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Editorial

This is the 30th edition of the Photon Factory (PF) Activity Report, and 

covers scientific activities for the Japanese fiscal year 2012 (April 2012 to 

March 2013). The report is divided into two parts. PART A summarizes 

scientific highlights achieved by users, newly developed experimental 

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 encouraged the electronic distribution 

of the PF Activity Report. Accordingly, the List of Awards, Theses and 

Publications in the Appendices of PART A and the entire content including 

PART B are published on the PF’s website at http://pfwww.kek.jp/pfacr/

index.html.

Finally, we would like to express our sincere gratitude to all of those who 

have contributed to this volume.

Shunsuke Nozawa, Editor-in-Chief
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Introduction

Youichi Murakami

1

On behalf of the staff of the Photon Factory (PF) we 
are pleased to present Photon Factory Activity Report 
2012. This report covers the research activities carried 
out in the fiscal year 2012 (April 2012 - March 2013), 
which is my first year as the Director of the PF. The PF 
leadership has partially changed: Prof. Reiji Kumai (from 
April 2013), Prof. Shinichi Adachi (from April 2012) and 
Prof. Toshiya Senda (from January 2013) join us as 
Heads of Division 1 & 2 of Synchrotron Radiation (SR) 
Science and as Head of the Structural Biology Research 
Center, respectively.

Organization of the Photon Factory
The organization of the SR Science Division 1 & 2 

was changed in order to carry out inter-university re-
search efficiently and to enhance the SR research with 
limited budget and manpower. The divisions consist of 
three group layers: the beamline group layer, engineering 
and administration group layer, and working group layer 
(http://pfwww.kek.jp/orgchart/indexe.html). The beamline 
group layer has five scientific groups (Gs): electronic 
structure G, condensed matter G, material chemistry G, 
life science G, and slow positron G. These groups oper-
ate and maintain their respective beamlines. The engi-
neering and administration group layer has two groups: 
one group responsible for beamline engineering, techni-
cal service and safety, and the other group responsible 
for user support and publicity work. The working group 
(WG) layer has two groups at this stage: ultrafast dynam-
ics WG and advanced detector R&D WG; the WGs have 
definite goals and are time-limited. In the future some 
new WGs such as coherent X-ray WG, nano-beam WG, 
and inelastic X-ray scattering WG will be proposed to un-
derpin the developments in the PF.

KEK roadmap and future light source
Inter-University Research Institute Corporation of the 

High Energy Accelerator Research Organization (KEK) 
published a draft of the KEK roadmap at the end of Au-
gust 2012 and solicited the opinions of user communities. 
The Photon Factory User Association (PF-UA) and the 
Japanese Society for Synchrotron Radiation Research 
(JSSRR) expressed their opinions concerning photon sci-
ence in the KEK roadmap. The communities also made 
specific proposals on the role that KEK should play as a 
leading institute for SR research. We then modified the 
roadmap to reflect their proposals and finished it in March 
2013. The KEK roadmap was reviewed by the interna-
tional review committee in April and finally published in 
May 2013. The part concerning photon science states the 
following: “KEK will continue to advance photon science 
by upgrading the PF and Photon Factory Advanced Ring 

(PF-AR) to improve their performance and efficiency. At 
the same time, KEK will construct and then operate the 
compact energy recovery linac (cERL) and will demon-
strate the key technologies required for the ERL. By prov-
ing the potential of the ERL as a new accelerator to open 
new scientific frontiers, KEK will work toward construction 
of a 3 GeV ERL facility. In addition, KEK will continue to 
play a leading role in the development of SR research in 
Japan.” The international review committee provided the 
following advice regarding the roadmap: “The construc-
tion of the cERL, building on the outstanding accelerator 
expertise existing at KEK, is making great progress. The 
completion of this project to demonstrate and gain ex-
perience of the key ERL technologies is very important. 
In the long term the ERL is an interesting prospect for 
a future light source and should be kept in the plans at 
KEK. The issue is for the mid-term gap: the community 
as represented by the Japanese Society for Synchrotron 
Research has identified the immediate need for a low-
emittance, state-of-the-art storage ring. Both from geo-
graphic and technical points of view, KEK is ideally posi-
tioned to realize the needs of the community.” The ‘low-
emittance, state-of-the-art storage ring’ mentioned in the 
review report is the future light source proposed for the 
master plan of the Science Council Japan by the JSSRR 
in March 2013. We are now discussing the realization of 
this storage ring through collaboration across Japan.

Upgrades of the PF and the PF-AR
The operation of the PF started in 1982. After two 

large upgrades in 1996 and 2005 the emittance was re-
duced from 130 to 36 nmrad. The top-up operation with 
constant electric current in the PF ring has been work-
ing well since 2009. As the PF ring is operating with the 
relatively low energy of 2.5 GeV and large current of 450 
mA, we have an important advantage for science in the 
energy range of vacuum ultraviolet (VUV) and soft X-ray 
(SX). Actually, the PF has four VUV/SX beamlines (BL-2, 
-13, -16, -28) with undulators in the long straight sections. 
We have been focusing on upgrading these beamlines to 

http://pfwww.kek.jp/orgchart/indexe.html


2

maintain our international competitiveness in the field of 
VUV/SX science. We are planning to complete the instal-
lation of the undulators and the reconstruction of these 
beamlines by the autumn of 2014. These beamlines, BL-
2, -13, -16, and -28, are used to study solid state physics 
at surfaces/interfaces, surface chemistry, frontier sci-
ence of SX spectroscopy with polarization switching, and 
strongly correlated electron materials. Meanwhile, we 
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 field of X-ray science. 
The last short straight section in which a short gap undu-
lator is to be installed is in BL-15. This beamline will be 
dedicated to small-angle X-ray scattering and X-ray ab-
sorption fine structure/X-ray fluorescence analysis mea-
surements to study soft matter materials, environmental 
science, and new energy source materials such as for 
batteries.

Operation of the PF-AR started in 1987 as a parasite 
SR of the booster synchrotron for high-energy physics 
and was dedicated to SR operation in 1998. The PF-
AR is operating with the energy of 6.5 GeV to supply 
relatively high-energy X-rays for high-pressure science, 
crystal structure analysis with high-energy X-rays, and so 
on. The PF-AR is characterized by operation in full-time 
single-bunch mode; the single-bunch mode is advanta-
geous for time-resolved experiments. We are planning 
to construct a direct beam transport line for the PF-AR to 
manage both the injection to the PF-AR and superKEKB 
for high-energy physics. This upgrade of the PF-AR will 
make it possible to inject with the full energy of 6.5 GeV 
and also to operate with a top-up mode. As a result of 
this upgrade, the brilliance will be increased.

PF Science Advisory Committee
The 7th PF science advisory committee (PF-SAC) 

held a meeting in February 2013. This committee is very 
important for us to gather various advice from an interna-
tional perspective. The PF-SAC evaluates and advises 
on our light source, beamline developments, facility op-
eration, science outputs by users and the PF staff, and 
the PF management and strategic plans. The PF-SAC is 
comprised of nine distinguished scientists, and has been 
chaired by Prof. Ingolf E. Lindau of Stanford University 
since 2011. We have seven subcommittees to give more 
specialist evaluations and advice; each subcommittee 
consists of experienced scientists including a member 
of the PF-SAC. In this 7th PF-SAC we reported on the 
present status of the PF and showed our future plans 
including upgrades of the PF and PF-AR. In the execu-
tive summary and closing remarks, the PF-SAC com-
mended the PF management for its initiative to upgrade 
beamlines, supported our future plans, and appreciated 
the establishment of a new PF user’s community, PF-UA. 
The SAC also found the individual meetings with young 
scientists extremely valuable.

Inter-university collaboration
KEK is promoting inter-university collaboration to acti-

vate joint research projects. Hokkaido University and KEK 
held a symposium at Sapporo in October 2012 to discuss 
collaboration in research using SR, neutrons, muons, and 
positrons. The symposium yielded new ideas for scientific 
co-development. Tohoku University and KEK have been 
promoting joint projects for the last several years. Actual-
ly, KEK is constructing a polarized neutron spectrometer 
in collaboration with Tohoku University at J-PARC (Japan 
Proton Accelerator Research Complex). In order to drive 
the project, Tohoku University is planning to set up a 
center for conducting science using quantum beams on 
the basis of the inter-university agreement. In order to es-
tablish the center, Tohoku University held a symposium 
to discuss quantum beam science. Meanwhile, Tsukuba 
University has established the KEK research promotion 
office in Tsukuba Research Center for Interdisciplinary 
Materials Science. The office provides advice on the use 
of beamlines of the PF and J-PARC/MLF (Materials and 
Life Science Experimental Facility). In this joint project, 
staff of Tsukuba University form a research team in col-
laboration with staff of KEK. The KEK also collaborates 
with the Graduate School of Frontier Science of the Uni-
versity of Tokyo, and held joint seminars in September 
2012 and February 2013.

New projects
Two new research grants of the Ministry of Education, 

Culture, Sports, Science and Technology (MEXT) which 
are expected to use quantum beams were launched in 
2012. One is the project concerning the platform for Drug 
Discovery, Informatics, and Structural Life Science, which 
was started in order to build a creative process for medi-
cal procedure and drug discovery through the develop-
ment and common use of research infrastructure. KEK 
plays an important role as the core institute of structural 
analysis. The other project is the Element Strategy Initia-
tive, which promotes the creation of innovative alterna-
tives to such materials as rare elements which underpin 
Japan’s industrial competitiveness, through close col-
laboration among materials design, development, and 
evaluation in the core research center. KEK/IMSS is pro-
moting this MEXT project, with KEK/IMSS staff serving 
as the principal investigators for electronic materials and 
magnetic materials in collaboration with the Tokyo Insti-
tute of Technology and the National Institute of Materials 
Science, respectively.

					         Youichi Murakami
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The PF-Kondankai restarted as the PF User Association (PF-UA) in April 2012. 
The PF-UA is a user community to promote research activities in the PF. The first 
president is Professor Mamoru Sato of Yokohama City University.

April 1, 2012
PF User Association (PF-UA) Established

July 2-3, 2012
ERL Advisory Committee

July 19, 2012
The 3rd TIA-nano Public Symposium

The 1st ERL Advisory Committee “International Advisory 
Committee of the 3GeV ERL Project” chaired by Ingolf 
Lindau (SLAC, SSRL) was held at KEK.

3

The global nanotechnology complex TIA-nano (Tsu-
kuba Innovation Arena) created in Tsukuba City has 
been carrying out various activities since the joint 
policy statement was created in June 2009. The addi-
tion of KEK to TIA-nano as a new core institute in April 
2012 has strengthened the TIA-nano infrastructure.



There were a total of 4600 visitors to KEK on the day. All visitors enjoyed the pioneering world of modern materials, 
biology and accelerator science.

4

The 6th summer school on “particle and nuclear phys-
ics” and “material and biological science” was held at 
KEK. 90 undergraduate students from all over Japan 
attended this school, which included basic lectures, 
facility tours of the Tsukuba and Tokai campuses, and 
practical experiments.

September 2, 2012
Open House

August 20-28, 2012
Summer Challenge

July 30-31, 2012
The 2nd compact ERL Science Workshop
The compact ERL (cERL) will start operation in March 2013. Science using the new light source of cERL was dis-
cussed at the workshop.



February 7-8, 2013
PF-SAC

The 7th Photon Factory SAC meeting chaired by Ingolf Lindau (Stanford 
University) was held at KEK.

5

A high-brightness, high-current electron gun 
was developed for an energy recovery linac light 
source.

(c)Rey.Hori/KEK

March 14, 2013
500-keV Electron Beam with High Current from a Photoemission 
Dc Gun was Successfully Generated

November 23-24, 2012
Summer Challenge in Autumn

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



March 14-15, 2013
The 1st IMSS Science Festa

March 18, 2013
“PEARL” Chosen as Name of Next-generation 
Light Source
The name of the energy recovery linac, which was proposed by KEK as a 
next-generation light source, was chosen as PEARL (Photon Factory ERL 
Advanced Research Laboratory).

6

The 1st IMSS science festa, which is a joint symposium hosted by PF, KENS and MLS, was held at EPOCAL TSU-
KUBA. Over 500 participants actively discussed comprehensive studies using quantum beams, X-rays, neutrons, 
muons, and slow positrons, owned by IMSS.



AOFSRR (Asia-Oceania Forum for Synchrotron Radiation Research) was held in Bangkok, the capital of Thai-
land. The objectives of the AOFSRR are to establish a general framework of collaboration for the development 
of science and technology, which mutually benefits progress toward the research goals of the parties, and to pro-
mote comprehensive cooperation in the Asia Oceania region.

The 3rd India-Japan Symposium on “Frontiers in Science & Technology: Successes & Emerging Challenges” 
was held at the Indian Embassy in Japan. The PF has an Indian beamline (BL-18B) for use by Indian research-
ers. Full-scale operation of the beamline started in 2011.

International Collaboration
August 8-10, 2012
AOFSRR in Thailand

September 20-21, 2012
The 3rd India-Japan Symposium

7



The science outlook and R&D issues for an XFELO (X-Ray Free Electron Laser Oscillator) were widely dis-
cussed in the workshop.

Ms. Deepa Gopalan Wadhwa, ambassador of India to Japan, and Dr. Chadaram Sivaji, counsellor (Science & 
Technology) in the Embassy of India, visited KEK and exchanged opinions concerning research cooperation.

February 14-15, 2013
Workshop on Science Outlook and R&D Issues for an XFELO in 
POSTECH

February 20, 2013
Visit by Ambassadors of India

February 25, 2013,
Thank you, Australian Beamline !
The Australian beamline BL-20B was constructed in 1992, and finally ceased operation at the end of March 2013. 
The beamline has been extremely productive, with more than 1,000 papers published from about 900 experimen-
tal projects.

8
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 1  Atomic and Molecular Science

Single-Photon K−1K−1 Double Core Ionization 
of C2H2n (n=1-3) Sequence Molecules as a 
Potential New Tool for Chemical Analysis

Production of two-site double core-hole (K−1K−1) states has been studied for C2H2n (n = 1-3) molecular series by 
multi-electron coincidence spectroscopy to verify the theoretical prediction of larger chemical shift than in con-
ventional single core-hole states. A comparison among the cross sections of K−1K−1 states formed for these mol-

ecules indicates that the knock-out process is predominant in the production of the K−1K−1 states.

Electron spectroscopy for chemical analysis (ESCA) 
[1] is a very powerful analytical method relying on the 
chemical shift that reflects the environment of a given 
atom in a molecule. For hydrocarbon molecules this 
shift is generally very small, but Cederbaum et al. pre-
dicted in 1986 [2] that, in C2H2n (n = 1-3) molecules, the 
two-site double core-hole states (K−1K−1) show a much 
stronger effect than in single core-hole (K−1) states. 
Therefore, we systematically studied the production of 
the K-1K-1 states for C2H2, C2H4 and C2H6 to verify the 
prediction [3]. In the past few years, much attention 
has been paid on the formation of the double core-hole 
(DCH) states in molecules with the advent of X-ray Free 
Electron Laser (X-FEL), which offers the possibility of 
creating DCHs in a two-photon process [4]. However, 
the present self-amplified spontaneous emission opera-
tion mode of XFELs results in low photon resolution, 
and is not always sufficient for the abovementioned 
present purpose.

The experiments were carried out at the undula-
tor beamline BL-16A in single bunch top-up mode by 
multi-electron coincidence spectroscopy, where we de-
veloped a magnetic bottle analyzer with high collection 
efficiency to detect all the electrons in coincidence and 
to resolve them in terms of energy through multiple pho-
toionization processes [5].

In Fig. 1, we plot the number of coincidence events 
as a function of the binding energy (BE) of the DCH 
states: BE = hν − (EPh1 + EPh2) where EPh1 + EPh2 is the 
sum of the energies of the two photoelectrons. We 

observe clearly the one-site DCH (K−2) states and also 
satellite peaks (K−2V−1V′) where a valence electron from 
orbital V is excited simultaneously to a vacant orbital V′. 
The most important result, the production of the K−1K−1 
states, can be perceived as small peaks at BE 590-600 
eV. The experimental binding energies of the K−1K−1 
states are 596.0±0.5 eV, 593.3±0.5 and 590.2±0.5 eV, 
respectively, for C2H2, C2H4 and C2H6. This observation 
can be compared to the BE of K−1 states for these three 
molecules, of which the chemical shift is at most 0.5 eV, 
and is considered to verify the abovementioned predic-
tion. It should also be mentioned that the density-func-
tional theory calculations shown by the vertical arrows 
reproduce the experimental observations quite well [3].

The branching ratios of K−1K−1/K−1 can be obtained 
from the peak intensities in Fig. 1, and were found to 
be 2.0×10−5, 1.34×10−5 and 1.26×10−5 for C2H2, C2H4 
and C2H6, respectively. This systematic decrease of the 
ratios along the C2H2n sequence approximately scales 
as the inverse square of the C-C bond length (C≡C: 1.2 
Å, C=C: 1.34 Å, C-C: 1.54 Å). This is a strong indication 
that the double site ionization process is predominantly 
caused by the knock-out mechanism, where the primary 
photoionized electron collides with a K-shell electron 
in the neighboring atomic site, which can escape the 
molecular field with the primary electron. It should be 
emphasized that this study was made possible thanks 
to the high performance and very stable single-bunch 
top-up mode operation at the 2.5-GeV PF ring.
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Figure 1: Spectroscopy of K−1K−1 double core-hole states of the C2H2n sequence molecules.
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Electronic Ferroelectricity with Large Polarization Directed 
Antiparallel to Molecular Displacement in an Organic 
Crystal

Macroscopic electric polarization in displacive-type ferroelectrics is often considered within the traditional sim-
plest framework described by an atomic displacement and static point charge. Here we show that intermolecu-
lar charge-transfer instead governs the ferroelectricity of a molecular crystal, in which electron donor and ac-

ceptor nonpolar molecules having incompletely ionic charges (±0.60e) dimerize along the molecular stacking chain. The 
observed large polarization was consistent with recent first-principles calculations and the poling effect on the absolute 
structural configuration can be interpreted in terms of electronic ferroelectricity, which not only exhibits polarity antiparal-
lel to the ionic displacement but also enhances the polarization significantly more than that given by the point-charge 
model. Such a strongly interacting molecular system will lead to the future design of ferroelectrics for high-performance 
and high-frequency operations through the fast electronic processes.

The organic charge-transfer complex TTF-CA which 
comprises an electron donor, tetrathiafulvalene (TTF) 
and an acceptor, p-chloranil (CA) has been attracting 
much attention because of a novel neutral-to-ionic 
phase transition (NIT) [1]. The TTF-CA can be regarded 
as a displacive-type ferrolectrics because the crystal 
structure is symmetry-broken to the polar space group 
of Pn upon NIT. The donor and acceptor molecules 
displace pairwise in the alternately stacking chain along 
the crystallographic a-axis. Recently, in contrast to a 
conventional point-charge model (0.27 mCcm−2 along the 
a-axis), first-principles calculations suggested a much 
larger spontaneous polarization (3-10 mCcm−2 along 
the a-axis) with two contrasting candidates of electronic 
states in TTF-CA [2, 3]. The total polarization was pre-
dicted to be directed either parallel or antiparallel to the 
ionic polarization, depending on the antiferromagnetic or 
nonmagnetic state, respectively. Here we report the ex-
perimental determination of both the magnitude and the 
direction of the spontaneous polarization in TTF-CA [4]. 

The ferroelectric nature of TTF-CA was evident from 
a sharp peak anomaly on the temperature-dependent 
permittivity and large value of dielectric constant (er) and 
Curie constant (C) are suggestive of a large spontane-
ous polarization as a proper ferroelectric. However, 
experimental evaluation of the spontaneous polariza-
tion (Ps) value has long been hindered by its narrow 
charge gap of ~0.7 eV and electric leakage caused by 
current-induced resistance switching under electric field 
higher than 10 kVcm−1. We found that satisfactory ob-
servations of hysteresis were limited in a narrow range 
of both frequency and temperature. The coercive field 
(Ec) increases with increasing frequency or lowering 
temperature. The observed values from a well-defined 
parallelogram-like hysteresis were Ps of 6.3 mCcm−2 and 
Ec of 5.4 kVcm−1 at 59 K. 

Figure 1: Normalized integrated intensity of Bijvoet pair reflection 101 and 101. (a) Temperature dependence under constant electric field 
E = +4 kVcm−1 parallel to the a-axis. Horizontal broken lines correspond to the single domain values. (b) Electric field dependence increasing 
from E = −4 kVcm−1 to +4 kVcm−1 at 61 K. 
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To investigate the direction of spontaneous polariza-
tion, the degrees of symmetry-breaking in bulk and ab-
solute configurations of the polar TTF-CA crystal struc-
ture under an electric field were examined by probing 
the difference in intensity between Bijvoet pair reflec-
tions. The synchrotron radiated X-ray of relatively long 
wavelength (l = 1.55 Å) was used to exploit large anom-
alous scattering factors of the sulfur and chlorine atoms. 
The Bijvoet pair reflections 101 and 1

_
01

_
 exhibited the 

largest intensity difference according to a simulation 
based on the atomic coordinates obtained at T = 15 K 
[5] and 40 K [6]. Figure 1(a) depicts the temperature 
dependence of their normalized integrated intensity 
I+ ≡ I(101)/{I(101) + I(1

_
01

_
)} and I− ≡ I(1

_
01

_
)/{I(101) + I(1

_
01

_
)}. 

Just below Tc, the observed I+ and I− readily approach 
0.705 or 0.295 [horizontal broken lines in Fig. 1(a)], 
which correspond to the full polarization into either po-
larity according to the simulation. Therefore, the poling 
field of +4 kVcm−1 is regarded as sufficient for develop-
ing a single-domain state. The intensities of Bijvoet pair 
(I+ and I-) were interchanged by inverting the applied 
electric field direction due to polarization switching as 
shown in Fig. 1(b). By comparing the observed intensity 
of the Bijvoet pair with that obtained by the simulation, 
we found that the positively charged TTF molecules 
shift toward the positive electrode and the negatively 
charged CA toward the negative electrode as shown in 
Fig. 2(a). 

These experimental observations confirm the recent 
first-principles calculations predicting an extreme con-
tribution of the electronic polarization, which is directed 
antiparallel to the ionic displacement and governs the 
magnitude of polarization. The electronic ferroelectricity 
itself is currently one of the key issues for multiferroelec-
trics. The electronic response with lower energetic cost 
of lattice deformations promises both high-performance 
and high-frequency operations as well as new function-
alities. 

TTF0.6+CA0.6-

Charge-transfer

Electric 
field

Displacement

(a) TTF-CA

- ++- -- +++- -

(b) Conventional Ferroelectrics

- ++- -- ++- -Electric 
field

Displacement

Figure 2: Schematic drawing of the ionic displacement under an electric field. (a) TTF-CA. Deep blue and open arrows indicate charge-trans-
fer from TTF to CA and molecular displacement under the electric field, respectively. (b) Conventional displacive-type ferroelectrics. 
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Experimental Realization of a Topological Crystalline 
Insulator in SnTe

Topological insulators are a novel quantum state of matter where an insulating bulk hosts unusual gapless metal-
lic states protected by time-reversal symmetry (TRS). Their discovery stimulated the search for new topological 
states protected by other symmetries, and a recent theory predicted the existence of “topological crystalline in-

sulators” (TCIs) in which the surface states are protected by mirror symmetry of the crystal. We have performed angle-
resolved photoemission spectroscopy (ARPES) of narrow-gap IV-VI semiconductor tin telluride (SnTe) and show the 
first experimental evidence for the TCI phase in this material. Our ARPES result clearly demonstrates a signature of 
double Dirac-cone surface states, distinctly different from so-far discovered topological insulators, opening new av-
enues for exotic topological phenomena.

The surface state of three-dimensional topologi-
cal insulators is characterized by a Dirac-cone energy 
dispersion protected by TRS. In topological insulators, 
the TRS plays a key role in characterizing the topologi-
cal properties such as the quantum spin Hall effect and 
the magnetoelectric effect [1, 2]. In contrast, in TCIs, 
metallic surface states are protected by mirror symme-
try of the crystal [3]. It was recently shown theoretically 
by Hsieh et al. [4] that the TCI phase is realized in an 
insulating crystal having the rocksalt structure when a 
band inversion occurs at the high-symmetry L points of 
the bulk Brillouin zone. They also predicted that IV-VI 
semiconductor SnTe is such a TCI, while the isostruc-
tural PbTe is not. It is thus of particular importance to 
experimentally examine the possibility of the TCI phase 
in these semiconductors, in order to establish the con-
cept of this new topological state of matter and possibly 
to find novel topological phenomena beyond the frame-
work of known topological materials. dispersion along the  GX cut [Fig. 1(d)] exhibits two sets 

Figure 1: (a) Valence-band ARPES intensity of SnTe measured along the GX cut. The red rectangle indicates the region where Dirac-cone dis-
persion exists. (b) Surface and bulk Brillouin zones of SnTe. (c) Fermi-surface mapping of SnTe. (d) Near-EF band dispersion along the GX cut.

(a)

(b) (c)

(d)

To elucidate the electronic states of SnTe, we have 
performed high-resolution ARPES experiments at 
BL-28A and Tohoku University [5, 6].

Figure 1(a) shows the ARPES intensity of SnTe in 
the valence-band region plotted as a function of wave 
vector and binding energy, measured for the {001} 
surface along the GX high-symmetry line in the surface 
Brillouin zone as shown in Fig. 1(b). The X point of the 
surface Brillouin zone corresponds to a projection of the 
L point of the bulk Brillouin zone where a direct bulk-
band gap resides and the appearance of topological 
surface states is predicted [4]. Our ARPES data clearly 
demonstrate that the bulk-band maximum is indeed 
located around the X point. As shown in Fig. 1(c), the 
ARPES intensity at the Fermi level (EF) measured 
with the photon energy hn = 21.2 eV exhibits a bright 
intensity pattern centered around the X point and is 
elongated along the GX direction. The near-EF band 



PF Activity Report 2012 #30

Highlights 17

of linearly dispersive bands crossing EF, and the top of 
this Dirac-like band is located not at the X point but at a 
point slightly away from it (called here the L point). Such 
a characteristic “M”-shaped dispersion is not expected 
from the bulk-band calculations as can be seen from the 
plot of the bulk band projection [4] in Fig. 1(d), indicat-
ing that the observed Dirac-cone-like band originates 
from the surface states. The surface origin of the Dirac-
cone band has also been confirmed by photon-energy 
dependent ARPES measurements where the Dirac-
cone band shows negligible energy dispersion along the 
momentum perpendicular to the surface.

To clarify the uniqueness of SnTe among isostruc-
tural IV-VI semiconductors, we performed ARPES 
measurements of PbTe and directly compared the near-
EF electronic states around the Dirac point, as shown 
in Figs. 2(a) and (b). Intriguingly, the spectral feature 
of PbTe shows no evidence of the metallic Dirac-cone 
band, and displays only a broad feature originating from 
the top of the bulk valence band, suggesting that this 
material is an ordinary (trivial) insulator. This naturally 
suggests that a topological phase transition takes place 
in the solid-solution system Pb1-xSnxTe [6]. One can thus 
infer that the bulk-band gap closes at a critical x value, 
xc, accompanied by a parity change of the valence-
band wave function and an emergence/disappearance 

of the Dirac-cone surface state. Therefore, the present 
results have established for the first time the TCI phase 
in SnTe, which is in contrast to the trivial nature of 
isostructural PbTe. Our results unambiguously demon-
strate the validity of the concept of TCI and suggest the 
existence of many more kinds of topological materials.

REFERENCES
[1]	 C.L. Kane and E.J. Mele, Phys. Rev. Lett. 95, 146802 (2005).
[2]	 B.A. Bernevig, T.L. Hughes and S.-C. Zhang, Science 

314,1757 (2006).
[3]	 L. Fu, Phys. Rev. Lett. 106, 106802 (2011).
[4]	 T.H. Hsieh, H. Lin, J. Liu, W. Duan, A. Bansil and L. Fu, 

Nature Commun. 3, 982 (2012).
[5]	 Y. Tanaka, Z. Ren, T. Sato, K. Nakayama, S. Souma, T. 

Takahashi, K. Segawa and Y. Ando, Nature Phys. 8, 800 
(2012).

[6]	 Y. Tanaka, T. Sato, K. Nakayama, S. Souma, T. Takahashi, 
Z. Ren, M. Novak, K. Segawa and Y. Ando, Phys. Rev. B 
87,155105 (2013).

BEAMLINE
BL-28A

T. Sato1, Y. Tanaka1, Z. Ren2, K. Nakayama1, 
S. Souma1, T. Takahashi1, K. Segawa2 and Y. Ando2 
(1Tohoku Univ., 2Osaka Univ.)

Figure 2: (a) Near-EF ARPES spectra around the Dirac point (the L point) for SnTe and PbTe. (b) Corresponding ARPES-intensity plots.
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Ordered and Foam Structures of Semifluorinated Block 
Copolymers in Supercritical Carbon Dioxide

We conducted in situ small-angle X-ray scattering (in situ SAXS) in supercritical carbon dioxide (scCO2) using 
a high-pressure cell with diamond window to reveal the order-order transition (OOT) of semi-fluorinated block 
copolymers induced by scCO2. ScCO2 preferentially swells fluorinated polymers, which apparently increases 

the volume fraction of the fluorinated domain in block copolymers. By in situ SAXS, we observed swelling-induced OOT 
from cylinders to lamellae, and a unique transition from lamellae to a “foam” structure. This unique transition was re-
vealed by in situ SAXS with a specifically designed high-pressure cell and the use of intense X-rays at the Photon Fac-
tory.

 Block copolymers self-assemble into various or-
dered structures with 10 nm-scale periodicity, such 
as body-centered cubic (BCC) spheres, hexagonally-
packed cylinders, lamellae, and bicontinuous struc-
tures such as gyroid [1]. The self-assembly is called 
microphase-separation, and is desired for applications 
such as bottom-up nanolithography. The structure is 
determined by the volume fraction of one component (ƒ) 
and by the product of the interaction parameter between 
different domains (c) and the degree of polymerization 
(N). Therefore, one method to control the structure is 
to change c by tuning the temperature. Meanwhile, ƒ is 
fixed for a given block copolymer, but can apparently be 
changed by adding components with selective affinity 
for one domain (e.g. homopolymers and selective sol-
vents).

 As a unique selective solvent, our group has been 
employing scCO2, which is realized at 31.1ºC and 7.4 
MPa or above and successfully induced OOT in semi-
fluorinated block copolymers [2]. Most polymers do 
not dissolve in scCO2 but are swollen with scCO2 as 
a function of temperature and pressure. Among vari-
ous polymers, fluoropolymers are the most CO2-philic. 
Consequently, fluorinated domains in block copolymers 
are selectively swollen in scCO2, which increases the 
apparent volume fraction (ƒeff) of the fluorinated domain. 
In this method, ƒeff depends on the temperature and 
pressure of CO2, and so we can tune ƒeff continuously 
and reversibly. In addition, CO2 can be removed without 
destroying the swollen structure by freezing and gradual 
depressurization. During the depressurization process, 
the space occupied by CO2 turns into nanopores, and 
hence a nanoporous structure can be obtained from the 
block copolymer template.

 Recently we reported in situ analysis of CO2-
induced OOT [3]. While we have observed the frozen 
nanoporous structure, the swollen structure in CO2 had 
not been investigated previously. Therefore, we con-
ducted in situ SAXS, to reveal the swollen morphology 
and OOT. We used a semifluorinated block copolymer, 

poly(styrene-b-perfluorooctylethyl methacrylate) (PS-
PFMA, Mn = 17,700 - 6,230 kg/mol). A custom-designed 
high-pressure vessel was connected with a pump and 
a backpressure regulator. Samples in the vessel were 
irradiated with X-rays through the diamond windows of 
the vessel. SAXS experiments were performed at BL-
6A in the Photon Factory. SAXS profiles were calibrated 
with collagen from chicken tendon. We also prepared a 
frozen nanoporous sample by swelling a sample in CO2 
for 2 h at 60ºC, freezing the sample to −10ºC, and de-
pressurizing CO2 at a rate of 0.5 MPa/min.

Figure 1 shows SAXS profiles of PS-PFMA in CO2 
as a function of pressure. The as-cast sample showed 
several Bragg peaks with a peak ratio of 1 : (3)1/2 : 2, in-
dicating a hexagonally-aligned structure. From this pro-
file and composition ratio of PS-PFMA, we concluded 
that hexagonal cylinders with PFMA cores are formed 
in the as-cast specimen. The sample was then pressur-
ized in CO2 at 60ºC. At 10 MPa, the peak ratio changed 
to 1 : 2: 3, indicating that PFMA was preferentially swol-
len in CO2 and OOT from cylinders to lamellae (a more 
PFMA-rich structure) was induced. 

Figure 1: SAXS profiles of PS-PFMA as a function of CO2 pres-
sure at 60ºC. Data were taken from Ref. [3] (reproduced by per-
mission of The Royal Society of Chemistry).
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We raised the CO2 pressure further, and observed 
that the Bragg peaks dissipated and other scattering 
in low-q emerged above 20 MPa. This indicates that 
lamellae were further transformed into another struc-
ture. From the fringe position of the new scattering pat-
tern, we speculated that a sheet-shaped structure was 
formed. To confirm the structure, we prepared a nano-
porous sample by freezing the swollen structure. By 
scanning electron microscope (SEM) measurements, 
we observed a “foam” structure, where PS-PFMA com-
poses a bilayer membrane and 100 nm-scale cells are 
surrounded by a membrane (Fig. 2).

 From SAXS experiments, we observed an intrigu-
ing pressure response of the foam. When we raised 
the pressure from 25 to 30 MPa stepwise, the form 
factor weakened temporarily and recovered gradually 
(see Fig. 3). This indicates that the foam structure was 
pressed by static pressure and returned to lamellae, 
and then gradually transformed into the foam again. 

By time-resolved SAXS with synchrotron radiation, we 
were able to observe not only the swollen structure, but 
also the unique relaxation process of the structure, such 
as the expansion of foam-like structures with increasing 
pressure.

Figure 2: An SEM image of PS-PFMA treated with CO2 at 30 MPa 
and at 60ºC. The horizontal scale bar indicates 200 nm.

Figure 3: SAXS profiles as a function of time after pressurization 
from 25 to 30 MPa. 0 min denotes the time immediately before 
pressurization. This figure was taken from Ref. [3] (reproduced by 
permission of The Royal Society of Chemistry).
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Self-Energy and the Electronic Structure of Correlated 
Metal SrVO3

The correlated electronic structure of SrVO3 has been investigated by angle-resolved photoemission spectroscopy 
(ARPES) using in situ prepared thin films. Pronounced features of band renormalization have been observed as 
in the high-Tc cuprates, such as a sharp kink ~60 meV below the Fermi level (EF). We have deduced the electron 

self-energy, which represents the interaction in a solid, in a wide energy range by applying the Kramers-Kronig relation 
to the photoemission spectra. The obtained self-energy indicates a large energy scale of ~0.7 eV, which is attributed to 
electron-electron interaction and gives rise to the incoherent peak ~1.5 eV below EF. The present analysis enables us 
to obtain a consistent picture for both the high-energy incoherent state and the low-energy band renormalization.

The effect of many-body interaction on the elec-
tronic structure, such as electron correlation or electron-
phonon interactions, is an important concept for un-
derstanding the physical properties of materials. In a 
correlated electron system, coupling of single-particle 
excitations with collective excitations such as phonons, 
leads to a pronounced energy-dependent band renor-
malization, a so-called kink, in the band dispersion. 
In the high-Tc cuprate superconductors, a kink has 
been observed around 60 meV below EF [1] by angle-
resolved photoemission spectroscopy (ARPES) and the 
origin of the kink has been under debate for a long time. 
Studies of kinks in transition-metal oxides other than the 
cuprates would give useful information.

SrVO3 (SVO) is a perovskite-type transition-metal 
oxide (TMO) and is a prototypical Mott-Hubbard-type 
system with the d1 electronic configuration. Therefore, 
SVO is an ideal system to study the fundamental phys-
ics of electron correlation and has been extensively 
studied by photoemission spectroscopy measurements. 
Recently, quasi-particle (QP) bands of SVO have been 
clearly observed by ARPES with the aid of the high-
quality films having atomically flat surfaces grown by the 
pulsed laser deposition (PLD) technique [2, 3]. Here, we 
present an ARPES study of SVO epitaxial thin films and 

reveal a kink in the QP band dispersion as well as the 
self-energy in a wide energy range [4].

The chemical composition of SVO thin films was 
checked by core-level photoemission spectra measured 
at BL-2C and the ARPES measurements were per-
formed at BL-28A. Correlation effects in the QP spectra 
were closely examined for the nearly two-dimensional 
dxy band. An image plot of the dxy band in energy-mo-
mentum space is shown in Fig. 1. There are two main 
features near EF: the coherent part (the sharp QP peak 
within ~0.5 eV of EF) and the broad incoherent part (often 
regarded as the remnant of the lower Hubbard band 
centered ~1.5 eV below EF). As shown in Fig. 2(a), a 
kink is seen at around 60 meV below EF very similar to 
those observed in the high-Tc cuprate superconductors. 
The kink in the high-Tc cuprates was associated with the 
oxygen half-breathing phonon mode of 60 meV by Lan-
zara et al. [1], while antiferromagnetic fluctuations and/
or the magnetic resonance mode [5] have also been 
proposed as possible origins of the kink. Since SVO, 
unlike the cuprates, does not have low-energy spin fluc-
tuations, the kink observed in the present study is likely 
due to a coupling of electrons with these phonon modes 
characteristic to the perovskite oxides.
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Figure 1: ARPES spectra of SrVO3 along the kx direction taken at the photon energy of 66 eV with linear polarization. The clear band 
dispersion near EF is the dxy band.
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Not only the kink in the low energy scale, but also 
the high-energy incoherent structure has been exam-
ined by deducing the self-energy S(w) in the high en-
ergy region.  In the conventional method, the real part of 
the self-energy ReS can be obtained as the difference 
between the QP band dispersion and the noninteracting 
band dispersion as described in Fig. 2(a). However, the 
obtained self-energy S(w) is limited to ~0.5 eV below EF, 
which is the energy range of the coherent part, while the 
behavior of the self-energy over a wider energy range 
including the incoherent part needs to be clarified to 
understand the role of electron correlation. Therefore, 
we have developed a new method to deduce the self-
energy in a wider energy range using the Kramers-
Kronig (KK) relation [4].
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Figure 2(b) shows the experimentally deduced self-
energy ReS(w) and ImS(w) using the KK relation. The 
deduced self-energy shows remarkably similar behavior 
to the self-energy calculated for SVO by the dynamical-
mean-field-theory method [6]. The self-energy ReS(w) 
shows a large energy scale of 0.7 eV reflecting electron-
electron interaction and giving rise to the incoherent 
peak 1.5 eV below EF. The present result provides a 
self-consistent procedure to experimentally deduce the 
self-energy in correlated electron systems; this proce-
dure will be useful for future studies of strongly electron 
correlated systems such as the high-Tc superconduc-
tors.

Figure 2: Band dispersions and self-energies in the vicinity of the Fermi level. (a) QP band dispersions are determined by the peak positions 
(blue dots). The position of the kink at 60 meV is shown by an arrow. The noninteracting band given by the band-structure calculation is shown 
by red curves. The real part of the self-energy ReS can be obtained as the difference between the QP band dispersion and the noninteracting 
band dispersion. (b) Self-energy deduced from the measured ARPES spectra using the KK transformation.
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Anisotropic Thermal Expansion and Cooperative Invar/
Anti-Invar Effects in MnNi Alloy

Thermal expansion of a tetragonal Mn88Ni12 alloy, which exhibits significant anisotropy, was investigated by EX-
AFS and path-integral quantum mechanical simulations. The EXAFS reveals that the Mn local environment is 
actually tetragonally distorted, while the Ni one retains its inherent cubic-like symmetry. The large thermal expan-

sion along the a axis originates from the anti-Invar effect, while the negligibly small thermal expansion along the c axis 
originates from the cooperative Invar effect. Namely, the tetragonally distorted more stable antiferromagnetic Mn state 
gives a significantly smaller (slightly longer) atomic radius along a (c) than that of the spherical paramagnetic state.

An Invar alloy Fe66Ni34 that shows anomalously small 
thermal expansion over a wide temperature range was 
discovered by Guillaume in 1897 [1]. The Invar effect 
has been utilized in various kinds of precision devices 
and instruments such as semiconductor and flat-panel-
display manufacturing systems, molded imprints, astro-
nomical telescopes and so forth. In a phenomenological 
model of the Invar effect, there exist at least two types 
of electronic states in Fe, typically called high-spin (HS) 
and low-spin (LS) states [2]. In this two-state model, 
the HS state with a larger atomic radius is slightly more 
stable at a temperature of 0 K than the LS state. This 
results in the compensation of thermal expansion due to 
increasing density of the LS state at higher temperature. 
However, the detailed origin of the Invar effect is the 
subject of much discussion even today. In recent elec-
tronic structure calculations based on the density-func-
tional theory [3], a much more complicated electronic 
structure was proposed, where non-collinear magnetic 
moments with different magnitudes are distributed, de-
pending on the local environment. On the other hand, 
the thermal expansion was very recently investigated 
from a different viewpoint of thermal vibration, by com-

bining temperature-dependent EXAFS measurements 
with the path integral effective classical potential (PIECP) 
Monte-Carlo (MC) simulations [4]. In this work, coopera-
tive anisotropic thermal expansion in face-centered te-
tragonal (fct) Mn88Ni12 alloy was studied, where one axis 
shows the Invar effect and the other shows the anti-
Invar effect [5].

In this work, we performed temperature-dependent 
Mn and Ni K-edge EXAFS measurements at BL-9C us-
ing the transmission mode. The temperature range of 
the EXAFS measurements was 11-300 K. Powder XRD 
measurements were also performed by using laboratory 
equipment. The 113 and 311 diffractions were mainly 
used to determine the fct lattice constants a and c.

Figure 1: Experimental bond distances in Mn88Ni12 determined by Mn and Ni K-edge EXAFS. l, s, and av denote the longer and shorter bonds 
and the average, respectively.

Figure 1 gives the bond distances around Mn and 
Ni determined by EXAFS. The analysis clearly shows 
that the environment around Mn is really tetragonally 
distorted with meaningfully different bond distances 
between Mn(l) and Mn(s). On the other hand, the envi-
ronment around Ni is regarded as cubic because of a 
negligible difference between Ni(l) and Ni(s). It should 
be noted here that in spite of the fact that the average 
X-ray structure is fct, the local structures of Mn and Ni 
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determined by EXAFS are essentially different. Figure 
2 gives the experimental and PIECP-simulated results 
for the bond distances and the lattice constants. In the 
lattice constants in Fig. 2(c), a (a<c) shows somewhat 
larger thermal expansion than usually expected, while 
the lattice constant c exhibits almost no thermal expan-
sion, indicating cooperative Invar/anti-Invar effects. It 
is clearly found that in the PIECP simulations, the LS/
HS two-state model successfully reproduces all the 
experimental lattice constants and bond distances. In 
the tetragonal-axis rotatable LS model, the calculated 
lattice constant c gradually decreases with temperature, 
while the experiment shows nearly no thermal expan-
sion. In the tetragonal-axis fixed LS model, where only 
the Mn LS state is allowed and the Mn axis is fixed at 
[001], thermal expansion of the lattice constant a is es-
timated to be too small compared to the experiments. 
The classic LS/HS model is rather good, but the lattice 
constants are erroneously temperature dependent even 
at low temperature, implying the importance of the vi-
brational quantum effect. In the quantum mechanical 
LS/HS model, the bond distances as well as the lattice 
constants agree quite well with the experimental results. 
This confirms that the two inequivalent bonds in EX-
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AFS are regarded as the bonds within the bc/ca and ab 
planes. Consequently, the present anisotropic thermal 
expansion is explained by the cooperative Invar/anti-
Invar effects in the Mn atom, where the tetragonally dis-
torted more stable LS Mn state gives a smaller atomic 
radius within the ab plane and a larger radius along the 
c axis than the spherical one of the HS state.

Figure 2: Simulated bond distances for (a) Mn(l) and Mn(s) and 
(b) Mnav and Niav, and (c) fct lattice constants a and c, together 
with the experimental EXAFS and XRD data with error bars. Four 
kinds of simulated results are depicted: the quantum LS-HS model 
(red solid line), the classic LS-HS model (green dashed), the 
tetragonal-axis fixed LS model (blue dashed), and the tetragonal-
axis rotatable model (purple dashed).

In summary, the fct lattice constant a (a<c) shows 
somewhat larger thermal expansion than usual, while 
the lattice constant c exhibits almost no thermal expan-
sion. This behavior is explained by the cooperative In-
var/anti-Invar effects in the Mn atom, where the tetrago-
nally distorted Mn state coupled antiferromagnetically to 
the neighboring atoms is more stable than the spherical 
paramagnetic HS state and as a result, gives a signifi-
cantly smaller atomic radius within the ab plane and a 
slightly larger radius along the c axis than the spheri-
cal one of the HS state. The present observation is not 
a rare case; similar thermal expansion behaviors can 
be seen in Mn87Pd13 and Mn85Zn15, although they have 
not been discussed so far. Mn atoms are tetragonally 
distorted associated with the lattice distortion, while Ni 
atoms retain cubic symmetry. From the local point of 
view, it is not unusual that different structural behaviors 
in randomly distributed different elements are observed. 
It should be noted that XRD gives only the average 
structure and the local structure is not always the same 
in random alloy/solid solution systems. Recently, there 
have been reports on several kinds of metal alloys that 
exhibit anomalous thermal expansion properties like 
negative or zero thermal expansion. Since these works 
have focused on the lattice thermal expansion, it will be 
interesting to investigate the thermal expansion from the 
present viewpoint of local thermal expansion.
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Structural Study of a Purely Organic Single-Component 
Metal with Symmetric Hydrogen Bond

Purely organic materials are generally insulating. Here, we report a new type of purely organic single-component 
molecular conductor that utilizes strong hydrogen-bonding interactions between tetrathiafulvalene-based 
electron-donor molecules. We found that these conductors are composed of highly symmetric molecular units 

constructed by strong intra-unit hydrogen bonding, and that charge carriers are produced by the partial oxidation of 
the donor molecules and delocalized through the formation of symmetric intra-unit hydrogen bonds. To the best of our 
knowledge, our conductors show the highest room-temperature electrical conductivity and the metallic state under the 
lowest physical pressure among purely organic single-component systems.

The realization of purely organic single-component 
molecular metals has been a long-standing open prob-
lem in chemistry, physics, and materials science. As is 
well known, purely organic materials are normally insu-
lating. Recently, we unveiled a new type of purely or-
ganic single-component molecular conductor based on 
a catechol-fused ethylenedithiotetrathiafulvalene, H2Cat-
EDT-TTF, and its diselena analogue, H2Cat-EDT-ST, 
which were designed and synthesized by us [1]. These 
conductors are unprecedented single-component sys-
tems composed of molecular units, H3(Cat-EDT-TTF)2 
and H3(Cat-EDT-ST)2, with a highly symmetric intra-
unit hydrogen bond. The higher electrical conductivity 
observed in our systems is attributed to the hydrogen 
bond-promoted delocalization of charge carriers, which 
are generated through the partial oxidation of the H2Cat-
EDT-TTF and H2Cat-EDT-ST molecules [2].

A new type of purely organic single-component 
molecular conductors, k-H3(Cat-EDT-TTF)2 and k-H3 
(Cat-EDTST)2, hereinafter described as k-S and k-Se, 
respectively, were obtained as black plate-like crystals 

by electrochemical oxidation of the corresponding donor 
molecules, H2Cat-EDT-TTF and H2Cat-EDT-ST, in the 
presence of the base, 2,2’-bipyridine. Crystal structure 
analysis was carried out at PF BL-8A. The minimal mo-
lecular unit, the H3(Cat-EDT-TTF)2 composition (Fig. 1), 
is established by the formation of an intra-unit hydrogen 
bond, O..H..O, between the catechol moieties of the do-
nor molecules, where the one hydroxyl proton is depro-
tonated. The oxygen–oxygen distance in the hydrogen 
bond, d(O..O), is 2.486(5) Å and 2.509(8) Å at room 
temperature, and 2.453(5) Å and 2.443(8) Å at 50 K and 
30 K for k-S and k-Se, respectively, which are much 
shorter than the length of the normal O-H..O type hy-
drogen bond, d(O..O) 2.7-3.0 Å. Because of this strong 
hydrogen bonding nature, the bonded hydrogen atom is 
located at nearly the center between two oxygen atoms, 
in contrast to the asymmetric hydrogen distribution in 
normal hydrogen bonds. The minimal molecular units 
are assembled into the purely organic single-component 
crystal.

Figure 1: Structure of the molecular unit and the metallic state under ~1 GPa in the purely organic single-component conductor, k-H3(Cat-
EDT-ST)2. The hydrogen bonding unit is open-shell and neutral since the oxidized TTF parts are +0.5 and the [O-..H+..O-] hydrogen bonding 
part is −1.
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The electrical conductivity at room temperature is 
significantly high, 3.5 and 19 S cm−1 for k-S and k-Se, 
respectively. To the best of our knowledge, these val-
ues are one or two orders of magnitude higher than the 
highest reported value, σrt = 10−1 S cm−1, among purely 
organic single-component systems. We observed dra-
matic changes in the temperature variation in the elec-
trical resistivity under pressure for k-Se. At pressures 
above 1.3 GPa, the electrical resistivity monotonically 
decreases with reducing temperature down to around 
150 K, in striking contrast with the semiconducting be-
havior at ambient pressure, although the resistive curve 
starts to increase at low temperature. Thus, the metallic 
states emerge with suppression of the semiconducting 
energy gap by applying a pressure of only ~1 GPa. We 
believe this is the lowest metallization pressure among 
purely organic single-component systems.

Our system demonstrates that the symmetric hydro-
gen bond constructs a new type of purely organic sin-
gle-component molecular conductor composed of highly 
symmetric molecular units. Moreover, we found that the 
formation of the symmetric hydrogen bond promoted 
the intermolecular delocalization of the generated car-
riers, associated with the enhancement of the electrical 

conductivity. We believe that our new type of molecular 
conductors with symmetric intra-unit hydrogen bond will 
lead to the first purely organic single-component molec-
ular metal at ambient pressure. A tetraselenafulvalene 
(TSF)-type analogue, in which all the sulfur atoms in the 
TTF part of the present system are replaced with sele-
nium atoms, is a promising candidate for the ambient-
pressure metal, because the intermolecular interactions 
are expected to be further enhanced.
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X-Ray Photo-Induced Phase Transition Enabled
by Impurity Doping in Layered Manganite

In the charge-orbital order (COO) phase of perovskite manganite Pr0.7Ca0.3MnO3, photo-conversion phenomena have 
been observed, such as a melting of the COO phase by X-ray irradiation, which corresponds to the transition from 
the COO phase to a charge-orbital disordered phase. In contrast, the X-ray photo-induced effect has not been ob-

served in impurity undoped layered perovskite manganite La0.5Sr1.5MnO4. In this study, we investigated the effect of im-
purity doping on the X-ray photo-induced phenomena in Fe-doped layered perovskite manganite La0.5Sr1.5Mn0.97Fe0.03O4.

Phase transition triggered by light irradiation, or 
so-called photo-induced phase transition (PIPT), has 
attracted much research for photonic and materials sci-
ence. Many PIPT materials have been found to exhibit 
novel transient phases not observed in thermal equilibri-
um. In general, the photo-induced phases are rather un-
stable and their lifetimes are very short, typically being 
between picoseconds and microseconds. To achieve a 
persistent photo-induced phase conversion, the initial 
and final states should be separated by a high potential 
barrier. If the free energy allows bistability between the 
initial and final phases, photo-excitation may induce 
phase conversion beyond the potential barrier between 
the two phases by the assistance of cooperative inter-
actions in photo-excited states.

Impurity undoped La0.5Sr1.5MnO4 is a typical crystal 
showing the charge-orbital order (COO) and CE-type 
antiferromagnetic (AFM) phase with inherent phase 
competition with the ferromagnetic (FM) phase (Fig. 1). 
In the AFM/COO phase, photo-conversion phenomena 
have been observed, such as a partial melting of the 
COO phase by X-ray irradiation, which corresponds to 
the transition from the COO phase to a charge-orbital 
disordered (DO) phase. In this study, we investigated X-
ray PIPT phenomena in Fe-doped layered perovskite 
manganite La0.5Sr1.5Mn0.97Fe0.03O4. The substitution of 
Mn ions with Fe ions would destroy the CE-type AFM 
order locally and form a small FM cluster, and finally the 
phase-separated state between the AFM/COO and FM/
DO phases would be realized. The doping impurity, as 
a quenched disorder, may have the effect of enhancing 
the photo-conversion effect and lowering the threshold 
for the emergence of PIPT.

Figure 1: (left panel) Schematic of crystal structure and charge-orbital order in La0.5Sr1.5MnO4. (right panel) The X-ray exposure time 
dependence of OO intensities for (1/4 7/4 0) in La0.5Sr1.5Mn0.97Fe0.03O4. The incident X-ray energy was tuned to 6.5 keV and the X-ray photon 

flux was 2.5×1016 photons/m2s.
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It was revealed that 3% doping of Fe for Mn reduces 
the orbital order (OO) intensity by ~1/30, indicating 
that only a few percent of the Fe ions, functioning as 
quenched disorders, effectively suppress the long-range 
OO phase. Accordingly, this doping induces a weak fer-
romagnetism (FM) below 40 K. The produced ferromag-
netism is subject to the magnetic field annealing effect, 
where the value of the saturation moment smoothly 
increases with an increase in the annealing magnetic 
field, which is generic of phase-separated states.

We found that impurity doping leads to dramatic 
enhancement of the X-ray induced effect. As shown 
in Fig. 1, the OO intensity for (1/4 7/4 0) reflection de-
creases during X-ray exposure with negligible incuba-
tion time below 35 K. The ac susceptibility is enhanced 
during X-ray exposure at 15 K, indicating that X-ray 
PIPT corresponds to phase conversion from the OO 
phase to the FM phase. In contrast, a reverse phase 
conversion from the FM phase to the OO phase was 
observed above 40 K (Fig. 1). As a consequence, this 
material exhibits persistent and bidirectional X-ray in-
duced phase transition, whose direction is switched with 
varying temperature.

The initial state can be considered to be a meta-
stable state protected by a potential barrier from which 
the incident X-ray can induce transition to the thermo-
dynamically stable state. Switching of the direction of X-
ray PIPT can be elucidated by postulating an alteration 
of the most stable state with varying temperature. In 
the present case, impurity doping plays a crucial role 
in forming the phase separated state and also in de-
termining the rate of X-ray PIPT. Tuning of the impurity 
concentration and selection of the dopant element may 
provide fertile ground for clarifying X-ray PIPT phenom-
ena and discovering new PIPT materials.
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Three-Way Switching in a Multifaceted [CoFe] Chain

The drive to develop new materials that show bistability, that is, the ability to exist in more than one stable physi-
cal state under identical environmental conditions, is stimulated by the potential applications that such materials 
may have in future switching or data storage technologies. A heterometallic cobalt-iron ([CoFe]) chain complex 

was synthesized and found to be thermally-convertible between paramagnetic semiconducting and diamagnetic insu-
lating phases and to display photo-switchable single chain magnetism at low temperatures. The multibistability of elec-
tronic and magnetic properties shown by the [CoFe] complex opens up exciting possibilities for the future of nano-scale 
switchable components.

Cyanide ions can act as linear bridges between met-
al ions, mediating significant electronic and magnetic 
coupling between nearest neighbors. Some multinuclear 
cyanide-bridged transition metal clusters can have more 
than one stable state (electronic, magnetic, chromic, 
etc.) under identical physical conditions. Such materials 
can be described as displaying bistability, and have the 
potential to operate as nano-scale switches: their states 
are interconverted upon application of appropriate ex-
ternal stimuli (heat, light, pressure, etc.). In particular, 
heterometallic iron/cobalt cyanide-bridged compounds 
can display a phenomenon termed electron-transfer-
coupled spin transition (ETCST), in which a paramag-
netic CoII(HS)-FeIII(LS) (HS = high spin state, LS = 
low spin state) high-temperature (HT) phase can be 
reversibly converted to a diamagnetic CoIII(LS)-FeII(LS) 
state at low temperature (LT) as a result of CoII→FeIII 
electron transfer and subsequent CoIII spin state transi-
tion (HS→LS). The transition can be reversed at very 
low temperatures if the sample is irradiated by light of 
sufficient energy, allowing a meta-stable (HT*) magnetic 

phase to be trapped [1]. This research aimed to investi-
gate the interplay between electronic conductivity (and/
or permittivity) and ETCST, an area as yet unexplored 
for molecular ETCST-active systems but with great po-
tential importance in future switching technologies.

A chiral heterometallic chain coordination polymer 
was synthesized, in which cobalt and iron building 
blocks were combined in a square-wave type structure 
(Fig. 1) [2]. The [CoFe] chain showed thermal ETCST 
with wide hysteresis between a paramagnetic HT phase 
and a diamagnetic LT phase at close to room tempera-
ture. Single-crystal X-ray diffraction data collected at 
BL-8B at the Photon Factory meant that the structural 
changes associated with the HT→LT transition could 
be followed in a single crystal, thus elucidating the ef-
fects of the ETCST phenomenon. The [CoFe] chain 
also showed light-induced ETCST to a meta-stable HT* 
phase at low temperature, in which it displayed single 
chain magnet (SCM) properties. Thus the complex 
could be converted to two distinct states, HT and HT*, 
from the LT state.

Figure 1: X-ray determined crystal structure of the [CoFe] chain (collected on BL-8B). Iron ions in green and cobalt in blue.
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The one-dimensional nature of the chain, coupled 
with the observation of thermal ETCST, made it an in-
teresting candidate to investigate the effects of the inter-
metallic electron transfer and associated dipolar switch-
ing on its conductivity and permittivity. The temperature 
dependence of the dc conductivity (sdc) and magnetic 
susceptibility were measured simultaneously (Fig. 2), 
and the data indicated a strong correlation between 
magnetic HT→LT transition and semiconductor to insu-
lator phase transition. The conductivity measurements 
exhibited a wide hysteresis loop with an activation en-
ergy of 0.38 eV.

(a) (b)

Figure 2: (a) Temperature dependences of the dc conductivity (pink) and magnetic susceptibility (blue) of the [CoFe] chain; (b) frequency 
dependence of the dielectric constant (e’) and dielectric loss (e’’) versus temperature.

The dielectric response was also measured in the 
thermal ETCST temperature range, and exhibited a 
similar hysteretic response, likely brought about by the 
flipping of the dipolar orientations from CoII→FeIII to 
FeII→CoIII as the electron-transfer processes occurred. 
By fitting the frequency dependence of the permittivity 
to a modulus model, the group determined the activa-
tion energy (of the relaxation of the dipolar orientations) 
to be 0.42 eV. The similarity of the two activation ener-
gies obtained from the measured data suggests that 
the charge carrier overcomes the same energy barrier 
in both conduction and relaxation modes, and that the 
conduction and permittivity responses rely upon the 
thermal ETCST.

This is the first example of a link between ETCST 
and electric conductivity and permittivity in a molecular 
species, and illustrates the complementary manner in 
which different physical properties can be combined in 
switchable coordination compounds, and how different 
stimuli can be used to access contrasting electronic 
states. This result may pave the way for the rational 
design of low-dimensional materials with novel function-
alities and applications as multiresponsive components 
in future technologies.
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Real-Time Observation of Molecular Orientation during the 
Adsorption Process by Means of Wavelength-Dispersive 
X-Ray Absorption Spectroscopy with Polarization 
Switching

A novel technique has been developed by combining wavelength-dispersive X-ray absorption spectroscopy with 
switching between the vertical and horizontal linear polarizations, and the molecular orientation of NO and N2O 
during adsorption on Ir(111) is observed. It is revealed that NO adsorbs keeping its molecular axis at ~20º from 

the surface normal during the whole adsorption process. In contrast, the adsorption process of N2O consists of three 
periods according to its coverage. Up to 2/3 of the saturation coverage, the orientation angle of N2O is almost constant 
at ~35º. Then the average orientation angle gradually increases to ~40º until the N2O coverage reaches ~4/5 of its satu-
ration, and very slowly increases to ~45º at the saturation coverage. Such a complicated behavior is interpreted by as-
suming different adsorption sites.

 X-ray absorption spectroscopy (XAS) is one of 
the most powerful techniques to distinguish chemical 
species on the surface and to determine the orienta-
tion as well as the amount of adsorbed molecules. It is 
necessary to measure at least two XAS data with two 
different linear polarizations, or to rotate the sample at 
a fixed polarization, in order to determine the molecular 
orientation. Therefore, real-time observation of the mo-
lecular orientation during an unrepeatable process, e.g., 
a surface chemical reaction, is quite difficult by using 
the conventional step-by-step energy scan. We have 
achieved real-time observation of the molecular orienta-
tion by combining two experimental techniques: polar-
ization switching and wavelength-dispersive XAS [1]. 
The technique for switching between vertical and hori-
zontal linear polarizations, as well as between right and 
left circular polarizations, had been developed at BL-
16A, by installing two APPLE-II type undulators in the 

tandem configuration and by modulating the electron 
orbit through the undulators [2]. On the other hand, the 
time resolution of the wavelength-dispersive XAS tech-
nique in the soft X-ray region, by which the XAS data is 
recorded without the energy scan, had been improved 
to 33 ms/spectrum [3]. We have applied this novel tech-
nique to the adsorption process of NO and N2O on an 
Ir(111) surface.

Figure 1 shows series of N K-edge XAS data for the 
vertical and horizontal linear polarizations taken during 
the adsorption process, which were obtained by using 
1-Hz switching. Here, the vertical polarization corre-
sponds to the s polarization, in which the electric vector 
of the X-rays lies in the surface plane, while the angle 
between the electric vector and the surface normal is 
55º for the horizontal polarization, which is called the 
“magic angle”. 

Figure 1: Series of N K-edge XAS data for vertical and horizontal polarizations simultaneously taken by using 1-Hz polarization switching 
during exposure of the Ir(111) surface to (a) 5×10-8 Torr NO and (b) 1×10−7 Torr N2O, and (c) schematic illustration of the real-time observation 
of the molecular orientation.
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To quantitatively estimate the molecular orientation, 
the time (t) evolution of the normalized peak intensity for 
the vertical and horizontal polarizations is plotted in Fig. 
2. The averaged orientation angle is estimated from the 
ratio between the peak intensities for the two polariza-
tions. The peak-intensity ratio remains almost constant 
in the case of NO adsorption, as shown in Fig. 2(a), 
which directly shows that the orientation angle of NO is 
unchanged during the whole adsorption process. The 
estimated molecular orientation angle at each t is also 
plotted in Fig. 2.

Figure 2: Normalized peak intensity for vertical and horizontal polarizations in the (a) NO and (b) N2O adsorption process. Estimated 
molecular orientation angle is also plotted.

For N2O adsorption, in contrast, a different behav-
ior between two polarizations is observed, suggesting 
some changes in the molecular orientation during the 
adsorption process. The adsorption process consists of 
three periods as indicated in Fig. 2(b). Since the cover-
age of the adsorbate is proportional to the peak inten-
sity at the magic angle condition, it is revealed that N2O 
rapidly adsorbs up to ~2/3 of the saturation coverage in 
the first period, t = ~45–52 s, then the adsorption rate 
drastically decreases in the second period and the cov-
erage reaches ~4/5 of the saturation at t = ~80 s, and 
the coverage further increases very slowly in the third 
period, t = ~80-200 s.

As for the molecular orientation, the orientation 
angle in the first period is almost constant at ~35º from 
the surface normal, then it gradually increases in the 
second period and reaches ~40º at t = ~80 s. Since the 

observed angle is an average over all adsorbed mol-
ecules, it seems reasonable to suppose that N2O starts 
to occupy a different adsorption site with larger orienta-
tion angle than that in the first period. In the third period, 
the orientation angle very slowly approaches ~45º. This 
technique can be applied to the real-time observation 
of the molecular orientation of reaction intermediates, 
which is essential to understand the mechanism of sur-
face chemical reactions.
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Valence Control of Rh Dopants in SrTiO3 Water-Splitting 
Photocathodes

Doped transition metal oxides have been widely studied as potentially useful water-splitting photocathode materi-
als for producing hydrogen from water under solar illumination. Rh:SrTiO3 has received particular attention as it 
appears to be a reasonably efficient hydrogen evolution photocatalyst. In this project, we used high-resolution 

XPS to show that the Rh4+/3+ valence in the surface layer of epitaxial Rh:SrTiO3 thin films can be controlled by changing 
the ambient oxygen pressure during synthesis. The photoresponse of the thin film photocathodes exceeded the effi-
ciency of equivalent powder samples by an order of magnitude.

The phenomenon of photoelectrochemical water 
splitting has recently drawn renewed interest because 
the reaction can potentially be used to harvest solar en-
ergy and produce renewable hydrogen fuel from water. 
An ideal photocatalyst has to satisfy several conflicting 
constraints regarding the band gap, photocarrier dynam-
ics, work function, and surface stability in water. Several 
transition metal oxides, particularly among the titanates, 
satisfy most of these conditions, except for the band 
gap, which tends to be above 3 eV (ultraviolet), while 
the optimal value is close to 2 eV (visible). One possible 
solution to the problem is to dope a wide-gap titanate, 
such as SrTiO3, with additional cations that form in-gap 
impurity levels, effectively reducing the band gap of the 
parent material. Indeed, Rh:SrTiO3 has been identified 
as a reasonably efficient hydrogen-evolution photocata-
lyst with a visible light water-splitting response.

For a hydrogen-evolution photocatalyst, it is im-
portant to choose a dopant that reduces the band gap 
primarily by raising the valence band edge, rather than 
reducing the energy of the conduction band bottom. 
Rhodium is a suitable dopant for SrTiO3 in this regard, 
as the occupied Rh 4d levels form in-gap states just 
above the oxide valence band. As illustrated in Fig. 1, 
however, the precise location of Rh-related in-gap levels 
is dependent on the Rh valence [1]. The effect of the Rh 
dopant valence on the electronic structure of SrTiO3 can 

be seen visually as a color change between purple for 
Rh4+:SrTiO3 and yellow for Rh3+:SrTiO3. 

In this work, the valence of the Rh dopant was stud-
ied in thin film samples, where the oxygen stoichiometry 
was controlled by changing the ambient oxygen pres-
sure during thin film growth. High-resolution XPS was 
used to determine the valence state of Rh in the surface 
layer of the Rh:SrTiO3 films. As shown in Fig. 2, the Rh 
valence dependent color change could be successfully 
reproduced in the thin film samples [2].

In a semiconducting photocatalyst, electron-hole 
pairs formed by light irradiation are separated and elec-
trons or holes are transferred to the surface due to the 
presence of an internal electric field formed in the band 
bending region at the semiconductor-water interface. 
The electronically active region in the photocatalyst is 
therefore only a few tens of nanometers thick and it is 
important to determine the valence of Rh in this surface 
layer. Although the average valence of a dopant in a 
thick film or powder can be determined by optical ab-
sorption measurements, a surface-sensitive technique 
is needed to measure the dopant valence in the elec-
tronically active surface layer. For this purpose, high-
resolution XPS was used at BL-13A to measure the 3d 
core-level spectra of Rh and determine the Rh valence 
in the thin film surface layer.

Figure 1: (a) Purple Rh4+:SrTiO3 and (b) yellow Rh3+:SrTiO3 pellets. Schematic energy level diagrams are shown for both cases. 
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The XPS results are shown in Fig. 3, comparing 
the Rh 3d core-level positions for films grown at vari-
ous pressures. A pure Rh4+ valence state was obtained 
at the highest oxygen pressure and a systematic shift 
towards reduced species was seen for the lower growth 
pressures. As shown by plot (c), a reduction to metallic 
Rh occurs at the lowest growth pressure, which means 

that the photocatalytic activity may be affected by the 
presence of a metallic co-catalyst on the surface. A bet-
ter way of preparing a film with a stable Rh3+ valence is 
to reduce a film grown at high pressure, as shown by 
spectrum (d). In this case, no metallic Rh forms at the 
surface. It should be noted that the presence of metal-
lic Rh may also occur in bulk powder samples, but this 
cannot be observed by optical absorption spectroscopy. 
These experiments show that surface-sensitive com-
position and valence state analysis is essential for ac-
curately correlating the photocatalytic activity of a doped 
material with the assumed composition of a photocata-
lyst.

Figure 2: Optical absorption spectra and photographs of Rh:SrTiO3 thin film samples grown at an oxygen pressure of 10−1 Torr (purple, Rh4+), 
10−3 Torr (brown, Rh4+/3+), and 10−6 Torr (yellow, Rh3+).

Figure 3: X-ray photoelectron spectra of Rh(5%):SrTiO3 films 
grown at 700°C and various oxygen pressures: (a) 10−1 Torr, (b) 
10−3 Torr, and (c) 10−6 Torr. The film in (d) was grown at 10−1 Torr 
and annealed at 10−6 Torr for 2 h.
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Structural and Electronic Properties of the Triplet State 
of Ruthenium (II)-tris-2,2’-bipyridine Observed by 
Picosecond Time-Resolved Ru K-Edge X-Ray Absorption 
Fine Structure

T ime-resolved X-ray absorption fine structure (TR-XAFS) measurements of ruthenium (II)-tris-2,2’-bipyridine 
([RuII(bpy)3]

2+) in the triplet metal-to-ligand charge transfer (3MLCT) excited state were conducted and analyzed 
to investigate transient structural changes directly related to the photophysical properties of the complex. The 

results from visible (400 nm) and UV (267 nm) excitation indicate that electrostatic interaction between the oxidized Ru 
atom and the reduced bipyridine ligand is the dominant factor affecting the Ru-N bond contraction. An increase of the 
Debye-Waller factor from the EXAFS analysis suggests that fast localized structural distortion due to electron hopping 
exists in the 3MLCT excited state.

Ruthenium (II)-tris-2,2’-bipyridine ([RuII(bpy)3]
2+) is a 

key transition metal complex that acts as a photosensi-
tizer. Because [RuII(bpy)3]

2+ shows high photosensitivity 
in the visible region originating from a characteristic met-
al to ligand charge transfer (MLCT) transition, its long-
lived triplet MLCT (3MLCT) state, which is the lowest 
excited state, serves as an extremely efficient photocat-
alyst [1, 2]. The intramolecular energy transfer reaction 
combined with the molecular structural transformation 
of the 3MLCT state directly determines the energy level 
of [RuII(bpy)3]

2+ and has important consequences for the 
character of the photocatalytic reaction [1, 2]. Thus, it 
is essential to investigate the molecular structure of the 
3MLCT state. However, such studies have mainly been 
performed using optical spectroscopic methods [3, 4], 
with which it is difficult to estimate the molecular struc-
ture with atomic resolution. Therefore, a detailed struc-
tural study of the 3MLCT state of [RuII(bpy)3]

2+ at atomic 
resolution in the hard X-ray region is crucially important.

X-ray absorption fine structure (XAFS) measure-
ments reveal the atomic distance between the absorb-
ing atom and coordinated atoms via extended X-ray 
absorption fine structure (EXAFS) measurements. This 
is suitable for the structural analysis of disordered sys-
tems such as the solution phase. XAFS yields not only 
structural information but also the energy level of mo-
lecular orbitals by X-ray absorption near edge structure 
(XANES) analysis. Recently, time-resolved XAFS (TR-
XAFS) measurements of the excited structure andthe 
electronic state of metal complexes, using pulsed X-
rays from synchrotron radiation for the probe and a 
laser pulse for excitation, have been developed and are 
becoming a powerful method to investigate the photo-
chemical reactions of metal complexes [5-7].

TR-XAFS measurements were conducted at the 
undulator beamline NW14A of the Photon Factory 
Advanced Ring (PF-AR) [8]. The black circle in Fig. 1 
shows the XANES spectrum of the ground state. The 

difference spectra between the ground and transient 
states at 50 ps after photoexcitation at 400 and 267 nm 
are presented in the bottom of Fig. 1 by solid red circles 
and empty blue circles, respectively. Both difference 
spectra show the edge-shift to higher energy relative 
to the ground state. These edge-shifts are due to the 
change of the oxidation state from Ru(II) to Ru(III). This 
result indicates that the initial excited state formed at 
267 nm is mainly converted to the 3MLCT state in the 
subnanosecond time scale. This photochemical proper-
ty is particularly important for an efficient photosensitizer 
with a wide absorption band.

Figure 1: Ground-state Ru K-edge XANES spectrum of 
[RuII(bpy)3]

2+ (black) and the transient difference spectra with 400 
nm excitation (red) and 267 nm excitation (blue) at 50 ps. The 
dotted line indicates zero difference.
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Figure 2 shows the transient difference spectrum at 
+50 ps and the EXAFS fitting result. In order to obtain 
the photo-excited EXAFS spectrum, a quantum yield 
of 3% was assumed by a reduced chi square value in 
the EXAFS analysis [7]. The Ru-N bond lengths and 
Debye-Waller factors of the ground and excited states 
are presented in Table 1. TR-EXAFS analysis at the Ru 
K-edge revealed a 0.04 Å contraction in the Ru-N bond 
lengths in the 3MLCT state compared with the ground 
state. EXAFS analysis showed that the Debye-Waller 
factor slightly increased in the 3MLCT state compared 
with that in the ground state. The increase of the Debye-
Waller factor suggests that a structurally distorted state 
exists in the 3MLCT state with a shorter lifetime than the 
X-ray pulse duration of 60 ps.

Figure 2: The experimental data at 50 ps (blue circle) and the 
EXAFS fitting result (red line).

Å

Table 1: Structural parameters obtained from the EXAFS analysis

shell R (Å) σ2 (Å)

Graound State Ru-N 2.06 (1) 0.004 (1)
3MLCT State Ru-N 2.02 (1) 0.014 (1)

A schematic summary of this study is shown in Fig. 3. 
Transient structure analysis suggested that the decreas-
ing Ru-N bond lengths provided stability in the 3MLCT 
excited state. Therefore, the bpy ligand, where hopping 
electrons localize, will be a long-lived, optically-active 
center in the photocatalyzed reaction of [RuII(bpy)3]

2+. 
Our results provide a better understanding of photo-
catalytic reactions by providing structural information for 
the theoretical calculation of the reorganization energy 
of electron transfer reactions beginning with the 3MLCT 
state, and will be useful for designing artificial photo-
chemical systems.

ps

Figure 3 : A schematic summary of this study.
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Formation of a Kagome Lattice with Huge Channels by 
Very Large Spherical Anions

A very large spherical polyoxometalate anion known as the Keplerate, [MoVI
72MoV

60O372(CH3COO)30(H2O)72]
42−, has 

been crystallized into an unprecedented hexagonal phase with the unit cell dimensions of a = 61.530(1) and 
c = 63.896(1) Å when precipitated with Sr2+ cations. Single-crystal X-ray diffraction at the AR-NW2A beamline 

revealed that the compound shows a unique structure where the large spherical anions with the Ih symmetry are packed 
into a superposed kagome lattice possessing huge channels with the approximate diameter of 3.0 nm.

Nature abhors a vacuum and, as a consequence, 
crystals prefer close packed structures. Ionic crystals 
are no exception; a frequently adopted mechanism to 
achieve a dense packing for an ionic crystal is to ar-
range larger ions into a close-packed structure and 
smaller ones into the interstices between the larger 
ones. For example, the sodium chloride structure is re-
garded as a cubic close-packed array of the chloride an-
ions with the sodium cations in its octahedral interstices. 
In principle, the larger the discrepancy between the radii 
of the cation and the anion is, the more effectively this 
mechanism should work. Therefore, it seems reason-
able that the extremely large Keplerate-type spherical 
polyoxometalates, the [MoVI

72MoV
60O372(CH3COO)30(H

2O)72]
42− anion (abbreviated as {Mo132} hereafter) [1] and 

its derivatives that measure approximately 3.0 nm in 
diameter, crystallize into cubic or trigonal space group 
types where the huge spherical anions adopt strict or 
slightly distorted cubic close packing arrays.

However, the {Mo132} anion that consists of 12 pen-
tagonal [MoVI

6O21(H2O)6]
6− and 30 [MoV

2O4(CH3COO)]+ 
units (Fig. 1) does not adopt the completely spherical 
symmetry but better approximates the Ih symmetry. The 
Ih symmetry is not compatible with the site symmetry 
of the spheres in any type of close packings (Oh for the 
cubic close packing and D3h for the hexagonal one, for 
example). Therefore, introduction of intermolecular in-
teractions specific to the structures of {Mo132} could lead 
to a different and less dense arrangement of the anions. 
A looser arrangement of the anions thus constructed 
would yield interstices with larger volume than those in 
the close packed structures. It is worth noting that the 
use of the large spherical anions as building blocks will 
intrinsically preclude the formation of interpenetrating 
structures, which often form when thin stick-like building 
blocks are employed. By using Sr 2+, a multivalent cation 
that can potentially interact with {Mo132} in a site-specific 
manner, we obtained a new hexagonal crystal of Sr18.5

(NH4)5[MoVI
72MoV

60O372(CH3COO)30(H2O)72]∙149.25H2O 
(compound 1).

Figure 1: Structure of the [MoVI
72MoV

60O372(CH3COO)30(H2O)72]
42− anion in ball-and-spoke (left) and polyhedral (right) representations (prepared 

by using VESTA 3.1.6 [3]).
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Compound 1 crystallizes in the space group P63 /
mmc with the unit cell dimensions of a = 61.530(1) and 
c = 63.896(1) Å. Single-crystal X-ray diffraction at the 
AR-NW2A revealed that {Mo132} anions are located at 
the 2/m sites to make a superposed kagome lattice. 
The {Mo132} anions are connected so as to sandwich 
hydrated Sr2+ cations with their Mo9O9 pores, each of 
which is surrounded by three [MoVI

6O21(H2O)6]
6− and 

three [MoV
2O4(CH3COO)]+ units. Each connection is 

supported by two additional Sr 2+ cations that are directly 
bound to the terminal O atoms of the two {Mo132} anions. 
Due to the Ih symmetry, {Mo132} can accommodate up 
to only four Mo9O9 pores on a great circle. Therefore, 
this type of interaction leads to a kagome-lattice sheet 
of {Mo132} spanning parallel to the crystallographic ab 
plane. Six {Mo132} surrounding the large void point their 
[MoV

2O4(CH3COO)]+ moieties to the space and they 
cannot establish similar interactions with another {Mo132} 
in this cavity. As a result, the cavity is left unoccupied 
and presumably filled with disordered water molecules. 
The kagome-lattice sheets are superposed to form a 
three-dimensional framework as shown in Fig. 2. The 
sheets are connected by a similar interaction between 
two {Mo132} through their Mo9O9 pores. As a result, the 

kagome-lattice sheets are arranged so that the cavities 
of one sheet fall exactly above those of the sheet below, 
leading to a channel running through the crystal along 
the c axis, whose diameter measures approximately 3.0 
nm.

Figure 2: Crystal packing of the Sr2+ salt of [MoVI
72MoV

60O372(CH3COO)30(H2O)72]
42− anion viewed along the c axis (prepared by using VESTA 

3.1.6 [3]).

In summary, we have successfully prepared an 
unprecedentedly arranged array of the Keplerate type 
[MoVI

72MoV
60O372(CH3COO)30(H2O)72]

42− anion, whose 
structure was successfully determined by exploiting syn-
chrotron radiation. The current strategy for the design 
of crystals with huge channels could be applied to the 
development of catalyses, ionic conductors and small 
molecule storing materials.
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High Entropy State Pt-Ru Anode Catalyst with Completely 
Random Distribution

Residential fuel cell systems are expected to be widely used in the near future. Catalysts having the maximum 
number of Pt-Ru bondings are ideal catalysts for CO oxidation. Pt-Ru / C(RM) shows the combination of 
NPt-Ru / (NPt-Ru + NPt-Pt) of 0.59    0.60 and NRu-Pt / (NRu-Pt + NRu-Ru) of 0.37    0.40. Pt and Ru atoms were distributed 

with almost random distribution. Entropy tends to be the driving force at high temperature (ΔG = ΔH - TΔS). A high en-
tropy state of dispersion of Pt and Ru is maintained by rapid quenching from a high temperature, resulting in the maxi-
mum number of Pt-Ru bondings. The CO tolerance of Pt-Ru / C(RM) is much higher than that of Pt-Ru / C(CM).

Residential fuel cell (PEFC: polymer electrolyte fuel 
cell) systems are expected to be widely used because 
of their efficiency of power generation as shown in Fig. 1. 
Generally, H2 gas is produced from city gas composed 
of CH4 by the reforming reaction. Since CO is contained 
in reformed H2, the anode catalyst is deactivated by the 
adsorption of CO. Catalysts having the maximum num-
ber of Pt-Ru bondings are ideal catalysts for CO oxida-
tion, but it is difficult to make such catalysts because 
Pt-Ru systems prefer homo-bonding owing to different 
stable structures. Recently we found that the quick 
quenching of Pt-Ru reduced at high temperature pro-

vides a CO-tolerant anode catalyst [1]. In order to count 
the number of Pt-Ru bondings and confirm its relation to 
the catalytic performance, EXAFS measurements were 
carried out in the Photon Factory. The energy and cur-
rent of the storage ring were 2.5 GeV and 300 mA, re-
spectively. Pt L3-edge EXAFS spectra were recorded at 
a BL-12C beamline. Ru K-edge EXAFS measurements 
were carried out at beamline NW10A of PF-AR (6.5 
GeV). The sample was reduced under H2 in the cell and 
the EXAFS spectra were measured without exposure to 
air.
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Figure 1: Residential fuel cell systems.
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NPt-Ru / (NPt-Ru + NPt-Pt) NRu-Pt / (NRu-Pt + NRu-Ru)

Pt-Ru / C (RM) 0.59 0.37

Pt-Ru / C (CM) 0.44 0.32

Complete random model 
(Calculation)

0.60 0.40

Gi = Hi − TSi  Gf = Hf − TSf  Gf − Gi = Hf − Hi − T (Sf − Si) 

Ratios of coordination numbers are summarized 
in Table 1. The molar ratio of Pt (MPt) to Ru (MRu) is 
2:3. (MRu / (MPt + MRu) = 0.60 and MPt / (MRu + MPt) = 
0.40). Pt has an fcc structure, while Ru has an hcp 
structure; therefore, bondings between like atoms 
were more preferably formed than were bondings 
between Pt-Ru bonding. The ratios of NPt-Ru / (NPt-Ru 
+ NPt-Pt) (0.44) and NRu-Pt / (NRu-Pt + NRu-Ru) (0.32) for a 
commercial catalyst, Pt-Ru / C(CM), were less than 
those expected from a randomly mixed case. On the 
other hand, quick-quenched Pt-Ru/C(RM) shows the 
combination of NPt-Ru / (NPt-Ru + NPt-Pt) of 0.59    0.60 and 
NRu-Pt / (NRu-Pt + NRu-Ru) of 0.37     0.40. Pt and Ru atoms 
were distributed with almost random distribution.

Table 1 : Ratio of coordination numbers

Now we consider the change of entropy by alloy 
formation. Subscript f means the state after alloy forma-
tion, while subscript i means the state before alloy for-
mation.

Δ means the change by alloy formation (i.e.                   
Pt and Ru atoms were mixed with molar ratio (Pt and 
Ru = 2 : 3).

W: number of microstates in the particle, k: Boltzmann 
constant, l: number of atoms in Pt-Ru alloy, L: Avogadro 
constant

If Pt-Ru alloy consists of pure Pt nanoparticles and pure 
Ru nanoparticles without mixing, 

When it is mixed atomically, entropy will be as follows.

Entropy tends to be the driving force at high 
temperature (∆G = ∆H - T∆S), while enthalpy is the 
driving force at low temperature. A high entropy state 
of Pt and Ru nanoparticles (random distribution) is 
realized at high temperature and is maintained by 
the rapid quenching, resulting in the maximum num-
ber of Pt-Ru bondings. This is the first report of a 
completely randomly distributed Pt-Ru alloy catalyst 
with highest entropy state. The CO tolerance of Pt-
Ru / C(RM) is much higher than that of Pt-Ru / C(CM) 
since Pt-Ru / C(RM) has more Pt-Ru bondings. 

=
˙̇
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Sf (Pt-Ru) = k ln (Wf) = k ln (l!/(( 0.6 l )! x (0.4 l )!))= k (ln (l!) – ln ((0.6 l ) !) – ln ((0.4 l )!)) 

= k (l ln l − l − 0.6 l ln (0.6 l ) + 0.6 l − 0.4 l ln (0.4 l ) + 0.4 l ) 

= k (l ln l − 0.6 l ln (0.6 l ) − 0.4 l ln (0.4 l )) = −k l (0.6 ln 0.6 + 0.4 ln 0.4) 

ΔS = −R (0.6 ln 0.6 + 0.4 ln 0.4)      (l = L) 

Sf (Pt-Ru) = k ln (Wf) = k ln (l!/(( 0.6 l )! x (0.4 l )!))= k (ln (l!) – ln ((0.6 l ) !) – ln ((0.4 l )!)) 

= k (l ln l − l − 0.6 l ln (0.6 l ) + 0.6 l − 0.4 l ln (0.4 l ) + 0.4 l ) 

= k (l ln l − 0.6 l ln (0.6 l ) − 0.4 l ln (0.4 l )) = −k l (0.6 ln 0.6 + 0.4 ln 0.4) 

ΔS = −R (0.6 ln 0.6 + 0.4 ln 0.4)      (l = L) 

Sf (Pt-Ru) = k ln (Wf) = k ln (l!/(( 0.6 l )! x (0.4 l )!))= k (ln (l!) – ln ((0.6 l ) !) – ln ((0.4 l )!)) 

= k (l ln l − l − 0.6 l ln (0.6 l ) + 0.6 l − 0.4 l ln (0.4 l ) + 0.4 l ) 

= k (l ln l − 0.6 l ln (0.6 l ) − 0.4 l ln (0.4 l )) = −k l (0.6 ln 0.6 + 0.4 ln 0.4) 

ΔS = −R (0.6 ln 0.6 + 0.4 ln 0.4)      (l = L) 

Sf (Pt-Ru) = k ln (Wf) = k ln (l!/(( 0.6 l )! x (0.4 l )!))= k (ln (l!) – ln ((0.6 l ) !) – ln ((0.4 l )!)) 

= k (l ln l − l − 0.6 l ln (0.6 l ) + 0.6 l − 0.4 l ln (0.4 l ) + 0.4 l ) 

= k (l ln l − 0.6 l ln (0.6 l ) − 0.4 l ln (0.4 l )) = −k l (0.6 ln 0.6 + 0.4 ln 0.4) 

ΔS = −R (0.6 ln 0.6 + 0.4 ln 0.4)      (l = L) 

Sf (Pt-Ru) = k ln (Wf) = k ln (l!/(( 0.6 l )! x (0.4 l )!))= k (ln (l!) – ln ((0.6 l ) !) – ln ((0.4 l )!)) 

= k (l ln l − l − 0.6 l ln (0.6 l ) + 0.6 l − 0.4 l ln (0.4 l ) + 0.4 l ) 

= k (l ln l − 0.6 l ln (0.6 l ) − 0.4 l ln (0.4 l )) = −k l (0.6 ln 0.6 + 0.4 ln 0.4) 

ΔS = −R (0.6 ln 0.6 + 0.4 ln 0.4)      (l = L) 

Sf (Pt-Ru) = k ln (Wf) = k ln (l!/(( 0.6 l )! x (0.4 l )!))= k (ln (l!) – ln ((0.6 l ) !) – ln ((0.4 l )!)) 

= k (l ln l − l − 0.6 l ln (0.6 l ) + 0.6 l − 0.4 l ln (0.4 l ) + 0.4 l ) 

= k (l ln l − 0.6 l ln (0.6 l ) − 0.4 l ln (0.4 l )) = −k l (0.6 ln 0.6 + 0.4 ln 0.4) 

ΔS = −R (0.6 ln 0.6 + 0.4 ln 0.4)      (l = L) 

Wi = 1   Si = k ln (Wi) = k ln 1 = 0 

ΔH = Hf (Pt-Ru) − (0.4 Hi(Pt) + 0.6 Hi(Ru))   ΔS = k ln (Wf) − k ln (Wi) 

 ΔH = Hf (Pt-Ru) − (0.4 Hi(Pt) + 0.6 Hi(Ru))   ΔS = k ln (Wf) − k ln (Wi) 

 

ΔS = Sf − Si ). 
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Alkali-Promoted Pt/TiO2 Opens a New Pathway to 
Formaldehyde Oxidation at Ambient Temperatures

Catalytic oxidation of formaldehyde (HCHO) to CO2 under ambient conditions is of great interest for indoor HCHO 
purification. Pt/TiO2 catalysts have low activity and stability for the total oxidation of HCHO at room tempera-
ture. Here, we report that the addition of alkali ions significantly promotes the activity of Pt/TiO2 catalysts for 

the HCHO oxidation reaction by inducing an atomically dispersed Pt-O(OH)x-alkali species and opening a new low-
temperature reaction pathway. Accordingly, the atomically dispersed Pt-O(OH)x-alkali species could effectively activate 
H2O and then catalyze a simple reaction between surface OH and formate species to total oxidation products.

Figure 1: HCHO conversion over 1% Pt/TiO2 and 2% Na-1% Pt/TiO2 catalysts as a function of temperature. Reaction conditions: HCHO 600 
ppm, O2 20 vol.%, RH: ~50%, He balance, total flow rate of 50 cm3 min−1, and GHSV 120,000 h−1 (inset: stability test of 2% Na-1% Pt/TiO2 at 
25ºC, GHSV 300,000 h−1 with other reaction conditions being the same).
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Figure 1 shows the conversion of HCHO to CO2 
as a function of temperature over 1% Pt/TiO2 and 2% 
Na-1% Pt/TiO2 samples at a GHSV of 120,000 h−1 and 
HCHO inlet of 600 ppm. All gas streams were humidi-
fied to around RH = 50%. Before each activity test, the 
samples were reduced in H2 at 300ºC for 30 min. The 
Na-free catalyst had low activity for the HCHO oxidation 
reaction, with HCHO conversion being only ca. 19% at 
15ºC. The addition of alkali ions significantly promoted 
the activity of Pt/TiO2, and 100% HCHO conversion to 

CO2 and H2O was measured over 2% Na-1% Pt/TiO2 
at 15ºC. The 2% Na-promoted sample also had excel-
lent stability as confirmed by long isothermal tests. At a 
GHSV of 300,000 h−1 and with other reaction conditions 
being the same, approximately 80% HCHO conver-
sion was maintained over a 72 h-long test, as shown in 
Fig. 1 (inset). Li and K were equally effective promoters 
as Na and imparted the same high activity and stability 
to the Pt species.
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Table 1: Fitting parameters of the curve-fitted k3-weighted EXAFS analysis of 1% Pt/TiO2 and 2% Na-1% Pt/TiO2 catalysts

a: Samples calcined in static air, 400ºC, 2 h; b: Samples after in situ H2 reduction in 10% H2/Ar at 
300ºC for 30 min; c: Samples exposed to ambient air after H2 reduction.

XAFS measurements were conducted to study the 
structure of samples before/after Na addition and after 
H2 reduction under atmospheric pressure. Fitting param-
eters of the curve-fitted k3-weighted EXAFS analysis of 
1% Pt/TiO2 and 2% Na-1% Pt/TiO2 catalysts are given 
in Table 1. Prior to H2 reduction, all Pt was coordinated 
with O or Cl, and the Pt-Pt coordination was zero on 
all catalysts. After in situ H2 reduction at 300oC, all Pt 
species were reduced to the metallic phase, yet the Pt-
Pt coordination number was clearly lowered with 2% Na 
addition. Once the pre-reduced catalysts were exposed 
to air, as in realistic operation for HCHO oxidation, 
surface structures were changed due to oxygen adsorp-
tion [1]. The Na-free Pt/TiO2 sample showed a Pt-Pt 
coordination shell as in Pt metal and a small residual Pt-
Cl coordination shell. With 2% Na added, only a Pt-O 
shell was detected, indicating that 2% Na addition can 
completely suppress the formation of Pt-Pt bonds in the 
presence of O2 and induce atomically dispersed Pt-O 
species on the TiO2 surface. 

The atomically dispersed Pt-O(OH)x-Na species 
induced by Na addition could easily activate H2O and 
then open a new pathway for HCHO oxidation under 

ambient conditions. The HCHO oxidation reaction 
on Na-free samples follows the formate (HCOO-) de-
composition route (HCHO → HCOO− → CO → CO2), 
with formate decomposing into CO being the rate 
determining step [2]. In contrast, the HCHO oxidation 
over the Na-promoted Pt/TiO2 catalyst follows a simple 
pathway with reaction between surface OH and formate 
species to total oxidation products (HCHO → HCOO + 
OH → H2O + CO2), thus greatly enhancing the HCHO 
oxidation activity.

Samples Shell CN R(Å) DW(Å) R
(±0.01) factor

Pt-foil Pt-Pt 12.0±2.3 2.77 0.77±0.010 0.8

PtO2 Pt-O 6.0±1.2 2.02 0.061±0.020
3.0

Pt-O-Pt 4.0±1.0 3.14 0.061±0.012
1 Pt/TiO2

a Pt-O 3.7±1.2 2.02 0.061±0.020
0.6

Pt-Cl 2.3±1.0 2.30 0.051±0.057
2 Na-1Pta Pt-O 5.4±1.2 2.02 0.061±0.020 8.7
1 Pt-TiO2

b Pt-Pt 5.6±1.2 2.77 0.097±0.010 1.3
2 Na-1Ptb Pt-Pt 2.4±0.5 2.77 0.097±0.010 7.2
1 Pt/TiO2

c Pt-Pt 4.7±1.0 2.77 0.097±0.010
0.4

Pt-Cl 0.6±0.2 2.30 0.051±0.057
2 Na-1Ptc Pt-O 2.8±0.6 2.02 0.092±0.010 9.8
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Chlorination of Carbon during Thermochemical Behavior 
of Lead by Using X-Ray Absorption Spectroscopy

We examined the thermochemical role of Pb in the formation of chlorinated aromatics (aromatic-Cls) in MSW 
fly ash at a key temperature window for maximum yield by using X-ray absorption spectroscopy. In the pres-
ence of lead oxide alone, aromatic-Cls formation was suppressed. Promotion can occur by the thermochemi-

cal partial oxidation of PbCl2. Real complex solid phase increases the thermochemical oxidation reactivity of PbCl2. The 
presence of PbCl2 influences the balance of the bonding state of chlorine with Cu and Fe atoms at various tempera-
tures. So, Pb in real MSW fly ash functions as an “adjuster” in the generation of aromatic-Cls.

Regarding the toxicity and resource recovery of 
lead, various speciation studies have reported the redox 
chemical state of lead in postcombustion fly ash from 
thermal processes such as municipal solid waste (MSW) 
incineration and coal combustion. A large amount of 
lead exists as chloride, oxide, or sulfide in the thermal 
solid phase. Lead chloride (PbCl2) promotes the for-
mation of toxic chlorinated aromatic compounds (aro-
matic-Cls) such as polychlorinated dibenzo-p-dioxins 
(PCDDs), furans (PCDFs), biphenyls (PCBs), and ben-
zenes (CBzs), after heating of model fly ash. Lead oxide 
(PbO) inhibits the formation of PCDDs, PCDFs, PCBs, 
and CBzs. Lead metallurgical processes can also be 
used to generate PCDDs, PCDFs, and PCBs. The ther-
mochemical behaviors of metals in the solid phase likely 
play a role in the formation and inhibition of aromatic-
Cls, which is supported by our recent mechanism-based 
thermochemical studies of strong metal catalysts (Cu [1, 
2] and Fe [3]) and a metal inhibitor (Zn [4]). In the pres-
ent study [5], we evaluated the thermochemical behav-
ior of lead using quantitative and X-ray spectroscopic 
techniques.

We prepared single-addition and coexistence-
addition model fly ashes (MFAs) and real fly ashes 
(RFAs). Three RFAs from MSW incineration plants 
were analyzed by Pb L3-edge X-ray absorption near-
edge structure (XANES) spectroscopy to identify the 
chemical forms of lead. Concentrations of PCBs and 
CBzs in MFAs under single and coexistence conditions 
were quantified using gas chromatography/mass spec-
trometry (GC/MS). Thermochemical chlorine behaviors 
of MFAs were analyzed using Cl K-edge near-edge X-
ray absorption fine structure (NEXAFS) spectroscopy at 
BL-11B and BL-9A.

 Aromatic-Cls formation was suppressed in the 
presence of lead oxide alone. One of the mechanisms 
of suppression was partial chlorination of PbO by an 
inorganic chlorine source in the solid phase, based on 
in situ Pb L3-edge XANES data. In contrast, we found 
that aromatic-Cls formation was promoted by the co-
existence of PbCl2 with other metal catalysts more ef-
fectively at 400°C than at 300°C (Fig. 1). One possible 
mechanism of this promotion is related to the thermo-
chemical partial oxidation of PbCl2. More specifically, 
real complex solid phase increases the thermochemical 
oxidation reactivity of PbCl2.

Figure 1: Mixed effect of PbCl2 in the solid phase according to the concentrations of CBzs and PCBs after heating.



Highlights 43

PF Activity Report 2012 #30

T. Fujimori and M. Takaoka (Kyoto Univ.)

We performed Cl K-edge NEXAFS measurements 
to explore the thermochemical mechanism of PbCl2 in 
the presence of other metal catalysts. According to a 
comparison of the measured spectrum with the theoreti-
cal spectrum, Cl K-edge NEXAFS analyses revealed 
the coexistence effect of PbCl2 with other metal cata-
lysts, such as CuCl2 and FeCl3 (Fig. 2). The shapes of 
the MFA-[CuPb] and MFA-[FePb] spectra were closer 
to those of MFA-[Cu] (Fig. 2a) and MFA-[Fe] (Fig. 2c), 
respectively, at 300°C. This suggests that the observed 
amounts of chlorine bonded with copper and iron were 
greater than the theoretical amounts. So, the relatively 
mild inhibition of aromatic-Cls at 300°C is caused in 
part by decreased dechlorination by metal catalysts. 
At 400°C, both the spectra of MFA-[CuPb] (Fig. 2b) 
and MFA-[FePb] (Fig. 2d) were similar to that of MFA-
[Pb]. The chlorine amounts bonded with Pb and Cu/Fe 
were higher and lower, respectively, than in the theo-
retical spectrum. The promotion at 400°C is caused by 
increased dechlorination by metal catalysts. Thus, the 
coexistence of PbCl2 influences the imbalance of the 
bonding state of chlorine caused by heating tempera-
ture.

Figure 2: Cl K-edge NEXAFS spectra of various MFAs. MFA-[CuPb] after heating at (a) 300°C and (b) 400°C. MFA-[FePb] after heating at (c) 
300°C and (d) 400°C. Reference spectra of MFA-[Cu], -[Fe], and -[Pb] after heating at each temperature are also shown. [Cu] + [Pb] and [Fe] 
+ [Pb] indicate theoretical spectra generated by linear combinations of MFA-[Cu] and -[Fe], respectively, with MFA-[Pb].

In real MSW fly ash, Pb exists in both oxide and 
chloride forms. Aromatic-Cls formation depends on the 

balance between inhibition by lead oxide and promotion 
by lead chloride. Because Pb coexists with other metal 
catalysts in real MSW fly ash, the coexistence effect of 
PbCl2 had to be considered. Overall, our mechanism-
oriented study suggests that Pb in MSW fly ash func-
tions as an “adjuster” in the generation of aromatic-Cls, 
depending on the lead oxide/chloride ratio and coexis-
tence conditions with metal catalysts.
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Formation of Stable Monomeric Zn0 and Zn+ Species in 
MFI-Type Zeolite: Insight from in-situ XAFS Spectroscopy 
and DFT Calculation

In this work, we examined the H2-activation in ZnMFI and found a new and fascinating phenomenon that a stable 
Zn0 species is formed through the reaction with H2 at 423 K, followed by evacuation at 573 K, on the M7 site with S2 
configuration of aluminum atoms in ZnMFI. The DFT calculation, combined with XAFS, IR, and UV-Vis-DR spectra, 

provided evidence that the formed species is composed of an atomic Zn0 which is stabilized in the confined space. In 
addition, we also obtained a surprising finding that this stable Zn0 species responds to UV-light, resulting in the forma-
tion of a novel Zn+ species which exhibits an unusual reactivity with O2 at 300 K.

In the ZnMFI-H2 system, IR spectra show the behav-
ior characteristic of heterolytic dissociation of H2 below 
the temperature of 423 K; the dissociation of H2 takes 
place heterolytically and with simultaneous formation 
of zinc hydride (n = 1933 cm−1) and Brønsted acidic 
site (n = 3615 cm−1). The changing processes of these 
species are also examined by the UV-Vis DR spectral 
method, as shown in Fig. 1. First, the sample evacuated 
at 873 K shows a weak band at around 39,000 cm−1 
which may be assignable to the band resulting from the 
3d-4s transition of Zn2+ (spectrum 1). On this surface, 
the H2 molecules are introduced; a small change in the 
spectrum took place after the treatment temperature 
was raised to 423 K (spectrum 2). Subsequent evacu-
ation at 473 K brought about the appearance of distinct 
bands at 42,000 and 47,000 cm−1 (spectrum 3). These 
bands increase in their intensities with increasing evacu-
ation temperature, and reached a maximum intensity by 
treatment at 523 or 573 K (spectra 4 and 5). The chang-
es of IR spectra in these processes are also given in 
this figure as the difference spectra with the spectrum of 
the H2-treated sample (at 423 K). It is clearly found that 
the amount of formed -ZnH species decreases through 
evacuation at temperatures higher than 473 K, whereas 
the amount of -OH increases. Taking account of the IR 
data, these behaviors can be reasonably interpreted by 

assuming the formation of the zinc metal species (reac-
tion 2), where ZA and ZB mean the MFI-type zeolite lat-
tice sites including Al atoms:
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To verify the formation of metal species after H2 
treatment of ZnMFI at 423 K and subsequent evacua-
tion at 573 K, we measured the XANES spectra for the 
sample treated with H2 at 423 K, followed by evacuation 
at 573 K, as shown in Fig. 2. In connection with ZnMFI 
treated with H2 at various temperatures, the change 
in the XANES spectra was very small. If the spectra 
are examined in detail, a shoulder band can be seen 
at the lower energy side in the first main band for the 
sample treated with H2 at 423 K, followed by evacuation 
at 573 K. The XANES spectrum of atomic zinc vapor 
was reported by Mihelič et al. [1]; their datum is also 
depicted in this figure, clearly indicating the appear-
ance of the highest band at around 9.66 keV. This fact 
strongly supports the presence of metal species in our 
sample: atomic zinc species. This band decreased in 
intensity after evacuation at 873 K and finally reverted 
to its original intensity. These facts give clear evidence 
that the reversible redox cycle is completely repeated: 
Zn2+→ZnH→Zn0→Zn2+.

Figure 1: UV-Vis diffuse reflectance and IR spectra.

ZA−O−Zn2+−O−ZB + H2 → ZA−O− (ZnH)+ + ZB−OH+ (first reaction) (1) 

ZA−O− (ZnH)+ → Zn0 + ZA−OH+ (second reaction) (2) 

ZA−O−Zn2+−O−ZB + H2 → Zn0 + ZA −OH+ + ZB−OH+ (total reaction) 

ZA−O−Zn2+−O−ZB + H2 → ZA−O− (ZnH)+ + ZB−OH+ (first reaction) (1) 

ZA−O− (ZnH)+ → Zn0 + ZA−OH+ (second reaction) (2) 

ZA−O−Zn2+−O−ZB + H2 → Zn0 + ZA −OH+ + ZB−OH+ (total reaction) 

ZA−O−Zn2+−O−ZB + H2 → ZA−O− (ZnH)+ + ZB−OH+ (first reaction) (1) 

ZA−O− (ZnH)+ → Zn0 + ZA−OH+ (second reaction) (2) 

ZA−O−Zn2+−O−ZB + H2 → Zn0 + ZA −OH+ + ZB−OH+ (total reaction) 

ZA−O−Zn2+−O−ZB + H2 → ZA−O− (ZnH)+ + ZB−OH+ (first reaction) (1) 

ZA−O− (ZnH)+ → Zn0 + ZA−OH+ (second reaction) (2) 

ZA−O−Zn2+−O−ZB + H2 → Zn0 + ZA −OH+ + ZB−OH+ (total reaction) 

ZA−O−Zn2+−O−ZB + H2 → ZA−O− (ZnH)+ + ZB−OH+ (first reaction) (1) 

ZA−O− (ZnH)+ → Zn0 + ZA−OH+ (second reaction) (2) 

ZA−O−Zn2+−O−ZB + H2 → Zn0 + ZA −OH+ + ZB−OH+ (total reaction) 

Figure 2: XANES spectra.
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The heterolytic dissociation process of H2 was fol-
lowed with the aid of the DFT calculation method adopt-
ing the M7-S2 model (Fig. 3) that includes two alumi-
num atoms inserted into the skeleton of the MFI lattice 
in the six-membered ring, 6-MR, of the M7 site instead 
of two silicon atoms. First, we examined the possibility 
of simultaneous compensation of charges emanating 
from two alternative aluminum atoms to silicon atoms 
with a single Zn2+ ion. Furthermore, the formation of 
-ZnH species, together with -OH, as well as the forma-
tion process of an atomic Zn0 species, is completely 
explained by utilizing this model with the aid of the DFT 
calculation method [2].

In the next stage, the paramagnetic Zn+ species 
was, for the first time, successfully prepared by excita-
tion with UV light in the region being ascribable to the 
absorption band due to the 4s-4p transition of an atomic 
Zn0 species encapsulated in the MFI-type zeolite. The 
formed species gives a specific ESR band at g = 1.998 
and also peculiar absorption bands at around 38,000 
and 32,500 cm−1, which are clearly indicating the for-
mation of the Zn+ species in MFI. The transformation 
process (Zn0→Zn+) was explained by considering the 
mechanism via the excited triplet state (3P) caused by 

the intersystem crossing from the excited singlet state 
(1P) of an atomic Zn0 species grafted in MFI; the trans-
formation process was well reproduced with the aid of 
the DFT calculation method. The thus-formed Zn+ spe-
cies exhibits a characteristic reactivity at room tempera-
ture with an O2 molecule, forming a h1-type of Zn2+-O2

−

species [3].
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Figure 3: The M7-S2 model: ZnAl2Si9O20H20.
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Superplasticity in Hydrous Melt-Bearing Dunite and 
its Implications for Shear Localization in the Earth’s Upper 
Mantle

In order to explore the effect of intergranular fluids on the plastic flow of olivine in the Earth’s upper mantle, deforma-
tion experiments on hydrous melt-bearing dunite were conducted under the conditions of the upper mantle (pres-
sure: 1.3-5.7 GPa; temperature: 1270-1490 K). Superplasticity dominated the deformation of olivine, and the creep 

strength of hydrous melt-bearing dunite was 2-5 times lower than that of melt-free dunite. Superplasticity is the domi-
nant creep mechanism of olivine in fluid-bearing fine-grained peridotites at low temperatures. Therefore, geological flu-
ids are likely to play an important role in the shear localization and thus the initiation of subduction in the upper mantle.

Olivine is the major constituent mineral in the Earth’s 
upper mantle and controls its dynamics. Many experi-
mental studies have been performed on the plastic flow 
behavior of olivine at high temperature (i.e., the temper-
atures in the upper mantle). Previous studies showed 
that the plastic flow of olivine at high temperature is con-
trolled by two creep mechanisms: power-law dislocation 
creep and diffusion creep [1]. Some authors argued that 
other creep mechanisms such as dislocation-accom-
modated grain boundary sliding and diffusion-accom-
modated grain boundary sliding also play an important 
role in the upper mantle. Both of these mechanisms are 
often called “superplasticity” [2].

It has been recognized that the dynamics of the 
asthenospheric upper mantle need to be discussed 
based on the rheology of hydrous olivine rather than 
on anhydrous olivine. Not only dissolved water but also 
intergranular melt/fluid phases decrease the creep 
strength of olivine. In the olivine-basalt and olivine-
aqueous fluid systems, power-law dislocation creep and 
diffusion creep are enhanced by the presence of a melt/
fluid phase [3, 4]. However, the effects of intergranular 
fluids on the creep strength of olivine aggregates have 

not been evaluated at the pressures found in the Earth’s 
upper mantle (pressure range in previous studies: 0.3-
0.6 GPa).

Based on deformation experiments on hydrous melt-
bearing dunite (92 vol.% of olivine and 8 vol.% of pyrox-
enes with less than 2.5 vol.% of the melt phase) under 
the conditions of the Earth’s upper mantle, we showed 
that superplasticity is an important creep mechanism 
for the deformation of fluid-bearing peridotites in the up-
per mantle [5]. We conducted deformation experiments 
on hydrous melt-bearing dunite at pressures of 1.3-
5.7 GPa, temperatures of 1270-1490 K, and a constant 
strain rate (in the range of 0.7-8.2×10−5 s−1) using a 
deformation-DIA apparatus (D-CAP) installed in MAX-
III at the AR-NE7A beamline. Strain of the samples was 
measured by the distance between two platinum strain-
markers which were monitored by using in-situ mono-
chromatic X-ray radiography (Fig. 1). Axial differential 
stress and generated pressure were measured by using 
the radial diffraction of monochromatic X-rays (energy 
50 keV, wavelength 0.245 Å). See [5] for the details of 
the experiments.

Figure 1: X-ray radiographs acquired before (ε = 0) and during the deformation (ε = up to 0.40) at 1.7 GPa and 1370 K. Positions of platinum 
strain markers (black lines) are shown by green arrows. Blue and red double arrows represent the anvil gap and the range of sample, 
respectively. ε represents the sample strain.
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The strain rate was proportional to steady-state 
creep strength to the 2.1 power, and the steady-state 
creep strength was proportional to grain size to the ~3 
power. The activation energy of the deformation was 
found to be 329 kJ/mol. This value is close to the ac-
tivation energy for diffusion creep of “wet” olivine (295 
kJ/mol: [6]), suggesting that the creep mechanism is 
mainly controlled by the diffusion process. These results 
show that the dominant deformation mechanism of ol-
ivine is diffusion-accommodated grain boundary sliding 
(i.e., superplasticity). The creep strength of the melt-
bearing samples was factors of 2-4 lower than that of 
olivine controlled by the power-law dislocation creep of 
hydrous olivine in the case of the same water content. 
Deformation mechanism maps of hydrous-melt bear-
ing dunite as a function of stress and grain size under 
mantle wedge conditions are shown in Fig. 2. The re-
gion of diffusion-accommodated grain boundary sliding 
(GBS) is distributed in the area of fine-grain (< 0.1 mm) 
and high-stress (> 10 MPa) conditions. The diffusion-
accommodated GBS field expands with decrease in 
temperature. Therefore, diffusion-accommodated GBS 
would be the dominant creep mechanism of olivine in 
fluid-bearing fine-grained peridotites under the condi-
tions of low temperature and high stress (i.e., mylonites 
in shear zones). In fact, many petrological observations 
have shown that grain-size-sensitive creep processes 

promote strain localization in fine-grained mylonites 
in shear zones [7]. Shear localization caused by the 
diffusion-accommodated GBS is expected to play an 
important role in the initiation of subduction of the oce-
anic lithosphere.

Figure 2: Deformation mechanism maps for olivine in the hydrous melt-bearing dunite at pressures of 1 and 5 GPa and temperatures of 
(a) 970 K and (b) 1270 K. Water content in olivine was fixed at 800 or 4000 ppm H/Si for calculating the maps. The solid lines represent the 
boundaries between deformation fields (DifGBS: diffusion-accommodated GBS). Because diffusion creep of olivine has not been reported 
in fluid-bearing dunite, the diffusion creep dominant region is hypothetically shown by dashed lines. The green-shaded area in (a) and (b) 
represents the conditions observed in natural peridotite shear zones [7]. σ1 – σ3 : differential stress; G: grain size.
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Crystal Structure of Human Tyrosylprotein 
Sulfotransferase: Insights into Substrate-Binding and 
Catalysis of Post-Translational Protein Tyrosine Sulfation

Post-translational protein modification by tyrosine sulfation plays an important role in extracellular protein-protein 
interactions, with implications for immune response, inflammation, hemostasis, and viral infection including that 
of the human immunodeficiency virus (HIV). The sulfation reaction is catalyzed by the Golgi enzyme called 

tyrosylprotein sulfotransferase (TPST). We reported the first crystal structure of the human TPST complexed with a 
substrate peptide (designated C4P5Y3) derived from a tyrosine-sulfated protein, complement C4, and 3’-phospho-
adenosine-5’-phosphate (PAP), a degradation product of the sulfate donor, 3’-phosphoadenosine-5’-phosphosulfate 
(PAPS). The structural information, in conjunction with the mutational analysis data, provides a molecular basis for 
substrate-binding and catalysis, and explains how TPST can accommodate a variety of substrate proteins.

Protein tyrosine sulfation is a ubiquitous posttransla-
tional modification that occurs in multicellular eukaryotic 
organisms. This unique modification has been demon-
strated in a variety of secretory and membrane-bound 
proteins, such as complement factor C4, immunoglobu-
lins, hirudin, P-selectin glycoprotein ligand-1, secreted 
signal peptides, and chemokine receptors, which are 
involved in a variety of physiological processes includ-
ing immune response, hemostasis, development, and 
inflammation. In many cases, the sulfated tyrosine 
residues contribute to extracellular protein-protein inter-
actions such as the antigen recognition of antibodies, 
inflammatory leukocyte adhesion to blood vessel walls, 
and the binding between chemokine receptors and their 
ligands. In the case of the chemokine receptor CCR5, 
its N-terminal extracellular region carrying the sulfated 
tyrosine residues has been shown to be crucial in medi-
ating HIV binding/infection.

The protein tyrosine sulfation is catalyzed by the 
tyrosylprotein sulfotransferase (TPST) located in the 
Golgi apparatus. However, since no TPST structure is 
currently available, the mechanisms underlying the ca-
talysis of the tyrosine sulfation reaction and the recogni-
tion of substrate proteins remain unclear.

We reported the first crystal structure of the human 
TPST (hTPST), complexed with a substrate peptide de-
rived from complement C4 protein and PAP, a degrada-
tion product of the sulfate donor, PAPS, at 1.9 angstrom 
resolution [1] (Fig. 1). The structure revealed, for the first 
time, a detailed atomic view of the catalytic mechanism 
and substrate binding. The TPST is similar in catalytic 
mechanism to other types of sulfotransferases, but differ 
substantially in substrate recognition mode.

Figure 1: Overall structure of hTPST.

PAP
C4P5Y3-­‐pep+de
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The ternary structure of hTPST-PAP-C4P5Y3 pro-
vides atomic details concerning the reaction mechanism 
of TPST. When PAPS is superimposed onto PAP, the 
hydroxyl group of Yacceptor is located 2.6 Å from the sulfur 
atom of PAPS. The location of the sulfonate group is 
consistent with a SN2-like in-line displacement mecha-
nism as previously proposed for other sulfotransfer-
ases. The residues Arg78, Glu99, Lys158 and Ser285 
of hTPST are in proper positions to play a catalytic 
role in the sulfonate transfer reaction. Superposition 
of hTPST with the active site of SULT1D1 with PAPS 
and p-nitrophenol and that of HS3OST3 with PAP and 
tetrasaccharide also indicate the catalytic functions of 
the above-mentioned residues of hTPST. Data from the 
mutational studies provide further support for the roles 
of Arg78, Glu99, Lys158, and Ser285 as, respectively, 
catalytic acid, catalytic base, stabilization of transition 
state, and stabilization of transition state.

Figure 2: Substrate binding site of hTPST

The substrate peptide binds in the deep cleft of the 
hTPST2 and forms an L-shaped structure by using a 
short parallel b-sheet type interaction (Fig. 2). The struc-
tural, mutational, and other information reveal that an 
essential requirement for the substrate is to have only 
one acceptor tyrosine residue located in an intrinsically 
flexible region in order to fit into the deep cleft of hTPST. 
Other observed specific interactions may just serve to 
strengthen the affinity of the substrate and therefore are 
not essential for substrate binding. Probably because 
the aspartic acid residue located at the -1 position most 
highly strengthens the affinity by hydrogen bonding with 
the main chain of hTPST, this residue is most com-
monly found among the target sequences. Many other 

hydrophobic and electrostatic interactions are also uti-
lized in diverse substrate amino acid sequences around 
tyrosine sulfation sites of proteins.

Surprisingly and interestingly, the mode of recogni-
tion for substrate peptide seems to resemble that ob-
served for the receptor type tyrosine kinases. Because 
both these two types of enzymes are involved in post-
translational modification on Tyr residue, the similarity 
might be the result of convergent evolution regardless 
of their distinct intracellular locations and substrate pro-
teins.

To summarize, the molecular description of the 
hTPST crystal structure provides a framework for un-
derstanding the reaction mechanisms of protein tyrosine 
sulfation, which is one of the major posttranslational 
protein modifications. The information should be useful 
for the structure-based design of specific inhibitors of 
TPST.
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Long-Awaited Structural Information of the Helicobacter 
pylori CagA Oncoprotein

T he CagA protein of Helicobacter pylori plays an important role in gastric carcinogenesis. Upon delivery into gas-
tric epithelial cells, CagA localizes to the plasma membrane, where it acts as an oncogenic scaffold/hub. CagA 
comprises a solid N-terminal region and an intrinsically disordered C-terminal tail that directs versatile protein 

interactions. X-ray crystallographic analysis revealed that the N-terminal CagA has a completely new structure compris-
ing three discrete domains. Domain I constitutes a mobile CagA N-terminus, while Domain II tethers CagA to the mem-
brane by interacting with phosphatidylserine. Domain III interacts intramolecularly with the disordered C-terminal CagA, 
which potentiates the oncogenic CagA action.

Chronic infection with Helicobacter pylori cagA-
positive strains plays a critical role in the development 
of gastric carcinoma, the second-most common cause 
of cancer-related deaths worldwide. The cagA gene-en-
coded CagA protein is delivered into host gastric epithe-
lial cells via the H. pylori type IV secretion system and 
is tethered to the inner leaflet of the plasma membrane, 
where it undergoes tyrosine phosphorylation at the Glu-
Pro-Ile-Tyr-Ala (EPIYA) motif that is present in variable 
numbers in the C-terminal region by Src family kinases. 
Upon tyrosine phosphorylation, CagA acts as a patho-
genic scaffold/hub protein that promiscuously interacts 
with a number of host proteins, most notably SHP2, an 
SH2 domain-containing tyrosine phosphatase activating 
mutation which is associated with a variety of human 
malignancies, and the polarity-regulation serine/threo-
nine kinase PAR1/MARK. As a consequence, CagA de-
livery exerts unconstrained mitogenic stimulation while 
inducing junctional and polarity defects in polarized 
gastric epithelial cells. Sustained exposure to CagA also 
activates cell-reprogramming machinery by ectopically 
inducing stemness-related transcription factors in gas-
tric cells. Such multifaceted actions of H. pylori CagA 
may cooperatively act to predispose host cells towards 
malignant transformation. Indeed, systemic expression 
of CagA in transgenic mice gives rise to spontaneous 
development of gastrointestinal and hematopoietic neo-
plasms, confirming its oncogenic potential in mammals. 
But why does a bacterial protein exert this kind of patho-
genic action? It is well understood that protein function 
and structure are intimately interrelated. A research 
article by Hayashi et al [1] reported success for the first 
time in determining the tertiary structure of the entire 
CagA protein (1186 amino-acid residues) by combin-
ing X-ray crystallography and NMR spectroscopy. The 
crystal structure of CagA was determined by the SAD 
method using synchrotron radiation at PF AR-NE3A. 
CagA has a unique form, consisting of a solid N-terminal 

region (residues 1-876) and an intrinsically disordered 
C-terminal tail (residues 877-1186) (Fig. 1). The crystal 
structure of the N-terminal core predicts a square plate-
like shape with approximate dimensions of 110 × 80 × 
55 Å3. The N-terminal CagA contains 23 α-helices and 
comprises three discrete domains, termed Domains I to 
III. Domain I, the most N-terminal domain, is composed 
of 10 α-helices, having a small interacting surface area 
(374 Å2) with Domain II but has no interaction with Do-
main III. Because of this weak interaction, Domain I ap-
pears to be quite mobile and flexible. Domain II and Do-
main III comprise a protease-resistant structural core of 
CagA that displays an N-shaped dimodular architecture. 
Domains II and III are connected by a long helix a19. 
Domain II also contains a large anti-parallel β-sheet, 
which has an inserted subdomain (residues 370-446). 
This subdomain, located at the center of the CagA N-
terminal region, tightly interacts with the β-sheet, sug-
gesting that it comprises a rigid core of CagA. A cluster 
of basic residues termed the “basic patch”, which com-
prises a part of the Domain II surface, attaches to the 
acidic membrane phospholipid, especially phosphati-
dylserine, which is concentrated to the inner membrane 
surface through electrostatic interaction. This makes the 
CagA C-terminal tail hang freely and thereby enables 
Src kinases to attach a phosphate group to the EPIYA 
motifs in the tail. Furthermore, the flexible C-terminal tail 
loops back onto the solid N-terminal core to form a lariat 
that strengthens association of the CagA C-terminal 
tail with host target proteins such as PAR1 and SHP2 
(Fig. 1). Elucidation of the tertiary structure significantly 
improves our understanding of CagA as a bacterial 
pathogenic scaffold/hub that is critically involved in gas-
tric carcinogenesis. This research, which has for the first 
time elucidated the structural basis through which CagA 
promotes gastric carcinogenesis, will be of great value 
in developing new strategies in targeting CagA for the 
prevention and/or treatment of gastric cancer.
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Figure 1: Tertiary structure-dependent regulation of the oncogenic potential of H. pylori CagA.
H. pylori CagA is delivered into host gastric epithelial cells via a bacterial micro-syringe termed the type IV secretion system, where it acts 
as an oncogenic scaffold/hub by perturbing intracellular signaling. The work by Hayashi et al. revealed that the CagA protein consists of 
structured N-terminal and disordered C-terminal regions [1]. Folded N-terminal CagA has a new protein structure with three distinct domains 
shown in blue, yellow, and red. Domain I forms the N-terminus, while Domain II tethers CagA to the inner plasma membrane via the basic 
patch (green)-phosphatidylserine (pink) interaction. Interaction with Domain III potentiates interaction of the disordered CagA C-terminal tail 
with PAR1 and SHP2, thereby enhancing the oncogenic scaffold/hub function CagA.
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Trapping a Whole Protein in a Well-Defined Molecular 
Capsule

Encapsulation of a molecule in a capsular structure is a widely-used phenomenon in natural and artificial systems 
to achieve unique functions such as storage, emission, and control of the accommodated molecules. Proteins 
are attractive target molecules but the encapsulation of a protein in a well-defined molecular capsule has not 

been realized due to the limited size of artificial capsules. In the present study, Professor Makoto Fujita’s group in the 
Department of Applied Chemistry and Professor Koichi Kato at the Okazaki Institute for Integrative Bioscience confined 
a single ubiquitin molecule within a 7-nm synthetic capsule, whose structure was clearly revealed by NMR, mass spec-
trometry, and finally synchrotron X-ray crystallography.

In nature, encapsulation of biomolecules, such as 
proteins or DNA, in huge capsular materials like virus 
capsids serves to control their structures and bioactivi-
ties and to store them. In artificial chemical systems, the 
encapsulation of small organic molecules within hollow 
larger capsular molecules, called “host molecules”, also 
functions to control the structures or activities of the 
encapsulated guest molecules. The encapsulation of 
biomolecules in artificial host molecules is expected to 
pave the way for controlling their structures and func-
tions at will, however, huge biomolecules like proteins 
have never been encapsulated because the sizes of 
artificial capsular molecules with precise structures are 
usually limited to up to 2 nm in diameter.

In 2006, we reported that a huge capsular molecule 
with a diameter of 4.6 nm accommodated several small 
organic molecules inside the host [1]. The internal 
chemical environment was modified to be fluorophilic by 
decorating the internal wall of the host with fluoroalkyl 
chains, and fluorous guests were extracted from the 
external solvent into the host. The structure of the host 
was precisely designed and well defined through a self-
assembly process from organic molecules and transi-
tion metal ions.

In 2012, the self-assembled huge host was further 
extended to a diameter of 7.3 nm, and the encapsula-
tion of a whole protein was first achieved within the 
synthesized capsular molecule (Fig. 1) [2]. An organic 
molecule tethering a protein, ubiquitin with a molecular 
weight of 8,600 Da, was synthesized under moderate 
reaction conditions to maintain the folded protein struc-
ture [3]. Then the molecule bearing a protein was mixed 
in a flask with another organic molecule bearing a sugar 
chain and palladium (II) ions in the water/acetonitrile 
solvent. The coordination bonds between the starting 
materials automatically formed to construct the product 
including one organic molecule bearing a protein, 23 
organic molecules bearing a sugar moiety, and 12 palla-
dium (II) ions with 100% yield. The protein was wrapped 
in the clustered sugar moieties, and the product showed 
high stability at room temperature in air.

Solution nuclear magnetic resonance (NMR) spec-
tra showed broad signals, which indicate the formation 
of a huge structure, and diffusion analysis by 2D DOSY 
spectra revealed the diffusion coefficient, which showed 
that the host framework and encapsulated ubiquitin 
behave as a single molecule through the “host-guest” 
interaction.

Figure 1: The self-assembly of a huge capsular molecule encapsulating a whole protein is schematically illustrated. The protein was 
surrounded by clustered hydrophilic sugar moieties.
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Determination of the molecular weight was first at-
tempted using cold-spray ionization time-of-flight mass 
spectrometry (CSI-TOF-MS), but the results were not 
satisfactory. Next, analytical ultracentrifugation (AUC) 
in sedimentation velocity measurement mode clearly 
showed the high monodispersity of the product in solu-
tion, and AUC in sedimentation equilibrium measure-
ment mode was used to estimate the molecular weight, 
which was consistent with the sum of the host frame-
work and one ubiquitin.

The three-dimensional structure of the product 
could not be accessed by the above-mentioned NMR 
and ultracentrifugation analyses, and the final structural 
elucidation relied on single crystal diffraction studies as 
a solid, crystalline state. Careful selection of the crystal-
lization conditions led to the formation of beautiful single 
crystals, but a structural analysis of these single crystals 
could not be carried out successfully by using labora-
tory diffractometers. This failure could be attributed to 
the large unit cell of around 60 Å and volume of around 
195,900 Å3 and the severely disordered solvents inside 
and outside the host. Only strong, sharp synchrotron X-

rays generated by the advanced equipment at KEK PF 
AR-NE3A and BL-17A and SPring-8 BL38B1, BL41XU, 
BL26B1, and BL26B2 finally elucidated the crystal 
structure of the host framework with up to 1.8Å resolu-
tion. Further analysis by the maximum entropy method 
(MEM) enabled visualization of the electron density for 
the encapsulated protein at the center of the host (Fig. 
2).

Figure 2: The protein encapsulation was confirmed by crystallographic studies in a crystalline state. (left) The mapping of electron density 
(red) derived from the trapped ubiquitin in the artificial host (blue). (right) The computationally simulated model structure of the product, where 
ubiquitin is shown in red and the host in blue.
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Rotation Mechanism of V1-ATPase

Vacuolar ATPases (V-ATPases) function as ATP-driven ion pumps, which are located on membranes of vari-
ous living organisms. Human V-ATPase is a promising drug target for osteoporosis and cancer metastasis. 
V1-ATPase (the hydrophilic part of V-ATPase) is a rotary motor, in which a central stalk DF complex rotates 

inside a catalytic A3B3 complex with the ATP hydrolysis. We have solved the A3B3 complex and the V1-ATPase from the 
bacterium Enterococcus hirae, and have proposed a model of the rotation mechanism based on their asymmetric struc-
tures.

The ion-translocating rotary ATPases (V-ATPases 
and F-ATPases) have evolved from a common ances-
tral enzyme. F-ATPases in mitochondria, chloroplasts 
and oxidative bacteria function as ATP synthase (ATP 
is the major energy currency of life) and V-ATPases in 
acidic organelles and plasma membranes of eukary-
otic cells function as H+ pumps. These ATPases have 
similar overall structures that consist of a hydrophilic 
portion (F1 and V1) and a membrane-embedded ion-
transporting portion (Fo and Vo), and they have a simi-
lar reaction mechanism that occurs through rotation. 
E. hirae V-ATPase transports Na+ or Li+, instead of H+. 
This is composed of nine subunits that are homologous 
to the corresponding subunits of eukaryotic enzymes. 
The catalytic part of the V1 consists of a hexameric ar-
rangement of alternating A- and B-subunits (A3B3), and 
V1-ATPase is composed of A3B3 and central stalk DF 
complex.

We determined the crystal structures of the nucleo-
tide-free A3B3 (eA3B3) and AMPPNP-bound A3B3 (bA3B3) 
at first by using BL41XU, SPring-8 [1]. Both of the A3B3 
hexamers assembled asymmetrically, but different 
combinations of conformation were contained. In eA3B3, 
one of the three A adopts a closed conformation (AC), 
which shifts the structure into the center of the A3B3, 
whereas the other two A adopt similar open conforma-
tions (AO and AO’), Similarly, one of the three B shows 
a closed conformation (BC) compared to the others (BO 
and BO’) (Fig. 1a-d). The conserved nucleotide-binding 
sites were located between the three different combina-
tions: AOBC, AO’BO and ACBO’ pairs. In bA3B3, AMPPNP 
molecules were bound at two ACBO’ each, and not at the 
other AOBC (Fig. 1 e-h).

Figure 1: Structure of the A3B3 and A3B3DF complexes a, Side view of the nucleotide-free A3B3 structure (eA3B3). b, c, Superimposed struc-
tures at the N-terminal b-barrel (white) of the three structures of A (b) and B (c) in eA3B3. Open (O and O’) and closed (C) conformations of 
A and B are shown in light and darker colors, respectively. d, Top view of the C-terminal domain (shown in a as transparent surface) of eA3B3 
from the N-terminal b-barrel side. Red triangles indicate the nucleotide-binding sites. e-h, Structures of the AMPPNP-bound A3B3 complex 
(bA3B3), and i-l, Structures of the nucleotide-free A3B3DF complex (eV1) viewed and colored as in a-d.

j
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Compared with conformations of these pairs, we 
designated AOBC and ACBO’ as the “Empty” and “Bound” 
form, respectively. The AO’BO in eA3B3 seemed to 
change to ACBO’ by binding with the AMPPNP molecule. 
We designated this unique AO’BO of eA3B3 as the “Bind-
able” form. These asymmetries suggest that the forma-
tion of A3B3 imposes a restriction on the AB to induce 
conformational changes that cooperatively generate 
one “Empty” (ATP-unbound form), one “Bindable” (ATP-
accessible form) and one “Bound” (ATP-bound form) 
conformation, which in turn determines the order of 
nucleotide binding.

Next, we determined the crystal structures of the 
V1-ATPase (A3B3DF) by using BL-1A, AR-NE3A and 
AR-NW12A. The asymmetry of A3B3DF was increased. 
By the interaction with the DF complex, the “Bindable” 
form (AO’BO) of eA3B3 changes to the “Bound” form 
(ACBO’) of V1 and the “Bound” form (ACBO’) of eA3B3 
changes to the new “Tight” form (ACRBCR) of V1. The new 
“Tight” form is composed of closer conformations of A 
and B (ACR and BCR, respectively). In the “Tight” form, 
the position of conserved Arg350 on BCR, which helps 
ATP hydrolysis, seemed to approach the nucleotide 
binding site. The ATP hydrolysis is stimulated by this 
approach triggered by the movement of Arg350, which 
is induced by binding between the DF complex and 
A3B3.

 Based on these asymmetric structures, a rota-
tion model of V1-ATPase was proposed. In AMPPNP-
bound V1 (Fig. 2 a), two ATP molecules are bound in 
the “Bound” and “Tight” form at first. The “Tight” form 
with the ATP molecule is presumed to be the hydroly-

sis awaiting state, therefore the ATP hydrolysis in the 
“Tight” form initiates the rotary reaction. By the conver-
sion to ADP and phosphate, the conformation of the 
A3B3 part in V1-ATPase may return to eA3B3 (ground 
structure of A3B3) in a cooperative manner. The “Tight” 
form changes to the “Empty” form with the release of 
ADP and phosphate and the “Empty” form changes to 
the “Bindable” form. However, the interaction between 
the DF and “Tight” form might prevent these structural 
changes, and an intermediate state may exist instead 
of the state of Fig. 2 b. After that, the new ATP mole-
cule approaches and binds to the “Bindable” form, and 
the conformation changes to the “Bound” form; as a 
result, the A3B3 portion has two “Bound” forms with two 
ATP molecules and one “Empty” form, the structure of 
which corresponds to bA3B3, and then the DF rotates 
(Fig. 2 c). At last, the “Bound” form from the beginning 
changes to the next “Tight” form, induced by DF bind-
ing (Fig. 2 d) and the V1-ATPase returns to the initial 
state (Fig. 2 a).

Figure 2 : Rotation model of V1-ATPase. Top view of the C-terminal domain viewed as in Fig. 1 d, h and l. ATP with yellow “P” in a and d 
represents an ATP molecule that is committed to hydrolysis. The blue “P” in b represents a phosphate molecule after ATP hydrolysis. a, The 
AMPPNP-bound V1: Two ATPs are bound in the “Bound” and “Tight” forms at first. The reaction is triggered by the ATP hydrolysis in the “Tight” 
form. b, The nucleotide-free A3B3: By the conversion to ADP and phosphate, the conformation of the A3B3 part in V1-ATPase may return to 
eA3B3 (ground structure of A3B3 complex) in a cooperative manner. The “Tight” form changes to the “Empty” form with the release of ADP and 
phosphate and the “Empty” form changes to the “Bindable” form. c, The AMPPNP-bound A3B3: By new ATP binding to the “Bindable” form, the 
conformation changes to bA3B3, which has two “Bound” forms with two ATP, and then the DF rotates. d, The “Bound” form from the beginning 
changes to the next “Tight” form, induced by DF binding and the V1-ATPase returns to the initial state with 120° rotation.
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Mechanistic Insights into the Activation of Rad51-Mediated 
Strand Exchange from the Structure of a Recombination 
Activator: the Swi5-Sfr1 Complex

Rad51 forms a helical filament on single-stranded DNA and promotes strand exchange between two homolo-
gous DNA molecules during homologous recombination. The Swi5-Sfr1 complex interacts directly with Rad51 
and stimulates strand exchange. We describe structural and functional aspects of the complex. Swi5 and the C-

terminal domain of Sfr1 form an essential activator complex with a parallel coiled-coil heterodimer. The resultant coiled-
coil is sharply kinked, generating an elongated crescent-shaped structure suitable for binding within the helical groove 
of the Rad51 filament. Our data suggest that the snug fit resulting from the complementary geometry of the heterodimer 
activates and stabilizes the Rad51 filament.

Homologous recombination (HR) plays a central 
role not only in genetic diversity but also in preserving 
genomic integrity, and thus defects in HR may result 
in susceptibility to cancer. RecA-family DNA recombi-
nases are key players in HR. In eukaryotes, there are 
two known classes of the recombinases, Rad51 and 
Dmc1; the former functions generally in both mitotic and 
meiotic HR and HR-mediated DNA repair, and the lat-
ter acts specifically in meiosis. Recombinases bind to 
single-stranded DNA (ssDNA), and the resultant func-
tional complex, termed a presynaptic filament, carries 
out DNA strand exchange; binding and strand exchange 
are the central reactions of HR. Auxiliary factors (referred 
to as mediators) are required to form/activate the pre-
synaptic filament of eukaryotic recombinases.

The Swi5-Sfr1 complex from the fission yeast is one 
of the auxiliary proteins. Swi5 (85 residues) and Sfr1 
(299 residues) are both widely conserved from yeast 

to humans. The Swi5-Sfr1 complex binds to the Rad51 
presynaptic filament, directly stimulates Rad51-mediat-
ed displacement of RPA from ssDNA, and stabilizes the 
Rad51 filament that has already formed on the ssDNA. 
It is of great interest how Swi5-Sfr1 stimulates Rad51-
driven strand exchange. To address this issue, we 
undertook structural analyses of the fission yeast Swi5-
Sfr1 complex.

We produced a truncated Sfr1 lacking the N-termi-
nal 180 residues, hereafter referred to as Sfr1C. Sfr1C 
forms a complex with Swi5. To gain structural insight 
into the mechanism of Swi5-Sfr1-mediated activation 
of the Rad51 filament, we determined the crystal struc-
ture of the Swi5-Sfr1C complex (2.3 Å resolution) [1]. 
Swi5 and Sfr1C form a parallel coiled-coil heterodimer 
and the Swi5-Sfr1C complex has an elongated shape 
(Fig. 1).

Swi5
Sfr1

α2Swi5

α3Swi5

α1Sfr1

α2Sfr1

α3Sfr1
β1Sfr1

β2Sfr1

α1Swi5

Figure 1: Ribbon representation of the Swi5-Sfr1C complex. Swi5 and Sfr1C are presented in yellow and green, respectively.
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The Swi5 and Sfr1C subunits of the heterodimers 
are firmly joined by two leucine zippers and a bundle 
structure at the bottom. The C-terminal regions in both 
Swi5 and Sfr1 fold back to the second leucine zipper 
and form a globular domain resembling a four-helix 
bundle that is stabilized primarily by van der Waals in-
teractions. Hydrophobic residues from a2sfr1, a3sfr1, and 
the loop are buried in the interior of the bundle, where 
they pack together and stabilize the heterodimer.

Remarkably, the structure of the Swi5-Sfr1C com-
plex is sharply kinked (130°). Beyond this kink, the 
structure is held together by the second leucine zipper. 
The kinked region is stabilized by several interactions. 
These interactions maintain the relative orientation be-
tween the two leucine zippers.

Residues participating in the interaction between 
the leucine zippers and the bundle are highly conserved 
across species. This conservation suggests that, in 
various species, Swi5 in complex with Sfr1C adopts a 
structural architecture similar to that observed in the S. 
pombe Swi5-Sfr1 complex.

The kinked structure of Swi5-Sfr1C fits snugly into 
the helical groove of the Rad51 filament, as revealed 
by molecular docking (Fig. 2). A single Swi5-Sfr1C 
complex seems to interact with up to four to five Rad51 
molecules to bind into the filament. SAXS data revealed 
that the Swi5-SfrFL complex is approximately twice as 

long as the Swi5-Sfr1C [2]. This molecular “vine”, com-
posed of the Swi5-Sfr1 complex, seems to wind itself 
around the Rad51 filament, which is composed of up 
to 10 Rad51 molecules. This structural feature agrees 
well with the fact that the stimulation was most effective 
when the Swi5-Sfr1:Rad51 ratio was 1:10 to 1:20. We 
propose that Swi5-Sfr1 may transiently and repeatedly 
interact with the filament via the groove, inducing a lo-
cal conformational change that activates the strand-
exchange activity. Our present results provide the first 
exploration of the mechanistic aspects of the functional 
interactions between recombinases and their activators 
at atomic resolution.

Figure 2: Docking model of the Swi5-Sfr1 complex (orange) into the Rad51 filament (gray) viewed from the side (left) and top (right). 
Molecules are shown as a ribbon drawing and transparent molecular surface (left). The Rad51 filament is modeled by a RadA structure (PDB 
id:2FPM).
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Fungal Antifreeze Protein Consists of a Unique β-Solenoid 
Structure 

We solved the first crystal structure of a 223-residue monomeric antifreeze protein (AFP) from snow mold fun-
gus, Typhura ishikariensis (TisAFP6). It forms a semipear-shaped globular structure, whose principal constit-
uent is a 6-loop right-handed β-solenoid with a triangular cross-section, in which the N- and C-terminal loops 

are uniquely adjacent to each other within the solenoid. The sequence of the loops exhibited no repetitive property, 
whose lengths are ranging from 18 to 27 residues. This β-solenoid locates a putative ice-binding site in one of the three 
faces of TisAFP6, whose irregularity is remarkable compared with that identified in the known AFPs.

AFP is a macromolecule that specifically binds to 
an ice crystal to inhibit its growth, facilitating the freeze 
tolerance of AFP-containing organisms such as fishes, 
insects, bacteria, and fungi living in cold environments. 
We have examined the biochemical property and the 
ice-binding activity of two isoforms of 223-residue fun-
gal AFP from Typhura ishikariensis (TisAFP6 and 8) 
[1]. The primary sequences of the two TisAFP isoforms 
exhibited no similarity to that of “hyperactive AFPs” 
from insects and bacteria consisting of tandem repeat 
sequences. Nevertheless, the two fungal AFP isoforms 
were capable of binding to both prism and basal planes 
of an ice crystal similarly to the hyperactive AFPs. Here 
we determined the 0.95-Å high-resolution crystal struc-
ture of TisAFP6, and characterized its ice-binding site 
(IBS) [2]. The TisAFP6 isoform constructs a 52-Å-long 
semipear-shaped structure, whose principal constituent 
is a six-loop right-handed β-helix (β-solenoid) having a 
triangular cross-section as well as a 20-residue α-helix 
that lies alongside and parallel to the β-solenoid. A 
prominent feature of this β-solenoid is that the β1 loop 
or coil originating from near the N-terminus lies adjacent 
to the β6 loop from the C-terminus. In this way, the ter-
minal loops are side by side within the parallel β-helix 

as illustrated by the spectrum colors showing blue next 
to red (Fig. 1). The six loops consist of no repetitive 
sequence, and their lengths range from 18 to 27 resi-
dues. The three 18-residue loops (β1, β6, and β5) are 
consecutively arrayed at the top of the molecule, while 
the bottom loops (β4, β3, and β2) have 3- to 9-residue 
insertions that extend outward on the same side to form 
the pear-like shape.

 The β-helical fold of TisAFP6 is stabilized by the 
following elements: (i) The hydrogen-bonding network 
between peptide CO and NH groups parallel to the 
β-helical axis. (ii) The cap structures stabilizing the edg-
es of the β-strands in the terminal loops β1 and β2 to 
cover a hydrophobic core constructed in the β-solenoid. 
Note that the capping structures normally reside at the 
N- and C termini of a β-solenoid protein, but in TisAFP6 
they are formed internally between β1 and the α-helix 
and between the α-helix and β2. (iii) Approximately 48 
aliphatic and aromatic residues construct the hydropho-
bic core without the support of disulfide bonds. (iv) The 
long α-helix that runs the length of the β-solenoid. There 
are 12 hydrophobic residues at the interface between 
the α-helix and β-solenoid.

Figure 1: Backbone structure and its schematic diagram of TisAFP6 to represent the construction of an irregularly ordered β-solenoid, in 
which the N- and C-terminal loops are side by side.
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The IBS of TisAFP6 was examined by steric muta-
tions in which a tyrosyl residue replaced a short-chain 
amino acid. The antifreeze activity of mutants T82Y, 
N178Y, and V221Y, where the substitutions appeared 
in the middle of the three faces of the triangle, was com-
pared with that of wild-type TisAFP6. The data clearly 
showed that the N178Y mutation caused a significant 
(60%) loss in the activity. In contrast, T82Y and V221Y 

lost only 15% of the wild-type activity. With the help of 
fluorescence-based ice plane affinity (so-called FIPA) 
analysis of these mutants, we determined that one of 
the molecular surfaces including N178 locates a rela-
tively flat IBS. Interestingly, this IBS had irregularly ar-
rayed surface-bound water molecules (Fig. 2), which 
is probably due to the irregularly-ordered β-solenoid of 
TisAFP6, which is completely distinct from the known 
hyperactive AFPs that locate regularly arrayed water 
molecules on their tandem repeat sequence. The wa-
ter molecules were thought to share the positions of 
the ice lattice at the moment AFP attaches onto ice. A 
comparison of the primary sequence between the AFPs 
reported for various microorganisms suggests that the 
above-described structural features might be adopted in 
many other fungal AFPs.

Figure 2: A selected surface of TisAFP6 that locates an ice-binding 
site (IBS), in which the water molecules are immobilized in a few 
grooves. They are thought to anchor the AFP-ice interaction.
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A Structural Study of IFIT2/ISG54 Suggests its Functional 
Mechanism on its Anti-Viral Activity and Cellular 
Functions

IFIT1/ISG56 family members are well-known as interferon stimulated genes with antiviral activities. However, the 
mechanisms of the antiviral activities of these proteins were not clear. We determined the structure of IFIT2/ISG54, 
the first structure reported in the protein family. Our results showed that ISG54 is a domain swapped dimer in solu-

tion. It is an RNA binding protein which can specifically bind AU-rich RNAs. The specific RNA binding ability of ISG54 
is required for its anti-viral activity. Furthermore, our results showed that ISG54 can bind some cellular RNA elements, 
suggesting its functional mechanism in cells.

Upon infection by virus, interferon is produced by 
cells, which then stimulates the expression of many 
genes to fight the infection. These genes are called 
Interferon Stimulated Genes (ISGs) [1]. The functions 
of some ISGs have been studied, such as ISG15 [2]. 
ISG56 family proteins are well-known anti-viral proteins 
[3], but the mechanisms of these proteins involved in 
their anti-viral effect were not clear. It was reported that 
ISG56 and ISG54 proteins can bind protein translational 
elongation factors, such as eIF3c and eIF3e, thus block-
ing the viral protein translation process [4]. However, 
two other investigations showed that ISG56 or ISG54 in-
hibit viruses with specific modification at the viral mRNA 
5’ end [5, 6]. To understand the exact mechanism of 
ISG56 family proteins, we determined the structure of 
human ISG54 which is the first structure reported in the 
ISG56 family using the facilities in BL-5A of the PF [7].

ISG54 is a super-helical structure built up by TPR 
repeat-like helices (Fig. 1). However, ISG54 is not a 
monomer but unexpectedly a domain swapped dimer 
through some helices in the middle of the protein, mak-
ing the whole structure resemble the letter X. Interest-
ingly, when the structure is shown as a surface electro-
static presentation, the inner surface of the C-terminal 

part of the super-helical protein is exclusively positively 
charged. This structural feature strongly suggests that 
ISG54 is a nucleic acid binding protein. Therefore, we 
performed an EMSA experiment to test the binding of 
ISG54 with some model RNAs. Our results showed that 
ISG54 can bind AU-rich double-strand model RNAs but 
not GC-rich RNAs. Phosphate modification at the 5’ end 
or methylation state on the Cap structure of viral mRNA 
is not required for the binding. To test whether the RNA 
binding ability of ISG54 is required for its antiviral activ-
ity, we used VSV and Sendai virus as model systems 
to perform the anti-viral activity experiment. The results 
showed that over-expression of wild-type ISG54 can 
block the replication of these viruses in HEK293 cells; 
however, disruption of RNA binding ability of ISG54 
impaired or decreased the anti-viral activity of this pro-
tein, suggesting that the RNA binding ability of ISG54 is 
required for anti-VSV and Sendai virus activity. Besides 
the anti-viral activity, we also considered the potential 
mechanisms of ISG54 in its cellular functions. The crys-
tal structure was determined by the SAD method by 
selenium derivative by using the KEK radiation facilities 
and Shanghai synchrotron radiation facilities.

 
Figure 1: IFIT2/ISG54 is a domain swapped dimer with a super-helical structure at its C-terminal. One monomer is shown in gray and the 
other one is shown in spectral colors, from blue at the N-terminal to red at the C-terminal. The secondary structure elements are labeled. In 
the ISG54 dimer, helixes 7-9 from one monomer insert into the other monomer, forming the domain swapped interface, as shown in the yel-
low box. Left panel: side view of the structure; Right panel: top view.
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 5  Life Science

Cooperative Protein Structural Dynamics of Homodimeric 
Hemoglobin

Proteins serve as molecular machines in performing their functions, but the detailed structural propagations are 
difficult to observe in their native aqueous environments in real time. For example, despite extensive studies, the 
solution-phase structures of the intermediates along the allosteric pathways for the propagations between the 

relaxed (R) and tense (T) forms have remained elusive. In this work, we employed picosecond X-ray solution scattering 
[1] and novel structural analysis [2] to track the detailed structural dynamics of wild-type homodimeric hemoglobin (HbI) 
from the clam Scapharca inaequivalvis and its F97Y mutant over a wide time range.

The allosteric structural transition of hemoglobin 
induced by ligand binding is an important process that 
is directly related to the biological function and reactivity 
of the protein. Because of the heteromeric nature of 
human tetrameric hemoglobin (HbA), the structural 
transition between allosteric sites involving cooperative 
ligand binding and subsequent tertiary and quaternary 
structural changes is complex. As a result, it has been 
difficult to characterize the structure and kinetics of 

singly, doubly, or multiply liganded species that are 
transiently formed along the allosteric pathways. In this 
regard, HbI has a simpler homodimeric structure and 
thus is a convenient model system for studying allosteric 
structural changes. However, even for this simpler 
system, the allosteric process involving cooperative 
ligand binding and subsequent tertiary and quaternary 
structural change is complex, and its detailed structural 
dynamics have yet to be understood completely.

Figure 1: The picosecond pump-probe X-ray solution scattering data for (a) wild-type HbI(CO)2 and (b) its F97Y mutant are shown. The time 
delay after photoexcitation is indicated above each curve. Experimental curves (black) are compared with theoretical curves (red) that were 
generated from data analysis. The extracted structural dynamics are summarized in (c). The green and blue arrows in (c) are used to indicate 
the relative magnitudes and directions of the changes in the heme-heme distance and subunit rotation angle relative to HbI(CO)2.
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In this work, to investigate directly the structural 
dynamics of HbI in the solution phase, we applied 
pump-probe X-ray solution scattering (which is globally 
sensitive to secondary, tertiary, and quaternary 
structural changes of proteins in solution) to visualize 
the detailed allosteric structural transition of HbI in 
solution in real time. By applying a novel structural 
analysis using Monte Carlo simulations to the measured 
X-ray solution scattering data, we describe in detail the 
structural dynamics involved in the allosteric transitions 
of wild-type HbI and its F97Y mutant.

Time-resolved X-ray solution scattering data were 
acquired using the pump-probe method at the NW14A 
beamline at PF-AR. Aqueous solution samples of HbI 
ligated with CO ligands [HbI(CO)2] and its F97Y mutant 
were prepared using a previously established protocol 
[3]. The samples contained in a capillary of 1 mm 
thickness were excited with ~35 ps laser pulses at 532 
nm. Time-resolved scattering curves were collected at 
40–70 pump-probe time delays between the laser pump 
pulse and the X-ray probe pulse in the range from 100 
ps to 56.2 ms as well as at a reference time delay of 
-5 μs. To attain a signal-to-noise ratio good enough for 
data analysis, about 20 images were acquired and av-
eraged at each time delay. The measured time delays 
were spread evenly on a logarithmic time scale. Taking 
the difference between the scattering curve measured 
at each time delay point and the reference scattering 
curve measured at -5 μs yielded the difference scatter-
ing curve ΔS (q, t) as shown in Fig. 1(a) and 1(b).

From kinetic analysis, we identified three structurally 
distinct intermediates and their kinetic pathways com-
mon for both the wild type and the mutant. The data 
revealed that the singly ligated and unligated forms of 
each intermediate share the same structure, provid-
ing direct evidence that the ligand photolysis of only a 
single subunit induces the same structural change as 

that induced by the complete photolysis of both sub-
units. In addition, by applying novel structural analysis 
to the scattering data, we elucidated the detailed struc-
tural changes in the protein, including changes in the 
heme-heme distance, the quaternary rotation angle of 
subunits, and interfacial water gain/loss. The structural 
transitions from HbI(CO)2 to I2 via I1 are identical for the 
wild type and the mutant. In contrast, for the transition 
from I2 to I3, interfacial water molecules enter in the 
wild type and exit in the mutant, and the extent of the 
structural change is smaller for the mutant. Especially, 
the heme-heme distance of I3 (F97Y) is not reduced 
relative to that of I2, whereas I3 (wild type) exhibits a 
smaller heme-heme distance than that of I2. A summary 
of the extracted structural dynamics is provided in Fig. 
1(c).

The ability to keep track of the detailed movements 
of the protein in aqueous solution in real time will 
provide new insights into the structural dynamics of 
proteins.

REFERENCES
[1]	 H. Ihee, M. Lorenc, T.K. Kim, Q.Y. Kong, M. Cammarata, J.H. 

Lee, S. Bratos and M. Wulff, Science 309, 1223 (2005).
[2]	 K.H. Kim, S. Muniyappan, K.Y. Oang, J.G. Kim, S. Nozawa, T. 

Sato, S. Koshihara, R. Henning, I. Kosheleva, H. Ki, Y. Kim, 
T.W. Kim, J. Kim, S. Adachi and H. Ihee, J. Am. Chem. Soc. 
134, 7001 (2012).

[3]	 C.M. Summerford, A. Pardanani, A.H. Betts, A.R. Poteete, G. 
Colotti and W.E. Royer, Protein. Eng. 8, 593 (1995).

BEAMLINE
AR-NW14A



Highlights64

 6  Imaging and Optics

X-Ray Waveguiding in Resonance with a Periodic 
Structure

Novel X-ray waveguides are designed based on the concept of photonic crystals. The waveguides consist of a 
pair of claddings sandwiching a core with a periodic structure. X-rays that undergo multiple interference are 
confined in the core by total reflection at the core-cladding interfaces to form a characteristic waveguide mode 

whose field distribution matches the periodicity of the core. Because the propagation loss in this mode, which is in 
resonance with a periodic structure, becomes distinctively low, substantial single-mode propagation of X-rays can be 
achieved. This concept will open up new fields in X-ray optics.

Collimated X-ray beams with high spatial coher-
ency have attracted much attention because of their 
remarkable advantages in analytical and diagnostic ap-
plications. X-ray waveguides (WGs) using one- or two-
dimensional nano-scale gaps, which enable the propa-
gation of X-rays on individual discrete modes, have 
been proposed. However, the width of the gaps in the 
direction of X-ray confinement needs to be extremely 
small to achieve the formation of a coherent X-ray beam 
by satisfying the single-mode propagation conditions. 
Here, we propose a novel X-ray WG based on the phys-
ics of photonic crystals in the X-ray regime [1]. 

The structure of the WG and the underlying concept 
are schematically shown in Fig. 1. The WG consists of 
a core with a periodic structure and a pair of claddings 

sandwiching the core. The X-rays undergoing multiple 
interference in the periodic core can be confined by 
total reflection at the core-cladding interfaces, when 
the Bragg angle for the periodic structure is sufficiently 
smaller than the total reflection angle. The periodicity-
resonant WG mode is resonant with both the total thick-
ness and the periodicity of the core. The electric field 
profile of this resonant mode has fine fringes with the 
same periodicity as that of the core, and the antinodes 
of the field are located in the layers with a lower absorp-
tion coefficient, as shown in Fig. 1. On the other hand, 
the shape of the envelope shows that the field is con-
centrated in the center of the core. Because of these 
two features of the formed fields, the resonant mode 
achieves an exceptional low propagation loss.

Figure 1: The concept of the periodicity-resonant X-ray waveguide.
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The structure of the waveguide used for the experi-
ment is schematically shown in Fig. 2(A). The core is 
an Al2O3/B4C multilayer, which is sandwiched by a pair 
of tungsten claddings. The thickness of the Al2O3 and 
B4C is 3 nm and 12 nm, respectively, and the number of 
pairs is 100. The thickness of the claddings is 20 nm ex-
cept for the coupling region with a ~2 nm thickness. The 
experiments for the waveguide were performed at the 
BL-4A using X-rays with 10 keV, which was monochro-
mated using a Si (111) double-crystal monochromator. 
The beam was shaped into 150 µm height x 1000 mm 
width. The divergence angle and the energy band width 
DE/E of the beam were ~0.002o and ~2x10−4, respec-
tively. The X-ray beam was impinged on the coupling 
region of the waveguide at a grazing angle θin, and the 
spatial distribution of the emitted X-rays, the far-field 
pattern, was recorded using a 2D detector. 

The dependence of the far-field pattern on the in-
cident angle is graphically shown in Fig. 2(B). A pair 
of symmetric bright lines with respect to qf (emission 
angle) = 0o is observed, which are caused by the 0th or-
der Fraunhofer diffraction originating from the near-field 

distribution of the waveguide modes. As shown in Fig. 
2(B), a pair of spots with large intensity is observed at 
an incident angle slightly smaller than the Bragg angle 
for the multilayer. These are formed by the X-rays prop-
agated on the periodicity-resonant waveguide mode. 
The origin of this resonant mode is multiple interference 
in the periodic core, which makes the consequent X-ray 
beam spatially coherent. The X-ray beam created by 
this novel waveguide will find various innovative applica-
tions in X-ray optics using its unique spatial coherency 
as well as small divergence angle. 

Figure 2: (A) The structure of the waveguide and the measurement geometry, (B) dependence of the far-field pattern on the incident angle θin, 
(C) dependence of the normalized X-ray intensity on θin.
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 6  Imaging and Optics

Effect of an Ultraflat Substrate on the Epitaxial Growth of 
Chemical-Vapor-Deposited Diamond

The performance of diamond power devices depends on the crystalline quality of the drift layer, which is a semi-
conducting diamond layer. Because the layers of diamond power devices are usually grown by chemical vapor 
deposition, it is important to analyze the critical factors determining crystalline quality during this process. An 

important related issue is the reduction of the density of dislocations in the epitaxial layer: the density of dislocations in-
creases during chemical vapor deposition. We show that, when using an ultraflat substrate, existing dislocations remain 
in the epitaxial layer but no new dislocations are formed.

Semiconducting diamond has attracted considerable 
attention as a material for power devices owing to its 
high breakdown characteristics and high carrier mobility 
in high-temperature, high-voltage environments [1]. Re-
cently, the development of a diamond Schottky barrier 
diode (SBD) that exhibited stable performance at tem-
peratures greater than 200°C has been reported [2-4]. 
However, the reported performances of diamond power 
devices are poorer than expected. For the development 
of high-performance devices, the density of defects is 
thought to be critical, especially in the drift layer [5, 6].

The permissible defect concentration can be de-
termined using Murphy’s yield model [7]. For example, 
using the model, one can obtain the permissible de-
fect density for a high-current device. By setting the 
electrode size to 1×10−4 cm2 and using Murphy’s yield 
model, while assuming the performance of the electrode 
deposited on a threading dislocation to be poor, one 
can find the dislocation density. If the dislocation density 
is approximately 104 cm–2, most of the electrodes (more 
than 60%) will be inferior. The results of calculations 
based on Murphy’s yield model suggest that a high-
quality diamond, which has a defect density of less than 
103 cm–2, is essential for developing actual devices.

In the case of diamond SBD, a lightly boron-doped 
diamond layer (p− layer) is deposited as the drift layer, 
and the SBD breakdown characteristics will depend on 
the quality of this layer.

Some researchers have suggested that pretreat-
ment of the substrate is effective for improving the qual-
ity of epitaxial diamond [8, 9], so we investigated the 
effect of an ultraflat polished substrate on the quality of 
the p- layer using X-ray topography (XRT) images. For 
comparison, a scaife-polished substrate was used as a 
conventional technique.

Since we assumed that the quality of the epitaxial 
layer might depend on the dislocation density and varia-
tions in the distribution of defects in the substrate, we 
used the same substrate throughout the experiment. 
This was done to evaluate the effect of the substrate 
surface flatness on the epitaxial growth of the CVD dia-
mond layer.

The polished substrate was a type-Ib diamond (001) 
plate. Each p− layer was deposited using microwave-
plasma-assisted chemical vapor deposition. Hydrogen, 
methane, carbon dioxide, and trimethyl borate were 
used as the source gases. The thickness of the p− layer 
was 10 μm.

UV-assisted polishing is basically mechanical polish-
ing combined with a UV-induced photochemical reac-
tion. This is an effective method of polishing diamond 
to an ultraflat finish. The carbon atoms at the surface of 
the diamond layer are oxidized by active species such 
as oxygen radicals and removed in the form of CO and 
CO2. Details of this system were reported previously 
by Touge et al. and Kubota et al. [10, 11]. The average 
roughness, Ra, of the scaife-polished surface and the 
ultraflat surface was 70.0 Å and 21.5 Å, respectively.

XRT produces two-dimensional images of X-ray dif-
fraction intensities, and these images can provide a pro-
jective distribution map of the defects in a single crystal 
[12]. The bright areas represent areas virtually free of 
all defects. XRT-based measurements were carried out 
at BL-15C [13]. Figure 1 is a schematic representation 
of the experimental set-up for XRT. Exposure time is 
adjusted by the shutter. The geometry of the sample 
and detector is asymmetric Bragg-case diffraction. The 
diffraction plane is (-404) because the diffraction inten-
sity is sufficient to detect XRT images with clear con-
trast and the incident angle of the X-ray is too shallow 

Figure 1: Schematic representation of the experimental setting.
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to measure the surface-sensitive XRT for observation 
of the epitaxial layer. XRT images of a scaife-polished 
surface and p- layer deposited on this substrate are 
shown in Figs. 2(a) and (b), respectively. The circles de-
note areas containing the discussed dislocations. In the 
yellow dashed circles, a threading dislocation from the 
substrate to the p- layer was observed. In the red open 
circles, no defects were observed, as can be seen from 
Fig. 2(a); however, new dislocations that grew from the 
interface were observed in Fig. 2(b). Figures 2(c) and (d) 
show the XRT images of the ultraflat polished substrate 
and the p- layer on this substrate taken under the same 
conditions as those for the images shown in Figs. 2(a) 
and (b). The observed area is the same as in Figs. 2(a) 
and (b). In this case, no dislocations were observed in 
the red circle.

To summarize, although the density of all types of 
dislocation could not be controlled using the ultraflat 
substrate, the polished substrate was led to a reduc-
tion in the growth of new dislocations from the interface. 
It was found that the ideal surface roughness, Ra, is 
less than 21.5 Å. In this study, we used UV-assisted 
polishing to obtain a substrate with an ultraflat surface. 
Other techniques for smoothening surfaces have been 
reported, including for (110) or (111) surfaces grown 
by CVD [14, 15], however, these techniques have not 
been applied to (001) surfaces grown by CVD, with this 
particular orientation being the one commonly used for 
diamond devices.

In a future study, we intend to perform a quantitative 
analysis of the effect of decreasing the dislocation den-
sity by using a substrate exhibiting a low defect density.

Figure 2: XRT images of the substrates and their p− layers (g = −404). Each circle represents the area that contained the discussed 
dislocations. (a) scaife-polished substrate, (b) p− layer on the scaife-polished substrate, (c) ultraflat polished substrate and (d) p− layer on the 
ultraflat polished substrate.
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 7  Instrumentation and Methodology

In situ Removal of Carbon Contamination from the 
Whole Optics in a Vacuum Ultraviolet and Soft X-Ray 
Undulator Beamline Using Oxygen Activated by Non-
Monochromatized Synchrotron Radiation

We developed an in situ method to remove carbon contamination from the whole optics in a vacuum ultraviolet 
and soft X-ray (VSX) beamline. The carbon contamination of the optics was removed by exposing them to 
oxygen at a pressure of 10−1-10−4 Pa for 17–20 h and simultaneously irradiating them with non-monochro-

matized synchrotron radiation. After a series of operations to remove carbon contamination, the decrease in the photon 
intensity in the carbon K-edge region was reduced from 64-65% to 2-4%. The base pressure of the beamline recovered 
to 10−7-10−8 Pa in one day without baking. The beamline can be used without adjusting the optics.

nm based on calculations of the reflectivity performed 
by using the Web page of the Center for X-Ray Optics 
(http://henke.lbl.gov/optical_constants/layer2.html).

In situ removal of carbon contamination from the op-
tics was carried out four times. Figure 2 shows photon 
intensity spectra measured with the 300-line/mm VLSG 
and M3 before and after the third in situ removal of car-
bon contamination. For the spectrum before the carbon 
removal we ascribed the sharp dip at 285.1 eV to the 
C 1s → p* transition of graphite-like carbon with a flat-
on configuration on M1 and M3, and the sharp dip at 
291.5 eV mainly to the C 1s → s* transition of graphite-
like carbon with a flat-on configuration on M2 and the 
VLSG on the basis of the polarization-dependent NEX-
AFS spectra of graphite [6]. The oxygen pressures in 
the M1, M2/VLSG, and M3/M3′ chambers were main-
tained in the ranges of 2 × 10−4 to 6 × 10−4 Pa, 5 × 10−3 
to 1.5 × 10−2 Pa, and 1 × 10−5 to 4 × 10−5 Pa, respec-
tively. M1, M2, the 300-line/mm VLSG, and M3 were 
irradiated with non-monochromatized SR for 20 h. The 
averaged ring current was 450 mA. The sharp dips due 
to the carbon contamination were reduced to 2-4% after 
the carbon removal as shown in Fig. 2. The base pres-
sure of BL-13A recovered to 10−7-10−8 Pa in one day 
without baking. The carbon contamination on the 1000-
line/mm VLSG and M3′ was removed in a similar man-
ner. BL-13A can be used without adjusting the optics.

Figure 1: Optics of BL-13A.

When optics are irradiated with synchrotron radia-
tion (SR) in the presence of residual hydrocarbon gas-
es, they are contaminated with carbon [1]. The carbon 
contamination causes a significant decrease in the re-
flectivity of the optics. The photon flux loss in the carbon 
K-edge region is especially critical because it reduces 
the quality of experimental data, such as near-edge X-
ray absorption fine structure (NEXAFS), resonant pho-
toemission, and resonant soft X-ray emission spectra. 
Therefore, it is crucial to remove carbon contamina-
tion from optics in synchrotron radiation facilities. To 
solve this issue, we focused on an in situ SR-activated 
oxygen cleaning method proposed by Warburton and 
Pianetta [2]. Applying this method we succeeded in 
removing carbon contamination from the whole optics 
in a VSX undulator beamline, BL-13A [3]. BL-13A is 
equipped with a Monk-Gillieson-type monochromator to 
cover a wide energy range of 30-1600 eV [4, 5]. BL-13A 
consists of a focusing pre-mirror (M1), a plane mirror 
(M2), two varied-line-spacing plane gratings (VLSGs, 
300 and 1000 line/mm), an exit slit, and two focusing 
post-mirrors (M3 and M3′) as shown in Fig. 1. M1, M2, 
VLSGs, M3, and M3′ are coated with gold. The base 
pressure of BL-13A is less than 1 × 10−8 Pa. However, 
the photon intensity in the carbon K-edge region had 
decreased by as much as 64-65% after 300 days of op-
eration. The thickness of the carbon contamination on 
M1, M2, VLSGs, M3, and M3′ was estimated to be 3-4 
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The key requirements for the present in situ carbon 
removal method are as follows. 1) The surface of the 
optics must be made of a material that is inert to acti-
vated oxygen. 2) The vacuum in the optics chambers 
must be hydrocarbon-free. The base pressure of the 
chambers should be less than 5 × 10−8 Pa. 3) A differ-
ential pumping system and an interlock system must 
be installed to prevent the degradation of the vacuum 
of the storage ring. 4) Oil-free turbomolecular pumps 
should be attached to the optics chambers to remove 
oxygen and reacted gases. 5) The recommended 
oxygen pressure is 10−3-10−4 Pa for the first mirror and 
10−2-10−3 Pa for the other optics when the thickness of 
the carbon contamination is 3-4 nm. The typical SR irra-
diation time is less than 20 h. 6) Non-evaporable getter 
pumps should be used to facilitate the rapid recovery of 
the base pressure.

We propose the following model for the mechanism 
of the carbon removal. The first step is the interaction of 
oxygen molecules with electrons emitted from the optics 
under SR irradiation, generating active oxygen species 
such as oxygen atoms, excited oxygen molecules, and 
ions. Then the active oxygen species react with the 
carbon contamination and produce carbon oxides. The 
advantages of the present carbon removal method are 
as follows. 1) The carbon contamination of the whole 

optics in a VSX beamline can be removed within 20 h. 
2) The base pressure of the beamline can be recovered 
to 10−7-10−8 Pa in one day without baking. 3) The beam-
line can be used without adjusting the optics. 4) This 
method is especially suited for undulator beamlines 
because the carbon removal rate is expected to be pro-
portional to the photon flux.
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Figure 2: Photon intensity spectra measured before and after the third in situ carbon removal; the measurements were made with the 300-
line/mm VLSG and M3 [3]. The dashed lines represent the baselines.
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1 Newly Developed Experimental Facilities

1-1	 Overview

The Photon Factory (PF) started user operations in 
1982, and has been providing valuable resources for X-
ray research for more than 3,000 users annually from 
universities, industries, and government institutions. 
The PF has been carrying out a beamline refurbishment 
program since 2006, in which the main strategy is to 
concentrate investments on competent beamlines which 
use insertion devices as light sources. With the upgrade 
of the 2.5-GeV PF ring for lengthening the straight 
sections, the lengths of the long and medium straight 
sections have been increased so that state-of-the-art 
insertion devices can be installed to cover the vacuum 
ultraviolet and soft X-ray region. Four new straight sec-
tions have also been created to allow the installation of 
short period and small gap undulators (SGU) to supply 
well-focused hard X-rays. We have already constructed 
three HX beamlines at the short straight sections: BL-3 
for materials science, and BL-1 and -17 for macromo-
lecular crystallography. At the fourth straight section, we 
are constructing a new beamline for both small-angle 
X-ray scattering (SAXS) and X-ray absorption spectros-
copy (XAFS/XRF) at BL-15. The details are described 
below.

Beamlines BL-13, -16, and -28 were originally con-
structed 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 as a high-
performance spectroscopic beamline dedicated to pho-
toelectron spectroscopy in the VSX region in 2006. The 
second branch of BL-28 has been open as a free port. 
BL-16 was completely upgraded as a soft X-ray spec-
troscopic beamline with fast polarization switching ca-
pabilities. Two tandem APPLE-II type undulators are in-
stalled to generate different polarizations such as right- 
and left-hand circular polarizations, and the polarization 
is switched by modulating the electron orbit through 
the undulators, as reported in the previous activity re-
port [1,2]. BL-13 was recently reconstructed as a VSX 
spectroscopic beamline for studying organic thin films 
absorbed on well-defined surfaces using angle-resolved 
photoelectron spectroscopy and X-ray absorption spec-
troscopy; the detailed performance is also described 
below.

The VSX beamline refurbishment program has re-
quired the replacement of the insertion devices at BL-
13 and BL-28, which were constructed in the 1980s for 
supplying photon beams in the VSX and HX regions. 
These old insertion devices do not always meet the 
needs of VSX users and are not adequate for utilizing 
the full performance of the newly constructed beam-

lines. Furthermore, during the test operation of the PF 
ring and the beamlines in June 2011, after the Great 
East Japan Earthquake on March 11, 2011, we found 
some troubles caused by earthquake damage to these 
old insertion devices. Therefore, these two old undula-
tors should be replaced by appropriate new ones for the 
renewed beamlines. BL-2 was the first undulator based 
VSX beamline constructed in the early 1980s, and has 
been operated for over 25 years. The BL-2 undulator is 
3.6-m long, while the length of the straight section is 9 m 
following the upgrade in 2005. We have decided to add 
a 16-cm period undulator, and to construct a new beam-
line in collaboration with Hitachi, Ltd. The new beamline 
optics consist of a grazing-incidence grating monochro-
mator and a double-crystal monochromator, and will 
supply VUV and soft X-rays of 30–4000 eV. Construc-
tion of the new beamline started in February 2013, and 
the new undulator will be installed in the spring of 2014.

The Slow Positron Facility (SPF) is affiliated with the 
PF, and three stations are currently available: (i) one for 
the photodetachment of the positronium negative ion 
(Ps-) and its application to the production of an energy-
tunable positronium beam, (ii) one for positronium time-
of-flight (Ps-TOF) spectroscopy, and (iii) one for reflec-
tion high-energy positron diffraction (RHEPD).

REFERENCES
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1-2	 Construction of New High-
Brilliance XAFS/XRF/SAXS 
Beamline, BL-15A

The last SGU section, BL-15A, is being built for 
SAXS and XAFS/XRF activities. The SAXS scientific 
programs at BL-15A are structural studies of functional 
membranes, time-resolved X-ray scattering and large 
hierarchical structure analysis, using highly collimated 
intense X-ray photons derived from the SGU#15. In par-
ticular, grazing incidence SAXS (GI-SAXS) using verti-
cally small-size softer beams in the range 2.1–3.0 keV 
will help to control the depth of the membrane structure 
analysis and reduce the roughness defects of an imper-
fect membrane. For the XAFS/XRF studies, the semi-
micro focus beam available in a wide range of photon 
energies is used for analyzing the local structures of 
the elements and valence of inhomogeneous samples 
in the fields of environmental science and new energy 
source science. The 2.1-keV X-rays provide access to 
the absorption edges of phosphor and sulfur, which are 
very important targets for those fields. The combination 
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Figure 1: Layout of new BL-15A.

of SAXS and XAFS yields diverse structural information 
from fine atomic structures to low and medium resolu-
tion. It can be beneficial to build these instruments as 
two stations on the same beamline. BL-15A is oriented 
toward joint advanced studies by using the two tech-
niques.

We have completed the beamline design of BL-
15A (Fig. 1). The SGU#15 covers the wide continuous 
energy range required by XAFS/XRF studies; the undu-
lator has a periodic length of 17.6 mm and the number 
of periods is 27. The minimum gap is 4.0 mm, giving a 
Kmax of 1.61. We will use the 1st to 9th harmonics in-
cluding the 2nd harmonic to cover the large energy gap 
between the 1st and 3rd harmonics. Synchronization 
between the ID gap and energy setting of a monochro-
mator will be developed in the control system for quick 
energy scanning, by a configuration similar to the one 
proposed at NSLS-II [1]. Encoder reading of the updat-
ed ID gap is directly fed to the monochromator control-
ler. The closed loop adjustments of the monochromator 
axes follow the gap in real time. The main optics are 
a horizontal collimating mirror, a liquid nitrogen cool-
ing double-crystal monochromator, a vertical focusing 
mirror and a pair of asymmetrically horizontal focusing 
mirrors which employ a secondary source. These de-
liver a stable, semi-micro focus or collimated beam. The 
monochromator crystals are Si(111), and their lowest 
energy is limited to 2.1 keV. The two horizontal focusing 
mirrors are bimorph ones [2]. The secondary source ap-
erture is controlled with a set of slits. Tuning the mirror 
surfaces and setting the size of the slits adjusts the size 
of the beam at the sample position. A vertical double-
mirror system is also installed in the last section in order 
to eliminate higher-order reflections. The experimental 
hutch is separated into two tandem stations because 
of the very different beam requirements of SAXS and 

XAFS/XRF experiments. The upstream and down-
stream stations are BL-15A1 for the XAFS/XRF activity 
and BL-15A2 for the SAXS activity, respectively. The 
second horizontal focusing mirror has double-mirror 
surfaces that provide a highly focused and collimated X-
ray beam for A1 and A2 stations, respectively. The de-
magnification ratios for XAFS/XRF/XRD and SAXS are 
approximately 16.7:1 and 1:2 (or 1:1), respectively. The 
front-end is retrofitted with several differential pumps for 
windowless operation. Windowless operation allows the 
beamline to utilize softer X-ray beams of up to 2.1 keV.

In order to check the beam performance, ray-tracing 
simulations were performed using the programs XOP 
and SHADOW [3,4]. Table 1 shows some results of 
these calculations at different focal points at different 
energies. Thanks to the high-brilliance light source, the 
windowless beamline design and the double surface 
bimorph mirror, sufficient beam performance for both 
techniques can be obtained in the entire energy range 
of interest. The photon flux of the 2nd harmonic range, 
which is used only for XAFS studies, is almost the same 
as those in the adjacent range.

We started the construction just after the end of the 
PF-ring operation of FY2012 (Fig. 2). The first beam will 
be delivered in October 2013. After the commissioning 
of the beamline components and the experimental ap-
paratus, we will start the user beamline operation at the 
end of FY2013.
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Figure 2: Photos of BL-15 site (a) before the end of the PF-ring operation of FY2012 and (b) at the end of FY2012.  

Energy (ev) 2101 2800 4406 7344 10281 13218

Harmonics 1st 2nd 3rd 5th 7th 9th

K value 1.10 1.61 1.61 1.61 1.61 1.61

XAFS at 32.8 m [secondary source size: 0.1 mm (H) x 0.5 mm (V)]

Beam Size (mm) 0.017 (H) x 0.009 (V)

Photon Flux (phs/s) 1.3x1011 1.2x1011 6.3x1011 4.7x1011 2.4x1011 1.7x1011

SAXS at 42.75 m [secondary source size: 0.05 mm (H) x 3.0 mm (V)]

Beam Size (mm) 0.339 (H) x 0.018 (V)

Divergence (mrad) 0.058 (H) x 0.109 (V)

Photon Flux (phs/s) 9.1x1010 3.0x1011 2.3x1011 1.5x1011 9.4x1010

GI-SAXS at 36.75 m [secondary source size: 0.1 mm (H) x 3.0 mm (V)]

Beam Size (mm) 0.275 (H) x 0.012 (V)

Divergence (mrad) 0.157 (H) x 0.160 (V)

Photon Flux (phs/s)

w/o terminal window

1.9x1011

6.1x1011

6.1x1011

6.8x1011 4.5x1011 2.7x1011 2.0x1011

Table 1: Ray-tracing simulation using the programs SHADOW and XOP.

1-3	 Cons t r uc t ion  o f  BL-13B, 
Opt ics  fo r  Photoe lec t ron 
Spectroscopy

Optics for photoelectron spectroscopy for the study 
of surface chemistry (BL-13B, Fig. 3 and Fig. 4) were 
constructed in March 2012. BL-13B involves a plane 
mirror for suppressing higher harmonics with a grazing 
angle of 2° (Mp, Fig. 5), an exit slit, two post-focusing 
mirrors, and an apparatus to monitor photon intensity 
and resolution [1]. The upper, middle, and lower areas 
of Mp are coated with nickel, gold, and chrome, respec-
tively. The calculated reflectivity of Mp is also shown 
in Fig. 5 for the grazing angle of 2° and p-polarization. 
Nickel- and chrome-coated mirrors will be used mainly 
for X-ray absorption measurements in the nitrogen and 
carbon K-edge regions, respectively. The photon en-
ergy region and photon energy resolution of BL-13B are 
almost the same as those of BL-13A (Fig. 6). BL-13B 
will be opened for users in October 2013. Figure 3: Photograph of BL-13B.
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Figure  4: Floor layout of optics for photoelectron spectroscopy (BL-13B).

 

 
Figure 5: Plane mirror for suppressing higher harmonics (Mp), and its reflectivity for the grazing angle of 2° and p-polarization calculated 
using the web page of the Center for X-Ray Optics (http://henke.lbl.gov/optical_constants/layer2.html).

 

Figure 6: Typical photon intensity and photon energy resolution (E/∆E) of BL-13A in the photon energy region of 30–1600 eV [2].
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1-4	 New Simultaneous SAXS/
WAXD Measurement System 
Combining Two Pixel Detectors 
at BL-6A, and Improvement of 
Data Quality at BL-10C

 BL-6A is used for the structural analysis of hard and 
soft materials studied by small-angle X-ray scattering. 
X-ray intensified CCD detectors and a flatpanel sensor 
have been installed and used in BL-6A for SAXS and 
WAXD simultaneous experiments in order to obtain 
structural information in both the nanoscale and the me-
soscale. However, the dynamic ranges of these CCDs 
and the flatpanel sensor are quite narrow, perhaps 
around 10 bits, because of high noise level. Therefore, 
a new simultaneous SAXS/WAXD measurement sys-
tem was constructed at BL-6A (Fig. 7), with the new 
installation of hybrid pixel detectors, PILATUS 300K and 
100K, and an in-vacuum X-ray shutter which synchro-
nizes with the detectors. Although the detectable area 
of these PILATUSs is somewhat small, they have high 
dynamic range, high-speed readout (7 and 2.3 msec) 
and quite a low noise level. Moreover, we redeveloped 
the measurement software and the image viewer of 
PILATUS with a GUI as standard software of the Pho-
ton Factory (Fig. 8). It has been used not only at SAXS 
beamlines but also at several XAFS beamlines.

 BL-10C is also dedicated to small-angle X-ray scat-
tering mainly for measuring solution samples such as 
biomolecule solutions. We aimed to improve the data 
quality of BL-10C in this fiscal year (Fig. 9). Although 
there was a long air section around the sample in the 
previous settings, we replaced the out-vacuum X-ray 
shutter and scattering guard slit to in-vacuum ones in 
the summer of 2012 in order to minimize the effects of 
air scattering and absorbance on the data. Moreover, 
we newly installed a pinhole as a scattering guard just 
before the sample. In addition to these installations, we 
also optimized the settings of the monochromator and 
the focusing mirror. As a result, the beam size at the 
focal point became smaller, and the beam stopper size 
also became smaller since the background level of im-
age data decreased remarkably. Finally, the small angle 
resolution improved from 800 Å to 1100 Å at the camera 
length of 2 m. 

 
Figure 7: New SAXS/WAXD measurement system with two 
PILATUS detectors. The WAXD detector, PILATUS 100K, is fixed 
to the vacuum chamber, and the angle of this detector can be 
changed from the horizontal direction to the vertical direction.

 

 
Figure 8: (a) The GUI measurement software of PILATUS. Users 
can collect data by using two PILATUSs, controlling an X-ray 
shutter and a pulse generator. (b) Image viewer of PILATUS. It has 
two modes: live view and measurement view. Live view is a video-
like viewer mode, and measurement is executed repeatedly with 
the inputted exposure time. Measurement view is the automatic 
loader mode; the latest image is displayed automatically every 
second.
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1-5	 T h e  M u l t i p u r p o s e  X - ray 
Scattering Facility at the Indian 
Beamline, BL-18B, PF

The Indian beamline has been developed as a mul-
tipurpose beamline using beamport 18B of the Photon 
Factory ring. This beamline uses the existing beamline 
optics, mirrors, monochromators, slits, and so on, and 
we developed the experimental facilities in an existing 
experimental hutch at BL-18B. Presently, the available 
facilities are: (a) powder diffraction under ambient con-
ditions, at low temperatures down to 10 K and at high 
temperatures up to 1200 K, (b) single-crystal diffraction 
from epitaxial multilayers and other nano-structures, (c) 
X-ray reflectivity and diffuse scattering from solid sur-
faces and interfaces, and (d) X-ray reflectivity, diffuse 
scattering and grazing incidence diffraction from liquid 
surface and liquid-liquid interfaces. For carrying out all 
these different types of X-ray scattering experiments, 
uniquely designed coupled goniometers have been in-
stalled in the experimental hutch of 18B (Fig. 10). The 
first goniometer is a four-circle goniometer and is used 

 
Figure 10: Schematic diagram of the experimental setup at the Indian beamline, BL-18B indicating all the motor controlled elements.

Figure 9: (a) New beam collimation system at BL-10C. (b) In-
vacuum X-ray shutter and laser system (Rigaku Aihara Seiki). (c) 
Current status around the sample position. (d) A pinhole (1.6–1.8 
mm) installed as a scattering guard in the micro ion chamber.
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1-6	 Development of Beamlines for 
Structural Biology

A new diffractometer for in situ crystallography has 
been developed (Fig. 12). With this diffractometer, drop-
lets in a crystallization plate can be directly exposed to 
an X-ray beam at room temperature. Combining the 
new diffractometer with the high-throughput crystalliza-
tion screening described above enables a much more 
efficient evaluation of crystallization conditions. 

A new VPN gateway dedicated for remote access 
to the structural biology beamlines in the PF has been 
installed at the KEK computing research center. This 
enables users to access beamline control from outside 
KEK. In addition, a remote access service has begun 
to be provided to limited users (industrial or project-in-
volved users). In this service, a user sends cryo-cooled 
samples stored in a container for our sample exchange 
system and a beamline operator sets the samples in 
a beamline; the user then carries out experiments re-
motely. To operate this service correctly, PReMo (PF 
Remote Monitoring system) was updated to organize 
communication among operators and users. PReMo 
was also extended to manage all information derived 
from beamline operations, including experimental data, 
beam-time applications, beam-time schedule, and 
beamline-operation reports [1]. This enables the users 
and beamline staff to handle discursive data more ef-
ficiently.

for powder diffraction in various sample environments: 
reflectivity, diffuse scattering, and diffraction experi-
ments from solid samples (Fig. 11). The second goni-
ometer is an eight-circle goniometer and is mounted on 
a rotation stage by air-wheel motion whose axis of rota-
tion passes through the center of the first goniometer. 
This design enables us to perform experiments from a 
liquid surface where the Ge(111) crystal mounted on 
the first goniometer bends the beam down to the liquid 
surface and the air-wheel rotation coupled with vertical 
downward motion of the whole goniometer assembly 
tracks the beam onto the liquid sample. The beamline 
has one point detector (Cyberstar) and a 100K Pilatus 
detector. Installation of the high-pressure powder dif-
fraction facility will be completed soon and for this pur-
pose we are procuring a focusing optics (compact re-
fractive lens) and a bigger 2D detector (1M Pilatus). We 
also plan to install a facility to study the in-situ growth 
and structural characterization of thin films and nano-
structures. The second eight-circle goniometer, focusing 
optics and the 1M Pilatus detector will be used for this 
set-up. The 1M Pilatus detector and the long distance 
between the detector arm of the second goniometer 
and the sample stage of the first goniometer will also al-
low us to collect small-angle scattering data in reflection 
and transmission geometry. The Indian beamline at the 
Photon Factory (PF) is sponsored by the Department of 
Science and Technology (DST), Government of India, 
with the Saha Institute of Nuclear Physics (SINP) as the 
main institute implementing the project.

Figure 11: A picture of the experimental setup consisting of two 
goniometers at the Indian beamline, BL-18B. The first goniometer 
(in the back) can have the sample mounted for reflectivity and 
diffuse scattering experiments in the vertical plane, the second 
goniometer (at the front) has an active vibration table and 
Langmuir-Blodgett trough mounted on the sample stage for liquid 
surface experiments. The detectors (Cyberstar and 100K Pilatus) 
mounted on the second goniometer can be scanned in both the 
vertical and horizontal scattering planes.

 
Figure 12: A new diffractometer for in situ crystallography, which 
consists of a plate holder, on-axis viewing system, and plate 
stacker. It is placed on an existing detector table.

REFERENCE

 

[1]	 Y. Yamada, N. Matsugaki, L. M. G. Chavas, M. Hiraki, N. 
Igarashi and S. Wakatsuki, J. Phys.: Conf. Ser. 425, 012017 
(2013).



Experimental Facilities80

PF Activity Report 2012 #30

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. In the last 12 years, the SBRC has published 
significant research studies under the leadership of Prof. 
Soichi Wakatsuki. After Prof. Wakatsuki moved to Stan-
ford University in January 2013, Prof. Toshiya Senda 
joined the SBRC as director. The Center has approxi-
mately 40 members (Fig. 1), including one professor (Dr. 
T. Senda), five associate professors (Drs. R. Kato, N. 
Igarashi, M. Kawasaki, N. Shimizu, and F. Yumoto), one 
vice-associate professor (Dr. M. Hiraki), and three as-
sistant professors (Drs. N. Matsugaki, Y. Yamada, and L. 
Chavas) as the core members. About half of the SBRC 
members are engaged in beamline operation and devel-
opment, and the others are involved in structural biology 
research. In beamline operation and development, Drs. 
Shimizu and Igarashi are responsible for small-angle X-
ray scattering (SAXS), and Dr. Hiraki is responsible for 
robotics and automation. X-ray crystallography activities 

Figure 1: Members of the Structural Biology Research Center.

Figure 2: Structural Biology Research Center.
 

are carried out under the leadership of Drs. Matsugaki, 
Yamada, Chavas, Hiraki, and Igarashi. 

The structural biology building was built in April 2001 
(430 m2), and its area was later almost doubled to 765 
m2 (Fig. 2). 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 crystalliza-
tion system, and equipment for physicochemical analy-
sis (Biacore, DLS, MALS, MS, etc.). In-house biological 
research is carried out under the leadership of Drs. 
Senda, Kato, and Kawasaki.

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 “Development 
of System and Technology for Advanced Measurement 
and Analysis” project, we developed a micro-beam 
beamline, BL-17A, which is the first beamline developed 
at the PF with a short-gap undulator as a light source. 
BL-1A was constructed in the “Targeted Proteins Re-
search Program” by MEXT/JST (FY2007–FY2011). 

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 in recent 
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), is using our beamlines. Among 
them, Astellas Pharma, Inc. financed the construction of 
the beamline AR-NE3A for their research.

2-2	 Leads 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 
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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 crystallization 
and observation robot (PXS), which will undergo further 
development in this project. In FY2012, we installed a 
SONICC (Second Order Nonlinear Imaging of Chiral 
Crystals) system as a new crystal observation system 
(Fig. 3). SONICC is based on the principle of second 
harmonic generation (SHG), where two low-energy 
photons combine to form a higher-energy photon under 
intense electric fields. The SHG signal is generated only 
in chiral crystals such as protein crystals. However, salt 
crystals, which are mostly achiral, generate no SHG 
signals. Therefore, protein crystals can be selectively 

observed with SONICC. The SONICC system will be 
installed into PXS in FY2013. The SBRC has also stud-
ied the sulfur-SAD method using low energy X-rays. 
Diffraction data for sulfur-SAD have been collected at 
BL-1A with a newly installed Pilatus 2M detector using 
the longest available wavelength of 3.3 Å (Fig. 4). We 
succeeded in determining the crystal structure of a test 
protein (glucose isomerase) by the sulfur-SAD method. 
Further development of the sulfur-SAD method at BL-
1A will be performed in the PDIS.

2-3	 Research Progresses under 
Several External Grants

In addition to the PDIS, the SBRC has obtained 
several external grants, such as CREST from JST, “Key 
strategic research for the use of X-ray free-electron 
lasers” from MEXT, and KAKEN-HI from MEXT/JSPS. 
The SBRC initiated new in-house structure biology proj-
ects in FY2012. The first one is the structural biology of 
epigenetic information of histone proteins to understand 
their mechanisms and functions. The main targets of 
this project are histone chaperones, which are involved 
in nucleosome assembly and disassembly; this proj-
ect is supported by KAKEN-HI. The second project is 
the structural biology of the CagA oncoprotein derived 
from Helicobacter pylori, which causes some stom-
ach diseases including stomach cancer. The crystal 
structure of CagA has already been determined using 
the beamline NE-3A in PF-AR (Highlight 5-2). [1] The 
SBRC is currently working to reveal the crystal structure 
of the CagA-PAR1-SHP2 complex with the support of 
CREST/JST. The CagA-PAR1-SHP2 complex perturbs 
normal signaling in the cell, causing the formation of 
stomach cancer. Tertiary structural information of the 
CagA-PAR1-SHP2 complex will give an insight into the 
molecular mechanism of stomach cancer formation by 
Helicobacter pylori. In addition to these new projects, 
the SBRC is continuing with existing structural biology 
researches [2, 3].
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Figure 3: SONICC system installed in the Structural Biology 
Building.Since a second harmonic signal is generated in most 
protein crystals but not salt crystals, SONICC can selectively 
detect protein crystals.
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3 Condensed Matter Research Center 

3-1	 Overview

The aim of the Condensed Matter Research Center 
(CMRC) is to pursue cutting-edge research through 
the comprehensive use of multi-probes supplied by 
the Institute of Materials Structure Science (IMSS), 
such as synchrotron radiation, neutrons, muons, and 
slow positrons in collaboration with researchers at 
universities and other institutes. The CMRC has four 
research groups: the correlated electron matter group, 
the surface/interface group, the matter under extreme 
conditions group, and the soft matter group. Through 
collaboration among these four groups, the CMRC has 
been promoting seven bottom-up projects: the hybrid-
ized orbital ordering project, the geometrical correlation 
project, the molecular crystal project, the oxide hetero-
structure project, the surface/interface project, the ex-
treme condition project, and the soft matter project. One 
more project, the hydrogen project, will soon join the 
CMRC. This year, the IMSS joined in the cooperative 
effort of the Element Strategy Initiative of the Ministry 
of Education, Culture, Sports, Science and Technology 
(MEXT) to form a Core Research Center. In addition to 
the abovementioned bottom-up projects, the CMRC is 
working on this MEXT project involving electronic ma-
terials and magnetic materials in collaboration with the 
Tokyo Institute of Technology and the National Institute 
of Materials Science, respectively.
(http://cmrc.kek.jp/english/index_eng.html)

3-2	 CMRC Projects

The Hybridized Orbital Ordering Project [1, 2] 
The ordered states of the electronic degrees of free-

dom (charge, spin, and orbital) play very important roles 
in strongly correlated electron systems. In particular, the 
hybridization effect of the electronic orbitals has been a 
central issue in this field for a long time. In this project, 
both the hybridized orbital ordering between localized 
and itinerant electrons and the charge/spin/orbital or-
derings will be studied under high pressure or a strong 
magnetic field. Resonant hard/soft X-ray scattering and 
inelastic neutron scattering techniques are used com-
plementarily.

The Geometrical Correlation Project [3]
Geometrical frustration often produces novel phe-

nomena in strongly correlated electron systems, such 
as the heavy fermion state in which anomalous mass 
enhancement occurs. The objective of this project is to 
determine a characteristic correlation time for fluctuation 
in itinerant systems with strong electron correlation un-

der the influence of geometrical frustration using muons, 
neutrons, and synchrotron X-ray, which have different 
probing time scales.

The Molecular Crystal Project [4-8]
The electronic correlation in molecular crystal sys-

tems is being investigated to elucidate novel phenom-
ena such as superconductivity and charge ordering. We 
are analyzing the crystal structures of molecular crystals 
under high pressure and/or at low temperature to eluci-
date the origins of phase transitions.

The Oxide Hetero-Structure Project [9]
The goal of this project is to design novel physical 

properties appearing at the hetero-interface 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 hetero-interface.

The Surface/Interface Project [10]
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 magneto-resistance 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.

The Extreme Condition Project
Materials under pressure and temperature show 

many interesting behaviors unlike those under ambient 
conditions. In this project, we will develop a new in-situ 
technique to investigate physical and chemical proper-
ties of Earth and planetary materials including iron and 
hydrogen under extreme conditions.

The Soft Matter Project [11]
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-
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Figure 1: Project leaders of the Condensed Matter Research 
Center (CMRC).

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.
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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 Ta converter, where Bremsstrahlung produces 
electron-positron pairs. The positrons so produced are 
moderated using a W foil moderator. The pulse width 
is determined by the pulse structure 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 convert-
er and W foil moderator); the obtained energy-tunable 
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. This high en-
ergy transport capability is unique among high-intensity 
positron beam facilities in the world.

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.

In FY2012, the racks for the coil current supply, 
which were standing near the stations, were relocated to 
make more space for the near-future expansions of the 
beamlines. Consequently all the wirings from the current 
supply to the coils of the beamline were renewed. All the 
experimental stations were also relocated; the reflection 
high-energy positron diffraction (RHEPD) station con-
nected to the beamline SPF-B1 was moved to SPF-A3, 
the station for the photodetachment of the positronium 
negative ion (Ps-) connected to SPF-A3 was moved to 
SPF-B1, and the positronium time-of-flight (Ps-TOF) 
station connected to SPF-A1 was moved to SPF-B2. 
The purpose of this rearrangement was twofold: (1) to 
use the lab space more effectively and (2) to aggregate 

the stations that use short pulses in the Klystron Gallery 
Lab on the ground floor and those that use long pulses 
in the Test Hall on the basement floor. Specifically, in 
addition to the RHEPD apparatus transferred from the 
Japan Atomic Energy Research Agency (JAEA), Taka-
saki, a new apparatus was constructed.

The currently available stations and the connected  	
beamline branches are summarized below:

SPF-A3: reflection high-energy positron diffraction 		
	 (RHEPD)

SPF-B1: photodetachment of the positronium nega-                                  	
	 tive ion (Ps-)

SPF-B2: positronium time-of-flight (Ps-TOF)

4-2	 Two Pro jec ts  Runn ing  in 
Connection with the Activities 

Grant-in-Aid for Scientific Research (S) “De-
velopment  of  High-Br ightness and High-
Intensity Positron Diffraction and its Appli-
cation to Surface Studies” (Project Leader: 
Toshio Hyodo (KEK))

Reflection high-energy positron diffraction (RHEPD), 
the positron version of reflection high-energy electron 
diffraction (RHEED), is in operation for surface structure 
analysis. A station for low- energy positron diffraction 
(LEPD), the positron version of low-energy electron 
diffraction (LEED) is under development for the same 
purpose. Positron diffractions are easier to interpret 
than electron diffractions because: (1) the exchange 
interaction with material electrons is absent; (2) the sur-
face sensitivity of the positron is higher owing to larger 
inelastic scattering cross section, (3) the scattering fac-
tor for the positron falls off as smoothly as that of X-rays 
because it is repelled by the nuclei, and (4) total reflec-
tion takes place owing to the positive crystal potential  
energy for the positron.

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 
the laboratory. This project solves this problem by mak-
ing use of the high-intensity slow-positron beam of the 
Slow Positron Facility and enhances its brightness.

The extremely high sensitivity of positron diffraction 
to the surface makes it possible to determine the details 
of surface atomic configurations which cannot easily be 
done by X-ray or electron diffractions or scanning tun-
neling microscope (STM). The direct determination of 
surface atomic geometry will be attempted in two ways: 
by analyzing the RHEPD patterns taken under total 
reflection conditions with the Patterson function, and Figure 1: Members of Slow Positron Facility (SPF).
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by using the holographic reconstruction of the atomic 
arrangement using the LEPD spectra taken at various 
energies.

Progress in FY2012: The results of measurements 
on a Pt-deposited Ge surface conducted in FY2011 
were published [3]. Construction of a second RHEPD 
station was started on beamline SPF-B1 in the Test Hall 
on the basement floor to make effective use of experi-
ment space. A brightness enhancement unit using a 
transmission-type W film (100 nm) remoderator was 
installed, which enhances the brightness of the mag-
netically guided beam by about 50,000 times. Using this 
refined beam, the development of total reflection high-
energy positron diffraction, investigation of the structure 
of the TiO2 surface, and that of silicene have started.

Grant-in-Aid for Scientific Research (S) “The 
Evolution of Positronium Beam Science us-
ing 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 of 
the Tokyo University of Science and the Slow Positron 
Facility at KEK. Only a general introduction and the per-
formance at KEK are described here.

The bound state of an electron and a positron, is 
called positronium (Ps). Ps 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  
Ps will be a powerful tool for investigating material sur-
faces. However, the production of a beam with sufficient 
intensity and appropriate energy range was difficult to 
realize; the only beam of Ps produced before this proj-
ect started used charge exchange between positrons 
and gas molecules in the energy range below 400 eV [4].

This project aims to produce an energy-tunable Ps 
beam using photodetachment of positronium negative 
ion (Ps-), a bound state of two electrons and a positron, 
in an ultra-high-vacuum environment. Recently Na-
gashima (project leader) et al. found that the Ps- is emit-
ted efficiently from alkali metal coated tungsten surfaces 
when bombarded with slow positrons [5]. 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 produces an energy-tunable 
Ps beam [6, 7]. In order to photodetach Ps-, which has a 
short lifetime (479 ps), it must be irradiated with a high-

power pulsed YAG laser light synchronized with the 
production of Ps-. The linac based beam at the Slow 
Positron Facility is suitable for this purpose.

Since Ps has negative affinity for most materials, the 
beam will be useful for analyzing the topmost layers of 
solids. Furthermore, the beam is not influenced by the 
charge-up of surfaces even if it is incident on insulators.

Progress in FY2012: The 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 successful-
ly photodetached in FY2010. Following this, production 
of an energy tunable Ps beam was confirmed by direct 
time-of-flight measurement of the beam in FY2011 [8, 
9]. In FY2012, the spatial profile of the Ps beam was 
measured with a position-sensitive MCP. The detailed 
mechanism of the efficient formation of Ps-  on an alkali 
metal coated W surface is not yet understood. In order 
to shed light on this issue, time-of-flight measurement 
of the Ps emitted from a Na coated W surface was 
conducted. In contradiction to the expected negligible 
effect of the Na deposition since Ps is neutral consist-
ing of one electron and one positron, the yield of the 
Ps increased drastically [10]. This is another interesting 
surface phenomenon awaiting clarification.
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5 IMSS Instrument R&D Team

The IMSS Instrument R&D team has been devel-
oping new detector systems for material science and 
biology since May 2010. Here we introduce two R&D 
projects ongoing in the Photon Factory and their results 
obtained in FY2012.

5-1	 Ultra-Fast Signal Processing 
System for a Si-APD Array 
X-ray Detector

The project team developed a prototype detector 
consisting of a 64-ch Si-APD linear array and its ultra-
fast application-specific IC (ASIC) circuits, in FY2011. 
The linear array had 64 pixels of 100 μm × 200 μm with 
a pitch of 150 μm. The array device had a thickness of 
10 μm to obtain a good time resolution of 100 ps. The 
front-end ASIC was newly designed to process fast 
pulses of nanosecond width and a high count-rate ob-
tained from the Si-APD operating in the linear mode. In 
test measurements carried out at BL-14A, the prototype 
system revealed a 10-ns time resolution and a high 
count-rate of > 107 s-1 per pixel. Then, in FY2012, the 
team successfully measured the count distribution by 
1-ns sampling with a new system using improved front-
end ASICs and field programmable gate arrays (FP-
GAs). Figure 1 shows a result of the count distribution 
obtained from the No. 15 channel of the system in the 
hybrid-mode operation of the Photon Factory ring. The 
hybrid mode consists of single-bunch and multi-bunch 
electrons revolving in the accelerator ring. A fine X-ray 
beam of 8 keV hit the No. 15 pixel of the APD linear ar-
ray. A time resolution of 1.4 ns (FWHM) was measured 
from the peak width of the No. 15 channel, fitted in the 
single-bunch part. To investigate laser-induced struc-
tural changes in some organic molecules, it is useful to 
record their X-ray diffraction patterns using a detector 
with a time resolution of less than 2 ns. Moreover, the 
1-ns sampling will greatly decrease the measuring time 
in time-resolved experiments by using X-rays of 2-ns 
interval in the multi-bunch part.

Figure 1: Continuous time distribution of 8-keV X-ray counts 
measured in the hybrid-mode operation of the Photon Factory 
ring.

5-2	 Auger -E lec t ron  De tec to r 
S y s t e m  f o r  D e p t h -
Resolved X-ray Magnet ic 
Circular Dichroism (XMCD)

The group working for beamline BL-16 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 the 10-Hz polariza-
tion switching of the insertion devices installed in BL-16, 
the new MCP system improved the S/N ratio and the 
dynamic range of output counts in XMCD measure-
ments. In FY2012, a fast counting system using fast 
pulse-amplifier ASICs was tested for data acquisition 
at higher count rates of more than 107 s-1 per channel. 
The system is now undergoing improvements to the 
threshold-level setting in signal inputs and to the cross-
talk of counting between ASIC channels.
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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).
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About 57 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. 36 stations are dedicated to 
research using hard X-rays, 16 stations for studies in the 
VUV and soft X-ray energy regions, and 5 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 experi-

mental station differ according to experimental require-
ments and methodology. Tables 4, 5 and 6 list the details 
of the optics of the hard X-ray stations, the soft X-ray / 
VUV stations and the 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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Experimental Station Person in Charge

BL-1
A

(Short Gap Undulator)
Macromolecular crystallography N. Matsugaki

BL-2
A*
C*

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

Y. Kitajima
J. Adachi

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 Y. Yamada

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

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. Ito 

BL-12
C XAFS H. Nitani

Table 1: List of experimental stations at the PF storage ring.
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Experimental Station Person in Charge

BL-13
A

(Undulator)
Soft X-ray photoemission spectroscopy and XAFS 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
B1**

B2**

C**

White X-ray topography and X-ray experiments for general purpose
Surface and interface X-ray diffraction
High-resolution X-ray diffraction

H. Sugiyama
H. Sugiyama 
K. Hirano

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], 
N. Igarashi
S. Nakano [NIMS], T. Kikegawa

BL-19
A
B**

(Revolver Undulator)
Spin-resolved photoelectron spectroscopy (Mott detector)(♦)
Soft X-ray emission spectroscopy(♦)

K. Yaji [ISSP], A. Yagishita
K. Yaji [ISSP], A. Yagishita

BL-20
A
B**

VUV spectroscopy(◊)
White and monochromatic beam general-purpose X-ray station(♦)

N. Kouchi [Tokyo Inst. Tech], K.Ito
J. B. Aitken [ASCo.], H. Kawata

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 

 ♠  User group operated beamline

 ♦  External beamline 

 ◊  Operated by University

 *  Shutdown at the end of FY2012 for reconstruction
 **  Shutdown at the end of FY2012

 RCS:  Research Center for Spectrochemistry, the University of Tokyo
 ISSP:  Institute for Solid State Physics, the University of Tokyo
 ASCo.: Australian Synchorotron Co-operation
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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 L.M.G. Chavas

AR-NW14
A

(Undulator)
Time-resolved X-ray diffraction, scattering and absorption S. Adachi
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Table 3: List of experimental stations at the Slow Positron Facility.

Experimental Station Person in Charge

SPF-A1
A General purpose T. Hyodo

SPF-A2
A Reflection high-energy positron diffraction T. Hyodo

SPF-A3
A General purpose T. Hyodo

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

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

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

Dedicated Linac
Converter / Moderator

SPF-B1

KLY

To
upstairs

From
downstairs

Test Hall

Klystron Gallery Lab

SPF-B2

SPF-A3

Gnd. fl.

B1 fl.

SPF-A1

SPF-A2
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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-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)

0.1×0.1(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 ~ 12
(~25 non- 

Focus)

1.2×1.2

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

Table 4: Specifications of X-ray beamline optics.
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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-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

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 4 Double Crystal 
Si(111)

Bent Cylinder 8.3 
(fixed)

1.0×0.5 5.0 x 1011

(Slit full-open)
2 16

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 17

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 18

BL-14B 2.2
(Vertical)

Flat Double Crystal
Si(111)

None 10 ~ 57 5×14 2 19

BL-14C 1.96
(Vertical)

Double Crystal 
Si(111), Si(220)

None 5 ~ 100
or white

6×70 2 20, 21

BL-15B1**

   B2**

2 Double Crystal 
Si (111)

Bent Cylinder 5 ~ 20
or white

0.6×0.4 1.0×1012/mm2

(8 keV,
430 mA)

~2

BL-15C** 2 Double Crystal
Si (111)

None 4 ~ 30 60×6

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

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

6 ~ 9

11 ~ 13

0.25×0.04 1010

(12.4 keV, 
450mA, 

0.02×0.02mm2)

~2 22, 23
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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-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**

[ASCo.]
2 Channel Cut Si(111)

Channel Cut Si(311)
Sagittal Focusing
Si(111)
Double Crystal

None 4.5 ~ 21
10 ~ 36
4.5 ~ 25

25×2
25×1.5
0.6×1

~2
~1
~2

24

BL-27B 4 Double Crystal
Si(111)

None 4 ~ 20 100×6 ~2 25

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
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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-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, 34

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 35
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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-2A*

Undulator
K = 0.5 ~ 2.2
λu = 6 cm

Double Crystal
InSb (111),   Si (111)

1740 ~ 5000 < 1φ 2000, 8000
1011

1 - 4

BL-2C*

Undulator
K = 0.55 ~ 2.2
λu = 6 cm

Varied-Line-Space
Plane Grating

1000
2200

250 ~ 1400 0.9 × 0.1 5000 ~ 10000
1011 ~ 1010

5 - 7

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

200
600

10 ~ 280 < 2φ 200 ~ 3000
1012 ~ 109

8, 9

BL-7A
[RCS]

6 × 1 Varied-Line-Space
Plane Grating

300
650

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

10

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

300
800

1200

70 ~ 1900 2 × 1 500 ~ 5000
1012 ~ 109

11 - 14

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

1724 ~ 5000 5 × 2 2000
1010

3
15 - 17

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

18, 19

BL-13A
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

20 - 22

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

23, 24

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

25

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

26, 27

BL-19B**

Revolver
Undulator
[ISSP]

Varied-Line-Space
Plane Grating

800
2400

10 ~ 1200 < 0.5φ 400-4000
1012 ~1011

28, 29

Table 5: Specifications of VUV and soft X-ray beamline optics.
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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

30

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

1800 ~ 4000 2000 31

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 

32

Beamline Beam Energy Pulse Width Frequency Intensity Reference

SPF-A1 100eV - 35keV 1-10ns ≤ 50Hz 5x106 e+/s

SPF-A2 100eV - 35keV 1µs ≤ 50Hz 5x107 e+/s

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 hrs (at 450 mA)	 20-25 hrs (at 60 mA)

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

Two electron storage rings, the PF ring and the PF-
AR, as dedicated light sources were stably operated 
at the Photon Factory. The KEK linear accelerator with 
a maximum electron energy of 8 GeV is employed to 
inject an electron beam into the rings. The full energy 
injection of 2.5 GeV is carried out at the PF ring, while 
the injection energy of 3 GeV needs to be increased to 
the operation energy of 6.5 GeV at the PF-AR.
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Figure 1: Synchrotron radiation spectra available at the PF Storage Ring (2.5 GeV) and the AF-AR (6.5 GeV). Brilliance of the radiation vs. 
photon energy are denoted by red curves for the insertion devices, SGU#01, U#02, SGU#03, MPW#05, MPW#13, VW#14, U#16-1 & 16-2, 
SGU#17, Revolver#19 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 undulator mode of MPW#05 and AR-EMPW#NE01 is not shown). The spectral curve of each undulator (or undulator 
mode of multipole wiggler) is a locus of the peak of the first harmonic within the allowance range of K parameter. For SGU#01, SGU#03 and 
SGU#17, spectra are shown for the first, third and fifth harmonic regions. Spectra of Revolver#19 are shown for four kinds of period.

ε ε
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PF Ring2

		        Total

	Ring operation time (hrs) 	 4416.0					   
	 Actual user time (hrs) 	 3752.9					   
	 Machine adjustment time (hrs) 	 624.0					   
	 Failure time (hrs) 	 39.1

Table 1: Operation statistics for PF ring in FY2012.

2-1 Operation Summary operation time in Fig. 3. This failure time includes that 
caused by the aftereffects of the earthquake, such as 
problems with the rf high-voltage power supplies and 
the leakage of cooling water from circulators, as shown 
in Fig. 4. Both of these problems were resolved during 
the summer shutdown. In the PF ring, a top-up opera-
tion mode with an injection scheme that uses a single 
pulsed sextupole magnet was established. The beam 
current was usually maintained at 450.0 ± 0.1 mA, 
which corresponds to a current accuracy of ±1 × 10-4 at 
an injection repetition frequency of 1.0 Hz. User opera-
tion of the hybrid mode was also established using a 
single-bunch current of 50 mA and a multi-bunch cur-
rent of 350 mA. In addition, the variably polarized un-
dulator demonstrated smooth operation at a switching 
frequency of 10 Hz.

In FY2012, PF ring and PF-AR operated stably fol-
lowing several problems caused by the aftereffects of 
the Tohoku Earthquake. The timetable of operations at 
the PF ring and PF-AR in FY2012 is shown in Fig. 1.

The operational statistics for the PF ring are summa-
rized in Table 1. The statistics for each fiscal year since 
the commencement of operation of the accelerator are 
shown in Fig. 2. In FY2012, the total operation time and 
actual user time were 4416.0 hrs and 3752.9 hrs, re-
spectively. The actual user operation time was less than 
4000 hrs because it was difficult to preserve the total 
operation time due to an increase in electricity rates, 
among other factors. The failure time for this year was 
39.1 hrs, which is shown as a percentage of the total 
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Figure 1: Timetable of PF ring and PF-AR operation in FY2012.

Timetable of the Machine Operation in FY 2012
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Figure 3: Failure rate for PF ring (percentage of failure time with 
respect to total operation time).

Figure 4: Photograph showing the replacement of the circulator 
that experienced leakage of cooling water.

Figure 2: Total operation time, scheduled user time, actual user time, and single-bunch user time for PF ring in each fiscal year since the 
commencement of accelerator operation.
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2-2	 Project to Renew the Insertion 
Devices at the PF Ring

2-2-1. Construction of a New Short Gap Undulator 
(SGU#15)

A new short gap undulator (SGU), named SGU#15, 
is being constructed at the PF ring. This is the fourth 
SGU and will be installed in the last remaining 1.4 m 
straight section of the PF ring. SGU#15 is designed 
as a light source for both small-angle X-ray experi-
ments and XAFS experiments. It has a period length of 
17.6 mm and the number of periods is 27. The photon 
energy region of SGU#15 ranges from 2 keV to 15 keV 
using the higher harmonics of undulator radiation. One 
requirement for the magnetic field is that the phase er-
ror should be less than 2 degrees in order to use the 9th 
higher harmonics effectively. To satisfy this requirement, 
the magnetic field of SGU#15 was carefully adjusted 
in the autumn of 2012. Figure 5 shows a photograph 
of SGU#15 during the magnetic measurements, and 
Fig. 6 summarizes the results of the magnetic field ad-
justment. The latter figure shows the electron orbits at 
several typical gaps, which were calculated based on 
measured magnetic data. The standard deviation of the 
phase errors was 1.8 degrees at the minimum gap of 
4 mm.

We will install SGU#15 in the PF ring in the summer 
of 2013 after vacuum commissioning, and it will enter 
operation for user experiments during the autumn op-
eration of the PF ring.
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2-2-2. Project to Renew the Undulators for the VUV-
SX Beamlines

 At the PF ring, we are constructing three new un-
dulators for BL02, BL13 and BL28, which will be called 
U#02-2, U#13 and U#28, respectively. All these undu-
lators are designed as elliptically polarizing undulators 
(EPUs) to obtain various polarization states, not only 
circular (left-handed and right-handed) polarization but 

Figure5: SGU#15 during the magnetic measurements.

Figure 6: Calculated electron orbits for several typical gaps.

Name Period length

(mm)

Number of 

periods

Length

(m)

Maximum

Bx, By (T)

Target photon 

energy region (eV)

Type of 

undulator

U#02-2 160 17 2.72 0.33, 0.33 30-300 EPU

U#13 76 48 3.65 0.68, 0.34 50-1500 EPU

U#28 160 22 3.52 0.33, 0.33 30-300 EPU

Table 2: Basic parameters of the new undulators in the PF ring.

also linear (horizontal and vertical) polarization.
The detailed parameters and magnetic configura-

tions of these undulators were determined by the sum-
mer of 2012. The mechanical design and construction 
of the undulators are now progressing steadily. Table 2 
summarizes the basic parameters of the new undula-
tors.

For BL02, we plan to move the existing undulator 
(U#02) to the downstream of the B01-B02 straight sec-
tion, and install a new undulator (U#02-2) tandem at the 
upstream of U#02. Figure 7 shows a schematic view of 
the B01-02 straight section before and after the recon-
struction.

 We will use U#02 and U#02-2 exclusively to obtain 
photons over a wide energy region at the single beam-
line. The photon energy region of U#02 ranges from 
400 eV to 2 keV and the target energy region of U#02-2 
is from 15 eV to 300 eV with the first harmonic radiation 
of EPU. The period lengths of U#02 and U#02-2 are 
60 mm and 160 mm, respectively.

We renewed the present undulators for BL13 and 
BL28 to utilize the extended straight section as much 
as possible. U#13 has a period length of 76 mm and its 
target photon energy region is from 50 eV to 1.5 keV 
under various polarization states. U#28 has the same 
parameters as U#02-2 except the total length.

 The magnetic adjustment of U#02-2 is scheduled 
to be conducted in the winter of 2013 and we will install 
U#02-2 in the PF ring in March 2014. For U#13 and 
U#28, we will adjust the magnetic fields continuously in 
the spring of 2014. The installation of U#13 and U#28 
in the PF ring will be carried out at the same time during 
the summer shutdown of the ring in 2014.

Figure 7: Schematic view of the B01-02 straight section before and after the reconstruction.
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PF-AR3

Figure 1: Operation time as a function of fiscal year.

 The full history of the total operation time of the PF-
AR is shown in Fig. 1, and the operation statistics of 
recent six years are summarized in table 1. In FY2012, 
the scheduled user time was recovered to 3672 hrs and 
its ratio to the total operation time reached 90 % though 
it decreased temporarily to about 70 % in FY2011 under 
the influence of the Great East Japan Earthquake. We 
could operate the PF-AR storage ring without a serious 
aftereffect of the earthquake in FY 2012. Both the failure 
rate and the mean time between failures (MTBF) of the 
user time recorded the best values in these six years. 

The sources of troubles are summarized in table 2. 
In the previous fiscal year, the outstanding faults other 
than the earthquake were the magnet (power supply) 
and the dust trapping.

There are a large number of aged magnet power 
supplies using since 1980s. So renewal of the aged 
power supplies continues year by year. The power sup-
plies of the sextupoles were updated in FY2011, and 
most of the aged quadrupole power supplies of will be 
updated in FY2013. So the operation of the magnet 
power supplies is expected to be stable.

In FY2012, we continued the operation with a 
vacuum problem through the year. The heating up was 

occurred at the stripline kicker of the transverse feed-
back system. Abnormal pressure rises were frequently 
observed during the beam injection or at the maximum 
beam current. As a symptomatic therapy of this prob-
lem, we have reduced the stored current from 60 mA 
to 55 mA. The abnormal pressure rise was almost con-
trolled by reducing the stored current. It was thought 
that the reduction of the stored current caused a large 
decrease of the dust trapping which is the most frequent 
failure of the PF-AR, and the stripline itself might be one 
of the sources of micro dusts.

Construction of the direct beam transport (BT) line 
for the PF-AR has been approved and the design of 
the new BT tunnel was decided as shown in Fig. 2. The 
construction of the tunnel will be completed by the end 
of FY2013. The new BT line can pass 6.5-GeV electron, 
so the full-energy injection is enabled for the PF-AR. By 
using additional pulse bending magnets installed in the 
3rd switch yard of the LINAC, the continuous injection of 
the PF-AR will be realized simultaneously with the other 
three storage rings, two KEKB main rings and PF ring. 
The installation of the accelerator components of the BT 
line and the reconstruction of the storage ring to make a 
new injection part will be accomplished in 2015 in paral-
lel with the commissioning of the Super KEK B factory 
started from January 2015.
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Table 2: Classification of failures based on the source of trouble.

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012

Total operation time (h) 5313 5016 4561 4969 5063 4608 4080 4080
Scheduled user time (h) 4456 4032 3624 4344 4392 4032 2904 3672
Ratio of the user time (%) 83.9 80.4 79.5 87.4 86.7 87.5 71.2 90.0
No. of failures 79 51 60 40 41 74 49 33
Total down time (h) 69.3 55.1 45.2 41.7 91.0 73.7 38.7 29.7
Failure rate (%) 1.6 1.4 1.2 1.0 2.1 1.8 1.3 0.8
MTBF (h) 56.4 79.1 60.4 108.6 107.1 54.5 59.3 111.3
Mean down time (h) 0.9 1.1 0.8 1.0 2.2 1.0 0.8 0.9

 

Table 1: Operation statistics and the mean time between failures (MTBF) during FY2005 – FY2012.

Fiscal Year 2005 2006 2007 2008 2009 2010 2011 2012

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

Total 79 51 60 40 41 74 49 33

 

Figure 2: Construction of the 6.5-GeV beam transport line from the LINAC to the PF-AR ring.
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1  ERL Project Overview

Figure1: Group photo of the International Advisory committee for 3-GeVERL project.

The energy recovery linac (ERL) is a future X-ray 
light source designed on the basis of state-of-the-art 
superconducting linear accelerator technology, which 
will offer significantly better performance than exist-
ing storage ring technologies. The high repetition rate, 
short pulse, high spatial coherence, and high brightness 
of ERL will enable the filming of ultrafast atomic-scale 
movies as well as the determination of the structure 
of nanoscale heterogeneous systems. These unique 
capabilities of the ERL will drive a distinct paradigm 
shift in X-ray science, from the study of “static and ho-
mogeneous” systems to “dynamic and heterogeneous” 
systems; in other words, from the study of “time- and 
space-averaged” analysis to “time- and space-resolved” 
analysis. 

This paradigm shift will make it possible to directly 
observe the behavior of heterogeneous functional ma-
terials in real time and space. It will also enable predic-
tions to be made for the design and innovation of better 
functional materials. These advances will contribute to 
solving the grand challenges of society and will support 
life in the future. Such functional materials will continue 
to be used in indispensable technological tools such as 
catalysts, batteries, superconductors, biofuels, random 
access memories, spintronic devices, and photoswitch-
es. Life itself is an intrinsically heterogeneous and dy-
namic system; structural biology based on existing stor-
age ring technology has greatly contributed to rational 
drug design by providing the static atomic coordinates 
of proteins. The ERL will further contribute to biological 
science and biotechnology by shedding light on the het-
erogeneity and complexity of cellular functions. 

In short, the ERL will be an unprecedented tool that 
will bridge critical gaps in our understanding of material 
science and technology. 

In addition, the continuous improvement of linear ac-

celerator technology will result in significant advances 
in X-ray science in the future. One possibility is the re-
alization of a fully coherent X-ray free-electron laser. Al-
though self-amplified spontaneous emission X-ray free-
electron lasers (SASE-XFELs) have been constructed, 
the X-ray beam from a SASE-XFEL is not fully coherent 
in the temporal domain. It is proposed that the unprec-
edented electron beam quality of the ERL will make an 
X-ray free-electron laser oscillator (XFEL-O) feasible 
when used with a Bragg diamond cavity configured for 
lasing in the X-ray region. The construction of an XFEL-
O is scheduled to take place during the second phase 
of the ERL project.

KEK established the ERL 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 energy 
of 35 MeV that could be used for the development of 
several critical accelerator components such as a high-
brilliance DC photocathode electron gun and supercon-
ducting cavities for the injector and main accelerator. In 
the 2012 fiscal year, such main accelerator components 
were successfully installed in an ERL test facility; per-
formance of these could be checked by the end of the 
2012 fiscal year. 

We published the “Conceptual Design Report for 
3-GeV ERL” at the 2nd ERL symposium (http://pfwww.
kek.jp/ERLoffice/detabase/ERL%20CDR_0807.pdf). 
We organized an International Advisory Committee 
(IAC) to evaluate our 3-GeV ERL project according to 
the Conceptual Design Report and provide critical com-
ments on the project. The members of the committee 
were as follows: Ingolf Lindau (Chair) from Stanford 
Univ., Thomas Tschentscher from Euro XFEL, Kwang-
Je Kim from APS, Zhao Zhentang from SSRF, Jun-
ichiro Mizuki from Kwansei Gakuin Univ., Masahiro 
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Figure 2: Logo of ERL project, designed on the basis of the logo of 
the Photon Factory and the motif of a pearl.

REFERENCES
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Kato from UVSOR, and Alfred Baron from Riken. Un-
fortunately, Dr. Thomas Tschentscher could not attend 
the IAC. Figure 1 shows a group photo of the committee 
members, presenters, and directorates of the ERL proj-
ect. A summary of the IAC meeting is available at the 
web site [1]. In particular, we asked the IAC members 
to give us critical comments for the following four ques-
tions. 

1) Question 1 – Are the scope and strategies of 
the 3-GeV ERL project including the further upgrade of 
XFEL-O satisfactory as the future light source in KEK?

2) Question 2 – The Science Case for the 3-GeV  
ERL project

A.	 Is the scope of the science case of the 3-GeV 
ERL reasonable and also satisfactory?

B.	 Is the effort to brush up the science case 
enough?

C.	 Further recommendation for this item
3) Question 3 – Development for accelerator tech-

nologies
A.	 Is the technical development for the accelera-

tor components for the cERL sufficient?
B.	 Is there anything to check the technical prob-

lem in cERL before construction of the 3-GeV ERL?
4) Question 4 – Construction of 3-GeV ERL
A.	 Is the construction of the 3-GeV ERL feasible 

under the R&D planning of accelerator development?
B.	 Further recommendations for this item

For Question 1, the IAC gave us positive comments; 
for example: “The ERL, with the XFEL-O, is a logical 
step in the development of next generation accelerator-
based photon sources. It will have unprecedented 
characteristics, and will be complementary to high-gain 
FELs and ultimate storage rings. Going far beyond pres-
ent state-of-the-art, and ERL will open up major new 
research areas. The ERL is therefore an exceedingly 
strong and logical candidate as a future light source 
at KEK.” For Question 2, the IAC mentioned that “the 
scientific case for a 3-GeV ERL is mature and is solidly 
anchored in both the Japanese and the international sci-
entific community. The Preliminary Conceptual Design 
Report has an impressive expose of the breadth of nov-
el scientific opportunities an ERL source offers.” Also, 
the IAC recommended that “PF/ERL-team play an ac-
tive role in promoting the evolution of the scientific case 
with workshops, symposia, etc. and also the ERL team 
should continue to pursue further advanced capabilities, 
such as sub-femtosecond pulse generation via echo-
enhanced harmonic generation, and fold these into the 
scientific case.” For Question 3, “the IAC was very im-
pressed by the advanced status and the rapid progress 
of the cERL project.” The committee also mentioned 
that “the strategy to construct the cERL as a precur-
sor to the 3-GeV ERL is critical since the cERL has the 
main technology components required for the 3-GeV 
ERL.” For Question 4, we presented that the cERL was 

expected to be operational and commissioned at the 
end of 2012 and that the experience from this endeavor 
would be the basis for a design plan scheduled to be 
largely finalized in 2014. “The IAC fully supports this 
approach”. Also, The IAC stressed the importance that 
“this plan must be scrutinized by outside review commit-
tees with appropriate technical background.” The IAC 
also fully supported the fact that “a continuous R&D ef-
fort of the gun/laser is necessary and in parallel with the 
ERL construction, extending into the commissioning/
operational phase.” The IAC mentioned that “the pro-
posed construction time, with completion of the 3-GeV 
ERL in 2021, is timely and feasible, given sufficient re-
sources.” The IAC recommended that “a careful study 
is done to make sure that the chosen layout is optimal, 
with particular care that there is enough space for future 
expansion.” A complete and detailed of the summary 
of the IAC’s comments can be found online at the URL 
mentioned above. 

After the IAC meeting, the “Energy Recovery Linac 
Conceptual Design Report” was partially revised and 
finalized as the KEK report and opened on a website [2].

In March 2013, the nickname and logo of our ERL 
project were settled and opened at the Photon Factory 
Symposium. The nickname was PEARL (Photon Fac-
tory ERL Advanced Research Laboratory) and the logo 
is shown in Fig. 2. The nickname PEARL inherits the 
name of the Photon Factory as well as research centers 
with a synchrotron radiation facility. In addition, the pearl 
is a gem popular in the traditional technology of Japan, 
and it emits the brightness of the seven colors. These 
features characterize the pearl as a symbol of science 
and the radiation accelerator technology to be produced 
by the ERL project. The logo design was developed 
from the logo of the Photon Factory as well as the motif 
of a pearl. 
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2  3-GeV ERL Design

Figure 1: Betatron (a) and dispersion (b) functions of the main linac and the return loop for the 3-GeV ERL.

(b)

(a)
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The future ERL-based light source consists of a 
3-GeV ERL and an XFEL-O. A conceptual view of the 
project and the target parameters are given in Ref. [1]. 
The 3-GeV ERL provides super-bright and/or ultra-
short synchrotron radiation (SR) in the vacuum ultra-
violet (VUV) to hard X-ray range, and the XFEL-O 
provides fully coherent radiation. In XFEL-O operation, 
an electron beam is accelerated twice by the supercon-
ducting main linac of the ERL without energy recovery 
and transported to the XFEL-O after acceleration up to 
6 − 7 GeV.

Figure 1 shows the preliminary result of the optical 
functions for the main linac and the return loop of the 
3-GeV ERL. In the design, the injection energy is as-
sumed to be 10 MeV. The main linac consists of more 
than 200 super-conducting (SC) 9-cell cavities, each 
of which has a moderate accelerating field of less than 
15 MV/m to suppress field-emitted electrons causing 
beam halo and radiation hazards. Quadrupole triplets 
are placed at every eighth SC cavity for horizontal and 
vertical focusing. The optics of the main linac is mirror-
symmetric for acceleration and deceleration and de-
signed so that the betatron function is well suppressed 
for achieving a high BBU (beam breakup) threshold cur-
rent. The return loop of the 3-GeV ERL has 28 TBA (Tri-
ple Bend Achromat) cells with 22 × 6-m and 6 × 30-m 
long straight sections for insertion devices. The bending 
radius of the bending magnet is sufficiently long and as 

a result the increase in emittance growth and energy 
spread due to incoherent SR are negligibly small for 
both ERL and XFEL-O modes. A bunch compression 
scheme for generating ultra-short SR pulses and a 
path-length control system for switching from ERL to X-
FELO operational modes should be studied and added. 
Figure 2 shows the tentative layout of the ERL-based 
light source on the KEK Tsukuba campus.

Figure 3 shows examples of the calculated spec-
tral brightness for VUV-SX (soft X-ray) and X-ray un-
dulators. As shown in this figure, the 3-GeV ERL can 
provide undulator radiation with maximum spectral 
brightness of 1022 − 1023 phs/s/mm2/mrad2/0.1%b.w. 
The 6-7 GeV XFEL-O generates spatially and tem-
porally coherent X-rays with brightness greater than 
1026 phs/s/mm2/mrad2/0.1%b.w. For future development, 
a 300-m long straight section is reserved in the middle 
of the return loop. This section has major potential for (1) 
EEHG (Echo-Enabled Harmonic Generation) including 
attosecond pulse generation, (2) 3-GeV XFEL-O us-
ing the higher harmonics, and (3) a very long undulator 
with spectral brightness up to 1023 − 1024 phs/s/mm2/
mrad2/0.1%b.w.



Future Light Source116

PF Activity Report 2012 #30

Figure 2: Tentative layout of the ERL-based light source at KEK Tsukuba campus.

Figure 3: Examples of calculated spectral brightness for VUV-SX and X-ray undulators
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3  cERL

Table 1: The design parameters of the cERL.

Figure 1: ERL project members in front of radiation shield for cERL.

Parameter Value
Beam energy (injector)
           (return loop)

5 MeV
35 MeV

Beam current (initial goal)
(future goal)   

10 mA 
100 mA 

Normalized beam emittance < 1 mm·mrad
(at 77 pC/bunch)

RMS bunch length (usual)
(with compression)                  

1–3 ps
< 150 fs

RF frequency 1.3 GHz
 

(b)

(a)

Figure 2: (a)  Beam current (red solid line) and gun high voltage 
(blue dotted line) as a function of time. As shown the figure, 1.8mA 
with 500kV can be demonstrated. 
(b) Vacuum pressures of gun (red solid line and beam dump (blue 
dotted line), respectively (after ref.[1] ).

Figure 3: Photograph of the injector part of the cERL with 500-kV 
DC electron gun and super conducting cavity for injector.

3-1 cERL Overview

As described before, the aim of the cERL in the 
R&D program includes the development of critical com-
ponents for the ERL, as well as the construction of a 
test accelerator. The design parameters of the cERL 
are shown in Table 1. In 2012, we could complete the 
construction of the radiation shielding to cover accelera-
tor components for the cERL, as shown in Fig. 1. The 
key accelerator components, such as a photocathode 
DC electron gun, super conducting cavities for the injec-
tor and main linac, and an evaluation beamline for the 
injector electron beam, were successfully installed in 
the radiation shielding. An RF power test for each super 
conducting cavity was also completed by the end of the 
2012 fiscal year, and the interlock systems for beam op-
eration at the injector part were also completed. Beam 
operation of the injector part will start in April 2013.

3-2	 H i g h - b r i g h t n e s s  D C 
Photocathode Gun and Gun 
Test Beamline

A collaboration team, including the staff of Japan 
Atomic Energy Agency (JAEA), KEK, Hiroshima Univer-
sity, and Nagoya University, has developed a 500-kV 
DC photocathode gun to produce small-emittance elec-

tron beams with high average current. Their outstanding 
achievements included successful application of a high 
DC voltage up to 510 kV, as well as the production of an 
electron beam of 1.8 mA with applied voltage of 500 kV 
as show in Fig. 2 [1]. These achievements were done 
in the laboratory at the JAEA Tokai site. After confirm-
ing these performances, the DC gun has been installed 
in the cERL and is ready for operation. Beam charac-
terization is important in evaluating the performance 
of the injector accelerator. Several components for the 
characterization beamline have been developed at the 
gun test facility, which is located in the PF-AR south ex-
perimental hall. The beamline has also been installed in 
the cERL by using components from the PF-AR south 
experimental hall. Figure 8 shows the injector part of the 
cERL with a 500-kV DC electron gun and super con-
ducting cavity for the injector.
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Figure 4: The assembly of the super conducting cavities for 
injector in a clean room.

Figure 5: Completed cERL injector cryomodule installed in beam 
line and connected with cold box.

(a)

(b)

Figure 6: Measurement results of tuner performance in three 2-cell 
cavities; Coarse tuner by stepping motor (a) and fine tuner by 
piezo (b).

3-3 SC Cavities for the Injector

An injector for the cERL is required to accelerate 
continuous-wave (CW) electron beams of 10 mA from 
500 keV to 5 MeV of beam energy. The injector cryo-
module contains three 2-cell cavities equipped with two 
input couplers and five HOM couplers. In order to qualify 
the cavity performance, vertical tests of the three 2-cell 
cavities were conducted at KEK-STF (Superconducting 
RF Test Facility). The three 2-cell cavities attached to 
new types of RF feedthroughs achieved an accelerating 
gradient higher than 20 MV/m, which exceeds the op-
erating gradient as a cERL injector. After this, the 2-cell 
cavities were sent back to a company for welding with a 
He jacket made of titanium. RF conditioning of six input 
couplers was performed with a high power RF source of 
CW-300 kW. The conditioning was carefully carried out 
up to 200 kW in a short pulsed operation with a duty of 
less than 1 % and 30 – 40 kW in a CW operation.

Assembly of the injector cryomodule began in April 
2012. All components, including input couplers, beam 
tubes, RF feedthroughs, and vacuum parts were care-
fully rinsed. Six input couplers were mounted at the 
upper and lower ports of the three 2-cell cavities, and 
the string assembly was completed in a class-10 clean-
room (Fig. 4). Then, the attachment of a tuner system 
and the alignment of the three cavities were carried out. 
After a cold-mass assembly including a cooling pipeline 
of 2K-He, two reservoir panels of 5K-He, and thermal 

shields of 80K-N2, the string cavities were inserted into 
a vacuum vessel. The entire assembly of the injector 
cryomodule was completed in June 2012. The injector 
cryomodule was installed in a beamline and was con-
nected to a cold valve box, as shown in Fig. 5.

The first set of cool-down tests for low RF power 
measurements was carried out in September 2012. 
The temperature distribution, static heat loads at 2K, 
and RF-coupling parameters such as the input coupler 
(Qin), HOM filter (QHOM), and monitor coupler (Qt) 
were measured. The tuner performance of the motor 
and piezo tuners was tested, and control of the reso-
nant frequency was successfully confirmed, as shown 
in Fig. 6. The second set of cool-down tests for high 
RF power measurements was carried out in February 
2013. The conditioning of an accelerating gradient in 
each individual cavity was initially started in a pulsed 
operation of 2 ms and 5 Hz (duty of 1%). After an accel-
erating gradient reached 15 MV/m, the duty factor was 
increased to 10 % (5 ms and 2 Hz). Finally, stable CW 
operation at 9 MV/m (7.5 MV/m in the specification) was 
confirmed. Measurement of Qo values by dynamic heat 
loads of 2K-He was carried out at 5 – 8 MV/m; however, 
the obtained Qo values in all three cavities were one or-
der lower than expected (1 × 1010) due to heat-up at the 
HOM RF feedthroughs. The improvement of the cooling 
system of HOM RF feedthroughs will be an important 
item in the future.
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Figure 7:  A cross-sectional view of the main linac module. Two 9-cell Nb cavities (red) dressed in the Ti-jacket (blue) are connect each other 
with HOM absorbers (orange). This structure is supported by the Ti-frame (violet) which has a magnetic shield and work as the 5K shield.

Figure 8:  Prototype module of a main linac installed in the cERL shield room.

3-4 SC Cavities for Main Linac

A prototype module of the cERL main linac was as-
sembled and cooled. The module contained two 9-cell 
cavities of 1.3 GHz. The cavities were connected to 
each other with three HOM absorbers and fixed in a 5K 
shield titanium frame. A cross-sectional view is shown 
in Fig. 7 In October, after assembly, the module was in-
stalled in the cERL (Fig. 8). The first 2K cooling test was 
performed for one month, beginning in the middle of 
November. The first half of this period was used to de-
termine the fundamental performance of the modules, 
such as cooling speed, temperature distribution, heat 
loss, cavity alignment, and low-level RF measurements 

including frequency tuners. Acceptable results of these 
tests allowed us to execute the RF high-power test in 
the second half of the testing period. The accelerating 
gradient of both cavities reached 16 MV/m; however, 
strong field emission was observed at the gradient of 
more than 10 MV/m, which limited the CW to operating 
below 14 MV/m because of the limitations of the X-ray 
shield and the cryogenic power capacity.

A beam commissioning of the injector section will 
be followed by the construction of the return loop, which 
is scheduled for the summer of 2013. Preparation of a 
low-level RF and other operation systems of the main 
linac is in progress, aiming for total beam commission-
ing of the cERL in December 2013.
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(a)

(b)

Figure 9: (a) Thermostat chamber and temperature controlled hut.  
(b) Water cooled rf cable duct.

Figure 10: Variable waveguide phase shifter for adjusting the cavity 
input phase.

3-5 RF Sources 

RF stabilities of 0.1% in amplitude and 0.1 deg. 
in phase are required for the cERL. In order to satisfy 
these requirements, we adopted a digital low-level RF 
(LLRF) system, which is located inside the temperature-
controlled hut in the LLRF control room on the 2nd floor. 
This hut has been used for the KEKB injector linac and 
the temperature inside is regulated by controlling the 
ventilating fans on the roof. The temperature stability of 
the hut is about 0.2 °C. An RF source (RF; 1.3 GHz), 
local oscillator (LO;1.31 GHz), and clock generator are 
installed inside the thermostat chamber, which operates 

using a Peltier device. Figure 9(a) shows the thermostat 
chamber and the temperature controlled hut. The phase 
drift of the cavity probe signal can be the dominant error 
of the RF stability because no air conditioners are in-
stalled in the ERL test hall. In order to realize stable RF 
signals, RF cables were packed inside the water-cooled 
cable duct between the LLRF control room and the ra-
diation shield inside, as shown in Fig. 9(b).

Concerning the high-power RF system (HPRF), a to-
tal of 5 RF sources will be installed in the cERL. An IOT 
(Inductive Output Tube; 20 kW) will drive a normal con-
ducting buncher cavity. An Injector 1 superconducting 
(SC) cavity will be driven by a 30-kW klystron. Injector 2 
and 3 cavities will both be driven by a 300-kW klystron. 
All the power distribution waveguides (including circula-
tors and power splitters) were installed in the injector 
linac. Each injector SC cavity has two RF couplers. The 
RF input phase is adjusted by the waveguide phase 
shifter located inside the radiation shield, as shown in 
Fig. 10. 

3-6 Cryogenic Systems 

In FY2012, both the injector cryomodule and the 
main linac cryomodule were installed in the cERL and 
connected to each 2K helium cryogenic system. In 
June 2012, before the installation of these cryomodules 
(Fig. 11), the performance of the cryogenic system, in-
cluding two 2K refrigerator cold boxes and transfer lines 
for the cryomodules, was measured. We produced 2K 
superfluid helium in the two 2K refrigerator cold boxes 
and measured static heat loads to the cryogenic system. 
The response of the cryogenic system to the heat load 
variations was also measured using electric heaters in 
the 2K refrigerator cold boxes to simulate dynamic heat 
loads from superconducting RF cavity cryomodules.

In July 2012, the injector cryomodule was connected 
to one of the 2K refrigerator cold boxes as shown in 
Fig. 12(a). A connection transfer line was specially 
designed to minimize the ambient heat load to the 
cryogenic system. The cryogenic system, including 
the injection cryomodule, was inspected by the Ibaraki 
prefecture under the High Pressure Gas Safety Act in 
August 2012 and passed its completion inspection. The 
injector cryomodule was successfully cooled down to 
2K, and performance of the superconducting RF cavi-
ties was measured in September 2012. The main linac 
cryomodule was connected to another 2K refrigerator 
cold box in October 2012, as shown in Fig. 12(b), fol-
lowing the first cryogenic test of the injector cryomodule, 
and it passed the completion inspection by the Ibaraki 
prefecture in early November 2012. The cryogenic test 
of the main linac cryomodule was carried out with high 
RF power in November and December 2012. The injec-
tor cryomodule was cooled down again in January and 
February 2013 for cryogenic testing of the cavities with 
high RF power.
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Figure 11: 2K refrigerator cold boxes and transfer lines for 
cryomodules.

Figure 12:  (a) and (b) show the connections of injector (main 
linac) cryomodules and 2K refrigerator cold boxes, respectively.

(a)

(b)

Figure 13: The girders and power supplies at the ERL Hall.

Figure 14: The sample of the distortion analysis of the girder.

We have conducted cryogenic tests of the cryo-
modules with 4 sets of rotary oil pumps and mechanical 
boosters in the helium gas pumping system of the 2K 
helium cryogenic system. For the injector cryomodule, it 
was found the current cooling power at 2K of the cryo-
genic system could sustain all heat loads from the cryo-
genic system itself and from the cryomodule. On the 
other hand, for the main linac cryomodule, the cooling 
power of the cryogenic system was slightly insufficient 
to sustain the heat loads. Considering the results of the 
cryogenic tests with high RF power into the cryomod-
ules, we have increased the number of rotary oil pumps 
and mechanical boosters to 8 sets of pumps in order 
to increase the cooling power at 2K, since the cooling 
power at 2K depends directly on the pumping capac-
ity of the helium gas pumping system in the 2K helium 
cryogenic system.

3-7 cERL Magnet Systems 

Almost all of the magnets and girders required for 
35 MeV operation were manufactured until the end of 
the 2012 fiscal year. In 2013, three of the four girders 
for the quadrupoles and sextupoles of the arc section, 
and two girders for the LCS (laser Compton scattering) 
matching section, will be made. The eight sextuple mag-
nets and four steering magnets will be manufactured in 
the future as well. In 2012, the 167 bipolar power sup-
plies of 5 A and 60 V for the quadrupole magnets were 
manufactured. The four power supplies for the injec-
tion, extraction, and path length control chicanes will be 
made in 2013. Figure 13 shows the girders and power 
supplies, ready for the construction of the recirculation 
path. The prototype of the quadrupole and sextupole 
magnet girder of the arc section was manufactured on 
the basis of the optimized design from the static and dy-
namic structure analysis shown in Fig. 14.



Future Light Source122

PF Activity Report 2012 #30

3-8 Schedule

Fabrication of the accelerator components such as 
the injector part, super conducting cavities, RF sources, 
and He cryogenic systems was completed by the end 
of the 2012 fiscal year. We will start the beam tests of 
the injector parts at the beginning of the 2013 fiscal 
year. These tests will characterize the beam quality at 
the injector and will be performed until the end of July 
2013. Then we will install the recirculation loop from the 
summer to November 2013 and begin the ERL opera-
tion in December 2013. We will carefully increase the 
beam current to avoid radiation problems from the cERL 
and will check the beam quality of the cERL in 2014. 

The target values during the first stage are a beam 
current of 10 mA and a normalized emittance of 1 mm 
mrad. Finally, we will check for normalized emittances 
of 0.3 mm mrad with 7.7 pc/bunch and 1 mm mrad 
with 77 pc/bunch. The beam test will provide important 
information on whether further improvement of the 
components is necessary, as well as information on the 
drawbacks of the design of the 3-GeV-class ERL. 
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1 Experimental Proposals

Proposal No. Spokesperson Title

2009S2-007
J. Yoshinobu

Univ. of Tokyo
Electronic states and charge transfer dynamics of organic molecules on surfaces

2009S2-008
H. Nakao 

KEK-PF
Condensed matter studied by resonant soft/hard X-ray scattering

2010S2-001
K. Amemiya

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

2010S2-003
Y. Nagashima

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

2010S2-004
A. Nakao

KEK-PF
Structural studies of molecular crystals under extreme conditions

2011S2-003
M. Oshima

Univ. of Tokyo

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

spectroscopy

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-conversionmaterials using 

VUV/SX SR spectroscopies

Table 2: List of S-type proposals effective in FY2012.

proposals each year has exceeded 800 for the past few 
years. A full list of the proposals effective in FY2012 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 FY2012. 

Table 1: Number of proposals accepted for the period 2001-2012.

Category FY2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

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

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

  U 5 3 2 4 0 1 7 3 2 2 0 4

  G 346 321 318 382 310 386 403 402 397 407 415 454

  P 18 16 9 13 10 22 14 14 14 16 11  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 2001-2012 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 
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Figure 1: Distribution by scientific field of experimental proposals 
accepted in FY2012.

Figure 2: Number of registered PF users and scientific proposals over the period 1990-2012.

The current status and results to date of S1 and S2 
proposals must be reported at the PF Symposium held 
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 FY2012.

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, 29 proprietary industrial projects 
(Y-type) and 12 nonproprietary collaborative studies 
with private companies (C-type) were conducted.

Fourteen trial-use programs for industrial applica-
tions are carried out with the financial support of a 
MEXT project, the Open Advanced Research Facilities 
Initiative. Among these, nine are newly approved, eight 
are continued from FY2011 and one is an XAFS training 
course. About a quarter of the companies are continu-
ing Y- or C-type projects after the end of the trial-use 
program.

1-3 Statistics of the Proposals

The number of users, for all types of proposals, has 
reached 3,372. Although the number of experimental 
stations has decreased, the approved academic pro-
posals 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 30% 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 FY2012. 

Figure 5: Affiliation of Photon Factory users in FY 2012 (domestic users only).

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 
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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 
2012 based on experiments at the PF was 572 at the 
time of this writing and is expected to exceed 650. In 
addition, 31 doctoral and 78 master theses have been 
presented.

Kanto

ChubuKinki

Chugoku

Shikoku

Kyushu

OverseasAsia

Europe

Oceania
North America Tohoku

Hokkaido

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

2-1 IMSS Science Festa

 The 1st IMSS (Institute of Materials Structure Sci-
ence) SCIENCE FESTA was held on March 14-15, 
2013 at EPOCHAL Tsukuba with the support of the user 
community and KEK. Following two Scientific Sessions 
with invited speakers—one concerning research using 
multiple types of study probes including synchrotron 
radiation, neutrons and muons for investigating materi-
als, and the other concerning research on soft matter—
a Poster Session was held on the first day. There were 
239 user poster presentations, with results presented 
from 10 S-type and 3 U-type proposals. There were 
more than 40 presentations from the staff of the Accel-
erator Laboratory of KEK, Neutron Science Division and 
Muon Science Division of IMSS and PF staff, resulting 
in a total of 294 poster presentations. The 30th PF sym-
posium, the annual users’ meeting, the 1st KENS (KEK 
Neutron Science Laboratory) symposium and the 1st 
MSL (Muon Science Laboratory) symposium were held 
simultaneously on March 15, the second day. The IMSS 
SCIENCE FESTA provided an excellent opportunity to 
exchange a broad range of knowledge in such fields 
as synchrotron, neutron and muon science, and was 
attended by more than 500 users and IMSS staff. The 
main purpose of the PF symposium is to discuss the 
present status and future projects of the PF, and to en-
courage networking among users and PF staff through 
scientific presentations and discussions. At the begin-
ning of the PF symposium, PF staff reported on the re-
cent progress of the facility, including the rearrangement 
of beamlines. We also had two discussion sessions on 
future light sources at the PF such as ERL. In addition, 
a special session, “Closing Ceremony of Australian 
Beamline”, was held. The Australian National Beam-
line Facility (ANBF) was Australia’s first synchrotron 
beamline; it was installed at BL-20B at the PF in 1992 
and officially opened the following year, and has been 
used for many scientific activities by Australian research 
groups. Following a presentation on the history of Aus-
tralia’s involvement at the PF by Professor Richard F. 
Garrett of the Australian Nuclear Science and Technol-
ogy Organization, and a presentation on bioinorganic 
chemistry at ANBF by Professor Peter A. Lay of the 
University of Sydney, the closing ceremony was held. 
We greatly appreciate their scientific contributions to the 
PF. Another special session, “India-Japan Collaboration 

at Photon Factory”, was also held, at which Professor 
Milan K. Sanyal of the Saha Institute of Nuclear Physics 
presented the recent status of the Indian beamline, BL-
18B, at the PF.

2-2 PF Workshops

Six PF workshops were held in FY2012. Anyone 
can propose such a workshop; free discussion is made 
on a specific scientific topic in synchrotron-radiation re-
search and related applications. The proceedings of the 
workshops can be found in the KEK proceedings, which 
are available at the KEK Library.

(1) “Silicon Single Crystal: Insatiable Pursuit towards 
Ideal Quality as Crop in Semiconductor Industry and X-
ray Optical in Synchrotron Science”, May 26-27, 2012. 
KEK Proceedings 2012-3.
(2) “Buried Interface Sciences with X-rays and Neutrons 
2012”, June 26-28, 2012.
(3) “Compact ERL Science Workshop II”, July 30-31, 
2012. KEK Proceedings 2012-10 (in Japanese).
(4) “New Progress of Nanospectroscopy”, September 
13-14, 2012. KEK Proceedings 2012-5 (in Japanese).
(5) “New Research Developments at KEK-Slow Posi-
tron Facility-Positron Diffraction and Ps Beam”, October 
3-4, 2012. KEK Proceedings 2012-11.
(6) “The 1st Workshop on Advanced Observational 
Techniques - Local Structural Analysis and Imaging -”, 
December 26, 2012. KEK Proceedings 2012-9 (in Japa-
nese).

2-3 Seminars

The seminars hosted by each scientific project in 
the Institute of Materials Structure Science (IMSS) were 
arranged as seminars hosted by IMSS, and are called 
“IMSS Colloquium” and “IMSS Danwakai”. These semi-
nars provide an opportunity to exchange a broad range 
of knowledge in such fields as synchrotron, neutron 
and muon science. “IMSS Colloquium” invites leading 
scientists in each scientific field. “IMSS Colloquium” and 
“IMSS Danwakai” were held in FY2012.
http://imss.kek.jp/seminar/colloquium/index.html
http://imss.kek.jp/seminar/imss-danwakai/2012/index.
html
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3 Graduate School Education

Figure 1: Number of students who obtained doctoral degrees based on scientific activities at the PF.

FY SOKENDAI JPHD

1998 9 14

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

Table 1: Number of SOKENDAI and JPHD students at the PF over 
the period 1998-2012.

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 5, 2012 and half-day guidance 
meetings for potential young candidates in early sum-
mer 2012 at Hakata, Osaka, and Tokyo.

The PF has also a system for Joint PhD (JPHD) stu-
dents, who are accepted by the PF to pursue advanced 
studies under the supervision of PF staff members 
towards their PhD degrees 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 1 
shows the statistics of such graduate students.
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4 International Collaboration

4-1	 Overview

	The Photon Factory is collaborating internationally 
in various aspects. The Australian National beamline 
BL-20B was constructed by the Australian Nuclear Sci-
ence and Technology Organization (ANSTO) in 1992, 
and finally ceased operation in March 2013. The Indian 
beamline BL-18B started operation in 2009. The Photon 
Factory is also collaborating with international synchro-
tron radiation communities through meetings, work-
shops, and schools.

4-2	 Australian Beamline

	The Australian beamline BL-20B was constructed 
by ANSTO in 1992, and finally ceased operation at the 
end of this fiscal year (March 2013). The beamline has 
been extremely productive, with more than 1,000 pa-
pers published from about 900 experimental projects. 
In FY2012, 33 experiments were carried out at BL-20B. 
Many of them used the XAFS technique, especially the 
fluorescent XAFS technique which is applied to environ-
mental and biological systems. 8 papers based on BL-
20B experiments were published in FY2012. The clos-
ing ceremony of the Australian beamline BL-20B took 
place at the PF symposium on March 15, 2013, and Dr. 
Richard Garrett (ANSTO) gave a memorial lecture at 
the ceremony (Fig. 1).

Figure 1: Dr. Richard Garret giving a memorial lecture at the PF 
symposium.

Figure 2: SESAME staff and students from Jordan, Egypt and Iran 
joined the SESAME-JSPS Program in FY2012.

 

4-3	 Indian Beamline

The DST, Government of India and KEK agreed 
to set up an Indian 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. 24 experiments were carried out at 
BL-18B, and 1 paper based on BL-18B experiments 
were published in FY2012. The beamline will be fully 
operational shortly, and will be open not only for Indian 
scientists but also general users in the near future.

4-4	 Cooperation with the SESAME 
Project

SESAME (Synchrotron-light for Experimental Sci-
ence and Applications in the Middle East) is a synchro-
tron radiation facility under construction in Amman, 
Jordan as a collaborative project of the countries in the 
Middle East under the auspices of UNESCO. SESAME 
is expected to be operational in 2015, and KEK is con-
tinuously supporting the construction and potential user 
community at SESAME in various ways. As one of the 
activities, SESAME staff and students from SESAME-
related countries were invited to Japan for one to two 
months in FY2012, and learned various synchrotron-
related subjects (accelerator, radiation safety, struc-
tural biology, etc.) at PF, SPring-8, UVSOR and other 
universities in Japan. The travel and living expenses of 
the participants were fully supported by the JSPS Asia-
Africa Science Platform Program (Fig. 2).
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5 Science Advisory Committee (PF-SAC)

Table 1: PF-SAC members as of FY2012.

Efim GLUSKIN Advanced Photon Source

Yasuhiro IWASAWA University of Electro-Communications Tokyo

Yasuhiro IYE Institute for Solid State Physics, The University of Tokyo

Ingolf LINDAU Stanford University, Chair

Kunio MIKI  Kyoto University

Junichiro MIZUKI Kwansei Gakuin University

Fulvio PARMIGIANI University of Trieste

Moonhor REE Pohang Accelerator Laboratory/PSTECH

Zhentang ZHAO Shanghai Synchrotron Radiation Facility

1 How does the PF-SAC evaluate the PF future plan in the next decade?
2 Is the construction of the direct injection path for PF-AR reasonable in relation with the PF future plan?
3 Is the BL refurbishment program for the new BL-2 and BL-15 effective for the best use of the PF facility?

4
How does PF-SAC evaluate the suggestions of the time-resolved science subcommittee and the response from 
PF?

5 Is the new PF users’ association well organized to promote the activities of the PF users and PF?

6
How does the PF-SAC evaluate the progress of the preparations for the ERL project including the construction 
of the cERL?

Table 2: List of discussion points.

Meetings of the Photon Factory Science Advisory 
Committee (PF-SAC) have been held every fiscal year 
since the first PF-SAC in April 2007, providing ongoing 
advice on the operation and strategic planning for the 
Photon Factory. The seventh PF-SAC meeting was held 
on February 7 and 8, 2013.

Table 1 shows a list of members for the seventh 
PF-SAC. The Photon Factory distributed presentation 
files and a list of discussion points (Table 2) in advance 
on which the Photon Factory wished to receive advice 
from the PF-SAC. On the first day of the meeting, the 
Photon Factory staff and users presented the present 
status and strategy relevant to the discussion points 
and several recent scientific topics. Following Q&A and 
discussion for each presentation, PF-SAC met in closed 
sessions in the evening of the first day and the morning 
of the second day, and formulated the observations, 
conclusions and recommendations.

Regarding the sixth discussion point in Table 2, the 
PF-SAC noted that “the SAC considers the continuous 

upgrades of beamlines and instrumentation as one of 
the cornerstones in the roadmap for the next decade. 
This is a necessity to keep the PF in the frontier of inter-
national research. In this context the SAC commends 
the PF management for its initiative in using recovery 
funding to upgrade beamlines 2, 13, 28 and 15. The re-
search on these beamlines falls within the areas of ex-
cellence and thus is of the highest strategic importance 
for the PF. Future refurbishing of beamlines should fol-
low the same criteria.”, and “an exceedingly important 
component of the roadmap is the successful construc-
tion and operation of the compact ERL. The success of 
this project is of paramount importance for the next step 
to secure the 3-GEV ERL. The SAC fully supports the 
high priority the PF/KEK gives this project and stresses 
the importance of full attention to this endeavor.”

Other itemized questions and the answers from the 
PF-SAC can be found at:
http://pfwww.kek.jp/SAC12Feb/PF-SACExecutiveSum-
maryFeb2013.pdf
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1. Site and Organization
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	1. PF Light Source Building
 	   Experimental Hall
	2. PF Office Building
	3. PF Preparation Laboratory
	4. PF-AR (PF Advanced Ring)
	5. PF-AR Experimental Halls
	6. PF Structural Biology Building
	7. PF/KEKB (KEK B-Factory) Injector Linac
	8. Slow Positron Facility
	9. Building No.4 (IMSS Office)
	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 Office
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

S
tr

uc
tu

ra
l B

io
lo

gy
 R

es
ea

rc
h 

C
en

te
r 

IM
S

S
 In

st
ru

m
en

t R
&

D
 T

ea
m

 

C
on

de
ns

ed
 M

at
te

r 
R

es
ea

rc
h 

C
en

te
r

Accelerator Laboratory Accelerator  Division V

Accelerator  Division II

Accelerator  Division III

Accelerator  Division IV

Accelerator  Division VII

Accelerator  Division VI

Photon Factory (PF)

E
R

L 
P

ro
je

ct
 O

ffi
ce

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 Sci-
ence Divisions I and II consist of seven groups such 
as “Electronic Structure”, “Structural Material Science”, 
“Materials Chemistry”, “Life Sciences”, “Beamline En-
gineering, Technical Services & Safety”, “User Support 
and Dissemination”. 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

ITO, Kenji	 Photon Factory, IMSS, KEK

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

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

TAKATA, Masaki	 RIKEN/SPring-8

TORIKAI, Eiko	 University of Yamanashi

WAKATSUKI, Soichi	 Photon Factory, IMSS, KEK

YAMAGUCHI, Seiya	 Accelerator Laboratory,  KEK

* Chairperson  ** Vice-Chairperson



Appendices138

PF Activity Report 2012 #30

Photon Factory

  

Adachi J., Amemiya K., Horiba K., Inami N., Iwano K., 

Kobayashi M., Koide T., *Kumigashira H., Mase K., 

Ono K., Sakamaki M., Toyoda S.,Yagishita A. 

 

 

 

Kikegawa T., *Kumai R., Murakami Y., Nakao H.,  

Okamoto J., Yamasaki Y.

Harada K., Kamiya Y., 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 S., Hirano K., *Kawata H., Nozawa S., Zhang X.

Voegeli W.

Synchrotron Radiation 
Science
Division I
Division II

Scientist: 49
  Professor: 11
  Assoc. Prof.: 21
  Ass. Prof.: 13
  Senior Fellow:   4

Technical Staff: 11

Scientist: 21
  Professor: 5
  Assoc. Prof.:    9
  Ass. Prof.: 7

Technical Staff: 12

Electronic Structure: 13 

Structural Material Science:  6

Materials Chemistry: 5

Abe H., Iida A., Nitani H., Niwa Y., *Murakami Y.

Life Sciences: 10

Chavas L., Hiraki M., Kato R., Kawasaki M.,  Kobayashi K.,

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

Development in Future SRR: 6

Beamline Engineering, Technical 
Services & Safety: 17

*Igarashi N., Ito K., Kikuchi T., Kishimoto S., Kitajima Y., 

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

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

Toyoshima A., Uchida Y., Yamamoto S.

User Support & Dissemination: 2

*Hyodo 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)

Slow Positron: 2

*Hyodo T., Wada K.

Figure 2 
Organization chart of PF (as of March 31, 2013) .
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Table 2  Staff members of the Photon Factory.

Name Group*
Research Staff
Director

MURAKAMI, Youichi SMS/MC

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

Accelerator Division VII
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 II
KAMIYA, Yukihide Light Source I
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 III
SAKANAKA, Shogo Light Source II
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 III
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
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Name Group*
YAMAMOTO, Masahiro Light Source VI

Guest Professor
ASAKURA, Kiyotaka (Hokkaido Univ.)
HAJIMA, Ryoichi (JAEA)
ISHIHARA, Sumio (Tohoku Univ.)
KAMIKUBO, Hironari (NAIST)
KATO, Masahiro (IMS)
KIMURA, Masao (NIPPON STEEL & SUMITOMO METAL)
KOSHIHARA, Shinya (Tokyo Inst. Tech.)
MORITOMO, Yutaka (Tsukuba Univ.)
OHKUMA, Haruo (JASRI/SPring-8)
TAKAHASHI, Yoshio (Hiroshima Univ.)
YAO, Min (Hokkaido Univ.)

Postdoctoral Fellow
SAKAI, Enju 
SUDAYAMA, Takaaki
TAKEICHI, Yasuo
YONEMURA, Hiroki

The Graduate University for Advanced Studies
INOUE, Keisuke 
WU, Yanlin

* Synchrotron Radiation Science Division
ES Electronic Strucuture
SMS Structural Material Science
MC Materials Chemistry
LS Life Sciences
DF Development in Future SRR
BETSS Beamline Engineering, Technical Services and Safety
USD User Support and Dissemination
SPF Slow Positron Facility
Italic: the additional post
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2. Awards
The Commendation for Science and Technology by the Minister of Education, Culture, Sports, Science and 
Technology, Prizes for Science and Technology	
NISHIKAWA, Keiko (Chiba Univ.) 
“Studies on Fluctuations of Condensed Materials” 

The Commendation for Science and Technology by the Minister of Education, Culture, Sports, Science and 
Technology, Prizes for Science and Technology
YAMAMOTO, Kimihisa (Tokyo Inst. of Tech.)
“Study on Fine Controlled Metal-Hybrid Materials” 

The Commendation for Science and Technology by the Minister of Education, Culture, Sports, Science and 
Technology, The Young Scientists’ Prize	
KIGUCHI, Manabu (Tokyo Inst. of Tech.)
“Novel Properties Appeared at Well Defined Low-Dimensional Nano Material”

The Chemical Society of Japan (CSJ) Award, 2012
FUJITA, Makoto (The Univ. of Tokyo)
“Self-Assembly Control of the Structure of Matter on the Nanoscale” 

The Crystallographic Society of Japan, The CrSJ Award
UEKUSA, Hidehiro (Tokyo Inst. of Tech.)
“Investigation of Dynamic Phenomena in Molecular Crystals by ab Initio Structure Determination from Powder Diffrac-
tion Data” 

Particle Accelerator Society of Japan, PASJ Award for Young Scientists
TAKAKI, Hiroyuki (The Univ. of Tokyo)
“Development of Beam Injection System with a Pulsed Sextupole Magnet” 

Japan Association of Mineralogical Sciences Award 
YOSHIASA, Akira (Kumamoto Univ.) 	
“Precise Structure Analyses of the Earth and Planetary Materials by Both Diffraction and XAFS Methods”

The Japan Society for Analytical Chemistry Award, 2012
NAKAI, Izumi (Tokyo Univ. of Sci.)	
“Development of Innovative X-Ray Analytical Techniques and their Application to the Decoding of Material History” 

The Foundation for High Energy Accelerator Science, Nishikawa Prize, 2012
WADA, Ken (KEK-PF)
“Intensification of the Slow-Positron Beam at KEK Slow Positron Facility and its Application” 

Volkswagen and BASF, Science Award Electrochemistry
YABUUCHI, Naoaki (Tokyo Univ. of Sci.)
“Toward Development of Novel High-Capacity Sodium Insertion Materials” 

The Japan Academy, Japan Academy Medal
NOJIRI, Hideaki (The Univ. of Tokyo) 	
“Molecular Bases of Xenobiotic-Degrading Capacity of Environmental Bacteria”  

Japan Society for the Promotion of Science, JSPS Prize
NOJIRI, Hideaki (The Univ. of Tokyo) 	
“Molecular Bases of Xenobiotic-Degrading Capacity of Environmental Bacteria”  



Appendices 149

PF Activity Report 2012 #30

The Chemical Society of Japan Award for Outstanding Woman Chemists, 2012
TADA, Mizuki (IMS)
“Molecular-Level Design and Visualization of Structures and Catalytic Functions on Solid Surfaces” 

Young Scientist Award of the Physical Society of Japan	
YAMAZAKI, Masakazu (Tohoku Univ.) 		
“Study on Molecular Orbitals by Multidimensional Electron Spectroscopy”

Young Scientist Awards of the Japan Society for Molecular Science
YOSHIKAWA, Hirofumi (Nagoya Univ.)	
“Functional Properties of Molecular Clusters Based on Solid-State Electrochemistry”  

The Society of Chemical Engineers, Japan, The SCEJ Young Investigator Researcher Award
NAKAGAWA, Keizo (The Univ. of Tokushima)	
“Improvement of Catalytic Functionality of Metal Nanoparticles by Surface Coating”  

“Sano Award, 2013” (Young Researcher Award of Electrochemical Society in Japan)
YABUUCHI, Naoaki (Tokyo Univ. of Sci.)
“Studies of Solid State Electrochemistry on Functional Insertion Materials for Advanced Rechargeable Batteries”  

The Japanese Society for Extremophiles, Research Award for Young Scientists
GODA, Shuichiro (Nagasaki Univ.)
“Elucidation of the Heat Activation Mechanism of the Glutamate Dehydrogenase from Hyperthermophiles”

15th The Japanese Society of Carbohydrate Research Encouragement Award
SATOH, Tadashi (Nagoya City Univ.)
“Structural Biology Study of Intracellular Lectin Involved in Gycoprotein Transport and Degradation” 	

The 66th CerSJ Awards for Advancements in Ceramics Science and Technology
MASUBUCHI, Yuji (Hokkaido Univ.)
“Synthesis, Structure and Properties of New Functional Oxynitride Ceramics” 

The Atomic Collision Society of Japan, Incentive Award for Young Scientist
TOMOYA, Mizuno (KEK-PF) 
“Molecular Fragmentation by Charge-Changing Collisions of Fast Heavy Ions” 

Japanese Society for Synchrotron Radiation Research, 17th JSSRR Scientific Awards
WADATI, Hiroki (The Univ. of Tokyo)
“Resonant Soft X-Ray Scattering Studies of Thin Films of Transition-Metal Oxides” 

Chemical Society of Japan, Encouragement Award from Division of Colloid and Interface Science
OHKUBO, Takahiro (Okayama Univ.)
“Peculiar Structure of Aqueous Solution Confined in Nanospace” 

The FY2012 (the 3rd) The Graduate University for　Advanced Studies,　Sokendai President’s Award
WU, Yanlin (Soken Univ.)
“The Development and Application of High Sensitivity X-Ray Phase Contrast Imaging System by using Multiple-Dif-
fraction” 
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3. Theses
Lists of doctoral theses, which were written based on the PF experiments.

Doctor of Science	
AHMED, Naveed  (Chiba Univ. ) 
“Photocatalytic Conversion of Carbon Dioxide into Methanol over Layered Double Hydroxide Catalysts” (7C, 9A and 
9C)

Doctor of Science	
TORIGOE, Hiroe  (Okayama Univ. ) 
“Preparation of New Type of Xe-Compounds and Activation of Small Molecules by Utilizing Zeolite as A Specific 
Reaction Field” (NW10A and 9C)

Doctor of Science	
TANG, Qun (CAS) 
“RecOR Complex Including RecR N-N Dimer and RecO Monomer Displays a High Affinity for ssDNA. Nucleic Acid 
Research” (NW10A and 9C)

Doctor of Engineering
YAMAMOTO, Takafumi (Kyoto Univ.) 
“Synthesis, Structure, and Physical Properties of Novel Iron Oxides Prepared by Topotactic Reactions” (NE1A)

Doctor of Science	
OHTSUBO, Yoshiyuki (Kyoto Univ.) 
“Spin-Polarized Electronic States on Ge(111)” (18A and 19A)

Doctor of Science		
KOITAYA, Takanori (The Univ. of Tokyo)
“Adsorbed Cyclohexane on Rh(111): Two-Dimensional Superstructure, Energy Level Alignment, and Kinetic and 
Geometric Isotope Effects” (13A)

Doctor of Engineering
NIWA, Hideharu (The Univ. of Tokyo)
“Electronic Structure of Carbon-Based Oxygen Reduction Catalysts Studied by Soft X-Ray Spectroscopy” (2C)

Doctor of Engineering
SEKI, Kazuaki  (Nagoya Univ.)
“Polytype Control and Twin Suppression in Solution Growth of 3C-SiC” (15C)

Doctor of Engineering
ITO, Eri (Nagoya Inst. of Tech.)
“Structure Analysis of Poly(dimethyl siloxane)-Based Amphiphilic Hydrogel for Medical Device Applications” (6A, 
9C, and 15A)

Doctor of Engineering	
JEONG, Ji-Hoon (Kyoto Univ.)
“Recovery of Heavy Metals from Wastes using Environmentally Friendly Hydrometallurgical Process” (3A)	

Doctor of Engineering	
HINOKUMA, Satoshi (Kumamoto Univ.)
“Development of Support Material Stabilizing Precious Metal Nanoparticles and Their Preparation Method” (NW10A)

Doctor of Philosophy
VELAGA, Srihari (Univ. of Madras, INDIA)
“Investigation on CdO CaO Solid Solution with Wide band Gap Tunability: Macroscopic Structure, Vibrational and 
Local Structural Studies at Atomic Scale” (NW10A)



Appendices 151

PF Activity Report 2012 #30

Doctor of Science	
ISOHAMA, Yoichi (Hiroshima Univ.)
“Study of Local Ti Off-Centering of BaTiO3 Probed by Resonant X-Ray Emission Spectroscopy” (15B1)

Doctor of Science	
MICHISHIO, KOJI  (Tokyo Univ. of Sci.)
“Production of an Energy-Tunable Positronium Beam using the Photodetachment of Positronium Negative Ions” 
(SPF)

Doctor of Science	
HIRAO, Norie (Ibaraki Univ.)
“Development of Micro-XAFS using Synchrotron Soft X-Rays and its Application to Surface State Analyses” (27A)

Doctor of Engineering	
HARAGUCHI, Daisuke (Waseda Univ.)
“Investigation of Removal Mechanisms and Modeling for Hydroxide Co-Precipitation Treatment in Wastewater Con-
taining Fluorine and Arsenic” (9A and 12C)

Doctor of Agriculture
NISHIOKA, Taiki  (Hokkaido Univ.)
“Structure-Guided Design for Improvement of Enzymes and Their Application” (17A, NE3A, NW12A and 5A)

Doctor of Engineering
MATSUI, Kazuki (MURORAN Inst. of Tech.)
“Pressure-Induced Structural Change of Unfilled Skutterudite Compounds” (NE5C and 18C)

Doctor of Science	
EINAGA, Mari (Niigata Univ.)
“Study of Pressure-Induced Superconductivity and Structural Phase Transition in Bismuth Compounds” (NE1A and 
18C)

Doctor of Science	
OKADA, Akitoshi (The Univ. of Tokyo)
“Crystal Structure Analysis of DnaB-DnaC Complex Involved in DNA Replication in E. Coli” (NW12A)

Doctor of Agriculture
HORITA, Shoichiro (The Univ. of Tokyo)
“Structural Basis of the Different Substrate Preferences of Two Old Yellow Enzymes from Yeasts in Asymmetric 
Reduction of Enone Compounds” (NW12A)

Doctor of Science	
KIYOTANI, Tamiko (Kitasato Univ.)
“Crystal Structure and Powder X-Ray Analysis of Structural Transition Depended on Temperature and Humidity of 
Peptide Hydrate” (4B2)

Doctor of Science		
ISHIGURO, Nozomu  (The Univ. of Tokyo)
“Advanced Characterization of Practical Heterogeneous Catalysts using Time-Resolved/Space-Resolved XAFS” 
(9A, 9C and12C)

Doctor of Science		
NISHIDA, Keisuke (Tohoku Univ.)
“Density and Sound Velocity Measurements of Liquid Fe-S at High Pressure: Implications for the Earth’s and the 
lunar Cores” (14C2 and NE7A)
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4. Publication List
1A

D.-H.Im, K.Kimura, F.Hayasaka, T.Tanaka, M.Noguchi,
A.Kobayashi, S.Shoda, K.Miyazaki, T.Wakagi and
S.Fushinobu
Crystal Structures of Glycoside Hydrolase Family 51 α-
L-Arabinofuranosidase from Thermotoga maritima
Biosci. Biotechnol. Biochem., 76 (2012) 423.

E.H.Lee, Y.W.Cho and K.Y.Hwang
Crystal Structure of LeuD from Methanococcus
jannaschii
Biochem. Biophys. Res. Commun., 419 (2012) 160.

S.Kikuchi, K.Hara, T.Shimizu, M.Sato and H.Hashimoto
Structural Basis of Recruitment of DNA Polymerase ζ
by Interaction between REV1 and REV7 Proteins
J. Biol. Chem., 287 (2012) 33847.

U.Ohto, K.Fukase, K.Miyake and T.Shimizu
Structural Basis of Species-Specific Endotoxin Sensing by
Innate Immune Receptor TLR4/MD-2
Proc. Natl. Acad. Sci. USA, 109 (2012) 7421.

B.G.Han, K.H.Kim, S.J.Lee, K.C.Jeong, J.W.Cho, K.
H.Noh, T.W.Kim, S.J.Kim, H.J.Yoon, S.W.Suh, S.Lee
and B.I.Lee
Helical Repeat Structure of Apoptosis Inhibitor 5 Reveals
Protein-Protein Interaction Modules
J. Biol. Chem., 287 (2012) 10727.

S.Kikuchi, K.Hara, T.Shimizu, M.Sato and H.Hashimoto
Crystallization and X-Ray Diffraction Analysis of the
Ternary Complex of the C-Terminal Domain of Human
REV1 in Complex with REV7 Bound to a REV3
Fragment Involved in Translesion DNA Synthesis
Acta Cryst. F, 68 (2012) 962.

H.Matsumura, E.Mizohata, H.Ishida, A.Kogami,
T.Ueno, A.Makino, T.Inoue, A.Yokota, T.Mae and
Y.Kai
Crystal Structure of Rice Rubisco and Implications for
Activation Induced by Positive Effectors NADPH and 6-
Phosphogluconate
J. Mol. Biol., 422 (2012) 75.

H.Matsumura, N.Kusaka, T.Nakamura, N.Tanaka,
K.Sagegami, K.Uegaki, T.Inoue and Y.Mukai
Crystal Structure of the N-Terminal Domain of the
Yeast General Corepressor Tup1p and Its Functional
Implications
J. Biol. Chem., 287 (2012) 26528.

S.Sugiyama, M.Maruyama, G.Sazaki, M.Hirose,
H.Adachi, K.Takano, S.Murakami, T.Inoue, Y.Mori
and H. Matsumura
Growth of Protein Crystals in Hydrogels Prevents
Osmotic Shock
J. Am. Chem. Soc., 134 (2012) 5786.

A.R.Han, H.S.Kim, G.Y.Cho, H.S.Ki, H-Y.Kim and
K.Y.Hwang
Crystallization and Preliminary X-Ray Crystallographic
Analysis of the Methionine Sulfoxide Reductase A
Domain of MsrAB from Haemophilus Influenzae
Acta Cryst. F, 68 (2012) 557.

M.Englert, S.Xia, C.Okada, A.Nakamura, V.Tanavde,
M.Yao, S.H.Eom, W.H.Konigsberg D.Soll and J.Wang
Structural and Mechanistic Insights into Guanylylation
of RNA-Splicing Ligase RtcB Joining RNA between 3’-
Terminal Phosphate and 5’-OH
Proc. Natl. Acad. Sci. USA, 38 (2012) 15235.

Y.Ashikawa, Z.Fujimoto, Y.Usami, K.Inoue, H.Noguchi,
H.Yamane and H.Nojiri
Structural Insight into the Substrate- and Dioxygen-
Binding Manner in the Catalytic Cycle of Rieske
Nonheme Iron Oxygenase System, Carbazole 1,9a-
Dioxygenase
BMC Struct. Biol., 12 (2012) 15.

M.Unno, K.Kizawa, M.Ishihara and H.Takahara
Crystallization and Preliminary X-Ray Crystallographic
Analysis of Human Peptidylarginine Deiminase Type III
Acta Cryst. F, 68 (2012) 668.

H Ru, LX Zhao, W Ding, LY Jiao, N Shaw, WG Liang,
LG Zhang, LW Hung, N Matsugaki, S Wakatsuki and ZJ
Liu
S-SAD Phasing Study of Death Receptor 6 and Its
Solution Conformation Revealed by SAXS
Acta Cryst. D, 68 (2012) 521.

M.Fujihashi, M.Hiraki, G.Ueno, S.Baba, H.Murakami,
M.Suzuki, N.Watanabe, I.Tanaka, A.Nakagawa,
S.Wakatsuki, M.Yamamoto and K.Miki
Crystal Sample Pins and a Storage Cassette System
Compatible with the Protein Crystallography Beamlines
at both the Photon Factory and SPring-8
J. Appl. Cryst., 45 (2012) 1156.

T.Hayashi, M.Senda, H.Morohashi, H.Higashi,
M.Horio, Y.Kashiba, L.Nagase, D.Sasaya, T.Shimizu,
N.Venugopalan, H.Kumeta, N.Noda, F.Inagaki, T.Senda
and M.Hatakeyama
Tertiary Structure-Function Analysis Reveals the
Pathogenic Signaling Potentiation Mechanism of
Helicobacter pylori Oncogenic Effector CagA
Cell Host & Microbe, 12 (2012) 20.

Former 1B

T.Aree and H.-B.Bürgi
Dynamics and Thermodynamics of Crystalline
Polymorphs: α-Glycine, Analysis of Variable-
Temperature Atomic Displacement Parameters
J. Phys. Chem. A, 116 (2012) 8092.
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T.Kambe, X.He, Y.Takahashi, Y.Yamanari, K.Teranishi,
H.Mitamura, S.Shibasaki, K.Tomita, R.Eguchi, H.Goto,
Y.Takabayashi, T.Kato, A.Fujiwara, T.Kariyado, H.Aoki
and Y.Kubozono
Synthesis and Physical Properties of Metal-Doped Picene
Solids
Phys. Rev. B, 86 (2012) 214507.

R.I.Thomson, C.M.Pask, G.O.Lloyd, M.Mito and
J.M.Rawson
Pressure-Induced Enhancement of Magnetic-Ordering
Temperature in an Organic Radical to 70 K: A Magneto-
structural Correlation
Chem. Eur. J., 18 (2012) 8629.

2A

T.Miyamoto, T.Wada, H.Niimi, S.Suzuki, M.Kato,
M.Kudo and K.Asakura
A New Collinear-Type Energy-Filtered X-Ray
Photoemission Electron Microscope Equipped with
a Multi-Pole Aberration-Corrected Air-Core Coil Wien
Filter
Jpn. J. Appl. Phys., 51 (2012) 046701.

2C

A.Chikamatsu, T.Matsuyama, Y.Hirose, H.Kumigashira,
M.Oshima and T.Hasegawa
Investigation of Electronic States of Infinite-Layer
SrFeO2 Epitaxial Thin Films by X-Ray Photoemission
and Absorption Spectroscopies
J. Elec. Spec. Relat. Phenom., 184 (2012) 547.

Y.Ishiwata, T.Shiraishi, N.Ito, S.Suehiro, T.Kida,
H.Ishii, Y.Tezuka, Y.Inagaki, T.Kawae, H.Oosato,
E.Watanabe, D.Tsuya, M.Nantoh and K.Ishibashi
Metal-Insulator Transition Sustained by Cr-Doping in
V2O3 Nanocrystals
Appl. Phys. Lett., 100 (2012) 043103.

M.Minohara, K.Horiba, H.Kumigashira, E.Ikenaga and
M.Oshima
Potential Profiling in Depth for Perovskite Oxide
Heterojunctions using Photoemission Spectroscopy
Phys. Rev. B, 16 (2012) 165108.

S.Toyoda, H.Kumigashira, M.Oshima, H.Sugaya and
H.Morita
Determining Factor of Effective Work Function in
Metal/bi-Layer High-k Gate Stack Structure Studied by
Photoemission Spectroscopy
Appl. Phys. Lett., 100 (2012) 112906.

J.Adachi
Development and Use of Novel Soft X-Ray Spectroscopic
Methods for Gaseous Molecules
Mol. Sci., 6 (2012) A0048. (in Japanese).

Y.Ishiwata, S.Suehiro, T.Kida, H.Ishii, Y.Tezuka,
H.Oosato, E.Watanabe, D.Tsuya, Y.Inagaki, T.Kawae,
M.Nantoh and K.Ishibashi
Spontaneous Uniaxial Strain and Disappearance of
the Metal-Insulator Transition in Monodisperse V2O3

Nanocrystals
Phys. Rev. B, 86 (2012) 035449.

T.Okumura, T.Inoue, Y.Tasaki, E.Sakai, H.Kumigashira
and T.Higuchi
Electronic Structure of SrTi0:99Sc0:01O3 Thin Film
Studied by High-Resolution Soft-X-Ray Spectroscopy
J. Phys. Soc. Jpn., 81 (2012) 094705.

S.Aizaki, T.Yoshida, K.Yoshimatsu, M.Takizawa,
M.Minohara, S.Ideta, A.Fujimori, K.Gupta,
P.Mahadevan, K.Horiba, H.Kumigashira and M.Oshima
Self-Energy on the Low- to High-Energy Electronic
Structure of Correlated Metal SrVO3

Phys. Rev. Lett., 109 (2012) 056401.

J.Adachi, M.Kazama, T.Teramoto, N.Miyauchi,
T.Mizuno, M.Yamazaki, T.Fujikawa and A.Yagishita
C 1s Photoelectron Angular Distributions from Fixed-in-
Space CO Molecules in the High-Energy Continuum ≥ 50
eV
J. Phys. B, 45 (2012) 194007.

E.B.Guedes, M.Abbate, K.Ishigami, A.Fujimori,
K.Yoshimatsu, H.Kumigashira, M.Oshima,
F.C.Vicentin, P.T.Fonseca and R.J.O.Mossanek
Core Level and Valence Band Spectroscopy of SrRuO3:
Electron Correlation and Covalence Effects
Phys. Rev. B, 86 (2012) 235127.

S.Toyoda, T.Shinohara, H.Kumigashira, M.Oshima and
Y.Kato
Significant Increase in Conduction Band Discontinuity
Due to Solid Phase Epitaxy of Al2O3 Gate Insulator
Films on GaN Semiconductor
Appl. Phys. Lett., 101 (2012) 231607.

T.Mizuno, J.Adachi, N.Miyauchi, M.Kazama, M.Stener,
P.Decleva and A.Yagishita
Recoil Frame Photoelectron Angular Distributions of
BF3: A Sensitive Probe of the Shape Resonance in the
F 1s Continuum
J. Chem. Phys., 136 (2012) 074305.

M.Stener, P.Decleva, J.Adachi, N.Miyauchi, M.Yamazaki
and A.Yagishita
Recoil Frame Photoelectron Angular Distributions in
Core O 1s Ionization of H2CO
J. Phys. B, 45 (2012) 194004.

M.Kazama, H.Shinotsuka, T.Fujikawa, M.Stener,
P.Decleva, J.Adachi, T.Mizuno and A.Yagishita
Multiple-Scattering Calculations for 1s Photoelectron
Angular Distributions from Single Oriented Molecules in
the Energy Region above 50eV
J. Elec. Spec. Relat. Phenom., 185 (2012) 535.
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Y.Kozuka, H.Seki, T.C.Fujita, S.Chakraverty,
K.Yoshimatsu, H.Kumigashira, M.Oshima,
M.S.Bahramy, R.Arita and M.Kawasaki
Epitaxially Stabilized EuMoO3: A New Itinerant
Ferromagnet
Chem. Mater., 24 (2012) 3746.

3A
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