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Preface

This annual report from Kansai Photon Science Institute (KPSI) provides highlights of the
scientific and technical research that was conducted over the 2022 fiscal year. KPSI is one of the
research and development bases of the National Institutes for Quantum Science and Technology
(QST) and has two sites, the Kizu site in Keihanna science city in Kyoto prefecture and the Harima
site in Hyogo prefecture. At the Kizu site, we are conducting state-of-art research such as
developing new-type laser-driven radiation sources such as laser accelerated particle beams and
ultrashort X-rays based upon world-leading top-class high-intensity laser technology, ultrafast
measurement methodology using ultrashort pulse technology, and quantum life science which
helps us understand radiation effects and develop new medicines. At the Harima-site, using two
contract beamlines of SPring-8 and computer simulation, we are developing new technology to
utilize synchrotron radiation X-rays and carrying out state-of-art research in material science.

Seven years have passed since the restart of KPSI in QST, and several outstanding research
results have been obtained this year as well. In the field of laser science at the Kizu site, dramatic
improvement of the efficiency of laser-driven ion acceleration through relativistic transmission of
the two ultraintense lasers, stabilization and enhancement of laser-accelerated electron beams by
shaping the laser near field profile have been obtained. The development of two-dimensional
electronic spectroscopy (2D-ES) and the detection of the existence of quantum coherence in
biomolecules by the 2D-ES, computational analysis of high harmonic generation from laser-
irradiated solids, and modeling of complex EUV spectra from laser plasma by combining
theoretical and experimental data for developing a laser plasma EUV source, enhancement of high-
order harmonic generation by double gas jets and evaluation of EUV resist materials using it, have
been conducted. In the field of quantum life science, elucidation of the dynamics of nucleosome
structure with relevance to gene regulation using simulation, and new findings on DNA damage
and repair using atomic force microscopy have been obtained. Outstanding research was also
conducted at the Harima site, including a synchrotron radiation-based Mossbauer spectroscopy
observation of hydrogen absorption in metals under high pressure, a local structural analysis of
functional crystalline materials, a study of molecular dynamics during Coulomb explosion induced
by X-rays at SACLA (adjacent to SPring-8), and theoretical calculations of the spectra of X-ray
magnetic circularly polarized emission - a magneto-optical X-ray effect which was first discovered
at QST. Furthermore, from the perspective of social implementation of optical technology, we are
continuing to work on the development of a mid-infrared microscopic imaging aimed at
application to pathological diagnosis and the practical application of laser hammering inspection
technology to road bridges.

The KPSI will play a role as a research base that contributes to the development of quantum
science and technology in Japan and the creation of innovation with the keyword "light" and will
be a research institute open to the community and society. We appreciate your understanding and
cooperation.

Sincerely, 2023
TANAKA Atsushi
Director General of KPPSI
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Advanced Photon Research Activities

KONDO Kiminori

Department of Advanced Photon Research

The science and technology related to advanced lasers is
the foundation for the research conducted in the Department of
Advanced Photon Research. Advanced laser development is the
basic focus area of this department. Laser technologies producing
high peak power, high repetition rate, and high stability, and
ultrashort-pulse technologies are of particular importance. We
develop these technologies in-house and apply them in various
projects.

The largest laser system in KPSI is the petawatt (PW)-class
high-peak-power J-KAREN-P laser. This system was upgraded
in FY2012 after obtaining supplementary budget. After a long
commissioning operation term, internal users in KPSI and
external users have been allowed to use this system in the PW-
class operation mode. Moreover, from FY2021, the large-
aperture plasma mirror system (PM) has also been opened to
users, which helps avoid the unnecessary rising part of the
femtosecond high-peak-power pulse, which is a serious problem
associated with laser-driven ion acceleration with a nanometer-
thin foil target. However, the other upgrade, the so-called “digital
transformation (DX)” has also been funded for the Advanced
Photon Science Facility, which includes J-KAREN-P. Although
the machine time with PM for the users started in September 2021,
J-KAREN-P was not operational from April to July, owing to
upgradation including DX, in FY2022. With DX, the
improvement in the PM was successfully demonstrated. We
expect good results in the J-KAREN-P experiments using the
improved PM system. Dr. Nishiuchi, of the high-intensity laser
science group, has reported the progress of laser-driven ion
acceleration experimental studies at two ultra-intense laser

Laser driven secondary
radiation source

High peak power

High rep-rate and stability =

Ultrashort pulse

Ultrafast probe for life
and material science . Industrialization

facilities, KPSI and HZDR (Helmholtz-Zentrum Dresden-
Rossendorf), in Germany. Her report is related to the installation
of a high-quality PM system in J-KAREN-P; however, the
improved PM is not described in this report. lon acceleration in
relativistically transparent plasma with a nano-thickness foil
target has been observed with high-quality intense laser pulses,
even without PM. She explains the importance of suppressing the
unnecessary rising part of the PW laser pulse.

The exemplary 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
technologies to maintain the global first-class status of J-
KAREN-P.

One of the most important applications is the development
of laser-driven quantum beams. The applications of J-KAREN-P
in KPSI include laser-driven ion acceleration, laser electron
acceleration, and relativistic high-order harmonic generation. An
extremely high optical field can be formed by focusing an
extremely high peak power to an ultimately small spot size. While
the corresponding optical intensity of the atomic unit is only 3 x
10'® W/cm?, the extremely high field corresponds to up to 10?2
W/cm? in intensity with J-KAREN-P. The irradiated atoms and
molecules are then immediately ionized to generate free electrons,
which move along this extremely high optical field, inducing the
so-called ultrarelativistic quiver motion. These energetic
electrons generate various secondary radiation sources, which

Application and

Fig.1 Research and development activities of the Department of Advanced Photon Research.



indicates the possibility of a compact energetic quantum beam
source without a conventional accelerator. If this technology is
established and applied to various fields, a type of destructive
innovation can occur. For this purpose, special technologies must
be developed for stable quantum beam generation and precise
observation of extreme plasma behavior. Dr. Nakanii, of the high-
intensity laser science group, reported precise pointing control of
high-energy electron beams from laser wakefield plasmas. He
simply placed and moved a serrated aperture before a large off-
axis parabolic mirror, which was used to focus the high-peak-
power laser pulse to the gaseous target. This simple technology
has also been used in other facility for laser electron acceleration
studies. At this facility, stable pointing for laser-accelerated
electrons has successfully been demonstrated. Dr. Pirozhkov, of
the advanced laser group, reported enhanced relativistic plasma
diagnostics with ultrashort probe pulses. He has been developing
an ultrashort probe pulse to freeze high-speed plasma fluids,
which generate high-order harmonics. This high-harmonic
generation (HHG) is unique. Although the usual HHG emitted
from neutral atoms and molecules at the irradiation intensity is
around the field ionization threshold, his HHG is far beyond this
threshold in the relativistic field. This means that a much shorter
wavelength HHG is possible, although the usual HHG has a
limited ionization threshold. However, the high-speed plasma
fluid-emitting HHG has almost never been observed. He is now
developing a unique diagnostic tool for observing plasma using
the Schlieren method. Related to the usual HHG, Prof. Nanba at
Hiroshima University and Dr. Dinh in the X-ray laser group have
reported the nonlinear propagation effect in X-ray parametric
amplification during HHG.

Although there are no precise reports in this annual report,
one of the most important applications of laser-driven energetic
particles is the application to the Quantum Scalpel, which is a
new-generation heavy-ion cancer-therapy machine. Quantum
Scalpel is one of the main projects of QST. The injector part of
Quantum Scalpel is based on a laser-driven carbon accelerator.
The large-scale JST-MIRAI R&D program (large-scale type)
started in November 2017. The aim of this program is to
demonstrate the proof of concept (POC) of a laser plasma
accelerator. In addition to an ion accelerator, a laser plasma
electron accelerator is also under development in KPSI, under the
MIRAI program. The POC of the laser-driven heavy-ion injector
will be demonstrated by the end of FY2026. In FY2020, the first-
stage gate was successfully passed. FY2022 witnessed the second
stage of JST-MIRALI In 2022, a high-repetition-rate tape target
for pure carbon-ion generation was developed with a
collaboration of Hitachi Zosen. The invented technology was
submitted for a patent. The beam line for estimating the number
of energetic carbon ions with a finite solid angle was estimated to
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be set in the ion acceleration platform with a collaboration of the
Sumitomo Heavy Industry. In the next fiscal year, FY2023, the
second-stage gate exam will be held for the JST-MIRAL
Currently, the development of related technologies is being
vigorously pursued.

Another important application of advanced laser science and
technology is ultrafast probes for life and material sciences. The
ultrafast dynamics group not only studies the basic science of
ultrafast molecular behavior but has also developed a unique
ultrafast high-power laser system. The ultrafast dynamics group
is developing and improving the over-kHz-repetition-rate high-
average-power ultrashort laser system, QUADRA-T. Recently,
this system has been improved using a high-quality thin-disk
Yb:YAG amplifier. This system is used as the pumping source
for a mid-infrared high-average-power laser, which will be used
for shorter-wavelength HHG. In addition to HHG, a laser system
has been used to study the ultrafast dynamics of energy states,
including that of biomolecules. Dr. Tsubouchi reported beat-
frequency-resolved two-dimensional electron spectroscopy.
With his high-level diagnostics, the ultrafast changes in the
energy states of the biomolecules can be observed, which
introduces new findings not only in the material science but also
life science fields, which is a collaborative study with the Institute
of Quantum Life Science in QST. The laser systems developed in
the ultrafast dynamics group will be used for laser fabrication and
ultrafast laser science, which are studied in the Q-LEAP program
at JST. Dr. Yamada reported a theoretical approach for
elucidating the propagation effects in HHG from solids, which is
related to attosecond science in the Q-LEAP project. Moreover,
Dr. Aoyama reports the application of mid-infrared microscopic
imaging techniques to histopathological analysis, which is also a
collaborative study with the Institute of Quantum Life Science in
QST.

The most important application of our advanced laser
science and technology is industrialization. In the SIP program, a
nondestructive  tunnel-inspection  technology is  under
development in the X-ray laser group. This technology is being
tested for application in commercial technology at the venture
company Photon-Labo. Nondestructive tunnel inspection is
possible using laser-hammering technology. The laser-
hammering technology is expected to be useful for inspecting not
only tunnels but also various concrete structures. Dr. Sasaki of
the X-ray laser group has also reported the modeling of the
wavelength of unresolved transition arrays in an EUV laser
plasma light source, which is related to EUV lithography
technology.



Enhanced ion acceleration using transparency-driven foils
demonstrated in two ultraintense laser systems

NISHIUCHI Mamiko

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

The advent of reliable, high-quality, and high-power lasers
has facilitated rapid technological progress, with their application
in particle acceleration [1]. The development of ultrashort high-
peak-current laser-driven ion sources has benefit in the delivery
of ultraintense laser pulses combined with conceptual
breakthroughs in controlling the interactions of extreme
electromagnetic fields with matter [2]. The unique properties of
laser-accelerated ion beams have motivated numerous
applications, including radiography injectors for accelerators [3,
4] and high-dose-rate radiobiology [5].

Target normal sheath acceleration (TNSA) is a robust
technique for generating energetic ions through laser irradiation
[6]. However, this mechanism’s modest intensity scaling [7] makes
it challenging to further increase the beam energy.

Advanced acceleration schemes promise higher ion energies
when using ultraintense pulses, such as light-sail radiation
pressure acceleration (LS-RPA) [8]. However, LS-RPA requires
an opaque ultrathin target (thickness d <« 100 nm); thus, an
ultrahigh laser temporal contrast, theratio ofintensities between the
main pulse and preceding light. Even state-of-the-art lasers have a
finite contrast laser pulse, which causes heating of the target
electrons and rapid expansion of the target. The electron density
ne drops below the relativistically corrected critical density ner =
yne, where y is the electron Lorentz factor and ne= m,w? /4me?
is the classical critical density (m, and w; are the electron mass
and laser frequency, respectively), resulting in laser propagation
through the target in the relativistically induced transparency
(RIT) regime.

However, it has been shown that for targets driven in the
RIT regime can also generate high ion energies [9,10], but the
way how to trigger the RIT for efficient ion acceleration is not
obvious.

The experiment was conducted using the J-KAREN-P laser
at the Kansai Photon Science Institute [11] and Draco-PW laser
system at the Helmholtz-Zentrum Dresden-Rossendorf[12]. The
effect of changing the target thickness on ion acceleration was
investigated after the laser temporal pulse contrast conditions of
the two systems were adjusted to be identical. The experimental
setup is shown in Fig. 1(a). Laser pulses with 10 (15)J on-target
energy and 45 (0) fs full-width-at-half-maximum (FWHM)
duration for J-KAREN-P (Draco-PW)were focused onto plastic
targets placed at 45° to the incident laser [13]. The focal spot
diameter was =~ 1.5 um (2.6 um) FWHM, resulting in a peak
intensity of 3.5 (5)x 102'W/cm? for J-KAREN=P (Draco-PW).

The maximum detected energy of the proton and the
energy of the 1w transmitted laser light (efrans) are plotted in
Fig. 1(b), as functions of the initial target thickness d. Similar
ion-acceleration performances were produced in both systems.
There is an optimal thickness dopt = 250 nm, where the energies
of both species are maximized, reaching Epm,p > 60 @)MeV  for
protons in J-KAREN-P (Draco-PW). In the J-KAREN-P system,
an Em ¢ > 30MeV/u was obtained for carbon with the optimum
target thickness. Thinner or thicker targets resulted in lower
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energies.

The amount of transmitted light also indicated a clear
thickness dependency. While targets with d > 300nm exhibited
a constant and nearly negligible amount of transmitted light
(etrans < 30mJ] = 0.3% of input energy), the transmission
increased exponentially for thinner targets and reached efrans >
500 mJ (> 5% of input energy) for d < 200nm. This sudden
increase in the transmission for target thicknesses between 200
and 300nm indicated a pronounced decrease in the peak density
of the targets at the time of the main pulse arrival. There was a
clear correlation between the onset of transparency and the
significant increase in the generated beam energies. However, for
very thin targets with high transmission, the ion energy decreased.
The measurable, but relatively low, transmission for optimum ion
energies indicated the efficient conversion of laser energy in the
transparent, but still dense, target.

Understanding the pre-expansion of the target is essential for
elucidating the high-intensity laser—plasma interactions at the
peak of the pulse. We implemented a two-stage simulation
method, performing hydrodynamic simulations of the low-
intensity rising edge after laser induced breakdown (LIB)
followed by 3D particle-in-cell (PIC) simulations of the final
high-intensity ramp and main pulse using the FLASH and
EPOCH codes respectively. The timing of LIB is determined
experimentally by Draco-PW laser system [14].

The variations in Em and efrgns with changing d, from the
two-stage simulations are shown overlaid (circles) on the
experimental data, in Fig. 1(b). There is good agreement with the
experimental results over the entire thickness range. The
simulations exactly reproduce the optimum target thickness and
maximum ion energy.

To identify the ion acceleration process for the optimum
thickness, we describe the main pulse interaction with the pre-
expanded plasma for d = dopt = 250nm. The laser was strongly
absorbed by the opaque plasma during the femtosecondrising edge
before the peak of the pulse. The ultrahigh intensities resulted
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Figure.1 (a) Experimental setup at both laser systems. (b) Accelerated proton
energy at JF-KAREN-P (green) and Draco-PW (blue) dependency on the target
thickness. The dotted line shows the peak value, while the shaded regions show
the 1-sigma region from the mean values. The red data points show the
simulation results.



in strong v X B radiation pressure, bunching, and acceleration
of the electrons along the laser axis. A two-dimensional (2D)
slice from the simulation, at the peak of the pulse, is shown in Fig.
2(a). The electrons at the center of the target were heated and
expanded such that ne < ne < ncr, and the laser began to
penetrate the target. The laser interacted volumetrically with
the target electrons, leading to strong absorption, resulting in v
x B driven electrons being rapidly expelled from the focal region.
Because the ions were not significantly accelerated by the
laser fields, owing to their lower charge-to-mass ratios, a region
of large space charge developed in the transparent region,
highlighted by the green box. This space charge was maintained
by the continuous expulsion of electrons owing to radiation
pressure. Although the expulsion of electrons was not complete,
the magnitude of the time-averaged space charge could reach (p) >
10enc, which resulted in a region of large cycle-averaged quasi-
static electric field (Ex) ~ 30 TV/m, with a spatial extent of ~
500 % 500 x 500 nm? (see inset in Fig.2).

Our results demonstrate that having relativistic transparency
occur at the peak of the pulse is strikingly beneficial. Here,
however, during the ultraintense femtosecond pulse interaction, the
largest accelerating gradients and energy gain dominantly arises
from significantly higher space charge fields resulting from
electron expulsion from therelativistically transparent target core.

The RIT-enhanced acceleration mechanism described
herein is a promising regime for application-oriented high-
energy ion acceleration. In contrast to the recent efforts to use
plasma mirrors to minimize the prepulse of high-power
femtosecond lasers to enable the irradiation of targets with a
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Figure.2 Dynamics of laser plasma
interaction at optimum target
thickness. 2D slice of Ey, <Ex>,
and carbon/proton density (scar, 1p
normalized to n.) for a 250 nm
target at 1 = 0, when the peak of the
pulse arrives.

X {umi
thickness of a few nanometers, we show that these lasers can be
used in different acceleration regimes with relaxed contrast
requirements. This not only significantly reduces the complexity,
size, and cost of the ion source but also removes the limitation
of continuous high-repetition- rate operation. The required target
thickness, of a few hundred nanometers, improves the robustness,
compared to the d ~ 10 nm targets required for LS-RPA in the
same intensity range, which are easily damaged during handling,
pump down, or by preceding shots on the target system.

The similarity in the results from the J-KAREN-P and
DRACO-PW systems, despite different laser front-end
configurations and slightly different focal-spot parameters,
reveals the robustness of the regime. Our investigation of the
prepulse-induced density shaping and acceleration mechanism
implies that the laser contrast and intensity are the most important
factors that determine the optimal target thickness for this
regime. The laser contrast determines the target density at the
peak of the pulse for a given target thickness, whereas the laser
intensity determines the density required for relativistic
transparency.

In summary, we investigated the ion acceleration due to the
interaction of an ultraintense femtosecond laser pulse with thin
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CH foils and found an optimized target thickness for the
acceleration of protons (carbon ions) > 60 MeV (> 30 MeV/u).
We determined that the laser prepulse played an essential role in
priming the plasma density for relativistic transparency. The
acceleration of the highest- energy ions was due to a strong
space-charge field generated by the expulsion of electrons during
RIT, followed by further acceleration in an ambient sheath.
Our reproduction of the acceleration regime, with two different
lasers, underlines its robustness and demonstrates that plasma
mirrors and ultrathin nanometer-scale targets are not necessarily
required for high-energy ion acceleration using femtosecond-
class laser systems. This conceptual breakthrough establishes a
path toward the development of ~100MeV class repetitive ion
sources using the currently available laser technology.
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Beam stabilization of laser plasma accelerator
by shaping the laser near-field profile

NAKANII Nobuhiko

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

Ever since laser wakefield acceleration (LWFA) concept was
proposed by Tajima, the former Director General of KPSI, and
Dawson in 1979 [1], a laser-plasma accelerator, which has an
acceleration gradient that is thousand times higher than that of
conventional accelerators, has been studied and developed as a
next-generation compact accelerator [2-6]. The maximum energy
of the LWFA electron beam have already achieved to be 8 GeV
[7]. Recently, as one of the milestones in this research area, self-
amplified spontaneous emission (SASE) free-electron laser (FEL)
has been demonstrated by Chinese group [8], and seeded FEL has
been demonstrated by a group of French and German
researchers[9]. In Japan, we have a similar project to demonstrate
FEL with wavelengths around extreme ultraviolet (XUV) and
vacuum ultraviolet (VUV) in the JST MIRAI program [10].

The stability of electron beams is crucial for the practical
application of laser-plasma accelerators, such as FELs. Here, we
focus on the pointing stability. If the pointing of the beams is
unstable, the electron beam cannot be transported to the beamline
and guided to the undulator. The stability of the LWFA beams,
including the pointing stability, can be improved by stabilizing
the laser system and choosing appropriate injection methods.
However, the cause of the instability of the LWFA electron beams
still needs to be clarified. The typical pointing fluctuations of the
electron beams observed in the experiments are three times larger
than those of the driving laser pulses.

In our experiment, we succeeded in stabilizing the electron
beams by simply placing an aperture in the laser transport line
before the focusing element, that is, an off-axis parabolic mirror
(OAP). Shaping the near-field profile (NFP) of the laser pulse
with the aperture removes the outer part of the laser pulse with
unstable wavefront and intensity. This improves the quality and
stability of the focusing laser pulse, and thus, the electron beam
generated by this laser pulse also becomes stable. This simple
method is expected to be a key technique for realizing an
ultracompact accelerator with LWFA, in the future[11].

The experiment was performed with J-KAREN-P at KPSIL.
J-KAREN-P is a high-contrast petawatt-class Ti:Sapphire laser
system using optical parametric chirped-pulse amplification [12-
14]. The central wavelength was around 810 nm and the contrast
ratio between the main pulse and nanosecond prepulse caused by
amplified spontaneous emission (ASE) was better than 10-!!. The
experimental schematic is shown in Fig. 1(a). In this experiment,
the laser system delivered ~8.5 J of pulse energy on the target
with a pulse duration of 44 fs full-width-at-half-maximum
(FWHM). The laser pulse was focused onto a supersonic gas jet
by an OAP with a 2.6 m focal length, to excite a laser wakefield
and produce high-energy electrons.

A supersonic hydrogen-based gas mixture was expelled from
a rectangular slit nozzle with a length of 1 cm and width of 1.2
mm. A density ramp was created by inserting a razor blade into
the gas flow at the nozzle exit to induce the injection of electrons
into the laser wakefield due to the breaking of plasma wave at the
density boundary [15]. Moreover, the gas included 0.5% nitrogen
in hydrogen to inject electrons into the wakefield effectively via
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the ionization injection scheme [16]. The typical inlet pressure of
the gas was around 0.6 MPa.
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Fig. 1 (a)Experimental setup for stabilization of the LWFA
electron beams by laser profile shaping with an aperture. (b)
Original NFP of J-KAREN-P before OAP. (c) NFP shaped with
an aperture with the same scale as (b).

The aperture used to shape the NFP of the laser pulse was a
thin metal plate with an open diameter of ~13 cm, which was
placed upstream of the OAP. By shaping the NFP with the
aperture, the F-number of this focal system was increased to
approximately 20 from the original F-number of 10. The NFPs of
the laser pulse at the OAP without and with the aperture are
shown in Fig. 1 (b) and (c), respectively. The energy of the laser
pulse with the aperture was approximately 3 J at the target. The
wavefront of the laser pulse was optimized to be flat by using a
deformable mirror, with roughness of less than 80 nm (rms) for
the full beam.

The electron beam produced by the LWFA was irradiated
onto a phosphor (Gd20:S: Tb) screen located 1.9 m from the gas
target, and the fluorescence from the screen was detected using a
charged-coupled device (CCD) to evaluate the beam profile of
the electron beam. After passing through the phosphor screen as
the beam profiler, the electron beam was bent by a 0.75 T
permanent dipole magnet with a 10 cm gap and detected by other
phosphor screens with CCDs, to evaluate the electron energy
spectrum.

Figure 2 shows the profiles and pointing stabilities of the
laser focus spots and electron beams measured the beam profiler



in the cases with and without shaping NFP with the aperture.
From Fig. 2(a)-1 and (b)-1, the effective focal spot radius without
and with the NPF shaping is ~9.4 um and ~12.8 um, respectively.
The definition of the effective spot radius is shown in Ref. 14.
The focal peak intensities with and without the NPF shaping were
estimated to be ~7.0 X 10! and 1.4 x 10" W/cm?, which
correspond to the normalized laser field of ap ~5.7 and ~2.5,
respectively. The Strehl ratio was improved from 0.29 to 0.56 by
shaping the NFP with the aperture. The position and pointing
stability of the focal spot did not change significantly when the
aperture was inserted or moved. The pointing fluctuations of the
laser pulse with/without the NPF shaping were approximately
+1.5 prad (rms).
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Fig. 2 Focus profiles of the laser pulses and beam profiles and
pointing stabilities of the electron beam (a) with and (b) without
laser-beam NFP shaping by the aperture. 1, 2, and 3 indicate the
focus profiles of the laser pulses, beam profiles, and successive
20-shot pointing of the electron beams, respectively.

However, the electron-beam quality was drastically
improved by shaping NFP with the aperture. One of the profiles
of the electron beams is presented in Fig. 2(a)-2 and (b)-2. The
intensity of the electron beam in the case with the NFP shaping
was higher than that without the NFP shaping, even though the
laser energy was less than half. Moreover, the generation
probability and pointing stability of the electron beam were
improved by shaping the NFP with the aperture. The probability
of beam generation in 20 consecutive shots was 100% with the
NFP shaping and 75% without the NFP shaping. The horizontal
and vertical pointing fluctuations of the electron beam without
the NFP shaping were +1.6 and +1.3 mrad (rms) and those with
the NFP shaping were +9.8 and +8.8 mrad (rms), respectively, as
shown in Fig. 2(a)-3 and (b)-3. The electron energy spectrum
measured using a magnetic electron spectrometer was also
stabilized using this method.

The pointing fluctuation of the laser pulses in the high-
intensity laser systems is basically in the order of prad, otherwise
that of the electron beams from the LWFA is in the order of mrad.
In this experiment, the pointing stability of the electron beams
improved however the pointing stability of the laser pulse did not
by shaping the NFP with the aperture,. These facts indicate that
the fluctuation of the distribution of the NFP can affect the
electron pointing stability. According to the Fresnel-Kirchhoft’s
law, the distribution of the intensity and wavefront at the focal
point are represented by the superposition of the waves emitted
from each point in the NFP. If the intensity distribution of the NFP
is not uniform and the centroid of the NFP is off the center of the
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NFP, the wavefront at the focal point will be tilted, with the tilt
angle depending on the centroid of the NFP. Stabilizing and
making the NFP of the laser pulse uniform is important for further
improving the stability of LWFA electron beams. We attribute the
pointing improvement to not only NFP improvement but also the
increase in the F-number, and Strehl-ratio improvement. More
detailed study of these improvements is left as a future task.

In summary, the shaping of the NFP of the laser pulse by
installing an aperture smaller than the laser diameter before the
OAP enabled the beam stabilization of high-energy electron
bunches of several hundred MeV. This beam stabilization method
by the NFP shaping with the aperture was simple and effective
because the high-energy electron beam could be stabilized
without manipulating the optics in the laser system. For future
practical applications of laser plasma accelerators, such as free-
electron lasers, this method could be necessary. In particular, in
staging LWFA [17,18] for higher electron energy, prad beam-
control accuracy is required to inject electrons into the next laser
wakefield. Further stabilization of the NFP of the laser pulse are
required to improve the pointing of the electron beams.

Acknowledgments

The author would like to thank Drs. K. Huang, Ko. Kondo, I.
Daito, and M. Kando for their contributions to the experiments
and discussions associated with this work. The author is also
grateful to the J-KAREN-P operation team, Drs. Y. Miyasaka, A.
Kon, A. Sagisaka, K. Ogura, and H. Kiriyama, for their
contributions in providing the laser light for the experiments. We
gratefully acknowledge Drs. J. K. Koga and Ki. Kondo, Prof. T.
Hosokai of Osaka University, and Dr. Y. Sano of the Institute for
Molecular Science for their fruitful discussions and
encouragement. This work was funded by the JST-MIRAI
program (Grant Number JPMIMI17A1). This work used research
equipment shared in the MEXT Project to promote public
utilization of advanced research infrastructure (Program for
Advanced Research Equipment Platforms) Grant No.
JPMXS0450300221. This work was partially supported by JSPS
KAKENHI (Grant No. JP22K12665, JP21H01103 and
JP21K17998.)

References

1. T. Tajima and J. M. Dawson, Phys. Rev. Lett. 43, 267 (1979).

2. E. Miura et al., Appl. Phys. Lett. 86, 251501 (2005).

3. S.P.D. Mangles et al., Nature 431, 535 (2004).

4. C.G.R. Geddes et al., Nature 431, 538 (2004).

5. J. Faure et al., Nature 431, 541 (2004).

6. W.P. Leemans et al., Nat. Phys. 2, 696 (2006).

7. A.J. Gonsalves et al., Phys. Rev. Lett. 122, 084801 (2019).

8. W. Wang et al., Nature 595, 519 (2021).

9. M. Labat et al., Nat. Photon. (2022).
https://doi.org/10.1038/541566-022-01104-w

10.Y. Sano et al., JST MIRAI project “Development and
demonstration of laser-driven quantum beam accelerators”
https://Ipa.ims.ac.jp/

11.N. Nakanii et al., Appl. Phys. Express 16, 026001 (2023).

12.H. Kiriyama et al., Opt. Lett. 43, 2595 (2018).

13.H. Kiriyama et al., Opt. Lett. 45, 1100 (2020).

14.A.S. Pirozhkov et al., Opt. Express 25, 20486 (2017).

15.S. V. Bulanov et al., Phys. Fluids B 4, 1935 (1992).

16.C. McGuffey et al., Phys. Rev. Lett. 104, 025004 (2010).

17.S. Steinke, Nature 530, 190-193 (2016).

18.Z. Jin et al., Sci. Rep. 9, 20045 (2019).



Beat-frequency-resolved two-dimensional electronic [J§
spectroscopy with sub-10 fs visible laser pulses ¢

TSUBOUCHI Masaaki

Ultrafast Dynamics Group, Department of Advanced Photon Research

Quantum coherence in photosynthetic proteins in solutions
has recently been reported and is actively discussed.! A pair of
photoexcited adjacent chromophores can form exciton states.
When the chromophores are excited by an ultrashort laser pulse
with a spectrum broad enough to cover the split energy levels of
the exciton states, quantum coherence is expected to be generated
in the pair of exciton states. The quantum coherence in
photosynthetic proteins has been suggested to be related to the
unidirectional energy flow with extremely high efficiency, which
occurs during photosynthesis.> However, quantum coherence
during photosynthesis has not yet been confirmed.

Two-dimensional electronic spectroscopy (2D-ES) has been
used to analyze this problem. 2D-ES can spectrally resolve
quantum states that cannot be resolved using conventional
spectroscopic techniques, owing to the inhomogeneous
broadening that occurs in solution; it can also map the correlation
between states.'> Measurement of the correlation map, as a
function of the pump-probe delay, reveals a reaction pathway
from a specific state excited by an initial pump pulse. However,
in the time-dependent 2D electronic spectra, the quantum beat
signal between the superposition states can hardly be seen
because it is usually hidden by the strong stationary signal, which
is not related to the temporal evolution of the coherently excited
superposition states, but rather to that of the single quantum state.
To overcome this difficulty in 2D-ES, beat-frequency—resolved
analysis of 2D electronic spectra has been proposed to illustrate
the vibronic and exciton states and the coherences between them
as coherence amplitude maps.* In this study, we demonstrate the
visualization of the vibrational coherences in an artificial protein,
through beat-frequency-resolved 2D-ES.® We successfully
extract the vibrational coherences behind the strong stationary
signal that dominates the typical 2D spectra and the
inhomogeneous broadening in the absorption spectra.

We generate sub-10 fs visible pulses using a Yb:KGW laser
(1030 nm, 1.0 mJ, 10 kHz, 190 fs), followed by two pulse-
compression stages. The first pulse-compression stage employs a
multiplate pulse compression (MPC) technique.” The output from
the Yb:KGW laser is loosely focused into a gas cell filled with
1.0 bar of He, to avoid nonlinear effects around the focus. The
fused-silica exit window of the gas cell and the subsequent
second and third fused-silica plates act as thin plates to achieve
spectral broadening in our MPC setup. The output pulses are
temporally compressed by two Gires—Tournois interferometer
mirrors, down to 4050 fs. The second pulse-compression stage
employs spectral broadening based on laser filamentation.® The
output pulses from the first MPC stage are focused by a concave
mirror into a mixed gas cell (0.5 bar of Xe and 0.5 bar of He),
generating white light via laser-based filamentation. The visible
spectral part of the white light is selected using a short-pass filter.
The transmitted visible pulses are recollimated and compressed
using two chirp-mirror pairs. The white-light spectrum and
temporal profile after pulse compression are depicted in Fig. 1(a)
and (b), respectively. The pulse energy after pulse compression is
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approximately 4.7 pJ. The long-term power fluctuation is
measured to be 0.26% (standard deviation) for 25 h.
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Fig. 1. (a) Spectrum and (b) temporal profile of the sub-10 fs
visible pulse output after chirp-mirror-pair-based pulse
compression. (¢c) BOXCARS geometry of four-wave mixing.
(d) Time ordering of the four input pulses and signal light. £
and £ are the pump double pulses with a time interval of 7. £3
is the probe pulse delayed from E> by time 7. The local
oscillator pulse ELo is prior to the pump and probe pulses with
a fixed time interval of 7Lo between ELo and Es.

The 2D-ES measurement system is an extension of the
application of 2D infrared spectroscopy® to the visible spectral
region, to investigate the electronic states of the molecules. In
2D-ES measurement, three identical pulses (1, 2, and 3) and one
weak local oscillator (LO) are focused on a sample in the
BOXCARS geometry, as shown in Fig. 1(c). The signal light
from the four-wave-mixing (FWM) process is spatially separated
from pulses 1, 2, and 3, and interferes with the LO pulse to
achieve heterodyne detection. The time ordering of the pulses and
time interval between them are presented in Fig. 1(d). One of the
pulses passes through the computer-controlled translational stage
to scan the temporal delay, 7, between pulses 2 and 3. The
temporal delay, z, between pulses 1 and 2 is scanned (or varied)
by a pair of dispersion wedge plates in the optical path of pulse 1
to achieve sub-fs temporal resolution. The signal and LO pulses
are spatially dispersed via holographic grating and focused on
a line-scan CMOS camera.

The molecules are excited by double pulses 1 and 2 with the
time interval 7, and probed by pulse 3 delayed by time 7T after
pulse 2. The beating signal produced by the coherent excitation
of a pair of vibronic states is measured by scanning the waiting
time, 7. Double pump pulses are used to obtain the excitation
spectra. We measure the time-domain interferogram by scanning
the time interval, 7, and obtain the spectrum from the Fourier
transformation of the interferogram.



We apply our 2D-ES apparatus to the measurement of the
vibrational coherence in a RasM monomer artificially
synthesized by the Adachi Group at iQLS. The absorption
spectrum of this molecule is shown in Fig. 2(a). Figure 2(b)
shows the 2D power spectrum of the rephasing signal measured
at a waiting time 7 of 40 fs. The FWM signal mainly appears in
the upper-left region above the diagonal line, which means that
the detection energy Edet is higher than the excitation energy Fexc.
The dashed lines indicate the frequencies of the peak (Eexc = 512
THz) and shoulder (Eexc = 550 THz) in the RasM absorption
spectrum.

Figure 2(c) shows the time profiles of the signal intensities
at the diagonal points of (Eexc, Edet) = (512 THz, 512 THz) and
(550 THz, 550 THz) and at the off-diagonal point of (Eexc, Edet) =
(510 THz, 580 THz) in the 2D electronic spectra, as functions of
the waiting time, 7. At the diagonal points, fast oscillations that
survive until 7= 600 fs are clearly observed. On the other hand,
at the off-diagonal point, no significant fast oscillation is
observed. Figure 2(d) shows the Fourier-transformed spectra of
the time profiles. The beat frequencies can be identified as Epeat =
35.2 THz for the time profile measured at (Eexc, Edet) = (512 THz,
512 THz), Eveat = 46.0 THz at (550 THz, 550 THz), and Ebveat =
16.5 THz at (510 THz, 580 THz). These beat signals provide clear
evidence of the vibrational coherence.
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Fig. 2. (a) Absorption spectrum of the RasM monomer. (b) 2D
power spectrum of the rephasing signal measured at the waiting
time 7 of 40 fs. The white dashed lines indicate the frequencies
of the peak (512 THz) and shoulder (550 THz) in the absorption
spectrum of RasM. (c¢) Pump-probe time profiles observed at the
three points of the 2D spectra shown in (a). (d) Beat-frequency
spectra calculated by the Fourier transformation of the time
profile shown in (c).

To further investigate the vibrational coherence, the FFT
spectra of the pump-probe profiles are calculated at all excitation
and detection frequencies on the 2D spectra at intervals of 4 THz.
The intensity at a specific beat frequency is mapped as a function
of the excitation and detection frequencies. Figure 3 shows the
2D intensity maps at Eveat = 16.5 and 35.2 THz, found in Fig. 2(d).
In the beat-frequency-resolved 2D spectra, we find many peaks
hidden by a strong stationary signal (Eveat ~ 0 THZ).

The progression of the peaks along the excitation frequency
axis can be observed clearly in the 2D map at Eveat = 16.5 THz.
All peaks belonging to the progression are broad along the
detection frequency axis. The progression of the peaks along the
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excitation frequency axis, observed in the beat-frequency—
resolved 2D-ES is not visible in the absorption spectrum, owing
to the occurrence of inhomogeneous broadening. Progression A
starts at Eexe = 510 THz with an interval of 35 THz on the
excitation frequency axis. The frequency of 510 THz is close to
the peak frequency in the absorption spectrum, indicating that the
pump pulse excites the molecules to the bottom of the first
electronically excited state.

At Ebeat =35.2 THz, peak B1 is found at the diagonal position
of the 2D map. Both the excitation and detection frequencies at
this diagonal position are approximately 512 THz, which is the
peak frequency of the absorption spectrum shown in Fig. 2(a).
The other diagonal peak, B2, is also found at approximately Eexc
= Edet = 550 THz, which is close to the shoulder in the absorption
spectrum. Weak cross-peaks B3 and B4 are observed at off-
diagonal positions (Eexc, Edet) = (512 THz, 550 THz) and (550
THz, 512 THz), respectively.

Detection fre

16.5 THz

500 550 600
Excitation frequency (THz)

50onc\tatlon fjj:uency (THz)
Fig. 3. Beat-frequency-resolved 2D spectra of RasM. The 2D
spectra (a) and (b) are extracted from the total 2D spectra at the
beat frequencies of Eveat = 16.5 and 35.2 + 1 THz, respectively.

We will extend this method to observe the quantum
coherence between the exciton states in a RasM dimer or
heterodimer of RasM and its derivative. Because we have already
assigned vibrational coherence to the RasM monomer, we can
easily distinguish it from the coherence between the exciton states.
This method can be applied to natural and artificial
photosynthesis proteins to investigate the relationship between
the coherence phenomena and high-efficiency unidirectional
energy transfer during photosynthesis.
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Numerical experiments to elucidate propagation

effects in high harmonic generation from solids

YAMADA Shunsuke

Ultrafast Dynamics Group, Department of Advanced Photon Research

Recently, high-order harmonic generation (HHG) in solids
has been the subject of extensive experimental and theoretical
research. HHG in waves reflected or transmitted from a solid thin
film is thought to be significantly modulated by the nonlinear
light-propagation effect within the thin film [1]. However, it is
impossible to experimentally observe this modulation inside thin
films. First-principles calculations using the time-dependent
density functional theory (TDDFT) can provide realistic and
reliable descriptions for the microscopic mechanisms underlying
HHG in solids [2]. In this study [3], numerical experiments were
conducted to investigate the nonlinear light-propagation effect in
HHG from laser-irradiated silicon (Si) thin films by employing a
computational method that combines Maxwell’s equations for
light propagation and TDDFT for electron dynamics.

We consider the irradiation of a free-standing Si thin film of
thickness d in vacuum by an ultrashort light pulse of a linearly
polarized plane wave with normal incidence [Fig. 1(a)]. The light
propagation is described in the macroscopic scale by solving the
following one-dimensional wave equation:

1 92 92 am
(gﬁ - ﬁ) Az(t) = —Jz(©),

where Z is the macroscopic coordinate. Az(t) and J,(t) are
the vector potential and current density, respectively, of the film.
This wave equation is solved using a one-dimensional grid for the
Z variable. At each grid point of Z inside the film, we consider an
infinite crystalline system of the film material. The electronic
motion in the unit cell of each crystalline system is described by
the Bloch orbitals uyy (7, t), which satisfy the time-dependent
Kohn—Sham equation:

5}
ih T Unkz (1, t) = hplAZ](8) Upg 2 (1, 1),

where  hy[AZ](6) = (1/2m)(—ihV + hk + (e/c)Az(0))” +
Vks(r,t) is the effective single-electron Hamiltonian and
Vks(r,t) is the Kohn—Sham potential. The electric current
density averaged over the unit-cell volume Q is defined as
follows:

d3 occ
120 = =¢ | 10D a0 [F 1A [t )
Q nk

By simultaneously solving the above equations, the ultrafast and
nonlinear dynamics of the light pulse and electrons inside the film
can be simulated. We call this method [4] “multiscale Maxwell-
TDDFT.”

Figures 1(b) and (c) show snapshots of the electric field of
the light pulse propagating through a thin Si film with a thickness
d = 3000 nm. Figure 1(b) presents the electric field of the initial
pulse (¢ = 0 fs), which is located in front of the film, wherein the
film is presented as a thin gray area. We used an incident pulse
with a wavelength of 800 nm, full-width-at-half-maximum
(FWHM) of 21.4 fs, and peak intensity of 5x10'> W/cm?. Figure
1(c) shows a snapshot of the electric field at # = 150 fs. Here, we
display the results corresponding to initial pulses of two different
maximum intensities: a strong pulse (/ = 5x10'2 W/cm?, red solid
line), and a weak pulse (I = 10° W/cm?, blue dotted line). Linear
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Fig. 1 (a) Overview of the multiscale Maxwell-TDDFT method
for light propagation through a thin Si film. The electron density
changes driven by the light pulse are illustrated for the first three
grid points. (b) Electric field at # = 0. The incident pulse is
generated in front of the thin Si film, which is exhibited as a gray
area. (c) Electric field at # = 150 fs is shown for the case of two
incident pulses: a strong pulse (/ = 5x10'2 W/cm?, red solid line)
and a weak pulse (I = 10° W/cm?, blue dotted line) scaled up by
a factor of vV5000. The Fourier spectra of the respective pulses
and energy deposition [(c)] are shown in the insets.
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Fig. 2 HHG spectra for the waves (a) reflected and (b) transmitted from the thin Si film with a thickness of d = 5, 200, 500,

1000, and 3000 nm.

propagation is expected for the weak pulses. In the figure, the
weak pulse is multiplied by a factor of ¥v5000 so that the
differences between the two lines manifest nonlinear effects in
the stronger pulse. The reflected and transmitted pulses are shown
in Figure 1(c). They are separated from the film (left for the
reflected pulses and right for the transmitted pulses). There also
appears to be a component around the film, which is caused by
reflection at the back surface of the film. By Fourier transforming
the reflected and transmitted fields, we obtain the HHG spectra
for the respective fields, as depicted in the insets.

Figure 2 shows the calculated HHG spectra in the waves
reflected and transmitted from thin Si films with thicknesses of d
=5,200, 500, 1000, and 3000 nm. We used an incident pulse with
a wavelength of 800 nm, FWHM of 21.4 fs, and peak intensity of
4x10'2 W/cm?. The spectra for reflection and transmission, for a
film thickness of 5 nm, are equivalent and are the strongest
among the signals of films of different thicknesses. These features
have already been reported in our previous analysis [5], and can
be understood in terms of the two-dimensional approximation for
electromagnetism, which is valid for very thin films. While the
reflection HHG [Fig. 2(a)] is almost saturated at d = 200 nm, the
transmission HHG [Fig. 2(b)] continuously decreases as the
thickness increases. In particular, the latter for d = 1000 nm shows
a dip around the photon energy of 20 eV. Through frequency- and
depth-resolved analyses of light pulses, we find that the
transmission HHG has two origins: the HHG generated near the
front edge and propagating to the back surface, and that generated
near the back edge and emitted directly [3]. The dominant
mechanism of the transmission of HHG is found to depend on the
thickness of the thin film and the frequency of the HHG. For the
film with d = 1000 nm, a transmission HHG with a frequency
below 20 eV is generated near the back edge, whereas that with a
frequency above 20 eV is generated near the front edge and
propagates from there to the back surface. The transmission
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HHGs below and above 20 eV have different origins, and the dip
at 20 eV is due to the combination of the two mechanisms.

In this study, we found that the nonlinear propagation
dynamics of light pulses cause significant effects in HHG from
nano to micrometer-thick Si films. This study demonstrates that
the multiscale Maxwell-TDDFT scheme provides a reliable
description of such phenomena.
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Modeling the wavelength of unresolved transition

arrays in the extreme ultraviolet region for Sn to Hf ~ §

ions by combining theoretical and experimental ’
spectral data

SASAKI Akira

X-ray Laser Group, Department of Advanced Photon Research

We studied the collisional radiative (CR) model of Sn and
heavier elements with atomic numbers Z = 50-71. We
investigated the atomic emission of multiple-charged ions in the
extreme ultraviolet (EUV) wavelength region [1,2]. Sn ions
exhibit strong emission in the A = 13.5 nm wavelength region,
which is now being applied to lithography [3]. This technology
will be extended to shorter wavelengths near A = 6 nm using rare-
earth elements [4].

More than 300 W of EUV power was obtained using a laser-
pumped plasma (LPP) EUV source [5]. The Sn microdroplet
target was irradiated by a COz laser pulse to produce plasma with
a temperature and electron density of 30 eV and 10% /cm?,
respectively. EUV emission from Sn arises from 4d—4f and 4p—
4d transitions from ~ 10 times ionized states [6].

These ions have a ground-state configuration of 4d”, where
n is the number of bound electrons. Figure 1 shows an example
of the energy-level diagram of Y-like Sn (Sn''*). With a ground-
state configuration of 4d3", this ion has many multiply excited
states, which have a large population in the plasma. The EUV
emission is generated from the 4d—4f and 4p—4d transitions, not
only from singly excited states but also from multiply excited
states. Moreover, each transition consists of fine structure lines,
which are distributed over a wavelength region of ~ 1 nm,
resulting in the emission spectrum appearing as a broad peak
called an unresolved transition array (UTA).
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Figure 1. Energy-level diagram of Y-like Sn (Sn''™).
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Although the atomic structure of multiply charged Sn ions is
complex, the observed EUV spectrum is sometimes simple, with
few peaks that correspond to 4d—4f, 4p—4d, 4d-5p, and 5d-5f
transitions. In the presence of the effect of configuration
interaction, 4d—4f and 4p—4d transitions appear as a single UTA
at A =13.5 nm.

We show that the wavelength of the combined 4d-4f/4p—4d
UTA can be explained based on the screening theory [9]. As
shown in Fig. 2, the model assumes a hydrogen-like structure of
the ion. The electric field for an electron in the nl shell feels is
determined from the effective charge, Zy,;, which is defined by
the charge of the nucleus, considering the screening effect of
electrons in closed shells up to 4p, Z;oreni, With the screening
effect from the electrons in the 4d shell, as

Zni = Zcorequ — OaduNags ()
where 0,4 5 is the screening coefficient from the electrons in the
4d shell to an electron in nl shell and N,q4 is the occupation
number of the electrons in the 4d shell. Subsequently, the energy
of the 4d-nl transition is determined from the energy of the upper
and lower states using Balmer’s formula for hydrogen-like ions,
as follows:

. \2 v\ 2
Msem =Ry|(5) - ()] @

We also investigate the wavelengths of the combined 4d—
41/4p—4d, 4d-5p, and 4d-5f UTA of Pd-like to Rb-like Sn to Hf
based on the atomic data calculated using HULLAC [7]. First, we
calculate the atomic energy levels and transition probabilities of
the UTAs. Second, we fit the effective charge, Zy,;, to obtain the
core charge, Z;oreni ,and screening coefficient, g4qy;,as in Eq.

(1). Finally, we calculate the transition energy and thus, the

o, 4d shell
o

electron in
4 nl shell
nucleus W /
charge Z core up to 4p shell Z

core

Figure 2. Screening model of the atomic structure of
multiple charged Sn ions with open 4d shell.



wavelength of the UTAs using Eq. (2). The model shows that the
wavelengths of the 4d—5p and 4d—5f UTAs decrease as the charge
increases, whereas the wavelength of the combined 4d—4f/4p—4d
UTA is almost constant in the A = 13.5 nm wavelength region.
We validate this model through a detailed comparison of the
calculated and experimental results. Figure 3 shows the
calculated and observed EUV spectra of Gd ions. It is shown that
the calculated wavelength, based on the screening theory,
reproduces the observed trend. Nevertheless, the experimental
wavelengths are longer by =~ 0.2 nm, owing to the strong
configuration interaction. It is difficult to consider the effect of
the configuration interactions. However, even for the calculated
structure of the UTA, the distribution of fine structure lines is
different from that in the experiment, and the average width of
the UTA is similar. To model the EUV spectrum, the present
results suggest that the model can reproduce the experimental
spectrum by applying minor corrections to the wavelength.

In summary, we studied the atomic and radiative properties
of Sn in rare-earth plasmas to develop a CR model that
reproduced the emission spectrum.

We developed the CR model based on computational atomic
data. The calculations showed that the EUV emission arose from
the 4d—41/4p—4d, 4d—5p, and 5d—5f UTAs from multiply charged
ions of Sn to rare-earth elements. The calculations were validated
through a detailed comparison with the experimental spectra.

The model was shown to be useful for the realization of the
EUV source at A = 13.5 nm using Sn plasmas. Improvement of
the accuracy of the model is still necessary for further
improvement of Sn sources as well as the development of shorter-
wavelength sources.

The wavelength of the UTA can be explained based on a
simple screening theory, which makes a simple representation of
the atomic model possible. In contrast to the present complex
atomic model, which sometimes consists of 10* energy levels, an
atomic model with fewer levels with averaged collisional and
radiative rates is of interest because such a modeling method
would enable the investigation of radiative transfer in Sn plasmas,
which has been out of reach with the present method because of
computational difficulties.
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4d-4f/4p-4d UTA of Gd ions
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Figure 3. (a) Calculated EUV spectrum (thin lines) of combined
4d-4f/4p—4d transition of Pd-like to Sr-like Gd ions using the
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High-order harmonic generation (HHG) is an extremely
nonlinear optical process that occurs when atoms are placed in a
strong driving laser field, resulting in the emission of photons at
integer multiples of the driving-field frequency. An exciting
advancement of HHGs is their ability to generate ultrafast (0.1—
10 fs) coherent X-rays (from the extreme ultraviolet (EUV) to the
soft X-ray region) from a tabletop scale apparatus. HHG has
paved the way for the exploration of the electron dynamics in
atoms and molecules, in the attosecond time scale [1, 2]. Since
the first experiment of HHG, the underlying physics has been
intensively studied from several different viewpoints: classical,
semiclassical, and quantum mechanical. The interest then shifted
to: (1) generation of short-wavelength harmonics using a long-
wavelength drive laser and (2) generation of a single attosecond
pulse, which provides readily understandable information on the
X-ray and atom interaction. So far, there has been a keen demand
to increase the photon flux of such high harmonics for practical
applications such as multiphoton ionization of atoms and
molecules and single-shot coherent diffractive imaging. In
addition, the development of compact and intense HHG sources
has received greater focus, along with the investigation of their
potential applications, especially in the field of current EUV
lithography (EUVL) and beyond.

In this study, we examine the optimal conditions for double-jet
arrangements to obtain an intense, low-divergence HHG beam at
photon energies of approximately 100 eV. We focus on the
parametric responses of the 59th harmonic line of the 800 nm
drive laser, because it lies near 13.5 nm (91.9 eV), which is usable
for coherent lithography and diagnostic applications, and for
seeding X-ray lasers and free electron lasers (FELs). By using
such a high harmonic beam, we can attempt to evaluate the
response of photoresist materials exposed to intense ultrashort
EUV pulses, as a touchstone for the next-generation EUV-FEL
lithography.

Experiments using a Ti:sapphire laser system were conducted
at the Kansai Photon Science Institute. Pulses with 800 nm central
wavelength, 80 fs duration, 30 mJ energy, 10 Hz repetition rate,
and 20 mm beam diameter were focused by a lens with a focal
length of 4000 mm to a double-jet arrangement. In the focus, the
beam waist was = 200 pm and the laser intensity was up to 1
PW/cm?. The laser beam passed through two gas jets, as shown
in Fig. 1. The first He gas jet (Jetl) produced the weak seed HHG
pulse as an oscillator and subsequently, the seed pulse was
amplified in the second He jet (Jet2). He gas was supplied
through fast solenoid valves to minimize the gas flow and
background pressure in the vacuum chamber to suppress the EUV
absorption of the ambient gas. The gas jet tubes were fitted to the
gas valves and were made of Mo to avoid laser damage. Holes of
1 mm diameter (for gas supply) were drilled into the tube with 3
mm diameter, as can be seen in the inset of Fig. 1. The 40 mm
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long Rayleigh length of the focused beam was much longer than
the 3 mm tube length of the gas jets and 25 mm maximal distance
between the jets used in the measurements. The gas jet valves
were mounted on motorized translation stages to precisely set the
gas jet positions along the focused laser beam and set the distance
between them. The HHG beam was monitored by an X-ray
charge-coupled device (CCD) camera (back illuminated, 13 pm
pixel, 1 sq. in. detection area) for beam spatial profile
measurements. Spectral measurements were obtained using an
EUV spectrometer of the grazing-incidence type, with a 1200
grooves/mm flatfield grating. A spherical mirror was installed in
front of the entrance slit to measure the HHG beam divergences.
The fundamental laser light was blocked by a thin Zr filter.

Femtosecond laser

Lens (f=4 m)

Fig. 1. Experimental setup shows the two-jet sequence used
for the experiments. Their position and distance were
adjustable by the motorized stages. The inset shows a
photograph of the Mo tube used as a gas jet nozzle [3].

To optimize the harmonic source and understand the
underlying processes, the distance between the two gas jets was
scanned to investigate the correlations (delay) between the seed
EUV pulse produced in Jetl and the gain medium of Jet2. We
observed a nonlinear response of the 59th harmonic line, as
shown in Fig. 2. The intensity of the 59th harmonic line was in
the saturation regime, at approximately 30 mJ, as shown in Fig.
2(a), which made the generation of the harmonic line robust and
insensitive to the energy fluctuation of the pump laser.
Additionally, the wavelength of the harmonic line remained
almost intact under saturation, and only a small blueshift of the
line could be observed at pulse energies beyond saturation
because of the strong ionization of the gas. Comparing Figs. 2(b)
and 2(c), the influence of the parametric interaction could be
observed even in the saturation regime of 30 mJ. Indeed, the
intensities of the harmonic lines were much stronger in Fig. 2(c)
than the intensities that can be expected from the constructive
superposition of the weak seed (Jetl) and the amplifier (Jet2)
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jets operate simultaneously, the intensities of the generated harmonic lines are much stronger than the coherent constructive
superposition of lines from the two jets operating separately, showing the presence of the parametric amplification process [3].

spectral lines generated independently in the two He gas jets,
which are plotted in Fig. 2(b). The effect was especially strong
near 110 eV. Here, the intensities of the harmonic lines from the
independent jets were below 100 (CCD counts), whereas they
could be over 1000 counts when the two jets operated together.
Further properties of the HHG source, such as the beam profile,
beam divergence, and small-signal gain, and discussions on the
underlying physics can be found in Ref. [3].
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Fig. 3. Features of the HHG beam used for the evaluation of
the resist. (a) Spectrum of the HHG beam and (b) typical
beam profile of the high harmonics around 13.5 nm. (c) An
AFM image of a well-shaped single line-pattern after
development of an in-house-developed metal resist [4, 5].

To evaluate the sensitivity of the resist materials, we employed
a Mo/Si multilayer spherical mirror with a curvature of 500 mm
and set the grazing incidence angle to ~10° to collect a broad
EUYV spectrum from the HHG source and then focus on the target
surface. A Zr filter with a thickness of 200 nm was used to block
the fundamental laser light. Reflectance of the mirrors and
transmittance of the filters were measured in advance using
synchrotron radiation at the 11D beamline of the High Energy
Accelerator Research Organization (KEK)-photon factory (PF).
Typical spectra of the focused HHG beam, which are displayed
as the blue lines in Fig. 3(a), were calculated from the measured
results of the input HHG spectra (green line) and mirror
reflectance (red line). Figure 3(b) is the 2D image of the high-
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order harmonics around 13.5 nm after they pass through two Zr
filters and are reflected by a Mo/Si multilayer flat mirror. The
exposure time was varied from 30 to 300 seconds to regulate the
dose absorption. Figure 3(c) is an atomic force microscopy (AFM)
image of a single-line pattern after development of an in-house-
developed metal resist. The line was very well shaped at a width
of less than 2 um, benefiting from the high quality of the HHG
beam.

In summary, we reported the characterization of parametric
amplification in HHG around 100 eV using He gas in a double
gas-jet arrangement. By employing a single He gas jet, a
conventional weak, large-divergence high-harmonic beam was
generated. With the double-jet scheme, at the optimal jet distance,
the 59th harmonic intensity with small beam divergence
drastically increased owing to the parametric amplification. By
using the developed high-harmonic beam, we could evaluate the
sensitivity of photoresist materials exposed to ultrashort EUV
pulses as a touchstone for next-generation EUV-FEL lithography
[6]. In a future study, we plan to optimize both the length and
pressure of each gas jet to further boost the HHG output.
Furthermore, by slightly tuning the fundamental wavelength of a
Ti:sapphire laser, the 59th order harmonic energy can be shifted
to a suitable seed pulse for Ni-like silver plasma X-ray lasers
(89.2 eV, 13.9 nm) to provide fully spatially and temporally
coherent bright beams.
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Application of mid-infrared microscopic imaging
techniques to histopathological analysis
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The QST has developed various “quantum beams” for material
sciences, some of which are beginning to be applied in life
sciences. Spectroscopy has contributed greatly to scientific
understanding in the physical sciences, as it can provide
information on the structures of the elements and molecules that
comprise every subject in both the physical and biological
sciences. Infrared (IR) spectroscopy has been widely applied to
detect the vibrational characteristics of chemical functional
groups in a diverse range of materials [1-3]. Vibrational
microscopic imaging techniques using mid-infrared (MIR)
spectroscopy allow the detection and characterization of the
molecular components of biological specimens. As many
molecular functional groups have resonant wavelengths in this
spectral range (Fig. 1), the MIR absorption spectra provide image
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Fig.1. Correlation of various group molecular vibrations.
R. W. Waynant et al., Philos T Roy Soc A 359, 635,2001

contrasts that identify the molecular components. The advantage
of this technique is the production of unique images that show the
spatial  distributions of proteins, lipids, carbohydrates,
cholesterols, nucleic acids, and phospholipids. In addition, MIR
imaging is advantageous because of its efficiency and
adaptability in noninvasive investigations of the chemical
compositions of cells and tissues using a procedure that is
reagentless and does not require staining. Therefore, MIR
imaging is a useful tool in medical research.

Pathology is the study and diagnosis of disease through the
examination of organs, tissue, and cells. Disease diagnosis by
pathology generally involves gross and microscopic visual
examination of tissue 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 various diseases. However, it is difficult to visually
detect biochemical changes using these techniques, which require
complicated processes and considerable amounts of time.
Therefore, a simple analytical method is desirable. MIR
spectroscopy has the potential to be applied as a visualization tool
to aid pathologists in assessing tissue specimens.

The purpose of this study is to investigate the discrimination
between normal tissue and malignant tumors or noncancerous
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lesions in various organs using an MIR laser. We constructed the
MIR microscopic system for the analysis of tissue specimens.
The schematic of the system is shown in Fig. 2. The beam from
the MIR laser was focused onto a spot on the specimen. The
transmitted and reflected beam intensities were measured using a
detector. To obtain an MIR microscopic mapping image, the
focused spot scans across the specimens in one direction while
scanning one pixel in the orthogonal direction using an XY stage.
The results of two different tissue specimens measured using the
MIR microscopic system are described here. The first
measurements produced a mapping image and the spectra of a
specimen with a simple structure consisting of normal tissue and
a malignant tumor. Furthermore, the measured results of a
specimen with a noncancerous microlesion consisting of
abundant stroma and dysplastic nuclei were presented.

Beam
splitter

Focusing
optics

Tissue

specimens
S——

XY stage

Focusing
optics

Hluminating
lager beam

Fig.2. Mid-IR microscopic imaging system.

Tissue specimens of a simple structure consisting of a
malignant lung tumor and normal lung tissue of a mouse were
analyzed and their absorbances were compared with the
absorbance obtained from an unstained tissue specimen (Fig. 3).
Fig. 3a shows an optical micrograph of the H&E (Hematoxylin
Eosin)-stained tissue specimen containing a malignant lung
tumor and normal lung tissue. Fig. 3b illustrates the MIR spectra
of the normal lung tissue and malignant lung tumor from two
different sites in the normal and tumor areas and shows that the
spectral patterns in the tumor (red lines) differ from those in the
normal tissue (green lines). The majority of changes in
absorbance were observed in two different regions (blue double-
headed arrows, Fig. 3b). Microscopic mapping of the malignant
lung tumor was performed to investigate the absorbance of the
tumor cells. The tumor area for mapping was determined by
examining the MIR microscopic field and comparing it with the
corresponding histopathological view (Fig. 3a). Fig. 3¢ displays



the MIR absorbance map of segments of three main components
of the malignant lung tumor and normal lung changes: malignant
lung tumor (yellow and orange) and normal lung tissue (green),
and the slide glass area without tissue sections (red).

The results for the specimens with noncancerous microlesions
are shown in Fig. 4. Fig. 4a shows an optical micrograph of the
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Fig.3. Spectra and visible images of tissue specimen, obtained
through MIR microscopy of lung-tumor sample.

a) Optical micrograph of an Hé&E-stained tissue specimen of
normal lung and malignant lung tumor.

b) Corresponding absorbance MIR spectra of the unstained tissue at
two different sites in normal and malignant areas.

¢) Microscopic and MIR images of normal and malignant area in
the unstained specimen.

H&E-stained tissue specimens. The specimens show benign
colonic hyperplasia with abundant stroma, dysplastic nuclei, and
normal colonic tissue. These different histological areas were
analyzed through comparisons with the absorbance obtained
from an unstained tissue specimen. The MIR spectra in Fig. 4b
demonstrate that the spectral patterns differ between dysplastic
nuclei in hyperplastic lesions (red lines), cytoplasm in normal
tissue (green lines), and stroma (blue lines). The greatest change
in absorbance is observed in the region marked by the black
double-headed arrows (Fig. 4b). Next, microscopic mapping was
conducted for these tissues to obtain information on the
absorbance of each area using the wavelength, demonstrating
different absorbances. The area including these tissues was
determined by examining the MIR microscopic field and
comparing it with the corresponding histopathological view (Fig.
4a). Fig. 4c illustrates the MIR absorbance maps of this area as
measured by the wavelength with different absorbances in each
region. The color classification result is based on the MIR
absorbance colors of the dysplastic nucleus in red, cytoplasm in
green, and stroma in blue. The analysis using our constructed
MIR microscopic system also permits the detailed detection of
noncancerous microlesions.

This study indicates that the MIR spectroscopic technique is
useful for diagnosing and discriminating the differences between
not only normal tissue and malignant tumors but also
noncancerous microlesions. Although MIR spectroscopy has
several advantages, it is not yet known whether the spectral
information from the proposed device can satisfy the pathological
diagnostic requirements and assist pathologists in diagnoses.
Thus, further investigation and improvements to the proposed
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MIR spectroscopy are necessary for these approaches to become
applicable to routine histopathological analysis. In addition, in-
vivo diagnostic tools using MIR lasers are required in many
medical fields. These include endoscopy for guidance in surgical
interventions to delineate lesion margins, replacing random
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Fig.4. Spectra and visible images of tissue specimen, obtained
through MIR microscopy of colonic hyperplasia sample.

a) Optical micrograph of an H&E-stained tissue specimen of
colonic hyperplasia.

b) Corresponding absorbance MIR spectra of the unstained
tissue at two sites in the nucleus, cytoplasm, and stroma.

c) MIR imaging of colonic hyperplastic lesion in the unstained
specimen.

biopsies of suspicious tissue with targeted biopsies, which would
reduce unnecessary tissue excisions and risks with biopsy, and
using a detection device at a significantly earlier stage of
carcinogenesis. Future improvements in MIR laser technology
and data analysis will further extend the biomedical applicability
and result in the implementation of these innovative techniques
in the medical field.
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Research Activities at

the Synchrotron Radiation Research Center

WATANUKI Tetsu

Synchrotron Radiation Research Center

A wide range of X-ray techniques are being developed at the
Synchrotron Radiation Research Center (SRRC) to investigate
the structural, electronic, and magnetic properties of matter,
primarily using two QST beamlines, BL11XU and BL14B1, at
the large synchrotron radiation facility, SPring-8. Hard X-ray
nondestructive in-situ techniques have been investigated to
enable ground-breaking measurements using techniques such as
single atomic-layer magnetic microscopy, element/orbital-
specific excited-state analysis, coherent X-ray nanoscale imaging,
and time-resolved studies of samples under extreme conditions
such as extremely high pressures of hydrogen gas.

The SRRC consists of the Coherent X-ray Research Group,
High-Pressure Science and Stress Research Group, Magnetism
Research Group, Condensed Matter Theory Group, and a
beamline operation office (Table 1). The research activities of
each group are summarized below. Additionally, work has been
continuing, from last year, to upgrade the monochromator of
BL11XU for reducing beam instabilities and enhancing beam
quality.

The equipment developed at SRRC is available for public
use and we accepted 37 research proposals in FY2022, as a
member institute of the Advanced Research Infrastructure for
Materials and Nanotechnology in Japan (ARIM) project [1]. As
part of the ARIM project, we have been developing a unified
structure for the data generated by the custom-made analysis
equipment at our facility with the goal of enabling advanced
utilization of data.

Synchrotron and free-electron laser (FEL) X-ray facilities
are being constructed at a rapid pace worldwide. The Coherent
X-ray Research Group is conducting research to ensure state-of-
the-art synchrotron/FEL research. Advanced measurement and
analysis techniques are being developed for the effective
utilization of novel advanced light sources. The application of
spatially coherent X-rays has facilitated the visualization of
inhomogeneity inside matter.

An apparatus for Bragg coherent X-ray diffraction imaging
(Bragg-CDI) is being developed and will be applied to the study
of inhomogeneous structures of submicrometer-sized crystalline
fine particles of functional materials. This technique has been
upgraded for application under high-temperature conditions and
has been applied to measure the phase transition of a 500-nm-
sized BaTiOs single particle [2].

Ultrafast and intense pulses from a soft X-ray FEL source
such as SACLA (BL1) facilitate the investigation of processes
such as vibration, dissociation, and charge transfer within single
molecules. Coulomb explosion imaging (CEI) is one of the most
powerful techniques to reveal how electrons move between
different atoms within a molecule. The use of CEI has revealed
the charge-transfer dynamics in CHsl and the fragmentation
dynamics of 1-iodopropane and 2-iodopropane [3].

A surface X-ray diffractometer coupled with a molecular-
beam-epitaxy chamber was used for in-situ measurements of the
crystal growth of GaN on several types of substrates under the
approval of the QST-ARIM project.
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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 conditions and in compressed hydrogen
gas environments; (ii) fundamental and applied studies of
advanced functional materials using the above-mentioned
techniques; and (iii) studies on the effects of synchrotron X-ray
irradiation on tumors. The research group members focus on the
high-pressure synthesis of novel hydrogen-rich compounds and
the study of the nano- to mesoscale structures of functional
materials, in collaboration with the Coherent X-ray Research
Group.

Atomic pair distribution functions (PDFs) are powerful
tools for studying the local structures of functional materials.
Studying the temperature variations in the local structure is
essential for understanding the properties of functional materials.
We improved the nitrogen-gas flow-type temperature-control
system. This system has been applied to many functional
materials such as negative-thermal-expansion oxides, and has
contributed to the elucidation of their functional manifestation
mechanisms [4]. Metal-hydrogen systems are another research
target of this group. The rotation dynamics of complex ions with
nine-fold hydrogen coordination, which were synthesized under
high pressure, were studied using quasielastic neutron scattering
and first-principles molecular dynamics calculations [S5]. We
clarified that the YH3 high-pressure phase could be recovered
under ambient conditions and investigated the recovery
mechanism using in-situ synchrotron radiation X-ray diffraction
measurements [6]. Additionally, studies have been conducted to
investigate the effects of irradiation on tumors, using
nanoparticles containing high-Z elements. The effect of X-ray
irradiation on tumor spheroids, in which iodine was introduced to
enhance the radiation effect, was investigated using synchrotron
radiation X-rays (£ = 33.2 keV) above the iodine K-absorption
edge.

The Magnetism Research Group develops advanced X-ray
spectroscopic techniques such as nuclear resonant scattering
(NRS), resonant inelastic X-ray scattering (RIXS), X-ray
magnetic circularly polarized emission (XMCPE), and
measurement techniques utilizing measurement informatics, to
unveil the key properties of functional materials and devices,
ranging from high-7. superconducting oxides to spintronic
devices. For NRS, synchrotron-based high-pressure Mossbauer
spectroscopy of EuHz utilizing an energy-domain technique, was
conducted using a nuclear resonance energy analyzer. The
measured spectra suggested that there was little or no hydrogen
absorption after the synthesis of Pnma EuHz in the pressure range
up to 5 GPa [7]. This study successfully demonstrated that the
relationship between the isomer shift and inverse volume derived
from the spectra could be applied to the estimation of the isomer
shift change owing to the volume contraction of Eu hydride
phases under further extended hydrogen pressure. A RIXS station
provides high-energy resolution for both incident and scattered
(emitted) X-rays and is used in various advanced X-ray



spectroscopies. We applied high-energy-resolution X-ray
absorption spectroscopy to study the electronic structure of Pt
catalysts in polymer electrolyte fuel cells under operando
conditions [8] and that of a possible candidate for the next-
generation solar cell absorber Cu2ZnSnSes [9]. XMCPE is a
novel magnetic spectroscopy technique operated in the hard X-
ray regime with the distinctive feature of a large flipping ratio
(25%) for the Ka emission of 3d transition metal elements. The
magnetic domains in grain-oriented electrical steel were observed
using an XMCPE magnetic microscope. Measurement
informatics aims to improve the efficiency of measurement and
analysis using machine-learning techniques. Modern synchrotron
radiation experiments generate tremendous amounts of
experimental data, owing to the advances in spatial and temporal
resolution techniques. Measurement informatics is helpful for
both the generation and analysis of such large volumes of
experimental data. This technique is expected to be a part of high-
throughput autonomous experiments for the discovery of novel
materials.

The Condensed Matter Theory Group has developed
advanced simulation methods based on quantum mechanics to
investigate the theory of condensed matter using supercomputers.
Additionally, the methods are applied to perform numerical
simulations to understand various properties of materials, such as
magnetism, high-T7¢ superconductivity, and catalytic activity, with
the support of X-ray experiments such as those from SPring-8.
The present activities of this group include (i) the development of
advanced simulation techniques based on first-principles path

integral ring-polymer molecular dynamics to investigate the
nuclear quantum effects of hydrogen-containing materials such
as clathrate hydrates [10]; (ii) the development of a numerically
exact diagonalization method to investigate time-resolved
spectroscopies of antiferromagnetic Mott insulators, which can
provide insights into their electronic dynamics; (iii) the
development of a theoretical framework and computational codes
to analyze material properties probed by X-ray spectroscopies
such as X-ray magnetic circular dichroism (XMCD), RIXS, and
XMCEPE [11]; and (iv) theoretical investigations using large-scale
numerical exact diagonalization of quantum spin systems, which
exhibit novel quantum phases such as spin nematic liquids [12].
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Local structural studies using atomic pair
distribution function at low temperatures

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

1. Introduction

Structural information about a functional material provides
important information for understanding its properties.
Functional materials cannot be explained by an ideal system, and
many of them are inherently inhomogeneous with respect to their
composition or structure. X-ray diffraction (XRD) is the most
popular method for investigating crystal structures. A long-range
structural order can be obtained by analyzing the XRD profile.
However, this method is insufficient for analyzing
inhomogeneous or heavily disordered structures. An atomic pair
distribution function (PDF) represents the interatomic
distribution within a material and is a function in real space. The
PDF profile corresponds to the probability of finding atom pairs
at a distance 7; therefore, PDF analysis" is one of the methods
suitable for analyzing the local structure in the sub-nanometer to
several nanometers scale. This method is generally applied to the
structural analysis of nanocrystalline and crystalline materials, as
well as noncrystalline materials such as liquids and amorphous
materials. Recently, it has been recognized as a powerful tool for
investigating the structures of crystalline materials with
inhomogeneity or significant disorder.

The PDFs are obtained by Fourier transformation of the total
scattering data of the specimens. The rapid acquisition (RA)-PDF
measurement? system in experimental hutch 1 of BL22XU at
SPring-8 was developed and has been applied to investigate the
local structure of various functional materials, such as hydrogen-
absorbing alloys®®), negative thermal expansion materials’'!,
catalysts'>!¥), and cement materials'. To investigate hydrogen-
absorbing alloys, in-situ XRD and X-ray total scattering
measurements under hydrogen gas up to 1 MPa are available®.
The hydrogen absorption and desorption properties of hydrogen-
absorbing materials, such as maximum hydrogen concentration,
absorption/desorption pressure, and hydrogenation reaction rate,
vary with temperature. Hence, it is necessary to perform XRD
and X-ray total scattering measurements in an environment in
which both the hydrogen gas pressure and temperature are
controlled. In addition, the local structure of some materials after
phase transition differs from the structural model obtained by
crystal structural analysis. XRD and X-ray total scattering
measurements at low or high temperatures provide essential
information for understanding their physical properties.
Therefore, we have been developing a measurement system for
temperature variations.

2. Rapid-acquisition PDF system with cold nitrogen

gas flow apparatus

A nitrogen gas flow apparatus capable of control in the
temperature range of 100—400 K was installed in experimental
hutch 1. This apparatus was mounted on a diffractometer to
measure the temperature variations of the XRD or X-ray total
scattering patterns of the sample in a capillary. At low
temperatures, frost adhered to the capillary, and the X-ray

39

scattering from the frost (ice) mixed with that from the sample.
This excess scattering made analysis difficult. Therefore, a
copper wire with good thermal conductivity was wrapped around
the capillary so that the frost adhered to the copper wire. Figure
1 shows a photograph of the sample at low temperatures. It can
be seen that the copper wire is covered with frost, but there is
almost no frost on the capillary.

Figure 1. Photograph of the sample capillary
wrapped with a copper wire at low temperature.

Usually, a polyimide capillary with an inner diameter of 1.0
mm (1.2 mm) and outer diameter of 1.1 mm (1.59 mm) is used
for ex-situ (in-situ) X-ray total scattering measurement in
BL22XU. During the measurement, the capillary oscillated
within a range of 90 or 60°. Therefore, the cold nitrogen gas
emitted from the nozzle did not affect the entire circumference of
the capillary. To confirm the sample temperature and temperature
inhomogeneity in the capillary, the temperature variation in the
XRD pattern of Si powder (NIST SRM640d) was measured. An
imaging plate was used as the detector for measurements. XRD
measurements were performed with a sample-to-detector
distance of 730 mm and exposure time of 30 s. Figure 2 shows
the XRD patterns of the higher-angle side of the Si powder at 100,

. —
Si powder 400 K
=z (NIST SRM640d)
k=l
=
g /L 300 K
~ e
o3 S 100 K|
0 1 , ) 1 : LN
14.4 14.6 14.8 15.0 15.2
26 (degree)

Figure 2. Temperature variation of XRD profiles of the
higher-angle side of Si powder. The wavelength of
incident X-rays is 0.01789 nm.



300, and 400 K after subtracting the scattering from the polyimide
capillary. In the measured temperature range, the linewidths of
the diffraction profiles showed no significant broadening and no
asymmetry up to the higher-angle side. Therefore, the sample
temperature inside the capillary was sufficiently uniform. The
sample temperature estimated from the lattice constant was
approximately 10 K higher than the set temperature at 200 K and
approximately 25 K lower at 400 K.

The PDF profile was transformed from the total scattering
data measured at a sample-to-detector distance of 300 mm. Figure
3 shows the result of the curve fitting for the PDF profile of the
Si powder at 100 K (set temperature) using the PDFgui
program'®. The PDF profile is reproduced by the structural
model of silicon well, and this result indicates that the analysis is
sufficient, even for data obtained from low-temperature
measurements.

k T T T T
t Si powder (NIST SRM640d) R, =11.8%

10100 K

_100— L L1 s
5 10 15 20
Interatomic distance (A)

25 30

Figure 3. Results of PDF analysis of Si powder at the set
temperature of 100 K.

3. Application to the local structural studies of

negative-thermal-expansion materials

Most materials increase in length and volume owing to
thermal expansion with increasing temperature. Negative-
thermal-expansion materials are substances that contract as the
temperature increases, and are attracting attention as functional
materials that can cancel the thermal expansion that interferes
with precise positioning. Prof. Azuma’s group at the Tokyo
Institute of Technology investigated negative-thermal-expansion
oxides and revealed their local structures using our PDF system’
D, Recently, our system contributed to obtaining the temperature
variation of the PDFs of the giant negative-thermal-expansion
material Ca2RuQOs at 100 —400 K'. Ca2RuO4 exhibited negative
thermal expansion over a wide temperature range of 200 K below
345 K. PDF analysis was used to elucidate variations in the local
lattice distortion as the temperature increased and revealed the
existence of a peculiar large disorder in Ca;RuOs4, related to the
giant negative thermal expansion over a wide temperature range.
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Ultrafast dynamics of molecules and nanoparticles
studied at SACLA BL1

James R HARRIES

Coherent X-ray Research Group, Synchrotron Radiation Research Centre

Understanding how electrons move within molecules on
the femtosecond timescale is at the heart of chemistry, and vital
foundational knowledge in fields ranging from energy science to
medicine. A technique termed Coulomb Explosion Imaging (CEI)
is commonly used to provide near instantaneous ‘images’ of the
positions and charge states of all atoms within a molecule, and
the soft X-ray beamline (BL1) at SACLA is an ideal source of
photons for this technique — providing intense and ultrafast pulses
of radiation (pulse width < 100 fs, peak intensity > 10'* W/cm?)
at photon energies ranging from around 20 eV to around 150 eV
in first order. Using higher order radiation also gives access to for
example the carbon and oxygen K-edges. In CEI the absorption
of multiple photons at a particular atomic site leads to the rapid
location of charge at that site and the subsequent ‘explosion’ of
the molecule or particle due to the large electrostatic forces. By
detecting the charge states and momenta of the emitted ions,
information can be obtained on the state of the molecule at the
time of explosion. With some experimental setups the momenta
of emitted electrons can be simultaneously studied. On its own,
this technique can be used to study explosion from the electronic
ground states of molecules, but its true power is currently being
demonstrated by using an earlier pulse of radiation to initiate
dynamics in a molecule prior to explosion. By varying the time
delay between the ‘pump’ and ‘probe’ pulses, the evolution of the
dynamics of the molecule can be followed. At BL1, the technique
of CEI can thus be used to study processes such as vibration,
dissociation, and charge transfer — how electrons move between
different atoms within a molecule.

In this work we have used a technique whereby the momenta
of ions produced following Coulomb explosion are detected
using an imaging detector and an electrostatic focusing setup with
voltages tuned for velocity mapping. Multiple ions can be
detected from each event, and covariance analysis is used to study
the correlations between different ion species to reveal
information on the dynamics of the explosion process and also on
any dynamics triggered by an initial pump pulse.

Here we describe in brief the results from two separate
experiments performed at BL1, and also briefly discuss future
prospects. The experiments were performed as part of a large
international collaboration.

1) Charge transfer dynamics in CHsI [1]

In this experiment gas phase CH3I molecules were pumped
with intense infra-red (IR) pulses at a photon wavelength of 800
nm. Following a variable delay, XUV pulses were used to
selectively ionize the I atoms (the chosen photon energy of 95 eV
is resonant with excitation of I 4d electrons). Figure 1 shows
example results whereby three different processes (I, II, and III)
can be identified by studying the kinetic energy released when I°*
ions are detected. Similar plots for other combinations of
fragments, including CH3?" fragments and I charge states up to
1'% can be found in [1].

41

KER/eV

-0.5 -0.25 0.0 0.25 0.5 0.75
Delay/ps
I I 111
i i i
IR pump (H—C—I)H+ H—C+ I+ H—C K
| | |
H H
] e
XUV probe | CHs™ I* s i e o
H H

Figure 1 Example results showing the kinetic energy
release (KER) as a function of pump-probe delay for I°*
(adapted from reference 1)

In channel I, high kinetic energy release is observed when
the XUV probe interacts with an intact molecule. Enhancement
isseennear At=0(where Atisthe delay between the pump and
probe pulses) due to the IR pump leading to multiple ionisations
prior to the probe pulse, so that the probe pulse then initiates a
Coulomb explosion with high kinetic energy release. At negative
delays the neutral molecule is ionized by the XUV pulse alone,
and at positive delays this channel is suppressed due to the pump
pulse depleting the ground state.

When the initial IR pump leads to dissociation of the
molecule into CHs" and I* fragments, structure at lower kinetic
energy release with a time dependence is seen (channel II). In this
channel, the two fragments begin to separate (relatively slowly)
following the initial dissociation. When the XUV probe leads to
a change in charge state of the I* fragment to I°*, the Coulomb
force between the fragments increases, leading to higher
observed kinetic energies. This change is time dependent — at
longer time delays the I' to I°" ionization no longer affects the
strength of the force between the fragments due to the increased
spatial separation between them.

Channel III is revealed as structure at very low Kinetic
energy release. Here, the initial IR pump leads to a neutral CHs
fragment and an I'" ion, which start to separate. If the XUV probe
creates I°" ions at a short enough delay, charge transfer can occur
between the fragments (an electron moves from CH3 to I°*) and
this channel is not observed. The onset of this channel thus
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Figure 2 Newton diagrams for the breakup of (a) 1-
iodopropane and (b) 2-iodopropane. Adapted from
reference 2.

correlates with the ending of this process, and a comparison for
different I charge states reveals a charge-state dependence, with
charge transfer occurring for longer times (larger separations) for
higher charge states. Good agreement was seen with a classical
over-the-barrier model for electron transfer. Comparison of the
different channels for different ion states and a detailed analysis
provides knowledge of dynamics on the potential energy surfaces
created by the pump pulse, and this is presented in detail in
reference 1.

2) Fragmentation dynamics of 1-iodopropane and 2-
iodopropane [2]

In this work the Coulomb explosion of the isomers 1- and 2-
iodopropane into the three fragments I, CHs* and CH2CHa (or
CH2CH4") was studied in detail. Of interest is the competition
between ‘concerted’ and ‘sequential’ pathways. In ‘concerted’
breakup, the three fragments are formed within a time less than a
typical vibration period, whereas in ‘sequential’ breakup, the
breakup occurs in two steps separated by a time delay during
which rotational and molecular dynamics proceed in the
molecular fragment. Figure 2 shows example results, where
Newton diagrams are plotted. The I" momentum is constrained to
the positive x-axis, and the CHs" momentum is plotted above the
x-axis. Shown below the x-axis is the inferred momentum of the
third fragment, either C2Ha™ or C2Ha. In sequential breakup, the
molecule has time to rotate between the two dissociation events,
revealing ‘arc’-shaped structure for both molecular fragments.
For ‘concerted’ breakup, structure is seen perpendicular to the I*
momentum vector, since rotation does not occur.

By comparing the analysis of the data recorded with detailed
simulations, it was possible to study the isomer-specific dynamics
of this three body breakup.

3) Future prospects
Pump-probe Coulomb Explosion Imaging is a powerful tool

for studying photo-induced dynamics in small molecules and
nanoparticles. We are currently working to extend the technique
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by using superfluid helium nanodroplets to encapsulate the
molecules prior to the pump-probe studies [3]. This ‘freezes’ and
isolates the molecules at a temperature of 0.15 K, and will offer
the following benefits to the experiments:

1) Molecules are cooled to their lowest vibrational and
rotational states, allowing pure ground states to be studied

2) Signal from helium can potentially be used as a control
signal for diffractive imaging

3) Detecting fragments with a helium atom attached eliminates

background signal
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Spectroscopy of EuH,

under a Few GPa Pressure
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Hydrogen is the smallest atom, and is stored in various
materials'. Recently, various hydrides of rare-earth atoms have
been discovered under high-pressure hydrogen conditions. These
novel hydrides showed various properties. For example, LaHio
exhibited superconductivity at over 200 K under a hydrogen
pressure of more than 100 GPa?.

Europium (Eu) metal also forms various hydrides. The
structure of Eu metal is /m3m, that is, body-centered cubic. It
forms a dihydride EuHz, whose structure is orthorhombic Pnma?,
under a hydrogen pressure of approximately 0.1 MPa, that is, 1
atm. This was the only Eu hydride identified in the 20th century.
Recently, other forms of hydride have been synthesized under
high hydrogen pressures of up to 20 GPa*>. In many cases of
hydride formation in metals and alloys, the typical process from
one hydride to the other by increasing the hydrogen pressure is
gradual hydrogen storage by the formation of a solid solution
with hydrogen or the coexistence of two phases by spinodal
decomposition. However, the hydrogen storage process of Eu at
extended pressures is complicated: there are six hydride phases
in addition to the initial Pnma phase, and a tetragonal I4/mmm
phase is finally formed over 16 GPa. 'Eu energy-domain
synchrotron radiation-based Mdssbauer spectroscopy (ESRMS)®
has been performed to study the electronic state of the Eu atom
in these hydride phases and it reveals that Eu was in the 2+ state
in EuHb, the first stage Pnma hydride, and formed a 3+ state in
the /4/mmm hydride. Furthermore, the 2+ and 3+ states coexisted
in some hydride phases.

This complicated hydride formation process might include
more hydrogen storage than that in dihydrides. However, it is
difficult to estimate the detailed hydrogen content because these
hydrides are synthesized in a diamond anvil cell (DAC). The
hydrogen content of the sample in a DAC is sometimes estimated
by the volume expansion obtained through X-ray diffraction
based on the general empirical rule that the absorption of one H
atom into a rare-earth metal lattice induces a volume of 440.5
A3 . However, when the metal stores hydrogen gradually,
depending on the hydrogen pressure, the lattice expansion by
hydrogen storage and lattice contraction by pressure cannot be
clearly decoupled. Therefore, another method to estimate the
degree of hydrogen storage is required.

When a metal stores hydrogen, its electronic states are
modulated. Here, the “isomer shift” in Mdssbauer spectroscopy
is affected by the electronic density at the probe nucleus and thus,
it might provide a useful clue about the degree of hydrogen
storage. However, the isomer shift is also affected by the lattice
expansion and contraction. The isomer shift § in the velocity
unit is given by the following equation”:

c 2m
S = — —

52t (RS =R a=ps) (D)
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where ¢ is the speed of light, E) is the energy of nuclear
resonance, Z is the atomic number of the element of the probe
nuclide, e is the elementary charge, R.* is the square of the
nuclear radius of the nuclear excited state concerning the
resonance, Rg2 is the square of the nuclear radius of the nuclear
ground state concerning the resonance, p, is the electronic
density at the probe nucleus of the sample under study, and pg is
the electronic density at the probe nucleus of the energy-standard
material, which is often EuF3 in ''Eu Mdssbauer spectroscopy.
The electronic state of the sample under study contributes only to
pa- Even if there is no change in the electronic states, caused by
the electron transfer between the metal and hydrogen, the isomer
shift would change through the volume change in hydrogen
storage. As the simplest model, we assume that the local density
pa is proportional to the inverse of the volume; thus, the
dependence of the isomer shift on the inverse of the lattice
volume is expressed as a linear function.

In this article, we report the ESRMS of Eu hydride in the
pressure region of the initial Pnma hydride, EuHz, which is below
7 GPa at room temperature?, to evaluate the relationship between
the isomer shift and volume contraction. The existence of
additional hydrogen storage in this pressure region is also
discussed.

The experiments were performed at BL11XU of SPring-8,
the beamline of the National Institutes for Quantum Science and
Technology (QST), using the ESRMS system installed in the
beamline. The samples under study were a piece of Eu metal in
hydrogen fluid as a pressure medium in a DAC, or EuH: in
helium fluid as a pressure medium in another DAC. Both samples
were synthesized using a high-pressure gas-loading apparatus at
the Japan Synchrotron Radiation Research Institute (JASRI). The
energy standard for the ESRMS system was EuF3 at 80 K. The
details of the experimental apparatus are provided in Ref. 8.

The typical ESRMS spectra of the two samples are shown in
Fig. 1. The measurement time was typically half a day for each
spectrum. All observed spectra were understood by one Eu?*
component without hyperfine splitting, which agrees with Refs.
3 and 5. The isomer shifts of both samples increased with
increasing pressure. The results of this experiment and those from
previous literature are compared in Fig. 2. The volume of the Eu
hydride lattice was estimated using the 3rd order Birch—

Murnaghan equation of state:
350 143 (B) — 4) (V"f 1| ¢, ()
470 4 ’

P(V) ===

z s
-6
4 |4
where P and V are the pressure and volume, respectively; B,
is the bulk modulus; Vj is the reference volume; and By is the
derivative of the bulk modulus with respect to pressure. We used




the following parameters®: By = 39.9 GPa, V, = 42.6 A3, and
By =4.
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Fig. 1 Typical ESRMS spectra of Eu hydrides, reproduced
from Ref. 8. Open symbols are experimental data and
the lines are the fitting curve by the Lorentzian
function.
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Fig. 2 Relation between the isomer shift of samples and the
inverse of the volume of EuH: lattice, reproduced from
Ref. 8. Filled symbols are the experimental data and
the open symbols are those in Refs. 3 and 5. Circles
represent the data of Eu metal in the H> fluid pressure
medium and squares represent that of EuHz in the
inactive pressure medium. The line is obtained by
fitting the linear function using the data in this
experiment and refs.

When the pressure increases, one sample, the Eu metal in the
hydrogen fluid as the pressure medium, might store more
hydrogen, while the other, the EuHz in the helium fluid as the
pressure medium, would never store more hydrogen. Therefore,
if there was some gradual hydrogen storage by increasing the
hydrogen pressure, there might be some difference between their
isomer shift trends. However, we cannot observe a clear
systematic difference between the isomer shifts shown in Fig. 2.
This result implies that there is little or no gradual hydrogen
storage in this pressure range.

According to the semi-empirical model of isomer shift by
Miedema'!, hydrogen absorption causes a decrease in the isomer
shift in the Eu?* region'> 3. In Fig. 2, we cannot observe a
decreasing trend of the isomer shift with the increase in the
inverse volume, although there is a non-negligible dispersion of
isomer shifts from the fitting curve by the linear function in
Fig. 2: (Isomer shifts inmm/s) = (4 + 1) x 102 ((mm/s) .
A3) x (Inverse volume in A=) — 21 + 3 (mm/s). This also
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supports the absence of gradual hydrogen absorption.

As described in the beginning of this report, there are various
hydride phases under a hydrogen pressure higher than that used
in this experiment. If we assume that the electronic structure is
not strongly modified in these hydride phases at which Eu shows
a 2+ state, the effect of volume on the '3'Eu isomer shift in these
phases would be similar to that in this experiment. Therefore, we
can investigate the existence of gradual hydrogen absorption at
higher hydrogen pressures using the linear dependence of the
isomer shift on the inverse volume obtained in this experiment.
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Comparative theoretical study on
X-ray magnetic circularly polarized emission

KOBAYASHI Hiroki

Condensed Matter Theory Group, Synchrotron Radiation Research Center

The mechanism of characteristic X-ray emission is well
known: Characteristic X-rays are emitted when a core hole is
annihilated by the transition of an electron from a higher energy
level to a core level. Because each element has a unique set of
core levels, characteristic X-rays have specific energies for each
element. The spectroscopy of characteristic X-rays is known as
X-ray emission spectroscopy (XES). Recently, Inami reported,
for the first time, that the intensity of characteristic X-ray
emission from magnetized materials differs between right- and
left-handed circular polarizations [1]. We refer to this novel X-
ray magneto-optical effect as the X-ray magnetic circularly
polarized emission (XMCPE).

The mechanism of XMCPE in the Ko emission of 3d
transition-metal (TM) systems is as follows. First, an incident X-
ray photon creates a 1s core hole by exciting a 1s electron into a
free electron state. Subsequently, the 1s core hole is annihilated
by a 2p—1s transition, emitting a characteristic X-ray photon. In
3d TM systems, the 2p states are usually split into 2p1/2 (L2) and
2p32(L3) by the 2p spin-orbit coupling, regardless of the magnetic
state, which leads to Kox and Ka1 XES peaks, respectively.
Furthermore, in ferromagnetic 3d TM systems, the magnetic
polarization of the 2p states is induced by that of the 3d states
through the 2p-3d Coulomb interaction (exchange part).
Therefore, electron transitions from the polarized 2p states to the
Ls state have different transition probabilities, and the emitted X-
rays have different intensities between right- and left-handed
circular polarizations.

The first XMCPE experiment described in Ref. [1] was
performed for magnetized Fe. We previously analyzed the
XMCEPE spectra in ferromagnetic Fe, using the Keldysh Green’s
function technique for nonequilibrium states [2]. According to
this analysis, electron excitations that remain in the spin-
polarized 3d conduction bands in the final states, that is, many-
body effects, appear as significant characteristic tail structures on
the low-energy sides of the Ko emission peaks.

Previous XMCPE experiments and theoretical analyses have
only been performed for Fe [1-3]. Therefore, to further promote
the XMCPE technique as a powerful tool for studying
ferromagnetic materials, it is necessary to investigate the
XMCEPE in ferromagnetic materials other than Fe. In this study,
we calculated the XMCPE with Ka emission for ferromagnetic
Fe, Co, and Ni, using our method [2].

We found that the calculated XMCPE spectra had
characteristic tail structures that appeared on the low-energy side
of the Ka emission peaks for all three ferromagnets. These tail
structures originated from the energy loss of emitted X-rays due
to electron excitations in 3d bands. A comparison of these three
ferromagnets shows that Fe, Co, and Ni have broad, intermediate,
and narrow tail structures, respectively, in the XMCPE spectra.
As will be explained, this difference in tail structure broadness
arises from the difference in the spin-polarized 3d electron states
among the three ferromagnets [4].

In the theoretical calculation, we first performed first-
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Fig. 1: Calculated spin-polarized 3d partial DOS for Fe (upper
panel), Co (middle panel), and Ni (lower panel). Red and blue
lines represent the DOS for majority and minority spin states,
respectively. The Fermi level is set to 0 eV.

principles band-structure calculations for Fe, Co, and Ni without
spin polarization, and then constructed tight-binding models
based on the maximally localized Wannier functions.
Considering only the on-site Coulomb interactions for the 3d
orbitals, we obtained multiorbital Hubbard models. The 3d on-
site Coulomb interactions are parameterized by the intra-orbital



term U, inter-orbital term U’, and exchange term (Hund’s
coupling) J. The calculated 3d partial density of states (DOS) for
each 3d TM in the ferromagnetic state are shown in Fig. 1.

In Fig. 2, we present the calculated XMCPE spectra, which
are the difference spectra between the right- and left-handed
circularly polarized emission intensities, for Fe, Co, and Ni,
where the bare part 1©® and the many-body correction part 1.
In the upper panel of Fig. 2 for Fe, the experimental data from
Ref. [3] are plotted for comparison with the theoretical data and
the calculated spectrum is in good agreement with the
experimental spectrum. Note that, in all cases of Fe, Co, and Ni,
the difference spectra have characteristic tail structures on the
low-energy side of the Ka peaks. These tail structures originate
from I . By comparing the spectra, it is found that the tail
structures were broad, intermediate, and narrow for Fe, Co, and
Ni, respectively. It can be understood that this difference
originates from the differences in the 3d electron states,
considering that (Y includes the dynamical correlation
function I(w):

M(w) = fds D*(e)D™ (¢ + w),
where D*/~(g) is the 3d occupied/unoccupied DOS.

[I(w) describes the 3d electron excitations across the Fermi level.

Thus, the width of the tail structure is determined by the energy
range of the 3d electron transitions from an occupied state to an
unoccupied state. To confirm the difference in these electron
excitation energies, we closely examined the 3d DOS. As seen in
Fig. 1, the minority spin states of Fe and Co have a relatively large
3d unoccupied DOS over a relatively wide energy range. In
contrast to Fe and Co, the minority spin states in Ni have only a
small amount of 3d unoccupied DOS over a narrow energy width.
Therefore, the range of electron excitations in the 3d bands in Ni
is restricted to be much narrower than those in Fe and Co.

From above, the spectral tail broadness shows a notable
material dependence, reflecting the difference in the 3d electronic
states among the three ferromagnets because the electron
excitations in 3d bands mainly determine /{9, which dominates
the total XMCPE spectral structure. In Fe, there are sufficient 3d
unoccupied DOS above the Fermi level; therefore, 3d electron
excitations across the Fermi level are allowed. In addition, the 3d
unoccupied DOS have a relatively broad bandwidth. In Ni, the
majority spin states are filled, and the minority spin states have
only slight 3d unoccupied DOS, in contrast to that of Fe. In
addition, the 3d unoccupied DOS have a narrow bandwidth.
These features of Ni greatly restrict the possible energy range of
electron excitations in the 3d bands. Therefore, the XMCPE
spectra of Fe have broad tail structures, while that of Ni have the
narrow tail structures.

Although our calculations for Co and Ni were only
predictive, we calculated the XES spectra in Ref. [4] and
demonstrated that the calculated spectra agreed with the
experimental spectra. The consistency of our calculated XES
spectra with those of existing experiments lends credence to the
predictive calculations [4].

In conclusion, the results of the present comparative
theoretical study suggest that the XMCPE spectra show
remarkable material dependence and that XMCPE spectroscopy
is a powerful tool for characterizing various magnetic materials.
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Fig. 2: Calculated XMCPE spectra for Fe (upper panel), Co
(middle panel), and Ni (lower panel). In each panel, dotted
and dashed lines represent the bare part 1¢) and the many-
body correction part 1) respectively. The total spectra
I(=1® + M) are shown by solid lines. In the upper
panel (for Fe), the experimental data are plotted [3].
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Research Activities at the Institute of

Quantum Life Science at KPSI

SHIKAZONO Naoya

Institute of Quantum Life Science

Quantum life science has emerged to explore new frontiers
in biology from the perspective of dynamics and functions of
cellular processes at the quantum level. The Institute of Quantum
Life Science at the National Institutes for Quantum Science and
Technology (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 follow two approaches:
The first approach is to determine whether quantum mechanics
plays an essential role in biological systems. The second
approach is to apply quantum science and its technologies for
measuring physical and chemical parameters (i.e., temperature,
pressure, and pH) inside a cell at an unprecedented minute level
to gain information on the structure and dynamics of
biomolecules. Using the above two approaches, the goal of the
Institute of Quantum Life Science is to discover the essential
principles of life and apply the knowledge attained 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, which in turn, would benefit society. At the Kansai
Photon Science Institute (KPSI), three research teams with the
Institute of Quantum Life Science are conducting research using
experiments and computer simulations (Fig. 1).

The Molecular Modeling and Simulation Team aims to
understand the in-vivo function of biomolecules at the atomic
level. The team uses computer simulations and bioinformatics
based on experimental results such as crystallographic and
scattering data obtained using various types of radiation (X-rays,
neutrons, and electrons) and cryo-electron microscopy. The main
objective of their study is to determine how the dynamics of
protein/DNA/RNA complexes relate to essential cellular

functions such as transcription, translation, replication, and repair.

The team is now trying to quantitatively predict the dynamics and
stability of supramolecular complexes such as chromosomes.
This year, the research team carried out a simulation to elucidate
the initial step of nucleosome reconstitution, which is considered
to be involved in many vital cellular processes such as
transcription,  replication, and chromatin  remodeling.
Nucleosomes are fundamental structural units of chromosomes.
In a nucleosome, DNA wraps around the octameric histone core,
which are composed of two sets of histone H3, H4, H2A, and
H2B proteins. The key step in nucleosome reconstitution is the
dissociation of the H2A-H2B dimers from the nucleosome and
their reassembly. However, the molecular mechanism underlying
the displacement of the H2A-H2B dimer from the nucleosome is
unknown. Therefore, the research team conducted detailed
molecular dynamics simulations to reveal the molecular process.
First, they generated various distinct conformations of H2A-H2B
and DNA, which represent fully wrapped and partially
unwrapped nucleosome structures. They found that the docking
domain of H2A and C-terminal of H4 were the main contributors
to the displacement. Furthermore, they clarified that there were
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multiple paths for displacement that were dependent on the level
of DNA wrapping around the histone core. This suggested that
external factors such as histone chaperones could regulate the
path of the H2A-H2B dimer displacement by modulating the
intranucleosomal interactions between DNA and histones and/or
between H2A-H2B dimer and H3—H4 dimer in the nucleosome.
Importantly, the essential residues for intranucleosomal
interactions coincided with the sites of mutations and post-
translational modifications of histones, which were known to
play essential roles in assembling and/or reassembling the
nucleosome. Their results provide important insights into how the
H2A-H2B dimer displacement and nucleosome reconstitution
proceed along various paths that are based on the interactions
within the nucleosome [1]. More details of these of these
processes are described in the subsequent report.

The main goal of the DNA Damage Chemistry Team is to
clarify the nature of DNA damage induced by various agents,
particularly ionizing radiation. The team aims to utilize new
experimental techniques that can reveal the structure and/or
spatial distribution of DNA damage at the nanometer scale. The
focus of this team is currently on “clustered DNA damage,” in
which two or more DNA lesions are located within one to two
helical turns of DNA (within several nanometers of the DNA).
Repair of clustered DNA damage is considered to be challenging;
thus, it is potentially a detrimental type of damage induced by
ionizing radiation. However, its presence and microstructure
remain elusive, as few experimental methods have been able to
obtain data on the spatial distribution of DNA lesions. This
research team established a novel approach for detecting the level
of DNA damage localization through direct visualization. Atomic
force microscopy (AFM) has a resolution at the nanometer/sub-
nanometer scale; thus, DNA can be directly visualized using
AFM. They labeled DNA damage (abasic sites) by attaching
aldehyde reactive probes with biotin to abasic sites and then
attaching streptavidin to biotin. The large molecular size of
streptavidin enabled the detection of the site of damage using
AFM. Abasic sites were directly induced or further revealed by
removing the damaged bases by DNA glycosylases after
irradiation. Using this method, the complex nature of clustered
DNA damage could be visualized. They found that various types
of clustered DNA damage were generated: clusters that contained
two base lesions, more than two base lesions, and double-strand
breaks (DSBs) that accompanied base lesions [2]. They further
verified that the repair ability of clustered DNA damage was
compromised. X-ray induced clusters with more than two base
lesions could be repaired, but the repair rate was slightly lower
than that of other types of clustered DNA damage. Fe-ion induced
clusters with base damages could also be repaired, but their repair
rates were lower than those with isolated base damage. The repair
of DSBs with base damage was markedly retarded. Surprisingly,
the number of DSBs increased after 1 h of incubation, following
which they decreased slowly. A detailed description is provided
in the following report. The research team further developed a
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promising method for detecting clustered DNA damage using
fluorescence resonance energy transfer (FRET). In this method,
aldehyde/ketone moieties such as those at the abasic sites in
irradiated DNA were labeled by aminooxyl fluorophores.
Fluorescence anisotropy facilitated the estimation of the apparent
base-pair separations between lesions in a cluster produced by an
ion track and revealed that the yield of clustered abasic sites
increased upon increasing the linear energy transfer (LET) of
radiation. Both AFM and FRET approaches confirmed that these
novel analyses had the potential to discover qualitative and
quantitative differences in clustered DNA damage produced by
various types of ionizing radiation.

The goal of the Mechanism of Mutagenesis Team is to
elucidate the underlying mechanisms causing mutations, which
are highly relevant to carcinogenesis and the evolution of life.
One aspect of this team’s research focuses on events at very early
stages (around a femtosecond to picosecond), within a space in
the scale of nanometers, after energy transfer from ionizing
radiation, particularly ions. Using Monte Carlo simulations, the
research team demonstrated that, when water was exposed to
densely ionizing ion particles, some of the secondary electrons
ejected from the water molecules were trapped within the electric
potential created by the ionized water molecules. This result led
to the realization that the radial dose near the track of a densely
ionizing ion particle was much higher than that previously
considered. This highly localized energy deposition is likely to
produce a high yield of clustered DNA damage and thus, has
important implications regarding the drastic effect of ion particles
on cells. The research team took a further step to determine
whether this unique type of energy deposition would be relevant
to the biological effects of radiation. As most of the deposited
energy is eventually converted to heat, extreme heat in a very
localized space may lead to the generation of a strong pressure
wave, which has the potential to damage nearby DNA. As water
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constitutes 60—70% of a cell, the research team first conducted a
molecular-dynamic simulation of water, in which extreme heat
was introduced within a very localized volume at time zero. They
found that after several picoseconds, the density of water
molecules around the site of the injected heat was markedly
reduced. This result strongly suggests that a pressure wave was
produced by energy deposition. The team is currently
investigating the relationship between the amount of deposited
energy (=heat) and density of water around the injected heat.

Quantum life science is related to the 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. To achieve such goals, the research of the
three teams of the Institute of Quantum Life Sciences at the KPSI
is ongoing.
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Important Residues for
Stabilizing Nucleosome Core Particles

ISHIDA Hisashi and KONO Hidetoshi

Molecular Modeling and Simulation Team, Institute for Quantum Life Science

Our team is interested in the regulation of genomic DNA
function at the molecular level. Computer simulation is one of the
most powerful and useful methods to elucidate the mechanism of
the genomic DNA function, because no other experimental
method can capture the structure and dynamics of molecules in
such detail.

The genomic DNA of eukaryotes is compactly stored in the

nucleus and folded into chromatin, which is a high-order structure.

However, decomposition of the chromatin structure is required
for gene expression in cellular processes such as transcription,
replication, repair, and recombination. The nucleosome is the
fundamental structural unit of chromatin and is composed of two
each of H3, H4, H2A, and H2B histone proteins and 146 or 147
bps DNA wrapped 1.75 times around the octameric histone core.

The nucleosome has been experimentally shown to be highly
dynamic and undergoes structural changes such as DNA
breathing, nucleosome unwrapping, rewrapping, gaping, sliding,
assembly, disassembly, and histone exchange. The transient
detachment of one or both H2A-H2B dimers from the
nucleosome and reassembly with the aid of RNA polymerase 11
and/or histone chaperones appears to be involved in many vital
cellular processes such as transcription, replication, and
remodeling.

For the H2A-H2B displacement from the nucleosome, the
H2A-H2B dimer should be separated from the two H3-H4
heterodimers. In the H2A—H2B dimer, H2A has a long disordered

Model 1
H4' " H4
H3';5+45 H3
H2A % H2B’
H2B

Fig. 1 Four models with distinct DNA wrapping states for the
analysis of the H2A-H2B dimer displacement from the
nucleosome.

H2A (orange) and H2B (red), and H3 (blue) and H4 (green)
bind to each other to form H2A-H2B and H3—H4 heterodimers,
respectively. Two H3—H4 heterodimers further bind together to
form a (H3-H4): tetramer. Two H2A—H2B heterodimers bind
on both sides of the (H3—-H4), tetramer to form the histone
octamer, H2A-H2B — H4-H3 - H3'-H4" - H2B'-H2A’, where
the prime is used to distinguish two copies of each histone
protein. H2A interacts with the opposite H2A’. In the
nucleosome, DNA wraps the H2A-H2B — H4-H3 — H3'-H4~
— H2B'-H2A’" and H2A-H2A’, which forms ~ 1.7 turns of a
left-handed superhelix.
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C-terminal tail. A domain in the C-terminal tail, the docking
domain, stabilizes the intranucleosomal interactions between
H2A and H3-H4. However, it is not yet well known at the atomic
level how the dynamic disruption of the intranucleosomal
interfaces for the H2A—-H2B displacement from the wrapped or
unwrapped DNA occurs and how the dynamic disruption is
affected by the functionally important residues.

To understand how the disruption occurs and depends on the
DNA wrapping, we examined the H2A-H2B dimer displacement
from the nucleosome by all-atom molecular dynamics
simulations [1]. We conducted adaptively biased molecular
dynamics

(ABMD) — . T . .
simulations on g 0 .
. . SE
nucleosomes in which = 10 3
DNA is tightl S Model 1
Y & Model 2 3
wrapped to > 20 Model 2}
unwrapped states, 20 s ]
resulting in  four %-30 3 Model 4 3
models (Fig. 1). g -3 3
For each of the four (& -4 . E
models, we carried '4535 40 60

45 50
out umbrella sampling drAl
simulations of distinct Fig. 2 Free-energy curves of the H2A—
displaced H2B dimer displacement against d.
nucleosomes to obtain
the free-energy curves (FEC) of the H2A-H2B displacement
against the distance d between the two centers of mass of the
H2A-H2B and H2A'-H2B’ dimers. (Fig. 2). Fig. 2 shows that
the free energies rapidly increased from the minimums (denoted
by crosses in the figure), —41.1, —38.9, —-37.1, and —30.6 kcal/mol
at d = 37 A for models 1—4, respectively. This indicated that the
H2A-H2B displacement was more likely to occur from the
nucleosome with unwrapped DNA (models 2, 3, and 4) than from
the nucleosome with wrapped DNA (model 1).

Important residues that contributed to the free energy were
found to be involved in the mutations and posttranslational
modifications (PTMs), which are important for assembling
and/or reassembling the nucleosome at the molecular level and
are found in cancer =
cells  at  the =

] ==
; Glu41 2 m—
phenotypic level. e M i
e Va \ 35 40 45 50
(1) H24-H2B - oL / .
. g ™ R LY
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Fig. 3(a) Important residues at H2A—
H2B — H2A’-H2B’ dimers interface.
Bar graph shows frequency of
interaction between the dimer (high:
black; white: low) against the reaction

coordinate for each of the four models.

were found to be
important residues
for the interaction
between H2A-
H2B and H2A'-
H2B’ (Fig. 3(a)).
These mutations



would perturb the interface at the first stage of the H2A-H2B
displacement at d =~ 41 A and have an impact on the free-energy
component for the interaction of ~ 5 kcal/mol.

(2.1) H2A docking domain — H3" aN and a2 helices interaction

Lys56 and Thr58 in H3" aN, Ala98 in H3 a2, and Arg81 and
Thr101 in the H2A docking domain were found to be important
residues for the

| — | e— 1| —

interaction between the e — e 2 —
. . 2 — 7 e— 1 —
H2A docking domain [P TV )
3540 45 50 3540 45 50 35 40 45 50

and the H4" C-terminal Lys56 [\/*7 Thr58 _Ala98

domain (Fig. 3(b)). N-er)

These mutations \/'2
would  disrupt  the _,,,2,
H2A docking - | —
domain — H3" aN-helix ¢ % :ﬁm Nt
interface at d = ~ 42-45 A~ %\’ 3540 45 50
A and h i t — >

and have an impac ;7[; Alg8T Y, \}\

on the free-energy
component for the
interface of ~5
kcal/mol.

Fig. 3(b) Important residues at
the H2A-H2B — H3" interface.

(2.2) H2A docking domain — H4' C-terminal interaction
Arg99, Val100, and Thr101 in the H2A docking domain and
Lys97, Tyr98, and Gly99 of the H4" C-terminal were found to be
important residues for the interaction between the H2A docking
domain and H4" C-terminal, in this study (Fig. 3(c)).
In humans, Arg99 in H2A, which interacts with the H4 C-
terminal tail, is
substituted for lysine in
H2A isoforms encoded

by the H2AC7, | mm—

H2AC18, H2ACI12, }= Thr10

H2AC14, and H2AC20 3540 485 50

genes, and thv;se H2A Arg99 {2 g'g

isoforms are involved | 27 é

in carcinogenesis [2].  Femmi é=
Lys99Arg of the H2A 43"'5'”7412')“213"*?0L A —
isoform encoded by L’r\ \§ WL
HISTIH2AH in rafs SCJ? Q%

has shown a significant
effect on cell
proliferation [3].

These mutations can
disrupt the interface
between the H4 C-terminal and the H2A docking domain up to d
=~ 49 A and affect the free-energy component for the interaction
at ~ 6 kcal/mol.

Fig. 3(c) Important residues at the
H2A-H2B - H4" C-terminal
interface.

(2.3) H2B a2 helix — H4' C-terminal interaction
Ser6land Asp65 in
H2B 02 and Tyr98 in the
flexible H4" C-terminal
were found to be | e
important residues for e \
the interaction between
H2B and H4" C-terminal

(Fig. 3(d)).
Mutations in Ser61
and Asp65 of the H2B o2

helix (corresponding to
Ser64 and Asp68 in
humans) have frequently
been found in cancer
patients [4] [5]. Our
simulation showed that

Fig. 3(d) Important residues at
the H2B - H4" C-terminal
interface.

the H4" C-terminal also maintained a persistent interaction with
the H2B a2 helix up to d =~ 48 A. These mutations would perturb
the H2B — H4'C-terminal interactions and have an impact on the
free-energy component for the interaction at ~ 7 kcal/mol.

(3) H2A-H2B — H3-H{ interaction

Glu73, Tyr80, Arg89, and Arg96 in H2B and Asp68, Tyr72,
Lys77, and Arg92 in H4 were found to be important residues for
the interactions in the H2A-H2B — H3-H4 (Fig. 3(¢)).

The Glu73 and Arg96 contacts of H2B with H4 were
maintained for a long time during the H2A-H2B displacement
process, indicating their importance. In humans, Glu76Lys in
H2B o2 [4] [5] [6] [7] and Arg99Cys in H2B a3 [5],
corresponding to Glu73 and Arg96, respectively in this study,
have been found in cancer-associated histone mutations.
Glu76Lys disrupts histone octamer formation and nucleosome
structure [4]. Mutations at Asp68 in H4 a2 and Arg92 in H4 a3
have also frequently been found in cancer-associated histone
mutation [4] [5] [6].

These residues are well correlated with those that maintain the
H2B — H4 contact during H2A-H2B displacement up to d =~ 52
A. Mutations in such residues can perturb this interaction and
affect the free-energy component for the interaction at ~ 13
kcal/mol.
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Fig. 3(e) Important residues at the H2A-H2B — H3-H4
interface.

Summary

The residues shown in Fig. 3 correspond well with the mutated
sites found in cancer cells, suggesting that the loss of nucleosome
stability is strongly associated with dysfunction of gene
regulation.
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Single-molecule evaluation of radiation-induced

clustered DNA damage and its repair with
atomic force microscopy

NAKANO Toshiaki

DNA Damage Chemistry Team, Institute for Quantum Life Science

1. Abstract

Radiation-induced multiple locally damaged sites in DNA
(clustered DNA damage) are thought to be closely related to the
biological effects of radiation. A method has been established to
evaluate the complexity of clustered DNA damage in genomic
DNA extracted from TK6 cells irradiated with low-dose ionizing
radiation using atomic force microscopy (AFM). This was
realized by isolating and concentrating the DNA molecules with
lesions from all the irradiated DNA molecules (including intact
ones). This study aims to estimate the level of damage clustering,
in-vivo. We found that ionizing radiation causes clustered DNA
damage in TK6 cells, whereas Fenton's reagents do not induce
this damage, highlighting the importance of clustered DNA
damage as a signature of ionizing radiation. We further observed
that Fe-ion beams (high-LET radiation) produce various types of
clustered DNA damage with higher complexity, consisting of
more than two lesions, which are quite few in the case of X-rays.
Surprisingly, analyses of DNA damage repair revealed that non-
double-strand-break (non-DSB) clustered DNA damage was
repaired efficiently in TK6 cells after irradiation with either X-
rays or Fe-ion beams. The repair efficiency of complex DSBs,
which are frequently produced after Fe-ion beam irradiation, is
low.

2. Introduction

Radiation causes not only DNA scissions but also various
types of oxidative damage, the amount of which varies greatly
depending on the type of radiation. These lesions in chromosomal
DNA may lead to biological effects such as cell death, mutation,
and ultimately, cancer. Types of induced DNA damage include
base damage, abasic (AP) sites, single-strand breaks (SSB),
double-strand breaks (DSB), and DNA—protein crosslinks (DPC).
Endogeneously generated DNA lesions, as well as oxidative
DNA damage induced by Fenton reaction with hydrogen
peroxide in cells, are chemically identical to the individual
lesions induced by ionizing radiation. However, even when there
is no significant difference in the type of damage or total amount
of damage caused by radiation and hydrogen peroxide, the
biological effects of these two treatments differ greatly. From
these observations, it can been concluded that DNA damage
clustering is the signature of ionizing radiation, whereas
endogenous and chemical-agent—-induced DNA damage is mainly
isolated. Clustered DNA damage has been postulated to be
mainly responsible for the detrimental effects of ionizing
radiation because the repair of clustered DNA damage is
compromised (1).

In-vitro studies using chemically synthesized DNA lesions
have revealed that clustered DNA damage is often resistant to
repair. The extent of repair is governed by the extent of separation
between the lesions, type of lesions, and number of lesions within
a cluster. Furthermore, the hierarchy of damage excision is
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proposed to depend on the type of lesion. Compromised repair of
lesions of a cluster is further supported by the findings in-vivo,
where replication inhibition or mutation induction is readily
observed depending on the configuration of lesions in a cluster.

In addition to the enzymatic conversion method described
above, estimation of the localization of DNA damage has been
attempted using fluorescence resonance energy transfer (FRET)
between fluorescent dyes that are labeled to AP sites (2).
Although this method clearly demonstrates the overall average
extent of damage clustering, it does not reveal the complexity of
clustered DNA damage. Previously, we developed a method to
observe radiation-induced clustered DNA damage in plasmid
DNA in-vitro. By labeling DNA damage sites with biotin and
subsequently with avidin, we directly visualized DNA damage
using atomic force microscopy (AFM). We found that a higher
fraction of clustered DNA damage was generated upon increasing
the LET and that DSB accompanying the base damage/AP site at
the DNA ends was produced. A great amount of information on
the yield and especially, complexity of clustered DNA damage
was obtained using this novel AFM technique (3). The proportion
of various types of X-ray—induced clustered DNA damage
demonstrated by AFM was further compared with that calculated
by simulation, and they showed good agreement (4). However, it
has not been possible to study the complexity of cellular DNA
damage. In this study, we aim to use AFM to measure the DNA
damage caused by DNA within cells.

3. Methods

Visualization of DNA damage in chromosomal DNA of TK6
cells by AFM

The amount of DNA damage produced in cells is expected
to be considerably low when the same dose is applied in-vitro, as
we irradiate the plasmids under low scavenging conditions
relative to those of the cells in our previous study. It has been
reported that the yield of DNA damage in 1 x TE is approximately
1/20 of that in cells. Therefore, to visualize clustered DNA
damage in genomic DNA by AFM, selective enrichment of the
damaged DNA is necessary. In this study, to enrich the damaged
DNA, we explore the possibility of labeling damaged DNA with
biotin and then pulling it down with avidin-coated magnetic
beads, as avidin is known to have an extremely high affinity for
biotin. However, as the size of the avidin-coated magnetic beads
is widely distributed, additional steps to replace the magnetic
beads with streptavidin monomers are required to directly
visualize the level of damage clustering of the enriched damaged
DNA, through AFM. We first prepared biotin-labeled
oligonucleotides as a model of damaged DNA bound by ARP-
biotin and attempted to recover the DNA using reversibly elutable
streptavidin monomer-immobilized magnetic beads. Biotin-
labeled double-stranded DNA was highly enriched under our
experimental conditions. Next, we tried to release the magnetic



beads from the biotin-labeled DNA. After heat treatment at 90 °C
for 2 min, the magnetic beads were released from the recovered
biotin-labeled DNA, but streptavidin was not. After heat
treatment at 95 °C for 5 min, streptavidin was successfully
released, but the DNA was denatured. Proteinase K treatment was
required to completely remove streptavidin from biotin-labeled
DNA without any denaturation of DNA. The recovery rates of the
DNA damaged by the beads were approximately 30%. Under our
experimental conditions, the base damage and clustered DNA
damage that occurred in the chromosomal DNA of TK6 cells
were observed by AFM. The analysis of clustered DNA damage
using a DNA-containing model clustered damage revealed that
two biotin—streptavidin tags at the defined damage sites with a
separation of 3bp could be clearly distinguished (5).
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Fig. 1 Outline of DNA damage analysis

4. Results and discussions
Damage caused by hydrogen peroxide, X-rays, Fe-ion beams

AFM analysis revealed that the enriched damaged DNA
contained isolated base damage, two-lesion clusters, complex
DSB (DSB+ base damage), and complex clusters. As the damage
enrichment step did not recover all the damaged DNA fragments,
we took an approach to first determine the fraction of each type
of damage, and then the number of base damages contained in
each damage type, to obtain an accurate yield of each type of
damage. Knowing these two values enabled us to calculate the
yield of each type of damage from the total base damage yield
quantified by slot blotting. In the case of Fenton’s reaction, the
fraction of isolated base damage was 90%, and the fraction of
complex DSB was approximately 8%. These DNA damage
fractions did not significantly change with varying concentrations
of H202 from 0.25 to 1 mM. We do not know why complex DSB
were found in a relatively high fraction after H2Oa treatment. The
yields of isolated damage and complex DSB were estimated to be
1.2 and 15.2 per 10° bp per 0.5 mM of H0a, respectively.
Regarding the irradiation of ionizing radiation, the overlap of
radiation tracks in the dose range used in this study was negligible,
and the damage was very likely induced by a single radiation
track. Indeed, the fraction of clustered DNA damage, which
included complex DSB and two-lesion clusters, did not seem to
be strongly dose-dependent. In the chromosomal DNA from X-
ray irradiated TK6 cells, in addition to isolated base damage and
complex DSB, two-lesion clusters were observed. The average
fractions of isolated damage, two-lesion clusters, and complex
DSB were 83.5, 12.2, and 5.3%, respectively, after X-ray
irradiation. In the case of Fe-ion beams, the types of DNA damage
generated were isolated base damage (60.3%), two-lesion
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clusters (20.2%), complex clusters (4.8%), and complex DSB
(5.3%). The ratio of isolated damage to clustered damage was
11.0:1.0 for X-rays and 2.1:1.0 for Fe-ion beams. Our analysis
demonstrated that Fe-ion beams produced clustered DNA
damage more preferentially than X-rays did. Densely ionizing
Fe-ion beams produced more clustered DNA damage than
sparsely ionizing X-rays (5).

Isolated Base damage

DsB+Base damage

Cluster damage

Complex damage

A

(9

Fig. 2 AFM imaging of DNA damage in TK6 cells irradiated with
Fe-ion beams.

Repair of DNA damage caused by X-rays and Fe-ion beams

Next, we examined the repair efficiency of each type of
damage induced by ionizing radiation. Irradiated cells were
incubated for up to 18 h, and the fraction of each type of damage
and the amount of damage were monitored. The amount of each
damage was calculated by multiplying the fraction with the total
amount of base damage determined from the slot blot
experiments. After irradiation with 40 Gy of X-rays, the fraction
of clustered DNA damage slightly decreased with increasing
incubation time. At 1 h after irradiation, approximately half of the
isolated base damage was repaired, and the resultant damage
further decreased to 20% or less at 6 h. Surprisingly, the two-
lesion clusters and the complex DSB were repaired at a rate
similar to that of isolated base damage. Approximately 60% of
the induced complex DSB were repaired by 6 h, and 90% of the
total DSB were repaired slowly by 18 h. Total DSB were repaired
at a rate similar to that of complex DSB. After 18 h of incubation,
the amount of isolated base damage was almost the same as that
of the unirradiated control, although some complex clusters
remained. In the case of Fe-ion beams at 40 Gy, similar to X-rays,
the isolated damage along with the two-lesion clusters were
repaired efficiently. One hour after irradiation, 50% of these types
of damages were repaired, and the unrepaired fraction decreased
to 20% or less at 6 h. However, a small number of two-lesion and
complex clusters remained even after 18 h of incubation.
Interestingly, the number of complex DSBs increased slightly
after 1 h. The total DSB was repaired more slowly than in the case
of X-rays, and even after 18 h of incubation, approximately 40%
of the total and complex DSB terminals remained unrepaired (5).
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