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Filled-aperture coherent combining of multiple high-power laser beams
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1. Introduction

Powerful lasers with high brightness and good beam
quality are increasingly required for many real world
applications. To reach higher intensities, one needs to
increase the output power of the laser beam and at the
same time keep or improve the beam quality.

For material processing applications, within “High-power
laser development for efficient material processing
applications” project of the NEDO (New Energy and
Industrial Technology Development Organization of Japan),
single mode, 400 ps ~ 10 ns adjustable pulse duration, high
repetition rate (500 kHz — 1 MHz), tunable (1040 nm ~ 1060
nm) high average power (~150 W) laser amplifier units based
on Yb-doped, LMA (large mode area) PCF (photonic crystal
fibers) have been developed. In final design of the laser system
with kilowatts class average power, beam combining concept
has been introduced as a practical mean to increase the output
power and brightness of the laser. Up to now, a number of
coherent, incoherent and spectral beam combining techniques
have been already proposed® 2. Theoretically, for far-field
(beam focus area) on axis applications, TA (tiled-aperture, side
by side alignment of the beams) CBC (coherent beam
combining) is better suited. However, in practice this method
is often impaired by an important factor f— aperture fill-factor,
which is in most practical cases smaller than unity. The
appearance of side lobes due to f < 1 makes TA designs
disadvantageous for precision cutting and drilling applications
on CFRP (carbon fiber reinforced plasticsy or MEMS
(micro-electro mechanical systems). For such cases, FA
(filled-aperture) CBC designs are preferred, because FA
combination is side lobe fiee, hence better suited for precision
material processing. Additionally, using side lobe free beam
profiles, SH (second harmonics) and TH (third harmonics) can

be also efficiently generated, which are indispensable for some
specific material processing applications. Basically, there are
two modes for FA CBC: polarization addition and DOE
(diffractive optical element) based combinations. Several FA
CBC implementations have been already proposed and
implemented>®. We have also proposed a single-detector, FA
CBC geometry based on half mirrors design and use of simple
“climbing hill” SPGD (stochastic parallel gradient descent)
algorithms based on Bernoulli discrete probability distribution
for phase locking® ©. In our previous report”, we have
presented several algorithms and demonstrated proof of
principle experiments using low-power CW beams.
Additionally, we have discussed main reasons for CBC
efficiency degradation such as power imbalance, size
mismatch and lateral shifts of the beams, beam splitting
imbalance, influence of wave-front distortions, etc. In this
report, we describe: (a) the principle of the phase-locking
method for high-repetition rate, ~ ns pulse regime and proof of
principle experiments using low-power beams; (b) first
application of the presented CBC method on high
average-power ~ns pulse beams, and (c) main reasons for

CBC efficiency degradation in pulse regime.

2. Experimental Section

2.1 Laser Systems

For the proof of principle experiments, 1 — 10 ns tunable
pulse duration, 1 MHz repetition rate fiber laser at 1040 nm
with ~ 1 mW average output power, was used. For
high-power experiments, we have used Yb-doped fiber laser
MOPA (master oscillator power amplifier) system based on
rod-type large core DMF (distributed mode filtering) - PCF
amplifiers developed at the Institute of Laser Engineering
(ILE), Osaka University. Briefly, the system consists of a



front-end unit: LD (laser diode) pulse laser, polarization-
maintaining Yb-doped SMF (single mode fiber) and 25-um
LMA fiber amplifier, and 55 um and 85 pm core rod-type
PCF amplifiers. The spectral bandwidth of the pulse was kept
at ~15 - 20 pm to satisfy the coherence length and visibility
requirements. The repetition rate is tunable within 0.5-1 MHz
range. The output power of the front-end was divided using a
50 % partial mirror and send to two 55 pm preamplifiers. A
Faraday isolator was inserted to prevent parasitic oscillations
between front-end unit and Yb rod-fiber amplifiers. The two
preamplifiers were pumped by fiber coupled (200 pm core)
LD at 976 nm. The maximum pump power for each
preamplifier was ~ 240 W. The 0.8-m long polarization-
maintaining PCF fiber with core diameter of 55 um and clad
diameter of 200 pum was used to amplify the pulsed beam laser
up to about 100 W (pulse width: 5 ns, pulse energy: 0.1 mJ at 1
MHz repetition rate) at 1040 nm wavelength. The M?value of
the output beam quality was about 1.2. The beams from the
two preamplifiers were split again and seeded to four main
amplifiers. The main amplifiers are based on identical 0.8 m
long 85 pm core and 260 um air-cladding polarization-
maintaining rod-type PCF-fibers. When the main amplifiers
were seeded with about 40 W, average output power of 120 —
150 W was routinely obtained from each amplifier. A
snapshot of the 4 beam MOPA system is shown in Fig. 1.

The schematic layout of Yb-doped fiber laser coherent
beam combination units are shown in Figure 2 (a) and (b) for
proof of the principle and high-power application cases,
respectively.  In

a proof of principle, low-power

implementation, laser beam from a master oscillator (1040 nm,

i Y

Fig. 1 Snapshot of four beams, high-power MOPA system.
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Fig. 2 Schematic diagrams for 4 beams FA CBC apparatus.
(a) Low-power proof of principle scheme, (b) High-
power implementation scheme. PM - phase modulators,
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d~1mm) was split into four channels and aligned again in FA
design as shown in Fig. 2 (a). All four beams imitate
“amplified” beams to be combined coherently. The
“amplification process” in each channel would induce
independent time variations of beam’s phase due to thermal,
mechanical and non-linear optical effects. To compensate and
lock the phases between the beams, a single PD
(photo-detector) was placed on the path of the diagnostics (~
1%) beam after the last beam splitter. The signal captured by
the PD was used as a feedback control signal to
piezo-modulators (PM1 - PM3) located on the paths of three
beams. The fourth channel was used as a reference beam and

its phase was not controlled.



The PD signal was maximized by a feedback loop to PMs
using “climbing hill” Bernoulli discrete distribution based
algorithm. Briefly, Bemoulli distribution is a discrete
probability distribution which takes value 1 with success
probability and value 0 with failure probability. At an arbitrary
starting point, we supply small voltages with the same
amplitude to all three piezo-modulators (PM1-PM3, Fig. 2).
The voltage sign to each PM, however, is applied in such a
way, that the mean value of the applied voltage to each PM
over many iteration steps remains zero. For the three PMs (N =
3), there are eight possible combinations (2¥ = 8) and four
possible dithering pairs ensuring zero mean values. After the
first dithering step, the PD signals for positive and negative
movement directions are captured. For the next step, the
control algorithm uses recurrent formulae and makes a guess
for the magnitude and direction of the “Bernoulli voltages” to
be applied to each PM. If the guess increases the power
captured by the PD, the system moves further into the same
direction, however, if the guess reduces the PD signal, a new
guess process is performed. In this way the PD signal is
maximized. As a result, the system converges and reaches the
absolute maximum PD value. It is kept there as long as the
algorithm is running. The whole described process continues
indefinitely. As a result, the phases of all beams are locked and
the output formed by them behaves as a single coherent beam.
In contrast to TA CBC¥, no aperture in front of the PD is
required for the presented FA CBC method. To use this CBC
scheme and algorithms for high repetition rate (> 500 kHz), ~
ns or longer duration pulse beams, it is sufficient to keep the
bandwidth (A®) of the single photo-detector well below the
pulse repetition rate, averaging the captured signal over many
pulses and maximizing it by SPGD algorithms. In our case, the
PD bandwidth was cut by a low-pass amplifier at 20 kHz. The
CBC efficiency (Strehl ratio) for the low-power proof of
principle system was estimated to be ~ 0.85. The RMS
deviation of the piston phase was roughly estimated to be

~M25, which accounts for about 3% of the CBC efficiency

drop. Other reasons for the drop are the power imbalance
between the individual beams, divergence, pointing, overlap
mismatches and wave-front distortions of the individual beams.
Additionally, it was recognized that the phase-locking
algorithm performed within a PC, due to Windows OS
inherently low latency bandwidth, drastically reduced the
phase control bandwidth to about 30 Hz, markedly affecting
the CBC efficiency. To address this problem in high-power
CBC implementation, we have introduced a FPGA (field
programmable gate array) board (NI cRIO-9063) with ~ 100
kHz bandwidth and incorporated the phase-locking algorithm
on it using NI LabVIEW software. The overall bandwidth of
the resulting system was controlled now only by the used
piezo-actuators (~ 4 kHz).

In high-power implementation, outputs of four PCF
amplifiers (1040 nm, d ~ 5 mm) described above were
combined. In contrast to the low-power proof of the principle
CBC case, two additional challenges had to be addressed for
high-power CBC implementation: First, the optical length
differences (AOL) between the individual beams should be
kept near zero for reaching maximum visibility (V = (Iyax —
Liin)/(Imax + Imin)), hence higher CBC efficiency. Second, the
angle between PMs normal- and incoming beam direction
should be set as small as possible due to piezo-actuator

geometry and its limited aperture to avoid thermal issues.

2.2 CW versus Pulse Regime CBC
Most reasons for CBC efficiency degradation in CW

regime such as power imbalance between the beams, beam
size mismatches, beam-splitters imbalance, beams lateral shifts,
wave-front distortions, etc. apply also to pulse regime CBC.
However, in CW regime, where the coherence length and the
degree of coherence (visibility) are in the order of several
meters, no special care is required for equalizing the optical
length differences between the beam channels to be combined.
In contrast, for ~ns duration pulse trains, the coherence length
is typically in the order of several cm (example: for 1040 nm, 3

ns, 20 pm line-width pulses the coherence length is ca. 5.4 cm).



The acceptable visibility range is even shorter (several mm), so
special care is required to minimize the AOL between
individual beam paths. This is shown in Fig. 3 for two high
repetition rate pulse beams. It is clearly seen that as the
absolute value of the AOL increases, the contrast of the
interference fiinges and visibility decreases. Although this
problem cannot be eliminated completely due to the thermal
effects and refractive index changes in the individual
amplifiers at high-pump conditions, careful adjustment and
minimization of optical path lengths between individual beams

were performed prior to high-power CBC implementation.
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Fig. 3 Interference patterns (bottom) and corresponding fringe
profiles (top) for some selected optical length (AOL)
differences for 1 MHz repetition rate, 3 ns pulse beams.

3. Results and discussions

First, 2 beams with 165 W and 144 W average power,
respectively, were coherently combined to check the system
performance and stability. A representative result is presented
in Fig. 4. It is well seen that when the CBC control electronics
is tumned off, the system output power wildly fluctuates.
However, when the CBC control system is turned on, the
output power stabilizes at a maximum value. Similar
successful tests were performed also with the other pair of

beams with 130 W and 110 W output powers, respectively

(results not shown). Next, four beam CBC experiments were
performed. Fig. 5 shows an example of 4 beams CBC unit’s
phase locking convergence and stability.

It is clearly seen that at relative time “zero”, when the CBC
system is turned on, the time-fluctuating PD signal mostly
stabilizes. However, even when the CBC system is on and
running, some PD power fluctuations are not canceled
completely and appear as a noise. This observation indicates
that the phase-locking bandwidth of the used piezo-actuators is
not broad enough to cancel high-frequency phase noise
components.

A representative result of the CBC output power is
presented in Fig. 6. The moments when the laser system is
turned on- (at ~ 1 min), the CBC system is turned on- (at ~ 1

min 45 sec), and then turned off- (at ~ 6 min 15 sec) are shown
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Fig. 4 Example of CBC for 2 high-power laser beams with
about 90 % efficiency. “Off” and “On” time intervals
show where the CBC system was turned off- and on,

respectively.
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Fig. 5 4 beams CBC unit’s phase locking convergence and
stability. Here, “Off” and “On” time intervals show
where the CBC system was tummed off- and on,

respectively.
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Fig. 6 Example of total combined power by CBC and system
stability for 4 high-power laser beams. The moments,
when the laser was turned on, CBC was turned on- and
off- are also indicated in the graph inserts.

by the arrows in the Fig. 6 inserts, respectively. After the CBC
was turned on, an interesting feature showing a slower rise
after the initial fast increase of the output power, can be also
recognized in Fig. 6. This shows that the algorithm
successfully converges to the absolute maximum of the output
power in two stages (fast and slow), as expected in SPGD
control algorithms. Nevertheless, we could reach only about
75 % of the CBC combining efficiency (defined as a ratio of
total output power versus the total input power of the laser
light) for four beams. We have carried out similar experiments
for 600 kHz and 1 MHz repetition rate pulse beams at 1040
nm and 1045 nm wavelengths, respectively. In all cases, the
maximum CBC efficiency was about 75 % or lower. Several
reasons for the observed efficiency drop have been recognized:
(a) power imbalance between the beam pairs (309 W vs. 240
W) at the last beam splitter, (b) mode instabilities at higher
output powers in one or two channels of the amplifier system,
(c) different amplified spontaneous emission (ASE)
contributions in individual channels, (d) high frequency (> 5
kHz) noise components originating from the fiber
pre-amplifier, which cannot be compensated by present
low-bandwidth (< 4 kHz) piezo-actuators. We also note that
for high average power CBC, except phase-front deformations

caused by the amplifiers, all optical components such as BSs

and mirrors could also introduce wave-front distortions,
contributing to the reduction of the CBC efficiency”. This,
however, is not a CBC-method specific efficiency drop, but
caused by the FA CBC nature itself, which can be essentially
considered as a “‘spatial coherence filter”.

The problems listed above will be addressed in our future
work to increase the CBC efficiency. Furthermore, we
consider developing and incorporating “‘turn-key”’, automatic
tip-tilt alignment system for the used mirrors in CBC apparatus
to control the pointing and to reduce the time consuming

day-to-day alignment of the optical system.

4. Conclusions

For industrial applications of high average power laser
beams in precision micro-machining like cutting/drilling on
CFRP materials, a simple and cost effective CBC scheme
using single-detector, filled-aperture coherent beam combining
technique based on binary-tree beam splitters and Bernoulli
discrete probability distribution SPGD algorithm has been
proposed and demonstrated for CW as well as high-repetition
rate, high-average power ~ ns pulse laser beams.

Proof of the principle experiments and first application of
the technique on four high-power, high repetition rate pulsed
beams were presented.

The CBC phase-locking bandwidth was improved by
introducing a FPGA unit. Quantitative analysis of the
visibility/coherence length, combining efficiency, stability and
phase-locking bandwidth has been also performed (not
presented here due to the space limitations).

The CBC efficiency for the present Yb doped PCF
high-power MOPA system was experimentally estimated to
be ~0.75 for the maximum average output power of 409 W.
Main reasons causing the CBC efficiency degradation have
been identified and discussed. Specifically, the low bandwidth
(<4 kHz) phase-modulator (piezo-actuator) could not
compensate high-frequency (>5 kHz) phase drifts in the

preamplifier system and faster phase shifters like EOM



(electro-optical modulator) units have to be employed to
increase the CBC efficiency.

The output of the described CBC unit at 1040 nm was
spectrally combined with the outputs of two other units (at
1035 nm and 1045 nm) and successfully applied on thick
CFRP material processing.

The proposed CBC technique can accommodate kW level
average power beams, be integrated into various MOPA
architectures and perform with high speed and accuracy.
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Experimental Evaluation of Relaxation Time of Liquid Mirror Surface after
Laser Impact

Laser measurement group

0.Kotyaev, Y.Shimada, S.Kurahashi, T.Norimatsu'

nstitute of Laser Engineering, Osaka University

1. Introduction

In the conceptual design of laser fusion power plant, a liquid
metal mirror is a very promising candidate to be used as a final
optical element". Despite of the fact that it should face the
fusion target directly and undergo bursts of neutrons and x-rays,
the mirror being a slowly moving liquid metal film will be
capable to stand this influence. As a result, liquid metal mirror
will have much longer life time (about 30 years) than
conventional metal mirrors have (about 3 years). As well, heat
induced by laser pulses is ecasier to remove in liquid metal
mirrors. Appearing dust and target debris will be swept away
without cleaning the mirror surface. Finally, liquid metal
mirror surface will have high optical quality almost
permanently.

“Almost” means that optical quality will be lost when
high-energy laser pulse is reflected by the mirror. During laser
impact, the most part of laser energy (about 98% for 85°
incidence) is reflected by the mirror surface; however, some
fraction is absorbed by the mirror material. If laser energy
density is comparatively high then laser pulse affects the liquid
mirror surface due to thermal expansion and ablation effects.
As a result, irregular surface movement takes place leading to
noticeable distortion of reflected beam wavefront.

This distortion is not acceptable. Laser pulse must be
reflected by relaxed mirror surface. If laser pulse repetition rate
is 4 pulses per second, then relaxation time of liquid mirror
surface should not exceed 0.25 seconds.

In this report, experimental evaluation of liquid mirror
surface relaxation time after laser impact and determination of
appropriate laser energy density is presented. The influence of
liquid mirror thickness on process of surface wave relaxation is
demonstrated.

It should be noted that experimental layout is far away from

actual design of laser fusion power plant. The main principle
differences: 1) much smaller size of liquid mirror; 2) not

grazing but almost normal incidence of laser impact beam.

2. Experimental conditions

In the experiments, mercury over amalgamated gold plate is
used to simulate a liquid mirror as shown in Fig. 1. The
amalgamated gold plate makes it possible to realize mercury
layers much thinner than in mercury-on-glass conditions. Inner

diameter of glass beaker with mercury is 45 mm.

Fig. 1. Glass beaker with an amalgamated gold plate (left) and
the mercury mirror (right).

Experimental setup is shown in Fig. 2. A Q-switched
Nd:YAG laser pulse is used as a source of laser impact. Output
beam is expanded and directed to the mercury mirror over the
gold plate center. To provide practically uniform intensity
distribution over the mirror surface an iris aperture with
9.5-mm diameter is installed in front of the mirror. Resulting
square of impact area is 0.7 cm?. Maximum laser impact
energy in front of the liquid mirror is about 70 mJ. Resulting
laser energy density is about 100 mJ/cm?, which is lower than
surface damage threshold (160 mJ/cm?).

Laser vibration meter PDV-100 is used for the detection of
laser-induced movement of mercury surface. Its probing beam
is focused in the center of the gold plate and, correspondingly,

center of the impact area. Specular reflection of the probe is
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Fig. 2. Experimental setup

used as a signal beam. After signal processing, output voltage
is proportional to the surface movement speed.

In the experiments, the following values of impact laser
energy have been used: 72.4, 60,43 and 21 mJ. Corresponding
laser energy density: 103, 86, 62 and 30 mJ/cm? Under each
impact energy, the following thicknesses of mercury layer
have been tested: 3,2, 1,0.75, 0.5 and 0.25 mm.

3. Experimental results

In Fig. 3, one of the six-record sets of the experimental
results is presented. In this set, impact energy is 724 ml;
corresponding energy density is 103 mJ/cm? Each figure
represents displacement of the detection point on the liquid
mirror surface.

The records in Fig. 3 allow evaluating the liquid mirror
relaxation time. The liquid mirror surface is considered to be
relaxed and having acceptable optical quality if amplitude of
surface displacement does not exceed value of £A20. A is
wavelength of working laser radiation which is supposed to be
reflected by the liquid mirror. If A= 1.06 Am, then acceptable
surface displacement should not exceed ~ £0.05 Am. When
decreasing displacement amplitude reaches this value, this
moment is liquid mirror surface relaxation time 7.

Duration of the records is 2 seconds. Impact takes place at t =
0. Each record is result of 10-waveform averaging.

As it is expected, thickness of mercury layer affects the
relaxation time: the thinner layer, the faster relaxation. This
six-record set is obtained with maximum impact energy used

in the experiments — 103 mJ/cm?. In this case, only liquid

mirror with the thinnest layer of mercury can relax in proper

time —shorter than 0.25 s.
As well, relaxation to acceptable level of surface

displacement depends on impact energy density. In Fig. 4,
four-record set with decreasing impact energy density is
presented. In this set, thickness of mercury layer is constant — 1
mm. Dotted lines represent boundaries of acceptable surface
displacement +0.05 pm.
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Surface displacement, um

-0.3
-0.2 03 0.8 13 1.8
Time after impact, s

a) Mercury layer thickness — 3 mm, 7o > 1.8 s.
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0.2

Surface displacement, um

-0.3
-0.2 03 0.8 13 1.8
Time after impact, s

b) Mercury layer thickness —2 mm, 7iax > 1.8 s.
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Surface displacement, um

-0.2 03 08 13 18
Time after impact, s

¢) Mercury layer thickness — I mm, T = 1.25s.
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Fig. 3. Waveforms of relaxing surface of mercury mirror.

Impact energy is 72.4 mJ, impact energy density is 103
mJ/cm? Dotted lines represent boundaries of acceptable

surface displacement +0.05 pm.

Only the first record obtained with energy density of 103
mlJ/cm? has relaxation time longer than 0.25 s. In the other

records, surface displacement is quite acceptable just after laser

impact.

¢) Impact energy density — 62 mJ/cm?, T =0's.

Surface displacement, um
o
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0.2 |
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-03 !
-0.2 13 18
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03 08

d) Impact energy density — 30 ml/en?, T = 0.

Fig. 4. Waveforms of relaxing surface of mercury mirror.
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Fig. 5. Summary of the experimental results. Dotted lines
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Table 1. Relaxation time of liquid mirror surface, s.

Energy Liquid mirror thickness, mm

density,
mY/em? 3 2 1 0751 05 | 025

103 >18 | >1.8 | 1251 095 | 0.62 | 0.17

86 026 | 04 | 02 | 02 0 0

62 0 0 0 0 0 0

30 0 0 0 0 0 0

Experimental data are summarized in Fig. 5 and Table 1.
Grey cells in Table 1 have data with appropriate relaxation
time —less than 0.25 s.

According to the data, optical quality of liquid metal mirror
surface can be reached in proper time safely if laser energy
density does not exceed 62 mJ/cm? for any thicknesses.

However, thinner liquid mirror (less than 1 mm) allows to
use laser higher energy density —up to 86 mJ/cm’.

Finally, the thinnest liquid mirror (0.25 mm thickness)
allows to use laser energy density up to 103 mJ/cn?’.

The results look quite promising: acceptable energy density
is not far from the surface damage threshold of mercury — 160
ml/em?.

4. Necessary remarks

As mentioned above the presented experimental data are
obtained with the use of comparatively small liquid mirror
aperture. Inner size of glass beaker is only 45 mm. Circular
surface wave initiated by laser impact propagates from impact
area in radial directions, reaches the beaker wall; and then it is
reflected and “focused”” again in the impact/detection area. As
aresult, the secondary movement is detected in the impact area
in approximately 30 milliseconds after laser impact.

As a result, movement of the probe/detection point will be
caused by both primary wave initiated by laser impact and
secondary waves appearing after reflection from the beaker
walls.

Figure 6 shows raw data of surface vertical movement speed
in the probe/detection point for two different impact energies.
If laser impact energy density is comparatively high then
primary and secondary waves may overlap each other making

it difficult to evaluate surface relaxation time correctly.

The presented results of relaxation time evaluation are
correct only for 45-mm liquid mirror and 10-mm impact laser
beam with normal incidence. Actually, liquid mirror for laser
fusion power plants is supposed to have much bigger aperture
(several meters) and much bigger laser beams with grazing
incidence.

While liquid metal is supposed to flow slowly (about 1
cn’s), longitudinal speed of surface wave in liquid metal
(about 1.2 m/s for mercury) is faster than speed of liquid metal
flow, so influence of laser-initiated surface wave within large
laser aperture needs more adequate study in conditions close to

actual ones. Influence of surface wave reflected by mirror
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edges will be determined by relative sizes of laser beam and
mirror aperture and by smoothness of liquid mirror edges.

It should be noted that grazing incidence of laser beam
(about 85°) should allow using laser energy about 10 times
higher than in normal incidence. However, for grazing
incidence, requirement for optical quality is also about 10
times stricter. Again, adequate experiments under actual

conditions are desirable for correct evaluation of actual

relaxation time.

4. Conclusions

Relaxation time of liquid mirror surface after laser impact
has been evaluated for various values of impact energy density
and liquid mirror thickness.

Liquid mirror thickness affects surface relaxation time: the
thinner liquid mirror, the faster relaxation.

Optical quality can be reached in proper time safely if laser
energy density does not exceed 62 mJ/cm? for any thicknesses.

Thinner liquid mirror (less than 1 mm) allows to use laser
energy density up to 86 ml/cn?’.

Thinnest liquid mirror 0.25 mm) allows to use laser energy
density only up to 103 mJ/cm’.

It should be noted under higher impact energy density, initial
surface wave may be overlapped by surface wave reflection
from the vessel walls. It needs more detailed investigation.

For the next step of study it would be a good idea to test
liquid mirror made of actual material, having actual aperture

with grazing incidence of laser impact beam.
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FEX, TA Mr—2 L LT 2 BidskD DAAO %
W ATV BRI E LC4-T7 RV ZREERT MY

UL (0-AB) ZIAINLTZRAERZIUWN T, AR FAD O
HIED 0-AB LGS L7= CT S5 SN2 mndiast:
W GFEif300%) 2 Z e AL L, F
[FfED DAAO T3V T b R SN 72 5 55120%
0-AB L DRUGMESER Y | ZN O BAEAIDONRIZ S

D-F=/fk D-/=/E8 D-4r B
R R
| | . L
HEN\\"" {"“Wcoon HN¢C‘\'CODH 0/ ScooH + MH;
H
FAD l FADH,
H,0, 0,
1 D-7 2 %R (DAAO) DFUGAF
—2
R ) R
|  mETEY |
-'C""—u
HzN\‘,.--Ci-uuumDH ™ \ "CO0H

%
FAQ\%’E‘{*{t
Emn>

2 [HES T K5 DAAO ORERERHE N H



peesy

3 (a) b MHSE D-7 2 R{E£SE  (human
DAAO) OfEtErE (4 &{&, PDB ID :
2DU8) | (b) K77V TT=0 %

7 LAF R (FAD) D455+

SR 2 2 & A T BRI ORERAVR DS Y, AT
I, EBHCE RO DAAO (human DAAO, [X13 (a)
Ze FH N, BHERSIEROSERLRNE 2 1 F 2 7 A2
CHEE R RIS & 0 RRE LA C DTl
T2,

2. =R

AHFFENZ AV T2 human DAAO 13, 38 1% KGE C
HHSEL 7 n—=U VBTSN b DT
B, EREhEEBIFH70ER N) Kice 2Ty
¥ (His) #7IMEMEN TG, FERBSOREL 72
mg/ml (BSA ZHEUEYYET & 7= Bradford JAIZ & 25
H) Thot-, BEERIZIT 10%7 ) va—1a2Eie
10mM &1 U >z kU 7 aoXy 77— (pHS3) &
U, BHEESY FATI, (1) 3-hydroxycoumarin, (2) Imidazo
[1,2-a]pyridine-6-carboxlic acid , (3)3-thiophencarboxylic
acid . (4)5,6-dihydro-4H-cyclopenta[b]thiophene-2-carbo-
xylicacid, (5)Sodium Benzoate (ZZE&HET KU 7 4)
DRt 5 FZ AV (X4) . DAAO LHES OGS
IR, MR- FAD 36 JOPHES 1O EBRIA LD
n-t AX ¥/ L FAD BOT I L L
FHTDOCN, S D ORIE T DOARFEREAIZLY
HZ D70, HOTHED HIGTERORE S LxIE
FaRF OTROMEZ R 2 (AR T D, FHEAIN
FRENT. APHEAZREIR AR ST 2 OB

% DAAO /KA 300 ul) 1250 pl Iz, HYED 2mM

ORQER) &725 29T LTk L7z, 7272 LIHR.
ENT @ . GOV, WEE TS0k
BRI 5 ) —NEAIN T, IR R CoBEIN
W Tih 7 74 7 b—P—Z NI L7 1
(T N T 4 D) VAT BBV,
JAIECHE Rl 3 400 nm, FEEORFFREEEITHK) 20 ps TH
e

3. HREEE
3.1 RN, FARARY B

human DAAO 7KIARIS L OSBRE S AN L7
HERBIOFINAAN Y MVER] S VORT, AT R
L BB BRRES F()O) - EAVENIN LT3k, —
% TEIDAAO DHDRE T D, 453 mm [T —2 %
Fros L. DAAO H10D Iso OFWEIRAE (pH % 83
ISR L THDHT0) I[BB8 BB (S8
W) To DA, BREAIZAIINT 2 & 458, 488 nm (6T
7272 v —2 | & 77 500~700 nm [ Z1E 7 17— R0
HRERT S, ZNbiE so ERRES FRITANTS
CT (Charge Transfer) $i{A > NZHBRT HHDTHY |
DAAO & ZNENDIE S FAEE R AR LT 2 &
353735, 500 nm DAREOWRINAROWOICEE7 6 | BHEF(L).
@ TIEESGROERENBNLO L FRESND, [FEE
(2, K6 IZEFRBIOH AT MVERT, 272 L&A
U MU, ZFOIREHHT D oot o v — 2
£ (522nm) THIHMLL TH D, DAAO DAHDFREL (i
TEY) RIS DH0E Iso DL SREEN B D
DTHLH, BHEAIEAHN U7 s 2k fE
—DANRY MVETR UL i IR OAERIC K DT 720k

) (0) E)
AN OH
AT
0”0 \JJ S
@ G o

X4 PHEROSFH (5T



AR L CUVRVY, ZHUT— I CT SRS
MAFEFICE 2D (< 1ps) THY, EFHOESRIE
TIEE VRN Iso DENE AT v T THZ L bdD
UREIGH e DA

3.2 WfEinERRENEHAIZ & %5 Human DAAO D
REPHERNRDERET

712, human DAAO DBHAKERE 520nm  (HOEE—
I WRAHIT) (236U DIRFR R T, HOEEC
FHR) 50 ps TS 27203, DM 100 ps, Fins DK
FrmE HEIH S5, SOBERDAFF M A RO DT,
4 B (D).l TEOE R, 41 TEFFMOR]
FEROR) 2, BEEIVEBE A B LTy Rk
\Z&DT 4 T 4 T EATOTHRER, 47 ps (0.74), 235 ps
(0.11), 1.17 ns (0.04), 4.5ns (0.11) 25072 (4= 1.06,
() WIAHESA 7o Zz7Rd) . 7 4 Elifkbsk DAAO

F(t):iAi CXp(—t/Z'i) ()]

i=1

Z ST ClE, K940 ps, 160 ps O 2 B30
HFEMRIDFHILTE Y, ZALEIDAAO D2 A,

HEARORHEHFMIFRINTND %9, ZhboEt
F L. DAAON TR Z S Iso LJEFADT 2/ BEFEdL (T
ay, NI R7 7)) EONFHEE FREIIGOR
FERAF L, BRSNS & Tso &7 X/ B
DR, Bl T B0 b2 T 208, X ARk
BN 515 54T % human DAAO D7 2 /g
ik L ONHAREE (PDB ID: 2DUS) %7 4 &gk
D%k (PDBID: IKif) &HikdHE, 7 Bl
FF R TNDHOD (—BrE 85%) MEEHHLUE (The
Number of Equivalent residues, Protein Data Bank Japan 7~
— L=V RS 1IFERICE < (NER(4)=332) | ]
FHOMEIIRE LD, ZDZ £ S, Human
DAAO “CEII S -8 47 ps. 235 ps ITEALEIL
2 B, HEROREEMINRTE D, —HEHMAKL
5y @5ns) 1 FEHPICRHIE LTEEND, BR

6

DAAO + (1)

DAAO +(2)

‘j DAAO + (3)
DAAO + (4)

DAAO + (5)

Absorbance (0.04 /div.)

DAAO

1 1 1
300 400 500 600 700
Wavelength / nm

X5 human DAAO 35 JOSHEAND~5) 20 L7=4H
BHOWUN AT kv

DAAO + (2)
DAAO + (3)
DAAO + (4)

Fluorescence (a.u.)

DAAO + (5)

DAAO

T T T T T
450 500 550 600 650 700 750
Wavelength / nm

6 human DAAO 35 X OBEEARN1)~S) 2N L7=24
DESEART MV HE %, bk & 400 nm)

Residuals

Fluorescence (counts)

. : L L
1500 2000 2500 3000 3500 4000
Time ( 4ps/channel )

7 human DAAO DIRfEY MY (R R 520 nm
E AT X BT 4 T o TRER (K
H R I VB B



BRSSO C#E L7 FAD (Iso) bt
MChHDLEEZBIND, FEIZ, FAD LIHIF Ukig
ZFFOFMN (77 B X7 LATF R) AAREIRIC
Wi SESIRIBRAATo TR R, HMI 3T 4.7 ns OF
BB AT 2 L AR S AT, 1.17 ns DFFMAGY
BT FAEHD R B/AEL 0.04) | IHDOR
HCdo 5 AIRENES & 5 D3 DOHIRITHIME T,

8 12, human DAAO 35 JOBHEFH ()~(5)ZfHmL
T ARk DIFRH /iR O BLIE R A ~3 (B R
520nm) , BHEANIERERCIE, 2 ORI U Cril
WEAFMESY @7 ps. 235ps) OIFHEEME 95, B
FAUD). @FIEREFCIE B 1358 SR S e
WX EHEA— =T v T LD, ZOZEN,
BEAERIIAE S DAAO DIRINAY FLDZHE, (K5)
& ESBELTWD, — . AT 88RO IR
T S 2o 7o, Ziudb—F =& (400
nm) EEEOUE 450nm) L0 bEETHD 2
&R0, SRR D AEE DR IRRE (~20ps) &
D HIEFITHED <1ps) ZEIZEDBLOTHDH, #£1
(2, BRBIOSEIVEREEE WIED D72 DHOMRE 4
OTEERIIC L0 7 ¢ T 4 T UTAER AR T, T2
72U, T 2 TSR AIER L7V DAAO Ol
TN D & L THFNIE DAAO TR HAVAET
EE L, ARSI DA% T ) —/ T A—F & LIz, £
T BEAM IS ORISR - D2 LA S B 723D, 45
K odE#mRSy @5 ns, @) OLO (A ZH
#e =1 &L, BRUEX S cRAEmR AT
\ZIEHEE N L7 FAD (ICHORT 2720, SHAIEREUL &

DAAO + (1)

“|DAAO + (2)

“1DAAO + (5)

Log (Fluorescence) (a.u.)

“bano

L
1

T T T
1400 1600 1800 2000
Time ( 4ps/channel )

8 human DAAO 3 K OBHEA (1)~ (5) FHIEEND
R fRaOE T —4  (BUANR 520nm) & 4 55y
RSB L D7 ¢ v T 4 v iR (@R 1 2R

BB 72 < | BHSEANIIRA Z a3
LU EB 2 bid T, KRF-DITRFEMRGY
@5ns, w) OHD (A) ZHEHE 1) &L, b
L7z & O I TRFAFMAI TR B L 72 FAD (Z
HRT 272D, SEIATEREUL & EERSED 2 < | BHEEFHA
RN HEERESHEMIIE L L2 L B2 s
TeO T D, WTNDREIL T 4 v T 4 L T DA 115
(O X< 1.3 LBIEZ B FELL TR Y . BEESIG
DM D BFFHROFE R U HIINZ L3 oDD,
AR O EA R E VDI 2 Bl 47
ps) THY, FTHHEAD)E I LI5ATHR S ZD
FHELAMETR, DF DEADERERD BN E B Z BILD,
RIFFEEIRL - N B | SEAARERIIBRERIS). ).
(B) @, HDIAEZFEL 725 bDEBZ BILD, HEK
DS 235ps) [TV TIHRIEORTHEER Lo

41 human DAAO 35 X OSHEA D)~ NIRREND 4 sl a5 B L 298z~ « v 7 4 7R

Sample T1/ps A® T2 /ps Ay? T3/ns Aj? T4/n8 Ayt 1

DAAO 47 6.73 235 1 1.17 0.36 45 1 1.06
DAAO+(1) 470 023 235b 023 1.17° 0.24 4.5° 1 122
DAAO +(2) 47" 0.80 235t 0.27 1.17° 0.15 4.5° 1 1.08
DAAO +(3) 470 0.60 235t 021 1.17° 0.13 45° 1 1.14
DAAO +(4) 470 0.25 235b 025 1.17° 0.19 45° 1 1.10
DAAO +(5) 47" 2.03 235t 0.28 1.17° 0.17 45° 1 1.19

AL Aoy Az . AYIFENVEIVEDEEM . . T D AFL & LTSS ORHEEIA O A £

b7 T R A EE LT



K TEAHND DD, 2 'O I 5 7fHEAIOREIZ
L BRI, E 2T, 2 R L HE{RO§E K
AERERIZ OV N TS 2 720, TR ORI IR -
DK T EADARIZ DI L D D LARGE L, £
FIRRIIRED 2 BefAds K OHLRAROSERERE (e
Q. @ ZRDTo, FERER2ITFT, DAAO2 BIRT
BHEEAI(1)~@ IR TR 90% & IR ml Ak
R E RO Z LN D, ET-SEAERCROE )RR
ZETER BHEAIS). . B). @), (DDIATHEL 72

5) T O T — 2 OB kAT HIALITH D,

R U7X 912, DAAO EFRFE > FOSEREAITEIC
FAD (so) &IHEDFOREERRFILO -7 A% ¥
& FAD JEFOT X AL L BRES 10 O N,
S DFORIEF L DRFREEIZLVEZ D LB BN
%, BREAIOY FHEEE T D & (X4) | FREA
(1) 13D FT A FD BRI R E <, FAD
LDR-n AZ XU TRRBEZVRTNEDEER
bD, ETHEA (1) 1oy L1382 Y VR
F AL (COOH) DIEEN /2> TS Z & HERD
—DET BIND, VRNV FIPAE T A AREI
SR S DT OIAIN LT B Th 5708 (EER T C
A FALLTCOOL72D) | 7 X/ WFRH & R
BYA FELTHRET D, ED TG TliT o
(=0 & —OH 23[A— HITkER) OHLVRX T
HHOKRL, FEA] (1) 128 (=0 & -OH 3%
AR B O IRBITHER) ThY . %5 < FAD JHH
DT 2 BEHEDS BRID T VIR H L DKFEREAIC
HRZEEA RS> TWD HD L TlEND, —F, HE
F (1) OWITEEAFES A EOBHER] @) 122\
FAT7 =B ED S OKRFREEERPENSDEER
HIDHDY, (3) & Hle U CREAARCRA L 0 m ER X
TR Q) @ AT 5 L F AT = VB ED S
DOPLED R >TRY | 72 BRI L ORFFES T
2T 2 REM X8 D, — THEROEAIZIL, W
HESARARERIT 70~80% & 2 EfRIZHATRL, E72R0

FA (3) AIIRFOGEAERERDS 79% E b Z &R0,

FHEF () AHINRAZEEAAERGEDS 72% & 2 SfRDfE

#2 HIHEDD RS 572 DAAO 2 Bff, Hik:

IR EFRFEA (1)~ (5) & OSEARERER
q1/% Q2 /%

Sample )@k 47ps)  (HLEL(K, 235ps)
DAAO (1) 97 77
DAAO+(2) 89 7
DAAO+(3) o1 79
DAAO+(4) %% 75
DAAO(5) 70 )

(10%) ZWHEd 5L, 2 BiROXE) - OMEITH £
D BHIVTURY Y, ZOFERBERNTIZOIELD | 2 &KL
HERCRI 2 EAMEOE IRT BD, 2 BikL
HERORhFEMOZIULFAD (Iso) & JEHOF 1
FI N T T 7 o OEFRBENEEIKA TS D08, 2
BIROF ML L0 ElHOE BB Z - T
WHZEMD, 2 BIATIZFAD &7 2 VT LY
U LB A RO L B2 HiLd, ZHIUTSE L Wz U,
2 BT LD XA MeREEEA RS, BLEROREEL
FON—ThHDHLEHNR D, L0 ZA NkdEafio
2 B TIIPHEA & OSEARARNERIIE L TR, E720
T T ORI TR 2 SUSHEDZA b S L0 B/ b O
L72% (BURERMEDSEY) o ZAUTKE L THEARDY;
Bl EARSED L —RTH AT 2 BRFIE L
T3 1- L DIKFBREC I E TR T L,
O3 T ORSET 2 USRS 2D b &
HEETE D, FHUC, human DAAO AVERN CHERET
DIHE (AWM ITHLEIAR Tl e < 4 Bk (72
H2 8K & SNTEY, SEGLNHRITEOFEE
EFELIRNEDTH D, Lo LIshs SATRIDRE R A
M2 DITT DT L, AKERRITI61T 2 2 IR L B
FIRDEFIREOZA R, ARk LIZSERDN LS,
EALT RN ONT L BARICEER T D B
Wb, SHRITFRFERA T, 78 (MD) 12
R OREER R0, 73 FHER RN &2 SO DT
D HTIETH D,

=
i

4. F&&H
ARFETIE, & RO D-7 X/ R1%% (human



DAAO) DFSREBRERITAC DU T 5728, DAAO
BLO 5 FEOPHERIZATIN L 73 DR i ea
%17 o7, DAAO DTSRG HEEEI Tl L,
4 TR LD 7 4 T 4 TIN5 47 ps 235 ps,
1.17 ns, 4.5 ns DEFMEGDMFOIVZ, 7 2 Bk
DAAO DHIFERER & DEAEN D, 47 ps. 235 ps DFFHF
MEONEZNZIUDAAO 2 B, HHE{RDJhAFMIC
JHBTE D, HEAIZAIIN LT3 CIE, BREAlOREEH
(IS TT 2 BIROIFMAG OFHAELIME T35 2 L8
biolz, 2L 2 Bk EFRES TONES LESIERE AL
T H1-0Th D, EMBEEORFREIR 14 v v CRREHS
FIREOSEAA R AR D & 3-hydroxy- coumarin
ZRREANT N B AERE RbE 07%) 2 &
Wbtz FloF 47 = VEBEFFD 5,6-dihydro-4H-
cyclopenta[b]thiophene-2-carboxylic acid F3 J2 O 3-thiophen-
carboxylic acid & FV /25 A1 b RERIZEV BEAAERER
BRI (BANEN 9%, 91%) . ZILHOREFRIL, KF
MREOEEHREC & W DAAO OSSAERERA E K
ETHLND Z L AR L TR ARATE BSOS
WRICHEMTHD LV 2D, —F7, DAAO HiEfRD
PERARGERIT 2 TR L D BAXT L, HEFROREIZ L 5

BERMEBIELS 72D 2 0¥ yo T, ZOZEOENTIE,

2 BAE BRI 5 EAEHEOREAEES- LT
WD HDEBZBND, Sk AETRON AL
W72 b DITT D700 F 8115 (MD) IZK SR

R0, O FHRERHRIC & DSOS DTS2 D 5,

i

AWFEDFHAZ T2V . FIrisetenibhe: e
©). HEES26410029) DIEAFF, FIADTEL
HHSCR: Chulalongkom K& B20% (L——faiHFRr
MR Gf) ) L OEFEWETH D, FBRTHA
B (human DAAO) 13, AEBIRSFREFEVAARS ) FRAT
FHERRPEIZ L VRS2 b D TH D, IRH R
Ci9) i | BN TUNE Sy NE = B MR S i b=
SN FEEFTRDOT + by T 4 o T E R
R L., R Es R EEdZ DO 12457, 7 ITE
T2 TR L E

BEIE

1) K. Fukui, H. K. Park, T. Kawazoe, K. Ono, S. Iwana, Y. Tomita,
K. Yorita, T. Sakai and Y. H. Kong: Flavins and Flavoproteins,
2005, 853-860, 2005.

2) R.Miuraetal.:J. Biochem., 122, 825-833, 1997.

3) AHFIAM: ILT2014 458, L—Y—HIRREMEIT, 2014,

4) Y.Takagi, T.Kunishi, T. Katayama et al.: Photochem. Photobiol.
Sci,, 11, 1661-1665, 2012.

5) N. Nakashima, K. Yoshihara, F. Tanaka and K. Yagi: J. Biol.
Chem., 256, 5361-5263, 1980.

6) F. Tanaka, N. Tamai and I. Yamazaki: Biochemistry, 28,

42594262, 1989.



BRL—Y—TFIL—>aviklTkdT/ HFER
L= —BRIIT ROV LDEREMADIGH

=P = A AT — 2 ' BRE D AT AP TR 2

BHER L HE W HRE S R e

1. FL®HIC

PRV IERROTEIEN K, IERROTE I lis5
Z O TEERI O EROGZRI L TR 21553
BTV | HERRR L E OB RS 5 7 ) —
REFNXRE L TEOFERMEBSH SN0 D, L
PNLZR B KSR SKUA CTdo D7D B v H3E L
< Z OB TRHAE N ER A~ DORERO—D L 72
STND, ZAUSK LIEAER S TW500 (@R)
TSR T D, ZEKFEMIIIREIFEMO—FETH 503,
ERROIEWEIITHENCT L 2 =7 NEDH AR %
WD TZOR DRSS Tdo %, 7 matl LA
WAL, 20 EHNI CERROTEE A% <
FHTE D Z LD BIEROERIC AR CTREREEZ K
ZLTEDEWVIHFIEDHY (K1) | VFULAAy
B H IR E LT Ak Tedm & Al S I
FHWTAIFEAM TV TR 1 | #igna FHV - b IR EE
b TnD, — 2O, ER%SED
el OKig(b) 3272, BRI 3@EEE T
DWENGD D LD I D, Boll 32RO — Ik
bz BE L7TFE S 20 s, FEMHITITE > Ty,
FEFDIXTNE T AR E LTHWD Z &2 H
(G L— =T 7 L— 3 EE TR kR
L& KA 1 BETTT O il FiEo BRI B
TDIGAAT - CX Tz, ZORER, AR /KSR
B CEAEEE 8k (Fe0s) BRI LA L—H—% ]
F32%Z &0 B EEkOgk (Fe) ~DiE Lk LU
RS Z B Z &0V oTe, ETFFRIKETAE
FERAAT, B &7k & DORTRIC & 0 B CRSEN
BT D EohoTc B, ZOZ b, AFEEY
BRI HIEH T EIUR, A 22 BB ER
ZOEEHHT D ZENTE DT T HHAKOE

B LR OOSJE i b 23500 - il 95 = &1
L0, EHO VA VLB ARECIR D EEZ BV, K
WIE IR L——T 7 L— 2 EE VTSR
AU AN SN DR R BRBO—D>ThH O~ /R
7 LD MgO) ZHWTEIE - 7/ R b3k
AT, RO U=, 70, ARz v
THEBAKFHATER, BLOEREMZ L, Zh
S OELHIRE W TR LT,
(S Electron

— +

Negative-electrode
active material
(Mg, Zn, Al, Li, Fe etc.)

Positive-electrode
active material
(O, in Air)

Elcetrade
k4 4 4

Electrolyte —

1 mze OB ERE

2. =&

2T ——T 7 L— 3 VIBRORNEX &
YL, A7y MRERE b~ 7w AR (MgO
Fifk, MEE<98%. FIZ{bF) MV Ve, I3
KBLOEAIETH D 7 b GOEmHtT, i
>99%, FEHER) Z Vo, BT ABOBERTERD
MgO LIRIEAINZ, ~ 7Ry NAZ—F LD f#:
AN L—YP—% L RESE LTI LT, L—
P—IPUIT, BRI L~A 7 aF > 7 Nd: YAG 7%
VA L—W— (5 1064 nm, 7 VL ANE 8ns, FEIRENE
#18kHz, H7) 03 W), (K#0IKL S/ VLA Nd:
YAG L—%— (5 1064 nm, /YL AME 8ns FWHM) ,
SR 10Hz, H7) 25W) BELOZ = A M T
Sappire L—H— (5% 750 nm, ~ LA 100 fs FWHM) |
SIS 1 kHz, 1) 2W) 2 LT,



Reduced Mg
nanopartcle

Magnetic stirller

2 RFL——T T L— g ERRE

3. HEREEE
31 FEHL——FIL—a vk BBET TR
) LD

WP L—P—7 7 L— g AT L DA DAY
7efll LC, X3 /D) 12, K SmlHIZI MO % 1 g iz
7o EHC AR D 3K L Nd:YAG L—%— (03W) % 10
ST LT=1%, ARz i S B2 b OO FEEZ R,
MgO | X AR SR AR 72\ b, E ORI
AEciz D (K3 4) A, bR AT
AL, S BIThEF ORI bIEA TWD Z Lo
Tz, ZORERIE, L——HREHT 1D MO #fRoigc -
WM LV &R~ x v Mg) MWERTHZ L
o bo L Bbisas, MgO ITERAKH 650°C) T
AFBIEEBIE LG L0, ZORIGIZ X 0 kb
~ 7L (Mg(OHY) 2VAERT HrlREEL &5 9,
— 77 KR 3R L NdEYAG L—H—|Z L DI 985% (20
IRED Tk, BT RLX— (B6k)), B 5

(1x10° em? - pulse) 15V K L L—H—IZ 12585k
e (RS —180), B —2 FE~3x107 Jem? »
pulse) £V HREWZORBIOZ( T L BT B
% E RSN, FRRITERE OB O ED
BT E 0 B DN 0T, ORERITERREE (7
T ) ZHWESERICBERR Ch o7, 7= b ML
—P—ZH IR (BANTE=RLXF 24K, B—7
T 5x108 Jem? + pulse) (2T, AlE AR K L
L— T L 2 JRE & [FRk Clo o 7o, Z OBIRIIEIE
B CIIZRV S, 3 0D L— Y — DR GRS
WEOIKE  BpoTND Z EMD B IR L L—

— CIHERNE 53T < BUSA NI T LT
IRVATRENED B D, T2, MgO DTl 7 7 L—
¥ 3 AT R D EHER 1 BRECO (i) SO TIE7R<
Bt OKFD) 12k Mg(OH)y, DAL E T 7 L— 3
VRFED & BIZREE Lo ZERE O = 5 ATREME
EZH5, K412, K 5ml 2 MgO100 mg Z Az 7=k
BHZER D IR L L——% 20 /s L7-#oalklo
XRD /¥ — g, BB OREN T MgOH)L B LY
Mg lJRE SN D B =7 BMEIIS L TnD, B — 2 i
ERIISFROGAE A D O TIIRN oo FRE LT
D3 HUNTEE L EITZ MgO 288, XRD 25476
ZNBOAERIUIA S NI B 72N B DO L—H—
FREHZ 2 MgO & el LOVKFINEEZ > TnH Z &
DONND, F T2 Mg I Tl RS & KOG LT Mg(OH),
L MgO [ZZtT 573 XRD /37— AZE Mg DE—7
DSV D, 352 6 <BLSHve Mg i3z D
K DOHHKFN @b) STUEZTERLL ., B - 3a:
JBMg & LTIRFFESILCVD EB X2 b,

43 KPTof) LI ) LR
% (300mW,20min.) > MeO ¥ifhk (Fztf%)

600

" Mg(OH),

Intenscity( a.u.)

4 {0 L L—IP R (20 43) HORERD XRD
PG LR E— 2 DI,



3.2 JKFRERRER

L—H 540 MgO D Mg ~DigItERIZ OV TD
MAEIFDT0, 3 FlD L—P RSOk VLT
IKFEFAE TR AAT o1, FBRUUTANE LT VEDKSEFE
i DER, LR R U7k Lok A B
FORSt, BAELRR 0kF) BARE L, KIIR
ROIE BT 5 F BT OMNZ T, 3kl H
BT S0 K UNAYAG L——[RE% 007040 mg,
EHED KL N&YAG L— Y —F %0088 40 mg, 7 =
I M L— PR % ORE 30 mg Th D, HiRAa X 5
\ORT, D IKL N&YAG L——REHgoREC
Tl ARFERAEEOTHIE GBI 2GR TSETHD
LRE L, ENDETOKE IS LT AIT8 AT HKGE
B) Y D -%IZHT=D 36ml DFMAIVER LTz, —5,
DKL NEYAG L—H—UREE o5 A 70
60> 73% Q7ml), 7 =2 MNpL——REDRERC
I IPRED 87%26 ml) THY . FRRL7zk HITE#RY
K UNA:YAG L— = Mg ~DiE LRI R b B
IFEREGT, Fio, [UAFERIHERY KL Nd:YAG
L— =Dt/ SN Eb, MgO D Mg ~DiE T
SIPHIRELAKAT L Q0D L o1l g, o
K& T 2 720I21E, MO IEhea L—H—%
IR A~DOUAFHE DN T & SISEEHITRR 5
&\ FBBREORE T MgO ORISR 2R T 5
ZEMEETHY , SHROBETH D,

3.3 L—¥—En Mg DZESThA~DIEH

L— PRI X 08T LT Mg stBlozek @i~
DISHIZOW TR D72, SR CZe it O Al
AR L, £ OB Z TR, L— 2T
AN, b mVWIETRPE LN E#R Y IR
Nd:YAG L——JR§H% 0 MO akh 2 v v, Bk
1 LR U7 L g & 10 mg D Ag X
—A b~ OWHEFETZE) ZlEA. Bk L T=—Z MkL
TR HIZEA L, A > 7 L— RO 260°C
549 THZEICEOIERLE (K6) o, Ag-i—A b
IRATHEHIE, & Mg b 7 FmOBRE4 L, Bihr

40

30

20

K[UK(HYFRESE /ml

T T T T T T T
0 5 10 15 20 25 30 35

H,OEAE /ml

X5 DK LU NEYAG L— 5% 40 mg, ()
R L L—F % @omg, O). 7=A
MOL—P—FBE% B0mg, A) D% MO ik
TOREARITKIT DRAERIR OB =

FEEICBBAAEINAI, 2 LT B A 155729 T
&%, XRD ST ORGSR, 1Rk L7 BRI T Ag.
Mg DT Y . Mg(OH), 1355 E1HE L7 Z & A3
77, Mg(OH), [FZE5H T2 Lk LT MgO &
727578, BRI EEE Mg R F-#E0 Mg(OH),
MMgO L7210 Z0th MO vhgt (ifsdh) Shb
HLOEEZHNDIN Ag ~—A MNIZITE A (7
V) WEENTCNDLZ EDD, BED BEEFHIT
CHIDRFED MgO M btz gl EihE, ik

€Oy LR RGP SND bDEBZ BILD,
RO TR IR 2 N, IR A A2 1E
MR 32U R EmA R L7z (K1) Efils X
ORI RO E TRITR T, 225 OmESRI ZIEMR
IR E SIS U TR EA A (OH ) &720 KRk
A A ATERFRO Mg &0 LT Mg(OH), %3 %
ZLIZKVIET D,

M 120, + HO + 26 — 20H
ARl Mg + 20H — MgOH), + 2¢

7T ARk LT Mg Binlizs <t (0 m ) &
FEAS 7= DK U T4 Mg A B - FV V= Z85GE
o (X o) OV RMHEOFHIRER A IO, M
I, )8 Mg R CIIR AT 150mA, Mg~



6 L ——HEED MO skl VTR L7222
AR U AR

A NEMTCIE 120 mA Th-o7-, F-HIIERL Mg
A=A MEO S Mg U 10~15%FEEEL 72> T
WD, ZHIUHOERIZIE, Mg e Mg ~<—A METHE
BVRRIARN T2 D 2 L | B8 Mg LBERK Mg O
DIEN2 EDFEE LD bDEE X HiVD, £, 32
BRAEOAEE 7 B BN A BEHMO PN TE L & Bl
K13QTh o7z, Mg ~=—2 MEMOEGTEZEHIIL 7
EZAH102Q LILDIRMETH T2 Z &6 | oD
PR T T IERR (RFEERR) OREIZKAE LT b D
Th Y| BHORY HUIZEL T Mg ~—A MBI
SN EARL TS, L L—H T, Mg
AR NEMTIL, 1V E R T T BRI
DIRFHAGET 5 &R T2 &\ S BiGs AL
DIV, KT ITEMEREAR 10 45008 L7-RERCo

AT TH D05, EANERIZ LA~ THEEEAE T AL

Mg BEEHID -V R Z L 0 i s A R L C0ND K9
\CHZ D, Mg =2 MEOIEEE Mg K -H3ERK &4
T2bDTHY 7T BREITR/R Y b DFRER—T 2
(Gflh) WA RS 5 & B2 LD Z Lnh, B
TSN I L BN E R RRE A TR T 2 £ C
AR A 2T 5 b O L TRISID, SHI3FE TEIMEH T &
DB, FERHEED X0 SR T T D,

4. FEH

ARG CTIX AR L—Y—T 7 L—r 3 AL VL
~ TR 5 (MgO) DiETE T /R LR AT,
AR GRS AEIR, 6 L OEKEEMO BRTEE L L

O Mg buk
® Mg paste

. Mg paste 10 min. after

-
T

Voltage (V)
i
//

50 100 150
Current (mA)

7T NIHY LZEEMO 1V R (o Mg iR, m
Mg ~—2 Megaldie (ERFEREAER) . B : Mg
A NEERAR (FEARBIEA 10 23%%))

TEVEREEZ R T 2 DA E Ui, LinL7ahi D
170 Mg DARGEFRIZ DUV T, L—— YL ADRR
AR & ORBEN B2 b OO, FEIEE H TR
vy, ZOZREPHECT DT, A MgO IS
L— P —JEREBE A~ DA BT D0, B0
SOi% EE e MgO ORI GIEFEDRFE AT 7282175
FETHD, FZEEMA~DOIGHICE L TI5#%, B
TN A5 O ARSI 2B L C & B IZEH/7R
INTEATH 2L ETELTND,

AWFFEOATIZ BT . Tk 26 FEFERIASEL—H
— TRV L 2 — IR - SEERFSE (A
R B2-13) DO3BZ157-,

SET

1) T Saiki, S. Taniguchi at al: ISRN Renewable Energy, 2013,
827681,2013.

2) pAOwds AT 747 A, 8 A5,20-23,2013.

3)  KPHEh: {75 msE, 35, 543-547,2009.

4)  BwOaEs, MEYEL FEE H ILT2012 45, L—F—5

A IFERT, 2012.
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W 13.5 nm OFREES MY Extreme Ultra-Violet : EUV)
ASEIKY Y 75 7 — TR DR IAOER & LT
SIVTND Y, BUERPE ST EIFSHHE 22 nm(/~—
Ty F)OFEEAT AF L—— (192nm) 2GRS
L THW IRRHIRC L0 e K& < § 28K
2N Y 757 4 —TRIESH TV,

LirL, ZOHETAHERIE ST 10nm LLRO
[ESHIBONEEIR Y ) 75 7 ¢ — et 5 Ol
HNRS T, HIRZIE, BIE#RA S Cnd AR
L—W—ZH L, T NE == 75 SO TR
Hefk D2 BRI ORI B2 VWD Z L2k 10
nm BLFONSERY V757 ¢ —)NE[RECH D & D FRFE
DX D, L L ZOGAITENE TRROBRIZ L 548
(RELE = 2 N OVERDNERT HALZRV Y,

FIEERY V7T T 0D EE LT
7' hROH CARM EEOIIFBR bIEA TE TS
23, 10 nm PAFOSEAREE 200 B O 252
Z TR U T EEHAHIRASRED 2, Z DT
BRRGE D 2 N OFERZHIHI L2 10nm LA FO¥-5
G2 ATRRIC T 28T & LC. BUV YA V-
EIRKY V7T 7 4 —3H TO & Z Al b A7k A
NEREEEO L R ST,

—5C, EUV RIS g ~EFE L LT, R
HIID D 720 WD R 8 2, i N AL—T s BT
NEERALEZ FTREIC T A 720X EUV HIJ1 250 W A3
BLESMTWDDN, 10 FLL RIZHO7- DHERRFREIC &7
2306 BUV MR 1237275727 38K, EUV R
L DIRARAEEIRY V7T 7 ¢ — 13— HEEBIAES
FITCW, UL, RO REUV HEA—
T—"TdDHAT % ASML DA FIZ8 % K[E CYMER
th KOHARD () 074 b AZK 0K IR0t
BFEOMED DAL, Z OFFERC BUV BRI

IR L, e lZiEEi e L CORETH S EUV H
F1250 W I3 & > 0dh 5,

L— AR ARFTEET CIL HI5-19 4ERE ZpRR L—
Pl LTI SN SGRRFE Y —F 1 v
77ruy =y MZBOT, L= AT T X<h
5D BUV FENZIER 3%DFEE, IR A L—H—Df
PAPEDFE L, AR Ry 7 Ly ML TH 7LV A
FERAAT S Z LIZ K D EUV BHBIpR 4% D350 &
U— P ERRART T =26 D BUV RO REZRE L
DRSS ISR TRVWE L, EUV 30
REARIA & ek, UM 7279 R~ 4t b
RN TEHEEA 2T ORI,

BIfE, 50> EUV HIFFFE 3R A L——% H
VAR Ry T Ly MEE T LR IBE 4T 5 I
ZHNTHZESED DTS (K1), ZOHTE
PHI0 pmDAXRa v 7Ly NIET T LR
— PR L, K E SRS, i T A
A LI IVA TR DRI A L——E R ST A X
TV TTRAIRE L, BUV RaRESED, "Bk
DL—P—EHEITH) DO THD, ZOHATEER
DI, T L7 VLA L—P—E B SN AR Ra v 7L

Double pulse irradiation scheme

100ns-1.5us delay

|Sn droplet\ —_— ‘pre-pulse| l»

A=arbitrary A=10.6um
10ns duration 20ns duration
*)
) _
o o« ) |
") " ay —
‘Small mass target| |Pre-tormed plasma‘ |EUV radiation‘

1 7NV ABEER I LD L—F—7"F X~ EUV

SEROBES
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\ZX 2 BUV BEOEERLTh D, Foxlx BR) 4
7 hURKRICRFE & ) L COEREE EUV YERB%
WFEzAT>THRY ., WEREL LT (1) AX ey
Ly FOFEENVEIAS I 2 b—2a ATV EERT S
Tl (2) FEESNIEART T R~ OBEEERBESARIC
%t U CRRIEA A L—H— % Jdft U723 MR 24TV, EUV
FNATEFE TO—HOFRETFELMITH 2 & & i
LTCWD2, HHZ (1) DAX Ry Ly oozl
7T A HERORRRIRTE K o QRN EAE,
Fio, WE, B R NEES 3B Y | BTECED
FCEMMZRFE LD SV QRS T O EF T
YR

FTexixzbe vy 7Ly FORENERYTT 5~ R
Ra—REBRFEL, Fey7 Ly ML AL—
WS SV DBEOWHRDFBN AT LTz, F72, 5
SR e B 27 QDA 7 MAZL Y AR
Fry 7Ly a7 T AT DEEOFRFEE T, 5%
EFEEED EUV IR DD T LNFEEShD &
iz, 7T X~ OFHANEE DN A B L, YRR &
S TIEORHSIA— RO HILD L 517> T D,
P TR REAZR & | iV SR A Bk L7 iR =
—RERAWT ey 7 Ly NORZFEIZEIR L, R
0y Ly hOEGE 7T AR & IR0 IR <
T A— ST, AWIFEOERIZ LY | L——
AR EUV SEIROYEROBMR A8 U T2 77 A~ el
{EAMEBA T2 EHRr S D,

2. [EREIREBORXDES)

T LYV A L— PR ST A R DB 25 Hl
RN 5728, K2 DX HIT, AR L LA L
— W% L 2 D% ORFEPS IR A — TR
Qa2 lb—va TR, 0L EORFEPEEA X 3(a)
~X 3T, BN IZETHY . AXZ—7 > M)
HIEMHIL 20 um ONEICH D, Z ORI\ TH
WO L—P—NAKT D, F/o, AXZ—7" > hOWI
DHEFEONEZ 0 pm IZE>TND, EEEANED
58—y NIfe~EiE 4D 5, X 3 12317 Dl

FEEFARE EZECE D,

(@)l IR 9 ns DEEE, WL T D, T D
ANIT L SINVAL—P—Z SR THY [ T 7 L— g
VN &0 B S AT BRI S A XA R L7 D
(BREL QWD & ZATH D, WiASHEE Al JERE 0O
K E < & 2B L——FREm 22> T
B L CND, ZHUET 7 L—3 a VEINC L VRIS
WL LD & T DERLI D BE AR LY T
L—3a VD DANTIRE L & 5 &5 2 FifFoE
SRR T 276 TH D,

3(b)l AN 15 ns DERE, WEO/MIART, D
R CT LIV A L—P— TG 755, KLY AR
H—7 sy NEENGEEEEANE D T, X —7y MARE
EOBE LIS Z—4 sy Nl @) 2N LTS
Z LD, Eio, ZONBERARNIE —7 PR
WAL VS =7y MR 205 T e %
TN LCUND,

3(NZIHIRFZI 50 ns | 233V ) HDEREE SR /A 2,
ZOWENT T2 D &\ ARG —27 s NARIR & St TRy
FERITHIIVTIS Y | BRSNS 2 SDILEFFD, 2D
DOBDEHGOBEEDIFFRIARL Teo TN D, ZAUSy
2 (spallation) DGR & LT, BOHHAREE LD 7N
PRIz Z L 2R LT D, AGHRIT—RIGIRE THY
2 DD L BORE R A X2 — s NAR & ST
OB R 5 03, MRS LT ot R
WZBT LTV VA L—P = SN A X Fe v 7
Ly bOHPZEEETE b AR R A CBIS Th D
LEZ D,

(LTI 100ns | 31T HEEFE R/ Ari % 7T,
BN Z 212, X 3b) ) TRONZ 2 2Dl &4
OREEITH 2 DR Y — 7 2R ORI b LT
WD, ZAUFARZ =5y MAKDIES L, ST
HONTIBODUWTSRER, — 2D B —2 R DS~
EPAL LTI Th D, FEREEDOR AL T DM
DT T 72Dy, TERITIHA TWD, 20K
3T DEEREDOEUIA X DREEH I
U DRI SRR DA TR 2, 77U 9L
A L BB K72 2 RDNVEUAR L IRIRDIR G IREE
(ZAD 2 EITHEFEOFRCTHE Lo, ZOXUKRLIRIRD



IRAHTCIIREIV NSV, 2O Z LITE VX D &
FIRENEND ZETHY | MRS O S DTS
HIMCRE REEA AT D, X3 (d)y TRENTZZE
PEHSEOTHIR D AR L RIRDIRAF IS D EHEED
SRR %, AlD, AREREE 22 I 25 T 5

& BV VEREEANE 2% F CHEAE SHUE T, SR & kiR
TRAHE LR & OBERIE U BN L E B, 20720,
ZRONREEEIRAE TR DL F TSN D, 5E
TTRFRT Sy Doy L | KR S IR DIRAFRA BV YRR
ZRFONEOFEIENHEC L DB, ARSI

ZORLIEARPSNE b RUR L RINE S T8 % & OWE
DHEENHGHT HBIRIZ L E 2 Hivd,

I 4 \TAGHEDORAHES A 7 7T Law T,
ZOXTIIETDT VT DT ARMKEFRR DR 2 %) %
DONLE % — RO TR Z & T, TARESR ORI 7%
A ity 5 2 LSFRETH B, K4 Tl L——3 |
MONR L CARS —4 NIRRT &, s 7 —
7y MEmZRIT, SATRI DY i OBETHATS
DT EWOND, ORI IHEHET 1 = 85X 10°
c/s THY | #—5y NEREIOHE V2= 64X 10* /s
F 0 B EEE TR D, LavL, o0 -
Toth, ARE—77 sy MR V3 O E TR S D,
2O Vs OBFEEL Vi OFEE LD B 1X10° emis Tk
. B2 100 ns (IZBWTARZ —4y MAYRIISEA TR
FHEBN BTN D, AFHRTIIT /BT 1oL
AL —P—Z MG LT D720, L——IRGEHmZRB
TT 7 Lb—a UHENDE 10ns IS TR L, £0D
FEgE, AR =y NARED Vs OB Sz &
RIS D,

WRICL—F =R LR L, /B L—T =0
B L — | LTEAORE 27T, X 5() L UNb)
I, EafbD T L YLA L—H—Z Bl U T2 A XDFEE,
HEORPRA T, 2 —5 Y MEREEIX 2 & [Fkk
T D, X 5@)FHEZ 100ns ([TF L, X4 DF /7
LV A L— PRI & [FIRRIC, A X2 —5y N

(B DB L—H—T 7 L—3 3 VESCEE S v
TEERI NI VR, SATRERER DI AR S — 7 MK
DOHNEEL TS Z Esbnnd, L LK Sb)DRE
1000 1s (2725 CH AR —7 > MR IA TGRS >

WTBWLDOL Z 830, ZHUTT L VLA L—F =3
I Ip STl L— =T T L— 3 VSR L —
P—RET e, HONNTIRLIRY | AXE =5y MARIRD
MR ZE AV ETRN=DTH D, [X 5(a) & (b) 2 ki d%
&L L——RR SN AR Z—4 s AT 1000 ns
DO NFE A ERIEEEZ NN EWNDODD, D
FEIL, A TR NIA R Y — 7 RARIRIZIEY VO)3
D Z &I ATy L AR S —5 s RARIRE D
IR SRRy b R HERF S D, ZhuTe =
7L SV AL—P—Z B SN AX ey Ly
MU 52 & FREDBIER Th 5 L 52 5,
a7 Lo LA L—P =R OSAIZITT) BT L
PYVA L— it & B0 | 2R SRR
T 52 Lsbond,

. (a) 100ns velocityo
7t j
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6 |
E S5r 410°E
> &
=4 densit 2
— [
g 3l -610°2
a =
2L
-8 10*
1L
ol , . ) 1 10°
-800 -600 -400 -200 0
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7L , !
. {-210*
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@ 5 € / ] 410‘%
S s
> . K
2 4r f 2
i : ]-610* 8
g 3 ] ]
[=] f >
2L
/ {-810*
alil!
0 e -110°
-800 -600 -400 -200 0
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K5 Eaphr L YLRREREO AR —4 s k
DEELE AR DORFFPRER. (2)FRFZ] 100 s,
(b)IREZ] 1000 s.
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B2 Ot R CHAR L, E OB VA Z—5 ) b
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2R, — ML D 2ROV KU & IR DR 1) K. Nishihara, A. Sunahara, A. Sasaki, et al.: Phys. Plasmas, 15,

WREDMEE T B R ED N TN Z & AR LT, 056708, 2008.
ZZORLIEE DT, bR S A X R 7 2) Sunahara, A. Sasaki, H. Tanuma, K. Nishihara, T. Nishikawa, F.
Ly b OZEN IR GRBIFRICB W TEETH 5 Koike, S. Fujioka, T. Aota, M. Yamaura, Y. Shimada, H. Nishimura,
120 Tl K0 A7), T 6 b Y. Izawa, N. Miyanaga, and K. Mima: J. Plasma Fusion Res., 83,
Bk D L ER 5, Atk Fry 7Ly boZd), KO 920-926,2007.
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R ClmndinikFd5R  (FIREX 5388%) Z4HEEL

TEY ., HOEM U LT EE 7T A~ 2R Es
KIREETH D SkeV (TNENG 5 Z LA B L ThigE%a
EBHL TS, H FORBEIINEEE, BIH, (R
JafE = 7 LA - ST AR D OB R L — )/

DI L—H—o L —] A LSEH LT, &
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’heating of inner surface‘

plasma expansion

direct heating

’direct core heating

" No implosion | implosion Max. implosion Max.
‘ ‘ start compression start compression
A R I R I b
| Time Time I Time
Heating Heating Heating
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1@H-)D > b, Fhrzpa— & UCIEEED
DR A =7 AR A R ATREZR X 1(b) D 2 E &
LnEEz b,

1O)DRKT TV A ZFEL GBS, ETVEE=T
DPRGHEFHBLAE AT B L— D —% 2 7 PR AR
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RFCE D,
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RN ST RRDEEEET 3 glom?® ZHBZ 135, 1EHEH
HFEBRAAIELRT ORI DR E 2 Z Lk 0 /hE72 05
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DYRIRBIZ 72 20 RBBERN I O NN —RRIED I & 72 %
BB DN, M1 E—A TR L& LCHIET
B L 4 n SFINZIEN D T2, Fts— ke
AN D,



5. FS5ATOEREE

AT, IR % 5.2 EAEkDmmdR kAL
D HHLRASTRITEL | Sl CHEBHAWREE DR v b
AN Ze i R C IR O TR 3L 0 T e
ORI — 72 VA a R D K AN — T TR 72
SRR LR = VA —RRIREE I 2 & LSy
TNFZEDFEFHI 530 & 725, S VAR £ 0 S
TR S, Z OB AL —4 > M ClEiZE S 5 &
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FEAET DR OB T E D 3 50D 6 X107 emis & 72
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