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~A27uaCT, tlary b5 A +~<4270CT, X#ETT5 74—,
. o Tk — L ¥ PXEOREE BN/ R IR Lo & T A KRXHOLYR
13 |BL20XU : [E%: - A A=V V71 Y, e
EIGH D BTy bSA ML A=Y 7, fifla> b5 A FCT,
/N £ KL
A A=V v 7 RREERIEE WA SEGHEE T 20 X —% 1 Silll (7.62~37.7keV). X
511 (~113keV), A F v Fx ¥ )N—, ¥ FL—Yarhy ¥, GeSSD, B imemG@mila (¥—
LAEZY, XA—=3I V7)., MMHCTB LU~ A 7 aCT (045 L OHFHTH E&bEE), Rk
MRz )= 7= ()Y ZHEBRF—=IV), XA A=IA4 T 0vT7 747 BeB. 44 7)),
KPR ICEZEE T v Y 2L —% (762~113keV)
T4 (PES) Ik 2B TR, MAESMEET 5L
(ARPES) 2X 23y FHEZEOWIFE, R XHERIURE A 1 — ik (MCD)
14 | BL25SU : #k Xt 5k 12 & B EEAREDIIZE, MCD % F W 72 50 3553 R AL B 12 & 2 Betk bR
OWfFE, BB TP (PED) 12 & % K 7 EA O, 678 T B
(PEEM) 2 X B RIX#i%:
BTG E ., A R E ., O RICFIREGE T, G T RS,
B, SRICEREDEETHHEE SOV L, HEICE . > THEINCE — AT 4 VH4E (hF) Lo
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T2 BEBFHEMBICOVTIE, FBPEEOYAICIHFICET > THWICE — 4 54 YH#H4E (hH)
LT LEbEELEL TS,
VANV ANLT vV 2L —% (022~2keV)
WSTIEER — B7 7 7 | #REEMEA EH L O R 1, BRREVEM B O U
A 5T 2 IR = hEH-CTI v F (Cl. C2AT—vavy) .
SHET - 5T O RS REGTE T8 (CIS. CFSHlE b WE) . BT -
15 | BL27SU : #kX#bAkas ST 7T AY — ORGSR ERONTEICE A ET 2 5
Ay — - FT T A Y — DR O BLI
BRI -—- C7 I v F (C3ATF—Yay) : FERABORE S -
NG FRTE TIRE OB
AL ICBT I v F (XBBHEBRAT— 3 ), C7 T v F (XY EBRATF— 3~ T,
XA TERA T — ¥ 3 v T, MXEbFERAT— 3 V1),
8DFETyVal—% (A, B79VF :02~2keV. C7F ¥ F :017~28keV)
FOXGHREP  XB R T 7 4 - TR VF =588 O3 Rl e 55
16 | BL28B2 : H o X5 Edr IANF =5 HMXAFS (DXAFS) [ Ab4RY - W3 ROS# A O 5E.
PEAFAEIS R UG - AR A =D v T
HEXM N RZ S 7 4 38, TRVE— S HRIXAFSHERE, FEREWSHEBRIESE, £ imrE
Wi EREA (Hf 5SkeV~)
7| BL3sXU : peammiedimia 7 AT AR, WEOTAF I 7 A, BT EEEED T

WEP DY A F 37 A, XSIEHIERGELS X OIS RLEL
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BRI 7 V2L —% (15816, 17794, 21.747keV)
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I EE A AMAT EEE (> 90K)
ANV F 2 GEEIRISIPINT + b %A 4 — K
SR H B R 26# SPACE
SPACEH#i i~ >~ FaRy b
SPACEfIfMA~ v by =L F v b
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FAXYE Y FIMEGET (XBBMHT. 5~16keV TR EE)
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AA—T VT T L= " ARXA=—V A4 YT YT 74T +CCDH AT JEMMEN 7 5 v btk VB e KO8
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BZEE LR Y £ VA VT vV a b =% (04~17keV)
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‘ November 16 (Sunday) ‘
20:00 Brief Meeting (Closed)

‘ November 17 (Monday) ‘
08:00
09:00
09:10
09:20
10:00

Breakfast Meeting

Welcome Address (Dr. Akira Kira)

Opening Remarks (Prof. Hidetoshi Fukuyama)
General Introduction (Dr. Hideo Ohno)
SPring-8's Impacts on Synchrotron Radiation
Instrumentation (Dr.Tetsuya Ishikawa)

11:00 Structural Biology at SPring-8 (Dr.Takashi
Kumasaka)

11:40 Model to Real Target: Lipid Structural Biology
as an Applied Science (Dr.Masashi Miyano)
12:05 Structure of a Biological Macromolecular
Nanomachine, the Bacterial Flagellum (Prof.
Katsumi Imada)

14:10 Imaging and Diffraction Studies in Medical and
Biological Sciences (Dr.Naoto Yagi)

14:50 Structural Chemistry in Synchrotron Radiation
Science & Technology (Dr.Masaki Takata)

15:30 Chemistry of Nanoporous Materials (Prof.
Susumu Kitagawa)

16:20 In-Situ Time-Resolved Dynamic Surface Events
on the Pt/C Cathode in a Fuel Cell under the
Operating Conditions (Prof.Yasuhiro Iwasawa)
Soft X-ray Photochemistry at BL27SU (Prof.
Kiyoshi Ueda)

Discussion

16:45

17:10

‘ November 18 (Tuesday) ‘
09:00

Structural Materials Science Research (Dr.
Masaki Takata)

Structural Studies by Powder Diffraction at
SPring-8 (Prof Eiji Nishibori)

Structure Science of Strongly-Correlated

09:40

10:05
Electron Systems (Prof.Takahisa Arima)



10:30 Recent Progress in Polymer Science at SPring-8
(Prof.Atsushi Takahara)

11:15 Spectroscopy for Investigating Properties and
Functions in Materials Science (Dr.Junichiro
Mizuki)

11:55 High Resolution Inelastic X-ray Scattering
(Dr.Alfred Baron)

13:40  Electronic Structure of Soft Materials Studied by
Soft X-ray Emission Spectroscopy (Dr.Shik
Shin)

14:05 Magnetic Materials (Dr.Motohiro Suzuki)

14:30 Recent Advances in Earth and Planetary
Sciences (Prof.Tetsuo Irifune)

15:10 Environmental Studies at SPring-8 (Prof.Yoshio
Takahashi)

15:50 Industrial Research at SPring-8 (Dr.Yoshio
Watanabe)

16:50 Discussion and Drafting

20:30 Discussion and Drafting (cont'd)

November 19 (Wednesday) ‘

09:00 Discussion and Drafting (cont’d)

14:15 Brief Review Announcement (Prof.Hidetoshi
Fukuyama)

14:45 Reciprocal Address (Mr.Nobuo Fujishima)

15:00 Adjourn
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Executive summary

The results of the assessment of the scientific achievements

made by SPARC are presented first, followed by the

general recommendations.
[A] Outstanding achievements

* In-vacuum Undulator Sources

By placing the magnet structure inside the vacuum
chamber, the undulator gap can be reduced, and hence
much shorter magnetic periods can be built without
compromising the strength of the magnetic field. This
extends the energy-range of undulators at SPring-8 and
all other light sources. The brilliant success of this
approach has been leading the way for other facilities
and for new sources with medium size accelerators
which nowadays even operate at smaller emittance than
the first 3 facilities, APS, ESRF and SPring-8. It is also
worth pointing out that this concept promises presently a
cost saving option for future XFEL sources. Clearly, this
development has had a profound worldwide impact.

*Advanced Beamline Technology

From the start the SPring-8 beamline team has tried to
develop new beamline concepts using the source
properties in the most optimised way. This has led not
only to new designs of monochromators and polarisers,
but also to new measurement strategies such as a 1lkm

beamline, modulation spectroscopies and several more.

* Structural Studies on Membrane Proteins

It is known that up to 30% of human proteins are located
in the cell membrane. These membrane proteins play
crucial roles in many biological functions and are of key
importance for medicine. We recognized that research on
Ca?t-ATPase, bovine Rhodopsin, bacterial multidrug
efflux transporter are truly outstanding and to the highest
international standard. High flux X-ray beams at BL41XU
and BL44XU were essential for these experiments.

* Structural Studies on Macromolecular Assemblies

The study of macromolecular assemblies is a particular
challenge for structural biology. The flagellum is a huge
molecular complex made of 20 to 30 thousand subunits
containing about 30 different proteins. High resolution
X-ray structures of flagellar component proteins were
solved using the brilliant X-ray beams at BL41XU and
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BL44XU. By combining these single crystal X-ray
results with the low resolution structures obtained using
cryo-EM and X-ray fibre diffraction, the structures of

three distinct parts of the flagellum were determined.

*Real-time SAXS Analysis of Periodosome

The process of assembly/disassembly of the periodosome
(a multimeric complex of Kai proteins) was followed in
real time by SAXS experiments at BL45XU, which
could indeed verify that this was controlled by the
phosphorylation of one of the Kai proteins and provided
an overall picture of the periodosome in its different
states. This real time elucidation of the circadian clock
mechanism by Small Angle X-ray scattering is a unique
example of the application of real time SAXS
experiments. Other examples include the successful

investigation of protein folding.

* Motion of Potassium Channel revealed by Single
Molecule Tracking

By using a novel technique based on monitoring the
movements of a gold nanoparticle attached to the KscA
potassium channel and irradiating it with white X-radiation,
the motion of the protein could be monitored in real time
by following the motions of the diffraction spots from
the gold crystal. These experiments showed how the
potassium channel upon gating was twisted around the
pore and that gating could be prevented by adding an
open-channel blocker. Single molecule tracking opens
unique opportunities to study molecules in action and
this was made possible on BL44B2.

* Rational Design of Nanoporous Materials with
Chemical Functionality

An impressive range of new metal-organic frameworks
(MOFs) and Porous Coordination Polymers (PCPs)
compounds exhibiting specific chemical functionalities
have been synthesized. These compounds have significant
commercial potential as potential gas storage, as well as
catalytic, media for clean and renewable energy
solutions. This program benefits and interplays
synergistically with the world-leading small molecule
crystallography program at BLO2B2.
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* Probing Bulk States of Correlated Electron Systems
by High-Resolution Resonance Photoemission
At a helical undulator beamline, equipped with a varied
line space grating monochromator, high-resolution and
high-photon flux soft X-ray beamline was realized at
BL25SU. This has been successfully utilized in soft-X-ray
resonance photoemission experiments of strongly
correlated systems. Thanks to a much longer escape depth,
bulk electronic states were observed, which previously had
been revealed only weakly with a low photon energy
photoemission spectroscopy (PES). These results
demonstrate the effectiveness of high energy, high
resolution PES for the study of strongly correlated 4f

electronic states.

* Phase Change Mechanism of Rewritable Optical
Media
X-ray diffraction pinpoint measurements at BL40XU
demonstrate the interest in time-resolved X-ray diffraction
for academic and industrial use. Optical recording on DVD
media is due to the amorphous to crystalline phase transition
of the Ge,Sb,Tes (GST) and Ags 5Ins ¢Sb,s Te,;, (AIST)
materials. A direct measurement of the crystallization
processes has been studied on a 0.32 micron surface of the
DVD itself at nanosecond time-resolution. Comparison
between GST and AIST suggests that crystal growth control
may be a key for designing faster phase change materials.
The quality of the micro beam is paramount for investigating
the ultra fast physics of photo-and thermo-excited phase

transitions or chemical reactivity, by time-resolved studies.

* Post-perovskite Phase of MgSiO; at 120GPa: Nature
of the Mantle-Core Boundary
Under the high-pressure and high-temperature conditions
(125GPa, 2,500K) corresponding to a 2,700km depth at the
mantle-core boundary, where the D” seismic wave velocity
discontinuity is observed, the crystal structure of the post-
perovskite phase of MgSiO; was successfully analysed,
based on the in situ X-ray diffraction measurements at the
state-of-the-art high-pressure station BLIOXU. This newly-
solved crystal structure has a striking high-density layered-
structure. This feature can solve successfully long standing
mysteries, such as the discontinuous seismic change and the
seismic anisotropy in the D” layer.



* Advancing the Understanding of Automobile Exhaust
Gas Catalysts

Researchers from Toyota are advancing their
understanding of Ceria Zirconia —a 3-Way automotive
exhaust catalyst. Extended X-ray absorption fine
structure (EXAFS) measurements were made on the Ce
K-edge (40.45keV) and Zr K edge (18keV) at BLO1BI1
and BL16B2 to understand the local structure around
these atoms and a clear relationship between the oxygen
storage/release capacity of the material and its local
structure was determined. Through the end of 2006, over
30 million Toyota vehicles have been fitted with this
type of exhaust catalyst. This, and other work, clearly
has made an impact on Toyota as they are now in the
process of constructing an insertion device beamline
(BL33XU) at the SPring-8 facility.

In other work on catalysis, scientists from Daihatsu are
using BL14B1 to further their understanding of so-called
intelligent catalysts with the goal of developing a more
durable exhaust gas catalyst. They found that precious
metal ions such as palladium, entered and exited the
ceramic crystals repeatedly as if they had “intelligence” ,
and that the ions did not grow larger in size which can
reduce the efficiency of their catalytic activity. This
information has allowed Daihatsu to achieve a substantial

reduction of palladium in their automotive catalysts.

These two examples clearly demonstrate the fact that the
basic research with strong motivation can lead to real
break-through in applications. Such efforts should be

encouraged more.

* Interfacial Magnetism between FM | AFM Bilayers
in Magnetic Sensor Heads
It is the goal of many hard disk drive manufacturers to
reach a recording density of 1 Tb/in2. With this increase in
density, instabilities in the exchange coupling between the
ferromagnetic (FM) / antiferromagnetic (AFM) bilayers
have been seen where the magnetization in the
ferromagnetic layer has changed unexpectedly. Higher
robustness is required in the fidelity of the data on hard
drives and so experiments were performed at BL25SU to
better understand the mechanism of exchange coupling and
the control of magnetic structures at FM / AFM interfaces.

Previously the existence of pinned interfacial AFM spins
had been reported, but the mechanism that stabilises this
process was unclear. This work verified the existence of

pinned interfacial spins in the anti-ferromagnetic layer.
[B] General Recommendations on Future Plans

* Revolutionary Instrumentation Development

Relying on the development (together with Osaka
University) of the Elastic Emission Machining of mirrors
to reach atomically smooth surfaces, a microfocus of
48nm X 36nm has already been demonstrated on the 1km
beamline, with remarkably low stray scatter. Furthermore,
focusing to 8nm has been demonstrated in one dimension.
This is clearly a remarkable record. Particularly exciting
plans were announced to extend this technology to the
Inm level by the use of multilayers. In fact, a Kirkpatrick-
Baez microprobe with any spot size in the sub-10nm range

will be revolutionary!

* Compact XFEL

The use of a thermionic gun followed by several bunch
compression stages, a C-band warm linac and micro-
undulators as emitters, was considered by many
specialists, again similar to the in-vacuum undulator
approach in the early 90’s, a high risk approach. A
prototype was built, which has demonstrated brilliantly
the viability of the approach, and is now used as a
successful user facility with a 20 —25eV FEL. Knowing
that the prototype is working, the opportunity to realise a
short and cost efficient version of an XFEL has become
even higher. There are plans to use the FEL as a pump, to
be combined with beams from SPring-8, as a stroboscopic
probe of time-evolution. This will be a unique capability.
Furthermore, electron bunches from the linac will also be
available to be injected into SPring-8 to create capabilities
for very short X-ray pulses. This would give additional
unique scientific opportunities.

* Improvement of life-science BL

More and more complex biological systems will be
targeted in the future that will require the use of different
synchrotron radiation based techniques, e.g. diffraction,
small angle scattering and imaging. The combination of
techniques in the study of biological systems is already
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taking place and it is important that SPring-8 continues
to facilitate applications of complementary methods.
Structural biology evolves towards the study of more and
more complex systems that are characterized by small
and poorly diffracting crystals. It is therefore necessary
to examine many crystals of the same sample to find the

one most suitable for the measurements.

The proposed improvements of the MX beamline
complex, that aims at creating a beamline portfolio, with
each beamline fulfilling a specific role, seems best suited
to meet the demands of structural biology in the future
and to keep the macromolecular crystallography at

SPring-8 at an internationally competitive level.

* Theoretical Modeling

Due to their quality, the experimental results sometimes
deserve a more thorough theoretical approach, as for
example the pioneering work on myoglobin. Similarly,
combined with MEM, systematic use of multipolar
analysis of electron density would allow better

description of inter-atomic interactions and bonding.

* High Resolution Inelastic X-ray Scattering

At BL35XU non-resonant meV resolved Inelastic X-ray
Scattering should be developed in the future in order to
investigate atomic scale correlations in electronic
excitations. This requires the construction of a new
beamline which will enable important higher resolution

measurements of electronic excitations.

* Synthesis of Nano-Polycrystalline Diamond: Potential
Applications for HPT Experiment

A nano-polycrystalline diamond, named “HIME-DIA” , was

successfully synthesised with a special capability of hardness

exceeding diamond and low thermal conductivity,

potentially accessible to the center of the earth (364GPa,

5,500K). It will benefit also fields such as material and

environmental sciences.
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Research Purpose and Summary:

Lung disease and respiratory failure is a major cause of
death in adults and children and is the greatest cause of
death and disease in newborn infants. To reduce the
burden of these diseases it is necessary to greatly
improve our ability to image the lung, particularly the
small airways, which harbour much of the pathology

caused by lung disease.

Phase contrast (PC) X-ray imaging exploits the
variations in refractive index between biological tissues
to increase the visibility of tissue boundaries. The lung is
ideally suited to PC X-ray imaging because it is mainly
comprised of air (~80% at end-expiration), divided by
thin tissue structures (mainly water). The air-tissue

interfaces provide large variations in refractive index,

which make the normally invisible air-tissue boundaries
highly visible. PC X-ray imaging is the only imaging
modality that can provide video speed images and also
reveal the airways at the micron scale in live animals. In
our previous studies at SPring-8 we have used PC X-ray
imaging to study the dynamics of lung aeration in
spontaneously breathing rabbit pups as well as
mechanically ventilated pups that were born premature.
Our results have provided a new understanding of how
the lung normally aerates at birth and how to improve the

ventilation of infants born very preterm.

Our proposed research program has two major
objectives. The first is to exploit the major advances we
have made in phase contrast X-ray imaging and

experimental procedures to:

a. Identify better ways to ventilate very preterm infants
and,
b. Study the onset and progression of adult lung

diseases (fibrosis and emphysema).

Our second objective is to continue the development of
imaging and analytical procedures that allow us to
answer major biomedical questions in neonatal and adult

lung biology.

Expected Qutcomes:

Our research program can be separated into two closely
inter-related and inter-dependent components. These
include; (i) experiments focussing on important
biomedical issues in lung biology and (ii) continued
development of complex imaging and analytical
techniques, which are required to address many of the

questions we have raised.

The biomedical questions, upon which we will primarily
focus, extend the research we began during our previous
long term project and include experiments in adult lung
disease models. Although our discoveries have advanced
our understanding of lung aeration at birth, many
questions remain unresolved and phase contrast X-ray
imaging has the capacity to answer them. In particular,

we need to know:
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(i) How lung aeration initiates the physiological
changes, particularly the increase in pulmonary
blood flow, that are essential for the transition to
air-breathing at birth,

(ii) More about the treatments and ventilation
procedures that enhance lung aeration in
mechanically ventilated very preterm infants and

(iii)) Which ventilation procedures injure under-
developed (preterm) lungs and should be avoided.

Continued development and refining of our imaging and
analytical techniques will greatly enhance our ability to

answer these increasingly complex biomedical questions.
In particular, we will,

(i) Further develop methods to measure regional lung
motion using a technique called Particle Imaging
Velocimetry (PIV) to detect movement
abnormalities and regional shear stress during
breathing,

(i1) Develop imaging and analytical techniques that
allow digital subtraction of the ribcage from lung
tissue images to more accurately measure air
volumes and track lung movement.

(iii)) Combine the conventional method of imaging
blood circulation (angiography) with phase
contrast X-ray imaging to investigate the
relationship between lung aeration and pulmonary
blood flow.
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Present Status of SPring-8
am X TR DIIK
W R N SRR A g v 77— R SEB
FRHIEFHE V) RN REREFRE (2009F3F31HETE)
* FIFBEHIHRIRY & & OEREZIIY . SPring-82FAL & VI BRI RBTELHDDHEH Y > b

Beamline Name P”g!'ﬁcgse ~1999 2000 | 2001 | 2002 | 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | total
BLO1B1 | XAFS (1997.10) 15 17 34 24 18 18 28 35 22 25 2 238
BLO2B1 | Single Crystal Structure Analysis (1997.10) 7 3 9 15 15 10 13 10 7 6 1 96
BLO2B2 | Powder Diffraction (1999. 9) 13 26 35 46 42 39 35 36 26 4 302
BL04B1 | High Temperature and High Pressure Research (1997.10) 7 9 13 17 8 22 12 8 9 5 2 112
BLO4B2 | High Energy X-ray Diffraction (1999. 9) 6 15 8 18 12 20 36 17 7 139
BLOSW | High Energy Inelastic Scattering (1997.10) 7 4 14 5 10 9 10 17 14 6 2 98
BLO9XU | Nuclear Resonant Scattering (1997.10) 5 5 4 10 13 7 6 10 9 9 2 80
BL10XU: High Pressure Research (1997.10) 12 12 20 21 19 20 29 17 28 21 4 203
BL13XU | Surface and Interface Structure (2001. 9) 7 12 20 15 18 25 5 102
BL14B2 | Engineering Science Research Il (2007. 9) 1 1
2 BL19B2 Engineering Science Research I (2001.11) 6 14 20 17 8 10 1 76
£ | BL20B2 | Medical and Imaging T (1999. 9) 5 14 16 12 25 1 13 7 12 115
g BL20XU | Medical and Imaging II (2001. 9) 2 13 4 7 7| 15| 18 1 67
g BL25SU Soft X-ray Spectroscopy of Solid (1998. 4) 8 14 17 23 13 30 36 16 29 16 1 203
© | BL27SU: Soft X-ray Photochemistry (1998. 5) 5 8 10 19 17 25 43 36 22 28 213
g BL28B2 | White Beam X-ray Diffraction (1999. 9) 1 1 1 9 7 8 6 9 6 2 50
o | BL35XU : High Resolution Inelastic Scattering (2001. 9) 1 2 5 8 5 3 13 17 1 55
BL37XU | Trace Element Analysis (2002.11) 1 12 1 9 12 7 1 53
BL38B1 | Structural Biology Il (2000.10) 1 4 13| 25| 31 36 | 22| 12 2| 146
BL39XU: Magnetic Materials (1997.10) 12 7 18 5 1 16 10 10 18 10 5 122
BL40B2 | Structural Biology I (1999. 9) 1 16 24 30 31 30 27 29 15 4 207
BL40XU | High Flux (2000. 4) 1 1 3 3 3 9 9 1 11 5 3 59
BL41XU: Structural Biology T (1997.10) 15 14 21 30 35 49 53 50 43 25 3 338
BL43IR | Infrared Materials Science (2000. 4) 5 1 5 6 10 5 7 12 51
BL46XU | Engineering Science Research Il (2000.11) 1 3 6 3 8 11 4 9 1 46
BL47XU ! HXPES - MCT (1997.10) 6 9 13 9 6 17 24 24 17 13 1 139
BL11XU ! Quantum Dynamics (1999. 3) 3 3 1 1 2 1 4 15
E BL14B1 | Materials Science (1998. 4) 2 2 9 5 1 3 3 4 1 30
S BL15XU§ WEBRAM (2002. 9) 4 4 8 6 5 27
g_g BL17SU: RIKEN Coherent Soft X-ray Spectroscopy (2005. 9) 1 2 3
3 € BL19LXU! RIKEN SR Physics (2002. 9) 1 3 1 5
2 $ BL22XU ! Quantum Structural Science (2004. 9) 1 3 1 5
= P [ BL23SU_Actinide Science (1998. 6) 1 2] 1 4] 2] a| of 8] 2 33
g BL29XU: RIKEN Coherent X-ray Optics (2002. 9) 1 1 3 1 6
BL44B2 : RIKEN Structural Biology IT (1998. 5) 1 2 2 1 2 3 1
BL45XU | RIKEN Structural Biology I (1997.10) 1 2 6 5 9 11 5 6 10 2 2 59
Subtotal 102 | 130 | 259 | 302 | 352 | 462 | 509 | 483 | 476 | 373 57 | 3505
BLO8B2 | Hyogo Prefecture BM (2005. 9) 0
BL11XU: Quantum Dynamics 2 3 3 2 3 7 7 7 10 4 48
BL12B2 | NSRRC BM (2001. 9) 1 3| 16| 20| 22 3 2 67
» BL12XU:! NSRRC ID (2003. 2) 1 5 6 6 8 26
2 | BL14B1 | Materials Science 2 2 4 7 5 7 5 3 3 9 47
‘E | BL15XU! WEBRAM (2001. 4) 3| 15| 12 4 3| 13| 10| 16 2 78
S | BL16B2 | Sunbeam BM (1999. 9) 9 3 1 1 2 6 2 2 26
% BL16XU! Sunbeam ID (1999. 9) 1 1 1 1 4 4 4 2 2 20
®© | BL22XU! Quantum Structural Science 1 3 12 9 2 27
g BL23SU ! Actinide Science 3 2 13 1 1 13 5 5 5 5 4 77
o BL24XU ! Hyogo Prefecture ID (1998.10) 5 13 21 18 12 11 8 6 12 4 110
BL32B2 | Pharmaceutical Industry (2002. 9) 6 3 2 2 4 17
BL33LEP: Laser-Electron Photon (2000.10) 4 3 3 2 1 13
BL44XU ' Macromolecular Assemblies (2000. 2) 1 9 11 18 26 31 21 9 3 129
Subtotal 16 24 59 71 74 92 93 98 84 65 9 | 685
» | BL17SU; Coherent Soft X-ray Spectroscopy 2 5 4 7 17 2 37
_g BL19LXU: SR Physics 1 4 3 2 1 6 11 12 3 53
g BL26B1 | Structural Genomics T 2 18 35 22 19 19 115
& | BL26B2 : Structural Genomics II 1 5 4 6 6 16 38
= | BL29XU| Coherent X-ray Optics 2 15 9 18 11 13 5 12 13 2 100
g BL44B2 | Structural Biology Il 4 13 19 20 29 22 18 17 17 13 172
@ | BL45XU | Structural Biology T 7 17 16 14 21 20 17 16 13 11 1 153
Subtotal 12 32 54 46 73 89 98 81 86 92 5 668

[ Rardware 7 Software R & D 120 | 12| 69| 20| 26] 22| 18] 23| 5] 6| o] 321]

I NET Sum Total | 222 | 183 | 371 | 372 | 439 | 569 | 616 | 567 | 575 | 470 | 63 | 4447 |

NET Sum Total : EERICEHR S W TV I HH (ARICKRRL TVWEWVWERLSHCET 2 X e &)

BHE—LZFM1> BL) PEDERPSEIHIEEINETNDE—LFIA>THI > b L7,

DT —RIIMIREREERT — 2N — X (http://www.spring8.or.jp/ja/users/intellectual_property/article/publicfolder_view) (2200953831 H
FTCILBRINALT—RICEDVTHY ., SEERINZAEEE» Y ET,

« AREGHIIRIRIE TSPring-8 TIT o 72 E WD R M HER TE 2B DDA ELTWVWET, SPring-8TORREHIFICT 215
E130T SPring-8 DENE—LTA > Tiroicb VI EBRE AN TT IV,
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R FERERRFXRIESFE (2009F3H31HIRHE)

* FIAEZBABIRIY & EOEREZ TR . SPring-8%2F|A L&V EERDIBERBTCELBDDAESAT > b

Beamline Name Pulsalifcgse R’;eafl%reergd Proceedings pub%g;?irons Total
BLO1B1 | XAFS (1997.10) 238 40 36 314
BLO2B1 : Single Crystal Structure Analysis (1997.10) 96 11 18 125
BLO2B2 | Powder Diffraction (1999. 9) 302 15 44 361
BL0O4B1 | High Temperature and High Pressure Research (1997.10) 112 8 27 147
BL04B2 : High Energy X-ray Diffraction (1999. 9) 139 6 22 167
BLOBW | High Energy Inelastic Scattering (1997.10) 98 7 30 135
BLO9XU | Nuclear Resonant Scattering (1997.10) 80 14 18 112
BL10XU ! High Pressure Research (1997.10) 203 14 36 253
BL13XU | Surface and Interface Structure (2001. 9) 102 7 26 135
BL14B2 | Engineering Science Research Il (2007. 9) 1 2 3
» | BL19B2 | Engineering Science Research 1 (2001.11) 76 30 34 140
_g BL20B2 | Medical and Imaging T (1999. 9) 115 46 44 205
g BL20XU | Medical and Imaging II (2001. 9) 67 4 32 140
g BL25SU Soft X-ray Spectroscopy of Solid (1998. 4) 203 4 26 233
o BL27SU | Soft X-ray Photochemistry (1998. 5) 213 11 19 243
§ BL28B2 | White Beam X-ray Diffraction (1999. 9) 50 13 13 76
Q. | BL35XU : High Resolution Inelastic Scattering (2001. 9) 55 5 4 64
BL37XU | Trace Element Analysis (2002.11) 53 8 26 87
BL38B1 ! Structural Biology Il (2000.10) 146 10 9 165
BL39XU | Magnetic Materials (1997.10) 122 11 45 178
BL40B2 | Structural Biology II (1999. 9) 207 7 39 253
BL40XU | High Flux (2000. 4) 59 12 30 101
BL41XU : Structural Biology I (1997.10) 338 2 32 372
BL43IR | Infrared Materials Science (2000. 4) 51 10 23 84
BL46XU | Engineering Science Research Il (2000.11) 46 9 8 63
BL47XU : HXPES - MCT (1997.10) 139 68 61 268
BL11XU ! Quantum Dynamics (1999. 3) 15 2 17
E BL14B1 | Materials Science (1998. 4) 30 1 8 39
O w BL15XU | WEBRAM (2002. 9) 27 13 8 48
% 2| BL17SU " RIKEN Coherent Soft X-ray Spectroscopy (2005. 9) 3 3
2 ‘€| BL19LXU | RIKEN SR Physics (2002. 9) 5 1 6
ag BL22XU Quantum Structural Science (2004. 9) 5 5
3 BL23SU | Actinide Science (1998. 6) 33 4 10 47
03_ BL29XU | RIKEN Coherent X-ray Optics (2002. 9) 6 1 7
BL44B2 | RIKEN Structural Biology II (1998. 5) 1 3 14
BL45XU | RIKEN Structural Biology I (1997.10) 59 5 9 73
Subtotal 3505 434 744 4683
BLO8B2 : Hyogo Prefecture BM (2005. 9) 0
BL11XU | Quantum Dynamics 48 2 5 55
BL12B2 | NSRRC BM (2001. 9) 67 67
§ BL12XU NSRRC ID (2003. 2) 26 5 31
E BL14B1 : Materials Science 47 7 19 73
g BL15XU | WEBRAM (2001. 4) 78 1 11 90
m BL16B2 | Sunbeam BM (1999. 9) 26 8 32 66
S | BL16XU | Sunbeam ID (1999. 9) 20 5 31 56
*E BL22XU | Quantum Structural Science 27 1 3 31
8 BL23SU | Actinide Science 77 18 50 145
BL24XU | Hyogo Prefecture ID (1998.10) 110 15 37 162
BL32B2 | Pharmaceutical Industry (2002. 9) 17 3 20
BL33LEP ! Laser-Electron Photon (2000.10) 13 22 3 38
BL44XU | Macromolecular Assemblies (2000. 2) 129 20 149
Subtotal 685 84 214 983
o | BL17SU | Coherent Soft X-ray Spectroscopy 37 5 4 46
& ['BL19LXU | SR Physics 53 4 14 71
E | BL26B1 | Structural Genomics 1 115 1 15 131
g BL26B2 | Structural Genomics II 38 1 9 48
5 BL29XU | Coherent X-ray Optics 100 21 18 139
¥ | BL44B2 | Structural Biology I 172 3 13 188
T | BL45XU | Structural Biology T 153 5 33 191
Subtotal 668 40 106 814

| Hardware / Software R & D | 321 \ 387 \ 362 | 1070 |

| NET Sum Total | 4447 \ 823 | 1084 | 6354 |

Refereed Papers : Eixa V) DRZFHL. . BBV DO TAL —F 1 > J EELHX

Proceedings : &4 LT —F 1 >

Other publications : FEXRHX P HIR T, EEEOZDICH TR ESAVWHD (M. BITAR. B, Z0ME LTEHIWEZDHD)
NET Sum Total :
BHE—-—LZ1> BL) »PSDERPSEDIHILFRINETNDOE-LFATHI ML

K”ﬁiﬁuiﬂﬂﬁﬂ%’(SPring 8T o/ E VWD RBRPHERTEALZHDDAHE L TWVWET, SPring-8 TORE % 5w
HIZTBHBENLTSPring- 8N ENDE —LTA > TiTo/EVIEBREANRTTI L,
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Abstract

High performance Si ultra-large scale integrated circuits (ULSI) are constantly advancing with scaling-down of

metal-oxide-semiconductor field effect transistors (MOSFETs). However, for conventional scaling-down of

MOSFETs, we are facing serious issues that are caused by specific physical limits of materials traditionally used. It is

required to actively introduce new materials, new process technologies and new device structures, in order to

overcome these problems that cannot be solved only with scaling technology of ULSI. We can investigate the chemical

bonding structure and the electronic state at the interface buried in the complex multilayered structures of recent MOS

devices by using a hard X-ray photoelectron spectroscopy (HAXPES), whose features are a long mean free path of

photoelectrons, a large spectrum intensity, a high energy resolution, a high throughput, and a non-destructive

measurement. In this study, we investigated the chemical bonding characteristics and the energy band structures of

various multilayered samples by using HAXPES and aimed to establish the accurate analysis method for Si

nanoelectronics.
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Abstract

We developed time-resolved two-dimensional ultra-small-angle and small-angle X-ray scattering at BL20XU and

BL40B2 and applied the method to investigate the change of aggregate structure of nanoparticles in stretched rubber.
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Introduction

During fetal life, the lungs are liquid-filled and are not
required for gas exchange which occurs across the
placenta. However, at birth, the responsibility for gas
exchange falls immediately upon the lung (5, 6), but to
perform this task the airways must be cleared of liquid to
allow the entry of air. The entry of air not only allows the
onset of pulmonary gas exchange, but also initiates a
major increase in blood flow through the lungs as well as
the closure of vascular shunts that allow blood to by-pass
the lungs during fetal life. These changes are essential

for the survival of the newborn infant (7).

Infants born very preterm (<28 weeks of gestation)
commonly have difficultly initiating and maintaining
breathing after birth because their lungs are very
immature (17). In particular, the lungs of preterm infants
are unable to develop and maintain air within the lungs at
the end of expiration. This is largely because they are
unable to successfully clear the liquid from their airways
which reduces the gas volume of the lung and restricts its
ability to exchange gases. As a result, the increase in
pulmonary blood flow is also restricted and the vascular
shunts that by-pass the lungs do not close. Understanding
the factors that promote lung aeration and airway liquid

clearance at birth are vital to improving the treatment of

babies born very preterm. Preterm birth is a major
problem in most societies, occurs in ~10% of all births,
and is the leading cause of death and disease in newborn
babies (14). At SPring-8, we have developed an imaging
technique, called phase contrast (PC) X-ray imaging that
can image the lung with high resolution (15). In
particular, it has allowed us to investigate the process of
lung aeration at birth in spontaneously breathing as well

as mechanically ventilated newborn rabbit pups.

Phase contrast (PC) X-ray imaging

Phase contrast X-ray imaging exploits the differences in
refractive indices between air and water to greatly
enhance image contrast of the air-filled lung; a
comparison between normal absorption contrast and
phase contrast for imaging a bubble in water is displayed
in figure 1. When X-rays pass through the lung, the X-rays
are refracted at each boundary between air and water due
to the refractive index differences between these media.
As the lung is mostly comprised of air (~80% by
volume) located within millions of small air sacs that are
surrounded by thin ribbons of tissue (mostly comprised
of water), PC is particularly useful for imaging the lung
(13,16, 23). Using this technique, the lung is not visible
when it is filled with liquid and only becomes visible as
it fills with air after birth (Fig. 2) (8). We have used this
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technique to image newborn rabbit pups to investigate
the factors that regulate the rate and pattern of lung
aeration after birth. The information obtained is
beginning to influence the way in which preterm infants
are ventilated immediately after birth in those infants

requiring assistance.

(@)

Figure 1 Contrast due to X-ray absorption (a) is
unable to clearly resolve the air bubble
whereas phase contrast X-ray imaging (b) can

clearly resolve the same air bubble.

Figure 2 Phase contrast X-ray image of the lungs of a
rabbit pups delivered at term and imaged (a)
before the onset of lung aeration, when the
airways are liquid-filled and (b) 1 hour after the
onset of air breathing The trachea and the
margins of the lung lobes can also be observed.

Lung liquid clearance at birth

Despite major advances in the care of very preterm
infants, these infants continue to suffer from debilitating
lung disease (1, 3) which can extend for many months
after birth and continue into childhood. As airway liquid
retention is a significant cause of respiratory morbidity
after birth, the factors regulating airway liquid clearance
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are very important. The current proposed mechanism for
airway liquid removal suggests that increased adrenaline
secretion, caused by the stress of labour, activates
mechanisms that result in the transport of Na* out of the
airway lumen (9, 18). This creates an osmotic gradient
that promotes the movement of water in the same
direction (11, 19). However, our recent phase contrast
imaging studies, performed at SPring-8, indicate that Na*
reabsorption is unlikely to be the main mechanism
responsible for clearing airway liquid after birth. This
was demonstrated in both spontaneously breathing term

pups as well as mechanically ventilated preterm pups.

Lung liquid clearance and lung aeration in spontaneously
breathing newborn rabbit pups

Our findings indicate that the creation of a pressure
gradient between the airways and the surrounding lung
tissue during inspiration is largely responsible for airway
liquid clearance at birth. In rabbit pups delivered at term
(31 days of gestation) and allowed to breathe
spontaneously, the increase in gas volume of the lung was
almost totally associated with inspiration. This was
demonstrated by both physiological recordings as well as
by the PC X-ray images (Fig. 3). We found that pups
inhale more air than they exhale, with the difference in gas
volume remaining in the lung at end expiration (Fig. 3).
As a result, the gas volume of the lung accumulates with
each successive breath allowing some pups to fully
aerate their lungs within 5-6 breaths after birth. This is
much more rapid than previously considered and ~95%
of the total increase in lung gas volume occurred during
successive breaths. In contrast, <5% of the increase in
gas volume could be attributed to other non-breathing
related mechanisms such as Nat reabsorption (21).

In view of these findings, we have proposed that airway
liquid clearance is driven by inspiration which creates a
hydrostatic pressure gradient between the airspaces and
surrounding lung tissue. Contraction of the diaphragm
during inspiration causes the chest to expand which
creates a sub-atmospheric pressure in both the lung tissue
surrounding the airways as well as in the space between
the chest wall and the lung (intrapleural space). This
causes the lung to expand, allowing air to enter the
airways. Although the pressure in the airways also
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Figure 3 The resting gas volume of the lung increases
after birth with each subsequent breath.
Individual breaths are indicated by arrows
(from ref. 23).

initially decreases during inspiration, the decrease is not
as large as the pressure decrease in the surrounding
tissue. As a result, a hydrostatic pressure gradient is
created across the airway wall during inspiration which
draws water from the airspaces into the lung tissue. Our
ability to observe the lungs as they transition from a
fluid-filled to an air-filled state using PC X-ray imaging
has highlighted the role of this mechanism in airway
liquid clearance, which has been largely overlooked

previously.

Lung aeration in mechanically ventilated preterm
rabbit pups

Preterm newborns are born at a stage of lung development
when the lungs are stiff, difficult to inflate, prone to
collapse and have difficulty in clearing liquid from their
airways. As a result, many of these infants require
assistance, usually in the form of mechanical ventilation,
from the first breath after birth (4, 12). Mechanical
ventilators apply a positive pressure to the airways and
thereby force air into the lungs in order to inflate them.
However, large regions of the lung can remain fluid-filled
and so ventilation can only occur in aerated regions, which
exposes those regions to a high risk of injury (2). A major
focus of neonatal respiratory research is to develop
resuscitation techniques that uniformly aerate the lung and
cause minimal damage to it. We have gained considerable
insight into the best methods of ventilating very preterm
infants using PC X-ray imaging.

Based on our knowledge that airway liquid clearance is

determined by the application of a pressure gradient
across the airway wall, we have investigated the use of
ventilation techniques that enhance this pressure gradient.
In particular, we have examined the effect of applying a
positive pressure on the airways at end-expiration; this is
called PEEP. We found that in the absence of PEEP,
pups did not retain air in their lungs following expiration.
As a result, the lungs are visible only during inspiration
(Fig. 4) and become invisible again at the end of
expiration because the airways either re-fill with liquid or
collapse; this is known to injure the lung. On the other
hand, the application of PEEP caused air to accumulate in
the lung with each breath, just as spontaneously breathing
pups did when delivered at term (20). Consequently, the
lungs are visible throughout the entire respiratory cycle
and the distal airways remain aerated even at the end of
expiration (Fig. 4). This finding confirms that airway
liquid clearance results from a hydrostatic pressure
gradient applied across the airway wall and that the
application of PEEP is essential for the accumulation of

OPEEP

S5PEEP

FRC

End-inspiration

Figure 4 Phase contrast X-ray images of preterm
rabbit pups ventilated with (5PEEP; b & d) and
without (OPEEP; a & c) a positive end-
expiratory pressure (PEEP). Images were
acquired at either end-expiration (FRC; a & b)
or end-inspiration (c & d) (from ref. 22).
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air in the lung at birth in ventilated newborn infants.
Currently, PEEP is not recommended for use by the
International Liaison Committee on Resuscitation (10),
but our imaging studies indicate that this may need re-

evaluation.

We have also investigated the benefits of applying a
sustained (up to 20 secs) inflation of the lung during the
first breath after birth. PC X-ray imaging demonstrate
that this technique is very successful at uniformly
aerating the lung before tidal breathing commences. By
applying a prolonged elevation in airway pressure, a
sustained inflation maintains a pressure gradient across
the airway wall for a prolonged period of time, thereby
facilitating liquid clearance from the airways. As this is
a time-dependent process, we found that a sustained
inflation was very effective at clearing the airways of
liquid (22).

Conclusion

In spontaneously breathing newborn rabbits, lung
aeration was observed to occur in close association with
inspiration, indicating that hydrostatic pressure gradients
across the airway wall play an important role in airway
liquid clearance at birth. This challenges the current
model of airway liquid removal and postulates that
hydrostatic pressure gradients are the primary
determinant of airway liquid removal after birth.
Consistent with this proposal, we have shown that
mechanical ventilation using techniques that enhance or
sustain the pressure gradient across the airway wall
enhance airway liquid clearance after preterm birth. By
being able to observe the process of lung aeration using
PC X-ray imaging we have been able to greatly advance
our understanding of the factors regulating the transition
of the lung to air breathing at birth. Such information
will greatly improve the techniques used to assist
ventilation in very preterm infants who are unable to

sustain their respiratory needs after birth.
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1. Introduction

With the proliferation of electronic devices, the need for
non-volatile, archival storage is ever increasing. The use
of optical information encoding has proven to be a
stalwart of long-term storage and is most often
encountered in the form of the DVD standard. In the
rewriteable form of the DVD, here exemplified by DVD-
RAM media, information is stored as amorphous marks on
a crystalline background. For the case of DVD-RAM, the
recording layer is based upon an alloy of Ge, Sb, and Te,
specifically the Ge,Sb,Tes composition. Ge,Sb,Tes is an
indirect semiconductor with an optical bandgap of
approximately~0.5eV. The properties of these materials
are unusual from several perspectives. First, the
differences in electronic and physical properties of the
amorphous and crystalline phases of Ge,Sb,Tes are
atypically large when compared to other semiconducting
compounds such as Si or GaAs. In typical semiconductors,
the creation of an amorphous phase typically results in the
broadening of sharp features in the density of states and
band tailing in the forbidden gap leading to small changes

in minor changes in electronic effects such as the complex
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index of refraction and a smaller bandgap, respectively. In
addition, the asymmetry of the interatomic potential often
leads to an increase in bonding lengths.

In contrast to this behavior, the changes seen between
the crystalline and amorphous phases of Ge,Sb,Tes are
unusually large. Collectively, Ge,Sb,Tes and materials
with similarly large differences between the crystalline
and amorphous phases are often referred to as phase-

oVWVO

J(R)

0 R
Schematic view of the interatomic potential.
Distortions introduced from in an amorphous

phase typically result in the lengthening of
interatomic bond lengths.

Figure 1



change materials (PCM). An additional impetus for
obtaining a deeper understanding of PCM in general and
Ge,Sb,Tes in particular, is that the large changes in
electronic structure that Ge,Sb,Tes experiences in the
amorphous-crystalline phase transition also brings about
a three order of magnitude decrease in resistivity. This
large change along with the nanosecond scale timescale
of the transition, make Ge,Sb,Tes one of the most viable
candidates for electrically based phase change memory
PCRAM with the ultimately goal of achieving
nonvolatile memory with DRAM like speeds and
densities but, without the slow speed and limited lifetime
of oxide-based FLASH memory.

Ge,Sb,Tes is also unusual in that the crystalline phase
used for recording purposes assumes a different,
metastable structure than the equilibrium bulk hexagonal
phase. While all of the previous statements form a good
reason for trying to understand the switching mechanism
in Ge,Sb,Tes, however, there are two additional factors
that motivate in particular the use of synchrotron
radiation. First, is the fact that the metastable and
amorphous phases can only be formed in thin film form.
In particular, the extremely large quench rates required
for the amorphous phase with cooling rates in the range
108~10'% K/s being reported necessary to generate the
amorphous phase[8]. This condition acts as a two edge
sword, allowing very rapid write times, an attribute ideal
for memory applications, but at the same time limits film
thickness to a few tens of nanometers making analysis by
conventional means more dfficult. Second, is the fact
that the amorphous phase is not readily observable using
diffraction. X-ray absorption spectroscopy (XAFS) on
the other hand is an elementally specific technique that
allows examination of local order in both the amorphous
and crystalline phases without additional complications
due to coherence induced peak broadening. Fig. 2 shows
a schematic diagram of the XAFS absorption process.

In XAFS, an incoming photon photo-excites a core
electron to the vacuum level. The resulting outgoing
photoelectron wavefunction is scattered by differences in
the atomic potential from neighboring atoms and the
backscattered contributions lead to quantum mechanical
interference in the final quantum state. This quantum
mechanical interference in turn leads to variations in the

x-ray absorption cross section of the material being
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Figure 2 Schematic view of the x-ray absorption process
in which an x-ray excites a core electron to the
vacuum level in the form of a photoelectron.
Backscattering from neighboring atoms of the
outgoing photoelectron wavefunction gives rise to
quantum mechanical interference and a
concomitant oscillatory behavior in x-ray
absorption with incident x-ray energy.

investigated due to the decrease that occurs in the
photoelectron wavelength with increasing x-ray energy.
The short (femotsecond order) lifetime of the core hole
means that XAFS is an extremely fast process.

The same short lifetime of the core hole also limits the
real-space distance probed from a few nanometers for
photoelectron energies less than~40eV (XANES region)
to less than Inm for higher energies. This short
coherence length allows the probing of both the
amorphous and crystalline phases on a similar basis. The
experimental quantity used as the starting point in XAFS
analysis is (k) derived by subtracting the isolated atomic
absorption from the observed changes in x-ray absorption
with energy and converting to momentum k using the
dispersion relation for appropriate for electrons. In XAFS,
static and thermally induced displacements of interatomic
distances are expressed in terms of a mean squared
relative displacement factor which can be thought of as a
two-site correlated Debye-Waller factor showing disorder
along the bond direction. This is in contrast to the case of
x-ray diffraction for which disorder as expressed by the

Debye-Waller factor is about a single site.
2. Ge-Sbh-Te Alloys

We have used XAFS to examine the local order about
each constituent atom in both the crystalline and
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amorphous phases of Ge,Sb,Tes. Fig. 3 shows the
realspace k> weighted Fourier transform of the x-ray
absorption signal (k) for the k-edges for each of the
constituent elements. The x(r) signal allows the realspace
origin of the interference signal to be visualized and is
somewhat analogous to a radial distribution function
with a couple of caveats, first that as it is an interference
function, destructive interference can give rise to dips or
peaks in the spectra that are not due to the presence of
atoms and second, the presence of a phase-shift in the
wavefunction due to the presence of interatomic
potentials results in a apparent shift in position to smaller
r-values. Fig. 3 shows the Fourier transform of the k?
weighted yx(R) data for both crystalline (dotted) and
laser-reamorphized (solid) Ge,Sb,Tes for the k-edges of
Ge, Sb, and Te[3]. It is apparent from the three spectra
that there a systematic shift to shorter bond lengths in
going from the crystalline to the amorphous phase. At
the same time, the (R) data for all three edges indicates
significantly, shorter nearest neighbor bond lengths for
the amorphous phase versus the crystalline phase. While,
powder x-ray diffraction studies have demonstrated that
the average structure of the crystalline phase is rock-
salt[12], a careful analysis of the XAFS data reveals the
presence of Peierl distortion which results in the splitting
of the Ge-Te and Sb-Te bonds into shorter and longer
bonds[3]. Unlike x-ray diffraction, XAFS fringes are the
direct result of quantum mechanical interference about a

single site. The XAFS mean square displacement data

also suggest the presence of a significant amount of
possibly thermally induced disorder about the Ge atom
site in particular reflecting the softness of the bonds to
Gel6].

Unusually, the amorphous phase shows significantly
less disorder and shorter bond lengths than the crystalline
phase. The bond lengths as determined by XAFS show a
value of 2.83A for the crystalline phase and 2.61A for
the amorphous phase. These factors and others led
Kolobov et al to conclude that the local Te coordination
of Ge atoms changes from a distorted octahedral to
tetragonal upon the transformation from the crystalline to
the amorphous phase[5]. Fig. 4 shows a schematic view
of the local Te environment surrounding a Ge atom. For
simplicity other atoms have been omitted from the figure
and it should be noted that Ge atoms may have additional
atoms near them other Te. It should also be noted that the
formation of the amorphous phase is a stochastic process
and this is a simplified picture. The aforementioned
change in the local structural environment of Ge gives
rise to characteristic changes in the near-edge structure
(XANES region in Fig. 2); the collective nature of the
scattering process in the XANES region and the
increased distance probed captures characteristics of the

three dimensional structure about the Ge atom.

3. Experiment
Optical experiments in which a pump laser induces

changes in a layer of phase-change material while a
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Figure 3 Experimental k2 weighted Fourier transforms of x (R)for Ge, Sb, and Te K-edges in amorphous (solid)
and crystalline (dotted) phases of Ge,Sb,Tes. Note that phase shift effects have not been removed from the
data resulting in an apparent shift to smaller y values. See text for details.
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Figure 4 Simplified view of the local Te environment of Ge atoms in both the
crystalline (left) and amorphous (right) phases of Ge,Sb,Tes. Only the local
Te coordination has been shown and other atom types have been omitted for
simplicity.

second, lower intensity laser probes changes in optical
constants have shown characteristic switching times as
low as 50ns for Ge,Sb,Tes[9, 10]. It is also important to
note that the crystallization time of the laser reamorpized
phase is significantly faster than that of as-deposited
sputtered material; significant differences in local order
have also been reported between as-deposited and as-
sputtered Ge,Sb,Tes[1]. Somewhat more unclear is the
origin of differences in optical pump-probe observations
observed by different groups, a fact compounded by the
complicated and multiple origins of optical properties.
While phenomenological changes can be observed using
optical pump-probe techniques, the underlying changes
in structure that ultimately give rise to the optical changes
are more obscure. To address this knowledge deficit, we
have applied synchrotron-based time-resolved XAFS.
There are several advantages in using synchrotron based
XAFS techniques to time resolve the changes occurring
during optically induced switching in phase-change
materials. First, XAFS allows probing of the local
structure of the amorphous and crystalline phases on an
equal basis without concern for coherence length effects
that alternative spectroscopies such as diffraction suffer
from. Second, the time-structure of x-ray generation of a
synchrotron is well matched to the hundreds of
picosecond time scale of the phase-change transition
process. In a synchrotron, x-rays are generated as a

consequence of (angularly) accelerated electrons in a

storage ring. The electron bunch structure in a synchrotron
is defined by the storage ring lattice; only electrons that
are synchronous with the electrodes in the RF acceleration
cavity receive energy each pass causing the electrons in
each bunch to have a well defined energy and hence orbital
speed. While an electron bunch is accelerated due to a
magnetic field, an x-ray pulse is generated. For SPring-8,
this leads to an orbit time of 4790ns (208.73kHz) for a
single bunch and a corresponding bunch duration of about
40ps; the generated x-ray pulses have the same time
structure as the electron bunch. Typical optical
pump/probe experiments introduce an additional path to
provide a temporal delay for a probe beam split off from
the pump beam to maintain synchronization. For
synchrotron based experiments, however, the period
between x-ray bursts is determined by the orbit time
around the storage ring of an electron bunch. The
synchrotron thus must serve as the ultimate time base for
any pump probe experiment. The current experiment was
developed and carried out at SPring-8 using beamline
BL39XU. The beamline is equipped an standard in-
vacuum undulator with a (111) diamond double crystal
diffractometer. Higher harmonic rejection is achieved
using a Rh-coated mirror. An x-ray microbeam was
generated using a Kirpatrick-Baez mirror fabricated from
Si; the mirror has an estimated flux of 1 X 1010ph0t0ns/
second for approximately a 1pm diameter x-ray beam

[11]. The experiment was typically operated in a hybrid
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Figure 5 Schematic of the instrumentation layout used for the time-resolved experiments.

mode in which the average current in the bunch used for
the experiment was between 2-3mA. Fig. 5 shows the
schematic layout of instrumentation used for the
experiment[2].
4. Timing

As the RF signal used to compensate for energy losses
of electrons as they transit the ring is intrinsically phase
locked to the temporal position of the x-ray pulses, the
time base for the current experiment was derived from a
suitably divided down signal generated from the RF
signal used by the ring; in these experiments, the laser
was triggered at a frequency of approximately 50kHz.
This signal was then introduced into a digital delay
generator. To compensate for propagation time offsets
for both the optical pump and the x-ray probe pulses,
their relative position was assessed using an avalanche
photo diode (APD) that could detect both x-ray and
pump photons and the offsets were adjusted accordingly.

The delay generator has two output channels each of

163 SPring-8 Information,/Vol.14 No.2 MAY 2009

which can be delayed by a user settable values in 10ps
increments. One output was directed to the trigger
electronics of the pump laser, while a second served as a
trigger signal for a multichannel gated photon counter.
Using this signal the two channels of the gated photon
counter integrated the incident beam I, and fluorescence
I signal intensities. A thin amorphous silica plate served
as a scattering source to monitor the intensity /, of the
particular bunch used for the pump-probe experiment. A
second delay generator was used to trigger two
additional channels in the gated photon counter to
monitor both /;, and 7 for the same electron bunch exactly
one orbit earlier. The x-ray absorption signal was thus
continuously monitored both with and without the pump
laser. The baseline signal obtained in this manner
provided conclusive evidence that the changes observed
were indeed to the pump laser. The use of a nanosecond
window for the photon counter provided robust

insensitivity to background noise as the counter only



operates when there is an XAFS signal to be measured;
the detector signal is only used when there is a
corresponding laser pump pulse. The local structure
around Ge atoms in Ge,Sb,Teswas probed in these initial
experiments using the Ge K-edge (11.1keV). Ge K-«
fluorescence photons were converted to visible light
using a fast plastic scintillator with a~ Ins rise time
which was then in turned into an electrical signal using a
fast photomultiplier. An additional digital delay
generator was used to trigger an optical probe laser to
provide optical data taken simultaneously with the x-ray
probe experiment.

In our optical-pump/x-ray probe experiments, we used
a Ge,Sb,Teg sample grown on an optically flat silica disk
which was rotated at a speed sufficient to avoid the
20pm pump laser spot size falling in the same spatial
location for two sequential pulses. The x-ray probe beam
was about 2-3pum in size and was directed anti-parallel to
the optical pump beam to minimize the effects of jitter in
the ultra low wobble sample mount. A second CW
recrystallizing laser was directed towards the sample
such that it was incident on the same circular arc as the
amorphization laser ensuring that the Ge,Sb,Tes was re-
crystallized before the amorphization pulse of the optical

Rotation Axis (ym)

pump laser hit the sample. Fig. 6 shows a fluorescence
map taken using the~1-2num x-ray beam with the
monochromator fixed at the white line position. As the
relative white line intensities of the laser re-crystallized,
as-deposited, and re-amorphized regions decrease in
order, the relative sizes of the different regions can be
clearly seen in the figure. The x-ray probe beam was
slightly less than the size of a single pixel in the image.

5. Experiment

In the experiment, a pump laser with a duration of
600ps was chosen as it gives rise to a similar excitation
process as that which occurs in optical memory
recording. The pump pulse is sufficiently long that the
excitation process can be thought of as inducing
predominately thermal processes although the fact that
Ge,Sb,Tes is a semiconductor[7] implies that the large
photon density present during excitation may lead to
possible preferential bond breaking effects[4]. XAFS
spectra were collected to approximately 12A°! by fixing
the delay between the excitation laser and the probe x-
ray pulse and then step scanning the monochromator
from approximately 100eV below to~600eV above the
edge. At each energy point spectra, were integrated for a

Figure 6 Ge x-ray fluorescence map taken with the monochromator fixed at the white line
position (E~11103eV). In the figure, the as-deposited (blue), laser re-crystallized
(red), and laser re-amorphized (yellow) regions can be seen.
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fixed delay until sufficient signal to noise was achieved.
A typical scan required about 80 minutes to complete.
The maximum current in the electron bunch used varied
from approximately 2-3mA depending on fill mode.

The relative delay of the x-ray probe to the pump laser
was varied over 250ps steps in the vicinity of time t=0.
Fig. 7 shows some typical k> weighted Fourier
transforms of (R) data calculated using the k-range 2-
8A for a few different delays. The re-crystallized (blue)
and re-amorphized (yellow) traces represent the starting
and ending points of the transition from the crystalline to

amorphous state.

— re-crystallized
—— 0.5 nsdelay
— 1.25 nsdelay
—— 6.0 ns delay
reamorphized

R(A)

Figure 7 k2 weight x (R) data for various probe times
ranging as well as standard laser re-crystallized
and re-amorphized spectra taken using the
same apparatus.

6. Conclusion

Using the above procedure, we have shown that it is
possible to time resolve structural data on the hundreds
of picosecond time scale of the optical recording process.
The approach taken here is general and as lasers are used
for the heating part of the process, the same general
approach can be used to investigate the effects of
extreme temperatures and/or pressures in a wide variety
of materials. In the current experiment, the thickness of
the sample was limited to 50nm of thickness due to the
limited ability of the pump light to penetrate. This
corresponds to approximately 8 unit cells of Ge,Sb,Tes
or an equivalent of three monolayers of Ge
demonstrating the sensitivity of the approach. Our group
is currently in the process of analyzing the details of the
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data in the context of finite element calculations of the
temperature dynamics. Further details will be published

elsewhere.
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