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1PREFACE

PREFACE

It is my great pleasure to share our research highlights based on the Photon Factory (PF) users’ program 
during fiscal 2020 (April 2020 – March 2021). Since the PF users’ program started in 1983, about 19,500 
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, 
instrumentation and techniques, and accelerator. 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 re-
born by returning to its roots. The primary mission of the PF is to nurture new techniques and young people to 
lead synchrotron-radiation science through research and development. The second mission is to promote vari-
ous 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. Low emittance synchrotron-radiation facilities are becoming more and more 
common around the world, 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 num-
ber one beamlines with characteristic synchrotron-radiation beams.

In 2020, as a short-term plan, we started to improve the performance of the PF ring by replacing old ac-
celerator components with new ones. In this project, we choose the components suitable or meaningful for 
the new facility, which we are working on as a long-term plan to be realized in the early 2030s. In addition to 
normal applications, unique experiments can be performed by simultaneous use of two synchrotron-radiation 
beams in the new facility. In the next issue of PF Highlights, we will introduce the conceptual design of the “Hybrid 
Ring”, which is a candidate for the new facility and makes two-beam applications possible.

Finally, it is with great pleasure that we report on the establishment of the PF Alumni Association. Professor 
Toshiaki Ohta, one of the early staff members of the PF, has been elected as the first president. Not only staff 
but also users and others are welcome to become members of this association. With the advice and support of 
the User Association and Alumni Association, the PF will successfully carry out its missions.

Nobumasa Funamori
Director of Photon Factory
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Observation of Nanometric Square Skyrmion Lattice in 
Centrosymmetric Tetragonal Magnet GdRu2Si2
Topological objects in condensed matter have attracted much attention as a source of rich emergent phenomena and 
functions. One typical example is the magnetic skyrmion, a vortex-like swirling spin texture with stable particle nature 
in magnetic materials. In this work, we report the discovery of a square skyrmion lattice state in the centrosymmetric 
tetragonal magnet GdRu2Si2 via resonant X-ray scattering and Lorentz transmission electron microscopy experiments. 
The results establish a new route to stabilize skyrmions even without geometrical frustration or inversion symmetry-
breaking, and suggest a new platform for designing topological spin textures in single-component systems.

Topological objects in condensed matter have at-
tracted much attention as a source of rich emergent 
phenomena and functions. A typical example is the 
magnetic skyrmion, a vortex-like swirling spin tex-
ture with stable particle nature in magnetic materials 
[Fig. 1(A)]. Because of its small size and unique elec-
tromagnetic response, the skyrmion is now being in-
tensively studied as a novel information carrier for high-
density data storage devices [1].

Previously, skyrmions have been mostly found in non-
centrosymmetric systems with Dzyaloshinskii–Moriya (DM) 
interaction. However, the latest theories suggest that 
skyrmions can also be stabilized in centrosymmetric 
systems by different microscopic mechanisms, although 
their experimental verification in real materials has 
rarely been achieved. Very recently, the emergence 
of a hexagonal skyrmion lattice was discovered in the 
centrosymmetric frustrated magnets Gd2PdSi3 and 
Gd3Ru4Al12, where geometrical frustration was consid-
ered to be the key for skyrmion formation [2, 3]. Nev-
ertheless, it remains an open question whether such 
geometrical frustration or inversion symmetry-breaking 
is indispensable for stabilizing skyrmions or not.

Here, we report the experimental discovery of a 
square skyrmion lattice in the centrosymmetric tetrago-
nal magnet GdRu2Si2 without the presence of geometri-
cal frustration. By performing detailed magnetic struc-
ture analysis based on polarized resonant soft X-ray 
scattering and Lorentz transmission electron micros-
copy techniques, the emergence of the square skyrmion 
lattice state has been clearly established. Notably, the 

observed skyrmion size is as small as 1.9 nm, which is 
the smallest value ever reported for single-component 
materials. The origin of the observed skyrmion formation 
is discussed in terms of the recently proposed four-spin 
interaction mechanism mediated by itinerant electrons [4].

The target material GdRu2Si2 crystallized in a typical 
ThCr2Si2-type structure with centrosymmetric tetragonal 
space group I4/mmm. The crystal structure consists of 
alternate stacking of square Gd layers and Ru2Si2 layers 
as shown in Fig. 1(B). The magnetism is governed by 
Gd3+ (S = 7/2, L = 0) ions with Heisenberg magnetic mo-
ment. Previous works revealed that GdRu2Si2 exhibits 
incommensurate magnetic order below TN ~ 46 K, with 
magnetic modulation vector Q = (0.22, 0, 0) confined 
within the tetragonal basal plane. By applying an ex-
ternal magnetic field B along the tetragonal axis [001], 
various magnetic phase transitions can be observed 
[Fig. 1(C)], although the detailed spin texture of each 
phase has not been elucidated. Interestingly, in the 
intermediate range of magnetic field (phase II) char-
acterized by multiple steps in magnetization as well as 
anomalies in magneto-transport behavior, the enhance-
ment of Hall resistivity may indicate the formation of the 
topological spin texture.

To investigate the detailed magnetic structure, we 
carried out magnetic X-ray scattering experiments in 
resonance with the Gd L2 edge at 5 K. By exploring 
the magnetic satellite peaks around the nuclear Bragg 
reflection, the magnetic modulation vector Q in each 
phase can be directly investigated. Due to the tetrago-
nal nature of the crystal structure, the appearance of 

Figure 1: (A) Schematic illustration of magnetic skyrmions. (B) Crystal structure of GdRu2Si2. (C) Magnetic field – Temperature phase 
diagram for B // [001]. The inset shows the square lattice of skyrmions.
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equivalent magnetic modulation vectors Q1 = (q, 0, 0) 
and Q2 = (0, q, 0) was observed. Interestingly, only in 
phase II, we successfully identified superlattice reflec-
tion Q1 + Q2 modulations, which are allowed to ap-
pear only when the double-Q magnetic state is formed 
[Fig. 2(B)]. Therefore, we conclude that the magnetic 
structure of phase II is a double-Q state [Fig. 2(A)]. 
Further investigation of the polarization of scattered 
X-rays suggests that the spin texture in phase II can be 
described by the superposition of two screw spin tex-
tures with orthogonal magnetic modulation vectors, or 
a Bloch-type square skyrmion lattice. The spin texture 
can be more directly confirmed by real-space imaging 
with Lorentz transmission electron microscopy (LTEM), 
which clearly visualizes the square-lattice-like magnetic 
superstructure with a period of 1.9 nm formed on the 
atomic lattice [Fig. 2(C, D)].

Since the crystal structure of GdRu2Si2 is centro-
symmetric, the contribution from the DM interaction is 
not relevant in this case. Moreover, GdRu2Si2 is char-
acterized by a tetragonal crystal lattice and its Curie–
Weiss temperature almost coincides with the magnetic 
ordering temperature, which excludes geometrical frus-
tration as the driving force behind skyrmion formation. 
Therefore, the present case of a square skyrmion lattice 
can potentially be ascribed to the four-spin interaction 
mediated by itinerant electrons [5, 6]. The present re-
sults establish that skyrmion formation is possible even 
without geometrical frustration or inversion symmetry-
breaking. This highlights four-spin interaction as a new 
route to realize skyrmions with extremely small size, and 

will dramatically expand the candidate materials to host 
skyrmions. Our finding will promote further investiga-
tions of similar highly-symmetric rare-earth intermetal-
lics as a unique material platform to realize nanometric 
skyrmions.

REFERENCES
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Figure 2: (A) Illustration of square lattice of skyrmions obtained by super-positioning two screw modulations in real space and corresponding 
calculated Fourier transform pattern. (B) The line scan profile along the (4-q,-q, 0) scan corresponds to the Q1 + Q2 magnetic satellite 
peaks around the fundamental Bragg spot (4, 0, 0) in B = 0T (phase I), B = 2.1T (phase II) and B = 3T (phase III). (C) Lateral magnetization 
distribution obtained from analysis of the L-TEM images. White arrows show the direction of in-plane magnetization and the background 
color stands for the direction (hue) and relative magnitude (brightness) of the lateral magnetization. (D) Fast Fourier Transform pattern of spin 
texture in (C) at low temperature T = 8K and high temperature T = 70K.
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L. C. Peng1, A. Nakajima1, T. Arima1, 2, Y. Tokura1, 2 and 
S. Seki2, 5 (1RIKEN-CEMS, 2The Univ. of Tokyo, 3NIMS-MaDIS, 
4KEK-IMSS, 5JST-PRESTO )
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Triangular-to-Square Lattice Transformation of Metastable 
Skyrmions
A magnetic skyrmion is a topologically protected particle-like object and usually crystallizes into a close-packed triangu-
lar lattice. In contrast with the case of conventional atoms or molecules, the size and shape of skyrmions can be flexibly 
tuned by an external magnetic field. In this study, we have discovered that such a magnetic-field-induced size/shape 
change of a skyrmion particle induces the triangular-to-square structural transition of the skyrmion lattice in a chiral cu-
bic magnet, Cu2OSeO3, by means of small-angle resonant soft X-ray scattering. Our results demonstrate that the size/
shape degree of freedom of skyrmion particles is an important factor in determining their stable lattice form.

Topological solitons, i.e., stable defect structures 
that cannot be erased by continuous transformation, 
have attracted much attention as novel building blocks 
of exotic ordered phases. One typical example is a 
magnetic skyrmion with nanometric swirling spin tex-
ture, which behaves as a topologically protected par-
ticle. Such particle-like objects are expected to form a 
periodic lattice in a similar manner to atomic or molecu-
lar crystals; a better understanding of their crystallization 
and structural transition process is greatly needed. 
 Magnetic skyrmions usually crystallize into a close-
packed triangular-lattice form [Fig. 1(a)] in the equilib-
rium condition. Recent experiments have shown that 
the triangular-to-square transformation of the skyrmion 
lattice (SkL) can be induced by a magnetic field in the 
non-equilibrium condition [1, 2], although its detailed 
mechanism remains an open question. In this study, we 
investigated the microscopic origin of such a symmetry 
change of SkL in a chiral-lattice insulator, Cu2OSeO3 [3], 
by means of a small-angle resonant soft X-ray scatter-
ing (RSXS) experiment [4].

A bulk single crystal of Cu2OSeO3 was grown by 
the chemical vapor transport method. A thin plate of 

Cu2OSeO3 with a thickness of about 800 nm was fabri-
cated by using the focused ion beam (FIB) technique. 
To block the transmission beam, the backside of the 
Si3N4 membrane window was covered with gold film, 
and a pinhole of ~6 μm in diameter was drilled. The 
sample was mounted to cover the pinhole and fixed to 
the membrane with single tungsten contact to avoid ten-
sile strain. The RSXS measurement was performed on 
BL-16A using circularly polarized X-ray with the reso-
nance energy of 931 eV at the Cu L3 edge. A magnetic 
field was applied parallel to the incident X-ray beam 
(|| [001]) by a Helmholtz coil.

Figure 1 summarizes the magnetic-field (B ) varia-
tion of the quenched metastable SkL state, which is 
stabilized by field cooling (FC) passing through the equi-
librium SkL phase. Just after the FC process, a six-spot 
diffraction pattern was observed [Fig. 1(e)], which in-
dicates the realization of the metastable triangular SkL 
characterized by the three Q-vectors within a plane 
perpendicular to the B direction. In the B-increasing 
process, the metastable triangular SkL state with the 
six-spot pattern survives [Fig. 1(d)] just before entering 
the conical phase, where the Q-vector is aligned parallel 
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Figure 1: (a), (b) Schematics of triangular (a) and square (b) SkL. (c) Magnetic field-temperature phase diagram determined from the field-
sweeping scans after the FC process shown by the arrows. (d)–(f) RSXS diffraction patterns in the field-sweeping process after FC.
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to the magnetic field and diffraction spots disappear. In 
the B-decreasing process, the six-spot pattern remains 
even down to negative fields and suddenly changes 
into a four-spot pattern at −40 mT [Fig. 1(f)]. In another 
field-sweeping process, we also observed a reversible 
change between the six-spot and four-spot patterns, 
and thus the observed four-spot pattern is assigned to a 
square SkL state [Fig. 1(b)], endowed with the topologi-
cal charge.

To investigate the microscopic origin of lattice 
transformation of SkL, we performed micromagnetic 
simulations based on the Landau–Lifshitz–Gilbert (LLG) 
equation by using MuMax3 software. By decreas-
ing the B value, the diameter of the skyrmion particle 
core gradually expands and the intervening region be-
tween skyrmions squeezes, which finally triggers the 
triangular-to-square lattice transformation of metastable 
skyrmions [Fig. 2(a)–(d)] to minimize the energy cost 
at the skyrmion–skyrmion interface region. To confirm 
such B-induced change of skyrmion core size, we cal-
culated the relative amplitude of the higher harmonics 
in the magnetic modulation. As shown in Fig. 2(e), the 
second harmonic magnetic reflections (2Q) are clearly 
observed in the metastable triangular SkL state; we 
evaluated I(2Q)/I(1Q), i.e., the integrated intensity of 
2Q reflection normalized by the 1Q one. As seen in 
Fig. 2(f), I(2Q)/I(1Q) reaches the minimum at around 
+90 mT, where the skyrmion core diameter (d ) is half of 
the core-to-core distance (a) and the magnetic modula-
tion is almost sinusoidal. By changing the B-value from 
the minimum, d/a deviates from 1/2 and the 2Q intensity 
is increased. Such B-dependence is well reproduced 
by the micromagnetic simulations [Fig. 2(g)], which 
suggests that the observed transformation of SkL is 

triggered by the B-induced change of skyrmion core 
diameter.

The above results demonstrate that the flexible 
size/shape of skyrmion particles and its sensitivity to a 
magnetic field plays a crucial role in the transition of lat-
tice structure. The observed phase transition process is 
rather distinct from the conventional atomic crystal cas-
es, suggesting that the topological solitons with flexible 
size/shape degree of freedom may ubiquitously host 
nontrivial manner of crystallization and field-induced 
structural transition. Our present finding will contribute to 
a better understanding of the ordering process of such 
topological soliton ensembles, and may trigger further 
searches for unique hierarchical organizations in vari-
ous physical contexts.
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the inset.
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Control of Polar Structure by Intermetallic Charge Transfer in 
Perovskite-Type Oxides

 The polarity of crystal structures is successfully controlled by an intermetallic charge transfer between the constitu-
ent cations in perovskite-type (1−x)PbVO3-xBiCoO3 solid solutions. The end members of PbVO3 and BiCoO3 pos-
sess a PbTiO3-type tetragonal perovskite structure, while a nonpolar cubic perovskite-type structure is observed in 
(1−x)PbVO3-xBiCoO3 solid solutions (0.40 ≤ x ≤ 0.75). X-ray absorption spectroscopy (XAS) and magnetic measure-
ments reveal that the change in crystal structure results from an intermetallic charge transfer, Co3+ + V4+ → Co2+ + V5+. 
This finding shows that tuning an electronic structure by making a solid solution is an effective way to control crystal 
structures, properties and functions.

The valence states of constituent cations in ox-
ides characterize the nature of crystal structures and 
electronic properties. Interestingly, the valence states 
of cations in solid solutions and double-perovskite 
compounds occasionally differ from those in their par-
ent compounds, which are determined by the differ-
ence in energy of valence levels. For example, double-
perovskite-type Bi2NiMnO6 has the valence states of 
Bi3+, Ni2+, and Mn4+, whereas the end members possess 
the states of Bi3+

0.5Bi5+
0.5Ni2+O3 (at ambient pressure) 

and Bi3+Mn3+O3 [1-3].
PbVO3 and BiCoO3 possess polar perovskite-type 

structures with giant tetragonal distortion, which are 
isostructural with PbTiO3 [4, 5]. They are synthesized 
under high-pressure and high-temperature conditions. 

Their giant tetragonal distortions are generated as a re-
sult of the combination of A-site and B-site cations. The 
stereochemical activity of Pb2+ and Bi3+ and strong cova-
lency of Pb-O and Bi-O stabilize the structural distortion, 
as in PbTiO3. The Jahn-Teller effect of V4+ (3d 1) and 
Co3+ (3d 6, high-spin) further enhances the tetragonality. 
As the result, the c /a ratio and spontaneous polarization 
reach respectively 1.23 and 101 μC/cm2 for PbVO3 and 
1.27 and 126 μC/cm2 for BiCoO3. Such large polariza-
tions result in new functionalities, for example, electron-
doped PbVO3, Pb1−xBixVO3, is known as one of the high-
est negative thermal expansion materials [6]. A polar-
to-nonpolar structural phase transition is observed in 
electron-doped PbVO3, which is accompanied by an 
insulator-to-metal transition and colossal volume shrink-

Figure 1: (a) Synchrotron X-ray diffraction patterns and results of Rietveld analysis for 0.75PbVO3-0.25BiCoO3, 0.50PbVO3-0.50BiCoO3, 
and 0.25PbVO3-0.75BiCoO3 composites. Observed (red points) and calculated (blue line) SXRD patterns, and their difference (green line). 
The tick marks correspond to the position of Bragg reflections of the tetragonal P4mm phase (top) and the cubic Pm-3m phase (bottom). T 
and C stand for tetragonal and cubic phase, respectively. (b) Crystal structures of tetragonal phase (PbVO3 and BiCoO3) and cubic phase 
(0.50PbVO3-0.50BiCoO3). (c) Lattice parameters a and c, and c/a ratios of (1−x)PbVO3–xBiCoO3 solid solutions (x = 0, 0.25, 0.30, 0.40, 0.50, 
0.60, 0.75, and 1.0).

(a) (b)
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age, −7.9% for Pb0.8Bi0.2VO3 at 550–750 K. Thus far, we 
have revealed that the valence states of B-site cations 
significantly affected the stability of the polar structure in 
tetragonal perovskites [7, 8].

 In this study, we clarified the evolution of crystal 
structures and electronic states of solid solutions between 
PbVO3 and BiCoO3 [(1−x)PbVO3-xBiCoO3]. The samples 
were successfully synthesized using a high-pressure and 
high-temperature method. Figure 1 (a) shows the syn-
chrotron X-ray patterns and the results of Rietveld analy-
sis. The data were collected at BL-8B. A nonpolar cubic 
perovskite structure (space group Pm-3m) was observed 
in the range of (0.40 ≤ x ≤ 0.75), whereas the tetragonal 
structure was preserved in the other ranges [Fig. 1 (b)]. 
The c /a ratio and spontaneous polarization systematically 
decreased toward the cubic region, as shown in Fig. 1 (c). 
Notably, the volume difference between tetragonal and cu-
bic phases reached 3.7% for 0.60PbVO3−0.40BiCoO3 and 
8.7% for 0.25PbVO3−0.75BiCoO3, paving the way for the 
realization of new negative thermal expansion materials.

 In general, solid solutions between tetragonal 
perovskites with the same crystallographic sym-
metry (P4mm) preserve the original structure. The 
valence states of B-site cations were evaluated 
to reveal the mechanism of the change in crystal 
structure in (1−x)PbVO3-xBiCoO3 solid solutions. 
Figure 2 (a) shows the XAS spectra of the Co L2,3-edge 
for 0.25PbVO3−0.75BiCoO3, 0.50PbVO3−0.50BiCoO3, 
0.75PbVO3−0.25BiCoO3, and LaCoO3. Only Co2+ 
was observed in 0.50PbVO3−0.50BiCoO3 and 
0.75PbVO3−0.25BiCoO3, whereas both Co2+ and Co3+ 
coexisted in 0.25PbVO3−0.75BiCoO3. Figure 2 (b) 
depicts the temperature dependence of magnetization 
susceptibility of the 0.50PbVO3−0.50BiCoO3 sample. 
The Curie–Weiss fitting between 100 K and 400 K 
gave the square of the effective magnetic moment 
of μeff

2 = 18.49(1) μB
2 and the Weiss temperature of 

 
 
 

     w = −8.1(5) K. The obtained value of μeff
2 is close to 

the theoretical value expected for the combination of 
Co2+ (high-spin state, 3d7) and V5+ (3d0) with g = 2. The 

low qw value also corroborates the partial existence of 
nonmagnetic cation. The valence states are different 
from the end members, BiCo3+O3 and PbV4+O3.

To summarize the above results, an intermetal-
lic charge transfer, Co3+ + V4+ → Co2+ + V5+, occurs in 
(1−x)PbVO3-xBiCoO3 solid solutions. Given that neither 
Co2+ nor V5+ are Jahn-Teller active, the intermetallic 
charge transfer triggers the polar-to-nonpolar change in 
crystal structure. The decrease in c /a ratio with increas-
ing solid solution ratio from both sides is caused by the 
self-doping effect. The intermetallic charge transfer is 
ascribed to the difference in depth of 3d-level of each 
cation. In conclusion, we have found a new way to con-
trol the polar crystal structure by making the solid solu-
tion. This finding paves the way for the development of 
new functional materials.

Figure 2: (a) XAS spectra of the Co L2,3-edge for LaCoO3 (black, reference), 0.25PbVO3–0.75BiCoO3 (pink), 0.50PbVO3–0.50BiCoO3 (light 
blue), and 0.75PbVO3–0.25BiCoO3 (green). (b) Temperature dependence of magnetization susceptibility of the 0.50PbVO3−0.50BiCoO3 
sample in a magnetic field of 0.1 T. The red curve between 100 K and 400 K features the results of fitting to the Curie–Weiss law.
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Quadrupole Orders in the Spin–Orbit-Coupled 5d Mott Insulator 
Ba2MgReO6

The crystal structure of the double perovskite Ba2MgReO6 having spin–orbit-entangled 5d electrons was investigated 
by X-ray diffraction measurements using high-quality single crystals. The high-intensity and high-resolution synchrotron 
X-ray source at BL-8A and AR-NE1A enabled us to detect extremely small structural changes through the quadrupole 
order transition at Tq = 33 K. We observed a slight elongation and a rhomboid distortion of the ReO6 octahedron, which 
reveal that the quadrupolar order is composed of antiferroic Qx2–y2 and ferroic Q3z2–r2 quadrupole moments. These find-
ings demonstrate a unique symmetry-breaking of the multipolar degree of freedom in 5d electron systems.

Recently, 5d transition metal (TM) compounds have 
been attracting attention because of the combined ef-
fect of electron correlations and spin–orbit interactions 
(SOIs). For example, strong SOIs in Sr2IrO4 effec-
tively enhance electron correlations, and a spin–orbit-
entangled Mott insulating state is realized [1]. The 5d 
electrons with strong spin–orbit entanglement may ex-
perience various symmetry-breaking transitions, called 
multipolar orders [2]. Indeed, multipolar orders are pre-
dicted to be realized in 5d compounds with the d1 elec-
tronic configuration [3]. However, the multipolar order 
in 5d electron systems has not yet been experimentally 
well established. The higher-order multipolar order is 
generally subtle and hard to observe by conventional 
experimental probes. In addition, 5d compounds that 
show the characteristic features of multipolar orders are 
lacking thus far.

We focus on a double perovskite (DP) compound, 
Ba2MgReO6 (Fig. 1a). The DP structure is an ordered 
perovskite structure where the B site in the perovskite 
ABO3 is occupied by two kinds of cations in a rock 
salt manner. In Ba2MgReO6, nonmagnetic Mg2+ ion 

and Re6+ ion with 5d1 electronic configuration occupy 
B and Bʹ sites, respectively. Ba2MgReO6 is a Mott in-
sulator with a magnetic transition at Tm = 18 K. Another 
transition was observed at Tq = 33 K in heat capacity, 
where the slope of the inverse of magnetic susceptibil-
ity changes. A spin–orbit-entangled electronic state of 
Re6+ ion is inferred from the reduced effective magnetic 
moment of ∼0.68μB and the total electronic entropy 
close to Rln4 [4]. These observations strongly suggest 
a quadrupolar order in the intermediate phase between 
Tm and Tq. However, the nature of the phase transition 
at Tq remains unclear. To reveal the characteristics of 
the phase transitions at Tq, we performed detailed X-ray 
diffraction measurements. To reveal the characteristics 
of the phase transitions at Tq, we performed detailed 
X-ray diffraction measurements [5].

XRD experiments were conducted on the beamlines 
BL-8A and AR-NE1A. An incident X-ray with a wave-
length λ of 0.690 Å was used at BL-8A and high-flux 
and short-wavelength X-ray beams with λ = 0.418 Å 
were used at AR-NE1A in order to detect weak 
superlattice reflections.

Figure 1: a Double perovskite structure of Ba2MgReO6. b The peak splitting of the (0 0 24) reflection at Tq. c Temperature dependence of the 
intensity of a superlattice reflection (4 1 0) of the tetragonal cell.
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Extremely small structural changes through the tran-
sition at Tq = 33 K were successfully observed thanks to 
the high-intensity and high-resolution synchrotron X-ray. 
As shown in Fig. 1b, a splitting of the (0 0 24) Bragg 
peak is observed, which indicates a cubic-to-tetragonal 
structural transition. The tetragonal distortion gradually 
grows below Tq on cooling, resulting in a very small dis-
tortion of ∼0.09% at 25 K. In addition to such peak split-
tings, 141 superlattice reflections, which are extremely 
weak (less than 0.005% of the strongest fundamental 
reflection), are observed below Tq. For example, the 
intensity of (4 1 0) superlattice reflection based on the 
low-temperature tetragonal structure appears at Tq and 
increases gradually with decreasing temperature, as 
shown in Fig. 1c. Based on the reflection conditions ob-
served for the superlattice reflections, we conclude that 
the low-temperature structure is a tetragonal structure 
with the space group P42/mnm (136).

The structural model with the tetragonal P42/mnm 
space group nicely reproduces the intensities of all the 
observed 141 superlattice reflections as well as those 
of the fundamental reflections. In this model, the single 
oxygen site in the high-temperature cubic structure 
splits into three types of oxygen sites, which leads to a 
slight elongation of the ReO6 octahedron in the c direc-
tion and a rhomboid distortion on the (0 0 1) plane. This 
distortion can be decomposed into two normal modes 
of an octahedron 

 
 
 

         ε u and 

 
 
 

         ε v (Fig. 2a). A quadrupolar mo-
ment, which is an anisotropic distribution of electronic 
charge, can induce a lattice distortion through electron–

phonon interactions. The Qx2–y2 and Q3z2–r2 quadrupolar 
moments can linearly couple with the observed 

 
 
 

         ε u and 

 
 
 

         ε v 
modes, respectively. Note that the 

 
 
 

         ε v distortion is uni-
form in a layer and stacks in a staggered manner along 
the c axis, whereas the 

 
 
 

         ε u distortion is common for all 
the ReO6 octahedra. This result indicates an antiferroic 
Qx2–y2 and a ferroic Q3z2–r2 quadrupolar order, as depicted 
in Fig. 2b. Note that the actual quadrupole order is a lin-
ear combination of the Qx2–y2 and Q3z2–r2 orders. Our dif-
fraction study establishes the existence of quadrupolar 
order for the correlated spin–orbit-entangled d electrons 
in the DP Ba2MgReO6. This compound provides an op-
portunity to experimentally investigate the symmetry-
breaking of the multipolar degree of freedom in 5d elec-
tron systems.

Figure 2: a The quadrupolar moments Qx2−y2 and Q3z2−r2, which couple with the 

 
 
 

         ε v and 

 
 
 

         ε u displacement modes represented by the green and 
blue arrows, respectively. b Observed quadrupolar order patterns in Ba2MgReO6.
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Anisotropic Electronic Structure and Perpendicular Magnetic 
Anisotropy in the Layered Ferromagnetic Semiconductor (Ba,K)
(Zn,Mn)2As2 Elucidated by Angle-Dependent XMCD

The perpendicular magnetic anisotropy of the layered ferromagnetic semiconductor (Ba,K)(Zn,Mn)2As2 is studied by an-
gle-dependent X-ray magnetic circular dichroism. We uncover the anisotropic distribution of Mn 3d electrons by extract-
ing the magnetic dipole term. We find that the doped holes reside in the dxz and dyz orbitals, which are located higher in 
energy than the dxy orbital because of the D2d splitting that arises from the distorted MnAs4 tetrahedra. We find that the 
perpendicular magnetic anisotropy originates from the degeneracy lifting of p-dxz, dyz hybridized states at the Fermi level 
when spins are aligned along the z-axis direction.

 Ferromagnetic semiconductors (FMSs) have been 
studied intensively as they are attractive for future ap-
plications. (Ba1-xKx)(Zn1-yMny)2As2 is a recently found 
FMS [1] and has a layered crystal structure, as shown 
in Fig. 1(a). Unlike prototypical FMSs such as (Ga,Mn)
As, the number of carriers and spins can be controlled 
by the heterovalent K+-Ba2+ substitution and the isova-
lent Mn2+-Zn2+ substitution, respectively. The ferromag-
netism has been reported to be carrier-induced, and the 
Curie temperature (TC) reaches 230 K, exceeding the 
TC of (Ga,Mn)As, 200 K. Since the crystal structure is 
anisotropic, having distorted MnAs4 tetrahedra, sizeable 
perpendicular magnetic anisotropy (PMA) emerges in 
this system [2].

 In this work, we reveal how the anisotropic crystal 
structure gives rise to the PMA in (Ba,K)(Zn,Mn)2As2 

by performing angle-dependent X-ray absorption spec-
troscopy (XAS) and X-ray magnetic circular dichroism 
(AD-XMCD) measurements. In conventional XMCD 
measurement systems, magnetic fields are fixed parallel 
to the X-rays [longitudinal geometry, Fig. 1(b)], and spin 
magnetic moments (MS) are predominantly probed. In 
this study, on the other hand, we applied magnetic fields 
such that the spin magnetic moment became perpen-

dicular to the X-rays [transverse geometry, Fig. 1(c)]. In 
this way, we can extract the magnetic dipole term (MT), 
a hallmark of the anisotropic spin distribution [3].

 We measured Ba0.904K0.096(Zn0.805Mn0.195)2As2 single 
crystals with TC = 60 K. Figure 1(d) shows the XAS 
and XMCD spectra taken in the longitudinal geometry 
(LXMCD). Figure 2(a) shows the XMCD spectra taken 
in the transverse geometry (TXMCD). The distinct 
TXMCD spectra guarantee that the TXMCD signals do 
not originate from a residual spin component but from 
the magnetic-dipole-term component, highlighting the 
anisotropic Mn 3d spin distribution in (Ba,K)(Zn,Mn)2As2.

 In order to understand the LXMCD and TXMCD 
spectra, we performed configuration-interaction cluster 
model calculations, the results of which are shown in 
Figs. 1(d) and 2(a). Here, the used parameters are the 
same as those used for (Ga,Mn)As [4] except for the 
D2d splitting that accounts for the distorted MnAs4 tetra-
hedra. Note that the LXMCD spectra can be reproduced 
regardless of the D2d splitting, but the TXMCD spectra 
require the D2d splitting. The calculation indicates that 
the dxz and dyz states should be located higher in energy 
than the dxy states and that the dx2-y2 state should be lo-
cated higher than the dz2 state.

Figure 1: (a) Crystal structure. (b) and (c) XMCD measurement geometries. (d) Mn L23-edge XAS and XMCD spectra taken in the longitudinal 
geometry (LXMCD). The calculated spectra are also shown by the red curves.
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 Figure 2(b) schematically summarizes the pres-
ent findings. Under the tetrahedral crystal field, the Mn 
3d orbitals are split into doubly generate e (dx2-y2, dz2) 
orbitals and triply degenerate t2 (dxy, dyz, dzx) orbitals, 
as shown in the left column of Fig. 2(b). The t2 orbitals 
hybridize with the As 4p orbitals and form bonding and 
antibonding p-t2 orbitals, while the e orbitals remain in-
tact, as shown in the middle column. This configuration 
is realized in cubic (Ga,Mn)As, and holes residing in the 
antibonding p-t2 orbitals mediate the ferromagnetic inter-
action. In the case of (Ba,K)(Zn,Mn)2As2, the elongation 
of the MnAs4 tetrahedra further splits t2 levels into dxz,yz 
and dxy levels and e levels into dx2-y2 and dz2 levels, as 
shown in the right column of Fig. 2(b). The doped holes 
thus reside in the p-dxz,yz hybridized orbitals.

Magnetocrystalline anisotropy results from the en-
ergy gain through spin-orbit coupling when spins are 
aligned along a specific direction, and only the orbitals 
near the Fermi level are relevant. In the present system, 
p-dxz,yz hybridized orbitals with holes are responsible for 
the PMA. The inset of Fig. 2(b) illustrates how the PMA 
appears in (Ba,K)(Zn,Mn)2As2. When spins are aligned 
along the z-axis, the degeneracy of dxz,yz will be lifted 
due to spin-orbit interaction to form dxz ± idyz orbitals, 
resulting in an energy gain. On the other hand, when 
spins are aligned in the x-y plane, the dxz,yz orbitals re-
main degenerate, and therefore there is no energy gain.

To summarize, the PMA originates from the energy 
gain due to the degeneracy lifting of p-dxz,yz orbitals at 
the Fermi level when spins are aligned along the z-axis. 
The present results [5] also suggest that it is possible 
to control the magnetic anisotropy by engineering the 
magnitude of the D2d splitting; this new degree of free-
dom would be helpful in future applications.
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Figure 2: (a) Mn L3-edge XMCD spectra taken in the transverse geometry (TXMCD). (b) Schematic energy diagram of the occupied majority-
spin Mn 3d orbitals in (Ba,K)(Zn,Mn)2As2. White circles represent doped holes. Inset shows how the top-most dxz and dyz levels with holes 
result in energy gain depending on the spin orientation.
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Growth of High-Quality Graphene on Single-Crystalline SiC Thin 
Film on Affordable Wafers for Beyond 5G Devices

Graphene is a promising material for beyond 5G devices due to its low environmental load. However, one of the pri-
mary challenges in realizing such devices is the scalable growth of high-quality graphene on device-type wafers; it is 
difficult to do so while balancing both quality and affordability. We propose a new method for growing high-quality gra-
phene on a new template named “hybrid SiC.” The quality of graphene on this hybrid SiC is comparable to that on SiC 
bulk crystals. Graphene on the hybrid SiC exhibited high carrier mobilities, and transistors using the graphene showed 
the potential to operate at terahertz frequencies.

Graphene, which is a two-dimensional honeycomb 
lattice of carbon atoms, exhibits excellent electronic 
properties, such as an extremely high carrier mobility, 
and inhibits short-channel effects. These properties 
make graphene attractive for use beyond 5G devices. 
In order to realize graphene-based devices, it is essen-
tial to develop methods for the scalable growth of high-
quality graphene on semi-insulating device-type wafers. 
One promising method involves growing graphene on 
SiC bulk single crystals by annealing the crystals to sub-
limate the surface Si atoms. Unfortunately, however, the 
price of semi-insulating SiC bulk crystals is high, making 
it difficult to balance affordability and quality when using 
graphene.

To achieve such a balance, we present a new 
method for growing high-quality few-layer graphene 
(FLG) using a new template, called “hybrid SiC,” which 
consists of a high-quality SiC thin film, by peeling from a 
SiC bulk crystal, and an affordable device-type wafer [1].

The growth method is shown schematically in Fig. 1. 

The growth process is classified into two parts. The first 
part is the fabrication of the hybrid SiC. First, H+ ions are 
implanted in the Si face of an on-axis 3-inch SiC bulk 
crystal to form a cut line, at which the SiC crystal can be 
separated easily. Then, the SiC bulk crystal is bonded 
to a device-type wafer (a 3-inch poly-SiC wafer was 
used in this study) with an intermediate layer. During the 
bonding, pressure is applied by the wafer’s own weight 
and heating at ~600 K is performed. This is followed by 
peeling the SiC bulk crystal from the device-type wafer. 
The device-type wafer can be, for example, poly-SiC, 
Si, and sapphire. Finally, the surface is atomically flat-
tened by chemomechanical polishing (CMP). The quali-
ty of the hybrid SiC was shown to be comparable to that 
of bulk SiC crystals by X-ray diffraction and atomic force 
microscope measurements. This SiC fabrication pro-
cess is repeatable; namely, multiple hybrid SiCs can be 
produced by using a SiC bulk crystal. The graphitization 
was done by using a radio-frequency induction heating 
furnace installed in a super-clean room.

Figure 1: Schematic of our work using the hybrid SiC.
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The high-quality FLG grown on the hybrid SiC 
promises linear band dispersion. To confirm whether 
this was indeed the case, we recorded the ARPES 
spectra of the FLG sample on the Si-face and C-face 
hybrid SiC using vacuum ultraviolet (VUV) radiation 
at beamline BL-2 MUSASHI [1]. On the Si-face hybrid 
SiC, the bands were energetically split due to Bernal 
stacking, and graphene grown on the Si-face SiC bulk 
crystal was observed. On the other hand, on the C-face 
hybrid SiC, the bands were not energetically split, but 
multiple bands appeared at different wave vectors, due 
to non-Bernal stacking. This difference arises from the 
absence of the buffer layer between graphene and 
the C-face hybrid SiC, which works as the template of 
Bernal stacking. Furthermore, we performed Hall-effect 
measurements and demonstrated that the carrier mo-
bilities of graphene on the hybrid SiC are high [1].

Finally, we fabricated transistors using graphene 
on the hybrid SiC. By precisely controlling the surfaces 
and interfaces surrounding graphene, we simultane-
ously achieved both complete drain current saturation 
and large transconductance, which are indispensable 
for operating at high frequencies. In fact, it was demon-
strated by estimating from the DC characteristics that 
the transistors can operate at THz (103 GHz) with a con-
ventional gate length of 100 nm [1].

In summary, we established a method of growing 
high-quality graphene on device-type wafers, such as 
poly-SiC, Si, and sapphire at an affordable cost, <1/100 

of that using bulk SiC crystals [1]. By using graphene, 
we can realize THz transistors with a low environmental 
load. Our work paves the way for next-generation wire-
less communication systems that will be the basic infra-
structure of the forthcoming smart societies. Our work 
may also enable the monolithic integration of beyond 
5G graphene-based devices and existing electronics, 
such as GaN-based high electron mobility transistors 
(GaN-HEMTs) for 5G, which use SiC as substrates, 
owing to the degree of freedom regarding the choice of 
wafer.
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Detecting Quadrupole: A Hidden Source of Magnetic Anisotropy 
for Manganese Alloys

Mn-based alloys exhibit unique properties in spintronics materials that possess perpendicular magnetic anisotropy (PMA) 
beyond the Fe and Co-based alloys. Here, the origin of PMA in ferrimagnetic Mn3− Ga ordered alloys is investigated 
to resolve antiparallel-coupled Mn sites using X-ray magnetic circular and linear dichroism (XMCD/XMLD). We found 
that the contribution of orbital magnetic moments in PMA is small from XMCD and that the finite quadrupole-like orbital 
distortion through spin-flipped electron hopping is dominant from XMLD. These findings suggest that the spin-flipped 
orbital quadrupole formations originate from the PMA in Mn3− Ga and may lead to a paradigm shift in the research of 
PMA materials.

Perpendicular magnetic anisotropy (PMA) is desired 
for the development of high-density magnetic storage 
technologies. Recently, research using PMA films has 
focused on not only magnetic tunnel junctions toward 
spin-transfer switching magneto-resistive random-
access memories but also antiferromagnetic or fer-
rimagnetic devices. To design PMA materials, heavy-
metal elements that possess large spin-orbit coupling 
are often utilized. However, the design of PMA materials 
without using heavy-metal elements is strongly desired 
and will be an important subject in future spintronics 
research. Mn-Ga binary alloys are a candidate that 
could overcome these issues. Mn3− Ga alloys with PMA 
satisfy the conditions of high spin polarization, low satu-
ration magnetization, and low magnetic damping con-
stants. Tetragonal Mn3− Ga alloys are widely recognized 
as having high PMA, ferromagnetic, or ferrimagnetic 
properties depending on the Mn composition. Two kinds 
of Mn sites, which couple antiferromagnetically, consist 
of Mn Mn3− Ga. The L10-type Mn1Ga ordered alloy pos-

sesses a single Mn site (MnI). With increasing Mn con-
centration, ferrimagnetic coupling occurs by introducing 
an antiparallel MnII site as D 022 symmetry. To investi-
gate the mechanism of PMA and large coercive fields 
in Mn3− Ga, site-specific magnetic properties must be 
investigated explicitly. In this study, we performed X-ray 
magnetic circular and linear dichroism (XMCD/XMLD) 
measurements for Mn3−  Ga to understand the PMA mi-
croscopically.

Samples with 3-nm-thick Mn3− Ga layers were 
prepared by magnetron sputtering on a 30-nm-thick 
Co55Ga45 buffer layer using MgO (001) substrate [1]. 
The XMCD and XMLD were performed at BL-7A and 
16A. For the XMCD measurements, a magnetic field 
of ±1.2 T was applied, by fixing photon helicities, paral-
lel to the incident polarized beam. The total electron 
yield mode was adopted, and all measurements were 
performed at room temperature. In the XMLD measure-
ments, the remnant states magnetized to PMA were 
adopted.

Figure 1: XAS and XMCD of Mn3− Ga for   = 0, 1, and 2. μ+ and μ− denote the absorption in different magnetic field directions. The insets 
show the crystal structure of L10 and D022 symmetries and the magnetic field dependence of the hysteresis curves taken by fixed L3-edge 
photon energy.
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The Mn L-edge X-ray absorption spectra (XAS) and 
XMCD for Mn1Ga with a single Mn site (MnI) are shown 
in Fig. 1. With increasing Mn concentration (decreas-
ing  ), the intensities of XAS increased and those of 
XMCD decreased because of the increase of antiparal-
lel components. The element-specific magnetization 
curve at the Mn L3-edge is also shown in the inset, 
showing PMA. The orbital magnetic moment values 
deduced from XMCD sum rules are too small to explain 
stabilization of the PMA because of the large magnetic 
crystalline anisotropy energy of the order of 106 J/m3. 
Therefore, the magnetic dipole term (m Tz) also stabilizes 
the PMA. To determine the effect of m Tz, we performed 
XMLD measurements.

Figure 2 shows the linear polarization dependent 
XAS, where the directions are perpendicular and hori-
zontal to the sample magnetization as shown in the 
inset. The XMLD were detected by grazing incident 
beams tilted 60° from the incident beam. With increas-
ing Mn composition, the XMLD signal intensities were 
enhanced because XMLD detects the square of mag-
netization M 2 contribution. In Mn3Ga, XMLD includes 
the summation of both M 2MnI + M 2MnII contributions. We 
note that the integrals of the XMLD line shapes are pro-
portional to quadrupole Qzz along the direction normal 
to the sample surface. We confirmed that the integral 
converges to a positive value, deducing that the sign 
of Qzz is positive with the order of 0.01 by applying the 

XMLD sum rule in the notation of mTz = −Qzz∙S with spin 
angular momentum S ; that is, magnetized 3z 2-r 2 orbit-
als are strongly coupled with the incident beam and 
are elongated in an easy-axis direction. These suggest 
the orbital polarization of Mn 3d states along the z-axis 
direction results in the formation of the cigar-type pro-
late unoccupied orbital orientation, which causes the 
PMA in Mn3− Ga [2]. These results are also reproduced 
from density-functional-theory calculations. Therefore, 
combining both XMCD and XMLD, we found that the 
contribution of mTz is essential for stabilizing the PMA, 
which suggests that the quadrupole-like spin-flipped 
states through the anisotropic L10 and D 022 crystalline 
symmetries originate in the PMA in Mn3− Ga. The pres-
ent study provides a promising strategy to investigate 
quadrupoles in antiferro or ferrimagnetic materials with 
PMA.
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Thickness Dependence of Electronic and Crystal Structures in VO2 
Ultrathin Films

The relative role of Mott and Peierls instabilities is responsible for a unique metal–insulator transition of VO2. Through 
in situ photoemission spectroscopy, we investigated the change in the electronic and crystal structures of dimensional-
ity-controlled VO2 films, where the balance between the two instabilities is controlled as a function of thickness. Spec-
troscopic results reveal that VO2 in the thin thickness limit becomes a novel electronic phase, that is, a rutile-type Mott 
insulating phase without the V-V dimerization characteristic of bulk VO2 as a result of the superiority of the Mott instabil-
ity over the Peierls one.

Vanadium dioxide (VO2) exhibits an abrupt metal–
insulator transition (MIT) near room temperature ac-
companied by structural phase transition due to the 
dimerization of V ions. Through the MIT, the conductiv-
ity of VO2 changes by a few orders of magnitude. Thus, 
VO2 is regarded as one of the most promising candidate 
materials for future Mott electronics [1]. The mechanism 
of the MIT in VO2 is now mainly understood as a transi-
tion driven by the cooperation of Mott instability (i.e., 
strong electron correlation) and Peierls one (i.e., V-V 
dimerization) [2]. However, it is not yet clear how both of 
them contribute to the electronic behavior in the channel 
region during device operation. For designing the VO2 
channel layer with the desired performance, it is crucial 
to obtain information on the size-dependent character-
istics of nanostructured VO2 because the properties of 
devices based on strongly correlated oxides commonly 

vary in a scale of a few nanometers [3]. Against this 
backdrop, we investigated the change in the electronic 
and crystal structures of thickness-controlled VO2 films 
via in situ photoemission spectroscopy (PES) and X-ray 
absorption spectroscopy (XAS) measurements and de-
termined the electronic phase diagram of VO2 ultrathin 
films.

The experiments were performed using an in situ 
PES–laser molecular beam epitaxy system installed at 
BL-2A MUSASHI. The ultrathin-film growth and subse-
quent spectroscopic measurements were performed 
without exposing the samples to air by transferring them 
among the chambers connected under ultrahigh vacu-
um.

Figure 1(A) shows the thickness dependence of the 
valence-band spectra for VO2 films measured at 320 
and 250 K. For the thick 10-nm films (MIT temperature 
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Figure 1: Thickness dependence of (A) valence-band PES and (B) O K-edge XAS spectra measured at 320 and 250 K for VO2/Nb:TiO2(001) 
films. Polarization vector E is parallel to the cR axis, which is defined as the c axis of the rutile structure.
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TMIT ~ 293 K), the spectral changes characteristic of the 
temperature-driven MIT in VO2 [2, 4] are observed. The 
line shapes of these spectra remain almost unchanged 
even when the film thickness t is reduced down to 2 nm, 
suggesting the invariance of the physical properties of 
VO2. Meanwhile, for t < 2 nm, the density of states at 
the Fermi level (E F) for the 320-K spectrum is steeply 
reduced and eventually disappears completely at 
0.5 nm. A closer look reveals that a Fermi edge profile 
exists down to t = 1.5 nm, indicating the occurrence 
of thickness-dependent MIT at a critical thickness of 
1.0–1.5 nm. In addition, focusing on the line shapes be-
low the critical thickness, the characteristic temperature-
induced spectral changes considerably weaken. These 
results strongly suggest that another insulating phase 
emerges in the thin thickness limit. To further investi-
gate this insulating nature in terms of crystal structures, 
polarization-dependent XAS measurements have been 
performed.

Figure 1(B) shows the thickness dependence of the 
oxygen K-edge XAS spectra for VO2 films measured 
at 320 and 250 K. An additional peak appears around 
530.6 eV only for the insulating monoclinic phase. 
This peak can be identified with the d //  state, which 
is used as a fingerprint of the V-V dimerization in VO2 
[2]. Indeed, the d //  peak is clearly observed in the 10-
nm spectra. With decreasing t, the d //  states begin to 
weaken and eventually disappear completely below the 
critical thickness (t < 1.5 nm), indicating that the V-V 
dimerization no longer occurs for VO2 films in the two-
dimensional limit wherein insulating ground states are 
stabilized [Fig. 1(A)]. Furthermore, in comparison with 
the electronic phase diagram (Fig. 2) determined from 

transport measurements [5], it is concluded that VO2 
in the two-dimensional limit exhibits a rutile-type Mott 
insulating nature, owing to the dominance of the Mott 
instability over the Peierls one [5]. The present deter-
mination of the complicated electronic phase diagram 
of ultrathin VO2 films may offer valuable insight into the 
long-standing problem surrounding the MIT of VO2, 
which is the relative role of the two instabilities. In addi-
tion, it provides important information for designing the 
VO2 channel layer of future Mott transistors.
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Figure 2: Electronic phase diagram of VO2(001) ultrathin films. Circles indicate TMIT determined from transport measurements [5]. Insets show 
the crystal structures of corresponding rutile and monoclinic VO2.
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Crystal Structure Analysis and Electron Density Distribution of 
Proton Conductive Layered Perovskite Sr2(Ti1−xMx)O4-

 
 

   δ  (M = Fe, Al)

This study evaluated the influence of Fe and Al substitution on their crystal structures and the creation of proton defects 
in Sr2TiO4-based layered perovskites. The mechanism of proton defect creation was different between Fe and Al sub-
stitutions as described in the main text. The obtained result is an important guide for dopant selection when developing 
new proton-conductive oxides with greater amounts of proton defects. The electron density distribution obtained from 
synchrotron X-ray diffraction provides a useful clue for investigating whether the proton defects are created.

Sr2TiO4-based layered perovskites are an alterna-
tive candidate for potential proton conductors because 
titanate layered perovskites have a higher chemical 
stability than zirconate- or cerate-based perovskites. 
However, the lower proton conductivity of titanate lay-
ered perovskites remains an obstacle. To improve the 
conductivity, in this study we tried to increase proton 
defects by substituting acceptor elements and then cre-
ating oxygen vacancies in the Sr2TiO4-based layered 
perovskites, and investigated the effects of Fe and Al as 
acceptor dopants on the crystal structure, oxygen va-
cancies and proton uptake.

Sr2Ti0.9Fe0.1O4-

 
 
 

        (STF10) and Sr2Ti0.95Al0.05O4-

 
 
 

        (STA05) 
ceramic samples were prepared by a solid-state reac-
tion method [1]. The sintering conditions were 1450°C 
for 10 h under ambient air, which are appropriate for 
preparing dense samples with relative densities of 
>96%. To introduce proton defects, the samples were 
annealed under dry 20% H2-N2 mixed gas (water va-
por partial pressure: ~0.006 atm) or moist 50% H2-N2 
mixed gas (water vapor partial pressure: ~0.02 atm) at 
a flow rate of 200–300 ccm at 600°C for 10–20 h. The 
annealed samples are referred to as “reduced sample” 
and “moist-reduction-annealed sample,” respectively.

Synchrotron X-ray powder diffraction (SXRPD) was 
carried out at BL-4B2. A high-resolution powder diffrac-
tometer with a multiple-detector system (MDS) installed 
at BL-4B2 was used [2]. Diffraction data were recorded 
in steps of 0.005° in the 2

 
 

   θ  range from 10° to 129° at 
room temperature under ambient air. Incident beams 
with wavelengths of 1.19730(1), 1.19715(1), 1.19716(1), 
and 1.19722(1) Å were extracted by using a double 
crystal monochromator. Lattice constant and structural 
parameters of the prepared samples were refined by 
Rietveld analysis using the RIETAN-FP program [3]. 
The electron density distributions were calculated by the 
maximum entropy method.

Figure 1 illustrates the refined crystal structure of 
as-sintered STA05. As-sintered STF10 had a larger 
cell volume (V = 190.006(1) Å3) than that of as-sintered 
STA05 (V = 189.370(2) Å3) [1]. This is because the 
ions that were substituted into the Ti sites, namely Fe3+ 
and Fe4+, have larger ionic radii (0.645 and 0.585 Å, 
respectively) than Al3+ (0.535 Å) under the coordina-
tion number of 6 [4]. The cell volume of reduced STF10 
(V = 191.131(3) Å3) [1] was larger than that of as-
sintered STF10, suggesting that the annealing reduces 
Fe4+ to Fe3+. The occupancy of the O1 site of STA05 
increased after moist reduction annealing from 0.986(5) 
to 1, suggesting that proton defects are generated by 
dissociative incorporation of water vapor at the expense 
of the oxygen vacancies.

Figure 1: Refined crystal structure of as-sintered STA05 portrayed 
as the 2 × 2 × 1 supercell of the Sr2TiO4 unit cell. The green plate 
represents the (200) plane. Reprinted from Yagi et al. [1] with 
permission from Elsevier.
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Figure 2 shows the electron density distributions 
on the (200) planes of STF10 and STA05, which were 
obtained by the maximum entropy method. The electron 
density distribution on reduced STF10 extended more 
widely than that on reduced STA05. This result sug-
gests that reduced STF10 has a higher electrical con-
ductivity than reduced STA05 at low temperatures. The 
result suggests that STA05 had a larger proton transport 
number than STF10 at low temperatures. The electron 
density distributions between an O2 site and its nearest-
neighbor O2 site in reduced STF10 and moist-reduction-
annealed STA05 were denser than those of the other 
samples. These results suggest that protons appear 
in the space between the two O2 sites in the reduced 
STF10 and moist-reduction-annealed STA05. Thus, it 
was possible to detect protons in the oxides with proton 
defects, although we investigated synchrotron X-ray 
powder diffraction only and then calculated electron 
density distributions, meaning that neutron diffraction is 
not always needed. The electron density distributions 
between the two O2 sites were not so dense for moist-
reduction-annealed STF10 and reduced STA05. On the 
basis of all the results, we conclude that proton defects 
were introduced to the Fe-doped sample (STF10) by 
a redox reaction (eq. (1)) and to the Al-doped sample 

(STA05) by water vapor absorption (eq. (2)) [1]:
 (1) ×1 ⁄ 2 H2(g) + OO + h· ↔ (OH)O

∙

 (2) ×H2O(g) + V·
O
· + OO ↔ 2(OH)O

∙

Thus, the mechanism of proton defect introduc-
tion was different between Fe and Al as the acceptor 
dopants for the Sr2TiO4-based layered perovskites. 
The conclusion is a guide for material selection when 
developing new proton-conductive oxides with greater 
amounts of proton defects. For this study, the electron 
density distribution obtained from SXRPD was useful to 
investigate proton defects introduced in the proton con-
ductive oxides.

Figure 2: Electron density distributions on the (200) planes of (a) as-sintered, (b) moist-reduction-annealed, and (c) reduced STF10 and 
(d) as-sintered, (e) moist-reduction-annealed, and (f) reduced STA05. Reprinted from Yagi et al. [1] with permission from Elsevier.
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Helicoidal Supramolecular Alternating Copolymers Formed 
by Barbiturate Naphthalene Molecules with Ether and Ester 
Linkages

We prepared novel supramolecular copolymers (noncovalent polymers) by mixing electron-rich and -poor hydrogen-
bonding supramolecular monomers through the formation of six-membered supramolecular complexes (rosettes). 
These monomers kinetically coassembled through a temperature-controlled protocol into amorphous coaggregates 
comprising a diverse mixture of rosettes. Over days, the electrostatic interaction between the two monomers induced 
an integrative self-sorting of rosettes. While the electron-rich monomer inherently forms toroidal homopolymers, the ad-
ditional electrostatic interaction allowed helicoidal growth of supramolecular copolymers that are comprised of an alter-
nating array of two monomers. These organization processes could be studied by small-angle X-ray scattering (SAXS).

We have been exploring the unprecedented self-
assembly properties of a variety of barbiturated 
π-conjugated molecules [1]. These molecules organize 
into six-membered hydrogen-bonded complexes re-
ferred to as “rosettes” (Fig. 1a). The rosettes subse-
quently stack through π–π interactions into a supramo-
lecular polymer with an intrinsic radius of curvature of 
7–15 nm. Extending this hierarchical process has also 
led to supramolecular polymers with unprecedented he-
licoidal higher-order structures [2, 3]. Herein, we focus 
on molecule 1 (Fig. 1b) [4, 5], which triggered the devel-
opment of these unique supramolecular polymers. Mol-
ecule 1 mainly forms uniform toroidal fibers as closed 
nanostructures, rather than open-ended helicoidal 
structures (Fig. 1c). The efficient ring-closure during the 
continuous stacking of the rosette complex of 1 was at-
tributed to its low aggregation tendency, which prevents 
the supramolecular polymer chains from elongating into 
helicoidal structures. Based on this molecular structure, 
we applied a small mutation by introducing a carbonyl 
group in the linker moiety to form 2 (Fig. 1b). It was 
predicted that enhancing the stacking force between 

rosette complexes by admixing a monomer subunit 
with an electronically complementary π-conjugated core 
might realize alternating supramolecular copolymeriza-
tion: due to its modification, the π-conjugated core of 
2 is electron-deficient, and can thus interact with 1 via 
electrostatic interactions.

Atomic force microscopy (AFM) images of self-as-
sembled 2 in methylcyclohexane (MCH) exhibited only 
indistinct linear fibrils (Fig. 1d). The very different spec-
troscopic outcome obtained upon introducing the ester 
group suggests that the lower electron density of the 
naphthalene core of 2 and/or dipole repulsion between 
the ester groups hamper the idiosyncratic stacking re-
sponsible for the formation of curved rosette aggregates 
[6]. Upon mixing 2 with 1, they kinetically coassembled 
into amorphous coaggregates when a 1:1 molar mixture 
of their monomers in MCH was cooled. Dynamic light 
scattering (DLS) measurements of the freshly cooled 
mixture showed small aggregates with size around 
15 nm, which is far smaller than observed for toroids of 
1 and linear fibrils of 2. In line with these observations, 
only amorphous coaggregates were observed in AFM 
images of the as-cooled fresh solution spin-coated onto 
highly oriented pyrolytic graphite (HOPG) (Fig. 2b).

Interestingly, isothermal supramolecular copo-
lymerization of 1 and 2 occurs from the amorphous 
coaggregated state. When aliquots of the solution at 
different equilibration times were spin-coated onto 
HOPG, the resulting AFM images demonstrated time-
dependent growth of the helicoidal structures. High-

Figure 1: a, Chemical structure of the barbituric acid rosette. b, Chemical structure of toroid-forming molecule 1 and partially modified 
auxiliary molecule 2. c, d, Schematic representation of the supramolecular polymerization of 1 into a toroid c and 2 into a linear fibril d 
together with AFM images of the fibers (c t = 250 µM).

b
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resolution imaging revealed an outer helicoidal diameter 
of approximately 23 nm and pitch of approximately 5.7 
nm (Fig. 2c). These results suggest that the topologi-
cal extension from a toroidal to a helicoidal fiber was 
achieved, without synthetic extension of the aromatic 
core as we have done previously [2]. Based on IR stud-
ies, it can be concluded that the two monomer subunits 
kinetically coassemble by hydrogen-bonding to form 
various rosette complexes, and continuously dissociate 
and reassemble with rearrangement of the hydrogen 
bonds until the enthalpy gain of the system is maximized 
through the electrostatic interaction between 1 and 2. 
Upon heating, the helicoidal copolymers underwent a 
catastrophic transition into amorphous coaggregates via 
entropy-driven randomization of the monomers in the 
rosette (Fig. 2a).

The growth of the helicoidal supramolecular copoly-
mers of 1 and 2 was studied by in-situ small-angle X-ray 
scattering (SAXS) measurements (Fig. 2d). Reflecting 
distinct differences in their nanostructures, individual as-
semblies formed by 1 and 2 displayed considerably dif-
ferent SAXS profiles. In contrast to a nonperiodic oscilla-
tory feature at Q = 0.3–1 nm−1 observed for the profile of 
1 which is characteristic of our curved fibrous structures 
(red arrows), no such oscillatory feature was observed 
for 2 due to the absence of well-defined curvature in its 
nanostructure. The SAXS profiles of a 1:1 mixture of 1 
and 2 measured after cooling showed a time-depen-
dence. During the initial stages (0–2.5 h), the profiles 
correspond to small (< 10 nm) size-dispersed scatterers, 
with no visible oscillatory features. From 5 h onward, a 
nonperiodic oscillatory feature at Q = 0.3–1 nm−1 can be 
observed (yellow curve). Although such features also ap-
pear in SAXS profiles arising from toroids of 1, the SAXS 

from 1/2 exhibits an additional sharp scattering peak at 
Q = 1.15 nm−1 (d = 5.5 nm, yellow dotted arrow), which 
is likely to correspond to the helicoidal pitch (p) of the 
fibers as shown in Fig. 2d, which was estimated from 
AFM images to be ~5.7 nm (Fig. 2c). This assignment 
of the SAXS features could be verified by simulating the 
scattering of a model helicoid using SPONGE, a materi-
als science-oriented scattering pattern calculator [7].

Figure 2: a, Schematic representation of the supramolecular copolymerization of 1 and 2 into a helicoid and the thermal transition from the 
helicoid to an amorphous coaggregate. b, c, AFM images of the amorphous coaggregates (b: aged for 0 h) and helicoids (c: aged for 31 h) 
formed by a 1:1 mixture of 1 and 2 (c t = 100 µM) at 20 °C. d, SAXS profiles of toroids of 1 (red), linear aggregates of 2 (green), amorphous 
coaggregates of 1/2 (light blue), and helicoidal aggregates of 1/2 (yellow, after 120-h aging). The white profile represents the simulation result 
that was most similar to the experimental data, which is based on the following parameters: pitch distance (p) = 5.5 nm, coil center-to-center 
distance (D) = 16 nm. The inset figure is a schematic representation of the helicoid with the parameters used for the model fitting.
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Efficient and Selective Interplay of Ni and ZrO 2 for CO 2 
Photoconversion into CH4 Revealed by Extended X-Ray Absorption 
Fine Structure Debye–Waller Factor

An efficient photocatalyst comprising Ni nanoparticles and ZrO2 has been found to photoconvert CO2 into CH4, and 
the interplay of Ni and ZrO2 was investigated by Ni and Zr K-edge extended X-ray absorption fine structure (EXAFS) 
Debye–Waller factor. Based on the correlated Debye model, the Ni site temperature reached 394 K irradiated under 
UV–visible light by the transformation of absorbed light energy into heat. As a result, CO (or formate species) was con-
verted into CH4 over the Ni surface while the UV light excited electrons at the valence band of ZrO2 to the conduction 
band, leading to the reduction of CO2 to CO.

Photocatalytic conversion of CO2 into fuels com-
pletes the carbon-neutral cycle in a sustainable society 
utilizing renewable light energy. To investigate effi-
cient and selective photocatalysts for the conversion, 
it is essential to understand the reaction mechanism. 
The Ni–ZrO2 photocatalyst formed CH4 at a rate of 
0.98 mmol h−1 gcat

−1 from CO2 [1]. The study investigated 
the catalytic role of Ni by Ni K-edge EXAFS based on 
the correlated Debye model [2, 3].

The Fourier transform showed a typical pattern for 
metallic Ni sites before light irradiation [Fig. 1(A)]. The 

major peak intensity at 0.21 nm quickly decreased to 
78% within 20 min of irradiation and essentially re-
mained the same for 130 min. The time-course changes 
of the major fit parameters, coordination number N and 
Debye–Waller factor 

 
 

   
 

, for the Ni–Ni interatomic pair 
are illustrated in Fig. 1(C) and (D), respectively.

The 

 
 

   
 

 value was calculated as 0.00492 nm for 
Ni metal at 295 K based on the correlated Debye 
model using ab initio multiple-scattering calcula-
tion code FEFF8.4 [4] and the Debye temperature of 
Ni [450 K; Fig. 1(E)-(a)]. The XDAP code [5] provided 

Figure 1: Ni K-edge EXAFS for Ni–ZrO2 under CO2 and H2. (A, B) Time-course change in Fourier transform of angular wavenumber 
k3-weighted EXAFS χ function irradiated by UV–visible light (A) and under dark (B). (C, D) Coordination number N (C) and Debye–Waller 
factor 

 
 

   
 

 (D) of the Ni–Ni shell. (E) Theoretical temperature dependence of 

 
 

   
 

 of the bulk site (a) and surface site for vertical and horizontal mo-
tions to the surface (b, c).
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the experimental difference for the 

 
 

    
 

 value from that of 
the Ni metal (model). Furthermore, we consider that the 
contribution of structural disorder [6] for the 

 
 

   
 

 value is 
the difference of the 

 
 

   
 

 value from the Ni metal. 
 

    
 

 = 

 
 

   
 

correlated Debye
2 + Δ(

 
 

   
 

structural disorder
2) + Δ(

 
 

   
 

XDAP
2)

To adjust the theoretical temperature estimated 
for the Ni–ZrO2 sample measured at 295 K, the 

 
 

   
 

structural disorder value was evaluated as 0.00313 nm.
Apparently, the N(Ni–Ni) value negligibly changed 

within 8.3±0.2 [Fig. 1(C)] during light irradiation, whereas 
the 

 
 

   
 

(Ni–Ni) value quickly increased from 0.00585 nm 
before irradiation to 0.00745 nm within 20 min of irradia-
tion, and remained at 0.00751±0.00008 nm [Fig. 1(D)].

Then, the UV–visible light was turned off and the 
 

   
 

(Ni–Ni) value quickly decreased to 0.00587 nm within 
10 min and negligibly changed while the N(Ni–Ni) value 
still remained approximately the same, at 8.4±0.2 for 
111 min.

We evaluated the temperature at Ni sites based on  
 

   
 

 values. The temperature dependence of 

 
 

   
 

 values is 
plotted in Fig. 1(E). The different dependence for the 
motion of vertical and horizontal freedom of translation 
at the surface Ni atom is due to different Debye tem-
peratures of 208 K and 348 K, respectively, in compari-
son to bulk Ni (450 K). We approximated the mean Ni 
nanoparticle temperature as the arithmetic mean value 
based on each temperature dependence as shown in 
Fig. 1(E) for mean 1.7 nm Ni particles.

Thus, the initial temperature of Ni sites (295 K) 
quickly increased to 389 K within 20 min after the 
UV–visible light irradiation began and remained essen-
tially constant (389–394 K) during light irradiation. When 
the UV–visible light was turned off, the temperature sud-
denly decreased to 296 K within 10 min [Fig. 1(D)].

Based on the heat capacity of Ni and ZrO2 and tem-

perature trend [Fig. 1(D)], the origin of the temperature 
change was exclusively light energy converted in Ni. 
The reaction step from CO (or formate species) to CH4 
proceeded on the heated Ni surface [Scheme 1(d)–(f)] 
combined with the first part of the catalysis over 
ZrO2: CO2 to CO owing to charge separation by light 
[Scheme 1(a)–(d)].

The 

 
 

   
 

 values for Zr K-edge EXAFS for Ni–ZrO2 did 
not change significantly under irradiation of UV–visible 
light, indicating that mean 1.7 nm Ni was heated as 
the dynamic equilibrium between absorbed light en-
ergy conversion and quick heat dissipation to ZrO2 and 
quartz/Pyrex glass reactor. This temperature monitor-
ing technique has also been applied to growing metal 
nanoparticles from 0.5 to 3.6 nm and to evaluating en-
thalpy changes of chemical reactions [7].

Scheme 1: Proposed photocatalytic reaction mechanism of CO2 reduction to CH4.
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Polarization of a Bromine Molecule in a Vanadium-Oxide 
Container

A half-spherical vanadium oxide cluster [V12O32]
4− (V12) has an atomic-sized concavity that can accommodate an anion. 

From IR and X-ray absorption fine structure analyses, Br2 was adsorbed in the concavity by exposing V12 to Br2 gas. 
The IR-active peak due to the polarized Br2 was detected at 185 cm−1. The Br–Br distance was 2.33 Å, which is longer 
than that of 2.28 Å in the gas phase. The adsorbed Br2 in V12 could brominate pentane with a selectivity differing from 
ordinary bromination. These findings are expected to be useful for the polarization of small molecules and design of 
highly functional catalysts.

The bromine molecule, Br2, is widely used for bro-
mination of a variety of organic compounds. To attain 
product selectivity different from that of the radical 
mechanism, it is necessary to control the electron states 
of the bromine molecule. 

Vanadium-oxygen clusters exhibit various kinds 
of well-defined molecular structures. A particularly 
intriguing example is half-spherical dodecavanadate, 
[V12O32]

4− (V12), shown in Fig. 1, which possesses a 
4.4 Å wide cavity entrance. Half-spherical structures 
possess multiple interaction sites in a three-dimension-
ally limited space, unlike simple surfaces of materials 
and molecules designed with single or double binding 
sites. The accessibility of external reagents and guests 
is geometrically controlled to achieve unusual selectivity 
as reaction fields. V12 shows a unique charge distribu-
tion, where the inside is relatively positively charged 
due to the twelve five-valent vanadium atoms, while the 
periphery of the cavity entrance is negatively charged 
due to the eight oxygen atoms. Although V12 has a 
large negative charge, it offers the stable accommoda-
tion of a compound with a negative charge [1]. Among 
halogen atoms, bromine is the best fit for the concavity 
[2]. In this study, the adsorption of Br2 in the concavity 
of V12, which can induce the polarization of Br2, and its 

bromination property were investigated [3]. The apex 
oxygen atom of each VO5 square pyramid of guest-
occupied V12 points outwards. By removing a guest 
molecule, one of the VO5 square pyramids at the bot-
tom was flipped inwards, and the flipped VO5 was re-
trieved by re-adsorption of a guest molecule [4]. These 
structural transformations were detected by IR. Guest-
occupied V12 showed a strong peak at 850 cm−1 owing 
to the V–O stretching vibration of the bottom part of 
V12, whereas the guest-free one showed a weak peak. 
By exposing the powder of the guest-free type of V12 to 
Br2 gas, the peak intensity around 850 cm−1 increased, 
suggesting the adsorption of Br2 in the concavity of 
V12, as shown in Fig. 2(a, b). The X-ray absorption 
fine structure (XAFS) measurements also support the 
formation of Br2-occupied V12. Figure 2(c) shows the 
Fourier transform magnitude of radial distribution func-
tions for the vanadium K-edge extended XAFS (EXAFS) 
spectra. Guest-occupied V12 and the guest-free one 
substantially reflect the distribution of the bond distanc-
es in their crystal structures. The result of the sample 
after exposing the guest-free type of V12 powder to Br2 
is similar to that of the guest-occupied V12 rather than 
that of the guest-free one.

Figure 1: Molecular structure and charge distribution of guest-occupied V12. The guest molecule is omitted for clarity. Orange and red 
spheres in the ball and stick model represent vanadium and oxygen atoms, respectively.
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In the IR spectrum, an absorption peak at 185 cm−1 
originating from polarization of Br2 was observed, al-
though Br2 without polarization would not show such a 
peak. This is the first report on spectroscopic evidence 
of polarized Br2. The bromine K-edge EXAFS spectrum 
shown in Fig. 2(d) suggests a Br–Br distance of 2.33 Å, 
which is longer than that in gas-phase Br2 (2.28 Å). The 
reactivity of Br2-occupied V12 with toluene, yielding ring-
brominated products as the main products, also sup-
ported the polarization of Br2. For reference, addition 
of liquid Br2 to toluene produced benzyl bromide as the 
main product via a radical reaction mechanism.

Using Br2 in the concavity of V12 as a bromine 
source, bromination of pentane yielded 2-bromopentane 
and 3-bromopentane in a ratio of 36:64, which differs 
from the ratio of 80:20 when bromination was carried 
out in the absence of V12. In addition, among monobro-
mopentane, 2-bromopentane was selectively reacted to 
form a threo isomer of 2,3-dibromopentane with higher 
selectivity than when Br2 alone was reacted. Further-
more, bromination could take place with smaller alkanes 
with shorter carbon chain such as butane or propane.

In conclusion, it was found that the Br2 trapped in 
the atomic-sized concavity was polarized and showed 
a specificity different from the radical mechanism for 
bromination reaction of alkanes. Further developments 

are expected such as the activation of small molecules 
using such an atomic dimension cavity through con-
trolling the charge distribution in the concavity and the 
production of highly functional catalysts by controlling 
molecular-level structures. It is also expected that selec-
tive functionalization reactions using methane, which is 
highly inert but whose efficient chemical modification is 
highly desirable, can be attained by improving materials 
that regulate the electron states.

Figure 2: (a) Polyhedral model representation of the guest-free type of V12 and Br2-occupied V12. The red square pyramid represents the 
VO5 unit flipped inwards. (b) IR spectra of the guest-free type of V12 before and after exposure to Br2 vapor. The highlight represents the 
characteristic region to determine the guest-free type of V12 (weak) and the guest-occupied one (strong). The insertion is represented by 
the difference spectrum. The peak at 185 cm−1 is due to the polarized Br–Br vibration. (c) V K-edge EXAFS data. Red, blue and black lines 
represent the spectra of Br2-occupied V12, guest-occupied one and guest-free one, respectively. The peak intensity ratio of the second to third 
peaks is different between guest-occupied V12 and the guest-free one. (d) Br K-edge EXAFS data. Blue and red lines represent experimental 
and fitted spectra, respectively.
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Hindrance to the Oxidation of Pd–Au Alloy Surfaces Depending on 
the Atomic Configuration: An AP-XPS Study

The oxidation behavior of Pd3Au (100) and (111) alloy surfaces was observed by a combination of in situ ambient-pres-
sure X-ray photoelectron spectroscopy (AP-XPS) at elevated pressure (100 mTorr O2 ambient) and density functional 
theory calculations. It was found that alloying with Au hinders the surface oxidation of Pd3Au surfaces compared with 
pure Pd surfaces. Remarkably, the oxidation behavior is largely different between Pd3Au(111) and (100) surfaces. The 
(100) surface forms a surface oxide, whereas oxidation of the (111) surface is inhibited. It was revealed that the atomic 
configuration of the Pd-Au surfaces is a key factor determining the oxidation behavior.

Palladium (Pd) is widely used as a heterogeneous 
catalyst for various chemical syntheses and pollution 
control. For example, Pd–Au alloy shows excellent ac-
tivities for highly efficient vinyl-acetate synthesis [1] and 
low-temperature carbon monoxide (CO) oxidation [2, 3]. 
Alloying with a second element changes the chemical 
and electronic structures, which are key factors for cata-
lytic activity. Recent in situ measurements have found 
that elemental compositions and chemical states at al-
loy surfaces dynamically change depending on temper-
ature, pressure, and chemical environment. For the CO 
oxidation reaction, oxygen-rich Pd surface states (e.g. 
oxides and dense chemisorbed phases) accelerate the 
catalytic activity on pure Pd surfaces [4, 5]. However, it 
is still unclear how the presence of chemically inert Au 
influences the formation of O-rich Pd surface states. 
To understand the alloying effects of Au on oxidation of 
Pd surfaces, O/Pd–Au alloy systems were investigated 
both from experimental and theoretical points of view [6].

AP-XPS experiments were carried out at a soft X-ray 
beamline, BL-13B. The AP-XPS apparatus consists 
of three vacuum chambers: a high-pressure chamber, 
a preparation chamber and a load-lock chamber. The 

high-pressure chamber is equipped with an electron en-
ergy analyzer with a differential-pumping system, which 
enables XPS measurements under in situ conditions.

On clean surfaces, Au-rich surface compositions 
are preferred due to their higher chemical stability. XPS 
data shows that the (near) surface Au fractions are 48% 
for the (100) surface, compared with 64% for the (111) 
surface, indicating that these surface compositions are 
more Au-rich than those of the bulk composition. Cor-
responding model surface structures of Pd3Au alloy are 
shown in Fig. 1.

The oxidation behavior of the Pd3Au alloy and pure 
Pd surfaces was traced by in situ AP-XPS as a function 
of temperature (Fig. 2). The O2 gas was introduced to 
the chamber up to 100 mTorr, and the surfaces were 
heated to 563 K. Figure 2(a) shows an example of the 
Pd 3d5/2 XP spectrum of an oxidized Pd3Au(100) alloy 
surface taken under oxidizing conditions. Judging from 
the spectral shape, the Pd3Au(100) surface is covered 
by a surface oxide. A uniform ultra-thin surface oxide 
overlayer has been identified with a (√5 × √5)R27º peri-
odicity (Fig. 2(a), inset). The oxidized surface Pd atoms 
are coordinated by two or four O atoms, which are la-

Figure 1: A photograph of Pd3Au alloy single-crystal and model structures of Pd3Au(100) and (111) surfaces.
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beled as two-fold Pd (2f) and four-fold Pd (4f). The cor-
responding O 1s XP spectrum also indicates the forma-
tion of the surface oxide (not shown). Figure 2(b) shows 
the oxide growth on Pd3Au alloy and pure Pd surfaces 
during oxidation. The fraction of oxide is deduced from 
the 4f peak intensity of Pd 3d5/2 XPS. The oxide forma-
tion on Pd3Au alloy surfaces starts at around 490 K, 
which is higher than that on pure Pd surfaces, showing 
that surface oxidation is hindered by alloying with Au. 
Remarkably, the growth curves exhibit different profiles 
between Pd3Au(100) and (111) surfaces; the oxidation 
of the Pd3Au(111) surface is rather suppressed com-
pared with that of the (100) surface.

The adsorption of oxygen on Pd3Au and pure Pd 
surfaces was simulated by density functional theory 
(DFT) calculations. It was found that the adsorption 
energy of oxygen at the four-fold-hollow site of the Pd4 
local configuration in the first layer of Pd3Au(100) is 
almost the same as that of Pd(100), while the adsorp-
tion energy of oxygen at the three-fold-hollow site of the 
Pd3 local configuration in the first layer of Pd3Au(111) is 
significantly smaller than that of Pd(111). This suggests 
that the oxygen adsorption is substantially suppressed 
on Pd3Au(111), leading to hindrance of further oxidation. 
These theoretical results are consistent with the experi-
mental results.

In summary, in situ monitoring of the surface oxida-
tion of Pd3Au alloy and pure Pd surfaces was conducted 

by using AP-XPS. Comparative analysis of the surface 
oxidation revealed that alloying with Au suppresses 
oxide formation. The surface oxide is formed on the 
Pd3Au(100) surface at a higher temperature, but not on 
the (111) surface even at the same temperature. DFT 
calculations suggest that the oxide formation is con-
trolled by the adsorption energies of oxygen atoms on 
the alloy surfaces with different atomic configurations.

Figure 2: (a) Pd 3d5/2 XP spectrum taken from an oxidized Pd3Au(100) surface. Each peak component is labeled as fol-
lows: B, Pd in the bulk; SS, Pd in the sub-surface layer; 2f and 4f, oxidized Pd bonding with two and four O atoms. (b) 
Evolution of Pd oxide on Pd3Au and Pd surfaces as a function of temperature. The fraction of Pd oxide is deduced from 
the intensity of the 4f Pd oxide peak.
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A Marangoni-Driven Molecular Automaton
We have succeeded in observing the dynamic structure of a water surface under Marangoni flow using a simultaneous 
multiple angle-wavelength dispersive X-ray reflectometer developed at AR-NE7A. We have repeatedly observed that 
lipid molecules at the air-water interface become regularly oriented normal to the surface at every onset of the Maran-
goni convective flow. In this phenomenon, cyclic chemical-mechanical energy conversion causes the water surface to 
flow intermittently and periodically. It should be regarded as a self-driven engine, and may assist understanding of the 
mechanism of rhythm generation that controls life activities such as heart beats.
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Figure 1: (a) Experimental setup. The surface tension is measured using a Wilhelmy plate. (b) Oscillations of surface tension produced by 
1-octanol in the presence of a spread monolayer of DSPC. (c) Simultaneous multiple-angle wavelength dispersive X-ray reflectometer at 
AR-NE7A.

Oscillatory behaviors are very common under non-
equilibrium conditions. Imagine a weight hanging by a 
string. If no force acts on the weight, it remains station-
ary. If we pull it slightly away from the equilibrium posi-
tion, it starts swinging, and the period and amplitude are 
very stable. Such oscillatory behavior is ubiquitous in 
biological systems, such as with breathing, heart beats, 
brain rhythm and circadian rhythm. The study of simple 
nonbiological systems provides clues for the under-
standing of biological rhythms.

Here, we focus on the spontaneous oscillation of 
surface tension caused by the Marangoni effect [1, 2]. 
Marangoni convection is a flow on a water surface due 
to a gradient of surface tension. When a surfactant drop-
let is suspended under the water surface [Fig. 1(a)], the 
surfactant molecules that diffuse to the water surface 
induce a continuous Marangoni flow. If a small amount 
of insoluble surfactant is spread on the water surface in 
advance, then spontaneous oscillations of the surface 
tension are observed. Regular oscillations have been 
observed for a couple of days [Fig. 1(b)]. If small par-
ticles are placed on the water surface, the particles will 

move quickly in the direction away from the capillary, in 
synchronization with the decrease in surface tension, 
and then slowly return to their original state. That is, Ma-
rangoni convection occurs intermittently and periodical-
ly. For convenience, we call the surfactant suspended 
under the water surface as “donor” and the surfactant 
spread on the water surface as “acceptor”. The donor 
surfactant is partially soluble in water, whereas the ac-
ceptor surfactant is insoluble. We used long-chained 
alcohol as a donor surfactant and a lipid as an acceptor 
surfactant.

X-ray reflectometry of the water surface was per-
formed to examine the structure of the surfactant mono-
layer at the atomic level during the spontaneous oscilla-
tion of surface tension. X-ray reflectivity measurements 
under dynamic conditions were performed with an 
acquisition time of 0.1 s using our recently developed si-
multaneous multiple-angle wavelength dispersive X-ray 
reflectometer [Fig. 1(c)] [3, 4]. In this system, a conver-
gent X-ray beam which has continuously varying energy 
and glancing angle is reflected in the vertical direction 
by the liquid surface.
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We divided the oscillation of surface tension into 
three states [Fig. 2(a)]. The X-ray reflectometry curves 
taken under dynamic conditions for states A and B 
are shown in Fig. 2(b). The solid curves are the X-ray 
reflectivities of the 1,2-dioctadecanoyl-sn-glycero-
3-phosphocholine (DSPC) monolayer at certain surface 
pressures. These curves coincide with those for the 
monolayers with Marangoni flow, which indicates that 
the monolayer was compressed to give a higher surface 
pressure in state B. We obtained the electron density 
profiles along the direction normal to the water surface 
by fitting the reflectivity data [Fig. 2(d)]. The peaks 
originated from the phosphor group that had penetrated 
the water. The difference in the electron density be-
tween the head and the tail groups for state B became 
larger than that in state A. The acceptor molecules in 
the monolayer became regularly oriented normal to 
the surface at a higher surface pressure. In the B → C 
process, the reflectivity curve gradually returned to that 
obtained in state A. These processes are illustrated in 
the cartoon [Fig. 2(c)]. A Marangoni flow pushes away 
molecules on the water surface in state B, then pushes 
back until they return to their original position.

In conclusion, we have determined the dynamic 
structure of self-assembled monolayers under sponta-

neous oscillation of surface tension induced by the Ma-
rangoni effect at the molecular level. The molecules in 
the monolayer become regularly oriented normal to the 
surface at every onset of the decrease in surface ten-
sion. In this system, the collective motions of two sur-
factants interact with each other in a systematic manner 
to control a stable periodic motion: the donor molecules 
produce a Marangoni flow, and the acceptor molecules 
push the flow back. These could be fundamental units 
that produce biological rhythms.
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Figure 2: (a) Surface tension for DSPC/1-octanol. (b) X-ray reflectivity curves of DSPC films taken in states A (blue) and B (pink) divided by 
that of water. (c) Schematic illustration of the behavior of the donor and acceptor surfactants during the spontaneous oscillation of surface 
tension. (d) Electron density profiles corresponding to the fits of the reflectivity curves under the conditions of A and B. The z-axis is taken 
normal to the water surface. The peaks originate from the phosphor group of DSPC penetrated in the water.
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Measuring the Local High Temperature on Metal Nanoparticles 
under Microwave Irradiation using in situ XAFS
Microwaves often promote catalytic reactions by directly heating the catalysts. A local “hot spot” has been proposed 
that promotes catalytic reactions by microwaves, however, its local temperature has not been directly observed. Here 
we demonstrate the local temperature of metal nanoparticles supported on metal oxides using microwave in situ XAFS. 
The temperature-dependent Debye-Waller factor is used to estimate the local temperature of Pt nanoparticles on Al2O3 
and SiO2. We revealed that the local temperature of Pt is 26–132 K higher than that of bulk catalysts. The efficient 
propagation of microwave energy to the active sites of the catalysts promotes catalytic reactions due to microwave irra-
diation.

The development of energy-saving chemical pro-
cesses is required to replace conventional chemical 
processes that consume large amounts of fossil re-
sources. The electrification of chemical processes that 
use renewable energy is one of the key technologies 
to reduce energy consumption and CO2 emissions [1]. 
Microwaves can selectively heat materials and enable 
a rapid temperature rise with high energy efficiency, 
therefore, industrial applications of microwave chemical 
processes are attracting increasing attention. Catalytic 
reactions are an important process in the chemical in-
dustry, and microwaves have been reported since the 
1990s to effectively promote various catalytic reactions. 
It has been proposed that the formation of so-called “hot 
spots” at the catalyst particles promotes the catalytic 
reactions by microwaves. However, how the local high 
temperature of hot spots is generated inside the packed 
catalyst bed is not well understood.

Our group has reported that microwaves form multi-
scale temperature gradients in mm to nm scales in the 
catalyst bed (Fig. 1). The core of the packed bed often 
reaches a higher temperature than its surface [2]. Us-
ing a coupled simulation of the electromagnetic field 
and heat transfer revealed that a concentrated elec-
tromagnetic field at the contact points of the catalyst 
particles forms local high temperatures on a μm scale. 
In situ luminescence analysis confirmed a local tem-

perature increase at the contact point of spherical SiC 
particles. Moreover, local heat generation can occur 
even at smaller nm scales, such as supported metal 
nanoparticles on the metal oxide support. Microwaves 
can efficiently propagate energy to metal nanoparticles 
that work as an active site of the catalysts. A chemical 
process that dramatically saves energy can be achieved 
by effectively utilizing the formation of a local high tem-
perature at the catalytic active sites. We performed mi-
crowave in situ X-ray fine structure (XAFS) analysis to 
demonstrate the formation of a local high temperature 
at Pt nanoparticles. The temperature-dependent Debye-
Waller factor was determined by extended X-ray fine 
structure (EXAFS) analysis. The temperature of the 
supported Pt nanoparticles under microwaves was cal-
culated using the Debye-Waller factor obtained under 
heating in an electric furnace as a calibration curve.

Microwave in situ XAFS measurements were per-
formed using the BL-9C. The microwave conditions 
were precisely controlled from outside the hatch during 
XAFS measurement using a single-mode microwave 
cavity resonator and semiconductor microwave ampli-
fier. Figure 2(A) shows the FT-EXAFS spectra of the 
Pt-LIII edge of Pt/Al2O3 during microwave heating and 
conventional heating using an electric furnace. A promi-
nent peak of 2.77 Å, which is attributed to Pt-Pt bonding, 
gradually decreased with increasing temperature by us-

Figure 1: Multi-scale temperature gradient formed in a catalyst bed in mm to nm scales as “hot spots” that promote catalytic reactions [2-4].
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ing the electric furnace. On the other hand, microwave 
heating rapidly decreased the peak intensity even at a 
low temperature of 368 K. Then the Debye-Waller fac-
tor was obtained by curve fitting [3] and plotted against 
temperature [Fig. 2(B)]. Since the Debye-Waller factor 
(σ2) is affected by temperature (σT) and structural (σS) 
factors, we have confirmed that there is no structural 
change of Pt nanoparticles due to microwave heating 
by TEM and EXAFS spectra after microwave heating. 
From this, we concluded that the intense increase in the 
Debye-Waller factor by microwave heating is attributed 
to the local high temperature at the Pt nanoparticles.

Next, the Debye-Waller factor was used to calcu-
late the local temperature of Pt nanoparticles using the 
calibration curve of the same sample obtained using an 
electric furnace [4]. Figure 2(C) summarizes the tem-
peratures of Pt nanoparticles (TPt), surface (Tex), and 
core (Tin) of Pt/Al2O3 and Pt/SiO2. When Tex was 376 K 
and 378 K, Tin reached 453 K and 471 K while TPt ob-
tained by in situ EXAFS was 479 K and 603 K, respec-
tively. From this, the temperature difference between 
the Pt nanoparticles (TPt) and the bulk average tempera-
ture (Tin) where the X-rays pass through was calculated 
to be 26 K and 132 K, respectively. SiO2 was more ef-
ficient for generating local high temperatures probably 
due to the lower dielectric loss of SiO2 and effective 

collection of microwaves at the Pt nanoparticles. In the 
future, we will be able to control the local temperature of 
supported metal nanoparticles by precisely controlling 
the microwave irradiation conditions and catalyst ma-
terials to maximize the concentration of microwaves at 
the nanoparticles. It will be possible to apply microwave 
catalytic reactions to industrial processes as an innova-
tive energy-saving catalytic process that is driven by 
renewable energy.

Figure 2: Measurement of the local high temperature at Pt nanoparticles of Pt/Al2O3 and Pt/SiO2. (A) In situ FT-EXAFS (Pt-LIII edge) under 
electric furnace and microwave heating. (B) Temperature-dependent changes in the Debye-Waller factor. (C) The overall temperature gradient 
in the packed catalyst bed of Pt/Al2O3 and Pt/SiO2 [4].
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Insights into the Deposition of Nanometer-Thick Nickel Oxide 
Films by Amino Acid Chelated Complex for Electrochromic Smart 
Windows

We present a systematic investigation of nickel oxide (NiOx) prepared from Ni(II) complexes with monodentate 
β-alanine ligands or with bidentate L-alanine ligands and their potential for use in electrochromic materials. Our main 
findings were that although a similar oxidation state of NiOx was generated using Ni(II)-L-alanine or Ni(II)-β-alanine 
complexes, the Ni(II)-L-alanine complex led to the deposition of a homogenous film with a small grain size. We ascribed 
the different grain sizes of the samples to the differences in the dissociations of these ligands during electrodeposition. 
Furthermore, the sample with a small grain size exhibited a good cycling stability and high coloration efficiency com-
pared to the other sample.

The use of coordination complexes as metal pre-
cursors for electrodeposition of transition metal oxide 
nanostructures provides a novel approach for fabricat-
ing unique nanostructures [1]. However, many unan-
swered questions remain regarding the effect of the 
complex structure on the formation of transition metal 
oxide nanostructures. In a previous work, we reported 
a systematic investigation of nickel oxide (NiOx) films 
prepared from Ni(II) complexes with bidentate L-alanine 
ligands (NiOx-LAla) or with monodentate β-alanine 
ligands (NiOx-βAla) and their potential for use in elec-
trochromic (EC) windows [2]. Figure 1(A) shows the 
UV-vis absorption spectra for the samples electrode-
posited for 2 h. In contrast to NiOx-βAla, the absorption 
intensities for NiOx-LAla were considerably higher, sug-
gesting that the film thickness, or growth rate, of the 
samples was different in these solutions.

The structures of NiOx-LAla and NiOx-βAla were in-
vestigated using X-ray absorption fine structure (XAFS) 
spectroscopy. In the spectra of in situ Ni K-edge X-ray 
absorption near-edge structure (XANES), the edge 
positions of NiOx-LAla and NiOx-βAla matched that of 

γ-NiOOH [Fig. 1(B)]. Based on a calibration of the ref-
erence compounds, the average nickel valence of the 
samples was estimated to be ca. +3.4. A comparison 
of the Fourier transforms (FT) of the extended X-ray 
absorption fine structure (EXAFS) spectra showed 
that the peak positions of the first (Ni−O) and second 
(Ni−Ni) coordination shells for NiOx-LAla and NiOx-βAla 
were similar to those of γ-NiOOH. These observations 
demonstrated that the local structures of both samples 
consisted of edge-sharing NiO6 octahedra [Fig. 1(B)]. 
Moreover, the FT EXAFS spectra showed that the 
peak intensities of NiOx-LAla were weaker than those 
of NiOx-βAla, suggesting a smaller nanocluster size for 
NiOx-LAla. Atomic force microscopy (AFM) was used 
to obtain more direct information regarding the film 
topography. AFM images of NiOx-LAla and NiOx-βAla 
showed that the samples consisted of closely stacked 
grains [Fig. 1(C)]. In contrast to NiOx-βAla, NiOx-LAla 
had a small grain size and low root mean square sur-
face roughness. Overall, the Ni(II)-L-alanine complex 
led to the deposition of a homogenous film with small 
grain/cluster size compared to the Ni(II)-β-alanine com-
plex.

Figure 1: (A) UV-vis absorption spectra, (B) XANES spectra and FT EXAFS spectra, (C) AFM images, and (D) O K-edge XAFS spectra of 
NiOx samples. Reproduced with permission from Ref. [2]. Copyright 2020, American Chemical Society.
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To further understand the effect of alanine on the 
structure of electrodeposited NiOx, the fluorescence 
and electron yield methods were used to obtain the 
O K-edge XAFS spectra of NiOx-LAla and NiOx-βAla. 
Figure 1(D) shows the O K-edge XAFS spectra ob-
tained in both modes, where the γ-NiOOH peak was 
positioned at ca. 528 eV for each sample. In the elec-
tron yield spectra, the L-alanine peak around 532 eV 
was observed for NiOx-LAla but the β-alanine peak near 
532 eV was not observed for NiOx-βAla. Considering 
that electron yield detection is surface sensitive and 
the escape path of photons from X-ray fluorescence 
is in the range of a few micrometers [3], we believe 
that L-alanine was present only near the surface of 
NiOx-LAla but not in the bulk of the sample. By con-
trast, β-alanine was absent from both the surface of 
NiOx-βAla and from the bulk of the sample. We assume 
that L-alanine and β-alanine molecules were gradu-
ally cleaved from Ni ions upon the electrodeposition of 
NiOx, and β-alanine was especially liable to dissociate 
because it was a monodentate ligand. This constituted 
a possible reason for the different grain/cluster sizes of 
NiOx-LAla and NiOx-βAla.

Figure 2(A) shows the in situ transmittance change 
and the corresponding Ni valence change for NiOx-LAla 
and NiOx-βAla measured at an optical wavelength of 
400 nm in response to applied potentials of 0.2 to 1.0 V. 
When the coloring potential was below 0.5 V, both 
samples showed marginal differences in their optical 
transmittance. At a potential of 0.5 V, there was an obvi-
ous decrease in optical transmittance from 98 to 47% 

for NiOx-LAla. This was accompanied by a change in Ni 
valence from 2.1 to 2.4, indicating that NiOx-LAla was 
more oxidized than NiOx-βAla. Comparing coloration ef-
ficiency and cycling stability for both samples, NiOx-LAla 
exhibited a high coloration efficiency of 78.4 cm2/C 
and nearly 100% retention of the initial optical modula-
tion value even after 150 cycles [Fig. 2(B)]. Moreover, 
NiOx-LAla showed an excellent thermal stability com-
pared to NiOx-βAla. There was almost no change in 
optical modulation for NiOx-LAla with an increase in the 
ambient temperature from 25 to 50 °C [Fig. 2(C)]. How-
ever, the optical modulation of NiOx-βAla decreased 
to 64% because it could not be bleached completely. 
Overall, our findings provide insights into the mecha-
nisms through which amino acid chelated complexes 
could be used to deposit transition metal oxide nano-
structures with favorable EC characteristics.

Figure 2: (A) In situ transmittance change and the corresponding Ni valence change, (B) switching response curves (NiOx-LAla in red, 
NiOx-βAla in blue), and (C) maximum optical modulation measured at 25 (left) and 50 °C (right) of NiOx samples. Reproduced with permission 
from Ref. [2]. Copyright 2020, American Chemical Society.
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Scaling Relation between Electrochemical Seebeck Coefficient 
and Viscosity

The electrochemical Seebeck coefficient α (= dV/dT; V is redox potential) is a key parameter for thermal energy har-
vesting. We systematically investigated α for Fe2+/Fe3+ in 16 organic solvents. α showed remarkable solvent depen-
dence and was distributed from 0.14 mV/K for glycerin to 3.60 mV/K for acetone. We further found a scaling relation 
between α and viscosity η of the solvent as α ∼ η−0.4, which is interpreted in terms of the configuration entropy of the 
solvent molecules. In addition, we found that the Oh-type octahedral coordination of the solvent molecules showed 
D4h-type deformation with increase in α.

To realize a zero-emission society, it is necessary 
to develop highly efficient and low-cost thermal energy 
harvesting devices that produce electric energy from 
human body heat or waste heat near room tempera-
ture. An energy harvesting thermocell consisting of hot/
cold electrodes of identical type and solution with redox 
couple was proposed in the 1950s and 1960s and is still 
undergoing active research and development. Similarly 
to a solid thermoelectric device, the thermocell con-
verts temperature difference ( T ) to voltage difference 
( T ) between the electrodes via the electrochemical 
Seebeck coefficient α. From a thermodynamical point 
of view, α is  S/e, where e and  S are the elementary 
charge (> 0) and variation in entropy S of the system 
associated with the reduction process, respectively. In 
the solution system,  S is dominated by variation of the 
configuration entropy (Ssolvent) of the solvent molecules 
around the electroactive solute.

Here, we systematically investigated α  for 
Fe2+/Fe3+ in 16 organic solvents using a specially-
designed thermocell [1]. The electrolyte was an or-
ganic solution containing 10 mmol/L FeCl24H2O and 

10 mmol/L FeCl36H2O. The electrolyte was filled in a 
φ7.3mm polytetrafluoroethylene (PTFE) tube. Both ends 
were sealed with Pt plates, which worked as collecting 
electrodes. The temperatures (Tlow and Thigh) of the two 
electrodes were monitored with T-type thermocouples. 
The difference ( V) in the redox potential between the 
electrodes was measured against  T (= Thigh − Tlow) with 
Tlow fixed.

Figure 1 shows the correlation between α and vis-
cosity η for the 16 solvents. We found a scaling relation 
between α and η even though α was widely distributed 
from 0.14 mV/K for glycerin to 3.60 mV/K for acetone. 
The observed empirical relation can be interpreted in 
terms of the configuration entropy of the solvent mol-
ecules. The low-η solvent whose molecular interaction 
is weak has huge configuration entropy (Ssolvent), reflect-
ing smaller constraint on the orientation and/or distance 
between neighboring molecules. Furthermore, the varia-
tion ( Ssolvent) of Ssolvent associated with the reduction 
process is also huge in the low-η solvent. In the high-η 
solvent, strong molecular interaction suppresses Ssolvent, 
and hence  Ssolvent.

Figure 1: Electrochemical Seebeck coefficient (α) against viscosity (η) of solvent. Squares and triangles represent protic and aprotic solvents, 
respectively.
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By means of X-ray absorption near-edge structure 
(XANES) spectroscopy, we further observed C4v-type 
deformation of the FeL6 (L is ligand) octahedra as α 
increased. Fe2+ dissolved in H2O, methanol, or ethanol 
took the Oh-type octahedral coordination [2]. Figure 2 
shows pre-edge spectra at the Fe K-edge around Fe2+ 
in several solutions. Absorbance was normalized by the 
intensity of the main peak. In the EG (α = 0.26 mV/K) 
spectrum, a clear doublet structure is observed. We 
note that the pre-edge spectra systematically change as 
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α increases. In the 1Pr (1.14 mV/K) and 1Bu (1.34 mV/K) 
spectra, the intensity of the higher-lying band becomes 
stronger even though the doublet structure is still dis-
cernible. In the acetone (3.60 mV/K) spectra, the lower-
lying band almost disappears. These characteristic 
spectral changes could be ascribed to C4v-type deforma-
tion of the FeL6 (L is ligand) octahedra, i.e., contraction 
of one Fe – L distance [3]. Such a C4v-type deformation 
increases the number of the equivalent ligand configu-
ration, and hence enhances  Ssolvent.

In conclusion, we found a scaling relation between 

α and η of the solvent as α ∼ η−0.4 and interpreted the 
relation in terms of the enhanced  Ssolvent in the low-η 
solution. Furthermore, α showed strong solvent depen-
dence and was widely distributed from 0.14 mV/K for 
glycerin to 3.60 mV/K for acetone. Based on the pre-
edge spectra at the Fe K-edge around Fe2+, the solvent 
dependence is ascribed to D4v-type deformation of the 
FeL6 octahedra.

Figure 2: Pre-edge spectra at the Fe K-edge around Fe2+ in several solutions. EG, 1Pr, and 1Bu denote ethylene glycol, 1-propanol, and 
1-butanol, respectively. Physical quantities in parentheses indicate α of the solvent.
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Visualization of Reversible Shock Dynamics of Baddeleyite
Baddeleyite (ZrO2) is a commonly found mineral on the Earth, Moon, Mars, and meteorites. The phase transition in 
this mineral can be employed as a shock pressure barometer and geochronometer of impact events. In this study, we 
investigated the phase transformation dynamics of baddeleyite through shock experiments using synchrotron time-
resolved X-ray diffraction measurements. The results show that baddeleyite transforms to the high-pressure ortho-
rhombic-I phase at 3.3 GPa during shock compression but immediately transforms back to the baddeleyite phase upon 
decompression. The results can be used to estimate the scale of past planetary impact events.

Meteorite impact events, such as that which led to 
the mass extinction dinosaurs, have caused catastroph-
ic phenomena on Earth. Accurate dating and estimation 
of the scale of impact events are vital for understand-
ing their history. The impact history can be recorded in 
rocks on the Earth’s surface as “shock metamorphism” 
of minerals.

ZrO2 (baddeleyite) is one of the minerals that can be 
used as an impact indicator. It is a common accessory 
mineral in rocks on the Earth, Moon, and Mars and in 
meteorites. Because of the high quantities of uranium 
as a trace element and the high resistance to weather-
ing processes, uranium–lead dating of baddeleyite can 
be used as a chronometer of past impact events. To 
use it as an accurate chronometer, it is crucial to under-
stand the shock behavior of baddeleyite.

In this article, we report on an experimental study 
on the dynamic behavior of baddeleyite under impact-
induced shock [1].

Baddeleyite at natural impact sites
Previous studies on the observation of baddeleyite 

at natural impact sites revealed that it exhibited grain 
refinement resulting from high-pressure shock loading 
[2, 3]. Although the samples did not exhibit the crystal 
structure of a high-pressure phase, the deformed bad-
deleyite grains did have a certain orientational relation-
ship, which can be caused by the transformation to 

the high-pressure phase and subsequent reversion to 
baddeleyite [3]. However, the dynamics has never been 
observed directly, and the exact behavior is unclear. If 
the crystal response to shock loading is confirmed and 
the shock pressure of the phase transition boundary is 
determined, the microstructure of the baddeleyite can 
be used as an accurate indicator of past impact events. 
Therefore, we experimentally investigated the crystal 
structure response to shock loading.

How do we examine the crystal structure response 
to shock loading?

Conventional shock experiments, such as shock-
wave velocity measurements and shock recovery ex-
periments, enable estimation of the shock dynamics of 
materials. However, these methods lack real-time crys-
tal structure information. In this study, to observe the 
change in crystal structure during a shock, a high-power 
laser and synchrotron X-rays were used as a shock-
driving source and a probe source, respectively. The 
experimental system was established at the AR-NW14A 
beamline [4]. The shock-loading condition was gener-
ated by irradiation with a laser pulse. The X-ray diffrac-
tion (XRD) image, which reveals the crystal structure 
during the shock, was captured by a synchrotron X-ray 
pulse. Capturing XRD images at different delay times (on 
a nanosecond time scale) for the same targets provides 
the time evolution of the crystal structure (Fig. 1). 

Figure 1: Configuration of the shock experiment at the AR-NW14A beamline. The irradiation timing of the laser pulse for generating the shock 
wave and X-ray pulse for detecting the crystal structure was controlled on a nanosecond time scale.



37HIGHLIGHTS

Transformation dynamics
Figure 2 (upper part) shows the time evolution of 

the XRD patterns. Before the shock, the XRD rings from 
baddeleyite (labeled “b”) were clearly observed. At 6.5 
ns, after the onset of shock compression, a new XRD 
ring (labeled “o”) appears. This ring can be attributed 
to the signal of the high-pressure phase (orthorhombic-
I phase). The signal of the orthorhombic-I phase in-
creases until 12.6 ns, but then it gradually decreases. 
Finally, the XRD pattern returns to that of baddeleyite at 
~1000 ns. This result indicates that the crystal structure 
changed from baddeleyite to the orthorhombic-I phase 
during compression and that the orthorhombic-I phase 
reverted to baddeleyite during the release of the shock 
(Fig. 2, lower part). By using the density calculated from 
the XRD pattern, the pressure boundary of the transfor-
mation was determined to be 3.3 GPa.

In this experiment, the change in the crystal struc-
ture of shocked baddeleyite was directly observed us-
ing the time-resolved synchrotron XRD method. It was 
revealed that the transformation from baddeleyite to the 
orthorhombic-I phase occurs at 3.3 GPa and it reverts 
to baddeleyite during shock release. This is the first 
time that the reversible behavior of a mineral’s crystal 
structure was directly clarified experimentally. This phe-

nomenon cannot be observed using conventional ex-
perimental techniques. This information can be used by 
geologists to estimate the scale of past impact events 
and a planet’s bombardment history using natural bad-
deleyite samples.

Figure 2: Time evolution of XRD pattern under the shock-loading condition and the crystal structure change. (Upper part) “b” and “o” 
represent the XRD rings from baddeleyite and the orthorhombic-I phase, respectively. The orthorhombic-I phase appeared between 6.5 and 
15.4 ns after the onset of shock compression and disappeared after the shock released. (Lower part) The crystal structure reversibly changed 
between baddeleyite and the orthorhombic-I phase during the shock event.
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Characterization of Two Types of Cesium-Bearing Microparticles 
(CsMPs) Emitted from the Fukushima Nuclear Power Plant 
Accident Using Multiple Synchrotron Radiation Analyses

Cesium-bearing microparticles (CsMPs), glassy radiocesium-enriched particles, were emitted from the Fukushima Dai-
ichi Nuclear Power Plant accident. These CsMPs were isolated from environmental samples and analyzed by using 
micro-X-ray fluorescence analysis for various elements at BL-4A. The result shows a relationship between shape and 
concentration of volatile and refractory elements in the CsMPs, providing some implications on the formation and emis-
sion processes of CsMPs and the conditions in the reactor at the time of the accident.

In March 2011, large amounts of radionuclides were 
released into the environment by the Fukushima Daiichi 
nuclear power plant (FDNPP) accident [1]. Some of the 
radiocesium (Cs) was incorporated in Cs-bearing mi-
croparticles (CsMPs) mainly consisting of silica (SiO2) 
[2]. Two main types of CsMP have been found thus far. 
One is called Type-A CsMP, which is spherical with a 
diameter ~0.1–10 µm and ~10–2–102 Bq 137Cs radioac-
tivity per particle, and was emitted from Unit 2 or 3 of 
FDNPP. In contrast, Type-B CsMP has various shapes 
of 50–400 µm diameter and 101–104 137Cs (Bq/particle), 
and was emitted from Unit 1. The chemical properties of 
these radioactive particles have been reported in detail, 
but in the previous studies, only a small number of par-
ticles were investigated, especially in the case of Type-
B CsMPs. In this study, we endeavored to understand 
the radioactive particles systematically by analyzing a 
large number of particles [3].

As for CsMPs, road dust samples and other materi-
als were collected at more than 100 sites within 50 km 
of FDNPP during 2011–2012. Sixty-seven CsMP sam-
ples were isolated in three steps [3]. First, the spatial 
distribution of radioactive Cs in the samples was mea-
sured by autoradiography with imaging plates to identify 

CsMPs. Second, the wet separation method [4-6] was 
employed to isolate CsMPs from the samples contain-
ing CsMPs. After the isolation, the CsMPs in water used 
for the separation were carefully dropped on Kapton 
tape and air-dried for scanning electron microscopy 
(SEM) with energy-dispersive spectrometer (EDS) anal-
ysis to finally identify CsMPs on the basis of shape and 
elemental composition. For the Type-B CsMPs, micro-
X-ray computed tomography (X-ray CT) analysis was 
conducted at SPring-8 BL37XU and 2D micro-X-ray 
fluorescence (XRF) measurement for various elements 
was conducted at BL-4A of Photon Factory, KEK [3].

X-ray CT results for Type-B CsMPs show a num-
ber of voids in their structures possibly related to gas 
release during their cooling processes. Although it is 
difficult to determine the volume of Type-B CsMPs 
from the external shape, X-ray CT analysis enabled 
us to accurately calculate the volume of internal voids. 
On the other hand, the volume of Type-A CsMPs was 
calculated from the apparent diameter, since we can 
assume a spherical shape on the basis of transmission 
electron microscopy (TEM) observations reported thus 
far [2]. Figure 1 shows the relationship between 137Cs 
radioactivity and volume for Types-A and -B CsMPs. As 

Figure 1: Relationship between 137Cs radioactivity and volume of each CsMP.
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a result, the 137Cs concentration per volume (Bq/mm3) 
of Type-A CsMPs was ~10,000 times higher than that 
of Type-B CsMPs. Among the Type-B CsMPs, the 
spherical ones had higher concentrations of volatile ele-
ments such as 137Cs than the nonspherical ones. These 
differences suggest that Type-A CsMPs were formed 
through gas condensation, whereas Type-B CsMPs 
through melt solidification. It is expected that (i) the 137Cs 
concentration per volume of Type-A CsMP will be high-
er than that of Type-B CsMP, and (ii) that of spherical 
Type-B CsMP will be higher than that of nonspherical 
Type-B CsMP, since 137Cs in Type-B CsMP is diluted by 
structural materials to a greater degree, particularly in 
nonspherical Type-B CsMP. These differences reflect 
the generation processes of Type-A and two types of 
Type-B CsMPs.

To support the hypothesis, XRF analysis was con-
ducted particularly for rubidium (Rb) and strontium (Sr), 
since their X-ray fluorescence lines (Rb, Kα1: 13.4 keV; 
Sr, Kα1: 14.1 keV) were at high energies, which are not 
subject to the self-absorption effect. Since the matrix of 
CsMPs is SiO2, the attenuation length was larger than 
500 µm at X-ray energies above 13 keV. Therefore, Rb 
and Sr were analyzed with high-energy XRF, which also 
represented volatile and refractory elements, respec-
tively. As expected from the volatility of these elements, 
spherical Type-B CsMPs had a higher Rb/Sr ratio than 
nonspherical Type-B CsMPs (Fig. 2). The Rb/Sr ratio in 
the spherical Type-B CsMPs increased with 137Cs con-
centration, showing that spherical Type-B CsMPs have 
a higher concentration of volatile elements including Cs, 
than nonspherical Type-B CsMPs. Similar results were 
also found for antimony-125 (125Sb), another volatile ra-
dionuclide emitted from FDNPP.

Consequently, this study provided chemical and 
morphological characteristics of 67 CsMPs, the number 
of which is larger than in previous CsMP studies, which 
usually dealt with fewer than 10 particles. In addition, 
systematic variations found in the relationships of 137Cs 
radioactivity with the (i) volume of CsMP, (ii) porosity, 
(iii) Rb/Sr ratio, and (iv) 125Sb activity allowed us to pres-
ent some ideas regarding the formation and emission 
of CsMPs: (i) the condensation of gaseous species and 
melt solidification are the main processes for Types-A 
and -B CsMPs, respectively, and (ii) spherical particles 
had higher 137Cs and 125Sb concentrations and Rb/Sr 
ratios than nonspherical particles, possibly owing to the 
rapid cooling process, which inhibits the loss of volatile 
species during cooling.

Figure 2: Relationship between 137Cs concentration and XRF intensity ratio of Rb/Sr for each CsMP.
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Cryo-EM and Crystallographic Analyses Reveal the Inhibition 
Mechanism of TLR7

Toll-like receptor 7 (TLR7) is an innate immune receptor for RNA viruses such as HIV-1 and coronaviruses. TLR7 
boosts the immune response upon activation by ssRNAs, guanosine nucleosides and certain low-molecular ligands. 
However, unwanted activation of TLR7 by endogenous ssRNAs mediates the pathogenesis of certain autoimmune 
diseases. A series of TLR7-specific antagonists has been developed via modification of the TLR7 agonistic ligand. Us-
ing a combination of crystallographic and cryo-EM studies, we revealed the detailed inhibition mechanism of TLR7 by 
its antagonists. These antagonists bound to a newly observed ligand pocket inside the TLR7 dimerization interface and 
induced the conformational dynamics of dimeric TLR7, and thus inhibited TLR7 activation.

Toll-like receptors (TLRs) are crucial innate immune 
receptors for the surveillance of a broad spectrum of 
pathogenic molecules [1]. Upon activation by pathogen-
ic stimulators, TLRs dimerize to activate downstream 
immune responses [1]. Among ten human TLRs, TLR7 
is identified as a receptor for RNA viruses [2]. In recent 
years, our research group reported a number of crystal 
structures of TLR7/agonist complexes in the activated 
form and disclosed the activation mechanism of TLR7 
[3, 4]. TLR7 contains two ligand binding sites (site 1 and 
site 2). Site 1 binds to small-molecule ligands, such as 
guanosine, 2’,3’-cGMP and imidazoquinoline deriva-
tives. Site 1 ligands directly mediate the dimerization 
of TLR7. Uridine-containing ssRNAs bind to site 2 and 
enhance the binding of site 1 ligands. TLR7 can also be 
accidentally activated by endogenous ssRNAs which 
leads to the pathogenesis of certain autoimmune dis-
eases such as systemic lupus erythematosus (SLE) [5]. 
Thus, TLR7 is considered as a promising drug target for 
the treatment of related autoimmune diseases. For this 
purpose, a series of TLR7 antagonists (such as Cpd-6 
and Cpd-7) have been developed through a strategy of 

modifying a potent TLR7 agonist (Cpd-3) (Fig. 1A) [6]. 
Cpd-6 and Cpd-7 showed potent TLR7-specific inhibi-
tory activity and could ameliorate deadly symptoms in 
an autoimmune mouse model [6]. Nonetheless, the de-
tailed inhibitory mechanisms of Cpd-6 and Cpd-7 have 
not been demonstrated.

We prepared recombinant Macaca mulatta TLR7 
extracellular domain using Drosophila S2 cell lines. 
To obtain functional protein and facilitate crystalliza-
tion, the Z-loop of TLR7 (a conserved autoinhibition 
structural motif of the TLR7 family) was cleaved using 
thrombin and N-glycans were artificially trimmed. We 
conducted crystallization of TLR7/Cpd-3, TLR7/Cpd-6 
and TLR7/Cpd-7 complexes. As a result, the crystal 
structures of TLR7/Cpd-3 and TLR7/Cpd-6 complexes 
were successfully determined. Unfortunately, we did not 
obtain good-quality crystals of the TLR7/Cpd-7 complex. 
As an agonist, Cpd-3 bound to TLR7 site 1 and the 
crystal structure of TLR7/Cpd-3 forms a typical activated 
dimeric structure which is highly similar to other reported 
TLR7/agonist complex structures (Fig. 1B). Surpris-
ingly, the crystal structure of TLR7/Cpd-6 complex also 

A B

C

Cpd-3
(Agonist)

Cpd-6
(Antagonist)

Cpd-7
(Antagonist)

TLR7/Cpd-3 complex TLR7/Cpd-6 complex

TLR7* TLR7Cpd-3

C* C

NN*

TLR7* TLR7Cpd-6

C* C

NN*

TLR7/Cpd-3 complex TLR7/Cpd-6 complex TLR7/Cpd-7 complex

Closed-form Closed-form Open-form Open-form

Figure 1: A Chemical structures of Cpd-3, Cpd-6 and Cpd-7. B Crystal structures of TLR7/Cpd-3 and TLR7/Cpd-6 complexes. C Cryo-EM 
reconstructions of TLR7/Cpd-3, TLR7/Cpd-6 and TLR7/Cpd-7 complexes.
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adopts an activated dimeric conformation despite the 
fact that Cpd-6 is an antagonist (Fig. 1B). The binding 
mode of Cpd-6 also resembles that of Cpd-3 with the 
features commonly observed in other agonists. There-
fore, it is difficult to explain its inhibitory mechanism by 
the activated dimer structure of TLR7 induced by Cpd-6.

Considering that a single crystal structure is static 
and might only represent one aspect of the TLR7 struc-
ture induced by Cpd-6, in the next stage, we shifted to 
cryo-EM analysis for visualizing possible conformational 
polymorphism of TLR7 induced by Cpd-6 and Cpd-7. 
We prepared glutaraldehyde-crosslinked TLR7/Cpd-3, 
TLR7/Cpd-6 and TLR7/Cpd-7 complexes for cryo-EM 
analysis. To our surprise, these three complexes out-
put different conformations (Fig. 1C). For Cpd-3, TLR7 
dimer predominantly adopts a closed-form conforma-
tion which is consistent with its crystal structure. In the 
case of Cpd-6, both the closed-form conformation and 
an open-form conformation, which was identified in 
this study for the first time, were observed. For Cpd-7, 
TLR7 dimer exclusively forms the open-form conforma-
tion. The C-termini of two TLR7 protomers in the open-
form conformation are more separated from each other 
compared to those in the closed-form conformation. 
Therefore, the open-form conformation prevents the 
dimerization of the intracellular domain of TLR7 which is 
essential for signaling. Thus, the open-form conforma-
tion captured by cryo-EM represents an inhibited form 
of TLR7.

To further visualize the ligand binding mode inside 
the open-form conformation of TLR7, we successfully 
solved the cryo-EM structure of TLR/Cpd-7 complex 
at a 2.8-Å resolution using a Titan Krios microscope 
(Fig. 2A). A newly defined antagonist binding site was 
observed inside the TLR7 dimerization interface. Inter-

estingly, this antagonist binding site is spatially close to 
site 1 in the closed form, although the binding mode is 
largely rearranged. Cpd-7 is mainly recognized via char-
acteristic hydrophobic contacts and hydrogen bonds 
(Fig. 2B). Cpd-7 interacts with both TLR7 protomers 
and mediates TLR7 dimerization which stabilized the 
open-form conformation.

Based on our crystallographic and cryo-EM analy-
ses, we can summarize the inhibitory mechanism of 
Cpd-6 and Cpd-7: these two antagonists induce TLR7 
dynamics upon binding which inhibits the stable forma-
tion of the TLR7 activated dimer. Our work provides a 
structural basis for the development of therapies that 
target TLR7.
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Figure 2: A High-resolution cryo-EM structure of TLR7/Cpd-7 complex. B Detailed view of Cpd-7 binding pocket.
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X-Ray and Neutron Joint Refinement Displays Shared Proton and 
Keto Form of Quinone Cofactor in Copper Amine Oxidase

In recent neutron crystallography, protein structures have been modeled by joint refinement using X-ray as well as neu-
tron diffraction data. Here, we report the neutron crystal structure of a well-studied enzyme, copper amine oxidase, as 
an example of joint refinement. High-resolution X-ray diffraction data to 1.14 Å resolution was collected at Photon Fac-
tory under a nitrogen gas cryostream (100 K). As a result, we succeeded in observing key structures such as a shared 
proton and a keto form of topaquinone cofactor. This enzyme structure shows that X-ray diffraction data is indispens-
able for reliable analysis and plays an essential role in neutron protein crystallography.

X-rays are scattered by electrons, while neutrons 
are scattered according to their interaction with atomic 
nuclei. Whereas the X-ray scattering factors are pro-
portional to the number of electrons in the atom, the 
scattering length for neutrons varies depending on the 
nucleus of the atom or its isotope: e.g. hydrogen (H) 
and deuterium (D) atoms provide negative and positive 
scattering length, respectively. The scattering lengths of 
H and D are comparable to that of carbon atoms, so the 
remarkable advantage is that H and D can be clearly 
observable in the neutron crystal structure analysis of 
proteins. To be precise, X-ray analysis provides infor-
mation about the electron cloud, whereas neutron anal-

ysis provides information about the atomic coordinates. 
In fact, the position of H atoms is the most valuable in-
formation obtained in the neutron crystallography of pro-
teins. In the neutron crystallography of proteins, recently 
most structures have been refined by joint refinement, in 
which both X-ray and neutron diffraction data are used 
by the refinement program PHENIX [1]. In this study, we 
report an example of our joint refinement analysis of a 
copper amine oxidase [2]. High-resolution X-ray diffrac-
tion data also plays an essential role in model-building.

The enzyme of copper amine oxidase catalyzes 
the oxidative deamination of various primary amines to 
produce the corresponding aldehydes, hydrogen perox-
ide, and ammonia. This study targeted its recombinant 
enzyme derived from Arthrobacter globiformis (AGAO), 
which consists of a homodimer of 70 kDa subunits, 
each containing Cu2+ ions and protein-derived quinone 
cofactor, topaquinone (TPQ). Here, diffraction data of 
the same AGAO crystal to the resolution of 1.14 Å was 
collected at BL-5A in Photon Factory (PF) [Table 1], af-
ter neutron diffraction data had been collected at BL03 
iBIX in J-PARC to 1.72 Å resolution. When both X-ray 
and neutron diffraction data are used to refine the coor-
dinates of one model, an advantage of performing joint 
refinement is that the number of parameters obtained 
in the experiment can be increased for the refined co-
ordinates. Accordingly, the addition of X-ray diffraction 
data can complement the experimental parameters and 

Table 1: Statistics of X-ray diffraction data collection.

Figure 1: Neutron/X-ray crystal structure of amine oxidase. (A) The dimer structure of AGAO is shown using a space-filling model for one 
monomer and a ribbon model for the other; hydrogen [white], deuterium [cyan], carbon [green], oxygen [red], nitrogen [blue], and sulfur [yellow] 
atoms are indicated. (B) A triply shared proton between the cofactor and the catalytic base. Fo − Fc omit electron density maps, calculated 
without contributions of TPQ and Asp298, are shown in orange at 8.0 σ. Fo − Fc neutron omit maps, calculated without contributions from the 
delocalized deuteron, are drawn in dark blue [4.9 σ] and cyan [4.2 σ] with respective distances [Å].

(A) (B)

Beamline PF, BL-5A
Wavelength (Å) 1.0
Space group C2
Cell dimensions (Å, °) a = 157.55, b = 61.78,

c = 92.23, b = 112.13
Resolution range (Å) 50.00 - 1.14
(outer shell) (1.16 - 1.14)
Rint 0.069 (0.801)
I/σ(I) 46.6 (2.00)
Completeness (%) 99.4 (99.9)
Multiplicity 5.2 (3.5)
Observed reflections 1526790
Unique reflections 296297 (14901)
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reduce the model bias. Furthermore, it is possible to 
add contrast to the density maps depending on the type 
of atom, since the scattering length maps of specific 
atoms in neutron data are different from electron density 
maps calculated from X-ray data. Because the positions 
of carbon, nitrogen, oxygen, and sulfur atoms appear to 
be more precisely determined by high-resolution X-ray, 
neutron data can contribute to determining the position 
of H or D effectively. In other words, determination of 
the precise positions for non H/D atoms with X-ray data 
can also facilitate positional refinement of covalently 
connected H/D atoms. For example, an interesting 
shared proton was observed between the side chain 
carboxylate of Asp298 and O5 of TPQ in AGAO [Fig. 1]. 
The positions of the three oxygen atoms forming direct 
interactions with the shared proton are constrained by 
high-resolution X-ray crystallography. This made it pos-
sible to discuss H or D positions more reliably. In addi-
tion to information on protonation, the neutron structure 
of AGAO demonstrated that the novel distorted struc-
ture of TPQ, the keto form, is contained in the active site 
and takes the equilibrium state with the enolate form 
having a flat ring. These keto/enolate structures of TPQ, 
together with the protonation state of the active-site resi-
dues, are the key to understanding enzymatic functions.

On the other hand, it is important to consider the col-
lection of X-ray diffraction data at the beamline. In neu-
tron crystallography, large crystals must be prepared 
in general. In this study, an extremely large crystal with 
a size of 5 mm was prepared, and diffraction data of 
both X-rays and neutrons were collected with the same 
crystal [Fig. 2]. The temperature was set to 100 K under 
a nitrogen gas cryostream. From measurements under 
the frozen conditions, the sample could be maintained 
in the stable state even though the X-ray and neutron 
diffraction measurements take a long time, and it is 
also possible to collect high-resolution diffraction data. 
Notably, we have succeeded in determining the neutron 
crystal structure for a large protein with a molecular 
weight of about 140 kDa. In principle, the diffraction 

data of X-rays and neutrons should be planned to have 
the same conditions of the same crystal for joint refine-
ment. Even if a large crystal used for neutron analysis 
is apparently single, X-ray diffraction spots caused by 
slight distortion of the crystal may be observed when an 
X-ray with a width of about 0.2 mm is irradiated at PF 
beam lines. Actually, such unfavorable diffraction spots 
were observed in this measurement for the large AGAO 
crystal with the beam irradiated to a thick part of the 
crystal center. Therefore, the direction of the crystal was 
arranged by bending the wire of the cryoloop under the 
cryostream to collect a data set derived only from a thin 
part away from the crystal. The positions of the detec-
tors could be greatly separated from the crystal in the 
beam line hatch of BL-5A. This apparatus arrangement 
was useful, enabling us to change the direction of the 
crystals manually.

As described above, it has become possible to col-
lect high-quality X-ray diffraction data from an extremely 
large crystal leading to high-resolution neutron crystal 
structure with joint refinement. X-ray diffraction data is 
also a prerequisite for the neutron crystallography of 
proteins. This result is largely attributable to the beam-
lines at PF.

Figure 2: Photographs of the crystal used for data collection. (A) The crystal mounted at BL03 iBIX in J-PARC. The dotted red circle shows 
the area used for X-ray data collection at PF. (B) Snapshot of PC display in the X-ray diffraction data collection at BL-5A. The red and yellow 
squares in the center of the crystal photo correspond to the size of 0.2 × 0.2 mm.
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Structures of Human PPARα with All Clinically Approved Fibrates 
and Endogenous Fatty Acids Revealed by X-Ray Crystallography

Fibrates are the most popular class of lipid-lowering medications next to statins; however, how they interact with their 
molecular target, peroxisome proliferator-activated receptor α (PPARα), had not yet been elucidated. Using sophisti-
cated crystallization techniques and X-ray crystallography, we succeeded in obtaining 34 novel high-resolution (mostly 
between 1.23 Å and 2.43 Å) PPARα ligand-binding domain structures in complexes with 17 PPARα ligands, including 
all clinically approved fibrates, endogenous fatty acids, and other synthetic PPARα agonists.

Peroxisome proliferator-activated receptors (PPARs) 
are nuclear receptor-type transcription factors with three 
cognate subtypes (α, δ/b, and γ). PPARα is the master 
regulator of lipid metabolism (or metabolism in general) 
that is activated upon fasting in liver, kidney, and other 
tissues, and regulates the expression of hundreds of 
genes that encode proteins involved in b-oxidation, 
ketogenesis, gluconeogenesis, and other metabolic 
pathways [1]. Most clinically approved fibrates were 
developed in the 1960s–1980s before their molecular 
target, PPARα, was identified. As of November 2020, 
only 21 records of PPARα structures have been depos-
ited in the PDB, in contrast to 224 for PPARγ and 44 for 
PPARδ, probably due to the difficulty in obtaining apo 
(ligand-free) forms of PPARα-ligand-binding domain 
(LBD). None of the PPARα–fibrate co-crystal structures 
had been obtained and structural information regard-
ing their molecular interactions had been completely 
lacking. With this background, we aimed to obtain the 
co-crystal structures of PPARα-LBD–all six clinically 
approved fibrates (pemafibrate, fenofibric acid [active 
metabolite of fenofibrate], bezafibrate, ciprofibrate, clo-
fibrate, and gemfibrozil) to gain molecular insights into 
the ligand recognition to facilitate the design of better 
drugs targeting PPARα, or two or three PPAR subtypes 

(as dual/pan agonists).
We first prepared human PPARα-LBD recombinant 

proteins of high purity using three-step column chroma-
tography (cobalt affinity, anion-exchange, and then gel-
filtration) according to the method described by Oyama 
et al. [2]. Next, using those purified proteins and various 
PPARα ligands, we tried various old and new crystal-
lization techniques such as co-crystallization, cross-
seeding, soaking, delipidation, coactivator peptide 
supplementation, and their combinations [3, 4]. First, 
we prepared the co-crystal with Wy14643 (synthetic 
PPARα agonist) using the previously described condi-
tion [5] and obtained its high-resolution (1.82 Å) struc-
ture. Using the co-crystal as seed nuclei, we then ob-
tained co-crystals with pemafibrate and GW7647 (both 
are high-affinity PPARα ligands) as well as an intrinsic 
fatty acid (iFA) of E coli. origin. By soaking PPARα–iFA 
co-crystals in the buffer containing other ligands (that 
have high affinities to PPARα) of high concentrations, 
we next obtained co-crystals with GW7647 and pemafi-
brate as well as medium-class affinity PPARα ligands: 
ETYA (5,8,11,14-eicosatetraynoic acid), TTA (tetradecy-
lthioacetic acid), Wy14643, and saroglitazar.

To obtain co-crystals with lower-class affinity 
PPARα ligands (lower than iFA), we removed ~80% 
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Figure 1: Crystal structures of PPARα ligand-binding domain and PPARα agonists. (A) Magnified views of five fibrates, GW7647 (PPARα-
selective agonist), and saroglitazar (PPARα/γ dual agonist) in PPARα-LBD. PDB identities and resolutions are labeled. (B) A superimposed 
image of five PPARα-LBD–fibrate structures. The ligand-binding pocket (gray) consists of Arm I–III, Arm X, and Center regions, involving all 
five fibrates in it.
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of lipid components (of E coli. origin) from PPARα–iFA 
preparations by ethanol extraction. Using the deli-
pidized PPARα-LBD (after renaturation), we obtained 
co-crystals with fenofibric acid, ciprofibrate, and gemfi-
brozil (only in the presence of GW9662). Furthermore, 
by applying cross-seeding methods on delipidized 
PPARα-LBD, we then obtained co-crystals with lower 
affinity ligands such as endogenous fatty acids: pal-
mitic acid, stearic acid, oleic acid, arachidonic acid, and 
eicosapentaenoic acid (EPA). To obtain co-crystals with 
clofibric acid and bezafibrate, we incubated delipidized 
PPARα-LBD with clofibric acid and the SRC1 coactiva-
tor peptide (to further stabilize its active form) and ob-
tained their co-crystals. Finally, using those delipidized 
PPARα-LBD/clofibric acid/SRC1 co-crystals as seed 
nuclei, we finally obtained co-crystals with bezafibrate.

As a result, we could obtain 34 PPARα-LBD 
co-crystals with 17 PPARα ligands, and analyzed them 
by 1.0 Å X-ray diffraction at four available beamlines 
(BL-5A, BL-17A and AR-NE3A at Photon Factory, and 
BL26B1 at SPring-8) [3]. A single molecule of pemafi-
brate or GW7647 binds to Center, Arm II, and Arm 
III regions, whereas two molecules of fenofibric acid, 
ciprofibrate, or clofibric acid bind to Arm I and Arm II/X 
boundary, and a single molecule of bezafibrate or saro-
glitazar binds to Center and Arm II [Fig. 1(A)]. Among fi-
brates, only 2-aminobenzoxazole moiety of pemafibrate, 
the recently developed PPARα-selective and most po-
tent PPARα agonist, is located at Arm III [Fig. 1(B)].

Endogenous abundant fatty acids such as palmitic 
acid and stearic acid that might be released from lipid 
stores upon nutritional deprivation could be endogenous 
PPARα ligands. We revealed that a single molecule of 
palmitic acid, stearic acid, oleic acid, arachidonic acid, 
and EPA (as well as synthetic PPAR pan fatty acid 

agonists like TTA and ETYA) binds to the similar Center 
and Arm II regions [Fig. 2(A) and (B)]. Interestingly, only 
palmitic acid and stearic acid could activate PPARα in 
the coactivator recruitment assay [3]. Since both fatty 
acids are abundant and released to the human circula-
tion with ~100 µM concentrations upon fasting [3], they 
could be endogenous PPARα ligands.

Thiazolidinedione (glitazone)-class PPARγ agonists 
are clinically used as anti-diabetic drugs, and PPARδ 
agonists as well as PPAR dual/pan agonists are expect-
ed to be used as anti-metabolic disease drugs. There-
fore, the present results deepen our understanding of 
PPARα ligand recognition and will contribute to the mo-
lecular design of next-generation PPAR-targeted drugs. 
All 34 novel structures have been deposited in the PDB.

Figure 2: Crystal structures of PPARα ligand-binding domain and fatty acid ligands. (A) Magnified views of five endogenous fatty acids 
and two synthetic fatty acid ligands (TTA and ETYA; PPAR pan agonists) in PPARα-LBD. PDB identities and resolutions are labeled. (B) A 
superimposed image of five PPARα-LBD–endogenous fatty acid structures. All fatty acids are located at similar positions in Center and Arm II 
regions of the ligand-binding pocket (gray).
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An Integrated Analysis Combined with Automated X-Ray 
Crystallography for an Insect Ecdysteroidogenic Enzyme, 
Noppera-Bo

Noppera-bo (Nobo) is an insect-specific glutathione S-transferase that is involved in the biosynthesis of ecdysteroids, 
which play a pivotal role in insect development. We determined the crystal structures of Nobo from Drosophila mela-
nogaster (DmNobo) in complex with its inhibitors using a fully-automated X-ray data collection system. We performed 
in silico, in vitro, and in vivo analyses based on the crystal structures of the DmNobo–inhibitor complexes. Our struc-
ture-based integrated analysis revealed that Asp113 is a crucial residue for the Nobo function and is a suitable target 
for Nobo inhibitors.

The noppera-bo (nobo) is one of the Hallow-
een genes responsible for ecdysteroid biosyn-
thesis [1]. As ecdysteroids are involved in insect 
development, the Nobo protein can be a suitable 
target for insecticides. The deletion mutant of nobo 
is embryonic-lethal. DmNobo, the Nobo protein from 
Drosophila melanogaster, is a member of the epsilon 
class of cytosolic glutathione S-transferases (GST, EC 
2.5.1.18). While DmNobo has enzymatic GST activi-
ties, an endogenous substrate has not been identified. 
Therefore, we developed an artificial substrate for Dm-
Nobo and screened its possible enzymatic activity inhib-
itors using a chemical compound library at the Univer-
sity of Tokyo. The screening identified 12 compounds, 
including 17b-estradiol, with inhibitory activity against 
DmNobo [2, 3, 4]. To analyze the inhibition mechanism 
of Nobo, we conducted a crystal structure analysis of 
DmNobo; no tertiary structures of the Nobo proteins 
were obtained.

We determined the crystal structures of DmNobo 
in glutathione (GSH)-free and -complex forms at 1.50 
and 1.75 Å resolutions, respectively [3]. The crystal 
structures demonstrated that DmNobo forms a ho-
modimer with a canonical GST fold and has a well-
conserved GSH-binding site (G-site) and a hydro-
phobic substrate-binding site (H-site) adjacent to the 
G-site. Next, we tried to obtain the crystal structures of 
DmNobo–GSH–inhibitor complexes using the soaking 
method with the identified inhibitors. However, it was 
difficult to determine suitable conditions for the soak-

ing experiments; we expected that many trial-and-error 
experiments would be required to optimize the soak-
ing conditions. Therefore, we used PReMo, a fully-
automated X-ray data collection and processing system 
developed by the Structural Biology Research Center 
(SBRC). In addition, we developed an automated struc-
tural analysis software pipeline, PEINTS (https://github.
com/KotaroKoiwai/PEINTS), which performs molecular 
replacement phasing and crystallographic refinement 
and displays a difference Fourier map around the ac-
tive site using the programs MOLREP, REFMAC5, and 
COOT, respectively (Fig. 1) [4]. This system enabled us 
to optimize the soaking conditions through quick data 
collection and crystal structure determination, obtain-
ing seven inhibitor-complex structures at a 1.40–1.84 Å 
resolution (Fig. 2A) [3, 4].

Based on the crystal structures of DmNobo–GSH–
inhibitor complexes, we performed in silico, in vitro, 
and in vivo analyses, revealing that Asp113 is es-
sential for the biochemical and biological functions of 
DmNobo (Fig. 2B, E, F, G) [3]. The crystal structure 
of the DmNobo–GSH–17b-estradiol complex showed 
that 17b-estradiol occupies the H-site. The binding 
of 17b-estradiol induces a rotation of the χ1 angle 
of Asp113 by 25.4° to form a hydrogen bond with 
17b-estradiol (Fig. 2C). A fragment molecular orbital 
(FMO) calculation estimated that the hydrogen bond 
contributed −41.4 kcal/mol in the total interaction energy 
of −82.4 kcal/mol for 17b-estradiol (approximately 50% 
of the total interaction energy). A molecular dynamics 
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(MD) simulation also suggested that the hydrogen bond 
is essential for stable binding between DmNobo and 
17β-estradiol. The 17β-estradiol did not inhibit the en-
zymatic activity of an Ala-substituted variant at Asp113 
(DmNobo_D113A) (Fig. 2E). These experimental and 
in silico analyses demonstrated a pivotal role for Asp113 
in the biochemical function of DmNobo. In addition to 
Asp113, we also found Phe39 contributes to ligand rec-
ognition (Fig. 2D).

Next, we investigated the biological significance 
of Asp113. Phylogenetic analysis revealed that Nobo 
proteins were found in Diptera and Lepidoptera. The 
Nobo proteins form a sub-family (the Nobo family), and 
Asp113 is highly conserved among the Nobo proteins, 
suggesting its biological significance. We performed a 
genetic analysis to confirm its biological function. The 
homozygous nobo allele with the D113A mutation ex-
hibited embryonic lethality and an undifferentiated cu-
ticle structure, a phenocopy of complete loss-of-function 
nobo homozygotes (Fig. 2G). These results suggest 
that the Nobo proteins acquired Asp113 for their bio-
logical functions. The Asp residue may be essential for 
binding an endogenous sterol substrate to regulate ec-
dysteroid biosynthesis.

Our study revealed the first crystal structure of insect 
steroidogenic Halloween proteins. The structure-based 
integrated analysis clarified the biological significance 

of Asp113 in DmNobo. In addition, Asp113 is a critical 
target for developing insecticides that specifically inhibit 
ecdysteroid biosynthesis. We would like to emphasize 
that highly automated X-ray crystallography played an 
essential role in our study. The high-throughput analysis 
enabled us to perform intensive optimization of soaking 
experiments, leading to the success of integrated re-
search, including in vivo analysis.
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Structural Elucidation of a Highly-Reducing Type II Polyketide 
Synthase

Polyketides are an important class of natural products produced by various microorganisms. Recently we found a novel 
class of type II polyketide synthase (PKS), a highly-reducing type II PKS (IgaPKS), by analyzing the ishigamide biosyn-
thetic enzymes. To elucidate the molecular basis of IgaPKS, we solved the structures of its core catalytic heterodimer, 
ketosynthase–chain length factor (KS–CLF) complex, in three different states including hexanoyl unit- and acyl carrier 
protein (ACP)-bound forms. These structures and the results of site-directed mutagenesis provided important insights 
into ACP- and substrate-selectivity of the KS–CLF complex.

Polyketides are an important class of secondary 
metabolites showing useful biological activities, such 
as anticancer and antibacterial activities. They are bio-
synthesized by polyketide synthases (PKSs), which are 
classified into three types according to their structures. 
Type II PKSs are a complex of multiple enzymes and 
mainly synthesize aromatic polyketides. In this system, 

a ketosynthase–chain length factor (KS–CLF) complex 
is most important because it catalyzes decarboxylative 
condensation of a malonyl-acyl carrier protein (ACP) 
with an acyl-ACP to synthesize a b-ketoacyl unit. In ad-
dition, protein-protein interaction between each enzyme 
(KS, ketoreductase, dehydratase, or enoyl reductase) 
and ACP is also important since ACP shuttles an inter-
mediate to each enzyme. Recently, our group found a 
new class of type II PKS, a highly-reducing type II PKS 
for polyene biosynthesis, by analyzing ishigamide biosyn-
thesis [1]. Here, we attempted to understand the catalytic 
mechanism of this highly-reducing type II PKS (IgaPKS) 
by analyzing the structures of its KS–CLF (Iga11–Iga12) 
complex in three different states [2].

Recombinant Iga11–Iga12 and Iga10 (ACP) were 
prepared as His-tagged proteins by heterologous ex-
pression using Escherichia coli BL21(DE3) as a host 
and purified with Co2+ affinity chromatography and gel 
filtration chromatography. The purified Iga11–Iga12 
was used for crystallization. The obtained crystal was 
subjected to X-ray structure analysis on BL-1A, and 
the structure was successfully solved by molecular re-
placement at 1.75 Å resolution [Fig. 1(A)]. In addition, 
hexanoyl-CoA was soaked into the obtained crystal 
and analyzed by X06SA at Swiss Light Source (SLS), 
resulting in the structure of Iga11–Iga12 binding with a 
hexanoyl moiety at the active site (Cys170) at 1.91 Å 
resolution [Fig. 1(B)]. Next, we formed a complex of 
Iga11–Iga12 and Iga10 by using a mechanism-based 
crosslinker synthesized by Burkart et al. [3] and used 
for crystallization. The obtained crystal was subjected 
to X-ray structural analysis at BL-1A, and the structure 
was successfully solved at 1.98 Å resolution [Fig. 1(C)].

The overall structures of Iga11–Iga12 in the three 
states are highly identical to each other, indicating 
that Iga11–Iga12 is rigid during the catalysis (Fig. 1). 
The active site of Iga11–Iga12 is mainly surrounded 
by hydrophobic amino acids [Fig. 2(A)]. Interest-
ingly, several polar amino acids are in the center of 
the active site (e.g., Asp113 and Ser153′; amino acid 
numbers without prime, with prime and with double 
prime indicate amino acid residues from Iga11, Iga12, 
and Iga10, respectively, hereafter). The in vitro analy-
sis of the Iga11–Iga12-D113A variant showed that 
Asp113 was crucial for polyene synthesis by inhibiting 

Figure 1: The overall structures of Iga11–Iga12 (A), Iga11–
Iga12 binding with a hexanoyl moiety (B) and the Iga10=Iga11–
Iga12 complex (C). Iga10, Iga11, and Iga12 are shown in 
magenta, green, and cyan, respectively. The hexanoyl unit and the 
mechanism-based crosslinker are shown as spheres.

(A)

(B)

(C)
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a b-ketoacyl-ACP from being a substrate and mak-
ing Iga11–Iga12 prefer an enoyl-ACP. In addition, 
Iga11–Iga12-L125′A variant synthesized a polyene 
with C16 while Iga11–Iga12 produced a polyene with 
C14. This result indicated that the steric wall constituted 
by Leu125′ controls the chain length of the end prod-
uct. The structure of the Iga10=Iga11–Iga12 complex 
showed that helix II of Iga10 (ACP) is most important 
for the interaction between Iga10 and Iga11–Iga12 
[Fig. 2(B)]. The interaction was maintained by polar 
interactions including salt bridges (Arg210-Glu52′′, 
Lys83′-Asp46′′, and Arg79′-Asp21′′) and hydrogen 
bonds (e.g., His268-Asp40′′, Arg140′-Ser56′′, [Arg210 
and Val144′]-Ser49′′). Analysis of Iga11–Iga12 variants 
with amino acid substitution at these residues showed 
that these interactions mediate the formation of the 
Iga10=Iga11–Iga12 complex. In particular, substitution 
at Arg210 drastically weakened the interaction, indicat-
ing that this residue is most important [Fig. 2(B)].

Figure 2: The active site of Iga11–Iga12 (A) and the interface between Iga10 and Iga11–Iga12 (B). The white stick indicates the mechanism-
based crosslinker used for crosslinking.
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In summary, the structure of the ACP=KS–CLF 
tripartite complex (Iga10=Iga11–Iga12) in the highly-

reducing type II PKS was clarified for the first time. The 
binding mode of KS–CLF to ACP and how the highly-
reducing type II PKS synthesizes a polyene structure 
and controls the final product chain length were clarified. 
These results are extremely important for understanding 
the reaction mechanism of PKS and will provide funda-
mental information for the artificial design of PKS in the 
future.
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Catalytic Mechanism of Cysteine Glycosidase Revealed by X-Ray 
Crystallography

Even though glycoside hydrolases have massive diversity with their substrate specificities, they have very limited and 
similar architectures as catalytic machineries. We discovered the first glycoside hydrolase that has an unusual cysteine 
residue as the catalytic center. In collaboration with research groups in Europe, we uncovered the detailed catalytic 
mechanism of metal-assisted chemical reaction.

Certain fruits, such as pineapple and papaya, can 
be used to tenderize meat because they have plenty of 
protease activity. Proteases in fruits are called ‘cysteine 
protease’ because they use a cysteine as a key nu-
cleophilic residue in the catalysis. In contrast, glycoside 
hydrolases, which degrade carbohydrates, use only two 
kinds of similar amino acids with a side chain carboxylic 
acid (glutamate or aspartate) for the hydrolytic reaction 
in most cases. This has been an enigmatic fact because 
glycoside hydrolases display enormous diversities with 
various substrate specificities and more than 160 en-
zyme families.

Bifidobacteria are prominent gut microbes in healthy 
infants and adults that express various glycoside hy-
drolases to utilize carbohydrates not consumed by 
their hosts (humans). A novel glycoside hydrolase, 
HypBA1, was identified from Bifidobacterium longum 
by Dr. Kiyotaka Fujita at Kagoshima University in 2011. 
HypBA1 is a b-L-arabinofuranosidase that degrades 
b-arabinooligosaccharides in plant cell wall glycopro-
teins. In a collaborative effort with Drs. Kiyotaka Fujita 
and Akihiro Ishiwata at RIKEN, we determined the 
crystal structure of HypBA1 in 2014, using the macro-
molecular crystallography beamlines of the Structural 
Biology Research Center (SBRC) (Fig. 1) [1]. The crys-
tal structure was determined in complex with its reaction 
product, b-L-arabinofuranose, revealing that Cys417 is 
in an appropriate position for nucleophilic attack on the 
substrate’s scissile glycosidic bond (Fig. 2, left). Cys417 
is involved in the unique coordination of a Zn2+ ion, 
which was identified via anomalous scattering analysis 
using the synchrotron beamline of SBRC (Fig. 2, right). 
Based on these results, we proposed a reaction mecha-
nism in which Cys417 acts as the catalytic nucleophile, 
with the aid of acid/base catalysis by a glutamate resi-
due (Glu322, Fig. 3). This unprecedented mechanism 
remained controversial because (i) the structure of the 
covalent intermediate had not been elucidated, and (ii) 
the strong nucleophilicity of the cysteine thiolate group 
may impair efficient catalysis at the deglycosylation 
step.

Figure 1: The structure of HypBA1. Its active site is indicated with 
a red circle.

Figure 2: Left, the HypBA1 active site complexed with b-L-arabinofuranose (b-L-Araf). Right, anomalous scattering analysis, indicating that 
the metal coordinated by Cys417 is Zn.
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Figure 3: Proposed reaction mechanism of HypBA1.

In 2020, we addressed this question in a collabora-
tive study with research groups in Europe [2]. We used 
a novel inhibitor synthesized by Prof. Herman S. Overk-
leeft and his colleagues at Leiden University in the Neth-
erlands. Mass spectroscopy analysis confirmed that 
this cyclophellitol-derived inhibitor specifically labeled 
the presumptive catalytic residue (Cys417) of HypBA1. 
Furthermore, high-quality crystallographic analysis at 
1.75 Å resolution revealed that the three-dimensional 
structure of the covalent adduct is analogous to the ex-
pected transition state intermediate (Fig. 4). This high 
resolution was achieved by screening a large number 
of crystals using the automated data collection system 
of the SBRC beamlines. The covalent structure enabled 
detailed computational analysis of the deglycosylation 
step. Molecular dynamics and quantum mechanics/mo-
lecular mechanics were examined by Prof. Carme Ro-
vira and her colleagues at the University of Barcelona in 
Spain. These results clearly indicate that the deglycosyl-
ation reaction can proceed with finely tuned energetics 
facilitated by the Zn2+-Cys417 interaction. Prof. Gideon 
Davies and his colleagues at the University of York in 
the UK provided biochemical data and spearheaded this 
four-country international collaboration.

Figure 4: Covalent intermediate-like structure of HypBA1 complexed with a mechanistic inhibitor.

This study proved that glycoside hydrolases can uti-
lize a cysteine-based catalytic mechanism, expanding 
the possibilities for engineering this class of enzymes. 
A large number of glycoside hydrolases, including amy-
lases and cellulases, have been applied to advances 
in the food industry, large-scale biomass conversion, 
and medical research. This study will serve as a basis 
for developing carbohydrate-degrading enzymes with 
desired properties.
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Improvement of Automated Crystallization and Monitoring 
System in PF

We developed a fully automated protein crystallization and monitoring system (PXS) in 2003 and have been operating 
and improving the system. Here, we summarize the improvements made to the PXS, now named PXS2. The minimum 
sample volume is reduced to 0.1 µl, the resolution of captured images is increased to 5 M pixels, and a low-temperature 
incubator is installed. In addition to the vapor diffusion method, the PXS2 can handle bicelle and LCP methods for 
membrane protein crystallization. These improvements expand the applicability of the PXS2 and could reduce the bot-
tleneck of X-ray protein crystallography.

Today, once a protein crystal is obtained, X-ray dif-
fraction data are easily collected and the structures are 
quickly determined. However, obtaining good-quality 
crystals remains a bottleneck in the process. In the ac-
tual experimental procedure, hundreds of crystallization 
conditions must be tested for one purified sample. Since 
this simple repetitive work is a dull and time-consuming 
step, researchers want to automate it. To meet this 
demand, we developed a large-scale crystallization sys-
tem at KEK-PF in 2003 [1]. Screening experiments of 
crystallization conditions involve not only making crystal-
lization drops but also continuously observing the drops 
because nobody knows when crystals will appear in the 
drops. Therefore, we developed a system to integrate 
the part that makes the crystallization drops and another 
part that observes the drops. The system consists of the 
following modules: dispensers to make crystallization 
drops, storage for crystallization plates, an observa-
tion device to capture images of crystallization drops, 
a device for transporting plates between them, and an 
observation interface to check the images of drops. All 
of these are integrated, and are controlled by unified 
software. Each unit is modularized and exchangeable 
for future improvements.

The original system, named PXS, was developed 
in 2003, and many improvements have been made to 

date [2]. The performance of the current system, named 
PXS2, is described below (Table 1 and Fig. 1). The 
original PXS can handle a minimum 0.5 µL sample to 
make crystallization drops. To reduce the total sample 
volume, we installed in the PXS2 a tip-exchange 
syringe-type dispenser (Mosquito LCP, SPT Labtech, 
UK), which can dispense 0.1–0.2 µL of sample solu-
tion. Since sample preparation, i.e. protein purification, 
is the most complicated and time-consuming step in a 
series of experiments, the dispensing of smaller vol-
umes has been widely welcomed by users. The imager 
used to observe crystallization drops is also improved. 
The 0.3 M pixel color CCD camera in the PXS has been 
upgraded to a 5 M pixel CCD device that reconstructs 
an image with less out-of-focus from multiple images 
with different focal positions (RockImager2, Formulatrix, 
USA). In addition, a new device capable of observing 
second harmonics generation (SHG) and UV-fluores-
cence (UV-TPEF) was introduced (SONICC, Formula-
trix, USA). This helps to judge whether crystals found 
in the drops are protein crystals or salt crystals. Since 
crystallization is affected by temperature, a 4°C incuba-
tor with a built-in observation device was installed in ad-
dition to 20°C incubators. The storage for crystallization 
plates at 20°C has been increased from 400 to 1,530 in 
the PXS2.

Crystallization methods
Vapor diffusion

Bicelle, LCP

Sample dispensing volume 0.1–0.2 µL

Plate-making speed 3 min 30 sec

Plate-sealing method Crimping

Plate incubator (20°C) 1,530 plates (5 units)

Plate incubator (4°C) 400 plates (1 unit)

Observation resolution 5 M pixels

Observation speed 4 min 50 sec

SONICC observation system SHG, UV-TPEF

Table 1: Specifications of PXS2
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We also installed new functions in the system. The 
original PXS supports the vapor diffusion crystalliza-
tion method, which is the most widely used method for 
soluble proteins but is often not suitable for membrane 
proteins. For crystallization of membrane proteins, we 
made it possible to support the bicelle method by ex-
amining and optimizing the dispensing parameters in 
the PXS2. For the LCP method, we developed an SBS 
format folder to make the LCP plate compatible with our 
system. Now, the PXS2 can handle both soluble and 
membrane proteins for crystallization screening. Images 
of the crystallization drops are captured automatically, 
however, judging when and where crystals appear in 
the drops has been done manually and is laborious 
work. For example, to screen 500 kinds of crystallization 
conditions, we would need to observe a total of 12,000 
drops during 3 months if each crystallization drop is 
checked twice a week. Therefore, we developed a sys-
tem that automatically judges the presence or absence 
of crystals in drops using machine learning. We con-
nected crystallization screening and diffraction experi-
ments at PF seamlessly by developing an in-situ X-ray 

diffraction measurement technique and linking two da-
tabases of the PXS2 and protein crystallography beam-
lines, thus enabling the results of crystallization condi-
tions and in-situ X-ray diffraction data to be merged.

Currently, many protein structures are determined 
by single-particle analysis using cryo-electron micros-
copy, in addition to X-ray crystallography. Since each 
method has strengths and weaknesses, these two 
methods will continue to be used in a complementary 
manner. Our automated crystallization system will sup-
port X-ray crystallography in the future.

Figure 1: Overview of PXS2.
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The Response of DNA Damage in Normal Human Cell Populations 
Locally Irradiated with X-Ray Microbeams of Different Beam 
Sizes: Basic Study to Clarify the Health Effects of Internal 
Exposure
X-ray microbeams are very effective for reproducing the situation of local exposure in internal exposure in vitro. We in-
vestigated the response of DNA damage in normal human cell populations locally irradiated with X-ray microbeams of 
different beam sizes, and found that even at the same dose, the smaller the field size of X-irradiation on the cell popu-
lation, the fewer DNA double strand breaks per cell in X-irradiated cells. These results indicate that X-irradiated cells 
received some signal (rescue signal) from surrounding non-irradiated cells, and DNA damage was rapidly repaired or 
cells with DNA damage were eliminated.

After the Fukushima Daiichi Nuclear Power Plant ac-
cident caused by the Great East Japan Earthquake on 
March 11, 2011, insoluble radioactive cesium (Cs-137) 
was released into the atmosphere, and internal expo-
sure due to Cs-137 deposited in the lungs is currently a 
problem [1]. The International Commission on Radiolog-
ical Protection (ICRP) assumes that the cancer risk of 
internal exposure (local exposure in organs) is equiva-

lent to that of external exposure (uniform exposure in or-
gans) if the average absorbed dose in tissues or organs 
is the same irrespective of heterogeneous distribution 
(Fig. 1) [2]. However, there is no biological evidence for 
whether the response of individual cells composing an 
organ differs between internal and external exposure.

The X-ray microbeam system in Photon Factory 
using synchrotron radiation has the advantage of small 
divergence, which enables us to define the irradiation 
area precisely by cutting out the X-ray beam [3-7]. Thus, 
X-ray microbeam irradiation is very effective for repro-
ducing the heterogeneous dose distribution of the cell 
population following internal exposure in vitro.

The present study aimed to clarify the effects of in-
ternal exposure by investigating the response of DNA 
damage in normal human cell populations locally irradi-
ated with X-ray microbeams of different beam sizes.

Normal human fibroblast cells, MRC-5, were cul-
tured on a cover glass to create a cell population of 
133 mm2, and the field sizes of 0.02 mm2, 0.09 mm2, 
0.81 mm2, and 1.89 mm2 on the cell population were 
irradiated with X-ray microbeams (5.35 keV) of 1 Gy 
(Fig. 2). Subsequently, the numbers of DNA double 
strand breaks (DSBs) per cell were measured by im-
munofluorescence staining of 53BP1, which is a DSB 
repair protein frequently used to detect DSB sites, for up 
to 48 h post-irradiation.

Figure 1: Concept of cancer risks of internal and external 
exposure by ICRP. ICRP assumes that the cancer risk of internal 
exposure is equivalent to that of external exposure if the average 
absorbed dose in tissues or organs is the same.

Figure 2: Schematic representation of X-ray microbeams for different field sizes and representative immunofluorescence images of 
53BP1 foci. X-ray microbeams were applied at 0.023 mm2 (A), 0.09 mm2 (B), 0.81 mm2 (C), and 1.89 mm2 (D) irradiation field sizes to cell 
populations by an X-ray microbeam generator. Immunofluorescent image of 53BP1 was observed as DSB (E). Blue: Nuclei, Red: 53BP1 foci.
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The first key finding of this study is that, even at 
the same dose, the number of DSBs per cell increases 
depending on the field size of X-irradiation on the cell 
population (Fig. 3). In 1984, Peel et al. analyzed the inci-
dence of skin disorders in circular areas of pig skin from 
1 to 40 mm in diameter that were irradiated with b-rays. 
They showed that, even with the same absorbed dose 
on skin, the larger the b-irradiation field area, the higher 
the incidence of skin disorders [8]. Similar results have 
been confirmed by other experimental systems [9, 10]. 
This phenomenon is called radiation-induced field size 
effect (RIFSE). Thus, RIFSE was confirmed in this study.

The second key finding is that when the X-irradiated 
field size is <0.09 mm2 or lower, the number of DSBs 
per cell decreases to background levels at 24 hours 
post-irradiation (Fig. 3). In 2011, Chen et al. reported 
that when human cervical cancer cells were irradiated 
with 20 cGy of α-rays and co-cultured with non-irradiat-
ed human primary fibroblast cells, the number of DSBs 
in the α-irradiated cells was less than that in α-irradiated 
cells that were not co-cultured with non-irradiated cells 
at a statistically significant level. Similarly, micronucleus 
formation in α-irradiated cells and the number of an-
nexin V-positive apoptotic cells upon α-irradiation were 
reduced in the presence of non-irradiated cells [11]. 
This phenomenon is called the radiation-induced rescue 
effect (RIRE), in which detrimental effects in targeted 
irradiated cells are reduced upon receiving feedback 
signals from partnered non-irradiated bystander cells, 
or from medium previously conditioned with these part-
nered non-irradiated bystander cells [12]. From these 
reports, we thought that RIRE may occur in cells at the 
boundary between the X-irradiated field and the non-
irradiated field. Thus, we hypothesized that, in a small 
irradiation field size, most X-irradiated cells are in con-
tact with non-irradiated cells, which can lead to RIRE, 
and so RIRE is involved in RIFSE.

The results of the present study suggest that RIFSE 

is also observed in normal human cell populations by 
local X-irradiation. The results also provide biological 
evidence when considering the cancer risks of internal 
exposure to radionuclides deposited heterogeneously. 
Furthermore, we speculate that RIRE might be involved 
in the response of cell populations post-irradiation. This 
point will be important when considering the concept of 
dose linked to biological effects such as beam radiation 
therapy; further research is required.

Figure 3: Effects of X-irradiated field size on the DNA damage response. The results are represented as mean ± standard error. Circles, 
triangles, squares, and rhombi indicate the number of 53BP1 foci per cell of X-irradiated cells in 1 h, 4 h, 24 h, and 48 h post-irradiation, 
respectively. At 1.89 mm2 and 0.81 mm2, the number of 53BP1 foci was significantly higher than background level at 24 h or more after 
X-irradiation (

 
 

   ✳︎ p<0.05, t-test).
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Three-Dimensional Reconstruction of the Human Embryonic 
Bronchial  Tree Using Phase- Contrast X-Ray Computed 
Tomography (PXCT) Images

Details of the bronchial tree formation remain unknown because of the difficulty of analyzing extremely small embryos. 
We aimed to elucidate the morphogenesis of the human embryonic bronchial tree using phase-contrast X-ray com-
puted tomography (PXCT) images. The three-dimensional (3D) branching of bronchial trees was reconstructed using 
PXCT images of a sample of embryos (between 5–8 weeks after fertilization) from the Kyoto Collection. The images 
revealed that branching variants arose during the embryonic period and continued throughout life. All proximal bronchi, 
except the lingular bronchi, were formed by a monopodial branching mode. The 3D reconstructions of the embryonic 
bronchial trees provided novel insights into how bronchial trees are generated in small embryos.

The bronchial tree of the human lung is composed 
of conducting and respiratory airways [1]. This organ 
has a highly ramified structure in the lungs. An under-
standing of branching morphogenesis is essential for 
the diagnosis and treatment of congenital anomalies. 
However, how such complicated branching networks 
are generated during development remains unclear 
because of the difficulty of analyzing extremely small 
embryos. Recently, we provided new insights into the 
formation of the branching tree in the human embryonic 
lung by analyzing 3D reconstructions of the human em-
bryonic bronchial tree [2, 3].

First, we extended the morphological analysis to the 
end of the embryonic period [2]. The embryonic period 
is from the time of fertilization to 8 weeks post-fertiliza-
tion. It begins with the formation of the body structures, 
generally described by a standardized system of 23 
stages called the Carnegie stages (CS) [4]. Previous 
morphological studies have demonstrated the general 
morphogenetic processes of the human bronchial tree 

during the embryonic period. The primordium of the tree 
buds extends from the middle of the foregut at approxi-
mately CS 12 (at approximately 4 weeks after fertiliza-
tion) [5]. After that, this pulmonary primordium bud con-
tinues to extend and branches out continuously to form 
the lobar, segmental, and more peripheral branches. 
The first generation of sub-segmental bronchi is com-
plete at CS19 [6]. However, morphological changes in 
the trees after CS20 have not been elucidated.

Second, we analyzed how the proximal bronchus of 
the human lung branches off [3]. Previous studies have 
proposed two simple branching modes: monopodial 
and dipodial [7, 8]. With monopodial branching, the child 
branches extend from the sidewall of the parent branch. 
With dipodial branching, the tip of the bronchus bifur-
cates. Previous studies estimated the branching mode 
based only on visual assessments.

Thus, we aimed to describe the morphogenesis of 
bronchial trees during the human embryonic period. We 
reconstructed 3D branching trees using phase-contrast 
X-ray computed tomography (PXCT) images, observed 
the morphological changes in the trees in detail, and 
categorized the branching mode as monopodial and di-
podial based on the bronchus length.

A total of 48 embryos between CS15 and CS23 
(about 5–8 weeks after fertilization, 8–30 mm crown-
rump length) [4] of the Kyoto Collection were selected 
[9]. Imaging data of all samples were acquired using 
PXCT. The system was set up at the vertical wiggler 
beamline (BL-14C). The PXCT imaging data provided 
a resolution of ≥ 18 µm/pixel [10], which enabled non-
destructive observation of intrabody structures in detail, 
and highly sensitive morphometry of the embryos. The 
structure of the bronchial tree was reconstructed for all 
samples using Amira software (version 6.2.0; Visage 
Imaging GmbH, Berlin, Germany) (Fig. 1a). The center 
of the airway was observed linearly with the centerline 
module. The coordinates were analyzed using MATLAB 
v. R2018a (MathWorks, Inc., Natick, MA, USA) to calcu-
late the generation of all branches and branch lengths.

We categorized the branching modes of the lobar, 
segmental, and subsegmental bronchi. After calculat-
ing the length of each bronchus, we categorized the 

Figure 1: Image processing of the bronchial tree and illustration 
showing the change of bronchus length with monopodial and 
dipodial branching. a (i) Transverse section using phase-contrast 
X-ray computed tomography. Heart (H). (ii) Reconstructed 
bronchial tree. Scale bar: 1 mm. (iii) The centerline was calculated 
based on reconstruction. b The parent bronchus (PBr) length may 
shrink with monopodial branching just after generation of child 
bronchus (CBr) (i), but may not shrink or elongate with dipodial 
branching (ii).

a

b
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branching mode of the analyzed bronchi based on 
whether the parent bronchus was divided after generat-
ing the analyzed bronchi (Fig. 1b).

Three-dimensionally reconstructed bronchial trees 
revealed a timeline of morphogenesis during the embry-
onic period (Fig. 2a). The right superior lobar bronchus 
was formed after the generation of both the right middle 
and left superior lobar bronchi. The distribution of the 
end-branch generation among the five lobes was signifi-
cantly different (Fig. 2b). The median branching genera-
tion value in the right middle lobe was significantly lower 
than that in the other four lobes. Variations found be-
tween CS20 and CS23 were all described in the human 
adult lung, indicating that variation in the bronchial tree 
may arise during the embryonic period and continue 
throughout life.

All lobar bronchi were formed with monopodial 
branching (Fig. 2c). Twenty-five bifurcations were ana-
lyzed to categorize the branching mode of the segmen-
tal and subsegmental bronchi. Of these, 22 bifurcations 
were categorized as monopodial branching, two bifurca-
tions were not categorized as any branching pattern, 
and the only lingular bronchus that bifurcated from the 
left superior lobar bronchus was categorized as dipodial 
branching.

High-resolution imaging data of human embryonic 
specimens using PXCT enabled the reconstruction of 
the three-dimensional bronchial tree, revealing morpho-

genetic changes during the human embryonic period. 
Our novel understanding of bronchial tree development 
will provide a crucial resource for elucidating congenital 
anomalies.

Figure 2: 3D reconstructions enable novel analyses of the human embryonic bronchial tree. a Representative reconstructions of the bronchial 
tree. Scale bar: 1 mm. b (left) Generation of end-branching (rainbow color) at CS18, CS21, and CS23. Colored circles indicate generations of 
each end-branch when the lobar bronchus was defined as the 0th branch. Color bars indicate the corresponding generations. (right) Change 
of generation in each lobe by Carnegie stage during CS18 and CS23. LIL, left inferior lobe; LSL, left superior lobe; RIL, right inferior lobe; 
RML, right middle lobe; RSL, right superior lobe. c Branching mode of the right superior and middle lobar bronchi. The length changes of the 
right proximal bronchi are shown. Compared with the right primary bronchial bud (RPBB) length before branching, temRMB length and total 
length of right main bronchus (RMB) and intermediate bronchus (IB) were shorter. RIB, right inferior bronchus; temRMB, temporary RMB 
branch from the tracheal bifurcation to the base of the right middle lobe.
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Machine-Learning-Accelerated Data Analysis for X-Ray 
Diffraction
Identification of crystal structures is one of the core objectives of materials science. Mathematical optimization and 
machine-learning techniques have allowed rapid estimations of crystal structures from powder X-ray diffraction data. It 
has been suggested that these techniques can help concretize the rules of thumb for measured data analyses based 
on large amounts of materials data and obtain candidate crystal structures that are unaffected by bias of the analyst. 
These techniques also help researchers solve more complex problems more quickly.

structured Parzen estimator (TPE), an algorithm based 
on Bayesian optimization. 

The optimization history of Y2O3 is shown in Fig. 1. 
The value of Rwp decreased with the progress of opti-
mization by the TPE, and, on average, our proposed 
method exceeded human expertise at ~100 evaluations. 
In each experiment. The calculation time required for 
100 evaluations was ~30 min on a general computer. 
Moreover, in 100 experiments with different random 
seeds to run TPE, we confirmed that 90Rwp was less 
than the result obtained by the expert. These results 
demonstrate that the proposed method based on BBO 
has the potential to realize automatic Rietveld analysis 
with the same or better performance than that of experts.

Similarly, for Dy0.5Sr0.5MnO3, the experiment was 
repeated 100 times with different random seeds 
used to run the TPE. Using multidimensional scaling, 
we visualized the similarity between the crystal struc-
tures obtained using BBO (Fig. 2). Each point corre-
sponds to one crystal structure, and the distance in the 
figure corresponds to the similarity of the structures. 
In the lower right of the figure, crystal structures similar 
to the results obtained by the expert formed a loose 
cluster. This result indicates that structures comparable 
to the expert’s results could be obtained automatically. 
In addition, there is an outlier structure in the upper left 
corner of Fig. 2, where Rwp converges well enough. 
The difference from the other structures, that is, the po-
sitional shift corresponding to 5% of the lattice param-
eter, is considered sufficient to affect the physical prop-
erties. Although conventional criteria would reject this 

Figure 1: Optimization history for Y2O3. The curves show the optimization history of Rwp for Y2O3. Our proposed method exceeded the human 
expert at ~100 evaluations [1].

Rapid advances in materials informatics, the ap-
plication of machine learning (ML) and information 
processing techniques to materials science are chang-
ing the field of materials science. In contrast to physi-
cal measurements, which have long been regarded as 
targets for efficiency improvement, data analysis has 
largely remained dependent on trial and error by hu-
mans. Consequently, data analysis has become a time 
bottleneck in the development of materials. Herein, we 
introduce some recent studies on ML-accelerated data 
analysis methods for quantum beam experiments.

Powder X-ray diffraction (PXRD) is one of the es-
sential tools used in materials analysis. Rietveld analy-
sis, a method to obtain a precise crystal structure model 
with curve fitting to the measured PXRD patterns, is a 
popular method for PXRD pattern analysis.

Although Rietveld analysis has a long history and 
is a reliable method, it requires setting numerous pa-
rameters independent of the properties of the material, 
such as the choice of a background function and the 
setting of peak shape. Because these settings signifi-
cantly impact the results, trial and error and expertise 
are required to obtain appropriate analysis results. 
We realized that this situation is similar to hyperparam-
eter optimization for ML models and formulated the 
trial-and-error process of Rietveld analysis as a black 
box optimization (BBO) problem to find a setting that 
minimizes the weighted profile residual factor (Rwp) [1]. 
As the optimization target by BBO, we chose 13 param-
eters (e.g., background function and variables to be fit-
ted) and solved this optimization problem using the tree-
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structure because isotropic atomic displacement factors 
(Uiso) of atoms with similar masses are not comparable, 
the ability to propose quite different structure candidates 
is a major feature of the BBO approach. We contend 
that this approach removes the human-origin bias and 
may lead to new discoveries that have been overlooked 
in the past.

As a different approach, we proposed a method to 
predict crystal structure features directly from PXRD 
patterns using ML without using Rietveld analysis [2]. 
In this study, we developed a technique that can predict 
the crystal system and space group, which are essen-
tial features of the crystal structure, with an accuracy of 
>90% and >80%, respectively, and in <1 ms. This per-
formance is sufficient for screening a large amount of 
data. 

We not only developed a prediction model but also 
gained data-driven insight, such as concerning the effect 
of the number of diffraction peaks used for prediction of 
the prediction accuracy (Fig. 3) and the importance of 
data features. Furthermore, from the learned ML model 

analysis, we quantified some of the tacit knowledge 
used by expert users to predict the approximate crys-
tal system when they look at the PXRD pattern. Such 
knowledge may help in designing a minimum but effec-
tive measurement setup and an experimental plan for a 
specific purpose.

ML-accelerated data analysis in quantum beam ex-
periments is developing rapidly and will help research-
ers focus on more creative work and solve more com-
plex problems.

REFERENCES
[1] Y. Ozaki, Y. Suzuki, T. Hawai, K. Saito, M. Onishi and K. Ono, 

npj Comput. Mater. 6, 75 (2020).
[2] Y. Suzuki, H. Hino, T. Hawai, K. Saito, M. Kotsugi and K. Ono, 

Sci. Rep. 10, 21790 (2020).

Figure 3: Classification accuracy of crystal system versus number of peak positions used for prediction [2].
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Best by BBO (Rwp = 9.211%)

Similar to human expert
by BBO (Rwp = 9.577%)

Best by human expert (Rwp = 9.775%)

Another interesting candidate by BBO (Rwp=9.484%)

Figure 2: Multidimensional scaling visualization. Each point in this figure represents a crystal structure refined with the 100 configurations 
optimized by BBO (i.e., 100 crystal structures with the best Rwp among 200 configurations from each of 100 runs) or the crystal structure 
refined with the best configuration by a human expert [1].
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Soft X-Ray Vortex Beam Detected by Inline Holography
We detected a soft X-ray vortex beam by using the inline holography technique [1]. A holographic image is observed as 
an interference pattern between vortex waves produced from a fork grating and divergent waves from a Fresnel zone 
plate. By employing spatial frequency filtering, we successfully obtained a spiral phase distribution with a topological 
charge 

 
 
 

      ℓ = ±1. Our present study may offer a new type of probe for the characterization of topological defects in mag-
netic textures.

Since the generation of a visible light vortex beam, 
which has spiral wavefronts, was proposed by Allen 
et al. [2], vortex beams have attracted significant inter-
est in diverse fields, including superresolution microsco-
py and optical tweezers. In the soft X-ray region, some 
techniques for generating vortex waves, such as helical 
undulators [3] and diffractive optics [4], have been re-
ported in recent years. As soft X-rays are widely used 
to probe magnetic materials owing to their high sensitiv-
ity to the spin density of 3d and 4f orbitals, a soft X-ray 
vortex beam is expected to be a new type of magnetic 
probe.

A vortex beam is also known to be generated via 
a phase defect in a material. It has been reported that 
a hard X-ray vortex beam is produced by dislocation 
singularities in a silicon single crystal [5]. Correspond-
ingly, soft X-rays could be converted to a vortex wave 
via phase defects in a magnetic texture, such as a mag-
netic Bloch point in skyrmion or helical lattices. These 
defects, and particularly their dynamics, have attracted 
much attention because of the possibility of applications 
in magnetic memory devices. Hence, it is important 
to characterize their topological properties, such as 
topological number, which gives the number of times 

that the magnetic order parameter passes through the 
interval [0 2π] following a closed loop. It is notable that 
the topological number of the phase defect can be tran-
scribed to the topological number of the vortex waves. 
Thus, detecting the soft X-ray vortex beam generated 
from a phase defect would lead to effective probes for 
topological properties in magnetic textures. To this end, 
it is crucial to visualize the spiral wavefront of a soft 
X-ray vortex beam.

In this study, we employed the inline holography 
technique to visualize the spiral phase distribution of a 
soft X-ray vortex beam generated from a fork grating 
(shown in the inset of Fig. 2 (a)), which is also regarded 
as containing topological defects. The experimental 
geometry is illustrated in Fig. 1. Incident X-rays are fo-
cused via a Fresnel zone plate (FZP), and the first-order 
diffraction from the FZP is selected by an order-sorting 
aperture (OSA) placed at the focal point. A fork grating 
with topological number b = 1 is placed 680 µm away 
from the focal point, which generates a vortex beam 
with topological number 

 
 
 

    ℓ = ±𝑛𝑛 as n th-order Bragg dif-
fraction. The vortex beam interferes with the reference 
beam transmitted outside the grating, and the interfer-
ence pattern is observed using a CCD camera.

Figure 1: Experimental set-up for inline holography.
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Figure 2 (a) shows the interference pattern between 
first-order Bragg diffraction from a fork grating and the 
direct reference beam. Intensity modulations along the 
horizontal direction are clearly visible. In addition, the 
upper half of the diffraction pattern contains an addi-
tional stripe compared with the lower half, and a fork-
shaped pattern appears at the center, which implies the 
formation of a vortex beam. To extract the phase distri-
bution, we employed spatial frequency filtering (details 
of the method are described in our previous paper [1]). 
The phase images obtained for the 

 
 
 

    ℓ = ±𝑛𝑛 diffraction 
waves (shown in Figs. 2 (b) and (c), respectively) clear-
ly show a spiral phase distribution with 

 
 

      ℓ = ±𝑛𝑛 = ±1, 
where the rotation direction is reversed between these 
vortex waves.

In the next step, we simulated a practical application 
of the present technique to a dislocation in a magnetic 
skyrmion lattice (SkL). Magnet skyrmions, which are na-
noscale vortex-like spin textures, usually form a hexago-
nal lattice, while they show arrangements with five and 
seven neighbors as a dislocation as shown in Fig. 2 (d). 
Figure 2 (e) shows the calculated holographic image 
for the diffraction waves from the SkL with a disloca-
tion, where a skyrmion diameter is assumed as 200 
nm, obtained by using the scaled fast-Fourier-transform 
method [6]. The simulated experimental geometry is 
the same as that shown in Fig. 1. The interference pat-
tern shows a six-fold intensity distribution reflecting the 
hexagonal symmetry of the SkL, while the diagonal 
diffractions have a fork-shaped pattern. Using spatial 
frequency filtering for the diffraction indicated by the red 

arrows in Fig. 2 (e), we obtained a spiral phase distribu-
tion as shown in Fig. 2 (f), which strongly reflects the 
topological geometry of the phase defects in the SkL. 
These results clearly indicate that the present technique 
can effectively characterize the topological properties of 
magnetic textures.

To summarize, we successfully obtained the spiral 
phase distribution of a soft X-ray vortex beam gener-
ated from a fork grating by using the inline holography 
technique. The present technique may pave the way to 
the characterization of topological defects in magnetic 
textures.

Figure 2: (a) Holographic image of the diffraction waves from the fork grating with topological number b = 1 (shown in the inset figure). (b) (c) 
Spiral phase distribution for the Bragg diffraction with 

 
 
 

         𝒏𝒏 = ±𝟏𝟏. (d) Skyrmion lattice with a dislocation and (e) calculated holographic image for 
the Skyrmion lattice. (f) Phase distribution of the Bragg diffraction indicated by the red arrow in (e).
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Dielectric Response of BaTiO3 Electronic States under AC Fields 
via Microsecond Time-Resolved X-Ray Absorption Spectroscopy

The electronic states of a ferroelectric BaTiO3 thin film under AC electric fields are investigated in order to clarify the 
correlated contributions of each constituent atom to dielectric properties. Since the observation of the electronic states 
at the instant of polarization reversal is a key issue in our study, we developed microsecond time-resolved X-ray ab-
sorption spectroscopy (TR-XAS) techniques synchronized with external AC fields. In addition to the well-identified 
orbital hybridization between Ti and O atoms, an electronic correlation was found between Ba and Ti atoms. This also 
contributes to polarization reversal of BaTiO3.

Ferroelectric materials are widely used in various 
practical applications such as multilayer ceramic capaci-
tors, piezoelectric devices, and memory cells. Dielectric 
properties of a typical dielectric material, ATiO3, are 
affected significantly by A-site cations: for example, 
BaTiO3 and PbTiO3 have spontaneous electric polariza-
tions, while SrTiO3 and CaTiO3 do not. Previous related 
literature primarily focused on the off-center displace-
ment of Ti ions, which is a major cause of polarization. 
The Ti off-center displacement is accompanied by Ti-3d 
and O-2p hybridization in BaTiO3 and PbTiO3. There-
fore, it is evident that orbital hybridization is closely 
linked to the dielectric properties of ATiO3 [1, 2].

Since spontaneous polarization of ferroelectric ma-
terials can be switched by external electric fields, direct 
observation of the electronic states under electric fields 
is an appropriate approach to investigate the dielectric 
properties. In this study, we investigated the polariza-
tion reversal response of atomic bonds in BaTiO3 under 
AC electric fields. Using time-resolved X-ray absorption 
spectroscopy (TR-XAS), we observed the electronic 
correlation between Ba and Ti ions in addition to Ti-O 
hybridization. This is the first experimental verification of 
Ba contributions to polarization reversal of BaTiO3.

A microsecond TR-XAS technique was employed 
to detect tiny time variations under AC fields. In com-
parison with the conventional DC scans, the use of time 
stamps of a silicon drift detector (SDD) brings the ad-
vantage of enhanced sensitivity of faint features, since 
at each photon energy the experimental conditions, 
such as beam intensity, Joule heating, and fatigue, are 
the same. In this study, a TR-XAS system was estab-
lished on the beamline BL-15A1. The system was real-
ized by an independent digital signal processing (DSP) 
system. It could easily be combined with various sample 
conditions such as quick-scanning XAS, and it has a 
time resolution of sub-microsecond order.

The sample was a BaTiO3 thin film with a thick-
ness of 650 nm prepared by pulsed laser deposition. 
Ti K-edge spectra were measured in partial fluores-
cence yield mode, as illustrated in Fig. 1. X-rays were 
incident on the top electrode of the sample. The detect-
ed fluorescence X-rays were converted to digital signals 
and recorded with time information by the DSP. We 
used signals only in the Ti Kα region to obtain partial 
fluorescence spectra.

Figure 1: Schematic diagram of the time-resolved X-ray absorption spectroscopy synchronized with external electric fields.
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A non-TR Ti K-edge spectrum of the BaTiO3 is 
shown in Fig. 2(a). The absorption profile above the 
sharp main peak at 4985 eV corresponds to the den-
sity of states of the unoccupied Ti 4p states, whereas 
small features in the pre-edge region (4965–4975 eV) 
represent the Ti 3d states. The intensity of the pre-peak 
increases as the local distortion in a TiO6 octahedron 
increases because the hybridization between the Ti-3d 
and O-2p orbitals becomes more pronounced [3]. The 
shoulder structure at 4980 eV is a characteristic of 
BaTiO3 because its intensities and broadness are differ-
ent with different A-site ions in ATiO3.

The time variation of the integrated intensities of the 
pre-edge peak, the shoulder structure, and the main 
peak are presented in Fig. 2(b). Intensities of the pre-
edge peak and the shoulder structure increase with an 
increase in the amplitude of the applied electric field, 
while that of the main peak decreases.

To provide a theoretical background for the interpre-
tation of the TR-XAS results, the experimental spectra 
were compared with the simulated spectra obtained by 
FEFF 9.6 codes [4]. The simulated results are shown 
in Fig. 2(c), wherein the Ti off-center displacement 
(dTi) was varied from dTi = 0 to 0.04 in atomic units. It 
was assumed that larger displacements would make 
the spectral changes clearer. The intensity of the pre-
edge peak increases with increasing dTi, which reflects 
the enhanced Ti 3d -O 2p hybridization, whereas the 
intensity of the main peak decreases with increasing dTi. 

In contrast, the shoulder structure is not affected by the 
Ti off-center displacement, which clearly indicates a dif-
ferent physical origin for the shoulder structure. As pre-
viously mentioned, the shoulder structure was attributed 
to the A-site contribution. Therefore, it can be stated that 
orbital hybridization is not restricted to Ti and O ions but 
also involves Ba ions, or at least, that Ba ions also play 
an important role in the formation of the valence band. 
This is the first experimental verification of the electronic 
contribution of Ba to polarization reversal [5].

Figure 2: (a) Non-TR Ti K-edge spectrum of the BaTiO3 thin film at room temperature. (b) Time variation of the intensities of the main 
peak, shoulder, and pre-edge peak under a triangular AC electric field. (c) Simulated Ti K-edge spectra of BaTiO3 for various Ti off-center 
displacements (dTi) performed by FEFF9.6 codes.
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Mitigation of the Single-Bunch Current Limit by Using Higher 
Harmonic Cavities for PF Hybrid Filling Mode

A hybrid filling operation mode with a high-current single bunch and a train of low-current bunches allows for simultane-
ous operation of high intensity and time-resolved experiments. At KEK-PF, the single-bunch current is limited to 30 mA 
owing to beam-duct heat problems and beam instabilities. These effects are potentially mitigated by introducing higher 
harmonic cavities and realizing bunch-lengthening operation. Accordingly, the impact of harmonic cavities and the ring 
impedance on the PF hybrid operation mode is numerically investigated using a multi-particle tracking code. Conse-
quently, improvement of the single-bunch current limit is expected thanks to the bunch-lengthening.

Simultaneous operation of high current intensity and 
time-resolved experiments can be achieved by using a 
beam operation mode with a high-current single bunch 
and a train of low-current bunches, which is called 
“hybrid filling operation.” This operation mode has been 
adopted at KEK-PF for one month a year since FY2012. 
However, for the last several years, the single-bunch 
current has been limited to 30 mA because of beam-
duct heat problems and shortening of the beam lifetime 
caused by single and multi-bunch instabilities [1].

A longitudinal bunch-lengthening operation can po-
tentially mitigate this problem. By applying a higher har-
monic voltage to cancel the longitudinal focusing force 
of the main accelerating voltage, the longitudinal bunch 
size is lengthened and synchrotron tune spread is also 
introduced. The maximum bunch length is obtained 
when the focusing force is perfectly canceled. In this so-
called “flat potential condition,” the bunch-lengthening 
factor of 2.4 to the natural bunch length is expected if 
the uniform bunch fill pattern is employed [2]. Therefore, 
we carried out a more practical investigation for the PF 
hybrid filling mode.

It is considered that the inductive component of the 
ring impedance also contributes to bunch-lengthening 
when the single-bunch current is large. Therefore, we 
evaluated the ring impedance for the present PF ring by 
measuring bunch lengths as a function of bunch current 
and comparing with numerical calculations. The bunch 
lengths were measured with a streak camera (Hama-
matsu, C5680 M5675 M5679) and the error bars were 
determined as a standard deviation of bunch lengths 
derived from twenty images (see red circles of Fig. 1). 
The measured bunch lengths with the bunch current of 
up to 30 mA are well-reproduced by both the analytical 
formula (Zotter’s law) and the multi-particle simulation 
code MBTRACK [3], and the inductive component of 
the ring impedance is evaluated as 0.87 Ω.

To evaluate the efficiency of bunch-lengthening, 
existing impedances in the ring and bunch fill pattern 
should be taken into account. For this purpose, the 
MBTRACK code was used instead of analytical evalu-
ations. Concerning the existing impedance, cavity im-
pedances are also assumed in addition to the inductive 
component of the ring impedance. The impact of ring 
impedance varies as a function of bunch current and its 
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Figure 1: Bunch length as a function of bunch current. The measurement values are plotted by red circles together with the predictions by 
analytical formula (Zotter’s law) (green line) and MBTRACK code (blue triangles).
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distribution. On the other hand, total accelerating volt-
ages of main and harmonic cavities for each bunch are 
periodically perturbed according to both the bunch fill 
pattern and the cavity impedance properties, which are 
resonant frequency, Q-value and shunt impedance [4]. 
Thus, the multi-particle tracking simulation becomes a 
powerful tool to investigate the electron bunch dynamics 
in such a complex situation and evaluate the efficiency 
of bunch-lengthening.

The bunch fill pattern with a bunch train of 130 
bunches and an isolated single bunch was assumed, 
and the bunch currents for each component were 
3.1 and 50 mA, respectively, where the total current was 
calculated to be 450 mA. Table 1 shows the param-
eters of the main and 3rd harmonic cavities. One or two 
3rd harmonic cavities were assumed. For the harmonic 
cavity, the voltage, phase and detuning frequency were 
decided to maximize the single-bunch length while the 
dissipation power per cavity was kept within 10 kW.

The bunch length along the bunch index for the 
two harmonic cavities case is shown in Fig. 2 (a). The 
bunch lengths of 46 and 73 ps, where bunch-length-
ening factors were 1.4 and 2.3, were obtained for the 
bunch train and single bunch, respectively. This means 
that a bunch length almost equal to the ideal case can 
be achieve for the high-current single bunch thanks to 
the harmonic cavity and the ring impedance. 

Parameter Main rf 3rd Harmonic rf
Cavity number 4 1/2

R/Q, R = V 2c / Pc 174 Ω 80 Ω

Unloaded Q 39000 37500

Coupling factor 3.5 0

Total cavity votage 1.7 MV 160/ 298 kV

Synchronous phase 1.304 rad -1.770 / -1.731 rad

Detuning frequency -44.1 kHz 146 / 152 kHz
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The single-bunch charge distribution calculated with 
the ring impedance and harmonic cavity is compared 
with those of the other cases (Fig. 2 (b)). It is confirmed 
that the ring impedance strongly affects the bunch 
lengthening performance.

Furthermore, the case of one harmonic cavity was 
also investigated, and the bunch lengthening factor 
of 2.0 for the single bunch was obtained. Even in this 
case, a certain effect regarding the beam-duct heat and 
beam-instability problems can be expected.

As a final remark, the fundamental design of the 3rd 
harmonic cavity for the PF ring has already been fin-
ished, and proof-of-principle measurements have been 
under way since FY2020, using a low-level model cavity 
made of aluminum alloy [5].

Table 1. Assumed parameters for main and harmonic cavities.

Figure 2: (a) Bunch length vs. bunch index and (b) longitudinal bunch profile of the single bunch having 50 mA with/without the harmonic 
cavity and ring impedance. The use of two harmonic cavities is assumed. The natural bunch current is 32.5 ps.
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Realization of True-Top-Up Operation of PF-AR with 5 GeV
The 6.5 GeV light source PF-AR at KEK uses a direct beam transport line (BT) newly constructed in 2017. It has 
achieved simultaneous injection to PF-AR, another light source PF, and Super-KEKB collider. However, due to an 
operating budget cut, PF-AR started 5.0 GeV operation in 2019. The simultaneous top-up operation of PF-AR and PF 
was no longer possible due to the direct BT of PF-AR (ARBT) designed for the energy of 6.5 GeV and the existence of 
a common DC bending magnet at the crossing of ARBT and PFBT. Thus, in the current user-operation, the pseudo-
top-up operation of PF-AR and PF was adopted by finely switching the magnetic field strength of the common bending 
magnet. This paper considers the modifications to BTs required to realize true-top-up operation instead of the current 
pseudo-top-up operation. We will compare some options and explain the characteristics of each.

PF-AR (Photon Factory Advanced Ring) is a light 
source facility in the hard X-ray region specialized for 
single-bunch operation. In 2017, the new beam trans-
port line (BT) of PF-AR became available, then the 
simultaneous injection (top-up) of PF-AR and PF, an-
other light source in KEK with energy of 2.5 GeV, was 
realized (Fig. 1) [1]. The new BT of PF-AR (ARBT) was 
designed for the energy of 6.5 GeV, the same as the 
ring-energy, and starts from a pulse bending magnet 
with the BT of the PF-ring (PFBT). After that, they cross 
each other twice. At the first crossing, there is a DC 
bending magnet, and the electron beams with energies 
of 6.5 GeV and 2.5 GeV are kicked out by the same 
magnetic field strength at its own fixed angle (Fig. 2).

Although the new ARBT was designed for 6.5 GeV 
operation, operation at 5 GeV was considered after 
construction due to budget cuts. The 5 GeV operation 
started in FY 2019, however, the simultaneous injec-
tion (top-up operation) with 5 GeV ARBT and 2.5 GeV 
PFBT was no longer available because of the common 
DC bending magnet. In the actual operation, the injec-
tion times of 150 s and 90 s are given to PF and PF-
AR respectively, and the top-up operation is carried out 
within each assigned time. During the PF-AR injection, 
the electric current of the common DC bending magnet 
and the upstream pulse bending magnet are adjusted 
to the energy of 5 GeV, which we call “pseudo-top-up 
operation” [2].

In this study, we investigated the possibility of simul-
taneous top-up operation of PF and PF-AR with 5 GeV 
operation. In order to realize the simultaneous top-up 
injection of PF-AR (5 GeV) and PF (2.5 GeV), a hard-
ware modification such as the addition of magnets is 
required. However, ARBT does not have enough space 
to install additional magnets compared to PFBT, thus it 
is more appropriate to modify PFBT instead. First, we 
considered reducing the magnetic field strength of the 
common DC bending magnet by 7% in order to make 
the 5 GeV ARBT, then adding magnets to PFBT. Two 
options are described below.

1) 4HS option
In this option, one horizontal steering (HS) will be 

installed between the pulse bending magnet and the 
common DC bending magnet, and three HSs will be 
installed downstream of the common DC bending mag-
net. In addition to these four new HSs, a new vacuum 
duct with larger inner diameter will be installed (Fig. 3). 
The maximum kick angle of HSs is about 8 mrad, and 
the replacement of the vacuum duct will be limited to 
the section from the quadrupole magnet of QPFA1 to 
QPFA2 (Fig. 2). Thanks to this limited modification of 
the vacuum duct, only the gate valve and the vacuum 
duct connected to the pump need to be replaced, and 
there is no interference on the beam position monitor 
(BPM) or the screen monitor, and so the cost can be 
reduced.

Figure 1: Layout of transport beam lines.
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2) Sandwich option
This proposal involves sandwiching the common DC 

bending magnet BPFS, which generates excess kick to 
the PFBT electron beam, with two new pulse bending 
magnets. The range of this modification is smaller than 
that of the 4HS option, because the modification will 
be completed by a local correction around the magnet 
BPFS (Fig. 2 and 4). The kick angle of the additional 
pulse bending magnets is about 4 mrad. The common 
DC bending magnet is placed at the intersection of PFBT 
and ARBT, where an X-shaped duct is installed. In order 
to install new pulse bending magnets, it is necessary to 
redesign the vacuum duct in a wide range upstream of 
BPFS, and the increased cost for introducing a ceramic 
duct for the pulse magnets must also be considered.

We are currently examining these two proposals 
from various points of view, such as cost and opera-
tion, and are conducting a specific design and selec-
tion of the additional magnets and magnet power sup-
plies. In addition, a more detailed design study of the 
vacuum duct will be necessary in the near future.

Figure 2: Present geometry of BTs, and the range of modification for the 4HS option (blue shaded area) and the sandwich option (orange 
shaded area).

N. Higashi1, 2, C. Mitsuda1, 2, S. Nagahashi1, K. Harada1, 2, 
T. Nogami1, T. Uchiyama1, T. Obina1, 2 and N. Nakamura1 
(1KEK-ACCL, 2SOKENDAI)

Figure 3: Optics of modified PFBT in the 4HS option. DX, BX, 
EX and SIGX indicates a deviation from the designed orbit, beta 
function, dispersion function and beam size in the horizontal 
direction, respectively. APEX is the space occupied by the beam in 
the  horizontal direction, and equals to |DX| + 3 SIGX + 1 mm.

Figure 4: Optics of modified PFBT in the sandwich option.
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OPERATION and PROPOSALS

 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

Damping time

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  15 mm

Momentum compaction factor 0.00644 0.0126  ←

Natural chromaticity

Horizontal -12.9 -13.6   ←

Vertical -17.3 -13.3   ←

Stored current 450 mA 60 mA  ←

Normal filling 250 bunches  Single  ←

Beam lifetime 20 h (at 450 mA) 14 h (at 50 mA) 7 h (at 50 mA)

Hybrid filling Single (30 mA) + 

 131 bunches (420 mA)

Beam lifetime 8 h (450 mA)

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

sible, and therefore hybrid operation is also impossible 
for the PF ring when the PF-AR is operating at 5 GeV. 
This restriction is caused by the need to change the cur-
rent of a DC bending magnet of the beam transport line 
to reduce the injection energy of the PF-AR. To over-
come the restriction, the bending magnet is switched at 
an interval of several minutes to perform pseudo top-up 
operation. We have proposed modifying the configura-
tion of the beam transport line to enable full-time top-up 
injection.

The machine parameters of the rings and the calcu-
lated 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.

1. Outline of the Accelerators

Two electron storage rings, the PF ring and the 
PF-AR, have been operated as dedicated light sources 
at the Photon Factory. The PF ring is always operated 
by a constant current of 450 mA at 2.5 GeV with two 
operation modes: normal filling mode and hybrid filling 
mode. The hybrid filling mode has an isolated bunch 
with a current of 30 mA, and accounts for about 30% of 
the total user time.

At the PF-AR, about half of the operation time was 
conducted at a lower energy mode of 5 GeV which was 
introduced in FY2019. The 5 GeV mode contributes to 
saving electricity and extending the operation time of 
the PF-AR. However, there is the unfortunate restriction 
that simultaneous injection with the PF ring is impos-
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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 the 
PF-AR in FY2020 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 oper-
ation time, the total operation time of about 3,500 hours 
has been maintained for the past few years. To achieve 
this goal, the first phase of operation had been scheduled 
to run from May 8 to July 1, 2020. However, in April, 
a state of emergency was declared for the first time in 

Japan due to the spread of Covid-19. In response, the 
decision was made to cancel the operation from May to 
July. Later, as the first wave of infections subsided and 
the state of emergency was lifted nationwide on May 
25, only the PF ring was operated for about two weeks 
in the latter half of June. The superconducting wiggler, 
which requires a long time to prepare for cooling, was 
not operated in this June’s operation. Meanwhile, the 
PF-AR was completely shut down from May to July. 
However, by operating for a longer period than usual 
in the second and third phases, the resulting operation 
time was almost the same as in the previous year. 

(a)

(b)
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Figure 2: Operation schedule of PF ring and PF-AR in FY2020.

Figure 3: Total operation time for PF ring and PF-AR.

Timetable of the Machine Operation in FY 2020
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Table 3: Operation statistics for the PF ring from FY2011 to FY2020.

TRRF

Figure 4: Breakdown of the total down time for the PF ring in FY2020.

Fiscal Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Total operation time (h) 4728 4416 4176 3024 3888 3432 3624 3408 3504 3120
Scheduled user time (h) 2832 3792 3504 2328 3048 2928 3000 2832 3064 2584
Ratio of user time (%) 59.9 85.9 83.9 77.0 78.4 85.3 82.8 83.1 87.4 82.8
No. of failures 18 23 22 15 23 18 14 17 20 15
Total down time (h) 14.9 37.6 52.1 11.4 14.4 17.3 16.6 28.4 59.9 158.4
Failure rate (%) 0.5 1.0 1.5 0.5 0.5 0.6 0.6 1.0 2.0 6.1
MTBF (h) 157.3 164.9 159.3 155.2 132.5 162.7 214.3 166.6 153.2 172.3
Mean down time (h) 0.8 1.6 2.4 0.8 0.6 1.0 1.2 1.7 3.0 10.6

Detailed operation statistics and the number of 
failures from FY2011 to FY2020 are listed in Table 3 
for the PF ring. A breakdown of the total downtime in 
FY2020 is shown in Fig. 4. In last year’s PF Highlights, 
we corrected the total operating time for FY2018 in 
Table 3, but we failed to correct the values of the failure 
rate and the MTBF for FY2018. This year, we have also 
revised those two values.

The total breakdown time for FY2020 was unusu-
ally long compared to previous years. This was due to 
a severe failure of the pulse bending magnet installed 
at the end of the LINAC disturbing the injection for sev-
eral days. The failure was caused by a burn-out of the 
power supply in the early morning of March 26, 2021. 
The inspection showed that the breakdown could not be 
quickly repaired.

The user time was scheduled until 9 a.m. on April 1, 
but the operation was declared over on March 30, and 
the remaining two days were cancelled. The breakdown 
time in Table 3 includes all the time after March 26 
when the system was judged to be seriously broken. 
Therefore, most of the failure time is accounted for by 
this single failure, and the breakdown of the failure time 
in Fig. 4 shows that 95.6% is due to the injection failure. 
The number of failures per year was almost the same 

as in previous years, and the MTBF was well over 100 
hours, the same as in previous years. Fortunately, the 
power supply of the pulse bending magnet was able to 
be repaired within the short shutdown period in April, 
and there was no delay in the start of the next year’s 
operation.

The accident of a cooling water leak, which occurred 
in the beamline frontend of BL-12 on December 8, 2020, 
subsequently triggered the failure of the gap drive 
mechanism of undulator #13 which was wetted by wa-
ter. The gap drive mechanism required several months 
for repair, and it was not possible to adjust the gap and 
polarization of undulator #13 until the end of March. This 
failure was also recovered during the short shutdown 
period in April.

The PF ring has been in operation since 1982, and 
most of the accelerator components have been up-
graded with modifications to achieve low emittance or 
enhancement of the straight sections. The only things 
that had not been updated since 1982 were the bodies 
of the bending magnets and the vacuum ducts of the 
injection section. In these vacuum ducts, there was a 
vacuum leak from a cooling water path receiving the 
synchrotron radiation power, and the operation was 
continued for several years with insufficient cooling.
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Figure 5: Reconstruction of the injection section of the PF ring. Parameters of the injection point have been improved to enable injection with 
a smaller horizontal aperture.

Table 4: Operation statistics for PF-AR from FY2011 to FY2020.

Fiscal Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Total operation time (h) 4080 4080 3912 2352 3336 1821 2448 2064 2568 2520
Scheduled user time (h) 2904 3672 3478 1992 2784 1104 2136 1608 2112 2112
Ratio of user time (%) 71.2 90.0 88.9 84.7 83.5 60.6 87.3 77.9 82.2 83.8
No. of failures 49 33 47 22 18 13 55 25 8 14
Total down time (h) 38.7 29.7 99.6 37 31 18.3 24.7 26.4 12.3 168.1
Failure rate (%) 1.3 0.8 2.9 1.9 1.1 1.7 1.2 1.6 0.6 8
MTBF (h) 59.3 111.3 74.0 90.5 154.7 84.9 38.8 64.3 264.0 150.9
Mean down time (h) 0.8 0.9 2.1 1.7 1.7 1.4 0.4 1.1 1.5 12

Figure 6: Breakdown of the total down time for the PF-AR in FY2020.
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Figure 7: Construction plan of a test beamline at the south experimental hall of the PF-AR.

In FY2020, we finally updated the injection section, 
replacing a septum magnet and aged beam ducts with a 
cooling water leak [1]. As shown in Fig. 5, the new sep-
tum magnet was installed in the atmosphere. The injec-
tion beam passes through a thin beam duct made of In-
conel inserted between the poles of the septum magnet 
and is injected into the storage ring through an air gap. 
The beam duct of the storage ring is made of aluminum 
alloy, and the cooling water path was installed on the at-
mospheric side to avoid the risk of leakage in the future.

In the reconstruction, the injection scheme was 
also changed to reduce the distance between the in-
jection beam and the kicker bump orbit from 15 mm to 
9.85 mm. This enabled injection with a smaller initial 
amplitude for the injected beam. We are trying to im-
prove the injection efficiency and minimize the stored 
beam disturbance at the top-up injection.

For the PF-AR, detailed operation statistics and the 
number of failures from FY2011 to FY2020 are listed in 
Table 4. A breakdown of the total downtime in FY2020 
is shown in Fig. 6.

As already explained for the PF ring, due to the 
pulse bend failure that occurred at the end of the fis-
cal year, injection to the PF-AR was also disturbed for 
several days and the user time was cancelled on March 
30. Therefore, the total failure time of the PF-AR was 
more than double that of the last year. On the other 
hand, the number of failures during the year was as 
low as in FY2019. The MTBF of the PF-AR was only 
about 50 hours until FY2018. This is mainly because 
the PF-AR required acceleration from 3 GeV to 6.5 GeV 
after accumulation instead of full-energy injection. An-
other reason was the frequent lifetime drops caused 
by dust trapping. In FY2018, full-energy injection was 
enabled by constructing the direct beam transport line 
from the injector linac, and it became customary to keep 
the stored current constant by top-up injection. We 
can clearly see the effect of these improvements in the 
operation statistics. The number of failures was signifi-
cantly reduced in FY2019 and FY2020, and the MTBF 
became equal to or longer than that of the PF-ring.

One topic regarding the PF-AR is the construction of 
a test beamline, which is planned to deliver GeV-range 
electrons for developing detectors for particle physics. 
The Fuji test beamline in the KEKB Factory was shut 
down, so there is high demand from the physics com-
munity. The test beamline is scheduled to start service 
in 2021.

The test-beam laboratory will be constructed in the 
south experimental hall of the PF-AR. The overall lay-
out is shown in Fig. 7. A thin wire target is placed just 
upstream of a bending magnet of the PF-AR, where the  

 

        -rays produced by collisions with stored beams are 
converted into electron-positron pairs by a copper con-
verter installed at the end of the bending magnet cham-
ber. The beamline, which leads electrons to the test 
beam area, has a simple configuration with one bending 
magnet and seven quadrupole magnets placed at the 
same level in front of and behind the bending magnet, 
aiming to transport electrons with minimal loss. A new 
mezzanine floor has been constructed in the south ex-
perimental hall to house the beam shutter, quadrupole 
magnets, and the laboratory space.

We plan to use the test beamlines and conduct syn-
chrotron radiation experiments simultaneously, rather 
than by time-sharing. In order to minimize the distur-
bance to synchrotron radiation experiments, a thin wire 
will be inserted at a distance of 5

 
 

    σ  outward from the 
beam orbit, where 

 
 

    σ  is the horizontal beam size of the 
stored beam. The beam halo will interrupt with the thin 
wire. With this arrangement, it has been confirmed by 
simulation that several thousand energy-selected elec-
trons will be available at the test-beam laboratory. The 
only effect on the synchrotron radiation use is estimated 
to be a decrease of the beam lifetime by 10%, which 
top-up injection can cover without difficulty.

REFERENCES
[1] C .  M i t suda ,  K .  Ha rada ,  N .  H igash i ,  T .  Honda , 

Y. Kobayashi, H. Miyauchi, S. Nagahashi, N. Nakamura, 
T. Nogami, T. Obina, M. Tadano, R. Takai, H. Takaki,   
Y. Tanimoto, T.  Uchiyama and A. Ueda, IPAC’21 MOPAB091 
(2021).
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:Experimental stations for hard X-rays
:Experimental stations for VUV and soft X-rays
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3. Experimental Stations

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 

for studies in the VUV and soft X-ray energy regions, 
and 4 stations for studies using slow positrons. Tables 
5, 6 and 7 summarize the areas of research being 
carried out at the experimental stations at the PF ring, 
PF-AR and SPF.

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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Experimental Station

 BL-1             (Short Gap Undulator)

A      Macromolecular crystallography                                                                                             N. Matsugaki 

 BL-4

 BL-5

 BL-6

BL-7

BL-8

BL-9

BL-10

A      High-resolution VUV-SX beamline for angle-resolved photoemission spectroscopy               K. Horiba

A      X-ray diffraction for material structural science                                                                        H. Nakao

A

B2

C

A

A

B      High-resolution VUV-SX spectroscopies                                                                                 K. Horiba

 BL-3             (A: Short Gap Undulator)

Person in Charge 

 Trace element analysis, X-ray microprobe (♠)

 High resolution powder diffraction (♠)

 X-ray diffraction for material structural science

M. Uo [Tokyo Medical and Dental 
Univ] , M. Kimura, Y. Niwa

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

H. Nakao

 (Multipole Wiggler)

 Macromolecular crystallography N. Matsugaki

C

 Small-angle X-ray scattering  

 X-ray diffraction and spectroscopy (♠) N. Happo [Hiroshima City Univ.],             
H. Nakao

Soft X-ray spectroscopy (♦)

X-ray spectroscopy and diffraction  

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

H. Sugiyama 

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

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

H. Sagayama

H. Sagayama

A

C

A

B

A XAFS

XAFS 

H. Abe

H. Abe

A

C

X-ray diffraction and scattering (♠)

Small-angle X-ray Scattering

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

N. Shimizu

BL-11

A

B

D

Soft X-ray spectroscopy

Soft X-ray spectroscopy

Characterization of optical elements used in the VSX region

Y. Kitajima 

Y. Kitajima 

K. Mase

BL-12

C XAFS H. Nitani

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

N. Igarashi

C

Table 5: List of the experimental stations available for users at the PF ring.

 BL-2             (Variable Polarization Undulator for VUV and planer undulator for SX) 
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♠ 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 

Experimental Station

BL-13

Person in Charge 

A/B   VUV and soft X-ray spectroscopies with circular and linear polarization

(Variable Polarization Undulator)

K. Mase

BL-14 

C

B

A

(Vertical Wiggler)

Crystal structure analysis and detector development

High-precision X-ray optics

Medical applications and general purpose (X-ray)

S. Kishimoto

K. Hirano

K. Hirano

BL-15

A1

A2

Semi-microbeam XAFS

High brilliance small-angle X-ray scattering

Y. Takeichi

H. Takagi

BL-16

A

(Variable Polarization Undulator)

Soft X-ray spectroscopies with circular and linear polarization K. Amemiya 

BL-17 

A

(Short Gap Undulator)

Macromolecular crystallography Y. Yamada 

BL-18

C

B

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

P. Saha [JNCASR], R. Kumai

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

BL-20

A/B

A

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

M. Kitajima [Tokyo Tech],

H. Sugiyama

J. Adachi 

BL-27

A

(Beamline for radioactive samples)

Radiation biology, soft X-ray photoelectron spectroscopy

Radiation biology, XAFS

A. Yokoya [QST], 

Y. Okamoto [JAEA], N. Usami

A. Yokoya [QST], 

Y. Okamoto [JAEA], N. Usami

BL-28

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

(Variable Polarization Undulator)

K. Horiba

High-resolution VUV spectroscopies with circular and linear polarization

(Short Gap Undulator)

B K. Horiba

BL-19

B

Soft X-ray microscopy and spectroscopy K. Ono

Multipurpose monochromatic hard X-ray station (♦)

B

VUV spectroscopy (◊)

(Variable Polarization Undulator)
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AR-NE1

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

(Multipole Wiggler)

N. Funamori

N. Funamori

K. Hirano, Kubo [Kyusyu Univ.]

AR-NE3

A Macromolecular crystallography Y. Yamada

AR-NE5

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

AR-NE7

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

AR-NW2

A Time-resolved Dispersive XAFS/XAFS/X-ray Diffraction

(In-vacuum Type Tapered Undulator)

AR-NW10

A H. NitaniXAFS

AR-NW12

A

(In-vacuum Type Tapered Undulator)

Macromolecular crystallography

AR-NW14

A

(In-vacuum Undulator)

Time-resolved X-ray diffraction, scattering and absorption S. Nozawa

M. Hikita

Y. Niwa

♥                 User group operated Experimental equipment operated by user groups 

NW2A

QC1
QC6

QC7NW14A

NW10A

NW-hall
N-hall

NE-hallNW12A

U#NW12

U#NW2 EMPW#NE1 U#NE3

10m

NE3A

NE1A

NE5C

NE7A

Experimental Station Person in Charge 

A

Figure 9: Plan view of the beamlines in the PF-AR north-east, north, and north-west experimental halls.

Table 6: List of the experimental stations at PF-AR.

(In-vacuum Undulator)
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Dedicated Linac
Converter / Moderator

To
upstairs

SPF-A4SPF-A3 Test Hall

Pulse-stretching Section

Klystron Gallery Lab

KLY

From
downstairs SPF-B1

SPF-B2 Gnd. fl.

B1 fl.

Experimental Station Person in Charge 

SPF-A3 Total-reflection high-energy positron diffraction K. Wada

SPF-B1  General purpose (Positronium laser cooling) K. Wada

Positronium time-of-flight K. WadaSPF-B2

SPF-A4 Low-energy positron diffraction K. Wada

Figure 10: View of the beamlines in the Slow Positron Facility. 

Table 7: List of the experimental stations in the Slow Positron Facility. 

4. Summary of User Proposals

The Photon Factory accepts experimental propos-
als 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 pro-
posals over the period 2009–2020 is shown in Table 8, 
where S1/S2, U, G, P, and MP denote Special, Urgent, 
General, Preliminary, and Multi-Probe proposals, re-
spectively. Category T is a proposal for supporting re-
searches 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 multi-probe 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 re-

search 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 re-
search 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. Category Y 
and Category L are proprietary proposals for general 
applicants and beginner applicants, respectively. Those 
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 
FY2020. A full list of the proposals effective in FY2020 
and their scientific output can be found in the Photon 
Factory Activity Report (https://www2.kek.jp/ imss/pf/sci-
ence/publ/acrpubl.html).
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category FY-2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

S1 0 0 0 0 0 0 0 0 0 1 0 0

S2 6 3 2 4 5 4 7 6 1 6 3 2

U 2 2 0 4 1 0 1 0 0 0 0 2

G 397 407 415 454 447 407 361 372 392 321 350 297

P 14 16 11 18 18 5 16 10 16 16 18 9

T 6 4 3 3 2 3 0

MP 3 0 0 1 - -

C 12 15 19 20 20 25 24 19 21 21 22 18

I 9 17 13 17 13 16 11 - - - - -

V 1 2 2 2 4 4 10 7 8

Y 29 31 30 30 41 22 33 39 30 39 37 28

L 3 7 15 12

Table 8: Number of proposals accepted for the period 2009–2020.

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 con-
struction and improvement of beamlines and experimen-
tal stations which will be available for general users after 
the completion of the project. S2 proposals are superior-
grade projects that require the full use of synchrotron 
radiation or long-term beam time. Proposals are catego-
rized 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 FY2020.

The number of users for all types of proposals is 
about 2,000. About 16% of the proposals are conducted 
by new spokespersons, indicating that the Photon Fac-
tory 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 impor-
tant role that the Photon Factory plays in both research 

Figure 12: Distribution of users by institution and position.

and education. The geographical distribution of the Pho-
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 2020 
based on experiments at the PF was 619 at the time of 
writing (July 1, 2021). In addition, 45 doctoral and 291 
master theses have been presented.

Figure 11: Distribution by scientific field of experimental proposals 
accepted in FY2020.

Industries 
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Overseas 
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University 79.7%
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Figure 13: Regional distribution of spokespersons of proposals accepted in FY2020.

Figure 14: Geographical distribution of Photon Factory users in FY2020 (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/Center for Integrative Quantum Beam Science)
 10. Kenkyu Honkan Building
 11. Dormitory/Guest House
 12. Restaurant/Cafeteria
13. ERL Test Facility
14. Cryo Electron Microscope (in Superconducting Accelerator Promotion Center)
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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 Ac-
celerator 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 Center 
for Integrative Quantum Beam Science.

Figure 1: Organization chart of KEK.
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Synchrotron Radiation 
Science Division I

 Institute of Materials Structure Science (IMSS)

 Accelerator Laboratory (AL)

Photon Factory 

Synchrotron Radiation 
Science Division II

Light Source III (Vacuum)

Light Source V (Beam Channel & Safety)

Light Source II (RF) 

Light Source I (Magnet & Orbit) 

Surface Science Section 

Solid State Physics Section

Structural Biology Section

Materials Science Section

End Station Engineering Section

Beam Line Engineering Section

Administration Section

Photon Factory (PF)

  Accelerator  Division VI

Light Source VII (Insertion Devices) 

Light Source IV (Beam Diagnostics & Control)

The “Photon Factory (PF)” also means a group of di-
visions, 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 Sci-
ence Divisions I and II consist of four sections (surface 
science section, solid state physics section, structural 
biology section, and materials science section). The Ac-
celerator Division VI has six groups, which are named 
Light Source Group I to V and VII. The missions of each 
group are written in parentheses in Fig. 2. 

Figure 2: Organization chart of PF (as of March 31, 2021) .
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Table 1: Staff members of the Photon Factory.

Division Section/Group Name *Position
Title Remarks

Research Staff

IMSS Director KOSUGI, Nobuhiro P
IMSS Deputy Director ADACHI, Shin-ichi P

Synchrotron Radiation Science Division I 
Head

AMEMIYA, Kenta
Surface Science Section

◎ AMEMIYA, Kenta P
KUMIGASHIRA, Hiroshi P
HORIBA, Koji AP
KITAMURA, Miho ASP
SAKATA, Kaoruho PD
SHIGA, Daisuke RA Aug. 1, 2020～

Solid State Physics Section
◎ KUMAI, Reiji P

NAKAO, Hironori AP
SAGAYAMA, Hajime AP
IWANO, Kaoru AP
YAMAGUCHI, Tokitake R

Synchrotron Radiation Science Division II
Head

SENDA, Toshiya
Structural Biology Section

◎ SENDA, Toshiya P
KATO, Ryuichi AP
KAWASAKI, Masato AP
ADACHI, Naruhiko AP
TANABE, Mikio AP
MORIYA, Toshio AP
HIKITA, Masahide ASP
SENDA, Miki ASP
YAMADA, Yusuke ASP
SHINODA, Akira R
KOBAYASHI, Jun R
NAGASE, Lisa R
ITO, Doshun R Oct. 1, 2020～
TSUYUGUCHI, Masato R
AKUTSU, Masato R
OHSHIDA, Tatsuya R
YONEZAWA, Kento R

Materials Science Section
P
P
P
AP
AP
ASP
ASP
ASP
R
R
R
R
R

◎ KIMURA, Masao 
ADACHI, Shin-ichi 
YAMAMOTO, Shigeru 
ABE, Hitoshi 
FUKUMOTO, Keiki 
TAKEICHI, Yasuo 
FUKAYA, Ryo
HAWAI, Takafumi 
ICHIYANAGI, Kohei 
TAKAGI, Sota
SAITO, Kotaro 
TSUKAHARA, Hiroshi 
MATSUMOTO, Munehisa 
HARUKI, Rie R ～Oct. 31, 2020
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Division Section/Group Name *Position
Title Remarks

Photon Factory
Head

FUNAMORI, Nobumasa
Administration Section

◎ HYODO, Kazuyuki P
FUNAMORI, Nobumasa P
KIMIJIMA, Ken'ichi AP
USAMI, Noriko AP
KITAJIMA, Yoshinori AP

Beamline Engineering Section
◎ IGARASHI, Noriyuki P

KISHIMOTO, Shunji P
HIRANO, Keiichi AP
MASE, Kazuhiko AP
ADACHI, Jun-ichi AP
SUGIYAMA, Hiroshi ASP
NITANI, Hiroaki ASP
WAKABAYASHI, Daisuke ASP
NISHIMURA, Ryutaro PD
SUZUKI, Yoshio R
KOSUGE, Takashi SE
KOYAMA, Atsushi SE
TOYOSHIMA, Akio SE
MORI, Takeharu EE
UCHIDA, Yoshinori EE
KIKUCHI, Takashi E
SAITO, Yuuki E
TANAKA, Hirokazu E
NIWA, Yasuhiro E
MATSUOKA, Ai AE
ISHII, Haruno TA
NAGATANI, Yasuko TS

End Station Engineering Section
◎ SHIMIZU, Nobutaka P

NOZAWA, Shunsuke AP
MATSUGAKI, Naohiro AP
TAKAGI, Hideaki ASP
YAMASHITA, Shohei ASP
SHIBAZAKI, Yuki ASP
KAMEZAWA, Chika PD Oct. 1, 2020～
OHARA, Maki R
KANAZAWA, Tomoki R
KIKEGAWA, Takumi R
HARUKI, Rie R Nov. 1, 2020～

Slow Positron Facility
Head KOSUGI, Nobuhiro 

NAGAI, Yasuyoshi P
WADA, Ken AP
MOCHIZUKI, Izumi ASP
HYODO, Toshio DF

Structural Biology Research Center
Head SENDA, Toshiya

WATANABE, Shokei TS
OLIERIC, Vincent Robert Nicole LTIF Feb. 1, 2021～

Center for Integrative Quantum Beam Science
Head AMEMIYA, Kenta

MURAKAMI, Yoichi P
ONO, Kanta AP
AHMED, Rezwan PD Nov. 1, 2020～
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Division Section/Group Name *Position
Title Remarks

Accelerator Division VI
Head KOBAYASHI, Yukinori

Light Source I
◎ NAKAMURA, Norio P

KOBAYASHI, Yukinori P
HARADA, Kentaro AP
MITSUDA, Chikaori AP
SHIMADA, Miho AP
SHIMOSAKI, Yoshito AP
TAKAKI, Hiroyuki AP
UEDA, Akira EE
NAGAHASHI, Shinya E
TANAKA, Olga ASP
HIGASHI, Nao ASP
OZAKI, Toshiyuki R

Light Source II
◎ SAKANAKA, Shogo P

NAITO, Daichi ASP
YAMAMOTO, Naoto ASP
TAKAHASHI, Takeshi SE

Light Source III
◎ HONDA, Tohru P

TANIMOTO, Yasunori AP
YAMAMOTO, Masahiro AP
JIN, Xiuguang ASP
SASAKI, Hiroyuki ASP
UCHIYAMA, Takashi E
NOGAMI, Takashi E

Light Source IV
◎ OBINA, Takashi P

TAKAI, Ryota AP
TADANO, Mikito SE
SAGEHASHI, Hidenori E

Light Source V
◎ MIYAUCHI, Hiroshi AP

HAGA, Kaiichi SF
NIGORIKAWA, Kazuyuki EE
SATO, Yoshihiro SF
TAHARA, Toshihiro EE

Light Source VII
◎ TSUCHIYA, Kimichika AP

ADACHI, Masahiro ASP
EGUCHI, Shu AE
SHIOYA, Tatsuro SF

IMSS General Affairs Office
Head BAN, Hiroshi

IMSS Public Relations Office
OHSHIMA, Hiroko TS
FUKABORI, Kyoko TS
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Name (Affiliation) Remarks

Visiting Professor
ASAKURA, Kiyotaka (Hokkaido Univ.)
IWASAKI, Kenji (Univ. of Tsukuba)
KAMIKUBO, Hironari (Nara Inst. of Science & Tech.)
KONDO, Hiroshi (Keio Univ.)
MURATA, Takeshi (Chiba Univ.)
NAGASHIMA, Yasuyuki (Tokyo Univ. of Science)
NIWA, Ryusuke (Univ. of Tsukuba)
TAKAHASHI, Yoshio (The Univ. of Tokyo)

Visiting Associate Professor
(Univ. of Hyogo)
(NIMS)
(Tohoku Univ.)

IKEDA, Shugo 
YAMASAKI, Yuichi 
SOUMA, Seigo 
SUZUKI, Masako (Gunma Univ.)

Visiting Assistant Professor
OZAWA, Kenichi (Tokyo Tech)

Research Assistant
SHIBUYA, Kohei July. 1, 2020～Sep. 30, 2020
TADA, Ryoma Jun. 1, 2020～
ONO, Masato Aug. 16, 2020～
YAMAMOTO, Ryosuke July. 1, 2020～

SOKENDAI (The Graduate University for Advanced Studies)
HARANO, Takayuki
KAMEZAWA, Chika 
KUMAKI, Fumitoshi
LU, Yao
MIKI, Hiromi 
SUGAWARA, Takahiro
SUZUKI, Yuta 
UY, Mayrene Allam
YAMAGUCHI, Takaaki 
YU, Hong Yang

*Position Title
P Professor SE
AP Associate Professor EE
ASP Assistant Professor E
PD Postdoctoral Fellow AE
R Researcher TA
SF Senior Fellow TS
ScF Scientific Fellow PF
RA Research Assistant DF

LTIF

～Sep. 30, 2020

2020/12/16～

◎ Section Leader

Senior Engineer
Expert Engineer 
Engineer
Associate Engineer 
Technical Associate 
Technical Specialist 
Postdoctoral Fellow 
Diamond Fellow
Long-Term Invited Fellow
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Kazuhiko Mase (Editor in Chief)

Editorial, Design & Layout
Yoko Misumi

Cover Design
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We, the editorial board would like to thank all the users and    
the staffs who have contributed to the editing of this “PF Highlights 2020”.

Cover Photos
Top: Overview of improved automated crystallization and monitoring system in PF. (Highlight 4-7) 

Upper Middle: Pd 3d5/2 XP spectrum taken from an oxidized 
Pd3Au(100) surface. (Highlight 2-4)

Lower Middle: Visualization with multidimensional scaling. Each point in this figure represents 
a refined crystal structure with 100 configurations optimized by a black box optimization.  (Highlight 5-1)

Bottom: Layout of transport beam lines for PF-AR. (Highlight 6-2)
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