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PREFACE

It is my great pleasure to share our research highlights based on the Photon Factory (PF) users’ program
during the fiscal year 2019 (April 2019 – March 2020). Since the PF users’ program started in 1983, about
19,000 research papers have been published. We are proud to have produced a considerable number of papers describing breakthroughs in broad areas of materials science, chemical science, earth science, life science, and instrumentation and techniques. I hope that this latest issue of PF Highlights will lead to new discoveries in scientific studies.
The PF launched its new organization on April 1, 2019, to strengthen its facility and research capabilities.
While many synchrotron-radiation facilities have been built or planned around the world, the PF has been reborn by returning to its roots. The first mission of the PF is to provide new techniques and young people to lead
synchrotron-radiation science through research and development. The second mission is to promote various
researches related to materials and life as an advanced infrastructure facility.
If the 1980s marked the dawn of synchrotron-radiation science, we need to move in a new direction to
make the 2020s a second dawn. In the world, low emittance synchrotron-radiation facilities are becoming more
and more common, but this is also placing greater technical constraints on operating their light sources. We
will increase the flexibility of our light sources and open up new research areas by our only one and number
one beamlines with characteristic synchrotron-radiation beams.
Specifically, as a short-term plan, we will upgrade the PF ring as soon as possible. We would also like to
construct or renovate beamlines, such as a dedicated R&D beamline and a medical imaging beamline using a
large interferometer with a vertical wiggler. As a long-term plan, we are working on a new synchrotron-radiation
facility to significantly improve the flexibility of light sources. In the next issue of PF Highlights, we hope to introduce the conceptual design of the “Hybrid Ring”, which is a candidate for our new facility. We will conduct
R&D in the upgraded PF and refine the conceptual design by exchanging opinions with users.
Finally, it is with great sadness that we report the passing away of Taizo Sasaki, Professor Emeritus of
KEK, on 20 September 2019 at the age of 95. He was the second director of the PF. The success of the PF
would not have been possible without his remarkable leadership. We would like to extend our deepest sympathies to his family.
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1 -1 Materials Science
Structure of Superconducting Ca-Intercalated Bilayer Graphene
on SiC Studied using Total-Reflection High-Energy Positron
Diffraction (TRHEPD)
We have investigated the atomic structure of superconducting Ca-intercalated bilayer graphene on a SiC(0001) substrate using total-reflection high-energy positron diffraction (TRHEPD). By comparing the experimental rocking curves
with those calculated for various structural models using a full-dynamical theory, we have found that Ca atoms are intercalated in the graphene-buffer interlayer, rather than between the two graphene layers. This study is the first to clearly
identify the relation between the atomic arrangement and superconductivity in Ca-intercalated bilayer graphene.
Graphene, a single atomic sheet of graphite, has attracted much interest for its remarkable properties such
as massless charge carriers and quantum Hall effect
caused by unique electronic structures. Furthermore,
superconductivity induced in graphene has been a major focus [1, 2], and much effort has been made to fabricate superconducting graphene by investigating the results of metal doping, following observation of the effect
in bulk graphite intercalation compounds (GICs). Caintercalated bilayer graphene on SiC substrate, which
was regarded as the thinnest C6Ca superconductor,
has also been studied. An indication of superconducting
transition was reported, where it was observed that the
resistance dropped steeply at 4 K, reaching zero at 2 K
[2]. It had been thought that Ca atoms were intercalated
between bilayer graphene by analogy with the structure
of bulk C6Ca. There was, however, no direct evidence of
the exact location of the intercalated-Ca atoms because
bilayer graphene grown on a SiC(0001) substrate had a
buffer layer beneath the graphene layers. To completely
understand the superconducting mechanism of this
compound, a comprehensive structural analysis with
atomic resolution is required.

In this report, we demonstrate the results of investigating the atomic structures of Ca-intercalated bilayer
graphene on SiC(0001) showing superconducting transition using total-reflection high-energy positron diffraction (TRHEPD) [3]. By comparing rocking curves calculated for various structural models with experimental
data, we found that the Ca atoms are intercalated between the graphene layer and the buffer layer, and not
between the two graphene layers, as shown in Fig. 1.
TRHEPD experiments were performed at the
SPF-A3 [4]. TRHEPD is a highly surface-sensitive technique because it utilizes the property of positive electrostatic potential in every material. The rocking curve,
which here is (00) spot diffraction intensity measured as
a function of the glancing angle (θ), was extracted from
a series of the TRHEPD patterns. The glancing angle
was varied from 0.5° to ~6° at 0.1° intervals by rotating
the sample. We minimized the difference between the
measured rocking curves and the calculated rocking
curves by optimizing the assumed structures, using a
reliability factor R [5] as an index for degree of fit (smaller
value of R indicates better fit).

New model

Typical model
Graphene

Ca

Buffer layer
SiC substrate

Figure 1: Comparison of the structure models of Ca-intercalated bilayer graphene on SiC(0001) between a typical conventional model (left)
and the new model (right) determined by this study.
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Figure 2: TRHEPD rocking curves under the (a) one-beam condition with calculated curves and (b) the many-beam condition with the
calculated curves for Ca-intercalated graphene on SiC(0001). (c) Schematic view of the structure determined for Ca-intercalated graphene on
SiC(0001).

Figure 2(a) shows the rocking curves of the Caintercalated bilayer graphene under the one-beam
condition, which essentially includes the information
of spacing in the out-of-plane direction only. The black
solid line in Fig. 2(a) has the best agreement with the
experimental curve (R ~1.43%). Next, rocking curves
under the many-beam condition which includes information on the in-plane structure as well as on the out-ofplane structure were analyzed. Namely, we can denote
the stacking sequence including the locations of Ca
atoms from the bottom to top layers. Figure 2(b) shows
the experimental and calculated rocking curves for the
Ca-intercalated bilayer graphene under the many-beam
condition. Finally, we summarized the structures determined in this study of Ca-intercalated bilayer graphene
on SiC(0001) as shown in Fig. 2(c). The interlayer distances were obtained as follows: the graphene-buffer
spacing is 4.21 ± 0.11 Å and that of graphene-graphene
is 3.33 ± 0.16 Å. The Ca atoms are located in the graphene-buffer interlayer, 1.46 ± 2.24 Å above the buffer
layer. Our result indicates that the Ca atoms are intercalated in the graphene-buffer interlayer only. Moreover,
we found that the Ca-intercalated interlayer distance is
close to that of the bulk C6Ca (~4.5 Å) and Ca atoms
are located at the center of hexagonal lattices of the
buffer layer. For the bulk C6Ca, it is known that the intercalated Ca atoms form a √3×√3 periodic structure and
the carbon layers align in AA stacking. However, the
“A-Ca-BA” (R ~1.70%) stacking sequence was found
to give the best agreement with the experimental data,

being more plausible than the “A-Ca-AB” stacking. The
result suggested that no stacking shift from the pristine
one occurred on the Ca-intercalation.
This result is a significant step in elucidating the
superconducting mechanism of Ca-intercalated bilayer
graphene on SiC. Furthermore, the study suggests the
possibility of superconductivity in monolayer graphene
on SiC since it has been found that the contribution of
the top graphene layer to this property may be negligible. It is also expected that Ca-intercalated monolayer
graphene can be a system where superconductivity and
Dirac electrons can coexist.
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1 -2 Materials Science
“Orbital Elastic Effect” in Ni/Cu Multilayers on Ferroelectric
BaTiO3 Studied by Electric-Field-Induced XMCD
Controlling magnetic anisotropy related to interfacial strains has considerable potential for the development of future
spin-orbitronics devices. We reversibly tuned the interfacial lattice constants of Ni/Cu multilayers on ferroelectric BaTiO3
by applying an electric field (E). Since controlling the orbital magnetic moments of Ni is a key issue, we developed an
electric-field-induced X-ray magnetic circular dichroism (EXMCD) technique. We clarified the origin of the reversible
changes in perpendicular magnetic anisotropy and established the relationship between macroscopic magnetic anisotropy and orbital moments deduced from EXMCD as a concept of the “orbital elastic effect”.
The coupling between ferromagnetic and ferroelectric properties has recently attracted considerable
attention for the creation of novel devices by multiferroic control of their properties. In particular, the heterointerfaces in thin films comprising both ferromagnets
and electrically polarized materials produce a rich variety of possibilities for creating multifunctional properties.
Modulation of interfacial lattice constants by an electric
field (E) induces interfacial changes in magnetism.
The interfacial lattice distortion produces variations in
magnetic properties, which are recognized as inverse
magnetostriction effects. Moreover, magnetic anisotropy is also tuned by lattice distortions. Recent attempts
have focused on modulating the number of charge carriers at the interface between an ultrathin ferromagnetic
layer and an oxide-barrier insulator in magnetic tunnel
junctions. Other approaches, which we examined in

this study, are based on interfacial mechanical strain
coupling between ferromagnetic and ferroelectric layers using multiferroic hybrid structures. In this study,
we focused on thin Ni layers sandwiched by Cu layers
which exhibit perpendicular magnetic anisotropy (PMA)
because of the interfacial tensile strain in the Ni layers.
In the Ni/Cu multilayers on BaTiO3, the magnetization was switched from the perpendicular axis to the inplane easy axis by tuning the lattice distortion through
the application of E [1]. To understand this relationship
and the elastic phenomena from the viewpoint of orbital
magnetic moments, we developed a technique by applying E in X-ray magnetic circular dichroism measurements (EXMCD) to clarify the mechanism of the electricfield-induced changes in the magnetic anisotropy of
Ni/Cu multilayers on BaTiO3 hetero-structures through
lattice distortions.

Figure 1: (a) Schematic structure of the sample. The electrodes for applying the electric field are mounted at the top (Ni/Cu layer) and the
bottom (BaTiO3 substrate) of the films. (b) XAS and XMCD spectra and their integrals obtained at Ni L-edges in partial fluorescence yield
mode with and without an applied electric field.
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Figure 2: Element-specific magnetization curves for the Ni L3-edge of EXMCD with and without applied E.

The samples were grown by ultra-high vacuum molecular beam epitaxy on [100]-oriented BaTiO3 singlecrystal substrates. The stacked structures are shown in
Fig. 1. The X-ray absorption spectroscopy (XAS) and
XMCD measurements for the Ni and Cu L-edges were
performed at the BL-7A beamline, at room temperature.
The EXMCD measurements were performed using a
special sample folder which enables the application of E
under partial fluorescence yield mode and normal incident geometry.
Figure 1 also shows the Ni L-edge XAS and XMCD
spectra by applying an electric field, E, of positive bias
of 8 kV/cm. Sample surfaces are connected to ground
and E is applied to the back side of the BaTiO3 substrates. The spectral line shapes of the XAS and XMCD
are modulated by E. By comparing the results with and
without E, we observed a slight variation in the peak
asymmetries between the L3 and L2 edges. These results reveal that the orbital moments are modulated by
applying E, thereby resulting in changes of magnetic
anisotropy. The values of spin and orbital moments
are estimated to be 0.56 and 0.055 µB, respectively, for
E of 0 kV/cm, and 0.56 and 0.045 µB, respectively, for
E of 8 kV/cm. The modulation of the orbital magnetic
moments by 0.01 µB upon applying E is related to the
induced lattice distortion of 2% from the BaTiO3 substrates. Moreover, after releasing E to zero, spectral line
shapes also revert to the pristine state. Therefore, we
conclude that the reversible changes of orbital magnetic
moments are induced by lattice distortion, thus demonstrating a novel orbital elastic effect.

The element-specific magnetization curves (M–H
curves) at the L3-edge of Ni during the application of
E are shown in Fig. 2. As the normal of the sample
surface is parallel to both the incident beam and magnetic field, the contribution from the easy axis in PMA is
observed. By applying E of ±8 kV/cm, the M–H curves
change to those of the in-plane easy-axis behavior,
which is related to the changes in the orbital magnetic
moments in Ni. After switching off E, the M–H curves
exhibit the PMA characteristics again. Moreover, the
reversible changes observed by applying E in XMCD
are confirmed by the changes in the XMCD line shapes.
The magnitudes of the changes in the M–H curves at
the Ni L3-edge XMCD are somewhat similar to those
measured by the magneto-optical Kerr effect [1]. This
phenomenon suggests that the domain structures in the
observed area in the EXMCD measurements can be
changed from the a-domain to the c-domain by applying
E [2].
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1 -3 Materials Science
Graphene/Half-Metallic Heusler Alloy: A Novel Heterostructure
towards High-Performance Graphene Spintronic Devices
A novel heterostructure consisting of single-layer graphene (SLG) and half-metallic Co2Fe(Ge0.5Ga0.5) (CFGG) Heusler
alloy ferromagnet were synthesized, and the electronic properties of the interface were examined by depth-resolved Xray magnetic circular dichroism spectroscopy. We found that in the SLG/CFGG heterostructure the SLG has a quasifree-standing nature and the CFGG preserves the half-metallic ferromagnetism in the vicinity of the interface, which
suggested that the SLG/CFGG heterostructure possesses distinctive advantages over other reported graphene/ferromagnet heterostructures for realizing high-performance spintronics devices.
Graphene-based vertical spin-valve (SV) is expected
to offer a large magnetoresistance effect without impairing the electrical conductivity, which could pave the way
for the next generation of spintronic memory devices
offering higher speed and lower power consumption.
However, since the ferromagnets adopted to date in
graphene-based vertical SV studies are limited to materials with low spin polarization, the graphene-based
vertical SV has failed to perform as expected due to
the lack of a graphene/ferromagnet heterostructure that
can provide highly efficient spin transport. We recently
succeeded in the fabrication of a novel heterostructure
[1] consisting of CVD-grown high-quality single-layer
graphene (SLG) on a magnetron sputtered half-metallic
full Heusler alloy Co2Fe(Ge0.5Ga0.5) (CFGG, hereafter) [2]
thin film with high spin polarization. We investigated the
interfacial properties of the SLG/CFGG heterostructure
by means of depth-resolved X-ray magnetic circular dichroism spectroscopy in order to evaluate the feasibility
for spintronic device applications.
The quality of the SLG grown on CFGG was characterized by Raman spectroscopy as shown in Fig. 1(a).
The Raman peaks of graphene (the D, G, and 2D
bands) are visible in the spectrum. The small intensity
of the defect-induced D band compared to the G band
suggests a high crystal quality of SLG formed on CFGG.
The electronic state of graphene in the SLG/CFGG
heterostructure was investigated by X-ray absorption
G

(b)

graphene

CFGG

2D
D

O2

1200 1400 1600 1800 2600 2800 3000 3200
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(a)

spectroscopy (XAS). Figure 1(b) shows the XAS spectra at the C K-edge obtained in the partial-electron-yield
(PEY) mode at the X-ray incident angle α of 30° (grazing incidence) and 90° (normal incidence) with respect
to the sample surface. We observed a sharp peak
(285 eV) due to the π* resonance (C 1s-π* transition) of
graphene, as well as the peak (290–300 eV) due to the
σ* resonance (C 1s-σ* transition), where the significant
increment in the π* peak intensity at α = 30° compared
to α = 90° shows that SLG is flat-lying on the CFGG
surface. The sharpness of the π* peak in the SLG/
CFGG heterostructure is markedly different from that
in the heterostructures of SLG and other ferromagnets
such as Co and Ni, [3, 4] where a significant splitting
and broadening of the π* peak was reported in association with the orbital hybridization between SLG and metals. This suggests that the SLG on CFGG has a quasifree-standing nature and CFGG does not cause severe
degradation of the electronic properties of graphene in
contrast to other graphene/ferromagnet heterostructures.
The magnetic properties at the interface region of
the CFGG thin film in the SLG/CFGG heterostructure
were explored by depth-resolved (DR) X-ray magnetic
circular dichroism (XMCD) spectroscopy. Figures 2(a)
and (b) compare the XAS and XMCD spectra at the Co
and Fe L2,3-edges obtained in the bulk-sensitive totalelectron-yield (TEY) mode with the mean probing depth





=°
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Figure 1: (a) Raman spectrum of SLG/CFGG heterostructure. (b) C K-edge XAS spectra measured at the incident angles of α = 30° (red
solid line) and α = 90° (blue solid line). The sharp peak at 1557 cm−1 of (a) is attributed to O2 in ambient air. The inset of (a) is a sketch of the
SLG/CFGG heterostructure.
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Figure 2: (a, b) Comparison of XAS and XMCD spectra of SLG/CFGG heterostructure at Co and Fe L2,3-edges obtained in TEY and DR-PEY
modes. (c, d) Plots for orbital, spin and total magnetic moment of Co, and Fe vs. mean probing depth ( p). The DR-PEY spectra in (a) and (b)
are at p ~ 4 Å. The dashed lines in (c) and (d) indicate the magnetic moments evaluated from the TEY XMCD spectra.



 p ~ 5 nm and the DR-PEY mode under the surfacesensitive condition of  p ~ 4 Å, which corresponds to
the outermost surface located at the SLG/CFGG interface. The spectroscopic features of the TEY and DRPEY XAS spectrum are compatible with the features in
other Co-based Heusler alloys, and no sign of carbide
formation is observed in the spectra. Indeed, the L21
structure of the CFGG in the vicinity of the interface
was directly confirmed by reflection high-energy electron diffraction. The total magnetic moments (m total)
per atom and their spin and orbital components (mspin
and morb, respectively) evaluated from the TEY XMCD
spectrum and the series of the DR-PEY XMCD spectra
obtained at different emission angles are summarized in
Figs. 2(c) and (d), which demonstrate how the elementspecific magnetic moments change with depth in the
region near the interface. It is found that, except for the
outermost surface ( p ~ 4 Å) adjacent to SLG, mtotal of
both Co and Fe gradually decreases by ~10% from the
values in the bulk region as  p decreases. In addition,
enhancements of the magnetic moments in the outermost region (  p ~ 4 Å) are also commonly observed for
Co and Fe, which can be responsible for the orbital rearrangement in the atomic layer terminating the CFGG
surface [1]. The preservation of the large magnetic moment throughout the interface region is in sharp contrast
to the significant reduction as reported for the SLG/Fe [5]
and SLG/Ni [6] heterostructures, where chemical bonding is formed between graphene and ferromagnets. In
summary, a newly developed SLG/CFGG heterostructure is found to show several remarkable features such
as the quasi-free-standing nature of graphene with little

modification of the π band, and the robust magnetism of
CFGG even at the interface. This unusual preservation
of the inherent electronic properties at the SLG/CFGG
interface could lead to a dramatic improvement in the
efficiency of spin transport in graphene-based vertical
SV, and paves the way for the future development of
high-performance spintronic devices based on the graphene/half-metallic Heusler alloy heterostructures.
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1 -4 Materials Science
X-Ray Diffraction Study on High-Temperature Colossal
Magnetoresistance in Single-Crystal NdBaMn2O6
The crystal structure of the insulating phase in NdBaMn2O6 was investigated using synchrotron radiation X-ray diffraction. A unit cell of the insulating phase is the same as that of the charge-ordering phase of SmBaMn2O6 between 200
and 380 K. The resistance in the insulating phase steeply decreases in a certain magnetic field. The high-magnetic-field
phase is the same as the metallic phase just above the metal-insulator transition temperature in zero magnetic field.
A resistance change larger than two orders of magnitude is observed upon the phase transition by the application of a
magnetic field lower than 2 T at 297 K.
Double-perovskite manganese oxides REBaMn2O6
(where RE is a trivalent rare earth) have various electrical and magnetic phases depending on the ionic radius
of RE [1-3]. When the RE sites are occupied by Sm or
smaller ions, charge ordering is stabilized in a wide temperature range. The charge ordering phase transition
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Figure 1: X-ray oscillation photographs of a NdBaMn2O6 single
crystal around 4 4 0 at (b) 280 K and (c) 310 K. The indices are
given for the √2𝑎𝑎𝑝𝑝 × √2𝑎𝑎𝑝𝑝 × 2𝑐𝑐𝑝𝑝 unit cell, where ap and cp are
lattice constants of the simple tetragonal unit cell shown in (a).
Temperature dependence of (d) electrical resistivity at 0 T and at
7 T, and (e) magnetization at 0.01 T and 7 T. The magnetic field is
applied perpendicular to the c-axis, and parallel to the electric current in (d).
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temperature is above 380 K. In contrast, in NdBaMn2O6
and PrBaMn2O6, the A-type antiferromagnetic phase
is stabilized below room temperature. Some previous
studies using poly-crystalline samples suggested that
the A-type antiferromagnetism should take place upon
the metal-insulator phase transition. Our recent study
using single crystals, however, showed that the onset
of A-type antiferromagnetism is lower than the metalinsulator phase transition temperature [4]. Moreover, a
crystal structure analysis by means of synchrotron X-ray
diffraction has suggested that the metal-insulator phase
transition might be caused by x2-y2-type orbital ordering [4]. Though the orbital ordering phase is consistent
with A-type antiferromagnetism, the insulating behavior
within the ab-plane cannot be clearly explained. To clarify the inconsistency, we carried out synchrotron X-ray
diffraction measurement in the insulating phase using a
larger single crystal [5].
The resistivity within the ab-plane steeply changes
at 300 K(TMI) in Fig. 1(d). Figure 1(b) and (c) are
single-crystal X-ray oscillation photographs which were
measured at BL-8A and 8B. The diffraction pattern
above TMI [Fig. 1(c)] is clearly different from that below
TMI [Fig. 1(b)]. All the X-ray reflections in this report
are indexed on the basis of the √2𝑎𝑎𝑝𝑝 × √2𝑎𝑎𝑝𝑝 × 2𝑐𝑐𝑝𝑝
unit cell, where ap (~0.4 nm) and cp (~0.8 nm) are the
lattice constants of the primitive tetragonal unit cell
of double perovskite, as shown in Fig. 1(a). Only the
fundamental reflections of the √2𝑎𝑎𝑝𝑝 × √2𝑎𝑎𝑝𝑝 × 2𝑐𝑐𝑝𝑝 unit
cell are observed above TMI, as shown in Fig. 1(c). In
contrast, many superlattice reflections appear below TMI
in Fig. 1(b). The crystal contains orthorhombic twins, as
mentioned in our previous paper. The superlattice reflections indicate that the unit cell below TMI is . This unit
cell is the same as that of the charge ordering phase of
SmBaMn2O6 between 200 K and 380 K [6]. Note that
the intensities of the superlattice reflections are more
than six orders of magnitude weaker than some fun-
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Figure 2: Magnetic field dependence of (a) resistivity and (b) magnetization at 290 K and 297 K. Peak profile along (h 4 0) around (c) h = 1
and (d) h = 0.5 at 290 K in a magnetic field for the warming run. The indices in (c) and (d) are given for the √2𝑎𝑎𝑝𝑝 × √2𝑎𝑎𝑝𝑝 × 2𝑐𝑐𝑝𝑝 unit cell.

damental reflections. In our previous study, we used a
crystal of dimensions and could not detect superlattice
reflections. In the present X-ray study we used a much
larger crystal with dimensions of 1 mm x 1 mm x 2 mm.
The checkerboard-type charge ordering which is the
same as that of SmBaMn2O6 is consistent with the insulating behavior within the ab plane. The microscopic
origin of the coexistence of the A-type antiferromagnetic
order and the checkerboard-type charge order remains
unexplained.
In an external magnetic field of 7 T, the metalinsulator phase transition temperature decreases to
283 K, as shown in Fig. 1(e). Between 283 and 300 K,
hence, the insulating phase is suppressed by the magnetic field. The X-ray reflection profiles at 290 K upon
increasing the field, which were measured at BL-3A, are
shown in Fig. 2. Though the fundamental reflections of
the √2𝑎𝑎𝑝𝑝 × √2𝑎𝑎𝑝𝑝 × 2𝑐𝑐𝑝𝑝 unit cell do not disappear up to
7 T, the superlattice reflection of 0.5 4 0 disappears at
a magnetic field of 6 T or higher. The critical magnetic
field closely corresponds to that of the insulator-metal
phase transition [Fig. 2(a)]. This result indicates that the
high magnetic field phase is the same as the zero magnetic field phase above TMI. The resistance change is
larger than two orders of magnitude at the phase transition induced by a magnetic field lower than 2 T at 297 K.
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Multiple Auger-Electron Emissions from Core-Excited States in N2
Decay dynamics of core-excited states in N2 were studied in great detail by a multi-electron coincidence technique combined with the pulse property of the synchrotron light.
Resonant photoexcitation of a core-electron in atoms or molecules into an unoccupied valence or Rydberg orbital can take place just below its K-shell ionization threshold (IPk), which gives pre-edge structures in
XANES. The core-excited states decay mainly by Auger
electron emissions for the case of atoms or molecules
with low-Z elements, where the electron promoted in the
initial photoexcitation can either participate or behave
like a spectator, leading to a variety of decay routes
as compared with the Auger processes of the coreionized states formed above IPk. Such multiple electron
processes provide good opportunities for investigating
electron correlation effects.
In the decay of such core-excited states, more than
two Auger electrons may be emitted simultaneously
(direct multiple Auger process) or sequentially (cascade
multiple Auger process). The dynamics of these multiple Auger decays is more complicated and interesting
for molecules than atoms since it additionally contains
nuclear degrees of freedom as demonstrated in CO by
Kaneyasu et al. [1]. However, the multiple Auger decays
of molecular core-excited states remain little studied
because coincidence measurements are required for a
detailed understanding of the mechanisms. In the pres-

Figure 1: Schematic of the experiment. Isolated light pulses
passed through the pulse selector #2 cross a beam of gas from
a capillary. Near the interaction region a permanent magnet (red
colored) is placed, forming an inhomogeneous magnetic field for
the electron detection with extra-high efficiency.
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ent study we measured the electron-energy correlations
of the Auger electrons emitted in the double and triple
Auger transitions of core-excited N2.
A schematic of the experiment is shown in Fig. 1.
The measurements were carried out under the hybrid-fill
mode of the PF ring in which half of the storage ring was
filled by a train of low-current bunches and an isolated
high-current bunch was located at the center of the opposite half. The light pulses were chopped out by using
the pulse selector #2 [2] to obtain isolated light pulses
with the repetition rate of 146 kHz. The Auger electrons
were collected by an inhomogeneous magnetic field,
energy-analyzed by a 2.5-m long TOF tube and detected in coincidence by a time-to-digital converter. The collection efficiency of the electrons was nearly 100% for
kinetic energies less than 400 eV, which is a great advantage for multi-electron coincidence measurements.
Figures 2(a) and 2(b) represent the energy correlations between the two Auger electrons in the double
Auger processes after the core excitations at 401.08 eV
(1s → p* ) and 406.15 eV (1s → 3s ) in N2. The kinetic
energies of the fast electron KEfast were converted to the
binding energies of singly charged states by subtracting them from the photon energy, i.e. h − KEfast. The
bottom and left panels represent projections on each
axis. The features that are the most prominent in the
energy correlations are attributed to electrons emitted in
autoionizations of superexcited neutral N atoms which
are produced in the cascade double Auger processes:
N2∗ → N2+ + 𝑒𝑒 − (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) , f o l l o w e d b y N2+ → N ∗ + N + ,
and then by N ∗ → N + + 𝑒𝑒 − (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠). It is noted that the
molecular dissociations proceed before the electronic
relaxations complete. The shaded areas in the left panels indicate the estimated fraction of the direct double
Auger decays. By integrating the whole KEslow range the
fractions are estimated to be approximately 34 and 24%
for the p* valence and the 3s Rydberg excited states,
respectively.
Careful analysis of numbers of n-electron coincidence events enables us to obtain branching ratios between single, double and triple Auger decays for each
core-excited state, which are shown in Table 1. The ratios change dramatically between the normal (h > IPK)
and resonant core-excitation (h  < IPK) processes:
probabilities of the multiple Auger processes are much

Figure 2: Electron-energy correlations in double Auger decays of the resonant core-excited states of N2: (a) 1s → p*, (b) 1s→3s. Short bars
in the left panels represent the energies of N+.
Table 1: Branching ratios between single, double and triple Auger
decays for the core-ionized [3] and core-excited states of N2.

p*
IPK − 8.86
h / eV
Single Auger
67 ± 4
Double Auger
30 ± 3
Triple Auger
3 ±1

3s
IPK − 3.84
46 ± 4
48 ± 3
6 ±1

Normal [3]
>IPK
90.6
9.4
−

greater for the resonant core-excitation. Moreover, the
ratios are also different from each other among the
resonant processes. The differences come from the
existence of spectator Auger decays in the first-step
ionization of the cascade multiple Auger processes for
the resonant excitations. It is interesting that the weakly
bound excited electrons can modulate the decay of the
molecular states with a core-hole. We also succeeded
in obtaining branching ratios between final ions for each
of the multiple Auger decays (see details in [4]).

REFERENCES

[1] T. Kaneyasu, Y. Hikosaka, P. Lablanquie, F. Penent,
L. Andric, G. Gamblin, J. H. D. Eland, Y. Tamenori,
T. Matsushita and E. Shigemasa, Phys. Rev. Lett. 101
183003 (2008).
[2] J. Adachi, H. Tanaka, T. Kosuge, H. Ishii, I. H. Suzuki,
T. Kaneyasu, T. Taniguchi, T. Odagiri, S. Ohtaki, Y. Tsuji,
K. Soejima, P. Lablanquie and Y. Hikosaka, J. Phys.: Conf.
Ser. 1412 152092 (2020).
[3] A. Hult Roos, J. H. D. Eland, J. Andersson, S. Zagorodskikh,
R. Singh, R. J. Squibba and R. Feifel, Phys. Chem. Chem.
Phys. 18 25705 (2016).
[4] T. Odagiri, T. Taniguchi, T. Kaneyasu, H. Tanaka, J. Adachi,
P. Lablanquie and Y. Hikosaka, J. Chem. Phys. 152 124301
(2020).

BEAMLINE
BL-16A

T. Odagiri 1, T. Taniguchi 1, T. Kaneyasu 2, H. Tanaka 3,
J. Adachi3, P. Lablanquie4 and Y. Hikosaka5 (1Sophia Univ.,
2
SAGA Light Source, 3KEK-IMSS-PF, 4Sorbonne Univ., 5Univ.
of Toyama)

HIGHLIGHTS

11

1 -6 Materials Science
Interfacial Ferromagnetism of LaNiO3/LaMnO3 Heterostructures
Induced by Asymmetric Charge Redistribution
To investigate the relationship between the asymmetric charge redistribution and ferromagnetism at the interface between the perovskite transition-metal oxides LaNiO3 and LaMnO3, we performed X-ray absorption spectroscopy and
X-ray magnetic circular dichroism measurements on the sandwiched layer in the trilayer structures. The characteristic
length scale of interfacial ferromagnetism is in good agreement with the charge redistribution due to the charge transfer across the interface, indicating the close relationship between the charge transfer and the ferromagnetism of the
LaNiO3/LaMnO3 interface. The observed weak magnetization of Ni2+ ions in the LNO layer adjacent to the interface
probably originates from the spin canting caused by the competition between the in-plane antiferromagnetic and out-ofplane ferromagnetic interactions.
Heterostructures composed of different perovskite
transition-metal oxides have attracted considerable attention because of the variety of exotic magnetic properties that emerge at their interfaces, which cannot be accomplished in the bulk constituents [1, 2]. For example,
for the heterostructures of LaNiO3 (LNO) and LaMnO3
(LMO), the charge transfer Ni3+ + Mn3+ → Ni2+ + Mn4+
occurs across the interface. As a result, ferromagnetically coupled magnetization is induced between Ni and
Mn ions [3–5], although the constituent LNO and LMO
are a paramagnetic metal and an antiferromagnetic
insulator in their bulk forms, respectively. We have recently revealed the existence of an asymmetric spatial
redistribution in the transferred charges at the (001)-oriented LNO/LMO interface: the transferred electrons are
confined inside the one monolayer (ML) LNO, while the
holes are distributed over 3–4 ML LMO [6]. In this study,
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Figure 1: Ni-L2,3 XMCD spectra of the LMO 5 ML/LNO n ML/
LMO 20 ML trilayer structures (n = 2, 3, 4, and 5) and reference
spectrum of a 20 ML LNO film. The corresponding Mn-L2,3 XMCD
spectra of the top and bottom LMO layers are shown in the inset.
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we investigated the relationship between this asymmetric charge redistribution and the resultant ferromagnetism at the LNO/LMO interface by using X-ray absorption spectroscopy (XAS) and X-ray magnetic circular
dichroism (XMCD) techniques.
Figure 1 shows the Ni-L2,3 XMCD spectra of the
sandwiched LNO layers in the LMO 5 ML/LNO n
ML/LMO 20 ML trilayers and reference spectrum of
the 20 ML LNO film. As expected, no XMCD signal is
observed for the LNO film, reflecting its paramagnetic
properties. In contrast, clear XMCD signals are observed for the LMO/LNO/LMO trilayers, whose intensities decrease monotonically with increasing n, indicating
that the magnetization of Ni ions emerges at the interface. The line shapes of the Ni-L2 XMCD spectra for
all LMO/LNO/LMO trilayers remain almost unchanged
within experimental accuracy and closely resemble
that of Ni2+ states [3]. Considering that Ni2+ states are
present only in the 1 ML LNO at the interface [6], these
results indicate that magnetization is induced only in the
Ni2+ ions of the 1 ML LNO adjacent to the interface as a
result of the interfacial charge transfer. As shown in the
inset of Fig. 1, the signs of the Ni-L2,3 XMCD signals of
the sandwiched layer and Mn-L2,3 XMCD of the top and
bottom LMO layers are the same, indicating that the
magnetization vectors induced in both ions align ferromagnetically. Furthermore, element-selective sum-rule
analysis has revealed that the induced effective spin
moments are about 0.2–0.3 µB/Ni ion, which are significantly smaller than the full moments of the Ni2+ states
(2 µB/Ni ion).
As for the corresponding magnetic states of Mn ions,
Mn-L2,3 XMCD spectra of the LNO 5 ML/LMO 6 and
12 ML/LNO 20 ML sandwiched structures indicated that
not only Mn3+ states in the original LMO but also Mn4+
states which result from the charge transfer contributed
to their ferromagnetism. In addition, the magnetization
degree of Mn ions in the interfacial region characterized
by charge redistribution was higher than that in the inner
region of LMO [7].
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Figure 2: Schematic illustrations of possible interfacial magnetic structures with asymmetric charge redistributions. AFM denotes
antiferromagnetism and FM ferromagnetism; SE denotes superexchange interaction and DE double exchange interaction.

Based on the XMCD results, we proposed a possible
mechanism for the emergence of the ferromagnetism at
the (001)-oriented LNO/LMO interface, as schematically
depicted in Fig. 2. In the interfacial region of the LMO
layer, the ferromagnetic coupling is stabilized by the ferromagnetic double exchange (DE) interactions between
Mn3+(d4 high spin (HS)) and Mn4+(d3 HS) ions. As for
the LNO layer, according to the Kanamori-Goodenough
(KG) rules, the spins of Ni2+ ions within the 1 ML LNO
layer at the interface are expected to couple with each
other in antiparallel due to the strong antiferromagnetic
superexchange (SE) interaction of Ni2+(d8)-O-Ni2+(d8)
bonds. Meanwhile, along the out-of-plane direction,
ferromagnetic SE interactions obeying the KG rules
should exist between Ni and Mn ions bonded via oxygen across the interface, mostly Ni2+(d8)-O-Mn4+(d3 HS)
bonds and Ni2+(d8)-O-Mn3+(d4 HS) bonds. As a result,
the delicate balance between the out-of-plane and inplane exchange interactions may cause spin canting of
Ni ions within the 1 ML LNO at the interface, as shown
by the green arrows in Fig. 2, resulting in the observed
weak ferromagnetism.
If the charge redistribution was absent in the LMO
layer, the ferromagnetism in the interfacial LMO layer
could not exist because Mn4+ spins align antiferromagnetically, resulting in the expected absence of macroscopic magnetization of Mn and Ni ions at the (001)-oriented LNO/LMO interface. However, clear XMCD
signals were actually observed for both ions. This
suggests that the stabilization of the ferromagnetism in
LMO layers due to the interfacial charge redistribution

and simultaneous ferromagnetic coupling between Ni
and Mn spins are the key factors inducing the unique
interfacial magnetism of the (001)-oriented LNO/LMO
interface [7].
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An Effective Model for the One-Dimensional Extended Hubbard
Model Applicable to Linear Optical Spectrum Calculations in
Large Systems: A New Approach Based on Many-Body Wannier
Functions
We have developed a charge model as an effective model of the one-dimensional extended Hubbard model based on
the spin-charge separation. The charge model includes the effect of charge fluctuations and is applicable to the photoexcitation of one-dimensional Mott insulators. It is numerically shown that the charge model reproduces the optical
conductivity spectra calculated by the original model quantitatively. In order to calculate a larger system to compare
with experimental results, we also developed a method of many-body Wannier functions (MBWFs). We succeeded in
obtaining the optical conductivity spectrum for a large enough system by using the MBWFs constructed from the photoexcited states of the charge model.
Materials that have strong electron-electron interaction energy are called strongly correlated systems.
These systems show various fascinating properties
such as high-temperature superconductivity and have
attracted many researchers in condensed matter physics for a long time.
Recent progress in laser technology has made it
possible to observe ultrafast electronic response in
strongly correlated systems, and it is now expected
to be possible to control their optical properties on an
ultrafast timescale (10−15 ~ 10−12 sec). To this end, a
theoretical understanding of the experimental results is
indispensable.
It is widely accepted that low-energy phenomena
in strongly correlated systems can be described well
by the extended Hubbard model. Two parameters are
specified for the target system in this model: U/T and V/T,
where U is the on-site Coulomb interaction energy, V is
(a)

the nearest-neighbor site Coulomb interaction energy,
and T is the transfer energy between nearest-neighbor
sites. When U/T is greater than about 5, many-body
effects play essential roles. Generally, the number of
basis states to describe a many-body wave function
increases exponentially with respect to the system size
N. Thus, even in one-dimensional systems, it is difficult to solve the model for large enough system sizes
(N ~ 100) that can compare with experimental results
due to the computational cost. The density matrix renormalization group (DMRG) is the only method of
obtaining quantitative results for large one-dimensional
systems. However, the DMRG method cannot provide
wave functions directly, which prevents us from understanding photoexcitation processes. It is still a challenging problem to understand the photoexcited states of
strongly correlated systems even in one-dimensional
systems.
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Photoexcitation in a Mott insulator generates pairs of
a holon (H; +) and a doublon (D; −) as charge carriers.
As is well known, the separation of spin and charge
degrees of freedom (spin-charge separation) holds well
in a one-dimensional Mott insulator [1, 2]. For a large
U/T limit, the holon-doublon (HD) model [3] based on
the spin-charge separation is proposed. In this model,
a spin degree of freedom is not considered and only
the 1-HD pair states are considered. However, for the
realistic U/T region, charge fluctuations, which arise
from multi-HD pair states and are not included in the HD
model at all, become important.
In this study, we developed an effective model of the
one-dimensional extended Hubbard model, named the
charge model [4]. The spin-charge separation holds and
the charge fluctuations are fully included in the charge
model as schematically shown in Fig. 1(a).
In Fig. 1, optical conductivity spectra calculated by
the extended Hubbard model, the charge model and
the holon-doublon model for N = 14, for which the numerically exact solutions are available, are compared.
We chose the parameters for typical strongly correlated
systems: (b) (U/T, V/T) = (10, 0) and (c) (U/T, V/T) =
(10, 2.5). The charge model quantitatively reproduces
the extended Hubbard model, while the holon-doublon
model does not. This result shows that the charge fluctuations play an essential role in this case.
Although the charge model can greatly reduce the
number of basis states, the maximum size is limited to
40, which is not enough to compare with experimental
results.
We have developed a method to construct localized
many-body basis states, many-body Wannier functions
(MBWFs), for further extension of the size [4]. Unlike the
commonly used one-body Wannier functions, MBWFs
include the correlation effects. Many-body Wannier
functions can be constructed by unitary transformation
of the photoexcited states of a small system calculated
from the charge model. Once MBWFs are obtained, we
can easily extend the system size by extrapolating the
Hamiltonian matrix elements because of the localized
nature of MBWFs.
In Fig. 2, a numerical demonstration of the method
of MBWFs is shown. We first calculated the dominant
excited states of the charge model for (U/T, V/T) = (10, 0)
and N =16 and constructed the MBWF by unitary transformation of these states. Quantitative agreement of the
charge model and the method of MBWFs is confirmed
for N = 40; see Fig. 2(a). We successfully obtained the
converged optical conductivity spectra with respect to
the system size as seen in Fig. 2(b).
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Figure 2: (a) Comparison of the conductivity spectra ()
calculated by using the many-body Wannier functions (MBWFs)
and the charge model. (b) Size dependence of () calculated
by using the MBWFs. Reprinted figures with permission from [2]
Copyright (2019) by the American Physical Society.

In summary, we have developed the charge model
as an effective model of the extended Hubbard model
and found that both the spin-charge separation and the
charge fluctuations play essential roles in the realistic
U/T region. We also constructed many-body Wannier
functions based on the charge model and succeeded
in obtaining the optical conductivity spectrum for a
large enough system to compare with experimentally
observed spectra. We expect that our new model and
method will help clarify the photoexcitation processes in
strongly correlated systems.
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Microstructural Deformation Process of Shock-Compressed
Polycrystalline Aluminum
The dynamic grain refinement of polycrystalline aluminum foil under laser-driven shockwave loading has been investigated using time-resolved X-ray diffraction. Diffraction spots on the Debye-Scherrer rings from micrometer-sized aluminum grains appeared and disappeared irregularly, because of grain rotation and subsequent size reduction. Besides,
each diffraction spot was shifted and broadened as a result of laser-induced shockwave loading. The width distribution
of the diffraction spots was broadened by the shock-induced grain refinement and microstrain in each shocked grain.
We analyzed the in situ inhomogeneous lattice strain and grain size in the shocked polycrystalline aluminum using the
Williamson-Hall method.
Microstructural deformation, grain refinement, and
rotation in polycrystalline metal materials under shock
compression are important characteristics for evaluating
material strength and plastic deformation at a high strain
rate. The shock-induced plastic deformation process in
polycrystalline materials is different from those in single
crystals and amorphous materials. Besides, while a material is undergoing plastic flow, the shockwave can rapidly generate slip or twining in each grain at a high strain
rate (>106 s−1), and the dislocation density increases
with shock compression. Laser-induced shockwaves
have been used for grain refinement and surface work
hardening in the peening technique. To date, microstructural deformation under shockwave loading has
mainly been investigated in post-shock recovery experiments using transmission electron microscopy. The recovery samples are influenced by the residual high temperature in releasing shock pressure and shockwave
reflection at the interface. Recently, the deformation
process with increasing the slip and twining of shockedcompressed solid materials has been observed by Laue
diffraction with broadband X-rays [1-3] and an X-ray
free-electron laser [4]. The application of stroboscopic
time-resolved X-ray diffraction using intense and broadband X-ray pulses enables in situ characterization of

plastic deformation in shock-compressed polycrystalline
materials.
We performed single-shot and time-resolved broadbandwidth X-ray diffraction measurements using the
AR-NW14A beamline. We quantitatively analyzed
the shock-compressed microstructure deformation of
polycrystalline aluminum using time-resolved X-ray
diffraction. Because of the broad bandwidth energy
(∆E/E = 1.45% at 15.6 keV) of the X-ray pulse, we were
able to observe the dynamic process of grain refinement
and fragmentation in the shock-compressed polycrystalline sample from the X-ray diffraction patterns. We applied the pump-probe X-ray diffraction technique using
Nd:YAG laser which produces a shockwave into the
sample. Details of the experimental setup are described
in ref. [3]. The sample target was composed of two layers: a 99.9% polycrystalline pure aluminum foil and an
ablator film of polyethylene terephthalate. The thickness
of the Al foil and ablator was 50 and 25 µm, as shown
in Fig. 1. The pulse widths of the X-ray and laser were
100 ps and 8 ns with a Gaussian temporal profile. The
interval between the X-ray pulse and laser pulse was
set to be 0 ns when 50% of the InGaAs photodiode signal from them agreed.

2θ
Laser pulse (8 ns)

χ
Aluminum

X-ra

y pu

lse

(10

0 ps

)

2-dimenssional detector
Figure 1: The experimental setup of single-shot time-resolved pink X-ray diffraction in the transmission X-ray diffraction geometry.
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Figure 2: (a) Two-dimensional diffractogram
of polycrystalline aluminum before laser irradiation
(b) Differential intensity from the Debye-Scherrer ring at −3, 0, 3, and 6 ns straightened into azimuthal-angle plots. The diffraction spot is
broadened with shockwave propagation.

Figure 2(a) shows typical Debye-Scherrer rings
from the polycrystalline aluminum foil at ambient pressure (left image) and at 30 ns after the laser irradiation
(right image). The features in the diffraction rings in the
azimuthal-angle direction become significantly smoother
after shockwave propagation at 30 ns. The number of
diffraction spots and broadening increased because
of laser-shock fragmentation, which causes the formation of dislocation networks, subgrains, intergranular
stress, and grain fracture. The peak pressure of the
pressure profile, which was obtained from the free
surface velocity using the velocimetry interferometer
system of any reflector, was 8.4 GPa. The diffraction
peak widths of each diffraction spot represented the
grain refinement during and after shockwave-induced
elastic-plastic deformation. The spottiness in the diffraction pattern changed as a function of delay time as
shown in Fig. 2(b), where the differential aluminum 111
and 200 Debye Scherrer rings were straightened to the
azimuthal angle; each diffraction spot corresponds to an
individual grain. A few Bragg spots shifted to the high Q
side at t = −3 ns, whereas others did not do so because
those diffraction spots were affected by the shockwave
loading. The shockwave front, generated from the tail
of the laser temporal profile, entered the sample before
0 ns. The elastically deformed grains were located just
behind the shockwave front. After t = 0 ns, the plastic
shockwave mainly deformed the sample and reduced
the size of each aluminum grain on a sub-nanosecond
time scale with diffraction peak broadening. We esti-

mated the coherent grain size and the inhomogeneous
lattice strain under shockwave loading from the radialwidth distribution of the diffraction spots using the
Williamson-Hall approach. Upon compression at 6 ns,
the diffraction peak broadening analysis based on the
Williamson-Hall plot yields a grain size, inhomogeneous
strain, and dislocation density of 33 nm, 0.21 × 10−2,
and 0.77 × 1015 m−2, respectively [3]. We demonstrated
the ability to study microstructural deformation in plastic
shock flows from the atomic to the mesoscale level under shockwave loading.
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Magnetic Skyrmion Lattice in Gd-Based Centrosymmetric
Magnets
Magnetic skyrmions, nanometric spin defects carrying a topological winding number, have mostly been explored in noncentrosymmetric magnets. Two papers published in Science and Nature Communications last year have expanded the
research fields for skyrmion hunts to centrosymmetric magnets supported by magnetic frustration. The compounds featured in the studies are Gd-based Gd2PdSi3 and Gd3Ru4Al12, which are characterized by two archetypical geometrically
frustrated lattices, triangular and (distorted) kagome lattice, respectively. Polarization analysis of resonant X-ray scattering has revealed the triangular lattice of skyrmions in both centrosymmetric magnets. These results afford proof-ofprinciple examples of the application of resonant X-ray diffraction to identifying spin structures in Gd-based compounds,
and show promise for facilitating the future discovery of exotic spin textures in broader classes of magnets.
Since the discovery of the magnetic skyrmion lattice state in chiral magnets, increasing numbers of
noncentrosymmetric magnets have been investigated
as platforms to explore magnetic skyrmions. This is
because in noncentrosymmetric systems relativistic effects enable the antisymmetric exchange interactions,
known as Dzyaloshinskii-Moriya interactions, between
spins, which provide the magnets with instability towards a modulated spin structure such as the helimagnetic state. The size of magnetic skyrmions stabilized
by this scheme, however, is limited to typically larger
than 10 nm due to the weak strength of the relativistic
effect. As a result, the emergent magnetic field originating from the topological nature of skyrmions inversely
proportional to the square of the size of skyrmions is
small in noncentrosymmetric skyrmions. This prompted
us to look for different mechanisms for the stabilization
of more spatially confined skyrmions to harness the
emergent responses such as topological Hall effect for
potential spintronics applications.
We focused instead on geometrical frustration as a
source of modulated spin structure. Such frustration is
present even in centrosymmetric magnets and magnetic
modulations induced as such are in principle not limited
in the length scale other than the atomic distance of the

underlying lattices. It is well-known that the competing
magnetic interactions in, for example, triangular and
kagome lattices, lead to various exotic spin states such
as spin liquids, helimagnetic states, and noncoplanar
spin states. Recent theoretical studies suggested the
potential of stabilizing the skyrmion lattice state in frustrated systems under certain circumstances.
The first experimental discovery of the emergence
of the skyrmion-lattice state driven by frustration was
reported in Ref. [1], where we investigated the target
compound Gd2PdSi3. Figure 1 shows the basic crystal
structure of Gd2PdSi3, where triangular lattices of Gd
atoms stack together with honeycomb lattices of Pd/Si
atoms. We performed extensive measurements of magnetization and magnetotransport properties to identify
the topological Hall effect in the intermediate magnetic
phase under an out-of-plane magnetic field. The origin
of the topological Hall effect is ascribed to the emergence of the skyrmion lattice state on the order of 3 nm
(Fig. 1). This conclusion was corroborated by magnetic
structure analysis using the resonant X-ray diffraction
technique. Geometrical frustration in the Gd-triangularlattice combined with higher-order spin exchange interactions is considered to be the driving force to stabilize
the skyrmion state in this compound.

Figure 1: (Left panel) Crystal structures of Gd-based magnets. (Right panel) magnetic moment configuration for a triangular lattice of
magnetic skyrmions.
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Figure 2: (Left panel) Polarization-resolved intensity profiles obtained in each magnetic state as depicted in the lower part. (Right panel)
Intensity profile for skyrmion lattice phase with fan domain contamination. Excerpt from Ref. [3].

In order to clarify the universality of our design
principle for centrosymmetric skyrmions, we investigated another frustrated magnet, Gd3Ru4Al12. Figure 1
shows the crystal structure of Gd3Ru4Al12. Gd atoms are
aligned in the ab-plane to form a so-called breathing
kagome lattice, composed of two types of inequivalent
triangles. Magnetic frustration is expected to play a key
role in the magnetic structure in this compound as a
preceding X-ray resonant diffraction study [2] reported
helical ordering of spin trimers of Gd atoms. We synthesized single crystals of Gd3Ru4Al12 and uncovered
a complicated magnetic phase diagram under a magnetic field perpendicular to the kagome lattice plane via
magnetization, electrical transport, neutron diffraction,
Lorentz transmission electron microscopy as well as
resonant X-ray diffraction. We identified the skyrmion
lattice state with topological Hall effect demonstrating
the prevailing topological spin textures in centrosymmetric magnets with magnetic frustration. The wavelength
here is comparable with that of Gd2PdSi3.
Figure 2 summarizes a key measurement of resonant X-ray diffraction to reveal various spin structures
including the skyrmion state in Gd3Ru4Al12. We performed polarization analysis to clarify the spin orientation in each magnetic phase. Due to the geometrical

configuration of the diffractometer and polarization of
incident X-rays, we can resolve the in-plane and out-ofplane components of modulated magnetic moments.
For the proper screw state, both components were observed while the out-of-plane component was absent
for transverse conical and fan structures. We observed
scattering intensity for both components in three different satellite peaks under a magnetic field, which is consistent with the skyrmion-lattice state.

REFERENCES

[1] T. Kurumaji, T. Nakajima, M. Hirschberger, A. Kikkawa,
Y. Yamasaki, H. Sagayama, H. Nakao, Y. Taguchi, T. Arima
and Y. Tokura, Science 365, 914 (2019).
[2] T. Matsumura, Y. Ozono, S. Nakamura, N. Kabeya and
A. Ochiai, J. Phys. Soc. Jpn. 88, 023704 (2019).
[3] M. Hirschberger, T. Nakajima, S. Gao, L. Peng, A. Kikkawa,
T. Kurumaji, M. Kriener, Y. Yamasaki, H. Sagayama,
H. Nakao, K. Ohishi, K. Kakurai, Y. Taguchi, X. Yu, T. Arima
and Y. Tokura, Nat. Commun. 10, 5831 (2019).

BEAMLINE
BL-3A

T. Kurumaji (Massachusetts Inst. of Tech.)

HIGHLIGHTS

19

1 -10 Materials Science
How do Materials Fracture?
- In Situ and Non-Destructive Observation of Crack Initiation and
Propagation in Carbon-Fiber Reinforced Plastic (CFRP) The nanoscopic mechanism of crack initiation and propagation in carbon-fiber reinforced plastic (CFRP) was revealed
by in situ and nondestructive observation using synchrotron-radiation X-ray Computed Tomography (X-CT). It was
found that voids and cracks do not simply result from local stresses but instead occur largely via two competing nanoscale mechanisms, namely, fiber/plastic interface debonding and in-plastic crack initiation. Therefore, nanoscopic insights into these heterogeneities are essential for controlling crack initiation and determining reasonable safety margins
for the use of CFRP composite.
Although voids and cracks can fatally degrade
structural materials such as metals and ceramics, they
are tolerated in carbon fiber-reinforced plastic (CFRP)
composites if monitored to ensure their growth remains
below a critical size. Thus, the use of CFRPs as aeronautical structural materials requires an understanding
of multi-scale crack formation (Fig. 1). However, the
mechanism of crack formation at the nanoscopic scale
remains unclear because experimental difficulties have
hindered studies of relevant phenomena occurring prior
to crack formation. In this report, we detail high-resolution (~50 nm) and nondestructive three-dimensional
observations of crack initiation and propagation under
applied stress [1, 2].
First, we examined cracking by in situ observations
made via macroscopic X-CT. The macroscopic X-CT
results showed that transverse cracks (a few hundred
micrometers) first appeared in the 90° plies(=sheets) at
~40–50% of the fracture strength ( f), and their propagation accelerated two-folds with an 10% increase in
tensile stress.

Figure 1: Multi-scale observation of CFRP [1].
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Then, we utilized a technique developed specifically to observe crack initiation, nanoscopic X-CT using
synchrotron radiation (SR X-CT), that couples phasecontrast X-CT and transmission X-ray microscopy using
synchrotron radiation to achieve a spatial resolution of
~50 nm. The relatively small density difference between
carbon fibers and the plastic matrix in CFRPs makes it
challenging to obtain high-contrast images at a smaller
scale (sub-micrometer) using conventional absorptioncontrast X-CT measurements.
A columnar specimen with unidirectional carbon fibers was mechanically loaded with a diamond indenter
using a nanomechanical test stage, which simulates
crack initiation in the 90° plies (Fig. 1). In situ observations under stress were performed using the nanoscopic
SR X-CT. First, the diamond indenter was inserted to
initiate small pre-cracks. Subsequently, the extent of
insertion was increased with a step from 0.1 to 1.0 μm,
resulting in the propagation of a single crack. Finally, we
focused on the region around the crack tip and repeated
the CT measurement cycle.

Figure 2: Segmented images of cracks formed in the CFRP. a, X-Y, and b, c, d, X-Z cross-sectional images corresponding to sections
along broken lines b, c, and d in a. Carbon fibers, plastic resin, and cracks (air) are shown in purple, grey, and yellow, respectively. b, c typical
in-plastic crack initiation with smooth (green triangles) and rough (blue triangles) crack surfaces. d fiber/plastic interface debonding (red
triangles). Branching at the crack tip (inset in c) and plastic bridges between interfaces (broken line in d) are also clearly observed. [1].

Figure 2 shows typical examples of cross-sectional
images based on reconstructed 3D volume data and
segmentation results. In the case of conventional
absorption-contrast imaging, the segmentation can be
easily performed by determining threshold values based
on the contrast (i.e., absorption) of the reconstructed 3D
volume data because each component of the material
has a different contrast value. However, in the case of
phase-contrast imaging, segmentation is much more
challenging because the various components of the
material have similar contrast values, and the contrast
difference is emphasized only at the component boundaries (black–white fringes). Therefore, we segmented
the 3D volume images using the Fiji image processing
software’s “watershed segmentation” feature of the
“Morphological segmentation” plugin for the cracks, and
a deep learning approach using SegNet and MATLAB
for the carbon fibers [1].
At the nanoscale, the initiation of cracks was location-dependent and heterogeneous, and two competing processes, fiber/plastic interface debonding and inplastic crack initiation, were observed. In the former
process, fiber/plastic interface debonding, cracks were
initiated by opening the fiber/plastic interfaces measuring ~100–200 nm and propagated along the fiber/plastic
boundary (Fig. 2d).
In the latter process, small voids (Fig. 2a, b) were
initiated and propagated via plastic deformation. These
cracks traveled across the plastic matrix to neighboring
fibers, propagated within the plastic in the Z-direction

along a path with rough or smooth crack surfaces, or
branching into two or more cracks.
Local stress was shown to be largely dependent on
location at the nanoscopic scale. Moreover, the thickness of the epoxy resin plays an important role due to
its effects on the alignment of the carbon fibers. Depending on the resin thickness, deviation from the ideal
alignment of the carbon fibers may occur [2]. Variation
in epoxy thickness is inevitable during industrial processing of CFRP, and the information on its effects on
cracking is of great importance.
Our evaluation reveals that voids and cracks do
not simply result from local stresses, but instead occur
largely via two specific competing nanoscale mechanisms: fiber/plastic interface debonding and in-plastic
crack initiation. Further insight into these heterogeneities
at the nanoscopic level is essential for controlling crack
initiation and determining reasonable safety margins for
CFRP composite use.
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Sub-Molecular Structural Relaxation at a Physisorbed van
der Waals Interface with Monolayer Organic Single-Crystal
Semiconductors Revealed by X-Ray Reflectivity Measurements
Arranging molecules into highly symmetric crystal structures is considered the best approach to functionalize electronic
properties in molecular crystals, where the constituent molecules are assumed to be rigid in shape. In striking contrast,
we present that the molecules in a monolayer organic crystal can undergo a significant deformation in proximity to the
substrate. X-ray reflectivity measurements revealed that the highly planarized π-core is deformed into a bent shape.
The molecular shape change was found to be perfectly suppressed in a bilayer single crystal, leading to a 40% increase
in mobility in the bilayer crystal.
Quasi-2D single-crystal organic semiconductors
(OSCs) with a thickness of a few monolayers offer great
potential in the manufacturing of state-of-the-art organic
field-effect transistors (OFETs) and integrated circuits
[1, 2]. Charge transport in molecular semiconductors
depends significantly on the molecular assembly [3],
thus, structural studies of molecular crystals are essential for an in-depth understanding of the electronic properties [4, 5], where a single molecular shape aligned
in a lattice has been assumed to be rigid. However, a
molecular shape has a finite degree of freedom owing
to the softness of organic compounds [6]. The effects of
such molecular shape changes on electronic functionality are yet to be clarified, particularly at solid state interfaces between soft organic materials and substrates.
As an ideal platform to assess molecular structures
at a buried interface, we use our benchmarked organic
semiconductor C8-DNBDT-NW [1-4, 6]. Figure 1a schematically illustrates the growth of an organic single crystal by the continuous edge-casting technique [1, 2, 7].
a

Here, solvent evaporation occurs predominantly at the
vapor–liquid interface, resulting in solute supersaturation. This leads to an initial molecular aggregation at the
surface of the solution and subsequent crystallization on
the substrate. A self-assembled molecular nanosheet
grows at the vapor–liquid interface, and is then laminated onto the substrate. We successfully manufactured a
4-inch (~100 mm) organic single-crystal wafer (Fig. 1b),
and prepared monolayer and bilayer single crystals
selectively by adjusting the substrate temperature
(Figs. 1c and d).
The molecular structure at the buried interface is
characterized by assessing the electron density profile
along the depth direction by X-ray reflectivity (XRR)
measurements. Electron density profiles with submolecular resolution are derived from the reflectivity
measurements by an analysis based on a slab model.
In the model, each C8-DNBDT-NW molecule is divided
into seven slabs. Each slab is characterized by the
three parameters of electron density, thickness, and
c

b

d

f
Electron density profile ρ(z) (A-3)

Intensity (arb. units)

e

Figure 1: a Schematic image of the continuous edge-casting method. Solvent evaporation at the air–liquid interface induces a pre-aggregation of solute molecules, forming crystal nucleation. b Confocal microscopy image of a 90 × 90 mm C8-DNBDT-NW crystal on a silicon wafer
substrate. Cross-polarized optical microscopy images of c monolayer, and d bilayer crystals. e Measured XRR intensities from monolayer and
bilayer samples. The solid curves show the corresponding fitting results based on a slab model. f Electron density profiles of monolayer and
bilayer C8-DNBDT-NW crystals. The molecule in the monolayer exhibits noticeable molecular distortion on the substrate side.
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Figure 2: Structural relaxation in C8-DNBDT-NW monolayer crystals. Packing model of a-c bulk crystal and d-f monolayer structure. The
structural optimization was performed by a density-functional theory calculation.

roughness. Figure 1e shows the measured XRR intensities from monolayer and bilayer crystals, together with
the fitting results. Figure 1f shows the electron density
profiles extracted by the slab-model analysis, displaying the profiles for the monolayer, and top and bottom
layers of the bilayer. The electron density profile of the
monolayer film clearly differs from the bilayer profiles,
exhibiting an asymmetric profile, while those for the top
and bottom layers of the bilayer are identical and agree
with the bulk structure of C8-DNBDT-NW. A possible
molecular packing arrangement in a monolayer crystal
is illustrated in Fig. 2. This suggests that the monolayer
C8-DNBDT-NW experiences intramolecular distortion,
resulting in the alkyl chain standing upright and the
π-conjugated core to be bent, particularly in proximity
to the substrate. The upper-half of the π-conjugated
core remains intact despite the molecular distortion,
indicating that the change in molecular shape at the
physisorbed interface is limited to a sub-molecularlayer thickness. Remarkably, the molecular deformation
is drastically reduced in the bottom layer of the bilayer
crystal, suggesting that the presence of the top layer
suppresses the conformational change of the bottom
layer [8].
The intrinsic carrier transport properties of monolayer and bilayer crystals at the buried interface were
evaluated by fabricating bottom-gate top-contact transistors. The four-terminal mobility of the bilayer transistors
is 40% higher than that of the monolayer transistors,
where the maximum value reaches about 14 cm2V-1s-1,
which indicates an inherent difference in carrier transport properties. The bilayer single crystal does not
experience any molecular deformation at the buried
interface, resulting in a 40% improvement of the intrinsic
carrier mobility [8].
We demonstrated that intramolecular deformation
occurs particularly for a monolayer single crystal at a
physisorbed van der Waals interface, using highly-sensitive XRR analyses. The physisorption-induced struc-

tural transformation is screened perfectly by a bilaminar
formation of C8-DNBDT-NW, which improves the carrier
mobility by 40%. The overall results indicate that due
to the intrinsically soft nature of organic crystals, nanoscale proximity can be used to tune not only the molecular shape, but also the molecular assembly, resulting
in fine control of electronic functionality. Our finding of
a unique molecular transformation in monolayer single
crystals offers a new perspective on the relationship between structure and properties in molecular crystals.
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Realization of Non-Polar Wurtzite AlN Films by Fe Substitution
and Elimination
We have developed a new technique to synthesize non-polar wurtzite aluminum nitride (AlN)-based polycrystal-like
films on various substrates, including glass substrates. It is a two-step procedure: the first step is to grow AlN films in
which Fe substitutes more than 10% of Al sites, and the second is to eliminate Fe from Al sites by annealing. X-ray absorption near-edge structure analyses were used to reveal the chemical states of Fe through the procedure.
Wurtzite AlN is a wide- and direct-band-gap
semiconductor that is a promising material for deepultraviolet (DUV) light-emitting diodes (LEDs) [1]. As the
energy of DUV light is high enough to kill viruses and
decompose toxic molecules, it is useful in the fields of
medicine and healthcare. At present, mercury lamps
and metal halide lamps are used as DUV light sources,
but these require a significant amount of power, have
a short life-span and are large. Therefore, there have
been accelerating global efforts to design and develop
DUV-LEDs to replace these lamps with LED systems
that are energy-saving, long-lasting, and small.

Figure 1: Schematic diagrams of polar and non-polar AlN films.
The yellow arrows indicate the c-axis direction. (a) Al and N
atoms form vertical arrays in wurtzite AlN films (polar orientation).
(b) AlFeN films (Fe>10%) show non-polar axis orientation. (c)
Annealed AlFeN films keep the non-polar axis-orientation.
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Recently, however, it was found that AlN and related
materials have challenging issues for high-efficiency
LEDs. This is due to the electronic properties of thin
films, which can be traced back to the crystal axis
orientation of AlN, i.e. the polar-axis orientation [see
Fig. 1(a)] [2-4]. Therefore, nonpolar-axis oriented AlN
films which can avoid these problems have attracted
much interest.
In 2018, we succeeded in growing non-polar-axisoriented wurtzite films by heavy doping of Fe in AlN
films [5]. The Fe-doped AlN (AlFeN) films were grown
reproducibly on various substrates such as SiO2 glass,
Si and Al2O3(0001) substrates by sputtering. In the present study [6], to reveal the local crystallographic and
electronic structures of Fe in AlFeN films, Fe K-edge
X-ray absorption near-edge structure (XANES) measurements were conducted at the BL-9A beamline in
fluorescence-detection mode. A comparison of the
main edge energies of Fe in AlFeN film (Fe: 1.6%) and
standard materials such as Fe metal (0), FeO (II), and
FeN (III) was made [7]. The results suggested that Fe
in AlFeN films has an oxidation state close to 3+ [6]. A
pre-edge peak was observed in the AlFeN film spectra,
similar to FeN where a Fe atom is surrounded by four
nitrogen atoms with the non-centrosymmetric condition of the zincblende structure. This finding suggests
that most of the Fe atoms in the AlFeN film occupy a
site with non-centrosymmetric conditions, suggesting
that Fe atoms in the AlFeN film occupy the Al sites of
a wurtzite structure [Fig. 1(b)]. Figure 2 shows the Fe
K-edge XANES spectra of AlFeN films with various Fe
concentrations when the electric field vector E of the
incident X-rays was perpendicular to the film-plane. In
the concentration range of Fe from 1.6% (c-axis orientation) and 19.9% (a-axis orientation), the main absorption
edge energies and the existence of pre-edge peaks did
not show a dependency on the Fe concentration. These
results suggest that the Fe atoms in the AlFeN films occupy the Al sites of a wurtzite structure, irrespective of
the orientation of the film.
In our previous study, it was shown that 3d-transition
metals (3dTM) such as Ti [8], V [9], Cr [10] and Mn [11]

Figure 2: Fe concentration dependence of Fe K-edge XANES spectra of AlFeN in E⊥film-plane.

create gap states in the gap of AlN when the 3dTMs
occupy the Al sites, resulting in visible light absorption.
Such gap states cause low efficiency of light emission
via traps of carriers and reabsorption of emitted UV
light in LED devices. In fact, N K-edge XANES spectra
of the AlFeN films exhibit significant pre-edge peaks,
which imply that electron unoccupied states are formed
via Fe-d and N-p hybridization [6]. To remove the gap
states, in other words, to eliminate Fe from Al sites, we
annealed the AlFeN films under N2 gas flow at various
temperatures up to 1200°C. Fe K-edge XANES analyses imply that Fe atoms escaped the lattice sites and
were oxidized near the surface during the long annealing time [6]. N K-edge XANES analyses also suggest
a drastic decrease of the gap states while maintaining
the non-polar axis orientation [Fig. 1(c)] by annealing.
The origin of the preferred orientation change from
c - to a -axis is still an open question. The behavior of
Fe during annealing also remains to be clarified. In
conjunction with the Fe concentration dependence of
the extended X-ray absorption fine structure analyses,
in-situ XANES analyses might reveal such behavior.
This new technique of heavy Fe-doping and postannealing could be used to supply seed layers to construct non-polar AlN-based DUV-LEDs without expensive substrates or machines. Currently, the layers are
polycrystal-like films. However, we plan to complete a

higher quality seed layer to realize high-efficiency DUVLEDs at low cost in the future.
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Topological Order of the Kondo Insulator SmB6 Unveiled from a
New Crystal Orientation
Recently, the non-trivial topological order of Kondo insulators has attracted much attention because of the expected
collaboration effect on its topological surface electronic states with strong electron correlation. Here, we obtained a welldefined clean surface of SmB6 facing a new crystal orientation, (111), with smaller numbers of time-reversal invariant
momenta than those on the (001) cleaved plane and revealed its surface electronic structure by angle-resolved photoelectron spectroscopy. The obtained surface state indicated non-trivial topological order, which was not clear from the
(001) surface, making SmB6 a fertile playground to study the strongly correlated topological electronic states.
one of the first materials to be proposed as a candidate
of TKI from a theoretical calculation [3]. However, for
experimental reasons, its topological order has been
unclear for years because of the difficulty of interpreting
the topology of the obtained surface electronic states
from the (001) cleaved surface, which is the only crystal
orientation obtained so far [5, 6]. The cause of this difficulty is the rather large number of surface time-reversal
invariant momenta (TRIM) on the (001) surface [three,
see Fig. 1(a)], and multiple surface terminations with
surface reconstructions there. In this work, we observed
the surface electronic structure of single-crystal SmB6
from the (111) surface for the first time, in order to elucidate its topological order. Since the number of surface
TRIMs on the (111) surface is expected to be minimum
[two, as shown in Fig. 1(a)], we chose this orientation
to determine the topological order of SmB6 in a simple
manner.
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The topological order of crystals is known as a major origin for realizing exotic low-dimensional electronic
structures, especially on the edge (surface) of the crystals [1]. Among them, materials in which the non-trivial
topological order cooperates with strong electron correlation are expected to be a suitable field to study various unconventional electronic phenomena, such as the
Kondo breakdown of the topological surface state (TSS)
[2]. One of such strongly correlated topological materials is a topological Kondo insulator (TKI). TKI is based
on a Kondo insulator with a very narrow bulk bandgap
appearing at low temperatures due to the Kondo effect,
and it has a non-trivial topological order resulting in TSS
dispersing across the bulk Kondo gap [3]. Therefore,
TKI is attracting much attention as a typical case of the
coexistence of topological order and strong electron correlation.
Samarium hexaboride (SmB6) has long been known
as a Kondo insulator [4] with the Kondo gap and was

0.1
0.2
0.3

Γ

-1.0

Γ : Γ + R, M : X + M
Figure 1: (a) Surface and bulk Brillouin zones (BZ) of SmB6 along (001) and (111) surface orientations. (b) Fermi contour of the SmB6(111)
surface obtained by ARPES at 15 K (hν = 35 eV, circularly polarized photons), symmetrized based on the three-fold rotation and time-reversal
symmetry. The hexagon is the surface BZ boundary. The dashed oval guides the shape of a surface Fermi contour. (c) Band dispersion of
the SmB6(111) surface obtained by ARPES [the same condition as (b)] taken along [-1-12]. ARPES intensities are divided by the Fermi
distribution function convolved with the instrumental resolution. Figures are from the same data as ref. [7].
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The single crystals of SmB6 grown by the floatingzone method were mechanically polished in air until
a mirror-like shiny surface was obtained. Then, the
polished sample was heated in an ultra-high vacuum
chamber up to ~1700 K for 15 min. After heating, a
sharp low-energy electron diffraction pattern as well as
distinct band dispersions could be seen by angle-resolved photoelectron spectroscopy (ARPES) as shown
in Figs. 1(b-c). ARPES measurements were mainly
performed at BL-2A MUSASHI (proposal numbers:
2015G540 and 2017G537). The photon energy used
in this work ranged from 35 to 80 eV and the energy
resolution was estimated to be ~15 meV from a Ta foil
attached to the sample.
Figure 1(b) is the Fermi contour obtained by
ARPES. It clearly shows the contours surrounding the
M points of the surface Brillouin zone (SBZ), as guided
by the dashed oval. Around the Fermi level, no other
electronic states were obtained by ARPES, indicating
that these ovals are the unique metallic electronic structure of SmB6(111) at 15 K. Since it is well known that
the bulk electronic structure of SmB6 is insulating, these
Fermi contours should be derived from the surface.
Indeed, we found no kz dispersion of the metallic states
by sweeping the incident photon energies, indicating its
two-dimensional nature consistent with the origin from
the surface. Moreover, from the band dispersion shown
in Fig. 1(c), the surface Fermi contour is made by the
continuous band dispersing across the Fermi level and
merging into the nearly localized 4f band lying slightly
below the Fermi level. Such behavior agrees well with
what is expected for TSS. Combined with the lift of spin
degeneracy in the surface band confirmed by spinresolved ARPES performed elsewhere, the non-trivial

topological order of SmB6 is revealed from the newly
obtained (111) clean surface.
This result makes SmB6 an exciting material to study
the collaboration effect between the topological order
and strong electron correlation. Further studies, such
as to clarify the origin of the inconsistent topological assignments obtained on SmB6(001) and the temperaturedependent evolution of the TSS, which is expected to
be influenced by the electron correlation, are ongoing.
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X-Ray Analysis of a DNA Encapsulated Silver Nanocluster with
Near-IR Emission
DNA-templated silver nanoclusters have attracted a lot of attention due to their intriguing photophysical properties.
Herein, we solved the crystal structure of a DNA-encapsulated, near-IR emitting Ag16 nanocluster (DNA-Ag16NC). The
individual Ag16NC was confined by two DNA decamers that take on a horseshoe-like conformation. The tight wrapping
of the two DNA strands around the cluster indicates that the Ag16NC is almost fully shielded from the solvent environment. This structural insight will help to clarify the relationship between structure and photophysical properties for this
class of emitters and allow us to design new DNA-AgNCs.
DNA-templated silver nanoclusters (DNA-AgNCs)
that display bright emission are composed of DNA oligomers and usually contain less than 30 silver atoms. So
far, many attempts have been made to characterize the
exact composition and structure of these DNA-AgNCs
using several techniques. However, only one crystal
structure is reported to have been solved, by Huard et
al. [1]; in their study, cationic silver-DNA precursor was
first crystallized and then chemically reduced. This crystal structure contains a silver cluster with novel Ag-Ag
interactions and a segment with cationic silver-mediated
base pair interactions, similar to our previously reported
silver-DNA hybrid nanowire [2]. In the present study,
we obtained the crystal structure of a HPLC-purified
magenta-colored near-infrared (NIR) emissive DNAAg16NC that was formed in solution before crystallization
[3].
The NIR-emissive DNA-Ag16NC was formed in solution by two DNA decamer fragments 5’-CACCTAGCGA-3’, purified by HPLC and then crystallized by the
hanging drop vapor diffusion method in a condition
containing MOPS (pH = 7), spermine, Ca(NO3)2 and
polyethylene glycol 3350 at 293 K. X-ray data was collected at 100 K with synchrotron radiation at the BL-17A
beamline. In order to obtain a strong anomalous signal

Figure 1: Crystal structure of the DNA-Ag16NC
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from the silver atoms, an X-ray beam with 2.0 Å wavelength, which is the longest wavelength available in the
beamline, was chosen for the data collection. Initially,
diffraction data were taken using 1º oscillation with 1 s
exposure per frame, which is the general experimental
condition for DNA crystals in the beamline. However,
the crystal was X-ray radiation sensitive, so that diffraction spots gradually disappeared during the data collection, while there was no visible change in the color
and shape of the crystal after 360 s X-ray exposure.
The sensitivity of silver ions and silver clusters to X-ray
exposure is well documented. Therefore, the final X-ray
data set was collected using 1º oscillation with 0.1 s
exposure per frame. In this condition, radiation damage was not observed during the data collection. The
initial phase was determined by the single-wavelength
anomalous dispersion (SAD) method, then a molecular
model of the crystal was constructed and finally refined
at a resolution of 1.8 Å (PDB-ID = 6JR4).
Two DNA decamers took on a horseshoe-like conformation and confined the Ag16NC, whose diameter and
height were 7 Å and 15 Å, respectively. Surprisingly, no
canonical Watson-Crick base pairs were observed. The
two DNA strands were mainly linked via silver-atommediated interactions and only a few hydrogen bonds

(a)

(b)

Figure 2: Silver-mediated C-quartet (a) and CGCG-quartet (b) found in the DNA-Ag16NC

(a)

(b)

Figure 3: Top-down view (a) and bottom-up view (b) of the DNA-Ag16NC

(Fig. 1). In the DNA-Ag16NC, several silver-atom-mediated interactions including C-quartet [Fig. 2(a)], CGCG
quartet [Fig. 2(b)], CC base pair and GG base pair
were observed. In these interactions, Ag-N and Ag-O
distances were in the range of 2.2–2.4 Å and 2.4–2.9 Å,
respectively. The Ag-Ag distances, mostly 2.7–2.9 Å,
the shortest being 2.6 Å and a few up to 3.1 Å, were far
shorter than the sum of their van der Waals radii (3.44 Å)
and were similar to or rather shorter than their metallic
radii (2.88 Å). This observation agrees with the fact that
the metallic bond distance between two neighboring
atoms involved in a cluster tends to be shorter than that
observed in bulk metal. The Ag16NC is sealed with an
adenine A2 on the top [Fig. 3(a)] and with two adenines
A6 at the bottom [Fig. 3(b)]. Two residues T5 and A10
make no coordinate bonds to the Ag16NC. The former
residue plays an important role: it enables the required
folding of the DNA strand around silver atoms, promoting the formation of the cluster. On the other hand, our
recent study confirmed that the latter residue is not necessary for the cluster formation [4].
The structural insight obtained in this study will help
clarify the relationship between the structural proper-

ties and the emission features, and might enable the
design of a new range of monodisperse, biocompatible
and water-soluble AgNCs with fascinating photophysical properties. Interestingly, the Ag16 nanocluster is so
tightly embedded in the DNA scaffold that it is almost
fully shielded from the surrounding solvent. We hope
that the presented data will be the starting point for the
rational design of DNA-AgNCs in future.

REFERENCES

[1] D. J. E. Huard, A. Demissie, D. Kim, D. Lewis, R. M. Dickson,
J. T. Petty and R. L. Lieberman, J. Am. Chem. Soc., 141,
11465 (2019).
[2] J. Kondo, Y. Tada, T. Dairaku, Y. Hattori, H. Saneyoshi,
A. Ono and Y. Tanaka. Nat. Chem., 9, 956 (2017).
[3] C. Cerretani, H. Kanazawa, T. Vosch and J. Kondo. Angew.
Chem. Int, Ed. 57, 17153 (2019).
[4] C. Cerretani, J. Kondo and T, Vosch. RSC Adv. 10, 23854
(2020).

BEAMLINE
BL-17A

J. Kondo1, C. Cerretani2, H. Kanazawa1 and T. Vosch2 (1Sophia Univ., 2Univ. of Copenhagen)
HIGHLIGHTS

29

2 -2 Chemical Science
One-Shot Preparation of Topologically Chimeric Supramolecular
Copolymers with Segregated Secondary Structures
Supramolecular polymers are promising next-generation polymeric materials with versatile functions. The important
step is the construction of segregated supramolecular structures that can realize synergetic combinations of different
polymeric properties. Here, we report an example of one-shot preparation of topologically chimeric supramolecular
copolymers. When cooling non-polar solutions of two different monomers that individually form linearly extended and
helically folded fibers, we obtain nanofibers with helical–linear segments. Mechanistic insights revealed the formation
of heteromeric hydrogen-bonded intermediates during the polymerization, and this allowed gradual variation of the
monomer composition. We further demonstrate that deformation of the linear segments by photoirradiation induces the
higher-order folding of the chimeric fibers.
first example of one-shot preparation of topologically
chimeric supramolecular copolymers with helical–linear
structures [6].
We previously found that cooling (1.0 K min−1) of
a hot methylcyclohexane (MCH) solution of diphenylnaphthalene-based barbiturate Nap resulted in the formation of helically folded fibers [Fig. 1(A), (C)] [7]. The
continuously curved structure originates from intrinsic
curvature upon stacking of hydrogen-bonded hexamers
(rosettes) due to the rotational and translational offsets
[7, 8]. Atomic force microscopy (AFM) measurement
revealed that Ant monomer having an anthracene unit
instead of the naphthalene unit on Nap self-assembled
into linearly extended fibers [Fig. 1(B), (D)]. A major
cause of the loss of intrinsic curvature of Ant is that
the degree of translational/rotational displacement becomes smaller by strong π–π stacking interaction. The

Self-assembled one-dimensional (1D) nanostructures consisting of segregated supramolecular domains
of multiple components can exhibit sophisticated functions due to the synergetic combinations of different
molecular properties [1]. In self-assembly phenomena,
however, molecular components associate through
reversible intermolecular interactions to form polymeric
arrays, and this allows self-recognition of the individual
molecular components to afford self-sorted nanostructures (narcissistic self-sorting). Accordingly, in most
cases, seeded growth approaches are used to prepare
multicomponent 1D nanostructures (i.e., block supramolecular copolymers) [1–5]. However, even by using the
seeded growth approach, attaining the heterojunction of
nanostructures with dramatically different morphologies
is challenging because the structures of those molecular components are also dissimilar. Here, we report the

(A)

(B)

Figure 1: (A, B) Molecular structure and schematic representation of the supramolecular polymerization of Nap (A) and Ant (B). (C, D) AFM
images of supramolecular polymers of Nap (C) and Ant (D) prepared by cooling a hot MCH solution of each molecule (c = 1.0 × 10−5 M)
using a cooling rate of 1.0 K min−1. (E, F) AFM images of supramolecular (co)polymers prepared by cooling a hot MCH solution of a 1:1.3
mixture of Ant and Nap using a cooling rate of 1.0 K min−1 (E) and a 1:1.5 mixture of Ant and Nap using a cooling rate of 0.1 K min−1 (F). (G)
SAXS profiles of MCH solution of Nap (red line), Ant (blue line), and a 1:1.5 mixture of Ant and Nap (green line) prepared at a cooling rate of
1.0 K min−1.
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Figure 2: (A) AFM images of chimeric fibers after irradiation with UV light ( = 365 nm) in MCH at 293 K for 90 min. (B) Schematic
representation of the topology changes upon UV irradiation of chimeric fibers. (C) SAXS profiles of MCH solutions of the 1:1.5 mixture of Ant
and Nap before (blue line) and after irradiation (orange line) with UV light ( = 365 nm) at 293 K for 90 min.

dramatically different homopolymer topologies (helically
folded and linearly extended fibers) arising from very
similar monomer structures inspired us to explore supramolecular copolymerization that could afford helical–
linear fibers. To our surprise, cooling a MCH solution of
monomeric 1:1.3 mixture of Ant and Nap at a cooling
rate of 1.0 K min−1 afforded nanofibers comprising helically coiled and linearly extended segments [Fig. 1(E)].
We refer to these unique fibers as “chimeric fibers”. On
the other hand, under kinetic conditions by fast cooling
(0.1 K min−1), the two monomers self-sorted to afford
simple mixtures of linearly extended and helically coiled
fibers [Fig. 1(F)]. The temperature-dependent UV-vis
absorption and fluorescence spectra of the mixture
solution revealed an interplay of the supramolecular copolymerization processes of the Ant and Nap [9]. Upon
cooling a monomeric solution of the mixture by slow
cooling (0.1 K min−1), the Ant rosette, which is highly aggregative via π–π stacking interactions, primarily self-nucleates through a self-recognition process of the acene
moieties and elongates into linearly extended fibers.
Upon further cooling under thermodynamic conditions,
the Nap rosette self-recognizes by the π–π stacking
interactions and elongates into helically coiled fibers. In
contrast, under kinetic conditions (1.0 K min−1), a small
amount of Nap monomers can be already incorporated
into the Ant rosettes and assemble to the elongating
linear segments. Upon further cooling, the Nap content
of the rosettes gradually increases, and eventually Naprich rosettes form helically coiled segments to afford
helical–linear chimeric nanofibers. Accordingly, we succeeded in one-shot preparation of topologically chimeric
fibers via a gradient supramolecular copolymerization.
The chimeric fibers exhibited photoinduced folding
by segment-selective topological change. Photodimerization of anthracene moieties in Ant homopolymers
induced an attenuation of the stiffness of the main chain
[Fig. 2(A)]. A similar change in the linear segments in
chimeric fibers allowed cohesion of helical segments,
thus leading to higher-order folding of chimeric fibers
[Fig. 2(B)].
These characteristic secondary structures of supramolecular polymers were also studied in solution using

small-angle X-ray scattering (SAXS). In our previous
study, the MCH solution of helically folded homopolymers of Nap displayed scattering peaks within the range
of Q = 0.3–0.9 nm−1 that were attributed to the intrinsic
curvature [Fig. 1(G)] [7]. In contrast, the homopolymer
solution of Ant with linearly extended topology exhibited
only fractal-like scattering, which is in good agreement
with intrinsically uncurved fibers. The solution of chimeric nanofibers within the same range of Nap homopolymers also displayed the identical scattering peaks
characteristic of intrinsic curvature of helical segments.
The SAXS profile of the solution containing compactly
folded fibers did not show new peaks in the measured
region [Fig. 2(C)], thus demonstrating that an intrinsic
curvature could not be generated by the photodimerization of Ant due to the inhomogeneity of the curvature in
the Ant segments.
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2 -3 Chemical Science
An Ionically Crosslinked PDMS Elastomer that Quickly Self-Heals
Damage with the Aid of CO2 Gas
We have developed an ionically crosslinked poly(dimethyl siloxane) elastomer that quickly self-heals in a CO2 gas atmosphere. In this elastomer, carboxy groups attached to the main chain were partially neutralized with sodium. Both
unneutralized and neutralized carboxy groups aggregate with each other in the hydrophobic polymer matrix and form
spherical-shaped ionic aggregates that act as physical crosslinks. This ionic network is dynamic because the ionic moieties continually hop between ionic aggregates at room temperature. We found that CO2 gas effectively plasticizes the
ionic aggregates and accelerates the network rearrangement. As a result, self-healing of this elastomer was dramatically accelerated by CO2 gas.
Synthetic materials that spontaneously self-heal
damage have long been dreamed of and many scientists have designed various self-healing materials
[1]. Many self-healing elastomers have been designed
on the concept of a dynamic network in which flexible
polymers are crosslinked via dynamic bonds, such as
metal−ligand coordination, hydrogen bonding, π−π,
host−guest interactions, ionic interactions, etc. In this
work, we report a poly(dimethyl siloxane) (PDMS) elastomer in which the polymer chains are crosslinked via
aggregations of neutralized and unneutralized COOH
groups attached to the polymer chain [Fig. 1(A)] [2]. In
this PDMS elastomer, the neutralized and unneutralized
COOH groups are continually hopping between neighboring ionic aggregates at room temperature [Fig. 1(B)].
That is, the ionic network in this elastomer is dynamic
and spontaneously rearranged. As a result of interdiffusion of polymer chains between the damaged faces,
this elastomer exhibits autonomous self-healing capability at room temperature [Fig. 1(C)]. We have shown that
the elastomer quickly self-heals damage with the aid of
CO2 gas.

(A)

In this work, we attached COOH groups at the chain
ends and at the midchain positions randomly placed
along the PDMS backbone. The number average molecular weight and the molecular weight distribution of
the PDMS are determined to be 7,300 and 1.56, respectively, by size exclusion chromatography with polystyrene standards. The total COOH concentration of this
PDMS determined by titration is 3.8 mol%. The COOH
groups were partially neutralized with sodium hydrate.
The neutralized PDMS is denoted as PDMS-xNa where
x indicates the percentage of neutralization. The obtained PDMS-xNa is perfectly colorless and transparent.
Figure 2(A) shows a small-angle X-ray scattering
(SAXS) pattern of the PDMS-xNa at room temperature.
A broad scattering peak attributable to the interference between ionic aggregates is observed. The size
of the ionic aggregates in PDMS-xNa was determined
by simulating the SAXS pattern on the basis of the
Yarusso-Cooper model [3]. This model assumes that
spherical-shaped ionic aggregates with a radius of R1
are randomly dispersed with the closest approach limitation, 2RCA. From the simulation, R1, RCA, and the num-

(C)

(B)

in Air

Slow Rearrangement

in CO2

Fast Rearrangement

Figure 1: (A) Chemical structure of PDMS-xNa [2]. (B) Schematic illustration of network rearrangement behavior in PDMS-xNa. The network
rearrangement is accelerated by CO2 gas [2]. (C) Self-healing behavior of PDMS-80Na at 26°C. The sample sheet was painted pink.
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Figure 2: (A) Simulation results for experimental SAXS patterns for PDMS-xNa [2]. (B) Changes in storage modulus (E’) and loss modulus
(E’’) in different gases for PDMS-80Na measured at 1 Hz and 30°C [2]. (C) Frequency sweep of storage modulus (G’, closed symbols) and
loss modulus (G’’, open symbols) for PDMS-80Na measured at 5°C in air and in CO2 [2]. The relaxation is assigned to rearrangement of ionic
crosslinks. (D) Time evolution of healing efficiency of PDMS-80Na healed at 26°C in air and in CO2 [2].

ber density of the ionic aggregates in PDMS-xNa were
1.2 nm, 2.0 nm, and 24 (10 nm)−3, respectively. These
values are almost independent of the neutralization level. This suggests that almost all neutralized and unneutralized COOH groups are involved in ionic aggregates
because of the high hydrophobicity of PDMS matrix.
We found that the PDMS-xNa demonstrates “gasplastic” properties. As shown in Fig. 2(B), the storage
modulus (E’) of PDMS-80Na dropped steeply when it
was in CO2 gas atmosphere, which indicates that the
CO2 gas softens the elastomer. However, E’ quickly
recovered by the exchange of CO2 with air. That is,
the gas-plastic behavior is reversible. Such gas-plastic
behavior was not observed for commercially available
chemically-crosslinked PDMS elastomer, whereas ionically crosslinked polyisoprene elastomer exhibited the
gas-plastic behavior [2]. Therefore, our results clearly
suggest that CO2 gas affects ionic component regions.
Furthermore, our electron spin resonance and Fouriertransform infrared spectroscopy results demonstrated
that CO2 gas plasticizes the ionic aggregates that act
as physical crosslinks in this elastomer [2]. As a result
of the plasticization of the ionic aggregates, the network rearrangement is accelerated in this elastomer.
Figure 2(C) compares the rheological results for PDMS80Na measured at 5°C in air and in CO2. Relaxation
corresponding to the network arrangement is observed
and the replacement of the relaxation peak with CO2
gas shows that the network rearrangement in PDMS-

80Na is dramatically accelerated by CO2 gas because
of the plasticization of the ionic aggregates.
The acceleration of the network rearrangement effectively enhances the self-healing of the elastomer. A
PDMS-80Na sheet was cut using a razor and the cut
faces were then gently contacted. The PDMS-80Na
sheets were stored at room temperature (26 °C) in
either dry air or CO2 for different periods. In the CO2
atmosphere, self-healing proceeded more quickly than
in air. In Fig. 2(D), time evolutions of the self-healing efficiencies of PDMS-80Na obtained in CO2 and in air are
compared. The self-healing efficiency was calculated
from the ratio between the tension energies required
to break the original and self-healed PDMS-80Na. The
self-healing behavior of PDMS-80Na was dramatically
accelerated in CO2 compared with that in air. The rapid
self-healing is due to the accelerated network rearrangement in CO2 atmosphere.
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2 -4 Chemical Science
Photoinduced Reduction Mechanism of Graphene Oxide Revealed
by Ultrafast Structural Dynamics
Graphene oxide (GO) exhibits broad applications because the atomic structure and physical properties of its reduced
form resemble those of graphene and also because it is dispersible in water and functionalized by chemical methods.
Understanding the reduction mechanisms of GO is important for controlling their properties. Herein, we employ ultrafast
time-resolved electron diffraction and ultrafast mid-infrared vibrational spectroscopy to observe the reduction process.
Our findings with theoretical calculations explain how and why the oxygen atoms of epoxy groups are selectively removed from the basal plane of GO by ultraviolet photoexcitation.
Graphene oxide (GO) is a derivative of graphene
that is produced by chemical oxidation of graphite and
offers a variety of applications. The high popularity of
GO can be ascribed to the fact that the atomic framework and physical properties of its reduced form (rGO)
are similar to those of graphene. Another reason is the
high dispersibility of GO in water and polar organic solvents, where GO is easily functionalized by chemical
methods. The dispersibility of GO in water is attributed
to the presence of oxygenated functional groups such
as hydroxyl, epoxy, carbonyl, and carboxyl groups. Notably, graphene has a flat structure featuring two-dimensionally spread six-membered carbon rings, whereas
the presence of the above functional groups in GO and
rGO results in the formation of quasi-two-dimensional
non-uniform networks. The reduction of GO to rGO,
accompanied by the partial removal of the oxygenated
functional groups, can be easily achieved by exposing
GO to reducing agents, high temperature, or ultraviolet
(UV) light. However, the reduction mechanism of GO
has not been fully clarified yet. Herein, we applied ultrafast electron diffraction measurements and ultrafast
mid-infrared vibrational spectroscopy to GO upon UVphotoexcitation to directly observe its reduction process
[1]. The obtained reduction mechanism from GO to rGO
was compared with that determined by theoretical calculations.
Figure 1a shows the electron diffraction pattern
obtained from the GO thin film, revealing the presence
of six symmetrically arranged spots (corresponding to
larger GO flakes) and several rings (ascribed to randomly oriented smaller GO flakes). Figure 1b shows
the radial averaged data obtained for electron diffraction
from GO thin film before and after exposure to UV-light
(wavelength = 266 nm) with the diffraction rings of (100)
and (110) planes. The average length of C–C bonds
(1.431 Å) in the basal plane of GO calculated based
on the positions of the above diffraction rings slightly
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exceeded that of graphene (1.417 Å) before perturbation, which undergoes contraction to the bond length of
1.417 Å after UV-light exposure above the fluence of
4 mJ/cm2. Based on B3LYP/6-31G** level density functional theory (DFT) calculations and force field calculations on model graphene and GO structures, the lattice
shrinkage of GO upon photoexcitation corresponds to
the deoxygenation of epoxy groups in the basal plane of
GO.
Figure 1c shows the evolution of the average C−C
bond length in GO induced by photoexcitation with UV
light as a function of time. The removal of the oxygen
functional group from the basal plane of GO is not a
reversible reaction. However, as the epoxy oxygen is
connected to carbon atoms via two bonds, the reduction
of epoxy groups requires the dissociation of two C−O
bonds. Only one bond of an epoxy oxygen was broken
by excitation with UV light at a lower fluence (2 mJ/cm2),
which realizes a reversible reaction. The photoinduced
bond breaking and subsequent C−C bond shrinkage,
namely, the processes of photoinduced reduction,
occurred on a time scale of 40 ± 8 ps, which agrees
well with the timescales (53 ± 3 and 42 ± 5 ps) of the
time-dependent vibrational spectra around the epoxy
group region (Fig. 1d) at wavenumbers of 1060 and
1100 cm−1. Nonadiabatic quantum molecular dynamics
based on time-dependent DFT calculations were performed on the graphene model with an epoxy oxygen
to answer the question of why the epoxy groups were
selectively dissociated from GO upon excitation with
UV light. Electrons reside in the HOMO in the ground
state, and an electron is eventually transported from the
HOMO to the LUMO in the excited (or charge) state.
The spatial distribution of the wave function for the C−O
bonds of GO models with epoxy groups changes significantly before and after the excitation, and Figs. 1e
and 1f show the bonding (HOMO) and the antibonding
(LUMO) characteristics, respectively.
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Figure 1: a Electron diffraction pattern from GO thin film and b the radial average of diffraction patterns before and after UV photoexcitation.
Time-evolution of c C–C bond length obtained by ultrafast time-resolved electron diffraction and d the bleach peak intensity of ultrafast midinfrared vibrational spectroscopy at wavenumbers of 1060 and 1100 cm−1. e, f Spatial distribution of the wave functions of GO models with an
epoxy oxygen in the HOMO and LUMO.

In summary, based on the experimental findings
and the nonadiabatic calculations, we propose the reduction mechanism of GO as follows. The basal plane
of GO possesses a graphene backbone and aperiodic
defects, edges, and oxygen functional groups. Photoexcitation with UV light drives electrons from the valence
band to the conduction band of the graphene parts in
GO because the energy of UV light is equivalent to the
π-plasmon band energy of graphene. The hot electrons
in the π-plasmon band are delocalized on the basal
plane of GO and transferred to the localized states in
the LUMO of the epoxy groups (C−O−C). Due to the
antibonding character of GO with epoxy groups, the potential energy required to remove the oxygen atoms in
epoxy groups decreases in the charged or excited state.
This electron transfer induces the selective removal of

oxygen atoms in epoxy groups via photoexcitation on a
timescale of 40−50 ps.
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3 -1 Earth Science
High-Temperature Structural Change of Sillimanite and its Phase
Relation with Mullite
We conducted high angular resolution powder X-ray diffraction experiments for sillimanite (Al2SiO5) heated at various
temperatures and pressures in order to clarify its high-temperature phase relation with mullite (Al2[Al2+2xSi2−2x]O10–x). The
results showed that sillimanite discontinuously transforms to mullite in composition by high-temperature annealing, and
the cell parameters of remnant sillimanites indicated that tetrahedral Al and Si in sillimanite become continuously disordered as the annealing temperature is increased. Based on the results, we proposed a new P–T diagram of the Al2SiO5
system for geological applications.
Sillimanite (Al2SiO5) is a mineral of special significance to geologists as an indicator of high-temperature
metamorphism. In addition, some studies reported that
sillimanite annealed above ~1000°C shows a characteristic of further transformation related to mullite
(Al2[Al2+2xSi2–2x]O10–x, where x = 0.17–0.59 [1]), which is
an important refractory mineral in material science, associated with SiO2-rich melt [2, 3]. However, the detailed
phase relation between them had remained unclear,
mainly due to the difficulty of discriminating between sillimanite and mullite in crystallography. These two minerals have the same basic framework characterized by
chains of edge-sharing AlO6 octahedra linked to double
SiO4/AlO4 tetrahedral chains parallel to the c-axis. The
crystal structure of mullite differs from that of sillimanite
only by the disordered distribution of Al and Si in the
tetrahedra and the existence of an additional tetrahedral site which is coupled to the occurrence of oxygen
vacancies [Fig. 1(a)] [4]. Here, we conducted X-ray diffraction experiments using a synchrotron X-ray and a
high-resolution multiple-detector system at the BL-4B2
beamline [5], for sillimanites annealed under various
P–T (pressure and temperature) conditions to clarify
the detailed phase relation between the two phases [6].
Samples were previously annealed at the temperature
of 790–1530°C under the pressure of 1 atm–2.5 GPa
for 1–1711 h. For the sample annealing, we used a muffle furnace (1 atm), an internally heated pressure vessel
(0.2 GPa), or a piston-cylinder apparatus (0.5–2.5 GPa).
The XRD experiments were performed at room temperature.

Figure 1(b) shows representative XRD patterns
obtained in this study. We successfully distinguished
peaks of newly formed mullite and remnant sillimanite.
The present XRD system could surely detect 1% mullite
mixed with sillimanite in mass. This made it possible
to detect the initiation of the very sluggish transformation from sillimanite to mullite (mullitization) which was
discontinuous in composition and to obtain accurate cell
parameters of each phase. Figure 2(a) shows the determined cell parameters of mullite and sillimanite in the
products against annealing temperature (the c axis of
mullite is treated as twice the length to simplify the comparison with sillimanite). We detected the changes of
cell parameters of remnant sillimanite caused by hightemperature annealing. In particular, the b axis shows
the most marked expansion, although the cell parameter
that differs most between sillimanite and mullite is the
a axis. This indicates that some structural change other
than mullitization occurs in sillimanite. We investigated
the same samples also by analytical electron microscope and revealed that the degree of order of tetrahedral Al and Si in sillimanite, Q, decreases continuously
as the annealing temperature increases [7]. Q is the
value given by Q = 2p − 1 in the case of stoichiometric
sillimanite, where p is the probability of finding an Al (Si)
atom on an Al (Si) site, and thus Q varies from 1 for total order to 0 for total disorder. The abnormal changes
in the b axis detected in this study are attributed to the
decreasing value of Q [6, 7].

Figure 1: (a) Crystal structure of sillimanite and that of mullite (averaged structure). (b) XRD patterns of untreated sillimanite (starting material) and sample annealed at 1476°C for 10 h in air. The wavelength of the X-ray beam is 1.747 Å.
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Figure 2: (a) Cell parameters of sillimanite and mullite against annealing temperature. The c axis of mullite is treated as twice the length to
simplify the comparison with sillimanite. (b) P–T diagram of Al2SiO5 with the results of this study. The mullitization boundary and the contour
of Q value of sillimanite determined by [7] are also shown. In the stability region of mullite + liquid, the Q values are shown for metastable
sillimanite. Red open circles indicate that mullite is present, and green filled circles indicate that it is absent. Half-filled circles indicate that the
presence of mullite is slight or unclear. The mullitization temperature at 1 atm (1200°C) determined by reaction kinetics analysis [8] is plotted
by a red filled circle.

In contrast to the annealing temperature, the annealing pressure does not significantly affect the changes
in cell parameters. The right panels of Fig. 2(a) show
that the cell parameters of the sillimanite annealed at
0.2–2.5 GPa change with annealing temperature similarly to those of the sillimanite annealed at 1 atm. The
degree of Al/Si order in sillimanite (Q) is almost independent of the imposed pressure.
We plotted the experimental results of this study on
a P–T diagram for the Al2SiO5 system [Fig. 2(b)]. We
also plotted the mullitization temperature of 1200°C at
1 atm, determined by [8] (a red filled circle). Based on
the results, we estimated the mullitization boundary as
shown in Fig. 2(b) [6]. In the figure, the contour of the
Q value in sillimanite is also shown, which is a function
of temperature [7] but is independent of pressure. This
P–T diagram implies the existence of a phase with a
stoichiometric Al2SiO5 composition and completely disordered Al and Si at above ~1700°C. However, it is difficult to observe this hypothetical phase because mullitization immediately and completely occurs at these high
temperatures.
The high angular resolution XRD method in this
study can be applied to the investigation of crystallographic features and the presence of fine mullites for

natural sillimanite, and future studies in combination
with the proposed P–T diagram [Fig. 2(b)] should yield
new information about thermal histories in ultrahightemperature metamorphic regions above 1000°C that is
easily lost.
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3 -2 Earth Science
Local Structures of Ti in Natural Silicate Glasses by XAFS
Measurements
The local structure of Ti in silicate glass is known to depend on the formation and quenching conditions. We performed
X-ray absorption fine structure experiments of Ti on natural glasses and Cretaceous-Paleogene boundary sediments
at BL-9C. The relationship between the pre-edge position and the average Ti-O distance was found to provide detailed
Ti local structural information as guided by the Ti-bearing crystals including Ti3+ species. This relationship implies that
tektites and impact glasses were formed by various impact and quenching processes as well as different chemical conditions.
Impact glasses and tektites are silicate glasses
formed by hypervelocity impact on rocks and soils on
the Earth’s surface, followed by rapid quenching in the
atmosphere. The minimum impact velocity to produce a
significant amount of melts by an impact is considered
to be 12 km/s on the Earth. Natural impact-induced
glasses display unique shapes, structures, and chemistry depending on the formation conditions and cooling
rates. The impact sites have been identified geologically
in most cases. Studies on sediments related to meteorite impacts at the Cretaceous-Paleogene (K-Pg) boundary provide important information on mass extinctions
and the subsequent environmental changes. However,
laboratory experiments are required to determine the
detailed structural changes in glasses that experienced
various impact processes before solidification.

(a)

X-ray absorption fine structure (XAFS) spectroscopy, which is an effective technique for investigating
glass structures in detail, is divided into two types: X-ray
absorption near-edge structure (XANES), which is
known to be sensitive to the local environment around
Ti (e.g. coordination number, CN, and valence state)
in silicate glasses [1-4], and extended X-ray absorption
fine structure (EXAFS), which is used to determine the
average Ti-O distance [5-7].
Ti K-edge XAFS measurements were performed by
the fluorescence method with Si (111) monochromator at the beamline BL-9C. The copper pre-edge peak
position at 12.7185 keV was used for the energy calibration. The following natural glasses were selected:
tektites (hainanite (t1), indochinite (t2), philippinite (t3),
australite (t4), bediasite (t5), moldavite-green (t6) and
(b)
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Figure 1: XANES spectra (a) and EXAFS spectra (b) of natural glasses. The reference materials with 6-coordinated Ti are plotted together.
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Figure 2: Relationship between the Ti K pre-edge position and
the average Ti-O distance of natural glasses (t1-7 and g1-4;
diamonds) and reference materials (circles). The red, blue and
green colors represent the coordination number of 4, 5 and 6,
respectively. The solid and dotted lines represent the trends of
reference crystals and tektites, respectively.

-brownish (t7), whose colors depend on the composition [8]), impact glasses (suevite (g1), impactite (g2)
and kofelsite (g3)) and K-Pg boundary sediment (g4).
Simultaneously we measured TiO2 (anatase and rutile),
CaTiO3, Mg2TiO4, and SrTiO3 for reference. XAFS data
were analyzed by XAFS93 and MBF93 programs [9].
The XANES and EXAFS spectra of Ti in the samples are shown in Figs. 1(a) and 1(b), respectively.
The XANES spectra of reference compounds have
various patterns, while those of the glasses are similar. However, there are two groups in terms of the preedge features: samples t1–t5 and t7 show narrow and
high intensity, and samples t6 and g1–g4 show broad
and relatively low intensity. The CN of Ti in the glass
was estimated in previous studies by the Ti K preedge position and Ti-O distance for known reference
compounds, classified into red (CN = 4: samples t2, t5,
and t7), blue (CN = 5: samples t1, t3, t4, and g1-4), and
green (CN = 6: sample t6) [3-6]. This is in contrast with
the fact that TiO2 has CN = 6 under ambient conditions.
Figure 2 shows different trends between the tektites
and the reference crystals in the relationship between
the pre-edge energy and average Ti-O distance of the
samples in the present study.
Previous studies suggested that tektites with
Ti CN = 4 were formed at high temperatures and low
pressures while those with Ti CN = 6 were quenched at

low temperatures and high pressures [1, 2]. Ti CN = 5
in synthetic silicate glasses has been known at ambient
pressure. CN of Ti in glass may be affected by chemical composition [10] and cooling speed [11]. The preedge positions of tektites may be affected by the valence state of Ti [4]. The pattern of Ti of K-Pg sediment
is similar to those of impact glasses, but the pre-edge
features differ slightly. The pre-edge features and main
peaks of impact glasses, K-Pg sediment and moldavitegreen are similar to that of TiO2-anatase. This similarity
might be explained by the fact that Ti-polyhedron in
glass is crystallized to anatase structure by a slow cooling speed or diagenesis [7]. In order to understand the
detailed structural change of Ti local structure in silicate
glasses, we carried out shock recovery experiments on
a tektite. The data obtained by Ti XAFS match the trend
of the reference crystal but not that of tektite in Fig. 2.
This result indicates that natural tektites were formed
under special quenching and oxidation conditions. The
present study proves a clear relationship between the
Ti K pre-edge energy position and the average Ti-O
distance. This relationship may help clarify the tektite
formation and quenching processes.
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3 -3 Earth Science
Structural Study on a New Mineral, Hitachiite, Pb5Bi2Te2S6
A new mineral, hitachiite (2018-027), ideal chemical formula Pb5Bi2Te2S6, discovered from the Hitachi Mine, Ibaraki
Prefecture, Japan, has been approved. Its crystal structure was determined by the SC-XRD method with synchrotron
radiation. Hitachiite has a layer-type structure, and the galena-like structural units are sandwiched by the tetradymitelike structural unit in its structure. Obtained structural features indicate that hitachiite can be regarded as a member of
the homologous series on the join of Bi2Te2S (tetradymite)-PbS (galena).
Hitachiite, ideal chemical formula Pb5Bi2Te2S6, is a
new mineral discovered from the Hitachi Mine, Ibaraki
Prefecture, Japan [1]. The primary formation age of the
ore deposit including hitachiite in the mine is estimated
to be at least 5.3 Ga [2-3], and the ore deposit is the
oldest in Japan.
The chemical formula of hitachiite lies on the join of
Bi2Te2S-PbS in the system Pb-Bi-(Te, S) (Fig. 1). Some
of the minerals on this join such as tetradymite, aleksite,
and saddlebackite are classified into the tetradymite
group defined by Strunz and Nickel (2001) [4], and can
be regarded as homologous series minerals based on
the chemical formula of PbnBi4Te4Sn+2 [5]. Many of this
group of minerals such as Bi2Te3 and Bi2Se3 are of interest as materials for topological insulators and superconductors. However, at present, many of the crystal structures of the tetradymite group minerals with Pb have not
been determined or refined. Therefore, it is necessary
to obtain structural information on these minerals to understand their structural classification.

Figure 1: Minerals on the join of PbS-Bi2Te2S in the system
Pb-Bi-(Te, S).
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Single-crystal X-ray diffraction (SC-XRD) experiments were conducted at the beamline BL-10A. In the
preliminary check by X-ray oscillation photographs,
most of the hitachiite samples showed a streak pattern along the c* direction due to stacking faults.
The sample (0.05 mm x 0.02 mm 0.02 mm in size)
used for SC-XRD was picked up by hand from the
polished section after chemical analysis (Fig. 2).
The chemical formula of the examined sample was
(Pb4.60Fe0.25)  4.85(Bi2.24Sb0.02)  2.26Te2.15(S5.62Se0.13)  5.75,
which is slightly Bi and Te rich, and Pb and S poor.
The lattice parameters showed trigonal symmetry:
a = 4.2200(13) Å, c = 27.02(4) Å and V = 416.7(7) Å3.
The space group was determined as P3m1 from the
systematic absence in the measured intensities. The
crystal structure of hitachiite is based on an ABC-type
close-packing of each single element atomic sheet
stacking along the c-axis with a periodicity of ~27 Å and
can be regarded as a layer-type structure (tetradymite
archetype) (Fig. 3). The stacking sequence in the unit
cell of hitachiite is -Te-Bi-S-Pb-S-Pb-S-Pb-S-Pb-S-Pb-SBi-Te- (15 layers). Hitachiite has two types of structural
basic units in its structure: galena and tetradymite units.

Figure 2: Hitachiite within pyrite under reflection microscope.
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Figure 3: Crystal structure of hitachiite.

The compositional limit for forming the tetradymite archetype structure in the Bi2Te3-Bi2S3 system was reported to be Bi2STe2-Bi2S1.3Te1.7 [6]. These structural differences due to composition imply that the role of Te in the
tetradymite structures due to the differences of chemical
properties from S need to be considered. In order to
form the tetradymite archetype structure, the key is to
have a tetradymite unit (-S-Bi-Te Te-Bi-S-), which has
an anion-anion interlayer except for S-S. In actuality, although rucklidgeite (PbBi2Te4) and kochkarite (PbBi4Te7)
have tetradymite archetype structures, galenobismutite
(PbBi2S4) and mozgovaite (PbBi4S7) have different ones.
Our findings imply that hitachiite can be regarded as
a member of the homologous series of PbnBi2Te2Sn+1.
In addition, natural hitachiite includes some impurities
such as Fe and Sb. Further study is needed, especially
to obtain the positional information on Fe in its structure
because the Fe-Te layer in the tetradymite archetype
structure plays an important role in controlling electric
properties [7].
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Structural Analysis of Fungal Endo- -1,2-Glucanase Reveals a
Non-Canonical Reaction Mechanism
Endo-β-1,2-Glucanase from Talaromyces funiculosus specifically hydrolyzes β-1,2-glucan from the reducing end to
sophorose (Glc-β-1,2-Glc) as a main product. Here, we determined the apo-structure of recombinant Tf SGL (Tf SGLr)
using the SAD phasing and the Michaelis complex of inactive Tf SGLr with β-1,2-glucoheptose by soaking the crystal in
β-1,2-glucan. The overall structure comprises an (α/α)6 toroid fold and has a cleft. The ligand was observed in the large
active pocket at the center of the cleft. Furthermore, structural analysis of the Michaelis complex revealed a novel catalytic mechanism catalyzed by non-canonical general acid (E262) and general base (D446).
Endo-β-1,2-Glucanase (SGL) is an enzyme that
hydrolyzes linear and cyclic β-1,2-glucan comprising
a β-1,2-linked glucosyl backbone. SGLs are basically
classified into the glycoside hydrolase (GH) family
based on amino acid sequence similarity [1]. Recently,
identification and structural determination of a bacterial SGL from Chitinophaga pinensis (CpSGL) have
resulted in the discovery of a new GH family 144 [2].
However, fungal SGL was not identified. In our previous
work [3], we identified a fungal SGL from Talaromyces
funiculosus (Tf SGL) and there is no sequence similarity
between CpSGL and Tf SGL. In addition, analysis of the
action patterns of Tf SGL indicates that Tf SGL preferably releases sophorose (Glc-β-1,2-Glc, Sop2) as a
main product from the reducing end of β-1,2-glucan and
that Tf SGL is an inverting enzyme. Here, we report the
structural information of Tf SGL [3]. The apo-structure of
recombinant Tf SGL (Tf SGLr) was determined at 2.0 Å
resolution using the iodide single-wavelength anomalous diffraction-phasing (SAD) method [Fig. 1(A)]. The
overall structure folds into a single (α/α)6 barrel domain. Although there is no sequence similarity between

CpSGL and Tf SGL, the overall structure of Tf SGLr is
very similar to those of GH144 family members including CpSGL. Tf SGLr has a cleft with a large pocket at
its center. In the complex structure with Sop2 and Glc
obtained by soaking a TfSGLr crystal in Sop2, the electron density of a Sop2 molecule was clearly observed
at the pocket [Fig. 1(B)]. Considering the action pattern of Tf SGLr, the Sop2 molecule seems to be located
at subsites +1 to +2. Substitution of E262 located at
the substrate-binding pocket with a glutamine residue
abolished the hydrolytic activity toward β-1,2-glucan.
We succeeded in obtaining a Michaelis complex of
the E262Q mutant with β-1,2-glucoheptose (Sop7) by
soaking a crystal of the mutant in β-1,2-glucan. In this
complex, the fourth Glc moiety from the non-reducing
end of the Sop7 molecule forms a skew-boat conformation (1S3) (Fig. 2). This twisted conformation enables a
nucleophile to be located where nucleophilic attack to
an anomeric carbon is possible. Furthermore, a water
molecule, which is a candidate for nucleophilic water, is
located near the anomeric carbon of the Glc moiety with
a 1S3 conformation. These observations strongly sug-

Figure 1: The overall apo-structure of Tf SGLr (A) and the complex structure with Sop2 and Sop7 (B). The surface representation of the
catalytic center with Sop2 in Tf SGLr. The electron density of the Glc moieties of Sop2 (bottom) and Sop7 (top) is shown by a blue mesh.
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Figure 2: The non-canonical mechanism of Tf SGLr.

gest that the fourth Glc moiety is located at subsite −1.
In the Michaelis complex of Tf SGLr, D446 interacts with
the nucleophilic water via another water molecule and
D177 and E262 interact with the anomeric oxygen at
subsite −1 via the 3-hydroxy group of the Glc moiety of
the substrate.
In general, an inverting GH enzyme hydrolyzes
a glycosidic bond in the substrate through a singledisplacement mechanism using two acidic residues. A
general base activates a water molecule for nucleophilic
attack on an anomeric carbon, whereas a general acid
protonates a glycosidic bond oxygen atom directly [4].
In the case of Tf SGLr, however, no acidic residue
directly interacts with the nucleophilic water molecule
or the glycosidic bond oxygen atom (Fig. 2). To determine the general base and the general acid, mutational
analysis of all candidates for catalytic residues was
performed. The hydrolytic activity of D446N (the candidate for a general base), D177N and E262Q mutants
(the candidates for a general acid) toward β-1,2-glucan
was abolished. In addition, these candidate residues
are highly conserved among Tf SGL homologs. These
results suggest that D446 acts as a general base via
two water molecules and D177 and/or E262 act as a
general acid via hydroxy groups in the substrate. To determine the general acid, the action patterns for Sop5–6
deoxygenated at the hydroxy groups in the reaction
pathways were investigated. The substrate with the
3-hydroxy group of the Glc moiety at subsite +2 deoxygenated was completely not hydrolyzed, suggesting that
E262 indirectly protonates the glycosidic bond oxygen

atom via the 3-hydroxy group of the Glc moiety at subsite +2.
Structural analysis of the Michaelis complex of
Tf SGLr mutant revealed a unique reaction mechanism
of Tf SGLr and led to the foundation of the new GH family 162.
The black and red arrows represent the pathway for
proton transfer and the distorted positions (C1, C3) of
the glucose moiety at subsite −1, respectively. The blue
and red dotted lines represent hydrogen bonds and longer hydrogen bonds (over 3.5 Å) involved in catalysis,
respectively. The gray dotted line represents hydrogen
bonds.
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Relationship between Muscular Dystrophy and Sugar Chains
Containing Ribitol Phosphate Newly Found in Mammals
Ribitol, a sugar alcohol, is a major cell wall component of gram-positive bacteria, but has not been found in mammals.
We recently found that the muscular dystrophy-related O-mannosyl glycan of α-dystroglycan contains a tandem ribitol
phosphate (RboP) structure that is formed by fukutin and fukutin-related protein (FKRP), mutations of which cause
muscular dystrophy. To elucidate the molecular mechanism underlying tandem RboP synthesis and its relationship with
disease, the X-ray crystal structure of FKRP was determined. Structural and mutational analyses revealed that tetramer
formation is required for FKRP function, and two FKRP protomers recognize an acceptor substrate by different manner.
The dystrophin-glycoprotein complex (DGC) in the
plasma membrane connects the actin cytoskeleton
with the extracellular matrix, such as laminin. In the
muscle cells, it protects the muscle plasma membrane
from physical stress associated with contraction and
relaxation of muscles. The deficiency of DGC components causes muscular dystrophy [1]. A protein called
α-Dystroglycan (α-DG) in DGC, is modified with various
sugar chains. Among them, the core M3 type sugar
chain (Fig. 1), which is a characteristic O-Man type sugar chain, plays a role in binding the extracellular matrix
molecules. The deficiency of the sugar chain synthesis
is responsible for causing muscular dystrophy. The core
M3 type sugar chain on α-DG is synthesized in cells as
follows (Fig. 1): First, the Thr residue on α-DG is Manmodified by POMT1/POMT2, whereas POMGNT2 and
B3GALNT2 transfer GlcNAc and GalNAc, respectively.
In addition, POMK adds a phosphate at the 6-position of
Man. Subsequently, fukutin (FKTN) and fukutin-related
protein (FKRP) add two ribitol phosphate (RboP) units.
After that, RXYLT1 (TMEM5) and B4GAT1 add Xyl and
GlcA, respectively. Finally, LARGE forms a repeat structure of GlcA and Xyl (Fig. 1).

It was remarkable to find that the core M3 type sugar chain contains tandem RboP, because it was the first
report of RboP being found in mammals [2]. FKTN and
FKRP, which encode RboP transferases, are responsible for muscular dystrophy. To elucidate the molecular
mechanism of synthesizing a very unique tandem RboP
structure and its relationship with the disease, it is necessary to clarify the structure and function of its synthesizing enzymes, FKTN and FKRP. In a joint research,
members of the Structural Biology Research Center in
IMSS, KEK performed an X-ray crystal structure analysis of FKRP, the second RboP transferase, and clarified
its three-dimensional structure and substrate recognition
mechanism [3].
FKRP is a type II transmembrane protein localized in the Golgi apparatus. We determined the X-ray
crystal structure of the luminal domain (45-451 amino
acids) containing the catalytic active center. The overall
structure of FKRP is composed of an N-terminal stem
domain and a C-terminal catalytic domain (Fig. 2). Interestingly, FKRP forms a tetramer in the crystal. Size exclusion chromatography in combination with small angle
X-ray scattering (SEC-SAXS) confirmed that FKRP

Figure 1: Structure and synthesis of the core M3 type sugar chain. α-Dystroglycan (α-DG) is indicated by the red brown line. Enzymes
that perform the biosynthesis of the sugar chain are indicated in boxes. Abbreviations are as follows: Man - mannose; GlcNAc N-acetylglucosamine; GalNAc - N-acetylgalactosamine; RboP - ribitol phosphate; Xyl - xylose, and GlcA - glucuronic acid.
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Figure 2: Crystal structure of FKRP with CDP-Rbo and an acceptor glycopeptide. Two protomers (purple and yellow) are shown. Each
protomer consists of an N-terminal stem domain and a C-terminal catalytic domain.

exists as a tetramer in the solution. Disease mutations
of FKRP, such as Tyr88Phe, Ser221Arg, and Leu276Ile,
are located at the interface between the FKRP protomers and between domains. Leu276Ile is the most
common FKRP disease mutation in the US and Europe.
Each mutant protein shows a reduced oligomer formation and enzymatic activity, suggesting that the tetramer
formation of FKRP is important for the enzyme activity.
In the catalytic domain, there are two Mg2+ coordination sites (site I: Asp360, Asp362, Asp364; site II:
Asp362, Asp364, Asp416) that are considered to be
enzyme active sites. When these Asp are replaced with
Ala, each mutant protein completely loses its enzymatic
activity. These results suggest that the binding of the
divalent metal ion is essential for the enzyme activity.
Next, the complex structure of FKRP with CDP-Rbo,
which is the donor substrate, was determined. As
compared to the non-bound structure, the structures
surrounding CDP-Rbo were changed by its binding.
In particular, the loop region from Leu433 to Gln437
interacts with the Rbo portion. Furthermore, the crystal
structure of the complex with CDP-Rbo and a glycopeptide containing an acceptor sugar chain structure
(RboP-3GalNAcβ1-3GlcNAcβ1-4(phospho-6)Manα1-)
was determined (Fig. 2). Two FKRP protomers grab the
sugar chain. His252 and Lys256 in the stem domain of
one FKRP protomer interact with the phosphate group
at position 6 of Man, which is the root of the sugar chain.
Arg295 and Val300 in the catalytic domain of another
FKRP protomer interact with the phosphate group at the

tip of the sugar chain (phosphate group of RboP). To
confirm the importance of these interactions, the enzymatic activity of each mutant was examined. His252Ala
and Lys256Ala mutant proteins showed remarkably
reduced activity, whereas Arg295Ala completely lost its
activity.
From these results of the FKRP structure-function
analysis, the unique tandem RboP-containing sugar
chain synthesis mechanism has become clear. It was
revealed that FKRP has a unique sugar chain recognition mechanism in which FKRP binds the acceptor
sugar chain by forming a tetramer. It is expected that
these findings can be applied to elucidate pathological
conditions and develop therapeutic methods.
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Reaction Mechanism for Formation of the Tear-Inducing Chemical
Compound from Onion
In onions, a chemical compound that makes us weep is formed by the action of an enzyme called lachrymatory factor
synthase (LFS). LFS can catalyze this reaction from a highly labile substrate in a strictly stereocontrolled manner. The
detailed reaction mechanism of LFS was investigated using the Photon Factory. Through crystallographic observations,
we found that the distorted conformation of a substrate analog inside LFS facilitated the catalysis. An integrated study
in combination with biochemical and computational approaches revealed the detailed reaction mechanism, which proceeds through an intramolecular proton shuttling mediated by the key amino acid in the pocket.
Most people weep tears when chopping up bulb
onions (Allium cepa) for cooking. The volatile and irritating compound (lachrymatory factor or syn-propanethial
S-oxide, PTSO) is formed by a specific enzyme
called lachrymatory factor synthase (LFS) (Fig. 1)
[1]. LFS was discovered in 2002, and the study gathered significant attention again in 2013 when it was
awarded the Ig Nobel Prize in Chemistry. Damage
to onion cells causes vacuolar enzymes to come into
contact with cysteine sulfoxides that are abundant in
cytosol, and trans-S-1-propene L-cysteine sulfoxide
(trans-1-PRENCSO) is cleaved by an enzyme called alliinase to generate (E)-1-propene-sulfenic acid (1-PSA).
1-PSA is a highly labile compound with a half-life of several milliseconds in ambient conditions, and its spontaneous decomposition and polymerization produces various volatile end products that contribute to alliaceous
smells and flavors. Although LFS is a small protein
(169 amino acids in total) without any cofactors or apparent modifications, it can catalyze the specific reaction
from the labile compound to the syn- (not anti-) PTSO.
To solve this mystery, we clarified the three-dimensional

Figure 1: Production of PTSO and other compounds in crushed onion.
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structure of LFS using the macromolecular crystallography beamlines of the Photon Factory. By combining biochemical and computational techniques in collaboration
with bioinformaticians and researchers of House Foods
Group Inc., we established the detailed catalytic mechanism of LFS [2].
The crystal structures of LFS were determined at a
resolution of 1.7–2.1 Å in four different states (+glycerol,
+1,2-propanediol, +crotyl alcohol and with no solute
molecule in the active site). LFS has a helix-grip fold
(Fig. 2, left), which is also adopted by receptors for a
plant hormone, abscisic acid. Inside the LFS molecule
complexed with the stable substrate analog, crotyl
alcohol, a flat and U-shaped electron density map of
(E)-2-buten-1-ol appeared, indicating that the distorted
conformation is stabilized in the pocket (Fig. 2, upperright). Therefore, the (E)-isomer, not the (Z)-isomer,
is the catalytically competent conformation of the substrate, 1-PSA. The hydroxy group of (E)-2-buten-1-ol is
fixed by a network of hydrogen bonds with E88, Y102,
and Y114. A set of mutagenesis analysis on the component residues of the pocket indicated that the con-

Figure 2: The crystal structure of LFS and the proposed reaction mechanism.

formation is maintained by amino acid residues on the
wall, and the catalysis is ruled by a dyad of two charged
residues (R71 and E88). The hydroxy group of Y114 is
critical for the activity, whereas that of Y102 does not
contribute more than its aromatic moiety. These results
enabled us to investigate the detailed catalytic mechanism of LFS by computational methods. Molecular dynamics (MD) simulations and hybrid quantum mechanics and molecular mechanics (QM/MM) calculations
starting from the crystal structures were performed. The
MD simulations confirmed that the 1-PSA molecule in
the pocket prefers the syn-like conformation, and the
C2 atom of 1-PSA is almost always located close to the
Oε1 atom of E88. By potential energy surface searches
employing QM/MM methods, the minimum-energy
pathway of the catalytic reaction was explored. The
proposed reaction pathway consists of two sequential
proton-transfer reactions involving E88 (Fig. 2, lowerright). The pKa of the E88 side chain is controlled by
the charge interaction with R71, and this effect triggers
the proton shuttling. A molecular simulation study using
variants of the tyrosine residues suggested a key role of
Y114 in the reaction by arranging the C2 atom at a position adjacent to E88.

In this study, we could determine a plausible complex structure with the substrate analog that mimics the
catalytically competent conformation. This was achieved
by exploiting the automated robotic system of the beamlines to screen many crystals suitable for the diffraction
data collection. A combination of structural, biochemical, and computational analyses revealed the intriguing
chemistry that makes us cry. This work provides inspiration for future investigations, such as the synthesis,
reaction design, and use of transient sulfur compounds
for nutritional and health benefits for human beings.
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X-Ray Structure of the tRNA Methyltransferase Complex of Trm7
and Trm734 from Saccharomyces cerevisiae
Transfer RNA (tRNA) methylation, mediated by tRNA methyltransferases, is crucial for efficient and accurate protein
synthesis. The tRNA methyltransferase complex between Trm7 and Trm734 (Trm7–Trm734) from Saccharomyces
cerevisiae catalyzes 2´-O-methylation at position 34 in tRNA using S-adenosyl-l-methionine (SAM). Here, we determined the crystal structures of Trm7–Trm734 with and without SAM, revealing the details of the bipartite interaction
between Trm7 and Trm734. Small-angle X-ray scattering analysis demonstrated that Trm7–Trm734 exists as a heterodimer in solution. These structure-guided biochemical analyses provide novel insights into the tRNA recognition mechanism of Trm7–Trm734.
Transfer RNA (tRNA) generally serves as an
adapter molecule that interprets the codon of messenger RNA (mRNA) and correctly transfers an amino acid
corresponding to the codon into the polypeptide chain
during protein synthesis on ribosomes. Primary tRNA
transcripts must undergo maturation events such as
processing, splicing and post-transcriptional modification
because only the mature tRNA is required for biological function. The highly conserved post-transcriptional
tRNA modifications are found in all three domains of life
and contribute to structural integrity, stability, decoding
fidelity and efficiency during mRNA translation. More
than 100 nucleoside modifications have been reported
in the RNA modification database to date (see http://
mods.rna.albany.edu/mods/), most of which have been
found in tRNA molecules [1]. tRNA methylation is one of
the most abundant modifications. The 2´-O-methylation
in tRNA anticodon is generally observed, however,
completely different types of tRNA methyltransferases
function in the modifications among the three domains

(A)

of life. In the case of Saccharomyces cerevisiae, the
modification site targeted by Trm7 switches dependent
on its partner subunit: a complex of Trm7 and Trm732
(Trm7–Trm732) catalyzes 2´-O-methylation at position
32 in tRNA using S-adenosyl-l-methionine (SAM), and
a complex of Trm7–Trm734 catalyzes 2´-O-methylation
at position 34 (Nm34) in tRNA with SAM [2]. Furthermore, it has been reported that trm7-gene deletion mutant strains of S. cerevisiae and Schizosaccharomyces
pombe caused constitutive activation of general amino
acid control response and that mutations in human
FTSJ1 (ortholog of Trm7) cause non-syndromic X-linked
intellectual disability [3]. Likewise, the strain containing an Alanine 26 to Proline mutation in S. cerevisiae
Trm7 (trm7–A26P) shows defects in Nm34 methylation,
but these are not due to the lower interaction between
Trm7 and Trm734 [4]. Therefore, the structure of Trm7–
Trm734 complex needs to be determined to elucidate
the molecular mechanism of the bipartite interaction essential for tRNA recognition and 2´-O-methylation.

(B)

(A)

Figure 1: (A) Overall structure of Trm7–Trm734 in complex with SAM (stick model). Trm7 is colored red. The three domains of Trm734
(BPA, BPB and BPC) and linker regions are colored green, blue, yellow and black, respectively. The BPA and BPC form a V-shaped cleft for
interacting with Trm7 (dotted line) (B) Overlay of the envelope shape (blue-mesh) of Trm7–Trm734 calculated with DAMMIF using the SAXS
data and the CORAL model of Trm7–Trm734 based on its X-ray structure.
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(A)

(B)

Figure 2: (A) Surface model of Trm7–Trm734 colored according to the electrostatic potential represented as a gradient from negative (red)
to positive (blue). Saccharomyces cerevisiae tRNAPhe is placed along the distribution of the positively charged surface of Trm7–Trm734–SAM.
The line diagram of S. cerevisiae tRNAPhe is colored orange. The D-arm of S. cerevisiae tRNAPhe is colored black. (B) Close-up view of the
peripheral structure of α helix (α2) and SAM in Trm7. The residues S25 and A26 are shown as stick models (orange). SAM is illustrated as a
stick model.

To reveal the tRNA recognition mechanism of Trm7–
Trm734, we determined the crystal structure of Trm7–
Trm734 in complex with SAM [Fig. 1(A)] [5]. Trm7 forms
a heterodimer with Trm734. We also performed smallangle X-ray scattering analysis to confirm the heterodimeric structure of Trm7–Trm734 in solution at BL-10C,
showing the heterodimer of the Trm7–Trm734 complex
structure in solution as well as in the crystal [Fig. 1(B)].
The SAM is bound to the catalytic pocket of Trm7. The
structural motif of Trm7 is a classical Rossmann fold,
belonging to the class I type of SAM-dependent RNA
methyltransferases. The structure of the C-terminal
region of L260–V310 could not be built because the
region was structurally disordered. Trm734 consists of
three domains (BPA, BPB, and BPC), and each domain
is connected by three linker regions and only the BPA
and BPC domains directly interacting with Trm7. The
BPA, BPB, and BPC domains are WD40 domains consisting of a seven-bladed β-propeller fold, each of the
WD40 blades being composed of a four-stranded antiparallel β-sheet. Trm7 interacts with Trm734 via the
V-shaped cleft of BPA and BPC [Fig. 1(A)], which is the
most important element for the recognition of Trm7. Our
mutational analysis suggests that the C-terminal region
(N233–A256) of Trm7 is essential for the interaction between Trm7 and Trm734.
Next, we measured the methyl group acceptance
activity of four truncated mutants in S. cerevisiae tRNAPhe
transcripts, and found that the D-arm of S. cerevisiae
tRNAPhe is important for tRNA recognition by Trm7–Trm734.
Based on this result and those of previous reports, we
manually placed the structure of S. cerevisiae tRNAPhe
on Trm7–Trm734 with SAM [Fig. 2(A)]. The Trm734
BPB domain mainly recognizes the structural parts of

the aminoacyl-stem and D-arm of S. cerevisiae tRNAPhe,
and Trm7 further recognizes the anticodon loop of
tRNA with a methylation site of G34, which is adjacent
to the bound SAM molecule. Trm734 BPC seems to
slightly recognize the anticodon loop. To further clarify
the details of the tRNA recognition mechanism, it is
necessary to determine the structure of Trm7–Trm734
in complex with tRNA. On the other hand, our structureguided mutagenesis suggests that the A26P of human
FTSJ1 may induce the conformational change of α2
helix [Fig. 2(B)], as in its Trm7 counterpart. Therefore,
the result may shed light on the cause of the defective
Nm34 modification, because there is a striking amino
acid sequence identity between S. cerevisiae Trm7 and
human FTSJ1.
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4 -5 Life Science
Fragment-Based Discovery of the First Non-Peptidyl Inhibitor
for Dipeptidyl Aminopeptidase with Chymotrypsin-Like Domain
from Pathogens
Since the emergence of humans, the battle between humans and infectious diseases has continued. Salvarsan is wellknown as the first synthesized antimicrobial, developed in 1911. Until then, humans had no effective countermeasures
against pathogens, but thereafter, humans fought off infections by continuing to develop new antimicrobials. However,
this has led to the emergence of antimicrobial resistance (AMR), which has become a global problem. AMR related infectious diseases and chronic periodontitis are caused by infection with non-fermenting gram-negative rods (NFGNRs).
NFGNRs require peptides for their growth instead of carbohydrates. Consequently, peptide digestion or metabolism
pathways are assumed to be potential antimicrobial targets for NFGNRs. Dipeptidyl aminopeptidases (DPPs) are the
primary enzyme for peptide digestion on the cell walls of NFGNRs. Here we report the high-resolution complex structure of PgDPP11 with citrate and potassium ions from a space-grown crystal (PDB ID: 6JTB); this structure is useful for
generating a 3D pharmacophore model.
We previously reported that in silico docking of a
Leu-Asp (LD) dipeptide into the active site of PgDPP11
suggested particular interactions between the bound
dipeptide and the S1 subsite of PgDPP11 [1]. The putative oxyanion hole that stabilizes the negative charge
on the scissile peptide carbonyl oxygen is formed with
Ser655 and Gly653 as is formed by the backbone amide nitrogen atoms of Ser195 and Gly193 in chymotrypsin. In this study, we report the high-resolution crystal
structure of PgDPP11 complexed with citrate and potassium ions from a space-grown crystal obtained in the
Japanese experimental module “Kibo” at the International Space Station [2]. The most notable observation
in this study is that one citrate ion was accommodated
in the S1 subsite [Fig. 1(A)]. A distal carboxy group of
the citrate ion forms a bifurcated salt bridge with the
side chain of Arg673 and mimics the binding mode of
the acidic (Asp / Glu) side chain of the P1 residue of
the substrate peptide. Also, a water molecule which is
hydrogen bonded to the central carboxy group of the
citrate is adapted in the oxyanion hole of PgDPP11 and
a potassium ion is stabilized by a cation-pi interaction
with the indole ring of Trp219. These characteristics
would be a good pharmacophore model for designing
selective inhibitors with negatively charged groups. We

created a three-dimensional pharmacophore model on
the basis of the distal carboxy of citrate, a water molecule bound to the central carboxy group of the citrate,
and a potassium (K+) ion in a space-grown crystal-derived high-resolution crystal structure of the PgDPP11/
citrate complex using the Unity module implemented
in SYBYL-X Suite (Certara USA Inc., Princeton, NJ,
USA). Two hydrogen bond acceptor (HBA) features
were defined: at the centroid of two oxygen atoms
based on the distal carboxy group of citrate and at the
position of the oxygen atom of the water placed at the
oxyanion hole. Likewise, one hydrogen bond donor
(HBD) feature was defined based on the position of the
K+ ion, since this position was suggested to correspond
to the positively charged N-terminus of the P2 position of the substrate peptide. This pharmacophore was
further employed for 3D pharmacophore-based virtual
screening of compounds from the chemical database
(namiki201306HTS) of Namiki Shoji Co., Ltd. (Tokyo,
Japan), which contains 4 million compounds. The compounds were subsequently filtered by molecular weights
of less than 300. As a result, 14,676 compounds were
obtained as “first hits” from the model. Next, molecular
docking was performed using Schrödinger Suite 2013-2
(Schrödinger, LLC, New York, NY, USA). The crystal

Figure 1: (A) Binding mode of citrate ion (orange) and potassium ion (purple) with Coulombic surface coloring from −10 kcal/(mol⋅e) (red) to
10 kcal/(mol⋅e) (blue) using a dielectric constant of 4.0 in the PgDPP11 S1 subsite. (B) Binding mode of SH-5 (sky blue) in the PgDPP11 S1
subsite from docking study. (C) Binding mode of SH-5 (purple) in the PgDPP11 S1 subsite from crystal structure.
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Table 1: Inhibitory effects of SH-5 and NPPB against S46 DPPs.

Enzyme

SH-5
Residual Activity (%)

PgDPP11

62.9 ± 0.1

SmDPP11

NPPB
Ki (mM)

Residual Activity (%)

Ki (mM)

8.5 ± 0.4

70.3 ± 0.7

15.0 ± 0.7

48.0 ± 1.1

24.9 ± 0.5

67.7 ± 0.6

84.8 ± 3.1

PgDPP7

54.4 ± 0.7

52.2 ± 3.3

159 ± 5

ND

SmDPP7

72.8± 0.7

36.6 ± 1.3

119.0 ± 0.3

ND

Figure 2: (A) Growth inhibition of Pg by SH-5. (B) Growth inhibition of Pg by NPPB. (The chemical structure of each compound is shown in
the box.)

structure of PgDPP11 described above was used as a
receptor for docking. As a result, the inhibitory effects of
the 13 commercial candidate compounds obtained by
the in silico screening were evaluated against the enzymatic activity of PgDPP11 on the synthetic substrate
Leu-Asp-MCA. Among the 13 candidate compounds,
only SH-5 (2-[(2-aminoethyl)amino]-5-nitrobenzoic
acid, C9H11N3O4, Mw: 256.2) showed a significant inhibitory effect (>30% ca) against S46 DPPs (Table 1).
Subsequently, we determined the crystal structure of
PgDPP11 complexed with SH-5 using a space-grown
crystal. The crystal structure revealed that the in silico
docking model based on MM-GBSA scoring properly
expressed the crystal structure [Fig. 1(B), (C)]. The inhibitory effect of SH-5 and a lipophilic structural analog
of SH-5: NPPB (5-nitro-2-(3-phenylpropylamino)benzoic
acid, C16H16N2O4, Mw: 300.31) against PgDPP11 was
evaluated. The Ki values of SH-5 and NPPB were estimated to be approximately 8.45 and 15.0 μM, respectively. SH-5 and NPPB showed a dose-dependent inhibitory effect against the growth of P. gingivalis W83, but
not on E. coli K12 (118.8% ± 5.6 at SH-5 1 mM, 98.1%
± 9.3 at NPPB 100 µM) [Fig. 2(A), (B)]. However, a relatively high concentration of the inhibitor was required
for SH-5. Interestingly, NPPB showed a relatively strong
inhibitory effect against Pg. We have discovered SH-5
as the first non-peptidyl inhibitor of S46 peptidases by
fragment-based in silico screening [3]. The high-resolution crystal structure from the space-grown crystals was

very useful for setting up a pharmacophore model and
docking simulations for the in silico screening. Currently,
we are proceeding with cytotoxicity evaluation of some
candidate compounds for non-clinical studies. This research may open up a new horizon for structure-based
inhibitor design including drug discoveries for proteases
such as TMPRSS2 and DPP4 which are the target molecules of SARS-CoV2 and MERS-CoV, respectively,
which have been attracting attention in recent months.
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4 -6 Life Science
Structural Insights into a Novel Pathogenic Pathway of
Schizophrenia under Carbonyl Stress
Enhanced carbonyl stress is a critical pathophysiology for multiple diseases, including schizophrenia, but little is known
about the molecular pathogenesis. CRMP2, a crucial multifunctional regulatory protein that is highly expressed in human brain, was identified as a major target of hyper-carbonyl modification (AGE modification) in schizophrenia patientderived iPS cells. Using a multimodal combination of iPS technology, cell biology, biochemistry, mass spectrometry
and structural biology, we found that carbonylated CRMP2 is stacked in irreversible cross-linked multimer states via
AGE modification and thereby results in neurodevelopmental deficits, which underlies the major pathogenic pathway of
schizophrenia under carbonyl stress.
Neurodevelopmental impairments are considered
to play crucial roles in the pathogenesis of schizophrenia, one of the most prevalent and serious psychiatric
disorders. Oxidative stress is a significant risk factor for
schizophrenia pathogenesis that leverages the generation of advanced glycation end products (AGEs) and is
also called “carbonyl stress.” Enhanced carbonyl stress
and deficiency of a central AGEs-scavenger enzyme
(GLO1) reportedly underlie a subtype of schizophrenia,
however, the causal effects and molecular pathogenesis
remain elusive. CRMP2 is a microtubule (MT)-associated protein with various functions and reportedly plays a
potential role in the etiopathogenesis of schizophrenia.
Moreover, CRMP2 has been revealed to exhibit dynamic conformational transition among multimer, tetramer
and monomer states for its specific function and regulation [1].
To unveil the missing link between development of
schizophrenia and elevated carbonyl stress, patientderived (with GLO1 disruption) and GLO1-knockout iPS
cells were constructed as cellular models, both of which
exhibit enhanced carbonyl stress and significant neurodevelopmental deficits. Subsequently, CRMP2 was
identified to be a major protein target of AGE modification by immunoblotting and LC-MS/MS analyses and
about 60 AGE-modified sites were found to be widely
distributed in the functional domains and two selfassembly interfaces (D-hook for dimerization and T-site
for tetramerization) of CRMP2 [Fig. 1(A)]. Further MTbundling, MT-binding, MT-turbidity and MT-stability assays indicated that AGE modification induced a significant loss of activity of CRMP2 [1].
Next, to investigate the structural mechanism for explaining how AGE modification impairs CRMP2 activity,
unmodified and AGE-modified CRMP2 proteins were
crystallized and the diffraction data were collected in
the Photon Factory of KEK for structure determination.
The final structures were determined at resolutions of
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2.26 and 2.00 Å with Rwork/Rfree values of 17.1%/19.3%
and 18.3%/20.4%, respectively (PDB codes: 6JV9 and
6JVB). In light of the structures, some significant AGEinduced structural changes were observed. First, an
obvious discrepancy was found in the N-terminal area
that comprises an AGE-targeted lysine in the T-site.
Two β sheets (β2-β3) underwent sharp structural deflections via AGE modification, which probably results
from AGE-induced changes of tetrameric packing [1].
Most importantly, in the AGE-CRMP2 structure, extra
extended electron densities were observed for AGElysine pairs within the T-site as well as AGE-lysine
residues on the outer surface of tetrameric CRMP2,
indicating the AGE-induced formation of intermolecular
cross-linking bridges which may impair the dynamic
transformative conformation of CRMP2 and induce aberrant multimerization [Fig. 1(B)]. Next, high-resolution
size exclusion chromatography [2, 3] and differential
scanning calorimetry assays were performed to evaluate the dynamic size distribution and protein flexibility
of AGE-CRMP2 in solution. The results showed that
AGE-CRMP2 exhibited lower flexibility and a substantial
increase of multimeric and aggregated forms, indicating that the dynamic equilibrium in reversibly formed
CRMP2 complexes was disrupted by AGE modification
[1]. Collectively, these structural and biochemical analyses revealed that AGE-CRMP2 is stacked in irreversible
multimer states via AGE modification at D-hook, T-site
and outer surface of tetrameric CRMP2, leading to the
loss of its unique functions [Fig. 1(C)].
Taken together, this work provides direct evidence
of the dysfunction of CRMP2 under enhanced carbonyl
stress, explains the cellular developmental deficits of
patients’ iPS cells, and provides the novel conclusion
that AGE-CRMP2 multimerization is a major pathogenic pathway of schizophrenia under carbonyl stress
[Fig. 1(C)], which could aid the development of new
therapeutic strategies.

Figure 1: (A) The distribution of AGE-modification sites on functional domains and two self-assembly interfaces (D-hook and T-site) in the
CRMP2 structure. (B) AGE modification results in the formation of cross-linked AGE-lysine bridges within a CRMP2 tetramer or among
CRMP2 tetramers. (C) Model of the major pathogenic pathway of schizophrenia under carbonyl stress via CRMP2 multimerization.
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4 -7 Life Science
Micro-Slit X-Ray Irradiation Reveals Testicular Tissue-Sparing
Effects: An Attempt at High-Precision Radiotherapy for Male
Fertility Preservation
The preservation of male fertility during or after radiotherapy has long been desired to improve the quality of life for
cancer survivors during their reproductive years. To approach this clinical issue, we focused on the tissue-sparing effect (TSE) in the testes in response to microbeam radiotherapy (MRT). In this study, we used ex vivo testicular tissue
cultures obtained from Acr-GFP transgenic mice and revealed, for the first time, the significant TSE of high-precision
MRT for maintaining spermatogenesis using live-tissue fluorescence imaging. This suggests that MRT is a promising
approach for preserving male fertility.
The X-ray microbeam technique in the Photon Factory enables the targeting of particular living cells, or
even subcellular regions, in a cell population. To date,
studies have revealed various important aspects of the
biological effects of low-dose irradiation, such as bystander cell-lethal effects or cell cycle modifications of
nontargeted cells [1-4]. In 1909, Alban Köhler reported
on clinical observations of the tissue-sparing response
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Figure 1: (A) Schematic representation of ex vivo testicular tissue
culture. (B) Experimental setup of the micro-slit X-ray irradiation at
the BL-27B. (C) Dose profiles of the 200, 50, and 12.5 μm-width
microbeams, calculated with a Particle and Heavy Ion Transport
code System (PHITS). (D) Dose profiles of the 200, 50, and
12.5 μm-width microbeams, confirmed using Gafchromic XR-RV3
radiochromic film. Scale bars, 1000, 500, and 200 μm.
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during grid radiotherapy, in which spatially fractionated
radiation is delivered using a grid-like pattern of beams
[5]. Since the establishment of the fundamental concept
of microbeam radiotherapy (MRT) in the 1990s [6],
which is based on the spatial fractionation of synchrotron-generated X-ray microbeams at the microscale level, a notable tissue-sparing effect (TSE) following MRT
has been confirmed in various species and tissue types
[7]. We have applied this concept to preserve reproductive potential following radiation treatment.
Recent advances in organ culture offer the potential
for producing samples that mimic our actual bodies for
clinical micro-irradiation therapy ex vivo. We have intensively investigated the TSE of MRT on cultured testicular tissues obtained from Acr-GFP transgenic mice [8, 9].
In this ex vivo testes culture system, spermatogenesis
can be easily monitored in pieces of tissue by observing
the expression of acrosome-green fluorescent protein
(Acr-GFP), which is a meiosis-specific biomarker. In this
study, testes samples were obtained from 7 days postpartum (dpp) mice, and each sample was cut into 8–10
tissue pieces approximately 1 mm3 in size. Each tissue
piece was placed on an agarose gel block immersed
in a culture medium [Fig. 1(A)]. After removing the
medium, the sample dish was reversed and set on the
irradiator at the BL-27B. The sample kept tenaciously
attaching to the gel block during exposure to the microslit X-ray beams. The 5.35-keV monochromatic X-rays
were guided in the horizontal direction through a helium
path pipe and reflected in the upward direction by Bragg
diffraction of a single Si crystal plane (311) [Fig. 1(B)].
Approximately 50% of the sample areas were exposed
to the micro-slit X-ray beams with widths of 200, 50, and
12.5 μm (center-to-center distances of 400, 100 and 25
μm, respectively) [Fig. 1(C, D)]. The dose absorbed by
the exposed areas was determined to be 5 Gy from the
photon fluence measured by a silicon photodiode. Thus,
the total energies deposited in the whole samples,
namely, the absorbed doses, were similar for the three
beams, namely, an average dose of 2.5 Gy. After exposure, the GFP fluorescence from the samples was
observed in real time by a fluorescence microscope for
15 days to investigate the spermatogenesis function of
the sample.

(A)
a

14

18

16

20

22

(dpp)

Control

Micro-slit
5Gy

Uniform
2.5Gy
(B)
b

Control

GFP grade

6

Micro-slit

Uniform

5

5

4

4

3

3

2

2

1

1

0

12

14

16

18

20

22

24

26

At 20 dpp

6

0

*

Control Micro-slit Unifrom

Days postpartum (dpp)

Figure 2: (A) Tissue-sparing effect of micro-slit X-rays during spermatogenesis. Representative images show Acr-GFP expression changes
in single cultures following 0 Gy (control), 5 Gy micro-slit, and 2.5 Gy uniform X-ray irradiation, from 14 to 22 days postpartum (dpp). Scale
bars, 500 μm. (B) Chronological changes in Acr-GFP expression after irradiation. A minimum of three tissue samples each from different donor mice were used for each experiment. Data represent the mean GFP expression ± SD. Asterisk indicates P<0.01.

Typical image data obtained are shown in Fig. 2.
Our live-tissue fluorescence imaging revealed that
the dose of 2.5 Gy applied in uniform mode almost
completely obliterated the fluorescence signal of AcrGFP from 14 to 22 dpp, whereas in the case of microslit (200 μm width) irradiation, the fluorescence signal
remained similar to that of non-irradiated controls,
indicating the occurrence of a significant TSE for the
preservation of spermatogenesis. This is the first study
to visualize the TSE for spermatogenesis in response to
non-uniform radiation fields.
Also, we found that the TSE depended on the slit
width. The GFP expression significantly differed for the
12.5 μm-slit irradiated tissue when compared with either the 200 or 50 μm-slit irradiated ones. Because the
average diameter of spermatogonial cells at 7–8 dpp is
approximately 15 μm, some of the spermatogonial cells
were unirradiated in the 200 and 50 μm-slit irradiated
tissues, whereas almost all the spermatogonial cells
were partially or completely irradiated in the 12.5 μm-slit
irradiated tissues. This suggests that the effective TSE
for spermatogenesis required a non-irradiated spermatogonial cell population. Surviving germ stem cells
in the non-irradiated fields may migrate to the irradiated
area and colonize it to restore the function, producing
the TSE of MRT for maintaining spermatogenesis.
Taken together, our findings showed that the distribution of the irradiation dose in the testes at the microscale level is highly important for preserving male

fertility. The technical combination of high-precision
MRT and specific ex vivo organ models will be useful in
further investigations of the radiation-induced acute and
late effects on specific physiological functions.
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5 -1 Instrumentation and Techniques
Element-Specific Coherent Soft X-Ray Diffraction Imaging Study
of the Skyrmion-Hosting Compound Co8Zn8Mn4
A skyrmion-hosting compound Co8Zn8Mn4 has been examined by means of resonant soft X-ray small-angle scattering
with extended reference holography. We performed element-selective study by using Co and Mn L2,3 absorption edges.
The coherence of soft X-ray beams enables reconstruction of the element-specific real-space image of local magnetization using the so-called HERALDO technique. It was shown that the magnetic moments of Co and Mn exhibit similar
magnetic patterns, demonstrating elongation of the skyrmions along the principal crystallographic axes at low temperatures.
Resonant soft X-ray scattering at L2,3 absorption
edges of 3d electron transition metals is an elementselective probe with the possibility of distinguishing
magnetic signals from different elements in multicomponent magnets. Moreover, the spatial coherence of the
polarized soft X-rays provided by synchrotron radiation
sources offer diverse opportunities for lens-less imaging
using coherent diffraction. X-ray magnetic holography
utilizes the interference between magnetic scattering
from the object under investigation and the reference
wave generated by charge scattering from the prepared
source. In the present study, we performed holography
with extended reference by auto-correlation linear differential operation (HERALDO). This technique utilizes
the scattering from an extended reference object, such
as a narrow slit or a sharp corner, which allows us to
improve the contrast of the real-space image without
compromising the resolution.
Recently, it has been reported that Co-Zn-Mn compounds with  -Mn structure exhibit nontrivial topological
spin textures, such as a Bloch-type skyrmion lattice and
a distorted skyrmion state [1]. Since the compounds
contain two magnetic elements, competition between
the magnetic interactions in non-centrosymmetric compounds results in a complex phase diagram. The typical
size of a magnetic skyrmion varies in the range from a
few to a few hundred nanometers, which makes them
promising candidates for future spintronic applications
such as skyrmion racetrack memory and logic devices.
The  -Mn-type compound Co8Zn8Mn4 exhibits a transition from the paramagnetic state to a helical or Blochtype skyrmion lattice state at Tc ≈ 300 K with a magnetic
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modulation period of 125 nm, and undergoes a spin
glass transition at Tg ≈ 8 K due to freezing of Mn spins.
The HERALDO experiments were performed in the
transmission geometry [Fig. 1(a)] at BL-16A [2]. We
fabricated a circular sample aperture with a diameter
of 700 nm and a reference slit with a length of 1 μm
and width of 40 nm in a gold thin plate [Fig. 1(b)]. The
slit length and distance from the aperture were chosen
according to the separation conditions, preventing the
overlapping of sample autocorrelation and sample-reference cross correlation at the reconstruction. A thin plate
of Co8Zn8Mn4 with thickness of 200 nm was fabricated
by the FIB thinning technique and was attached to the
gold thin plate [Fig. 1(c)].
Circularly polarized soft X-rays with energies matching Co and Mn L3 edges were used for the HERALDO
experiment. Far-field diffraction patterns were collected with the right circular polarization and left circular
polarization to produce the interference pattern and
reconstruct the magnetic texture. In this case information about the magnetic texture was simply encoded
in the interference term between charge scattering
arising from the reference slit and magnetic scattering
from the Co8Zn8Mn4 sample. The difference between
the holograms taken with the two opposite X-ray helicities provided the isolated interference term which could
be inverted to the real-space image via single Fourier
transform and linear differential operator [Fig. 1(a)].
Differences between the diffraction patterns taken
with the two opposite X-ray polarizations at photon
energies E = 779 eV and E = 640.5 eV are shown in
Figs. 1(d) and 1(e), respectively. The highest har-

Figure 1: Coherent soft X-ray diffraction imaging setup (a) and SEM images [(b) and (c)] of the thin plate sample fabricated by FIB for the
HERALDO experiment. Coherent diffraction patterns [(d) and (e)] and reconstructed magnetic images [(f) and (g)] observed at Co and Mn
absorption edges, respectively. Reprinted figures with permission from [2] Copyright (2019) by the American Physical Society.

monics of the interference pattern can be found at
qmax = 0.2 nm−1 which corresponds to the real-space
resolution of 32 nm. Figures 1(f) and 1(g) show the
sample reference cross correlations taken from reconstructions of holograms for Co and Mn, respectively.
Elongated skyrmions can be observed at the holograms
taken both at E = 779 eV and E = 640.5 eV. The magnetic structures exhibited by magnetic elements Mn and
Co are similar to each other within the resolution limit.
The signal-to-noise ratio is worse in the case of the
measurement at the Mn L3 edge due to the higher absorption of soft X-rays at E = 640.5 eV and smaller concentration of Mn atoms compared to Co. The different
magnitude of the magnetic moment between Co and
Mn is another reason for this. Therefore, the real-space
image reconstructed for Mn atoms is slightly blurred
[Fig. 1(g)].
In conclusion, we have demonstrated lens-less
soft X-ray imaging of magnetic texture at cryogenic
temperatures and applied magnetic fields. HERALDO
imaging was used with circularly polarized soft X-rays.

Soft X-ray imaging methods allow us to simultaneously
obtain element-selective real-space information and will
be useful for further investigations of nontrivial magnetic
textures.
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5 -2 Instrumentation and Techniques
Development of a Light Source Based on a 100-mm-Long
Monolithic Undulator Magnet with a Very Short 4-mm Period
Length
We are exploring a novel method to fabricate undulator magnets having a period length of a few millimeters. Magnet
plates 100 mm long with a 4-mm period length have been successfully fabricated. They produce an undulator field of
approximately 3.2 kG at a gap of 1.5 mm. A prototype in-vacuum undulator based on this technology has been constructed. A test experiment for light generation using a real electron beam has been carried out with the S-band linac
operating at 33.5 MeV. The first observation and characterization of blue light was accomplished successfully.
The period length of an undulator,  u, is one of the
important parameters which control the spectral properties of synchrotron light sources. If an undulator with
a very short period length was available, synchrotron
radiation with shorter wavelengths could be obtained at
a given energy of the electron beam, thus expanding
the research field in synchrotron radiation science. Accordingly, we have been developing a novel method to
construct undulators with very short period lengths [1-4].
These undulators may reduce the size and construction
cost of light sources and resolve financial obstacles to
the development of many future projects involving new
light sources.
We have been trying to develop a completely new
method to fabricate undulator magnets with a period
length of 4 mm as the current target. This period length
was selected since 12-keV radiation can be obtained
with the first harmonic of this undulator in the 2.5-GeV
accelerator which has the same electron beam energy
as the PF. Here, a multi-pole magnetizing method is
used to magnetize the thin plate of the magnets [1-5].
After several trials, we finally devised the present
method shown in Fig. 1 [6]. The plate monolithic magnet
made of Nd-Fe-B material is embedded between a pair
of magnetizing heads of electromagnets. It is longitudi-

nally driven by a linear motor step-wise and magnetized
with a periodic spacing by the fixed head as shown in
Fig. 1(a) [6]. The step width of the moving plate is set to
a half of the period length of the magnetic field. At each
step of the plate movement the pulse current applied
to the head is reversed in direction to form the undulator field. After the magnetization, a pair of these plates
is combined with faces opposing each other, and the
undulator magnetic field is produced in the short gap
between the plates as shown in Fig. 1(b) [6].

Figure 2: Plate magnets after magnetization 100 mm long
with 4-mm period length, which are made of Nd-Fe-B material
and coated with TiN. The lower plate is covered by a magnetic
viewer sheet, and the magnetic field pattern is seen through it.
Reproduced from Ref. [6] with permission of the International
Union of Crystallography.

(a)

(b)

Figure 1: (a) Schematic illustration of magnetization method of the plate monolithic magnet. (b) Formation of an undulator field with plate
monolithic magnets. Reproduced from Ref. [6] with permission of the International Union of Crystallography.
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(a)

(b)

Figure 3: (a) The 2-dimensional profile of the undulator radiation observed by the color CCD camera. (b) A single-shot 2-dimensional
spectroscopic image of undulator radiation when the undulator gap was 1.5 mm. Horizontal and vertical pixel positions correspond to the
wavelength and vertical divergence angle of the radiation, respectively. The bright line forming an arc represents the undulator radiation. The
dotted curve shows angle dependence of radiation wavelength. CCD pixel values are represented by the color bar. Reproduced from Ref. [6]
with permission of the International Union of Crystallography.

The magnetized plates 100 mm long with 4-mm
period length are shown in Fig. 2 [6]. They are made of
NEOMAX-37SH (Hitachi Metals Co. Ltd.) and coated
with TiN for vacuum sealing. The magnetic field pattern
is seen through a magnetic viewer sheet for one of the
plate magnets in Fig. 2 [6]. Magnetic field characterization based on the measured field shows that the quality
of the undulator field of these plate magnets is satisfactory.
In order to install these plate magnets, we designed
and constructed a prototype in-vacuum undulator [5], in
which the plate magnets 100 mm long are installed in a
vacuum chamber.
A light source test experiment was performed with
the test Accelerator as a Coherent Terahertz Source
(t-ACTS) at the Research Center for Electron Photon
Science (ELPH), Tohoku University [7] by observing the
synchrotron radiation from the prototype undulator. The
parameters of the t-ACTS which was operated at 2 Hz
repetition in the test were as follows: electron beam energy and its spread 33.5 MeV and 0.44%, beam current
10 mA, and normalized emittances in the horizontal and
vertical directions 5 × 10−6 m and 4.4 × 10−6 m, respectively.
The spatial profile of the synchrotron radiation from
the 4-mm-period undulator was observed by a color
CCD camera as shown in Fig. 3(a) [6]. The blue color
of the radiation is consistent with the deflection parameter, K, of 0.12 at the gap of 1.5 mm (B0 = 3.2 kG).
Spectroscopic measurements were made by using
an imaging spectrometer equipped with the EM-CCD
camera with an electron multiplying function for high
sensitivity measurements. Spectroscopic data was

shown as the number of photons acquired on each
pixel, with the horizontal position of the CCD plane
corresponding to the wavelength,  , of the undulator
radiation, and the vertical position corresponding to
the vertical divergence angle,  , from the light axis. An
example of the two-dimensional image data is shown
in Fig. 3(b) [6] for the undulator gap of 1.5 mm. The
dotted line along the bright arc on the image represents
the nature of the undulator radiation given by the relation  = u(1 + K  2/2 + γ 2 2 ) /2γ 2 with the electron beam
energy, γ .
Our next target is to produce a longer magnetic field
with larger number of periods. We have started work on
obtaining a long field by connecting several plate magnets. For this purpose, we have developed a new connection method and succeeded in fabricating a longer
undulator with 500-mm magnet length (125 periods) [5].
We found that this 500-mm undulator field was satisfactory and useful.
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5 -3 Instrumentation and Techniques
Three-Dimensional Arrangement of Lactiferous Ducts in
the Human Nipple Visualized by X-Ray Dark-Field Computed
Tomography
Nipple-sparing mastectomy, one of the surgical treatments for breast cancer, has spread rapidly in recent years. However, the three-dimensional (3D) structure of the human nipple, the target of conservation, is not fully understood. In this
study, we visualized and analyzed the three-dimensional anatomical structure of the human nipple in detail with X-ray
dark-field computed tomography (XDFI-CT), which is a powerful tool for reconstructing the 3D distribution pattern of human lactiferous ducts non-destructively, without contrast agent, and with high tissue contrast.
Nipple-sparing mastectomy (NSM) is a surgical
procedure that removes all cancerous or precancerous breast tissue, leaving the nipple, areola, and skin.
NSM simultaneously reconstructs the breast, aiming
to preserve its preoperative appearance as closely as
possible. Many patients desire NSM, but it is known that
there is a risk of cancer recurrence in the nipple [1]. In
order to improve the treatment results of NSM, interventional techniques such as ductoscopy, ductal lavage,
and intraoperative frozen section biopsy for the nipple
have been developed. These techniques require threedimensional anatomical knowledge of the human nipple
in detail, but there have been only a few such researches to date.
In this study, to explore the 3D microanatomy of the
human nipple, the X-ray dark-field computed tomography (XDFI-CT) technique was used to visualize the
internal structure of the nipple. XDFI-CT is a phasecontrast X-ray imaging technique that reconstructs the
refractive index distribution proportional to the electron
density distribution of an object. XDFI-CT allows the

non-destructive visualization of internal structures of
soft tissue three-dimensionally with high contrast and a
spatial resolution of ten or more μm [2]. XDFI-CT is being intensively studied as an innovative complementary
technology that could provide pathologists with 3D information regarding the 2D microscopic images that they
observe.
In this study, we examined 51 human nipples by
XDFI-CT and visualized the 3D arrangement of the
nipple ducts. The XDFI-CT measurement system incorporating a synchrotron radiation X-ray source was
constructed at beamline BL-14B. First, we compared
CT slice images with conventional hematoxylin-eosin
(HE)-stained tissue sections. Next, the number of ducts
in the nipple and the number of ducts sharing an ostium
near the tip of the nipple were determined by observation of the CT volume. Finally, from 3D rendering of the
ducts, we recognized three distinct patterns of ductal arrangement in the nipple.
Figure 1 shows a representative HE-stained tissue
section and the corresponding CT slice for one of the

5 mm

Histological section

XDFI-CT

Figure 1: Visualization of the lactiferous ducts in the nipple. Histological section (left), XDFI-CT (right).
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1 mm

Convergent

Divergent

Straight
Figure 2: Three types of 3D arrangement of the lactiferous ducts within the nipple.

samples. In the tissue section, lactiferous ducts with a
fold-like structure were identified in the fibrous connective tissue. Each convoluted duct was lined by characteristic mammary epithelium, which was also clearly
visualized in the CT images, as well as fluid and protein
in the duct lumens and fibromuscular connective tissue.
Although some positional deviations caused by subtle
gaps in the sampling levels were present between the
stained tissue sections and the CT slices, the stained
tissue sections and CT slices were mostly structurally
compatible. Therefore, we were able to use CT to analyze the tissue structure at the same structural level that
is possible by pathological observation.
The number of ducts was counted using CT. In total,
1428 ducts were identified across all 51 samples. The
mean, median, and standard deviation of the number
of ducts were 28, 27, and 9.14, respectively. The interquartile range and the maximum and minimum range
were 21–33 and 14–51, respectively. The total number
of ducts sharing an ostium near the tip of the nipple was
525 of 1428 (36.8%). The average number of ostia at
which two or more ducts merged in all cases was 3.6.
By observing the structure of the ducts using 3D
volume rendering of the 51 samples, we discovered
three different types of duct arrangement. Figure 2
shows typical 3D volume-rendered images of each type
selected from among the 51 cases. The three types
were: (1) convergent, in which each duct gathered in a
bowl shape at the tip; (2) straight, in which each duct
extended straight from the areola to the tip; and (3)
divergent, in which each duct diverged toward the tip.
Based on subjective observation, the 51 cases were
classified into 13 (25%) of the convergent type, 19 (37%)
of the straight type, and 19 (37%) of the divergent type,
indicating that the distribution of ducts near the nipple tip
showed marked variation.

According to “sick lobe theory” [3], non-invasive
ductal carcinoma (DCIS) begins and spreads within a
single mammary lobe. We tested whether the findings
of the present study support this theory or not. In one
particular sample, three seemingly separate ducts with
DCIS converged into a single opening near the tip of the
nipple, implying that the three DCIS-ridden ducts were
derived from the same cancerous mammary lobe. See
reference [4] for more information.
XDFI-CT is a promising non-destructive virtual histology technique not only for analyzing the structure
of the nipple but also for scanning other soft tissues or
organs. Though there are still some technical limitations
to implementing XDFI-CT for diagnostic or exploratory
purposes, the approach employed in the present study
will become highly relevant once these hurdles are
overcome.
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6 -1

Accelerator
Beam Test of a Newly-Developed Ceramics Chamber with
Integrated Pulsed Magnet for an Accelerator Implementation
We are developing a Ceramics Chamber with integrated Pulsed Magnet (CCiPM) of the air-core type for the future lowemittance light source ring with a narrow bore. The CCiPM consists of a ceramics cylinder and four coils that are implanted deep in the through groove of the ceramics along a length of 30 cm by silver brazing. This CCiPM has a special
pattern coating on the inner surface of the chamber to serve as a beam duct. We constructed a beam test line to confirm the magnetic field performance and structural durability for implementation in the accelerator in the winter of 2019.
The beam test was successfully conducted during machine study time in the accelerator operation of 2019.

The CCiPM structure is able to close the gap to
the beam without disturbing the beam impedance [1].
By adopting an air-core type pulsed magnet there is
no limitation on increasing the order of the magnetic
field and exciting a large magnetic field. Especially,
the completely integrated ceramics structure is made
structurally robust by implanting the coils 5 mm deep in
the ceramics. This simple ceramics construction plays
many roles, including as a coil-supporting jig, magnet
core, coil insulation, and beam duct. Therefore, not only
a highly precise magnetic field but also high operation
reliability is secured against vacuum stress, magnetic
force, and thermal expansion stress. The dipole-type
CCiPM is thought to be the most useful kicker for advanced beam control such as turn-by-turn and bunchby-bunch in the accelerator ring, because the simple
structure and enhanced magnetic field by shrinking the
bore enable it to be installed anywhere, even in arbitrary
narrow spaces, in the future accelerator. This is a major
advantage compared with the strip-line kicker which
needs a long straight section. Furthermore, an air-core
magnet can generate complex non-linear fields by supplying the current in the same direction for all coils and
by optimizing the coil arrangement. The nonlinear kicker
[2, 3] is thought to be one way of achieving top-up beam
injection into a narrow beam dynamic aperture in an
ultra-low emittance ring [4].

Figure 1: Conceptual design of CCiPM.
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The CCiPM is composed of just three elements:
a cylindrical ceramics chamber, coils, and flanges. A
schematic view is shown in Fig. 1; the inner diameter is
60 mm (D60 model). This magnetic field is optimized for
a dipole by arranging the coils at a 30° angle from the
medium plane. In this case, the coil length is 300 mm.
The ceramics chamber uses the A-479 type of fine
ceramics. The coils are made of oxygen-free high conductivity copper (OFHC) of 2 mm thickness and 4 mm
width.
There were two issues to overcome in achieving this
designed structure. The first was to implant the coils in
the longitudinal direction while keeping the vacuum seal
performance. The second was to construct the connecting port of the feeder lines on the coils to supply the
pulsed current. We succeeded in establishing the technologies for these issues as shown in Fig. 2. Additionally, the inside surface of the cylinder must be coated
with some kind of metallic material so that the ceramics
chamber serves as a beam duct. However, this metal
coating must conduct the beam wall current while suppressing eddy currents for the main magnetic field. As
a solution, a pattern coating technique was developed
based on a masked blasting method after uniform coating. Figure 3 is a picture of the inside of the completed
CCiPM in the D60 accelerator implementation model.
The pattern shape is a comb. The coating material is
titanium, with a thickness of 3 µm.

Figure 2: Implanted coils and constructed current base.
Figure 3: Inner coating of CCiPM.

The CCiPM must be operated under various stress
conditions: atmospheric pressure under vacuum, magnetic force caused by the current supply, and thermal
expansion stress caused by beam heat loading and current supply. The implementation model was subjected
to a stress test under these conditions for 180 days continuously without any problem. In the test, the chamber
was reduced to vacuum of less than 2.6×10−6 Pa, and a
pulsed peak current of 6240 A with pulse width of 4.9 µs
was supplied with 1 Hz repetition. Simultaneously, the
heat cycle was applied three times a day by a ribbon
heater. The flat-top of the heat cycle was kept at 120°C
for 4 hours. After this baking, vacuum pressure reached
7.11×10−8 Pa. In the withstanding voltage test, a high
voltage of 11.1 kV was applied with a pulsed peak current of 7735 A.
The beam test line of the CCiPM was constructed in
the dump-line at the end of the beam transport line from
the linac to the KEK-PF storage ring. The purposes of
the beam test were as follows. The first was to evaluate
the kicker performance precisely. The second was to
prove the durability of the structure and coating by exposing it to an electron beam. Some components were
newly installed in the dump-line to estimate the CCiPM
performance precisely as follows: 1) a beam position
monitor to observe the beam position, beam energy jitter
and beam current charge in real time without beam destruction, 2) a beam profile monitor using a YAG screen
system with CMOS camera just upstream of the CCiPM
and dump point to compare the position and profile of
the beam before and after kicking, and 3) a moving
mirror system to assess damage to the inner surface
coating in the CCiPM in real time. Figure 4 shows a
picture of the actual CCiPM setup in the dump-line. The
first beam test was done in February 2019. The beam
repetition rate was 1 Hz. There were no problems in the

Figure 4: Beam test line for CCiPM.

beam test and the basic kicker performance was confirmed to be as expected. There was no damage to the
coating that was exposed to the linac beam. This beam
study confirmed that the CCiPM implementation model
is applicable to beam operation.
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OPERATION and PROPOSALS
1. Outline of the Accelerators
Two electron storage rings, the PF ring and PF-AR,
have been operated as dedicated light sources at Photon Factory. Simultaneous and continuous injections to
the four different rings (the PF ring, PF-AR, SuperKEKB
HER, and LER) from the KEK linear accelerator (LINAC)
were completed in the second half of FY2018. The user
operation of both light sources is performed with full topup injection. For PF-AR, a new operation mode of 5
GeV was introduced from the beginning of FY2019. The
low-energy operation is planned to save electricity costs

and to maximize the operation time on a tight budget. It
was confirmed that the electricity cost could be reduced
by 40% by lowering the stored energy to 5 GeV from
6.5 GeV. By operating half of the total time at 5 GeV in
FY2019, the operation time of PF-AR was successfully
increased by about 25% compared to the previous year.
The machine parameters of the rings and the calculated spectral performances are listed in Tables 1 and 2.
The spectral distributions of synchrotron radiation (SR)
from the bending magnets and the insertion devices are
shown in Fig. 1.

Table 1: Principal beam parameters of the PF ring and PF-AR.

PF ring
PF-AR
			
Energy

2.5 GeV

6.5 GeV		

5 GeV

Natural emittance

34.6 nm rad

290 nm rad		

170 nm rad

Circumference

187 m

377 m		

←

RF frequency

500.1 MHz

508.6 MHz		

←

Bending radius

8.66 m

23.7 m		

←

Energy loss per turn

0.4 MeV

6.66 MeV		

2.33MeV

Vertical

7.8 ms

2.5 ms		

5.4 ms

Longitudinal

3.9 ms

1.2 ms		

2.7 ms

Natural bunch length

10 mm

16 mm		

15mm

Momentum compaction factor

0.00644

0.0126		

←

Horizontal

-12.9

-13.6			

←

Vertical

-17.3

-13.3			

←

Stored current

450 mA

60 mA		

←

Normal filling

250 bunches

Single		

←

20 h (at 450 mA)

14 h (at 50 mA)

7 h (at 50 mA)

Damping time

Natural chromaticity

Beam lifetime
Hybrid filling

Single (50 mA) +
131 bunches (400 mA)

Beam lifetime
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47

7.6

6.8

16

U#19

U#28

4

4

3.6

U#NW02

U#NW12

U#NW14-36

44

75

79

95

90

90

21

22

55

29

2.5

1.5

2.8

3.8

3.6

3.6

3.36

3.52

3.74

0.5

2.1

0.8

1

1

1

1

3(11)

2.7

2.4

0.4

1

0.63

0.8

0.8

0.8

0.8

1(0.2)

0.33(0.33)

0.71(0.46)

0.92

0.6(0.38)

0.97

5

0.68(0.34)

1.4

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

P(NdFeB)

S.C.

P(NdFeB)

H(NdFeB)

0.6

0.75

1.35

1.57

1.57

1.57

1.07

1

0.53

0.71

0.6

0.654

0.6

0.53

0.74

0.71

σy

0.07

0.14

0.17

0.17

0.17

1.07

0.2

0.045

0.045

0.012

0.042

0.012

0.045

0.02

0.045

0.012

0.042

0.042

0.012

0.059

mm

σx'

0.383

0.338

0.312

0.312

0.312

0.268

0.593

0.127

0.078

0.088

0.055

0.088

0.128

0.094

0.078

0.088

0.054

0.054

0.088

0.178

mrad

σy'

0.038

0.036

0.029

0.029

0.029

0.032

0.036

0.008

0.009

0.029

0.008

0.029

0.008

0.019

0.009

0.029

0.008

0.008

0.029

0.012

mrad

1.17

2.8

3

3

3

15(3)

4.93(4.93)

4.5(2.92)

1.37

3(2)

1.37

4.84(2.42)

16

1.68

4.93(4.93)

2.3

0.78

Ky(Kx)

28(90%)

26

20.8

5.9

4

keV

ε1/εc

7.69E+15

7.69E+15

1.29E+16

1.29E+16

1.29E+16

1.84E+15

3.90E+13

1.39E+16

1.14E+17

7.88E+15

1.42E+17

4.38E+15

5.42E+13

6.85E+16

2.22E+15

2.50E+16

9.53E+15

2.73E+17

4.56E+16

5.38E+13

D

6.49E+15

6.49E+15

7.66E+15

7.66E+15

7.66E+15

2.54E+15

3.11E+13

6.59E+16

5.08E+17

1.71E+17

7.87E+17
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λu: period length, N: number of periods, L: length of undulator or wiggler, Gy(Gx): minimum vertical (horizontal) gap height, By(Bx): maximum vertical (horizontal) magnetic field, H: hybrid configuration, S.C.: superconducting magnet, σx, σy: horizontal or vertical beam size, σx’, σy’: horizontal or vertical beam divergence, Ky(Kx): vertical (horizontal) deflection parameter, D: photon flux density (photons/sec/mrad2/0.1%b.w.),
B: brilliance (photons/sec/mm2/mrad2/0.1%b.w.), PT:total radiated power. MPW#05 and EMPW#NE01 are operated in wiggler mode denoted by -W.
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Table 2: Calculated spectral performances of the bending source and all the insertion devices at the PF ring (2.5 GeV, 450 mA) and PF-AR (6.5 GeV, 60 mA).

(a)

(b)

Figure 1: Synchrotron radiation spectra available at the Photon Factory. (a) PF ring, and (b) PF-AR, blue curves for 6.5 GeV and green
dashed curves for 5 GeV. The name of each source is listed in Table 2. The spectral curve of each undulator is the locus of the peak of the
first harmonic within the allowance range of K parameter. For SGU#01 and SGU#15, the first harmonic regions are shown. For SGU#03, the
third harmonic region is shown. For SGU#17, the fifth harmonic region is shown.

2. Operation Summary
The operation schedule of the PF ring and PF-AR in
FY2019 is shown in Fig. 2. The statistics of the accelerator’s operation for the past decade are shown in Fig. 3.
For the PF ring, to secure 3,000 hours of user operation
time, the total operation time of about 3,500 hours has
been maintained for the past few years. The operation
time of PF-AR in FY2019 was about 25% higher than in
the previous year due to the introduction of 5 GeV op66

OPERATION AND PROPOSALS

eration described above.
Detailed operation statistics and the number of
failures from FY2010 to FY2019 are listed in Table 3
for the PF ring. A breakdown of the total downtime in
FY2019 is shown in Fig. 4. We apologize that there was
a totalization error in the operation time in the PF Highlights last year; we have corrected the total operation
time for FY2018 from 3,696 hours to 3,408 hours, and
the scheduled use time from 3,120 hours to 2,832 hours
as shown in Table 3.

Timetable of the Machine Operation in FY 2019
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Figure 2: Operation schedule of PF ring and PF-AR in FY2019.
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Figure 3: Total operation time for PF ring and PF-AR.
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The total downtime was about twice that in previous years. This was due to frequent failures of the
quadrupole magnet power supplies, which took a long
time to recover. The downtime assigned to the magnet
in Fig. 4 accounts for about 70%. There used to be
ten power supplies that had been manufactured in the
1990s, about 30 years ago. Two of them were updated
in FY2019, but the other eight continue to be used. Because the manufacturers can no longer supply spare
parts, it is essential to update these power supplies for
stable operation of the PF ring.
We are developing a novel injection scheme using a
multi-pole magnet instead of a set of conventional bump
kicker magnets. The sextupole magnet shown on the
right side of Fig. 5 is currently installed in the PF ring.
It is an improved version of the first model with a circular opening shown in the left of the figure. A large field
gradient can be generated by narrowing the vertical aperture. However, contrary to our expectations, we could
not obtain satisfactory injection efficiency using the
improved model. It was speculated that the cause was
eddy currents generated in the thin metal film coated inside the ceramic duct. In order to solve this problem, we
have devised an inner surface coating to suppress the

generation of eddy currents. The new ceramic duct was
manufactured in FY2019, and we are going to install it
at the beginning of FY2020.
The renewal of an aged septum magnet of the invacuum type, which has had a fatal water leak since
FY2015, is also in progress. The new septum chamber
will be installed in the injection section with a new septum magnet of the out-vacuum type during the 2020
summer shutdown. We expect to improve the injection efficiency and stability by optimizing the injection
scheme associated with the reconstruction.
For PF-AR, detailed operation statistics and the
number of failures from FY2010 to FY2019 are listed in
Table 4. A breakdown of the total downtime in FY2019
is shown in Fig. 6.
The number of failures was less than half that in the
previous year. The total downtime also fell to about half.
The mean time between failures (MTBF) was the longest ever. These good results are considered to be due
to stabilizing the stored current by the full-time top-up injection, and to maintaining the DC magnet power source
in good condition. A further reason is the considerable
decrease in the number of beam dumps attributed to
dust tapping.

Table 3: Operation statistics for the PF ring from FY2010 to FY2019.
Fiscal Year

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

Total operation time (h)

5064

4728

4416

4176

3024

3888

3432

3624

3408

3504

Scheduled user time (h)

4080

2832

3792

3504

2328

3048

2928

3000

2832

3064

Ratio of user time (%)

80.6

59.9

85.9

83.9

77.0

78.4

85.3

82.8

83.1

87.4

18

18

23

22

15

23

18

14

17

20

29.2

14.9

37.6

52.1

11.4

14.4

17.3

16.6

28.4

59.9
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MTBF (h)
Mean down time (h)
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Figure 4: Breakdown of the total down time, 59.9 hours, for the PF ring in FY2019.
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Figure 5: Original (left) and the updated (right) models of the pulsed sextupole magnets installed in the PF ring.

Table 4: Operation statistics for PF-AR from FY2010 to FY2019.
Fiscal Year

2010

2011

2012

2013

2014

2015

2016

2017

2018

2019

Total operation time (h)

4608

4080

4080

3912

2352

3336

1821

2448

2064

2568

Scheduled user time (h)

4032

2904

3672

3478

1992

2784

1104

2136

1608

2112

Ratio of user time (%)

87.5

71.2

90

88.9

84.7

83.5

60.6

87.3

77.9

82.2

74

49

33

47

22

18

13

55

25

8

73.7

38.7

29.7

99.6

37

31

18.3

24.7

26.4

12.3

No. of failures
Total down time (h)
Failure rate (%)
MTBF (h)
Mean down time (h)

1.8

1.3

0.8

2.9

1.9

1.1

1.7

1.2

1.6

0.6

54.5

59.3

111.3

74

90.5

154.7

84.9

38.8

64.3

264.0

1

0.8

0.9

2.1

1.7

1.7

1.4

0.4

1.1
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Cooling
water
14.0%
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Figure 6: Breakdown of the total down time, 12.3 hours, for PF-AR in FY2019.
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As in the previous year, beam dumps occurred
several times caused by the temperature interlock of
cables for extracting and damping the higher-order
modes (HOMs) of acceleration cavities. The heating
was considered to be due to aging and deterioration by
radiation. Failures had been gradually increasing as the
average stored current increased by the full-time top-up
injection. As shown in Fig. 7, a multi-cell cavity called
“APS cavity” is used for RF acceleration. Each APS
cavity consists of 11 cavities. A set of HOM coupler,
corrugated coaxial cable, and 3-kW dummy load is connected to each acceleration cavity. PF-AR has six units
of APS cavities in total, so the total number of HOM
couplers, cables, and dummy loads amounts to about
70 sets. During the 2019 summer shutdown, all of the
HOM cables were replaced with new ones. Deteriorated
polyethylene insulators inside the HOM couplers and
the dummy loads were all replaced.
In recent years, the PF-AR operation time has been

much less than the target of 3,000 hours. As its operating cost, mainly for electricity, is twice that of the PF
ring, the budget shortage severely affected PF-AR. In
FY2019, PF-AR was operated at a reduced energy of 5
GeV for about half of the total operation time. The electric power consumption at 5 GeV has been confirmed
to be around 60% of that at 6.5 GeV. The operation
time was thus extended by 25% compared to the previous year without increasing the operating cost. The
5-GeV operation will continue as an effective measure
to extend the operation time. For 5 GeV injection, it is
necessary to change the current of a DC bending magnet in the beam transport (BT) line to switch the 2.5-GeV
beam of the PF ring and 5-GeV beam of PF-AR, so the
top-up injection to the two rings is performed by timesharing. It is a challenge to realize complete simultaneous injection by introducing a pulse magnet in the BT
line or by taking other measures.

Figure 7: HOM couplers, HOM cables and dummy loads connected to the APS cavity of PF-AR.
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3. Experimental Stations

for studies in the VUV and soft X-ray energy regions,
and 4 stations for studies using slow positrons. Tables
7, 8 and 9 summarize the areas of research being
carried out at the experimental stations at the PF ring,
PF-AR and SPF.

Fifty-three experimental stations are in operation
at the PF ring, PF-AR and slow positron facility (SPF),
as shown in Figs. 8, 9 and 10. Thirty-five stations are
dedicated to research using hard X-rays, 14 stations
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Figure 8: Plan view of the PF experimental hall, showing hard X-ray experimental stations (blue), and VUV and soft X-ray experimental
stations (red).
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Table 7: List of the experimental stations available for users at the PF ring.
Experimental Station
BL-1

Person in Charge

(Short Gap Undulator)
A

BL-2

Macromolecular crystallography

N. Matsugaki

(Variable Polarization Undulator for VUV and planer undulator for SX)
A

High-resolution VUV-SX beamline for angle-resolved photoemission spectroscopy

K. Horiba

B

High-resolution VUV-SX spectroscopies

K. Horiba

A

X-ray diffraction for material structural science

H. Nakao

B

VUV and soft X-ray spectroscopy (♠)

K. Edamoto [Rikkyo Univ.],
J. Yoshinobu [The Univ. of Tokyo],
K. Mase

C

Characterization of X-ray optical elements/White X-ray magnetic diffraction

K. Hirano

A

Trace element analysis, X-ray microprobe (♠)

BL-3

(A: Short Gap Undulator)

BL-4

Y. Takahashi [The Univ. of Tokyo],
M. Kimura, Y. Niwa

High resolution powder diffraction (♠)

H. Uekusa [Tokyo Tech.],
H. Nakao

C

X-ray diffraction for material structural science

H. Nakao

A

Macromolecular crystallography

N. Matsugaki

A
C

Small-angle X-ray scattering

N. Igarashi

X-ray diffraction and spectroscopy (♠)

N. Happo [Hiroshima City Univ.],
H. Nakao

A

Soft X-ray spectroscopy (♦)

J. Okabayashi [RCS, The
Univ. of Tokyo], K. Amemiya

C

X-ray spectroscopy and diffraction

H. Sugiyama

A

Weissenberg camera for powder/Single-crystal measurements under extreme conditions

H. Sagayama

B

Weissenberg camera for powder/Single-crystal measurements under extreme conditions

H. Sagayama

B2

BL-5

(Multipole Wiggler)

BL-6

BL-7

BL-8

BL-9
A

XAFS

H. Abe

C

XAFS

H. Abe

A

X-ray diffraction and scattering (♠)

A. Yoshiasa [Kumamoto Univ.],
R. Kumai

C

Small-angle X-ray Scattering

N. Shimizu

A

Soft X-ray spectroscopy

Y. Kitajima

B

Soft X-ray spectroscopy

Y. Kitajima

D

Characterization of optical elements used in the VSX region

K. Mase

C

XAFS

H. Nitani

BL-10

BL-11

BL-12
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Experimental Station

Person in Charge

(Variable Polarization Undulator)

BL-13
A/B
BL-14

VUV and soft X-ray spectroscopies with circular and linear polarization

K. Mase

(Vertical Wiggler)
A

Crystal structure analysis and detector development

S. Kishimoto

B

High-precision X-ray optics

K. Hirano

C

Medical applications and general purpose (X-ray)

K. Hyodo

(Short Gap Undulator)

BL-15
A1

Semi-microbeam XAFS

Y. Takeichi

A2

High brilliance small-angle X-ray scattering

N. Shimizu

BL-16

(Variable Polarization Undulator)
A

BL-17

Soft X-ray spectroscopies with circular and linear polarization

K. Amemiya

(Short Gap Undulator)
A

Macromolecular crystallography

Y. Yamada

B

Multipurpose monochromatic hard X-ray station (♦)

G. Manna [SINP], R. Kumai

C

High pressure X-ray powder diffraction (DAC) (♠)

BL-18

H. Kagi [The Univ. of Tokyo],
N. Funamori

(Variable Polarization Undulator)

BL-19

Soft X-ray microscopy and spectroscopy

K. Ono

A

VUV spectroscopy (◊)

M. Kitajima [Tokyo Tech],
J. Adachi

B

White & monochromatic X-ray topography and X-ray diffraction experiment

H. Sugiyama

A/B
BL-20

(Beamline for radioactive samples)

BL-27
A

Radiation biology, soft X-ray photoelectron spectroscopy

A. Yokoya [QST],

B

Radiation biology, XAFS

A. Yokoya [QST],

Y. Okamoto [JAEA], N. Usami
Y. Okamoto [JAEA], N. Usami
BL-28

(Variable Polarization Undulator)
A

High-resolution angle-resolved photoemission spectroscopy with circular and linear
polarization

K. Horiba

B

High-resolution VUV spectroscopies with circular and linear polarization

K. Horiba

♠

♦

User group operated beamline
External beamline

◊

Operated by University

RCS:

Research Center for Spectrochemistry, the University of Tokyo

JNCASR:

Jawaharlal Nehru Centre for Advanced Scientific Research
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Figure 9: Plan view of the beamlines in the PF-AR north-east, north, and north-west experimental halls.

Table 8: List of the experimental stations at PF-AR.
Experimental Station
AR-NE1
A
AR-NE3
A

Person in Charge

(Multipole Wiggler)
Laser-heating high pressure X-ray diffraction and nuclear resonant scattering (DAC)

N. Funamori

(In-vacuum Undulator)
Macromolecular crystallography

Y. Yamada

High pressure and high temperature X-ray diffraction (MAX-80)

N. Funamori

High pressure and high temperature X-ray diffraction (MAX-III) (♥), X-ray imaging

K. Hyodo,
T . Kubo [Kyusyu Univ.]

AR-NE5
C
AR-NE7
A

AR-NW2
A

(In-vacuum Type Tapered Undulator)
Time-resolved Dispersive XAFS/XAFS/X-ray Diffraction

Y. Niwa

XAFS

H. Nitani

AR-NW10
A
AR-NW12
A
AR-NW14
A

♥
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(In-vacuum Type Tapered Undulator)
Macromolecular crystallography

M. Hikita

(In-vacuum Undulator)
Time-resolved X-ray diffraction, scattering and absorption

User group operated Experimental equipment operated by user groups
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S. Nozawa
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Figure 10: View of the beamlines in the Slow Positron Facility.

Table 9: List of the experimental stations in the Slow Positron Facility.
Experimental Station

Person in Charge

SPF-A3

Total-reflection high-energy positron diffraction

I. Mochizuki

SPF-A4

Low-energy positron diffraction

I. Mochizuki

SPF-B1

General purpose (Positronium laser cooling)

I. Mochizuki

SPF-B2

Positronium time-of-flight

I. Mochizuki

4. Summary of User Proposals
The Photon Factory accepts experimental proposals submitted by researchers mainly at universities
and research institutes inside and outside Japan. The
PF Program Advisory Committee (PF-PAC) reviews
the proposals, and the Advisory Committee for the Institute of Materials Structure Science approves those
that are favorably recommended. The number of accepted proposals over the period 2008–2019 is shown
in Table 10, where S1/S2, U, G, P, and MP denote
Special, Urgent, General, Preliminary, and Multi-Probe
proposals, respectively. Category T is a proposal for
supporting researches by PhD students. Category MP
is a proposal in which at least two of the four beams,
synchrotron radiation at the PF, slow positron beam at
Slow Positron Facility, and neutron and muon beams
at the Materials and Life Science Experimental Facility
(MLF) in J-PARC, are required to be used, as a multiprobe experiment.
Category C is a proposal for collaboration between
KEK and a research institute including a private com-

pany. Category I is a non-proprietary proposal for the
integrated promotion of social system reform and research and development, supported by the Ministry of
Education, Culture, Sports, Science and Technology
(from 2009 to 2015).
Category V is a non-proprietary grant-aided proposal
that has already been reviewed and approved for a research grant; beam time for proposals in this category is
allocated with high priority, and applicants are required
to pay the stipulated fees for the beam time. Category Y
is a proprietary proposal; applicants are required to pay
the stipulated fees for the beam time.
The number of current G-type proposals each year
has exceeded 700 for the past few years. In addition
to these proposals, 53 projects in the BINDS program
(Basis for Supporting Innovative Drug Discovery and
Life Science Research) were performed at the PF in
FY2019. A full list of the proposals effective in FY2019
and their scientific output can be found in the Photon
Factory Activity Report (https://www2.kek.jp/ imss/pf/science/publ/acrpubl.html).
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Table 10: Number of proposals accepted for the period 2008–2019.
category

FY-2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

S1

0

0

0

0

0

0

0

0

0

0

1

0

S2

4

6

3

2

4

5

4

7

6

1

6

3

U

3

2

2

0

4

1

0

1

0

0

0

0

G

402

397

407

415

454

447

407

361

372

392

321

350

P

14

14

16

11

18

18

5

16

10

16

16

18

6

4

3

3

2

3

3

0

0

1

-

19

21

21

22

T
MP
C

18

I

12

15

19

20

20

25

24

9

17

13

17

13

16

11

-

-

-

-

1

2

2

2

4

4

10

7

30

41

22

33

39

30

39

37

V
Y

22

29

31

30

S-type proposals consist of two categories, S1 and
S2. S1 proposals are self-contained projects of excellent
scientific quality, and include projects such as the construction and improvement of beamlines and experimental stations which will be available for general users after
the completion of the project. S2 proposals are superiorgrade projects that require the full use of synchrotron
radiation or long-term beam time. Proposals are categorized into five scientific disciplines, and reviewed by the
five subcommittees of PF-PAC: 1) electronic structure,
2) structural science, 3) chemistry and materials, 4) life
science I (protein crystallography), and 5) life science
II (including soft matter science). Figure 11 shows the
distribution by research field of the proposals accepted
by the subcommittees in FY2019.
The number of users for all types of proposals is
about 3,000. About 20% of the proposals are conducted
by new spokespersons, indicating that the Photon Factory is open to public academic users. Figure 12 shows
the distribution of users by institution and their positions.
Over three-quarters of the users belong to universities.
About two-thirds of the university users are graduate
and undergraduate students, clearly showing the important role that the Photon Factory plays in both research
and education. The geographical distribution of the Pho-

Others 1.5%
Overseas
7.5%
Industries
7.5%
Public Research Institutes
7.6%
University 75.9%

ton Factory users is shown in Figs. 13 and 14, which
also indicates the immense contribution of the Photon
Factory to research and education throughout Japan.
The registered number of papers published in 2019
based on experiments at the PF was 606 at the time of
writing (July 1, 2020). In addition, 59 doctoral and 232
master theses have been presented.

Electronic Structure
19.8%

Structural Science
18.6%

Life Science I
23.2%

Life Science II
19.8%

Chemistry & Materials
18.6%

Figure 11: Distribution by scientific field of experimental proposals
accepted in FY2019.

Researchers 32.1%
Engineers
0.7%
Postdoctoral Fellows
2.9%
Graduate Students
48.9%
Undergraduate Students
15.3%
Others 0.1%

Figure 12: Distribution of users by institution and position.
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Overseas 6.9%

Kyushu 3.2%

Hokkaido 5.0%

Shikoku 1.9%
Chugoku 3.2%

Tohoku 8.5%

Asia 4.8%

Kinki 12.5%
Chubu 5.6%

Kanto 53.3%

Europe 1.6%
North America 0.5%

Figure 13: Regional distribution of spokespersons of proposals accepted in FY2019.

National University
Public University
Private University
Public Research
Industry
Others

Figure 14: Geographical distribution of Photon Factory users in FY2019 (domestic users only).
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1. PF Light Source Building
Experimental Hall
2. PF Office Building
3. PF Preparation Laboratory
4. PF-AR (PF Advanced Ring)
5. PF-AR Experimental Halls
6. Structural Biology Building
(Structural Biology Research Center)
7. PF/KEKB (KEK B-Factory) Injector Linac
8. Slow Positron Facility
9. Building No.4
(IMSS Office/Condensed Matter Research Center)
10. Kenkyu Honkan Building
11. Dormitory/Guest House
12. Restaurant/Cafeteria
13. ERL Test Facility
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KEK consists of four research institutions, i.e., the
Institute of Materials Structure Science (IMSS), the
Institute of Particle and Nuclear Studies (IPNS), the Accelerator Laboratory (AL), and the Applied Research
Laboratory (ARL). As shown in Fig. 1, the IMSS com-

prises the Photon Factory, the Synchrotron Radiation
Science Divisions I and II, the Slow Positron Facility, the
Neutron Science Division, the Muon Science Division,
the Structural Biology Research Center, and the Condensed Matter Research Center.

High Energy Accelerator Research Organization (KEK)
Director General
Department of Advanced
Accelerator Technologies

Director

Detector Technologies Project Office
Center for Applied
Superconducting Accelerator
Accelerator Division I
Accelerator Division II
Accelerator Division III

Accelerator Laboratory (AL)

Director
Engineering
Coordinator

Accelerator Division VI
Photon Factory (PF)

Photon Factory
Synchrotron Radiation
Science Division I
Synchrotron Radiation
Science Division II
Slow Positron Facility
Neutron Science Division
Muon Science Division

Institute of Particle and Nuclear Studies (IPNS)
Applied Research Laboratory (ARL)
J-PARC (Japan Proton Accelerator
Research Complex) Center
Public Relations Department
Research Administration
Department
Open Innovation Promotion
Department
Administration Bureau

Figure 1: Organization chart of KEK.
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Materials & Life Science Division
Accelerator Division

Condensed Matter Research Center

Deputy Director

Accelerator Division V

Structural Biology Research Center

Advisory Committee for Institute
of Materials Structure Science

The graduate University for Advanced Studies

Institute of Materials Structure Science (IMSS)

School of High Energy Accelerator Science

Accelerator Division IV

The “Photon Factory (PF)” also means a group of
divisions, a facility division (Photon Factory), two science divisions (Synchrotron Radiation Science Divisions I and II), and a light source accelerator division
(Accelerator Division VI), as shown in the organization
chart of Fig. 2. The staff members of the PF are listed in
Table 1. The Photon Factory consists of three sections
(administration section, beam line engineering section,

and end station engineering section); the Synchrotron
Radiation Science Divisions I and II consist of four sections (surface science section, solid state physics section, structural biology section, and materials science
section). The Accelerator Division VI has seven groups,
which are named Light Source Group I to VII. The missions of each group are written in parentheses in Fig. 2.

Photon Factory (PF)
Surface Science Section

Synchrotron Radiation
Science Division I

Institute of Materials Structure Science (IMSS)

Synchrotron Radiation
Science Division II

Solid State Physics Section
Structural Biology Section
Materials Science Section
Administration Section

Photon Factory

Beam Line Engineering Section
End Station Engineering Section

Light Source I (Magnet & Orbit)
Light Source II (RF)
Light Source III (Vaccum)

Accelerator Laboratory (AL)

Accelerator Division VI

Light Source IV (Beam Diagnostics & Control)
Light Source V (Beam Channel & Safety)
Light Source VI (FEL)
Light Source VII (Insertion Devices)

Figure 2: Organization chart of PF (as of March 31, 2020) .
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Table 1: Staff members of the Photon Factory.

Division Section/Group

Name

*Position
Title

Remarks

Research Staff
IMSS Director
IMSS Deputy Director

KOSUGI, Nobuhiro
ADACHI, Shin-ichi

Synchrotron Radiation Science Division I
Head

AMEMIYA, Kenta
Surface Science Section
◎ AMEMIYA, Kenta
KUMIGASHIRA, Hiroshi
HORIBA, Koji
KITAMURA, Miho
OBATA, Yukiko
YUKAWA, Ryu

P
P
AP
ASP
PD
ASP

Solid State Physics Section
◎ KUMAI, Reiji
MURAKAMI, Youichi
NAKAO, Hironori
SAGAYAMA, Hajime
IWANO, Kaoru
ISHII, Yuta
TAMATSUKURI, Hiromu
YAMAGUCHI, Tokitake

P
P
AP
AP
AP
PD
R
R

~Sep.30, 2019
~Oct. 31, 2019

Synchrotron Radiation Science Division II
Head
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SENDA, Toshiya
Structural Biology Section
◎ SENDA, Toshiya
KATO, Ryuichi
KAWASAKI, Masato
ADACHI, Naruhiko
TANABE, Mikio
YUMOTO, Fumiaki
MORIYA, Toshio
HIKITA, Masahide
SENDA, Miki
YAMADA, Yusuke
SHINODA, Akira
AKUTSU, Masato
HARADA, Ayaka
KOIWAI, Koutaro
KOBAYASHI, Jun
NAGASE, Lisa
YONEZAWA, Kento
GIANNOPOULOU, Evdokia Anastasia

P
AP
AP
AP
AP
AP
AP
ASP
ASP
ASP
PD
R
R
R
R
R
R
R

Materials Science Section
◎ KIMURA, Masao
ADACHI, Shin-ichi
YAMAMOTO, Shigeru
ABE, Hitoshi
ONO, Kanta
FUKUMOTO, Keiki
TAKEICHI, Yasuo
FUKAYA, Ryo
HAWAI, Takafumi
HARUKI, Rie
ICHIYANAGI, Kouhei

P
P
P
AP
AP
AP
ASP
ASP
ASP
R
R

~Jun. 30, 2019

Mar. 1, 2020~
~Sep. 30, 2019
~Feb. 20, 2020

May. 1, 2019~Sep. 30, 2019
Dec. 1, 2019~

Division Section/Group

Name
SAITO, Kotaro
TSUKAHARA, Hiroshi
MATSUMOTO, Munehisa
WATANABE, Toshiki

*Position
Title
R
R
R
R

Remarks
Sep. 1, 2019~

Photon Factory
Head

FUNAMORI, Nobumasa
Administration Section
◎ FUNAMORI, Nobumasa
HYODO, Kazuyuki
KIMIJIMA, Ken'ichi
KITAJIMA, Yoshinori
USAMI, Noriko

P
AP
AP
AP
AP

Beam Line Engineering Section
◎ IGARASHI, Noriyuki
KISHIMOTO, Shunji
HIRANO, Keiichi
MASE, Kazuhiko
ADACHI, Jun-ichi
SUGIYAMA, Hiroshi
NITANI, Hiroaki
WAKABAYASHI, Daisuke
NISHIMURA, Ryutaro
SUZUKI, Yoshio
KOSUGE, Takashi
KOYAMA, Atsushi
MORI, Takeharu
TOYOSHIMA, Akio
UCHIDA, Yoshinori
KIKUCHI, Takashi
SAITO, Yuuki
TANAKA, Hirokazu
NIWA, Yasuhiro
MATSUOKA, Ai
ISHII, Haruno
NAGATANI, Yasuko

P
P
AP
AP
AP
ASP
ASP
ASP
PD
R
SE
SE
EE
EE
EE
E
E
E
E
AE
TA
TS

End Station Engineering Section
◎ SHIMIZU, Nobutaka
NOZAWA, Shunsuke
MATSUGAKI, Naohiro
TAKAGI, Hideaki
YAMASHITA, Shohei
OHARA, Maki
KIKEGAWA, Takumi
HARUKI, Rie

P
AP
AP
ASP
ASP
R
R
R

Slow Positron Facility
Head

KOSUGI, Nobuhiro
NAGAI, Yasuyoshi
MOCHIZUKI, Izumi
HYODO, Toshio

Oct. 1, 2019~

P
ASP
DF

Structural Biology Research Center
Head
SENDA, Toshiya
WATANABE, Shoukei

TS

Condensed Matter Research Center
Head
KADONO, Ryousuke
KURAMOTO, Yoshio

P
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Division Section/Group

Name

*Position
Title

Accelerator Division VI
Head

KOBAYASHI, Yukinori

Light Source I
◎

NAKAMURA, Norio
KOBAYASHI, Yukinori
HARADA, Kentaro
MITSUDA, Chikaori
SHIMADA, Miho
SHIMOSAKI, Yoshito
TAKAKI, Hiroyuki
TANAKA, Olga
HIGASHI, Nao
UEDA, Akira
NAGAHASHI, Shinya
OZAKI, Toshiyuki

P
P
AP
AP
AP
AP
AP
ASP
ASP
EE
E
R

◎

SAKANAKA, Shogo
NAITO, Daichi
YAMAMOTO, Naoto
TAKAHASHI, Takeshi

P
ASP
ASP
EE

◎

HONDA, Tohru
TANIMOTO, Yasunori
YAMAMOTO, Masahiro
JIN, Xiuguang
SASAKI, Hiroyuki
UCHIYAMA, Takashi
NOGAMI, Takashi

P
AP
AP
ASP
ASP
E
E

◎

OBINA, Takashi
TAKAI, Ryota
TADANO, Mikito
SAGEHASHI, Hidenori

P
AP
SE
E

◎

MIYAUCHI, Hiroshi
HAGA, Kaiichi
NIGORIKAWA, Kazuyuki
SATO, Yoshihiro
TAHARA, Toshihiro

AP
AP
EE
E
E

◎

KATO, Ryukou
HONDA, Yosuke

P
ASP

◎

TSUCHIYA, Kimichika
ADACHI, Masahiro
EGUCHI, Shu
SHIOYA, Tatsuro

AP
ASP
TA
SF

Light Source II

Light Source III

Light Source IV

Light Source V

Light Source VI

Light Source VII

IMSS General Affairs Office
Head
IMSS Public Relations Office
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BAN, Hiroshi
OHSHIMA, Hiroko
FUKABORI, Kyoko

TS
TS

Remarks

Name

(Affiliation)

Remarks

ASAKURA, Kiyotaka
IWASAKI, Kenji
KAMIKUBO, Hironari
KONDO, Hiroshi
NAGASHIMA, Yasuyuki
OHKUMA, Haruo
TAKAHASHI, Yoshio
YAO, Min

(Hokkaido Univ.)
(Univ. of Tsukuba)
(Nara Inst. of Science & Tech.)
(Keio Univ.)
(Tokyo Univ. of Science)
(Osaka Univ.)
(The Univ. of Tokyo)
(Hokkaido Univ.)

NIWA, Ryusuke
SATO, Tomoko
SOUMA, Seigo
SUZUKI, Masako

(Univ. of Tsukuba)
(Hiroshima Univ.)
(Tohoku Univ.)
(Gunma Univ.)

IKEDA, Shugo
OZAWA, Kenich

(Univ. of Hyogo)
(Tokyo Tech)

Visiting Professor

Visiting Associate Professor

Visiting Assistant Professor
Research Assistant

FUKAMI,Yusuke
INABA, Kazue
KATO, Koki
SHIGA, Daisuke
TAKAGI, Sota
YAMAMOTO, Ryosuke
The Graduate University for Advanced Studies (SOKENDAI)
AIZAWA, Kyohei
BAJPAI, Rishabh
HARANO, Takayuki
KAMEZAWA, Chika
LU, Yao
MIKI, Hiromi
SUZUKI, Yuta
YAMAGUCHI, Takaaki
YU, Hong Yang

◎

May. 16, 2019~

Division Head/Group Leader

*Position Title
P
Professor
AP
Associate Professor
ASP
Assistant Professor
PD
Postdoctoral Fellow
R
Researcher
SF
Senior Fellow
ScF
Scientific Fellow

SE
EE
E
AE
TA
TS
DF

Senior Engineer
Expert Engineer
Engineer
Associate Engineer
Technical Associate
Technical Specialist
Diamond Fellow
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Cover Photos
Top: the structure models of Ca-intercalated bilayer graphene on SiC(0001) (Highlight 1-1)
Upper Middle: Inner coating of Ceramics Chamber with integrated Pulsed Magnet (Highlight 6-1)
Lower Middle: Visualization of the lactiferous ducts in the nipple with X-ray dark-field computed tomography
(Highlight 5-3)
Bottom: Molecular structure and schematic representation of the supramolecular polymerization of Nap and Ant.
(Highlight 2-2)
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