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Preface

This annual report from the Kansai Photon Science Institute (KPSI) provides highlights of the
scientific and technical research that was conducted over the 2019 fiscal year.

KPSl is one of the research and development (R&D) bases of the National Institute of 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
around 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 at QST. At the Kizu site, we are
conducting state-of-the-art research such as developing new types of laser-driven radiation sources,
such as laser-accelerated particle beams and ultrashort X-rays based on world-leading top-class
high-intensity laser technology, ultrafast measurement methodology using ultrashort pulse
technology, and quantum life science that helps us to understand radiation effects and to develop
new medicines. At the Harima site, using the two contract beamlines of SPring-8 and computer
simulations, we are developing new technology to utilize synchrotron-radiation X-rays and
carrying out state-of-the-art research in materials science. From FY2019, QST organized a new
institute, the Institute for Quantum Life Sciences, under the direct control of the president, and two
research groups related to this research field have been transferred to this new institute while
keeping their location at KPSI. However, KPSI will continue to support all the research groups to
maximize the results of QST.

In the laser science field at the Kizu site, we have developed an optically synchronized stable
pump laser and a new optical parametric oscillator, which will become seed technologies toward
next-generation high-power lasers. In laser-driven ion acceleration research, we have firstly
revealed the relationship between laser intensity and accelerated ion energy by taking the effect of
the spot size into account. In the field of life sciences, new findings have been obtained through
attempts to directly observe DNA damages for single molecules. At the Harima site, we obtained
several excellent results such as detailed observation of electronic excitation of copper-oxide
superconducting substances using resonant inelastic X-ray scattering and theoretical investigation
of the magnetic properties of substances on a triangular lattice system, which may include
geometrical frustration. 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 its role as an open research center of the "science of light" and
will contribute to quantum science and technology and the strategy for innovation in Japan. We

appreciate your understanding and cooperation.

Good day, 2020
Director General of KPSI
Tetsuya KAWACHI
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Research Highlights



Activities of Advanced Photon Research

Kiminori Kondo
Department of Advanced Photon Research

In the department of Advanced Photon Research, the
primary research focus is the science and technology of advanced
lasers. High-peak-power laser technology, high-repetition-rate
and high-stability laser technology, and ultrashort-pulse
technology are of particular importance. 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, and the

long commissioning operation term was completed two years ago.

Internal users in KPSI and external users have used the system in
PW-class operation mode. In this fiscal year, 30% of the total
machine time has been shared to the external users. The extreme
focused intensity of up to 10*2 W/cm? on targets 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. The advanced laser group not only maintains J-
KAREN-P to deliver laser pulses with the best conditions, but
also develops and introduces new technology to maintain the
world-leading class condition of J-KAREN-P. Dr. Miyasaka
reports the development of the optically synchronized stable
pump laser for optical parametric chirped pulse amplification
(OPCPA) and Dr. Ogura reports the investigation on the recovery
time of semiconductor saturable absorption, which is important
for taking the high quality high peak power laser pulse. The 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.

Laser driven secondary
radiation source

High peak power

High rep-rate and stability

Ultrashort pulse

Ultrafast probe for life and
material science

One of the most important applications is the development
of a laser-driven secondary radiation source. An extremely high
optical field can be formed with focusing extremely high peak
power to an ultimately small spot size. Atoms and molecules
exposed to this extremely high field are immediately ionized by
field ionization. The corresponding optical intensity to the atomic
unit is only 3 x 10'® W/cm?, which is much lower than that
generated with J-KAREN-P. The generated free electrons move
along the extremely high optical field, 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. Dr. Dover explains the effect
of small focus on electron heating and proton acceleration in
ultra-relativistic laser-solid interactions, which is very important
knowledge for designing the high field interaction experiment
and for developing the laser driven ion accelerator. Laser driven
electron acceleration is also an important topic related to this
interaction. Dr. Kai describes the variation in electron emission
time in weakly nonlinear laser wakefield. One of the most
important applications of laser-driven energetic particles is the
application to Quantum Scalpel, which is a new-generation
heavy-ion cancer therapy machine planned to be developed
within 7 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 to show a proof of concept (POC). In addition to an

Application and
Industrialization

Fig. 1 Research and development of the department of Advanced Photon Research.
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ion accelerator, a laser plasma electron accelerator is also under
development in KPSI within the MIRAI program. Furthermore,
particle acceleration and X-rays are 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. There
is also a possibility of a keV-scale coherent X-ray source that
doesn’t use a gigantic linac like such as SACLA with BISER. The
development of high repetition rate secondary sources is very
important for the real application of these secondary radiation
sources. In the MIRAI project, the demonstration of POC of the
laser driven heavy ion injector must be shown by the end of
FY2026. Therefore, the X-ray laser group once shut down the 0.1
Hz X-ray laser driver (TOPAZ) and started to develop the high
quality 10 Hz X-ray laser driver. This system is established on the
commercial base 10 TW/10 Hz CPA Ti:sapphire laser system. For
taking the stable operation, the front end of this system is based
on the 100 Hz LD pump solid state laser. By taking the double
CPA structure, very high quality 30 TW laser pulses will be
generated not only for 10 Hz X-ray laser operation, but also for
the stable ion beam generation for the MIRAI project. As an
application of the intense X-ray laser, Dr. Ishino reports the study
on the mesoscopic polarization structure in the relaxor
ferroelectrics Pb[(Mg1/3Nb23)1xTix]Os.

The next important application of advanced laser science and
technology is an ultrafast probe for life and material science.
THz radiation is also mainly developed in the ultrafast dynamics
group for material science. Until two years ago, the C-Phost
project had 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. Dr. Tsubouchi reports a
study on the plane shockwave generation in liquid water using
irradiation of THz pulses. Dr. Endo details the characterization of
UV pulses by plasma-mirror FROG using a liquid-sheet jet of
water. 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 brains
at NIRS. This research began to demonstrate one of the featured
results by the unification of NIRS and JAEA three years ago. In
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this fiscal year, for approaching a deeper component, a three-
photon microscope is under development. Related to this
development, Dr. Nagashima reports on the optical parametric
oscillator pumped by the femtosecond Yb-doped fiber laser.
Moreover, the ultrashort probe started to be upgraded to the
attosecond regime to start attosecond science in KPSI. The
related study of CPS laser fabrication has also been on going.
These studies are supported by the Q-LEAP program which
started two years ago. This project will be studied by the ultrafast
dynamics group and the 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. Dr. Dhin reports
the strong excitation of silicone as a step towards sub-nanometer
processing, which is very important for future processing.

In a sense, the most important application of our advanced
laser science and technology is industrialization. In fact, from this
fiscal year, the new SIP program, which follows the previous SIP
program that finished two years ago, for the development of
nondestructive tunnel inspection technology has started. This
technology is being tested for its application to commercial
technology at the venture company Photon—Labo. One of the key
tools 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 a 50-Hz repetition rate system has been developed and
successfully loaded onto an inspection vehicle. 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. Medical
applications are an additional important consideration. By using
high power laser technology, a strong and compact infrared laser
can be developed for various medical use including detecting
blood glucose measurement. Additionally, Dr. Aoyama
introduced the potential application to the field of pathology.



Investigation of recovery dynamics of

a semiconductor saturable absorber for
ultra-high-intensity lasers

Koichi Ogura
Advanced Laser Group, Department of Advanced Photon Research

The short-pulse high-intensity laser system J-KAREN-P [1]
of the Kansai Institute of Photon Science is a petawatt-class laser
system that can generate high-intensity light pulses with a pulse
width of 30 fs, pulse energy of 40 J, and repetition rate of 0.1 Hz.
The short-pulse high-intensity laser has pre-pulses. The intensity
ratio between the main pulse and the pre-pulse is called a
temporal contrast. The temporal contrast of J-KAREN-P is
approximately 102, A high temporal contrast is required for
accessing high-field physics in a desired target. The focus
intensity of J-KAREN-P is up to 10?2 W/cm?. This laser system
is used for high-energy ion-generation experiments [2], electron
acceleration experiments [3], and X-ray harmonic generation
experiments [4]. These experiments are supported by J-KAREN-
P’s high temporal contrast and focus intensity. The high temporal
contrast is achieved by pulse cleaning methods in this laser
system. One is a method with a temporal filter (a saturable
absorber) and the other is a method using an optical parametric
amplification method (OPCPA). Semiconductor-doped glass,
RG850, is used as a saturable absorber to enhance the temporal
contrast of the J-KAREN-P laser.

In this report, we report on the measurement of the recovery
dynamics of the saturable absorber RG850 for a pulse cleaner.
Saturable absorption is an example of a nonlinear optics effect.
Saturable absorption can be described as a phenomenon where an
initially dark piece of optical material becomes lighter when
placed under a bright light. The saturable absorber RG850
absorbs a low-intensity pre-pulse, but transmits an intense main
pulse of a short-pulse high-intensity laser beam. RG850 is a
semiconductor-doped glass, being composed of a glass and small
semiconductor crystals, and it has a fast response time.

RG850 is a material in which small crystalline
semiconductor particles (CdS, CdTe, ZnS) are dispersed in silica-
based glass. It is usually used as a color filter for light near 850
nm. The wavelength range of J-KAREN-P is around 775 nm to
825 nm with a center wavelength near 800 nm. The recovery
dynamics of RG850 with a high laser intensity of 3 mJ/cm? have
not reported.

The diameters of the crystals are up to approximately 100
nm. The crystal is also called a quantum dot. The crystal is made
by mixing glass with the composite semiconductor material and
keeping the glass at an appropriate temperature. When the
quantum dots are irradiated with light, hole—electron pairs are
generated in the quantum dots and recombine with a certain
relaxation time.

The band gap of bulk CdTe is 1.44 eV. It corresponds to a
wavelength of 861 nm. Photons with a wavelength shorter than
861 nm are absorbed. The smaller the size of a quantum dot, the
larger the energy gap grows compared to the bulk band gap
energy. Therefore, it is possible to absorb the light of J-KAREN-
P.

The total carrier recombination lifetime is the summation of

the surface recombination lifetime and bulk recombination
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Fig. 1. Experimental setup.

lifetime [6]. The bulk recombination includes the radiative
recombination and Auger recombination [6]. The bulk
recombination lifetime is dependent on the carrier density, while
surface recombination is not dependent on the carrier density [6].
It is related to the parameters of the semiconductor-doped glass
(thermal diffusivity, etc.).

In this experiment, an ultrafast time-resolved pump-probe
absorption technique is used to measure the time-dependent
optical absorption of RG850. The experimental setup is shown in
Fig. 1. In this method, the time resolution of the experiment
depends on the pulse duration of the laser. In our case, the pulse
duration is approximately 50 fs.

The laser (10 Hz, ~600 wJ, 50 fs) used in the experiment is a
FemtoPower Compact Pro (Spectra-Physics), which is the front-
end of the J-KAREN-P laser. The laser pulse was divided into
pump pulses and probe pulses with a beam sampler. The energy
of the pump pulse was changed with a wave-plate and polarizer
system and neutral density filters.

The RG850 glass (1 inch diameter, 3 mm thickness) was
irradiated with the pump beam (5 mm radius, 350 pJ energy). A
delayed probe pulse was incident at the same position as the pump
beam on the RG850. When the probe pulse closely followed the
pump pulse (i.e., with only a slight time delay), the maximum
transmittance of the probe pulse was obtained. The laser was
operated at 10 Hz. The RG850 glass had completely recovered
within 100 ms.

The transmitted probe energy was detected with a silicon
photodiode (A2). The probe pulse energy was monitored with
another silicon photo diode (Al). We obtained a normalized
transmitted probe pulse energy (A1/A2) from the two silicon
photo detectors.

It was found that the fast recovery time constant of RG850
was approximately 10 ps and the slow recovery time constant was
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approximately 500 ps, as shown in Fig 2. Here, T1 corresponds to
the bulk recombination lifetime and 72 corresponds to the surface
recombination time [6]. The bulk recombination time is
dependent on the carrier density. If the focus intensity increases,
the bulk recombination time will decrease. However, damage to
the glass might be produced at a higher focus intensity.
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Optically synchronized stable pump laser for
optical parametric chirped pulse amplification

Yasuhiro Miyasaka

Advanced Laser Group, Department of Advanced Photon Research

The J-KAREN-P laser adopts the optical parametric chirped
pulse amplification (OPCPA) as a pre-amplifier to achieve high
temporal contrast [1]. Pulse energy is transferred from a pump
pulse to a signal pulse by the optical parametric process if both
the pulses exist simultaneously in a non-linear optical crystal
under phase matching conditions. Reduction of timing jitter
between the pump and signal pulses for the OPCPA is a key issue
when obtaining stable amplified pulse energy and spectrum. The
main source of sub-ns ~ ns timing jitter is electrical
synchronization of different laser oscillators for pump and signal
pulses. The timing jitter can be suppressed to less than 1 ps by
optically synchronized OPCPA, which uses a single oscillator to
eliminate the electrical timing jitter [2]. Pulse durations of 1-100
ps for the optically synchronized pump lasers generated from
signal pulses have been reported because the pump pulses are
developed for lasers with low-energy and few-cycles [3]. The
pulse duration of signal pulses at the J-KAREN-P laser is
stretched to ~1ns to avoid optics damages in subsequent
amplifiers. An optically synchronized pump laser with a long
pulse duration is desired for a more stable operation of the
OPCPA in the J-KAREN-P laser. In this study, newly developed
optically synchronized stable pump lasers with a maximum pulse
duration of 330 ps at a wavelength of 532 nm is reported.

A schematic setup of the optically synchronized pump laser
is shown in Fig. 1. Pulses from a Ti:sapphire oscillator (7 fs pulse
duration and 80 MHz repetition rate) are focused into a photonic
crystal fiber for spectrum broadening by the soliton self-
frequency shift (SSFS) to obtain a wavelength of 1064 nm. The
spectrum broadening depends on the intensity of the input pulse
[4]. The intensity of the 1064 nm pulse is stabilized by an
originally constructed feedback system, which is composed of a
spectrometer and a half-wave plate mounted on a motorized
rotation stage. Figure 2 shows the measured stability of the center
wavelength with and without the feedback control. Here, the
center wavelength is defined by the peak Gaussian fitting to the
extended spectrum of around 1064 nm. The fluctuation of the
center wavelength is stabilized to 0.2 nm (0.02%, RMS) over 2
hours by controlling the half-wave plate angle. The stabilized
pulses are amplified to 130 mW by four stage Yb:fiber amplifiers,
and are stretched to 1 ns by chirped fiber Bragg grating. Stability
of the fiber output power is better than 0.2 % (rms) over 3 hours

OPCPA
seed
Ti:sapphire T Photonic Yb:fiber | | Chirped fiber
oscillator ~ |crystal fiber| | amplifiers | |Bragg grating
|
OPCPA LBO | | Main [ |Regenerative
pump crystal amplifier amplifier
Optically synchronized pump laser

Fig. 1. Schematic setup of the optically synchronized
pump laser.
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Fig. 2. Dependence of the center wavelength
on time (a) with and (b) without the feedback
control system.

with the feedback system. The fiber output pulses are collimated
to a diameter of ~2 mm by an achromatic lens, and picked up by
the Pockels cell to 10 Hz for amplification in the laser diode-
pumped Nd:YAG regenerative and 2-pass main amplifiers. The
regenerative amplifier is designed to set a beam diameter of ~2
mm on the Nd:YAG rod to avoid Fresnel diffraction from the rod
edge. The input pulses are amplified to ~20 mJ after 10 round
trips. The small signal gain per 1 round trip is as high as ~9. The
stability of the amplified pulse energy is measured to be 0.3%
(rms) over 2 hours. The output beam profile with a diameter of
2.3 mm at the intensity point, 1/e2, is obtained with a good
Gaussian profile. The stably amplified pulses are sent to a 2-pass
main amplifier after expanding the beam diameter to 4 mm at the
intensity point, 1/e2. A serrated aperture with a diameter of 5 mm
is placed after the beam expander to avoid Fresnel diffraction.
The pulses are amplified to 200 mJ with the main amplifier with
a stability of better than 0.2 % (rms) over 2 hours. The beam

Fig. 3. Beam profile at 532 nm.
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Fig. 4. Measured pulse duration (blue) before regenerative
amplifier and (red) after frequency doubling.

profile on the serrated aperture is relayed to an LBO crystal to
obtain a high efficiency of frequency doubling. The frequency
doubled (532 nm) pulse energy is 130 mJ with a stability of 0.6 %
over 2 hours. Figure 3 shows the 532 nm beam profile in the LBO
crystal. The triangle shape surrounding the profile is the shadow
of the serrated aperture. The center part on the profile at 532 nm
is slightly stronger in the vertical direction. The pulse duration is
measured by a 30 GHz oscilloscope and a biplanar phototube
with the rise time of 60 ps. The pulse duration at the output of the
fiber system is ~1 ns (FWHM), which corresponds to the
specification of the FBG. However, the pulse duration becomes
shorter after frequency doubling, as shown in Fig. 4. We consider
that much of the pulse shortening is due to the waveform

21

distortion behavior of high gain amplification in the regenerative
amplifier. After frequency doubling, the pulse duration of 330 ps
(FWHM) is obtained at 532 nm. Further improvement of the
pulse duration is needed to fully meet the J-KAREN-P system
requirement.
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Variation in electron emission time in weakly nonlinear
laser wakefield acceleration >

Kai Huang

&
ik

High Intensity Laser Science Group, Department of Advanced Photon Research

Laser wakefield acceleration (LWFA) [1] is one of the most
intensively studied fields in high energy density science (HEDS)
because of the inherent high acceleration gradient and ultrashort
acceleration structure. The secondary radiation sources [2] from
LWFA possess the temporal characteristics of the accelerated
electrons and are considered to be useful in the application of
ultrafast pump-probe studies. The resolution of a pump-probe
study is determined by the duration and jitter of the probe pulse.
The single bunch duration of LWFA has been demonstrated to be
at femtosecond (fs) level [3], which is consistent with the
micrometer-scale wave bucket. For the aspect of timing jitter, it
is assumed that the electrons are to be injected into the first
bucket of the wakewave in the bubble regime [4]. Thus, they are
always considered to be “jitter-free”. However, up to now, the
timing information of laser wakefield accelerated electrons have
not been real-time monitored. For theoretic concern, since laser
wakewave is composed of a sequence of buckets, the possibility
of electrons being injected into lateral buckets cannot be ignored.
This issue has been paid little attention experimentally.

For the timing monitoring of electron beams, electro-optic
(EO) sampling techniques have been widely used in conventional
accelerators [5]. When an electron bunch passes by an EO crystal,
the coulomb field residing in THz range acts as a DC bias. A
probe laser propagating through the crystal will undergo Pockels
effect, causing polarization rotation that records the electron
temporal profile. This technique has the advantages of non-
destructive and single-shot detection. By setting an angle
between the propagation direction of the probe laser with the
electron beam path, the electron longitudinal information can be
transversely encoded to the laser profile. This is known as the
“electro-optic (EO) spatial decoding technique”.
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Fig. 1: EO spatial decoding model. The wavefront of the
Coulomb field has a spherical shape with the center at the
exit of plasma.

In a previous study, we introduced EO spatial decoding

technique to the LWFA study and discussed the methodology in
detail [6]. We found that when placing the crystal very close to
the plasma source, the wave-front of the Coulomb field had a
spherical shape instead of the perpendicular plane wave model
that was previously widely used. For such a special case, we
derived a modified temporal mapping relationship: cAt =
(1+sinfs /sinBp)-tan 6pAE, where AE and At represent
the observed displacement on the CCD and the corresponding
time difference, respectively. 6; and 6, are the incident angles
of the Coulomb field and probe laser on the EO crystal surface,
as illustrated in Fig. 1.

In this report, we present the observation of the plasma
density dependent electron emission time variation by using the
EO spatial decoding technique. The emission times of the
electrons tended to be earlier with higher plasma densities,
corresponding to a closer injection position relative to the drive
laser pulse. The timing trend fitted well with a density down-ramp
injection model. Our study suggests that for weakly nonlinear
laser wakefield acceleration, jitter issues should not be ignored.
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Fig. 2: Single shot EO signals vs. densities. The cases
with plasma densities of {2.2, 2.4, 2.7, 2.9, 3.1, 3.5, 3.7}
x 10'° cm are listed from left to right. Signals were
generated from pure He gas. Multi-bunch structures were
observed frequently at slightly higher plasma densities.

The experiment was performed with the JLITE-X laser
system at the Kansai Photon Science Institute (KPSI), National
Institutes for Quantum and Radiological Science and Technology
(QST), Kyoto, Japan. In the experiment, the laser output is 4 TW
with a pulse duration of 40 fs. The laser intensity on target was |
=7 x 10 W/cm?, corresponding to a normalized vector potential
a0 ~ 0.57, where a0 ~ 8.6 x 1072% Ao [um] 12 [W/cm?]. A3 mm
conical nozzle was used for electron generation. The crystal we
used was a 50 pum thick GaP crystal placed at a position (L, y,) =
(2.2 mm, 1.5 mm) downstream of the exit of the target, see Fig.
1. The probe incident angle on the crystal surface was set to be
Op = 44°.



Alist of single-shot EO signals from pure helium (He) gas is
shown in Fig. 2. With a moderate laser power of 4 TW, the laser
wakefield acceleration worked in a weakly nonlinear mode. At
higher plasma densities, the electron beams had earlier emission
times. The signals had differences of nearly 1 picosecond (ps) for
cases between the lowest and highest plasma density. Since the
observed EO signal represented the relative timing of when the
electron exited the plasma, the emission timing variation suggests
that the injection position relative to the drive laser pulse varied
with plasma densities. Since the detection was conductible in
real-time, temporal multi-bunch structures were observed
frequently during the experiment with much less efforts
compared to previous literatures [7, 8].
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Fig. 3: Discussion of the density dependent emission time
variation. The centers of the EO signals from He are
illustrated by black solid triangles. The grey shadow in the
figure denotes the standard deviation of the relative emission
time at each density. The black and blue dashed curves are
allometric fittings between {t,n,} and {t + L;, n.}, where
Ly = 484 um is the measured plasma scale length of the
density down ramp at the exit of the gas nozzle. The red
triangles are the scattering plots of the peak of the signals
from N2 for background plasma densities of {1.2, 1.4, 1.7, 2.0,
2.3} x 10'° cm3. The signals in the red zone were taken as
samples for relative “zero” timing determination.

To search for the physics behind the observed phenomena, we
conducted statistics of 20 consecutive shots at each plasma
density for pure He gas. The statistics and analysis are shown in
Fig. 3. In the self-injection regime, the electron timing fluctuation
decreased from 275 fs to 48 fs when increasing the density, as
denoted by the black shadow. It suggested that wave breaking was
forced to occur at higher plasma densities. We considered two
candidate mechanisms [9, 10] which could be responsible for the
observed emission time trend: (1) For the transverse wave
breaking mechanism, the wave breaking timing relative to the
drive laser has a relation with the density as: t « n;5/6.
However, a direct fitting between t and n, showed t « n;33¢
(see black dashed line in Fig. 3), which was far from the
transverse wave breaking model. (2) For the density down-ramp
injection mechanism, the relative injection timing is related with
the density as: t + 2Lg/c « ng2/3, which fitted well with the
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experimental data, as illustrated by blue dashed line (with index
of -0.60) in Fig. 3. The analysis showed that the density down-
ramp might be responsible for the injection of the majority of
electrons and the observed timing trend in our experiment [11].

The relative zero timing was determined by the using the
nitrogen (N2) gas target when ionization injection occurred.
Simulations demonstrated that high energy electrons were
injected into the first bucket at a background plasma density of
2.0 x 10% cm™2 for the laser parameters used in the experiment
[11]. Additionally, the experimental results of N2 showed
different timing behavior compared to that of He. At each plasma
density, there were signals appearing near the “zero” timing. At
plasma densities of < 2x10%° cm™3, the EO signals covered a large
range of timings. At 2.0x10%° cm3, except for two shots with
very late timings, the others were constrained in a region near the
zero timing. At 2.3x10%° cm™3, no signals were observed with late
timings. Based on both experiments and simulations, we take the
mean timing value in the red zone in Fig. 3 as the relative zero
emission time.

In summary, by introducing the EO spatial decoding
technique to the experimental research of LWFA, we observed
the plasma density dependent electron emission time variation in
the weakly nonlinear condition. Measurements indicated that, in
some occasions of LWFA, the electrons were not necessarily
“jitter-free”. For application concerns, controlled injection
mechanisms should be used to generate temporally stable
electron bunches. The detection method in this report will be
optimized for single-shot detailed measurement of the electron
temporal profile and the investigation of the physics in the
injection and acceleration processes.
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Effect of small focus on electron heating and
proton acceleration in ultra-relativistic laser-
solid interactions

Nicholas P. Dover

High Intensity Laser Science Group, Quantum Beam Science Directorate,
Kansai Photon Science Institute

State-of-the-art high-power lasers can now reach up to ~1
PW level and can be focused to intensities nearing 1022 W/cm?.
The resulting fields are so strong that the accelerating gradients
are almost a billion times higher than those typically used in
conventional particle accelerators. When such high intensities
are focused onto solids, the fields strip electrons from the ions
and accelerate them to relativistic energies within femtoseconds.
The way in which the laser transfers energy to electrons, and the
properties of the accelerated electrons, is a fundamental building
block for numerous scientific applications, such as compact ion
[1], x-ray [2], neutron [3] and for next-generation lasers, and
gamma ray sources [4].

The electron acceleration by the laser is analytically difficult
to calculate due to the complicated field structure caused by the
tight focusing of the laser, the reflection of the laser from the front
side of the target, and the electric and magnetic fields induced in
the plasma at the front surface. The heated electrons typically
have a thermal spectrum and are characterized by their
temperature Te. A number of simple analytical scaling laws
have been developed to predict the variation of Te with laser
intensity I..  One commonly used law is ponderomotive scaling,
which estimates temperature to be equal to the electron transverse
quiver energy in a plane wave [5]. Other scaling laws differ in
details, but all of them predict that the electron temperature only
depends on laser intensity, with no dependence on other laser
parameters such as focal spot size. As there are only few
experimental studies at relativistic intensities, and no reports
from the current high intensity frontier, above 102X Wem??, it is
important to measure this experimentally. Furthermore, many
applications also depend on other beam parameters such as the
electron beam divergence, which has also not been clarified.

One important application that is dependent upon the
parameters of the electron beam is the laser driven ion source,
which can produce ultra-high peak current ion beams with very
different properties compared to conventional sources. Sheath
acceleration is one common mechanism that drives these sources.
It involves the laser being focused onto a thin (~1 um) foil. The
laser accelerated electrons flow away from the focal spot into the
target and, when reaching a target surface, generate a strong

quasi-electrostatic space charge field that accelerates surface ions.

As the electrons mediate the ion acceleration, it is of great interest
to experimentally observe both the electron and ion beam and

investigate the scaling to the highest intensities currently possible.

We investigated the acceleration of electrons and protons
from ultra-high intense laser interactions with thin solid foils, as
described in [6]. We found, for the first time, that the electron
temperature depended not only on laser intensity but also on focal
spot size, an effect which is only apparent at ultra-high laser
intensities. \We showed that for extremely small focal spots the
electron cannot be accelerated over a sufficiently long distance to
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gain a lot of energy, even though the accelerating fields may be
higher. We also showed only a weak improvement in proton
acceleration when using very tight focal spots due to a reduction
in the acceleration time. Therefore, we have shown that further
improvement of particle heating in laser-solid interactions may
require higher laser energy, not just higher laser intensity.
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J-KAREN-P ] spectrometer

EL~10J (max), 40 fs E TP spectrometer or
r. ~1.5 ym (min), time-of-flight

I ~5 x1021 Wem2 P,

‘Proton bean
profile - RCF
stack (low rep.)
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Proton beam profile -
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scintillator

Fig 1: Experimental set-up of experiment at J-KAREN-P.

The experiment was performed at the J-KAREN-P facility
at Kansai Photon Science Institute, QST, Japan [7, 8], as shown
in Fig 1. The J-KAREN-P laser was focused onto a tape target
with a 5 um steel target which could be reeled to provide a new
target for each shot, matching the laser repetition rate of 0.1 Hz.
The contrast of the laser was measured using a 3" order cross
correlator, and was used to simulate the prepulse expansion using
a hydrodynamics code (FLASH), showing the formation of a
double-scale length plasma gradient at the front surface with
exponential scale lengths of ~0.5 pum and 4 um respectively [6].
The generated electron beam was measured using a filtered
scintillator screen to observe the beam profile, and a magnetic
spectrometer placed exactly along the laser’s axis. The proton
beam was measured by either a radiochromic film stack (RCF) at
low repetition, or a combination of a scintillator diagnostic and a
time-of-flight diagnostic measuring the beam profile [9] and the
maximum proton energy, respectively.

The electron temperature as a function of intensity was
measured in two different ways: firstly, with the smallest focal
spot possible (r. = 1.5 um) and by varying the laser energy EL on
the target between ~1 J and 10 J, and secondly, by keeping the
laser energy at 10 J and varying the target position with respect
to laser focus, effectively changing the focal spot size r.. The
results are shown in Fig. 2a, along with the predictions from
ponderomotive scaling. Although there is a reasonably good
agreement between the experimental measurement and the
ponderomotive scaling theory at low intensities and large focal
spots, at high intensities the temperature appears to be suppressed
compared to the scaling. Furthermore, there appears to be a



significant difference between the temperature for a fixed
intensity when varying focal spot size or laser energy. In
particular, the small focal spot size appears to result in a reduced
temperature for the same intensity, which was not predicted by

ponderomotive scaling or any other proposed electron
temperature scaling law.
a) 0= ‘Ponderomotive / 0)
_|= Varyr, (exp) s 13 10 30
> Vary E (exp) 130
2 10 e e
o e
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Fig 2: a) Scaling of electron temperature with intensity for varied
focal spot size r. and laser energy EL, b) diagram showing
electron motion in a plane wave for different normalized vector
potentials, and the equivalent focal spot size, and c) predictions
of our modified scaling model compared to the ponderomotive
prediction as a function of laser power and focal spot size, where
the white dotted line indicates the divergence of the two models.
The experimental data used is the same as that published in [6].

To understand why this might be, firstly consider the
trajectory of an electron being accelerated in a plane wave (Fig 2
b.). As the laser intensity, and the related normalized vector
potential ao, increases, the distance travelled by the electron in a
single cycle also increases. That is, even though the potential
maximum quiver energy is higher, the electron needs a longer
distance to reach that maximum energy. As shown for the
experimental maximum intensity (. = 5x10%* Wem2, ao = 50),
the acceleration length far exceeds the focal spot size (given by
the horizontal dotted lines). It is possible to analytically
estimate the energy the electron can gain before it leaves the focal
spot within the ponderomotive scaling framework (see [6] for
details). Comparing ponderomotive scaling (top) and our new
scaling (bottom), the resulting temperature suppression is shown
in Fig. 2c. Above the point where the plane wave transverse
acceleration length yo exceeds the 1/e focal spot size re, the new
scaling is identical to ponderomotive scaling (white dotted line).
However, below this, the temperature is heavily suppressed,
creating a stringent limit on the energies that the laser-heated
electrons can reach. The predictions of the modified model in
our experimental conditions at maximum intensity is ~12 MeV,
which is in excellent agreement with the experimental results and
numerical particle-in-cell simulations performed to elucidate the
experiments.

We also measured the proton beam that was generated from
the interaction and compared it to well-known scales [6]. At the
highest intensity, the protons were accelerated up to energies of
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30 MeV by the sheath acceleration mechanism. We varied the
intensity in the same manner as described for the electrons above.
There was a relatively good agreement with the electrostatic
model developed by Schreiber [10] when varying the laser energy
without the manipulation of any free parameters in the model.
However, the scaling to larger focal spots underestimated the
energies by orders of magnitude. We concluded that the
Schreiber model was underestimating the acceleration time for
larger focal spots. When the focal spot and the corresponding
sheath is very small, the electrons that bounce back-and-forth
between the front and rear surface only contribute once to the
sheath. However, if the sheath is large, the same electron can
contribute multiple times to the sheath, resulting in an effectively
higher sheath lifetime. Therefore, there is an effective increase
in the acceleration time with increasing focal spot size, so
although the sheath field weakens significantly with decreasing
intensity, it is partially compensated by the increasing
acceleration time. We modified the acceleration time used in the
Schreiber model to account for this and found significantly
improved predictions of the experimental data.

In conclusion, we experimentally measured the effect of
using a very small focal spot size to maximize laser intensity on
the accelerated electron and proton beams. In both cases we
found only a marginal improvement from using extremely tightly
focused laser pulses.  This creates an increase in the laser energy
instead of decreasing the laser spot size as a method of boosting
the parameters of the generated particle beams. This work is
described in more comprehensive detail in the main manuscript

[6].
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Mesoscopic hierarchic polarization structure in the
relaxor ferroelectrics PMN-x% PT

Masahiko Ishino

X-ray Laser Group, Department of Advanced Photon Research

Those studying relaxor ferroelectrics have been interested in
their large dielectric response and utility for many dielectric
devices. The advantageous properties of Pb[(MgwsNbz2/3)1.xTix] O3
(PMN—x% PT) have resulted in it becoming a popular material
that has attracted interest [1]. It is well known that some
macroscopic properties of a solid can never be resolved by simply
considering the microscopic nature of the crystal structure and
electronic states, instead originating inherently in the mesoscopic
level hierarchy [2]. Mesoscopic polarization structures such as
polar nanoregions (PNRs) [3] and polarization domain walls [4]
are certainly of this form, connecting microscopic fundamental
polarization structures with macroscopic practical dielectric
properties.

The structural symmetry of PMN—x% PTs in the paraelectric
phase is cubic; however, structural symmetry in the ferroelectric
phase varies depending on PT concentration [5]. The structural
symmetry in the ferroelectric phase around room temperature
changes from rhombohedral to monoclinic and finally changes to
tetragonal as the PT concentration increases. The morphotropic
phase boundary (MPB) region appears between 31% PT and 37%
PT concentration [6, 7]. It was reported that PNRs appear in
PMN-x% PT below 30% PT and increase in size as the
concentration of PT increases. Close to room temperature, the
sizes of PNRs were estimated to be 1.3, 3.4, and 35 nm for 0%,
10%, and 20% PT samples, respectively [8]. The disappearance
of the diffuse scattering indicates the appearance of long-range
ferroelectric order, which is associated with macroscopic
polarization domains [9]. Micrometer size macrodomains have
been observed in PMN-30% PT samples at room temperature
[10].

The origin of a large dielectric response for PMN-x% PT
observed in the MPB region has been assigned to the polarization
rotation [11]. Matsushita et al. observed a sudden sharp
enhancement of the dielectric response around a PT concentration
of 28%; however, the origin of this anomalous dielectric response
is yet to be resolved [12]. The lower vicinity of the MPB region,
where the PT concentration ranges from 28 to 30%, is a singular
region, where PNRs disappear and polarization domains appear.
A sudden increase in dielectric constants in this region cannot be
explained by the polarization rotation model as applied to
monoclinic phase, as the crystal symmetry in this region is the
rhombohedral. Another mechanism is needed that is inherently
based on the mesoscopic nature of the polarization structure.
Cooling rate dependences of dielectric properties and domain size
around 30% PT samples were reported in [23, 14]. Changes in
ferroelectric domain walls with sample temperature were also
investigated [15]. The motion of the domain boundary in
dielectrics would contribute to its dielectric response [16]. Thus,
the evolution of the mesoscopic secondary polarization structures
of PMIN—x% PT around 28% PT in cooling is crucially important
for understanding the hierarchic nature of the relevant anomalous
dielectric properties.

In the present study, we investigated the temperature
evolution of domain structures at just below the MPB region
under two different cooling rates: the thermal equilibrium
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condition and the non-equilibrium condition [17]. PMN-x% PT
samples with 26.6% PT, 27.8% PT, and 28.3% PT were grown in
the [110] direction. The temperature Tm at which the dielectric
constant of the sample attained its maximum (measured by an
external field of 1 kHz) was 412 K for PMN-26.6% PT, 418 K
for PMIN-27.8% PT, and 421 K for PMN-28.3% PT, respectively.
The structural symmetry of the PMN-26.6% PT sample crystal
only transformed from cubic to rhombohedral at the structural
phase transition temperature Tc. The structural symmetry of the
PMN-27.8% PT and PMN-28.3% PT sample crystals varied
from cubic to tetragonal at Tc, and the tetragonal symmetry
transformed again to rhombohedral at the secondary transition
temperature Tr. The appearance of the ferroelectric phase in the
PMN-27.8% PT sample was confirmed by x-ray diffraction and
capacitance measurements. The structural changes and the
dielectric behaviors around the structural phase transition
temperatures coincided. We confirmed the appearance and
growth of polarization domains by speckle measurements using
a coherent soft x-ray laser (SXRL) pulse. The SXRL beam is a
suitable tool for investigating the fluctuation of the polarization
domains using the picosecond speckle technique through the
birefringence.

We observed speckle patterns for PMN-26.6% PT, PMN-
27.8% PT, and PMN-28.3% PT samples observed at
temperatures of 428 K (above Tm), 398 K (between Tm and Tr),
and 353 K (below Tr) during cooling. The speckle patterns for
PMN-26.6% PT at each temperature did not change, while the
speckle patterns for PMN-27.8% PT and PMN-28.3% PT varied
with temperature, which means that the visible polarization
domains change their size and shape with temperature. The
autocorrelation pattern obtained from the speckle pattern of
PMN-28.3% PT showed few large domains. In contrast, the
autocorrelation pattern of PMN-27.8% PT revealed ordered
oblique stripe domains. Hereafter we concentrate on the
investigation on the origin and the behavior of these ordered
oblique stripe domains observed at PMN-27.8% PT.

Figure 1(a) and 1(b) show two series of observed coherent
SXR speckle patterns for the PMN-27.8% PT at four different
temperatures below Tc during cooling, which are for the thermal
non-equilibrium and equilibrium conditions, respectively.
Speckle patterns reflect the evolution of the distributions of
polarization domains because the origin of the soft x-ray speckles
is birefringence, and information on domain sizes and adjacent
domain distances can be evaluated from a spatial autocorrelation
function. Figure 1(c) and 1(d) show spatial images of
autocorrelation functions derived from the speckle patterns
shown in Figure 1(a) and 1(b), respectively. Irregularly shaped
polarization domains, which appeared just below the phase
transition temperature (403 or 402 K), evolved into oblique
stripe-shaped periodic structures toward the [—110] direction.
These domains are 90° domains with polarization directions of
[010] and [100], which are parallel and perpendicular to the
polarization of the incident SXRL beam. The domain shapes in
Figure 1(c) are irregular and the domain boundaries are unclear.
However, domain boundaries in Figure 1(d) become clear and the



width of each domain becomes narrower as the sample
temperature decreases.

In PMN-29.5% PT, an appearance of excess heat capacity
was reported [18]. The excess heat capacity means the existence
of additional entropy. The evolution of stripe-shaped domains
observed in PMN-27.8% PT during cooling in a thermal
equilibrium condition can be recognized as a self-assembly
process for polarization domains accompanied by a release in
entropy. When the sample temperature decreases in the thermal
equilibrium condition, fluctuations of polarizations are small,
causing the presence of the stripe-shaped 90° polarization
domains with narrower widths and sharp boundaries.

A simulation study indicated that the compressive strain
induces an active fluctuation in the oblique 90° domain wall [4].
On application of an external electric field to the [010] direction,
deformation of the unit cell takes place. Lattice constants in the
(001) plane begin to elongate to the [010] direction and shrink to
the [100] direction. As a result, compressive strain takes place
toward [100] within the (001) plane. The stripe-shaped domain
wall becomes easy to move by an external electric field. When an
external electric field is applied to the [010] direction, the domain
area relevant to the polarization direction increases. In this case,
the domain wall shifts reversibly with little increase in free energy
[19]. If the polarization area increases by the antiphase shift of
parallel domain wall pairs and the ferroelectric thin films [20],
the increase in the excitation energy of the polarization is
suppressed as there is no need for the creation of new domain
walls in this mode.

A schematic drawing of this situation is shown in Figure 2.
A pair of domain walls faces the antiphase shift keeping with flat
boundaries at the application of electric field. In this mode,
relaxation of elastic strain is almost preserved while the
electrostatic energy is reduced. If the shift of domain wall pairs
occurs as a collective mode due to an external alternative electric
field, then the suppressed shift energy of wall pairs is further
decreased. Strong enhancement in dielectric coefficients in
PMN-x% PT around a PT concentration of 28% can be
recognized as evidence for collective excitation of the oblique 90°
domain wall pairs when an external alternative electric field is
applied. This peculiar response of the polarization domain walls
to an external electric field is recognized as evidence for the
hierarchical characteristics of the relevant mesoscopic
polarization structure.
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Fig. 1. Observed speckle patterns and calculated spatial
correlation functions. (a)-(b) Coherent SXR speckle patterns for
the PMN-27.8% PT sample measured under cooling in thermal
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under application of an electric field. Elastic strain is almost
preserved at the antiphase shift of the domain walls.



Controlling Strong Excitation of Silicon as a Step
towards Processing Materials at Sub-nanometer
Precision

Thanh-Hung Dinh
X-ray Laser Group, Department of Advanced Photon Research

Introduction.

The interaction of a solid material with focused, intense
pulses of high-energy photons or other particles (such as electrons
and ions) creates a strong electronic excitation state within an
ultra-short time and on ultra-small spatial scales. This offers the
possibility to control the response of a material on a spatial scale
of less than a nanometer* which is crucial for the next generation
of nano-devices 2 *.

To date, the nano-processing of matter has relied on
techniques which utilize low-intensity radiation sources, such as
lithography with high-energy beams of ions or electrons, extreme
ultraviolet (EUV) photons or focused ion beam etching®.
However, these techniques require multiple, time-consuming
processing steps, and there are only a limited number of materials
for which etchants and resists are available. Laser ablation is a
promising alternative within the high-intensity regime, offering
rapid processing with a feature resolution reaching the sub-
micrometer through a direct removal of material®’. The main
factors limiting the quality of these techniques are: (i) the spot
size of the radiation beam, (ii) fast energy transport out from the
primary interaction region. The constrained spot size of the beam
(e.g., by the diffraction limit at the corresponding wavelength)
limits the feature resolution of the processing. Energy transport
out of the beam focus via secondary electrons leads to undesirable
damages, decreasing the precision of the techniques (see Fig. 1).
It also lowers the ‘effective’ dose absorbed by the material in the
focus of the energetic photon (or particle) beam.

Photon/particle beams

Primary interaction

5 Damage zone
region

Fig.1 Schematic representation of a typical material
processing.

The recent introduction of fourth generation light sources, x-
ray free-electron lasers (XFELs) emitting intense light with
wavelength down-to angstrom and a femtosecond pulse duration,
offers new possibilities to investigate, and push, the limits of
ultrahigh precision material processing. In contrast to
conventional light sources including incoherent x-ray sources and
optical lasers, XFELs can provide access to a strong electronic
excitation state of solid materials within an unprecedented ultra-
short time on ultra-small spatial scales. However, the dynamic
response of a solid to nano-excitation in material processing is far
from being fully understood due to a lack of experimental tools
(e.g. light sources, detection techniques) precise enough to
operate at the relevant temporal and spatial scales.

In this report, the author would like to introduce the recent
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achievement of the QST-KPSI X-ray laser group on the field.
Benchmarking a macroscopic experimental result against
microscopic theoretical approaches reveals features of the nano-
excitation in silicon material. We found the existence of an energy
sink effect during ablation by means of rapid electron and energy
transport which can suppress undesired hydrodynamical motions,
allowing the silicon material to be directly processed with a
precision reaching the observable limitation of an atomic force
microscope.

Experimental results.

We created craters on the surface of a silicon substrate by
focusing single femtosecond extreme ultraviolet pulses from the
SPring-8 Angstrom Compact Free Electron Laser (SACLA). The
laser spot, measured by knife-edge scanning, has a Gaussian-like
energy profile with horizontal and vertical diameters of typically
8.5 and 10.5 um at full width at half maximum (FWHM),
respectively. The pulse duration of the SXFEL was measured to
be approximately 70 fs FWHM by a correlation monitor. We used
the photon energy of 92 eV (or the wavelength of A =13.5 nm)
and 120 eV (A =10.3 nm) around the L-edge of the silicon. Note
that the photon energy of 120 eV is above the L-edge of the
silicon, which makes the attenuation length significantly (order
of magnitude) shorter than in the case of 92 eV. We then
investigated the resulting surface modification in the vicinity of
the damage thresholds, establishing a connection to microscopic
theoretical approaches, and, with their help, illustrated physical
mechanisms for damage creation.

92 eV (A1=13.5nm) 120 eV (4 =10.3 nm)
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Fig.2 Surface modification of silicon in the vicinity of hole-
formation thresholds for (a) 92eV and (b) 120 eV. These pictures
were reconstructed from AFM data.

Figure 2 depicts the surface modification of silicon in the
vicinity of the hole-formation thresholds. The threshold for the
92 eV photon was estimated to be of 418 mJ/cm? in fluence, or
0.89 eV/atom in the surface absorbed dose. In the case of 120 eV,
the threshold was observed to be of 106 mJ/cm? in fluence, or



3.15eV/atom in the surface absorbed dose. This dose is more than
3 times greater than that of the 92 eV data. As shown in Fig. 2 (b),
the hole has been "drilled" by the 120 eV photon without any
observable thermal cracks, surface roughness changes, or dome
features, which were present in the case of the 92 eV (see Fig. 2

(@)

Discussion and Conclusion.

Figure 3 shows typical timescales for physical phenomena
associated with material processing using a femtosecond x-ray
pulse. The x-ray induced modification of a solid material starts
with photo-absorption resulting with damage of the electronic
system at few-femtosecond scales. Significant modification or
damage of the atomic system can only be observed at a scale later
than sub-picosecond. (See detailed discussion in Ref. 1).

Excitation X-ray photon absorption

Relaxation Emission of photo- and Auger electrons
Inelastic scattering of high energy electrons
Electron-lattice interaction via electron-phonon coupling

Morphological

Effect of electromagnetic field (EMF)
event

Non-thermal melting
Thermal melting
Shock-wave emission
Thermal diffusion

Resolidification

Simulation tool XTANT code

L
I T
10° 106

Time (s)
Fig.3 Timescales of physical processes following the
interaction of a femtosecond x-ray pulse with solid materials.

The dose threshold of hole-formation for the 92 eV and 120
eV photon implied an existence of a rapid diffusion of the excited
electrons and their energy, which leads to efficient cooling of the
system. This increases the dose threshold for the damage, and
provides a kinetic pathway for fast reorganization of the material.
Such an energy sink effect would suppress undesirable phase
transitions and keep a sharp boundary between the interaction
region and the remaining part of the material as shown in Fig. 2
(b).

It is expected that an even greater energy sink effect can be
achieved by reducing the photo-excited volume, after optimizing
the incident photon energy and minimizing beam spot size. Note
that the focal spots of the micrometer order in our experiment
were two orders of magnitude greater than the attenuation length
of the 120 eV photon. In contrast, irradiation with a laser spot as
small as the attenuation length increases the gradient of deposited
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energy as a function of the beam radius by two orders of
magnitude along the radial axis. Consequently, the energy sink
effect in the 2D system (axial and radial axis) becomes much
greater, allowing the spatial scale of the damaged zone to
significantly reduce. By scaling down the irradiated laser spot
from micro- to nano-size using advanced x-ray optics®®, we
expect that the direct machining with a sub-nanometer precision
can be achieved.

In conclusion, we investigated the formation of damage and
a crater in silicon substrates by focusing the femtosecond EUV
pulse from the SACLA SXFEL as a proof of concept for high
control in material processing for the next generation of nano-
devices. Benefits for the radiobiological research on radio- and
particle- therapy can also be anticipated. In parallel to
experimental efforts, further development of simulation tools
enabling long-timescale and large-spatial scale simulations of the
processed materials is also necessary.
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Optical parametric oscillator pumped by femtosecond
Yb-doped fiber laser

Keisuke Nagashima

Ultrafast Dynamics Group, Department of Advanced Photon Research

A synchronously pumped optical parametric oscillator
(SPOPO) is a powerful tool for generating femtosecond and
picosecond pulses. However, the pulse energies are on the order
of nanojoules because of the high repetition frequency of several
tens of megahertz. Higher pulse energies are needed and
considerable work has been reported for increasing SPOPO pulse
energies [1-8]. Here, we report the first demonstration of an
SPOPO pumped by a femtosecond Yb-doped fiber laser operated
in a burst mode. The burst-mode operation increases the pulse
energy by limiting the total number of pulses [9-13].

We developed a Yb-doped fiber laser that featured chirped
pulse amplification at a repetition rate of 100 kHz. Figure 1 shows
the laser system, which consists of a mode-locked fiber oscillator,
a pulse stretcher, a fiber pre-amplifier, a Pockels cell, multi-stage
fiber amplifiers, and a pulse compressor.

Yb:fiber Pulse Yb:fiber RTP
Oscillator Stretcher Pre-amplifier Pockels cell
(48.8 MHz) (1200/mm) | ((core¢10 um)| ({49 MHz-100 kHz)
Pulse Yb:fiber Yb:fiber Yb:fiber
Compressor 3 amplifier 2"d amplifier 15t amplifier
(1200/mm) (core¢80 um)| |(cored40 um)| |(core¢10 pm)

Fig. 1. Block diagram of the Yb-doped fiber laser system.

The repetition frequency of the mode-locked fiber oscillator
was 48.8 MHz. Femtosecond pulses generated in the oscillator
were stretched in the pulse stretcher and amplified in the pre-
amplifier. Then, the repetition frequency was reduced from 48.8
MHz to 100 kHz by the Pockels cell (RTP-4-20, LEYSOP). The
100 kHz pulses were amplified in three-stage fiber amplifiers and
were compressed in the pulse compressor. The core diameters of
the Yb-doped fibers were 10 um, 40 um, and 80 um in the three-
stage amplifiers. Gold-coated 1200 groove/mm reflection
gratings were used in both the pulse stretcher and pulse
compressor. Self-phase modulation in the fibers was minimized
by controlling the laser-diode pump power for each amplifier.
The output pulses had a central wavelength of 1039 nm, a full-
width at half-maximum (FWHM) spectral width of 7 nm, and a
FWHM pulse length of 350 fs. The output power from the final
amplifier was limited up to 2.5 W in the experiments.

Periodically poled materials have been used in many SPOPO
experiments. They are MgO-doped periodically poled LiTaOs
(MgO:PPLT) and MgO-doped periodically poled LiNbOs
(MgO:PPLN). These materials offer several advantages for
increasing pulse energy, such as high nonlinear coefficients and
no spatial walk-off that can increase the nonlinear interaction
length. MgO:PPLT was used here because it has a high tolerance
to optical damage [14].

Figure 2 shows the optical configuration of the SPOPO, in
which a fan-out MgO:PPLT crystal was used. The crystal was 1
mol% MgO-doped stoichiometric PPLT (manufactured by
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OXIDE). The crystal surfaces had broadband anti-reflection
coatings for the range of 1000-1700 nm. The crystal had a 11 mm
length (propagation direction), a2 mm height, and a 7 mm width.
The effective width was 5 mm, where the poling period had a fan-
out structure and changed over range of 29.3-32.4 um. The
dichroic mirror and the spherical lens were CaF to prevent idler
light absorption. The dichroic mirror had a transmission band of
1000-1100 nm and a reflection band of 1250-1700 nm. The
output coupler had a constant transmission rate of 70% over the
1300-1700 nm range.

Pump: 1039 nm Lenns(f=500)
(350 fs, 48.8 MHz) AN
Pump: 1039 nm | pp2 Lens(f=500) PPLT pm1
ra Ly I

Idler:3331 nm

Signal:1510 nm

Fig. 2. SPOPO optical configuration. PPLT: MgO:PPLT crystal,
DM1 and DM2: dichroic mirrors; OC: output coupler.

The SPOPO had an optical cavity length of 3.07 m, which
gives a 48.8 MHz repetition frequency. The ends of the cavity
were a dichroic mirror (DM1) and an output coupler (OC). In the
cavity design, the signal light had a 0.18 mm radius at the DM1
and a 1.0 mm radius at the OC. The MgO:PPLT crystal was
placed in the immediate vicinity of the DM1.

In the experiments, the signal wavelength was tunable in the
range of 1450-1700 nm. We adjusted the signal wavelength to
1510 nm, which was generated in coincidence with the 3331 nm
idler wavelength. The corresponding poling period of the
MgO:PPLT was 30.3 um. In the crystal, the group indices at the
signal, idler, and pump wavelengths were 2.161, 2.193, and 2.185,
respectively [15]. Therefore, the signal pulse was faster than the
pump pulse and, conversely, the idler pulse was slower than the
pump pulse. We used the 11 mmlong MgO:PPLT crystal
because the interaction length for the parametric conversion
increased with crystal length.

The pump and signal pulses were respectively measured by the
Si photo-detector with a 0.35 GHz bandwidth and the InGaAs
photo-detector with a 5 GHz bandwidth. The sampling frequency
of the oscilloscope was 10 GHz for both detectors. Figures 3(b)
and (c) show the waveforms of the pump and signal pulses during
SPOPO operation. The number of pump pulses was N =5 and the
average pump power was 1.7 W. The horizontal axis started from
the 100 kHz oscilloscope trigger. The fifth pump pulse was at t =
124 ns and the fifth signal pulse was at t = 145 ns. The first signal
pulse was not observed and the second was barely detected at t =
83 ns.
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Fig. 3. Waveforms of the pump and signal pulses with SPOPO
operation with N = 5: (a) pump pulses and (b) signal pulses.

Figure 4(a) shows the fifth signal pulse energy Esig as a
function of the pump pulse energy Epump. These pulse energies
were measured by the photo-detectors, which were calibrated by
power-meters. We generated a signal pulse with energy greater
than 1 pJ when Epump > 2.4 pJ, and the energy was 1.5 pJ when
Epump = 4.8 pJ. This is the highest pulse energy reported for
femtosecond pulses obtained from an SPOPO. The energy
efficiency Esig/Epump Was 38% at Epump = 3.4 pJ and 32% at Epump
= 4.8 wJ. The maximum pump intensity on the crystal was 8.3
GW/cm?, which was considerably lower than that in a previous
experiment with a high pump intensity on MgO:PPLN [16]. We
observed no damage in the crystal and no parametric generation
except for the SPOPO signal.
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Fig. 4. (a) Energy of the fifth signal pulse as a function of the
pump pulse energy. (b) Standard deviation divided by the average
value of the signal pulse energy as a function of the pump pulse
energy.

Figure 4(b) plots pulse-to-pulse energy fluctuations of the fifth
signal pulses as a function of the pump pulse energy Epump. Here,
we use the average value of the fifth signal pulse energy as <Esig>
and the standard deviation as . We use the value of o/<Esig> as
an indicator of the pulse-to-pulse fluctuation. (The pulse-to-pulse
fluctuation of the pump pulses was approximately 1%.) This
fluctuation was caused by the optical parametric noise, which
becomes a seed of the signal pulse. The statistical properties of
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the signal pulse fluctuation were described in our most recent
report [17].

In summary, we demonstrated an SPOPO pumped by a burst-
mode Yhb-doped fiber laser, which had 100 kHz pulse trains with
a finite number of pump pulses that could be controlled by a
Pockels-cell gate. We obtained a signal pulse energy of 1.5 pJ
with a 4.8-uJ pump pulse. Pulse-to-pulse fluctuations could be
suppressed for as few as five pump pulses.
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Plane photoacoustic wave generation in water using
irradiation of terahertz pulses

Masaaki Tsubouchi

Ultrafast Dynamics Group, Department of Advanced Photon Research

Pressure wave generation is one of the important processes
induced by irradiation of strong laser light in condensed media.
When the medium strongly absorbs laser light with short pulse
duration, the energy of the light is confined in a small volume and
subsequently released as a pressure wave via the thermoelastic
effect. In the linear absorption region, a photoacoustic wave is
generated by light absorption and propagated at the speed of
sound in the medium. Photoacoustic waves have been applied in
water for non-invasive tomographic imaging for biomedical
issues.

The visible or near-infrared (IR) laser lights used in previous
studies transmit through water. Therefore, alternative light
absorbers (black rubber, dye molecules, etc.) or plasma
generation are required in conventional methods, as shown in Fig.
1(a). However, it is possible to damage tissues by the use of dyes
or focusing strong laser light.

In this study, we propose THz-light-induced plane
photoacoustic wave generation.! The THz light is completely
absorbed very close to the surface of water with a penetration
depth of 10 pum, as shown in Fig. 1(b). The strong absorption
induces a rapid and local pressure increase followed by effective
photoacoustic wave generation without any absorber. The strong
absorption of the THz light also realizes plane photoacoustic
wave propagation. Because according to Huygens’ principle, a
large-area excitation source is required for plane wave
propagation, efficient energy conversion from the light to the
pressure wave is necessary. A plane wave is superior to a
spherical one for practical use because a plane wave can be
delivered without intensity drop over long distances (Fig. 1(b)),
and geometrical control such as reflection and focusing onto the
target can be easily carried out. In addition, the low photon energy
(4 meV at 1 THz) of the THz light does not induce any ionization,
dissociation, or structural changes in the molecules.

(a) Optical (b) —
or . —
IR light THz light ===
Air Plasma 10}1@#_
— : —
\—I water v \oﬁsﬂ
| S \/ N
N —
Fig. 1. Mechanisms of pressure wave generation at the air—

water interface. (a) An optical or IR laser generates pressure
waves via an additional light absorber or plasma generation by a
strong laser. (b) A THz laser, by contrast, can directly generate
plane waves from a relatively weak field with a loose focus.

We demonstrate the photoacoustic wave generation with
THz light provided by a free-electron laser (FEL) and detect it
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using the shadowgraph imaging method with 10 ns time and 15
um spatial resolutions. The characteristics of the THz
photoacoustic wave are investigated by observing the
spatiotemporal evolution.

For the THz light source to generate the photoacoustic wave,
we employed the THz-FEL on the L-band electron linear
accelerator (LINAC) at the Research Laboratory for Quantum
Beam Science, Institute of Science and Industrial Research,
Osaka University. Linearly polarized THz macropulses are
generated by the THz-FEL at a repetition rate of 5 Hz with the
highest pulse energy of 50 mJ. Figure 2(a) shows a THz
macropulse structure measured with a fast pyroelectric detector.
The macropulse contains a train of around 150 micropulses
separated at 36.9 ns intervals (27 MHz repetition). The highest
micropulse energy was estimated to be 350 pJ, which is far and
away the largest THz-FEL micropulse energy reported in the
world. The temporal width of the micropulse was measured to be
1.7 ps by an electro-optic sampling technique. The center
frequency was 4 THz, which corresponds to a lower frequency
edge of the absorption band due to the intermolecular vibration in
water. At this frequency, the absorption coefficient of water is 800
cm™, which implies that more than 99.7% of irradiated energy is
absorbed within 0.1 mm of the surface.
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Fig. 2. (a) Macropulse structure containing a train of

approximately 150 micropulses. Inset shows the enlarged
micropulse train with an interval of 36.9 ns (a repetition rate of
27 MHz). (b) Experimental setup for generating and probing the
THz-FEL-induced photoacoustic wave. PM: off-axis gold-coated
parabolic mirror with a focal length of 50 mm; cell: quartz sample
cell on a lab jack to adjust the focus diameter of the THz light on
the air—water interface.

Figure 2(b) shows a schematic diagram of the photoacoustic
wave generation and observation system. The THz light passing
through a polycrystalline diamond window from the evacuated
FEL system into air was loosely focused on the distilled water
sample using a gold-coated off-axis parabolic mirror with a 50
mm focal length. To evaluate the spot size of the THz pulse on
the water surface, we used the knife-edge method and estimated
it to be 0.7 mm at full width at half maximum. The input pulse
energy was attenuated with THz attenuators (TYDEX), which
contained wedged silicon wafers with different attenuation levels.



Atwo-dimensional cross-section image of the photoacoustic
wave was observed using the shadowgraph technique, which
clearly shows an inhomogeneous density distribution in
transparent media. In the shadowgraph image, the signal intensity
depends on the second derivative of the refractive index, which
is related to pressure and density via the Gladstone—Dale relation.
Therefore, the shadowgraph is sensitive to the pressure, that is,
the photoacoustic wave. As a probe light, a CW diode laser
(LDM670, Thorlabs) with an output wavelength of 670 nm
irradiates the distilled water in the quartz sample cell with a
thickness of 10 mm. The probe light was incident on the water
sample perpendicular to the shockwave propagation and was
imaged by a 4f-type lens system onto the image-intensified CCD
of a Princeton PI-MAX3 camera. The image capturing system

was synchronized to the timing of the FEL macropulse generation,

and gated with a time duration of 10 ns. The time gate was
electronically scanned with the delay generator in the PI-MAX3
system. In this system, we observed time evolution of THz-light-
induced phenomena from a nanosecond to a millisecond time
scale with a time resolution of 10 ns.

Figure 3(a) shows a shadowgraph image of a water sample
irradiated by the THz-FEL with an average micropulse energy of
20 wJ. This energy corresponds to a power density of 3.1 GW/cm?
with a pulse width of 1.7 ps and a beam diameter of 0.7 mm. A
stripe pattern is clearly seen in the image. Each horizontal line
corresponds to a pulse front of photoacoustic waves induced by
the THz micropulse train in the single macropulse shown in Fig.
2(a). An adjacent photoacoustic wave is that generated by the
adjacent THz pulse. Thus, the propagation of the photoacoustic
wave in water can be obtained from a single captured image. One
remarkable feature is the plane wave front. The plane wave is
generated from the plane source with loosely focused THz-FEL
light, because its beam width of 0.7 mm is much larger than the
thickness of the wave front, ~5 um. The nature of the plane wave
causes the long-distance propagation of the photoacoustic wave,
as explained in Fig. 1(b). We emphasize that the photoacoustic
wave reaches 3 mm in depth, which is 100 times longer than the
skin depth of water for THz light. This result indicates that the
energy of the THz light can be delivered into the water by the
photoacoustic wave as mechanical energy. The spacing between
wave fronts shown in Fig. 3(a) is 55 um on average, which
corresponds to the distance travelled by the photoacoustic wave
in the time intervals of the THz pulse train, 36.9 ns. Thus, we can
estimate the speed of the photoacoustic wave in water to be 1491
m/s, which is the same as the sound velocity in distilled water at
23 °C.

Figure 3(b) displays a series of photoacoustic waves
measured by scanning the gate timing of the CCD camera. The
amplitude is obtained from the horizontal sum of the pixel
intensities in each row of the shadowgraph image. The

33

photoacoustic waves arise at the air-water interface with time
intervals of 36.9 ns and propagate with the velocity of sound
deeper into the water.

The large absorption coefficient of the THz light means that
the penetration depth in water is considerably shorter than 1 mm.
Therefore, the THz light can directly affect molecules or
biological tissues only within a submillimeter range. In previous
studies, THz-light-induced DNA damage to a human skin sample
with a thickness of less than 0.1 mm has been examined and
discussed. THz-light-induced photoacoustic waves  will
potentially be able to probe and control chemical reactions and
biological structures beyond the penetration depth.
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Fig. 3. (a) Snapshot image of a train of photoacoustic waves
induced by the THz-FEL with a frequency of 4 THz and an
average micropulse energy of 20 uJ. This image was taken with
a time gate of 10 ns. (b) Wave amplitudes as a function of depth
measured by scanning the gate timing of the image intensifier in
the CCD camera. The amplitude is obtained from the horizontal
sum of the pixel intensities in each vertical pixel of the image.
The black arrow shows the propagation of a single photoacoustic
wave.
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Characterization of UV pulses by plasma-mirror
FROG using a liquid-sheet jet of water

Tomoyuki Endo

Ultrafast Dynamics Group, Department of Advanced Photon Research

We have developed an all-optical technique based on time-
resolved reflection spectroscopy to characterize ultrashort laser
pulses [1-3]. Ultrafast switching of a plasma mirror formed by
focusing near-infrared (NIR) intense laser pulses on a fused silica
plate was used as a gate function in a frequency-resolved optical
gating (FROG) trace. Since all the optics employed in this
plasma-mirror FROG (PM-FROG) technique are reflective optics,
pulse shapes can be characterized without requiring post-analysis
to remove material dispersions. The PM-FROG technique was
successfully applied to pulse characterization in the vacuum
ultraviolet (VUV) region.

In previous studies, since a fused silica plate was employed
as a target sample, the applicable repetition rate of the laser
system was limited to 10 Hz by the speed of mechanical
movement to avoid the effects of ablation damage on the target
surface. In this study, we employ a liquid-sheet jet of water as a
target instead of a solid to extend the applicable repetition rate to
1 kHz or more. The liquid-sheet jet provides an optically flat
surface for each laser shot without mechanical operation of the
target. Another concern was that the VUV waveform obtained by
PM-FROG was not compared with one by another method. Here,
we employ an ultraviolet (UV) pulse and compare the results
obtained by PM-FROG and another established technique to
demonstrate the validity of the PM-FROG technique.

The details of the experimental setup for producing a liquid-
sheet jet were described elsewhere [4, 5]. Briefly, a peristaltic
pump, a pulsation damper, and a slit-type nozzle are used to
produce a flat-sheet jet of water with a flow rate of approximately
60 mL/min. The thickness of the liquid sheet is evaluated to be 8
pm by measuring the spectral interference between reflected UV
pulses from the front and back surfaces. The output of a
Ti:sapphire chirped pulse amplification system is introduced to a
B-barium borate (BBO) crystal to generate the second-harmonic
pulses. The residual fundamental NIR pulse and the second-
harmonic UV pulse are separated by a dielectric mirror, which
reflects the UV pulse and transmits the NIR pulse. The time delay
between two pulses is controlled by a translational stage. The NIR
and UV pulses are co-linearly combined again by another
dielectric mirror and focused on the surface of the liquid-sheet jet
of water by using a concave mirror with an effective focal length
of 150 mm. Both NIR and UV pulses are horizontally polarized.
A small incident angle of ~5° and a 4f image-relay setup are
employed to reduce the effects of fluctuations in the orientation
and curvature of the surface of the liquid-sheet jet due to residual
pulsation of the pump. The spectra of the reflected UV pulse are
recorded as a function of the time-delay 7 between the NIR and
UV pulses. The obtained FROG signal may be expressed as:

Iig(0,0) = |[©. E(t —Or()e~wtdt|”,
where @ and E(f) are the angular frequency and the complex
electric field amplitude of the UV pulse, respectively, and 7(¢) is
the complex reflection coefficient of the plasma mirror.

The measured FROG trace is shown in Fig. 1(a). In the
negative time-delay region where the UV pulse comes first, the
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contribution of the Fresnel reflection of unexcited water on the
liquid-sheet surface is observed. The signal intensity decreases
slightly and then increases dramatically. This indicates that the
refractive index of the liquid-sheet surface is decreased as a result
of plasma formation as described by the Drude model.
Qualitatively speaking, the refractive index of water, nyater
decreases and approaches that of air (.- = 1) as the plasma
density increases, hence the reflection coefficient becomes zero.
As the refractive index further decreases to nwaer < 1, the
reflection coefficient begins to increase.

The least-squares generalized projections algorithm
(LSGPA) [6] is adopted to reconstruct the FROG trace. To avoid
convergence to a local minimum, the initial guess of the second-
order dispersion of the UV pulse is obtained from the slope of the
line along minimum values at each frequency component. When
a Fourier-transform-limited pulse is radiated at a plasma mirror,
all the frequency components are reflected simultaneously. This
corresponds to a slope of zero. When a positively chirped pulse
is reflected by a plasma mirror, the effective time-delay of each
frequency increases as the frequency increases. As a result, the
PM-FROG trace shows an earlier rise at a higher frequency. As
shown in Fig. 1(a), the initial guess of the second-order dispersion
is estimated to be —163 fs? from the slope.

The PM-FROG trace is successfully reconstructed by the
LSGPA, as shown in Fig. 1(b). The retrieved temporal waveform
and corresponding spectrum of the UV pulse are shown in Fig. 2.
The full-width at half-maximum of the pulse duration is evaluated
to be 52 fs by a Gaussian fit, which shows the pulse is almost
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Fig. 1. (a) Measured FROG trace. The red dotted line is a linear
fit for minimum values at each frequency in the FROG trace.
(b) Reconstructed FROG trace by the LSGPA from (a). (c)
Same as (a), but with the transmission of a fused silica plate (10
mm thick). (d) Same as (b), but from (c).



Fourier-transform-limited. The obtained spectrum is consistent
with one measured by another spectrometer. Since there are no
transmission optics in the PM-FROG setup, the PM-FROG
technique would be applicable to pulse characterization of short-
wavelength pulses without post-subtraction of material
dispersions from the obtained phase.

To demonstrate pulse characterization of chirped pulses, a
fused silica plate (10 mm thick) is introduced to add a chirp to the
UV pulse. The measured FROG trace with the transmission of the
fused silica plate is shown in Fig. 1(c). The slope of the red dotted
line changes compared to that without the fused silica plate,
showing that the PM-FROG trace reflects the second-order
dispersion of the UV pulse as described above. The initial guess
of the second-order dispersion for the chirped UV pulse is
evaluated to be 1043 fs? from the slope. The reconstructed PM-
FROG trace is shown in Fig. 1(d). The temporal waveform and

corresponding spectrum of the chirped UV pulse are shown in Fig.

2. The pulse duration becomes longer than that without the fused
silica plate and is estimated to be 60 fs. As shown in Fig. 2(b), the
spectral phase shows a clear effect of the spectral dispersion by
the fused silica plate. The second-order dispersions with and
without the 10 mm fused silica plate are evaluated to be 903.5 +
60.7 fs> and —61.7 £ 36.6 fs, respectively, by using a
polynominal fit at the central frequency of 0.743 PHz. The group
velocity dispersion (GVD) of fused silica is measured to be 96.5
+ 7.2 fs%/mm.

Another established pulse characterization technique, SD-
FROG, is also performed to demonstrate the validity of the results
obtained by PM-FROG. A non-collinear SD-FROG setup is
employed for a single-shot measurement in this study. In this SD-
FROG setup, the UV pulse transmits a beam splitter (fused silica,
3 mm thick) to make a replica. Therefore, the second-order
dispersion caused by the fused silica plate has to be subtracted
from the retrieved spectral phase through post-analysis to obtain
the actual waveform. The second-order dispersions measured by
SD-FROG with and without the fused silica plate are evaluated
to be 930.1 £+ 207.7 fs? and 66.4 + 215.3 {5, respectively, which
are consistent with the values measured by PM-FROG within the
error. The GVD of fused silica is evaluated to be 86.4 + 29.9
fs*mm by SD-FROG.

The GVDs obtained by PM-FROG and SD-FROG are
consistent with the value in the literature (96.2 fs/mm) of the
GVD of fused silica [7]. These results indicate that PM-FROG
can be used to characterize the waveform of the Fourier-
transform-limited pulse, as well as of chirped pulses. The results
by PM-FROG using the liquid-sheet jet of water are as reliable as
the results by SD-FROG.

We demonstrated a pulse characterization technique based
on time-resolved reflection spectroscopy for a high-repetition
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laser system. From the flow rate of the liquid-sheet jet, the
applicable repetition rate of this technique would be extended to
100 kHz without a major update. By employing a liquid target
instead of a solid target, the applicable repetition rate could be
extended up to 10* times. In addition, although we did not discuss
this detail in this paper, the time-dependent complex reflection
coefficient of the plasma mirror, 7(#), can be also retrieved from
the PM-FROG trace. The PM-FROG technique would be a
powerful tool not only to characterize a waveform, but also to
investigate the plasma dynamics and ionization dynamics of a
liquid.
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Potential application of infrared lasers
in the fields of pathology

M. Aoyama®, T. Morioka??, K. Yamakawa®

Y Medical Laser Applications Group, Department of Advanced Photon Research
2 Department of Radiation Effects Research, NIRS, ¥ Institute for Quantum Life Science

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 as it was able to provide
information on the structure of the elements and molecules that
make up every subject of both the physical and biological
sciences. Infrared (IR) spectroscopy has been widely applied to
detect the vibrational characteristics of chemical functional
groups in diverse materials (Fig.1) [1,2]. Mid-infrared (MIR)
microscopic imaging has become an essential tool for detecting
and characterizing the molecular components of biological
specimens. The analytical technique allows for the molecular
imaging of complex samples by measuring the absorption of
MIR radiation between 2.5 and 14 um by the vibrational
transitions of covalent bonds. The advantage of this technique is
the production of unique images that show the spatial
distribution of proteins, lipids, carbohydrates, cholesterols,
nucleic acids, and phospholipids. In addition, MIR has
advantages of efficiency and adaptability for noninvasive
investigation of the chemical compositions of cells and tissues
using a reagentless procedure and without staining. Therefore,
the MIR has been a fruitful regime for medical research.

Vibration
(Inverse symmetry)

Vibration
(Symmetry)

e

Fig.1. IR laser energy is absorbed by vibration of various biomolecules.

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 considerable time, and it is
difficult to visually detect biochemical changes using them.
Therefore, development of a simple analytical technique is
desired. MIR spectroscopy has a potential for application to
visualization tools to aid pathologists in assessing tissue
specimens.

In this study, we investigate the discrimination of normal
tissue and malignant tumors (hematopoietic tumor and epithelial
tumor) using the MIR laser. In addition, we attempt to detect
non-cancerous lesions (ischemic lesions). In our laboratory, an
MIR microscopic system was constructed for the analysis of

»
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tissue specimens (Fig. 2).

Fig.2. MIR microscopic system developed by our laboratory.

1. Hematopoietic tumor

The hematopoietic tumor invading the liver and normal liver
tissue of a mouse was analyzed, and its absorbance was
compared with that obtained from an unstained tissue specimen
(Fig. 3). In Figure 3a, blue and red circles indicate the three
different measurement sites by MIR microscopy in normal liver
tissue and hematopoietic tumor, respectively. Figure 3b
illustrates the MIR spectra of the normal liver tissue and
hematopoietic tumor from three different sites in normal
(Normal 1-3, blue circles) and tumor (Tumor 1-3, red circles)
areas, and shows that the spectral patterns in the tumor (red
lines) differed from those in the normal tissue (blue lines). The
most changes in absorbance were observed in the two different
regions (green double-headed arrows, Fig. 3b). Next, we
conducted microscopic mapping of the hematopoietic tumor to
obtain information on the absorbance of tumor cells. The
infiltrated hematopoietic tumor area for the mapping was
determined by examining the MIR microscopic field (Fig. 3c)
compared with the corresponding histopathological view (Fig.
3e). Figure 3d displays the MIR absorbance map of the
hematopoietic tumor infiltrated into the liver. The color
classification based on the MIR absorbance changes segments
three main parts: hematopoietic tumor and normal liver tissue,
represented by the red and green ends, respectively, and the

a) . b)

Measurement sites
@ Normal
" @ Tumor
Unstained specimen

Full wavelength scan

Wavelength region with
different absorbance

—)

Wavelength region with
different absorbance

Absorbance (AU)

w—— Normal 1-3
w— Tumor 1-3

Wavelength (um)

Green: Normal

: Tumor

Fig.3. The spectra and visible image from unstained tissue specimens

by MIR microscopy in hematopoietic tumor sample.

a) Optical micrograph of the unstained tissue specimens of normal liver and hematopoietic tumor
invading the liver.

b) The corresponding absorbance MIR spectra of the unstained same tissue at three different sites
in normal and tumor areas.

¢) The red line square is irradiation area of MIR laser.

d) The MIR imaging of tumor and normal tissue.

¢) Histological finding of irradiated area in hematopoietic tumor and normal liver tissue.



mixed regions of the tumor cell and normal liver tissue,
indicated by yellow color.

2. Epithelial tumor

A malignant epithelial tumor including benign hematopoietic
tumor lesions and normal liver tissue was analyzed by
comparing the cell absorbance with that obtained from an
unstained tissue specimen (Fig. 4). Figure 4b illustrates the MIR
spectra of the three different color areas (green, blue and red
color circles) indicated in Figure 4a. The MIR spectra show that
the spectral patterns in the normal (green lines), benign tumor
(blue lines), and malignant tumor areas (red lines) differ from
each other (Fig. 4b). The largest change in absorbance was
observed in the one different region (purple double-headed
arrow, Fig.4b). Next, microscopic mapping was conducted for
malignant and benign tumors as well as the normal liver tissue
to obtain information on the absorbance of each cell using
wavelength showing different absorbance of each other. The
malignant epithelial tumor and benign tumor areas were
determined by examining the MIR microscopic field (Fig. 4c)
compared with the corresponding histopathological views (Fig.
4e). Figure 4d displays the MIR absorbance map of malignant
epithelial tumor, benign hematopoietic tumor, and normal liver
tissue. The color classification based on the MIR absorbance
changes segments four main parts: malignant epithelial tumor,
benign hematopoietic tumor, normal liver tissue, and central
vein, represented by the pink, green, red, and white ends,
respectively.

o

) Malignant tumor

b) Full wavelength scan

Wavelength region with
different absorbance

G—)

m—— Normal 1-3
= Benign tumor 1-3
—— Malignant tumor 1-3

Absorbance (AU)

Wavelength (um)

Fig.4. The spectra and visible image from unstained

microscopy in epithelial tumor sample.

a) Optical micrograph of the unstained tissue specimens of normal liver, and benign and malignant tumors.

b) The corresponding absorbance MIR spectra of the unstained same tissue at three different sites in normal and
tumor (benign and malignant tumors) areas.

c) The red line square is irradiation area of MIR laser.

d) The MIR imaging of normal tissue, vein, and benign and malignant tumors.

e) Histological finding of irradiated area in normal liver tissue, vein, and benign and malignant tumors.

3. Non-cancerous lesion (ischemic lesion)

We also examined the discrimination between non-cancerous
lesion and normal tissue using the MIR laser. In Figure 5a, the
blue and red circles indicate the three different measurement
sites by MIR microscopy in the normal muscle and ischemic
lesion, respectively. Figure 5b illustrates the MIR spectra of the
normal muscle (blue lines) and ischemic lesion (red lines) from
three different sites, and shows that the spectral patterns in the
ischemic lesion differ from those in the normal muscle. The
maximum changes in absorbance are observed in the two
different regions (purple double-headed arrows, Fig. 5b). Next,
we tried to detect collagen deposit using the picrosirius red stain.
The collagen fibers were observed especially around the
ischemic lesions (Fig. 5c). Figure 5d displays the MIR
absorbance map of the ischemic lesion (necrotic area), collagen

tissue specimens by MIR
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deposit, and normal muscle tissue. The color classification
based on the MIR absorbance changes segments three main
parts: necrotic area, collagen deposit, and normal muscle tissue,
represented by orange, pink, and purple ends, respectively.

4) Unstained specimen

Measurement sites
@ Normal
@ Ischemic lesion

b) Full wavelength scan

== Normal 1-3
s [schemic lesion 1-3

= | Normal

Purple : Normal Orange : Necrosis

Wavelength region with

different absorbance
=

Absorbance (AU)

Wa’welenglh (unll) =z
Fig.5. The spectra and visible image from unstained tissue

specimens by MIR microscopy in non-cancerous lesion sample.

a) Optical micrograph of the unstained tissue specimens of normal muscle and ischemic lesion.

b) The corresponding absorbance MIR spectra of the unstained same tissue at three different
sites in normal and ischemic areas. The purple double-headed arrows indicate the
wavelength region with different absorbance between normal tissue and ischemic lesions.

¢) The polarized light microscopic view of ischemic lesion stained by picrosirius red. The
collagen fibers around the ischemic lesion are easily identified as a green color in the view.

d) The MIR imaging of normal muscle, collagen deposit and necrotic area.

¢) Histological finding of irradiated area in normal muscle, collagen deposit and necrotic area.

Our results suggest that the MIR spectroscopic technique is
useful for the diagnosis and discrimination of the differences
among lesions such as tumor, non-cancerous lesion and normal
tissues based on the MIR absorbance changes. Although there
are several advantages of MIR spectroscopy, it is not yet known
whether the spectral information from our device can satisfy the
pathological diagnostic requirements and assist pathologists in
diagnoses. Thus, further investigation and improvements of our
MIR spectroscopy are necessary to make these approaches
applicable to routine histopathological analysis. In addition, in
vivo diagnostic tools using the MIR 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 MIR
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

[

Synchrotron Radiation Research Center

At the Synchrotron Radiation Research Center (SRRC), 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. As well as precise
measurements of high-quality crystalline samples, we have been
concentrating on developing techniques that are applicable to
inhomogeneous materials, which play important roles in
determining the functions of many practical materials. We aim to
gain fundamental understanding of functional materials such as
semiconductors, superconductors, magnetic materials, dielectric
materials, and hydrogen storage materials. The equipment that we
develop is open for public use, and in 2019, we accepted forty-
one research proposals as a member institute of the
Nanotechnology Platform Japan [1].

The SRRC consists of three experimental groups, one theory
group, and a beamline operation office (Table 1). 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 a rapid 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 Bragg coherent x-ray
diffraction imaging (Bragg-CDI) and applying it to the study of
inhomogeneous structures of sub-micrometer sized ferroelectrics
crystals [2].

With the goal of exploiting the temporal coherence and
intensity offered by next-generation light sources at short
wavelengths, we are aiming to develop new nonlinear and
quantum optical techniques using simple atomic systems. We
used SACLA’s soft x-ray beamline to observe the phenomenon
of ‘superfluorescence’ at extreme ultraviolet wavelengths for the
first time. To extend to even shorter wavelengths and for
improved pulse control, we are developing a source of superfluid
liquid helium droplets for use at SACLA. The new source can
also provide an ‘ultracold nano laboratory’ for studying isolated
molecules with synchrotron radiation.

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,
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and determine the structure parameters (interlayer distance,
coverage, and 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 using the above-
mentioned techniques. Group members focus on the study of the
nano- to meso-scaled structures of functional materials, and the
high-pressure synthesis of novel hydrogen-rich compounds. In
order to advance the investigation of the nano- to meso-scaled
structures, the group has closely collaborated with the Coherent
X-ray Research Group.

Metal-hydrogen systems are a primary research target of this
group. In-situ x-ray and neutron diffraction experiments on the
Fe-H system at high-pressure revealed the formation of hcpFeH,
which was absent from the conventional phase diagram [1]. The
high-pressure synthesis and crystal structure determination of
novel aluminum-based hydrogen-containing compounds have
proceeded, and some novel compounds have been synthesized.

Some functionalities of materials arise from not only their
periodic crystalline structures but also the local structures. The
atomic pair-distribution function (PDF) is one of the powerful
tools available to study the local structure. The PDF helped reveal
that the enhancement of the negative thermal expansion of
Bi(Ni,Fe)Os was induced simultaneously by two different kinds
of mechanisms [2,3]. Additionally, the local structure of
photocatalytic ferric oxide stabilized on mesoporous silica was
revealed by the obtained PDF [4].

As a new research direction in this fiscal year, we began to
investigate x-ray irradiation effects on tumors for Auger therapy.
Tumor spheroids containing Gd-loaded nanoparticles were
irradiated by synchrotron radiation monochromatic x-rays.
Complete destruction of the tumor spheroid was observed when
x-rays with £ = 50.25 keV, which is just above the Gd K-
absorption edge, were used. The result indicates that Auger
electrons play a key role for tumor destruction [5].

Furthermore, one group member joined the JSPS KAKENHI
Grant-in-Aid for Scientific Research on Innovative Areas
“Hypermaterials” project, which started in FY2019, as a co-
investigator.

In many functional materials and devices, ranging from
high-Tc 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 x-ray scattering (RIXS), and x-ray magnetic circularly
polarized emission (XMCPE), are developed. For NRS,
frequency-domain synchrotron Mossbauer spectroscopy has been
performed by a nuclear Bragg monochromator and nuclear
resonance energy analyzers. The micro-Mdssbauer beam has
realized unique experimental methods including gamma-ray
diffraction and total reflection as well as ultra-high-pressure
measurements. RIXS has been applied to study electronic states
of 5d transition-metal compounds in which strong spin-orbit
coupling opens up a new frontier of correlated electron systems.
New optical elements for Re Ls-edge were installed and

excitations of 5d electrons in some Re compounds were measured.

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. As a new direction, adaptive
design of experiment (ADoE) by Gaussian process modeling is
being developed for high-throughput x-ray spectroscopy
experiments. The introduction of prior knowledge to the ADoE is
revealed to enhance the efficiency of the experiment.

The Condensed Matter Theory Group develops advanced
based on quantum mechanics, for
by using
supercomputers such as K-computer, and performing numerical

simulation methods

investigating theoretically condensed matter
simulations aimed at understanding various properties of
materials such as magnetism, high-7; superconductivity, and
catalytic activity. Furthermore, this work is supported by
experiments using x-rays from, for example, SPring-8. Current
activities include (i) the development of advanced simulation
techniques based on first principles path integral molecular
dynamics for investigating the nuclear quantum effects of
hydrogen-containing materials such as clathrate hydrates, (ii) the

development of a numerically exact diagonalization method to
investigate time-resolved spectroscopies in the Hubbard model
describing high-T, superconductor cuprates, which can provide
new insights into their electronic properties, (iii) the development
of computational codes to analyze material properties probed by
quantum beams, for example, dynamical spin correlations
observed by neutron scattering on frustrated magnets [7], RIXS
from chiral-lattice materials, and XMCPE from ferromagnets,
and (iv) theoretical investigations using large-scale numerical
exact diagonalization of quantum spin systems such as the S =2
antiferromagnetic chain and the Shastry-Sutherland model,
which exhibit some novel quantum phases like the symmetry
protected topological phase [9].

In FY2019, some experimental apparatuses were rearranged.
Operation of the cubic-type multi-anvil press at the first station
of BL22XU, a JAEA beamline, was terminated and it was
transferred to the materials science research facility for off-line
use. The large x-ray diffractometer, which had been operated in
the RI Laboratory, replaced it. JAEA transferred their k -type
diffractometer from BL14B1, a QST beamline, to the RI
Laboratory for studies on fuel debris in the future.
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Structural analysis of llI-V compound semiconductors
by in situ synchrotron X-ray reciprocal space mapping

Takuo Sasaki

Coherent X-ray Research Group, Synchrotron Radiation Research Center

InGaAs is among the few materials with a wide-range band
gap that is easily controlled by tuning the In/Ga compositional
ratio. By virtue of these properties, InGaAs is an attractive
material for heterojunction transistors, light emitting diodes, and
sub-cells of multi-junction solar cells. However, appropriate
foreign substrates for InGaAs growth are lacking, and thus
InGaAs films are usually grown on GaAs(001). The lattice
mismatch between InGaAs and GaAs(001) results in a high
density of threading dislocations that degrade the cell
performance. To overcome this challenge, thick (approximately
several microns) buffer layers must be inserted between the film
and the substrate, which is time-consuming and costly. Thin
InAs films grown on GaAs(111)A substrates present only misfit
dislocations at the hetero-interfaces, with no threading
dislocations in the films. Moreover, the in-plane lattice
parameters of the InAs can be controlled by varying the InAs
thickness [1-3]. Hence, InAs/GaAs(111)A is expected to be a
virtual substrate replacement for GaAs(001), and can potentially
reduce the density of the threading dislocations and the crystal
growth duration. For this reason, the strain evolution and indium
composition variation in the InGaAs/InAs/GaAs(111)A structure
should be analyzed in detail. Such an analysis would provide
important knowledge for designing device structures.

Various in situ characterization techniques such as x-ray
topography, scanning tunneling microscopy (STM), reflection
high-energy electron diffraction (RHEED), and optical stress
sensors have ever been employed to investigate the strain
evolution. However, the changing strain, indium composition,
and crystal quality during the growth of InGaAs film can be
characterized by in situ synchrotron x-ray reciprocal space
mapping (in situ RSM). Several InGaAs films grown on
GaAs(001) substrates have been investigated by this technique
[4]. The present study performs an in situ RSM of InGaAs films
grown on GaAs(111)A [5].

The in situ RSM was carried out at the SPring-8 (Beamline
11XU) synchrotron radiation facility using a surface x-ray
diffractometer directly coupled to a molecular beam epitaxy
(MBE) apparatus, as shown in Fig. 1. The GaAs(111)A + 0.3°
substrates were mounted on molybdenum blocks and loaded into
the MBE chamber. After removing the native oxide layers and
growing the GaAs buffer layers, the GaAs(111)A was overgrown
with a 100 nm-thick Inoe7Gaos3As layer (Sample A) or a 4
monolayer (ML)-thick InAs layer (Sample B). During growth of
the InGaAs layer, the diffracted x-ray signals were collected by a
two-dimensional x-ray detector (PILATUS 100K). The
measuring time for each RSM was sixteen seconds,
corresponding to an InGaAs film growth of 5.9 A in thickness.
This high-speed measurement is comparable to the growth time
of a single atomic layer. The energy of the incident x-rays was 10
keV and the beam size was (0.1 x 0.1) mm?.

40

X-ray detector

Fig. 1. Schematic illustration of in situ RSM during the growth of
InGaAs on the GaAs(111)A substrate.

Fig. 2 illustrates the structures of Sample A and B and the
typical RSMs of the samples at different growth times. Based on
the GaAs-101;., reflections, the RSMs were projected onto the
H-L ([100]{001]) coordinates. The diffraction peaks of the
InGaAs layer in both samples were fit by two-dimensional
Gaussian functions, thus obtaining the peak positions.
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Fig. 2. Schematics of the sample structures and typlcal RSMS as
functions of growth time for (a) Sample A and (b) Sample B.

The variations in the InGaAs lattices were characterized in
detail through two different analyses. The first analysis estimated
the indium composition and relaxation behaviors (see Fig. 3).
Assuming that the InGaAs lattices always deform elastically, the
lattice constants (am"Ga1 ““A*and Cm"Ga1 "AS) and Poisson’s
ratio ( g/™xG%1-x45) can be determmed by Vegard’s law. The
indium composition (x) was calculated from the measured lattice

In,Ga,_,As In,Ga,_,As .
parameters of InGaAs (a,,* " and c,,* ") using Eq.
(1) and (2),
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where c11, c12, and cas are the elastic coefficients of InyGa;.<As.
The relaxation (R) of InGaAs on GaAs(111)A is then given by
Eq. (3),

3 ai:xoahx“‘s - agaAs
R = netar et gass < 100
» — 3)s
where a$%4S is the a-axis lattice parameter of GaAs at the

growth temperature (4.01 A). The second approach estimates the
lattice distortion from the c,, -to- a,, ratio. This analysis
simplifies the lattice-distortion characteristics at any indium
composition. Fig. 3 shows the evolution of the lattice distortion
parameter, c,,,/\6a,, as a function of the InGaAs thickness for
Sample A and B. When c,,,/vV6a,, is equal to one, the InGaAs
lattices are ideal with no distortions or elastic strains.
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Fig. 3 Evolution of the indium composition, relaxation, and
lattice distortion parameter c,,/v6a,,with increasing InGaAs
thickness in (a) Sample A and (b) Sample B.

Anomalous shrinkage of the c-axis lattice parameter was
observed only in the initial growth phase of Sample A. As shown
in Fig. 3(a), the indium composition of this sample was low
during the initial growth phase, and rapidly increased until the
InGaAs layer was approximately 1 nm thick. Moreover, the
relaxation in the early growth phase exceeded 100%, indicating
an elastic tensile strain in the InGaAs lattices. Alternatively, the

initial c,,/V6a,, was less than one, implying three possible
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phenomena: the above-mentioned elastic tensile strain, expansion
of the g-axis lattice parameter, or shrinking of the c-axis lattice
parameter. Even at low indium compositions, the lattice
parameters of InGaAs are always greater than those of GaAs.
Therefore, elastic tensile strain is unlikely in the InGaAs lattices,
contradicting the assumption of Fig. 3(a) (i.e., that the InGaAs
lattices are elastically deformed). During the actual initial growth
with a constant indium composition prior to relaxation, a
sub-unity c,,/v6a,, can be explained by the expanding lattice
parameter along the ag-axis or the shrinking lattice parameter
along the c-axis of the InGaAs lattices. The former option is
nearly eliminated by the existence of GaAs; the a-axis lattice
parameter of InGaAs should be the identical to that of GaAs
prior to relaxation, limiting anomalous expansion of the a-axis
lattice parameter. Therefore, it is likely that only the c-axis lattice
parameter shrinks prior to relaxation. Subsequently, the InGaAs
lattices are gradually relaxed with a constant indium composition
during the initial growth (up to ~1 nm). A similarly anomalous
shrinkage of the c-axis lattice parameter in the initial growth of
InAs/GaAs(111)A was observed in a previous RHEED analysis
[6].

In contrast, for Sample B, general elastic deformation with
no anomalous distortion appeared during the initial growth of
InGaAs. As shown in Fig. 3(b), the indium composition was high
in the initial growth phase, and approached the nominal indium
composition. Moreover, the relaxation behavior indicates a
gradual increase in the elastic tensile strain during the InGaAs
growth. Accordingly, ¢,,/vV6a,, decreased slightly near 0.99.
These findings suggest that the initial InGaAs lattices grown on
InAs/GaAs(111)A cause an elastic tensile strain that gradually
increases with decreasing indium composition. Therefore,
controlling the InAs growth thickness on GaAs(111)A may be
insufficient for growing lattice-matched InGaAs, as it ignores the
varying indium composition during the initial growth. This
inference provides important knowledge for device design.
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In-situ x-ray and neutron diffraction
investigation on the formation process of a
new phase of iron hydride
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Iron hydride (FeHx) has been studied for half a century as a
typical transition metal hydride and as a candidate for a hydrogen
reservoir inside the Earth. Since FeHy is stable under high
pressures, its temperature (T)-pressure (P) phase diagram and
crystal structures have been investigated in the high-T and high-
P region with hydrogen up to approximately 1700 K and 20 GPa
[1-6]. Three types of structures have been reported on FeHx: a
body centered cubic (bcc), a face centered cubic (fcc) and a
double hexagonal close packed (dhcp) metal lattice. The bcc and
fcc phases are a solid solution of hydrogen for x < 1.0, whereas
the dhcp phase is a monohydride for x ~ 1. However, hexagonal
close-packed (hcp) FeHx is absent in the conventional phase
diagram of the Fe-H system despite the hcp structure being the
stable structure of the Fe metal in the same T-P range [7].

Previously, FeHx was formed by reacting excess hydrogen
with Fe in a high-pressure cell, and the phase stability for FeHx in
equilibrium with hydrogen fluid has been investigated. It is
considered that the hydrogenation reaction with the excess
hydrogen causes the formation of the fcc- and dhcp-FeHx.
When Fe reacts with a lesser amount of hydrogen, a different
hydride phase may appear.

In this study, we have investigated the structural properties
of the Fe-H system to explore the formation of the hcp-FeHx at x-
T-P conditions using synchrotron radiation (SR) x-rays and
neutrons [8]. In-situ SR x-ray diffraction experiments are suitable
to find the structural transition at various P-T conditions; however,
they are unable to obtain information on the hydrogen atoms
located at interstitial sites. On the other hand, neutron diffraction
experiments are able to investigate the crystal structure including
the site occupancy of hydrogen (deuterium) atoms. Hence, in-situ
neutron diffraction under high-T and high-P conditions is the
most powerful method to determine the crystal structure of metal
hydrides.

In-situ x-ray diffraction experiments were carried out using
the high-pressure and high-temperature apparatus installed at
BL14B1, SPring-8 [9]. X-ray diffraction profiles were collected
using the energy dispersive method. High-P and high-T were
generated using a cubic-type multi-anvil press. The pure iron
flakes were mixed with BN powder at a volume ratio of 2:3 and
compacted into a disc with a size of 0.5 mm in diameter and 0.2
mm in thickness. The sample disc was loaded into the sample
capsule with a compacted AlHs disc, which served as an internal
hydrogen source. The internal hydrogen source, AlHs,
decomposed into fluid Hz and Al upon heating above 800 K. In-
situ neutron diffraction measurements were carried out using the
high-pressure neutron diffractometer PLANET [10] installed at
BL11 at the Materials and Life Science Experimental Facility
(MLF), J-PARC. High-P and high-T were generated using a six-
axis multi-anvil press [11]. The cell assembly for the high-P
neutron diffraction measurements was essentially the same as that
used for SR x-ray diffraction. A compacted Fe disc with a size of
3 mm in diameter and 2.5 mm in thickness was loaded into the
sample capsule with a compacted deuterium source AlDs. Details
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of the hydrogenation cell, and the in-situ SR x-ray diffraction and
neutron diffraction techniques are described elsewhere [6,9].

To prevent the transformation from fcc-FeHx to dhcp-FeH,
we controlled the amount of the internal hydrogen source AlHs,
which was reduced to an H/Fe molar ratio of approximately 0.6.
Figure 1 shows the SR x-ray diffraction profiles of FeHx (x ~ 0.6)
during the cooling process from 1063 K to 298 K at the initial P
of approximately 7 GPa. After formation of the fcc-FeHx at 1073
K, T was decreased at 10 K/min. The x-ray diffraction profile
changes at around 797 K indicate formation of the hcp-FeHx.
With further decrease of T, the hcp-FeHx becomes dominant at
around 500 K and decomposes into bce-Fe and dhep-FeH at 434
K.
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Figure 1. X-ray diffraction profiles of FeHx during cooling. (a)

Overall, (b) fcc-dominant, (c) hcp-dominant, and (d) dhcp-

dominant regions, respectively [7].

To determine the occupation site and occupancy of hydrogen
(deuterium) atom, the neutron diffraction experiment was
performed at high-T and high-P. After the formation of the fcc-
FeDx at 1073 K and 6.0 GPa, T was rapidly decreased to 673 K
and the hcp-FeDx was successfully obtained. T was further
decreased to 573 K and finally to 300 K. We analyzed the neutron
diffraction profiles by the Rietveld method. The results of
Rietveld refinements of the neutron diffraction profiles measured
at 673 K-5.1 GPa and 573 K-4.8 GPa by using the hcp structural
model reveal that the deuterium atoms randomly occupy the
octahedral interstitial sites with occupancies of 0.48.

The series of SR x-ray and neutron diffraction experiments
reveal the presence of hcp-FeHx and its stable P-T region.



Additionally, our results elucidate the crystal structure of hcp-
FeHx including the occupied site and occupancy of hydrogen
atoms. We also find that the volume expansion ratio by the
hydrogen atom and hydrogen solubility properties of the hcp-
FeHy are different from fcc- and dhcp-FeHx. From a structural
point of view, the fcc, hep, and dhcp metal lattices can transform
into each other by changes in the stacking sequence of the metal
planes (Fig. 2). The special arrangements of the interstitial sites
also change along this structural transformation. The octahedra
consisting of Fe atoms are connected to neighboring octahedra by
corner sharing in the fcc lattice and by face-sharing in the hcp
lattice. In the dhcp lattice, both corner- and face-sharing are
present. The differences in the arrangements of the interstitial
sites would influence the hydrogenation properties. This suggests
that the bonding state between the hydrogen atom and the
surrounding Fe atoms would depend on the lattice structure.
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Figure 2. Crystal structures of fcc, hep, and dhep-FeHx. The grey
and blue spheres stand for the Fe and H atoms, respectively [8].
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Charge excitations in electron-doped cuprate
superconductors
observed with resonant inelastic x-ray scattering:
comparison of Cu A-edge with Cu Ls;-edge

Kenji Ishii

Magnetism Research Group, Synchrotron Radiation Research Center

Low-energy electron dynamics in high-7. cuprates is
characterized by the motion of charge and spin. Among the
various experimental technique for studying the electron
dynamics, resonant inelastic x-ray scattering (RIXS) has gained
immense of attention because of its ability to measure electronic
excitation spectra with momentum resolution and element
selectivity [1,2]. Cu K- and L3-edges are mostly used for the RIXS
study of the cuprates. Energy resolution has been improved
significantly in the last two decades and it reaches a few tens of
meV at best at the edges. While spin excitation (single spin-flip
process) is allowed only at the L3-edge, charge excitation can be
observed at both edges.

In the electron-doped cuprate Nd»..Ce.CuOs (NCCO),
momentum-dependent charge and spin are indeed observed in the
K- [3-5] and Ls-edge RIXS spectra [5-7]. Magnitude of the
experimentally observed dispersion is respectively on the order
of the transfer energy (¢ ~ 0.4 eV) and the exchange interaction (J
~ 0.1 eV) in the terminology of the 7~/ model, even though
different interpretations, intraband particle-hole excitations [3,5]
and a certain mode associated with a symmetry-breaking state [6],
were proposed for the charge excitations. Recently, the charge
excitations in the Ls-edge RIXS were found to depend not only
on the in-plane momentum but also on the out-of-plane one and
ascribed to a plasmon mode [7] which was proposed theoretically
[8,9]. In order to further investigate the character of the charge
excitations, for example, contrasting behavior at high
temperature within a slight difference of carrier concentration (~
0.02 electron per Cu atom) [6], it is important to verify whether
the same excitation is observed at the two edges because each
edge has a suited energy-momentum range for observing the
excitations. In Ref. [5], the charge excitations at the K-edge are
compared with those at the L3-edge. However, the comparison is
made only at a few momentum points and the out-of-plane
momentum is not considered. In this report, we compare in-plane
momentum dependence of the Cu K-edge RIXS to that of Cu Ls-
edge RIXS at an equivalent out-of-plane momentum and
conclude that the momentum-dependent charge excitations in the
Cu K-edge RIXS spectra are the same as those in the L3-edge.

RIXS experiments were performed at BL11XU of SPring-8.
Incident x rays were monochromatized by a Si(111) double-
crystal monochromator and a  Si(444) channel-cut
monochromator, and horizontally scattered x rays were analyzed
in energy by a Ge(733) analyzer. Experimental geometry was the
same as that in the previous studies [3,5]; m-polarized incident
photons with 8991 eV were irradiated on the ab-plane of NCCO,
but the energy resolution of 100 meV was improved compared
with the previous studies [3-5]. All the spectra were taken at 10
K. We use Miller index (H, K, and L) of the body-centered-
tetragonal crystallographic unit cell for momentum transfer (Q).

Figure 1 shows the Cu K-edge RIXS spectra of NCCO. A

44

8l i

"Q=(007,0.07,12.4) |

2.4)
) o )
5 5 Laezzl Tseao | E]
s Q=(0.23,0,12.4) s
s x, s
> S >
@ g L RS — 2
3 Q=(0.18,0,12.4) 3
£ £

&

-0090,12.4) |

1 2
Energy (eV)

0 1 2 3
Energy (eV)

Figure 1: Cu K-edge RIXS spectra of NCCO for (a) x =0.075
and (b) x = 0.18. Filled circles are the experimental data and
lines are the fitting results of elastic scattering (dotted green),
momentum-dependent charge excitation (dashed red),
interband excitation across the charge-transfer gap (dot-
dashed blue), tail of high-energy excitation (dot-dot-dashed
gray), and sum of the all components (solid black). Peak
position of the momentum-dependent charge excitation is
indicated by a vertical bar in each spectrum.

peak at 2 eV and a momentum-dependent feature below the peak
are consistent with the previous work [3], but the improved
energy resolution enables us to observe the latter more clearly,
especially at low in-plane momenta (H, K). The 2-eV peak is an
interband excitation across the charge-transfer gap and it is also
observed in parent Nd,CuOy [4]. By contrast, the momentum-
dependent feature appears when electrons are doped. We fit the
spectra by the sum of elastic scattering, the momentum-
dependent charge excitation, the interband excitation, and a tail
of high energy charge excitation peaked around 6 eV [10]. The
experimental resolution is considered for the momentum-
dependent charge excitation and the interband excitation. Filled
circles in Figs. 2(a) and (b) are the peak position and width (full-
width at half maximum) of the momentum-dependent feature
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Figure 2: Peak position and width of the momentum-
dependent charge excitations in the electron-doped cuprates.
Filled circles are the fitting results of the Cu K-edge RIXS in
Fig. 1. Open circles and squares are those of the Cu L3-edge
taken from Refs. 5 and 7, respectively. The width cannot be
evaluated reliably in the spectra of Ref. 5 because the tail of
the excitation overlaps considerably with the spin and dd
excitations due to the low-energy resolution and the
experimental condition that is suitable for observing the spin
excitations.

obtained from the fitting analysis, respectively. Because the
intensity of the feature is approximately proportional to the
carrier density, the feature of x = 0.075 forms continuum-like
spectral shape in contrast to the salient peak in x = 0.18. It makes
the fitting analysis of x = 0.075 difficult; this is the reason for the
error being larger than at x = 0.18.

Open circles in Fig. 2 (a) are the peak positions in our Cu L3-
edge study [5], where the crystals from the same batch as this
work were used. Momentum transfer along the ¢*-direction (L)
varies between 1.55 and 1.65 and it is almost equivalent to that in
the present data in Fig. 1, considering that the dispersion is folded
at even numbers of L [7]. The peak positions are consistent
between the Cu K- and Ls-edges. In addition, we plot the peak
positions of La,..CexCuO4 (LCCO) of x = 0.175 and L = 1.65
(open squares) taken from a recent study with high energy
resolution at the Cu Ls-edge [7]. Although thin films were used
for LCCO, the positions of LCCO x = 0.175 agree very well with
those of bulk NCCO x =0.18.

Figure 2 shows comparison of the peak width between the
K-edge and the L3-edge. The momentum dependence of the width
of LCCO x = 0.175 at the L3-edge is connected smoothly to that
of NCCO x =0.18 at the K-edge. This implies that the broadening
of the peak comes from intrinsic electronic properties of the
cuprates rather than some effects in the RIXS process. While
momentum-independent lifetime of electron is
phenomenologically considered in a theoretical study [9], RIXS
can provide experimental data to discuss microscopic origin of
the broadening quantitatively.

The excellent agreement of the peak position and width
between NCCO x = 0.18 and LCCO x = 0.175 proves that the
momentum-dependent charge excitation in the Cu K-edge RIXS
spectra has the same origin as the dispersive mode observed at
the Cu Ls-edge. Our result approves the complementary use of
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the two edges for exploring the charge excitations throughout the
energy-momentum space. In general, the Z3-edge is advantageous
for the excitations at low energy due to weak elastic scattering
while it has limitation of the accessible Brillouin zone. In the case
of cuprates, huge dd excitations above 1.5 eV hampers the
observation of the charge excitations at the energy. By contrast,
the K-edge does not have the shortcomings of the L3-edge, but it
is difficult to measure the inelastic signal at very low energy.
Even though the lower limit in the energy resolution of this study
is 0.4-0.5 eV, we will have change to access lower energy if the
best resolution (25 meV) is achieved [11]. For hole-doped
cuprates, oxygen K-edge is another edge for RIXS as
demonstrated very recently [12]. Large dispersion (~1 eV) of the
charge excitations should be responsible for the metallic
conductivity which is a necessary condition for the occurrence of
the superconductivity. The remaining issues, such as material
dependence and its relation to superconductivity, will be
examined by complementary use of RIXS at the edges.

Another finding is that the peak position of the charge
excitations shifts to higher energy with increasing electron
doping. Although the data of x = 0.075 scatter, Fig. 2(a) shows
that the peak position of x = 0.18 is higher in energy than that of
x = 0.075. Such doping dependence has been reported in the
previous study on Lz-edge RIXS [7] as a character of plasmon
excitation and we confirm it here at the K-edge. Note that doping
dependence was measured at a higher in-plane momentum in the
previous studies at the K-edge [3,4]; it just shows an increase in
the intensity with increasing doping. It may indicate that the high-
energy shift is limited at a low in-plane momentum and the
doping effect of the charge excitations changes at a certain
momentum.

In summary, we performed a Cu K-edge RIXS study of
NCCO and analyzed the momentum-dependent charge
excitations below the charge transfer gap. The peak position and
width agree quite well with those at the Cu Ls3-edge and we
conclude that the same charge excitations are observed at the two
edges.
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Analysis of magnetic properties of triangular-lattice
magnet NiGa,S,
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Magnetic properties of an antiferromagnet with a regular
triangular lattice unit have been studied with considerable
interest, since such a lattice structure with geometrical
frustration generally prohibits conventional collinear spin
configurations and may realize exotic spin states such as spin
liquids. Among regular-triangular lattice magnets, NiGa2S4 has
been considered as a possible realization of a novel exotic
magnetic state with the spin quantum number S = 1 [1]. The
crystal lattice of NiGazS4 is constructed by stacking NiSz layers,
each of which is a two-dimensional regular triangular-lattice
formed by Ni atoms, separated by a pair of GaS layers. Based
on both theoretical and experimental investigations [2], it has
been revealed that the electronic and magnetic properties are
dominated by the Ni d-eg electrons near the Fermi energy. If the
electron repulsive interaction among the eq electrons is
sufficiently strong, the system should be a Mott insulator with S
= 1. Then, the nearest-neighbor spins should be coupled with an
antiferromagnetic Heisenberg spin interaction J1<O0.

Results from several experiments suggest that NiGa2Sa
exhibits unconventional magnetic properties [2]: Among them,
neutron scattering revealed that the magnetic correlation evolves
below a temperature T* of approximately 8 K to yield the
spatial spin configuration characterized by Q = (0.15(5), 0.15(5),
0) [3]. Here, it should be noted that this spin configuration is
different from the so-called 120-degree ordering conventionally
expected for regular triangular-lattice antiferromagnets with
nearest-neighbor spin coupling. This led many researchers to
take the unusual view that the long-range third nearest-neighbor
spin interaction Js dominates over the first nearest neighbor Ji,
i.e., [Ji] < 33|, in contrast to the usual intuition that Ji is the
largest |J1| > |Js|. More remarkable is that the correlation length,
which is estimated from the peak width of the magnetic Bragg
peak, does not diverge even at several mK, i.e., no long-range
ordering can be attained even at the lowest temperature. The
effective magnitude of spin moment at the Ni site was observed
to be much reduced (S = 0.51) by approximately 49% from S =
1. The origin of this significant reduction has been attributed to
quantum fluctuations. These observations have clearly
distinguished NiGazS4 from conventional magnets.

In this report, a theoretical analysis of these characteristic
magnetic properties of NiGazSais given, following [4]. First, a
DFT-based first-principles electronic structure calculation is
performed to obtain the precise electronic structure. Since a
band structure calculation is generally not suitable to investigate
arbitrary complex spin orderings, we construct a Hubbard-type
model by fitting based on the so-called maximally localized
Wannier functions (MLWFs). The results of the calculated bands,
the fitting, and MLWHFs are displayed in Fig. 1. Thus, the
17-orbital (five Ni-d and twelve S-p orbitals) tight-binding
model is obtained. Through adding the Ni-site Coulomb
interaction (U, U’, and J) to this free-electron model, a
Hubbard-type model with a realistic electronic band structure is
obtained. To determine the most stable spin configuration, the
Hartree-Fock (mean-field) approximation is applied to this
model, allowing for spiral ordering states with an arbitrary pitch

vector Q, where spin moments are given by m(r) = |m|[cosQr,
sinQr, 0] and are determined by a numerical self-consistent
calculation. The most stable ordering state is the one giving the
lowest stabilization energy. The calculated stabilization energies
as a function of Q are displayed in Fig. 2 (a) for several
strengths of the electron interaction parameter U. As a result,
while the conventional 120-degree ordering (Q = K = (1/3, 1/3,
0)) is obtained for weak interaction (U = 1.6 eV), the uniform
ferromagnetic state (Q = I' = 0) is obtained for strong interaction
U = 2.8 eV. For the intermediate U = 2 eV, Q = (0.15, 0.15, 0)
gives the most stable state, which is consistent with the neutron
scattering experiment. This value of U = 2 eV is quantitatively
consistent with our preliminary estimation using the
Bethe-Salpeter equation. The calculated ordering spin
configuration is depicted in Fig. 2 (b).

(a)

Energy (eV)

Band Calc.
Fitting

Fig. 1 (a) Calculated electronic band structure and
tight-binding fit using MLWFs. On the right, the first
Brillouin zone and a symmetry path are depicted. (b)
The eg-type MLWEFs at the Ni site.
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Fig. 2 (a) Calculated stabilization energies for various spin
configurations characterized by the wave vector Q. The
vertical solid line indicates the spin configuration Q =
(0.15, 0.15, 0) corresponding to the experimental
observation. (b) The calculated most stable spin ordering
pattern with Q = (0.15, 0.15, 0) is depicted, where the
filled blue circles represent Ni atoms forming a regular
triangular lattice.

The magnitude of the calculated spin moment is |m| = 1.16us,
corresponding to S = 0.58, which does not significantly deviate
from the observed value of S = 0.51. Our calculation suggests
that this significant reduction of spin moment from S = 1 does
not originate from exotic quantum fluctuations, instead
originating from the Ni-S covalent nature. Based on the
mean-field results, we estimated the Heisenberg spin exchange
interactions Jn, up to ninth nearest neighbors. According to the
results, the first nearest-neighbor Ji is the largest and
ferromagnetic (J1 > |Js| > 0), in contrast to the results of
previous studies based on the localized ionic picture.
Furthermore, the dynamical spin correlation function S(q,w)
was calculated (averaged over spin orientations: S(g,w) =
[2San(g,) + Sc(q,@)]/3) in the magnetic state within the random
phase approximation (RPA). The calculated results are displayed
in Fig. 3. Here it should be noted that the excitation spectrum is
quite different from that of conventional spin waves. In Fig. 3
(b), the experimental peak positions observed by neutron
scattering are overlaid onto the calculated intensity map of
S(q,w) for comparison. From the results, at low energies below
1.5 meV, the central spectral peak at g = Q, accompanied by a
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pair of weak satellites, originates from the out-of-plane
component Sc(q,w), while above 1.5 meV, only the pair of
satellites remain, which originate from the in-plane component
San(g,®). Thus, our results suggest that the magnetic excitation
structure is anisotropic and is more complex than usual
antiferromagnets. To confirm these results on the spectral
properties of S(g,w), further advanced measurements are needed
to carefully resolve the in-plane and out-of-plane components,
using sufficiently polarized neutron scattering with high-quality
single crystals.
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Fig. 3 (a) Calculated spin excitation spectrum S(q,®). (b)
The intensity map of S(q,w) is overlaid with the
neutron scattering data (plots with error bars) for
comparison [3].
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Construction of a 3 GeV synchrotron radiation

facility for soft X-ray application

Utsumi Wataru

Institute for the Advanced Synchrotron Light Source

1. Introduction

The Japanese government has recently decided to build a new
3 GeV-class synchrotron radiation facility in the “Aobayama new
campus” of Tohoku University shown in Fig. 1, which is in the
Northeast area, Japan. It is a high brilliance light source, electron
accelerator system combined with a linear accelerator and a 3
GeV storage ring, which offers highly brilliant lights over a wide
spectrum ranging from VUV to X-rays. The key concept of the
new synchrotron radiation facility is an "advanced and stable
light source to create innovations in science and technology".

The role in the construction of the facility in the collaboration
of public-private regional partnerships has been decided in
advance including financial responsibility: QST is responsible for
the accelerators, and the partner comprised of the private and
regional counterparts is responsible for the buildings, utility and
land preparation. Out of the 28 beamline ports of the storage ring,
three and seven are dedicated for the first-phase beamlines built
by QST and the partner, respectively.
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2. Accelerator development

The storage ring of the facility consists of 16 magnet cells with
each magnet cell consisting of four bending magnets to bend
electron beams, ten quadrupole magnets to focus the electron
beam, and ten sextupole magnets to correct aberration.

Since the storage ring has been designed to realize high
brilliance reducing the size of the electron beam such as to 6 um
(vertical) and 120 um (horizontal) with a strong magnet field and
is also designed for the storage ring to be compact, high
alignment accuracy of the magnet cells and high uniformity of
the magnetic fields are required.

We have manufactured a prototype of a half-cell of the magnets
shown in Fig. 2, which is constituting the storage ring, and have
tested the alignment procedure and magnetic field measurement.
In order to achieve a high alignment accuracy, we have employed
a vibrating wire monitor, which is a method to monitor vibration
of metal wires due to Lorenz force in the magnet field, finding
that an alignment accuracy of several microns has been achieved.

In order to achieve a high uniformity of the magnetic fields, we
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Fig. 1 Construction site of the 3 GeV synchrotron radiation facility
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have employed the stretched wire method, which is a method to
monitor induced current in the metal wire swept in the magnetic
field, finding high uniformity of the magnetic field such as less
than 0.1% slope within +8 mm.

3. Beamline lineup

Each cell of the storage ring lattice has two straight sections,
one of which is 5.44 m and the other is 1.64 m long. Except for
four straight sections used for the RF cavities and electron-beam
injection, there are 28 sections available for insertion devices.
While gap-tunable undulators are placed at the longer straight
sections, the shorter straight sections are used for placement of
fixed-gap multipole wigglers serving as wide-spectrum light
sources.

QST and the partner organized a joint committee to decide the
lineup of ten first-phase beamlines. The committee recommended
a lineup of ten first-phase beamlines including three public
beamlines constructed by QST and seven beamlines that are run
in the framework of the coalition concept by the partner.

The public beamlines, which were selected according to the

criteria of high-impact scientific outcomes, are listed in Table 1.
These three beamlines will provide both academic and industrial
users with a platform for major spectroscopic techniques, such as
spin- and angle-resolved photoemission spectroscopy, magnetic
circular dichroism and resonant inelastic scattering, opening the
way for comprehensive understanding of electronic states of
materials.

4. Summary

The project to build a new synchrotron radiation facility has
started in 2019 and is scheduled to start operation in 2023. At the
beginning, ten beamlines will be operating.

The project is driven by collaboration between QST and the
partner with shared responsibility between the two parties. The
blue lines representing the development of accelerators and three
beamlines show the tasks assigned to QST, and the orange lines
representing the construction of the main building and the
satellite building, land preparation and the construction of seven
beamlines show the partner’s tasks.

Table 1. List and specification of the public beamlines
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Research Activities of Institute of Quantum Life
Science at KPSI

Naoya Shikazono

Institute for Quantum Life Science

Quantum life science has emerged to explore the new
frontiers in biology from the perspective of the level of quantum
to describe dynamics and functions of cells and organisms. The
Institute of Quantum Life Science at QST was established in
April 2019 to pioneer a new field in life sciences. Investigations
at the Institute of Quantum Life Science are expected to proceed
through two approaches: one is to determine whether quantum
mechanics plays an essential role in biological systems, and the
other approach is to apply the knowledge of quantum science
and its technologies to measure physical and chemical
parameters, such as temperature, pressure, and pH, at nanoscales
inside the cells, or of measurements of the structure and
dynamics of biomolecules at an unprecedently minute level.
Using the above two approaches, the goal of the Institute of
Quantum Life Science is to discover the very basic principles of
life and to apply the knowledge that is developed during the
course of investigation to medical sciences and social activities
(Fig. 1). The field of quantum life science is envisaged to
produce unanticipated discoveries that will expose the existence
of quantum phenomena in nature, ultimately leading to their
exploitation in novel knowledge and technologies available to
benefit the society. At KPSI, three research groups in the
Institute of Quantum Life Science are carrying out their research
by conducting experiments and computer simulations (Fig. 1).

The Molecular Modeling and Simulation group aims to
understand the in vivo function of biomolecules from the atomic
level. The group uses computer simulation and bioinformatics
together with results obtained by experiments such as
crystallographic and scattering data obtained by various types of
radiation (X-rays, neutrons, and electrons) and cryo-electron
microscopy. The main research target is to determine how the
dynamics of protein/DNA/RNA complexes relates with essential
cellular functions, such as transcription, translation, replication,
and repair. The group has been working on the detailed structure
of nucleosomes and has found a clue on why post-translational
modifications have such a strong effect on the relaxing and
tightening of the nucleosome structure. Another topic that the
group has been engaged in is the repositioning of the
nucleosome. Nucleosomes are dynamic entities that are
repositioned along DNA by chromatin remodeling processes.
Nucleosomes repositioned by remodelers often collide with
each other and form an intermediate structure called
“overlapping dinucleosome.” Using molecular dynamics
simulation, the group has revealed the solution structure of the
overlapping dinucleosome, in which two nucleosomes are
associated. In the overlapping dinucleosome structure, the
unusual “hexasome” nucleosome, composed of histone hexamer
lacking one H2A-H2B dimer from the conventional histone
octamer, was found to contact the canonical “octasome”
nucleosome, and the two nucleosomes intimately associate with
each other (1). The detailed dynamic structure of overlapping
dinucleosome provides important information to understand
how nucleosome repositioning occurs during chromatin
remodeling, which is a fundamental process for cells to properly
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operate and function under various circumstances. This valuable
finding is described in detail in the report below.

The main goal for the DNA Damage Chemistry group is to
clarify the nature of DNA damage induced by various agents,
especially by ionizing radiation. The group aims to utilize new
experimental techniques that can unveil the structure of DNA
damage as well as damage recognition by DNA repair enzymes
at nanometer scales. The group is currently focusing on
“clustered DNA damage”, in which two or more DNA lesions
are located within one—two helical turns of DNA (within several
nanometers along the DNA). Clustered DNA damage is
considered to be refractory to repair, and thus, one of the most
critical damages induced by ionizing radiation; however, its
presence and microstructure has been elusive, as few
experimental methods were able to provide some information on
spatial distribution of DNA lesions. The group has developed a
novel method to detect localized DNA damage by using
fluorescence resonance energy transfer (FRET). FRET is known
to occur usually within 10 nm. The level of localization of DNA
damage was quantified by FRET after labeling DNA damage
(abasic sites) by fluorescent dyes. The level of clustering of
damage, indicated by the FRET efficiency, increased by ionizing
radiation depending on the density of ionization or excitation.
The group has proposed another approach for measuring the
level of localization of DNA damage, which will be visualized.
Atomic force microscopy (AFM) has the resolution at the
nanometer/subnanometer scale, so it enables the direct
visualization of DNA. The group has labeled DNA damage
(abasic sites) by attaching aldehyde reactive probes with biotin
to abasic sites, and further binding streptoavidin to biotin. The
large molecular size of streptoavidin enables detection by AFM.
Abasic sites are directly induced and further revealed by treating
the DNA by DNA glycosylases after irradiation. The result is the
first to reveal the complexity of the clustered DNA damage (2).
The details of this significant work are shown later in this
report.

Mechanism of Mutagenisis group has a goal to elucidate
the underlying mechanisms of the induction of mutations, which
are strongly relevant to cancer and evolution of life. One aspect
of research of the group focuses on the events at very early
stages at around femtoseconds to picoseconds within a space in
the scale of nanometers after energy transfer from ionizing
radiation, especially from ion particles. Using Monte Carlo
simulations, the group has demonstrated that, when water is
exposed to densely ionizing ion particles, some of the secondary
electrons ejected from water molecules cannot escape and are
trapped within the electric potential created by the ionized water
molecules. This result leads to a realization that the radial dose
near the track of a densely ionizing ion particle is much higher
than previously thought. This highly localized energy deposition
is considered to produce high yield of clustered DNA damage,
and thus is an explanation for the drastic effect of ion particles.
The conventional view on DNA damage induction is that



ionization and/or excitation of DNA and the radicals generated
near the DNA molecule contribute to the formation DNA
damage. Building on the simulation result of radial dose, the
group is now exploring a possible contribution of heat in the
generation of clustered DNA damage. The idea is that an
enormous amount of heat deposited near the track would create
a pressure wave, which in turn, could result in causing DNA
damage.

Quantum life science is related with interactions between
dynamical phenomena at extremely short time scales and minute
length scales, that is, from atto to femtosecond energy transfer
processes at the (sub)nanometer scale. Over the long term, the
field of quantum life science is expected to produce unparalleled
discoveries based on the significance of quantum phenomena in
biological systems. The research of the three groups of the

Institute of Quantum Life Sciences at KPSI has just started to
achieve such goals.
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Using cutting-edge quantum technologies and advanced computer simulations, the
Institute aims to contribute (1) to the elucidation of the basic principles of life, and in
longer term, (2) to the benefit for the everyday life of the society.
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Structural Studies of
Overlapping Dinucleosomes in Solution

Atsushi Matsumoto
Molecular Modeling and Simulation Group, Institute for Quantum Life Science

Nucleosomes are fundamental structural units of
chromatin, which enable eukaryotic genomic DNA to be
packaged into a nucleus. The canonical nucleosome consists of a
histone octamer and approximately 150 base pairs of DNA. The
histone octamer is composed of two copies each of histones H2A,
H2B, H3, and H4, and the DNA segment tightly wraps around its
surface [1]. Nucleosomes are dynamic entities that change their
position along genomic DNA (e.g., Segal and Widom [2]). In
particular, rearrangement of nucleosome positioning around
transcription initiation sites is thought to play a regulatory role in
transcription initiation [3]. This nucleosome remodeling process
is likely mediated by nucleosome remodeling factors [4, 5]. It has
been reported, for example, that if two nucleosomes are closely
positioned, one of the nucleosomes will invade the DNA of its
neighbor, probably through nucleosome remodeling, and adopt
an unusual structure called an overlapping dinucleosome
(OLDN) [6, 71.

We previously reconstituted an OLDN and determined its
crystal structure [8]. Within the OLDN structure, a histone
hexasome lacking an H2A-H2B dimer associates with a
canonical octasomal nucleosome, and a 250-base-pair DNA
segment wraps around the two histone sub-nucleosomal moieties.
In the present study, to understand the structure and dynamics of
OLDN in solution, we measured its small-angle X-ray and
neutron scattering (SAXS and SANS, respectively) and
performed computations to build models of OLDNSs that
reproduce the scattering data. Recently, biological
macromolecules have been measured by SAXS and SANS
because of their capability to obtain structural information in
solution. In the present study, SAXS was used to examine the
overall shape of OLDNs, whereas SANS was employed to
separately observe the structures of the elements comprising
OLDN:Ss, including the histone proteins and the DNA.

For building the models computationally, we first
generated a large number of conformations of OLDNs by
simulation using the crystal structure as the initial conformation.
The histone proteins have a long string-like structure called
histone tails at both ends, which were not observed in the crystal
structure probably due to their flexibility. However, to reproduce
the experimental SAXS and SANS data well, we found it
necessary to include the histone tails in the models (Fig. 1). Thus,
we modelled multiple conformations of the histone tails and
added them to each model of the OLDN (Fig. 2a).

We then looked for the conformations that well
reproduced the SAXS and SANS data. To select appropriate
conformations, we used the %2 value defined as

L(Q)-1(Q),.
— 22 =", ()
Z a(Q)
where Np is the number of experimental points Qi; le(Qi) and 1(Qi)
are the experimental and computed profiles, respectively; o(Q,)

N, =

is the experimental error. Smaller 2 values indicate better
conformations.
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Fig. 1. SAXS profiles for OLDNs. Black dots show the
experimental SAXS profile, and a blue line indicates the
calculated profile based on the crystal structure (PDB:
5GSE). A green line is the calculated profile for the model
with the smallest y? for the SAXS profile in which histone
tails were not considered, and a red line is the averaged
profile for the model with the smallest %2, where the multiple
conformations of the histone tails were considered.
Numerical values of y? for the SAXS profile are also shown
for the blue, green, and red lines.

Although the SAXS or SANS data individually were not
sufficient to uniquely determine the solution conformations of
OLDN:Ss, integration of the SAXS and SANS data prevented the
model structures from being overfitted to one or the other data set,
which enabled us to successfully narrow the size of the
conformational ensemble in solution.

Finally, we conducted molecular dynamics (MD)
simulations by using each conformation of the ensemble as an
initial structure to evaluate the structural stability of OLDNs and
investigate their dynamic features in more detail (Fig. 3).

The results indicate that OLDNs adopt a wide variety of
conformations in solution, each of which is stabilized by histone
tails situated at the interface of the hexameric and octameric
histones (Figs. 2 and 3). Furthermore, analysis of the
conformations can determine the likely direction of the
conformational changes. Such dynamics information may
increase our understanding of the assembly and disassembly of
OLDNs, which may provide the structural foundation for
nucleosome rearrangement within chromatin.



Fig.2. Atomic models of OLDN. Octameric core proteins are
shown in red and hexameric in blue. (a) Multiple
conformations of histone tails are illustrated by averaging 50
images of the model with histone tails in different
conformations viewed from the same angle. The histone tails
of the octamer and hexamer are colored in yellow and orange,
respectively. Thick orange or yellow indicates that the histone
tails are observed frequently in the area. The model has the

smallest x> for the SAXS profile among a half million

candidate models we analyzed. The dashed circles in yellow
and red, respectively, indicate the positions of one of the H4
and H3 histone tails in the octamer. Note that these circles are
close to both the hexasomal and octasomal DNA. The H4
histone tail indicated by the yellow circle is mostly beneath the
hexasomal DNA. (b) The crystal structure is compared with
the model in (a). The octameric core proteins (red) are
superimposed on each other. The computational model is
represented with light colors. The RMSD between the two
structures, excluding the histone tails atoms, was 19.6 A.
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Fig.3. One of the conformations of OLDN during MD
simulations in (a) a stable trajectory and (b) an unstable
trajectory. Orange: one of the H4 histone tails in the octamer,
pink: one of the H3 histone tails in the octamer. These MD
simulations suggest that the positively charged histone tails
serve as a bridge or glue between two negatively charged DNA
sites so that the overall structure will be stabilized.
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Direct observation of DNA damage using single
molecule techniques and future perspectives

Toshiaki Nakano
DNA Damage Chemistry Research Group, Institute for Quantum Life Science

1. Abstract

Clustered DNA damages are defined as two or more lesions that
are created by a single radiation track and separated by 20 base
pairs. These cluster damages consist of pyrimidine and purine
lesions, namely base damages, abasic sites, single-strand breaks,
and a combination of these lesions. Other than double-strand
breaks, these combinations can occur in the same or opposite
strands. These significant biological lesions are hypothesized to
challenge the repair machinery and to generate a high mutagenic
potential. However, only simple clustered damage containing two
or more lesions has been indirectly demonstrated experimentally.
Here, we developed a novel method to directly analyze the
complexity of clustered DNA damage. The plasmid DNA was
irradiated with densely and sparsely ionizing Fe-ion beams and
X-rays, respectively. Then, the resulting DNA lesions were
labeled with biotin/streptavidin and observed with atomic force
microscopy. Fe-ion beams produced complex clustered damage
containing two—four lesions. Furthermore, they generated two or
three clustered damage sites in a single plasmid molecule that
resulted from the hit of a single track of Fe-ion beams. Conversely,
X-rays produced a relatively simple clustered damage. The
present results provide the first experimental evidence for
complex cluster damages.

2. Introduction
2.1. Clustered Damages Induced by lonizing Radiation

Double-strand breaks (DSBs) consist of two adjacent single-
strand breaks (SSBs) on opposite strands of the DNA within 20
base pairs. lonizing radiation (IR) deposits energy along its track,
so the spatial distribution of DNA lesions is not random but
localized along the track. Gamma rays induce 10-20 DSB/Gy per
cells. Among clustered DNA lesions, DSBs make up
approximately 20% of total damages (1). Base lesions are of other
types, including abasic (AP) sites and excessive modifications
such as 8-oxoguanine (8-oxo-G), 8-oxoadenine (8-oxo-A),
thymine glycol (Tg), and DNA-protein crosslinks (2). The most
frequent base damage is the AP site, which is formed
spontaneously by hydrolysis of the glycoside bond of nucleotides
or enzymatically as an intermediate in the base excision repair
pathway. Both AP sites and these base damages can form clusters.
A double-stranded cluster DNA lesion composed of 8-0xo0-7,8-
dihydroguanine (8-oxoG), one of the most common oxidized
base damages induced by IR. Double-stranded cluster lesions are
strongly correlated with structural and DNA helix distortions.
Thus, clarifying the quantity and the complexity of clustered
DNA damage is key to understanding the biological effect of IR.
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2.2. Effects of Clustered Damages Induced by lonizing Radiation

In general, clustered lesions can cause human mutagenesis,
cancer, aging, and neuropathy. The nuclear DNA is the most
important cellular target of IR to cause mutations and cell death.
While chemicals primarily create single or isolated damage sites,
a unique feature of IR-induced DNA damage is made of clustered
lesions. In addition, the composition and spatial distribution of
DNA lesions induced by IR are highly relevant for subsequent
adverse biological effects. This is because the relative biological
effectiveness (RBE) of IR, as measured by cell killing,
mutagenicity, etc., increases with linear energy transfers (LETS)
up to 100-200 keV/um (3). This increase may be related to the
formation of complex clustered DNA damage. The composition
and spatial distribution of DNA lesions induced by IR are highly
relevant for subsequent adverse biological effects. In cells,
reduced repair of clustered DNA damage prolongs the life of
lesions in the cluster, causing replication-induced mispairing,
increasing mutations, ultimately chromosomal abnormalities, and
genetic disorders.

2.3.  New Analysis Methods of Clustered Damages

We developed a novel method to visualize individual DNA
lesions with atomic force microscopy (AFM) and analyzed
clustered DNA damage. We irradiated plasmid DNA with
sparsely IR (X-rays) and densely IR (Fe-ion beams) in aqueous
solution. Irradiated DNA was treated with DNA glycosylases.
The resulting AP sites were labeled with an aldehyde reactive
probe (ARP) that has both the alkoxyamine for the reaction with
the aldehyde group of DNA and the biotin moiety for the
subsequent labeling. Finally, the biotin moiety bound to DNA
was tagged with streptavidin (53 kDa), and the resulting ARP—
streptavidin complex was visualized with AFM to reveal the
spatial distribution of damage along the DNA fiber (Figure 1).
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Fig.1 Direct observation of clustered damage by AFM



3. Methods
3.1. Preparation of DNA containing model clustered damage

Plasmid DNA (4pg) was incubated simultaneously
with Escherichia coli endonuclease (Endo) Il (20 units, New
England Biolabs) and human 8-oxoguanine glycosylase (OGG1,
6 units, New England Biolabs) in 20 mM Tris—HCI (pH 8), 1 mM
EDTA, 50 mM NacCl, and 1 mM dithiothreitol at 37°C for 1 h.
After the reactions, the reaction buffer was changed to TE buffer
using a Centri-Sep spin column. DNA was incubated with 5 mM
ARP in TE buffer at 37°C for 2 h. Free ARP was removed by a
Centri-Sep spin column using phosphate buffered saline (pH 7.5,
PBS) as an eluent. Finally, ARP-labeled DNA was incubated with
streptavidin in PBS at 37°C for 3 h. Free streptavidin was
removed by a Chroma spin TE200 column using TE buffer as an
eluent.

3.2. AFM imaging

One microliter of ARP—streptavidin-labeled DNA (2 ng/pL) was
mixed with 1 pL of 40 mM NiClz. The sample (2 pL) was
adsorbed onto a freshly cleaved mica plate (¢ 1.5 mm, Research
Institute of Biomolecule Metrology (RIBM) Co. Ltd.) for 5 min
at room temperature. Then, the surface was gently washed twice
using MilliQ water. AFM images were recorded using a high-
speed-scanning AFM system with an ultra-short cantilever.
Scanning was performed using the tapping mode in MilliQ water.
All images were recorded at an image acquisition speed of 1
frame/s. The DNA damage was quantified by counting the
number of streptavidin—-DNA complexes in the AFM images. The
heights of streptavidin-DNA complexes were measured using
IGOR Pro, and complexes with heights of 8-12 nm were
considered as DNA damage. The heights of the DNA were 2—4
nm.

4. Results and discussion
4.1. X-rays produce simple clustered damage

pUC19 plasmid DNA (2,686 bp) was irradiated with 200 Gy of
X-rays (LET = 1 keV/um) in TE buffer under aerobic conditions.
The irradiated plasmid DNA was treated with saturating amounts
of Endo 11l and OGGL1 that excise oxidized pyrimidine and purine
bases, respectively. The types of clustered damage generated by
X-rays were DSB (3.55%), two vicinal damaged bases (B/B,
1.93%), DSB with a flanking base damage (DSB/B, 2.42%), and
DSB with a flanking base damage on both sides of the DSB
(B/DSB/B, 0.323%). AFM images of typical clustered damage by
X-rays. Although X-rays also generated two separate clustered
damage sites in one plasmid molecule that contained DSB and
two vicinal damaged bases (DSB+B/B, 0.161%), where a plus
indicates the combination of clustered damages. With X-rays, the
complexity of clustered damage was two (DSB and B/B, 5.48%),
three (DSB/B, 2.42%), four (B/DSB/B, 0.323%), and two + two
(DSB+B/B, 0.161%), indicating that sparsely ionizing X-rays
predominantly produce relatively simple clustered damages with
the complexity of two and three (3).

4.2 Fe-ion beams produce two types of complex clustered damage

pUC19 plasmid was irradiated with 200 Gy of Fe-ion beams
(LET = 200 keV/um), labeled with ARP and streptavidin, and
observed with AFM as described for X-rays. Irradiation of
plasmid resulted in 46.3% undamaged plasmid. Fe-ion beams
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produced isolated and clustered damage. Fractions of plasmid (n
= 614) containing isolated and clustered damage were 39.4% and
14.3%, respectively, showing an increase in the yield of clustered
damage relative to that for X-rays. Fe-ion beams produced up to
five isolated lesions in one plasmid molecule, but plasmids
containing two, three, four, and five isolated lesions (6.4%, 2.0%,
1.1%, and 0.2%, respectively) were relative to that containing 1
isolated lesion (29.8%), indicating that the formation of multiple
isolated lesions in one plasmid molecule was a rare event.
Interestingly, the spectra of clustered damages associated with
Fe-ion beams were dramatically different from those with X-rays.
Fe-ion beams generated complex clustered damages, including
those containing three vicinal damaged bases (B/B/B), four
vicinal damaged bases (B/B/B/B), and DSB with two flanking
base damages on one side of the DSB (DSB/B/B). Notably, Fe-
ion beams generated multiple clustered damage sites in one
plasmid molecule at significant levels. These include plasmids
containing a combination of two vicinal damaged bases (B/B +
B/B), a combination of three and two vicinal damaged bases
(B/B/B + B/B), and three sets of two vicinal damaged bases (B/B
+ B/B+ B/B). In addition, fragments of plasmid containing two
complex DSB ends were also observed with Fe-ion beams. Thus,
the formation of multiple clustered damage sites in one plasmid
molecule was the hallmark of densely ionizing Fe-ion beams and
will be an event associated with a single densely ionizing track of
Fe-ion beams (3).

Fig.2 AFM imaging of DNA dar;wage in plasmids irradiated with
Fe-ion beams.

5. Future perspectives

DNA lesions in plasmid DNA irradiated with X-rays or Fe-ion
beams were specifically labeled with biotin/avidin and directly
observed by AFM. The structural complexity of clustered DNA
damage was assessed on the basis of the number of DNA lesions
per clustered DNA damage site. However, this method is not
suitable for the purified DNA from cells or tissue. DNA derived
from cells or tissue, unlike plasmids, cannot be observed by AFM
because their total length is too long and the number of damages
caused is small. To examine the cluster damage that has occurred
in DNA purified from cells or tissue, further techniques need to
be improved.
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