develop a repetitive IFE experiment
machine by including the other indispensable IFE technologies of target injection and
energy conversion system in hand. This is the promising pass to realize the power plant
step by step. Here, we developed a DPSSL-pumped laser HAMA to demonstrate repetitive
fast heating ICF fusion in which both implosion and heating pulse are required[4, 5].
Demonstration of fast heating scheme requires an ultra-intense laser around 1018 W/cm2.
The present DPSSL provide energy around 10-J class, however, they are not high intense
to demonstrate the heating. Applied DPPSL as Ti:Sappihre pumping is a convenient way
to demonstrate implosion and heating because it can activate short pulse duration. In
this article, we will describe the detail setup of HAMA including laser irradiation system.

2 HAMA and laser irradiation system

Figure 1 shows the diagram of HAMA and target irradiation system. The laser HAMA
consists of a seed laser BEAT and a pump laser KURE-1. BEAT is a 10 Hz Ti:Sapphire op-
tical parametric chirped pulse amplification (OPCPA) system. KURE-1 is an 10 J/10 Hz
green DPSSL based on a water cooled Nd:glass zig-zag path slab laser system HALNA[2]
developed for IFE laser driver. The KURE-1 pumps a Ti:Sapphire crystal to amplify the
seed beam from BEAT.
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2.1 Seed laser: BEAT

The BEAT is a double-line terawatt OPCPA laser system initially designed for a plasma
beat wave acceleration[6, 7]. This laser system is mounted on a bread board 1.8 m ×
4.2 m in size. It includes two oscillators and amplifications via OPCPA and Ti:sapphire
multi-pass amplifiers and provides a double-line spectrum with a spectral separation of
10−35 nm.

A single diode-pumped CW laser (Millennia Xs, Spectra Physics) is split into two
beams by a beam splitter to excite two mode-locked Ti:sapphire oscillators (Tsunami-S
fs, Spectra Physics). A typical seed pulse has a central wavelength of 800 nm and a full
width at half-maximum (FWHM) of 12 nm, and produces a pulse duration of less than 70
fs. The seed pulses from those oscillators are co-aligned by a beam splitter into an Öffner
stretcher. For the fusion experiments, we activates only a single oscillator, resulting in a
single pulse trace. This stretcher is designed for a chirp ratio of 26 ps/nm, and produces
an output pulse stretched to 0.4 ns (FWHM) for a single line.

In OPCPA, two OPCPA stages are arranged in series. Each stage has two BBO
(β −BaB2O4) crystals of 15-mm in length with cut at 23.8◦ for type I non-collinear
angular phase matching. The crystals have an inclination of 3.9◦ with respect to the seed
in order to satisfy non-collinear angular phase matching of 2.4◦ inside the crystal. The
pump injection angle is normal to the crystal surface. The pump pulse is provided by a
frequency-doubled Nd:YAG laser (Spectra Physics PRO350), which is flash-lamp pumped
and generates green pules of 1000-mJ with a 10-Hz repetition rate. The pulse longitudinal
mode is a single mode produced by an injection seeder with a pulse duration of 9 ns
(FWHM). The pump pulse is divided into two beams having extraordinary polarization.
We can control each energy by a pair of half-wave-plate and thin-film-polarizer. The
output energy of OPCPA was 1 mJ with a diameter (1/e2) of 2 mm.

After the OPCPA system, there are two multi-pass Ti:sapphire pre-amplifier stages.
The first stage is a four-pass pre-amplifier, which consists of a Ti:sapphire crystal 10 mm
long and 15 mm in diameter that is pumped by the remaining pump beam after the
OPCPA and a 200-mJ frequency-doubled Nd:YAG laser. The seed diameter is expanded
to 4 mm and the output energy was 20 mJ. The second stage is also a four-pass pre-
amplifier, which consists of a water-cooled Ti:sapphire crystal 10 mm long and 20 mm in
diameter with an anti-refractive coating. This crystal is pumped by a 800-mJ frequency-
doubled Nd:YAG laser with a beam diameter (1/e2) of 8 mm. The input seed pulse is
expanded to 8 mm (1/e2) by a pair of convex and concave lenses. This pulse was amplified
to 200 mJ.

The seed from the preamplifiers is expanded to 20 mm (1/e2) by a pair of convex and
concave lenses and sent to a Faraday isolator before a four-pass power amplifier which
consists of a water-cooled Ti:sapphire crystal 20 mm long and 30 mm in diameter with
an anti-refractive coating. The power amplifier is pumped by three 1000-mJ frequency-
doubled Nd:YAG lasers. The output energy is 1000 mJ. This beam is relayed to the
amplifier HAMA by a vacuum telescope.
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FIG. 2: DPPSL KURE-1: (a) Laser system layout, (b) Frequency doubling (green laser)
operation, (c) Near field pattern of the green laser.

2.2 Pump laser: KURE-1

The KURE-1 consist of a fiber oscillator, preamplifier of Nd:YLF rods[8], zigzag slab am-
plifier of Nd:glass, deformable mirror and frequency doublar using a CsLiB6O10 nonlinear
crystal,(constructed at HAMAMATSU)[2]. This system is all-diode pumped, and it has
a potential of 20 J in a 10 ns pulse at 527 nm with 10 Hz operation. Figure 2 shows
DPSSL KURE-1 includes (a) laser system layout, (b) frequency doubling operation, and
(c) near field pattern of the green laser. The beam size of 527 nm is 22 mm×16 mm. The
specification of KURE-1 is summarized in Table I.

2.3 Amplifier: HAMA

The HAMA is a four-pass power amplifier which consists of a water-cooled Ti:sapphire
crystal 25 mm long and 50 mm in diameter with an anti-refractive coating. The seed laser
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TABLE I: Specification of KURE-1

Fundamental (1053 nm)
Outpu energy 21.3 J
Repetition rate 10 Hz
Pulse width (FWHM) 8.9 ns
Electrical efficiency 5.8 %
FFP encircled energy 84% in a 5 TDL spot
Frequency doubling (527 nm)
Output energy 10 J
Conversion efficiency 60 %

from BEAT is expanded to 30 mm by a pair of concave and convex lenses. The pump
laser from KURE-1 is relayed by a vacuum telescope of 8-m in-length with two convex
lenses in order to transfer the beam image on the nonlinear crystal to the surface of the
Ti:sapphire crystal. The beam is split in order to pump the both side of the crystal. The
beam size of KURE-1 on the crystal is 22 mm × 16 mm. The KURE-1 is operated at 1.25
Hz. Figure 3 shows the energy extracted from HAMA as a function of pump energy from
KURE-1. The seed pulse is amplified to 3.8 J at the pump energy of 8 J. The solid curve
represents a calculation by Frantz-Nodvick model including the pump energy absorption,
crystal losses and beam overlapping between seed and pump. This calculation curve well
explain the experiments. The extraction efficiency is 48%.

2.4 Beam steering into four beams

The amplified chirped pulse 4 J/0.4 ns is first divided into two beams by a 35:65 beam
splitter, one for long pulse and the other for short pulse. The long pulse is used for
imploding the target and the short pulse is for heating the core. The long pulse can be
time-delayed from -2.5 to +1.0 ns toward the short pulse by a delay line enabling the
timing control of core heating. The short pulse is pulse-compressed to a 110-fs Gaussian
beam by a four-pair pulse compression gratings. Both beam is expand to a diameter of 60
mm by a telescope, respectively. The position of the convex lens of the telescope on the
long pulse is used for divergence control in order to provide the same focusing position
for long and short pulses. The long and short pulses are split and combined by a 50:50
beam splitter which enables counter irradiation of these beams containing imploding and
heating beam in sequence.

2.5 Counter irradiation system

Using a pair of off-axial dielectric-coated mirror (OAP): a diameter of 3” and incident
angle of 32.5 deg, we counter-focused the beams. The focal spot size is 32 µm. Imploding
and heating beams are co-aliened and pointing stability is within 50 µm. The focusing
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FIG. 3: Energy extracted from HAMA as a function of pump energy

position of imploding and heating beams are customized individually by tuning their
divergence. Table II shows energy and target intensity of the four beams. The energy is
0.5 J each and intensities are 5.9± 0.5× 1013 and 1.9± 0.3× 1017 W/cm2, respectively.
These intensities are within the scope of fast heating fusion experiments.

TABLE II: Energy and target intensity of the four beams

Beam # Pulse width Energy in spot[J] Intensity[W/cm2]
Imploding beams
Long-1 404± 25 ps 0.57± 0.02 5.9± 0.5× 1013

Long-2 404± 25 ps 0.53± 0.01 5.5± 0.5× 1013

Heating beams
Short-1 110± 13 fs 0.50± 0.01 1.9± 0.3× 1017

Short-2 110± 13 fs 0.46± 0.01 1.7± 0.3× 1017

The total 4 beams irradiation is confirmed by a X-ray Streak camera as shown in
Fig. 4. Here, imploding beam ablate 100 µm in thickness SUS plate both side at first and
then heating laser heat it in sequence at 10 Hz repetition. By irradiating a target consists
of two-parallel deuterated polystyrene plate in repetition mode, HAMA succeeded, for
the first time, in DD neutrons generation by fast heating scheme up to 1000/pulse at the
optimized condition[5].
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FIG. 4: X-ray radiation from the SUS plate surface with four-beam counter irradiations.

3 Conclusions

A DPSSL-pumped laser HAMA is developed to demonstrate high-repetitive ICF experi-
ment. The amplified chirped pulse 4 J/0.4ns is divided into four beams, two for imploding
and the others for heating the imploded core. This is the first demonstration that 10-J
class DPPSL is adapted to repetitive ICF experiments. Based on HAMA, we can con-
struct a repetitive ICF experiment machine by including target injection and tracking.
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