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Editorial

This is the 31st edition of the Photon Factory (PF) Activity Report, and 
covers scientific activities for the Japanese fiscal year 2013 (April 2013 
to March 2014). The report is divided into two parts. PART A summariz-
es scientific highlights achieved by users, newly developed experimen-
tal facilities including beamlines and experimental apparatuses, topical 
in-house research activities, research and development of storage rings 
and an energy recovery linac based future light source, reports of public 
events, and an outline of the organization of the PF. PART B presents a 
number of users’ short reports and a list of research proposals.

For the past several editions we have promoted the electronic distribu-
tion of the PF Activity Report. Accordingly, the List of Awards, Theses 
and Publications in the Appendices of PART A and the entire contents 
of PART B are published on the PF’s website at http://pfwww.kek.jp/
publications/acrpubl.html.

In this volume we made several changes to the process of editing us-
ers’ reports. One major change is that we decided to accept reports 
throughout the year and upload them one by one on the website after 
a quick check by our staff. We hope that this new editing policy will pro-
mote faster distribution of research results to the broad scientific com-
munity.

Finally, we would like to express our sincere gratitude to all of those 
who have contributed to this volume.

Keiichi Hirano, Editor-in-Chief
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Introduction

Youichi Murakami
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On behalf of the staff of the Photon Factory (PF) we 
are pleased to present Photon Factory Activity Report 
2013. This report covers the research activities carried 
out in the fi scal year 2013 (April 2013 - March 2014). The 
inter-university research program has been going well 
and the number of proposals is steadily increasing. This 
year there were about 900 active approved proposals, 
3,400 registered users, and more than 600 publications. 
The PF leadership has been partially changed. Prof. 
Kenji Ito retired from the Head of Synchrotron Radiation 
Science Division 1 and Prof. Reiji Kumai was nominated 
in his place (from April 2013). Prof. Masao Kimura joined 
us as the head responsible for industrial application of 
synchrotron radiation (from October 2013).

Operation and upgrades of the PF and the PF-AR
The PF was constructed as a second-generation syn-

chrotron radiation source and the fi rst photon came out in 
1982. During the intervening 32 years the PF underwent 
two large upgrades of the ring. In the 1997 upgrade the 
emittance was reduced from 130 to 36 nmrad. During the 
shutdown in 2005 the number of straight sections was in-
creased from 10 to 14, among which 4 short straight sec-
tions were created and 10 straight sections were length-
ened. In the long straight sections we have reconstructed 
Vacuum Ultraviolet (VUV)/Soft X-ray (SX) beamlines 
(BL-2, -13, -16, -28) with undulators in recent years. BL-
16A was already operated as a variable polarization soft 
X-ray spectroscopy station, which provides circular and 
elliptical polarizations mainly to investigate magnetic ma-
terials, especially thin fi lms. BL-28A is dedicated to high-
resolution Angle-Resolved Photoemission Spectroscopy 
(ARPES) in order to study strongly correlated electron 
systems. An undulator covering the energy range of 30–
300 eV will be installed during January to March 2015. 
BL-13B has been mainly used for the study of surface 
chemistry using ARPES, X-ray photoelectron spectros-
copy (XPS), and X-ray absorption spectroscopy (XAS). A 
compact scanning transmission X-ray microscope (STXM) 
was installed at BL-13A and opened to users in October 
2013. An undulator covering the energy range of 50–
2000 eV will be installed during January to March 2015. 
BL-2 is under construction. The beamline has two types 
of undulators in tandem alignment for the VUV region 
(30–300 eV) and for the SX region (250–2000 eV). These 
undulators enable us to use wide energy-range light with 
high brilliance and high energy resolution. Moreover, BL-
2B has an additional double-crystal monochromator with 
the energy range of 2000–4000 eV by using the wiggler 
mode of the SX undulator. This beamline was built in col-
laboration with a private company, Hitachi, Ltd.

Meanwhile, we have upgraded the X-ray beamlines 
(BL-1, -3, -17) by installing short gap undulators in the 
short straight sections to gain long-term competitiveness 
in the fi eld of X-ray science. The last short straight sec-
tion in which a short gap undulator was installed is in BL-
15 which produces high-brilliance X-rays ranging from 
2.1 keV to 15 keV. This beamline is dedicated to both 
Small Angle X-ray Scattering (SAXS) experiments using 
collimated softer and hard X-rays and X-ray Absorption 
Fine Structure (XAFS)/X-ray Fluorescence (XRF)/X-ray 
Diffraction (XRD) studies using semi-micro focus beams. 
This beamline will be opened to general users in October 
2014.

BL-18A and BL-19A/B were operated by the Institute 
for Solid State Physics (ISSP) of the University of Tokyo 
for more than 20 years. BL-18A was an ARPES beamline 
for surfaces and interfaces, while BL-19A was dedicated 
to experiments using spin-resolved PES. These beam-
lines were shut down at the end of fi scal 2013 for reasons 
of the ISSP. We are now discussing the future of these 
beamlines; BL-19B will be used as a test beamline by 
PF staff for the time being at least. Meanwhile, the new 
operation of BL-4A was started by a user group. Though 
experiments using the multi-layer monochromator have 
ended, micro-beam experiments using a double crystal 
monochromator are continuing in this beamline. BL-6C, 
which is also operated by a user group, was upgraded 
in the available energy region up to 18 keV by reforming 
the focusing mirror. This improvement enables experi-
ments such as fl uorescence X-ray holography of various 
samples.

Future plan of the PF
KEK published a draft of the KEK roadmap at the end 

of August 2012 and solicited the opinions of user com-
munities. KEK then modifi ed the roadmap based on the 
opinions for the roadmap from the Photon Factory User 
Association (PF-UA) and the Japanese Society for Syn-
chrotron Radiation Research (JSSRR). The KEK road-
map was reviewed by the international review committee 
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in April and fi nally published in May 2013. Based on the 
discussion in the international review committee, KEK 
made the following additional statement in October 2013: 
“After publication of KEK Roadmap 2013, the Japanese 
Society for Synchrotron Radiation Research submitted 
its proposal for a 3-GeV class high-brilliance light source 
to be incorporated in the Master Plan of Large Research 
Projects which is to be prepared by the Science Council 
of Japan. With inputs from the synchrotron radiation user 
community concerning this proposal, KEK is adding the 
following statement to the part of photon science in KEK 
Roadmap 2013. While KEK is engaged in a long-term ef-
fort to construct a 3-GeV ERL (Energy Recovery Linac) 
facility, KEK will play a leading role in the realization of 
a low-emittance storage ring as a high-brilliance light 
source in the mid-term. KEK is now beginning specific 
studies on this possibility in view of the value of this na-
tionwide effort. Such a light source facility with high bril-
liance, currently not present in Japan, is strongly desired 
by user communities in a wide range of academic and 
industrial fi elds, and is considered to be an indispensable 
research platform in the near future.”

We will intensively discuss this storage ring through 
collaboration across Japan and the ERL Project in the 
meetings of the Committee for Future Plans of the PF, 
which is established under the Advisory Committee for 
IMSS in 2014. The Committee for Future Plans of the 
PF will announce the mid-term summary and report the 
results to the steering committee at the end of fi nancial 
year 2014.

Collaboration among universities and institutes
KEK is promoting inter-university collaboration to acti-

vate joint research projects. In particular, the IMSS is pur-
suing joint research projects using synchrotron radiation, 
neutrons, muons, and positrons in collaboration with uni-
versities such as Hokkaido University, Tohoku University, 
University of Tsukuba, and the University of Tokyo. In ad-
dition to these inter-university collaborations we strongly 
support nanotechnology research and education in the 
Tsukuba area, namely the Tsukuba Innovation Arena for 
Nanotechnology (TIA-nano). TIA-nano is striving to build 
a global nanotechnology research and education center 
with the support of the government and is expected to 
serve as an engine of innovation. TIA-nano had been led 
by the National Institute of Advanced Industrial Science 
and Technology (AIST), the National Institute for Materi-
als Science (NIMS), and the University of Tsukuba as the 
core institutes, together with industry. KEK joined TIA-
nano as a core institute in April 2012. The PF will be used 
as one of the Nanotech Open User Facilities to promote 
advanced nanotechnology research in the research col-
laboration domains of TIA-nano in the future.

International collaboration
The Australian beamline BL-20B was closed in March 

2013 after completing its mission. The first synchrotron 

light in BL-20B was produced in October 1992. For about 
20 years (more than 3,000 days of experiments), more 
than 2,500 Australian researchers used this beamline 
and some 900 proposals were made. The beamline was 
actively used and about 1,000 papers were published 
during this period. This great success led to the construc-
tion of the Australian Synchrotron in Australia. We greatly 
appreciate all those involved with this beamline for their 
remarkable accomplishments.

The first users’ meeting of the Indian beamline 
BL-18B was held on October 7-8, 2013 at the Saha In-
stitute of Nuclear Physics in Kolkata, India. The Indian 
beamline BL-18B was established in 2009 after the De-
partment of Science and Technology of India (DST) and 
KEK signed a Letter of Intent in July 2007, and both In-
dian and Japanese prime ministers welcomed it in a joint 
statement in 2007. The aim of this project is to provide 
a substantial amount of quality beamtime for the use of 
Indian scientists. BL-18B is conceived as a multipurpose 
beamline, allowing experiments on powder diffraction 
under extreme conditions, reflectivity and diffuse scat-
tering from solid and liquid surfaces and interfaces and 
so on. This beamline is opened to general users in April 
2014. We expect that further progress of this project will 
enhance the collaboration between India and Japan.

Photon beam platform
At present, a top-priority issue in Japan is how to fo-

cus on research and development and achieve further in-
novation. In order to promote networking among cutting-
edge fundamental research bases and encourage the 
use of synchrotron radiation and laser by industry, the 
Ministry of Education, Culture, Sports, Science and Tech-
nology (MEXT) established a new operation for the col-
laboration of synchrotron radiation and laser facilities: the 
Photon Beam Platform. This platform consists of seven 
implementing facilities (Osaka University Institute of Laser 
Engineering, Kyushu Synchrotron Light Research Center, 
University of Hyogo New Subaru, Ritsumeikan University 
SR Center, Aichi Synchrotron Radiation Center, Tokyo 
University of Science Infrared Free Electron Laser Re-
search Center and KEK/ISSS/PF) and one collaborative 
facility (SPring-8). The PF serves as an administrative 
facility in this platform. We expect users of this platform 
to open new research fi elds of industrial use through this 
unique collaboration of synchrotron radiation and laser 
facilities. This platform for innovation in many industrial 
fi elds will continue to play an important role in the decade  
ahead.

Youichi Murakami



Memorials 2013

At the Photon Factory, continual efforts have been made to re-
place older beamlines and instruments with newer ones that suit 
the latest technology and users’ needs. During the spring shut-
down period, the construction of new beamlines was busily con-
ducted.

April 2013
Spring Break of the Photon Factory

May 29, 2013
Successful Acceleration of Electron Beam at the Injection Line of 
the Compact ERL

August 16-24, 2013
Summer Challenge

At the proof-of-principle machine of the Energy Recovery Linac (Compact ERL), the electron beam emitted from 
the photo-cathode DC electron gun was successfully accelerated up to the energy of 5 MeV by the superconduct-
ing accelerator.

The 7th summer school on “particle and nuclear physics” and “material and biological science” was held at KEK. 
About 90 undergraduate students from 57 universities attended this school, which included basic lectures, facility 
tours of the Tsukuba and Tokai campuses and practical experiments.

3



Open House of the KEK Tsukuba campus was held and attracted about 4,300 visitors. All visitors enjoyed the pio-
neering world of modern materials, biology and accelerator science.

November 9-10, 2013
Summer Challenge in Autumn

September 8, 2013
Open House

August 28-31, 2013
LPBMS2013 at the Tsukuba International Congress Center
LPBMS2013 (“Light and Particle Beams in Materials Science”) was held to discuss the latest scientifi c results of 
materials science obtained by quantum beams such as synchrotron light, neutrons, muons and slow positrons.

The students who participated in the summer challenge 
in August performed actual experiments using synchro-
tron X-rays in the PF and PF-AR.

4



March 18-19, 2014
The IMSS Science Festa 2013
The IMSS Science Festa 2013 was held with about 450 participants. The main purpose of this Festa is to promote 
complementary use of four quantum beams (synchrotron light, neutrons, muons and slow positrons) offered by 
IMSS.

March 12, 2014
Energy Recovery Operation Successfully Achieved at the Compact 
ERL
Energy recovery operation was successfully achieved at the Compact ERL which was built for proof-of-principle 
studies of the Energy Recovery Linac (ERL).

(c)Rey.Hori/KEK
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The 5th SESAME school was held in Turkey with 35 participants. SESAME (Synchrotron-light for Experimental 
Science and Applications in the Middle East) is a synchrotron light facility under construction in Amman, the capi-
tal of Jordan, and is scheduled to start operation in 2014. Five scientists from KEK gave lectures on photo-elec-
tron spectroscopy, XAFS, protein crystallography, X-ray powder diffraction and X-ray fl uorescence spectroscopy.

The 53rd ICFA Advanced Beam Dynamics Workshop on Energy Recovery Linacs “ERL-2013” was held at Bud-
ker Institute of Nuclear Physics (Novosibirsk, Russia). Scientists engaged in ERL projects from around the world 
gathered together and discussed various issues on accelerator technology.

International Collaboration
June 13-22, 2013
SESAME School in Turkey

September 9-13, 2013
ERL2013
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The Japanese Prime Minister Shinzo Abe attended the Japan-India Science and Technology Seminar held in 
Delhi and gave a talk in the closing session in front of about 90 people. In his greeting, he mentioned the Indian 
beamline constructed at the Photon Factory saying “This beamline is used for various experiments. I look forward 
to the results brought by future cooperation”.

January 25, 2014
Japanese Prime Minister Mentions PF Indian Beamline

7





HighlightsHighlightsHighlights



HIGHLIGHTS

1. Materials Science........................................................................................................................	 12
	 1-1	 Strain Induced Spontaneous Magnetization in Perovskite Cobalt Oxide

	 1-2	 Charge-Cluster Glass in an Organic Conductor with Triangular Lattice

	 1-3	 Concealed Magnetic Parent Phase in Iron Oxypnictide Superconductor

	 1-4	 Solvent-Dependent Molecular Structure of Ionic Species Directly Measured 

 		  by Ultrafast X-Ray Solution Scattering

	 1-5	 Role of the Free Surface for Orientations in Liquid Crystalline Polymer Films

	 1-6	 Structure of Silicene on a Ag(111) Surface Studied by TRHEPD

	 1-7	 Novel Electronic States of Topological Crystalline Insulators Revealed by ARPES

	 1-8	 Magnetic Structure of the Single-Layer Graphene/Nickel Interface

	 1-9	 Strain Mediated Control of Magnetic Anisotropy in Alternately Layered FeNi Thin Films

2. Chemical Science.......................................................................................................................	 30
	 2-1	 The Specific Deoxidation Behavior of Iron Titanate Catalyst Characterized by the XAFS Technique 

		  for the Selective Catalytic Removal of NOx by NH3

	 2-2	 Atomicity-Precise Non-Magic Number Pt Clusters

	 2-3	 High Catalytic Performance of USY-Supported Manganese Oxides for VOC Control

	 2-4	 Monitoring of Electron Flow in Layered Double Hydroxides to Photoreduce Carbon Dioxide into Fuels

3. Earth Science..............................................................................................................................	 38
	 3-1	 Stability of Forsterite in the Presence of H2 Fluid under High Pressure and Temperature

	 3-2	 Synchrotron Radiation Study of the Reaction-Deformation Coupling Processes in Earth’s Mantle

 		  Minerals at HighPressures



4. Life Science.................................................................................................................................	 42
	 4-1	Crystal Structures of Innate Immune RNA Receptor TLR8

	 4-2	Structural and Functional Mechanism of a New Protein Complex Promoting the Stabilization of 

		  Genome during Homologous Recombination

	 4-3	Crystallographic Study of Bacterial Selenocysteine Formation

	 4-4	Mechanism of Template-Independent RNA Polymerization by tRNA Nucleotidyltransferase

	 4-5	Molecular Basis of Binding between Novel Human Coronavirus MERS-CoV and its Receptor CD26

	 4-6	Sequence-Specific DNA Glycosylase Found in a Restriction-Modification System

	 4-7	Structural Analysis of Intrinsically Partially Folded EspB from Enterohaemorrhagic 

		  E. coli O157:H7 by Combination of CD and SAXS in Conjunction with Protein Dissection Technique

	 4-8	X-Ray-Induced Nitric Oxide-Mediated Bystander Cell Death Suppresses Spontaneous Mutagenesis

		   in V79 Cells

5. Imaging and Optics.....................................................................................................................	 58
	 5-1	 Zeff Imaging Using X-Ray Interferometer

6. Instrumentation and Methodology............................................................................................	 60
	 6-1	Development of a Compact Scanning Transmission X-Ray Microscope (STXM)

7. Accelerators.................................................................................................................................	 62
	 7-1	 Minimization of the Emittance Growth in a Superconducting Radio Frequency Cavity at cERL Injector



Highlights12

 1  Materials Science

Strain Induced Spontaneous Magnetization in Perovskite 
Cobalt Oxide

Electronic phases with the nanometer-scale self-organization of electrons are ubiquitously observed in correlated 
electron systems. In d-electron transition metal oxides, versatile quantum states have been realized by tun-
ing the effective one-electron band-fi lling or band-width. Here we show that control of the spin-state degree of 

freedom (low/intermediate/high spin states) gives rise to a new complex spin-orbital superstructure with spontaneous 
magnetization in a thin fi lm of perovskite LaCoO3. A tiny crystal-lattice strain can promote the spin-state transition of Co 
ions and the ordering of Co-3d orbitals modulates the spin exchange interactions to produce the unique ferrimagnetic 
structure.

Entanglement among the charge, spin and orbital 
degrees of freedom in d-electron transition-metal com-
pounds is a key ingredient to control emergent quantum 
states such as unconventional superconductivity and 
magnetically induced ferroelectrics (multiferroelectric-
ity). The control of magnetic/electronic states has been 
ubiquitously achieved by tuning material parameters 
such as the effective d-electron band-width or band-
fi lling. In addition to these well-known approaches, in a 
certain class of the transition-metal compounds, there is 
a unique material tuning parameter, the spin-state vari-
ability (such as low, intermediate, and high spin states) 
of constituent magnetic ions, which is strongly tied with 
the orbital degree of freedom for correlated electrons. 

Figure 1: The spin state variability of Co3+-ion. The schematic of t2g orbitals for the IS-state is omitted for clarity.

The perovskite LaCoO3 is known as a prototype 
of the spin-state crossover material and has attracted 
much attention in recent decades. In this system, the 
nominally trivalent Co-ion (Co3+) may take three different 
spin states as shown in Fig. 1: the low-spin (LS) state 
with filled 3d t2g manifold (S=0), intermediate-spin (IS) 
state with active eg and t2g orbital degrees of freedom 
(S=1), and high-spin (HS) state with active t2g orbital 

degree of freedom (S=2). Although the ground state is 
a nonmagnetic phase with LS-state in the bulk form as 
shown in Fig. 2(a), it has been reported that spontane-
ous magnetization is observed in the epitaxial thin fi lm 
of LaCoO3 while keeping its insulating nature [1, 2]. Sev-
eral models have been proposed to explain the strain 
induced magnetization: the chemically inhomogeneous 
state including ferromagnetic metallic patches originat-
ing from unintentionally doped carriers or the ferromag-
netism mediated by the orbital ordering. However, to the 
best of our knowledge, there is no experimental report 
exploring the microscopic spin-orbital structure for this 
enigmatic magnetic phase. Here we investigated the 
spin-orbital state for the epitaxial thin fi lm of LaCoO3 by 
magnetization measurements and resonant X-ray dif-
fraction [3]. 

A single crystalline fi lm (60 nm thick) of LaCoO3 was 
fabricated on (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (LSAT) sub-
strate with (110) orientation by pulsed laser deposition. 
Synchrotron-radiation X-ray diffraction was performed 
to detect the fundamental and superlattice refl ections at 
BL-3A and BL-4C, Photon Factory of KEK, Japan. 

High-spin (HS)Intermediate-spin (IS)Low-spin (LS)
eg

t2g

Spin 

Orbital

S=0 S=1 S=2

N/A
yz3z2-r2x2-y2 zxx2 y2 2 xy

eg orbital t2g orbital
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Figure 2: (a) Electronic phase diagram of LaCoO3. Temperature dependence of (b) magnetization, (c) out-of-plane lattice constant and (d) 
intensity of superlattice refl ection at (1/4 -1/4 1/4). (e) Schematic view of possible spin/orbital ordered structure. Red (blue) arrows denote the 
spins of HS-state (IS-state).

Figure 2(b) shows the temperature dependence of 
magnetization. Magnetization increases at TC=94 K and 
the spontaneous magnetization is about 0.6B/Co at 10 
K. Figure 2(c) shows the temperature dependence of 
the out-of-plane lattice constant (d110). As the tempera-
ture is lowered, d110 steeply decreases down to 126 K 
and shows minimal temperature dependence below 126 
K. Moreover, we identifi ed a superlattice refl ection char-
acterized by the propagation vector q = (1/4, -1/4, 1/4) 
below 126 K. The intensity gradually increases below 
126 K and nearly saturates below TC [Fig. 2(d)]. 

These results point to the existence of a structural 
phase transition at 126 K (TS), which quadruples the 
unit cell of pseudo-cubic setting along the [100], [010] 
and [001] axes. On the basis of the resonant X-ray 
scattering at Co K-edge, we attributed this structural 
phase transition to the ordering of Co-3d orbital in the 
IS- or HS-state. Figure 2(e) shows one plausible model 
of spin-orbital ordering; the spin and orbital alignment 
is viewed as the stacking of two-dimensional sheets 
of IS- and HS-state sites in order of IS-IS-HS-IS with 

dz 2-x 2 - dx 2-y 2 - dyz - dx 2-y 2 … orbital configuration 
along the [1 -1 1] direction. This model is also consistent 
with the observed net magnetization and result of reso-
nant soft X-ray diffraction [4]. 
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Charge-Cluster Glass in an Organic Conductor 
with Triangular Lattice

Spin interactions can lead to unconventional states, such as quantum spin liquids and spin glasses, in which long-
range ordering is prohibited by geometric frustration. Here, we report observations of unconventional electronic 
states resulting from charge frustration. Using a combination of frequency-resolved transport measurements 

and X-ray diffraction, we have demonstrated that a charge cluster glass is formed in a high-quality organic system with 
a triangular lattice. Surprisingly, these observations correspond to recent ideas regarding the structural glass formation 
of supercooled liquids, potentially opening up a new area of interdisciplinary physics.

 Interacting many-body systems comprised of mol-
ecules, electrons, or spins can spontaneously exhibit 
long-range order when thermal agitations are sup-
pressed. This tendency may be avoided in several ways 
and, as a result, the systems freeze in inhomogeneous 
or glassy states [1]. Though not well-established, cor-
related electrons confi ned in a triangular lattice may be 
good candidates for charge-glass formers. A new para-
digm might be a Wigner-type charge ordering (CO), in 
which an equal number of charge-rich and charge-poor 
sites tile the entire lattice to avoid neighboring rich-rich 
(or poor-poor) pairs as much as possible. However, in 
a triangular lattice, this constraint is insuffi ciently strin-
gent to determine a specifi c CO from the various charge 
confi gurations, thereby potentially undermining the ten-
dency toward long-range ordering, analogous to a situ-
ation in geometrically frustrated spin systems [Fig. 1(a)] 
[2]. As a result, glassy electronic states may be realized; 
however, such a charge-glass-forming nature has not 
been identifi ed thus far. Research groups at the Univer-
sity of Tokyo, RIKEN CEMS and KEK revealed that the 
charge-glass state is formed in an organic conductor 
with a triangular lattice [3].

The material investigated is the organic conduc-
tor -(ET)2RbZn(SCN)4 (denoted -RbZn), where ET 
denotes bis(ethylenedithio)tetrathiafulvalene [4]. The 
crystal structure has an alternate stacking of conduct-
ing ET layers and insulating anion layers, and the ET 

molecules form a two-dimensional triangular lattice [Fig. 
1(b)]. The ET conduction band is hole-1/4-filled and 
exhibits CO instability [5], and the charge frustration 
caused by the underlying triangular lattice may prevent 
long-range ordering. In reality, a structural transition oc-
curs at ~200 K and relaxes the charge frustration; as a 
result, horizontal CO that is compatible with the structur-
al modulation is formed with a charge disproportionation 
ratio of ~0.15:0.85 accompanied by a steep increase in 
resistivity [Fig. 1(c)] [6, 7]. The structural transition can 
be avoided by rapid cooling at >5 K/min [8], and the 
“charge-liquid” phase above 200 K can be thus main-
tained below 200 K [Fig. 1(c)]. Therefore, to observe the 
possible charge-glass state, the electronic properties 
below 200 K in a rapidly cooled condition should be ex-
amined. To demonstrate the charge-glass, several key 
concepts need to be tested, for example, the tempera-
ture evolution of the slow charge dynamics, the absence 
of long-range ordering, and the electronic-glass transi-
tion. The slow dynamics in the charge-liquid phase were 
detected using resistance fl uctuation spectroscopy [3]. 
The typical dynamics are found to be 10−104 Hz (strongly 
temperature dependent) and it slows down at low tem-
peratures. These slow dynamics appear to be under-
stood by considering that the charge-liquid state above 
200 K is transforming into a classically disordered state, 
that is, a charge glass.

Figure 1: Charge frustration and crystal structure of -(ET)2RbZn(SCN)4. (a) An illustration of the analogy between spin frustration and 
charge frustration. (b) The structure of the ET layer. (c) The temperature dependence of the resistivity during cooling for different temperature-
sweeping rates. The insets indicate the crystal structures of the high-temperature phase (lower inset) and the low-temperature phase (upper 
inset). In the upper inset, the charge-ordering pattern is also shown.
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To obtain further insight into the observed glassy 
dynamics, it is necessary to determine whether some 
type of metastable “crystalline” islands evolve with the 
slow dynamics [9-12]. To this end, X-ray diffuse scat-
tering measurements were conducted. It was revealed 
that diffuse spots characterized by qd ~ (±1/3 k ±1/4) 
exist around the Bragg spots, where k denotes negli-
gible coherence between the ET layers. In Fig. 2(a), 
the evolution of the correlation length  as a function of 
temperature can be clearly seen.  is not short-ranged 
but is ~140 Å at 210 K, which corresponds to ~25 trian-
gular spacings. This behavior is essentially distinct from 
conventional critical phenomena, where  diverges for a 
continuous transition; here,  goes to a medium-range 
length in a non-divergent (i.e., non-critical) manner. The 
growth of the slow dynamics and of  seems well corre-
lated, indicating that the charge clusters cause the slow 
dynamics.

The charge-glass transition is clearly observed in 
the correlation length -temperature profi le when mea-
sured during a warming process after rapid cooling 
(~90 K/min) [Fig. 2(b)]. From 120 to 150 K,  is tem-
perature insensitive with an appreciably shorter length 
than expected. Such a “frozen” metastable state with no 
long-range order is characteristic of glassy states, dem-
onstrating that a charge-glass is formed in the quenched 
state. Upon further warming,  increases abruptly to 
the expected value at Tg ~160−165 K and becomes 
temperature-dependent above this temperature. This 
behavior demonstrates that the charge-liquid nature is 
recovered above Tg, and Tg can therefore be regarded 
as the charge-glass transition temperature.

Generally, correlated electrons are neither well itin-
erant nor well localized at high temperatures, so they 
are considered a “bad metal” [13]. The present results 
suggest that the bad metallic regime in charge-frustrat-
ed systems can be better described as a glass-forming 
charge-liquid, although the actual charge-glass transi-
tion may be avoided by a preceding frustration-relaxing 
structural transition.

Figure 2: Spatial correlation of the charge clusters investigated using X-ray diffuse scattering. (a) Temperature dependence of the charge-
cluster correlation length  during slow cooling. (b) Temperature dependence of  during heating after rapid cooling to 120 K. The value of  is 
estimated along the −2a*+c* direction on the (11/3 k 1/4) diffuse rod. The broken lines in (a, b) are drawn as guides for the eye.
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 Concealed Magnetic Parent Phase in 
Iron Oxypnictide Superconductor

High-temperature superconductivity appears by carrier doping to an undoped parent compound; therefore, the 
physical properties of the parent are strongly related to the superconducting state. We report the discovery of 
a unique structural transition as well as an antiferromagnetic phase in LaFeAsO1−xHx (x ~ 0.5) even though the 

electrical and magnetic interactions are generally expected to be weak in the overdoped region. The unprecedented 
two-dome superconducting phases can be interpreted as a consequence of the carrier doping starting from the original (x 
~ 0) and advanced (x ~ 0.5) parent phases towards the intermediate region.

A new class of high-temperature (high-Tc) super-
conductors, iron-based materials, following the cuprates 
has been widely studied since their discovery in 2008 [1, 
2]. In the fi rst obtained iron-based superconductor, te-
tragonal ZrCuSiAs-type LaFeAsO [Fig. 1(a)], the super-
conductivity appears by carrier doping to the undoped 
parent of the magnetic- and structural-ordered state [3, 
4]. An advanced doping method using a hydrogen anion 
instead of fluorine in LaFeAsO surpassed the doping 
limit of fl uorine, and revealed a second superconducting 
phase (SC2) (Tc,max = 36 K at x ~ 0.35), in addition to the 
fi rst dome (SC1) (Tc,max = 26 K at x ~ 0.1) [5]. In order 
to determine whether a certain hidden phase exists be-
yond the SC2 region, we performed a multi-probe study 
using X-ray, neutron, and muon beams in the range 
0.40 x 0.51.

X-ray powder diffraction measurements were per-
formed on the beamlines of 8A/8B at KEK-PF. Neutron 
powder diffractions were measured on Super HRPD 
and NOVA at J-PARC. The muon spin relaxations were 
conducted at J-PARC MUSE and PSI.

Figure 1(c) shows the X-ray profi le of the (2, 2, 0)T 
reflection in the non-superconducting specimen with 
x = 0.51. On cooling, the peak of (2, 2, 0)T broadened, 
while no broadening of the (0, 0, 6)T and (2, 0, 0)T peaks 
was observed [6]. These experimental fi ndings indicate 
that the tetragonal to orthorhombic structural transition 
emerges clearly for x = 0.51. Figure 1(d) shows the 
temperature dependence of the lattice parameters for 
x = 0.51. The a-axis length splits in two below the struc-
tural transition of Ts  95 K, and the c-axis shows an 
upturn at Ts. Precise X-ray powder-diffraction structural 
analysis with the RIETAN-FP program [7] using a high-
resolution synchrotron radiation source indicates that 
the x = 0.51 compound crystallizes in an orthorhombic 
non-centrosymmetric Aem2 structure below Ts in con-
trast to the centrosymmetric Cmme structure for x = 0. 
Across the structural transition, only the As atoms move 
slightly in x = 0, while the Fe and As atoms move in an-
tiphase in x = 0.51 as shown in the inset of Fig. 1(b).

Figure 1: (a) Crystal structure of LaFeAsO. (b) Arrows on the FeAs4 tetrahedra across the structural transitions represent the displacements 
of the Fe and As atoms by 0.07 Å (0 Å) and 0.06 Å (0.01 Å) in x = 0.51 (x = 0), respectively. (c) X-ray profile of (2, 2, 0)T reflection in 
LaFeAsO0.49H0.51. (d) Temperature dependence of the lattice constant of LaFeAsO0.49H0.51.
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In the neutron powder diffraction measurement for 
x = 0.51, we observed magnetic peaks below TN = 89 K 
with the propagation vector of q = (1/2, 1/2, 0). The 
result of magnetic structure analysis using the FullProf 
program [8] reveals an exceptional stripe-type arrange-
ment among the iron-pnictides as shown in the inset of 
Fig. 2. The estimated magnetic moment 1.2 µB per iron 
atom is signifi cantly larger than the value of 0.63 µB for x 
= 0 [6]. In the muon spin relaxation measurements, we 
observed that the value of TN and the magnetic volume 
fraction decrease in unison with decreasing hydrogen 
content from x = 0.51. Moreover, the coexistence state 
of the antiferromagnetic static order and the supercon-
ducting state was found in the range 0.40  x  0.45 
despite the absence of the coexistence state in the un-
derdoped region [6].

Figure 2 illustrates the phase diagram of LaFeAsO1-xHx 
[6]. We consider that a new antiferromagnetic phase 
with the structural transition next to the superconducting 
phase can be regarded as the doped parent phase by 
analogy of the undoped antiferromagnetic parent phase 
with the structural transition. This is unexpected be-
cause magnetic and electronic interactions are usually 
perceived as being weak in the highly carrier-doped re-
gion. In the iron-pnictides, the parent compound not only 
refers to the undoped compound but also more gener-
ally indicates a certain critical point of the magnetic and 
electronic correlations. Moreover, we can defi nitely state 

that the two SC domes are generated by carrier-doping 
to the left- and right-hand parent compounds towards 
the intermediate region of the phase diagram.

Figure 2: Magnetic, structural and superconducting phase diagram of LaFeAsO1-xHx. First and second superconducting phases (SC1 and 
SC2) are thought to be generated by starting from the original and advanced antiferromagnetic phases (AF1 and AF2), respectively. The 
crystal structures and magnetic Fe spin arrangements of AF1 and AF2 in the Fe-As planes are illustrated [9]. The structural, magnetic, and 
superconducting transitions are indicated by the green, blue, and red marks, respectively.
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Solvent-Dependent Molecular Structure of Ionic Species 
Directly Measured by Ultrafast X-Ray Solution Scattering

Triiodide ion has a molecular structure that sensitively changes depending on the type of solvent and its symmetry 
can be broken by strong solute-solvent interaction. Here, by applying pump-probe X-ray solution scattering, we 
characterize the exact molecular structure of the I3

– ion in water, methanol and acetonitrile with sub-angstrom 
accuracy. The data reveal that the I3

– ion has an asymmetric and bent structure in water. In contrast, the ion keeps its 
symmetry in acetonitrile, while the symmetry breaking occurs to a lesser extent in methanol than in water.

The triiodide ion (I3
–) in solution offers a good ex-

ample of the role played by solvent in determining the 
structure of ionic species. In the gas phase and aprotic 
solvents, the structure is linear and symmetric with equal 
I–I bond lengths. In contrast, in protic solvents such as 
water and methanol, an antisymmetric stretching mode 
was observed in the resonance Raman spectrum and 
a rotationally excited I2

– fragment was detected in the 
transient anisotropy measurement of the photoexcited 
I3

– ion, suggesting the existence of an asymmetric and 
bent structure of the I3

– ion, respectively. However, de-
spite these evidences, the exact structure of the I3

– ion 
has never been directly characterized experimentally.

To characterize the exact structure of the I3
– ion, we 

applied time-resolved X-ray solution scattering [1] to the 
I3

– ion in three different solvents: water, acetonitrile, and 
methanol [2]. The key ideas of the experiment and data 

analysis are schematically summarized in Fig. 1. By 
taking the difference between scattering patterns mea-
sured before and 100 ps after laser excitation, only the 
laser-induced changes of solution sample are extracted 
with all other background contributions being eliminated. 
To extract the structure of the I3

– ion from the difference 
in scattering intensity, the maximum likelihood estima-
tion with chi-square estimator was employed with five 
variable parameters. The parameters are three bond 
distances for the I3

– ion, the bond distance for the I2
–
 

fragment, and temperature change. The theoretical 
scattering patterns were calculated by considering 
solute contribution, solvent hydrodynamics, and the 
contribution from solute-solvent interaction (cage). As 
a result, the lengths of the three bonds in the I3

– ion are 
identifi ed with sub-angstrom accuracy.

Figure 1: Schematic of our experimental method (left) and the data analysis (right). 
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To reveal the symmetry breaking of the I3
– ion in-

duced by hydrogen-bonding interaction with the solvent, 
the structure of the I3

– ion was characterized in the three 
different solvents. The solvents of water, acetonitrile, 
and methanol have two, zero, and one functional group 
available for hydrogen bonding, respectively. Figure 2 
shows experimental and theoretical difference scattering 
curves at 100 ps for the I3

– ion in water and acetonitrile 
solutions. In water solution, the asymmetric and bent 
structure of the I3

– ion gave the best fi t when every pa-
rameter was adjusted freely. If a symmetric structure or 
a linear structure is assumed as a constraint, the fi t be-
tween theory and experiment deteriorates. In contrast, 
in acetonitrile, the symmetric and linear structure gave 
the best fi t within the error range when every parameter 
was adjusted freely. If an asymmetric structure or a bent 
structure is assumed as a constraint, the agreement 
deteriorates. The optimized structure in methanol lies 
between those in water and acetonitrile solutions, as ex-
pected from the number of functional groups available 
for hydrogen bonding.

Our experimental results well account for the results 
of previous experimental and theoretical studies [3, 4]. 
For example, the I–I–I angle of the bent I3

– ion in water 
was estimated to be 153º from transient anisotropy 
measurement. This estimated value closely matches the 
value extracted from our data. Also, a theoretical study 
using MD simulation suggested an asymmetric structure 
of I3

– in water with one bond longer by 0.49 Å than the 

other. This prediction is very similar to the result of our 
measurement (0.45 Å).

In summary, by applying time-resolved X-ray solu-
tion scattering, we characterized the structure of the 
I3

– ion in three different solvents, elucidating subtle 
structural changes of the ion depending on the hydro-
gen-bonding ability of the solvent. In water solution, 
the I3

– ion was found to take an asymmetric and bent 
structure, lowering the structural symmetry. This phe-
nomenon is also weakly present in methanol but not in 
acetonitrile.

Figure 2: Difference scattering curves from the I3
– photolysis in water (a) and acetonitrile (b) solution. Experimental (black) and theoretical (red) 

curves using various candidate structures of I3
– ion are compared. Residuals (blue) obtained by subtracting the theoretical curve from the 

experimental one are displayed at the bottom.
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Role of the Free Surface for Orientations 
in Liquid Crystalline Polymer Films

There is a strong tendency for side chain liquid crystalline (LC) polymers to exhibit homeotropic orientation in thin 
fi lms. We have shown the control of homeotropic-to-planar LC alignment in a side chain LC polymer, P5Az10MA, 
thin fi lm by “free surface” modifi cation. Adding a small amount of surface-active block copolymer composed of 

poly(butyl methacylate) and P5Az10MA blocks, PBMA-b-P5Az10MA, to a LC homopolymer thin fi lm induced orienta-
tional alternations of the LC phase from homeotropic to planar alignment effected by surface segregation and coverage 
of PBMA at the free surface. The present result demonstrates that the free surface and surface segregation are impor-
tant for controlling the inner structure of the polymer LC fi lm.

The molecular orientation of liquid crystals (LCs) 
depends strongly on the surface characters [1]. LC 
alignment techniques include surface molecular orienta-
tions and topographical grooves and undulations of the 
substrate. Controlling the LC alignment layers is an im-
portant technique in applications for LC optical devices. 
LC surface alignment by mechanically rubbing the poly-
mer surface on a substrate is the most widespread and 
popular industrial process for LC devices [2]. Recently, 
LC alignment was carried out on photoreactive polymer 
fi lms by anisotropic irradiation [3]. Currently, the photo-
alignment method has begun to be used in the industrial 
production of liquid crystal televisions. Most LC devices 
are made of fl uid low molecular LCs; the LC active layer 
in these devices is sandwiched between the alignment 
layers on substrates. On the other hand, polymer LCs 
can form robust thin fi lms on substrates by themselves, 
and so there are expectations that polymer LCs could 
form free-standing fi lms with a free surface for applica-
tions. At a free surface (an air surface), calamitic LC 
molecules strongly prefer the homeotropic (vertical) mo-
lecular alignment; this has been shown experimentally 
[4] and has also been verifi ed by theoretical simulations 

[5]. Actually, homeotropic alignment dominated by the 
free surface is generally preferable in side chain LC 
polymer fi lms. Furthermore, the low birefringence char-
acter of the homeotropic alignment narrows down the 
application of LC polymers to display devices.

Recently, we reported the LC orientational alterna-
tion of a polymer LC induced by free surface modifi ca-
tion in polymer thin fi lms through polymer surface seg-
regation [6]. Surface segregation is one of the interfacial 
phenomena in polymer thin fi lms, involving enrichment 
of a specifi c polymer component at the surface by self-
assembly in polymer blend films [7]. Polymer compo-
nents with low free energy, relatively low surface tension 
[8] and high mobility [9] are easily concentrated at the 
surface. To modify the free surface of the LC polymer 
fi lm, we apply the surface segregation of a small amount 
of a free-surface-active polymer. Coverage of the film 
surface with the free-surface-active polymer leads to 
homeotropic-to-parallel orientational alternations of LC 
mesogens, which further enable effi cient in-plane pho-
toalignment of LC and microphase separation (MPS) 
domains of a relevant LC polymer and block copolymer 
by linearly polarized light (LPL).

Figure 1: Chemical structures for P5Az10MA and PBMA-b-P5Az10MA (a). 2D GI-SAXS images of a pure P5Az10MA thin fi lm (b) and 
PBMA-b-P5Az10MA (10%)/P5Az10MA blend thin fi lm (c) after annealing at 130ºC. In the SAXS patterns, 1D intensity profi les are indicated 
as curves in white.

a)

c)b)
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The smectic liquid crystalline azobenzene polymer 
P5Az10MA [Fig. 1(a)] exhibits homeotropic alignment 
in a thin film. In grazing incidence small angle X-ray 
scattering (GI-SAXS) measurements, scattering corre-
sponding to the smectic lamella structure was observed 
in the out-of-plane direction [Fig. 1(b)]. On the other 
hand, adding 10 weight% (%) of PBMA-b-P5Az10MA 
[Fig. 1(a)] induced the opposite LC orientation in the 
fi lm. In the PBMA-b-P5Az10MA (10%)/P5Az10MA fi lm, 
scattering spots due to the smectic layer were observed 
in the in-plane position by GI-SAXS 2D imaging [Fig. 
1(c)], suggesting that the smectic LC layer aligned nor-
mal to the substrate with planar aligned azobenzene 
side chains. Contact angle measurements demonstrate 
that the PBMA component is segregated and enriched 
at the film surface in the PBMA-b-P5Az10MA (10%)/
P5Az10MA film. The surface segregated top layer of 
the PBMA block provides a microphase separated inter-
face parallel to the surface plane. As a result, a random 
planar aligned smectic LC layer is induced with perpen-
dicularly oriented rigid rod LC polymer backbone from 
the surface segregated layer. The present approach 
through the surface-active layer can be also applied to 
in-plane alignment for the microphase separated cyl-
inder structure for a P5Az10MA block copolymer. The 
homeotropic alignment has a disadvantage for effi cient 
photoalignment by LPL irradiation because the transition 
moment for azobenzene side chains is normal to the 
actinic LPL electric fi eld. In the normal aligned smectic 
layer, LPL irradiation can lead to effi cient angular selec-
tive photoisomerization of the azobenzene LC. 

The orientation and photoalignment behaviors pro-
posed in the present processes are illustrated in Fig. 2. 
In the pure P5Az10MA fi lm, the normal anchoring from 
the free surface of azobenzene side chain mesogens 
induces the homeotropic LC orientation. Adding the 
surface-active PBMA-b-P5Az10MA and subsequent 
annealing leads to the formation of a skin layer on the 
surface and provides planar orientation of mesogens. 
Owing to the preformed parallel orientation, LPL irradia-

tion effi ciently leads to homogeneous in-plane alignment 
orthogonal to the electric fi eld of the LPL. The proposed 
alignment process via surface segregation is very sim-
ple and therefore provides new possibilities for orienta-
tion control of various types of LC materials. Selective 
surface segregation of a surface-active polymer compo-
nent offers promising applications for imposing surface 
functions such as adhesive and frictional properties and 
for improving biocompatibility. In addition to such func-
tions accessing the exterior phase, the present work 
indicates that the free surface and surface segregation 
are also important for controlling the inner structure of 
the polymer LC fi lm.

Figure 2: Schematic illustrations of the orientational alternation and alignment process for the P5Az10MA homopolymer.
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 Structure of Silicene on a Ag(111) Surface
Studied by TRHEPD

The structure of silicene, which consists of a single layer of silicon deposited on a single-crystal silver Ag(111) 
surface, was experimentally determined for the fi rst time using total-refl ection high-energy positron diffraction 
(TRHEPD) [1]. It was confi rmed that silicene has a buckling structure unlike graphene, which consists of a fl at 

single layer of carbon atoms.

The Slow Positron Facility (SPF) of the Institute of 
Materials Structure Science (IMSS), KEK increased 
the intensity of the slow positron beam ten-fold in 2010 
[2] to create one of the world’s highest-intensity slow 
positron beams. The beam is about 1000 times stronger 
than a beam obtained by using a commercially-avail-
able positron source of radioisotope 22Na. TRHEPD, 
formerly called refl ection high-energy positron diffraction 
(RHEPD), can accurately determine atomic positions 
on the topmost surface and immediate subsurface of 
a crystal. TRHEPD was fi rst developed and applied to 
surface science by the Japan Atomic Energy Agency 
(JAEA) [3]. In order to improve this method further, KEK 
and JAEA installed a TRHEPD station at SPF, KEK 
in 2011 [2]. Later, the brightness of the beam was en-
hanced by using a method characteristic to a positron 
beam, the remission of thermalized positrons.

Since the discovery of a method to isolate a single 
sheet of carbon (C) atoms in a hexagonal honeycomb 
lattice structure, graphene, in 2004, the fundamental 
properties of graphene have been extensively studied 
as well as its potential application to high carrier-mobility 
electronic devices. Stimulated by this, extensive ef-
forts to create a similar structure of silicon (Si) atoms 
have been made, along with theoretical investigations. 
Theories predict that, unlike carbon which has a layer 
structure as in graphite as well as diamond structures, 
silicene would have a buckling structure as shown in 
Fig. 1 since Si has a diamond structure alone. 

Figure 1: Top and side views of proposed silicene on Ag(111) surface. Large and small red spheres are the top and bottom Si atoms, 
respectively. The gray spheres are the underlying Ag atoms of the substrate. The spacing between the top and bottom Si layers is denoted by Δ. 
The distance between the bottom layer of silicene and the underlying fi rst Ag layer is denoted by d. The bond angles are labeled as α and β. 

In 2012 a number of different procedures were suc-
cessfully developed for the synthesis of silicene, includ-
ing one on an Ag(111) surface.

While the theoretically predicted two-dimensional 
(4×4) symmetry of silicene grown in this way was veri-
fi ed by scanning tunneling microscopy (STM) observa-
tions, a buckled structure due to the strong sp3 bonding 
character also predicted by the theories was not con-
fi rmed. It is also predicted that the Dirac cone of the en-
ergy dispersion in silicene depends on the magnitude of 
the buckling as well as on interactions with the Ag(111) 
substrate. Thus, the amount of the buckling (spacing 
between the top and bottom Si layers in silicene, Δ) and 
the spacing between the bottom Si layer and the top Ag 
layer, d, are important factors in understanding its elec-
tronic properties. 

A collaboration of researchers from JAEA, KEK, 
University of Tokyo and Nagoya University used KEK’s 
high-intensity, high-brightness positron beam with an 
energy of 10 keV (wavelength of 0.12 Å) to measure the 
TRHEPD pattern of silicene while varying the glancing 
angle (θ = 0˚–6˚) of the incident positron beam. Then 
rocking curves, i.e., plots of the glancing angle depen-
dence of the diffraction spot intensity, for the specular 
diffraction spot were extracted. By analyzing the rocking 
curves the detailed structure of the silicene was suc-
cessfully determined.



Highlights 23

PF Activity Report 2013 #31

A single-crystal Ag(111) film comprising 20 atomic 
layers was grown on an Si (111) surface, subsequent 
to which Si was vapor-deposited onto the surface of the 
Ag fi lm to form silicene. The expected symmetry of (4×4) 
was confi rmed using refl ection high-energy electron dif-
fraction (RHEED). It is worth noting that the symmetry 
of the surface atomic confi guration can be easily identi-
fied by using various surface-sensitive methods such 
as RHEED, but it is not easy to determine the accurate 
position of each surface atom by analyzing the data in 
detail.

The rocking curve measurements were conducted 
both under the one-beam condition which is sensitive 
to atomic coordinates perpendicular to the surface and 
the many-beam condition which is also sensitive to the 
atomic arrangement parallel to the surface. 

By analyzing the rocking curve shown in Fig. 2 (b), 
measured in the one-beam condition (beam incident 

from 13˚ off the [112] direction), the buckling structure 
was confi rmed where the bucking distance Δ was 0.83 
Å and the Si-Ag layer distance d was 2.14 Å. 

Figure 2: TRHEPD rocking curves for (a) Ag(111)-1×1 surface 
before the Si deposition and (b) silicene on an Ag(111) surface 
in the one-beam condition at room temperature. Circles are the 
experimental data. Solid curves indicate the results calculated with 
the optimum values for the adjustable parameters. 

Next, the rocking curve shown in Fig. 3, measured 
under the many-beam condition (beam incident from 
the [112] direction), was analyzed. The two Si–Si bond 
angles (see Fig. 1) were determined to be α = 112˚ and 
β = 119˚, confi rming the buckling structure which leads 
to (4×4) symmetry. These results agree well with the 
theoretical predictions (Δ = 0.78 Å, d = 2.17 Å, α = 110˚, 
and β= 118˚) [4].

Fig. 3. TRHEPD rocking curve for silicene on an Ag(111) surface 
in the many-beam condition at room temperature. Circles indicate 
the experimental data. The solid line indicates the calculated curve 
using the optimum parameters.

These experimental results highlight the fact that 
TRHEPD with the high-brightness, high-intensity vari-
able-energy positron beam at KEK is very useful for 
determining the atomic arrangement of a surface. This 
method is expected to become a standard method for 
surface structure determination, as X-ray and neutron 
diffraction is the standard method for structural determi-
nation of bulk structures.
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Novel Electronic States of Topological 
Crystalline Insulators Revealed by ARPES

Topological insulators are a novel quantum state of matter where unusual gapless metallic states protected by 
time-reversal symmetry appear within the bulk band gap. A recent theory predicted another type of topological 
material called topological crystalline insulator (TCI), where the surface states are protected by mirror symmetry 

of the crystal. We have performed angle-resolved photoemission spectroscopy of narrow-gap IV-VI semiconductor 
Pb1-xSnxTe as a function of Pb content x and found clear evidence for the topological phase transition from TCI to trivial 
insulator. The present result establishes the essential role of the crystal mirror symmetry in realization of the TCI phase.

The discovery of topological insulators (TIs) triggered 
the search for new types of topological materials pro-
tected by various symmetries, and a recent theory pre-
dicted the existence of topological crystalline insulators 
(TCIs) in which metallic surface states are protected by 
mirror symmetry of the crystal structure [1, 2]. Such a 
TCI phase has been experimentally verified by angle-
resolved photoemission spectroscopy (ARPES) experi-
ments for narrow-gap IV-VI semiconductor SnTe [3, 4] 
and related compounds [5]. In those materials, the to-
pological surface states on the (001) surface consist of 
Dirac cones located at momenta slightly away from the 
time-reversal-invariant momentum (TRIM) X point in the 
(110) mirror plane of the crystal [Fig. 1(a)], producing a 
characteristic double Dirac-cone band dispersion. This 
is distinct from the three-dimensional TIs whose surface 
states are characterized by an odd number of Dirac 
cones. In contrast to the double Dirac-cone signature 
observed in the TCI phase, the ARPES measurements 
for isostructual PbTe [3] revealed the absence of any 
surface states, which strongly suggests a trivial-to-non-
trivial topological quantum phase transition in the solid-
solution system Pb1-xSnxTe. However, it is still unclear 
how the surface and bulk electronic states evolve as a 
function of Sn composition x, which would be useful for 
attaining a practical understanding of TCIs.

To elucidate the electronic states of Pb1-xSnxTe, we 
have performed high-resolution ARPES experiments at 
BL-28A and Tohoku University [6, 7].

Figure 1(b) shows the Fermi-surface mapping 
around the X point of the surface Brillouin zone (BZ) for 
Pb1-xSnxTe with four representative Sn compositions x 
including both end members SnTe (x = 1.0) and PbTe 
(x = 0.0). At x = 1.0, we immediately notice a dumbbell-
shaped intensity pattern elongated along the  X direc-
tion (kx’ direction) with its intensity maxima located away 
from the X point. This feature arises from the double Di-
rac-cone surface state [3] whose Dirac points are locat-
ed at each intensity maxima, as one can see from the 
near-EF band dispersion along the  X cut in Fig. 1(c) 
showing the band maxima on both sides of the X point. 
The M-shaped dispersion and the dumbbell-shaped 
Fermi surface are also observed for x = 0.5, which sig-

nifi es that the system still belongs to the TCI phase, al-
though the intensity distribution around EF appears to be 
weaker and broader than that for x = 1.0. At x = 0.3, the 
observed ARPES intensity looks different, and neither 
the dumbbell-shaped Fermi surface nor the M-shaped 
dispersion are clearly resolved. Nevertheless, we are 
still able to trace the surface-band dispersion by taking 
second derivatives of the intensity and, as shown in Fig. 
1(d), the M-shaped dispersion is still discernible. In con-
trast, the spectral feature for x = 0.0 looks substantially 
different. The near-EF intensity is strongly suppressed 
and no Dirac-cone surface band is observed, refl ecting 
the topologically trivial (ordinary) nature of PbTe [3]. A 
more systematic ARPES experiment for various x and 
photon energies further revealed that the topological 
phase transition takes place at x ~ 0.25 [6].

Figure 1: (a) Bulk Brillouin zone (BZ) and corresponding surface 
BZ of Pb1-xSnxTe. The (110) mirror plane is indicated by the green 
shaded area. (b) ARPES intensity at EF around the X point for 
various x values plotted as a function of in-plane wave vector at T 
= 30 K [6]. (c) Corresponding near-EF ARPES intensity along the 
 X cut plotted as a function of kx’ and binding energy EB. (d) Band 
dispersions derived from the second derivatives of the momentum 
distribution curves (MDCs) along the  X cut. The k location of the 
Dirac point is indicated by white arrows in (d).
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The most important feature is the evolution of the 
surface state in the TCI phase. In particular, as seen 
in Fig. 1(d), the k position of the Dirac point in the BZ 
systematically moves toward the X point with decreas-
ing x (see white arrows). Such a degree of freedom 
is obviously a unique feature of the mirror-symmetry 
protected TCIs, in contrast to the TIs where the Dirac 
point is bound to the TRIM. Intuitively, the double Dirac-
cone structure in TCIs is a result of the hybridization of 
two Dirac cones, because, on the (001) surface, two L 
points (which are each responsible for a surface Dirac 
cone due to the band inversion at L) are projected onto 
the same X point; therefore, the separation of the two 
Dirac cones can be taken as a measure of this hybrid-
ization. Our fi nding is of crucial importance for establish-
ing a better understanding of the physical mechanism to 
create the peculiar double Dirac-cone structure in TCIs. 
Also, the mobile Dirac cone is particularly useful in ap-
plications requiring Fermi-surface matching with other 
materials, like spin injection.

To see whether or not the Dirac-cone band disper-
sion is a unique feature of the (001) surface, we also 
performed an ARPES measurement on the (111) sur-
face. As shown in Fig. 2(a), one can immediately recog-
nize the bright intensity centered at the fi rst and second 
 points as well as the relatively weak intensity at the M 
point of the hexagonal surface BZ. This intensity pattern 
originates from the Dirac-cone surface states centered 
at the  and M points, respectively [7]. Figure 2(b) com-
pares the observed Dirac-cone surface states between 
the (001) and (111) surfaces. The surface states for 
the (001) surface consist of a double-Dirac-cone struc-
ture. On the other hand, for the (111) surface, always a 
single L point is projected onto either the  or M point to 

produce a single Dirac cone centered at those TRIMs, 
and no band hybridization takes place. As a result, the 
Dirac point coincides with the  and M points. The pres-
ent ARPES result thus allows for the fi rst time a direct 
comparison of topological surface states on different 
crystal faces of a topological material, and establishes 
the essential role of the crystal mirror symmetry in real-
ization of the TCI phase.

Figure 2: (a) ARPES intensity mapping at EF of SnTe on the (111) surface plotted as a function of in-plane wave vector [7]. (b) Schematic 
picture of the Dirac-cone surface state on two different surface planes of (001) and (111). The green shaded area and green line represent 
the (110) mirror plane and the mirror-symmetric line on the surface BZ, respectively.
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Magnetic Structure of the Single-Layer Graphene/Nickel 
Interface

We investigated the magnetic structure of the single-layer graphene/Ni(111) interface with depth-resolved X-
ray magnetic circular dichroism spectroscopy. Ni L-edge analysis clarifi ed that the easy magnetization direc-
tion changes from in-plane to out-of-plane in the Ni atomic layers near the interface, possibly associated with 

-d hybridization. C K-edge analysis demonstrated that intensifi cation of the spin–orbit interactions and spin polarization 
are induced in the  band region by the Ni atoms located near the interface. These results indicate the importance of 
understanding the interfacial magnetic structures for the development of graphene-based spin devices.

Spintronics is a new field of electronics that may 
lead to novel devices taking advantage of both the 
charge and spin of electrons. Graphene-based spintron-
ics is a particularly active area of research because of 
the great potential of graphene for spin transport as rep-
resented by the long spin-diffusion length and extremely 
high carrier mobility. Effi cient injection of spin-polarized 
currents into graphene is one of the most significant 
issues in developing graphene-based spintronics. De-
spite the theoretical prediction of the spin fi ltering effect 
of graphene/ferromagnetic metal (FM) interfaces [1], a 
satisfactory high effi ciency of spin injection has not been 
reported yet [2]. Elucidation of the magnetic structures 
of graphene/FM interfaces may clarify the underly-
ing reasons for the difficulty of efficient spin injection 
in graphene-based devices. In the present study, the 
electronic and magnetic structures of graphene/FM in-
terfaces are being investigated for the bilayer structure 
of single-layer graphene (SLG) and Ni(111) thin fi lm by 
applying X-ray magnetic circular dichroism (XMCD) with 
atomic-layer level depth-resolution [3].

Figures 1(a) and (b) show the Ni L-edge XMCD 
spectra measured at two different incident angles of 
the circularly-polarized X-ray beam. The X-ray incident 
angles of 30° and 60° are sensitive to the magnetic 

moments aligned in the in-plane and out-of-plane direc-
tions, respectively. The XMCD spectra were obtained by 
collecting the Auger electrons at different values of de-
tection angle θ using a 2D electron detector. Since the 
effective escape depth of the emitted electrons changes 
depending on the detection angle due to the scattering 
attenuation in the sample, the relative fraction of the sig-
nals from the Ni atomic layer near the interface increas-
es with decreasing detection angle θ. In Fig. 1(a), the 
XMCD intensity at θ = 30° (red line) is larger than that at 

θ = 3° (blue line), and this relationship is inverted in Fig. 
1(b). This contrasting behavior indicates that the state 
of the magnetic moment in the Ni(111) thin fi lm changes 
depending on the distance from the interface. To gain 
insight into the magnetic structure of the interface, the  
total magnetic moment (Mtot) and its angle   from the in-
plane direction were estimated for the Ni atoms near 
and far from the interface (Niinterface and Nibulk) by applying 
the magnetic sum rules [4, 5]. The obtained values were 
Mtot = 0.55µB and  = 87° for Niinterface, and Mtot = 0.66µB 
and  = 3° for Nibulk. Mtot of Nibulk agrees well with that of 
the Ni(111) thin fi lm [6]. This indicates that the Ni mag-
netic moment shows perpendicular magnetic anisotropy 
(PMA) at the interface, different from the in-plane orien-
tation in the Ni(111) thin fi lm.

Figure 1: Depth-resolved Ni L-edge XMCD spectra at the X-ray incidence angles of 30° (left panel) and 60° (right panel). The blue and red 
lines in the spectra represent the data at the detection angle θ of 3° and 30°, respectively.
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Figure 2 shows the C K-edge XMCD spectrum mea-
sured at the X-ray incidence angle of 30° in remanence. 
Prominent XMCD signals can be seen at around the 
A1 and A2 peaks, which are assigned to the excitations 
from the 1s states to the hybridized states between the 
 (pz) states around the K- and M-points of graphene 
and the Ni 3d states, respectively. Due to the absence 
of spin–orbit interactions (SOI) in the 1s initial states, 
the C K-edge XMCD is expected to refl ect only the or-
bital magnetic moment of the 2p states. The intrinsic 
SOI strength of graphene is too small to generate suf-
fi ciently large orbital magnetic moment to be detectable 
as XMCD signals. It is therefore concluded that the 
spin polarization and also the enhancement of SOI are 
induced in SLG through –d hybridization. This conclu-
sion is in good agreement with theoretical studies [7].

Figure 2: C K-edge XMCD spectra at the X-ray incidence angle of 30°. The black and light green spectra are the X-ray absorption spectra 
measured with the parallel (µ+) and antiparallel (µ-) Ni remanent magnetization to the propagation direction of the circularly-polarized X-ray 
beam.

In summary, the interface magnetic structure in 
SLG/Ni(111) thin film was investigated by depth-
resolved XMCD spectroscopy. The results showed 
that on the Ni side of the interface the preferable spin 
orientation direction changes from in-plane to out-of-
plane toward the interface, and on the SLG side not 
only the spin polarization but also the SOI enhancement 
are induced in the  states. The interfacial PMA could 
disturb the operation of graphene-based spin devices 

with conventional FM electrodes with in-plane magne-
tization. The present study highlights the importance of 
the design of interface magnetic structures at the atomic 
layer level for graphene-based spin devices.
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Strain Mediated Control of Magnetic Anisotropy 
in Alternately Layered FeNi Thin Films

The L10-type FeNi multilayer has attracted attention as a candidate material for rare metal-free perpendicularly 
magnetized fi lms for high-density recording media. To understand the fundamental magnetic properties, in situ 
observation of the growth process is important. In this study, we investigated the effect of the lattice strain on 

magnetic anisotropy of alternately layered FeNi ultrathin fi lms by X-ray magnetic circular dichroism (XMCD) analysis, 
and showed that perpendicular magnetic anisotropy of Fe is enhanced when compressive strain in the in-plane direc-
tion is applied to the FeNi fi lms.

The L10 ordered alloy, which consists of alternate 
stacking of two different atomic planes along the fcc 
[001] direction, is expected to exhibit uniaxial magnetic 
anisotropy in the c axis, [001]. Various efforts have been 
made to realize perpendicular magnetic anisotropy 
(PMA) in L10-type FeNi [1-3], however, it has not yet 
been achieved in the multilayered system. On the other 
hand, it is known that magnetic anisotropy is closely 
correlated with the surface/interface structure, strain, 
and so forth. Our previous in situ XMCD study revealed 
element-specifi c magnetic anisotropy energies (MAE) in 
FeNi thin fi lms on a Cu(001) substrate [4], and indicated 
that PMA is enhanced in the case of Fe-terminated FeNi 
fi lms, while that of Ni-terminated fi lms is reduced.

 In this article, we demonstrate from the XMCD 
study combined with refl ection high-energy electron dif-
fraction (RHEED) analysis that PMA is enhanced when 
compressive strain in the in-plane direction is applied to 
the Fe layer [5], and confi rm that the magnetic anisotro-
py of FeNi is controlled by the lattice strain by changing 
the thickness of the Cu spacer layer on a NiCu/Cu(001) 
substrate [6].

Figure 1: Ratios of orbital to spin magnetic moments in the perpendicular and in-plane directions, and MAE of sandwiched (a) Fe and (b) Ni 
layers as functions of in-plane lattice constant, ain.

All the experiments were performed in situ in an 
ultra-high vacuum chamber at the beamlines BL-7A and 
16A of the Photon Factory. Figure 1 shows the ratio of 
orbital to spin magnetic moments, and MAE of the Fe 

and Ni layers in FeNi films grown on Ni/Cu(001) sub-
strate, as functions of the in-plane lattice constant. Here, 
we call the nearest in-plane interatomic distance as the 
in-plane lattice constant, ain. The results showed that the 
perpendicular component of the orbital magnetic mo-
ment increases and the in-plane component decreases 
as ain gets smaller, suggesting that PMA is enhanced 
when compressive strain in the in-plane direction is 
applied. To confirm the enhancement of PMA in FeNi 
fi lm itself, we used a non-magnetic Cu(tCuML)/Ni48Cu52/
Cu(001) substrate, where tCu indicates the thickness of 
the Cu spacer layer. The in-plane lattice constant was 
continuously modulated by changing tCu. 1 ML Fe and Ni 
layers were alternately grown starting with an Fe layer 
on the substrate, so that the effect of strain on the mag-
netic property of the FeNi layer could be investigated at 
the same time by using wedged-shaped substrates with 
various lattice constants. XMCD spectra were taken in 
total electron yield mode at room temperature. A pulsed 
magnetic fi eld of 2 kOe was applied before each mea-
surement. We first estimate ain of Cu(tCuML)/NiCu(124 
ML)/Cu(001) as a function of tCu,. ain changes from 
0.2536 to 0.2546 nm when tCu increases from 0 to 88 
ML, while that of bare Cu(001) is reported to be 0.2550 
nm. 
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Figure 2: (a) Fe L-edge XMCD spectra for 5 ML FeNi fi lms grown on regions (I) and (II). XMCD were measured at the normal incidence 
confi guration. A cross-sectional view of the substrate is also shown. (b) XMCD intensity at Fe L3 peak top for n ML FeNi fi lms as a function of 
ain. XMCD was measured at the normal incidence confi guration.

Figure 2(a) shows Fe L-edge XMCD spectra for 
5 ML FeNi films grown on regions (I) and (II). ain esti-
mated from RHEED analysis is also shown in the fi gure. 
In the present case, the FeNi films show perpendicu-
lar magnetization when they are grown on (I) and (II). 
The XMCD signal is larger for (I), which suggests that 
PMA is enhanced when the lattice constant of the sub-
strate is smaller. To investigate the relation between 
the structure and magnetic anisotropy systematically, 
we plot the XMCD intensity at the Fe L3 peak top for n 
ML FeNi fi lms as a function of ain in Fig. 2(b). The 5 ML 
FeNi fi lm shows perpendicular magnetization in a wide 
region of ain including (I) and (II), but larger XMCD in-
tensity is observed at smaller ain. This indicates that the 
compressive strain in the in-plane direction enhances 
PMA in FeNi fi lms. This is contrary to the earlier result 
on Ni fi lms, in which Ni thin fi lms showed enhancement 
of PMA when tensile strain was applied in the in-plane 
direction [7]. It is reported from fi rst-principles calcula-
tions for L10-type FeNi that only the Fe components of 
the orbital density of states exist at the Fermi level [8], 
and the Fe dx2−y2 and dyz,zx orbitals delocalize near the 
Fermi level by the compressive strain [9]. Indeed, we 
observed diffused magnetic moment in the XMCD spec-
tra of Fe, which would be evidence of the delocalization 
[6]. We conjecture that such delocalization increases 

the perpendicular orbital magnetic moment, and leads 
to an enhancement of PMA, which cannot be realized in 
Ni thin fi lms.
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The Specific Deoxidation Behavior of Iron Titanate 
Catalyst Characterized by the XAFS Technique for the 
Selective Catalytic Removal of NOx by NH3

Iron titanate (FeTiOx) catalyst has been proven to be a potential candidate for the selective catalytic reduction of NOx 
with NH3 (NH3-SCR). Due to the formation of a unique microstructure as an edge shared Fe-(O)2-Ti species, the 
NH3-SCR activity, N2 selectivity and SO2 durability of FeTiOx catalyst have been greatly improved. Using the XAFS 

technique in combination with H2-TPR experiments, we discovered that the highly dispersed Fe species in FeTiOx 
catalyst showed a specific deoxidation behavior due to the presence of an electronic inductive effect between Fe and 
Ti species. The reducibility of Fe3+ species in FeTiOx catalyst was greatly enhanced accordingly, leading to the higher 
oxidation ability of Fe species in FeTiOx, which is beneficial to the NOx reduction process.

Compared to pristine Fe2O3 and TiO2, the particle 
size of FeTiOx catalyst was greatly lowered, and no 
discernable lattice fringes could be observed from the 
TEM images (Fig. 1). High NH3-SCR activity and N2 
selectivity with a broadened operating temperature 
window together with enhanced SO2 durability could be 
achieved on FeTiOx catalyst. From our previous study 

using the XAFS technique [1], we concluded that the 
main active phase in FeTiOx catalyst was in the form of 
iron titanate crystallite, with an edge shared Fe-(O)2-Ti 
microstructure. An electronic inductive effect between 
Fe3+ species and Ti4+ species was present in this 
structure, leading to the enhanced oxidation ability of 
Fe3+ species.

Figure 1: HRTEM images of (A) hematite Fe2O3, (B) anatase TiO2 and (C) FeTiOx catalyst [2], and (D) proposed structural model of FeTiOx 
catalyst derived from EXAFS curve-fitting results [1].
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Figure 2: (A) Normalized XANES spectra of Ti-K edges in Ti-containing samples; (B) XANES linear fitting results of Ti-K edges in FeTiOx 
catalyst after H2 reduction using FeTiO3 and Fe as references [3].

In the present study, based on XANES linear fitting 
(Fig. 2) and EXAFS curve-fitting results in combination 
with the H2-TPR process, we discovered that the Fe3+ 
species in the FeTiOx catalyst could be totally reduced 
to Fe2+ species below 500°C in the form of ilmenite 
FeTiO3, while the Fe3+ species in pristine Fe2O3 could 
only be reduced to Fe3O4 (Fig. 3). The typical NH3-
SCR reaction mainly occurs below 500°C for practical 
use, and the enhanced redox ability of Fe3+ species in 
FeTiOx catalyst is very beneficial to enhance its catalytic 
performance. The as-formed Fe2+ species in the H2-
reduced FeTiOx catalyst combined with Ti4+ species to 
exist as ilmenite FeTiO3, but not as FeO as in the Fe2O3 
case, indicating that the Fe species and Ti species were 
present in a high dispersion state at the atomic scale in 
the original FeTiOx catalyst. It is interesting that above 
500°C, the surface layers of the as-formed FeTiO3 
could be further reduced, resulting in the formation of 
partial metallic Fe0 clusters or particles and residual 
rutile TiO2. However, the reduction of Fe2+ species in 

the bulk FeTiO3 phase could not be achieved even at 
temperatures as high as 900°C (Fig. 3). This is a unique 
deoxidation behavior for the novel FeTiOx catalyst 
that has not been reported before. These interesting 
results will be useful for investigating the local structure 
and redox ability of active sites in some mixed oxide 
catalysts simultaneously for certain catalytic reactions, 
thus clarifying the structure-activity relationships for 
catalysis.

Figure 3: Proposed H2 reduction process of the FeTiOx catalyst [3].
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Atomicity-Precise Non-Magic Number Pt Clusters

Metal subnanoparticles composed of several tens of atoms are still unexplored materials despite their potential 
application for catalysis. The relationship between the atomic coordination structure and the catalytic activity at 
a one-atom resolution is very important in order to understand these materials. Recently, we have developed 

a dendrimer-based novel synthetic approach allowing precise control of the atomicity of these subnanoparticles. Be-
cause these ultrasmall particles are no longer periodic crystals but discrete molecular-like clusters, the available struc-
tural characterization method is limited. We describe how the structure and catalytic activity of these metal clusters are 
completely different from those of larger nanoparticles, and are quite sensitive to the atomicity.

Miniaturization of a nanoparticle catalyst is a reason-
able way to improve its specific mass-catalytic activity 
by increasing the surface-to-volume ratio. However, it 
has long been considered that the limit of the size re-
duction is about 3 nm in the case of platinum particles 
although further improvement of the platinum-based fuel 
cell catalyst is strongly demanded. The reason for this 
limitation is usually explained by the stronger binding 
energy between the smaller platinum nanoparticle sur-
face and oxygen molecules (atoms) that leads to a loss 
of surface-catalytic activity. Conventional nanoparticle 
synthesis can only control the average size (diameter) 
but not the exact number of the atomicity. Therefore, 
previous results for the effect of size on the activity 
just presented the average values of particles over a 
considerable atomicity distribution. Is every platinum 
subnanoparticle really inactive? To reveal this important 
relationship, we carried out the precise synthesis of Pt12, 
Pt28 and Pt60 clusters, which can be synthesized with a 
phenylazomethine dendrimer as the template. The ato-
micities of these clusters deviate from the magic num-
bers, producing particularly stable clusters. To compare 
the magic number and non-magic number species, we 
also prepared Pt13 using a specially designed phenyl-

azomethine dendrimer template (Fig. 1). A comparison 
of the catalytic activities and structural information be-
tween Pt12 and Pt13 can clarify the unknown properties 
of the non-magic number species.

Figure 1: Dendrimer-based template synthesis of platinum subnanoparticles with precise atomicity control.

Contrary to expectation, the smaller subnanopar-
ticles (Pt12, Pt28 and Pt60) are still active catalysts for 
the oxygen reduction reaction (ORR). In particular, the 
specific mass-activity of Pt12 was ca. 13 times that of the 
commercially available Pt/C catalyst (3–5 nm diameter) 
[1]. A recent experiment demonstrated the surprising 
result that the catalytic activity of Pt12 is ca. 2.5 times 
higher than that of Pt13 despite the almost equivalent 
surface-to-volume ratio [2]. This result suggests that 
these clusters have a different atomic coordination or 
electronic structure. However, the standard experimen-
tal technique for nanoparticle characterization, such 
as TEM or XRD, was not suitable for determining this 
structural difference because the present clusters no 
longer have a periodic crystal structure and the atomi-
city difference is only 1. Instead, we measured the Pt-L3 
and -L2 edge XAFS to reveal the local coordination 
structure together with the electronic structure such as 
the d-electron vacancy on the platinum atoms.
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The ESI-TOF-MS (electron-spray-ionization time-
of-flight mass spectra) of Pt12 and Pt13 showed cluster 
ion peaks of each cluster consistent with the atomicity 
(Fig. 2). HAADF-STEM (high-angle annular-dark-field 
scanning transmission electron microscope) images 
demonstrated that they are ultra-small subnanoparticles 
(diameter: 0.9 nm). No diffractions by XRD suggested 
that they are not crystalline compounds. In spite of the 
significant difference in the ORR catalytic activity, no dif-
ference was observed in the XPS and XANES spectra 
(Pt-L2 and -L3). Beside the similarity of the two clusters, 
EXAFS showed a difference in the Pt-Pt coordination 
number (CN). Both clusters provided very small CN, 
which is consistent with the assumption of subnanopar-
ticles. However, the CN of Pt13 was clearly higher than 
that of Pt12 (Fig. 2). This result suggests that these two 
clusters (Pt12 and Pt13) are basically different in their 
atomic coordination structure whereas their oxidation 
states are almost identical. The lower CN value of Pt12 
indicates a deformed and unsaturated structure. This 
finding is in line with the ESI-TOF-MS result that the 
observed Pt12(CO)16

2- cluster ion accompanies more 
carbonyl ligands relative to the Pt13(CO)15

2-.
Cluster modeling calculations by the density func-

tional theory (DFT) method also suggested a structural 
transition from Pt13 to Pt12. Several plausible structures 
were provided for Pt13 and Pt12. In combination with the 
XAFS and ESI-TOF-MS results, an icosahedral struc-

ture of Pt13 and less symmetric C2v structure of Pt12 were 
supported. Based on the assumption of these struc-
tures, the difference in catalytic activity can be explained 
based on the oxygen binding energy on the cluster 
surfaces. Similar to the previously reported smaller 
platinum nanoparticles, the oxygen binding energy to 
Pt13 is too strong for efficient ORR. On the contrary, the 
oxygen binding on Pt12 is weaker and most suitable for 
ORR. The present observation suggests that the fcc 
structure of the Pt nanoparticle changes to an icosahe-
dral-based structure around 1 nm, and finally becomes 
a less symmetric structure with a lower CN value below 
Pt12. The catalytic activity no longer simply correlates to 
the size of the particles as expected based on common 
knowledge.

Figure 2: ESI-TOF-MS and Pt-L3 EXAFS of Pt12 and Pt13 clusters.
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High Catalytic Performance of USY-Supported Manganese 
Oxides for VOC Control

Catalytic oxidation processes using ozone (catalytic ozonation processes) are effective for controlling volatile 
organic compounds in indoor air. We investigated the relationship between the local structure of active sites, 
manganese oxides and their catalytic activity for benzene oxidation. On the basis of EXAFS and XANES stud-

ies on the manganese oxide structures, we developed a promising catalyst, which consisted of ultrastable Y (USY) zeo-
lite and manganese oxides. The manganese oxides were highly dispersed on USY and the manganese oxide active 
sites exhibited high performance for catalytic ozonation of benzene in the temperature range of 300–343 K in the pres-
ence of water vapor.

Purification of indoor air polluted with volatile organic 
compounds (VOCs) is an important area of research 
on catalysis. Catalytic oxidation with ozone (catalytic 
ozonation) is effective for complete oxidation of VOCs 
under mild conditions, particularly compared with other 
processes such as absorption, adsorption, and cata-
lytic combustion. Catalytic ozonation processes have 
an advantage over catalytic combustion processes in 
that metal oxides of the first transition series (Fe, Co, 
Mn, and Cu) [1-5] can be used for catalytic active sites, 
eliminating the need for more expensive metals (e.g., Pt 
and Pd).

We focused on the supported manganese oxide 
catalysts and investigated the relationship between the 
structure of manganese oxides and their catalytic activi-
ty for benzene oxidation [6-11]. The structure and oxida-
tion state of manganese oxides were investigated using 
EXAFS and XANES studies. The spectra were taken 
at the Photon Factory of the High Energy Accelerator 
Research Organization (KEK-PF) on beamline BL-7C, 
which has a storage ring operating energy of 2.5 GeV. 
Catalyst samples were pressed into thin, self-supporting 
discs. These discs were heated in an O2 flow for 2 h at 
723 K, and then tightly sealed in polyethylene with inert 
gas. XAFS spectra were recorded at 296 K.

EXAFS studies revealed that the dispersion of man-
ganese oxides can be easily controlled by selectively 
using the manganese precursors: highly dispersed 
manganese oxides were formed on the SiO2 support 
when manganese acetate was used in the impregnation 
method. On the other hand, aggregated manganese ox-
ides Mn2O3 and Mn3O4 were formed when manganese 
nitrate was used and the calcination temperature was 
changed. Both the highly dispersed manganese oxides 

and aggregated manganese oxides exhibited benzene 
oxidation activity, and the product distribution (mole 
fraction of CO2, CO, and formic acid) and the ratio of the 
amount of ozone to benzene, which characterized the 
efficiency of ozone utilization, were hardly affected by 
the dispersion of manganese oxides. 

We have also investigated the effect of the catalyst 
support on the supported manganese oxides and have 
reported that the rate of benzene oxidation linearly in-
creased with the increase in catalyst surface area. The 
ratio of decomposition of ozone to benzene was the 
lowest for SiO2-supported manganese oxides. There-
fore, SiO2-supported manganese oxides with large sur-
face area are promising in terms of catalytic activity and 
efficiency of ozone utilization.

In the case of SiO2-supported manganese oxides, 
however, the amount of formic acid formed in the ef-
fluent gas stream increased when the benzene oxida-
tion was carried out at low benzene conversion levels. 
Therefore, we subsequently focused on zeolite as 
the supporting material because of its large surface 
area and high capacity for formic acid adsorption. We 
tested various kinds of zeolite for manganese oxides 
and found that when zeolite Y was used as the cata-
lyst support, the evolution of formic acid was signifi-
cantly suppressed: the byproduct formic acid formed in 
benzene oxidation was trapped in the zeolite support 
and readily oxidized to CO2. Furthermore, manga-
nese oxide catalysts supported on ultrastable zeolite 
Y (Mn/USY) (Zeolyst CBV390H, SiO2/Al2O3 = 180, 
surface area 875 m2/g) prepared by an impregnation 
method (Fig. 1) exhibited steady-state activity for ben-
zene oxidation with ozone at room temperature (300 K) 
in the presence of water vapor.
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EXAFS studies clarified the local structure of man-
ganese active sites on the USY support. As shown in 
Fig. 2, the Mn-O peak was observed at ~1.5 Å for the 
Mn/USY catalysts, although the Mn-Mn peaks were 
much lower in intensity. The quantitative analysis per-
formed on the EXAFS spectra demonstrated that the 
coordination number (CN) of Mn-O was in the range of 
5.1–5.2 and that of Mn-Mn was much lower (0.38–0.49). 
The results indicated that aggregated manganese ox-
ides were absent and manganese oxides were highly 
dispersed on USY. In addition, the Mn-O and Mn-Mn 
coordination numbers and their bond distances were 
essentially unchanged when manganese oxide load-
ing increased from 5 to 15 wt%, showing that the local 
structure of manganese oxides on USY was essentially 
independent of Mn loading.

Figure 2: Mn-K edge EXAFS spectra of USY-supported manganese 
oxide catalysts.

In summary, we developed promising catalysts for 
reducing VOC using ozone based on XAFS studies for 
structural analysis of supported manganese oxides. Our 
next target is to design high-performance catalysts by 
tuning the active sites and supporting materials.

Figure 1: Preparation process for USY-supported manganese 
oxide catalysts.
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Monitoring of Electron Flow in Layered Double Hydroxides 
to Photoreduce Carbon Dioxide into Fuels

Photocatalytic conversion of CO2 into fuel would simultaneously solve the problems of global warming and short-
age of sustainable energy. Layered double hydroxides (LDHs), especially comprising CuII sites, are advanta-
geous to photoreduce CO2 selectively into methanol using H2. By monitoring the pre-edge peak due to 1s-3d 

transition for Cu sites in LDHs, electron diffusion rates to inlayer Cu sites (580 mmol h−1 gcat
−1) and to interlayer Cu sites 

(36 mmol h−1 gcat
−1) were evaluated and was sufficiently fast compared to photocatalysis of CO2. The preferable interac-

tion of CO2 with Cu sites in LDHs was also demonstrated and suggested to control the photoreactivity with CO2 based 
on multiple scattering peak intensity for Zn, Cu, and Ga in X-ray absorption near-edge structures.

Carbon dioxide is one of the major greenhouse 
gases and methods to reduce its concentration in the 
atmosphere and its emission to the environment re-
quire urgent attention [1]. It would be advantageous to 
capture CO2 from the atmosphere or factories/power 
stations and convert it to fuel using natural light, as this 
approach would simultaneously solve the problems of 
global warming and shortage of sustainable energy. Re-
cently, many researchers have investigated this topic.

A study of selective CO2 photoconversion to metha-
nol (68 mol%) was reported using H2 and layered double 
hydroxide (LDH) of [Zn1.5Cu1.5GaIII(OH)8]

+
2CO3

2−·mH2O (1) 
[2]. LDH is one of the families of clays, but is unusual in 
that the cationic layers intercalate anionic species, e.g. 
carbonates, whereas in the majority of clays the layers 
are anionic and intercalate cationic species. The inclu-
sion of Cu ions in the LDH cationic layers improves the 
selectivity for methanol formation compared to CO for-
mation. Methanol is more favorable as it can be directly 
used in the existing infrastructure as fuel whereas CO 

needs to be converted to hydrocarbons or alcohols for 
use as an energy. The substitution of interlayer carbon-
ate anions of LDH for [Cu(OH)4]

2− anions further boost-
ed the methanol selectivity to 88 mol% [3].

In principle, photocatalysis takes place starting from 
the charge separation in semiconductor/chemical bonds 
due to light irradiation. For compound 1, ultraviolet (UV) 
light of energy greater than 3.5 eV excites electrons (e−’s) 
at the valence band (major O 2p character) to the con-
duction band (metal d, s, p character) in the LDH. If the 
e−’s on metal and holes on oxygen diffuse to the surface 
of photocatalysts, reduction and oxidation reactions take 
place independently, e.g. CO2 reduction and H2 oxida-
tion [2, 3] or H2O oxidation [4]. Thus, to understand the 
photoreduction mechanism of CO2 into fuels (methanol, 
CO), it is necessary to monitor the e− flow in LDH upon 
light irradiation and the interaction of CO2 with LDH sur-
face. In this study, these steps were monitored using X-
ray absorption near-edge structure (XANES) spectros-
copy [5].

Figure 1: (I) Normalized Cu K-edge XANES spectra of compound 1 preheated at 423 K (a) and fresh compound 2 (b) and (II) under CO2 + H2 
and UV–visible light irradiation and subsequent change after the light was turned off, and (III) time course of the 1s–3d peak intensity for the 
two LDH photocatalysts under CO2 + H2 and UV–visible light irradiation and subsequent change after the light was turned off.

(I)

(II)

(III)
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The e− excitation and flow in compound 1 and 
[Zn3Ga(OH)8]

+
2[Cu(OH)4]

2−·mH2O (2) under CO2 + H2 
and UV-visible light irradiation was monitored by 
Cu K-edge XANES spectroscopy (Fig. 1). A pre-edge 
peak at 8979 eV because of a 1s-3d transition was 
used to evaluate the population of CuII sites in the LDH 
compounds [6]. When the CuII sites trap diffused e−’s, 
they are reduced to CuI. The pre-edge peak does not 
appear for the CuI sites with d10 configuration.

The pre-edge peak intensity for incipient compound 
1 monotonously decreased by 15% within 50 min of ir-
radiation [Fig. 1(II)-(a) & (III)-(a)]. As 0.55 mmol of Cu 
sites were included in 170 mg of LDH disk, the e− trap 
rate was 580 mmol h−1 gcat

−1. The e−’s flow was within the 
cationic layer [Fig. 2(A)].

The 1s-3d pre-edge peak intensity of incipient 
compound 2 also monotonously decreased by 11% 
within 180 min of irradiation [Fig. 1(II)-(b) & (III)-(b)]. 
Based on Cu K-edge extended X-ray absorption fine 
structure analysis, the [Cu(OH)4]

2− anions dehydrated 
with hydroxy groups of the cationic layer to form 
(m–O)3Cu(OH)(H2O)2 [Fig. 2(B)] [5]. “m–O” means an O 
atom bound to the cationic layer. The reduction rate of 
0.17 mmol of out-of-layer CuII sites in 170 mg of LDH 
disk was 36 mmol h−1 gcat

−1. The rate was essentially 
slower diffusion in the perpendicular direction to inter-
layer Cu sites later than the faster e− diffusion in the cat-
ionic layer (580 mmol h−1 gcat

−1).
Monitored e− trap (36–580 mmol h−1 gcat

−1) was 
fast enough compared to photocatalytic CO2 conver-
sion into methanol & CO using compounds 1 and 2 
(2.1–2.2 mmol- e−’s_used h−1 gcat

−1) irradiated under light. 
The interaction of CO2 with Cu sites of LDHs was also 

monitored using Cu K-edge XANES spectroscopy [2]. 
For compound 1, a post-edge peak intensity at 9016 eV 
decreased to 76% by heating in vacuum at 383 K. Upon 
introduction of CO2, the peak intensity increased back to 
87% of the fresh sample at 290 K and 91% of the fresh 
one at 423 K. As a hydroxy group shares three metal 
atoms in LDHs (Fig. 2), the post-edge peak intensity at 
9689 and 10398 eV above Zn and Ga K-edge, respec-
tively, also exhibited a similar semi-reversible trend. The 
reversible in-situ peak intensity changes were not ob-
served for the post-edge peaks at 9688 and 10397 eV 
for Cu-free [Zn3Ga(OH)8]

+
2CO3

2−·mH2O. Thus, Cu sites 
adsorbed CO2 and transferred the trapped e−’s to CO2 
during the photoconversion to fuel.

Figure 2: Structure of compound 1 (A) and structure of compound 2 (B). Interlayer carbonates are not drawn in (A) for clarity.
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Stability of Forsterite in the Presence of H2 Fluid under 
High Pressure and Temperature

T he infl uence of H2 fl uid on the phase stability of forsterite (Mg2SiO4) was investigated under high pressure and 
high temperature using diamond anvil cells. In-situ X-ray diffraction measurements at BL- 18C and Raman spec-
troscopy indicated decomposition of forsterite to periclase (MgO) and stishovite/quartz (SiO2) in the presence 

of H2 fl uid, even though the pressure and temperature conditions were consistent with the stability region of forsterite 
under the dry condition. The microtexture of the recovered samples suggested that periclase crystallized directly from 
forsterite under high temperature. On the other hand, SiO2 composition is considered to dissolve into H2 under high 
temperature and then crystallize with decreasing temperature.

Fluids such as H2O drastically change the stability 
phase of coexisting mantle minerals [1], and thus play 
an important role in the chemical evolution and dynam-
ics of the Earth’s mantle. The composition of the fluid 
phase is significantly influenced by the surrounding 
oxidation states. In the reduced mantle, fluids contain 
a certain amount of H2 in addition to H2O [2]. However, 
the effects of the H2 fl uid on the stability and chemical 
properties of the coexisting minerals have not been 
understood. In this study, we performed experiments at 
high pressure and temperature to clarify the influence 
of H2 fl uid on the stability of olivine, which is the most 
abundant mineral in the upper mantle.

The high-pressure and -temperature experiments on 
the H2-Mg2SiO4 system were conducted using diamond 
anvil cells (DAC) in the range between 2.5 GPa, 1400 
K and 15.0 GPa, 1500 K. Powdered forsterite (iron-free 
composition of olivine) was fi rst loaded into the sample 
chamber with a ruby ball for pressure measurements [3]. 
Then, hydrogen gas (99.99999% purity) was loaded into 
the sample chamber using high-pressure gas-loading 
apparatus. At fi rst, the sample was compressed to the 
target pressure at room temperature, and then heated 
using a CO2 laser for around 20 min. The temperature 
was measured by the spectroradiometric method. The 
samples were quenched to room temperature by turn-
ing off the laser beam. XRD measurements were per-
formed under high pressure and room temperature with 
a monochromatic X-ray beam ( = 0.6166 Å) at BL-18C. 
The X-ray beam was collimated to 25–100 µm in diam-
eter to obtain the XRD pattern of the sample in DAC. 

The XRD patterns were detected using imaging plates 
(IP). Raman spectra were also measured under high 
pressure. The microtexture of the quenched samples 
under the ambient condition was investigated using a 
scanning electron microscope (SEM) and a transmis-
sion electron microscope (TEM).

The XRD measurements were performed after heat-
ing under high pressure to confi rm the stability of forst-
erite in the presence of H2 fl uid. The distinct diffractions 
of periclase (MgO) and stishovite (SiO2) were observed 
at the laser heating spot in addition to that of residual 
forsterite after heating at 10.0 GPa, 1600 K (Fig. 1). The 
formation of periclase and quartz (polymorph of stisho-
vite) was also observed after heating at 2.5 GPa, 1400 K. 
The results clearly show decomposition of the forsterite, 
although the present pressure and temperature range 
is the stability fi eld of forsterite under the dry condition. 
From the Raman spectra, H-H stretching mode was ob-
served at around 4200 cm-1 both before and after heat-
ing, implying that the decomposition of forsterite was 
induced by H2 fl uid. 

To investigate the decomposition mechanism of 
forsterite in the presence of H2 fluid, the microtexture 
of the recovered samples was investigated after being 
heated from 15.0 GPa, 1500 K using TEM. The reacted 
area consisted of aggregates of fine periclase grains, 
while larger crystals of residual forsterite were observed 
surrounding the reacted area. Periclase aggregates 
maintained the shape of the original forsterite like a 
pseudomorph. Periclase was considered to be crystal-
lized under high temperature from forsterite directly. On 
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Figure 1: A representative XRD pattern of Mg2SiO4-H2 system after heating at around 10 GPa, 1600 K. Fo; forsterite, Pc; periclase St; 
stishovite R; Ruby.

the other hand, euhedral crystals of stishovite were ob-
served at the boundary between the reacted periclase 
and the residual forsterite. In addition, quench crystals 
of quartz were observed after heating at 2.5 GPa, 
1400K. These results implied that the SiO2 composition 
dissolved into H2 fl uid under high temperature and then 
quartz/stishovite was re-crystallized as the temperature 
decreased. See [4] for the details of the SEM and TEM 
observations. The present experimental results indicate 
that forsterite is incongruently dissolved in the presence 
of H2 fluid to form periclase. Such dissolution of SiO2 
composition was not observed in the H2O-forsterite sys-
tem [1]. The present study suggests that the stability of 
olivine in the mantle is strongly infl uenced by the com-
position of the surrounding fl uid.
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Synchrotron Radiation Study of the Reaction-Deformation 
Coupling Processes in Earth’s Mantle Minerals at High 
Pressures

The reaction-deformation coupling in silicate minerals is a critical issue to understand the dynamics of subducting 
oceanic plates in deep Earth. We conducted high-pressure eutectoid transformation experiments with constant 
strain-rate deformation. High-energy monochromatic X-rays were used to measure reaction kinetics and creep 

behavior simultaneously at high pressures. These quantitative measurements combined with microstructural observa-
tions of recovered samples suggest sequential variation of creep mechanisms from dislocation creep of the eutectoid 
colonies to grain-size sensitive creep in the deformation-induced degenerated colonies. These reaction-deformation 
coupling processes are very important to understand the large deformation and the cessation of deep earthquakes in 
the lower mantle.

Oceanic plates are subducting into deep Earth as 
cold currents of mantle convection. When the sub-
ducted plates (slabs) pass through the mantle transition 
zone (between the two major seismic discontinuities at 
410 and 660 km depths), most of the constituent miner-
als undergo high-pressure transformations, resulting in 
signifi cant changes of rock density, microstructures, and 
viscosity. This has been thought to be responsible for 
deep slab deformation and deep earthquakes. Seismo-
logical and mineral physics studies have revealed that 
non-equilibrium phase transformations control density 
and viscosity structures of subducting oceanic slabs [1]. 
Especially, the processes of reaction-enhanced ductil-
ity and reaction-induced faulting are crucial for under-
standing deep slab deformation and deep earthquakes. 
In order to reveal such reaction-deformation coupling 
processes, we have started to conduct simultaneous 
and quantitative measurements of creep behavior 
and reaction kinetics at high pressures by combining 
high-pressure deformation apparatus with synchrotron 
monochromatic X-ray measurements. Here we report 
experimental results on creep behavior during eutectoid 
transformation [2].

When a slab enters the lower mantle across the 
660 km discontinuity, post-spinel eutectoid transforma-
tion occurs, which is thought to be very important for 
understanding the slab deformation and the cessation 
of deep earthquakes [3]. There have been two contro-
versial ideas on the effects of this transformation on the 
strength of the lower-mantle slab. One is that the slab 
material in the lower mantle becomes weak due to the 
grain-size reduction of the eutectoid transformation [3, 
4]. Another is that it is not weak because the eutectoid 
colony is a single crystalline composite material [5]. 
To solve the problem, we conducted in-situ X-ray ob-
servations on the creep behavior during the eutectoid 
transformation using a deformation-DIA (D-DIA) ap-

paratus [6] at the beamline of AR-NE7A of the Photon 
Factory. The decomposition reaction of NaAlSi3O8 albite 
into NaAlSi2O6 jadeite and SiO2 quartz was used as an 
analogue reaction of the post-spinel transformation. 
Sintered starting material of albite was deformed at 400-
800°C and 1.5-4.0 GPa with constant strain rates of 
0.3-6.1 x10-5 s-1, and the decomposition reaction started 
during the deformation (Fig. 1). The overpressures 
needed for the initiation of the transformation increased 
with decreasing temperature. The transformation-time 
data was estimated from time-resolved two-dimensional 
X-ray diffraction measurements (2<10°) by imaging 
plate every 3-5 min. The distortion of the Debye ring 
was used to estimate differential stress of the sample 
based on the lattice strain equation [7]. The sample 
strain was measured by using X-ray radiography im-
aging. In this way, we could quantitatively obtain both 
transformation-time and stress-strain curves during the 
deformation with reaction as shown in Fig. 2.

Figure 1: P-T conditions of the transformation-deformation 
experiment with constant strain-rate mode. The numbers indicate 
the strain rate (x 10-5 s-1). Green and blue bars indicate the 
deformation with and without transformation, respectively.
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In the case of the deformation without reaction, the 
flow stress of albite was almost constant, showing a 
steady state at the strain of more than 3% [Fig. 2(a)]. 
The stress exponent in the fl ow law was estimated to be 
2.4, suggesting dislocation creep of parental albite. On 
the other hand, hardening occurred when the reaction 
proceeded [Fig. 2(b, c)]. Scanning electron microscopy 
(SEM) of recovered samples indicates that eutectoid 
colonies of fine-textured jadeite and silica nucleated 
on the albite grain boundaries. Electron back-scattered 
diffraction (EBSD) analysis suggests that jadeite in a 
colony is not fi ne grained but an interconnected single 
crystal. We also found the deformation-induced lattice 
preferred orientation of the eutectoid colonies, suggest-
ing that they deform by dislocation creep.

 Further transformation after the hardening causes 
weakening of the sample as shown by the stress drop 
in jadeite [Fig. 2(c)]. SEM and EBSD analysis of the 
weakened samples suggests that degeneration of the 
eutectoid colony occurs by the deformation. This pos-
sibly changes the deformation mechanism from disloca-
tion creep to grain-size sensitive creep, resulting in the 
weakening. Thus, the degeneration process of the inter-
connected eutectoid colonies is likely to be a key issue 
for large deformation of the lower-mantle slab.

In a future study, we intend to develop the experi-
mental method demonstrated here to detect shear in-
stability by multiple acoustic emission measurements, 
which would be a powerful tool for the study of deep 
earthquakes occurring in subducting slabs.

Figure 2: Stress-strain (black) and transformation-time (red) curves obtained during constant strain-rate deformation at high pressure.
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Crystal Structures of Innate Immune RNA Receptor TLR8

Toll-like receptor 8 (TLR8) recognizes single-stranded RNA and activates innate immunity. TLR8 is also activated 
by synthetic imidazoquinoline compounds, which have the potential to be used for antiviral drugs. We report 
the first crystal structures of the unliganded and ligand-induced activated TLR8 dimers. These structures are m-

shaped dimers in which two C-termini converge in the middle. Ligands were recognized at two equivalent sites located 
within the dimerization interface. The C-termini of the two TLR8 protomers were brought into closer proximity in the 
liganded form, suggesting that ligand binding enables the subsequent dimerization of the intercellular TIR domains and 
downstream signaling.

Innate immunity is the first line of defense against 
microbial invasions into the human body. Microbial com-
ponents such as lipopeptide, peptidoglycan, and nucleic 
acids stimulate the innate immunity through a repertoire 
of pathogen sensor proteins. Toll-like receptors (TLRs) 
are one of the most important families among the patho-
gen sensors that recognize a wide variety of pathogens. 
The TLR molecule consists of an extracellular leucine-
rich repeat (LRR) domain, transmembrane domain, and 
intracellular TIR domain. The LRR and TIR domains are 
responsible for ligand recognition and signaling, respec-
tively. The typical TLR is believed to exist as a monomer 
and form an activated dimer upon ligand binding. TLR8 
consists of 26 LRR units, and senses guanosine/uridine 
rich single-stranded RNA whose sequence was derived 
from virus RNA [1, 2]. Moreover, TLR8 is activated by 
imidazoquinoline synthetic ligands, some of which are 
used for medical treatment [3, 4]. Interestingly, TLR8 
and TLR9 form preformed dimers, suggesting that their 
activation mechanisms are different from those of other 
TLRs [5, 6]. However, the structural basis of the ligand 
recognition and signaling by these TLRs has not been 
elucidated.

We determined the crystal structures of unliganded 
and liganded TLR8 ectodomain [7]. Although recom-

binant TLR8 was already cleaved at the long inserted 
loop (Z-loop) between LRR14 and LRR15, the resultant 
N- and C-terminal fragments were associated with each 
other in the purification steps. Both unliganded and 
liganded TLR8 were eluted as dimers in gel-filtration 
chromatography, suggesting that TLR8 ectodomain cre-
ates preformed dimers. Crystallization was conducted to 
determine the structures of an unliganded form of TLR8 
and liganded forms of TLR8 with imidazoquinoline syn-
thetic ligands, namely, CL097, CL075, and R848. The 
crystal structure of the unliganded form was determined 
at 2.3 Å resolution, and the liganded forms at 2.0–2.7 
Å resolutions (TLR8/CL097, TLR8/CL075, TLR8/R848 
form 1-3). 

One protomer from TLR8 dimers composed a ring-
shaped structure in which N- and C-terminal fragments 
interacted directly (Fig. 1) though Z-loop was cleaved. 
The consensus β strands of LRR14 and LRR15 inter-
acted to form a β-sheet structure as well as other LRRs, 
which was positioned within the concave face of TLR8 
monomer. 

Consistent with the result of gel filtration chromatog-
raphy, TLR8 formed m-shaped dimers in which two C-
termini converged in the middle in both the unliganded 
and liganded forms (Fig. 1). 

Figure 1: Dimeric structures of TLR8 unliganded form (A) and liganded form (B) (TLR8/CL097 complex) are shown. Two TLR8 protomers are 
drawn with different colors
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The second TLR8 and its residues in the dimeric 
TLR8 are indicated with asterisks. The C-termini of the 
two TLR8 protomers were separated by 53 Å in the un-
liganded form, whereas the C-termini were brought into 
close proximity (~30 Å) in the liganded forms.

Ligands were located in the two equivalent sites on 
the dimerization interface, which consisted mainly of 
LRR14-15 and LRR17*-18*. The electron densities cor-
responding to the ligands were clearly observed (Fig. 
2). Several characteristic interactions between ligand 
and TLR8 were observed. The benzene ring of chemi-
cal ligands formed a stacking interaction with F405. The 
amidine group formed hydrogen bonds with D543* and 
T574*. The hydrophobic group of ligands protruded into 
a hydrophobic pocket formed by F346, Y348, V573* and 
so on. The functional importance of these residues in-
teracting with ligands at the cellular level was confirmed 
by NF-κB reporter assay of their alanine mutants.

Figure 2: Ligand binding site of TLR8/CL097 complex. The electron density around CL097 was contoured at the 3.0-sigma level in the FO-FC 
map. The water molecule is shown by a red sphere and hydrogen bonds by dashed lines.

Upon ligand binding, the dimerization interface was 
rearranged to increase the protein-protein and ligand-
mediated interactions from 1,290 Å2 to 2,150 Å2. The 
C-termini of the two TLR8 protomers were brought into 
closer proximity in the liganded form than in the unligan-
ded form by hinge motions and ring rotations of the two 
protomers, thus enabling the subsequent dimerization 

of the intercellular TIR domains and downstream signal-
ing. These results will contribute to drug design target-
ing TLR8.
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Structural and Functional Mechanism of a New Protein 
Complex Promoting the Stabilization of Genome during 
Homologous Recombination

Precise maintenance of DNA/genome is an essential requirement for all living systems. During homologous re-
combination, Rad51 assembles into a nucleoprotein filament on single-stranded DNA to catalyze homologous 
pairing and DNA-strand exchange with a homologous template in budding yeast. We identified a new Rad51 

mediator complex, PCSS, comprising budding yeast Psy3, Csm2, Shu1 and Shu2 proteins, which binds to recombina-
tion sites and is required for Rad51 assembly and function during meiosis. The crystal structure of the Psy3-Csm2 com-
plex suggests that this complex constitutes a core sub-complex with DNA-binding activity and stabilizes Rad51 filament 
formation. 

Precise maintenance of DNA/genome, which is a 
genetic blueprint for life, is an essential requirement for 
all living systems. If the information is not maintained 
precisely, it will cause serious diseases such as cancer, 
or death. DNA can easily be damaged by various fac-
tors such as UV irradiation, reactive oxygen species 
(ROS) produced by internal metabolisms, ionizing ra-
diation and so on. All living things have various mecha-
nisms for repairing DNA to maintain the genetic infor-
mation in order to survive. Homologous recombination 
plays a key role not only in maintaining genome stabil-
ity, but also in generating genetic diversity. Recognition 
and exchange between two homologous DNAs are key 
steps for homologous recombination. These processes 
are catalyzed by RecA/Rad51 family proteins. Rad51 is 

a yeast homologue of a eukaryotic RecA protein. Rad51 
assembles into a nucleoprotein filament on single-
stranded DNA (ssDNA) to form a right-handed helical 
filament and catalyzes homologous repair and DNA 
strand exchange with a homologous template. 

This Rad51 nucleoprotein filament is protein machin-
ery essential for homology search and DNA exchange. 
The assembly and disassembly of Rad51 filaments is 
highly regulated by various positive and negative factors 
with dynamic processes. In vivo, Rad51 filament assem-
bly necessitates the displacement of replication protein-
A (RPA) from ssDNA. Brca2 (Breast cancer responsible 
gene 2), a product of tumor suppressor gene, is known 
to stabilize the Rad51 filament by binding to one end of 
the filament, and it promotes formation of the filament.

Figure 1: A model of Psy3-Csm2 to promote Rad51 filament formation.
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We have identified a new protein complex that me-
diates Rad51 filament formation. The PCSS complex, 
comprising Psy3, Csm2, Shu1 and Shu2 proteins, binds 
to recombination sites and is required for Rad51 as-
sembly and function during meiosis as well as mitosis 
in budding yeast, Saccharomyces cerevisiae. Within 
the hetero-tetramer, Psy3-Csm2 constitutes a core sub-
complex with DNA-binding activity. We also revealed 
the high-resolution atomic structure of the Psy3-Csm2 
complex using diffraction data collected at the Photon 
Factory at 1.75 Å resolution. The crystal structure of 
the Psy3-Csm2 complex showed that it resembles the 
dimeric structure of Rad51. This structure suggests that 
this complex constitutes a core sub-complex with DNA-
binding activity and stabilizes Rad51 filament formation 
(Fig. 1). We confirmed that the Psy3-Csm2 complex 
acts as a core for filament formation by Rad51 by mo-
lecular biological approaches [1]. 

This filament model suggests that Psy3-Csm2, and 
by inference the PCSS complex, may interact with only 
one end of the Rad51 filament. It is interesting to note 
that the inferred site of interaction between Csm2 and 
Rad51 is completely opposite to the Rad51 interface 
with Brca2. Like the Psy3-Csm2 dimer, Brca2 is known 

to stabilize the Rad51 filament, possibly by binding to 
one end (Fig. 2).

Figure 2: A schematic model of stabilization of Rad51 filament by Psy3-Csm2 complex and Brca2. The inferred site of interaction between 
Csm2 (red) and Rad51 (green) is completely opposite to the Rad51 interface with Brca2 (yellow).

The PCSS complex is a novel mediator of Rad51 
nucleoprotein filament assembly by binding the 5’-end 
of the filament. The mechanism of PCSS action as a 
Rad51 mediator is distinct from that of other character-
ized mediators, such as Rad52, Rad55-Rad57 and 
Brca2.

The results suggest a paradigm for the mechanism 
of other Rad51 paralogues. 
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Crystallographic Study of Bacterial Selenocysteine 
Formation

Selenium is an essential human micronutrient. It is contained in the 21st amino acid selenocysteine (Sec), which 
is used in the catalytic centers of some redox enzymes. Sec is synthesized from another amino acid, serine 
(Ser), on its adapter molecule, tRNASec. In bacteria, the Sec synthase SelA directly converts Ser to Sec. We de-

termined the crystal structures of SelA with and without tRNASec. SelA consists of 10 identical subunits that form a star-
shaped pentamer of dimers. SelA binds 10 tRNASecs and forms an 800-kDa protein-RNA complex. Based on the crystal 
structures, the reaction and substrate recognition mechanisms of SelA are discussed.

 The element selenium is an essential micronutri-
ent for human and animal health. In living organisms, it 
exists in the form of the special amino acid selenocys-
teine (Sec). Selenium has similar chemical properties 
to those of sulfur. In Sec, selenium replaces the sulfur 
atom of cysteine (Cys), which is one of the canonical 
amino acids. Sec-containing proteins, selenoproteins, 
function mainly as redox enzymes, such as antioxidant 
proteins, where Sec is utilized in their catalytic centers. 
Since the selenol group of Sec is easily deprotonated as 
compared to the thiol group of Cys (pKa 5.2 vs 8.3), Sec 
has stronger redox activity. Sec is distributed in all three 
domains of life: bacteria, archaea, and eukaryotes, and 
there are 25 human selenoproteins [1]. 

 Proteins are macromolecules composed of long 
chains of amino acid residues. There are 20 types of ca-
nonical amino acids, and their sequences are encoded 
in messenger RNAs (mRNAs), which are transcripts of 
genes. In addition to the canonical amino acids, Sec is 
used for a limited number of proteins, and is called the 
21st amino acid. 

In the translation system, each amino acid is li-
gated to its cognate adaptor molecule, transfer RNA 

(tRNA), and is brought to the protein synthesis factory, 
the ribosome. Aminoacyl-tRNA synthetases (aaRSs) 
are responsible for the ligation of their corresponding 
amino acids; e.g., serine (Ser) is ligated to serine tRNA 
(tRNASer) by seryl-tRNA synthetase (SerRS) (Fig. 1). 
However, Sec lacks its own aminoacyl-tRNA synthe-
tase, and is synthesized in a tRNA-dependent manner 
(Fig. 1). In the first step, SerRS ligates serine to Sec 
tRNA (tRNASec), to form seryl-tRNASec (Ser-tRNASec) [2]. 
In bacteria, the ligated Ser is directly converted to Sec 
by the Sec synthase SelA [3], while a two-step conver-
sion is performed in eukaryotes and archaea (Fig. 1) [4, 
5]. The eukaryotic and archaeal substrate recognition 
and reaction mechanisms have been well characterized 
by crystallographic studies [6, 7]. However, the crystal 
structure of bacterial SelA has not been determined due 
to its huge molecular mass, which exceeds 500 kDa. 

Figure 1: Sec synthesis system. Schematic depiction of tRNASec-dependent Ser-to-Sec conversion.

We crystallized the full-length and N-terminally trun-
cated SelA proteins from the bacterium Aquifex aeoli-
cus, and determined their crystal structures at 3.2 and 
3.9 Å resolutions, respectively [8]. Several mutational 
and chemical treatments were performed to improve the 
crystal quality and X-ray diffraction resolution [9]. 
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SelA is a homodecameric protein composed of 10 
subunits, and forms a pentamer of intimate dimers. 
The overall structure is a star-shaped ring [Fig. 2(a)]. 
The 10 subunits are identical to each other; therefore, 
the decamer has regular pentagonal symmetry. Each 
subunit consists of the N-terminal, core, and C-terminal 
domains, and the N-terminal domains protrude from 
the central pentagon [Fig. 2(a)]. There are 10 catalytic 
sites, where the cofactor pyridoxal phosphates (PLP) 
are bound. PLP is an active form of vitamin B6, and is 
utilized in many enzymes involved in amino-acid me-
tabolism. 

The complex of SelA and tRNASec was also crystal-
lized [8]. Although the diffraction resolution is 7.5 Å, the 
positions of the bound tRNAs were identified [Fig. 2(b)]. 
SelA binds 10 tRNAs, and the total molecular mass is 
about 800 kDa. Each tRNASec interacts with four SelA 
subunits: subunits A–D [Fig. 2(c), (d)]. The N-terminal 
domain of subunit A interacts with the D arm region of 
tRNASec, subunit B interacts with the acceptor stem, and 
subunit C interacts with the tip of the acceptor arm. The 
3′-terminus of tRNASec reaches the catalytic site located 
on the subunit C-D interface, although tRNASec without 
ligated Ser was used for crystallization. 

The Ser-to-Sec conversion requires strict tRNASec 
specificity toward tRNASer. If SelA reacted with the Ser-
ligated tRNASer, then Sec would be misincorporated into 
proteins by the Ser codons. The N-terminal domain of 
SelA interacts with the D arm of tRNASec [Fig. 2(c)]. The 
tRNASec D arm has long stem and short loop regions, 
and forms a unique 3D structure [10, 11]. The specificity 
is achieved by the distinctive interaction between SelA 
and the D arm. 

In the conversion reaction, subunit A recognizes 
Ser-tRNASec, subunits A and B bind Ser-tRNASec, sub-

unit C interacts with the tip of the acceptor arm, and 
subunits C and D convert the ligated Ser to Sec  [Fig. 
2(d)]. Each subunit can perform the four roles. The star-
shaped arrangement of the 10 subunits is critical for 
catalysis and substrate discrimination [8, 12].
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Mechanism of Template-Independent RNA Polymerization 
by tRNA Nucleotidyltransferase

CCA addition onto the 3’-termini of tRNAs, by CCA-adding enzyme, is required for protein synthesis. CCA-adding 
enzyme adds the CCA without a nucleic acid template, using CTP and ATP as substrates in a single active 
pocket. However, the mechanism of CCA addition by eubacterial / eukaryotic enzymes has remained elusive. 

This report presents several crystal structures of Aquilex aeolicus CC-adding enzyme complexed with various tRNA 
primers. The sequence structures, representing the CC addition by the CC-adding enzyme, have clarified the molecular 
basis for CC addition onto tRNA using a single active pocket, as well as the mechanism for termination of nucleotide 
addition.

Every tRNA has the CCA sequence at its 3’-terminus 
(CCA-3’ at positions 74 − 76). The invariant CCA-3’ is 
required for amino acid attachment onto the 3’-end of 
the tRNA by aminoacyl-tRNA synthases, and for pep-
tide-bond formation on ribosome. The invariant 3’-CCA 
of tRNA is synthesized and repaired by CCA-adding en-
zymes, using CTP and ATP as substrates, but without 
a nucleic acid template [1]. The CCA-adding enzymes 
are classified into two classes: class-I (archaeal CCA-
adding enzymes) and class-II (eubacterial / eukaryotic 
CCA-adding enzymes). There are no significant amino 
acid similarities between the two classes.

Previous biochemical studies suggested that, dur-
ing CCA synthesis, the tRNA neither translocates nor 
rotates relative to the enzyme, but the CCA addition 
proceeds in a single active pocket [2-4]. Results ob-
tained by detailed crystallographic analyses of the CCA 
addition by the class-I archaeal CCA-adding enzyme 
explained the previous biochemical results [5-7]. On 
the other hand, since no complex structure of a class-II 
eubacterial/eukaryotic CCA-adding enzyme with tRNA 

has been available, the detailed mechanisms of CCA 
synthesis by eubacterial/eukaryotic enzymes have re-
mained unclear [8-10]. In most organisms, 3’-CCA is 
synthesized by a single enzyme that adds CCA at one 
time. However, in some eubacteria, such as Aquifex 
aeolicus, the 3’-CCA is synthesized by two distinct, but 
closely related, class-II CC-adding and A-adding en-
zymes in a collaborative manner [11]. The mechanism 
by which the CC-adding enzyme synthesizes only the 
C74C75 sequence, without using a nucleic acid tem-
plate, and the means by which the enzyme terminates 
RNA polymerization without adding a 3’-terminal A76, 
were obscure. Moreover, the molecular basis of the dif-
ferent specificities of nucleotides and tRNAs between 
the A-adding and CC-adding enzymes was unknown. 

We determined the crystal structures of A. aeolicus 
CC-adding enzyme (AaS) and its complexes with tRNA 
primers, representing snapshots of each step of RNA 
polymerization [12]. Diffraction data were collected at 
beamlines BL-17A and BL-1A.

tRNA

Head

Neck

BodyTail

5’
3’

TΨC
loop

anti-codon

acceptor stem

Figure 1: Complex structure of A. aeolicus CC-adding enzyme and tRNA lacking CCA.
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AaS adopts a seahorse-shaped structure, and con-
sists of four domains: the head, neck, body and tail do-
mains. It recognizes the top-half region of the tRNA, and 
does not interact with the anticodon region. The TYC 
loop and D-loop of the tRNA interact with the tail domain 
of AaS (Fig. 1). We determined structures of AaS rep-
resenting C74-adding and C75-adding reactions. The 
comparison of structures representing C74-adding and 
C75-adding reactions revealed the translocation and 
rotation of the tRNA, relative to the enzyme, during the 
CC addition. After C74 addition and pyrophosphate re-
lease, the tRNA translocates backward by one nucleo-
side and rotates relative to the enzyme [Fig. 2(a)]. The 
C75 addition occurs using the same active pocket as for 
C74 addition. At both the C74-adding and C75-adding 
stages, CTP is selected by Watson-Crick-like hydrogen 
bonds between the cytosine of CTP and the conserved 
amino acid residues Asp and Arg in the active pocket, 
in the same manner [Fig. 2(b)]. These results also sug-
gested that after C74C75 addition and pyrophosphate 
release, the tRNA translocates backward further and 
drops off the enzyme, and thus the CC-adding enzyme 
terminates RNA polymerization.

The present study has clarified the molecular mech-
anism of CC addition by tRNA nucleotidyltransferase, 
and has solved the long-standing classical problems 
of eubacterial/eukaryotic CCA-adding enzymes [13]. In 
addition, the present study is the first to visualize the 
translocation and rotation of the primer tRNA during the 
template-independent CC addition, as a movie. Previ-
ous biochemical studies using class-II CCA-adding 

enzymes showed that C74 addition, like C75 and A76 
addition, does not involve tRNA translocation and rota-
tion. The mechanisms of CC addition by the CC-adding 
and CCA-adding enzymes might be different. Further 
analyses of the complex structure of the class-II eu-
bacterial / eukaryotic CCA-adding enzyme, representing 
CCA addition, would solve this issue.
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Molecular Basis of Binding between Novel Human 
Coronavirus MERS-CoV and its Receptor CD26

T he newly-emerged Middle East respiratory syndrome coronavirus (MERS-CoV) can specifically engage CD26 
via the surface spike protein. We identified the spike region (denoted as receptor binding domain (RBD)) that 
is responsible for receptor-binding, and solved the RBD structures in both the free and receptor-bound forms. 

MERS-CoV RBD is composed of a core subdomain and an external receptor binding motif that recognizes blades IV 
and V of CD26 β-propeller. The viral ligand locates at the membrane-distal tip of the receptor dimer, forming a “U”-shaped 
structure. Elucidation of the receptor-recognition mechanism for MERS-CoV would facilitate rational design of anti-viral 
drugs and prophylactic vaccines.

In 2012, a new coronavirus, named the Middle East 
respiratory syndrome coronavirus (MERS-CoV) [1], first 
emerged in Saudi Arabia [2], and then rapidly spread 
to multiple countries in the Middle East and Europe [3, 
4]. The virus is highly pathogenic [2, 5]. Patients suffer 
severe pulmonary diseases, including fever, cough, and 
an acute respiratory distress syndrome. In some cases, 
the disease course is accompanied by renal failure, 
leading to exceptionally high mortality [2, 5]. As of April 
10, 2014, the World Health Organization has compiled 
a total of 211 laboratory-confirmed infection cases glob-
ally, including 88 deaths [4]. In addition, there has been 
accumulating evidence showing the limited local trans-
mission of the virus among close contacts [6]. Conse-
quently, there is concern about a second potential coro-
navirus pandemic ten years after the SARS outbreak [7]. 
To combat this virus, there is an urgent need to identify 
how the virus infects humans.

MERS-CoV belongs to the betacoronavirus genus 
in the Coronaviridae family [8]. As with other coronavi-
ruses [9], MERS-CoV utilizes the surface spike protein 
for receptor recognition [10]. The specific binding of the 
viral spike to the cellular receptor mediates the attach-
ment of viruses to host cells, which is a crucial step initi-
ating infection. 

Recently, CD26 (also known as dipeptidyl peptidase 
4, DDP4) was identified as the functional receptor for 
MERS-CoV [10]. The molecular mechanism of CD26 

recognition by the novel coronavirus, however, remains 
elusive. This is a key question regarding the viral patho-
genesis and would be useful for the development of 
anti-viral drugs targeting the viral entry process. 

Figure 1: The high-affinity binding and complex structure between MERS-CoV RBD and CD26. (a) A surface plasmon resonance assay 
showing that MERS-CoV RBD can bind to CD26 but not to the SARS-CoV receptor human ACE2. (b) A schematic representation of the 
MERS-CoV RBD structure. The core subdomain and the external receptor binding motif are colored magenta and cyan, respectively. (c) The 
complex structure between MERS-CoV RBD and CD26. The CD26 dimer and its tip-located RBD molecules are shown and labeled.

To delineate the receptor-recognition basis of 
MERS-CoV, we need first to identify the spike region 
that is responsible for receptor-engagement. By testing 
the interaction between CD26 and differently-truncated 
spike proteins through flow-cytometric assays, this 
receptor binding domain (RBD) was attributed to 
the MERS-CoV spike residues 367-606. A specific 
and potent binding of RBD to CD26 was further 
demonstrated by the surface plasmon resonance 
Biacore data, which revealed a dissociation constant (Kd) 
of about 16.7 nM [Fig. 1(a)]. 

We then successfully crystallized the free RBD 
protein and its complex with CD26, and managed to 
solve both structures at 2.5 Å and 2.7 Å, respectively. 
The viral RBD is composed of a core subdomain and 
an external receptor binding motif [Fig. 1(b)]. The former 
is homologous to that of the SARS-CoV spike protein 
[11], while the latter is a novel strand-dominated unit 
which recognizes blades IV and V of CD26 β-propeller. 
The receptor itself is a type II transmembrane protein, 
presented on the cell surface as homodimers [12, 13]. 
MERS-CoV RBD locates at the membrane-distal tip of 
the receptor dimer, forming an overall “U”-shaped struc-
ture [Fig. 1(c)]. 

(a) (b) (c)
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Detailed analysis revealed that the RBD/CD26 inter-
action is mainly mediated by salt-bridges and hydrogen-
bond contacts among hydrophilic residues at the bind-
ing interface. Interestingly, this featured pattern of RBD/
CD26 engagement is very similar to those mediating 
the binding between adenosine deaminase (ADA) and 
CD26 [14], indicating competition between MERS-CoV 
and ADA for CD26 receptor. The ADA/CD26 interaction 
has been shown to play an important role in T cell 
activation [15], therefore our work indicates potential 
manipulation of the host immune system by MERS-
CoV through competition for the ADA-recognition site. 
By comparing with other reported coronaviral spike-
domain structures and aligning the spike sequences 
of representative betacoronaviruses, we assumed 
that members of the betacoronavirus genus might 
have evolved to reserve a similar core-domain fold in 
the spike protein to present external amino acids with 
divergent structures for viral pathogenesis, such as 
receptor recognition.

The emergence of MERS-CoV infections is a world-
wide public health concern. The viral entry process rep-
resents one of the best drug targets. The identification 
of key residues, via high-resolution structures, mediat-
ing the attachment of MERS-CoV to CD26, could set 
the direction for future anti-viral research. Our work also 
indicates a potential application of the properly-folded 
MERS-CoV RBD proteins in prophylactic vaccination, 
which is worthy of future study.
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Sequence-Specific DNA Glycosylase Found in a 
Restriction-Modification System

A restriction-modification system consists of genes that encode a restriction enzyme and a cognate methyltrans-
ferase. Thus far, it was believed that restriction enzymes are sequence-specific DNA endonucleases. Here we 
report for the first time that one of the restriction enzymes, R.PabI, is not an endonuclease but a sequence-

specific adenine DNA glycosylase based on the crystal structure and enzymatic activity. R.PabI captures a 5’-GTAC-3’ 
sequence and removes adenine bases to generate opposing AP sites. The AP sites are cleaved by heat-promoted b 
elimination, and/or by endogenous AP endonucleases of host cells to introduce a double-strand break.

Restriction enzymes recognize specific DNA se-
quences and introduce strand breaks unless the se-
quences are methylated by the cognate methyltrans-
ferases. In prokaryotic cells, restriction-modification 
systems limit transfers of exogenous DNA and protect 
themselves from infections of phages. Thus far, it was 
believed that restriction enzymes are sequence-specific 
endonucleases that leave the 3’-OH end and 5’-phos-
phate end. Most of the type II restriction enzymes, which 
are frequently used in the field of biotechnology, have a 
PD-(D/E)XK motif in their active sites and use Mg2+ ions 
for their enzymatic activities. Other type II restriction en-
zymes belong to the phospholipase D (PLD) superfam-
ily, the HNH superfamily, and the GIY-YIG superfamily. 
In addition to these restriction enzyme superfamilies, we 
found a half-pipe superfamily as represented by R.PabI 
from a hyperthermophilic archaea Pyrococcus abyssi.

R.PabI is a type II restriction enzyme that recognizes 
a 5’-GTAC-3’ sequence and cleaves double-stranded 
DNAs at high temperature without the addition of a di-
valent cation similar to the PLD superfamily, although 
R.PabI shows no sequence similarity to the PLD super-
family. Our previous report showed that R.PabI forms 
a homodimeric structure and has a novel DNA-binding 
fold called a “half pipe,” which consists of a highly con-
served anti-parallel b-sheet [1]. Among the thousands of 
confirmed and hypothetical restriction enzymes identi-
fied, only a few proteins are predicted to have the half-

pipe fold. To reveal the sequence recognition and DNA 
cleavage mechanisms of R.PabI, we determined the 
crystal structure of the R.PabI-DNA complex by X-ray 
crystallography using synchrotron radiation at the Pho-
ton Factory AR-NE3A beamline [2].

The structure of the R.PabI-DNA complex is shown 
in Fig. 1. R.PabI bends the double-stranded DNA ap-
proximately 90º at the 5’-GTAC-3’ sequence and the 
highly expanded minor groove side of the bent DNA 
faces the half-pipe region. The 5’-GTAC-3’ duplex is 
unwound by the binding of R.PabI and the bases are 
captured between the core region and the b8-b9 loop 
of R.PabI. The most striking feature of the R.PabI-DNA 
complex determined in this study is that the N-glycosidic 
bond between the adenine base and deoxyribose of 
Ade11 is cleaved (Fig. 1, right panel). This suggests 
that R.PabI has catalyzed the cleavage of the N-
glycosidic bond of Ade11 similar to DNA glycosylases, 
although R.PabI shows no sequence similarity to DNA 
glycosylases. The DNA glycosylase activity of R.PabI 
was confirmed by denaturing polyacrylamide gel elec-
trophoresis (denaturing PAGE), high performance liq-
uid chromatography (HPLC) and matrix-assisted laser 
desorption-ionization time-of-flight mass (MALDI-TOF 
MS) spectrometry. Mutation analyses of R.PabI showed 
that the DNA glycosylase activity of R.PabI is catalyzed 
by two highly conserved residues, Tyr68 and Asp214.

Figure 1: Structure of the R.PabI-DNA complex.
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Although the structural and biochemical analyses of 
R.PabI indicate that R.PabI is an adenine DNA glyco-
sylase, R.PabI cleaves the DNA duplex at the specific 
site in a manner similar to restriction endonucleases. 
The opposing AP sites generated by R.PabI may be 
cleaved by two different mechanisms to introduce a 
double-strand break (Fig. 2). First, the R.PabI product 
is cleaved by heat-promoted b elimination. Because 
R.PabI is an enzyme from hyperthermophilic archaea, 
R.PabI shows DNA-cleavage activity at high tempera-
ture (60–90ºC). Under these conditions, the opposing 
AP sites generated by R.PabI will be cleaved by heat-
promoted b elimination. Second, the R.PabI product is 
cleaved by AP endonucleases of host cells. This coop-
erating mechanism would be important for R.PabI ho-
mologues from mesophiles to cleave exogenous DNA.

Figure 2: DNA cleavage mechanism by R.PabI.

Because the DNA fragments cleaved by the effect of 
R.PabI lose adenine bases at the cleavage site, it would 
be hard to repair the R.PabI products by DNA ligase, 
unlike in the case of DNA fragments produced by typical 

restriction endonucleases. This feature may make the 
restriction-modification system using DNA glycosylase 
activity more powerful in attacking DNA than the typi-
cal restriction-modification system. Because R.PabI 
does not share any structural similarity with known DNA 
glycosylases, the half-pipe superfamily represented by 
R.PabI is a new superfamily of DNA glycosylases.

REFERENCES
[1]	 K. Miyazono, M. Watanabe, J. Kosinski, K. Ishikawa, 

M. Kamo, T. Sawasaki, K. Nagata, J.M. Bujnicki, Y. Endo, 
M. Tanokura and I. Kobayashi, Nucleic Acids Res. 35, 1908 
(2007).

[2]	 K. Miyazono, Y. Furuta, M. W.-Matsui, T. Miyakawa, T. Ito, 
I. Kobayashi and M. Tanokura, Nat. Commun. 5, 3178 (2014).

BEAMLINE
AR-NE3A

G T A C

GTAC

N

N

N

N

N

N

N

N

5’

5’

3’

3’

5’

3’

TC

G

A

N

N

N

N

N

N

N

N

T C

G

A

5’

3’ TC

G

N

N

N

N

N

N

N

N

T C

G

5’

5’

3’

3’

G T C

GTC

N

N

N

N

N

N

N

N

5’

5’

3’

3’

G
T

C
N

N

N

N

P

5’

3’

C

GT
N

N
N

N

P

5’

3’

release

heat promoted 
β elimination

AP endonuclease

double strand 

5’

3’

endogenous

glycosylase 

TC

G

N

N

N

N

N

N

N

N

T C

G

5’

5’

3’

3’

R.PabI dimer

heat promoted 
β elimination

release

b8-b9 

break

K. Miyazono and M. Tanokura (The Univ. of Tokyo)



Highlights54

 4   Life Science

Structural Analysis of Intrinsically Partially Folded EspB 
from Enterohaemorrhagic E. coli O157:H7 by Combination 
of CD and SAXS in Conjunction with Protein Dissection 
Technique

EspB is one of the major intrinsically disordered pathogens from enterohaemorrhagic Escherichia coli, which pro-
motes actin reorganization by activating a-catenin from the host cell. EspB assumes a partially folded structure 
under native conditions. We analyzed the structural properties of EspB by a combination of various spectro-

scopic techniques including circular dichroism and small-angle X-ray scattering in conjunction with protein dissection. 
The results suggested that EspB assumes partially folded a-helical segments around G41–Q70 whereas other regions, 
particularly around the C-terminal half, are almost entirely extended. Furthermore, titration studies by fluorescence an-
isotropy indicated that the a-helical segments directly interact with a-catenin.

Infection by enterohaemorrhagic Escherichia coli 
(EHEC), O157:H7, can cause various severe symptoms 
including abdominal cramps, diarrhea and hemolytic 
uremic syndrome (HUS) [1]. Particularly for young chil-
dren, HUS can develop into acute renal failure and in 
the worst case, lead to death.

EHEC produces various virulence factors including 
Shiga-like toxins as well as proteins that induce mor-
phological rearrangement of host cells [1]. It is therefore 
important to clarify the structural property of these viru-
lence factors in order to understand the detailed mecha-
nism of EHEC infection.

EspB is one of the virulence factors of EHEC which 
promote the rearrangement of actin cytoskeleton. EspB 
is directly injected into host cytosol through the type III 
secretion system (T3SS) of EHEC and binds to the C-
terminal vinculin homology domain of a-catenin in host 
cytosol. It has been indicated that the binding of EspB 
to a-catenin induces some conformational rearrange-
ment of a-catenin and enhances the ability of a-catenin 
to promote actin bundling [2]. Previous studies on the 
structural property of EspB by various spectroscopic 
techniques such as circular dichroism (CD), intrinsic 
tyrosine fluorescence and multi-angle light scattering 
indicated that this protein assumes a partially folded 
conformation with an amount of a-helical structures but 
with well-ordered specific tertiary contacts when in the 
isolated state [3]. Thus, EspB is one of the intrinsically 
disordered proteins with some partially folded structure. 

This conformational uniqueness is considered to be 
required for efficient secretion through the narrow tube 
of T3SS. Further analysis clarified that many T3SS-
dependent pathogenic proteins tend to be classified into 
“intrinsically disordered protein” (IDP) which cannot form 
a specific well-defined structure by itself unlike the gen-
eral globular proteins.

Recent developments in modern high-resolution 
techniques of structural biology enable us to routinely 
solve the structures of globular or membrane proteins. 
However, protein crystallization is basically improbable 
for such a flexible molecule. Line broadening phenom-
ena in solution NMR are observed for EspB probably 
due to the slow conformational exchange within the en-
semble of partially folded structures [3].

 To overcome these problems, we employed a 
combinatorial approach using various low-resolution 
techniques such as small-angle X-ray scattering (SAXS) 
and CD spectroscopy in conjunction with a protein dis-
section strategy [4]. SAXS analysis revealed that this 
protein possesses highly expanded conformation with 
a radius of gyration (Rg) of 67.8 Å. Surprisingly, this 
value is similar to that of an ideal random coil (62.0 Å) 
or completely unfolded protein [Fig. 1(a)]. However, CD 
indicates the presence of a-helical structures [Fig. 1(b)]. 
These results suggested that the protein possesses 
highly unstructured regions together with partially folded 
a-helical segments.

Figure 1: Conformational properties of EspB analyzed by SAXS (a) and CD (b). (a) Guinier plot. The slope of this plot corresponds to Rg
2 /3. (b) 

Far-UV CD spectrum of EspB. The minimum at 222 nm indicates the presence of a-helical structures.
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In order to identify the a-helical regions within the 
whole EspB, we employed the protein dissection tech-
nique. We analyzed far-UV CD spectra of various pep-
tide fragments corresponding to several parts of EspB 
and found that the fragments which correspond to G31 
to Q70 can be a core region of the a-helical segments. 
Based on these observations, we constructed structural 
models of EspB as illustrated in Fig. 2. Moreover, the 
a-helical fragments having the sequence of G31–Q70 
of EspB had high affinity to the C-terminal vinculin ho-
mology domain of a-catenin. These results indicate that 
a-catenin binds to EspB through the preexisting less 
stable particular conformation in a manner of conforma-
tional selection [5].

Figure 2: Structural model of EspB estimated from the results of SAXS and CD in combination with the protein dissection. Rg was obtained 
from the Guinier plot in Fig. 1. Dmax corresponds to the maximum distance estimated by the analysis of probability function calculated from 
the scattering intensity. For more details of the analysis, see reference [4].

To date, the structural properties of only a limited 
number of IDPs have been clarified but none of them 
assumes a partially folded structure. Our combinatorial 
approach using protein dissection with CD and SAXS 
successfully illustrated the structural property of one of 
such difficult targets. This approach was feasible be-
cause of the nature of IDP in which fewer nonlocal con-
tacts between residues apart from each other in amino 
acid sequences are present. Although the resolution of 

our structural model is still low, further developments of 
this technique, e.g. in combination with molecular dy-
namics simulation, will be a powerful strategy to clarify 
the structural detail of IDPs with partially folded confor-
mations.

N-terminal

C-terminal

Rg = 67.8 Å, Dmax = 250 Å

α-helix (G41-Q70)
Partially-folded
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X-Ray-Induced Nitric Oxide-Mediated Bystander Cell 
Death Suppresses Spontaneous Mutagenesis in V79 Cells

Bystander responses have generated considerable interest in the field of radiobiology because of their non-
linear relationship with low-dose radiation. Here, we demonstrated that bystander cell death was biphasically 
enhanced in a dose-dependent manner by using the synchrotron X-ray microbeam irradiation system. Interest-

ingly, we found that the mutation frequency at the hypoxanthine-guanosine phosphoribosyl transferase (HPRT  ) locus in 
the bystander cells has a similar biphasic dose response. Both the phenomena were suppressed when the cells were 
incubated with carboxy-PTIO, a specific scavenger of nitric oxide (NO). These observations suggested that the increase 
in NO-mediated bystander cell death can be attributed to mutagenesis-suppressing mechanisms.

Radiation-induced bystander response is generally 
defined as an intercellular response induced in unir-
radiated cells that receive bystander signals from the 
directly irradiated cells within the irradiated cell popula-
tion. The discovery of bystander responses is significant 
in radiobiology because this response may have impor-
tant implications for estimating the risk to human health 
of exposure to low-dose radiation. The microbeam cell 
irradiation system, which enables observation of cellular 
responses of individual irradiated and unirradiated cells, 
is a powerful tool for elucidating the mechanisms un-
derlying biological responses to low-dose radiation. We 
used the synchrotron X-ray microbeam irradiation sys-
tem [Fig. 1(A)] developed at the Photon Factory, High 
Energy Accelerator Research Organization, KEK [1-4] 
and demonstrated that nitric oxide (NO)-mediated by-
stander cell death was biphasically enhanced in a dose-
dependent manner [Fig. 1(B)] [5, 6]. We then measured 
the mutation frequency in the bystander cells neighbor-
ing the nuclei-irradiated cells.

Figure 1: Synchrotron X-ray microbeam irradiation system and the schema of nucleus irradiation with X-ray microbeam (A). The surviving 
fraction of bystander V79 cells surrounding the nuclei-irradiated V79 cells (B) [5, 6].

The experimental procedure is summarized in Fig. 
2(A). V79 cells were seeded (1 × 105 cells/dish) into 
custom-designed dishes for microbeam irradiation and 
incubated overnight. Five targeted nuclei were irradi-
ated with 10 × 10-µm square 5.35 keV X-ray beams 
(9.3 × 103 photons/s/100 µm2) by using the synchrotron 
X-ray microbeam irradiation system installed at the BL-
27B station located at the Photon Factory [1-4]. After 

incubation for 3 h, the surviving fraction of the bystander 
cells was measured by a clonogenic assay. We also 
measured the mutation frequency at the hypoxanthine-
guanosine phosphoribosyl transferase (HPRT   ) locus in 
the bystander cells. After irradiation, the cells were incu-
bated for 3 h. The cells were harvested, transferred to a 
culture flask containing fresh medium, and maintained 
for 8 days with sub-cultivation every 2 days to allow 
phenotypic expression. Then, the cells were harvested 
and seeded (1 × 106 cells/dish) into culture dishes with a 
fresh medium containing 10 μg/ml of 6-thioguanine. Af-
ter incubation for 6 days, the number of colonies of the 
HPRT mutants was scored.

When the nuclei were irradiated with approximately 
1 Gy, the surviving fraction decreased to 0.87, but at 
higher doses, the surviving fraction was found to be 
stable at approximately 0.94 [Fig. 2(B)] [7]; this observa-
tion is in concordance with our previous observations 
[Fig. 1(B)] [5, 6, 8]. The background mutation frequency 
in the control (unirradiated) cells was 2.6 × 10−5 [Fig. 
2(C)] [7]. The mutation frequency in the bystander cells 
decreased significantly (p < 0.01) to 5.3 × 10−6 when the 
five targeted nuclei were irradiated with approximately 1 
Gy, but, at higher doses, the mutation frequency returned 
to the background level [Fig. 2(C)] [7]. The biphasic 
dose responses, bystander cell death, and HPRT muta-
tion frequency were significantly correlated (p < 0.05) [7]. 
This correlation indicated that the bystander cell death 
and mutagenesis in the bystander cells were responses 

(A)

(B)
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to the same or related stimuli. Recently, we showed that 
NO is the principal mediator of bystander cell death [6]. 
Accordingly, we investigated the role of NO in bystander 
cell death and mutations. The dose-dependent biphasic 
increase in the bystander cell death was not observed 
when the cells were incubated with carboxy-PTIO, a 
specific scavenger of NO [Fig. 2(B)] [7]. Furthermore, 
the dose-dependent biphasic decrease in the muta-
tion frequency was not observed when the cells were 
incubated with carboxy-PTIO [Fig. 2(C)] [7]. Recently, 
Egashira et al. reported that exposure to NO causes 
mitochondrial degeneration and subsequent cell killing 
in cells with low antioxidative activity [9]. Genetically un-
stable cells that have defects in antioxidative activities 
may be selectively killed by the bystander responses 
because NO is a major mediator of bystander cell death 
[6]. Thus, the secretion of factors that contributed to the 
perpetuation of unstable phenotype may have been 
suppressed, and the antioxidant activity in the surviving 
cell population may have increased, as a result of which 
mutagenesis may have been suppressed in the by-
stander cells. Our group reported that the biphasic NO-
mediated bystander cell death was induced by X-ray 
microbeam irradiation also in normal human fibroblast 
WI-38 cells [8]. In an ongoing gene expression profiling 
study with the RT2 Profiler™ PCR Array System (Qia-
gen), we have found that the expression of TP73, which 
is known to be upregulated by NO [10], was highly up-
regulated in the bystander WI-38 cells.

Figure 2: Measurement of the bystander cell survival and the HPRT mutation frequency (A), the surviving fraction of bystander V79 cells (B), 
and the HPRT mutation frequencies in the bystander V79 cells (C) [7].

Our results indicate that radiation-induced bystander 
responses can enhance selective cell killing of geneti-
cally unstable cells in the bystander cell population and 
that this selective cell death may act as a protective 
mechanism that competes with increases in non-lethal 

and potentially carcinogenic damages such as muta-
tions.
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Zeff Imaging Using X-Ray Interferometer

Z     eff imaging is a new technique that provides a way to visualize the spatial distribution of the atomic number (Z ) 
in samples (effective atomic number (Zeff) for a plural-element sample). Because Z corresponds to the ratio of 
the  real to imaginary part of the complex refractive index, an elemental map can be calculated from an absorp-

tion and phase-contrast image. Feasibility observations of several metal foils were performed using an imaging system 
fitted with a two-crystal X-ray interferometer. The obtained Zeff image shows that aluminum, iron, nickel, and copper foils 
were clearly distinguished, and that the Zeff values for nickel and copper coincided with the ideal Z number within 5%.

X-ray imaging is a powerful method for nondestruc-
tive observation of samples and is widely used in many 
fields from medical diagnosis to security checks at air-
ports. Obtained images show the electron density dis-
tributions in a sample, and the outer shapes and inner 
structures are visualized clearly. However, no elemental 
information of the sample, for example, whether the 
sample consists of copper or iron, is obtained. An X-
ray is an electromagnetic wave with a very short wave-
length. The phase is shifted and the amplitude (intensity) 
is reduced by passing the X-ray through the sample. 
The phase-shift dp is given by the product of the thick-
ness of the sample (t) and the real part of the complex 
refractive index (n) of the sample. In the same way, the 
ratio of the decrease of the intensity dI is given by the 
product of t and the linear absorption coefficient corre-
sponding to the imaginary part of n. Therefore, the ratio 
(r) of dp and dI is independent of t, and only depends 
on the ratio of the real and imaginary parts of n. Since n 
has a characteristic value for each element, ratio r also 
has a characteristic value. In summary, ratio r uniquely 
corresponds to the element, namely the Z-number of 
the sample, and therefore, elemental information can be 
obtained from r [1, 2].

An X-ray interferometer is a powerful tool to detect 
X-ray phase shift, and has been used for phase-contrast 
X-ray imaging with more than 1000 times higher sensi-
tivity than that of conventional absorption X-ray imaging 

[3]. Because of this advantage, it provides a way to visu-
alize small density differences in samples composed of 
light elements, for example, biological soft tissues and 
organic materials without using any supplemental meth-
ods. We have been developing an imaging system fitted 
with a two-crystal X-ray interferometer to conduct fine 
three-dimensional (3D) observations [4]. We used this 
system to conduct visualizations of cancerous tissues 
in normal tissues without contrast agents, b-amyloid 
plaques in brains taken from Alzheimer’s disease mice 
[5], and air hydrates in an ice core drilled 1900 m deep 
in the Antarctic [6]. By exploiting the high sensitivity of 
phase-shift detection, highly accurate observations of 
the Zeff image using the X-ray interferometer were per-
formed [7].

Figure 1 schematically shows the two-crystal X-ray 
interferometer used in our study. The optical configura-
tion is the same as that of a Mach-Zehnder interferom-
eter of visible light. The incident X-ray is divided at the 
first wafer (S), reflected by the second (M1) and third 
(M2) wafers, and recombined to generate two interfer-
ence beams at the fourth wafer (A). The phase-shift 
caused by the sample put in the interference path (P1) 
can be detected by the changes in the interference 
beam intensity. Absorption images can be obtained by 
blocking off the beam path (P2) by placing a plate made 
of a heavy metal such as Pb.

Figure 1: Schematic view of two-crystal X-ray interferometer.
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Figure 2 shows the obtained phase map (spatial 
distribution of phase-shift of sample), absorption map, 
and calculated Zeff image. The metal foils were aligned 
vertically in the following order: iron (10 μm), nickel 
(5 μm), copper (5 μm), and aluminum (12 μm). Each foil 
is depicted clearly in ordinary images ((a) and (b)), but it 
is impossible to distinguish differences in the elements 
and their thicknesses. In contrast, the Zeff image shows 
the Zeff value of the samples and indicates that the ele-
ments are different. The average Zeff values were 16.4, 
25.4, 27.9, and 28.8 for aluminum, iron, nickel, and 
copper foil, respectively. The differences from the ideal 
values (13, 26, 28, 29) become smaller as the atomic 
numbers become larger, and the minimum value is 
less than 5%, which provides a way to identify the ele-
ment. In addition, since the thickness information of the 
sample was canceled by the division of dp and dI, the 
Zeff in each foil has the same value in the unfolded and 
folded areas (right side of the foils). This result shows 
that this imaging technique provides a way to obtain not 
only the electron density map but also elemental infor-
mation without using any other imaging techniques. By 
combining this technique with computed tomography 
techniques, 3D elemental observations are expected in 
the future.

Figure 2: Obtained images of metal foils: (a) absorption image, (b) phase-contrast image, and (c) Zeff image [8].
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 6  Instrumentation and Methodology

Development of a Compact Scanning Transmission X-Ray 
Microscope (STXM)

A new compact X-ray microscope has been developed at the soft X-ray undulator beamlines of the Photon Fac-
tory. Piezo-driven linear stages used as coarse stages realized a microscope with a very compact shape, ther-
mally and vibrationally stable, and suitable for use at the “free-port” endstations of multipurpose beamlines. Fully 

digitized control electronics for pulse counting, scanner drive, and position sensing have been developed to realize ef-
ficient data acquisition. Imaging and microspectroscopic results obtained with the microscope are presented.

Scanning transmission X-ray microscopy (STXM) 
provides images and absorption spectra of a specific re-
gion of interest by scanning the sample position against 
focused X-rays [1]. STXM provides useful information 
about elemental composition, chemical states, magnetic 
properties by using circularly polarized X-rays [2], and 
molecular orientation by using linear dichroism [3] with a 
spatial resolution of 20–100 nm. In Japan, however, soft 
X-ray STXM has not been available until very recently 
[4].

Figure 1 shows the optics of our new STXM at the 
Photon Factory [5]. Soft X-rays from an undulator in the 
Photon Factory ring are monochromatized and focused 
by a toroidal mirror. The four-way aperture slit is placed 
at the focal point of the mirror to provide a virtual source 
point for illuminating the Fresnel zone plate (FZP). The 
FZP is a diffractive lens which has the focal distance of, 
in the present case, 0.7–5 mm depending on the photon 
energy. The first-order diffraction through the order sort-
ing aperture (OSA) is focused onto the sample, and the 
intensity of the transmitted X-rays is then measured.

Figure 1: The optics of the compact STXM.

The scheme of the coarse stages in our STXM is 
in principle the same as that of the conventional STXM 
[1]. We utilized piezo-driven linear stages instead of 
stepping motors, resulting in: (1) a very compact shape 

of the main chamber with interior dimensions of 220 
× 310 × 200 mm, (2) precise positioning of ~50 nm by 
using optical encoders implemented in the stages, and 
(3) high thermal stability since the piezo-driven stages 
produce less heat than do stepping motors. As shown 
in Fig. 1, the components from the aperture slit to the 
detector are placed on a single optical table, which is vi-
brationally isolated from the floor with protruding rubber 
pads. Thanks to this design, the compact STXM can be 
easily connected to and removed from the beamline, 
and so is suitable for use at the “free-port” endstations 
of multipurpose beamlines in the Photon Factory.

The transmitted X-rays can be detected in several 
ways: using an Si photodiode, Si avalanche photodiode, 
or the scintillator–optical fiber–photomultiplier (PMT) 
assembly. The precise sample position is scanned by 
piezoelectric scanners and the position is monitored 
with laser interferometric sensors. The X-ray detection, 
scanner drive, and position sensing functions are imple-
mented in a field-programmable-gate-array (FPGA) 
circuit to realize fast and efficient data acquisition. The 
FPGA and user-interface programs were developed 
on a National Instruments LabVIEW platform, and the 
output data is fully compatible with the analysis software 
aXis2000 [6].
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Figure 2 shows the results obtained with the com-
pact STXM. Figure 2(a) is the transmission X-ray image 
of logomark patterns measured using h u = 350 eV [7]. 
The patterns were fabricated using a focused ion beam 
on ~300 nm-thick tungsten film deposited onto an Si3N4 
membrane. The spatial resolution of our STXM is sig-
nificantly better than 100 nm. Quantitative evaluation is 
currently in progress.

Figures 2(b) and (c) show the result of image stack 
measurement. The sample was particulate matter from 
the Pripyat River in Chernobyl City [8]. The photon 
energy was varied from 280 to 310 eV with the energy 
resolution of E/ΔE ~5000. Sixty-four images of 70 × 70 
points were obtained at each point of photon energy. 
The total acquisition time was about two hours. Figure 
2(b) shows the elemental composition map of C ob-
tained by taking the difference of the images taken at 
the pre- and post-edge of the C K absorption edge. Fig-
ure 2(c) shows the absorption spectra obtained by col-
lecting the data points in the region of interest indicated 
in Fig. 2(b). As shown here, STXM enables spatially 
resolved chemical speciation based on functional group 
or valency. Note that great care was taken to reduce 
carbon contamination in the beamline optics used here 
(BL-13A) [9], enabling quantitative characterization us-
ing C K edge absorption spectra.

Figure 2: (a) X-ray transmission image of KEK and PF logomarks, which were patterned on ~300 nm-thick tungsten deposited onto an Si3N4 
membrane. (b) C elemental composition map of particulate matter from the Pripyat River. (c) X-ray absorption spectra of the specific regions 
of interest. The colors of the spectra correspond to the regions indicated in (b).

A wide range of photon energy from 200 to 1500 
eV is available with the compact STXM. It is now being 
utilized for the characterization of photovoltaic polymer 
blends [10], aerosols, clay minerals [8], and permanent 
magnets. Microspectroscopy using the compact STXM 
will be useful for a wide range of research in physics, 

chemistry, environmental science, and material engi-
neering.
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 7  Accelerators

Minimization of the Emittance Growth 
in a Superconducting Radio Frequency Cavity 
at cERL Injector

For the development of future light sources based on linear accelerators such as X-FEL and ERL, beam dynamics 
for the acceleration and transportation without degradation of ultra-low-emittance beams such as 0.1 mm-mrad 
for 7.7 pC/bunch in the cERL injector are an important research topic to provide high-brightness and high-quality 

synchrotron radiation. In particular, a radial electric field of the superconducting radio frequency cavity, which is propor-
tional to the beam offset, can cause transverse emittance growth. We succeeded in compensating the transverse emit-
tance growth in the SRF cavity by a new method of estimating the electrical center of a cavity and adjusting the beam 
trajectory inside the cavity.

In KEK, the compact energy recovery linac 
(cERL) was constructed and has been commissioned 
to demonstrate the production, acceleration, and 
recirculation of ultra-low-emittance and high-current 
beams before constructing a 3-GeV ERL that will 
be used as a super-brilliant and ultra-short pulse 
synchrotron light source as well as a driver for an X-ray 
free electron laser oscillator (XFEL-O) [1, 2]. 

The ERL injector, which is shown in the Fig. 1, re-
quires a high-brightness electron gun, and high-power 
SRF cavities to generate and accelerate high-current 
and low-emittance electron beams. Using a GaAs pho-
tocathode DC gun, the generation of a low-emittance 
beam of 0.1 mm-mrad with a bunch charge of a few 
tens of fC was demonstrated [3]. After generating the 
high-quality beam, the next step is to accelerate it with-
out deterioration in beam quality. SRF injector cavities, 
which are used to increase the energy of the beam up 
to 5.6 MeV, are one source of the emittance growth, 
since the particles in the head and tail parts of the bunch 
receive the transverse kick force in a direction opposite 
to the radial electric field of the cavity, when the bunch 
is laid on the on-crest acceleration phase. In order to 
avoid the degradation by injector cavities, it is essential 
to estimate the electrical center of the cavity and to ad-
just the beam trajectory inside the cavity, because the 
strength of the radial electric field depends on the orbit 
offset inside the cavity [4].

In general, the electrical center in an actual cavity is 
estimated by measuring the pick-up HOM signal digi-
tized by a fast oscilloscope, and using TE111 thas is the 
6th HOM mode of the cavity signal [5, 6]. This method, 
however, requires the fabrication of an additional moni-
toring system with electronics. Therefore, we proposed 
a simple new experimental methodology to estimate the 
electrical center of a cavity by using an orbit corrector 
magnet to adjust the trajectory inside the cavity and a 
screen monitor installed in the downstream of the cavity. 
When the beam does not pass through the electrical 
center of the cavity, the beam is kicked by the radial 
electric field, and the position of the kicked beam after 
the cavity (XC and YC), which is measured on the screen 
monitor, depends on the phase of the RF field (  ), be-
cause it changes the strength of the radial electric field. 
On the other hand, when the beam passes through the 
center of the cavity, the beam position is not changed 
even though the phase of the RF field varies, because 
the radial electric field is zero at the electromagnetic 
center of the cavity. This means that the value of 
dXC /d   for the horizontal direction and dYC /d   for the 
vertical direction is zero. Thus, in our new method, the 
beam trajectory passing through the electrical center of 
the cavity is extrapolated by measuring the values of    
dXC /d    and dYC /d    .

Figure 1: Photograph of a DC gun and cryomodule for injector cavities in a compact ERL injector.
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In order to verify the method, dXC /d   and dYC /d   
were measured as a function of the orbit corrector 
magnet, which was used to adjust the trajectory inside 
the cavity. As shown in Fig. 2, the values of dXC /d  
were measured with different strengths of the corrector 
magnet, and the strength of the horizontal corrector 
magnet (IHcor4) for passing the beam through the electri-
cal center of the cavity was estimated to be 0.136 A by 
fitting the measured dXC /d   values as shown in Fig. 3. 
Based on this result, the normalized transverse emit-
tance was measured as a function of the beam offset 
inside the cavity, because the transverse emittance is 
minimized when the beam passes through the center 
of the cavity. As shown in Table 1, the electrical center 
gives the minimum emittance growth due to the cav-
ity. Using our method, we succeeded in minimizing the 
transverse emittance growth due to the radial electric 
field of the cavity.

Figure 2: Measurement of dXC /d   for the horizontal direction with 
various strengths of corrector magnet (IHcor4) to estimate the elec-
tromagnetic center of an injector cavity. 

Figure 3: By measuring dXC /d    with various strengths of the 
corrector magnet, the strength of the corrector magnet for passing 
the beam through the electromagnetic center of the cavity was 
estimated to be 0.136 A.

Table 1: Measured normalized transverse emittance with various beam offsets.

Δx (mm) Δy (mm) εnx (mm-mrad) εny (mm-mrad)
-12.4 0 1.070 ± 0.0533 0.970 ± 0.0337 

0 0 0.212 ± 0.0064 0.259 ± 0.0229
0 -4.55 0.243 ± 0.0057 0.497 ± 0.0373
0 -9.10 0.240 ± 0.0151 0.665 ± 0.105
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1 Newly Developed Experimental Facilities

1-1	 Overview

The Photon Factory (PF) is a pioneering light source 
providing bright X-rays and outstanding user support. 
The PF produces extremely bright X-rays as a resource 
for researchers to study materials at the atomic and 
molecular level. Research at the PF also benefits many 
sectors of innovation in Japan and leads to major ad-
vances in energy production, environmental remedia-
tion, nanotechnology, new materials and medicine. The 
PF provides unique educational experience and serves 
as a vital training ground for future generations of scien-
tists and engineers.

The PF has been carrying out a beamline refurbish-
ment program since 2006, in which the main strategy 
is to concentrate investments on insertion-device (ID) 
beamlines as reported in previous activity reports [1-3]. 
With the upgrade of the 2.5-GeV PF ring for extending 
straight sections, the long and medium straight sections 
have been lengthened so that state-of-the-art insertion 
devices can be installed to cover the vacuum ultravio-
let and soft X-ray regions. Four new straight sections 
have been newly produced for allowing the installation 
of short-period and small-gap undulators (SGU) to sup-
ply well-focused hard X-rays (HX). We have already 
constructed three HX beamlines at the short straight 
sections: BL-3 for materials science, and BL-1 and 17 
for macromolecular crystallography. As the last straight 
section, we are commissioning a new beamline for both 
small-angle X-ray scattering (SAXS/GI-SAXS) and X-
ray spectroscopy (XAFS/XRF/XRD) at BL-15. The de-
tails are described below.

BL-2 was the first undulator-based vacuum ultravio-
let/soft X-ray (VSX) beamline constructed in the early 
1980s, and has been operating for over 25 years. The 
BL-2 undulator is 3.6-m long, while the length of the 
straight section is 9 m after the PF upgrade in 2005. A 
new tandem undulator with 16-cm period was installed 
in 2014 in collaboration with Hitachi, Ltd. The new 
beamline optics consist of a grazing-incidence grating 
monochromator and a double-crystal monochroma-
tor, and will supply VUV and soft X-rays in 30–4000 
eV. BL-13, 16, and 28 were originally constructed for 
sharing the photon beam between VSX and HX users 
by operating the insertion device in the undulator and 
multipole wiggler mode. Among the three beamlines, 
BL-28 was renewed first in 2006 as a high-performance 
spectroscopic beamline dedicated to photoelectron 
spectroscopy in the VSX region. BL-16 was completely 
upgraded as a soft X-ray spectroscopic beamline with 
fast polarization switching capabilities. Two tandem AP-
PLE-II type undulators are installed to generate different 
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polarizations such as right- and left-hand circular polar-
izations, and the polarization is switched by modulating 
the electron orbit through the undulators. BL-13 was re-
cently reconstructed as a VSX spectroscopic beamline 
for studying organic thin films adsorbed on well-defined 
surfaces using angle-resolved photoelectron spectros-
copy and X-ray absorption spectroscopy. The detailed 
performance is described below.

In addition to the upgrade of the ID beamlines, 
competent bending-magnet stations are also being 
upgraded for supporting active users. The current sta-
tus of SAXS stations at BL-6A and BL-10C, soft X-ray 
spectroscopy station at BL-11A, and X-ray topography 
and related X-ray diffraction station at BL-20B are also 
described in this section.

1-2	 BL-15A, Dedicated to Semi-
Microbeam XAFS/XRF/XRD 
and High-Brilliance SAXS/GI-
SAXS Studies

As reported previously [1], a new beamline, BL-15A, 
was completed at the BL-15 section of the PF ring in 
FY2013. This new beamline has a short-gap undulator 
which produces high-brilliance X-rays ranging from 2.1 
keV to 15 keV. The beamline will be dedicated to both 
XAFS/XRF/XRD studies using semi-micro focus beams 
(A1 station) and SAXS/GI-SAXS experiments using col-
limated soft and hard X-rays (A2 station).

In the XAFS/XRF/XRD studies, the semi-micro fo-
cus beam available in a wide range of photon energies 
allows analyzing the local structures of the elements 
and valence of inhomogeneous samples in the fields of 
environmental science and new energy source science. 
The soft X-rays up to 2.1 keV will provide access to the 
absorption edges of phosphorus and sulfur, which are 
very important targets for those fields.

The SAXS scientific programs include structural 
studies of functional membranes, time-resolved X-ray 
scattering and large hierarchical structure analysis. All 
three programs require a high-brilliance light source. In 
particular, grazing-incidence SAXS (GI-SAXS) using 
vertically small-size soft X-rays ranging between 2.1–3.0 
keV will help to control the depth of the membrane 
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Figure 1: Bird’s-eye view of the BL-15A.

Undulator first beam on 
a fluorescent screen	


Figure 2: First beam introduction on October 17, 2013.

 

structure analysis and reduce the roughness defects of 
an imperfect membrane.

Furthermore, the combination of XAFS/XRF and 
SAXS experiments yields wide structural information 
from fine atomic structures to low and medium resolu-
tion. It is beneficial to build these instruments as two 
stations (A1 and A2) on the same beamline. BL-15A is 
oriented toward joint advanced studies using the two 
techniques.

The old BL-15 beamlines were scrapped and new 
construction work started in the spring of 2013. The 
construction was completed in the summer shutdown 
of 2013 (Fig. 1) and the first undulator beam was intro-
duced on October 17, 2013 (Fig. 2). We subsequently 
started tuning the optics, and the first beams into the A1 
and A2 stations were delivered on November 7, 2013 

and February 19, 2014, respectively. After the optics 
tuning, preliminary beamline characterizations were car-
ried out. The FWHM beam sizes at three focal points, 
32.8 m, 36.75 m and 42.75 m from the source, were 20 
μm (H) × 21 μm (V), 289 μm (H) × 36 μm (V) and 651 
μm (H) × 44 μm (V), respectively. The undulator spectra 
and the photon flux were measured and the results are 
consistent with the ray-tracing simulation. These beam 
performances are promising for both research activities.

We will continue the optics tuning and commission-
ing experiments, and then start beamline operation for 
users in the autumn of 2014.
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Figure 3: The conceptual scheme of the new BL-2 beamline.

Figure 4: Photograph of the constructed BL-2A and BL-2B 
beamlines.

Figure 5: Photoabsorption spectrum of N2 molecules.
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1-3	 Construction of New Wide-
Energy Range VUV & SX 
Beamline BL-2 “MUSASHI”

The new beamline BL-2 (MUSASHI: Multiple Undu-
lator beamline for Spectroscopic Analysis on Surface 
and Hetero Interface) is designed for wide-energy-
range spectroscopic analysis including X-ray photo-
electron spectroscopy, angle-resolved photoemission 
spectroscopy, and X-ray absorption spectroscopy. The 
conceptual scheme of the new BL-2 is shown in Fig. 3. 
The new BL-2 has two types of undulators in tandem 
alignment; one is designed for the vacuum ultraviolet 
(VUV) region (30–300 eV), and the other for the soft X-
ray (SX) region (250–2000 eV). Consequently, light with 
a relatively wide energy range while maintaining high 
brilliance and high energy resolution will be available in 
this beamline by the combination of the two undulators 
and a variable-included-angle varied-line-spacing plane-
grating monochromator (VLS-PGM). Moreover, in BL-

2B, an additional double-crystal monochromator (DXM) 
is built into this branch beamline to make the energy 
range of 2000–4000 eV available using the wiggler 
mode of the SX undulator.

In the summer of 2013, the old BL-2A and BL-2C 
beamlines were scrapped and the new BL-2A and BL-
2B beamlines were constructed (Fig. 4). Figure 5 shows 
a photoabsorption spectrum of N2 molecules obtained 
using the new beamline optics with SX undulator. The 
fitting result by Voigt functions, Gaussian width of 31 
meV with the Lorentzian width of 117 meV, indicates 
that the SX optics of the new BL-2 beamline achieve 
a resolving power of more than 13,000, which is much 
better than that of the old BL-2C beamline [1].

The installation of the new VUV undulator and the 
operation of VUV optics will start in the spring of 2014, 
and the completed version of the beamline will be 
opened for users in FY2015.
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Figure 6: Typical photon intensity and photon energy resolution 
(E/ΔE) of BL-13A and BL-13B in the photon energy region of 
30–1600 eV.

Figure 7: Photon intensity spectra of BL-13B in the (a) carbon and (b) oxygen K-edge regions measured with the 1000-lines/mm grating 
before and after in situ non-monochromatized-SR-activated oxygen cleaning of the Au-coated Mp.

1-4	 Construction of BL13B, Optics 
for Photoelectron Spectroscopy

Optics for photoelectron spectroscopy for the study 
of surface chemistry (BL-13B) was opened for users in 
October, 2013. A typical photon intensity and photon 
energy resolution (E/ΔE) of BL-13B are shown in Fig. 
6. Carbon contamination on the Au-coated plane mirror 
(Mp) for suppressing higher harmonics was removed 
by using oxygen activated by non-monochromatized 
synchrotron radiation (SR) [1] as shown in Fig. 7. Since 
the removal of the carbon contamination, the photon 
intensity in the carbon K-edge region is improved while 
the change in intensity in the oxygen K-edge region is 
negligible.

REFERENCE
[1]	 A. Toyoshima, T. Kikuchi, H. Tanaka, J. Adachi, K. Mase and 

K. Amemiya, J. Synchrotron Rad. 19, 722 (2012).

1-5	 Upgrade of PF SAXS 
Beamlines: Replacement of 
the Experimental Stage and 
the Detector at BL-6A, and 
Refurbishment of BL-10C

BL-6A is a small-angle X-ray scattering (SAXS) 
beamline for mainly the structural study of hard and soft 
materials. In BL-6A, the experimental stage and the 
SAXS detector were replaced in fiscal 2013 in order to 
improve the user operability and the detectable angle 
range (Fig. 8). The camera length can be changed 
semi-automatically from 0.25 to 2.5 m in this stage. The 
hybrid pixel detector, PILATUS 300K, had been used 
at BL-6A. However, its detectable area of 83.8 x 106.5 
mm2 was narrow in order to enable structural analysis 
with large spatial resolution. PILATUS3 1M was newly 
installed as a SAXS detector, thus enabling measure-
ment over a broad range of angle in combination with a 
WAXS detector, PILATUS 100K, since its area of 168.7 
x 179.4 mm2 is sufficiently larger than that of the 300K. 
We also installed a downstream shutter (DSS) in BL-6A 
to improve the safety of BL-6A and BL-6C.

BL-10C is also a SAXS beamline and is one of the 
oldest beamlines at the Photon Factory. Therefore, in 
order to renew the optical components and the mea-
surement system, scrap-and-rebuild of BL-10C was 
performed in fiscal 2013. The experimental hutch was 
enlarged in the summer of 2013 to prepare for the in-
stallation of the longer experimental stage. All other 
reconstruction work was conducted in March 2014. All 
the components from the end of the main hutch to the 
experimental hutch were removed first, then the main 
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Figure 8: New experimental stage and detector, PILATUS3 1M at BL-6A.

Figure 9: New beamline components at BL-10C. (a) A water-cooled fixed-exit Si(111) double-crystal monochromator. (b) A 1000-mm 
2D-focusing mirror and a mirror bender. This mirror is coated with rhodium on the silicon substrate with a cylinder shape, and bent to focus 
the beam at the detector position with this bender. (c) Two kinds of chambers for WAXD experiments. One is for SAXS/WAXD, and the 
other is for GI-SAXS/WAXD. PILATUS3 200K can be exclusively installed in these chambers. (d) A new long experimental stage and a new 
PILATUS3 2M detector. Users can use the camera lengths of 0.25, 0.5, 1.0, 2.0 and 3.0 m, and change to these lengths semi-automatically.

components, the fixed-exit double-crystal monochroma-
tor, a two-dimensional focusing mirror (bent cylinder 
mirror), a long experimental stage, WAXD (Wide-angle 
X-ray diffraction) chambers and two hybrid pixel detec-
tors, PILATUS3 2M for SAXS and 200K for WAXD, 
were newly installed in BL-10C (Fig. 9). As a result 
of these upgrades, users will be able to change the 
measurement energy from 6 to 14 keV and to use a 
higher-brilliance beam by changing the focusing ratio. 
The maximum camera length is extended from 2 m 
to 3 m in this experimental stage, and PILATUS3 2M 

with a large area and high-speed readout will help to 
perform high-throughput structural analysis with a large 
spatial resolution. The simultaneous SAXS(GI-SAXS)/
WAXD measurement system was newly constructed in 
BL-10C. In order to improve beamline safety, we also 
replaced the old electric wirings and distribution boards 
which had been used for over 30 years with new ones. 
A chain block and a cable ladder were also installed in 
the experimental hutch. The user time will restart from 
the end of May 2014 after commissioning.

(d)	


(a)	
 (b)	
 (c)	
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Figure 10: Schematic layout of BL-11A. Only M0 is left as before; the other components have been replaced.

Figure 11: Photograph of M0', S1, M1 and M2/G chamber (from right to left).
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1-6	 Replacement of Main 
Optical Components of the 
Wide-Range Soft X-Ray 
Spectroscopy Station BL-11A

BL-11A provides soft X-rays in the energy range 
between 70 eV and 1900 eV with a grazing-incidence 
monochromator from a bending-magnet source, where 
all of the beamline components were reconstructed in 
1996 [1-3]. After being used for 18 years, it was decided 
to replace the main part of the beamline optics to im-
prove the performance. The purpose of this modification 
is to attain higher flux in the energy region higher than 
1 keV and to provide a stable beam. To achieve this, 
the incident angle to the focusing mirrors (M0', M1 and 

Mf) is changed from 2 degrees to 1 degree, except for 
the first mirror M0 in the shield wall, and a water-cooling 
system for the gratings is introduced. All the compo-
nents have been set on the optical path and commis-
sioning will start in May 2014. Details of the beamline 
optics and progress of the commissioning will be posted 
on the beamline website (http://pfwww.kek.jp/sxspec/sx/
bl11a_e.html) together with the previous performance.
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Figure 12: Plan view of the new BL-20B. The scale shows the distance from the light source along the BL-20A axis.

1-7	 Reconstruction of BL-20B for
	 X-Ray Topography and Related 

X-Ray Diffraction Experiments

BL-20B, which was the former Australian beamline, 
had been reconstructed for X-ray diffraction topography 
and related X-ray diffraction experiments with SR from 
bending magnets. The Australian activity at BL-20B 
ceased at the end of February 2013. X-ray topography 
and related activities at the former BL-15B and 15C 
were transferred to the new BL-20B. Figure 12 shows a 
plan view of the beamline structure after the reconstruc-
tion. The main modified parts are as follows.

1.The cam-type double-crystal monochromator which 
was used at the old BL-6C was installed instead of the 
channel-cut monochromator system. The monochro-
mator crystals have also been changed from CZ-Si 
(111) to FZ-Si (111).

2. All auxiliary vacuum pumps for turbo-molecular 
pumps were changed from oil rotary pumps to oil-free 
scroll pumps to prevent carbon contamination for the 
monochromator crystal.
3. A white SR beam is practically available with safety.
4. A γ-ray mask with water-cooled mask and one γ-ray 
stopper were additionally installed to strengthen safety 
for γ-rays.

The topography goniometer with vertical rotation 
axis for the former BL-15B and the topography goniom-
eter with horizontal rotation axis for the former BL-15C 
were moved to the new BL-20B. The equivalent control 
system of the old BL-15C was employed for the beam-
line. The horizontal acceptance angle of SR is 1.6 mrad 
in spite of the designed value of 2.0 mrad. This seems 
to be caused by the difference of the actual SR axis and 
the designed axis.
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1-8	 Upgrading of the BL-6C

BL-6C had been constructed as a double focus-
ing X-ray beamline by means of a double-crystal X-ray 
monochromator and cylindrical bent X-ray mirror sys-
tems and used for almost ten years. The various scien-
tific activities on material science used the beamline by 
means of resonant X-ray magnetic and non-magnetic 
Bragg scattering, X-ray MCD, X-ray fluorescent hologra-
phy techniques, surface diffraction, and strain measure-
ment systems. However, one of the problems was the 
limitation of relatively low energy usage for the focused 
X-ray beam because of the cut-off energy of the focus-
ing mirror (~13 keV). The focusing mirror was located 
just upstream of the experimental hutch of BL-6C for 
geometrical reasons based on the interference of other 
beamlines.

In 2013, BL-15 was reconstructed based on the 
short-period undulator line, and the X-ray monochroma-
tor of the old BL-15C could be used for the present re-
construction of BL-6C. Figure 13 shows the plan views 
of the reconstruction. The upper and lower drawings 

Figure 14: Photograph of the movement of the X-ray mirror.. Figure 15: Energy spectra of the focused beam before and 
after reconstruction. The red (blue) line corresponds to the 
energy spectrum of the focused X-ray beam before (after) the 
reconstruction. It will be possible to use X-ray energy of up to 19 
keV after the reconstruction.

correspond to the new and old BL-6C, respectively. 
The mirror was located at 23.1 m from the light source 
before the reconstruction. After the reconstruction, the 
X-ray monochromator can be located beside the ex-
perimental hutch of BL-6A and the mirror can be shifted 
to the upstream of the beamline at the position of 19 
m from the light source. Thus, the cut-off energy of the 
mirror can be increased up to about 20 keV.

The reconstruction was done during fiscal 2013. 
Figure 14 shows a photograph of the movement of the 
X-ray mirror. The focusing test of the beamline was 
successfully done in May 2014 and the FWHMs of the 
focused beam size are 0.5 mm (horizontal) and 0.3 
mm (vertical), respectively. Figure 15 shows the energy 
spectra of the focused beam before and after recon-
struction. It is possible for general users to use almost 
up to 19–20 keV monochromatic X-rays, enabling vari-
ous atomic species such as Y, Zr, Nb, Mo and Ru to 
be examined by X-ray fluorescent holography and also 
resonant X-ray scattering techniques. Scientific results 
will emerge next fiscal year.
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Figure 13: Plan views of the reconstruction. The upper and lower drawings correspond to the new and old BL-6C, respectively.the energy 
spectrum of the focused X-ray beam before (after) the reconstruction. It will be possible to use X-ray energy of up to 19 keV after the 
reconstruction.
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2 Structural Biology Research Center

2-1	 Overview

The Structural Biology Research Center (SBRC) 
was established in May 2000 at the Photon Factory (PF) 
located in the Institute of Material Structure Science 
(IMSS). The main tasks of the Center are to provide 
user support for X-ray synchrotron radiation studies of 
bio-macromolecules, encourage advanced technical 
development, and boost in-house structural biology 
research. The Center has approximately 40 members, 
including one professor (Dr. T. Senda), six associate 
professors (Drs. R. Kato, N. Igarashi, M. Kawasaki, 
N. Shimizu, N. Matsugaki, and F. Yumoto), and three 
assistant professors (Drs. Y. Yamada, N. Adachi, and 
M. Senda) as core members (Fig. 1). About half of the 
SBRC members are engaged in beamline operation 
and development. X-ray crystallography activities are 
carried out under the leadership of Drs. Matsugaki and 
Yamada. Drs. Shimizu and Igarashi are responsible for 
small-angle X-ray scattering (SAXS). In 2013, Dr. L. M. 
Chavas, who had contributed to the PX beamlines of 
the PF, moved to CFEL of DESY as a project leader.

The structural biology building was built in April 2001 
(430 m2), and its area was later almost doubled to 765 
m2 (Fig. 2). About half of the SBRC members are in-
volved in structural biology research in this building. All 
necessary structural biology experiments can be carried 
out in this laboratory. It has cell culture systems (bacteria, 
insect, and mammalian cells), liquid chromatography 
systems, a fully automated crystallization system, and 
equipment for physicochemical analyses such as Bi-

acore, dynamic light scattering, mass-spectroscopy and 
SEC-MALS. In-house biological research is carried out 
under the leadership of Drs. Senda, Kato, Kawasaki, 
and Adachi.

The SBRC has constructed five beamlines for pro-
tein crystallography: BL-1A, BL-5A, BL-17A, PF-AR 
NW12, and PF-AR NE3A. BL-5A was constructed using 
“Special Coordination Funds for Promoting Science and 
Technology” (FY2001–FY2003) from the Japan Science 
and Technology (JST) Agency. During the “Develop-
ment of System and Technology for Advanced Mea-
surement and Analysis” project, we developed a micro-
beam beamline, BL-17A. BL-1A was constructed in the 
“Targeted Proteins Research Program” by MEXT/JST 
(FY2007–FY2011), and was designed for sulfur-SAD 
experiments (see below).

Under the PF Program Advisory Committee (PAC) 
system, the SBRC accepts many researchers from 
outside KEK who wish to collect diffraction data for their 
own macromolecular crystals. The number of academic 
proposals and users has reached 100–120/year in re-
cent years. As a result of advances in structure-based 
drug design, pharmaceutical companies require a large 
amount of beam time. Many Japanese companies have 
been using the bio-macromolecular crystallography 
beamlines of KEK-PF. The Tsukuba Consortium, which 
is composed of seven companies (four from another 
Pharmaceutical Consortium for Structure Analysis and 
three other companies), uses our beamlines. Among 
them, Astellas Pharma, Inc. financed the construction of 
the beamline AR-NE3A for their research.

  
Figure 1: Members of the Structural Biology Research Center 
(SBRC).

Figure 2: Structural Biology Research Center.
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2-2	 Leading the National Project 
for Structural Life Science – 
PDIS Starting from FY2012

The SBRC plays a key role in a national project for 
structural life science, the Platform for Drug Discovery, 
Informatics, and Structural Life Science (PDIS). The 
PDIS, which was launched with the support of MEXT 
in FY2012, is an open platform providing comprehen-
sive support for life-science researchers. The support 
includes protein production, bioinformatics, 3D-structure 
analysis, compound-library screening, etc. The PDIS is 
composed of three platforms: platforms of structural life 
science, drug discovery, and informatics. The SBRC is 
the head of the platform of structural life science. We 
plan to develop beamlines for protein crystallography 
and bio-SAXS and will provide services for researchers 
in biology fields to accelerate studies in structural life 
science. The SBRC also provides a high-throughput 
crystallization service using an automated crystalliza-
tion and observation robot (PXS). In PDIS, the SBRC 
has accepted approximately 25 projects, and supports 
research ranging from crystallization to structure deter-
mination by X-ray crystallography; five crystal structures 
were determined in 2013. In addition, the SBRC has 
studied the sulfur-SAD method using low-energy X-rays, 
and has already succeeded in determining the crystal 
structures of some proteins by this method. In addition 
to the sulfur-SAD, BL-1A can be used to identify calcium 
ions in proteins. Prof. Miki's group in Kyoto University 
used BL-1A to identify calcium ions in the supramolecu-
lar complex between the photosynthetic reaction center 
and the light-harvesting antenna core [1]. They collected 
diffraction data of the supramolecular complex using 
two different wavelengths, 2.70A and 3.15A, and clearly 
showed the calcium ions bound to the supramolecular 
complex (Fig. 3).

2-3	 Research Progresses under 
Several External Grants

In addition to the PDIS, the SBRC has obtained sev-
eral external grants, such as CREST and PRESTO from 
JST, “Key strategic research for the use of X-ray free-
electron lasers” from MEXT, “Photon and Quantum Ba-
sic Research Coordinated Development Program” from 
MEXT, and KAKEN-HI from MEXT/JSPS. One of the 
main projects of SBRC is to study the structural biology 
of chromatin related protein complexes. We have suc-
ceeded in purifying several protein complexes involved 
in chromatin transcription from budding yeast. Physi-
cochemical analyses of these complexes are in prog-
ress for their structural study. This project is supported 
by PRESTO and KAKEN-HI. The second project is a 
study of the structural biology of the CagA oncoprotein 
derived from Helicobacter pylori, which causes some 
stomach diseases including stomach cancer. While the 
crystal structure of the N-terminal region of CagA has 
already been determined [2], the C-terminal region of 
CagA is considered to be an intrinsically disordered re-
gion. Our structural and biochemical analysis revealed 
that this region adopts a lariat-like loop structure by in-
teracting with the N-terminal structured region. We are 
investigating the structural nature of the lariat-like loop 
region using CD and SAXS. In addition, we are working 
to reveal the tertiary structure of the CagA-PAR1-SHP2 
complex. These CagA researches are supported by 
CREST/JST. The third project is the structural analysis 
of the redox-dependent affinity control of the electron 
transfer complex, which is supported by the Photon and 
Quantum Basic Research Coordinated Development 
Program. The SBRC is studying the detailed molecular 
mechanisms underlying the redox-dependent affinity 
control between ferredoxin BphA3 and ferredoxin reduc-
tase BphA4 on the basis of their crystal structures under 
various redox states at high resolution.

 
Figure 3: Determination of Ca2+ sites using long-wavelength X-rays in the supramolecular complex between the photosynthetic reaction 
center and the light-harvesting antenna core.  Anomalous difference Fourier maps from datasets collected at 2.70 Å (left) and 3.15 Å (right), 
respectively. On the basis of these results, the positions of Ca2+ ions in the supramolecular complex were successfully determined. (Photo 
provided by Professor Kunio Miki, Graduate School of Science, Faculty of Science, Kyoto University)
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In addition to these main projects, the SBRC has 
several other projects. In 2013, SBRC revealed the 
crystal structure of a reaction intermediate of an extra-
diol dioxygenase DesB. The crystal of the reaction inter-
mediate was prepared under anaerobic conditions using 
an anaerobic chamber that was specially designed for 
anaerobic crystallization (Fig. 4). The crystal structure of 
DesB showed a large Fe ion shift in the catalytic reac-
tion (Fig. 5). Biochemical studies revealed that this shift 
seemed to be related to the strict substrate specificity of 
this enzyme [3].

Figure 4: Anaerobic chamber used to prepare crystals of reaction intermediates of DesB.

Figure 5: Active site of DesB (left) and its proposed catalytic reaction mechanism (right). In the catalytic reaction, the Fe2+ ion in the active site 
shifts by approximately 2 Å. In the left panel gallate (substrate) and Fe2+ ion are shown in green and red, respectively. This Fe2+ shift is critical 
to the catalytic reaction of DesB and contributes to the strict substrate specificity of this enzyme.
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3 Condensed Matter Research Center 

3-1	 Overview

The Condensed Matter Research Center (CMRC) 
was established on April 1, 2009, in the Institute of Ma-
terials Structure Science (IMSS), KEK. The objective of 
the CMRC is to pursue cutting-edge research on con-
densed matter science through the comprehensive use 
of multi-probes supplied by the IMSS, such as synchro-
tron light, neutrons, muons, and slow positrons. The 
CMRC has four research groups: the correlated elec-
tron matter group, the surface/interface group, the mat-
ter under extreme conditions group, and the soft matter 
group. The members of these groups work closely with 
researchers at various universities and institutes around 
the world.

Through collaboration among these groups we are 
conducting nine bottom-up projects: 1. Hybridized Or-
bital Ordering, 2. Geometrical Correlation, 3. Molecular 
Crystals, 4. Oxide Hetero-structures, 5. Surface/inter-
face Magnetism, 6. Extreme Conditions, 7. Soft Matter, 
8. Hydrogen, and 9. Surface Structure and Electronic 
States. In addition, the CMRC is conducting two types 
of MEXT project: the Element Strategy Initiative to Form 
a Core Research Center, and the Photon and Quantum 
Basic Research Coordinated Development Program. In 
these national projects, the CMRC members are focus-
ing on the Element Strategy Initiative for Electronic and 
Magnetic Materials, and Tribology with Muons and Neu-
trons.
(URL of CMRC: http://cmrc.kek.jp)

3-2	 CMRC Projects

Hybridized Orbital Ordering Project [1-3]
Strong correlation among orbital, charge, and spin 

degrees of freedom often plays important roles in 
strongly correlated electron systems. The study of these 
electronic ordering states is essential to microscopically 
understand the phenomena in the systems. Resonant 
X-ray scattering (RXS) at the K-edge is a powerful tool 
for observing the spatial ordering of charge and orbital 
degrees of freedom in 3d transition metal oxides. The 
RXS signal at the K-edge (1s -> 4p transition energy) 
reflects the 4p electronic state. On the other hand, the 
RXS signal at the L2,3-edge (2p -> 3d transition energy) 
can probe the 3d electronic state directly. Moreover, 
signals at the K-edges of O, S, and P ions, which play a 
key role for the itinerancy through the orbital hybridiza-
tion with the metal ion, are observable by using soft X-
ray. In this project we have developed new diffractom-
eters for resonant soft X-ray scattering depending on 
the experimental conditions.

Geometrical Correlation Project [4]
Geometrical frustration in the electronic degrees 

of freedom such as spin, charge, and orbital, which is 
often realized with highly symmetric crystals, has been 
one of the major topics in the field of condensed matter 
physics. The objective of this project is to determine a 
characteristic correlation time for fluctuations in itinerant 

Figure 1: Project leaders of the Condensed Matter Research Center (CMRC).
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systems with strong electron correlation under the influ-
ence of geometrical frustration using muons, neutrons, 
and synchrotron X-rays, which have different probing-
time scales.

Molecular Crystals Project [5]
The electronic correlation in molecular crystal sys-

tems is being investigated to elucidate novel phenome-
na such as superconductivity and charge ordering. One 
topic in this project is the observation of a charge-cluster 
glass state in an organic conductor with triangular lat-
tice. A combination of time-resolved transport measure-
ments and X-ray diffraction revealed that the charge-
liquid phase has two-dimensional charge clusters that 
fluctuate extremely slowly and heterogeneously.

Oxide Hetero-structures Project
The goal of this project is to design novel physical 

properties appearing at the heterointerface of strongly 
correlated oxides. The physical properties arise from 
strong mutual coupling among the spin, charge, and or-
bital degrees of freedom in the interface region between 
two different oxides. In order to control such proper-
ties, it is necessary to clarify the interfacial electronic, 
magnetic, and orbital structures. We are therefore using 
synchrotron radiation spectroscopic techniques having 
elemental selectivity to probe these structures in the 
nm-scale at the oxide heterointerface. For example, 
the electronic structure at the interface is determined 
by photoemission spectroscopy and X-ray absorption 
spectroscopy, the magnetic structure by magnetic circu-
lar dichroism of XAS, and the orbital structure by linear 
dichroism of XAS. We aim to design and create novel 
quantum materials by optimally combining sophisticated 
oxide growth techniques using laser molecular beam 
epitaxy and advanced analysis techniques using quan-
tum beams.

Surface/Interface Magnetism Project [6]
The surface and interface of magnetic thin films 

play essential roles in the appearance of extraordinary 
magnetic properties such as perpendicular magnetic 
anisotropy and the giant magnetoresistance effect. We 
are investigating the crystalline, magnetic and electronic 
structures at the surface and interface of magnetic thin 
films and multilayers, in order to reveal the origin of fas-
cinating magnetic properties that cannot be realized in 
bulk materials. For example, we have studied magnetic 
anisotropy of Fe/Ni multilayers, magnetic structures at 
the interface between antiferromagnetic FeMn and fer-
romagnetic Ni, effects of ion irradiation on ultrathin films, 
and a voltage-induced change in magnetic anisotropy 
of FeCo thin films grown on a ferroelectric substrate, by 
means of X-ray magnetic circular dichroism, extended 
X-ray absorption fine structure, and polarized neutron 
reflectivity techniques. We also plan to perform muon spin 

rotation experiments using an ultra-slow muon source.

Extreme Conditions Project
Materials under pressure and temperature show 

many interesting behaviors unlike those under ambi-
ent conditions. In this project, we are developing a new 
in-situ technique to investigate physical and chemical 
properties of the Earth and planetary materials including 
iron and hydrogen under extreme conditions.

Soft Matter Project [7]
Soft matter is a subfield of condensed matter 

comprising a variety of physical states that are easily 
deformed by thermal stresses or thermal fluctuations. 
They include liquids, colloids, polymers, liquid crystals, 
amphiphilic molecules, and a number of biological ma-
terials. These materials often self-organize into meso-
scopic physical structures that are much larger than the 
microscopic scale (the arrangement of atoms and mol-
ecules), and yet are much smaller than the macroscopic 
scale of the material. The properties and interactions of 
these mesoscopic structures may determine the mac-
roscopic behavior of the material. In spite of the various 
forms of these materials, many of their properties have 
common physicochemical origins, such as a large num-
ber of internal degrees of freedom, weak interactions 
between structural elements, and a delicate balance 
between entropic and enthalpic contributions to the free 
energy. These properties lead to large thermal fluctua-
tions, a wide variety of forms, sensitivity of equilibrium 
structures to external conditions, macroscopic softness, 
and metastable states. From the above viewpoint, we 
are investigating the structural properties of soft matter 
such as liquids and amphiphilic molecules.

Hydrogen Project
Hydrogen plays important roles in material and life 

sciences and bridges fundamental science and engi-
neering. There are many unsolved issues related to hy-
drogen: hydrogen bonding, hydrogen induced properties 
such as magnetism, superconductivity, embrittlement, 
thermal conductivity, hydrogen absorption/desorption 
mechanisms on material surfaces, activation of hy-
drogen near the surface of photo catalysts, and so on. 
Isotope effects and/or quantum effects are dominant for 
these properties, such as the effects of inverse isotopes 
on the superconductivity of palladium. This project in-
volves neutron, synchrotron and muon beam specialists 
for observing hydrogen and aims to make observations 
to establish the quantum nature of hydrogen in materials.

Surface Structure and Electronic States Project [8]
Surface and near-surface structures have large ef-

fects on the properties of industrial materials especially 
those used for nanoelectronics devices and as cata-
lysts. To develop those materials efficiently, definitive 
knowledge of the material surface and near-surface 
structures is essential. Recently, it has been revealed 
that reflection high-energy positron diffraction (RHEPD), 
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a positron counterpart of reflection high-energy electron 
diffraction (RHEED), is an ideal method for solid sur-
face and near surface structure analysis. Emphasizing 
the advantage of using total reflection, we propose to 
rename the RHEPD method as total-reflection high-
energy positron diffraction (TRHEPD). We have started 
a project “Surface structure and electronic state”, which 
makes use of TRHEPD for surface structure analysis 
and other complementary methods for determining sur-
face electronic states, e.g. angle-resolved photoemis-
sion spectroscopy (ARPES), to obtain complete infor-
mation at and near the surface.

The Element Strategy Initiative 
Electronic Materials [9]

We are aiming to develop entirely new materials 
that do not use rare elements. In the Tokyo Institute of 
Technology for Element Strategy, we are developing 
materials based on successful experience far away 
from development policy, and are pioneering electronic 
materials to create new guidelines for material design 
using harmless elements to open up new fields of mate-
rial science. We are researching the crystal, electronic, 
and magnetic structures of light elements such as 
hydrogen and oxygen in materials synthesized by the 
Material Creation Group by using synchrotron radiation, 
muon and neutron sources.

Magnetic Materials
The Elements Strategy Initiative Center for Magnetic 

Materials (ESICMM) at the National Institute of Mate-
rial Science (NIMS) has set the goals of (1) laboratory-
scale synthesis of mass-producible high-performance 

next-generation permanent magnets that do not use 
critical scarce elements and (2) framework-building and 
the provision of basic science and technology that are 
needed in industrial R&D activities. In the CMRC, the 
“In situ analysis using neutrons and X-rays” project has 
been started as an analysis group member of ESICMM. 
The complementary use of neutrons at J-PARC/MLF 
and synchrotron X-rays at the Photon Factory is very 
useful for characterizing magnetic materials from the 
atomic scale to micrometer scale.
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4 Slow Positron Facility

4-1	 Overview

The Slow Positron Facility of the Photon Factory, 
equipped with a dedicated 55 MeV, 600 W linac, pro-
vides a high intensity, pulsed slow positron beam [1, 2]. 
The electrons accelerated by the linac are bombarded 
on a tantalum (Ta) converter plate, where Bremsstrah-
lung makes electron–positron pairs. The positrons so 
produced are moderated using a tungsten (W) foil mod-
erator. The pulse width is determined by the pulse struc-
ture of the linac: it is 1 μs (long-pulse mode) or 1–10 ns 
(variable, short-pulse mode) at frequencies of up to 50 
Hz.

A variable high electrostatic tension (up to 35 kV) 
is applied to the slow positron production unit (Ta con-
verter and W foil moderator); the obtained energy-tuned 
slow positron beam is magnetically guided to the experi-
ment hall and then branched to experimental stations. 
The transportation of the beam with energy of up to 35 
keV through a grounded beamline duct gives flexibility 
for experiments with grounded apparatus. The high-
energy transport capability is unique among the world’s 
high-intensity positron beam facilities.

The beam intensities are 5×107 slow-e+/s in the 
long-pulse mode and 5×106 slow-e+/s in the short-pulse 
mode.

The locations of the experimental stations were not 
changed in FY2013. The beamline branches currently 
available and the connected stations are summarized 
below:
[Test Hall]

SPF-A3: total-reflection high-energy positron dif-frac-
tion (TRHEPD)

[Klystron Gallery Lab]
SPF-B1: photodetachment of positronium negative ion 
(Ps-)
SPF-B2: positronium time-of-flight (Ps-TOF)

4-2	 Projects

Two projects are running in connection with the ac-
tivity of the Slow Positron Facility.

[1] Grant-in-Aid for Scientific Research (S) “De-
velopment of High-brightness and High-intensity 
Positron Diffraction and its Application to Surface 
Studies” (Project leader: Toshio Hyodo (KEK))

Low-energy positron diffraction (LEPD) and total-re-
flection high-energy positron diffraction (TRHEPD), the 

positron counterpart of low-energy electron diffraction 
(LEED) and reflection high-energy electron diffraction 
(RHEED), respectively, are being developed for sur-
face structure analysis. TRHEPD is a new name of the 
method formerly called reflection high-energy positron 
diffraction (RHEPD). Positron diffractions are easier to 
interpret than electron diffractions because: concerning 
LEPD, (1) the exchange interaction with material elec-
trons is absent, (2) the surface sensitivity of the positron 
is higher owing to larger inelastic scattering cross sec-
tion, and (3) the scattering factor for the positron falls off 
smoothly like that of X-rays and its angular dependence 
is also as simple as that of X-rays because a positron is 
repelled by the nuclei and does not have a bound state. 
Concerning TRHEPD, (4) the total reflection takes place 
owing to the positive electrostatic crystal potential of all 
the materials.

Since the positron is an antiparticle and so not found 
in everyday life, it is not easy to make a high-brightness 
and high-intensity beam for diffraction experiments in a 
laboratory. This project solves this problem by making 
use of a high-intensity slow-positron beam created by 
using the linac of the Slow Positron Facility and enhanc-
ing its brightness.

The extremely high sensitivity of the positron dif-
fraction to the surface makes it possible to determine 
the details of the surface atomic configurations which 
are not easily done by X-ray or electron diffraction or a 
scanning tunneling microscope (STM). Direct determi-
nation of the surface atomic geometry will be attempted 
in two ways: by analyzing the TRHEPD patterns taken 
under total reflection conditions with the Patterson func-
tion, and by using the holographic reconstruction of the 
atomic arrangement using the LEPD spectra taken at 
various energies.

(Progress in FY2013) The structure of a silicene 
sheet on Ag(111) has been determined by using 
TRHEPD for the first time [3] by using the brightness 
enhanced beam on beamline SPF-A3. A new beamline 
branch for the LEPD station to be installed soon has 
been constructed; it will be called beamline SPF-A4. At 
the upstream of the beamline before the first branch, a 
pulse-stretch section has been planned. The purpose 
of this section is to address the following difficulties: the 
number of positrons within a single pulse is so large that 
the Doppler broadening of the annihilation γ-rays using 
a Ge detector cannot be measured because the signals 
pile up. Also, it is too large for the delay line detector for 
the planned LEPD measurements.



Experimental Facilities82

PF Activity Report 2013 #31

[2] Grant-in-Aid for Scientific Research (S) “The 
Evolution of Positronium Beam Science Using the 
Technique of Photodetachment of the Positronium 
Negative Ion” (Project leader: Yasuyuki Nagashima 
(Tokyo University of Science))

This project is being conducted in a laboratory at 
Tokyo University of Science and the Slow Positron Fa-
cility at KEK. Only a general introduction and the perfor-
mance at KEK are described here.

The bound state of an electron and a positron is 
called positronium. It is the lightest “atom” which is 
metastable against self-annihilation into γ-rays with a 
lifetime of 125 ps or 142 ns. An energy-tunable beam of 
positronium will be a powerful tool in the investigation of 
material surfaces. However, the production of a beam 
with sufficient intensity and appropriate energy range 
was difficult to realize. The only beam of positronium 
produced before this project started was produced using 
charge exchange between positrons and gas molecules 
in the energy range below 400 eV.

This project aims to produce an energy-tunable 
positronium beam by employing photodetachment of 
the positronium negative ion (Ps-), a bound state of 
two electrons and a positron, in an ultra-high-vacuum 
environment. Recently, Nagashima et al. found that the 
Ps- is emitted efficiently from alkali metal-coated tung-
sten surfaces when bombarded with slow positrons [4]. 
Since the ion has a negative charge, it can be easily 
accelerated with an electric field. The photodetachment 
of Ps- to neutral Ps after the acceleration makes an 
energy-tunable Ps beam [5,6]. In order to photodetach 
Ps-, which has a short lifetime (479 ps), it must be irradi-
ated with high-power pulsed YAG laser light. The linac-
based beam at the Slow Positron Facility is suitable for 
the production of Ps- synchronized to the laser pulses. 
The beam will demonstrate its power for analyzing the 
topmost layers of solids because positronium has nega-
tive affinity for most materials. Furthermore, the beam is 
not influenced by the charge-up of surfaces even if it is 
incident on insulators.

In the present project, investigation of the Ps- photo-
detachment processes is also planned. The cross sec-
tions have been calculated and resonances for the Ps- 
photodetachment have been predicted. Experimental 
studies on the photodetachment are important not only 
for basic science but also for efficient production of the 
energy-tunable Ps beam.

(Progress in FY2013) The energy-tunable Ps beam 
apparatus was completed and its spatial profile was 
measured in FY2012. In FY2013, the Ps beam appa-
ratuswas employed to investigate the Ps- photodetach-
ment resonances. Positrons generated in the short-
pulse mode were transported in UHV and injected into 
a Na-coated polycrystalline tungsten target. The pulsed 
Ps- ions emitted from the target were irradiated with 
UV pulses from a dye-laser and the Ps atoms formed 
through the Ps- photodetachment were detected using 
a MCP. Preliminary data indicating the Ps- resonance 
have been obtained.

In order to investigate the effect of alkali metal coat-
ing, time-of-flight of the Ps emitted from the Na-coated 
W surface was measured in FY2012. In FY2013, time-
of-flight of the Ps emitted from Cs- and K-coated W was 
measured. The data show that the Ps yield increased 
drastically as in the case of Na coating. Furthermore, a 
low-energy component, which was not observed for the 
Na-coated surface, appeared by Cs and K coating. This 
is another interesting surface phenomenon waiting to be 
understood.
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5 IMSS Instrument R&D Team

The IMSS Instrument R&D team has been develop-
ing new detector systems for material science and biol-
ogy since May 2010. Here we introduce R&D projects 
ongoing in the Photon Factory and the results obtained 
in FY2013.

5-1	 X-Ray Imaging Using 
Synchrotron Radiation for

	 Studies on Hierarchic Structure 
and Dynamics in Materials

A new project for developing a high-performance 
Silicon-On-Insulator (SOI) area detector is just starting 
for studies on hierarchic structure and dynamics in new 
materials. SOI technology is suitable for developing a 
good pixelated monolithic detector for X-ray imaging 
experiments using synchrotron radiation. The SOI de-
vice has no mechanical bump bonding and so a smaller 
pixel size can be achieved. A large gain and low-noise 
operation can be expected because the parasitic ca-
pacitances of sensing nodes are very small. The new 
SOI detector with a high space resolution of 30×30 μm2 
pixel will be valuable for investigating new ferroelectric 
materials for electronics applications. Utilizing the fine 
pixels of the new detector, we aim to determine the 
precise positions of hydrogen atoms, which are related 
to the mechanism of the large polarization of a ferro-
electric, found in an organic complex. We also aim to 
determine the time response of the domain structure 
in such a sample to the application of an external elec-
tric field by using the 1 kHz to 1 MHz framing rate of a 
new detector system, as shown in Fig. 1. To study non-
crystallized bio-molecules and structural changes of 

cell membranes, the fine pixels and high frame rate of 
the SOI detector will be effective for grazing-incidence 
small-angle X-ray scattering (GI-SAXS) measurement. 
The detector’s high sensitivity to soft X-rays of around 2 
keV is also attractive for studies using X-ray absorption 
of phosphor or sulfur. GI-SAXS measurements will be 
conducted with the new SOI area detector at BL-15A. 

5-2	 Ultra-Fast Signal Processing 
System for a Si-APD Array 
X-Ray Detector

The project team has been developing an X-ray de-
tector system using a 64-pixel Si-APD linear array (pixel 
size: 100 μm × 200 μm) and pulse counting electronics 
for multi-channel scaling (MCS). In FY2013, the team 
applied the detector system to nuclear resonant scat-
tering experiments on 57Fe (first excited level: 14.4 keV, 
half-life: 98 ns) using synchrotron radiation. The experi-
ment was carried out at beamline BL09XU of SPring-8. 
A sample including 57Fe and the detector were arranged 
along the incident beam axis for nuclear forward scat-
tering. The detector counted the resonant γ-ray photons 
emitted from hyperfine splitting levels which were gener-
ated by surrounding electronic states. By using this sys-
tem with MCS, information on material properties of the 
sample was successfully obtained from data recorded 
at each pixel of the detector as the time distribution of 
the γ-ray counts using 1 ns sampling.

5-3	 Auger-Electron Detector 
System for Depth-Resolved 
X-Ray Magnetic Circular 
Dichroism (XMCD)

The group working for beamline BL-16A has been 
preparing a multi-anode MCP detector system, which 
has an angle-resolution and a fast digital data read-out 
of 30 channels, instead of the system consisting of a 
CCD and a fluorescence screen. In 10-Hz polarization 
switching of the insertion devices installed in BL-16A, 
the new MCP system improved the S/N ratio and the 
dynamic range of output counts in XMCD measure-
ments. In FY2013, tests of data acquisition at a count 
rate of more than 107 s-1 per channel were conducted 
using an improved frontend board. 

Figure 1: X-ray imaging using SOI area detector for studies on 
hierarchic structure and dynamics in materials.
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6 Summary of Experimental Stations

Figure 1: Plan view of the PF experimental hall, showing hard X-ray experimental stations (blue), and VUV and soft X-ray experimental stations (red).

About 54 experimental stations are operated at the PF 
storage ring, the PF-AR and the slow positron facility (SPF), 
as shown in Figs. 1, 2 and 3. 35 stations are dedicated to 
research using hard X-rays, 16 stations for studies in the 
VUV and soft X-ray energy regions, and 3 stations for stud-
ies using slow positrons. Tables 1, 2 and 3 summarize the 
areas of research carried out at the experimental stations 
at the PF storage ring, PF-AR and SPF. The specifications 
in terms of the optics and performance of each experimen-

tal station differ according to experimental requirements 
and methodology. Tables 4, 5 and 6 list the details of the 
optics of the hard X-ray stations, the soft X-ray / VUV sta-
tions and slow positron stations. The principal performance 
parameters, including energy range, energy resolution, 
beam-spot size, and photon flux at the sample position for 
PF and PF-AR, and energy range, pulse width, frequency, 
and positron flux for SPF are shown.
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Table 1: List of experimental stations at the PF storage ring.

Experimental Station Person in Charge

BL-1
A

(Short Gap Undulator)
Macromolecular crystallography N. Matsugaki

BL-2
A*
B*

(Undulator)
Soft X-ray spectroscopy
Soft X-ray spectroscopy

K. Amemiya
K. Amemiya

BL-3
A
B
C

(A: Short Gap Undulator)
X-ray diffraction and scattering station for materials science
VUV and soft X-ray spectroscopy(◊)
Characterization of X-ray optical elements/White X-ray magnetic diffraction

H. Nakao 
H. Kato [Hirosaki Univ.], A. Yagishita 
K. Hirano

BL-4
A
B2
C

Trace element analysis, X-ray microprobe
High resolution powder diffraction(♠)
X-ray diffraction and scattering

A. Iida 
T. Ida [Nagoya Inst. Tech.], H. Nakao 
Y. Yamasaki 

BL-5
A

(Multipole Wiggler)
Macromolecular crystallography N. Matsugaki

BL-6
A
C

Small-angle X-ray scattering
X-ray diffraction and scattering(♠)

N. Igarashi
S. Sasaki [Tokyo Inst. Tech.], 

H. Kawata

BL-7
A
C

Soft X-ray spectroscopy(♦)
X-ray spectroscopy and diffraction

J. Okabayashi [RCS], K. Amemiya
H. Sugiyama 

BL-8
A
B

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

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

R. Kumai
R. Kumai

BL-9
A
C

XAFS
XAFS

H. Abe
H. Abe 

BL-10
A

C

X-ray diffraction and scattering(♠)

Small-angle X-ray scattering

A. Yoshiasa [Kumamoto Univ.],
Y. Yamasaki 
N. Shimizu

BL-11
A
B
D

Soft X-ray spectroscopy
Surface EXAFS, 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
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 ♠ User group operated beamline
 ♦ External beamline 
 ◊ Operated by University
 * Under reconstruction
 RCS: Research Center for Spectrochemistry, the University of Tokyo
 ISSP: Institute for Solid State Physics, the University of Tokyo

Experimental Station Person in Charge

BL-13
A/B

(Undulator)
Scanning transmission soft X-ray microscopy and microspectroscopy K. Mase

BL-14
A
B
C

(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. Hyodo

BL-15
A1*

A2*

Semi-microbeam XAFS
High brilliance small-angle X-ray scattering

H. Nitani
N. Shimizu

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
A

 B*

C

Angle-resolved photoelectron spectroscopy of surfaces and interfaces(♦)
Multipurpose monochromatic hard X-ray station(♦)

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

K. Yaji [ISSP], A. Yagishita
S. Velaga [India, Saha Institute], 
R. Kumai
S. Nakano [NIMS], T. Kikegawa

BL-19
A

(Revolver Undulator)
Spin-resolved photoelectron spectroscopy (Mott detector)(♦) K. Yaji [ISSP], A. Yagishita

BL-20
A
B

VUV spectroscopy(◊)
White & monochromatic X-ray topography and X-ray diffraction experiment

N. Kouchi [Tokyo Inst. Tech], J. Adachi
H. Sugiyama

BL-27
A
B

(Beamline for experiments using radioisotopes)
Radiation biology, soft X-ray photoelectron spectroscopy
Radiation biology, XAFS, X-ray diffuse scattering

N. Usami
N. Usami

BL-28
A/B

(Elliptical  / Helical Undulator)
High-resolution VUV-SX beamline for angle-resolved photoemission
High-resolution VUV-SX spectroscopy

K. Ono
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Table 2: List of experimental stations at the PF-AR.

Figure 2: Plan view of beamlines in the PF-AR north-east, north, and north-west experimental halls.

N-hall 

U#NW12 

U#NW2 

NE-hall NW12A 
NW2A 

NE1A 

NE3A 

NE5C 

 

NW-hall 

U#NE3 

EMPW#NE1 

10m 

NW14A 

NW10A 

NE7A

Experimental Station Person in Charge

AR-NE1
A

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

T. Kikegawa

AR-NE3
A

(Undulator)
Macromolecular crystallography

Y. Yamada

AR-NE5
C High pressure and high temperature X-ray diffraction (MAX-80)

T. Kikegawa

AR-NE7
A High pressure and high temperature X-ray diffraction (MAX-III), X-ray imaging

K. Hyodo

AR-NW2
A

(Undulator)
XAFS/Dispersive XAFS/Time-resolved-X-ray diffraction

H. Abe

AR-NW10
A XAFS

H. Nitani

AR-NW12
A

(Undulator)
Macromolecular crystallography

Y. Yamada

AR-NW14
A

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

S. Nozawa



Experimental Facilities88

PF Activity Report 2013 #31

Table 3: List of experimental stations at the Slow Positron Facility.

Figure 3: View of beamlines in the Slow Positron Facility.

Experimental Station Person in Charge

SPF-A3* Total-reflection high-energy positron diffraction T. Hyodo

SPF-B1 General purpose (Positronium negative ion) T. Hyodo

SPF-B2 Positronium time-of-flight T. Hyodo

 * Under reconstruction
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Table 4: Specifications of X-ray beamline optics.

Branch
Beamline

Horizontal
Acceptance
(mrad)

Type of
Monochromator

Mirror Photon
Energy
(keV)

Beam Size
(H×V)
(mm)

Photon Flux
at Sample
Position (/s)

Energy
Resolution
(ΔE/E)×10−4

Reference

BL-1A 0.15 Channel-Cut
Si(111)
Liquid N2 Cooling

Bimorph
Si Rh-Coated
Si Rh-Coated

3.7 ~ 4.5
11.2 ~ 12.9

0.05×0.01 4×1011@11.2
keV
(0.025×0.01mm2)

~2

BL-3A 1 Flat Double Crystal 
Si(111)

Bent Cylinder 4 ~ 14 0.7×0.2 6×1012 ~5 1, 2

BL-3C 1.75 Double Crystal
Si(111)

None 4 ~ 20
or white

20×6(mono)

0.1x0.1(white)

~2

BL-4A 6 Double Crystal
Si(111)

Vertical Focusing 
Mirror

4 ~ 20 50×4 ~2 3

BL-4B2 4.5 Flat Double Crystal 
Si(111)

Bent Cylinder 6 ~ 20 13×2 ~2 4, 5

BL-4C 2 Flat Double Crystal
Si(111)

Bent Cylinder 5 ~ 19 0.7×0.5 ~5 6, 7

BL-5A 0.5 Micro-Channel
Double Crystal
Si(111)

Bent Plane
Si Rh-Coated
Bent Cylinder
Si Rh-Coated

6.5 ~ 17 1.2×0.4 3×1011

(0.2×0.2 mm2)
~2

BL-6A 2 Bent Crystal 
Ge(111) 
(α = 8.0°)

Bent Plane 
ULE

8.3
(fixed)

0.5×0.2 1.0×1012/mm2

(Slit full-open)
~10 8

BL-6C 2 Flat Double Crystal 
Si(111)

Bent Cylinder 5 ~ 20
(~25 non- 

Focus)

0.5×0.3

BL-7C 4 Double Crystal 
Si(111)

Sagittal Focusing

Double Mirror
Fused Quartz

Focusing

4 ~ 20

(4 ~ 13)

5×1 1×1010/6mm2

(8 keV, 
300 mA)
(1×1011 when
focused)

~2 9 - 11

BL-8A 2.22 Flat Double Crystal
Si(111)

Bent Cylinder 5 ~ 19 0.82×0.52 3.2×1011

(12.4keV, 
400mA)

~5 12

BL-8B 2.21 Flat Double Crystal 
Si(111)

Bent Cylinder 5 ~ 19 0.75×0.45 2.2×1011

(12.4keV, 
400mA)

~5 12

BL-9A 3 Double Crystal 
Si (111)

Collimating and 
Focusing Bent 
Conical Mirrors 
Rh-Coated
Double Flat Mirror 
Ni-Coated

2.1 ~ 15 0.5×0.3 6×1011( 7keV,
450 mA)

2 13, 14

BL-9C 3.5 Double Crystal 
Si(111)

Bent Cylinder
Rh-Coated Si

4 ~ 23 0.8×0.6 1×1011(8keV,
450 mA)

~2
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Branch
Beamline

Horizontal
Acceptance
(mrad)

Type of
Monochromator

Mirror Photon
Energy
(keV)

Beam Size
(H×V)
(mm)

Photon Flux
at Sample
Position (/s)

Energy
Resolution
(ΔE/E)×10−4

Reference

BL-10A 1 Si(111), Si(311)
Quartz(100)
PG(002)
Curved Si(111) 
(α~ 4°, 8°)

Plane
Pt Coated
Fused Quartz

5 ~ 25 10×3 10
~5

15

BL-10C 2.1 Fix-Exit Double Crystal 
Si(111)

Bent Cylinder
Rh-Coated

6 ~ 14 0.63×0.18 1.5 x 1011

(8 keV)
2

BL-12C 2 Double Crystal
Si(111)

Bent Cylinder
Double Flat Mirror 
Ni-Coated

4 ~ 23 0.6×0.6 9×1010

(8 keV, 450mA)
~2 16

BL-14A 1.28
(Vertical)

Double Crystal
Si (111)
Si (311)
Si (553)

Bent Cylinder
Rh-Coated
Fused Quartz

5.1 ~ 19.1
9.9 ~ 35.6
22.7 ~ 84.5

2×1
at focus
5×38

2 17

BL-14B 2.2
(Vertical)

Flat Double Crystal
Si(111)

None 10 ~ 57 5×14 2 18

BL-14C 1.96
(Vertical)

Double Crystal 
Si(111), Si(220)

None 5 ~ 100
or white

6×70 2 19, 20

BL-15A1* 0.2 Double Crystal 
Si(111)
Liquid N2 Cooling

Horizontal:
Bent Plane Si 
Rh-Coated
Bimorph Silica 
Rh-Coated
Vertical:
Benet Plane Si 
Rh-Coated
Double Flat Si 
Ni-Coated

2.1 ~ 15 0.02×0.02 3.5×1011

(7.5 keV, 450mA)

~2 21

BL-15A2* 0.6×0.04

BL-17A 0.1 ~ 0.2 Double Crystal
Si(111)
Liquid N2 Cooling

Bent Plane
Si Rh-Coated
Bent Plane
Si Rh-Coated

6 ~ 13 0.25×0.04 1010

(12.4 keV, 450mA, 
0.02×0.02mm2)

~2 22 - 24

BL-18B
[India, DST]

2 Double Crystal
Si(111)

Plane and Bent 
Cylinder

6 ~ 20 ~2

BL-18C 1 Double Crystal
Si(111)

Cylinder
Fused Quartz
Pt-Coated 

6 ~ 25 0.07×0.04 ~2

BL-20B 1.6 Double Crystal
Si(111)

None 5 ~ 25
or white

20×5 1×1011

(12 keV, 450mA)

~2

BL-27B 4 Double Crystal
Si(111)

None 4 ~ 20 100×6 ~2 25
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Branch
Beamline

Horizontal
Acceptance
(mrad)

Type of
Monochromator

Mirror Photon
Energy
(keV)

Beam Size
(H×V)
(mm)

Photon Flux
at Sample
Position (/s)

Energy
Resolution
(ΔE/E)×10−4

Reference

AR-NE1A 0.28 Micro-Channel Double 
Crystal Si(111), High-
Resolution Channel 
Cut Si(4,2,2)&(12,2,2)

Bent Plane W/C 
Multilayer Coated 
Si

6 ~ 50 0.8×0.2 8×1011

(0.2×0.2mm2)
~2

AR-NE3A H:0.2
V:0.1

Double Crystal
Si(111)
Liquid N2 Cooling

Pre-Mirror
Bent Flat
Si Rh-Coated
Post-Mirror
Bent Cylinder
Fused Quartz 
Rh-Coated

6.5 ~ 17 0.8×0.2 8×1011

(0.2×0.2mm2)
~2 26, 27

AR-NE5C 3 Double Crystal
Si(111) 

None 30 ~ 100
or white

60×5 5 28

AR-NE7A 4 Double Crystal
Si(111)

25 ~ 50
or white

80×3 5

AR-NW2A H:1.0 
V:0.2

Double Crystal
Si(111)
Liquid N2 Cooling

Bent Cylinder
Si Rh-Coated

Bent Flat 
Si Rh-Coated

5 ~ 25 0.6×0.2

~10×0.06

6×1012

(12keV, 60mA)
~2 29 - 31

AR-NW10A 1.2 Si(311) Pt-Coated Bent 
Cylinder
Double Flat Mirror 
Rh-Coated

8 ~ 42 2.2×0.5 1×1010(22 keV, 
60mA) 

~1 32

AR-NW12A H:0.3 
V:0.1

Double Crystal
Si(111)
Liquid N2 Cooling

Pre-Mirror
Bent Flat
Si Rh-Coated
Post-Mirror
Bent Cylinder
Si Rh-Coated

6.5 ~ 17 1.3×0.3 2×1011

(0.2×0.2 mm2)
~2 33 - 35

AR-NW14A H:0.3 
V:0.1

Double Crystal
Si(111)
Liquid N2 Cooling

Bent Cylinder
Rh-Coated
Bent Flat
Rh-Coated

4.9 ~ 25 0.45×0.25 5×1012 ~2 36
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Table 5: Specifications of VUV and soft X-ray beamline optics.

Beamline Acceptance
H × V (mrad)  or

Undulator Parameters

Type of Monochromator Groove
Density
( /mm)

Energy Range
(eV)

Beam Size
H × V  (mm)

Resolving Power 
(E/ΔE) 
Photon Flux 
(photons/s)

Reference

BL-2A*

Undulator
ID02: Kmax = 2.3, 
λu = 6 cm
ID022: Kmax = 5.0, 
λu = 16 cm

Variable-Included-Angle 
Varied-Line-Spacing Plane 
Grating

400

600

1000

30 ~ 2000 ~0.5 × 0.1 2000 ~ 20000
1013 ~ 1011 

1

BL-2B*

Undulator
ID02: Kmax = 2.3, 
λu = 6 cm
ID022: Kmax = 5.0, 
λu = 16 cm

Variable-Included-Angle 
Varied-Line-Spacing Plane 
Grating
Double Crystal
InSb(111), Ge(111), Si(111)

400

600

1000

30 ~ 4000 ~0.5 × 0.1 2000 ~ 20000
1013 ~ 1011 

1

BL-3B 10 × 2 Grazing Incidence
R = 24 m  α+β = 165°
1800

200
600

10 ~ 280 < 2φ 200 ~ 3000
1012 ~ 109

2, 3

BL-7A
[RCS]

6 × 1 Varied-Line-Space
Plane Grating

300
650

50 ~ 1300 2.5 × 0.5 1000 ~ 9000
1012 ~ 109

4

BL-11A 5 × 1 Varied-Line-Space
Plane Grating

300
800
1200

70 ~ 1900 2 × 1 500 ~ 5000
1012 ~ 109

5 - 8

BL-11B 4 × 0.6 Double Crystal
InSb (111), Si (111) 

1724 ~ 5000 5 × 2 2000
1010

9 - 11

BL-11D 4 × 2 Grazing Incidence
Varied Deviation-Angle
On-Blaze Mount
R1 = 52.5 m  R3 = 22.5 m

2400 60 ~ 245
200 ~ 900

1 × 0.1 2000
1011

12, 13

BL-13A/B
Undulator

Kmax = 8 
λu = 18 cm 

Variable-Included-Angle
Varied-Line-Spacing Plane
Grating

300
1000

30 ~ 330
100 ~ 1600

~0.2 × 0.04 4000 ~ 10000
1012 ~ 109

14 - 16

BL-16A
Undulator

Kmax = 2.37 
(Circular Polarization)

Kmax = 3.12
(Horizontal Linear Polarization)

Kmax = 1.98
(Vertical Linear Polarization)

Kmax = 1.73
(45-deg Linear Polarization)

λu = 5.6 cm

Variable-Included-Angle
Varied-Line-Spacing Plane
Grating

500
1000

250 ~ 1500 ~0.2 × 0.1 4000 ~ 8000
1012 ~ 1011

17, 18

BL-18A
[ISSP]

2 × 2 Grazing Incidence
R = 3 m  α+β = 160°

R = 6.65 m  α+β = 167.5°

300
600
1000

15 ~ 150 < 1φ 1000~2000
1011 ~109

19

BL-19A
Revolver
Undulator
[ISSP]

[K = 1.0 ~ 9.0
λu = 16.4 cm
K = 0.5 ~ 1.25
λu = 5 cm 
K = 0.5 ~ 2.5
λu = 7.2 cm
K = 1.0 ~ 5.0
λu = 10 cm

Grazing Incidence
R = 2 m    α+β = 160°

R = 4 m    α+β = 170°

600
1200
600
1200

12 ~ 250 < 0.7φ 1000
1012

20, 21
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Beamline Acceptance
H × V (mrad)  or

Undulator Parameters

Type of Monochromator Groove
Density
( /mm)

Energy Range
(eV)

Beam Size
H × V  (mm)

Resolving Power 
(E/ΔE) 
Photon Flux 
(photons/s)

Reference

BL-20A 28 × 5 3m Normal Incidence 1200
2400

5 ~ 40 2 × 1 300 ~ 30000
1012 ~ 108

22

BL-27A 5 × 0.5 Double Crystal
InSb (111)

1800 ~ 4000 2000 23

BL-28A/B
Helical
Undulator

Kx = 0.23 ~ 3
Ky = 0.23 ~ 6
Ky = 0.23 ~ 6

Varied-Line-Space
Plane Grating

400 30 ~ 300 0.15 × 0.05 30000
1012 

1

Beamline Beam Energy Pulse Width Frequency Intensity Reference

SPF-A3* 100eV - 35keV 1µs ≤ 50Hz
5x107 e+/s
(5x106 e+/s after brightness enhancement)

3,4

SPF-B1 100eV - 35keV 1-10ns ≤ 50Hz 5x106 e+/s 1,2,3,4

SPF-B2 100eV - 35keV 1-10ns ≤ 50Hz 5x106 e+/s 5,6

Table 6: Specifications of the beamlines at Slow Positron Facility.
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1 Outline of the Accelerators

 PF PF-AR

Energy 2.5 GeV 6.5 GeV

Natural emittance 34.6 nm rad 293 nm rad

Circumference 187 m 377 m

RF frequency 500.1 MHz 508.6 MHz

Bending radius 8.66 m 23.2 m

Energy loss per turn 0.4 MeV 6.66 MeV

Damping time

 Vertical 7.8 ms 2.5 ms

 Longitudinal 3.9 ms 1.2 ms

Natural bunch length 10 mm 18.6 mm

Momentum compaction factor 0.00644 0.0129

Natural chromaticity

 Horizontal 12.9 14.3

 Vertical 17.3 13.1

Stored current 450 mA 60 mA 

Number of bunches 252 1

Beam lifetime 20-25 h (at 450 mA) 20-25 h (at 60 mA)

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

Two electron storage rings which are the PF-ring 
and the PF-AR as the dedicated light sources were 
stably operated at the Photon Factory. The KEK linear 
accelerator with maximum electron energy of 8 GeV is 
employed to inject electron beam into the rings. The full 
energy injection of 2.5 GeV is carried out at the PF-ring, 
while it is required to increase from the injection energy 
of 3 GeV to the operation energy of 6.5 GeV at the 
PF-AR.

The machine parameters of the rings and the cal-
culated spectral performances are listed in Table 1 and 
Table 2, respectively. The spectral distributions of syn-
chrotron radiation (SR) from the bending magnets and 
the insertion devices are shown in Fig. 1.  
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Figure 1: Synchrotron radiation spectra available at the PF Storage Ring (2.5 GeV) and the PF-AR (6.5 GeV). Brilliance of the radiation 
vs. photon energy are denoted by red curves for the insertion devices, SGU#01, U#02-1 & 02-2, SGU#03, MPW#05, MPW#13, VW#14, 
SGU#15, U#16-1 & 16-2, SGU#17, Revolver#19-B and EMPW#28, and bending magnets(PF-Bend) at the PF Storage Ring. Blue curves 
denote those for the insertion devices, EMPW#NE01, U#NE03, U#NW02, U#NW12, U#NW14-36 and U#NW14-20, and the bending 
magnets (AR-Bend) at the PF-AR. The name of each source is assigned in Table 2. Several insertion devices have both undulator and 
wiggler modes, which are denoted by U and W, respectively. The spectral curve of each undulator (or undulator mode of multipole wiggler) is 
a locus of the peak of the fi rst harmonic within the allowance range of K parameter. For SGU#01 and SGU#15, the fi rst harmonic regions are 
shown. For SGU#03, the third harmonic region is shown.  For SGU#17, the fi fth harmonic region is shown. Spectra of Revolver#19 for surface 
B are shown. 
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PF Ring2

		        Total

	Ring operation time (h) 	 4176.0					   
	 Actual user time (h) 	 3451.4					   
	 Machine adjustment time (h) 	 672.0					   
	 Failure time (h) 	 52.6

Table 1: Operation statistics for PF ring in FY2013.

Figure 1: Timetable for the PF ring and PF-AR operation in FY2013.

Timetable of the Machine Operation in FY 2013
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2-1 Operation Summary

A timetable of the PF ring and PF-AR operations in 
FY2013 is shown in Fig. 1. The operational statistics for 
the PF ring are summarized in Table 1. The statistics for 
each fiscal year since the commencement of the accel-
erator’s operation are shown in Fig. 2. In FY2013, the 

total operation time and actual user time were 4176.0 h 
and 3451.4 h, respectively. The actual user operation 
time was less than 4000 h because it was difficult to 
obtain the sufficient total operation time, owing to an 
increase in electrical charges, among other factors. The 
failure time for this year was 52.6 h, which  is shown in 
Fig. 3 as a percentage of the total operation time.
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		        Total

	Ring operation time (h) 	 4176.0					   
	 Actual user time (h) 	 3451.4					   
	 Machine adjustment time (h) 	 672.0					   
	 Failure time (h) 	 52.6

Figure 3: Percentage of failure time with respect to total operation 
time in the PF ring.

Figure 2: Total operation time, scheduled user time, actual user time, and single-bunch user time for the PF ring in each fiscal year since the 
commencement of accelerator operation.
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Top-Up Operation 

2-2 Project to Renew the Insertion 
Devices at the PF Ring

2-2-1. Installation of a new short gap undulator 
(SGU#15)

A new short gap undulator (SGU), SGU#15, was in-
stalled at the straight section of B14-15 during the sum-
mer shutdown of the PF ring. In the PF storage ring, 
there are four 1.4m-long straight sections for SGU in an 
in-vacuum configuration for the X-ray light source with 
energy of around 10 keV. We have constructed three 
SGUs with a period length of less than 20 mm step by 
step over the last eight years. SGU#15 is the fourth 
SGU with a period length of 17.6 mm as a light source 
for both small-angle X-ray scattering experiments and 
XAFS experiments. Table 2 compares the basic param-
eters of the SGUs.

We installed SGU#15 in the PF ring in August 2013 
after commissioning of the vacuum system. Figure 4 
shows a photograph of the baking of SGU#15 and Fig-
ure 5 shows a photograph of the installation of SGU#15. 
User operation of SGU#15 started steadily following the 
autumn operation of the PF ring. During the commis-
sioning study, we confirmed the operation with the mini-
mum gap of 4 mm and tuned the correction magnets at 
both ends of the SGU for the independent tuning opera-
tion of SGU#15.



102 Accelerators

PF Activity Report 2013 #31

 
Name Period length

(mm)
Number of

periods
Maximum

By (T)
Minimum gap

(mm)
Target photon

energy region (KeV)
Year of

construction

SGU#17 16 29 0.92 4 6-13 2005

SGU#03 18 26 1.0 4 4-14 2006

SGU#01 12 39 0.7 4 4-13 2009

SGU#15 17.6 29 0.96 4 2-15 2013

 

Table 2: Basic parameters of SGUs in the PF ring.

Figure 4: SGU#15 during vacuum commissioning. 

Figure 5: SGU#15 during installation.

2-2-2. Construction of the new undulator (U#02-2) 
for BL02

At the PF ring, a project to renew the insertion devic-
es for BL02, BL13 and BL28 is under way. These three 
insertion devices are all elliptically polarizing undulators 
(EPUs) to obtain various polarization states. As the first 
step, we constructed U#02-2 for BL02 this year.

U#02-2 has a period length of 160 mm to obtain 
photons in the VUV energy region from 30 eV to 300 eV 
with the first harmonic radiation. The periodicity number 
of U#02-2 is 17 and the maximum K value is 5. U#02-2 
has the same magnetic arrangement of the SPring-8 
circular undulator as the EPU. U#02-2 has six variable 
rows of magnetic arrays to control the various polariza-
tion states of radiation. The two center arrays produce a 
vertical magnetic field and the four side arrays produce 
a horizontal field. The polarization states are selected 
by controlling the longitudinal positions of these rows 
individually. The available polarization modes of U#02-2 
are linear polarization in the horizontal and vertical di-
rections, circular polarization (Bx/By = 1) and elliptical 
polarization (Bx/By = 1/2).

Figure 6: U#02-2 during the magnetic adjustment.

Figure 7: U#02-1 and U#02-2 during installation.

The magnetic adjustment of U#02-2 was finished as 
scheduled. First, we adjusted the vertical magnetic field 
produced by the center arrays in December 2013. After 
magnetic measurements of the vertical magnetic field, 
we assembled and adjusted the four side magnet ar-
rays for the horizontal magnetic field in February 2014. 
Figure 6 shows a photograph of U#02-2 during the 
magnetic adjustment.

We installed U#02-2 at the straight section of B01-
B02 of the PF ring in March 2014. We moved the exist-
ing undulator (U#02-1) to the downstream of the straight 
section, and installed U#02-2 in tandem at the upstream 
of U#02-1. Figure 7 shows a photograph of U#02-1 
and U#02-2 during installation in the PF ring. The right-
side undulator is the new U#02-2. We use U#02-1 
and U#02-2 exclusively to obtain photons over a wide 
energy region at the single beamline. U#02-2 became 
operational for user experiments after commissioning 
in the PF ring. User operation of U#02-2 started in lin-
ear polarization mode along the horizontal and vertical 
directions in May 2014. The other operation modes will 
soon become available in turn. 
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PF-AR3

Figure 1: Full history of the operation time of the PF-AR.
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3-1 Operation summary

In FY2013, the construction of the tunnel for the 
direct beam transport (BT) line was almost completed. 
The lattice design of the 6.5-GeV BT line has been fin-
ished, and the production of DC magnets, kicker and 
septum magnets, pulsed bending magnets, and vacuum 
ducts was started. Details of the project to realize the 
full-energy top-up injection will be described in the next 
section.

In summer 2013, 16 power supplies of the quadru-
pole magnets were updated. We have continued to up-
date aged power supplies year by year. There are eight 
power supplies still waiting to be updated, while there 
are a total of 28 quadrupole power supplies operating in 
the PF-AR.

Figure 1 shows the full history of the operation time. 
The operation statistics are summarized in Table 1. The 
total operation time has remained at about 4000 h and 
the user time was much less than the required 4000 h 
in these three years. The insufficient operation time was 
due to the unavoidable factors of budget circumstances 
and higher electricity bills. The accelerator group made 
an effort to reduce the time for accelerator conditioning 
and to keep a high user time ratio at around 90%.

The numbers of failures by source are summarized 
in Table 2 for recent years, and are classified by down 

time as a pie chart in Fig. 2. In FY2013, failures in beam 
injection including ramping up and those in beam instru-
mentation (control/monitor) increased.

The 30-year-old analog detection circuits of the 
beam position monitor (BPM) caused repeated troubles 
for COD measurement and emergency repair was 
necessary. To improve the BPM system, new signal 
transmission cables are being prepared, and the detec-
tion circuits are planned to be renovated by the end of 
FY2014.

Construction of the new BT tunnel near the present 
BT line might disturb the condition of the beam injection. 
When the full-energy injection is realized in future, most 
of the beam instabilities affecting the injection will be 
resolved, and stable, efficient injection is expected. The 
dust-trapping decreased drastically in FY2013. This is 
thought to be a side effect of the reduced stored current 
due to the insufficient injection condition.

The total down time in FY2013 amounted to about 
100 h, which is unfortunately the worst result in recent 
years. The longest down time was a 24-hour cancella-
tion of user time in order to secure radiation safety for 
the construction site of the BT tunnel. The other long 
down time was a 20-hour interruption because of an 
initial defect in a quadrupole power supply installed in 
summer 2003.
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Table 2: Classification of failures by source of trouble.

Fiscal year 2005 2006 2007 2008 2009 2010 2011 2012 2013 

Total operation time (h) 5313 5016 4561 4969 5063 4608 4080 4080 3912 
Scheduled user time (h) 4456 4032 3624 4344 4392 4032 2904 3672 3478 
Ratio of user time (%) 83.9 80.4 79.5 87.4 86.7 87.5 71.2 90.0 88.9 
Number of failures 79 51 60 40 41 74 49 33 47 
Total down time (h) 69.3 55.1 45.2 41.7 91.0 73.7 38.7 29.7 99.6 
Failure rate (%) 1.6 1.4 1.2 1.0 2.1 1.8 1.3 0.8 2.9 
MTBF (h) 56.4 79.1 60.4 108.6 107.1 54.5 59.3 111.3 74.0 
Mean down time (h) 0.9 1.1 0.8 1.0 2.2 1.0 0.8 0.9 2.1 

 

Table 1: Operation statistics and mean time between failures (MTBF) during FY2005 – FY2013.

Fiscal year 2005 2006 2007 2008 2009 2010 2011 2012 2013

RF 12 10 1 4 8 10 5 4 5
Magnet 4 1 1 2 2 10 8 3 4
Injection 4 3 8 9 1 6 4 3 18
Vacuum 2 6 2 0 2 1 0 1 0
Dust trap 37 24 39 15 16 24 20 13 3
Insertion devices 0 1 0 0 0 0 0 0 0
Control / Monitor 4 0 1 1 1 2 1 2 8
Cooling water 5 1 0 3 4 4 1 0 2
Safety / Beamline 9 4 5 5 7 17 3 4 3
Earthquake 2 0 1 0 0 0 5 3 1
Electricity 0 1 2 1 0 0 2 0 3

Total 79 51 60 40 41 74 49 33 47

 

Figure 2:  Pie chart of the down time in FY2013.
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3-2 New PF-AR Transport Line

Construction of a new beam transport line (BT) for 
the Photon Factory Advanced Ring (PF-AR) started at 
KEK’s Tsukuba campus in April 2013. This new BT will 
enable 6.5-GeV full energy injection and top-up opera-
tion for the PF-AR. At present, the beam injection is 
carried out with beam energy of 3 GeV, and the accu-
mulated beam with a beam current of 60 mA is ramped 
up to 6.5 GeV. Then, the user operation starts. Beam 
injection is done twice a day and it takes about 15 min-
utes for each injection. So far, the PF-AR has used the 
common BT with the KEKB (8-GeV electrons) as shown 
in Figure 3. During the PF-AR beam injection, the BT 
was optimized for the PF-AR and the KEKB beam injec-
tion was pending.

Fast switching injection with 50 Hz from the KEK 
LINAC to the three rings, the PF-ring (2.5 GeV) and the 
KEKB LER (3.5 GeV) / HER (8 GeV), has already been 
achieved. In the upcoming SuperKEKB project, the 
estimated beam lifetime is as short as 10 minutes, so 
fast switching injection to the PF-AR is required by the 
start of the physics run at SuperKEKB in January 2016. 
Therefore, the new BT is separated from the Super-
KEKB BT at the end of the KEK LINAC using a pulsed 
bending magnet as shown in Figure 3. The separated 
beam for the PF-AR passes through a new tunnel, 
about 200 m long, and injected the PF-AR.

Construction of the tunnel was started in April 2013, 
and will be completed in FY2013. Figure 4 shows the 
precursor tunnel and the inside of the tunnel. The con-
struction of infrastructure (cooling water, etc.) will begin 
in April 2014 and end in September 2014. The accel-
erator components such as the magnet, vacuum and 
monitor systems were fabricated in FY2013 (Figure 5). 
The components will be adjusted and the infrastructure 
of electric devices and the cooling water system will be 
constructed in FY2014. Installation of the accelerator 
components and beam commissioning of the direct BT 
are scheduled for FY2015. Optical parameters from the 
end of the injector linac to the injection point of the PF-
AR are shown in Figure 6.

Figure 3: New beam transport line (red) for the PF-AR. The black line shows the present beam 
transport line; the blue area is the new tunnel.

Figure 4: Upper photograph: the precursor tunnel in November 
2013. Lower photograph: the inside of the tunnel before painting.

Figure 5: Fabricated magnets.
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Figure 6: Optical functions from the end of the injector linac to 
the injection point of the PF-AR. Blue and red lines represent the 
horizontal and vertical parameters, respectively.
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1  ERL Project Overview

Figure1: Bird view (CG) of the cERL. The energy of the electron beam from the injector to main linac is 2.9 MeV( blue color), then the electron 
beams are accelerated up to 20 MeV (red color) by the super conducting cavity for main linac The electron beams return back to the cavity 
with energy of 20 MeV and are decelerated down to 2.9 MeV, then go to a beam dump.

KEK established the ERL (Energy Recovery Linac) 
Project Office in April 2006. Because a GeV-class ERL 
machine had not been constructed anywhere in the 
world, it was necessary to first construct a compact ERL 
(cERL) with an energy of 35 MeV that could be used for 
the development of several critical accelerator compo-
nents such as a high-brilliance DC photocathode elec-
tron gun and superconducting cavities for the injector 
and main accelerator. In the 2013 fiscal year, the cERL 
were successfully installed in an ERL test facility and 
the energy recovery beam operation has been success-
fully demonstrated.

In 2013 fiscal year, the commissioning of the cERL 
has been done by two-steps. The first step is the com-
missioning of the injector part; the high-brightness DC 
electron gun and superconducting cavity for injector and 
other component to examine the electron beam quali-
ties.  The beam test successfully has been completed 
from April to end of June. Then, during the period of July 

to November, the recirculation loop; electric magnets, 
beam monitors and vacuum components, has been 
installed, and we could start the commissioning of the 
whole energy recovery Linac from the end of Decem-
ber. The commissioning has successfully progressed 
and the ERL operation as shown in Fig. 1 has been 
confirmed at 12th of March with the following machine 
parameters. The electron beams are accelerated up to 
390 keV by the DC electron gun accelerates, then up 
to 2.9 MeV by the injector super-conducting cavity, and 
finally up to 20 MeV by the main linac super-conducting-
cavity. Then, the return electron beams are decelerated 
by the superconducting cavity down to 2.9 MeV and go 
to a beam dump. The beam current is 6 mA. The beam 
current will be increased up to 10 mA at least in a step-
by-step manner for several years and also we will install 
laser-Compton-Scattering (LCS) X-ray beamline at next 
fiscal year 2014.

DC Electron Gun 

Super-Conducting Cavity  
for Injector 

Super-Conducting Cavity  
for Main Linac 

Beam Dump 

Recirculation Loop 

Fig. 1 

(c)Rey. Hori/KEK
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2  cERL 

2-1 cERL Overview

To demonstrate the generation and recirculation of 
low-emittance and high-current beams that are required 
for the 3-GeV ERL project (PEARL) [1], the Compact 
ERL (cERL) [2] has been constructed at KEK. The 
cERL consists of a 5-MeV injector, a 30-MeV main 
linac, and a recirculation loop. The principal parameters 
of the cERL are given in Table 1.

High-brightness electron beams are produced in 
the photocathode DC electron gun of the injector. The 
beams are accelerated up to a nominal energy of 5 MeV 
using a superconducting (SC) injector cryomodule. The 
beams are merged with the SC main linac where they 
are accelerated to a nominal energy of 35 MeV, and 
then are transported through the recirculation loop. The 
beams are then decelerated in the main linac, and are 
dumped. The beams from the injector can also be trans-
ported through the injector-diagnostic beamline where 
various beam properties can be measured.

The injector was constructed in FY2012, and was 
completed in April, 2013. Commissioning of the injector 
was carried out from April to June, 2013 [3]. During this 
period, we demonstrated the production and accelera-
tion of low-emittance beams, which is described in the 
next section. We also demonstrated stable operation of 
the injector including the photocathode DC gun under 
a cathode voltage of 390 kV as well as the SC cavities 
of the injector with a typical accelerating gradient of 
7 MV/m. The total beam-operation time during the injec-
tor commissioning was approximately 202 hours.

From July to November, 2013, we constructed the 
recirculation loop of the cERL [4]. First, base plates for 
the magnets were installed in the cERL accelerator 
room (radiation shielding). Next, the magnets including 
eight bending magnets and 60 quadrupole magnets 
with their girders were installed. The magnets were then 
precisely aligned using both a laser tracker and a tilt-
ing level; 40 surveying references, which were located 
at the inner walls of the accelerator room, were used 
as references. In this installation process, the magnets 
were aligned within 0.1 mm in position and within 
0.1 mrad in angle. The upper parts of the magnets 
were then removed, and all vacuum chambers were 

installed. Thirty screen monitors and 45 stripline beam-
position monitors (BPMs) were also installed. After the 
magnets were reassembled, it was found that the mag-
nets were aligned less accurately (mostly, 0.5 mm in 
position and 0.5 mrad in angle), however, we did not 
realign the magnets due to limited time.

The main-linac cryomodule having two nine-cell SC 
cavities was installed in FY2012. During the high-power 
test, the two cavities achieved accelerating voltages 
of 14.2 MV and 13.5 MV, respectively, for more than 
1 hour. However, fi eld emissions emerged at an accel-
erating voltage of about 8 MV. Then, we decided to start 
commissioning of the entire cERL with an accelerating 
voltage of 8.5 MV/cavity, by which the beam energy in 
the recirculation loop was determined to be 20 MeV.

We also installed power supplies for the magnets, 
as well as the electronics for the beam diagnostic sys-
tem, vacuum system, and so on, outside the accelerator 
room. The construction of the cERL was completed in 
November 2013. The present (at the end of FY2013) 
layout of the cERL is shown in Fig. 1. Figures 2 and 3 
show photographs of the cERL.

From December 2013 to March 2014, we commis-
sioned the entire cERL. During this period, electron 
beams were successfully recirculated through the recir-
culation loop, and were decelerated and transported to 
the beam dump with small beam losses. The maximum 
beam current of about 6.5 A was achieved under con-
tinuous-wave (CW) operation. The principal parameters 
achieved during this period are given in Table 2. In the 
next section, the commissioning of the cERL is reported 
in detail. With these achievements, we are going to the 
next stage with high-bunch-charge or high-current op-
erations which are needed to construct the 3-GeV ERL.

REFERENCES
[1] “Energy Recovery Linac Conceptual Design Report”, KEK 

Report 2012-4 (2012)
 http://ccdb5fs.kek.jp/tiff/2012/1224/1224004.pdf
[2] S. Sakanaka et al., Proc. of IPAC13 (2013) 2159. 
 http://accelconf.web.cern.ch/AccelConf/IPAC2013/index.htm
[3] S. Sakanaka et al., Proc. of ERL2013 (2013)16.
  http://accelconf.web.cern.ch/AccelConf/ERL2013/index.htm
[4] N. Nakamura et al., Proc. of IPAC14 (2014) 353.
 http://inspirehep.net/record/1314288?ln=ja
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Parameter Value 
Beam energy 35 MeV 
Injector energy 5 MeV 
Beam current (initial goal) 
          (long-term goal) 

10 mA (7.7 pC/bunch) 
100 mA (77 pC/bunch) 

Normalized emittance < 1 mm·mrad 
RF frequency 1.3 GHz 

Table 1: Nominal parameters of the Compact ERL

Figure 1: Plane layout of the Compact ERL at the end of FY2013.

Figure 2: The cERL showing the injector, the main linac, 
the injector diagnostic linac, and a part of the second arc 
section.

Figure 3: The cERL showing the fi rst arc section.

Parameter Value 
Beam energy (recirculation loop) 19.9 MeV 
Injector energy (for recirculation) 
             (individual operation of injector) 

2.9 MeV 
6 MeV 

Maximum beam current 6.5 A (CW) 
High voltage of the DC photocathode gun 390 kV 
RF voltage of main-linac cavities 8.6 MV/cavity 

(8.3 MV/m) 

Table 2: Summary of the cERL parameters which were achieved in FY2013
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2-2 Commissioning of cERL

2-2-1. Commissioning of Injector beam line
The beam commissioning of the cERL was carried 

out in two steps. First, the injector beamline, which con-
sists of a photocathode DC gun, two solenoid magnets, 
a bunching cavity, superconducting injector cavities, 
five quadrupole magnets, and a beam diagnostic line 
to measure the injector beam performance, was placed 
into operation. The maximum beam energy and cur-
rent were limited to 6 MeV and 1 µA, respectively. In 
the second step, we constructed a merger section and 
a recirculation loop with main superconducting cavities, 
and operated the whole ERL to demonstrate energy 
recovery without beam loss. In the second step, the 
maximum beam energy and current were increased to 
35 MeV and 10 µA, respectively.

From 22 April 2013 to 28 June 2013, we carried out 
the beam commissioning of the cERL injector beamline 
to demonstrate high-quality beam generation from the 
photocathode gun, beam acceleration by the injector 
superconducting cavities, and beam transportation with-
out degradation of beam quality. The photocathode gun, 
which was developed by JAEA, was operated at 390 kV. 
Although the maximum gun voltage was 500 kV, which 
was demonstrated at JAEA, it was reduced to 390 kV 
to avoid the discharge around the ceramic insulator. As 
a photocathode material, we employed a GaAs photo-
cathode with NEA surface to generate a low-emittance 
beam. In order to confi rm the low-emittance beam gen-
eration from the photocathode gun, we measured the 
transverse emittance using the solenoid scan method 
for very low bunch charge operation with 10 fC. The 
measured normalized emittance was 0.07 mm mrad, 
which was almost the same as the expected value from 
the GaAs photocathode.

The 390-keV electron beam was accelerated by the 

injector superconducting cavities. After phase tuning of 
the cavities, we succeeded in accelerating the beam to 
5.6 MeV with the acceleration fi eld gradient of 7 MV/m. 
It only took 5 days to generate, accelerate and transport 
the electron beam to the beam dump without beam 
loss. On 23 May 2013, a radiation safety inspection of 
the injector beamline was performed with the average 
current of 200 nA, and we received a certifi cate of pass-
ing the inspection on 27 May 2013.

After the radiation safety inspection, we continued 
the beam operation for hardware performance tests, 
beam quality measurements, and fi ne beam tuning. The 
summaries of these are as follows. The photocathode 
gun operation was very stable, and there was no dis-
charge during the injector commissioning. The injector 
superconducting cavities were also very stable with the 
acceleration gradient of 7 MV/m. The refrigerator for 
superconducting cavities had a few troubles, but these 
were not serious and the downtime was less than sev-
eral hours.

The beam emittance after the injector cavities was 
measured for low bunch charge and for high bunch 
charge. For low bunch charge operation with 10 fC, the 
transverse normalized emittance was 0.17 mm mrad. 
This was slightly larger than the expected value of 
0.1 mm mrad by particle tracking simulation without 
space charge effect. Figure 4 shows that the beam 
profi les for low bunch charge operation. For high bunch 
charge operation with 7.7 pC, the emittance was less 
than 0.8 mm mrad, which depends on the condition of 
the beam transportation; this was larger than the ex-
pected value of 0.3 mm mrad by particle tracking simu-
lation with space charge effect. For high bunch charge 
operation, we did not allow enough time for fi ne beam 
tuning. In the next beam operation, we plan to perform 
fine beam tuning around the injector superconducting 
cavities to reduce the emittance growth.

Figure 4: Transverse beam profi les in beam commissioning of cERL injector. The profi les were measured at screen monitors. Average beam 
current and bunch charge were 150 pA and 20 fC, respectively. 
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2-2-2. Commissioning of Recirculation Loop
The arc section of the recirculation loop consists of 

four 45-degree bending magnets and two quadrupole 
triplets, in which the beam optics are designed to make 
it isochronous and achromatic. The layout of the recir-
culation loop is shown in Fig. 5. A straight section be-
tween the two arc sections includes a pathlength control 
chicane and an interaction point of laser inverse Comp-
ton scattering. The injection beam is transported to the 
main linac through the injection chicane and merges 
with the recirculation beam. The recirculation beam is 
decelerated down to the injection energy, and then led 
to the main dump through the dump chicane.

The beam commissioning of the recirculating loop 
was performed for almost two months from Dec. 2013 
to Mar. 2014 (including a one-month shutdown). The 
applied voltage of the DC electron gun is 390 kV, the 
same as was used during injector commissioning. Dur-
ing beam tuning, the average beam current is kept at 
less than 1 nA with a bunch charge of 10–100 fC and a 
pulse duration of 1 s. The acceleration fi eld of the main 
cavity is limited to 8.5 MV per cavity to avoid increas-
ing the radiation dose outside the accelerator room due 

to fi eld emission. Concerning the kinetic momentum of 
the electron beams, the ratio of the injection to the recir-
culation beam should be less than seven because the 
physical aperture is limited by the vacuum chamber of 
the chicanes. Accordingly, the injection and recirculation 
energy are set to 2.9 MeV and 20 MeV, respectively.

In the fi rst week, we succeeded in accelerating the 
electron beam up to 20 MeV with the two cavities, which 
was confi rmed at the 45-degree bending magnet. Sta-
bility factors of the low-level RF during beam operation 
were less than 0.02% in amplitude and 0.02 degree in 
phase, which satisfy the requirements of cERL. Howev-
er, the decelerated beam failed to reach the main dump 
because the leakage magnetic field of BMAG05 in 
Fig. 6 kicked the injection beam during the orbit tuning 
of the recirculation beam. In addition, it was found that 
the magnet of the cold cathode gauges (CCGs) kicked 
and distorted the low-energy injection/dump beam 
(Fig. 7). To remove such an unwanted magnetic fi eld, a 
magnetic shield was added in the injection/merger chi-
cane during the beam shutdown in Jan. 2014 and some 
CCGs were removed without serious effect on vacuum 
monitoring.

Figure 6: Effects of magnetic fi eld of BMAG05 on the 2.9-MeV injection beam. Iron plates are effective as a magnetic shield.

(a) (b)

Figure 7: Left: Magnet of CCG (20 cm from chamber) Right: Beam profi le (a) before and (b) after removing CCG and optics matching.

Figure 5: Illustration of the cERL.
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Figure 9: Beam profi les on the screen monitor and signals of Faraday cups (Feb. 2014).

In the region from the merger chicane to the dump 
chicane, it is impossible to monitor the circulation beam 
with an invasive beam diagnostics tool such as a screen 
monitor. Therefore, to distinguish the recirculation beam 
from the injection beam, a strip-line BPM as a non-
invasive monitor was utilized in a burst mode operation. 
In principle, BPM with a 1.3-GHz bandpass fi lter is in-
sensitive to the 2.6-GHz beam signal, in which the re-
circulating beam is out of phase with the injection beam 
by . However, the head (tail) of the rectangular burst 
pulse transports the main linac without accompanying 
the recirculating (injection) beam as shown in Fig. 8. 
The temporal duration of the head (tail) is almost 300 ns 
with the recirculation loop of 92 m. This duration is long 
enough to distinguish the two beam position signals. Or-
bit tuning of the two beams is enabled by the simultane-
ous measurement with BPM and the decelerated beam 
was successfully observed at the main dump in a week. 
Figure 9 shows the beam profi les on the screen moni-
tors and signals of Faraday cups in Feb. 2014. There 
is no signifi cant beam loss in the recirculation loop ac-
cording to the beam current measured by three Faraday 
cups, which are located at the DC electron gun, the exit 
of the second arc (Fig. 6) and the main dump. The en-

ergy of the dump beam is close to that of the injection 
beam, which is assumed from the bending radius of the 
BMAD01 (in Fig. 11).

To increase the efficiency of the energy recovery, 
the recirculation beam needs to match the decelera-
tion RF phase of the main cavity. Therefore, fi ne tuning 
of the pathlength of the recirculation loop (recirculation 
time) is demonstrated with (a) a path-length chicane and 
(b) steering magnets of the second arc in Fig. 10. The 
pathlength was optimized to minimize the dump energy 
because the average beam current at the beam tuning 
is too low to observe the beam loading at the main cav-
ity. The results are shown in Fig. 11. The bending angle 
of BMAD01 has a maximum value, in which the dump 
energy is assumed to be close to a minimum value.

After completing the beam tuning, 6.5 µA CW opera-
tion was demonstrated to observe the beam loading of 
the main cavity. The results are shown in Fig. 12. “En-
ergy recovery test” means the normal operation of ERL. 
“Beam loading test” is another test, in which the electron 
beam is accelerated with the upstream cavity and then 
decelerated with the downstream cavity to lead into the 
main dump. There is no energy recovery in the latter 
test, which is performed as a reference. The difference 
between the input and refl ection RF power, (Pin-Pref), 
in both tests is compared in Fig. 12. In the beam load-
ing test, (Pin-Pref) of the upstream cavity has a posi-
tive value when the beam current exists. This means 
that input RF power is necessary in order to accelerate 
the electron beam without energy recovery. The down-
stream cavity receives the power from the decelerated 
electron beam, and vice versa. In contrast, (Pin-Pref) 
is constant regardless of the electron current in the 
energy recovery test. This proves that the power of the 
decelerated beam is recovered at the main cavity.

There are still problems concerning optics tuning 
and matching. We found that the beam response of 
some quadrupole magnets did not match the magnetic 
field measurements. In addition, unknown xy coupling 
appeared. Therefore, the single-kick response and the 
dispersion function of the two arc sections are slightly 
different from the design optics.  These problems are 
now being investigated . 

time

time
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Figure 8: BPM signal of two accelerated and decelerated beams 
during burst operation. The signal is not completely cancelled 
even during the time period when both beams exist because the 
velocity of 2.9-MeV electrons is slightly different from the velocity 
of light.
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Figure 10: Magnetic pathlength control. (a) Chicane in the recirculation loop, (b) Combination of the steering magnet at the top of the 
second arc.

Figure 11: (a) Schematic of lattice layout at the dump chicane. (b) Plot of horizontal beam position at the screen (cam31) vs. pathlength of 
recirculation loop.

Figure 12: Plot of difference between the input and refl ection RF power of the main linac, (Pin-Pref) in the energy recovery test and the 
beam loading test. Cavity 1 and 2 mean the upstream and downstream cavity, respectively.

(a) (b)

(a) (b)
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1 Experimental Proposals

Proposal No. Spokesperson Title

2013S2-001
T. Matsushita

KEK-PF
Development of time-resolved X-ray reflectometory and its applications

2013S2-002
Y. Murakami

KEK-PF

Synchrotron radiation research on element strategy project_electronic materials: The 

study of functionalities in lightelement anion systems

2013S2-003
Y. Takahashi

Hiroshima Univ.

Development of sustainable science by scanning transmission X-ray microscopy 

(STXM)

2013S2-004
K. Amemiya

KEK-PF
Exploration of spintronics materials by soft X-ray polarization switching

2013S2-005
Y. Nagashima

Tokyo Univ. of Sci
Laser spectroscopy of positronium negative ions and its applications

2012S2-001
T. Takahashi

Tohoku Univ.

Quantum phenomena of Dirac fermion systems studied by high-resolution angle-

resolved photoemission spectroscopy

2012S2-004
A. Waseda

AIST
Crystal evaluation of silicon crystals for the determination of the Avogadro constant

2012S2-005
H. Nakao 

KEK-PF
Materials structure science by resonant soft X-ray scattering underexternal field

2012S2-006
J. Yoshinobu

Univ. of Tokyo

Physical chemistry at surface and interface of energy-conversion materials using 

VUV/SX SR spectroscopies

2011S2-003
M. Oshima

Univ. of Tokyo

Operando analysis of green nano-device structures by high-resolution electron 

spectroscopy

Table 2: List of S-type proposals effective in FY2013.

years. A full list of the proposals effective in FY2013 and 
their scientific output can be found in Part B of this vol-
ume.

S-type proposals are divided into two categories, 
S1 and S2. S1 proposals are self-contained projects 
of excellent scientific quality, and include projects such 
as the construction and improvement of beamlines and 
experimental stations which will be available for general 
users after the completion of the project. S2 proposals 
are superior-grade projects that require the full use of 
synchrotron radiation or a large amount of beam time. 
Table 2 lists the S-type projects effective in FY2013. 
The current status and results to date of S1 and S2 
proposals must be reported at the PF Symposium held 

Table 1: Number of proposals accepted for the period 2002-2013.

Category FY2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

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

  S2 3 2 0 3 6 1 4 6 3 2 4 5

  U 3 2 4 0 1 7 3 2 2 0 4 1

  G 321 318 382 310 386 403 402 397 407 415 454 447

  P 16 9 13 10 22 14 14 14 16 11  18 18

1-1 Scientific Proposals

The Photon Factory accepts experimental propos-
als submitted by researchers mainly at universities 
and research institutes inside and outside Japan. The 
proposals are reviewed by the PF Program Advisory 
Committee (PF-PAC), and those that are favorably 
recommended are formally approved by the Advisory 
Committee for the Institute of Materials Structure Sci-
ence. The number of accepted proposals over the pe-
riod 2002-2013 is shown in Table 1, where S1/S2, U, G, 
and P denote Special, Urgent, General and Preliminary 
proposals, respectively. The number of current G-type 
proposals each year has exceeded 800 for the past few 
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Figure 1: Distribution by scientific field of experimental proposals 
accepted in FY2013.

Figure 2: Number of registered PF users and scientific proposals over the period 1990-2013.

at the end of every Japanese fiscal year. The scientific 
output of S1 and S2 proposals is presented in the High-
lights of Part A and in the Users’ Reports of Part B of 
this volume.

Proposals are categorized into five scientific disci-
plines, and reviewed by the five subcommittees of PF-
PAC: 1) electronic structure, 2) structural science, 3) 
chemistry and new materials, 4) life science I (protein 
crystallography), and 5) life science II (including soft 
matter science). Figure 1 shows the distribution by re-
search field of the proposals accepted by the subcom-
mittees in FY2013.

1-2 Industrial Proposals

The S, U, G, and P-type proposals are opened for 
nonproprietary industrial research by limited companies 
that can apply for the Grant-in-Aid for Scientific Re-
search. Besides these, 41 proprietary industrial projects 
(Y-type) and 27 nonproprietary collaborative studies 
with private companies (C-type) were conducted.

Thirteen trial-use programs for industrial applications 
are carried out with the financial support of a MEXT 
project, the Open Advanced Research Facilities Initia-
tive. Among these, nine are newly approved and four 
are continued from FY2012.

1-3 Statistics of the Proposals

The number of users, for all types of proposals, has 
reached 3,391. Although the number of experimental 
stations has decreased, the approved scientific propos-
als and number of users have increased annually, as 
shown in Fig. 2. This indicates a high and increasing 
demand for synchrotron radiation and can be attributed 
to continuous improvements in the storage rings, beam-
lines, and experimental stations. The synchrotron has 
become one of the most important research tools for 
carrying out advanced science experiments and devel-
opments. About 20% of the proposals are conducted 
by new spokespersons, which indicates that the Photon 
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Figure 4: Regional distribution of the spokespersons of proposals accepted in FY2013. 

Factory is open to public academic scientists. Figure 3 
shows the distribution of users by institution and posi-
tion. Over two-thirds of the users belong to universities, 
with approximately 75% of the users associated with 
national universities. Over half of the university users 
are graduate and undergraduate students; this indicates 
that the Photon Factory plays an important role in both 
research and education. The geographical distribution 

of the Photon Factory users is shown in Fig. 4 and Fig. 
5, which also indicates the immense contribution of the 
Photon Factory to research and education throughout 
Japan. The registered number of papers published in 
2013 based on experiments at the PF was 622 at the 
time of this writing and is expected to exceed 680. In 
addition, 21 doctoral and 87 master theses have been 
presented.

Figure 3: Distribution of users by institution and position. 
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2 Workshops and Seminars

2-1	 IMSS Science Festa

The IMSS (Institute of Materials Structure Science) 
Science Festa was held on March 18-19, 2014 at the 
EPOCHAL Tsukuba with the support of user community 
and KEK. 

Following two Scientific Sessions with invited speak-
ers—one concerning material science involving hydro-
gen, and the other concerning research on the surface 
structure of TiO2, steels and artificial photosynthesis for 
contributing to a sustainable society—a Poster Session 
was held on the first day of the Festa. There were 219 
user poster presentations, with research results pre-
sented from 11 S-type and 3 U-type proposals. There 
were more than 72 presentations from the staff of the 
Accelerator Laboratory of KEK, Neutron Science Divi-
sion and Muon Science Division of IMSS, MLF (J-PARC 
Materials and Life Science Experimental Facility) and 
the PF staff, resulting in a total of more than 291 poster 
presentations. Following the Poster Session, another 
Scientific Session with invited speakers concerning 
structural biology by synchrotron radiation and neutrons 
was held.

The 31st PF symposium, the annual users’ meet-
ing, the 5th MLF symposium and the MSL (Muon Sci-
ence Laboratory) workshop were held simultaneously 
on March 19, the second day of the IMSS Science 
Festa. The Festa provided an excellent opportunity to 
exchange a broad range of knowledge in such fields as 
synchrotron, neutron, muon, materials and life sciences, 
and was attended by more than 490 users and IMSS staff. 

The main purpose of the PF symposium is to dis-
cuss the present status and future projects of the PF, 
and to encourage networking among users and PF staff 
through scientific presentations and discussions. At the 
start of the PF symposium, PF staff reported on the 
recent progress of the facility, including rearrangement 
of beamlines. We also had a discussion session on PF 
operation, especially regarding beamtime for users and 
future light sources. 

2-2	 PF Workshops

Two PF workshops were held in FY2013. Anyone 
can propose such a workshop, which then freely dis-
cusses a specific scientific topic in synchrotron-radiation 
research and its related application fields. The proceed-
ings of the workshops can be found in the KEK pro-
ceedings, which are available at the KEK Library. 
(1)	 “Development of Novel Light Sources Based on 

Very Short Period Undulators” held on September 
18-19, 2013. KEK Proceedings 2013-5 (in Japa-
nese).

(2)	 “The 2nd Workshop on Advanced Observational 
Techniques - Local Structure Analysis and Time 
-Resolved Measurement” held on February 21, 
2014.

2-3	 Seminars

The seminars hosted by each scientific project in 
IMSS were arranged as seminars hosted by IMSS, 
called “IMSS Colloquium” and “IMSS Danwakai”. These 
seminars provide an opportunity to exchange a broad 
range of knowledge in such fields as synchrotron, neu-
tron and muon science. IMSS Colloquium invites lead-
ing scientists in each scientific field. Please refer to the 
following URLs for more details. 

URL of IMSS Colloquium (in Japanese): 
http://imss.kek.jp/event/for_researchers/imss_colloqui-
um/

URL of IMSS Danwakai (in Japanese): 
http://imss.kek.jp/event/for_researchers/imss_dan-
wakai/
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3 Graduate School Education

Figure 2: Number of students who obtained doctoral degrees 
based on scientific activities at the PF.

FY SOKENDAI JPHD

1999 6 11

2000 8 12

2001 10 8

2002 12 13

2003 12 7

2004 14 5

2005 14 6

2006 9 10

2007 6 13

2008 6 10

2009 6 9

2010 5 10

2011 4 5

2012 6 6

2013 6 7

Table 1: Number of SOKENDAI and JPHD students at the PF over 
the period 1999-2013.
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KEK is one of the basic organizations of the Gradu-
ate University for Advanced Studies (SOKENDAI), and 
has the School of High Energy Accelerator Science, 
which consists of three departments: Accelerator Sci-
ence, Materials Structure Science, and Particle and 
Nuclear Physics. The majority of the PF staff members 
are in charge of giving lectures and supervising gradu-
ate students of the Department of Materials Structure 
Science. SOKENDAI offers a five-year PhD course for 
undergraduate students and a three-year PhD course 
for master’s degree holders. The School of High Energy 
Accelerator Science held its “open campus day” for 
young researchers and undergraduate students at the 
Tsukuba campus on July 9, 2013 and half-day guidance 
meetings for potential young candidates in June 22, 
2013 and March 8, 2014 at Tokyo. Figure 1 is a photo 
of Prof. Toshiya Senda of the PF, who explains what is 
“Structural Biology” by using synchrotron radiation at the 
guidance meeting in March 8, 2014.  The PF has also 
a system for Joint PhD (JPHD) students, who are ac-
cepted by the PF to pursue advanced studies under the 
supervision of PF staff members towards their PhD de-
grees in collaboration with their home universities. The 
numbers of graduate students of SOKENDAI and JPHD 
during the past fifteen years are listed in Table 1.

In addition to the SOKENDAI and JPHD gradu-
ate students, a number of doctoral theses were writ-
ten based on research carried out at the PF. Figure 2 
shows the statistics of such graduate students.
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Figure 1: A snapshot of the guidance.
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4 International Collaboration

4-1.	Overview

The Photon Factory has been collaborating interna-
tionally. The Indian beamline BL-18B started operation 
in 2009, and part of the beamtime is open for domestic 
users as well. The Photon Factory is also collaborating 
with the international synchrotron radiation community 
through meetings, workshops, and schools. The SES-
AME-JSPS school (Trunc, Turkey) and Cheiron school 
(Nishi-harima, Japan) were partly supported by PF.

4-2.	Indian Beamline

Figure 2: Presentation session to summarize the practice sessions.Figure 1: Group photograph at the 4th SESAME-JSPS school.

The Department of Science and Technology (DST), 
Government of India and KEK agreed to set up an In-
dian beamline at the Photon Factory in 2008 with the 
Saha Institute of Nuclear Physics (SINP) as a nodal 
institute of India. Beamline 18B is leased to DST, and 
SINP set up two diffractometers and related detection 
systems. Twenty-seven experiments were carried out at 
BL-18B, and six papers based on BL-18B experiments 
were published in FY2013. The beamline is fully opera-
tional, and is open not only for Indian scientists but also 
general users.

4-3.	Cooperation with the SESAME 
Project

SESAME (Synchrotron-light for Experimental Sci-
ence and Applications in the Middle East) is a synchro-
tron light source under construction in Jordan. The SES-
AME facility is expected to enter full operation in late 
2015, which will be the first major international research 
center in the Middle East. It is a unique and cooperative 
venture by scientists and governments of the region set 
up on the model of CERN (European Organization for 
Nuclear Research). It is being developed under the aus-
pices of UNESCO (United Nations Educational, Scien-
tific and Cultural Organization) following formal approval 
at the Organization's Executive Board Meeting (164th 

session, May 2002). The current members of SESAME 
are Bahrain, Cyprus, Egypt, Iran, Israel, Jordan, Paki-
stan, the Palestinian Authority, and Turkey. Japan has 
been supporting the SESAME project from the outset 
in 2000, and formally joined as an Observer in 2009. 
(Current Observers as of 2013 are France, Germany, 
Greece, Italy, Japan, Kuwait, Portugal, Russian Federa-
tion, Sweden, Switzerland, the United Kingdom, and the 
United States of America.) According to the cooperation 
framework between SESAME and Japan, research-
ers in Japan have held a series of schools concerning 
synchrotron radiation instrumentation and science in 
Cairo (2008), Antalya (2010), Amman (2011), and Trunc 
(2013) under the Asia and Africa Science Platform Pro-
gram supported by the Japan Society of Promotion of 
Science (JSPS).

The 4th SESAME-JSPS School was held from June 
13 to 22, 2013 at the Institute for Theoretical and Ap-
plied Physics (ITAP), Trunc, Turkey, which was a joint 
school with the 2nd Henry Moseley X-ray School. The 
school consisted of six days of lectures and two days of 
hands-on practice sessions, in which Japanese lectur-
ers took charge of three lectures and all practice ses-
sions. The 35 students from SESAME countries joined 
the school and eagerly learned about state-of-the-art 
techniques and science using synchrotron radiation. 
The hands-on practice session mainly focused on data 
analysis of five types of typical synchrotron measure-
ment: X-ray photoelectron spectroscopy (XPS), X-ray 
absorption fine structure (XAFS), macromolecular crys-
tallography, powder diffraction, and X-ray fluorescence 
analysis, using portable PCs. The students were sepa-
rated into five groups, learned the principles of each 
technique, studied how to process the data, and finally 
gave presentations on what they had learned during the 
practice sessions. The SESAME-JSPS school has been 
highly evaluated by the participants due to the compre-
hensive hands-on practice, and has provided valuable 
opportunities to enlarge the synchrotron user commu-
nity in the Middle East.
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1. Site and Organization
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 1. PF Light Source Building
     Experimental Hall
 2. PF Offi ce Building
 3. PF Preparation Laboratory
 4. PF-AR (PF Advanced Ring)
 5. PF-AR Experimental Halls
 6. PF Structural Biology Building
 7. PF/KEKB (KEK B-Factory) Injector Linac
 8. Slow Positron Facility
 9. Building No.4 (IMSS Offi ce)
 10. Library
 11. Dormitory/Guest House
 12. Restaurant/Cafeteria
13. Administration Building
 14. Radiation Science Center
 15. Computing Research Center
 16. Cryogenics Science Center
 17. Mechanical Engineering Center
 18. KEKB LER (Low Energy Ring) and 
       HER (High Energy Ring)
 19. KEKB Tsukuba Laboratory (BELLE Detector)
20. KEKB Oho Laboratory
 21. KEKB Fuji Laboratory
 22. KEKB Nikko Laboratory
 23. ATF (Accelerator Test Facility)
24. KEK International Center/Users Offi ce
25. Information Center
26. ERL Test Facility
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Advisory Committee for Institute 
of Materials Structure Science

Neutron Science Division

Muon Science Division

Synchrotron Radiation 
Science Division I

Synchrotron Radiation 
Science Division II

Engineering
Coordinator

Institute of Materials Structure Science (IMSS)

 

High Energy Accelerator Research Organization (KEK)

Director General

Deputy Director

Director 

Institute of Particle and Nuclear Studies

J-PARC (Japan Proton Accelerator
Research Complex) Center

Administration Bureau

Department of Advanced Accelerator 
Technologies

Applied Research Laboratory
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Accelerator Laboratory Accelerator  Division V

Accelerator  Division II

Accelerator  Division III

Accelerator  Division IV

Accelerator  Division VII

Accelerator  Division VI

Photon Factory (PF)
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Accelerator  Division I

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. As shown in Fig. 1, the IMSS constitutes the 
Synchrotron Radiation Divisions I and II, the Neutron 
Science Division, the Muon Science Division, the Struc-
tural Biology Research Center, and the Condensed 
Matter Research Center. Table I shows a list of the 
members of the Advisory Committee of the IMSS.

Photon Factory (PF) consists of two divisions of the 
IMSS (the Synchrotron Radiation Divisions I and II) and 
the Accelerator Division VII of the AL as shown in the 
organization chart of Fig. 2. The staff members of the 
PF list in Table 2. Synchrotron Radiation Science Divi-

sions I and II consist of fi ve beamline groups (electronic 
structure group, condensed matter group, materials 
chemistry group, life sciences group and slow positron 
group), two engineering and administration groups 
(beamline engineering, technical services & safety 
group and user support & dissemination group)  and two 
working groups (ultrafast dynamics group and advanced 
detector R&D group). The Accelerator Division VII  has 
six groups, which are named Light Source Group I to 
VI. The missions of each group are as follows: Group I 
is in charge of orbits, magnets, and insertion devices, 
Group II of RF, SC cavities and so on, Group III mainly 
of vacuum, Group IV mainly of beam diagnostics and 
accelerator control, Group V of front-end, safety and so 
on, and Group VI mainly of electron guns.

Figure 1: Organization chart of KEK.
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Table 1:  The members of the Advisory Committee for Institute of Materials Structure Science.

ADACHI, Shin-ichi Photon Factory, IMSS, KEK

AKIMITSU, Jun                                         Aoyama Gakuin University

AMEMIYA, Yoshiyuki** The University of Tokyo

FUJII, Yasuhiko  Comprehensive Research Organization for Science and Society

KADONO, Ryosuke Muon Science Division, IMSS, KEK

KANAYA, Toshiji Kyoto University

KATAOKA, Mikio Nara Institute of Science and Technology

KAWATA, Hiroshi Photon Factory, IMSS, KEK

KOBAYASHI, Yukinori Photon Factory, Accelerator Laboratory, KEK

KUMAI, Reiji                                             Photon Factory, IMSS, KEK

KUMIGASHIRA, Hiroshi Photon Factory, IMSS, KEK

MIYAKE, Yasuhiro Muon Science Division, IMSS, KEK

MIZUKI, Jun'ichiro Kwansei Gakuin University

MURAKAMI, Youichi Photon Factory, IMSS, KEK

OSHIMA, Masaharu The University of Tokyo

OTOMO, Toshiya Neutron Science Division, IMSS, KEK

SAITO, Naohito Institute of Particle and Nuclear Studies, KEK

SASAKI, Shinichi Applied Research Laboratory,  KEK

SATO, Mamoru Yokohama City University

SETO, Hideki*  Neutron Science Division, IMSS, KEK

SENDA, Toshiya                                       Photon Factory, IMSS, KEK

TAKATA, Masaki RIKEN/SPring-8

TORIKAI, Eiko University of Yamanashi

YAMAGUCHI, Seiya Accelerator Laboratory,  KEK

* Chairperson  ** Vice-Chairperson
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Photon Factory

  
Amemiya K., Horiba K., Inami N., Kobayashi M., 

Koide T., *Kumigashira H., Mase K., Nakajima K.,

Ono K., Sakamaki M., Yagishita A.  

 

 

Adachi S., Hirano K., Iwano K., Kawata H., Kikegawa T.,

Kumai R., 

Saito K., Yamasaki Y., Zhang X.   

Adachi M., Harada K., Kobayashi Y., *Nakamura N., 

Ozaki T., Shimada M., Shioya T., Tsuchiya K., 

Ueda A.

Murakami Y.

Haga K., *Obina T., Sagehashi H., Tadano M., Takai R.

*Adachi J., Yamamoto S.

Synchrotron Radiation 
Science
Division I
Division II

Scientist: 48
   Professor: 12
   Assoc. Prof.: 20
   Ass. Prof.: 12
   Senior Fellow:  4

Technical Staff:  12

Scientist: 21
   Professor:    5
   Assoc. Prof.:    10
   Ass. Prof.:    6

Technical Staff:   12

Electronic Structure: 11 

Condensed Matter : 12

Materials Chemistry: 5
Abe H., Iida A., *Kimura M., Nitani H., Niwa Y.

Life Sciences: 9

Adachi N., Kato R., Kawasaki M., Matsugaki N., Senda M.,

*Senda T., Shimizu N., Yamada Y., Yumoto F.

Beamline Engineering, Technical 
Services & Safety: 15

*Igarashi N., Kamijo A., Kikuchi T., Kitajima Y., Kosuge T., 

Koyama A., Maezawa H., Mori T., Nagatani Y., 

Nigorikawa K., Saito Y., Sugiyama H., Tanaka H., 

Toyoshima A., Uchida Y.

User Support & Dissemination: 3

*Hyodo K., Kobayashi K., Usami N.

Light Source I (Magnet & Insersion Device) : 9

Light Source II (RF) : 5

Sakai H., *Sakanaka S., Shinoe K., Takahashi T., 

Umemori K.

Light Source III (Vaccum) : 5

Asaoka S., *Honda T., Nogami T., Sasaki H., 

Tanimoto Y.

Light Source IV (Beam Instrumentation) : 5

Light Source V (Beamline Front End & Safety) : 5

Isawa M., *Miyauchi H., Nagahashi S., Sato Y., Tahara T.

Light Source VI (Electron Source) : 4

Honda Y., *Miyajima T., Uchiyama T., Yamamoto M.* Group Leader

Accelerators Division VII
(Light Souce)

Advanced Detector R&D: 1

*Kishimoto S.

Slow Positron: 2

*Hyodo T., Wada K.

Ultrafast Dynamics: 2

Murakami Y., *Nakao H., Nozawa S., 

Figure 2: Organization chart of PF (as of March 31, 2014) .
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Table 2: Staff members of the Photon Factory.

Name Group*
Research Staff
Director

MURAKAMI, Youichi CM

Synchrotron Radiation Science Division I & II
ABE, Hitoshi MC
ADACHI, Jun-ichi UD (ES)
ADACHI, Naruhiko LS
ADACHI, Shinichi CM (UD, AD)
AMEMIYA, Kenta ES (BETSS, AD, UD)
HIRANO, Keiichi CM
HORIBA, Koji ES
HYODO, Kazuyuki USD (LS)
HYODO, Toshio SPF
IGARASHI, Noriyuki BETSS (LS, AD)
IIDA, Atsuo MC
INAMI, Nobuhito ES (AD)
IWANO, Kaoru CM
KAMIJO, Ai BETSS
KATO, Ryuichi LS
KAWASAKI, Masato LS
KAWATA, Hiroshi CM
KIKEGAWA, Takumi CM
KIKUCHI, Takashi BETSS (UD)
KIMURA, Masao MC
KISHIMOTO, Shunji AD, CM (UD)
KITAJIMA, Yoshinori BETSS (ES)
KOBAYASHI, Katsumi USD
KOBAYASHI, Masaki ES
KOIDE, Tsuneharu ES
KOSUGE, Takashi BETSS (AD)
KOYAMA, Atsushi BETSS
KUMAI, Reiji CM (AD)
KUMIGASHIRA, Hiroshi ES
MAEZAWA, Hideki BETSS
MASE, Kazuhiko ES
MATSUGAKI, Naohiro LS
MORI, Takeharu BETSS
NAGATANI, Yasuko BETSS
NAKAJIMA, Kyo ES
NAKAO, Hironori CM (UD)
NIGORIKAWA, Kazuyuki BETSS (AD)
NITANI, Hiroaki MC
NIWA, Yasuhiro MC (BETSS,UD )
NOZAWA, Shunsuke CM (UD)
ONO, Kanta ES (AD)
SAITO, Kotaro CM
SAITO, Yuuki BETSS
SAKAMAKI, Masako ES (AD)
SENDA, Miki LS
SENDA, Toshiya LS
SHIMIZU, Nobutaka LS (BETSS)
SUGIYAMA, Hiroshi BETSS (CM )
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Name Group*
TANAKA, Hirokazu BETSS (UD)
TOYOSHIMA, Akio BETSS (UD)
UCHIDA, Yoshinori BETSS
USAMI, Noriko USD (LS )
WADA, Ken SPF
YAGISHITA, Akira ES
YAMADA, Yusuke LS
YAMAMOTO, Shigeru UD
YAMASAKI, Yuichi CM (UD)
YUMOTO, Fumiaki LS
ZHANG, Xiaowei CM

Accelerator Division VII
ADACHI, Masahiro Light Source I
ASAOKA, Seiji Light Source III
HAGA, Kaiichi Light Source IV
HARADA, Kentaro Light Source I
HONDA, Tohru Light Source III
HONDA, Yosuke Light Source VI
ISAWA, Masaaki Light Source V
KOBAYASHI, Yukinori Light Source I
MIYAJIMA, Tsukasa Light Source VI
MIYAUCHI, Hiroshi Light Source V
NAGAHASHI, Shinya Light Source V
NAKAMURA, Norio Light Source I
NOGAMI, Takashi Light Source III
OBINA, Takashi Light Source IV
OZAKI, Toshiyuki Light Source I
SAGEHASHI, Hidenori Light Source IV
SAKAI, Hiroshi Light Source II
SAKANAKA, Shogo Light Source II
SASAKI, Hiroyuki Light Source III
SATO, Yoshihiro Light Source V
SHIMADA, Miho Light Source I
SHINOE, Kenji Light Source II
SHIOYA, Tatsuro Light Source I
TADANO, Mikito Light Source IV
TAHARA, Toshihiro Light Source V
TAKAHASHI, Takeshi Light Source II
TAKAI, Ryota Light Source IV
TANIMOTO, Yasunori Light Source III
TSUCHIYA, Kimichika Light Source I
UCHIYAMA, Takashi Light Source VI
UEDA, Akira Light Source I
UMEMORI, Kensei Light Source II
YAMAMOTO, Masahiro Light Source VI

Guest Professor
ASAKURA, Kiyotaka (Hokkaido Univ.)
HAJIMA, Ryoichi (JAEA)
ISHIHARA, Sumio (Tohoku Univ.)
KAMIKUBO, Hironari (Nara Institute of Science and Technology)
KATOH, Masahiro (UVSOR)
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Name Group*
KONDO, Tadashi (Osaka Univ.)
KOSHIHARA, Shinya (Tokyo Institute of Technology)
MORITOMO, Yutaka (Univ. of Tsukuba)
OHKUMA, Haruo (SPring-8)
TAKAHASHI, Yoshio (Hiroshima Univ.)
YAO, Min (Hokkaido Univ.)

Postdoctoral Fellow
SAKAI, Enju
TAKEICHI, Yasuo

The Graduate University for Advanced Studies
HARADA, Ayaka
INOUE, Keisuke
MATSUBARA, Haruki
WU, Yanlin

* Synchrotron Radiation Science Division
ES Electronic Strucuture
CM Condensed Matter 
MC Materials Chemistry
LS Life Sciences
SPF Slow Positron Facility
BETSS Beamline Engineering, Technical Services and Safety
USD User Support and Dissemination
UD Ultrafast Dynamics
AD Advanced Detector R&D
Italic: the additional post
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2. Awards
Medal with Purple Ribbon 
NISHIKAWA, Keiko (Chiba Univ.) 
“Achievement in Physical Chemistry Research” 

Humboldt Prize
KOSHIHARA, Shinya (Tokyo Inst. of Tech.)
“Photoinduced Phase Transition” 

The Commendation for Science and Technology by the Minister of Education, Culture, Sports, Science and Technol-
ogy, The Young Scientists’ Prize 
WAKABAYASHI, Yuusuke (Osaka Univ.)
“Microscopic Structural Study of Surface Functionality”

The Commendation for Science and Technology by the Minister of Education, Culture, Sports, Science and Technol-
ogy, The Young Scientists’ Prize
NUMATA, Tomoyuki (AIST)
“Structural and Functional Studies of tRNA Modifi cation Enzymes” 

The Commendation for Science and Technology by the Minister of Education, Culture, Sports, Science and Technol-
ogy, The Young Scientists’ Prize
NIHEI, Masayuki (Univ. of Tsukuba)
“Research on the Creation of External Stimuli-Responsive Metal Complexes and their Functions” 

The Commendation for Science and Technology by the Minister of Education, Culture, Sports, Science and Technol-
ogy, The Young Scientists’ Prize
SOUMA, Seigo (Tohoku Univ.)
“Development of an Instrument for Angle-Resolved Photoemission Spectroscopy and Investigation of the Electronic 
Structures of Functional Materials” 

American Chemical Society, Arthur C. Cope Scholar Award
FUJITA, Makoto (The Univ. of Tokyo)  
“Pioneering a Novel Principle of Metal-Directed Self-Assembly for Constructing Nanoscale Discrete Structures and 
Developing Functions and Properties in their Cavities”  

MIT Lectureship Prize
FUJITA, Makoto (The Univ. of Tokyo) 
“Coordination Self-Assembly: Structure and Function” 

MPGD2013 Georges Charpak’s Young Scientist Award
FUJIWARA, Takeshi (The Univ. of Tokyo)
“Development of Innovative Gaseous Radiation Detector with Photo-Etchable Glass” 

New Products & Novel Technology Award, The 11th International Conference on Ferrites
ICHIYANAGI, Yuko (Yokohama National Univ.)
“Optimization of Ferrite Nanoparticles as an Agent for Hyperthermia Treatment” 

The Crystallographic Society of Japan, Progress Prize
HOSHINO, Manabu (Tokyo Inst. of Tech.)  
“Structure Visualization of Short-Lived Photoexcited Molecule by Single Crystal X-Ray Structure Analysis”  

Japanese Association of Forensic Science and Technology, Encouragement Prize
NISHIWAKI, Yoshinori (Kochi Univ.)  
“Nondestructive Discrimination of White Polyester Monofi lament using Synchrotron Radiation X-Ray Fluorescence 
Spectrometry”  
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The Japan Society of High Pressure Science and Technology, Encouragement Prize
SATO, Tomoko (Hiroshima Univ.)
“High-Pressure Behavior of SiO2 Glass” 

The Atomic Collision Society of Japan, Young Scientist Award 
MICHISHIO, Koji (Tokyo Univ. of Sci.)  
“Photodetachment of Positronium Negative Ions and its Application to Positronium Beam Production” 

Japanese Society for Synchrotron Radiation Research, Encouragement Prize
YOSHIMATSU, Kohei (Tokyo Inst. of Tech.) 
“Metallic Quantum Well States of Strongly Correlated Oxide Studied by Synchrotron Radiation Photoemission Spec-
troscopy”  

Japanese Positron Science Society, Encouragement Prize
WADA, Ken (KEK-PF) 
“Increase in the Beam Intensity of the Slow-Positron Beam at the KEK Slow Positron Facility”  

Japan Association of Mineralogical Sciences Award
MIYAWAKI, Ritsuro (Natl. Mus. of Nature and Sci.)
“Crystal Chemistry of Rare Earth Minerals”  

Japan Association of Mineralogical Sciences Award for Applied Mineralogy
KIMURA, Masao (Nippon Steel & Sumitomo Metal)
“Research on Dynamic Observation of Mineralogical Structures and its Application to Steel-Relating Materials and 
Processes”

Japan Association of Mineralogical Sciences, Sakurai Medal
NAGASE, Toshiro (Tohoku Univ. Mus.)
“Tanohataite, LiMn2Si3O8(OH): a New Mineral from the Tanohata Mine, Iwate Prefecture, Japan”  

The Japanese Liquid Crystal Society, Paper Award 
OKOSHI, Kento (Chitose Inst. of Sci. and Tech.)
“Liquid Crystal Phases Observed in Rigid-Rod Polymers” 

The Ceramic Society of Japan, Science Prize
IDEMOTO, Yasushi (Tokyo Univ. of Sci.) 
“Investigation into Properties of Highly Functional Oxides using Quantum Beam and Thermodynamic Measurement” 

Young Scientist Award of the Physical Society of Japan
SHIRASAWA, Tetsuro (The Univ. of Tokyo)
“Structural Science Based on the Determination of Atomic Arrangement of Buried Interface” 

The Institute of Electronics, Information and Communication Engineers, MI Research Encouragement Prize
SUNAGUCHI, Naoki (Gunma Univ.)
“Principle Experiment of 3D X-Ray Fluorescent CT using Pinholes” 

The Society of Instrument and Control Engineers, Paper Award
SUNAGUCHI, Naoki (Gunma Univ.)
“Refraction-Contrast X-Ray CT Based on Dark-Field Imaging for Biological Tissues” 

Radiation Effects Association, Encouragement Award for Radiation Research
TOMITA, Masanori (Central Res. Inst. of Electric Power Ind.)
“Mechanisms of X-Ray-Induced Bystander Responses” 

The Society of Polymer Science, Award for Encouragement of Research in Polymer Science
NORO, Atsushi (Nagoya Univ.)
“Studies on Creation of Multi-Component Polymer Materials by Controlling Noncovalent Interactions ” 



Appendices136

PF Activity Report 2013 #31

Fellow of The Surface Science Society of Japan
KONDOH, Hiroshi (Keio Univ.)
“Operando Direct Observations of Surface Chemical Processes” 

The Foundation for High Energy Accelerator Science, Nishikawa Prize, 2013 
HARADA, Kentaro (KEK-Accl)  
“Development of New Injection Scheme using a Pulsed Quadrupole Magnet in Electron Storage Rings” 
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3. Theses
Lists of doctoral theses, which were written based on the PF experiments.

Doctor of Engineering 
ZHAO, Yunfeng (Yamagata Univ. ) 
“Structural Formation under Polymer Processing Relevant Conditions” (15A, 6A and 10C)

Doctor of Science 
YANG, Cuiping (Ehime Univ.) 
“Phase Relations and Melt Compositions in Hydrous Pyrolite under High Temperature and High Pressure and the 
Equation of State of Hydrous Minerals” (NE5C and NE7A)

Doctor of Engineering
KIM, Dongyoung (The Univ. of Tokyo) 
“Bond Percolation Conductivity in Heavily Fe-doped BaZrO3 and its Application in H+-SOFC” (19B)

Doctor of Science 
NAKADA, Ryoichi (Hiroshima Univ.) 
“Stable Isotopic and Speciation Studies on Neo-Rare Earth Element Geochemistry and Paleoenvironmental Analy-
sis” (9A and 12C)

Doctor of Philosophy 
BISWAS, Nupur (Univ. of Calcutta) 
“Studies on Confi ned Polymers” (18B)

Doctor of Philosophy  
LIU, Liang (The Univ. of Tokyo)
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A 2.1-Å-Resolution Crystal Structure of Unliganded
CRM1 Reveals the Mechanism of Autoinhibition
J. Mol. Biol., 425 (2013) 350.

Z.Wang, Y.Wu, L.Li and X.-D.Su
Intermolecular Recognition Revealed by the Complex
Structure of Human CLOCK-BMAL1 Basic Helix-Loop-
Helix Domains with E-Box DNA
Cell Res., 23 (2013) 213.

S.Liang, J.Dai, S.Hou, L.Su, D.Zhang, H.Guo, S.Hu,
H.Wang, Z.Rao, Y.Guo and Z.Lou
Structural Basis for Treating Tumor Necrosis Factor
α (TNFα)-Associated Diseases with the Therapeutic
Antibody Infliximab
J. Biol. Chem., 288 (2013) 13799.

T.Shiba, Y.Kido, K.Sakamoto, D.K.Inaoka, C.Tsuge,
R.Tatsumi, G.Takahashi, E.O.Balogun, T.Nara, T.Aoki,
T.Honma, A.Tanaka, M.Inoue, S.Matsuoka, H.Saimoto,
A.L.Moore, S.Harada and K.Kita
Structure of the Trypanosome Cyanide-Insensitive
Alternative Oxidase
Proc. Natl. Acad. Sci. USA, 110 (2013) 4580.

T.Ito, T.Katayama, M.Hattie, H.Sakurama, J.Wada,
R.Suzuki, H.Ashida, T.Wakagi, K.Yamamoto,
K.A.Stubbs and S.Fushinobu
Crystal Structures of a Glycoside Hydrolase Family 20
Lacto-N-Biosidase from Bifidobacterium bifidum

J. Biol. Chem., 288 (2013) 11795.

W.J.Li, D.F.Li, Y.L.Hu, X.E.Zhang, L.J.Bi and
D.C.Wang.
Crystal Structure of L,D-Transpeptidase LdtMt2 in
Complex with Meropenem Reveals the Mechanism of
Carbapenem Against Mycobacterium tuberculosis

Cell Res., 5 (2013) 728.

J.Otani, K.Arita, T.Kato, M.Kinoshita, H.Kimura,
I.Suetake, S.Tajima, M.Ariyoshi and M.Shirakawa
Structural Basis of the Versatile DNA Recognition
Ability of the Methyl-CpG Binding Domain of Methyl-
CpG Binding Domain Protein 4
J. Biol. Chem., 288 (2013) 6351.

Z.Fujimoto, R.Suzuki, T.Shiotsuki, W.Tsuchiya, A.Tase,
M.Momma and T.Yamazaki
Crystal Structure of Silkworm Bombyx mori JHBP in
Complex with 2-Methyl-2,4-Pentanediol: Plasticity of
JH-Binding Pocket and Ligand-Induced Conformational
Change of the Second Cavity in JHBP
PLoS One, 8 (2013) e56261.

K.J.Cho, J-H.Lee, K.W.Hong, S-H.Kim, Y.Park,
J.Y.Lee, S.Kang, S.Kim, J.H.Yang, E-K.Kim, J.H.Seok,
S.Unzai, S.Y.Park, X.Saelens, C-J.Kim, J-Y.Lee,
C.Kang, H-B.Oh, M.S.Chung and K.H.Kim
Insight into Structural Diversity of Influenza Virus
Hemagglutinin
J. Gen. Virol., 94 (2013) 1712.

B.Li, Q.Wang, X.Pan, I.F.Castro, Y.Sun, Y.Guo, X.Tao,
C.Risco, S.-F.Sui and Z.Lou
Bunyamwera Virus Possesses a Distinct Nucleocapsid
Protein to Facilitate Genome Encapsidation
Proc. Natl. Acad. Sci. USA, 110 (2013) 9048.

T.-Y.Jung, Y.-S.Kim, B.-H.Oh and E.Woo
Identification of a Novel Ligand Binding Site in
Phosphoserine Phosphatase from the Hyperthermophilic
Archaeon Thermococcus onnurineus

Proteins, 81 (2013) 819.

D.Sasaki, S.Watanabe, R.Matsumi, T.Shoji,
A.Yasukochi, K.Tagashira, W.Fukuda, T.Kanai,
H.Atomi, T.Imanaka and K.Miki
Identification and Structure of a Novel Archaeal HypB
for [NiFe] Hydrogenase Maturation
J. Mol. Biol., 425 (2013) 1627.

H.Sasanuma, M.S.Tawaramoto, J.P.Lao, H.Hosaka,
E.Sanda, M.Suzuki, E.Yamashita, N.Hunter,
M.Shinohara, A.Nakagawa, A.Shinohara
A New Protein Complex Promoting the Assembly of
Rad51 Filaments
Nature Commun., 4 (2013) 1676.



Appendices170

PF Activity Report 2013 #31

A.Matsumoto, Y.Shimizu, C.Takemoto, T.Ueda,
T.Uchiumi and K.Ito
Crystallization and Preliminary X-Ray Analysis of
Peptidyl-tRNA Hydrolase from Thermus thermophilus

HB8
Acta Cryst. F, 69 (2013) 332.

J.Kobayashi and Y.Matsuura
Structural Basis for Cell-Cycle-Dependent Nuclear
Import Mediated by the Karyopherin Kap121p
J. Mol. Biol., 425 (2013) 1852.

H.Makyio, T.Takeuchi, M.Tamura, K.Nishiyama,
H.Takahashi, H.Natsugari, Y.Arata, K.Kasai,
Y.Yamada, S.Wakatsuki and R.Kato
Structural Basis of Preferential Binding of Fucose-
Containing Saccharide by the Caenorhabditis elegans

Galectin LEC-6
Glycobiology, 23 (2013) 797.

R.Nasuno, Y.Hirano, T.Itoh, T.Hakoshima, T.Hibi and
H.Takagi
Structural and Functional Analysis of the Yeast N-
Acetyltransferase Mpr1 Involved in Oxidative Stress
Tolerance via Proline Metabolism
Proc. Natl. Acad. Sci. USA, 110 (2013) 11821.

T.Arimori, N.Kawamoto, S.Shinya, N.Okazaki,
M.Nakazawa, K.Miyatake, T.Fukamizo, M.Ueda and
T.Tamada
Crystal Structures of the Catalytic Domain of a Novel
Glycohydrolase Family 23 Chitinase from Ralstonia sp.
A-471 Reveals a Unique Arrangement of the Catalytic
Residues for Inverting Chitin Hydrolysis
J. Biol. Chem., 288 (2013) 18696.

Y.Nagamatsu, K.Takeda, T.Kuranaga, N.Numoto and
K.Miki
Origin of Asymmetry on the Intersubunit Interfaces of
V1-ATPase from Thermus thermophilus

J. Mol. Biol., 425 (2013) 2699.

K.J.Cho, J.-H.Lee, K.W.Hong, S.-H.Kim, Y.Park,
J.Y.Lee, S.Kang, S.Kim, J.H.Yang, E.-K.Kim, J.H.Seok,
S.Unzai, S.Y.Park, X.Saelens, C.-J.Kim, J.-Y.Lee,
C.Kang, H.-B.Oh, M.S.Chung and K.H.Kim
Insight into Structural Diversity of Influenza Virus
Haemagglutinin
J. General Virology, 94 (2013) 1712.

W.Zhang, Y.Shi, X.Lu, Y.Shu, J.Qi and G.F.Gao
An Airborne Transmissible Avian Influenza H5
Hemagglutinin Seen at the Atomic Level
Science, 340 (2013) 1463.

S.Okazaki, S.Nakano, D.Matsui, S.Akaji, K.Inagaki and
Y.Asano
X-Ray Crystallographic Evidence for the Presence of
the Cysteine Tryptophylquinone Cofactor in L-Lysine ε-
Oxidase from Marinomonas mediterranea

J. Biochem., 154 (2013) 233.

T.Hirose, N.Maita, H.Gouda, J.Koseki, T.Yamamoto,
A.Sugawara, H.Nakano, S.Hirono, K.Shiomi,
T.Watanabe, H.Taniguchi, K.B.Sharpless, S.Omura
and T.Sunazuka
Observation of the Controlled Assembly of Preclick
Components in the in situ Click Chemistry Generation
of a Chitinase Inhibitor
Proc. Natl. Acad. Sci. USA, 110 (2013) 15892.

T.Kinoshita, T.Nakaniwa, Y.Sekiguchi, Y.Sogabe,
A.Sakurai, S.Nakamura and I.Nakanishi
Crystal Structure of Human CK2α at 1.06 ÅResolution
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