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- ‘—'—~ Hauntmg face crying a river of tears as glacier melts into the sea

1~ 4“___ 5‘, Photo By Michael Norman

Many people die every summer throughout the world. In last Japanese summer, more than 50
thousand people were taken to hospitals and 172 people died. Global warming is real and
cannot wait. This picture is a haunting face crying a river of tears as glacier melts in the see
and is used as a symbol of global warming. Fission energy has been recognized as one of
primary solutions to the global worming. Fusion has long been considered as only a potential
option in future. But Fukushima-Daiichi disaster will change this conservative view if strong
fusion solution exists



Prospect of laser fusion v
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After 50 years from the innovation of lasers, it is an eve
of the first controlled fusion burn in humankind.

The National Ignition Facility

LLNL-PRES-417037
Edward |. Moses

Principal Associate Director, National Ignition Facility & Photon Science

Our solution is laser fusion.



It’s time to bring a paradigm shift in inertial fusion. v
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¢ By the time of NIF ignition, it will have passed more
than 20 years since the end of the Cold War.

¢ Global warming is becoming the serious problem.

A flagship program is necessary to lift up
community’s spirits.
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Considering these strong factors: 1) social requirement of large scale energy sources
emitting neither warming gas nor nuclear waist, 2) eve of controlled fusion burn, | feel that



Laboratory Inertial Fusion Test (i-)LIFT
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- Implosn Laser
100 kJ x1Hz =100 kW §&

I Heating Laser

MBS 100 KkJx1HZ = 100 kW
Reaction chamber

“« 10MWth

'T'Z)'fn';‘l’);“c’;]‘i e (i-)LIFT can generate net electricity.

A landmark of fusion energy development

This is one of such plans. Laboratory Inertial Fusion Test. The 200 kW laser in total produce
4 MW Electricity. Half of the electricity is recycled to the laser. With 10% efficiency, the 2MWe
becomes 200 kW laser power. The rest half can be connected to the grid. The stability and
power is comparable to those of wind machines, but the net electricity generation will be a

landmark of fusion energy development, just like the first fission reactor which Enriko Fermi
made.



Experimental reactor (i-)LIFT integrates
all physics and engineering activities.
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Reactor Core Plasma Physics
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Experimental Reactor

operatiol demonstration
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| Driver development |

iecti : Advanced reactor technolo

| Target fab., Injection, Tracking | Yy .
Construction : 3-4 B$

| Fusion chamber, Blanket |

| Power plant technology, ESE issues

(i-)LIFT is Laser based Fast Track. 09/11/7

Here is the roadmap towards commercial fusion plant. The upper half is a group of projects for reactor
core physics. NIF, LMJ, FIREX-I, EP, and SG in china are in this group. Lower half are elements of reactor
technology, such as driver development, target fab, injection, tracking, fusion chamber, blanket etc.
These activities plus ITER R&D would converge onto a common goal of experimental reactor
demonstrating power generation.
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We would like to invite the international community to coordinate around a common project
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\\gé// KOYO-F has 4 modular reactors powered by Ir
%ﬁ;é cooled Yb:YAG ceramic laser. v
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Given electric power generation by the test reactor, one can judge the start of Demonstration Plant for
economical demonstration of power plants. This demo is directly followed by a GW class commercial
plant by increasing the reactor chamber module from one to four.

Q: Test:scientific demo, Pilot: engineering demo, Demo: economical demo
A: MFE combines engineering and economic demo to Pilot plant and Demo will skip. no other way.

IFE has its optimum roadmap. From its compactness, Test combines scientific and engineering demo.
Economical demo might not necessary.



Advanced feature of IFE reactors

- can be compact (~200 MWe).

- can correspond to load fluctuation by rep-rate control.

Compactness and flexibility open a new electric market.

Day-to-day peaking is much
larger due to nat’l tournament
Electrical power demand in a year of high-school baseball
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MFE takes charge of base, whereas we can inject IFE into peak
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Are we ready?

Plasma
Laser
Target
Reactor

Alliance
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Question arises “are we ready?” on Plasma physics, Laser, target and reactor development plus alliance
with other people inc. industries. Concerning the burning plasma creation, the remaining issue is how

we can downsize the reactor core plasma.



Fast Ignition Realization EXperiment v

Implosion Fast heating Ignition/Burn

oFIREX-l: Demo of 5-10 keV temperature by 10kJ/10ps.
oFIREX-II: Demo of significant burn

| Compactness of fast ignition will accelerate inertial fusion energy development. |
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Here we conduct Fast Ignition Realization EXperiment as one of most advanced fast ignition
programs. The fuel is first imploded by irradiating laser light just like a standard fashion except for the
insertion of a cone in some cases. At the maximum compression timing, a high-intensity short-pulse
laser is injected through the cone, triggering thermonuclear ignition.

This two step ignition scheme is analogous to gasoline engine with spark plug for ignition, whereas
conventional central ignition is analogous to diesel engine. Like a gasoline engine being much smaller
than diesel one, fast ignition takes place with one tenth of laser energy required for central ignition
and, therefore, it will significantly accelerate inertial fusion energy development.

the goal of FIREX-I is to demonstrate ignition temperature followed by FIREX-Il with the goal of the
demo of ignition and burn.



High power glass laser development in Japan v
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LFEX 2009

GEKKO-II
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high power glass laser technology developed in the past 40 years has been well matured to
explore such plasma physics issue. As for compression laser, GEKKO-XII was the world
largest laser when it was constructed. As for heating laser, LFEX is now the world largest
short pulse laser. Let me describe some detail the LFEX laser.
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World largest high
precision grating

The amplifier has a standard 4-pass 4 beam system with 2x2 architecture. The most critical
technology was high precision large format gratings necessary for Chirped Pulse
Amplification, where using a short pulse nature having broad Fourier spectrum, it is first
stretched, amplified, and finally compressed again with large format gratings. The extension
of nano-tech precision to meter size was real challenge but has been successfully
completed. This is a strategic technology developed by US, Jpn optical industries
coordinated by Osaka U.
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FY2010: Pulse Compressor _—
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As for the pulse compressor, this picture shows one side of grating array. two beams out of

four have been completed with two tiled grating. The final 4 beams will be completed in
this year.
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FIREX-l Integrated Exp’t v
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X-ray image from cone side X-ray streak image
(Time integrated) (Time resolved)

Emission by Emission by
Implosion Heating laser

Heating beam (LFEX) injection Heating time determination
%- 2 &,

in fast ignition a heating laser has to be injected into the right place at the right timing. In
the left, Spatial coincidence between the compressed core and the heating beam is
confirmed. In the right, temporal coincidence between the compressed core and the heating

laser is also confirmed.
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Ultra-fast x-ray images @
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This second increase suggests additional heating.
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Ultra-fast x-ray images clearly show two peaks: one from the maximum compression, two
from the additional heating. This second peak suggests that additional heating indeed takes
place.



Neutron yield is enhanced only when the heating laser is
injected at the maximum compression timing. v
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Neutron yield vs injection timing
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Neutron yield is a yardstick of fusion and is....
with the time window width comparable to the life time of the compressed core.
This is undoubtable evidence of fast heating.




Yield and Temperature have exceeded 2002 records. v
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In the last year experiment, both neutron yield and heated ion temperature have exceeded
the record made in 2002. Here Yn increases with the heating laser energy input, confirming
20% coupling efficiency from the heating laser to the compressed core plasma. Shown in
right is the same but ion temperature. Given this coupling efficiency, one may expect that
ignition temperature is expected with laser energy below 10 kJ that is the capability of LFEX.
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We need to step forward after achieving

fuel-heating by FIREX-l and ignition by NIF. &
-~
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" M Ignition & Burn
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In interim summary. High compression was made in 1990 using surrogate target and more
recently in 2008 using cryogenic targets. The fast heating to ignition temperature will be
demonstrated in 2011-12. As mentioned, ignition and burn themselves in the same time
period. As far as reactor core plasma is concerned, we may step forward after achieving fuel
heating at FIREX-I and ignition at NIF. What is the nexstep?



Heating Laser

100 kJx1Hz = 100 kW

Reaction chamber
10 MWth

IFE Forum

IFE Jorum S (i-)LIFT can generate net electricity.

A landmark of fusion energy development

This is again Laboratory Inertial Fusion Test. But now we access in more detail. Two-story laser: one for
implosion the other for heating. Each has 100 kJ (twenty times smaller than NIF) but has 1Hz rep rate.
With this energy level, we may expect a target gain of 50, generating 10 MWth. With standand electrical
conversion efficiency 40%, 4 MWe is generated. Half of the electricity is recycled to the laser. So one of
the important requirement for reactor lasers is 10% laser efficiency at 1 Hz reprate. Can we make it?



Pumping: from Flash Lamps to Laser Diodes v
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Laser absorption lines and Pumping Source spectra

Emission line can coincident with absorption line

Ercrgy (1000cm™)

Flash Lamps

100 W/bar
Present 3$/W—Goal 0.1$/W

Most energy goes into heat

| Laser Diode Pumping opens the possible high-rep high efficient lasers |
19

Yes we can by two modern laser technologies. Flash lamps have long been used since the innovation of lasers in
1960 by Maymann. But its spectral broadness results inl) very low efficiency and 2) excess heat limiting rep-rate
operation. Laser Diodes emission line can exactly match to the absorption line so that both efficiency and rep-
rate conditions are simultaneously fulfilled. Here is the actual laser diode, having 25 layer of diodes, each of
which emit 100 W light. So this tiny peace of diode emit very bright light of 2.5 kW. Diode pumped solid state
laser has two issues. one is its cost. This small peace costs 10k$, whereas it must be 300$ for reactors. As a
reference present diode cost is 100 times the cost of gold with the same mass.
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Laser Diode Cost
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1005 Learning curve from LLNL]
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35 ¢/W
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Cumulated number of diode bar

LIFT goal—
1

| Diode cost was very conservatively estimated in LIFT. |
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Like many other semiconductor products, the diode cost significantly decreases with
increasing market size. This is so called a learning curve. Diode cost for the experimental
reactor is here, but Considering the uncertainty of such learning curve, three times higher
cost is conservatively assumed for the cost calculation of LIFT 2-3 BS.
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200-kW pump diode modules @
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Operation: Quasi-CW
Material: AlGaAs
Peak power: 200 kW

m m Output energy: 40-80 J

Peak wavelength: 803 nm

Bandwidth: 3 nm (typical )
Pump duration: 200-400 ps

Duty cycle: 0.2-0.4%

Efficiency: ~50%

| We have a strong semiconductor industry that underpins this technology solution. |

21

The reactor laser have been developed in collaboration with industries. This is such MW class
laser diode developed by Hamamatsu.



HALNA-20:diode-pumped slab laser

Image-relaying telescopes
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200 kW pump
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HALNA has been operated during 8 years without diode breakdown.

This laser system demonstrated several 10-] 10 Hz 10% efficiency several years ago.At lower reprate and
reduced laser energy, this laser has been operated in the last 8 years without diode breakdown. However due
to low thermal conductivity of laser material, high spec operation can be made only for short period of time.
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High-Rep Laser Program GEMBU

v
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Laser medium: from glasses to ceramic crystal

Laser Glasses Yb: YAG Cooled Ceramic Crystal
\“ ! "
@' 45 . & k
* Glass—Large optics * Crystal—High thermal cond.
* Glass—Very low thermal conductivity * Ceramic—Large optics

Several 100s increase of thermal conductivity enables 100 Hz rep
rate, much higher than reactor requirement.
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This short life problem has been solved by introducing new laser material. Current fusion
laser uses glass material, as large optics is easily fabricated, though it has very low thermal
conductivity. Ceramic Crystal has much higher conductivity because of crystal nature,
whereas large optics can be fabricated because of ceramic nature. Furthermore, cooled
ceramic has even higher conductivity because lattice vibration is limited. The remaining

transparency issue was overcome by Japanese industry as shown here. As a result of several
100s increase of thermal conductivity
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This is GENB-Kid demonstration of 100Hz operation



Reactor (Engine) Design v

ILE OSAKA
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Laser technology is underpinned by strong industrial support and some of the critical
element are demonstrated. There are other critical issues concerning reactor technology.
Here is our reactor design, where target is injected its trajectly is tracked and laser beam is
steered from various direction. The cascaded liquid wall not only absorbs fusion energy (x-
ray, neutrons, alphas, ions) but it also protect the reactor structure, and laser entrance
window must be protected from debris.



Most Critical Elements of IFE Reactors Have Been
Addressed and/or Demonstrated. v

Mass production Target injection Target tracking
of targets v
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1-uym precision
demonstrated
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Mass production of target capsule with varying size from current experimental use to future
commercial reactor use was already demonstrated many years ago. Sophisticated injection of
cone target is demonstrated, where subbot is attached to protect target and subbot is
accreted by air gun or electromagnetically and in some stage the subbot is decelerated with
spyral current to release the target. As for target tracking 1 micron accuracy was
demonstrated with use of Arago spot. Honestly speaking, we haven’t spent major effort to
these subject, But these are highly technical subjects and | believe that there is no
fundamental difficulty.

Q. some people might ask 200 m/s is jetplane speed. it must be difficult to shoot it. Ans. is
no. Even with low-tech 10-ns timing control, target moves only 2 micron.



Most Critical Elements of IFE Reactors Have Been
Addressed and/or Demonstrated.

Liquid Wall Stability
at equal Weber #

Port Protection

IRAF—AE (%)

W
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Kyushu U. and Kyotc; u.

Beam port can be
protected with 1-T
magnetic field.
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Stability of liquid wall cascade is carefully studied at hydrodynamically

equivalent to LiPb and found no serious instability. Port protection can be
protected at 1T magnetic field.



Alliance

with

International IFE
Magnetic fusion/Reactor design
Industries
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Although there are so many important areas where R&D is required, not many people do. We need
cooperation and collaboration with international IFE community, magnetic fusion and industries.



Is international triangle alliance on IFE and
fundamental science needed? v

Direct-drive based HiPER (Europe)

As for collaboration among IFE community, there are three independent
program aiming at energy development. Although these rely on different

scheme of plasma physics, there is a strong commonality of reactor and
laser technology.



ILE/Osaka and IFN&ESTIA/Madrid renewed MoU. v
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There is strong and long collaboration history with UK and France. And



ILE/Osaka, KAERI/Daejeon, SIOM/Shanghai agree to
have MoU. Also with Handong Global University. v

Recently, we have started collaborative work with Korea and China.
Gekko-IV technology has been transfered to Korea.



Science Council Japan held “High Energy Density
Science on Large Scale Lasers” Symposium. v
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This is the starting step for collaboration with national labs.

In hope these international alliance activities result in common goal of IFE.
Crandall

Jeanloz, material
Kaifu, observatory
Nagamiya, J-Parc,
Moses

Yamaji,

Suzuki, KEK director
Tajima,

Kato, optics

Rosner



Material development is mostly common in MFE and

IFE.
Low radioactive SiC/SiC IFMIF/EVEDA
Ferrite Steel Neutron damage test

\ " \‘4 - 'Preform B

All SiC/SiC Rocket Thruster
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Material development is mostly common in MFE and IFE and therefore there
is an big area we IFE and material scientists/nuclear engineers cooperate.
Many magnetic and reactor technology people already join in IFE technology
development.



INTEGRATED LARGE SCALE PRODUCTION IS READY FOR SIC/

SIC, C/SIC AND W/CMC COMPONENTS FOR FUSION
- BY NITE PROCESS -

Greensheet/Prepreg-sheet Production line in
1: Excellent total performance and process IEST Co., Ltd., MURORAN

attractiveness have been presented and
been proven ;

2: Large scale production lines for SiC fibers,
green sheets and prepreg-sheets (fibers
+matrix) have been established by Japanese
Industries and joint ventures with
universities.

3: Real size components for Rockets and
Fission/Fusion Reactors have been provided
for R & D efforts international

10cm dia., 1.8m sized preform foaming machine has been installed
and is now under operation for long tube/cylinder production

] . = Preform

All SiC/SiC Rocket Thruster
A. Kohyama: Organization of Advanced Sustainability nitiative for Energy System/ Material, Muroran Institute of Technology

(8




Japan has a strong infrastructure in MFE and material

research.
ILE OSAKA
National Institute for Japan Atomic Energy Broader Approach
Fusion Science, LHD Agency, JT-60SA

These offer opportunities for future collaboration for the US
when it moves forward with an IFE program.

35




Inertial Fusion Energy Forum

IFE

v

Industry/utility organization established in 1992.

Headed by Kansai Electric Co.

1Ot KANSAI @ SUMITOMO ELECTRIC

ELECTRIC POWER CO.INC

NISSIN PULSE ELECTRONICS CO.LTD.

umamamarsu  MITSUBISHI

Changes for the Better

"‘ Mﬁ#&!gm omRon OMRON LASERFRONT INC.

7 Leading Co. plus 8 Member Co.

TOYOTA

Toyota Motor Co. has joined in.

ILE OSAKA
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IFE Forum issued three important reports towards IFE

reactors
HFNRAKA
IFE Conceptual
IFE Roadmap 2003 Doci 20(?6 Laser Development
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IFE 74— 3L~ L—f—AMANRERE

IFE roadmap was intensively disciissed in 2009 symposium.




Private Sector Inertial Fusion Energy Project

Eff&E AL 3.5yen/kWh

Laser diodes & DPSSL technology

HAMAMATSU

Inertial Fusion Energy

D TOYOTA

Eg} The Graduate School for
“ ‘P ¥ the Creation of New Photonics Industries. TOYOTA CENTRAL R&D LABS., INC.

Fusion M

7L
Al B TR JL X —

Clean energy, Zero emission

They have started new civilian project for inertial fusion energy.

Motivation of this project is, research and development of key issues for IFE reactor, diode-pumped solid-state laser driver technology, target fabrication and
launching technologies and reactor material and system engineering.

In this project, four facilities collaborate toward the same goal of IFE with different objectives, such as electricity cost reduction, creation of photonics industries and
sustainable energy.

Our facilities are located within the range of 70km.

Therefore we can work together closely.
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This is a photograph of DPSSL pumped 10TW laser driver HAMA.

This system consist of Ti:sapphire seed laser, pump DPSSL, Ti:sapphire main amplifier, vacuum compressor, target chamber and diagnostics.
Typical laser specifications are peak intensity of 13TW, repetition rate of 1.25Hz, on target energy of 2J and pulse duration of 148fs.

I would like to explain in detail about pump DPSSL.



Fusion needs multi generation efforts. v

ILE OSAKA

We invite more than 1000
school kids every year.

100 students are being
educated in the lab.

But many talented people
have left in 40 years.

Big mistake: We thought that fusion
can be made by one generation.

One final proposal: Establish

an international “system” to
provide training and jobs for
young talented graduates. Plus a
very attractive academic program.
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As far as ILE is concerned, more than 1000 school kids are invited every
year.



International Physics Course, 0saka University, Japan
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How to enter the International Physics Course
1. Master course: An entrance examination will be held in China. Korea, Taiwan. USA etc. in spring 2010.
Application begins on the web-site from January. 2010.  All information will be up-dated at the URL of ICP.

2. PhD course: Contact any research group leader you wish to study with by the end of April. 2010. The group
leader will organize your entrance examination.

Office address: International Physics Course, ILE, Osaka University, Yamada-oka 2-6, Suita, Osaka 565-0871, JAPAN.
URL of IPC:  http://www.rcnp.osaka-u.ac.jp/~IPC/
Contact: Chairman of IPC: Prof. H. Takabe (Ak1) E-mail: IPCoffice@ile.osaka-u.ac.jp Tel: +81-6-6879-8731

The other program is international physics source, where large scale experimental facility is
provided for foreign students



GEKKO-EXA is the highest pinnacle together with
European ELI.
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Finally, let us compare the increase of laser intensity vs year. This is so called Mourou chart. After CPA innovation in late 80’s, he expects exponential
increase up to 10 21 W/cm2. Most high intense laser systems stack together around this intensity. But using high intensity technology developed in
FIREX program, it is pretty feasible to reach such pinnacle of intensity.
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Summary

v

ILE OSAKA

¢ After 50 years from the innovation of lasers, it is an eve of the
first controlled fusion burn in humankind.

e Compactness of fast ignition will accelerate inertial fusion
energy development. This option will soon be tested in FIREX
program.

¢ IFE physic and engineering programs would converge onto
an experimental reactor, such as LIFE and LIFT, that will lift
up people’s spirits.

e Most of critical elements of IFE reactors have been addressed
and/or demonstrated.
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