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ultra-strong fields that was not accessible before, opening up a fundamentally new physical domain 
which includes laboratory astrophysics and laser nuclear physics. In this article, new applications 
of high-energy and ultra-intense laser will be reviewed.

Keywords : high power lasers; advanced lasers; laser fusion; high-energy density science, relativistic 
plasma; laser generation of energetic particles; laser driven nuclear processes

OCIS codes : (140.0140) Lasers and laser optics; (190.0190) Nonlinear optics: (350.2660) Fusion; 
(350.5400) Plasmas; (350.4990) Particles; (320.7110) Ultrafast nonlinear optics

*Corresponding author: izawa@ile.osaka-u.ac.jp

I. INTRODUCTION

Progress in laser technology has made it possible to 
obtain 100 kJ in laser pulse energy and 1 PW in laser 
peak power. In the near future, we will reach MJ and 
multi PW levels. Laser fusion research played an important 
role in developing high-energy and high-peak power lasers. 
By focusing such lasers we can create the energy density 
of ~ 1012 J/cm3 and the radiation intensity of ~ 1021 
W/cm2, concentrated in a tiny plasma. The appearance 
of this new tool has a revolutionary significance in basic 
physics and also in industrial applications. New fields 
of science are emerging - laboratory astrophysics, and 
laser nuclear science. A number of new applications to 
material science, nuclear engineering, medical engineering 
and so on have been proposed. Here the present status 
and future prospect of laser fusion research, new indus-
trial applications of high-energy and high-peak power 
lasers will be reviewed. And an advanced laser to realize 
such new applications will be discussed.

II. PROGRESSES OF HIGH POXER LASERS 
AND LASER FUSION RESEARCH

Developments of high power lasers have been acceler-

ated by the laser fusion research. The progress in pulse 
energy of high power lasers is shown in Fig. 1. After 
the proposal of a central ignition scheme of laser fusion 
by the use of laser driven implosion in 1972, high-energy 
lasers such as OMEGA, GEKKO XII, SHIVA, NOVA 
and PHEBUS were developed during 1980’s and 1990’s. 
All these lasers are based on Nd:glass in a single shot 
operation and can deliver the pulse energy of 10 ˜ 100 
kJ in 1 ~ 10 ns pulse duration. High-temperature com-
pression up to 10 keV and high-density compression up 
to 1 kg/cm3 have been achieved by these lasers [1, 2]. 
After that the laser fusion research moved into the new 
stage to demonstrate fusion ignition and burn. For this 
purpose MJ lasers are under construction by NIF (Na-
tional Ignition Facility) [3, 4]and LMJ (Laser Mega Joule) 
[5] projects in USA and France, respectively.

After the invention of the chirped pulse amplification 
(CPA) technique, the peak intensity of the short pulse 
laser remarkably increased as shown in Fig. 2. A peak 
power of a petawatt (PW) has been achieved by Nd:glass 
(~ 500 J in ~ 500 fs) [6, 7] and Ti:sapphire (~ 15 J in 
~ 15 fs) [8] lasers and an exawatt (EW) laser is proposed 
[9]. Through such progresses, a new scheme of laser fusion, 
named fast ignition, became possible, where a laser fusion 
fuel pellet is first compressed by a high-energy laser and 
then the compressed fuel is heated up to ignition tem-
perature by a PW laser. Feasibility of this scheme was 
demonstrated by the combination of GEKKO XII and 
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FIG. 1. Progress in high-energy lasers for laser fusion 
research.
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FIG. 2 Progress in ultraintense lasers by CPA techniques.

FIG. 3. Road map toward laser fusion power plant.

FIG. 4. High-energy diode-pumped solid-state lasers 
for inertial fusion energy developments.

PW lasers in Japan [10]. FIREX (Fast Ignition Realiza-
tion Experiment) project [11] started toward fast ignition 
and fusion burn. The fast ignition scheme is very attrac-
tive in the design of a laser fusion power plant because 
of the higher gain with smaller laser energy.

It is expected that the laser fusion ignition and energy 
gain of ~ 10 will be achieved during 2010 - 2013 by the 
central ignition and at around 2015 by the fast igni-
tion. A possible road map toward a laser fusion power 
plant is shown in Fig. 3. The next step of laser fusion 
research after ignition is to demonstrate electric power 
generation by an experimental reactor. It is important 
to develop new lasers with rep-rate operation which can 
deliver pulse energy of 10 ~ 100 kJ at 10 ~ 20 Hz. For 
this purpose, the small-scale modules of a driver laser 
system, such as Mercury [12], HALNA [13, 14], Lucia 
[15], and Polaris [16] have been developed, as shown 
in Fig. 1 and Fig. 4.

III. NEW APPLICATIONS OF HIGH POWER 
LASER

3.1 High-energy density physics, laboratory astrophysics, 
and geophysics

By focusing a high-energy laser like the GEKKO XII, 
we can produce a high-energy density plasma in sub- 

millimeter-scale volumes. The compressed material at 
a density of 100 g/cm3 and heated up to 100 eV is at 
10 Gbar, which corresponds to 107 J/cm3. Such a regime 
of high-energy density gives us access to phenomena in 
a laboratory that otherwise appear only in energetic 
astrophysical systems, and opens new fields of science 
such as high-energy density physics and laboratory astro-
physics. The temperature-density parameter space for 
typical astrophysical phenomena and the regimes acces-
sible by a high-energy laser are shown in Fig. 5. Studies 
on high Mach number jets, hydrodynamic instabilities, 
radiation flows, opacities and equation of state (EOS), 
and strong shock and compressions, which are relevant to 
supernovae, -ray burst, giant planet, interiors of Jupiter 
and Earth, and so on, have been performed [17,18].

3.2 Laser accelerator and laser nuclear physics
By focusing a highly intense laser on a target, we can 

obtain the laser intensity over 1020 W/cm2. Under such 
a super-strong field, electrons in matter are accelerated 
into the relativistic regime. As is well known, the so-called 
hot electron component, along with thermal electrons, 
is formed at Iλ2 > 1014 Wμm2/cm2, where I is the laser 
intensity in W/cm2 and λ is the laser wavelength in 
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FIG. 5. Parameter space of various plasma conditions 
and those accessible by a high-energy laser.
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their applications.

μm. The hot electron component has a non-Maxwellian 
distribution function of electron energy. The average 
temperature of hot electrons increases with the increase 
of laser intensity. At > 1020 Wμm2/cm2, hot electron 
temperature reaches up to 10 - 15 MeV, and the maximum 
electron energy exceeds ~ 100 MeV [19]. A variety of 
physical mechanisms of electron accelerations have been 
discussed depending on the laser and target conditions 
[20-22].

When a gaseous target is used, monoenergetic electron 
beams are generated, under the particular plasma con-
ditions, through a laser wakefield acceleration [23-25]. 
Recently, it was demonstrated to generate GeV electron 
beams from a cm-scale laser-plasma accelerator [26]. 
Laser-plasma-based accelerators have the potential to 
deliver an accelerating gradient more than 1000 times 
greater than those produced by conventional accelerator 
technology, and on a tabletop scale.

The generation of a collimated hot electron beam leads 
to the formation of an ion beam, which propagates along 
the normal to the target surface [21, 27]. When the hot 
electrons leave the target surface, a charge-separation 
field is formed. Field gradient reaches to the order of 

MeV/μm. Such fields can ionize atoms and rapidly 
accelerate ions. Protons with the energies up to 60 MeV 
and heavier ions with the energies up to ~ 7 MeV per 
nucleon have been observed [28 - 32]. The proton beams 
have a number of unique properties including high bright-
ness (~ 10

17
 ions in picosecond-scale bunches) and ultralow 

emittance [33].
Energetic electrons, protons, heavier ions, and brems-

strahlung γ-rays, emitted from a relativistic plasma, may 
induce nuclear processes [20, 34 - 37]. A number of exper-
imental results on photoexcitation of nuclei, photonuclear 
reactions such as (γ, ) and (γ, x), photofission (γ, 
), proton and heavier ion induced nuclear reactions such 
as (, ), (, x), (,  + ), (,  + ) and (, ), 
fusion reactions, and so on, have been reported [19, 38- 
41]. Laser-matter interactions in the ultra-intense laser 
region are summarized in Fig. 6. The laser plasma itself 
is a point source of energetic radiations and/or particles. 
A number of industrial applications of this point source 
have been proposed and experimentally demonstrated, 
which include proton imaging, proton therapy of cancer 
tissue, production of medical isotopes for PET, injection 
into large-ion accelerators, nuclear spallation, proton 
fast ignition for laser fusion, transmutation of high-level 
radioactive waste from a fission reactor, and a pulsed 
neutron source for various applications [21,36].

3.3 Cancer therapy by laser-driven ion beam
The use of protons and carbon ions in radiotherapy 

has several advantages to the more widely used X-ray 
radiotherapy. The proton beam scattering on the atomic 
electrons is weak, and there is less irradiation of healthy 
tissues in the vicinity of the tumors. The slowing-down 
length for a proton with a given energy is fixed, which 
avoids undesirable irradiation of healthy tissues at the 
rear side of the tumor. And the well-localized maximum 
of the proton energy losses in matter (Bragg peak) 
leads to a substantial increase of the irradiation dose 
in the vicinity of the proton stopping point.

The proton energy window of therapeutical interest 
ranges between 60 and 250 MeV, depending on the loca-
tion of the tumor. The use of laser-based accelerators 
has been proposed as an alternative [42-46], which could 
lead to advantages in terms of device compactness and 
costs.

Typically, the proton energy of ~ 200 MeV, the energy 
spread of ~ 10

-2
, and the number of 10

10
 protons/s are 

required for optimal dose delivery over the tumor region. 
In order to reach these values a new high repetition 
rate PW laser system, which can deliver 30 J, 30 fs, 
100 Hz, > 2×10

21
 W/cm

2
 will be necessary. 

3.4 Production of PET isotopes 
Positron emission tomography (PET) is a powerful 

medical diagnostic and imaging technique to detect 
cancer tissues in the human body [47]. The PET process 
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involves the patient receiving an injection of a 
pharmaceutical labeled with a short-lived + emitting 
source which collects in areas of high metabolic activity 
within the body such as tumors. The specific sites in 
the body can be imaged by detecting two counterpropa-
gating 511 keV positron-electron annihilation -rays 
emitted from the radiopharmaceutical. The principal 
tracers used in the PET are 

11
C, 

13
N, 

15
O, and 

18
F, half- 

lives of which are 20.34 min, 123 s, 9.96 min, and 109.7 
min, respectively. PET isotopes are produced using 
energetic proton beams from cyclotrons via (, ) or 
(, ) reactions.

One of the main factors limiting the wider use of PET 
imaging is the requirement for expensive infrastructure 
at the heart of which lies in the cyclotron and the asso-
ciated extensive radiation shielding. A more simplified 
approach to isotope production would be to develop a 
miniaturized, on-site resource with eventual capability 
similar to that of cyclotron.

A powerful candidate of alternatives is a laser driven 
proton beam to produce PET isotopes. The basic experi-
ments have been performed and the possibility for devel-
oping on-site, easy-to-shield, and compact laser system 
was also discussed [48-50]. For example, 10 MBq of 

11
C 

were generated via 
11
B(, )

11
C reaction, when a boron 

sample was irradiated by proton beams which were 
produced by irradiating ~ 300J/~ 1ps laser on to a foil 
target at 2 × 10

20
 W/cm

2
 [48]. The required activities 

of positron emitter for PET are ~ 1 GBq for 
11
C, and 

~ 0.5 GBq for 
18
F. It is suggested from the various exper-

imental results given in [48-50] that, in order to achieve 
these activities, a compact laser system with an output 
energy of 10 J in 20 fs at 100 Hz repetition and focusable 
intensity of > 10

20
 W/cm

2
 will be required.

3.5 Nuclear transmutation by laser-driven -ray
One of the major problems of the nuclear energy is 

in the managements and disposal of high-level radioactive 
waste. Vitrified high-level waste can be stored for about 
50 years before ultimate geological disposal. Transmutation 
of long-lived fission products and transuranic (TRU) 
waste is an option to reduce the burden of nuclear waste. 
Several methods have been discussed which involve trans-
mutation by bombardment with neutrons from a reactor 
or a particle accelerator. The other approach is to use 
laser-driven high-brightness -rays [50].

In the disposal of nuclear waste, 
129

I is one of the pri-
mary risk considerations due to its long half-life (1.6 × 
107 y), and high radio-toxicity and mobility. 

129
I can 

be photo-excited to emit a single neutron and transmutate to 
128

I through 
129

I (, ) 
128

I reaction. 
128

I has a half-life of 
25 min, 7% of which capture an electron and decay to 
128

Te. The remaining 93% undergo -decay into stable 
128

Xe.
Two different ways to generate -rays by laser are 

proposed. One is to use bremsstrahlung -rays generated 
in a high-Z material target [52-54], and the other is to 

use Compton -rays due to the accumulated laser photons 
interacting with high-energy electrons [55]. For both 
cases, the transmutations of 

197
Au, 

128
I and 

129
I to stable 

isotopes have been demonstrated by laser driven -rays.
Ledingham et al. irradiated Au target to generate 

-rays by a 360 J laser pulse of 0.7 ps pulse duration 
at 5 × 10

20 
W/cm

2
 [52]. The iodine sample (PbI2 with 

70 % 
129

I) was placed behind the Au target, and 3 ×
10

6
 nuclei of 

128
I were generated by transmutation. At 

5 × 10
20
 W/cm

2
, the hot electron temperature was ~

6.4 MeV and the energy of -ray generated by brems-
strahlung was rather small compared to the peak energy 
of giant dipole resonance (~ 15 MeV) in (, ) reaction. 
Laser intensities exceeding 10

22
 W/cm

2
 will be required 

for more efficient (, ) reaction [53].

3.6 Pulsed neutron source by lasers
Neutrons are widely used in a various field of science 

and industry, which include neutron radiography, doping 
of 

31
P into Si by NDT (Neutron Transmutation Doping) 

technique, cancer therapy by BNCT (Boron Neutron 
Capture Therapy), fusion materials research and so on. 
Neutron radiography is a similar technique as X-ray 
radiography. The difference between them is in interaction 
mechanism: neutrons interact with atomic nucleus, X-ray 
with the electronic shell. Light elements as hydrogen, 
lithium and boron deliver high contrast for neutrons, 
but are more or less transparent for X-rays. Both methods 
are complementary to each other.

The neutron sources, most often used, are fission 
reactors (continuous source) and proton accelerator 
driven spallation sources (pulsed source). Because of 
their large neutron irradiation facilities, the installations 
require a lot of trained personnel to operate and to 
maintain, and need very strict radiation shielding. 
Recently two kinds of laser driven pulsed neutron sources 
have been proposed. One is based on D-T fusion reactions 
[56-58], and the other is the neutron source by 

7
Li(, 

)
7
Be or Pb(, )Bi nuclear reaction induced by laser 

driven proton beams [59].
Since the beginning of laser fusion research the neutron 

yields generated by using large-scale high-energy lasers 
increased as shown in Fig. 7. Fusion neutrons from the 
explosion of deuterium clusters were observed with a 
compact Ti:sapphire laser [60]. The neutron production 
by (, ) and (, ) reactions induced by laser driven 
-rays and proton beams were also demonstrated [61, 
62]. For D-T fusion and proton induced nuclear reaction, 
10

9
 neutrons/J and ~10

7
 neutrons /J have been achieved, 

respectively. In the applications for neutron radiography, 
BNCT, and fusion materials research, a neutron yield 
or neutron flux of 10

11~13
 neutrons/sr, 10

9
 neutrons/cm

2
s 

(thermal neutrons), and > 10
12
 neutrons/cm

2
s (14 MeV 

neutrons), respectively, are necessary. In order to achieve 
these values, lasers with the output of ~ 1 kJ/1 - 10 
ps/100 Hz will be required.
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FIG. 7. Neutron yield and its laser energy scaling.

TABLE. 1. New applications and required laser parameters.

Applications Requirements

Laser fusion
(Fast ignition)

for implosion 1 MJ / 10 ns / 0.35 μm / 16 Hz / 16 MW

for ignition 100 kJ / 30 ps / 1 μm / 16 Hz / 1.6 MW

Neutron source

for material 
development

40 kJ / 10 ns / 1 μm / 10 HZ/400 kW(LAHRT target)

1 kJ / 15 ps / 1 μm/ 10 HZ / 10 kW(exploding pusher)

100 J / 6-60 ps /1 μm / 100 Hz / 10 kW (beam fusion)

BNCT 1 kJ / ~10 ps / 1 μm / 1 kHZ / 1 MW

Neutron radiography 10 J / 100 fs / 10-100 Hz / 10
21 W/cm2

Space application

Laser propulsion 10-50 kJ / 10 ns / 10-50 Hz / 500 kW

Space debris removal 15 kJ / 10 ns / 0.5 mm / 2 kHz / 30 kW

Energy transport 1-10 MW(CW)

Laser-induced lightning 1 kJ / 10 Hz / 1-10 ns / 10 kW

lon beam

Production of positron
emitter for PET

10 J / 20 fs / 100 Hz / 1 kW / 10
20 W/cm2

50 J / 1 ns / 0.5 μm / 100 Hz / 5 kW (for pump)

Cancer therapy
10-30 J / 10-30 fs / 10-100 Hz / >2×1021 W/cm2

50-100 J / 1 ns / 0.5 μm / 100 Hz / 10 kW (for pump)

EUV source 0.1-1 J / ~1 ns / 10-100 kHz / 10-20 kW

FIG. 8. Laser parameters required for new applications. 
Output of high power lasers, already developed and under 
development are superimposed.

IV. ADVANCED HIGH POWER LASER BY 
CRYOGENIC YB:YAG and OPCPA (GENBU 

LASER)

As described in Sec. III, many new industrial applica-
tions of high power lasers have been proposed. In order 
to realize these proposals an advanced new laser that 
can deliver high-energy pulse and/or highly intense pulse 
with high repetition rate is required to be developed. 
Table 1 and Figure 8 show the summary of the laser 

parameters required for the new applications. In Fig. 
8, the laser pulse energy and the repetition rate, already 
developed and under developments, are also superimposed. 
It is suggested that, if a 1 kJ/50 - 100 Hz laser and 30
- 50 J/30 - 50 fs/> 1 PW/100 Hz laser are available, 
the proposed new application will be realized. We have 
conceptually designed a new laser system named GENBU 
(Generation of Energetic Beam Ultimate). The system 
consists of a main laser and an ultra-short pulse laser 
pumped by the main laser. The goals of the GENBU 
are to achieve 1 kJ/10-100 ps/100 Hz and 30-50J/10-30 
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fs/100Hz. In this design, a cryogenically cooled Yb:YAG 
and an OPCPA were selected as the main amplifier medi-
um and ultra-short pulse amplifier, respectively [63,64].

In the high-energy laser systems mentioned in Sec. 
II, Nd:glasses were used as laser amplifier medium because 
of the ability to fabricate a large sized laser medium. 
Recent remarkable progress in ceramic crystals made 
it possible to utilize them for a high-energy laser. The 
thermal conductivity of crystal is much larger than that 
of glass, and the repetitive operation of a high-energy 
laser by ceramic crystal will be possible.

The Yb-doped crystals such as Yb:YAG for high-energy 
and high rep-rate lasers have several advantages over 
the Nd-doped materials, which include small thermal 
effects due to low quantum defect and long life time 
of fluorescence for efficient energy storage. The disad-
vantages are in the quasi-three level system and small 
emission cross-section at room temperature operation, 
which require the high pump intensity of excitation pulse 
and the high saturation flux for efficient extraction of 
the stored energy. These drawbacks are improved by 
cooling the Yb:YAG crystal. At the temperature of about 
100 K or less, the Yb:YAG becomes the four level system 
and no high pump intensity is required [65]. In 
addition, the emission cross-section increases because 
of fluorescence narrowing.

The OPCPA technique [66] is based on the direct 
energy conversion from the pump beam to the signal 
and/or idler beams in the nonlinear crystals, and is one 
of the most powerful techniques in the generation of 
high-energy and ultra-short laser pulses. Its major ad-

vantages include high gain, high contrast, low heat 
deposition, high beam quality, and ultra-broad 
bandwidth [67]. The capability to use a large nonlinear 
crystal such as KDP and DKDP is also attractive for 
a high-energy laser pulse.

A schematic diagram of GENBU laser is shown in 
Fig. 9. The main laser consists of a front end, a pulse 
stretcher, two stages of Yb:YAG amplifier and a pulse 
compressor. A goal of the main laser is to generate an 
output energy of 1 kJ in 10 ~ 100 ps pulse duration at 
100 Hz repetition rate. In the amplifier chain, the chirped 
pulse amplification is adopted. The amplifier material 
is a cryogenically cooled Yb:YAG ceramics to realize 
the high-energy density operation, leading the system 
size compact. A new polygonal amplifier structure is pro-
posed by utilizing active mirror amplifiers [69]. After 
the first amplifier, the laser pulse is extracted for to 
use as a pump source of OPCPA chain.

Figure 10 shows a schematic of the GENBU-OPCPA 
chain. A seed pulse is obtained from the front end of 
the GENBU-main laser. The pulse is focused onto a piece 
of fused silica to generate a white continuum. The white 
light is then temporally stretched and has its phase 
pre-compensated by a phase modulator. The pulse is 
amplified in the series of OPA and finally compressed. 
The goal of the GENBU-OPCPA is to produce a few- 
cycle (~ 5fs) pulse with an energy of 30 J which corre-
sponds to the peak power of 6 PW at the repetition 
rate of 100 Hz.

V. SUMMARY

Recent progresses in high power lasers and laser fusion 
research, and the new applications of high-energy and 
ultra-intense lasers are reviewed. A conceptual design 
of a new laser, named GENBU, was described. We have 
started the detailed design works and the small-scale 
experiments of the GENBU main laser and also OPCPA 
system [69-71]. We believe that these new technologies 
of a cryogenic Yb:YAG amplifier, a large size active 
mirror, and a broadband OPCPA could be one of the 
core technologies for the inertial fusion energy develop-
ments and also the new applications of high-energy ultra- 
intense lasers.
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