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Preface

This annual report from Kansai Photon Science Institute (KPSI) provides highlights of the scientific and
technical researches that were conducted over the 2018 fiscal year.

KPSI was reconstituted in April 2016 as one of the research and development (R&D) bases of National
Institutes for Quantum and Radiological Science and Technology (QST). At KPSI's two R&D sites, the Kizu site in
Keihanna Science City in Kyoto Prefecture and the Harima site in Hyogo Prefecture, there are about 150 staff,
comprising around 80 researchers and the technical and administrative staff who support them. We promote the
R&D of optical science and technology using lasers and synchrotron-radiation X-rays, which is the mission of
KPSI in QST. At the Kizu site, we are conducting state-of-the-art research for developing new-type laser-driven
radiation sources such as laser accelerated particle beam and ultrashort X-rays based upon world-leading top-class
high-intensity laser technology, ultrafast measurement methodology using ultrashort pulse technology, and
quantum life science that helps us understand radiation effects and develop new medicines. At the Harima site,
using two contract beamlines of SPring-8 and computer simulation, we are developing new technology to utilize
synchrotron radiation X-rays and carrying out state-of-the-art research in material science.

Three years have passed since the restart of KPSI in QST, and several outstanding results are being produced.
In the laser science field at the Kizu site, the pulse contrast of the J-KAREN laser is substantially improved by
reviewing the arrangement of the optical elements, and we have succeeded in generating GeV class
quasi-monochromatic electron beam by laser acceleration and ultrashort X-rays generation using higher-order
harmonics from relativistic plasma. In the field of the life science, new findings emerged such as elucidating the
physicochemical role of DNA in the transcriptional controle mechanism of genes. At the Harima site, we also
obtained several excellent results such as discovering the functional expression mechanism of mineral magadiite
using synchrotron radiation X-rays and the observation of the shortest wavelength super fluorescence using the
X-ray free electron laser SACLA. In addition, regarding the social implementation of optical technology, we are
making efforts toward practical application of non-invasive blood glucose measurement and laser based tunnel
inspection technology.

KPSI will continue to fulfill our role as an open research center of "science of light" and will contribute to
quantum science and technology and the strategy for innovation in Japan. We appreciate your understanding and
cooperation.

8t April, 2019
Director General of KPSI
Tetsuya KAWACHI
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Research Highlights



R & D for Advanced Photon Research

Kiminori Kondo (Director)

Department of Advanced Photon Research

In the department of Advanced Photon Research, the base of
the research is the science and technology of advanced lasers. In
particular, high-peak-power laser technology, high-repetition-
rate and high-stability laser technology, and ultrashort-pulse
technology are the most important. We develop these
technologies in-house and apply them to various objects. The
largest laser system in KPSI is the Petawatt (PW)-class high-
peak-power laser J-KAREN-P. This system has been upgraded
since obtaining the supplementary budget in FY2012. The long
commissioning operation term was completed in the last fiscal
year. Therefore, from this fiscal year, not only internal users in
KPSI, but external users have also started to use the system in
PW-class operation mode. The restart of the external user mode
for J-KAREN-P should be emphasized here. The extreme focused
intensity of 102 W/cm? on target with extremely high-contrast
suppression of the proceeding optical component to the main
pulse is now available. This extreme status of our high-power
laser infrastructure is maintained by the laser facility operation
office, advanced laser group, and high-intensity laser science
group. In particular, the advanced laser group not only maintains
J-KAREN-P to deliver the laser pulse with the best condition, but
also develops and introduces new technology to maintain the
condition of J-KAREN-P as world-leading class. High-intensity
laser science group mainly studies laser-driven ion acceleration,
laser electron acceleration, and relativistic high-order harmonic
generation with J-KAREN-P in KPSI.

One of the most important applications is the development
of a laser-driven secondary radiation source. An extremely high
optical filed can be formed with focusing extremely high peak

Laser driven secondary
radiation source

P
.

High peak power

Y oms
Bunoy

High rep-rate and stability

Ultrashort pulse

Ultrafast probe for life and
material science

power to an ultimately small spot size. Atoms and molecules
exposed to this extremely high field are immediately ionized by
field ionization. Actually, the corresponding optical intensity to
the atomic unit is only 3 x 10% W/cm?, which is much lower than
that to be generated with J-KAREN-P. The generated free
electrons move along the extremely high optical filed, then the
ultra-relativistic quiver motion is induced. These energetic
quivering electrons induce the generation of various secondary
radiations. This means that there is a possibility of a compact
energetic quantum beam source without conventional accelerator
technology. If this technology is established and applied to
various fields, a type of destructive innovation could occur. For
example, one of the most important applications of a laser-driven
secondary radiation source is the application to Quantum Scalpel,
which is a new-generation heavy-ion cancer therapy machine
planned to be developed by 8 years from now. Quantum Scalpel
is the one of the main projects in QST. The injector part of
Quantum Scalpel is based on the laser-driven carbon accelerator.
The JST-MIRAI R & D program (large-scale type) started in Nov.
2017. The aim of this program is show a proof of concept. Not
only ion accelerator, but laser plasma electron accelerator is also
under development in KPSI, with this MIRAI program by JST
and ImPACT program by the cabinet. Moreover, not only charged
particle acceleration, but X-rays are also generated with ultrashort
high-peak-power lasers. Burst intensification by singularity
emitting radiation (BISER) is the new laser-driven coherent X-
ray generation scheme, which has been invented by KPSI.
Usually high-order harmonics are generated from the outermost
bound electrons in atomic and molecular systems in a sufficiently
high optical field. Therefore, the quiver energy is limited even

Application and
Industrialization

Fig. 1 Research and development of department of Advanced Photon Research
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with using an IR pump laser for taking higher quiver energy in
the same interaction intensity. However, BISER is emitted by the
oscillation of a high-density electron bunch formed by a laser
wakefield. Then, in principle, there is no limit on the quiver
energy of electron bunch oscillation. There is a possibility of a
keV-scale coherent X-ray source without using a gigantic linac
like such as SACLA. These secondary radiation sources driven
by ultrashort high-peak-power lasers are under research mainly
by the high-intensity laser science group and the advanced laser

group.

The next important application of our advanced laser science
and technology is an ultrafast probe for life and material science.
In particular, for material science, not only an ultrashort probe,
but THz radiation is also developed, mainly in the ultrafast
dynamics group. Until the last fiscal year, the C-Phost project has
been performed by the ultrafast dynamics group. Strong THz
radiation is generated with a kHz 10-mJ ps laser system,
QUADRA-T. These radiation and laser systems are used for
various ultrafast dynamics research. For life science applications,
a bright and stable short pulse laser system has been developed
and applied to the two-photon microscope for observing the
neuron dynamics in mouse brain at NIRS. This research began to
demonstrate one of the featured results by the unification of NIRS
and JAEA two years ago. In this fiscal year, a deeper part was
successfully obtained with the developed bright laser system than
that with the commercially based system. Recently, the ultrashort
probe could be upgraded to the attosecond regime to start
attosecond science in KPSI. Not only attosecond science, but the
related study of CPS laser fabrication also has been started. These
studies are supported by the Q-LEAP program, which has started
from this fiscal year and could continue for 10 years. This project
will be studied by the ultrafast dynamics group and X-ray laser
group. The X-ray laser group studies the interaction between
intense X-rays and solid materials with the laser—plasma-based
X-ray laser at KPSI and SXFEL at SACLA. The intense X-ray
fabrication technology is an important fine structure fabrication
technology, which has advanced to current laser fabrication
technology. The repetition rate of the present X-ray laser system
in KPSl is only 0.1 Hz, whereas it is 60 Hz in SACLA. Then, the
X-ray laser group will shut down the present X-ray laser system
and will upgrade it to a 10 to 100-Hz system based on a
Ti:sapphire laser technique in the near future.

In a sense, the most important application of our advanced
laser science and technology is industrialization. In fact, this
fiscal year is the final fiscal year for the SIP program by the
cabinet for the development of nondestructive tunnel inspection
technology. This technology is tried to apply to commercial
technology for making the venture company. One of the key
technologies of the nondestructive tunnel inspection technology
is the high-average-power high-repetition-rate intense laser
technology. This technology is used for hitting the inner surface
of the concrete tunnel to induce an acoustic wave inside the wall.
To induce an acoustic wave of sufficient amplitude, a 5-J per
pulse with 50-Hz repetition rate system has been developed and
successfully loaded on an inspection vehicle. This system has
been successfully demonstrated in a real tunnel. The impression
of the general people was very high, and there was much press
coverage related to this technology in this fiscal year. This
technology is closely related to the development of high-average-
power high-peak-power laser systems, which could be used in the
laser-driven carbon ion injector in Quantum Scalpel.

In this annual report, some topical studies are introduced
from recent results published in several journals. From the high-
intensity laser science group, the physics related to the flying
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mirror are shown by Dr. Koga. Dr. Kai reports on a unique
diagnostic study on electron bunches in a laser wakefield. This
study is performed under the IMPACT program which will finish
within this fiscal year. From the advanced laser group, Dr.
Sagisaka reports on high-order harmonics and proton generation
from a thin foil irradiated by an extremely high optical field. Dr.
Fukuda shows his unique laser acceleration study of pure proton
acceleration using a hydrogen cluster target. From the X-ray laser
group, Dr. Imazono reports a flat-field grating spectrometer for
the tender X-ray region. Dr. Ishino discusses the damage
generation with intense picosecond X-rays. From the ultrafast
dynamics group, Dr. Otobe shows an analytical model of electron
excitation in dielectrics in high field. Dr. Itakura explains his
unique ultrafast measurement scheme using plasma reflection.



Relativistic Flying Mirrors Generating Upshifted Higher
Harmonic Generation

James K. Koga

High-Intensity Laser Science Group, Department of Advanced Photon Research

Horseshoe bats use echolocation to determine their position
and because their emitters (nose) and receivers (ears) are both
moving, they experience the double Doppler effect [1]. Figure 1
shows a schematic of this. They also dynamically lower their
emitting frequency to keep the reflected signal within a frequency

/

Figure 1. Bat using the double Doppler effect

range [1]. This double Doppler effect can also occur with light.
In his paper on special relativity, Einstein described the upshift of
electromagnetic radiation from a relativistically moving mirror
[2]. However, a large amount of energy is necessary to accelerate
a macroscopic object to relativistic velocities, such as shown in
the NASA starlight program [3]. Because lasers propagating in
plasma at nearly the speed of light can generate plasma waves, it
was proposed to use breaking plasma waves as relativistic mirrors
to reflect, compress, and upshift laser light [4]. This concept has
been shown to work theoretically [4], numerically [5], and
experimentally [6-9] (see also review [10]). However, until now
the laser pulse reflecting off the relativistic mirror has been
chosen to be of sufficiently low intensity that the energy of the
reflected pulse is far below the energy stored in the wake wave,
such that the mirror is not significantly perturbed [11]. In this
work we considered strong laser pulses and how they would
reflect off of relativistically moving plasma waves [12]. We were
motivated by the fact that obtaining and using high-intensity light
with high frequencies and short wavelengths is of interest not
only for applications, but also from a fundamental point of view
[13,14].

In order to investigate the possibility of using strong laser
pulses reflecting off relativistic flying mirrors, we performed
numerical calculations via one-dimensional particle-in-cell (PIC)
simulations using the code EPOCH [15]. The simulations
consisted of two counter-propagating laser pulses colliding in an
underdense plasma. One high-intensity laser was used to generate
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the breaking plasma wave (driver) and the other laser was used to
reflect off of the relativistic flying mirror (source). Owing to the
large upshift factor, the source laser had a wavelength longer than
the driver pulse to allow resolution of the expected short
wavelength reflected radiation within reasonable simulation sizes
[12]. We found that source pulses with intensities even near the
relativistic regime could be reflected off the relativistic flying
mirrors [12]. In the best case of the considered simulations,
harmonics of the upshifted source pulse were observed and
wavelengths up to ~160 times shorter than the original source
pulse were generated [12]. Figure 2 shows a schematic of the
interaction, in which the driver laser and source laser collide in
an underdense plasma and a portion of the source pulse is
reflected, upshifted, and compressed by the breaking plasma
wave, i.e., the relativistic flying mirror. The details can be found
in [12].

In the future, with higher-dimensional scenarios, we will
investigate the focusing of the reflected source pulses and will
consider using them for electron—positron pair creation with
several focused laser pulses [16].
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laser in a background underdense plasma (upper figure). Part
of the source laser is reflected off the breaking plasma wave
(relativistic flying mirror), upshifted, and compressed (lower
figure).
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Introducing the electro-optic spatial decoding technique
into laser wakefield acceleration

Kai Huang and Masaki Kando

High Intensity Laser Science Group, Department of Advanced Photon Research

Laser wakefield acceleration (LWFA) [1] has been studied
intensively owing to its inherent ultrashort and ultrahigh-
acceleration gradient characteristics. By using an ultrashort and
ultra-intense laser pulse (10'® W/cm?) from chirped pulse
amplification (CPA) [2], a large-amplitude plasma wave can be
produced in underdense plasma, allowing the electron bunch to
be accelerated to GeV range over centimeter-scale distances.
Secondary X-ray sources from such electron bunches by
undulators [3] or betatron [4] oscillations are considered to have
potential applications in the ultrafast X-ray pump—probe studies.

Because X-ray photons are emitted by electron bunches, the
emission timing and pulse durations of the X-ray sources are
directly determined by the temporal characteristics of the electron
bunches. The electrons from LWFA are always assumed to be
injected into the first bucket just after the drive laser pulse. Thus,
“jitter-free” or relatively small jitter were always considered to be
the merits of LWFA. Yet, the emission timings of the electrons
have to date never been experimentally measured. For a plasma
wave in linear mode, the ambient electrons could be trapped
randomly into a certain wave bucket. The possibility that electron
bunches could have jitter cannot be ignored.

The durations of the electron bunches from LWFA have been
determined by the analyzing the coherent transition radiation [5]
produced when an electron passes through a metal foil or plasma
boundary. A bunch duration of 1.7 fs (rms) has been reported in
the literature. However, those detections either lack single-shot
capabilities or sacrifice electron bunch quality for lateral
applications. What’s more, they didn’t show the capabilities to
real-time observing the emission timings of the electron bunches.

For single-shot nondestructive detection of the electron
temporal profiles, we choose to introduce the electro-optic (EO)
spatial decoding technique into LWFA. When an electron bunch
passes by an EO crystal, the Coulomb field of the electron bunch
induces birefringence to the probe laser that is simultaneously
incident through the EO crystal. By setting an angle 6,, between
the probe laser and electron beam propagation directions, the
longitudinal profiles of the electron bunches are encoded
transversely to the probe laser profile with a temporal mapping
relationship: cAt = A¢ tan 8, [6], where c is the speed of light,
At is the timing difference, and A¢ is the signal displacement
observed on the CCD. Such a relationship is simply achieved by
considering that the Coulomb field of a relativistic electron is
compressed along the direction perpendicular to its direction of
motion in free space.

An experiment has been performed using the JLITE-X laser
in Kansai Photon Science Institute. The laser pulse in the
interaction chamber has a duration of 40 fs (FWHM) and power
< 10 TW. The laser was focused by an F/20 off-axis-parabola
(OAP) to a supersonic gas jet for relativistic electron beam
generation. Initially, we positioned the EO crystal 1.5 m away to
avoid damage to the crystal by the transmitted drive laser.
Unfortunately, owing to the divergence, pointing fluctuation, and
longitudinal elongation of the electron beams, we did not observe
the EO signal at such positions. This problem was solved by
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setting the crystal very close to the gas nozzle and outside of the
drive laser emission cone, as shown in Fig. 1. The detection point
is at (2.2 mm, 1.5 mm) from the exit of the nozzle. At this
detection position, we succeeded in observing the EO signal of

the electron bunches.
Probe laser
-—-- 1 »
1 | Delay
Electromagnet &\_ i i

Probe laser

Al filter

DRZ

= Driver laser direction
Figure 1: Experimental setup. “P” and “A” denote a pair of
polarizers with polarization directions orthogonal to each other.
A GaP crystal of thickness 50 um was used in the detection with
the [-1,1,0] crystal axis perpendicular to the electron path. The
probe laser has an incident angle of 6, = 44°.

1.0

K = A&/cAt = 0.58
0.8+

0.6

0.4 4
0.0

0.4
Relative displacement on CCD (mm)

0.8 1.2

Relative displacement on CCD £ (mm)

32 36 4.0
Relative probe delay variation ct (mm)
Figure 2: Temporal mapping relationship measurement. Insets are
the single-shot EO signals with four different probe delay settings.
Error bars denote the deviations of 20 consecutive shots.

Soon after observing the EO signals, we examined the
temporal mapping relationship by checking the EO signals at four
different probe settings with fixed plasma density. To our surprise,
the fitted relationship was different from the widely used model,
as illustrated in Fig. 2. The fitted slope was 0.58, which was much
smaller than 1/tan 6, ~1.03. This inconsistency suggested that
the relative angle between the Coulomb field front and the
electron propagation direction was larger than 6,,. The assumed
model in which the Coulomb field is compressed orthogonally to
the electron propagation direction is not applicable in our case.

In the case of LWFA, the electrons are emitted from plasma,
where electromagnetic components with frequencies smaller than



the plasma eigenfrequency are shielded. When we set the EO
crystal very close to the plasma source, the free space condition
would not be valid anymore. An analysis on the Liénard—
Wiechert potential shows that because the electromagnetic field
propagates with the speed of ¢, the wavefront of the Coulomb
field of the electron is spherical, as shown Fig. 3(a). Because the
electron propagates with a speed smaller than ¢, when the electron
is very close to the source position, the front of the field is
attached to the electron. However, when the electron propagates
for a long distance, the “free-space” condition becomes valid and
the Coulomb field becomes perpendicular to the electron
propagation direction, as shown in Fig. 3(c).

(a) (b)

“o 0.5 1 15 2 989 9891  9891.5 9892 98925
X (mm) X (mm) X (mm)

Figure 3: Static electric field analysis. The In |E,, | distribution
of a 30-MeV electron at propagation time of 3.3 ps (a), 3.3 ns (b),
and 33 ns (c). X is the electron propagation direction and Y is the
transverse direction.

33ps 33ns

990

I
989.5

988.5

Probe

Figure 4: Geometry for the calculation of a new temporal
mapping relationship. The red straight lines and brown curved
lines denote the wavefront of the probe laser and the THz signal
field, respectively. The THz field incident angle on the EO crystal
surface at transverse position y and longitudinal distance of L
from the source position is 68, = arctan(y/L) . The probe
incident angle is 6.

With the knowledge of the Coulomb field structure, we
deduced a new temporal mapping relationship for the application
of this method in LWFA. As illustrated in Fig. 4, the probe laser
encounters a first line in the THz field at position A and time t,
and a second line in the THz field at position B and time tg. The
two lines in the signal have a timing difference of At and the
recorded displacement onthe CCD is A¢é = &g — &4. Forasignal
with a spherical wavefront, a new temporal mapping relationship
is expressed in a nonlinear form as [7]:

cAt = Aétan6, +

cos B9
L 1_ 2sinfsocosfsg A§ | cos? B5 A2 (1)
cos g cos 6, L cos?6, L?

Because the problem we investigate has a very small time
scale, that is, Aé « L, Eq (1) can be simplified as cAt =

sin B, _ cosfy A2 . . .
(1 + —msap>tan Op A — o 8y 2L Ignoring the higher-order
component, we have:
_ sin g
cAt = (1 o 9p> tan 6, AS (2)

Eq (2) describes the case in which the THz signal is a plane
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wave and obliquely incident on the crystal at an angle of 6,,. We
note that when setting 85, = 0, Eq (2) returns to the widely used
model: cAt = Aftan@,. In the experimental setup, the EO
detection point corresponds to an angle of 65, = 34.3°. Using
the fitted slope value in Fig. 2 and Eq (2), the average signal
incident angle is calculated to be 8, = 33.1°. This coincidence
demonstrates that the Coulomb fields of the electron bunches near
the source point have spherical wavefronts and Eq (2) is
applicable for this method in LWFA.

In summary, we introduced, for the first time, the EO spatial
decoding technique into LWFA. The temporal signals of the
electron bunches have been nondestructively detected in single-
shot mode. By setting the EO crystal very close to the plasma exit,
we discovered that the Coulomb fields of the electron bunches
have spherical wavefronts. A new temporal mapping relationship
has been deduced to determine the real timing difference during
the decoding process. We believe this study is of significance for
the application of EO spatial decoding as a real-time electron
bunch timing monitor in LWFA.
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UV harmonics and proton generation from a thin-foil
target with the J-KAREN laser

Akito Sagisaka, Alexander S. Pirozhkov, and Hiromitsu Kiriyama

Advanced Laser Group, Department of Advanced Photon Research

High-intensity laser and plasma interactions produce
particle beams and electromagnetic waves such as high-energy
electrons, high-energy ions, and high-order harmonics [1-5].
High-order harmonics have been observed in the relativistic
regime with gas [6-8] and solid targets [9-12]. In a gas target,
burst intensification by singularity emitting radiation (BISER) is
observed [6-8]. In the case of a solid density target, the models
of harmonic generation in the relativistic regime include the
relativistic oscillating mirror model [3,13,14] and the sliding
mirror model [15,16]. In these models, the laser pulse reflected
from an oscillating or sliding overdense layer of plasma
electrons is modulated and its spectrum contains high-order
harmonics. High-energy protons have been observed at the rear
side of the thin-foil target [4,5]. In this experiment, UV
harmonics in the relativistic regime with protons using an
aluminum (Al) foil target irradiated with the J-KAREN laser are
observed.

The J-KAREN laser system [17,18] is used as a
high-intensity laser. The pulse duration of the laser in this
experiment is ~35 fs (FWHM). A schematic of the experimental
setup is shown in Figure 1. A p-polarized laser pulse is focused
with an off-axis parabolic mirror onto a target at an angle of
incidence of 45°. The estimated peak intensity is up to
~10% W/cm? with the effective pulse duration and effective spot
size [19]. The protons are measured with a stack of RCF and
CR-39 detectors [20-22]. The reflected UV harmonics are
measured with a fiber spectrometer [22,23]. The harmonic
radiation is scattered from a PTFE sheet [24,25] and passes
through a fiber. A UV harmonic spectrum obtained with a
2-um-thick Al target is shown in Figure 2 [22]. The sharp peaks

Protons

J-KAREN

Target laser

UV harmonics

Off-axis
parabolic mirror

Fig. 1 Schematic view of the experimental setup.
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are from hard X-rays generated by the laser—plasma interaction.
The third- and fourth-order harmonic peaks are broadened and
shifted on some shots. The red shift and broadening of the
harmonic spectrum can be caused by the Doppler shift at the
critical density [26-29] and the relativistic self-phase
modulation of the laser as it passes through the preformed
plasma [30,31]. The preformed plasma generation at the target
front side is considered from the spectral shift and broadening.

3.0
2.5
2.0

Intensity (arb. unit)

250

300
Wavelength (nm)

Fig. 2 UV harmonic spectrum with an Al foil target.
Reprinted with permission from [22].

The observation of UV harmonics in the relativistic regime is

useful for the diagnostics of the laser and thin-foil interaction.

High-energy protons are observed with a thinner target.
The maximum proton energy is ~39 MeV for a 0.8-um-thick Al
target. The third- and fourth-order harmonics are measured for
this shot. The integrated third-order harmonic signal as a
function of the deflection angle of the proton beam with
energies of from around 34 MeV to around 36 MeV obtained
from separate laser shots with various fluctuations is shown in
Figure 3 [22]. Vertical bars are error bars. Horizontal bars are
widths of the proton beam pattern. The deflection angle is taken
to be the angle between the proton beam toward the laser beam
direction and the target normal direction. The third-order
harmonic signal decreases with the deflection angle of the
proton beam rather than the proton energy, suggesting that the
target rear side deformation from the laser prepulse is likely the
relevant reason. This assumes that the UV harmonic intensity
decreases as the target front side preformed plasma and target
rear side deformation increase, considering that the change in
the preformed plasma is related to the fluctuation of the prepulse
condition.

Simultaneous generation of UV harmonics and high-energy
protons from a thin-foil target are observed in the relativistic
regime with the J-KAREN laser.
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Fig. 3 Integrated third-order harmonic signal as a function
of the deflection angle of the proton beam. THG stands
for third-order harmonic generation. Reprinted with
permission from [22].
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High-repetition, multi-MeV, pure proton source via Coulomb

explosion of micron-scale hydrogen cluster targets

Yuji Fukuda, Ryutaro Matsui and Hiromitsu Kiriyama

Advanced Laser Group, Department of Advanced Photon Research

Laser-driven ion acceleration has been one of the most active
areas of research over approximately the past decade, because
accelerated multi-MeV ion beams have unique properties that can
be employed in a broad range of applications, including nuclear
science, hadron cancer therapy, and fast ignition for inertial
confinement fusion. Recent advancements in laser-driven ion
acceleration techniques using thin-foil targets allow maximum
proton energies close to 100 MeV. From the perspective of
practical applications, high-purity proton beams with high
reproducibility are quite advantageous. In experiments using
thin-foil targets, however, protons from surface contaminants
along with high-z component materials are accelerated together,
making the production of impurity-free proton beams unrealistic.
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Fig. 1 Schematic of experimental setup for the cluster
size measurement using Mie scattering and for the gas
phase density measurement using a Nomarski
interferometer.

Here, we introduce a micron-scale hydrogen cluster,
composed of 108-1° hydrogen molecules, as a target to generate
impurity-free, highly reproducible, and robust multi-MeV proton
beams [1,2]. Because of the recent progress in intense laser
technology, advanced PW-class lasers can now achieve intense
laser fields of approximately 102> W/cm?. With such fields, all the
electrons inside a micron-scale hydrogen cluster up to 3.0 pm in
diameter can be fully stripped off, resulting in a pure Coulomb
explosion with a pronounced increase in the maximum
accelerated proton energies, scaled as Emax = 276(d/2)* MeV,
where d is the cluster diameter. For example, 100-MeV protons
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could be produced via the Coulomb explosion of a 1.2-pm-
diameter hydrogen cluster under irradiation by a laser pulse with
a peak intensity of 1.6 x 102! W/cm? [2]. The robust nature of the
Coulomb explosion mechanism offers an additional advantage
for practical applications.

Hydrogen clusters with diameters in the few-micrometer
range have been produced for the first time in an expansion of
supercooled, high-pressure hydrogen gas into a vacuum through
a conical nozzle connected to a cryogenic pulsed solenoid valve
[1,2]. The size distribution of the clusters has been evaluated by
measuring the angular distribution of laser light scattered from
them (see Fig. 1). The data were analyzed based on the Mie
scattering theory combined with the Tikhonov regularization
method, including instrumental functions, the validity of which
was assessed by performing a calibration study using a reference
target consisting of standard microparticles with two different
sizes. The size distribution of the clusters was found to show
discrete peaks at 0.33 £ 0.03, 0.65 + 0.05, 0.81 + 0.06, 1.40 + 0.06,
and 2.00 = 0.13 pm in diameter, as shown in Fig. 2.

0.33+0.03 i
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Fig. 2 Size distributions of hydrogen clusters measured
using the Mie scattering method at the pulsed valve
temperature of 25 K and the hydrogen gas pressure of 6
MPa.
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Fig. 3 Schematic of experimental setup for laser-driven
proton acceleration using the micron-scale hydrogen
clusters.



By using the micron-scale hydrogen cluster target, we have
conducted ion acceleration experiments at a focused laser
intensity of 1 x 10?2 W/cm? [3] with the 0.1-Hz PW-class J-
KAREN laser at QST-KPSI [4] (see Fig. 3). In order to
characterize the accelerated ions, we used the nuclear track
detector plates (CR-39), nuclear emulsion plates [5], and real-
time Thomson parabola equipped with a microchannel plate
(MCP), phosphor screen, and CCD camera. We have succeeded
in acquiring a proton-only signal at 0.1 Hz using the real-time
Thomson Parabola, which was installed at an angle of 57.4
degrees with respect to the beam axis (see Fig. 4). We also found
from the CR-39 that protons with a maximum energy of 12 MeV,
consistent with the numerical simulations [6], were accelerated in
the laser propagation direction.

/,J 43 2 1 0.5 MeV

765

Fig. 4 Single-shot proton signals detected using the
Thomson parabola spectrometer equipped with an MCP, a
phosphor screen, and a CCD camera. The maximum energy
was estimated to be approximately 7 MeV. The bright spot
is due to neutral particles and UV lights generated from the
irradiated target.

Looking to the future, the possibility of producing directional
quasimonoenergetic proton bunches at the energy level of 300
MeV, in combination with advanced PW-class lasers [7], is quite
promising for practical applications, because such beams are
inherently highly reproducible and free of impurities and debris.
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Analytical formulation for electron excitation in dielectrics
under an intense laser field

Tomohito Otobe

Ultrafast Dynamics Group, Department of Advance Photon Research

Electron excitation in dielectrics by an intense laser field is
the main process in laser—-matter interactions. Technical
developments in femtosecond laser processing have made it
possible to produce a nanoscale laser-induced periodic surface
structure (LIPSS), and to realize nonthermal ablation for
subwavelength resolution [1-4]. For femtosecond lasers, electron
excitation by multiphoton ionization and tunnel ionization is
crucial, because such nonlinear processes generate a controllable
free-carrier density and confine the material change to the focal
volume. Therefore, the prediction of the electron excitation rate
using theoretical models and/or numerical simulation is
important.

Keldysh proposed a theory for the rate of electron excitation
under an intense linearly polarized laser field [5]. His approach is
very general and can be used to describe the photoionization of
different objects from single atoms to crystals. Because of its
generality, the Keldysh model has attracted much attention and
has become one of the standard tools in the theory of laser
photoionization. For atoms and molecules, the Keldysh—Faisal—
Reiss (KFR) theory, which is an implementation of the original
Keldysh work, is one of the most important theories in
understanding the electron—laser interaction.

Jones and Reiss have developed a formula for the rate of
electron excitation under a circular polarized laser employing the
S-matrix theory [6]. Whereas the Keldysh formula treats the time-
dependent wavefunction of the valence and conduction bands as
the Houston function and includes only the reduced electron—hole
mass, the Jones and Reiss formula treats only the conduction band
as the Houston function (Volkov state) and includes the effective
mass of the valence and conduction bands independently.
Therefore, a direct comparison between the Keldysh and Jones
formulas is not relevant.

The purpose of this work is to construct an analytical
formula for the transition probability in dielectrics including
multiphoton and tunneling processes under a circularly polarized
laser. We derive the transition probability in a crystalline solid
under a circularly polarized laser, assuming a parabolic two-band
system and using the Houston function [7] as the time-dependent
wave function.

The total transition probability induced by the circularly

polarized laser is found to be
2A2P2 3/2

W, = 5%, [ dOsin6 (112_1(77') +]lz+1(17')) Ja @

where
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Here, J;(n) is the Bessel function.
The total transition probability induced by the linearly

polarized laser is found to be
zAzpz 3/2

w, = e YRy, [d0'sin 0 (Ji-1(a, B) +
]l+1(arﬁ)) \/_r (4)

where

K, = lw— (By +Up). (5)
Here, 8’ is the angle between the polarization direction and E,
and [, is the maximum integer [ at which x; > 0. Ji(a,f)
is the generalized Bessel function and U, = e?43/4uc is the
ponderomotive energy. a and S are defined as

er\/—lcos o1 e243
Viwc b= 8uwc?’ (6)
a-quartz is a typical dielectric used in nonlinear laser—matter
interaction studies, and we selected it here as an example with
which to illustrate the application of our developed formalism.
The transition probability (W) of a-quartz by linearly polarized
800-nm light is shown in Fig. 1 by a red solid line.

We assumed a band gap of 9 eV and reduced mass of 0.30m
[8]. W, calculated by the full expression of the conventional
Keldysh formula (dashed line) and tunneling limit (dot-dashed
line) are also shown in Fig. 1 for comparison. Our formalism
shows excellent agreement with the Keldysh theory. This result
indicates that our formula includes the multiphoton and tunneling
processes as the Keldysh formula does.

The transition rate induced by circularly polarized 800-nm
light as a function of laser intensity is illustrated in Fig. 2 as a
blue dashed line. The transition rate induced by linearly polarized
800-nm light is also shown as a solid red line. The power law of
the transition rate induced by the circularly polarized light is
slightly different from that for linearly polarized light, and higher
than that for linearly polarized light of higher intensity. Temnov
et al. [9] reported the ratio of the ionization rate around an
intensity of 1 x 10'3 W/cm?. From the relationship between the

This work
---= Keldysh
—-=- Keldysh tunnel limit
- = o

Transition Rate (1/fs)
>

10

14

Intensity (W/on®)

Fig. 1 Transition probability as a function of laser intensity
for linearly polarized 800-nm light in a-SiO2. The red solid
line represents the excitation rate determined by our
formalism, the blue dashed line represents the excitation rate
based on the full expression of the Keldysh theory, the green
dotted line represents the tunneling limit of the Keldysh
theory, and the black dot-dashed line represents the simple
six-photon process.



intensity in vacuum ( I,,) and that in media (I,,,), I, = €*/?1,,

where ¢ is the dielectric constant, 1 x 103 W/cm?
corresponds to 4 x 1012 W/cm? in Fig. 2. The experimental
value for the excitation rate ratio W_/W, is 0.3. Our result
gives ratios of 0.1-0.2 at (2 x 102)-(1 x 10'3) Wi/cm?,
which is in reasonable agreement with the experimental value.
We extended the Keldysh-type formula for the solid state under
an intense circularly polarized laser, assuming the Houston
function for the valence and conduction bands. Because our
formula depends only on the reduced mass, it can be directly
compared with the Keldysh formula. Our simple formula
describes the electron excitation rate, reproduces the Keldysh
formula with excellent agreement for a-quartz, and makes it
possible to separate the contribution of each [-photon process
with linear or circular polarization. The ratio of the rate of
transition under linear polarization to that under circular
polarization determined using our formula shows reasonable
agreement with the experimental results.
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o
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27 L e e e e e
10" 10" 10

Intensity (W/cmz)
Fig. 2 Transition probability as a function of electric field
intensity for linearly polarized (red solid line) and circularly
polarized (blue dashed line) light.
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Spatiotemporal characterization of VUV pulses by plasma-
mirror frequency-resolve optical gating

Ryuji Itakura, Hiroshi Akagi, and Tomohito Otobe

Ultrafast Dynamics Group, Department of Advanced Photon Research

High-order harmonics of femtosecond laser pulses are
known to be a powerful tool for time-resolved photoelectron
spectroscopy and transient absorption spectroscopy of atoms and
molecules. Short-wavelength pulses generated as high-order
harmonics are also sensitive probes into laser plasma with a high
density of excited electrons on the surface of solid materials,
because the plasma resonance frequency is proportional to the
square root of the density of excited electrons. Recently, we
demonstrated that time-resolved vacuum ultraviolet (VUV)
reflection spectroscopy is applicable to the characterization of
VUV pulses and to the extraction of reflectivity changes in
ultrafast plasma formation [1, 2]. In this study, we carefully
investigate not only the temporal characteristic, but also the
spatial mode of plasma reflection.

The output pulses of a Ti:Sapphire laser (80 fs, 795 nm, 10
Hz) are focused on a Xe gas jet for high-order harmonic
generation. The fundamental (w) and fifth harmonics (5w) are
separated with a multilayer mirror for 160-nm reflection. After
adding a delay between ®» and 5w, two beams are colinearly
recombined and focused on a transparent solid target of fused
silica (FS). The target is continuously moved with a two-
dimensional motorized stage such that the fresh surface is
irradiated with laser pulses. Time-resolved VUV reflection
spectra of FS are measured with a Seya—Namioka-type VUV
spectrometer equipped with an imaging detector at the exit.

In the analysis, we improve the FROG iteration procedure
based on the least-squares generalized projections algorithm [2].
As a result, the Fresnel reflection of the unexcited FS surface is
included in the time-dependent reflectivity. The retrieved
reflectivity is normalized by setting the reflectivity of the
unexcited FS to unity. The spectrum component only by the ®
irradiation is subtracted from the spectrum measured by the
irradiation of both ® and 5.

The two-dimensional (2D) image at the exit of the
spectrometer is recorded by a CCD camera in shot-by-shot mode.
A raw single-shot image on the phosphor screen is shown in Fig.
1, where the horizontal axis is transformed to the wavelength and
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Fig. 1 Raw image of reflected VUV beam at the exit of VUV
spectrometer.

the vertical axis represents the spatial coordinate of the VUV
beam in the vertical direction on the screen.

From the central part (175 <y < 190 pixels) in the vertical
distribution, time-resolved VUV reflection spectra are obtained
as shown in Fig. 2(a). In the negative-delay region, the weak
Fresnel reflection of the unexcited FS surface is observed.
Around zero delay (7= 0), the plasma is formed by the pump ®
pulse and then the reflectivity rapidly increases.

Through the FROG analysis based on the LSGPA, we can
successfully retrieve the time-resolved reflection spectra as
shown in Fig.2(b). The 5w pulse shape and temporal reflectivity
are simultaneously characterized as shown in Fig. 3(a) and 3(b),
respectively. The pulse duration of the 5 pulse is extracted as 20
fs, which is nearly the Fourier-transform limit. The reflectivity of
FS increases to the maximum Rmax from the Fresnel reflectivity
Ro within the o pulse duration of 80 fs. Thus, it is demonstrated
that the 20-fs duration of the 5w pulse can be characterized by
PM-FROG, even if the rise time of the plasma reflectivity is
longer than the 5w pulse duration.

Next, we examine the spatial dependence of the 5m
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Fig. 2 Time-resolved reflection spectra of plasma mirror on
FS. (a) Measured and (b) retrieved results.
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Fig. 3 (a) Retrieved 5w pulse-shape. (Red circles: intensity,
blue line: relative phase). (b) Time-dependent reflectivity
(red circles) and its phase (blue line) of the plasma mirror.
Reflectivity is normalized with the Fresnel reflectivity Ro of
the unexcited FS surface.
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Fig. 4 Time-resolved spatial (vertical) profile of the reflected
5m beam. The signal caused solely by pump-laser irradiation
is subtracted.

waveform. The vertical spatial profile of the 5 beam is obtained
by integrating over the wavelength range between 159.1 and
161.2 nm. The temporal variation of the spatial profile is shown
in Fig. 4. It is clear that there are two types of temporal behavior
in the reflectivity. After the rapid increase, the reflectivity
decreases almost to the initial value Ro at the delay of z=4 psin
the spatial region below y = 210 pixels. In the region above y =
210 pixels, a singularly slow decay of the reflectivity can be
observed. It is known that a Seya—Namioka-type VUV
spectrometer has inherent astigmatism. In other words, a high
spectral resolution is achieved at the sacrifice of the vertical
focusing. Nevertheless, a strong spatial dependence of the time-
resolved reflectivity appears in the present measurement. It is
worth discussing the spatial property of the plasma reflectivity
qualitatively.

The maximum reflectivity Rmax depends on the spatial
region. This is attributed to the excited electron density governed
by the spatial intensity profile of the pump  beam, which should
have the highest intensity in the spatially central part. As a result,
the spatial distribution of the excited electron density exhibits the
peak in the central region of the beam. The dependence of the
reflectivity on the distance from the center reflects the spatial
distribution of the excited electron density, as previously reported
by Siegel et al. [3]. Although the reflectivity strongly depends on
the spatial region, the VUV waveform is almost independent of
the spatial region. In other words, the waveform of the VUV pulse
is measured to be spatially uniform.

In addition to the major component, the singularly long
decay component is also identified in the upper edge region of
210-230 pixels of the time-resolved spatial profile. This long
decay is attributed to the reflection at the outermost ring of the
ablation crater, where the fused silica surface survives after the
ablation [3]. Although photoexcitation takes place at the
outermost ring, the removal of the atomic layer hardly occurs. A
certain amount of the atomic density is maintained at the
outermost ring after the laser pulse irradiation, whereas the
spallation takes place in the spatially central region. The decay
rate in the upper edge region is expected to be governed
dominantly by the electronic relaxation in the absence of ablation.

Further, it is found that the long decay component shifts
spatially upward in the vertical direction as the delay increases.
This shift reflects the dynamics occurring at the outermost ring.
Material densification was proposed as a possible mechanism [3].
The spatial shift measured in this study is an indication of the
radial expansion of the densification ring.

In summary, we demonstrated that a nearly Fourier-
transform-limited VUV pulse with a pulse duration of 20 fs can
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be characterized by PM-FROG. In addition, the temporal
waveform of the VUV pulse is measured to be spatially uniform,
whereas the reflectivity depends on the spatial profile of the
plasma mirror. The spatial characterization of the VUV pulse
becomes more important because of the rapid progress of ultrafast
microscopy and coherent diffractive imaging in the short-
wavelength  region. Simultaneously, the spatiotemporal
dependence of the reflectivity is also obtained by PM-FROG. The
measurement technique of PM-FROG will be able to make a
substantial contribution to ultrafast imaging in the VUV region.
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Development of a tender X-ray emission spectrometer with an
aperiodic Ni/C multilayer grating

Takashi Imazono

X-ray Laser Group, Department of Advanced Photon Research

X-ray emission spectroscopy (XES) is a powerful tool for
studying the electronic structure of materials. Recently, with the
advent of high-brilliance synchrotron radiation sources, XES
studies in the photon energy range between approximately 1 and
5 keV, the so-called tender X-ray range, have gained increased
attention. In our previous study, a flat-field spectrometer
equipped with an aperiodic W/B4C multilayer-coated varied-line-
spacing (VLS) grating for use in combination with electron
microscopes was developed, and high-resolution X-ray emission
spectra in the tender X-ray range were successfully measured at
a constant angle of incidence, i.e., with no mechanical movement,
which is a necessary condition to be installed in a transmission
electron microscope (TEM) [1,2]. The aperiodicity of the
multilayer structure on the VLS grating originates from the
topmost bilayer with a larger thickness than the other W/B4C
bilayers. This plays a role in enhancing the reflectance of the
longer wavelengths based on a similar principle to hard X-ray
supermirrors; it contributes a uniform diffraction efficiency over
the range 2-4 keV. In spite of the fact that XES measurements in
the range 1-2 keV, in which various X-ray emission lines are
observed, are also regarded as important in materials science
research, it is difficult to effectively detect and resolve X-ray
emissions in the range with this spectrometer, because of the Mass
absorption edges of tungsten in addition to the spectral resolution
reduction. We have invented aperiodic Ni/C multilayers capable
in covering the energy range 1-3.5 keV at constant angles of
incidence, and developed a flat-field spectrometer equipped with
a VLS grating and a pre-focusing mirror coated with these Ni/C
multilayers [3]. Such a pre-focusing mirror is useful not only for
collecting divergent X-ray radiation in a wide variety of
measurements, but also for preventing ablation debris from the
source point from reaching the optical components of the system
in laser plasma X-ray measurements. We herein report on the
spectrometer performance evaluated from the linewidths of the
various characteristic X-ray lines from 1 to 3.5 keV.

Figure 1(a) shows a schematic diagram of a flat-field grating
spectrometer with a pre-focusing mirror. Light from a light source
So passes through a bandpass filter F and irradiates a toroidal
mirror M of tangential and sagittal radii of curvature 12000 and
28 mm, respectively, at an angle of incidence gm = 88.40°. The
light transmitted through an entrance slit S is incident onto a
spherical VLS grating G at an angle of incidence o = 88.53°,
where we have assumed the identical grating parameters to those
of the previously described W/B4C multilayer grating, except for
the coating: an effective grating constant of 1/2400 mm, a groove
depth of 2.8 nm, a duty ratio of 0.5, and a radius of curvature of
11200 mm [1,3]. Note that this spectrometer, of which the length
from S to X is approximately 0.5 m, is quite compact compared
to other grating spectrometers being used in synchrotron radiation
beamlines. Based on ray tracing results, it is found that the
resolving power E/AE varies from 400 to 1200 over the range 1
to 3.5 keV, and is dominant to the pixel size of the detector used,
which means that the aberration from the grating and mirror is
small enough.
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Figure 1(b) shows a schematic diagram of an aperiodic Ni/C
multilayer consisting of two blocks. One is a periodic Ni/C
multilayer: the thickness of a Ni/C pair is D1, the ratio of the C
thickness to D1 is y1, and the number of layers is N1. The other is
an inverted C/Ni bilayer on the periodic multilayer: the thickness
is D2, the ratio of the C layer thickness to Dz is y2, and the number
of layers is N2 = 2. Just like the previous W/B4C multilayer, the
aperiodicity of this multilayer originates from the topmost bilayer
including the continuous Nith and (N1 + 1)th C layer, which
cannot be distinguished. A conventional multilayer mirror with a
constant period thickness exhibits high reflectivity, but the
bandwidth is too narrow to cover the energy range 1-3.5 keV at
a fixed angle of incidence. The reflectivity of the aperiodic Ni/C
multilayer can be improved by optimizing the inverted C/Ni
bilayer, resulting in D1 = D2 = 5.6 nm, y1 = 0.5, N1 = 80, and y2 =
0.2 for the grating; and D1 = D2 = 7.5 nm, y1 = 0.5, N1 = 80, and
y2 = 0.2 for the toroidal mirror [3]. Multilayer films were
deposited by ion beam sputtering on a gold-coated laminar VLS
grating manufactured by Shimadzu Corporation and a toroidal
substrate made of synthetic quartz. The multilayer periods
corresponding to D1 were evaluated as 5.77 nm for the grating
and 8.01 nm for the toroidal mirror.

Figure 1(c) shows a comparison of the measured first-order
diffraction efficiencies of the aperiodic Ni/C multilayer grating
(AMG) and the gold-coated grating (AuG) as a function of the
incident X-ray energy. The large efficiency reduction at
approximately 2.2 keV in the AuG completely disappears after
the multilayer coating, and the diffraction efficiency has been
improved in the wide range from 2.1 to 3.5 keV. It seems that the
unmeasured data between 1.2 and 1.7 keV can be interpolated
reasonably well; the AMG has a highly uniform diffraction
efficiency over the 1-3.5 keV range. Similarly, the aperiodic Ni/C
multilayer-coated toroidal mirror achieves sufficiently high
reflectivity throughout the range of interest, although there is an
unmeasured datapoint and a discrepancy between the calculation
and experiment below 2 keV (not shown in this paper).

The performance of the flat-field grating spectrometer in
combination with the pre-focusing mirror was evaluated by
measuring various characteristic X-rays of materials, such as a
Cu(In,Ga)Sez-based thin-film solar cell, which is referred to as
CIGS and is one of the extensively researched photovoltaic thin-
film solar cells [4]. Figure 1(d) shows the X-ray emission spectra
from a CIGS solar cell specimen (EnerPlex) excited by electron
beam with an 8-kV accelerating voltage: La and Lp1 of Cu, Zn,
and Mo; La, L1, LBsa, LI, and Ly of Ga and Se; and La of In.
Note that La denotes the La1,2 doublet. It is considered that Zn
and Mo originate from the front and back electrodes of ZnO and
Mo, respectively, which sandwich the CIGS absorber layer in the
solar cell. The oxygen Ka line was also clearly observed (not
shown in the figure). The full-widths at half maxima (FWHMs)
of the La line are as follows: 4.9 eV for Cu; 26.1 eV for In; 4.6
eV for Ga; 6.1 eV for Se; 3.8 eV for Zn; 14.2 eV for Mo. They
are summarized in Fig. 1(e). In addition, the FWHM s of the Ko,
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FIG. 1 (from Ref. [3]). (a) Schematic diagram (not to scale) of a flat-field grating spectrometer with a pre-focusing mirror. (b) Schematic diagram of
an aperiodic Ni/C multilayer. (c) Comparison of the measured diffraction efficiencies of the aperiodic Ni/C multilayer grating (AMG) and the gold-
coated grating (AuG). (d) Measured X-ray emission spectra from a CIGS solar cell specimen. (e) Plot of FWHM s of the Ka, La, and Ma lines versus
the centroid energy. The solid lines represent the linewidths corresponding to the energy resolutions E/AE of 100, 200, and 300. The squares indicate
the FWHMs of the Al-Ka and In-La spectra measured with the former spectrometer equipped with an aperiodic W/B,C multilayer grating for the 2—

4 keV range [2].

La, and Ma lines of other elements measured in this study are also
plotted for comparison. The solid lines represent the bandwidths
corresponding to energy resolutions E/AE = 100, 200, and 300.
The spectral resolution is over 200 between 1.0 and 1.8 keV and
achieves ~270 at the Si-Ka and Zn-La lines. This value is one
order of magnitude higher than that of a conventional energy-
dispersive X-ray spectrometer (EDS) and twice as high as that
measured with the former spectrometer equipped with an
aperiodic W/B4C multilayer grating for the 2—4 keV range, as
indicated by the squares [2]. The FWHM of the In-La line
broadens by 4.1 eV but can be regarded as almost equivalent.
Thus, considering the fact that both the Ni/C and W/B4C
multilayer gratings have the same grating parameters, it is
determined that the flat-field spectrometer equipped with the
Ni/C multilayer grating has been well optimized for low energy
down to 1 keV, while maintaining high resolution near 3.5 keV.
This indicates that high resolution as well as wide coverage over
the 1-3.5 keV range has been successfully achieved. Furthermore,
the energy resolution of this spectrometer can be relatively easily
improved by replacing the detector with one of higher spatial
resolution, but is still inadequate for ultrahigh-resolution
spectroscopy applications, such as chemical shift detection and
resonant inelastic X-ray scattering (R1XS) measurements.

In summary, we developed a flat-field grating spectrometer
with a pre-focusing mirror for use in the 1-3.5 keV range. The
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VLS grating and the toroidal mirror have been coated with
aperiodic Ni/C multilayers to cover this range at constant angles
of incidence. The spectrometer performance was evaluated by
synchrotron radiation reflectometry and by measuring various
characteristic X-ray lines. It is concluded that the spectrometer is
a promising tender X-ray spectroscopy instrument, capable of
clearly and simultaneously observing X-ray emissions in the 1—
3.5 keV range without any mechanical movement, and provides
a new opportunity to perform various XES studies, such as in
situ/operando measurements and single-shot measurements.
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Formation of ablation structures on aluminum films by
picosecond soft X-ray laser pulses

Masahiko Ishino

X-ray Laser Group, Department of Advanced Photon Research

The development of short-pulse lasers with picosecond or
femtosecond duration has advanced dramatically. The direct
interaction of a laser pulse with matter is ablation. As a result of
the interaction, laser pulses produce high temperature and
pressure, light emission, and ablation structures. One of the
attractive and important subjects in laser—matter interaction is
soft X-ray laser (SXRL) ablation, because the ablation threshold
of the SXRL is lower than that of optical- or long-pulse lasers
[1] and the modification structures depend on the target materials
[2, 3]. In addition, the wavelength of the SXRL is shorter than
that of optical lasers, such that the SXRL has an ability to draw
characteristic nanometer-scale patterns directly on the material
surface. The low ablation threshold is connected to the possibility
of efficient surface machining. Therefore, it is important to study
the ablation phenomena of short-pulse lasers for nanometer-scale
applications such as surface machining with three-dimensional
structures. However, to study the ablation process more deeply

and accurately, many similar types of samples have to be prepared.

In this paper, we report on experimental results of SXRL ablation
of Al film occurring in a relatively low-fluence region [4]. The
ablation structures were compared with those on a bulk target.
Based on the experimental results and theoretical predictions, we
discuss the growth process of the ablation structure.

Al film targets were fabricated by a vacuum evaporation
method. Si wafers and polished LiF crystals were used for
substrates. The nominal thickness of the deposited film was
observed by a quartz oscillator thickness monitor. The actual film
thickness was measured by a stylus surface profiler, and the
evaluated film thickness was approximately 0.6 pum.

The SXRL irradiation experiment was performed at the X-
ray laser facility at Kansai Photon Science Institute. The SXRL
was generated from Ag plasma media using an oscillator—
amplifier configuration. The characteristics of the SXRL pulse
were 13.9 nm in wavelength and 7 ps in pulse width. The SXRL
pulse was focused on the sample surface using a Mo/Si
multilayer-coated spherical mirror. The full width at half
maximum of the focal spot was 30—40 pm in diameter. Zi filters
with various thicknesses (for example, 0.1 or 0.2 um, or
combinations thereof) were used as X-ray attenuators. Typical
fluences on the target surfaces, which were evaluated as averaged
values, were estimated to be 10-30 mJ/cm?. The average fluence
was derived from the irradiation energy divided by the focal spot
size.

Figure 1 shows the ablation structures on the Al film
observed by a scanning electron microscope (SEM). The ablation
structure was formed by a single-shot of the SXRL pulse with the
average fluence of 30 mJ/cm?. Two types of structures, i.e.,
ablation holes and projections (or protuberances or nanoparticles)
were confirmed. A hole was formed by the high-intensity portion,
and projections appeared in the lower-intensity parts. The
distribution of the features of the focal pattern represented the
distribution of the gain structure in the SXRL plasma, because the
spherical mirror reconstructs a reduced image of the SXRL
source. Therefore, the ablation structure had complex features. In
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the SXRL concentrated-energy part, deep holes formed. Around
the holes, nanometer-scale structures with rims appeared. A low-
fluence case around the ablation threshold (~15 mJ/cm?) is shown
in Fig. 2. Around the ablation threshold region, nanometer-scale
projections are confirmed in micrometer size-modified areas
within rims. The rims have heights of several hundred
nanometers, and the heights of the rims have almost constant
values, independent of the deposited pulse energy. These rims
may be the remains of domes, which are linked to the spallation
process by the short-pulse laser irradiation.

Based on the experimental result and the theoretical
discussion [4], we anticipate one possibility of the formation of
the ablation structure, such a nanometer-scale projection in the
modified area and rims, by the SXRL irradiation. Figure 3 shows
a growth model of the ablation structure on the Al surface. When
the SXRL pulse with a fluence of F irradiates onto the Al surface,
the SXRL is absorbed and creation of a heat-affected zone (HAZ)
starts during the laser duration. In the case of SXRL ablation, we
can consider that the absorbed fluence, Fans, is equal to F owing
to the strong interaction of soft X-rays with matter. When Faps is
small and significantly below the ablation threshold, Fan, the
cooling of the HAZ proceeds quickly because of the conductive
cooling between the HAZ and target body. If Fans is larger than
the nucleation threshold, Fnuci, but smaller than Fapi (Fruct < Fabs
< Fani), nucleation takes place and foam appears in the HAZ. This
foam remains under the surface [5]. When Fas is slightly above
Fabi (Fabl < Fabs), the foam inflates and this inflation causes the
expansion of the surface and the appearance of a dome structure.
The swelling of each region of foam perturbs the melting layer of
the HAZ, which causes the appearance of nanometer-scale
projection structures. Then, the roof of the dome separates from
the bottom of the HAZ, and a spallation shell appears around the
100-ps timescale [2, 6]. Because of the strong thermal contact
between the crater (bottom of the HAZ) and target body,
nanometer-scale projection structures freeze under the spallation
shell before they are smoothed by surface tension. In contrast, the
cooling of the spallation shell proceeds much more slowly than
that of the crater, because cooling proceeds through the ring
around the crater, where the spallation shell contacts with the
target body. If Faps is insufficient, the spallation shell freezes
while contacting the target body. However, if Fans is significantly
above Fanl, the spallation shell will fly away. The radiative
cooling rate is much smaller than the conductive cooling rate,
such that the temperature of the spallation shell remains in a hot
liquid state for a long time interval. High pressure exists in the
domes before breaking and exists in the remaining domes. In the
growing domes during the SXRL irradiation, a non-equilibrium
state, such as warm dense matter, is created. To confirm such a
physical interpretation, a detailed study of SXRL ablation will be
needed. After carrying out systematic ablation experiments by
using film targets and a femtosecond SXRL source, such as an X-
ray free electron laser, we will report on the results.

Previously, has been indicated that the modification of the
Al surface formed by the low-fluence region may occur without



ablation [7]. The zone of surface modification with
nanostructures was determined by the melting threshold. The
nanoscale surface modification is due to the splash of molten
metal under the fluence/temperature gradient of the laser beam
[7-9]. Such a modification is more appreciable with an X-ray
laser pulse, as local temperature gradients may be larger than for
an optical pulse, and the modification is considered to be formed
in the lower-limit region of the spallation/ablation threshold. The
modified structure formed by picosecond SXRL pulse exposure
is quite particular, especially in a relatively low-fluence region.

It must be stressed that ablation structures obtained by 0.6-
um-thick Al film were the same as those on bulk targets. By using
films of sufficient thickness (> 0.5 um), we can obtain the same
results as with bulk targets. This method does not require
expensive surface polishing of the bulk target.

In this study, we irradiated SXRL pulses onto Al film, and
compared the differences in the ablation structures between on
the film and bulk surfaces. The ablation structures appearing on
0.6-pm-thick Al films were the same as those on bulk targets.

The irradiation of SXRL pulses around the ablation threshold
formed nanometer-scale projection structures in a micrometer
size-modified area with rims. The heights of the rims are
independent of the SXRL fluence, and have nearly constant
values. Based on the spallation phenomenon, we proposed a
growth model of the ablation structure on the Al surface. When
the absorbed fluence is larger than the nucleation threshold,
nucleation takes place and foam appears in the HAZ. The foam
inflates and causes the expansion of the surface. The swelling of
each region of foam perturbs the melting layer of the HAZ, which
causes the appearance of nanometer-scale projection structures.
The expansion surface layer separates, and a spallation shell
appears. Nanometer-scale projection structures freeze under the
spallation shell before they are smoothed by surface tension,
because of the strong thermal contact with the target body. In
contrast, the cooling of the spallation shell proceeds much more
slowly than that of the crater, because of the weak thermal contact
with the target body through the ring around the crater. When the
absorbed fluence is significantly above the ablation threshold, the
spallation shell will fly away, which is called spallation.
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Fig. 2. Magnified SEM image of the ablation structures on Al film
by the SXRL pulse with a fluence around the ablation threshold.
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Fig. 3. Growth model of ablation structure on the Al surface.
Absorption of the SXRL pulse energy causes the creation of the
HAZ. If the Fabs is larger than Fnuc, foam appears in the HAZ.
When Fabs is slightly above Fapi, the inflation of the foam causes
the expansion of surface and the appearance of the dome structure.
If Faps is insufficient, the spallation shell freezes on the surface. If
Fabs is significantly above Fabi, then the spallation shell flies away.



Research Activities in Department of Quantum Beam Life
Science

Naoya Shikazono (Director)

Department of Quantum Beam Life Science

In the Department of Quantum Life Science, the three
laboratories use quantum beams, such as ionizing radiations and
lasers, as well as computer simulations to advance fundamental
research contributing to the development of life science and also
applied research useful for society, such as medical care. Figure
1 shows an overview of the main focus of research in the
department. Based on the very small and very fast processes after
irradiation, groups in the department mainly study the molecular
dynamics of cellular molecules and also cellular responses to
various stimuli. The research contributes to basic life science, by
proposing novel ideas in radiation biology, and revealing the
underlying molecular mechanisms of various biological
phenomena. Our activities are also expected to lead to innovative
developments of laser equipment in medical care.

In the Radiation-Induced DNA Damage Group, in order to
clarify the mechanism by which radiation affects living
organisms, the members are now focusing on the development of
an efficient detection method of a specific type of DNA damage
that is considered to be difficult to repair by the cell. The group’s
interests are not only limited to the detection of DNA damage,
but also relate to what is happening at the very early stages after
irradiation. This time scale is well before the generation of DNA
damage, and the group is mainly looking at the movement of
secondary electrons with Monte-Carlo simulations. The latest
findings regarding the effects of the heavy-ion track potential are
shown in this annual report. Another topic shown in the report is
on the configurational fluctuation of the water molecules. The
behavior of water confined in a reverse micellar solution has
been studied by absorption spectroscopy.
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The Molecular Modeling and Simulation Group is aiming to
understand the in vivo function of biomolecules from the atomic
level. The group uses computer simulations and bioinformatics
together with scattering data obtained by various types of
radiation, such as X-rays, neutrons, and electrons. The main
research target is to discover how the dynamics of
protein/DNA/RNA  complexes relate with transcription,
translation, replication, and repair. The group has been working
on the nucleosome dynamics and has found that the
dimethylation of arginine has a strong effect thereon. The details
are shown below in this annual report. Another topic with which
the group has been engaged is the stability of the nucleosome.
They found that the transcriptional direction strongly correlates
with the DNA sequence wrapped around the nucleosome core.
The results are also described later in this report.

One of the research targets of the Medical Laser
Applications Group is to develop a palm-sized non-invasive
blood glucose sensor by combining an advanced solid-state laser
and optical parametric oscillation technology. The sensor would
not require blood sampling, and would therefore need not to
pierce the needle into one’s finger or hand. The sensor device
allows the measurement of blood glucose only by touching it
with a finger. The development of such a device would greatly
impact the field of medical care. Another main research target of
this group is to develop a microspectroscopic imaging system
for histopathology using a mid-IR laser. The apparatus aims to
feasibly distinguish normal and tumor tissues in a sliced sample.
The current status of the development of this imaging system is
also presented in this annual report.



The department aims to contribute to the elucidation of the basic principles of life,
as well as to the application in the field of medical care, using cutting-edge
quantum beam technology and advanced computer simulations.
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Distinct Influence of Arginine Dimethylation on Nucleosome
Dynamics using All-atom Simulation and Kinetic Analysis

Zhenhai Li and Hidetoshi Kono

Molecular Modeling and Simulation Group, Department of Quantum Beam Life Science

Eukaryaotic cells store the genomic DNA in the repeating
basic units, nucleosomes, each of which consists of a histone
octamer core and DNA wrapped around the core ~1.7 times.
The core is formed by the globular domains of two copies each
of the H3, H4, H2A, and H2B histone proteins[1]. The stability
and dynamics of a nucleosome are regulated by the interaction
between histone proteins and DNA, which sterically obstructs
the access to the genes stored in the nucleosomal DNA and
impedes both DNA transcription and replication[1-3]. Different
mechanisms have been found to alter DNA-histone core
interactions: replacement of canonical histones with their
variants and post-translational modifications (PTM) in the
histone core. Histone proteins are found to be heavily decorated
with PTMs, including acetylation, methylation, phosphorylation,
ubiquitinylation, etc. These PTMs either directly affect the
histone-DNA interaction or provide a scaffold to recruit
regulatory proteins, and eventually promote or repress gene
expression and replication. The downstream events of the PTMs
are determined by the types and locations of the modifications[4,
5]. Recently, certain PTMs in histone globular domains were
identified, such as PTMs on Tyr 41, Arg 42 and Lys 56 of H3,
and Lys 77 and Lys 79 of H4, which are all located at the DNA—
histone interface, and Lys 91 and Lys 92 of H4 located at the
histone-histone interface[4, 5], though numerous studies have
focused on PTMs in the intrinsically unstructured histone tails[6,
7]. Among these amino acids, Arg 42 of H3 (referred to as
R42), which is located at the entry/exit region of a nucleosome,
is conserved across species[8] and was found to be dimethylated
in mammalian cells[9, 10]. Casadio et al. showed that the
asymmetric dimethylation of R42 (R42me2a) in vitro promotes
gene transcription[9]. Later, Yaseen et al. found the R42 in a
host cell nucleus can be dimethylated by a micobacteria-
secreted protein, Rv1988, which in turn represses the host gene
transcription, and eventually impedes the host immune
response[10].

The arginine can be methylated twice symmetrically or
asymmetrically, and owing to the possible rotation around the
central carbon-nitrogen bond in the guanidinium group, two
symmetric dimethylarginine stereoisomers, anti-syn and anti-
anti symmetric dimethylarginine, exist [11]. However, because
it is difficult to examine the atomic arrangement of dimethylated
R42 experimentally and numerous molecular dynamics (MD)
simulations have been performed to study the PTM in
nucleosomes, showing the advantage of MD methods in this
field[12-16], we carried out a series of replica-exchange
molecular dynamics (REMD) simulations on a group of
nucleosome variants, with and without modifications of R42.
These include the unmodified R42, R42me2a, two
stereoisomers of R42me2s (indicated by anti-anti R42me2s and
anti-syn R42me2s), and a mutant, R42A (Fig. 1).

The REMD simulations clearly showed that the R42me2a
and R42A (Arg was mutated to Ala) nucleosome adopted a
relatively opened conformation compared to the unmodified
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nucleosome (Fig. 1B, C&D). By adopting the methods of
protein folding kinetics analysis with REMD, we obtained the
opening/closing rates of the entry/exit DNA (Fig. 2A&B). The
kinetics show that the asymmetric methylations and R42A
mutation promoted the opening rate and impeded the closing
rate of the nucleosome, which was not observed in the
symmetrically methylated nucleosome (Fig. 2C). These findings
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Fig. 1. Spatial distributions of linker DNA tip obtained by
REMD simulations: (A) superposition of unmodified R42,
R42me2a, R42A, R42me2saa, and R42me2sas
nucleosome variants; (B) superposition of unmodified and
each of them; (C) the opening angle distribution and
average; (D) the energy landscape.



highlight the distinct effects of R42me2a and R42me2s
modifications on the nucleosome structure and dynamics, which
explains the distinct gene activities observed in previous
studies[9,10]. Furthermore, this study unravels the delicate
mechanism of nucleosome structure regulation by the
dimethylation of R42 and provides an understanding of the
different effects from the different dimethylation constitutional
isomers on the atomic level.
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Fig. 2. A. A criterial angle is an angle between the selected
criterial and the dyad axes, which defines the nucleosome
DNA opening state. The nucleosomal DNA is defined as
open when the DNA axis is above the criterial axis, and
vice versa. B. Trajectories of the closed fraction of all the
replicas (thinner lines) of the nucleosomal DNA with a
criterial angle of —42°. Different nucleosomes and the fitted
fraction trajectories (thicker lines) are shown in different
colors. C. Computed opening rates (left), closing rates
(middle), and equilibrium constants (right) with a criterial
angle at —42°. The color code in (B, C) is the same as in
Figure 1C.
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Transcriptional Direction is Likely to be Encoded by Sequence
as in a Form of Nucleosome Stability

Luo Di and Hidetoshi Kono
Molecular Modeling and Simulation Group, Department of Quantum Beam Life Science

We have been studying the expression of eukaryotic genes
in cell nuclei. In the nucleus, the genome is stored as chromatin,
whose fundamental structural unit is a nucleoprotein, a so-called
nucleosome. Differentiated cells express their specific genes
though all the cells in our body essentially have a common
genome. What mechanism determines or controls which genes
are expressed? This is one of the central topics in biology. We
realized that the base composition has a biasing in +1
nucleosomes of yeast. In nucleosomes, AA (or TT) or AAAA
(or TTTT) sequences are rich in the first half of nucleosomal
DNA (Fig. 1) [1]. This study investigates the meaning of these
sequence patterns in the gene expression.

Eukaryotic genes are organized in arrays of nucleosomes
initiated from their transcription starting sites (TSS). The first
nucleosomes in these arrays, termed as +1 nucleosomes, are
highly positioned, and lead to downstream nucleosomes (i.e., +2,
+3 ...) of gradually decreased positioning. Such a pattern of
nucleosome organization of genes has been found in many
species, although the reason behind this is still under
investigation.

As the first hurdle to DNA transcription, +1 nucleosomes
have been found to play critical roles in gene regulation. It has
been reported that +1 nucleosomes interfere in transcription
elongation by enhancing RNA Polymerase 11 (Pol Il) pausing at
the promoter-proximal region. The stall enhanced by +1
nucleosomes can serve as a break to recruit factors for
transcription elongation and pre-mRNA processing.

Furthermore, genome-wide analyses have shown that +1
nucleosomes, especially of active genes, are largely subjected to
histone variant substitutions and histone modifications. The
histone variant H2A.Z is found to be prevalent in the +1
nucleosomes of yeast; by replacing the canonical histone H2A,
it can stimulate histone turnover and destabilize +1 nucleosomes
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for gene activation. Histone modifications such as acetylation,
methylation, and phosphorylation have been extensively studied
in terms of their effects to perturb nucleosome structure and/or
regulate molecular recognition by transcription factors and
chromatin remodelers. The frequent presence of these
modifications in the +1 nucleosomes is believed to play an
important role in modulating DNA accessibility in nucleosomes
and facilitating sequential binding events for Pol Il transit.
Nevertheless, spontaneous site exposures of nucleosomes have
also been observed under physiological conditions in vitro,
indicating the inherent dynamic nature of nucleosomes. DNA
sequence, which can encode DNA-histone interactions and
DNA bending mechanics, should also play a non-negligible role.
In this work, we examined the role of DNA sequence on DNA
accessibility in the +1 nucleosomes of budding yeast by using
micrococcal nuclease (MNase).

MNase is an endo- and exo-nuclease, which can
specifically break down the phosphodiester bond between
adjacent nucleotides in the presence of calcium ions and in a pH
range from 8.6 to 10.3. The crystal structure of MNase
complexed with a 3°, 5’-biphosphate thymidine shows that
MNase engulfs the thymine base into a binding pocket and
exposes the leaving phosphate group toward a calcium ion.
MNase cleaves DNA in a single-stranded manner. When the
substrate is a double helix, the original DNA base pairing and
base stacking must be interrupted such that a single DNA base
can be inserted into the binding pocket, forming a proper
binding complex for cleavage. Because the dissociation of base
pairing, deformation of base stacking, and accommodation of a
DNA base at the binding pocket are apparently sequence-
dependent, MNase exhibits evident sequence preference as
reported earlier. Despite this, MNase has been successfully used
as a probe to detect DNA accessibility in DNA foot-printing
assays. Not only histones but also other DNA-binding proteins
have demonstrated their ability to shield DNA from MNase
digestion.

In this study, we designed a wet experiment in which we
used MNase to probe the +1 nucleosomes of yeast in vitro, to
investigate the correlation between DNA sequence and
nucleosome site exposure mirrored by MNase digestion [1].
Specifically, we investigated the cleavages made by MNase on
the nucleosome core structures. This topic may have been
overlooked in studies where MNase was used for chromatin
digestion and only the mononucleosomal-sized DNA fragments
were sifted for nucleosome positioning mapping. One of the
direct consequences is exemplified by the observed discrepancy
of nucleosome positioning near the 5’-nucleosome-free region
(NFR) at very low and high MNase concentrations. Because
cleavages made on the nucleosome core structures could lead to
an underestimated positioning, the features of nucleosomes that
are both well-positioned and dynamically site-exposed may not
be fully recognized. In short, our results depict how MNase
cleaves nucleosomal DNA at base pair resolution. We find that
the digestion is dictated by the MNase sequence preference at
the end regions, whereas it is driven by a bending-resistant



sequence element at the internal sites in the early stage of
digestion. This bending-resistant sequence element is the AA or
AAAA sequence.

To further demonstrate that AA or AAAA regions are
digested by MNase more frequently, we carried out a mutation
analysis. One +1 nucleosomal DNA sequence of yeast, “nuc19,”
was selected as the wild type because it does not have these
sequence features and did not exhibit characteristic digestion
patterns in the digestion assays of the 20 +1 nucleosomes used
in this study. Four mutants were designed by replacing the end
(position: 0-15) and a further inward site (position: 14—29) on
the “+” strand of nuc19 with TA-repeated and imperfect poly-A
sequences, respectively. The wild type and four mutants were
incubated with MNase individually for 1 and 3 min, and the
digestion products were sequenced via the paired-end
sequencing approach.

As shown in Fig. 2 (upper panel) AAs at the internal site
(mut_4) were still evenly cleaved owing to nucleosome site
exposure, and the digestion in this region was clearly more
frequent than the digestion of the same region in the wild-type
sequence.

Because AA/TT is abundant at the entry site of +1
nucleosomes in yeast, we propose that this sequence element
might be utilized in gene regulation to facilitate DNA
unwrapping for transcription. Here, we associate the
transcription levels of yeast genes reported in an earlier study
with the AA/TT contents in their +1 nucleosomes. As shown in
[1], for the low-transcribed genes, for example, there are 368 of
them associated with a +1 nucleosome of a greater AA/TT
content in the entry-to-dyad region (than the exit-to-dyad
region). On the contrary, there are 257 low-transcribed genes

TA inserted
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AA inserted
at the end

TA inserted
at the middle

AA inserted
at the middle

+ (start)
—

0.08! * (start) + (start) + (start) +(start)
i . .
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1=} [=} =] Q
L - N = 5 2

—
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Position (with reference to the 5' end of DNA sense/+ strand in bp)

Fig. 2. Read frequencies of nucl9 and its four mutants from 1-
min digestion assays. The digestion products were sequenced
via the paired-end sequencing approach. The mutated regions
are shaded in blue. The frequencies of reads starting from each
position in the range from 0 to 40 on the “+” strand are shown
in the upper panels. The frequencies of reads terminating at
each position on the opposite strand (“-”) of the mutated
regions are shown in the lower panels.
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with more AA/TTs in the exit-to-dyad region in their +1
nucleosomes. This difference in the numbers of genes gives a
ratio of 1.43. It is found that when the transcription level
advances, the ratio also increases. For the highly transcribed
genes, the ratio reaches 1.99, indicating that nearly two thirds of
the highly transcribed genes are coupled with a +1 nucleosome
with more AA/TTs in the entry-to-dyad region. Similar results
were obtained for the AAAA/TTTT element.

This analysis unveils a coincidence in the yeast genome
that the highly transcribed genes are more likely to position
more AA/TTSs in the entry-to-dyad region than the exit-to-dyad
region in their +1 nucleosomes. As AA/TT can induce
nucleosome site exposure, this positioning could lower the
overall DNA-histone affinities in the entry-to-dyad region of +1
nucleosomes to facilitate DNA dissociation for Pol Il transit.
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Quantum physics of life:
Water vitrifies in a cell-like confinement

Hiroshi Murakami
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1. Introduction

Our research purpose is to study quantum mechanical effects,
such as quantum coherence and entanglement, on biological
functions in cells using a reverse micelle, which is a simplified
model of cells (Fig.1). One of our foci is the thermal noise in
cells, because quantum mechanical effects disappear with
thermal noise and because there is a conventional supposition
that the intracellular environment has high thermal noise due to
the liquid state at high temperatures. This report addresses the
supposition, and a top-line conclusion of the present study is
that water can vitrify locally on the nanoscale in cells.

Recently, much attention has been paid to the fact that
cytoplasm shows glass-like properties [1-3]. This is believed to
be attributed to molecular crowding in cells [4]. This raises a
question of how intracellular water contributes to the glassy
behavior because water is a major constituent and essential for
biological reactions. However, the glassy behaviors of
cytoplasm have hardly been studied at the molecular level
owing to the complexity of intracellular contents. A liquid-glass
transition is a change from a liquid to a solid state while
maintaining the structure of the liquid at the transition point,
that is, random structures; various types of substances from
liquids to biopolymers exhibit liquid-glass transitions; however,
understanding of the transition has been one of the most
important unsolved problems despite a long history of glasses

[5].

Water

& y Surfactant
p:-‘ H c//{

.‘z

Dye molecule

Size-controllable

Fig.1. Schematic cross-section diagram of reverse micelles.
The reverse micelle is a nanoscopic water droplet covered by a
membrane formed by the self-assembly of surfactant molecules
whose hydrophilic group faces the water. A water-soluble
molecule such as a dye molecule can be dissolved in the water
droplet.

In contrast with intracellular water, nanoconfined water
using solid surfaces has been extensively studied at room
temperature because nanoconfined water is ubiquitous and an
important state of water in science and technology [6-9]; so far,
it has been shown that the motion of nanoconfined water slows
down to the millisecond scale, which is comparable with the
motion in supercooled water, and that the water does not vitrify
at room temperature. As for nanoconfined water in reverse
micelles near the smallest size, that is, water-droplet sizes
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around 2 nm, we have pointed out from absorption spectroscopy
[10] that the water is in the glassy state at room temperature,
and then definitively confirmed it using persistent spectral
hole-burning (PHB) spectroscopy [11].

In the present study, we have made size-dependent
measurements of PHB spectroscopy for a dye-molecular probe
encapsulated in water/AOT/isooctane reverse micelle in order to
examine a glassy state of nanoconfined water for larger sizes.
PHB spectroscopy allows us to unambiguously determine
whether or not the surroundings of the probe molecule are in the
glassy state only by observing the site-selective effect, without
any data analysis and fitting [12]. We define the glassy state of
water in the reverse micelle by the fact that the water has a
relaxation time longer than at least several minutes, that is, a
laboratory time scale.

2. Methods

The dye-containing reverse micellar solution was prepared
using the injection method [10, 13]. Rhodamine 6G, AOT [=bis
(2-ethylhexyl)  sulfosuccinate], isooctane, and sterile
Millipore-filtered water were used as a dye, surfactant, oil, and
water, respectively. The size of the reverse micelle was adjusted
by the water-to-surfactant molar ratio (wo).

An optical parametric oscillator pumped with the third-
harmonic pulse of a nanosecond Q-switched Nd:YAG laser was
used as a variable-wavelength excitation source for PHB
spectroscopy. PHB spectra were obtained by the difference
between absorption spectra before and after the laser irradiation,
where the absorption spectra were measured with an
experimental system constructed by a combination of white
light from a xenon lamp and spectrometer [11]. We
reconstructed the PHB spectroscopy setup to increase the
signal-to-noise ratio of the spectra, compared with that in the
previous study [11], which allowed us to obtain PHB spectra
with a larger site-selective effect, in other words, less saturation
effect due to strong laser excitation.

3. Results and discussion

PHB spectra obtained with excitation at 18182 cm* at wo= 2
and 8 and at room temperature, together with the absorption
spectra, are depicted in Fig.2. The PHB spectra do not agree
with the absorption ones at the two wo values. They are shifted
to low frequencies from the absorption spectra. This is the
site-selective effect with the low-frequency excitation due to the
glassy state of the surroundings of the dye molecule. The
electronic transition energy of the dye molecule depends on a
site at which the molecule resides in the glassy system, because
the atomic configurations of the surroundings of the molecule
differ among the sites. Some of the dye molecules are resonantly
excited by a narrow-band laser at the frequency, and then
undergo a photobleaching. The PHB spectrum is originated
from the dye molecules subjected to the site-selective excitation,


http://www.kansai.qst.go.jp/kpsi-en/organization-2-2.html

and so it is shifted from the absorption spectrum originated from
all the dye molecules. On the other hand, if the system is in a
liquid state, the shift of the PHB spectrum disappears owing to
the relaxation process, that is, the PHB spectrum agrees with the
absorption spectrum. Thus, the water surrounding the dye
molecule is in a glassy state below at least wo= 8. We estimate
the structural parameters such as the water-droplet size and the
number of water molecules for the reverse micelle under the
assumption that the dye molecule is a sphere of 1-nm diameter,
following the method proposed by us [13]. The droplet diameter
is ~1.6 nm at wo= 2 and ~3.3 nm at wo= 8, and the number of
water molecules is ~80 at wo= 2 and ~830 at wo= 8.

Amplitude (normalized)

_ ' (b)
17000 18000 19000 20000
Wave number (cm!)

Fig.2. Comparison between PHB (dots) and absorption
(line, inverted for comparison) spectra of R6G/RM at two wo
values and at ambient temperature. The PHB spectra were
obtained at the excitation frequency of 18182 cm™.

It is surprising that the water in the reverse micelle vitrifies
because the reverse micelle is dispersed not in a solid but in a
liquid oil; hence, reverse micellar solutions are called soft
materials. However, we consider that the nature of soft materials
is responsible for the glassy state of nanoconfined water, where
the flexibility in the molecular configuration of the dye and
surfactant molecules associated for the confinement is a key
factor for the formation of the glassy state. It is thought to be
necessary for the glassy state that the water molecules network
not only with each other but also with the interfacial molecules
through hydrogen bonds. Moreover, the whole network will be
formed if the configuration of the molecules involved is refined

with the configurational flexibility. This is the case for R6G/RM.

As for nanoconfined water using solid interfaces, the network
between the water and interface would be incomplete because of
a lack of the constituent atoms of the interface. This could be the
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reason why the glassy state of nanoconfined water has never
been observed in the confinement using solid interfaces
although such nanoconfined water has extensively investigated.

Nanoconfined water between hydrophilic biopolymers will
be ubiquitous in cells under the molecular crowding [4].
Therefore, the present result observed in a soft material leads to
the idea that water can vitrify locally at the nanoscale in cells,
and lets us recall the claim that studies of protein molecules in
dilute reconstituted systems overlook a fundamental mechanism
underlying the biological function in cells. In a dilute aqueous
solution, the solvent water of proteins displays very fast motions
on the picosecond scale, whereas it is considered from the
present study that the water confined between proteins in cells
exhibits significant slowing down in its motion. Thus, the next
questions are how glass-like nanoscopic water appears in cells
and how biopolymers behave in glass-like water at
physiological temperatures, and finally it will be interesting to
consider the quantum effect on biological functions from a
viewpoint of “glass-like cells.”
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Effect of track potential on the motion and energy flow of
secondary electrons created from heavy-ion irradiation

Kengo Moribayashi

Radiation-Induced DNA Damage Group, Department of Quantum Beam Life Science

1. Introduction

Cancer therapy using heavy ions is more body-friendly than
treatments using any other types of radiation, such as y-rays or
protons, because the relative biological effectiveness (RBE) of
heavy ions is higher; that is, a smaller dose is required with this
therapy. In an effort to determine the reason for the higher RBE
of heavy-ion beams, it has been postulated that heavy-ion
irradiation creates more clustered DNA damage, which raises
the rate of cell death. Here, clustered DNA damage is defined as
multiple damaged sites within a region corresponding to a DNA
length of several nanometers. However, it is still unclear when,
where, and how such clustered DNA damage is created. We
have therefore been studying the motion of secondary electrons
using simulations in order to determine the spatial distribution
of the energy deposition created by heavy-ion irradiation. Here,
a secondary electron is defined as an electron created by
incident-ion impact ionization. Because secondary electrons
carry the energy deposited from the incident ion into the target,
we expect the spatial distribution of the energy deposition
produced by the secondary electrons to be related to the spatial
distribution of DNA damage due to heavy-ion irradiation.

During irradiation by heavy ions, numerous molecules in
the target are ionized along an incident heavy-ion path, and a
strong electric field is formed by the positive charges of the
molecular ions near this path. The potential produced from this
electric field has been called the “track potential.” Kimura et al.
[1] concluded from their measurements of secondary-electron
yield that slow secondary electrons are trapped by the track
potential. That is, the track potential affects the motion of the
secondary electrons and thus changes the spatial distribution of
energy deposition.

We incorporated the track potential into a simulation
model and demonstrated that secondary electrons are trapped by
the track potential [2,3]. In order to verify the validity of our
model, we compare our simulations [2] with the measurements
for secondary electron yield [1] when Eion = 500 keV/u, where
Eion is the energy of the incident ion. In this report, we treat
cases with Eion = 3-10 MeV/u and determine not only the
number of secondary electrons [2, 3] but also the energy flow
escaping the track potential, with the aim of elucidating the
spatial distribution of energy deposition due to heavy-ion
irradiation [3]. The energy flow simulations shown here are
expected to enable us to quantitatively understand how our
model produces the spatial distribution of energy deposition and
the radial dose distribution [4] due to the irradiation of heavy
ions.

2. Simulation model

The main advantage of our model is the incorporation of
the track potential [2, 3], whereby we treat individual neutral
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molecules, individual molecular ions, and individual free
electrons in the target. In our model, the track potential is
produced from the Coulomb interactions between individual
charged particles and individual electrons. In contrast,
conventional simulations employ a continuum target, and the
track potential is ignored, to the best of our knowledge. We
believe that our simulation model employed in this report has
become possible in the 21% century because it takes a few days
to simulate the irradiation of one heavy ion, even using modern
super computers.

The procedures of our model are summarized here. (i)
We set up positions of water molecules to obtain the liquid
water density in this target. (ii) A heavy ion enters the target and
the time ¢ is set to 0. (iii) We consider the collision processes
between this incident ion and individual molecules. (iv) When
we judge that ion impact ionization occurs, we produce a
molecular ion and a secondary electron. At the same time, the
initial energy and emission angle of the secondary electron
produced here are determined. (v) We also examine the change
of states of water molecules due to electron impact. (vi)
Procedure (iv) is executed after we judge that the electron
impact ionization occurs. (vii) We reduce the energy of the
electrons according to electron impact processes. (viii) The
electron velocities are changed by the track potential. (ix) We
add At to ¢t and move the incident ion and the electrons. (x)
Procedures (iii)—(ix) are executed. (xi) When ¢ becomes larger
than fmax, another ion irradiates onto a different position, where
we take fmax to be 100 fs, that is, when the secondary electrons
lose sufficient energy that they can no longer change the
electronic states of the molecules.

3. Results and discussions

Figure 1 shows Pe as a function of zfor Eion = 3, 5, and 10
MeV/u, where Pe is the probability of the number of secondary
electrons passing through a region with radius r = 6 nm. We
have found that Pe is approximately saturated after the
secondary electrons pass through a region of radius r ~ 5 nm.
We have found from our simulations that the equation

Pe~ T/TO ’ (1)
with o = 1.5 nm, is approximately satisfied, regardless of
Eion, for 7< 1 nm, where ris the mean path between incident ion
impact ionization events [2, 3]. This agrees well with the result
shown in our previous paper [2], where Eion = 500 keV/u. This
results from the fact that the track potential is mainly
determined by 7. We have also found that Pe hardly depends on
Eion. This results from the fact that the track potential is mainly
determined by z.

In order to determine the spatial distribution of energy
deposition, we need to analyze the energy flow escaping the
track potential. Figure 2 shows Pro as a function of zfor Eion = 3
MeV/u, where Py, is the probability of energy flowing through a



region of radius r = 6 nm. The energy flow decreases owing to
the track potential and electron impact processes. Therefore, we
execute three types of simulations, that is, ignoring the effects of
electron-impact processes and the track potential, and
considering both effects. When ignoring the effect of electron
impact processes (see symbols <), we have found that a large
part of the energy flow escapes the track potential. Although the
energies trapped by the track potential have been thought to be
small, almost all these energies are concentrated in the very
narrow region r < 1 nm. Because the volume of a region with
radius r < 1 nm is so small, the energy deposition per unit
mass—that is, the radial dose, which is produced from those
energies, near the ion path—becomes very large [4]. Because
the dose is correlated with the amount of DNA damage, we
expect that the yield of clustered DNA damage will increase
with increasing dose.
Figure 2 also shows the value of Ps, obtained from the

following equation:
Eiemax
E;: .
o , @
fo ’ Eief (Eie)dEje

where Eie is the energy of the initial secondary electrons,
f(Eie) is the distribution function of Eie, and Eiemin and Eiemax are
the minimum and the maximum values of Ei that enable
secondary electrons to escape the track potential, respectively.
We have found that Eq. (2) agrees with the trend of Pro vs.
7 from our simulation results to within 7 %. We have also found
that Pr has almost the same values for Eion = 3, 5, and 10
MeV/u, to within 5 %, although P increases slightly with
increasing Eion (not shown here for Eion = 5, 10 MeV/u).

In ignoring the effect of the track potential (see symbols O),
we have found that Pro retains an almost constant value (~80 %)
as a function of 7, because the electron impact processes are
almost independent of = These simulations correspond to the
case of using the conventional model. The difference between
Pt with ignoring and considering the track potential (symbols
O and X) corresponds to the effect of the track potential and
almost agrees with Pro ignoring the electron impact processes
(symbols <).

Even when considering both effects (see symbols X), more
than 60 % of the energy flow escapes from the region with r = 6
nm. Owing to the electron-impact processes, we have found that
Pt is reduced by almost a constant value of 3-4 % for each
1-nm step in the direction perpendicular to the path of the
incident ion. This means that, in the region r < 1 nm, the
decrease in Pro due to the track potential dominates at small 7,
because, owing to the track potential, Ps is reduced by much
more than 4 %. The secondary electrons trapped by the track
potential collide with molecules again and again during their
long stay in the region r < 1 nm, until they have lost sufficient
energy that they can no longer change the electronic states of the
molecules. This produces a high dosage [4]. On the contrary,
because the secondary electrons escaping the track potential
collide with molecules only a few times, the radial dose
produced by these escaping electrons becomes relatively small
near the incident ion path.

Eief(Eie)dEie

Pf():

4. Conclusions

Aiming to determine the spatial distribution of energy
deposition created from heavy-ion irradiation, we have studied
the probabilities of the number (Pe) and energy flow (Pro) of
secondary electrons that escape the track potential. We have
found that Pe and Pso are mainly determined by the mean path =
between ion impact-ionization events and are almost
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independent of the energies Eion Of the incident ions. Although
Pt is large even at small 7z, almost all the trapped secondary
electrons are concentrated in the very narrow region r <1 nm.
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Fig. 2 Pro (%) vs. T at Eion =3 MeV/u. Three types of simulations
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considering both effects (X). The dashed line shows the results
obtained from Eq. (2).



Development of microspectroscopic imaging system for
histopathology using mid-infrared laser
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QST has developed various “quantum beams” for materials
science, and some of these are beginning to be applied in life
science. Spectroscopy has contributed greatly to the
understanding of the physical sciences. It was able to provide
information on the structure of the elements and the molecules
that make up every subject of both the physical and biological
sciences. Infrared (IR) spectroscopy has been widely applied to
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detect the vibrational characteristics of chemical functional
groups in diverse materials [1-2]. The basic principle of IR
spectroscopy is shown in Fig.1. The superior contrast attained by
functional group imaging and the selectivity found in the mid-IR
region has been shown to be a powerful analytical tool (Fig.2 and
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3). Recently, the mid-IR has been a fruitful regime for medical
research [3-4]. This is because many important biomolecules,
such as proteins, lipids, and amides, exhibit strong characteristic
vibrational transitions. Owing to the unique specificity of a
biological molecule’s spectrum in the mid-IR, lasers in this
wavelength region have a unique advantage over ultraviolet (UV)
and visible or near-IR lasers. In addition, mid-IR lasers have
advantages of efficiency and adaptability for noninvasively
investigating the chemical compositions of cells and tissues using
a reagentless procedure and without the addition of dyes or labels
for spectral determination. Hence, mid-IR lasers have great
potential for medical applications, including tissue imaging.

Pathology is the study and diagnosis of diseases through the
examination of organs, tissues and cells. Disease diagnosis by
pathology generally involves gross and microscopic visual
examination of tissues and cells with specialized stains employed
to visualize specific proteins. Certain visualization techniques,
such as special staining, immunohistochemistry, and electron
microscopy have expanded the means by which pathologists can
diagnose diseases. However, these techniques require
complicated processes and time, and it is difficult to visually
detect biochemical changes using them. Therefore, development
of a simple analytical technique is desired. IR spectroscopy has a
potential for application to visualization tools to aid pathologists
in assessing tissue specimens.

In this study, we are investigating the discrimination of
normal and malignant tissues of different organs using the mid-

Fig.4. mid-IR microscopic system currently under development

IR laser. In our laboratory, a mid-IR microscopic system was
constructed for the analysis of tissue specimens (Fig.4). Mouse
lung tumor and normal lung tissue were analyzed by comparing
them with the absorbance obtained from an unstained tissue
specimen (Fig.5). Figure 5b illustrates the mid-IR spectra of the
lung tumor and normal lung tissue from three different sites in
tumor (Tumor 1-3) and normal (Normal 1-3) areas, and shows
that the spectral patterns in the tumor differed from those in the
normal tissue. The most changes in absorbance were observed in
the three different regions. Next, this study conducted
microscopic mapping of lung tumor tissue to obtain information
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a) Optical micrograph of the unstained lung tumor tissue specimen
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d) The mid-IR imaging of tumor and normal tissue.

on the absorbance of tumor cells. The lung tumor area for the
mapping was determined by examining the mid-IR microscopic
field (Fig.6b) compared with the corresponding histopathological
view (Fig.6). Figure 6d displays the mid-IR absorbance map of
lung tumor tissue. The color classification based on the mid-IR
absorbance changes segmented the two main parts: lung tumor
and normal lung tissue represented by the green and red ends,
respectively. This study indicates that the mid-IR spectroscopic
technique is useful for the diagnosis and discrimination of the
differences between tumor and normal tissues based on the mid-
IR absorption. Although there are several advantages of mid-IR
spectroscopy, it is not yet known whether the spectral information
from our device is able to satisfy the pathological diagnostic
requirements and assist the pathologists’ diagnoses. Thus, further
investigations and improvements of our mid-IR spectroscopy are
necessary to make these approaches applicable to routinely use in
histopathological analysis. In addition, in vivo diagnostic tools
using the mid-IR laser are highly required in many fields of
medicine. These include endoscopy for guidance of surgical
interventions to delineate lesion margins, or to replace random
biopsies of suspicious tissues by targeted biopsies which would
reduce unnecessary tissue excisions and biopsy-associated risks,
or for a detection device in a much earlier stage of carcinogenesis.
Future improvements in the mid-IR laser technology and data
analysis will further extend the biomedical applicability and
finally result in the implementation of these innovative
techniques in the medical field.
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Research Activities at
the Synchrotron Radiation Research Center

Yoshinori Katayama (Director)

Synchrotron Radiation Research Center

At the SRRC (Synchrotron Radiation Research Center), we
continue to develop a wide range of x-ray techniques for
investigating the structural and electronic properties of matter
using as major equipment the two QST beamlines at SPring-8, a
large synchrotron radiation facility. Table 1 gives an overview of
the objectives of the center. As well as precise measurements of
high-quality crystalline samples, we have been concentrating on
developing techniques which are applicable to inhomogeneous
materials, which play important roles in determining the
functions of many practical materials. We conduct leading
research projects which demonstrate the ability of these
techniques, and aim at gaining fundamental understanding of
functional materials such as semiconductors, superconductors,
magnetic materials, dielectric materials, hydrogen storage
materials and catalysts. The equipment which we develop is open
for public use, and in 2018 we accepted 38 research proposals as
a member institute of the Nanotechnology Platform Japan [1].

The center consists of three experimental groups, one theory
group, and a beamline operation office (Table 2). The research
activities of each research group are summarized below.

Highly-brilliant synchrotron/FEL X-ray/VUV facilities are
being constructed throughout the world at quite a pace. In the
Coherent X-ray Research Group, to stay at the forefront of
synchrotron/FEL science, we continue to develop advanced
measurement/analysis techniques for the effective use of these
new advanced light sources.

The use of spatially coherent X-rays from highly-brilliant
synchrotron/FEL light sources has made it possible to visualize
the inhomogeneity inside matter. We are now constructing an
apparatus for coherent X-ray diffraction and applying it to the
study of inhomogeneous functional materials such as
fereoelectrics and relaxor ferroelectrics.

With the goal of exploiting the temporal coherence and
intensity offered by next-generation light sources at short
wavelengths, we are aiming at developing new nonlinear and
quantum optical techniques using simple atomic systems. This
year we used SACLA’s soft X-ray beamline to observe the
phenomenon of ‘superfluorescence’ at extreme ultraviolet
wavelengths for the first time [2]. The coherent laser-like pulses

Table 1. Objectives of SRRC

Development of advanced
synchrotron radiation

Quantum condensed
matter physics

techniques
Integrated use of Inhomogeneous
synchrotron radiation and materials
other quantum beams
Shared use Fundamental
(Nanotechnology understanding of
platform) functional materials
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can be potentially controlled with a trigger laser, and could be the
key to new pump-probe techniques using multi-colour short
wavelength pulses.

Using a surface X-ray diffractometer coupled with a
molecular beam epitaxy chamber, we have carried out in situ
measurements of crystal truncation rod (CTR) scattering to
investigate the atomic structure of gallium nitride surfaces under
growth conditions. From CTR profile analysis, we could
experimentally confirm the existence of a pseudo 1x1 structure,
and also determine the structure parameters (interlayer distance,
coverage, temperature factor).

The research objectives of the High Pressure Science and
Stress Research Group are (i) the development of experimental
techniques for in-situ measurements under extreme conditions,
including high pressure, compressed hydrogen gas environments,
and elasto-plastic stress fields, and (ii) fundamental and applied
studies of advanced functional materials, such as highly
hydrogen-containing materials, using these techniques. Group
members focus on the study of the local structures of functional
materials, and the high-pressure synthesis of novel hydrogen-rich
compounds.

For studying functional materials, local structural studies are
carried out using rapid-acquisition atomic pair-distribution
function (RA-PDF) measurements. This method is applied to
investigate various functional materials, for example, hydrogen
absorbing alloys and negative thermal expansion materials. By
collaborating with the National Institute for Materials Science,
the method was used for the structure determination of magadiite.
Magadiite is a natural layered silicate used as an additive in the
TiO2 photocatalytic system for oxidizing toluene to synthesize
benzoic acid efficiently. However, the mechanism of this
photocatalytic system was previously unclear due to the lack of
structural information for magadiite, which has a low crystallinity.
We succeeded in determining the detailed crystal structure of
magadiite using the PDF measurement system, and clarified the
photocatalytic mechanism [3].

In parallel, research into the high-pressure synthesis and
crystal structure determination of novel aluminum-based
hydrogen-containing compounds proceeded, and some novel
compounds were synthesized. To further studies on hydrogen-
containing materials, two group members joined the JSPS
KAKENHI Grant-in-Aid for Scientific Research on Innovative
Areas “Hydrogenomics” project, which started in FY2018, as co-
investigators.

In many functional materials and devices, ranging from
high-T¢ superconducting oxides to spintronics devices, the spin
degrees of freedom of electrons play important roles. In the
Magnetism Research Group, in order to unveil the functionality
of such materials and devices, advanced x-ray spectroscopic
techniques, such as nuclear resonant scattering (NRS), resonant
inelastic scattering (R1XS), magnetic Compton scattering, and x-
ray magnetic circularly polarized emission (XMCPE), are
developed. For NRS, a nuclear Bragg monochromator in
operation since 2009 has enabled us to measure frequency-
domain Mdssbauer spectra using synchrotron radiation. The



recent development of a nuclear Bragg monochromator with
controllable band-width and its application are presented
elsewhere in this annual report [4]. For RIXS, energy resolution
better than 50 meV has been achieved and applied to observe low-
energy spin excitation, as well as charge and orbital excitations,
in strongly correlated transition-metal compounds. The RIXS
technique was also used for operando measurements of electronic
states of functional materials for batteries. XMCPE is a brand-
new magnetic spectroscopy in the hard x-ray regime, which has
the distinctive feature of a large flipping ratio (~10%) for Fe Ka
emission. A scanning magnetic microscope using XMCPE has
been developed in 2018. Machine learning and its applications to
magnetic circular dichroism measurements were also studied.
The Condensed Matter Theory Group develops advanced
simulation methods based on quantum mechanics, for
investigating theoretically condensed matter by using
supercomputers such as K-computer, and performing numerical
simulations aiming at understanding various properties of
materials such as magnetism, high-Tc superconductivity, and
catalytic activity, in collaboration with experiments using X-rays
from, for example, SPring-8. Current activities include (i), the
development of advanced simulation techniques for chemical
reactions based on first principles molecular dynamics and their
application to the research of the mechanisms of phenomena such
as catalytic reactions, (ii), the clarification of the electronic
properties and the excitation spectra of transition metal oxides by
using numerical techniques such as exact diagonalizations on
small cluster systems, with a particular focus on the theoretical
prediction of the spectral features of resonant inelastic x-ray
scattering (RIXS) on compounds such as high-Tc cuprates and
nickelates, (iii), the clarification of the electronic excitation
processes in highly-correlated electron systems such as high-Tc
superconductors via theoretical analysis of RIXS by using
precisely-calculated electronic structures, and (iv), theoretical
investigations using large-scale numerical exact diagonalization
of frustrated quantum spin systems such as the kagome-lattice
antiferromagnet, the triangular-lattice antiferromagnet, and the

spin nanotube, which can exhibit quantum spin liquid properties
related to high-Tc superconductivity.
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Application of pair distribution function analysis to determine
unsolved structure of layered silicate, magadiite

Akihiko Machida and Tetsu Watanuki

High Pressure Science and Stress Research Group, Synchrotron Radiation Research Center

1. Introduction

Structural information of a functional material provides
important knowledge to understand its properties. Many
functional materials are inherently inhomogeneous in their
compositions or structures. X-ray diffraction (XRD) analysis is
the most popular method to determine a crystal structure. We
can obtain an average structure by analyzing the XRD profile.
However, this method is insufficient for the analysis of
inhomogeneous or heavily disordered structures. An atomic pair
distribution function (PDF) stands for an interatomic atomic
distribution within a material, and is a function in real space. By
analyzing the PDF profile, we can obtain the probability of
finding atom pairs at a distance r. Generally, this method is
suitable to analyze the local- to middle-range structure, and is
applied to the structural analysis of nanocrystalline and
crystalline materials, as well as noncrystalline materials such as
liquids and amorphous. Recently, it has been recognized as a
powerful tool to investigate the structure of a crystalline
material with inhomogeneity or significant disorder.

We  developed the rapid-acquisition (RA)-PDF
measurement? system in BL22XU at SPring-8 and applied the
PDF method to investigate various functional materials, such as
hydrogen-absorbing alloys>® and negative thermal expansion
materials®®). Magadiite is a natural layered silicate used for
various applications, such as an adsorbent and catalyst). A
group at the National Institute for Materials Science (NIMS) has
found that benzoic acid is efficiently synthesized by using a
TiO2 photocatalytic system oxidizing toluene, where magadiite
is used as an additive!®. However, the mechanism of this
photocatalytic system is unclear owing to the lack of the crystal
structure of magadiite. It has been difficult to determine the
crystal structure of magadiite because of its low crystallinity,
that is, its crystal habit forms fine, lamellar crystallites, which
tend to have stacking faults. Detailed PDF measurements using
synchrotron radiation X-rays enable us to determine the
structure of magadiite®®).

2. Rapid acquisition PDF system and its

improvement

PDFs are obtained by a Fourier transformation of the total
scattering data of specimens. BL22XU enables us to perform
RA-PDF experiments using a large-area two-dimensional (2D)
detector and high-energy X-rays up to 70 keV (wavelength of
approximately 0.177 A). By using an amorphous-Si flat panel
detector (XRD1621, PerkinElmer), a 2D image is collected at
short exposure time, in the sub-second range in the most rapid
case. To analyze the collected 2D image and one-dimensional
(1D) total scattering data, the PIXIA and MaterialsPDF
program™ developed by Dr. Tominaka were installed. The
PIXIA program is a pixel-based image analyzer for converting
2D image data into 1D total scattering data. The obtained 1D
total scattering data exhibit good signal-to-noise ratio and high
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counting statistics, even at higher scattering angles. By
collaborating with Dr. Tominaka, the parameters of the PIXIA
program were optimized for the BL22XU system. MaterialsPDF
is a program for transforming the total scattering data into the
PDF data. Thanks to these programs, the quality of the total
scattering data is improved, and as a result the quality of the
PDF data is also improved. Under the standard PDF
measurement setup in BL22XU, the maximum Q range of the
obtained total scattering pattern reaches Qmax = 25.5 A7,
indicating that the spatial resolution of PDF reaches [Ir ~ 0.25
A. The obtained total scattering pattern has good angular
resolution, enabling the analysis of the long-range region in real
space. In fact, the obtained PDF of a standard sample of CeO2
powder (NIST SRM674b) shows peaks even above 100 A (see
Fig. 1). The high spatial resolution and wide r-range region are
advantages of BL22XU. Such features of the BL22XU system
that can analyze the local- to-long range structure are suitable
for the structural analysis of low-crystallinity materials, which
have stacking disorders, such as magadiite.

50 ———————————————————
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sk (NIST SRM674b) |

20+

10+
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Figure 1. PDF data of standard sample of CeO2 powder loaded
into polyimide capillary with inner diameter of 1 mm.

3. Structural determination of magadiite

Two types of magadiite were measured by collaborating
with the NIMS group. One is the natural form containing Na
ions, named “Na-magadiite,” and the other is its protonated
form, “H-magadiite.” The PDF profiles analyze with the help of
other analyses, such as composition analysis, XRD, and
solid-state nuclear magnetic resonance (NMR). The local
structure was analyzed by curve-fitting the PDF profile
simulated using the PDFfit2 program'?. Figure 2 shows the
results of the PDF analysis for Na- and H-magadiites. The
obtained structural models are shown in Fig. 3. Structural
analysis reveals the presence of microchannels consisting of an
eight-membered ring of the SiO4 network in the thick silicate
layers (see Fig. 3(c) and (d)). In Na-magadiite, Na ions
coordinated by water molecules are filled in these
microchannels. After removing the Na ions, the microchannels
remain in H-magadiite. The structural information obtained by
PDF analysis clarifies the mechanism of this photocatalytic
reaction, which produces benzoic acid by oxidizing toluene. The



discovered microchannels of magadiites play an important role
in this TiO2 photocatalytic system. Thus, our RA-PDF
measurement system in BL22XU contributed to determining the
unsolved structures of magadiites and to clarify the role of
H-magadiite as an additive in the TiO2 photocatalytic system.

10 ki Na-magadiite

experimental
—— simulated —
—— difference

PDF (A7)

H-magadiite

! : experimental
5k —— simulated -
1 difference

PDF (A7)

S L N AVl M i i et L et
5 10 15 20 25
Interatomic distance r (A)

Figure 2. Results of PDF analysis of (a) Na-magadiite and (b)
H-magadiite by curve fitting.

Figure 3. Structural models of (a) Na-magadiite and (b)
H-magadiite obtained by the PDF analysis. The blue, red, and
yellow spheres represent Si, O, and Na, respectively. (c) and (d)
are parallel views along the b-axis. The structures were
visualized using the VASTA program®?),
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First observation of superfluorescence
at extreme ultra-violet wavelengths (164 nm and 30.4 nm)

James R. Harries

Coherent X-ray Research Group, Synchrotron Radiation Research Centre

The phenomenon of ‘superradiance’ was first introduced by
Dicke in 1954 [1] as ‘coherence in spontaneous radiation
processes’, arising from quantum correlations between excited
atoms which interact through an electromagnetic field of
wavelength A, all located within a spatial region of dimension A.
The interaction leads to an enhancement (superradiance) or
suppression (subradiance) of emission. Pure superradiance as
initially described is difficult to realise in practice, but it was later
found that spontaneous emission can induce a related process in
initially uncorrelated atoms, even in an extended medium (where
interatomic spacing remains comparable to A, but the excited
atoms extend over a region in space much larger). This process
was termed ‘superfluorescence’ [2], although the distinction
between superradiance and superfluorescence is often no longer
made. Superfluorescence was first observed on rotational
transitions in the HF molecule at microwave wavelengths [3], and
subsequently at visible wavelengths following the widespread
availability of lasers (see for example reference [4] for an
overview). Phenomena related to superradiance have potential
applications such as guide stars [5], and recently the initial stages
of superradiance have been observed at X-ray wavelengths [6],
and in diamond colour centres [7].

In a striking difference to spontaneous emission, the peak
intensity of superradiant emission scales as N2, where N is the
number of interacting atoms. Since the total number of emitted
photons is the same, the temporal width of the emission scales as
1/N. In experimental realisations, N can be of the order of 10%,
leading to very short, intense pulsed emission. For
superfluorescence, where the initial excitation is incoherent, there
is a characteristic time delay for a macroscopic polarization to
develop, which also scales as 1/N. In contrast to amplified
spontaneous emission, superradiant decay can completely deplete
the upper level. A characteristic superfluorescence timescale can
be defined ast = 8m/(3A24,;N,L), where A and Ax are the
wavelength and the Einstein A coefficient of the transition, Na the
number density of excited atoms, and L the length of the medium.
For superfluorescence to occur on a particular transition this time
must be shorter than all other population or decoherence decay
mechanisms. Further, the atoms must be excited on a timescale
shorter than the delay time in order to observe pure
superfluorescence. The observation of superradiant processes at
short wavelengths thus presents challenges, since shorter
wavelengths in general require higher number densities. Further,
suitable atomic transitions are difficult to find, since, for example,
inner shell transitions must compete with fast processes such as
Auger decay. The lack of suitable materials for windows and
optical elements at short wavelength introduces further technical
constraints.

We have recently overcome these challenges to observe
superfluorescence at vacuum ultraviolet (164 nm) and extreme
ultraviolet (30.4 nm) wavelengths for the first time. A suitable
atomic level scheme is found in helium ions, a high density of
which can be rapidly created by ionisation with free-electron laser
pulses at photon energies greater than the neutral helium
ionisation potential of ~ 25 eV. Since windows cannot be used to
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Figure 1: Partial level scheme. Helium atoms are ionised
and then excited by the same FEL pulse, which is resonant
with the 1s-4p transition in He*. Due to the high density of
excited 4p ions, superfluorescence occurs on the route 4p-
3s-2p-1s, with the 2" and 3™ steps ‘yoked’ due to the initial
coherence of the 1s-4p excitation.

provide a high gas density isolated from the laser beamline, we
use a pulsed valve to inject neutral helium into a small
differentially-pumped gas cell with 1 mm apertures through
which the FEL beam passes. Neutral helium densities of up to
102 m= (pressure ~ 0.01 atm) can be reached. At a central
wavelength of 24.3 nm, essentially all of the neutral helium atoms
along the FEL beam’s path through the gas cell are ionised. Since
24.3 nm is resonant with excitation of the 4p electronic state of
the ion (see figure 1), a large density of excited ions is created
within the < 100 fs pulse. This results in superfluorescent decay
on the 4p-3s transition at a wavelength of 469 nm.
Experimentally this was observed as highly-directional blue
flashes of light (see figure 2). Using a fast photodiode, it was
confirmed that the pulses had temporal widths of the order of
picoseconds, and picosecond delays with respect to the incident
FEL pulse. Both the temporal width and the delay were found to
scale as 1/P, with P the backing pressure behind the pulsed nozzle,
which is expected to be proportional to instantaneous number
density. These experimental results unequivocally confirm the
observation of superfluorescence on this transition. With
sufficiently strong superfluorescent emission, significant
population can be transferred to the 3s state (see figure 1), which
can undergo further superfluorescence decay (wavelength 164
nm) to the 2p state. Observations with a grazing-incidence
spectrometer (figure 2) confirmed highly-directional emission at
this wavelength. Since superfluorescence requires a population
inversion to proceed, further superfluorescence on the 2p-1s
transition (see figure 1) at 30.4 nm would not be expected,
however we also observed highly-directional emission at this
wavelength (figure 2). Superradiant emission is only possible on
this transition as yoked superfluorescence [9], which can occur if
the initial excitation imparts sufficient coherence to the atomic
system. In this case, an initial coherence between 1s and 4p can
be transferred by the 4p-3s and 3s-2p transitions, resulting in a
coherence between the 1s and 2p states. The 3s-2p and 2p-1s
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Figure 2. Overview of experimental results. Strong, highly-
directional emission was observed at wavelengths of 469
nm, 164 nm, 30.4 nm, and 25.6 nm.

transitions are thus yoked, since they cannot occur independently.
In this case the transition parameters are such that
superfluorescence can occur from the 3s state to the 1s state
‘through’ the 2p state, with emission at 164 nm and 30.4 nm
appearing simultaneously. While we were unable to confirm this
interpretation experimentally due to the lack of detectors with
both sufficient sensitivity and sufficient time resolution in the
required wavelength regions, the high intensity and high
directionality of the observed emissions strongly support our
conclusions.

Further evidence is provided from semi-classical numerical
simulations of the propagation of free-electron laser pulses
through a dense target of helium ions (figure 3). We used the
Maxwell-Liouville equations [10], with 16 atomic levels and time
and spatial step-sizes of 6.5 as and 3.0 nm to model the
propagation of 70-fs-long pulses through 50 um of helium ions.
These simulations are computationally intensive, and were
performed in parallel on multiple single nodes of JAEA’s
supercomputer. The partial coherence of the SACLA FEL pulses
was modelled using a random phase approximation [11]. Results
for a single pulse are shown in figure 3, where the rolling Fourier
transform of the electric field at the output of the medium is
plotted as a function of time. The spectrally broad FEL pulse is
seen vertically at t = 167 fs (50 um/ c), and free-induction decay
(and Burnham-Chiao ringing [12]) is seen as a spectrally narrow
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Figure 3. Simulation results. Rolling Fourier transform (20
fs window) of the electric field at the output of the medium.

tail at the 1s-4p resonant frequency. Similar emission is also seen
at a wavelength of 25.6 nm, on the 1s-3p transition. Following a
short delay (~ 3 ps), emission is seen at a wavelength of 469 nm,
which can be interpreted as superfluorescence on the 4p-3s
transition. Following a further delay (at t ~ 10 ps), emission is
seen simultaneously at wavelengths of 164 nm (3s-2p) and 30.4
nm (2p-1s). This is consistent with our interpretation of the
experimental results as indicating yoked superfluorescence on
these transitions. Asimilar plot for the electric field emitted in the
backwards direction (shown in [8]) reveals that the 30.4 nm
emission only appears in the forward direction. This is again
consistent with yoked superfluorescence, which requires phase
matching. Weaker signal can also be seen at wavelengths
corresponding to four-wave mixing between the various
wavelengths present in the medium, although these were not
observed experimentally.

The observation of yoked superfluorescence is of particular
interest since it only arises due to the coherence of the exciting
pulse, which for SACLA BL1 is only partial. Simulations with
different random phase seeding show that the process is sensitive
to the degree of coherence, and a more detailed numerical study
is underway. From the point of view of applying coherent
processes at short wavelengths, this is an important result.
Whereas seeding technology can be used to generate coherent
FEL pulses at the wavelengths used here (FERMI [13]), shorter
wavelength FELs still rely on the SASE process.

Superfluorescence provides a route to laser-like, coherent
pulses of light with timing characteristics that can be controlled
by varying number density, and also by a ‘trigger’ laser. For the
scheme used here, a femtosecond laser pulse at a wavelength of
469 nm (timed to pass through the target following the FEL, but
before superfluorescence develops spontaneously) could be used
to trigger the emissions at 164 nm and 30.4 nm, suggesting
application as a jitter-free pump-probe scheme.

The extension to even shorter wavelengths presents the
challenge of finding suitable level schemes and generating even
higher target densities. One approach we are pursuing is to use
nanoparticles such as clusters or superfluid liquid helium droplets,
which offer number densities similar to the solid phase. Further,
molecules or clusters attached to large liquid helium droplets
could provide suitable level schemes, and by varying the size of
the droplets the inter-molecular spacing (and hence characteristic
superfluorescence time can be controlled.
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Effect of B-site randomness on the antiferroelectric/relaxor
nature of the ground state

Kenji Ohwada

Coherent X-ray Research Group, Synchrotron Radiation Research Center

Relaxor ferroelectrics exhibit many unique and useful
properties, such as large dielectric and piezoelectric coefficients
with a broad range of temperature and frequency dependencies.
They have attracted intense scientific and industrial interest over
the past few decades, because they often show complex
multiscale structures and puzzling mechanisms. They also show
strong potential for industrial applications such as transducers,
based upon their good piezoelectric properties. Despite intensive
research, arguments about the intrinsic mechanism underlying the
unique properties of lead-based relaxors are still unsettled. One
of the main reasons for this is that it is necessary to deal with the
nanometer- to micrometer-scale heterogeneity intrinsic to
relaxors.

Typical relaxors have PbB'B"Os complex perovskite
structures, where two different ions occupy the perovskite B site
stoichiometrically to conserve the average charge of 4+, e.g.,
Pb(Mgws?*Nb2;>)03 (PMN) and Pb(Iny2**Nb12°*)0s (PIN).
However, the arrangement strongly depends on the actual
materials. The randomness at the B site is commonly accepted to
be intrinsic to the appearance of the relaxor state.

PIN [1, 2] is one of the best materials for investigating the
effect of the randomness at the B site (B-site randomness) on the
relaxor nature. Annealing PIN crystals causes the In and Nb
atoms to order along the <111> direction, whereas quenching
leads to disorder. PIN with a large In-Nb ordered region (ordered-
PIN: O-PIN) transforms into an antiferroelectric (AFE) state,
whereas PIN with a large In-Nb disordered region (disordered-
PIN: D-PIN) becomes a relaxor. The dielectric constant £(T)
exhibits a small but sharp drop at the transition temperature Tn ~
430 K in O-PIN, and in contrast, a large and broad peak around
Tmax near room temperature (~ 300 K) in D-PIN, where Tmax
strongly depends on the frequency of the electric field.

It has been reported that the structure and dynamics of
relaxors can be understood in terms of fractals, which can deal
well with a broad distribution of length and time scales [3-5]. We
are interested in the dynamic nature of the PIN materials
depending upon the B-site randomness.

In this study, we have investigated the effect of B-site
randomness on the AFE/relaxor nature of the ground state by
studying diffuse and inelastic X-ray scattering (IXS) from O- and
D-PIN single crystals [6]. The diffuse scattering measurement of
O-PIN, which is AFE at low temperatures, shows that the
ferroelectrically interactive local polarization exists in the cubic
phase, above the transition temperature Tn. As shown in Fig. 1,
IXS analysis of the diffuse scattering shows that the transverse
acoustic (TA) and transverse optic (TO) modes are dominant at
high temperatures (~800 K), whereas the central peak (CP) and
TA modes, which are coupled, are major contributors to diffuse
scattering near Tn, and show critical behavior at temperatures
close to Tn. The TO mode shows no anomaly at temperatures
close to Tn. Furthermore, the phonon spectra are broad, indicating
that a strong damping mechanism exists even in the sample with
weak chemical disordering, O-PIN. No clear difference between
O- and D-PIN is observed at temperatures above ~500 K. Here,
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the major difference between them is the property of the CP mode,
which shows no drop, and increases rapidly with decreasing
temperatures in D-PIN. The CP mode is thought to be directly
related to the local polarization, and considered to originate in a
combination of Pb-flipping and the TO mode. The B-site is
considered to control the AFE/FE instability of lead-based
perovskite materials. Finally, the B-site randomness is discussed
in terms of suppressing the AFE instability, and enhancing the
polarization fluctuation [2].
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Figure 1: Obtained CP, TA, and TO components in the diffuse
scattering from O-PIN and D-PIN as functions of temperature.
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Variable-bandwidth *’Fe Synchrotron Méssbauer Source

Takaya Mitsui

Magnetism Research Group, Synchrotron Radiation Research Center

A synchrotron Mdssbauer source (SMS) is a powerful tool for
the local analysis of iron-based materials. The SMS filters the
single-line 5’Fe-Mdssbauer radiation from synchrotron radiation
(SR) using pure nuclear Bragg reflection (PNBR) of the
57FeBOs crystal near the Néel point (Tn), and it allows us to
conduct conventional 5’Fe Madsshauer spectroscopy, whereby
information on the local magnetic state, valence, and electron
density can be obtained via the electron nuclear hyperfine
couplings. Additionally, the high degree of polarization, low
divergence, and small beam size of SR enables an advanced
Maossbauer experiment [1]. Moreover, SMS has great potential
to improve the radiation properties because the magnetic control
of 57FeBOs crystal significantly affects the PNBR. As a first
attempt, we have developed a new method of varying the
bandwidth of SMS by controlling the magneto-acoustic
vibrations in a 5’FeBOs crystal [2]. The scheme is as follows.
Below the Tn, nuclear Zeeman splitting is observed in 5’FeBOsa.
In this case, the PNBR has a multiline resonance structure,
corresponding to the four absorption lines of Am= +1 nuclear
transitions. At room temperature, the resonance energies spread
in the region of ~107%V, and the photon flux is more than 10
times larger than that of single-line PNBR from the 5’FeBO3
crystal near the Tn. However, multiline PNBR is not suitable as
a probe in spectroscopy. To solve this problem, a radio
frequency magnetic field (Hrr) is applied to the
temperature-controlled ~ 5"FeBOs  crystal to  excite
magneto-acoustic vibrations. In this case, the random vibrations
of 5Fe atoms are excited in the crystal via magneto-elastic
coupling [3], and single-line PNBR below the Tn is obtained by
the collapse of nuclear Zeeman splitting in 5’FeBOs. The
linewidth is controllable in the range of 1078 to 10%V by
adjusting the Hrrand the crystal temperature. Figure 1(a) shows
the optical system of variable bandwidth 5’Fe-SMS. The
o-polarized X-rays were monochromatized to a bandwidth of
2.5 meV at the 57Fe nuclear resonance energy (14.4keV) by a
high-resolution monochromator consisting of Si(511) and (975)
crystals. It was incident on the RF vibrating 5"FeBOs (95%
enriched in%Fe): the magneto-acoustic vibrations were excited
by the Hrr of f= 8.0 MHz and of variable amplitude (0-3.6 Oe);
the Hrr was generated by a Helmholtz coil (¢20mm); the crystal
temperature was controlled in the range of 25-76 °C. 5'Fe
Mdossbauer radiation was filtered from the SR by the >FeBOs
(333) PNBR and the bandwidth (energy distribution) of the
PNBR was evaluated by measuring the Mdssbauer spectra of a
Doppler-vibrating 90% 57Fe-enriched 2um-thick stainless-steel
(SS) foil.

The observed spectra are shown in Figure 1(b). Ata glance,
one can see that the results give clear evidence that single-line
absorption profiles with different linewidths are obtained by
adjusting the Hrrand the crystal temperature: the bandwidths of
SMS show continuous variation in the range of 108to 10°eV,
depending on Hrr and T; the photon flux markedly increases
with linewidth-broadening. Table | summarizes the linewidth
and beam flux of the RF collapsed 5’Fe-SMS.

The variable-bandwidth 5’Fe-SMS provides new application
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Figure.1. Variable-bandwidth 57Fe-SMS.
(a) Optical system. (b) Energy distribution of >’Fe-SMS
under RF field at various temperatures.

possibilities of SR-Mdssbauer experiments. As the first feasible
application, quasielastic y-ray scattering of liquid glycerol was
measured. Figure 2(a) shows the experimental setup: the Hrr
(0.750¢e,8 MHz) was applied to the 5’FeBOs crystal at T= 25°C.
The glycerol was placed on the Cu-stage in a LNz-cryostat;
the5’Fe-SR-Mdssbauerradiation, whose bandwidth was ~1ueV,
was incident on the sample and a Mdssbauer reference absorber
(MRA), whose absorption linewidth was 50neV, was used to
detect the linewidth broadening of the scattered radiation.
Initially, to obtain an instrumental function, the absorption

Table I. Linewidth vs beam flux of the RF collapsed >Fe-SMS.

T H, Hgp Linewidth Beam flux
(°C) (Oe) (Oe) (neV) (cps)
75.8 130 0 15.1(1) 1.8x10*
75.3 0 23 97.4(3) 5.0x10*
74.7 0 1.7 187.9(4) 1.1x10°
74.1 0 1.9 344.9(6) 1.2x10°
26.8 0 0.8 0.99(1) x 103 1.6 x 10°
26.8 0 3.6 1.83(3) x 10° 1.6 x 10°




spectrum of an MRA placed in the forward direction was
measured with no sample. As shown in the upper part of
Figure2(b), the spectrum was a single-line profile and was well
fitted by the \Woigt function with a linewidth of ~1lpeV.
Subsequently, the quasielastic y-ray scattering of glycerol was
observed at —123 and 25°C. The former was below the
glass-transition temperature Tg~115°C and the latter was over
the melting point Tm~17°C. The quasielastic y-ray photons
scattered by the sample were transmitted through the MRA
placed at the scattering angle of 12°. The results in Figure 3(b)
show that the spectrum of glycerol at —123 °C is almost the
same as that of the instrumental function, meaning that the line
broadening of the quasielastic scattering of polycrystallized
glycerol at a low temperature (T < Tg) is too small to be
measured with the resolution of this spectrometer. In contrast,
the spectrum at T= 25°C shows a marked linewidth broadening.
Considering the linewidth of the instrumental function, the line
broadening due to atomic vibration is estimated to be ~1peV.
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Figure.2. Quasielastic y-ray scattering of liquid glycerol.
(a) Experimental setup. (b) Velocity spectra displaying
quasielastic line broadening in scattering from glycerol.

This result shows that the variable-bandwidth®’Fe-SMS has a
high potential to determine the energy transfer of soft condensed
matter  (e.g., proteins, colloids, or polymers). The
bandwidth-controllable single-line ’Fe-SMS will open new
possibilities of SR-based Mdssbauer studies with an ultrahigh
resolution of 108to 10%eV.
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5 H 15 H 28 [A] 743 N 1,291 A
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35 | 9-April-2018

Dr. Sae Chae Jeoung

Korea Research Institute of Standard and
Science, Daejeon / Korea

Application of femtosecond laser p-processing in biomedical and material in KRISS

36 | 19-April-2018

Prof. David NEELY

Central Laser Facility, Rutherford Appleton
Laboratory, United Kingdom

lon acceleration and EMP studies using cryogenic and 3D printed targetry

37 | 21-May-2018

Dr. Aleksei Lopatin

Institute for Physics of Microstructures, Russian
Academy of Science, Russia

Fabrication of EUV and soft X-ray optical elements at IPM RAS

38 | 30-May-2018

Prof. Gautam Basu

Department of Biophysics, Bose Institute, India

Simple Electrostatic Models for Complex Biological Problems

39 | 4-July-2018

Prof. Daisuke Kihara

Department of Biological & Computer Science,
Purdue University, USA

De novo main-chain modeling for EM maps using MAINMAST

40 | 11-July-2018

Prof. Bhuvanesh Ramakrishna

Indian Institute of Technology Hyderabad

Ultra high intense laser matter interaction and their application

41 | 31-July-2018

Dr. Toshiaki Nakano

Radiation-Induced DNA Damage Group,KPSI,
QST, Japan

Detection of radiation-i

nduced clustered damage and DNA-protein crosslink damage

42 | 24-August-2018

Prof. Masami TERAUCHI

Institute of Multidisciplinary Research for
Advanced Materials, Tohoku Univ.

Soft-X-ray emission spectroscopy with electron microscopy and its applications for materials characterization

43 | 26-October-2018

Associate Professor, Kaori
Fukuzawa

Laboratory of Chemical and physical chemistry,
Faculty of Pharmaceutical Sciences, Hoshi
University

In Silico Life Science Based on the Fragment Molecular Orbital method

44 | 5-September-2018

Associate Professor, Kenji Sakota

Department of Chemistry, Faculity of Science/
Division of Molecular Materials Science,
Graduate School of Science, Osaka City
University

Optical property of a single microdroplet levitated by an electrodynamic ion trap
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45

26-September-2018 Prof. Lee-Wei Yang

Institute of Bioinformatics and Structural
Biology, National Tsing Hua University, Taiwan

Resolution-exchanged structural modeling and simulations jointly unravel that subunit rolling underlies the

mechanism of programmed ribosomal frameshifting

46

3-October-2018 Oanh T. P. KIM, Ph.D

Environmental Genomics Laboratory, Institute of
Genome Research (IGR), Vietnam Academy of
Science and Technology (VAST).)

A draft genome of the striped catfish (Pangasianodon hypophthalmus)

47

11-December-2018 Dr. Masato KOIKE

Department of Advanced Photon Research,KPSI,
QST, Japan

Soft X-ray high resolution / high diffraction efficiency holographic diffraction gratings —Developments and

applications to spectrometers—

48

16-January-2019 Jun Nakamura, D.V.M., Ph.D.

Laboratory of Laboratory Animal Science,
Graduate School of Life and Environmental
Biosciences, Osaka Prefecture University

Oxidative Damage to Macromolecules in Carcinogenesis and Atherogenesis

49

4-March-2019 Tokuei SAKO, PhD.

Laboratory of Physics, College of Science and
Technology, Nihon University

Light-nanomatter interaction : basic theory and computational approach

50

6-March-2019 Prof. Naoki HOSOYA

Department of Engineering Science and
Mechanics, Shibaura Institute of Technology

Vibration acoustic study using nanosecond laser

51

20-March-2019 Kei NAKAMURA, PhD.

Lawrence Berkeley National Laboratory, USA

Recent progress on laser plasma accelerator development at Lawrence Berkeley National Laboratory

52

28-March-2019 Katsuhiro MIKAMI

X-ray Laser Group, Department of Advanced
Photon Research ,KPSI, QST, Japan

Optimization study and the medical application of detection method with laser-induced vibration
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28-June-2018

Dr. Shigehito ISOBE

Graduate School of Engineering, Hokkaido Univ

Study on Reaction Mec

hanisms of Hydrogen Storage Material

w

7 | 5-July-2018 Dr. Mitsuru Imaizumi Research and Development Directorate, Japan
Aerospace Exploration Agency (JAXA)
Development of space solar cells in Japan —background and current state—
8 | 11-July-2018 Masaki Tsubota Physonit Inc.
High accuracy refinement of crystal structure parameters via powder diffraction patterns
9 | 10-October-2018 Masato Koike, Visiting Researcher | Department of Advanced Photon Research,
Kansai Photon Science Institute
Soft X-ray high resolution / high diffraction efficiency holographic diffraction gratings —Developments and
applications to spectrometers—
10 | 18-October-2018 Hideaki lwasawa, Associate Department of Physical Science, Graduate School

professor

of Science Hiroshima University

State-of-the-art synchrotron-radiation APRES: Present and future perspective
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