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Preface

This annual report from the Kansai Photon Science Institute (KPSI) provides highlights on the scientific
and technical research that was conducted over the 2020 fiscal year (FY2020).

KPSl is one of the research and development (R&D) bases of the National Institutes for Quantum
and Radiological Science and Technology (QST). At KPSI's two R&D sites—the Kizu site in Keihanna
Science City in Kyoto Prefecture and the Harima site in Hyogo Prefecture—R&D in optical science and
technology is promoted using lasers and synchrotron radiation, which is the mission of the KPSl at QST.
At the Kizu site, we are conducting cutting-edge research such as developing new types of laser-driven
radiation sources based on world-class high-intensity laser technology, development of an ultrafast
measurement methodology using ultrashort pulse technology, and quantum life science research to
understand radiation effects and develop new medicines. At the Harima site, we are conducting state-
of-the-art research in material science by utilizing the two beamlines (BL-14B1 and BL-11XU, SPring-
8) at the synchrotron radiation facility SPring-8 and are developing equipment for the next-generation
synchrotron radiation facility that is being constructed in Sendai, Miyagi Prefecture.

In FY2020, due to the influence of the new coronavirus COVID-19, the experimental facilities
were shut down for about three months, and the Kids' Science Museum of Photon, which is attached to
the research institute, was closed throughout the year. However, through the efforts of all the staff, we
were able to achieve some wonderful research results. In the research field of laser science at the Kizu
site, there has been steady progress in the development of a laser ion accelerator system and its use for
carbon ion acceleration for the realization of quantum scalpels. Through experiments using the J-
KAREN laser, we obtained deeper understanding of the ion acceleration mechanism in the TNSA
scheme. In ultrafast electron dynamics, we successfully visualized new chemical reaction pathways and
succeeded in new attempts to use a technique of flying mirror of high-density electrons for pulse
compression and up-shift of teraheltz radiation. In the field of quantum life-science, remarkable results
have been produced, such as the structural analysis (prediction) of nucleosome DNA and RNA using
molecular dynamics simulations, the elucidation of the spatial distribution of clustered DNA damage,
and the discovery of a new mutation generation pathway due to the damage. In the research field of
material science at the Harima site, we discovered new a hydride formation for the CosTi alloy under
high pressure using the x-ray diffractometer of BL-14B1 and established a theoretical framework for
qualitatively evaluating the polarization of characteristic x-rays from iron atoms in magnetic materials.
Furthermore, as an industrial application, the laser tunnel inspection technology has been adopted in the
inspection support technology catalog of the Ministry of Land, Infrastructure, Transport, and Tourism.

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

Good day, 2021
KAWACHI Tetsuya., Director General of KPSI
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Advanced Photon Research Activities

Kiminori Kondo

Department of Advanced Photon Research

In the department of Advanced Photon Research, the
primary research focus is the science and technology of advanced
lasers. High-peak-power laser technology, high-repetition-rate
and high-stability laser technology, and ultrashort-pulse
technology are of particular importance. These technologies are
developed in-house and applied to various objects. The largest
laser system at the Kansai Photon Science Institute (KPSI) is the
petawatt (PW)-class high-peak-power laser J-KAREN-P. This
system has been upgraded since obtaining a supplementary
budget in FY2012, and the lengthy commissioning operation was
completed three years ago. Internal users at the KPSI and external
users have used the system in its PW-class operation mode. In
fiscal year 2020, 20% of the total machine time has been shared
with external users, a decrease from 30% in FY2019. This decline
in external usage results from a decline in the total machine time.
The total machine time has been limited to maintain a sufficient
duration for designing and constructing a large aperture plasma
mirror system for J-KAREN-P. This includes an estimation of the
beam quality by candidate suppliers. However, despite the
original decline in external usage, some ion acceleration
experiments have been postponed to the next fiscal year
(FY2021) to compensate for the shutdown in FY2020 due to
Covid-19, as can be imagined. Therefore, after the cancellation
of the state of emergency, an extreme focused intensity of over
10%* W/cm? on targets with extremely high-contrast suppression
of the optical component proceeding to the main pulse has been
supplied to the users. This 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

Laser driven secondary
radiation source

—"O ‘
il “li,““k‘“ .
:i

Ultrafast probe for life and
material science

deliver optimal laser pulses, but also develops and introduces new
technology to maintain J-KAREN-P in world-class conditions.
Dr. Kiriyama reports the investigation and improvement of pre-
pulse generation by post-pulse in the J-KAREN-P laser system,
which is important for producing high quality high-peak-power
laser pulses. The High-Intensity Laser Science Group mainly
studies laser-driven ion acceleration, laser electron acceleration,
and relativistic high-order harmonic generation with J-KAREN-
P at the KPSI.

One of the most important applications is the development
of a laser-driven secondary radiation source. An extremely
intense optical field can be formed by focusing an extremely high
peak power to a small spot size. Atoms and molecules exposed to
this extremely intense field are immediately ionized by field
ionization. The corresponding optical intensity on the atomic unit
is only 3 x 106 W/cm?, which is much lower than that generated
with J-KAREN-P. The generated free electrons move along the
extremely intense optical field, and ultra-relativistic quiver
motion is induced. These energetic quivering electrons induce the
generation of various secondary radiations. This suggests the
possibility of a compact energetic quantum beam source without
the use of conventional accelerator technology. If this technology
is established and applied to various fields, a type of destructive
innovation could occur. Dr. Nishiuchi explains the dynamics of
laser-driven heavy-ion acceleration as clarified by ion charge
states, which is key knowledge for developing a laser driven ion
accelerator. For studying laser driven ion acceleration, the
estimation of the spectrum of energetic electrons is a critical issue.
These energetic electrons drive the extreme acceleration sheath

Application and
Industrialization

Advanced Laser Science & Technology

High peak power

High rep-rate and stability

Ultrashort pulse

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



field at the rear side of a thin foil target. Dr. Sakaki created a new
algorithm using L1 regularization for measuring electron energy
spectra. He introduced this new algorithm to estimate a more
realistic electron spectrum in the reconstruction of the spectrum
from the experimentally obtained raw spectrum. One of the most
important applications of laser-driven energetic particles are
quantum scalpels, which is a new heavy-ion cancer therapy
machine that is planned to be developed within the next six years.
The development of a quantum scalpel is the one of the main
projects at the National Institutes for Quantum and Radiological
Science and Technology (QST). The injector of the quantum
scalpel is based on the laser-driven carbon accelerator. The JST-
MIRAI research and development program (large-scale type)
began in November of 2017. The aim of this program is to
demonstrate a proof of concept (POC). In addition to an ion
accelerator, a laser plasma electron accelerator is also under
development at the KPSI within the MIRAI program. In this
program, the demonstration of a POC of the laser driven heavy
ion injector must be shown by the end of FY2026. Therefore, the
X-ray Laser Group shutdown the 0.1 Hz x-ray laser driver
(TOPAZ) and began to develop a high quality 10 Hz x-ray laser
driver in the previous fiscal year (FY2019). This system is based
on acommercial 10 TW/10 Hz chirped pulse amplification (CPA)
Ti:sapphire laser system. For stable operation, the front end of
this system is based on a 100 Hz LD pump solid-state laser. By
using a double CPA structure, very high quality 30 TW laser
pulses will be generated not only for 10 Hz x-ray laser operation,
but also for the stable ion beam generation for the MIRAI project.
With this system, results that are more precise should be extracted
in ion acceleration experiments using a suitable ion spectrometer.
Dr. Kojima explains the development of a compact Thomson
parabola spectrometer with a variable energy range that can
measure the angular distribution of low-energy laser-driven
accelerated ions. As an application of the intense x-ray laser, Dr.
Ishino reports the soft x-ray laser beamline for surface processing
and damage studies.

As mentioned above, the focused laser intensity of over
1021 W/cm? has been achieved with J-KAREN-P, while 10%
W/cm? has been reported by CoReLS in South Korea. One of the
most challenging tasks in experimental research is achieving a
Schwinger field of 102° W/cm?, in which a vacuum can be broken
down to pair creation. Dr. Koga reports the creation of an
electron-positron pair in electric fields generated by micro-
bubble implosions. By using the novel idea of micro-bubble
implosions, a Schwinger field might be generated.

Another important application of advanced laser science
and technology is an ultrafast probe for life and material science.
THz radiation is also mainly developed at the Ultrafast Dynamics
Group for material science. Until three years ago, the C-Phost
project had been performed by the Ultrafast Dynamics Group.
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Strong THz radiation is generated with QUADRA-T, a kHz 10-
mJ ps laser system. These radiation and laser systems are used for
various ultrafast dynamics research. Dr. Tsubouchi reports on the
relativistic Doppler reflection of terahertz light from a moving
plasma front in an optically pumped Si wafer. Related to the study
of ultrafast molecular science, Dr. Endo details the capture of
roaming fragments from the dissociation of formaldehyde in real-
time. He has analyzed the experimentally obtained Coulomb
explosion images to demonstrate a new dissociation mechanism.
For life science applications, a bright and stable short pulse laser
system has been developed and applied to a two-photon
microscope for observing the neuron dynamics in mouse brains
at the National Institute of Radiological Sciences (NIRS). This
research has demonstrated notable results after the unification of
NIRS and JAEA four years ago. In this fiscal year, for probing a
deeper part in brain, a three-photon microscope is under
development following the previous fiscal year. Moreover, the
ultrashort probe has been upgraded to the attosecond regime. The
attosecond research at the KPSI could thus commence. The
related study of CPS laser fabrication has also been ongoing. This
research is supported by the Q-LEAP program, which started
three years ago. This project will be undertaken by the Ultrafast
Dynamics Group and the X-ray Laser Group. The X-ray Laser
Group studies the interaction between intense x-rays and solid
materials with the laser—plasma-based x-ray laser at the KPS| and
SXFEL at SACLA. Intense x-ray fabrication is an important fine
structure fabrication technology, which has advanced current
laser fabrication technology.

In a manner, the most important application of our
advanced laser science and technology is industrialization. The
new SIP program for the development of nondestructive tunnel
inspection technology began last year, following the previous SIP
program that finished three years ago. This technology is being
tested for its commercial application at the venture company
Photon-Labo. One of the key tools of nondestructive tunnel
inspections is the high-average-power high-repetition-rate
intense laser technology. This technology is used for contact with
the inner surface of the concrete tunnel to induce an acoustic
wave inside the wall. To induce an acoustic wave with a sufficient
amplitude, a 2-J pulse with a 10-Hz repetition rate system has
been developed and successfully loaded onto an inspection
vehicle. This technology is closely related to the development of
high-average-power high-peak-power laser systems, which could
be used in the laser-driven carbon ion injector in the quantum
scalpel. Medical applications are an additional important
consideration. By using high power laser technology, a strong and
compact infrared laser can be developed for various medical uses
including blood glucose measurements. Additionally, Dr.
Aoyama presents the potential application of this technology to
the field of pathology.



Clarification of the dynamics of laser-driven

heavy-ion acceleration by ion charge states

Mamiko Nishiuchi

High Intensity Laser Science Group, Department of Advanced Photon Research

In the past decade since a fast high energy proton beam was
observed from the interaction between a high power laser pulse
and a solid density target, the majority of ion acceleration
research has focused on low-Z ions, such as protons (Z = 1) or
carbon (Z = 6) [1]. This is because the laser intensity was
insufficient to expel the electrons around the heavy nuclei
efficiently, which is a key requirement for the efficient
acceleration of heavy ions by the laser. Recent progress in laser
technology has produced petawatt (PW) lasers with focused
intensity nearing 102> W/cm? [2], whose laser field is strong
enough to strip the electrons surrounding the heavy nuclei and
accelerate the heavy ions towards higher energies [1]. These
results greatly encourage the application of a compact heavy ion
accelerator system, as conventional sources of low-Z ions are
already relatively compact, and high-Z sources cannot achieve
high energies and charge states, resulting in heavy-ion accelerator
complexes being extremely large with unavoidable beam
emittance growth.

To realize the applications, even higher Z and higher energy
beams are required. Unfortunately, the ionization dynamics and
the interplay with the acceleration mechanisms are far from being
fully understood, as the laser-irradiated target is a highly non-
equilibrium, dense, and high-energy density plasma in an
unexplored parameter regime. Furthermore, target surface
contaminants effectively shield the target ions, preventing
efficient acceleration without special treatment.

Therefore, we investigated experimentally, analytically, and
numerically the ionization and acceleration dynamics of highly
charged silver ions from foils driven by a femtosecond PW-class
laser pulse focused to a peak intensity of 5x10% W/cm?[3]. By
varying the silver foil thickness, the suppression of the maximum
proton energy with thinner targets is demonstrated while
simultaneously increasing the charge state and the maximum
energies of the silver ions. With an optimum target thickness of
500 nm, high flux, highly charged, high-energy ions are observed,
while for the thinnest target of 50 nm, the maximum charge state
and energy increased while the flux is reduced and the
acceleration is less controllable. Combining analytical
considerations with numerical hydrodynamic and particle-in-cell
(PIC) simulations, it is demonstrated that the surface contaminant
at the rear surface is pre-accelerated and effectively blown off
during the intrinsic relativistic rising edge in PW-class laser
pulses, resulting in reduced contaminant ion energies and
enhanced acceleration of bulk target ions. The bulk electron
temperature in the target reached ~10 keV, resulting in significant
ionization by collision of the silver M-shell and L-shell. These
highly charged silver ions could subsequently be extracted by
strong sheath fields of ~ 40 to 80 TV/m at the target rear, without
being shielded by surface contaminants.

The simulations show that the increase in charge state from
the thinnest targets is due to additional field ionization by the
intense field of the laser as it bores through the target. Therefore,
by careful observation of the ion charge state, we have been able
to investigate the transition between collisional and field ionized
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Fig. 2: (Left) Experimentally observed silver L-shell spectra
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maximum energy of silver ions to that of a fully stripped
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heavy-ion acceleration. The investigation of the ionization and
acceleration mechanisms of highly charged ions therefore
provides a path for improving the control and capabilities of laser-
driven heavy-ion sources, a key component for next-generation
heavy-ion accelerators.

The experiment was performed at the J-KAREN-P facility
at the Kansai Photon Science Institute [4], as shown in Fig. 1
(left). The -KAREN-P laser was focused onto a thin silver target
with thicknesses ranging from 50 to 800 nm. The contrast of the
laser was measured using a third order cross-correlator (Fig. 1
right), and used to simulate the pre-pulse expansion using a
hydrodynamics code (FLASH). Radiochromic film (RCF) stacks
measured the proton beam profile on a single shot basis along the
target normal direction, 50 mm behind the target. A slit in the
center of the RCF stacks allowed coexistence with a Thomson
parabola (TP) for concurrent quantification of the ion spectra [5]
in the target normal direction (Fig. 2).

Figure 2(left) shows the spectra of the highly charged silver
ions (L-shell, Z» = 38-45) detected with the TP for targets with
thickness of 50, 300, and 500 nm, where Z * denotes the ionization
charge state. The highest maximum energy of the silver was
found for the 50 nm target (26(+%) MeV/nucleon with Z* =
45(%2%,)), decreasing for the 300 and 500 nm foils to >10 MeV/u,
with a Z» of ~ 40. For the 800 nm target, we could not
unambiguously observe any signal from the silver ions in the
energy range above the detection limit of 5 MeV/nucleon, setting
an upper limit on the silver ion energies. However, in the energy



range of 5 to 10 MeV/nucleon a higher silver flux was observed
with the 300 and 500 nm targets than for 50 nm. At the same time,
the observed proton maximum energies on the RCF gradually
decreased from ~ 47 MeV for the 800 nm target to ~ 35 MeV
for the 50 nm target. Target thicknesses greater than 500 nm
resulted in proton beams with smooth spatial distributions along
the target normal, indicating that the acceleration mechanisms for
the thicker target is dominated by target normal sheath
acceleration (TNSA), which is also supported by the lack of
observed transmitted light through the target. However, for
thinner targets, the spatial uniformity of the proton beam
worsened considerably, suggesting laser-pre-pulse-driven pre-
expansion of the rear surface or a different acceleration
mechanism. Figure 2(right) shows the ratio between the
maximum energies of the silver and protons, and silver and C6+,
indicated by red and blue points respectively. As the target
thickness decreases, the ratio of silver ion energy to contaminant
energy clearly increases.

Log(np/n,,) -5 Log(n,

Fig. 3: Density distribution of the (a) protons, (b) deuterons, and
(c) silver ions at the peak of the main pulse for the 500 nm silver
target.
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Fig. 4: In the left panel, the (upper) average charge state
distributions and (lower) temperature distribution in the 500 nm
target are shown, while in the right panel, the spectra of silver
ions with a momentum px > 0 are shown. Those in the upper
(lower) row are ions whose last ionization was due to field
(electron impact) ionization.

The PIC simulation was performed to investigate the
ionization mechanisms of the accelerated silver ions using the
PICLS code [6]. The result of the hydrodynamical simulation was
used as an input to the PIC simulation. Figure 3 shows the density
distribution of the ions at the peak of the main pulse arrival,
showing contaminants effectively detach from the target rear and
moving over ~ 2 pm, where the density drops below the
relativistic critical density y ncr. However, the silver bulk is not
significantly deformed and maintains a steep density profile on
the rear surface with an electron density higher than y ncr.
Therefore, a large sheath field is, excited at the rear of the silver
target instead of in the detached contaminant plasma. Its strength
reaches 52 TV/m at maximum and takes 50 fs to decrease to 80
percent of the maximum. Figure 4 (left) shows the average silver
charge state (upper) and bulk electron temperature distribution
(lower) 35 fs after the main pulse arrival. The temperature of the
bulk of the target rises to >10 keV, sufficient to collisionally
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ionize the silver ions up to the L-shell, which was observed in the
experiment.

However, the conditions differ drastically for the 50 nm
target. The 50 nm target is strongly expanded by the pre-pulses
and rising edge well before the main pulse arrives, although it
remained initially opaque to the laser. The laser field ionized
highly charged silver ions at the front of the target. These ions
were pushed forward by the radiation pressure of the laser toward
the target rear to be accelerated by the strong sheath field. The
experimentally observed high charge states of silver cannot be
only achieved by the field strength of the sheath field, requiring
the laser field as well.

Even though we observe highly charged high-energy silver
ions from the 50 nm target, the transition of the dominant
acceleration scheme from TNSA to hole boring (HB) and TNSA
is strongly dependent on the rising edge of the main pulse, which
is not easy to control even for state-of-the-art PW class lasers. A
small change in target thickness or laser rising edge can
significantly change the interaction and generated ion beam. Thus,
for a stable source of highly charged high-energy ions with a good
collimation, using a slightly thicker target and relying on the
collisional ionization and extraction by the TNSA may be optimal
for many applications.

In conclusion, we have investigated and elucidated the
dynamics of ultra-intense laser-driven heavy-ion acceleration.
Highly charged high-energy silver ions were accelerated by a
short pulse petawatt class laser interacting with a silver target
with an optimum thickness (500 nm), with ionization being
dominated by electron collisional ionization inside the target,
which was heated to over ~ 10 keV by high-intensity short laser
pulses. However, for the higher energy silver ions generated by
the thinnest targets, the dominant ionization process shifts to field
ionization by the laser. In this case, the acceleration is the
combination of hole boring driven by photon pressure at the
target front- and the rear-side sheath field acceleration. This
comprehensive understanding of laser-driven heavy ion
acceleration dynamics paves the way for controlling the
production of highly charged high-energy heavy-ion beams with
PW class high-intensity short-pulse lasers.
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New algorithm using L1 regularization
for measuring electron energy spectra

Hironao Sakaki

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

Electron magnetic spectrometers are a commonly used
diagnostic tool for measurement of the energy spectrum of
electron beams. In our research, they are used to measure the
electron energy spectrum produced during laser-driven particle
acceleration. They are important tools to investigate the physics
of the high intensity laser-matter interaction. We have published
that the high-speed and high reliability of the tool was
demonstrated by fusing the L1 regularization algorithm and
electron magnetic spectrometers?, and explain this method in this
report.
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Fig. 1 An infinite number of combinations exists of light blue
distributions that produce detection data (red line). The
deconvolution process becomes an ill-posed problem and
crosstalk complicates the separation of the individual sources.

Figure 1 is an approximate schematic of the measurement of
detected electrons with a broadband energy distribution with an
electron magnetic spectrometer. In the case of a single energy,
one spectrum with the energy dispersion can be obtained;
however, for a broadband energy distribution, the detected data
(the red line) convoluted by the single distributions. Recovering
the spectrum from the detected data from an electron
spectrometer is a problem known in the signal processing field as
source separation (SS), in which multiple sources (electrons of
different energies) are mixed and combined in the measurement,
resulting in an overlapping signal on the detector (crosstalk).
Thus, the spectrum deconvolution process can become a
mathematically ill-posed problem and crosstalk complicates the
separation of the individual energy spectra. The current
optimization method has a problem in that the solution cannot be
uniquely determined in the SS problem, and in such a case, it is
necessary to make an initial guess close to the solution so that the
deconvolution process can lead to an optimal solution. The
analysis of physics data requires objective analysis, and thus it is
better that the initial value is chosen randomly. However, in
general analysis, the initial value often includes the analyst’s
subjectivity. To improve measurement resolution, “sparse
coding”, a method of converting input data into a combination of
bases and using L1 regularization to retain only the minimum
number of bases required to reproduce the input, has recently
become widespread®. With appropriate consideration of the
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hardware configuration, an optimal result can be reproduced even
from poorly resolved signals. This idea gives a mathematical
solution to the ill-posed problem, in assuming the mathematical
condition of "sparse (minimal parameter)”. By giving
mathematical conditions to the solution, the retrieved spectrum
allows removal of analyst subjectivity (Fig. 2).

L1 regularization
(Sparse coding)

Minimal single energy
parameters

Organized spectra
Fig. 2 Assuming a mathematical condition of "detected data is
composed of minimal single energy spectra (minimal
parameters).” Sparse coding organizes the spectrum into a
simple discrete distribution.

Here, L1-constrained Huber loss minimization (L1CHLM),
a type of L1 regularization algorithm, is used. The algorithm is as
follows®:
1. Initialize parameter 0, e. g., randomly or by ordinary Least Squares,
0, « oty
, @ is the detector’sresponse function, and y is the measurement.
2.Compute the weight matrix W and regularization matrix ©
from the current solution 6 as
W = diag(w;,...,wy) and @ = diag(|04],...,10,]),
where the weight w; i s defined using residual re;
=y; — fo(z) as
(Ire;l < m),

1
w; =
{“/|rei| (Ireg| > ).

Here, 1 is a threshold to judge outlier and normal values.
3. Compute the solution 0 based on the weight matrix W

regularization matrix © as

0,1 <« (@TW® + 20" 1o Wy.

Here, A is the L1 regularization factor that optimized for the

system, and n is the number of iterations.
4. The calculated ; is positively constrained with a ramp

function with a small minimum cut off.

0; = max(1071°,0,).

5.Iterate 2 — 4 until ||0,,,; — 0,,|| converges.

As shown in Figure 2, the sparse coding algorithm produces
a discrete distribution. This is a natural result of the L1 constraint,
such that the spectrum is expressed by a minimum number of
response functions for the spectrometer's detector. However, even
if the retrieved spectrum is produced by sparse coding that is
mathematically correct, it cannot accurately reproduce the real
electron energy spectrum. Therefore, we reconsidered the
physical meaning of this spectrum from the result of the sparse
coding.

The solution consists of the Nsp distribution in which the
degree of sparsity depends on the spectral width of the detector



response function @, giving a step size of dEsp that the LLCHLM The input was reproduced for initial values of 1.0 MeV and 15.0

algorithm automatically selects, as shown in Fig. 3 (a). This is a MeV. In cases where the initial value was greater than 10.0 MeV,
physical interpretation that is given to the solution as a sparse the high-energy part of the retrieved spectrum did not match the
spectrum is an integrated value of mixed electron energy source spectrum (Fig. 4(a) pink dot-line). A correct spectrum
distributions that are in the automatically optimized peak position cannot be obtained unless a value close to the correct spectrum is
interval of dEsp. To determine the correct interpretation of the used as an initial value. If the initial value is chosen randomly,
physical spectrum, we instead regard the automatically optimized the norm of the parameter does not converge, even after more
peak position interval dEsp as an optimized bin width of the than 30000 iterations, and no solution can be obtained (Fig. 4(b)).
spectrum, and Nsp is normalized with this bin width (Fig. 3 (b)). Alternatively, the parameter changes during the algorithm
This procedure is referred to as "decoding”, in contrast to sparse iterations, showing a rapid convergence as the number of
coding. By this decoding, an electron distribution with an iterations increases (Fig. 4(d)). Compared to the SGDA, as the
optimized energy bin width is reproduced from the sparse coding number of iterations increases, the norm of the parameter from
result (Fig. 4(c) red line) that closely matches the original input the sparse coding converges rapidly in less than 300 iterations and
spectrum (Fig. 4(c) pink dot-line). reaches a stable value. This is two orders faster than the stochastic

gradient descent. The sparse decoding results (Fig. 4(b) red line)

s e u o i g - - - - -
4) Sparse codin also agree with the source spectrum (Fig. 4(b) pink dot-line) with

® ) ) -
i an error of 4% or less, demonstrating the effectiveness of this
method.
ol Ny irn) When used for actual measurements, algorithms often fail to
[ O 4l IR perform well due to noise generated in the measurement system.
, IR Therefore, a verification was carried out by the J-KAREN-P laser
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decoding. Fig. 5 (a) The convergence of the norm when sparse coding the
measurement results. (b) Measured intensity of the detector (blue
The sparse decoding and a previous technique (stochastic line), and after sparse coding (red line) and decoding (black line).
gradient descent algorithm, SGDA) were compared to the
geometry of the electron spectrometer using the beam transport Figure 5(a) shows the convergence of the norm of the

simulation (PHITS code) with an electron temperature of Te = 5.0

MeV. SGDA need iritial value f id - parameters during the sparse coding, demonstrating that the
eV. needs an initial value for rapid convergence. Figure lqorithm is not aff noise. This alaorithm random
4(a) shows the result of the optimization with various initial algorit s not affected by noise. This algorithm uses a rando

values of Te = 1.0 to 15.0 MeV. initial value; however, the parameters converge after 2000
iterations on the measured data. Figure 5(b) shows the final

“Stochastic Gradient Descent Algorithm™ “Sparse decoding” . .
¢ P . spectrum after decoding (black line). The small peak at 20 MeV
= IR o (0) || T ppa odine on the measured data is from crosstalk. The decoded signal shows
2 = T decreasing crosstalk.
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g 104 —ln,:!ﬂ\m.-:&oomg_\- . 104 : - .
E z;;:;;;;_:;gg;; ~ "source separation” problem, and performed an analysis via
RRTE Sttt 109 sparse techniques. This analysis concept of automatic bin width
0 20 40 60 .. . . .
0 Z[E)ne;g}-(Meé? 60 » Fnergy (MeV) optimization obtained from sparse coding could be a novel
0 [ ) e TS T spectrum diagnostic method for not only electron spectroscopy
102 10! | eete=mancm but also for other spectral measurements.
a? 104 ;; | Te=5.0MeV
T T 108
g S ‘ Acknowledgments
- -8 - 4 - - - -
110" 105 Wy We would like to thank Professor Sugiyama, who is a director for
o ; RIKEN Center for Advanced Intelligence Project, for important
0 10000 20000 30000 o o0 200 am a0 COmments on LICHLM.
Iteration numbers Iteration numbers

Fig. 4 (a) The result of the SGDA, assuming various initial values

of Te from 1.0 to 15.0 MeV. (b) Convergence of the norm of the Reference$ _

parameter with the SGDA when initial value is Te=5.0 MeV. (c) ~ 1. H.Sakaki, etal., Rev. Sci. Inst,, 91, 075116 (2020).

The result of the sparse coding for a random initial value. (d) 2. David L. Donoho, IEEE TRANS. ON INFO. 52, 4 (2006).

Convergence of the norm of the parameter with sparse coding for 3 M. Sugiyama, “Introduction to Statistical Machine
a random initial value. Learning”, Elsevier Inc, 279-293 (2015).

21



Vacuum Pair Creation via Ultrahigh Intensity Laser

Induced Micro-Bubble Implosions

James K. Koga

High Intensity Laser Science Group, Department of Advanced Photon Research

The breakdown of air such as by lightning, engine spark
plugs, or stove ignitors, occurs frequently in our daily lives.
However, quantum electrodynamics (QED), which describes the
interactions of electrons and photons, predicts that even in the
absence of air (i.e., a vacuum), electrons and positrons can be still
be produced if sufficiently large electric fields are generated [1-
3]. These electric fields are predicted to be incredibly large.
Whereas, for example, the typical electric field to breakdown air
is 3x10® V/m [4] the QED vacuum breakdown voltage is
predicted to be 1.32x10%* V/m [1-3]. This is nearly one trillion
times larger!

Ultra-high intensity lasers made possible with the
development of chirped pulse amplification (CPA) [5] are one
means of achieving such electric fields. Currently, laser
intensities of over 1022 W/cm? [6-9] or equivalent electric fields
of over approximately 3x10'* V/m have been achieved. Although
this is over 100 million times the air breakdown field, it is still
lower than the QED breakdown field. Next generation lasers are
expected to reach 102 W/cm? (approximately 9x10* V/m) or
higher [10]; however, even these lasers will have electric fields
far below the QED breakdown field. Other methods for pair
creation from vacuums include focusing multiple colliding laser
pulses (MCLPs) to lower the breakdown threshold [11-13] and
colliding high-energy electron beams with MCLPs [14].

In this study, another method to achieve vacuum breakdown
via micro-bubble implosions is considered [15]. In a micro-
bubble implosion, a solid with a spherical empty cavity on the
order of microns is irradiated by an ultra-intense laser to produce
hot electrons [15]. Laser intensities on the order of 102'-10%
W/cm? produce electrons with temperatures ranging from 10-100
MeV [16], which fill the cavity, generating uniform electrostatic
fields inside and outside the cavity that drive a spherically
uniform implosion of the ions in the material [15,16] (see Fig. 1).
The imploded core of ions can generate extremely large electric

}Qelectrons

fields that can approach the breakdown fields [16].

It was found that by choosing appropriate materials the
breakdown field can be achieved using the properties of next
generation laser systems [17]. The number of electron-positron
pairs created from the vacuum from electromagnetic fields
confined within a finite volume over finite time [2,3,18-20] was
determined by varying the initial average electron density
injected into the cavity from ultrahigh intensity lasers and the
initial cavity radius. The typical parameters of a solid hydrogen
target with a density of 5x10% cm® was used with a cavity with
a 2-um radius and an initial average injected electron density of
5x10%t cm® [15]. It was found that pair creation is easier to
achieve by increasing the initial average electron density in the
cavity [17]. This could be done by coating the target surface with
a high-Z material such as plastic [16] or gold. This would allow
pair production in a vacuum with approximately 200 to 300
petawatt lasers with energies of approximately 2 to 3 kJ [17]. In
addition, even with electric fields below the breakdown field for
pair production, externally injected electrons or photons of
sufficiently high-energy pair production could be induced [17].

These possibilities make micro-bubble implosions an
interesting subject for the study of electron-positron pair
production in a vacuum.
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Investigation and improvement of pre-pulse
generation by post-pulses in the J-KAREN laser system

Hiromitsu Kiriyama

Advanced Laser Group, Department of Advanced Photon Research

With the continuous evolution of ultra-high peak power
chirped-pulse amplification (CPA) laser technology [1], 1 PW to
10 PW power lasers and 10%?/cm? or more focused intensities
have become available [2]. Any pre-pulses with intensities of
10%0-10% W/cm? prior to the main pulse are capable of ionizing
solid targets, which will then significantly influence the laser-
plasma interaction process. Therefore, as an increasing number
of facilities are providing highly focused intensities, the temporal
contrast has become a major issue in all high-intensity laser-
plasma experiments over the last two decades. Here, the
investigation of the behavior of the pre-pulses generated by post-
pulses at the J-KAREN-P laser facility is reported. Based on our
experience and understanding of pre-pulse removal, we have
achieved a high temporal contrast of 102 and removed most of
the pre-pulses.

It is essential to remove post-pulses to eliminate pre-pulses.
Post-pulses do not directly affect the laser-plasma interaction
process and can be ignored. However, in a CPA system, the
duration of the stretched pulse is longer as compared with the
time difference between the main and post-pulses, and these
pulses overlap in time and interfere with each other. The
frequency chirp and the delay between these pulses results in
spectral interference. This sinusoidal spectral modulation can
change the optical properties of the optical elements in the laser
chain. The time-dependent optical properties can then modulate
the spectral phase due to the intensity dependence of the B-
integral (defined as the measure of the nonlinear phase shift of
light) accumulated in the optical elements. The compressor
converts this modulation by the post-pulse to a new pre-pulse [3-
7]. These pre-pulses with relatively high intensities must be
eliminated in order to avoid unwanted plasma formation or
significant modification of the experimental target conditions
before the arrival of the main pulse. Thus, it is important to
investigate and remove the pre-pulses generated by post pulses,
along with the accumulated B-integral values in the laser chain.

The creation of the real pre-pulses from post-pulses generated
by internal reflections in the optical components in the laser chain
was experimentally investigated through the nonlinear processes
associated with the B-integral. The experiments were performed
at the petawatt laser facility J-KAREN-P [8,9]. The laser pulses
were stretched to approximately 0.5 ns and compressed down to
approximately 40 fs. To generate the post-pulses, 1- and 11.8-mm
thick, uncoated, plane-parallel plates made of fused silica were
inserted into the laser beam perpendicular to its axis and placed
before the Ti:sapphire pre-amplifier. The typical reflectivity was
3.4% per surface of the plane-parallel plates to generate post-
pulses by internal reflections. As the stretched pulse duration was
longer than the time difference between the main and post-pulses,
the post-pulse generated by a 1-mm thick plane-parallel plate and
main pulse overlapped in time considerably, while in contrast, the
post-pulse generated by a 11.8-mm thick plate and main pulse
only partially overlapped.
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Figure 1 shows the temporal contrast of the pre-pulses from
the post-pulses generated with the plane-parallel plates with
thicknesses of 1 mm (Figure 1(a)) and 11.8 mm (Figure 1 (b)).
The measurements were performed with output energies at the
exit of the operating amplifiers of 1.8 and 26 J, resulting in
different values for the B-integral of the pulses accumulated in
the laser chain due to the different pulse intensities. The
intensities of the beam before and after the compressor with the
output energies at the exit of the operating amplifiers of 1.8 and
26 J were reasonably attenuated to 18 MW/cm? and 0.1 TW/cm?,
respectively. For the plane 1-mm thick parallel plate, the
theoretical estimate fits the experimental data reasonably well [2].
The magnitude of the real pre-pulse peak contrast rises
monotonically with the increasing B-integral. For the pre-pulses
from the 11.8-mm thick plane-parallel plate, three interesting
features are observed. First, the exact positions of the real pre-
pulses in time do not coincide with the post-pulse at 118 ps after
main pulse. The real pre-pulse peak is delayed by 4.8 to 113.2 ps.
Second, the real pre-pulses are significantly asymmetrically
distorted and broadened. Third, the real pre-pulse peak contrast is
significantly suppressed. Although the real pre-pulse contrast for
the 1-mm thick plate degraded to 6.8x10%, the degradation for
the 11.8-mm thick plate only reached 3.8x10. The real pre-pulse
peak contrast measured with the 11.8-mm thick plate is much
lower as compared with the theoretical prediction, by
approximately two orders of magnitude [2]. The magnitude of the
real pre-pulse peak contrast is degraded and the pulse duration of
the delayed real pre-pulse is broadened with the increased B-
integral values. The degradation of the real pre-pulse peak
contrast for the 11.8-mm thick plate is much smaller than that for
the 1-mm thick plate.
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Figure 1. Pre-pulse contrast in the J-KAREN-P laser system with
plane-parallel plates with thicknesses of (a) 1 mm and (b) 11.8
mm. The blue lines are for calibration (the plane-parallel plate
was placed after the compressor). The red lines and black filled
circles were obtained at output energies of 1.8 and 26 J,
respectively. These energies correspond to B-integrals of 0.25
and 0.85 rad, respectively.

The experiment with the 1-mm thick plane-parallel plate
confirms that the real pre-pulse generation is due to the
nonlinearity of the refractive index and the real pre-pulse peak



contrast agrees reasonably well with the theoretical prediction [2].
However, in the experiment with the 11.8-mm thick plane-
parallel plate, the real pre-pulses were delayed and
asymmetrically broadened. This mechanism is not yet understood.
Although the post-pulses generated by the 1-mm thick plane-
parallel plate almost fully overlap with the main pulse before
recompression (by 98%), the post-pulses generated by the 11.8-
mm thick plane-parallel plate only overlap partially (by 75%).
The smaller overlap percentage indicates a smaller interference,
resulting in a narrower spectral bandwidth modulation and, due
to its nonlinear nature, smaller energy transfer to generate real
pre-pulses. Therefore, the real generated pre-pulses have a
broader pulse duration and lower peak intensity. The dispersion
of these real pre-pulses accumulated in the laser chain with many
optics differs widely from that of the main pulse. Thus, these real
pre-pulses are not allowed to compress to the same pulse duration
as the main pulse since the compressor is set and optimized for
the main pulse dispersion. The asymmetrically distorted, real pre-
pulse shape, i.e., the significantly extended tail starting from the
pre-pulse peak indicative of positive, higher odd-order dispersion,
is also likely to be combined with self-phase modulation. The
modulated portion had shorter wavelength components, which
are later in time in the present positive, chirped-laser system.
Therefore, the real generated pre-pulses are delayed in time. In
order to fully understand and evaluate the real pre-pulses
generated by post-pulses through the nonlinear process,
additional and further research, both theoretical and experimental,
is required and will be reported in future works.

Figure 2 (a) shows the measured contrast of the J-KAREN-P
laser system with output pulse energies of approximately 1 and
10 J. According to the above results, we have identified real and
artificial pre-pulses generated by the post-pulses. In order to
remove the post-pulses from the Ti:sapphire crystals windows
and Faraday isolator, new crystals and windows with a small
wedge were introduced, and the Faraday isolator was removed as
the current laser system has sufficient isolation. In order to
suppress the pre-pulse generated by the post-pulse from the
oscillator, we are preparing to install a plasma mirror system. The
pre-pulses except for a pre-pulse at —40 ps have been removed,
as shown in Figure 2 (b).
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Figure 2. (a) Previous and (b) current temporal contrast of the J-
KAREN-P laser system with output energies of approximately 1
(solid red line) and 10 J (black filled circles).
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Pre-pulse generation by post-pulses due to the nonlinear
coupling associated with the B-integral was experimentally
investigated at the J-KAREN-P PW facility. According to the
knowledge and experience obtained from this investigation, the
origins of the pre-pulses generated through nonlinear coupling by
the post-pulse have been identified. By introducing small-wedged
optics, the pre-pulses at the J-KAREN-P PW facility were
eliminated.

Acknowledgments

The author thanks Yasuhiro Miyasaka, Akito Sagisaka, Koichi
Ogura, Mamiko Nishiuchi, Akira Kon, Alexander S. Pirozhkov,
Yuji Fukuda, Nicholas P. Dover, Kotaro Kondo, James K. Koga,
Masaki Kando, Kiminori Kondo, Stefan Bock, Tim Ziegler,
Tomas Piischel, Karl Zeil, and Ulrich Schramm. This research
was funded by the Japan Society for the Promotion of Science
(grant number: JP 20H01882).

References

1. D. Strickland and G. Mourou, “Compression of amplified
chirped optical pulses,” Opt. Commun. 56, 219-221 (1985).

2. C. N. Danson, C. Haefner, J.Bromage, T.Butcher, J.-C. F.
Chanteloup, E. A. Chowdhury, A. Galvanauskas, L.A. Gizzi,
J. Hein, D. 1. Hillier et al., “Petawatt and exawatt class lasers
worldwide,” High Power Laser Sci. Eng. 7, 54 (2019).

3. N. V. Didenko, A. V. Konyashchenko, A. P. Lutsenko, S. Y.
Tenyakov, “Contrast degradation in a chirped-pulse amplifier
due to generation of prepulses by postpulses,” Opt. Express
16, 3178-3190 (2008).

4. D. N. Schimpf, E. Seise, J. Limpert, A. Tiinnermann,
“Decrease of pulse-contrast in nonlinear chirped-pulse
amplification systems due to high-frequency spectral phase
ripples,” Opt. Express 16, 8876-8886 (2008).

5. S. Keppler, M. Hornung, R. Bodefeld, M. Kahle, J. Hein, M.

C. Kaluza, “All-reflective, highly accurate polarization rotator

for high-power short-pulse laser systems,” Opt. Express 20,

20742-20747 (2018).

V. A. Schanz, C. Brabetz, D. J. Posor, D. Reemts, M. Roth, V.

Bagnoud, “High dynamic range, large temporal domain laser

pulse measurement,” Appl. Phys. B 125, 61 (2019).

7. H. Kiriyama, Y. Miyasaka, A. Sagisaka, K. Ogura, M.
Nishiuchi, A. S. Pirozhkov, Y. Fukuda, M. Kando, K. Kondo,
“Experimental investigation on the temporal contrast of pre-
pulses by post-pulses in a petawatt laser facility,” Opt. Lett.
45, 1100-1103 (2020).

8. H. Kiriyama, A. S. Pirozhkov, M. Nishiuchi, Y. Fukuda, K.
Ogura, A. Sagisaka, Y. Miyasaka, M. Mori, H. Sakaki, N. P.
Dover et al., “High-contrast high-intensity repetitive petawatt
laser,” Opt. Lett. 43, 2595-2598 (2018).

9. H. Kiriyama, A. S. Pirozhkov, M. Nishiuchi, Y. Fukuda, K.
Ogura, A. Sagisaka, Y. Miyasaka, H. Sakaki, N. P. Dover, K.
Kondo et al., “Status and progress of the J-KAREN-P high
intensity laser system at QST,” High Energy Density Phys. 36,
100771 (2020).

o



Capturing roaming fragments in the dissociation
of formaldehyde in real-time

Tomoyuki Endo

d:h

Ultrafast Dynamics Group, Department of Advanced Photon Research

In conventional chemical reactions, molecules follow the
minimum energy paths from reactants to products. However, the
molecules sometimes take a little extra “walk”.

Two possible pathways for the dissociation of formaldehyde
molecules (H2CO) are considered: the dissociation to Hz + CO
(molecular dissociation channel), and the dissociation to H +
HCO (radical dissociation channel). In alternative “roaming”
dissociation pathways, the roaming fragment (H atom) walks
around the remaining parent molecule (HCO, see Fig. 1). Since
the first observation of “roaming” in the dissociation reaction of
H2CO in 2004 [1], footprints of roaming reactions have been
reported in a wide variety of molecular systems. The outcomes of
roaming processes have been observed using high-resolution
spectroscopy to determine the product state distributions in
almost all experimental roaming studies. In the case of H2CO, the
roaming outcomes show a characteristic combination of hot Hz
vibrational- and cold CO rotational-level populations, which is
distinct from the populations in conventional molecular and
radical dissociation channels.

Previous time-resolved experiments have focused on the
time-resolved measurement of roaming outcomes rather than a
roaming fragment itself [2-5]. One reason is that both the onset
and duration of roaming are strongly stochastic. For H2CO,

roaming occurs on the vibrationally hot electronic ground So state.

Even though the roaming process itself occurs at the femtosecond
time scale, the overall time scales (excitation, relaxation,
vibration and roaming on the hot So state, and dissociation) span
hundreds of femtoseconds to tens of nanoseconds.

Recently, a roaming fragment itself has been captured in
real-time by a combination of Coulomb explosion imaging and
quasi-classical trajectory analysis [6]. Here a comprehensive

HCO +H
U
' I - radical
\\./ dissociation
=] \oaming
= . Pl 3
D i o
formaldehyde
PN o i W/
= H atom

molecular
dissociation
Fig. 1. Scheme representing the three dissociation pathways

of a formaldehyde molecule (H2CO): conventional molecular
(blue arrow at the bottom) and radical (purple arrow at the
top) dissociation, and roaming (red arrow in the middle).
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picture is presented; the ultrafast dynamics triggered in neutral
formaldehyde molecules upon femtosecond ultraviolet (UV)
photoexcitation.

The Coulomb explosion imaging experiment was performed
at the Advanced Laser Light Source (INRS-EMT, Canada) on the
multi-kHz beamline. UV pump pulses were obtained by
frequency quadrupling of the output of an optical parametric
amplifier. Time-delayed probe pulses were obtained by pulse
compression with a pressure-gradient hollow-core fiber and
chirped mirrors. Both the pump and probe laser pulses were
focused on an effusive molecular beam of deuterated
formaldehyde (D2CO). The ions generated by the probe pulses
were collected with a uniform-electric-field ion imaging
spectrometer. The three-dimensional momentum of each
fragment ion was retrieved using a time- and position-sensitive
delay-line detector. The total kinetic energy release (KER) Exin
and the angle @between two deuteron momentum vectors can be
expressed as

n
B Ip:I?
kin — - Zmi'
L
and
8 = cos™! ( P1 P2 ),
[p11lp2l
where pi and m; are the momentum and the mass of the i-th
fragment, and i = 1, 2, corresponding to the two deuterons,

respectively. The relationship between the molecular geometry
before the Coulomb explosion and the distributions of the
resulting Ekin and @ is as follows: a large Exin and a & of
approximately 120 degrees is the equilibrium geometry (orange
circle in Fig. 2), a small Exin and broad @distribution due to weak
interactions between deuterons is the radical dissociation channel
(purple), an intermediate Exin and a & of approximately 180
degrees due to strong Coulomb repulsion between deuterons is
the molecular dissociation channel (light-blue), and an
intermediate Ekin and limited & distribution is the roaming
pathway (red).

The obtained two-dimensional plots of Exin with & for the
three-body breaking (D*, D*, CO*) channel of D2CO3%* at the
pump-probe time delays At between 0 fs and 5 ps are shown in
Fig. 2. In the KER region < 12 eV, the onset of molecular
dynamics occurred already before 100 fs. Although the relaxation
from the electronically excited S: state to the hot So state was
previously predicted to occur in tens of nanoseconds, the present
result indicates that the dissociation occurs at the femtosecond
timescale due to strong coupling between vibrational states
during irradiation of femtosecond UV pump pulses. The
existence of the fast relaxation process was verified by
photoelectron experiments at Nagoya University and ab initio
calculation. The angular distribution in the KER range <5 eV is
broader than in the 5-12 eV range. The broader angular
distribution below 5 eV reflects that one deuteron moves freely
around the parent molecule, showing the contribution of the
radical dissociation channel in this range. Both the intermediate
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Fig. 2. Two-dimensional plots of kinetic energy versus deuteron
momentum angle at the pump-probe time-delay At. The
distribution at At = -300 fs was subtracted as background.
Indicated in the upper left subplot are the areas corresponding
to each reaction pathway identified by using ab initio
calculations (Fig. 3).

energy distribution and limited angular distribution in the 5-12
eV range show the characteristics of the roaming pathway.

To identify the contribution of the roaming process, a
simulation using ab initio calculations including all the critical
steps (relaxation, dynamics on the So state, and Coulomb
explosion) was performed. The molecular geometry for each
trajectory and the corresponding two-dimensional plots of the
simulated KER versus deuteron momentum angle are shown in
Fig. 3. The left column contains the real-space representation of
two deuterons with respect to the CO fragment (fixed at the
origin) before the Coulomb explosion step. One deuteron is
plotted on the x-axis and the other is on the xy-plane. The right
panels show the simulated results with an ab initio potential
energy surface of the triply charged state. Here, our generalized
definition of roaming, where one of the deuterons exceeds the
threshold distance (Ro-oco = 2.8 A) and then returns to the parent
DCO molecule, was used to extract the corresponding geometry
for the roaming pathway (Fig. 3B). In the molecular dissociation
channel, both deuterons are far from CO (Fig. 3C). In the radical
dissociation channel, one of the deuterons is close to CO and the
other is far away (Fig. 3D). The remaining case, where both
deuterons are close to CO, is the equilibrium geometry (Fig. 3E).
The roaming trajectory is distinguishable from other molecular
and radical dissociation pathways because of the characteristic
distribution of the KER ranging from 10 to 16 eV and the angle
between 90 and 140 degrees.
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Fig. 3. (Left) The real-space representation of the molecular
geometry for each reaction pathway before the Coulomb
explosion. Typical geometries are represented on a relative
scale. (Right) Two-dimensional plots of the simulated Kinetic
energy versus deuteron momentum angle.

The present results provide a new method for detecting weak
statistic dynamics hidden in overwhelming background and could
be extended to a vast variety of molecular systems.
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Relativistic Doppler reflection of terahertz light from a
moving plasma front in an optically pumped Si wafer

Masaaki Tsubouchi

Ultrafast Dynamics Group, Department of Advanced Photon Research

Relativistic Doppler reflection is an interesting phenomena
introduced by special relativity. When light is reflected by a
counter-propagating mirror with a velocity close to the speed of
light, a frequency up-shift of the light due to the relativistic
Doppler reflection is induced as

ve=vl =v,(1+p)/1-p), M
where vr and vi are the frequencies of the reflected and incident
light, respectively, T is the frequency up-shift factor, and g =
vp/vp isthe ratio of the velocities of the moving mirror (vp) and
the incident light (v;) in the medium. A moving plasma mirror
has been previously proposed and used to demonstrate relativistic
Doppler reflection at the Kansai Photon Science Institute
(KPSI).! Overdense plasma with a high carrier density can act as
a mirror for the light. When the near-infrared (NIR) ultra-intense
laser is focused on the plasma, the free electrons in the plasma are
accelerated to a velocity close to the speed of light by laser-
plasma interaction. As a result, a relativistic moving plasma
mirror is generated. Alternatively, Roskos and their colleagues
have suggested the occurrence of Doppler reflection with a
moving plasma front in a semiconductor excited by a
femtosecond laser pulse.? A dense plasma layer consisting of free
electrons in a conduction band is easily generated by optical
pumping with NIR to visible light. In this case, the photo-excited
electrons in the semiconductor do not receive a large momentum
from the laser field. However, free electrons are successively
generated while the optical pump pulse propagates into the
semiconductor; subsequently, the ionization front copropagates
with the optical pump pulse. Therefore, the moving ionization
front can act as a relativistic moving plasma mirror.

The relativistic Doppler reflection of terahertz (THz) light in
photo-excited silicon (Si) wafers has been investigated in our
previous studies.® The THz light oscillates at a low frequency
(approximately 10* Hz) as compared to an optical light and
therefore, it can be reflected by a plasma with a relatively low
carrier density (approximately 10*” ¢cm3). Furthermore, the THz
light penetrates the Si wafer without significant absorption and
dispersion. Thus, THz light is a suitable probe for relativistic
Doppler reflection in Si. Time-resolved THz time-domain
spectroscopy (THz-TDS) has been employed to reveal the
Doppler reflection mechanism in Si. In THz-TDS, a waveform of
the THz light pulse is measured in the time-domain and a
complex THz spectrum is obtained by a Fourier transform of the
waveform. This provides a significant advantage for
understanding the interaction between a moving plasma front and
THz light. The THz waveforms and spectra measured as a
function of the delay time between the optical pump and THz
probe light clearly demonstrated that the evolution of the moving
plasma front with time induced the frequency up-shift of the
reflected THz light. However, in our previous study, the
measured frequency up-shift was considerably smaller than that
predicted by Eq. (1). One possible reason for this is an insufficient
bandwidth in the THz-TDS to measure a large frequency up-shift.

In the present study, the frequency up-shift in the relativistic
Doppler reflection is re-examined by extending the spectral

28

bandwidth in the THz-TDS measurement. The broad bandwidth
allows for accurate measurements of the large frequency up-shift
to evaluate quantitatively the mechanism for the relativistic
Doppler reflection. The high temporal resolution of the THz
waveform is also provided by the broadband measurement. The
improvement in the measurement allows a highly accurate
analysis of the phase and the intensity spectra. The phase shift
induced by the Doppler reflection includes detailed information
on the moving plasma front. It is demonstrated that the Doppler
reflection in the photo-excited Si realizes the spectral broadening
and the pulse compression of the THz light, which provides a
technique for the manipulation of the THz light.

Figure 1 shows a schematic diagram of the counter-
propagation geometry of the moving plasma front and the THz
pulse in Si.3 4 (1) First, the surface of a Si wafer is irradiated with
a THz pulse that propagates through the Si. (2) When the THz
pulse arrives at the rear surface, the pulse splits into two parts: the
transmission to the air (Pulse A) and the internal reflection (Pulse
B). (3) Prior to the arrival of the reflected THz Pulse B at the input
surface, the optical pump light is shone on the Si wafer to
generate a plasma layer. (4) The THz Pulse B is affected by the
plasma near the input surface and is then subsequently reflected.
The THz Pulse B then counter-propagates with respect to the
pump light in the Si; subsequently, the plasma front approaches
the THz light with a velocity close to that of the pump light. This
induces relativistic Doppler reflection and causes a frequency up-
shift for the THz light. In this scheme, the THz and optical light
are input collinearly to the front surface of the Si, and the
reflected THz pulse is taken from the rear surface. The two pulses
(Pulse A and B) from the rear surface are separable by their arrival
times at the detector. Thus, the THz pulse reflected by the moving
plasma front is easily measured using this scheme.

ﬁ\r Silicon _/\_
1) | 3) q
THz Pump
4) 4
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v—|—> (
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Fig. 1. (a) Diagram of the relativistic Doppler reflection. The time
sequence of the THz probe and optical pump pulses and their
propagation in the Si wafer are shown from (1) to (4).
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The experimental apparatus is based on the optical pump-
THz probe time-resolved measurement with THz-TDS as shown
in [5]. Ti:Sapphire regenerative and multi-pass amplifiers were
employed to generate pulses for THz light generation, THz pulse
detection, and optical pumping of the Si wafer to generate the
plasma layer. The THz pulse was generated by optical
rectification in a LiNbOs prism with pulse front control. The
optical pump and THz probe light collinearly propagated into a
1-mm thick high-resistivity (2 kQcm) Si wafer. The waveform of
the transmitted THz pulse from the Si was measured by electro-
optic (EO) sampling. The bandwidth of the THz-TDS



measurement was limited by the pulse width of the EO sampling
light and the absorption of the THz light in the birefringent EO
crystal. The pulse width of the EO sampling light (50 fs) was
sufficiently short to measure the frequency up-shift to 10 THz. In
the previous study, a 1-mm thick ZnTe crystal was used for the
EO sampling.® However, due to the strong phonon absorption, the
bandwidth was limited to under 2.5 THz. In the present study, to
obtain the broadband measurements, including those in the higher
frequency range, a 0.4-mm thick GaP crystal was employed
whose edge of the phonon absorption band was approximately 5
THz.

Figure 2(a) shows the THz waveforms transmitted through
the Si wafer as a function of the pump-probe delay time. Only
Pulse B is displayed in the figure. ZnTe (thin black lines) and GaP
(thick red lines) crystals were used for EO sampling. The energy
density of the optical pump pulse penetrating into the Si wafer
was 3.3 wJ/mm?. When the THz pulse arrives at the front surface
prior to the pump pulse (At << 0), the THz Pulse B has just
completed a round trip between the back and front surfaces in the
Si wafer after separating from Pulse A and reaching the detector.
At At = -2 ps, the waveforms measured by the GaP crystal are
identical to those from the ZnTe crystal. When the pump pulse
excites the front surface no later than the THz reflection, the
waveform of the reflected THz pulse changes. Around At = 0,
when the THz light interacts with the moving plasma front near
the input surface, Doppler reflection is expected. The results
using the GaP crystal clearly reveal the pulse compression of the
THz light pulse due to the Doppler reflection, indicating the
frequency up-shift in the spectrum. By contrast, the ZnTe crystal
cannot monitor the Doppler reflection accurately due to the lack
in its time resolution. At a delay time of 2 ps, the reflected THz
waveform phase changes by =, with a temporal advance of 0.67
ps as shown by the thick arrow in Figure 2(a). This is clear
evidence of the reflection from the static plasma front in the Si
close to the input surface.
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Fig. 2. (a) Waveforms and (b) Fourier transformed spectra of the
reflected THz light as a function of the pump-probe delay At. The
thin black and thick red lines show the results measured by the 1-
mm thick ZnTe and 0.4-mm thick GaP EO crystals, respectively.
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Figure 2(b) shows the time-dependent intensity spectra
obtained by the Fourier transform of the THz waveforms shown
in Figure 2(a). Before and after the pump light irradiation, the up-
shift is not observed in the spectra since the reflection planes for
the THz pulse are the static Si—air interface and the static plasma
front, respectively. In contrast, the frequency up-shift induced by
the relativistic Doppler reflection is clearly observed around At =
0 when the plasma front is moving. Due to the larger bandwidth,
the larger frequency up-shift can be obtained (approximately 3
THz) by the GaP crystal rather than by the ZnTe crystal.

The THz-TDS provides not only the intensity, but also the
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phase spectra. Therefore, the phase shift, which is the difference
between the phases of the reflected THz light with and without
the irradiation of the optical pump pulse, is easily obtained. The
improvement in the time resolution in the THz-TDS
measurement enables the accurate analysis of the spectral phase.
Figure 3 shows the phase shift spectra of the reflected THz light
as a function of the pump-probe delay time. At the negative delay
time, the THz light is reflected at the air-Si boundary without
influence from the optical pump light and no phase shift was
observed. At At = 0, the THz light interacted with the moving
plasma front close to the surface and a m phase jump of
approximately 0.7 THz was found, which is one of the signatures
of Doppler reflection. After the pump light is completely
absorbed by the Si and the static plasma layer generated (At > 0),
the phase shift monotonically decreases as the frequency
increases. The observed phase shifts are compared to the one-
dimensional finite-difference  time-domain  (1D-FDTD)
simulation in Figure 3. The Fresnel reflection at the negative
delays and the static plasma reflections at the positive delays are
well reproduced by the 1D-FDTD simulation. However, the 1D-
FDTD simulation poorly reproduces the observed result during
the Doppler reflection around At = 0. One reason for this is that
the simple Drude model adopted in the 1D-FDTD simulation is
not suitable for describing the interaction of the instantaneously
generated dense plasma with the THz light.

3 T T T

24 |At:*2p5: 1 24 At=1ps

14 T o
BRot7V————-— 71 0] = e~
-~ 0 " L L e 0 j j !
B At =2 ps — Obs. |
Z - - - FDTD|
& - =c
= = = =
3 v
GJ T T
J.-:"e 05 10 15
o Frequency (THz)

0.5 1.0 15
Frequency (THz)
Fig. 3. Phase shift spectra of the reflected THz light as a function
of the pump-probe delay time At. The solid red and blue dashed
lines show the observed and calculated spectra, respectively.
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Relativistic Doppler reflection has a potential application in
pulse compression and spectral broadening of THz light for THz-
TDS. Solid materials with optical functions (e.g., semi-
conductors and perovskite) have been investigated by optical-
pump THz-probe time-resolved spectroscopy to reveal free-
carrier and exciton dynamics in optically excited states. The
frequency up-shift investigated in this study was realized by the
conventional THz generation scheme and easily coupled with the
optical-pump THz-probe experiment. The up-shift will be applied
to reveal the phonon and exciton dynamics in optically excited
materials.
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Soft x-ray laser beamline for surface
processing and damage studies

Masahiko Ishino

X-ray Laser Group, Department of Advanced Photon Research

Advances in physical studies and high-power laser
technologies have enabled the realization of laboratory-size laser-
driven plasma-based soft x-ray lasers (SXRLs). An SXRL system
in the x-ray laser facility of the QST was developed [1], and gain
saturations in the Ni-like Ag (1 = 13.9 nm) laser were
demonstrated [2]. The SXRL system has been improved upon
requests from experimental users. To increase the spatial
coherence, the system adopted the oscillator-amplifier
configuration [3]. To increase the repetition rate, a new driver
laser system, which is a chirped-pulse amplification laser with a
zigzag slab Nd:glass amplifier [4], and a new tape target system
[5] were developed. This system enables the use of the SXRL
with a 0.1 Hz scheme. An effort to increase the output energy of
the SXRL was also performed [6]. The SXRL specifications are
as follows [7]: an Ni-like Ag laser with a wavelength of A = 13.9
nm (13.889 nm) [8], a spectral width of A/441 > 10% a pulse
duration 7 of approximately 7 ps [9], a beam divergence of 0.3—
0.35 mrad, and an average output energy of approximately 200
nJ/pulse.

In the wavelength region around 13 nm, the Mo/Si
multilayers are available as high-efficiency soft x-ray optics, and
thus the SXRL at 13.9 nm is suitable for physical experimentation
as a coherent soft x-ray source. Using the picosecond SXRL, the
ablation/damage phenomena of dielectric, insulator, and metal
materials, and multilayer optics have been investigated. The
threshold values and modification structures obtained by the
picosecond SXRL were found to provide the same results as
obtained by femtosecond SXRLs [10, 11]. This means that
picosecond SXRL irradiation experiments can provide a good
benchmark for femtosecond soft x-ray free-election laser
(SXFEL) irradiation experiments and provide data for the
discussion of theoretical ablation mechanisms.

However, a critical issue in self-amplified spontaneous
emission (SASE) laser systems is the relatively large fluctuations
in the shot-by-shot output energy. Since the SXRL is a SASE-

type plasma-based x-ray laser source, the output energy fluctuates.

In the SXRL at the QST, the variation in the output energy (pulse-
to-pulse fluctuation) was evaluated to be 70%-80% from fifteen
consecutive laser shots. The fluctuation might be large; however,
the modulation of the output energy for two consecutive shots did
not exceed approximately 10%, and the average of the nearest
five shots was similar with a relatively small fluctuation (less than
22%). In order to use the SXRL for quantitative analyses, the
SXRL beamline was developed and equipped with an intensity
monitor [12].

The SXRL beamline is comprised of five parts: (1) an SXRL
source, (2) an attenuator composed of zirconium (Zr) thin films,
(3) an intensity monitor consisting of a Mo/Si multilayer beam
spritter (BS) and x-ray charge-coupled device (CCD) camera, (4)
a ocusing spherical mirror with a Mo/Si multilayer coating, and
(5) a sample stage. Figure 1 shows a schematic diagram of the
beamline. The spatially coherent SXRL pulse is generated from
silver (Ag) plasma media using an oscillator—amplifier
configuration with double Ag tape targets. The intensity of each
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SXRL pulse is reduced by Zr filters with various thicknesses. Zr
filters also work for blocking the mostly scattered optical or
unwanted x-ray radiation from the Ag plasma media.

The intensity monitor is composed of a Mo/Si multilayer BS,
Zr filters, and an x-ray CCD camera. Each SXRL pulse is divided
into two beams by the BS: a component transmitted through the
BS, which is directed toward the Mo/Si multilayer coated
spherical mirror, and a reflected component, which is directed
toward the x-ray CCD camera. The x-ray CCD camera records
the spatial intensity profile of the SXRL beam and serves as the
intensity monitor. Zr filters installed between the BS and the x-
ray CCD camera can adjust the beam intensity so that the
detection capacity of the CCD camera is not saturated. The SXRL
pulse towards the spherical mirror is reflected and focused onto
the sample surface. The spherical mirror has a radius of curvature
of 1000 mm and is set at a distance of approximately 2640 mm
from the SXRL source. The mirror surface has been coated with
a Mo/Si multilayer, which is optimized for soft x-rays with
wavelengths of 13.9 nm, used at a near normal angle of incidence.
The target material is placed in the sample holder, which is
mounted on a two-axis stage. The incident angle of the SXRL
beam to the sample surface can be freely set due to the rotation
stage. The sample can move along the propagation direction of
the SXRL to confirm the focal patterns and the optimum focal
position. The sample can be moved perpendicular to the
propagation direction to irradiate a fresh surface after a prescribed
number of SXRL shots.

To derive the irradiation energy from the energy acquired by
the intensity monitor, the relationship between the irradiation
energy and the monitored energy has to be determined. Figure 2(a)
shows typical measured efficiency curves of a Mo/Si multilayer
BS. At an incident angle of 45°, the Mo/Si multilayer BS has a
reflectivity around 45% and a transmittance around 10% for s-
polarized x-rays around the 13.9 nm wavelength region. For the
Zr Filter(s)
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Fig. 1. Schematic diagram of the soft x-ray laser beamline.



incident p-polarized x-rays, nearly 40% of the incident x-rays are
transmitted towards the spherical mirror. Due to the pseudo-
Brewster’s angle of the Mo/Si multilayer mirror occurring around
the incident angle of 45°, the reflectivity of p-polarization x-rays
is negligible. Thus, the transmittances of s- and p-polarized x-
rays are different, and the SXRL signal captured by the intensity
monitor is almost entirely the reflected s-polarization component.
Figure 2(b) shows the calculated reflectivity and transmittance of
the Mo/Si multilayer for soft x-rays as a function of the grazing
incident angle. The reflectivity and transmittance for the s-
polarization clearly change with the angle of incidence, whereas
the transmittance for the p-polarization is almost kept constant.
Therefore, one can select the grazing incident angle of the BS,
such as by moving a few degrees from 45°, to increase the
transmittance of s-polarized x-rays while at the same time
decreasing the reflectivity, which results in an increase in the
SXRL energy reaching the sample surface.

In the SXRL beamline, the Mo/Si multilayer BS is set to
reflect along the horizontal direction, so that the s- and p-
polarization x-rays are in accordance with the vertical and
horizontal components, respectively. Thus, the intensity monitor
can capture the intensity of only the reflected portion of the
vertical component. The Mo/Si multilayer BS transmits both the
vertical and horizontal components. The transmitted SXRL,
focused by the spherical mirror, reaches the sample surface. The
determination of the irradiation intensity must account for both
components.

To derive the irradiation intensity that is directed onto the
sample surface from the detected intensity by the intensity
monitor, the relationship between the irradiation and the detection
intensities must be estimated. Figure 3(a) and 3(b) show the
relative intensity of the vertical and horizontal components of the
SXRL pulses, respectively. The irradiation intensity directed onto
the sample surface is derived from the intensity measurements as
(Irradiation Intensity) = (0.30 + 0.42) x (Monitor Intensity).

To confirm the focusing pattern of the SXRL, a LiF crystal
was used as a detector. Producing stable color centers (CCs) in
the LiF crystal with the SXRL irradiation is possible under quite
low fluences of approximately 0.1 ml/cm? [13]. The spatial
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Fig. 2. (a) Measured and (b) calculated efficiencies of the
Mo/Si multilayer beam splitter.
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Fig. 4. (a) Fluorescence microscopy image of the photo-
luminescence signal emitted from color centers produced in
a LiF crystal. (b) The cross-sectional profile of the
photoluminescence intensity along the dotted diagonal line.
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pattern of the focusing SXRL was recorded in the LiF crystal as
CCs. Figure 4(a) shows the photoluminescence image of the CCs
produced in the LiF crystal, which was placed at the optimum
focal position. At this position, the photoluminescence signal is
distributed over an area with a diameter of approximately 40 um.
Figure 4(b) shows the cross-sectional profile of the signal
intensity obtained from the image along the dotted diagonal line.
The full width at half maximum is 10 um, and the average focal
area was estimated to be approximately 100 um?. The maximum
fluence on the sample surface is approximately 30 mJ/cm?, which
was calculated using the obtained irradiation intensity and spot
area. This fluence is sufficient for ablation experiments. As an
application, the sensitivity of the poly(methyl methacrylate) for
picosecond SXRL irradiation was investigated using the SXRL
beamline [14], with the evaluation completed successfully.

An SXRL beamline was developed for surface processing
and damage studies. The beamline is equipped with an intensity
monitor, which provides the laser intensity directed onto the
sample. To derive the irradiation energy from the energy acquired
by the intensity monitor, the characteristic features of the Mo/Si
multilayer BS were evaluated and the relationship between the
irradiation and detection intensities was estimated. The average
focal area is estimated to be approximately 100 um?, and the
maximum fluence is approximately 30 mJ/cm?. This fluence is
sufficient to create ablation (damage) structures on a material.
The SXRL beamline will be able to contribute to the acceleration
of research on SXRL-irradiation-induced phenomena.
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Compact Thomson parabola spectrometer
with varying energy range

and measurability of the angular distribution

of low-energy laser-driven accelerated ions

Sadaoki Kojima

X-ray Laser Group, Department of Advanced Photon Research

Multi-megaelectronvolt (MeV) ion beams generated by
ultra-intense laser pulses have been studied as the first stage of a
compact heavy ion accelerator for cancer therapy.® However, at
the current research stage, the quality and stability of the laser-
driven ion beam is insufficient for practical medical applications.?

Thomson parabola spectrometers (TPSs) are useful
instruments for studying laser-plasma interactions in which ions
of multiple species are emitted simultaneously.3® In this study, a
compact TPS with two functions is described. The first function
is the measurement of the angular distribution of emitted ions,
which is realized by a multi-pinhole array. The second function is
the measurement of variable ion energy ranges. A variable
magnetic field was generated using a permanent magnetic circuit.

TPSs obtain the energy resolution for charged particles with
an ion species resolution from charge-to-mass ratios by using a
combination of electrostatic and static magnetic fields.

Figure 1 shows a schematic of the TPS with a multi-pinhole
configuration. The TPS is composed of a pair of multi-pinhole
arrays, an electric field section, a magnetic field section, a free-
flight section, and a phosphor screen detector. The pinhole array
pair consists of two pinhole arrays with different pinhole
arrangements and thicknesses.
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y
First pinhole array

(for solid angle limitation) £ Permanent magnet

(with variable field)

Second pinhole array
(for angle choice)

Electrodes
(annulus sector-shape
and wedge configuration)

Fig. 1. Schematic of the TPS. The TPS consists of a multi-
pinhole array pair, sections for electric and magnetic deflection
fields, and a phosphor screen detector.

The first multi-pinhole array is for ion sampling and has 13
0.5-diameter holes to sample ions at different angles in 1°
increments from -6° to 6°. The second multi-pinhole array is for
angle selection. The holes along the x-direction are arranged in
two rows on the y-axis. Between the two arrays, there is a single
pinhole that samples ions with an incident angle of 0° from the
ion source, and the upper and lower rows are pinholes that sample
ions from even and odd incident angles from the target normal,
respectively. The ions collimated by the pinhole array pair travel
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through the magnetic field section.

Figure 2 shows a schematic of the compact permanent
magnet circuit with a variable field installed in the proposed TPS.
The red parts represent permanent magnets and the gray parts
represent fixed yokes. The region enclosed by the fixed yokes
represents the vacuum region where the ion beam passes. The
shaded parts represent the movable yokes. Generally, a magnet
circuit is designed so that the maximum magnetic flux passes
through where the ion beam passes. In the proposed design, the
flux is intentionally leaked to the movable yokes so that the
magnetic field that the beam experiences can be adjusted by
moving the movable yokes.”
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Fig. 2. Cross-sectional view of the compact permanent magnet

circuit with variable magnetic flux with (a) a strong leakage to
the movable yoke and (b) a weak leakage to the movable yoke.
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Figure 3 presents the maximum magnetic flux density as a
function of movable yoke position (red dots and line) along with
the numerical result calculated by the three-dimensional finite
element analysis code Femtet® (black dashed line). When the
movable yokes are placed close to the magnet, most of the total
magnetic flux is extracted by the movable yokes; thus, the
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Fig. 3. Magnetic field on the ion beam with movable yoke
position. Numerical results calculated by the Femtet code
(black dashed line), experimental results (red dots with line),
and experimental results with an offset of 100 um (red squares
with line) are shown.



magnetic field on the ion beam can be tuned by more than 80%.

The ions deflected by the magnetic field then travel through
the electric field section. The first design feature is the annular
sector-shaped electrodes. The annular sector shape allows the
ions to receive an equivalent Lorentz force in the flight path
between all pinholes and detectors. The second design feature is
the wedge configuration of the electrodes in which the separation
increases along the ion path. The wedge configuration provides a
sufficient electric field due to the smaller gap at the front edge,
and the larger gap at the last edge of the upper electrode that
prevents deflected ions from hitting the electrodes.

The TPS was tested using an experiment with a compact 10-
TW Ti-sapphire laser system at the Kansai Photon Science
Institute of the National Institutes for Quantum and Radiological
Science and Technology. The central wavelength of the laser is
795 nm and the pulse width is 80 fs. A typical laser pulse carries
approximately 1 J of pulse energy to the target. The laser pulse
was focused on a 5-um thick titanium foil and a 5-pm thick
polyimide film at incidence angles of 45° using an /2.7 off-axis
parabolic mirror. Considering the energy losses in the compressor
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Fig. 4. (a) and (c) Parabolic traces for 100 laser shots recorded on
the BAS-TR IP. (b) and (d) The corresponding calculated
parabolic traces. A voltage of 1.0 kV and magnetic field of 52 mT
are applied in (a) and (b) and a voltage of 5.0 kV and magnetic
field of 253 mT are applied in (c) and (d). The enhanced electric
and magnetic fields improve merging in the high-energy region.

Proton
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gratings, the peak laser intensity on the target was typically on the
order of 1019 W/cm?. The detector was a BAS-TR image plate
(IP), which was selected due to its sensitivity to carbon ions
resulting from the absence of a plastic protective layer above the
phosphor layer. Figure 4 (a) and (b) show the parabolic traces
recorded on the BAS-TR IP after 100 laser shots and the
calculated parabolic traces, respectively. A voltage of 1.0 kV and
a magnetic field of 52 mT were applied. Figure 4 (a) shows seven
parabolic traces of proton and carbon ions with charges up to C®*.
The observed parabolic traces agreed well with the calculated
parabolic traces. Most of the signal was recorded by proton and
carbon ions in an energy region of less than 0.1 MeV, showing
that the annular sector-shaped electrodes with a wedge
configuration retained the lower-energy portion of the ion signal.
The parabolic traces were clearly separated in the low-energy
region. However, the signals merged in the high-energy region.
Figure 10 (c) and (d) show the recorded and calculated parabolic
traces, respectively, for an applied voltage of 5.0 kV and a
magnetic field of 253 mT. Five parabolic traces of protons and
carbon ions with charges up to C** are visible in Figure 10 (c).
An ion with a larger charge state has a longer change distance for
the same energy and ion species. Therefore, C5* and C8* carbon
ions were past the observation range. The enhanced electric and
magnetic fields improve merging in the high-energy region. The
maximum energies of protons and carbons were found to be 1.2
MeV and 0.3 MeV (C**), 0.8 MeV (C?*), 1.1 MeV (C3+), and 1.2
MeV (C*).
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Microscopic imaging with a mid-infrared laser:
application to histopathological analysis

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

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

QST has developed various “quantum beams” for material
science, some of which are beginning to be applied in life science.
Spectroscopy has contributed greatly to scientific understanding
in the physical sciences, as it is able to provide information on the
structure of the elements and molecules that comprise every
subject of both the physical and biological sciences. Infrared (IR)
spectroscopy has been widely applied to detect the vibrational
characteristics of chemical functional groups in a diverse number
of materials [1-3]. Vibrational microscopic imaging techniques
using mid-infrared (MIR) spectroscopy allow for 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), MIR absorption
spectra provide image contrasts that identify the molecular
components. The advantage of this technique is the production of
unique images that show the spatial distribution of proteins, lipids,
carbohydrates, cholesterols, nucleic acids, and phospholipids. In
addition, MIR has is advantageous due to its efficiency and
adaptability in noninvasive investigations of the chemical
compositions of cells and tissue using a procedure that is
reagentless and does not require staining. Therefore, MIR has
been a fruitful tool in medical research.
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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

Pathology is the study and diagnosis of diseases through the
examination of organs, tissue, and cells. Disease diagnosis by
pathology generally involves the 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 diseases. However, it is difficult to detect visually
biochemical changes using these techniques, and they require
complicated processes and considerable amounts of time.
Therefore, the development of a simple analytical technique is
desired. MIR spectroscopy has the potential for application to
visualization tools to aid pathologists in assessing tissue
specimens.

The purpose of this study is to investigate the discrimination
between normal tissue and malignant tumors of various organs
using a MIR laser. For the analysis of tissue specimens, a MIR
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microscopic system was constructed. A schematic diagram of this
system is shown in Figure 2. The beam from the MIR laser is
focused on a spot on the specimens. The transmitted beam
intensity is measured with a detector. In order to obtain a MIR
microscopic mapping image, the focused spot scans across the
specimens in one direction while scanning one pixel in the
orthogonal direction using an X-Y stage. The results of the two
different tissue specimens measured with the MIR microscopic
system are described here. The first measurements are a mapping
image and the spectra of a specimen with a simple structure
consisting of normal tissue and its malignant tumor. Furthermore,
the measured results of a specimen with a relatively complex
structure containing multiple types of normal tissue and
malignant tumors are presented.
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Fig.2. Mid-IR microscopic imaging system.

For the tissue specimen with a simple structure, a
hematopoietic tumor invading the liver and the normal liver tissue
of a mouse was analyzed and compared with the absorbance
obtained from an unstained tissue specimen (Fig. 3). Figure 3a
shows an optical micrograph of the H&E-stained tissue specimen
containing the hematopoietic tumor and normal liver tissue.
Figure 3b illustrates the MIR spectra of the normal liver tissue
and hematopoietic tumor from three different sites in normal and
tumor areas, and shows that the spectral patterns in the tumor (red
lines) differed from those in the normal tissue (blue lines). The
majority of changes in absorbance were observed in the two
different regions (green double-headed arrows, Fig. 3b).
Microscopic mapping of the hematopoietic tumor was then
conducted to investigate the absorbance of the tumor cells. The
infiltrated hematopoietic tumor area for the mapping was
determined by examining the MIR microscopic field as compared
with the corresponding histopathological view (Fig. 3a). Figure



3c displays the MIR absorbance map of the hematopoietic tumor
infiltrating into the liver. The color classification based on the
MIR absorbance changes segments the three main components:
hematopoietic tumor (orange) and normal liver tissue (green),
and the mixed regions of the tumor cell and normal liver tissue,
indicated in yellow.

The results for the specimen with a complex structure are
shown in Figure 4. The specimen includes a malignant tumor
(rhabdomyosarcoma tumor) and several types of normal tissue
(muscle, bone, and bone marrow). It was analyzed by a
comparison with the absorbance obtained from an unstained
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Fig.3. The spectra and visible image from tissue specimen by MIR

microscopy in hematopoietic tumor sample.

a) Optical micrograph of H&E-stained tissue specimen of normal liver
and hematopoietic tumor invading the liver.

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

¢) The MIR imaging of tumor and normal tissue.
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Fig.4. The spectra and visible image from tissue specimen by

MIR microscopy in rhabdomyosarcoma sample containing

different tissues.

a) Optical micrograph of a H&E-stained tissue specimen of
rhabdomyosarcoma and different tissues.

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

¢) The microscopic images with MIR laser at different wavelengths .
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tissue specimen. Figure 4a shows an optical micrograph of the
H&E-stained tissue specimen. The MIR spectra in Figure 4b
demonstrate that the spectral patterns differ between the
rhabdomyosarcoma tumor area (red lines), muscle (brown lines),
bone (green lines), and bone marrow (blue lines). The greatest
change in absorbance was observed in the region marked by black
double-headed arrows (Fig. 4h). Next, microscopic mapping was
conducted for these tissues to obtain information on the
absorbance of each cell using wavelengths demonstrating a
differing absorbance. The area including these tissues was
determined by examining the MIR microscopic field as compared
with the corresponding histopathological view (Fig. 4a). Figure
4c illustrates the MIR absorbance maps of this area as measured
with two different wavelengths. The color classification result
based on the MIR absorbance at Wavelength 1 colors the
rhabdomyosarcoma tumor in yellow, and both the muscle and
bone in green. Furthermore, the muscle and bone, which have the
same color classification at Wavelength 1, are discriminated as
yellow and green by using Wavelength 2. The analysis using
multiple wavelengths permits the detailed classification of more
types of tissue.

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 tissue with
complex structures, such as those containing multiple types of
normal tissue and malignant tumors. Although MIR spectroscopy
has several advantages, it is not yet known whether the spectral
information from the proposed device can satisfy pathological
diagnostic requirements and assist pathologists in diagnoses.
Thus, further investigation and improvements of the proposed
MIR spectroscopy are necessary for these approaches to become
applicable to routine histopathological analysis. In addition, in
vivo diagnostic tools using the MIR laser are required in many
fields of medicine. These include endoscopy for guidance in
surgical interventions to delineate lesion margins, replacing
random biopsies of suspicious tissue by targeted biopsies, which
would reduce unnecessary tissue excisions and risks with biopsy,
and a detection device at a significantly earlier stage of
carcinogenesis. Future improvements in the MIR laser
technology and data analysis will further extend the biomedical
applicability and finally result in the implementation of these
innovative techniques in the medical field.
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Research Activities at
the Synchrotron Radiation Research Center

Yoshinori Katayama
Synchrotron Radiation Research Center

At the Synchrotron Radiation Research Center (SRRC), we
are continuing to develop a wide range of x-ray techniques for
investigating the structural and electronic properties of matter,
primarily using the two QST beamlines at SPring-8, a large
synchrotron radiation facility. As well as precise measurements
of high-quality crystalline samples, we have been concentrating
on developing techniques that are applicable to inhomogeneous
materials, which play an important role in determining the
functions of many practical materials. The equipment that we
develop is open for public use, and in FY2020, we accepted
twenty-four research proposals as a member institute of the
Nanotechnology Platform Japan [1].

The SRRC consists of three experimental groups, one theory
group, and a beamline operation office (Table 1). This year, we
continued our research while taking measures to prevent the
spread of COVID-19. Although the suspension of user operation
at SPring-8 from April to May delayed our research, notable
achievements have been made. The research activities of each
research group are summarized below.

Highly brilliant synchrotron/FEL x-ray/\VUV facilities are
being constructed throughout the world at a rapid pace. In the
Coherent X-ray Research Group, to stay at the forefront of
synchrotron/FEL research, we are continuing to develop
advanced measurement/analysis techniques for the effective use
of these new advanced light sources. The use of spatially coherent
x-rays from highly brilliant synchrotron/FEL light sources has
made it possible to visualize the inhomogeneity inside matter. We
are now building an apparatus for Bragg coherent X-ray
diffraction imaging (Bragg-CDI) and applying it to the study of
inhomogeneous structures of sub-micrometer sized ferroelectric
crystals. We have also developed a microscope for imaging
topological defects [2].

To exploit the temporal coherence and intensity offered by
next-generation light sources at short wavelengths, we are
developing new nonlinear and quantum optical techniques using
simple atomic systems. We used SACLA’s soft x-ray beamline
to observe the ‘superfluorescence’ phenomenon at extreme
ultraviolet wavelengths for the first time. To extend the technique
to even shorter wavelengths and for improved pulse control, we
are developing a source of superfluid liquid helium droplets for
use at SACLA. The new source can also provide an ‘ultracold
nano laboratory’ for studying isolated molecules with
synchrotron radiation. Recently, synchrotron radiation at two
different energies was used to study the inner-shell decay
processes in krypton, using the 2p-1s fluorescence lifetime (167
as) as a natural stopwatch to access timescales even shorter than
those accessible with SACLA [3].
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Using a surface x-ray diffractometer coupled with a
molecular beam epitaxy chamber, in situ measurements of crystal
truncation rod (CTR) scattering were taken to investigate the
atomic structure of gallium nitride surfaces under growth
conditions. From the CTR profile analysis, we experimentally
confirmed the existence of a pseudo 1x1 structure, and
determined the structural parameters (interlayer distance,
coverage, and temperature factor).

The research objectives of the High Pressure Science and
Stress Research Group are (i) the development of experimental
techniques for in-situ measurements under extreme conditions,
including high-pressure conditions, compressed hydrogen gas
environments, and elasto-plastic stress fields, and (ii)
fundamental and applied studies of advanced functional materials
using the above-mentioned techniques. The research group
members focus on the study of the nano- to meso-scale structures
of functional materials, and the high-pressure synthesis of novel
hydrogen-rich compounds. In order to advance the investigation
of the nano- to meso-scaled structures, the group has closely
collaborated with the Coherent X-ray Research Group.

Metal-hydrogen systems are a primary research target of this
group. The high-pressure synthesis and crystal structure of novel
hydrogen-containing compounds, for example transition metal
and aluminum-based materials, has been investigated, and some
novel compounds have been synthesized. We have successfully
synthesized a novel hydride CosTiH-4 at 9 GPa and 900 °C,
finding that CosTiH-4 is thermodynamically stable above 1 GPa
from in-situ synchrotron radiation x-ray diffraction [4]. In-situ x-
ray and neutron diffraction experiments on the Fe-D system at
high-pressure and high-temperature conditions revealed the
pressure and temperature variations in the crystal and magnetic
structures of dhcp-FeDx [5]. An atomic pair-distribution function
(PDF) analysis, which is a powerful tool for studying the local
structures of functional materials, was applied to investigate the
hydrogenation process of an Mgo7Tios thin film. While it is
difficult to obtain the PDFs of thin films, we successfully
obtained the PDFs for an Mgo.7Tio3 thin film in a hydrogen gas
environment and found the formation of TiH2 clusters with a size
of approximately 3 nm in the Mg matrix [6]. The PDF analysis
has also been applied to other advanced functional materials, such
as the negative thermal expansion oxide BilnOs3-BiZn12Tiw203
solid solution [7].

We have been investigating irradiation effects on tumors
with nanoparticles containing high-Z elements [8]. Auger
electrons emitted from high-Z elements from synchrotron x-ray
irradiation are expected to destroy tumors effectively. Tumor
spheroids containing Gd-loaded nanoparticles were irradiated by
synchrotron radiation monochromatic x-rays. Complete



destruction of the tumor spheroid was observed using x-rays with
E = 50.25 keV, which is just above the Gd K-absorption edge.
The destruction mechanism is being investigated.

In many functional materials and devices, ranging from
high-Tc superconducting oxides to spintronic devices, the
electron’s spin degrees of freedom play important roles. In the
Magnetism Research Group, in order to unveil the functionality
of such materials and devices, advanced x-ray spectroscopic
techniques such as nuclear resonant scattering (NRS), resonant
inelastic x-ray scattering (R1XS), and x-ray magnetic circularly
polarized emission (XMCPE), are being developed. For NRS,
synchrotron-based Mdssbauer spectroscopy using a frequency-
domain technique has been conducted by incorporating a
nuclear Bragg monochromator. By utilizing an iron-57 probe
layer method and a newly installed ultra-high vacuum chamber,
we observed the spatial modulation of magnetic moments from
the surface to the bulk in an iron thin film for the first time [9].
RIXS has been applied to study electronic states of 5d transition
metal compounds in which strong spin-orbit coupling opens up a
new frontier of correlated electron systems. New optical elements
for W Ls-edge were installed and excitations of 5d electrons in
some W compounds were measured. XMCPE is a novel magnetic
spectroscopy in the hard x-ray regime. A distinctive feature of a
large flipping ratio (> 10%) for the Ka emission of 3d transition
metal elements. Recently, we developed a theoretical framework
for calculating the XMCPE spectra of itinerant ferromagnets and
successfully reproduced the observed Ko XMCPE spectra of
metallic iron by including electron excitations in the d bands
[102]. Test measurements of a scanning magnetic microscope
utilizing XMCPE spectroscopy are being performed.

The Condensed Matter Theory Group develops advanced
simulation methods based on quantum mechanics to investigate
the theory of condensed matter using supercomputers. The

methods are also applied to perform numerical simulations aimed
at understanding various properties of materials such as
magnetism, high-T. superconductivity, and catalytic activity, with
the support of x-ray experiments such as from SPring-8. Current
activities include (i) the development of advanced simulation
techniques based on first principles path integral molecular
dynamics for investigating the nuclear quantum effects of
hydrogen-containing materials such as clathrate hydrates [11];
(ii) the development of a numerically exact diagonalization
method to investigate time-resolved spectroscopies of
antiferromagnetic Mott insulators, which can provide new
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 XMCPE [10];
and (iv) theoretical investigations using large-scale numerical
exact diagonalization of quantum spin systems found in
hypermaterials, which exhibit some novel quantum phases such
as spin nematic liquid.
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Hydrogenation reaction of Co;Ti alloy
under high pressure

Hiroyuki Saitoh

~

g7

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

Titanium and its alloys have high hydrogen affinities, and thus,
have been widely investigated for hydrogen storage applications.
Since the pure Ti hydride TiH: is too stable to use in hydrogen
storage, metals with low hydrogen affinity are alloyed with Ti to
decrease the thermodynamic stability of their hydrides. TiFe is a
typical Ti-containing hydrogen storage alloy [1]. Attempts have
been made to hydrogenate known Ti-containing hydrogen storage
alloys under high-pressure and temperature conditions to obtain
a hydrogen rich phase. The chemical potential of hydrogen
increases significantly above 1 GPa [2], and thus, novel hydrides
are expected to be synthesized above 1 GPa. For example, the
hydrogenation reaction of TiFe alloy at 10 GPa yielded a novel
TiFe hydride [3].

In the present study, the hydrogenation reaction under high
pressure of CosTi alloy with a CusAu-type structure was
investigated. Hydrogenation reactions of CosTi alloy have been
investigated considering the hydrogen embrittlement of the alloy.
Formation of Co-23at%TiHx for x < 1.0 has been reported, in
which the cathodic charging method was used to hydrogenate the
alloy [4]. In this study, a novel hydrogenation reaction of CosTi
alloy under high pressure is explored to obtain a novel hydride
with a higher hydrogen content than CosTiH-1, the previously
reported hydride. The reaction process under high pressure was
monitored by in situ synchrotron radiation x-ray powder
diffraction. A novel hydrogen-rich hydride CosTiH-4 was formed
at 9 GPa and 900 °C [5]. The hydride decomposed into the
previously reported CosTiH-1 and hydrogen during a
decomposition process; CosTiH-4 cannot be recovered at ambient
conditions.

The starting material was small pieces (less than 100 pum in
length) of CosTi alloy with the CusAu-type structure prepared by
melting a powder mixture of pure titanium and cobalt at 1400 °C
under ambient pressure. A boron nitride capsule was filled with
the sample, pressurized to 9 GPa at room temperature, and heated
to 900 °C. The sample was kept in fluid hydrogen for 60 min,
cooled to room temperature, and depressurized to ambient
pressure.

A cubic-type multi-anvil high-pressure apparatus was used to
generate the high-pressure and high-temperature conditions.
AlHs was used as an internal hydrogen source that evolves
hydrogen under high-pressure and high-temperature conditions.
The evolved hydrogen was confined in a hydrogen-sealing
capsule made of NaCl along with the sample. The structural
changes of the sample under high pressure were monitored by an
in situ synchrotron radiation x-ray diffraction system installed at
the beamline BL14B1 at SPring-8 [6]. The recovered sample was
characterized via a conventional x-ray micro-diffractometer.
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Figure 1 shows the in situ synchrotron radiation powder x-ray
diffraction profiles of the sample under high pressure. The sample
maintained the CusAu-type structure under compression up to 9
GPa at room temperature. When the sample was heated to 900 °C
at 9 GPa, a discontinuous lattice expansion was observed at
900 °C after continuous lattice expansion due to thermal
expansion. The discontinuous lattice expansion was caused by
the formation of CosTi hydride with the CusAu-type structure.
The metal lattice remained unchanged during the hydrogenation
reaction, indicating that the formed hydride is an interstitial
hydride. The hydrogen composition was approximately estimated
as CosTiH-4 based on the relationship between the magnitude of
the unit cell volumetric expansion and the hydrogen composition
[1]. It may be observed that the diffraction peaks of CosTiH-4 are
sharp, although hydrogen atoms were inserted into the interstices
of the metal lattice of CosTi. This is because lattice relaxation and
the hydrogenation reaction occurred simultaneously at 900 °C
and 9 GPa; the lattice relaxation resulted in the sharp diffraction
peaks of CosTiH-4. After a one-hour heat treatment, the sample
was cooled to room temperature and depressurized to ambient
pressure at room temperature.

The formed CosTiH-4 evolved hydrogen at a pressure of 1 GPa
during the depressurization. As shown in Figure 1, a lattice
contraction was observed below 1 GPa, indicating a hydrogen
evolution from the formed hydride. The unit cell volume of the
recovered sample was calculated to be 50.8 A3, which is 3.5 A3
larger than that of the CosTi alloy without hydrogen (comparing
the peak positions of the upper and lower profiles of Figure 1).
The calculated unit cell volume indicated that the recovered
sample was CosTiH-1.

The recovered sample (CosTiH-1) gradually evolved hydrogen
at ambient pressure, whereas the sample was a single-phase
CosTiH-1 immediately after the sample was recovered at ambient
conditions. One hour after the sample was recovered at ambient
conditions, the sample contained two phases having the same
CusAu-type structure with lattice constants of a = 3.704 + 0.005
A and 3.618 £ 0.004 A, respectively. The former was CosTiH-1
and the latter was CosTi without hydrogen. CosTiH-1 is
thermodynamically unstable at ambient conditions.

The possible hydrogen sites in CosTiH-s and CosTiH-1 were
considered. It is likely that hydrogen atoms are located at the
octahedral sites in CosTiH-4 since the number of the octahedral
sites corresponds to the hydrogen composition. There are four
octahedral sites in CosTi, and all the octahedral sites are expected
to be occupied by hydrogen atoms to form CosTiH-4.
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Figure 1. In situ synchrotron radiation powder x-ray diffraction profiles of CosTi alloy under high hydrogen pressure. Bragg peaks
from the CusAu-type structure are indicated by filled circles. Bragg peaks with asterisks are from a sample capsule. Dashed lines
denote the location of peaks of pristine CosTi alloy at ambient conditions.

There are two types of octahedral sites in CosTi alloy: sites
consisting of six Co atoms (Cos octahedral site), and sites with
four Co and two Ti atoms (Co4Ti2 octahedral site). CosTi contains
one Cos octahedral site and three Co4Tiz2 octahedral sites. As
described above, CosTiH-4 decomposed into CosTiH-1 during
depressurization and three hydrogen atoms evolved from the
dehydrogenation reaction. Presumably, hydrogen atoms in Co4Ti2
octahedral sites are evolved during depressurization since the
amount of hydrogen evolved during depressurization corresponds
to the number of CosTi2 octahedral sites. Hydrogen atoms in
Coa4Tiz octahedral sites seem to be less stable than those in the
Cos octahedral site, despite the presence of Ti with high hydrogen
affinity. This result seems consistent with the previously reported
result for the Mg-containing hydride MgPdDx, which is an
interstitial hydride with the same CusAu-type structure.
Deuterium occupied the octahedral interstices surrounded
exclusively by Pd atoms (Pds site), although there is an octahedral
site composed of Mg (PdsMagz site) with high hydrogen affinity
[71.

The recovered CosTiH-1 decomposed gradually under ambient
conditions and evolved hydrogen at 115 °C at ambient pressure.
The thermal stability of CosTiH-1 is comparable to that of fcc
CoHx. This is probably due to the similar local structure
surrounding the hydrogen atoms. The local structure around the
hydrogen atoms in the Cos octahedral site of CosTiH-4 is identical
to the structure in fcc CoHx.
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Inner-shell atomic lifetimes as a
‘stopwatch’ for studying Auger decay

James R Harries

Coherent X-ray Research Group, Synchrotron Radiation Research Centre

To study the dynamics of electrons in matter on its natural
timescale requires techniques which can access femto- and atto-
second timescales. At visible wavelengths attosecond pulses of
light are available using high-harmonic generation (HHG)
technology. To study tightly bound electrons however requires X-
ray pulses. The HHG technology can be extended to short
wavelengths, but at a loss of intensity. X-ray free-electron lasers
offer pulse widths of tens to hundreds of femtoseconds, but with
only partial coherence and an inherent time jitter. Here we show
that it is possible to access the attosecond timescale even with
synchrotron radiation, which has a pulse length of tens of
picoseconds or longer.

Experiments were performed at two different beamlines to
study an effect called post-collision interaction in Kr gas.
Radiation incident on an atom can lead to the emission of an
electron if the photon energy is sufficient (photoelectric effect).
At X-ray energies, electrons can be emitted from energy levels
deep within the atom, leaving a ‘hole’ in an inner shell. These
‘inner-shell excited states’ are highly unstable, and decay rapidly
by an electron in a higher energy level filling the hole, releasing
energy. This energy is either emitted as radiation (fluorescence
decay), or by the emission of another electron (Auger decay).
Which process occurs depends on the properties of the states
involved. For Kr, a 1s hole decays predominantly by fluorescence,
whereas a 2p hole decays predominantly by Auger decay. When

photoelectron photo.e\ectron

photon

b)

*

| @
X%
o

1s ionisation
(14 keV @ BL19LXU)

2p ionisation
(1.7 keV @ BL17SU)

Figure 1. Inner-shell photoionisation

°
P hotoe|
l“\ photoelectron
’ -~ o -
) P \.\ o
. - 8 8
° \ \ \\ = Auger
. v\ (*ﬁ \ electron
r VoLl
| K]
A PS
post-col lision
LMM Auger decay interaction

of 2p hole state

Figure 2. Auger decay and PCI

40

the incident radiation is close to the threshold for ejecting the
initial electron, the emitted photoelectron has a low kinetic energy.
Auger electrons usually have high kinetic energies, and can
‘overtake’ the photoelectron. This process leads to a change in the
kinetic energies of both electrons, which can be observed using a
high-resolution electron energy analyser.

In this experiment we studied the post-collision interaction
between Auger electrons and photoelectrons emitted following
the decay of a 2p ‘hole’, created in two different ways. Using a
photon energy of 1.7 keV the state was created directly by direct
photoionization (figure 1a). Using a photon energy of 14 keV, the
2p hole state was created by first ionizing a 1s electron (figure
1b). This excited 1s hole state decays by emitting fluorescence as
a 2p electron fills the hole, with a natural radiative lifetime of 167
as. Comparing these two processes, the photoelectron for process
b) has moved further away from the atom than that of process a)
at the instant the 2p hole state is created.

The 2p hole state decays by ‘LMM’ Auger decay, with an
electron from the n = 3 shell filling the 2p hole and ejecting a
further n = 3 electron (figure 2). Here ‘LMM’ refers to the three
electrons involved: a hole in the ‘L’ shell is filled by an electron
from the ‘M’ shell, and the excess energy is taken away by a
further electron from the ‘M’ shell. This creates a fast Auger
electron. Since the Auger electron has a higher kinetic energy
than the photoelectron, the Coulomb interaction between the two
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affects both of their energies, leading to a ‘speeding up’ of the
Auger electron and a ‘slowing down’ of the photoelectron as it
experiences a stronger Coulomb potential from the remaining
now doubly-charged ion.

Figure 3 shows electron spectra recorded at photon energies
ranging from below threshold (bottom) to far above threshold
(top). The main peak near 1460 eV corresponds to emitted Auger
electrons, and it is clear that this peak shifts to higher energies
closer to threshold — this is the PCI effect described above.

The key point to this work is the comparison between Auger
electron spectra recorded following K-shell photoionization (14
keV) and L-shell photoionization (1.7 keV). As described above,
both of these processes lead to LMM Auger emission following
the creation of a 2p hole, but the difference is that there is a time
delay between photoionization and the creation of this hole for
the former case, due to the fluorescence decay 2p — 1s.

Figure 4 compares the results from the two situations. Both
experimental spectra (blue dots, cyan triangles) show the same
LMM Auger line, at a kinetic energy near 1460 eV. The spectra
were recorded with photon energies 0.6 eV above either the K-
shell threshold (blue) or the L-shell threshold (cyan). It is clear
that despite the photoelectron in each case having the same
kinetic energy (0.6 eV) and the Auger electron having the same
initial kinetic energy (this is determined purely by the electronic
state energies) there is a shift of around 0.2 eV between the two
cases, with the electron detected at a lower energy for 1s
ionization. This can be understood by considering the time delay
due to the 2p — 1s fluorescence. During this time the
photoelectron has moved further away from the remaining ion, so
the PCI effect also occurs at a later time (larger wavefront radius).
This reduces the PCI effect due to the smaller change in Coulomb
field as the Auger electron ‘overtakes’ the photoelectron. Figure
3 shows that the PCI effect increases the Auger electron’s kinetic
energy — and figure 4 thus shows that the PCI effect is stronger
for 2p ionization (no time delay) than for 1s ionization (time delay
due to fluorescence).
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The energy difference between the two peaks in figure 4 is
thus a direct effect of the fluorescence lifetime of the 1s hole state,
showing that electron spectroscopy even using synchrotron
radiation can allow us to access the attosecond timescale. For
more details, and a description of theoretical calculations which
explain the results quantitatively please refer to reference [1].
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Magnetic Friedel Oscillation at Fe(001) Surfaces: Direct
Observation by Atomic-Layer-Resolved Synchrotron Radiation
>Fe M6ssbauer Spectroscopy
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The study of the surface and interface magnetism of 3¢
transition metals is of interest due to the essential role that
magnetism plays in determining magnetic interactions and spin-
transport properties of nanomagnets and magnetic hetero
junctions. Over the past few decades, various techniques have
advanced the research on surface and interface magnetism.
However, few experimental studies have investigated the depth-
dependent local magnetic structures of surfaces and interfaces at
the atomic layer level. This is due to the difficulties encountered
when performing depth-resolved studies at the uppermost surface
of a metal, such as with scanning tunneling microscopy, or due to
the signal arising from a relatively broad depth range, e.g., with
X-ray magnetic circular dichroism spectroscopy.

The surface magnetism of Fe(001) is a fascinating research
subject for atomic-layer-resolved magnetic analysis. Theoretical
studies predict a 30% enhancement of the magnetic moment Mre
at the surface and an oscillatory behavior with increasing depth
in the individual layers, i.e., a magnetic Friedel oscillation [1]. As
a related phenomenon, Ohnishi et al. theoretically predicted that
the hyperfine magnetic field Hint is reduced by 30% relative to the
bulk value despite a significant increase in the surface Mre [2].

Recently, we determined the layer-by-layer Hin of the
Fe(001) surface by the in situ 5Fe probe layer method with a high
brilliance synchrotron Mdssbauer source [3]. In this method, a
resonant isotope probe layer is embedded in a thin film prepared
with a non-resonant isotope. The observed Hint at the nucleus
provides details on the local surface magnetism.

Fe(001) films were fabricated by alternatively evaporating
56Fe and ’Fe from 99.94% iron-56 and 95.93% 57Fe isotopic
sources onto pre-cleaned 10x10x0.5 mm3 MgO(001) substrates
under a vacuum pressure of approximately 108 Pa. A 0.8-ML
thick 57Fe probe layer (t = 0.1 nm) was embedded to the depth of
the Nth atomic layer below the surface where N =1 to 4 and 7.
These samples are hereafter referred to as “Nth probe layer
samples”.

The experiments were performed at the BL11XU beamline
of SPring-8 using linearly n-polarized 14.4 keV Mossbauer y-rays
with a 15.4 neV bandwidth produced by a synchrotron Mdssbauer
source. The y-ray beam was vertically focused by an elliptical
mirror. The beam size was 15 um (V)x1.6 mm (H) and the beam
flux was approximately 2.9x10* photons/s. This beam was
introduced into the measurement chamber to perform grazing
incidence measurements (Fig. 1a). An external field of 300 Oe
was applied antiparallel to the beam direction to magnetize the
Fe(001) film. In this arrangement, the w-polarized incident beam
interacted with the four nuclear transitions of Am = +1. The
Madssbauer absorption spectra were measured by collecting the
totally reflected y-rays from the sample surface at an incident
angle of 0.1° with a reflectivity of approximately 80%. Each
spectrum was obtained within a few hours of sample preparation.
Such rapid measurements significantly reduced the residual gas
absorption and oxidation on the Fe(001) surfaces.
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Figure 1b presents the Mdssbauer spectra of the Nth probe
layer samples (N = 1 to 4 and 7) recorded at 300 K. All samples
showed magnetically split Mdssbauer patterns. The spectra of the
first, second, and third probe layer samples exhibited complex
profiles composed of different magnetic components, i.e., small
Hint (red lines, around 28 T), large Hint (blue lines, around 36 T),
and bulk-like Hint (green lines, around 32 T).
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Figure 1. (a) Experimental setup. (b) Mdsshauer spectra
of the Nth probe layer samples measured at 300 K. Black
solid lines represent the fitted curves. Red, blue, and
green lines represent the three different magnetic
components. M(i) represents the magnetic component
assigned to the >’Fe atoms located in the ith layer below
the surface. Hex is the magnetic field (300 Oe).

The ideal probe layer in the sample was surrounded by
finely distributed 5"Fe atoms, which stemmed from the random
deposition and surface diffusion of iron atoms during the growth
process. Figure 1b (right) shows a conceptual diagram of the
process. In this case, if the first, second, and third layers of the
iron surface have a different Hint the spectra should exhibit a
complex profile with multiple components. Based on the
systematic behavior of the three components, the small Hint, large



Hint, and bulk-like Hint represent the intrinsic hyperfine fields for
the first, second, and third layers from the surface, respectively.
In contrast, the spectra of the fourth and seventh probe layer
samples exhibited a single magnetic component with four
absorption lines, even in the presence of finely distributed 57Fe
atoms. This is because the hyperfine fields of the neighboring
layers at these depths are bulk-like, and the overlapping
subspectra result in a simple absorption profile. The prominent
subspectrum with the largest percent area in the Nth probe layer
sample was assigned to the spectrum characterizing the 5’Fe
atoms located in the Nth atomic layer from the surface.

The experimentally determined layer-by-layer Hint
exhibited a marked decrease at the surface and an oscillatory
decay toward the bulk value. Such a behavior was successfully
reproduced by theoretical calculations (Fig. 2). This result
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Figure 2. The experimental and theoretical layer-by-layer
hyperfine magnetic fields.
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provides the first experimental evidence for the magnetic Friedel
oscillations, which penetrate several layers below the Fe(001)
surface. Theoretically, the oscillatory decay of Hint should be
strongly coupled with the Friedel oscillation of Mre, which is
caused by the surface electronic structure with a large spin
imbalance and d-band narrowing [1, 2, 3].

In summary, the surface magnetism of Fe(001) was studied
in an atomic layer-by-layer manner by using the in situ >’Fe probe
layer method with a synchrotron Mdssbauer source. The observed
Hint exhibited a marked decrease at the surface and an oscillatory
behavior with increasing depth in the individual upper four layers
below the surface. In the future, the in situ 5Fe probe layer
method with a synchrotron Mdossbauer source should facilitate
additional studies on the surface and interface magnetism in
advanced magnetic and spintronic materials and devices.
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Theoretical Study of X-ray Magnetic

Circularly Polarized Emission

Takuji Nomura® and Akihiro Koide?

! Condensed Matter Theory Group, 2 Magnetism Research Group,
Synchrotron Radiation Research Center

Spectroscopic methods utilizing synchrotron radiation to
analyze magnetic properties in materials have attracted much
interest. One of the most widely used methods is x-ray magnetic
circular dichroism (XMCD). XMCD is a kind of x-ray
absorption spectroscopy. In XMCD, the incident absorbed x-ray
is circularly polarized, carrying a finite angular momentum.
When a circularly polarized x-ray is absorbed by an electron in a
material, the electron is excited to an unoccupied state above the
Fermi level (Er) with changing its angular momentum, where
the sum of the angular momenta of the electrons and absorbed
x-ray is conserved. In ferromagnets, electrons are polarized in
spin angular momentum. In other words, electron unoccupancy
as well as electron occupancy differs between spin up and down
states. This difference leads to the difference in the electron
transition probability or equivalently absorption intensity, for
right- or left-handed circularly polarized x-rays.

Recently, Inami succeeded in observing magnetic circularly
polarized emissions (XMCPE) at the K edge in magnetized iron
[1]. This provides a new magnetically-sensitive spectroscopic
method utilizing synchrotron radiation. In Fig. 1, a typical
process of XMCPE at the transition-metal K edge is illustrated.
In XMCPE, an incident linearly polarized x-ray (i.e., carrying
no angular momentum) is absorbed, promoting a 1s electron to a
free conduction state and leaving a hole on the inner K-shell (as
shown on the left side of Fig.1). At this stage, since the incident
photon brings no angular momentum, the free electron takes the
same spin angular momentum as in the 1s state before promoted.
This means that the electron system still maintains the same
total angular momentum. Subsequently one of the 2p electrons
goes down to the unfilled 1s state, emitting a circularly
polarized x-ray. Since the total angular momentum of the
electron system and outgoing x-ray is conserved, the electron
system must have a different angular momentum from that in
the initial state. In other words, the electronic system loses an
equal amount of angular momentum to that carried away by the
circularly polarized outgoing photon. Thus, in the final state of
XMCPE, the electron system will be in an excited state with a
different angular momentum from that of the initial ground state,
as in the final state of XMCD. In ferromagnets, such an
excitation will occur with a different probability, depending on
right- or left-handed x-ray emission. In fact, for magnetized iron,
Inami observed a clear difference in emission spectra for the
two helicity states of emitted x-rays [1]. Here we should note
that in contrast to the XMCD technique that utilizes the
difference in intensity between the two helicity states of
absorbed x-rays, the XMCPE technique utilizes the difference
between the two helicity states of emitted x-rays. Compared
with XMCD, XMCPE has the following advantages: (i) the
flipping ratio (i.e., the relative difference in intensity between
the two helicity states of [absorbed or emitted] x-rays) is large.
(ii) High bulk sensitivity can be achieved, by setting the incident
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and emitted x-rays in the hard x-ray regime. Thus, XMCPE can
be a powerful new tool to investigate magnetization
distributions deep inside bulk ferromagnets.
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Fig. 1: llustration of a typical XMCPE process. Initially, an
incident photon of an incoming x-ray promotes a 1s electron
to a free-electron state, leaving a core hole in the 1s level (on
the left side). Subsequently, one of the 2p electrons fills the
1s hole and a circularly polarized x-ray photon is emitted (on
the right side). Electron excitations in the 3d bands can also
be induced by the 2p-3d Coulomb interaction. The six 2p
levels are split into 2pa2 doublets (L2) and 2ps2 quartets (Ls)
due to the spin-orbit coupling.

To our knowledge, any theoretical descriptions of XMCPE
have been restricted so far to those based on atomic multiplet
calculations. One of such analyses is given in [1]. However, it is
widely known that such atomic calculations are insufficient for
describing electron excitations in itinerant electron systems such
as bulk iron, while it is appropriate for describing only electron
transitions between strongly localized states. In this report, our
new theoretical framework applicable to itinerant ferromagnets
is explained, following [2].

In transition-metal ferromagnets, the d electrons near Er
dominantly contribute to the total magnetization. Therefore, first
we performed a first-principles band structure calculation. To
extract the electronic structure near Er from the result, we
constructed the so-called maximally localized Wannier functions,
assuming the Fe-s, Fe-p and Fe-d characters (Here we should
not confuse these Fe-s and Fe-p states with the inner-shell 1s
and 2p states). This produces a 9-orbital tight-binding model.
Here we should note that the Fe-3d states form dispersive broad
bands (with about 10 eV bandwidth), for which isolated-atom
descriptions are invalid. Including the onsite Coulomb



interaction (U, U’, and J) among the five Fe-3d orbitals, we
have a Hubbard-type model with a realistic electronic band
structure. To determine the ferromagnetic ground state, the
Hartree-Fock (mean-field) approximation is applied to this
model. The calculated magnetic moment is 2.0 us per Fe site for
U=22eV,U =132eV and J = 0.44 eV. For the inner-shell 1s
and 2p states, we can take completely flat bands, since they still
take the isolated atomic nature even in the solid state. In the Ka
XMCPE, the Coulomb interaction Vzp-3¢ between the 2p and 3d
states plays an essential role, because the 2p states are affected
by the 3d spin polarization through Vzp-34. If we take no account
of the 2p-state polarization through Vzp-34, we have no difference
in the 2p-1s emission intensity between right- and left-handed
circularly polarized x-rays. We control Vzpad, setting the
so-called Slater-Condon parameters F" (n =0, 2) and G" (n = 1,
3). To calculate x-ray emission intensities, we used a
quantum-field-theoretical method based on the Keldysh Green’s
functions for non-equilibrium processes. As a consequence, we
derived an analytic formula for XMCPE intensity (See [2] for
mathematical details). According to the result, the XMCPE
intensity is expressed by a sum of two contributions: Wy, =
Wiy + 8Wg,. Wy originates from the 2p—1s relaxation
processes leaving no excitations on the 3d bands in the final
state, where R/L denotes the emission of right-handed (R) or
left-handed (L) circularly polarized x-rays. 6Wg,, is a
many-body correction due to excitations where an electron-hole
pair remains on the broad 3d bands in the final state. Wg /L can
be effectively calculated even within the atomic descriptions,
because excitations on the 3d states are not included in any case.
On the other hand, as we shall see below, Wy, substantially
yields a broad weight as a function of emitted x-ray energy,
reflecting the broadness of the Fe-3d bands. Such a broad
0Wr1, weight should be treated by itinerant electron bands, not
by discrete atomic energy levels. Finally, we should note that
the subtraction spectrum Wy — W, vanishes completely for
paramagnets but remains finite for magnetized ferromagnets.

Calculated XMCPE spectra for metallic iron are displayed in
Figs. 2 and 3. In Fig. 2, the emission spectra I/T/R/L and their
subtraction Wy — W, neglecting the excitations on the Fe-3d
bands are compared with experimental data. We can see a
significant deviation on the lower-energy side of each of the L.
and Lz emission peaks. In contrast, in Fig. 3, the emission
spectra Wg, and their subtraction Wy — Wy, including the
excitations on the Fe-3d bands are compared with experimental
data. The tail-like spectral weight on the low-energy side can be
well reproduced by the theoretical calculation. This comparison
clearly indicates that the electron excitations on the Fe-3d bands
snatch a significant amount of energy from the emitted x-ray.
Thus, we can interpret that the tail-like weight on the
low-energy side captures the broad excitations of itinerant Fe-3d
electrons, whose broadness is of the order of the Fe-3d
bandwidth.

In conclusion, we give possible perspectives to advance: (i) our
framework can be applied further to a wide variety of
ferromagnets. (ii) In our framework, we adopted a perturbative
approach taking only the lowest-order contributions in Vzp-3d
(Born approximation). One possible future research direction is
to investigate the effects of higher-order terms including
multiple electron-hole excitations and spin-wave (magnon)
collective modes, although this will require more complicated
analytical and much heavier numerical computations.
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Research Activities of the Institute of Quantum
life Science at KPSI

N. Shikazono

Institute of Quantum Life Sciences

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

The Molecular Modeling and Simulation Group is aiming to
understand the in vivo function of biomolecules at the atomic
level. The group uses computer simulations and bioinformatics
together with results obtained by experiments, such as
crystallographic and scattering data obtained by various types of
radiation (x-rays, neutrons, and electrons) and cryo-electron
microscopy. The main research target is to determine how the
dynamics of protein/DNA/RNA complexes relate to essential
cellular functions, such as transcription, translation, replication,
and repair. One of the focuses of the group is to determine
whether current simulations quantitatively predict the stability of
ribonucleic acids (RNAs). This research group carried out a free-
energy perturbation simulation of RNAs containing inosine, a
modified ribonucleic base, to derive RNA nearest-neighbor
parameters. Surprisingly, a parameter set obtained from only
thirty simulations was able to predict the difference in free
energies of the various RNA duplexes with a low mean unbiased
error, which is a level of accuracy comparable to that obtained
from twenty-five experiments. They found that the error could be
further lowered by combining the simulation-derived and
experimentally measured free-energy differences. The research
group demonstrated that their simulation is very useful for
deriving nearest neighbor parameters of RNAs with various types
of modified base [1]. The results are described in the associated
report. The group has also been working on the dynamic structure
of nucleosomes. A nucleosome is the fundamental structural unit
of chromatin and is composed of histone proteins wrapped in
DNA. Generally, torsional stress has a significant impact on the
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structure and stability of the nucleosome. For instance, RNA
polymerase imposes torsional stress on the DNA in chromatin and
unwraps the DNA from the nucleosome to facilitate the access to
the genetic information encoded in the DNA. To understand how
such torsional stress affects the stability of the nucleosome, the
research group has simulated the unwrapping of the nucleosomal
DNA under a positive or negative torsional stress. The free
energies for unwrapping the DNA indicated that a positive stress,
which overtwists the DNA, promotes asymmetric unwrapping of
the DNA, while a negative stress, which undertwists the DNA,
does not accelerate unwrapping. Under a positive stress, the DNA
becomes straightened and rigid, which facilitates a large-scale
asymmetric unwrapping of the DNA. One end of the DNA is
disconnected from the histones while the other end remains stable
wrapped around the histones. Under a negative stress, the DNA
is more easily bent and becomes more flexible, which facilitates
the binding of the histones to the DNA. The results indicate that
the stability of individual nucleosomes in the chromatin is
changed by a torsional stress, thereby enabling access of
regulatory proteins to the DNA to maintain gene expression
without large conformational changes of chromatin [2]. The
results are described in the associated report.

The main goal of the DNA Damage Chemistry Group is to
clarify the nature of DNA damage induced by various agents,
especially damage from ionizing radiation. The group aims to
utilize new experimental techniques that can unveil the structure
of DNA damage as well as the recognition of DNA damage by
repair enzymes at nanometer scales. The focus of the group 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 along the DNA). Clustered DNA
damage is considered to be challenging to repair, and thus, a
critical type of damage induced by ionizing radiation. However,
its presence and microstructure has remained elusive, as few
experimental methods were able to obtain data on the spatial
distribution of DNA lesions. This research group has established
an approach for measuring the level of localization of DNA
damage by directly visualizing the damage. Atomic force
microscopy  (AFM) has a  resolution at  the
nanometer/subnanometer scale, and thus DNA can be directly
visualized. The research group has labeled DNA damage (abasic
sites) by attaching aldehyde reactive probes with biotin, and then
attaching streptavidin to the biotin. The large molecular size
enables the detection of streptavidin by AFM. Abasic sites were
directly induced, or further revealed by removing the damaged
base by DNA glycosylases, after irradiation. The complex nature
of the clustered DNA damage was visualized for the first time by
this method. The research group has further developed a
promising method to detect clustered DNA damage, using
fluorescence anisotropy measurements based on Forster
resonance energy transfer (FRET). In this method,
aldehyde/ketone moieties such as at abasic sites in irradiated
DNA are labeled by aminooxyl fluorophores. Fluorescence
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anisotropy enabled (a) the estimation of the apparent base-pair
separations between lesions in a cluster produced by an ion track,
and (b) revealed that the yield of clustered abasic sites increased
with increasing linear energy transfer of the radiation. The results
demonstrate that fluorescence anisotropy analysis has the
potential to be used to discover the qualitative and the
quantitative differences of clusters produced not only by ionizing
radiation but also by other DNA damaging agents [3]. Below in
the associated report, a detailed description is given.

A goal of the Mechanism of Mutagenesis Group is to
elucidate the underlying mechanisms of the induction of
mutations, which are highly relevant to carcinogenesis and the
evolution of life. One aspect of the research of this group focuses
on the events at the very early stages (around a femtosecond to
picosecond) within a space in the scale of nanometers after energy
transfer from ionizing radiation, especially from ion particles.
Using Monte-Carlo simulations, the research group has
demonstrated that, when water is exposed to densely ionizing ion
particles, some of the secondary electrons ejected from the water
molecules are trapped within the electric potential created by the
ionized water molecules. This result leads to the realization that
the radial dose near the track of a densely ionizing ion particle is
much higher than previously understood. This highly localized
energy deposition is considered to produce a high vyield of
clustered DNA damage, and thus have important implications for
the drastic effect of ion particles on cells. Another research
interest of the group is the molecular mechanisms of mutagenesis.
One of the unique features of the mutation frequency of bi-
stranded clustered DNA damage is that its mutation frequency is
significantly higher than the mutation frequencies of the isolated
lesions, even when the cell lacks the ability to repair isolated
lesions. This suggests that there is a pathway for mutagenesis in
addition to the persistence of the mutagenic lesion. For further
insight into the mutagenic process of clustered DNA damage sites,
the research group used a plasmid-based assay in Escherichia coli
cells. Their findings revealed that the strand containing a
mutagenic lesion within a bi-stranded clustered DNA damage site
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is preferentially used as a DNA template. The length of the region
of strand preference was found to be determined by DNA
polymerase I. These results suggest the presence of an unknown,
strand synthesis process during the mutagenesis of clustered
DNA damage [4].

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 groups of the Institute of Quantum Life Sciences at the
KPSl is ongoing.
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Predicting the stability of modified RNA duplexes:
the inosine-cytidine pair

Shun Sakuraba

Molecular Simulation Group, Institute of Quantum Life Sciences

Ribonucleic acids (RNAs) are one of the essential molecules
in life. Unlike deoxyribonucleic acids (DNAs), which typically
form double-strand helices by making Watson-Crick pairs to
complementary DNA chains in living cells, most RNA molecules
are single-chained. The RNA often creates Watson-Crick pairs
within a single chain and forms various structures. In RNA
biology, the topological information of RNA-RNA binding is
referred to as the “secondary structure”. The secondary structure
is strongly tied to the biological functions of RNA, and thus, the
prediction of the RNA secondary structure from its primary
sequence (consisting of A, C, G, or U representing RNA bases) is
an important task [1]. In the prediction, the change in stability (or
free-energy gains/losses) of the Watson-Crick pair formation
must be assessed. Current RNA biology relies on the nearest-
neighbor parameter [2] that describes the free energy change
upon a Watson-Crick pair formation of canonical (A, C, G, or U)
RNA bases.

Recent developments in RNA sequencing technology have
revealed that, in addition to canonical RNA bases, several
modified bases are used in living cells. Furthermore, these RNAs
with modified bases, or modified RNAs, plays an important role
in complex biological functions; for example, a loss-of-function
mutation in an adenine-to-inosine converter enzyme leads to an
epilepsy in mice [3]. Often, the modification also incites the
rearrangement in the RNA secondary structure and its function.
However, the change in stability of Watson-Crick pairs with base
modification is largely unknown. Deriving nearest-neighbor
parameters requires tens of UV-melting experiments [2], and
synthesizing the modified RNAs for that many experiments is
costly.

This challenge was addressed with the help of molecular
dynamics (MD) simulations [4]. By performing specially
designed MD simulations, the free-energy difference of the RNA-
RNA binding can be calculated. In MD simulations, actually
synthesizing the modified RNAs is not required; new bases can

UV melting experiments

AG
Hbd fe=-2.22

MD simulations ‘1(: =-1.47

B [9)

AAG
Figure 1. Schematic diagram of our parameter deriving
scheme. A small number of experiments (eight synthesized
sequences) and multiple MD simulations (corresponding to
thirty sequences) were combined to obtain the new nearest-
neighbor parameter. Adapted with permission from [4].
Copyright 2020 American Chemical Society.
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Figure 2. Experimentally and computationally obtained
change in stability (measured by free energies) versus the
predicted stability. Reprinted with permission from [4].
Copyright 2020 American Chemical Society.

be modeled with just a mouse-and-keyboard. To derive the
nearest neighbor parameters of modified RNAs efficiently, we
have developed a computational scheme to calculate the free-
energy difference [5]. Additionally, we designed a new scheme to
combine known experimental data with computational data (Fig.
1) based on a simple linear regression with a Gaussian error
model [6].

The developed method was applied to the nearest-neighbor
parameter derivation for RNAs containing inosine-cytidine pairs
[7]. First, the consistency between the experiments (eight RNA
duplexes were synthesized and measured), the simulation, and the
newly derived parameters was tested. Figure 2 shows the
observed/predicted change in stability (free-energy difference)
obtained by the experiments/simulations versus the final stability
prediction from the newly derived nearest-neighbor parameters.
It can be clearly seen that the prediction can reproduce the
experimental and computational free-energy difference. To test
the possibility that the current parameter is overfitting the
experimental values, a jackknife analysis was performed. l.e., one
sample was removed from the dataset and the parameters used in
the prediction regenerated, and the stability of the removed
sample was then predicted. Figure 3 presents the experimental
value and the predicted value, demonstrating that the
experimental values can be reproduced with the proposed method.

The performance of the newly designed parameter was
further evaluated with recently published experimental
measurements of inosine-cytidine pairs containing RNAs. Table
1 shows the prediction error of the experimentally measured
change in stability. The prediction error (measured by the mean
unbiased error, MUE) was as low as 0.60 kcal/mol. In comparison,
for the inosine-cytidine pair parameter, the MUE estimated from
the fully experimentally derived (using twenty-five sequences)
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Figure 3. Experimentally obtained change in stability
(measured by free energies) versus the predicted stability.
Prediction was performed without using the data to be
predicted (the jackknife analysis). Reprinted with
permission from [4]. Copyright 2020 American Chemical
Society.

8 exps + 30 sims 25  exps,
(this work) jackknife
MUE (kcal/mol)  0.60 0.75

Table 1. The accuracy estimation of the newly derived
parameter. “Exps” represents the number of experimentally
synthesized and measured RNA duplexes to obtain the
parameter set. “Sims” represents the number of MD
simulations performed to predict the RNA free-energy
change. The lower the MUE the better.

parameter with the jackknife analysis was 0.75 kcal/mol. This
result indicates that the newly derived parameter using only eight
synthesized sequences performs at least as well as the fully
experimentally derived parameter from experiments using
twenty-five synthesized sequences.

In summary, a methodology was developed to derive the
nearest-neighbor parameter, which describes the stability of RNA
structures, for the modified bases. The methodology combines
MD simulations with experimental measurements to obtain
accurate nearest-neighbor parameters. The newly derived
parameters were at least as accurate as the experimentally
determined parameters.
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Unwrapping of two outer half superhelical turns of
nucleosomal DNA under torsional stress

Hisashi Ishida

The genome DNA of eukaryotes is compactly stored in a
nucleus and folded into chromatin, a higher order structure, to
protect the DNA from being damaged by radiation, etc. However,
decompaction of the chromatin structure is also required for the
control of gene regulation in the cellular processes for
transcription, replication, repair, and recombination. The
nucleosome is the fundamental structural unit of chromatin and
is composed of histone proteins and DNA. Its crystal structure
reveals that within the nucleosome, 146 or 147 bps of DNA wrap
1.75 times around an octameric histone core. Although the
nucleosome is stable in physiological conditions, thermal
fluctuations cause spontaneous partial unwrapping of
nucleosomal DNA from the histone core. Experiments have
found dynamic motion between an open state with partially
unwrapped DNA and the closed state with fully wrapped DNA,
which is often referred to as the breathing motion of the
nucleosome.

In addition to the spontaneous unwrapping of outer turns of
DNA, some DNA-binding proteins such as transcribing RNA
polymerase (RNAP) and chromatin remodelers actively apply
forces to unwrap or rewrap nucleosomal DNA. During
transcription, RNAP moves along the DNA helix and generates
positive and negative stresses on the DNA in front and behind the
RNAP, respectively. Consequently, DNA downstream and
upstream of the polymerization site are overwound (either
overtwisted or positively supercoiled) and underwound (either
undertwisted or negatively supercoiled), respectively. As
nucleosome core particles prefer to bind negatively supercoiled
DNA, overwound DNA ahead of the RNAP would destabilize the
DNA-histone or histone — histone interactions in the nucleosome,
and underwound DNA behind the RNAP would promote the
reassembly of nucleosomes.

However, the mechanism for DNA outer turn unwrapping and
rewrapping is not well understood at the atomic level. In order to
understand how the torsional stress on the outer turn of DNA
affects the stability of the nucleosome, all-atom molecular
dynamics simulations of nucleosome under torsional stress were
performed (1). Previously, the unwrapping of two half
superhelical turns of nucleosomal DNA from either end of the
DNA (hereinafter referred to as “two outer half turns of DNA”)
was investigated without torsional stress (2-5). In the present
study, the free energy under torsional stress will provide further
insight into understanding the unwrapping of the outer turn of
DNA.

To understand how the torsional stress affects the stability of
the nucleosome, the unwrapping of two half superhelical turns of
nucleosomal DNA from either end of the DNA was examined
under torsional stress with all-atom molecular dynamics
simulations (Fig 1).

The free energy for unwrapping the DNA was calculated
against the DNA end-to-end distance d (Fig. 2(a)). The free
energies had a global minimum free energy of 0.0 kcal/mol when
d=63, 69, and 67 A under positive, negative, and no stress
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Fig. 1 The nucleosome system for simulations under
torsional stress. (a) Schematic representation of the
nucleosome system under a torsional stress, (b) the initial
structure of the nucleosome is shown in tube model, and
(c) the definition of the torsional angles.

conditions, respectively. Up to d = 145 A, the free energy under
positive stress was larger than under negative and no stress
conditions, indicating that more free energy is required to extend
the distance between two DNA ends d under positive stress. In
particular, the differences in the free energy up to that distance
among the three torsional conditions results from the sharper rise
of the free energy from a d of approximately 63 to 76 A under
positive stress as compared with the rise from a d of
approximately 70 to 85 A under negative and no stress conditions,
where the DNA started to dissociate from the H3 aN-helix. This
indicates that the interaction between the DNA and the H3 aN-
helix was stronger under the positive stress. Arelatively moderate
increase in the free energy followed the sharp rise. The gradient
of the free energy under the positive stress was nearly constant up
to d = 170 A while those under the negative and no stress
conditions gradually increased with d. Eventually, the free
energies became larger than under the positive stress at a d of
approximately 150 A. When two outer half turns of DNA were
fully unwrapped, the free energies were 13.5 kcal/mol at
d=220A, 19.5kcal/mol at d = 214 A, and 17.0 kcal/mol at
d =214 A under positive, negative and no stress conditions,
respectively. After those distances, the free energies rapidly
increased as the DNA started to stretch.

To interpret the unwrapping process structurally, the
perspective of the free energy as a function of the total number of
unwrapped base pairs (hereafter referred to as bptotal) (Fig. 2(b))
was changed. The nucleosome under positive, negative, and no
stress conditions had a global free energy minimum of
0.0 kcal/mol at bpwta =0. In all cases, the free energies for
positive, negative, and no stress conditions reached 12.0, 19.3,



and 15.2 kcal/mol at a bpotal Of approximately 52, respectively,
when the unwrapping of two outer half turns of DNA was
completed. During the unwrapping, distinctive increases in the
free energy were observed at bptwtal = 0, ~13, 26, 39, and 52 for
the three cases. A remarkably sharp increase in free energy was
observed at bpwtai = 26 under negative and no stress conditions
but not under the positive stress.
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Fig. 2 Free energies for unwrapping the DNA against

(@ d and (b) bpwtar under positive (blue), negative
(red), and no (black) torsional stress.

A model is proposed for the small- and large-scale asymmetric
unwrapping of nucleosomal DNA as follows (Fig. 3).

First, the positive torsional stress overtwists the DNA, while
the negative torsional stress undertwists the DNA. Second, the
minor groove of the DNA at SHL = + 6.5 rotates and further
strengthens the interaction with the H3 aN-helix under positive
stress, which stabilizes the nucleosome and suppresses the

transition from 57(51 to 2. Third, the change in the
bendability and flexibility of the DNA influences the free energy
for the DNA unwrapping. Overtwisted DNA under positive stress
is straightened. The straightened DNA would increase the
bending energy if the DNA retained the bent form to maintain its
contact with H2A-H2B. This high bending energy in the DNA
would facilitate the unwrapping of the DNA to relax the bent form
of the DNA from sAS1 to IA4S2. In contrast, the DNA under
a negative stress is more bendable and would require less internal
bending energy to wrap the DNA than under a positive stress.
Consequently, it is concluded that the torsional stress has a
significant impact on the affinity of the DNA and the octamer
through the inherent nature of the DNA, and can change the
accessibility of regulatory proteins. The present results suggest
that DNA accessibility in the chromatin can be regulated by
enhancing or suppressing asymmetric unwrapping without a large
extension of the DNA through the torsional stress generated by
proteins such as RNAP and chromatin remodeling complexes,
which may explain why genes in condensed chromatin states can
be expressed.
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Fig. 3 Schematic representation of the model of the
transitional paths for the unwrapping of two outer half
turns of DNA under a torsional stress. (a) Definition of

the six states: 90, sAS1, 32, 1452, sAS3,and 4.
(b) The unwrapping of two outer half turns of DNA under
positive, negative, and no stress conditions is
schematically shown in blue, red, and black, respectively.

The transitional states are labeled as S0, sﬁSl, 92,
52, sAS3,and 4.
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Fluorescence anisotropy of radiation-induced
DNA damage clustering based on FRET

Ken Akamatsu

DNA Damage Chemistry Research Group, Institute for Quantum Life Science

A clustered DNA damage site (cluster), in which there are
two or more lesions within a few helical turns, is believed to be a
key factor in determining the fate of a living cell exposed to a
DNA damaging agent such as ionizing radiation. However, the
structural details of clusters, such as the number of included
lesions and their proximity, are unknown. A method is developed
here to characterize clusters by fluorescence anisotropy
measurements based on Forster resonance energy transfer (homo-
FRET) (Fig. 1).

FRET has been used in molecular and cell biology to
investigate the interaction between biomolecules as a “nanometer
ruler”. It is also applied to visualize clusters in living cells. There
are generally two categories of FRET: hetero-FRET and homo-
FRET. Hetero- and homo-FRET can evaluate the energy transfer

DNA
mmmmg&mmm "TTT
FRRNRANERRNNNRN
/;

Fluorescence labeling
to the lesions

‘ Non-radiative
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Fig. 1. Strategy for estimating the localization of DNA
lesions using FRET. D and A are “donor” and “acceptor”
fluorescent probes, respectively. When D and A are the same,
the FRET is referred to as “homo-FRET”. When D and A are
different, it is referred to as “hetero-FRET”.
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phenomena between structurally different molecules (a “donor”
— “acceptor” (D-A) pair) and same dye molecules, respectively.

We previously reported that the hetero-FRET method could
estimate the localization of abasic sites (APs) by fluorescence
spectroscopy of a labeled plasmid sample solution [1,2]. However,
the sensitivity is insufficient, in principle, mainly because all the
clustered APs cannot be labeled with a DA pair (i.e., a clustered
AP labeled with a D-D or A-A pair is not detected as a cluster).
Homo-FRET was attempted to compensate for this disadvantage
[3], as the homo-FRET method is better suited than hetero-FRET
due to its sensitivity and simple experimental protocol. However,
the efficiency of this method must be estimated by fluorescence
anisotropy as the fluorescence intensities with and without FRET
for a given emission wavelength are equal. Here, the homo-FRET
method is applied to estimate the AP localization in a plasmid
DNA irradiated with carbon, helium ion beams, and 6°Co y-rays
in the solid state.

Figure 2A shows the observed fluorescence anisotropy of
the irradiated DNA in the solid state as a function of the AP
average density in comparison with that of the baseline heat-
treated DNA with randomly distributed APs. The observed
fluorescence anisotropy (robs) generally decreases with (i)
increasing AP density (Aap) and (ii) increasing linear energy
transfer (LET). The decrease due to (i) results from a
“sequentially-produced” cluster due to overlapping two or more
radiation tracks, whereas that from (ii) is caused by increasingly
close AP-AP pairs accompanied by an increasing local dose of a
radiation track. In addition, it is surprising that the degree of
localization for 8°Co v-rays is higher than for a random
distribution (bold line), implying that low-energy electrons likely
induces the clusters. Another possible reason for the difference
may be the difference in the chemical structure of damaged sites
such as an AP. Due to the heat incubation, DNA is known to be
depurinated by hydrolysis to produce a typical AP, with an
aldehyde moiety at C1’ of the sugar. In contrast, irradiation of the
“dry” DNA sample would produce a variety of electrophilic
carbonyl groups that are reactive with an aminooxyl fluorescent
dye used as well as the typical AP.

The anisotropy can be converted into the FRET efficiency
(Fig. 2B) and apparent base separation iap (Fig. 2C). The y-
intercept of each curve can elucidate the cluster formation
produced by a single radiation track. However, obtaining data
near the y-intercept is difficult due to the trace amounts of AP
labeled with the fluorophore (i.e., Aar ~ 0). The apparent base
separation iap corresponding to each lowest dose is 21.1, 19.4, and
18.7 bp, respectively. Hence, the value of the apparent base
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Fig. 2. Panel A: fluorescence anisotropy, Panel B: FRET
efficiency, and Panel C: apparent distance between 5°Co y-rays
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0.37MeV/u 12C5* () lesions as a function of AP density [4].
The open circles in Panel A indicate the data for the DNA
incubated in the citrate buffer (pH 4.7) at 70 °C for the given
period. The treatment is known to produce randomly
distributed abasic sites (APs) on DNA.
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separation at the lowest doses moderately reflects the degree of
damage localization produced in a single radiation track.

This study primarily considers aldehyde/ketone moieties at
APs as representative DNA lesions. However, ionizing radiation
can produce a hundred types of lesions that incorporate APs. If
lesions other than such electrophilic carbonyls are covalently
labeled with a fluorescent dye, a variety of information will be
obtained about the quality of the clusters at low doses.

The ultimate goal of this study is to understand the repair
process of complex DNA damage by visualizing the damage itself
and its subsequent biological processing. This study provides
clear evidence for the existence of clusters using the photo-
physicochemical method. However, the development of a
labeling method for damaged genomic DNA in a cell and a
technique to detect small FRET signals from a cluster is necessary
to investigate the biological processing. Some high-resolution
imaging techniques such as fluorescence anisotropy imaging
microscopy (FAIM) will enable the observation of the repair
process of a cluster.
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