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LICH D £9, BEEIC Ingolf Lindau Se/EIC BN L, LA
TO7 YA THMEERZITRVE L,

Monday, July 2,2012
08:50-09:00
09:00-09:05
09:05-09:25
09:25-10:25
10:25-10:40

Introduction of the committee members
Welcome (Y. Okada)

Charge to the review committee (H. Kawata)
ERL Project Overview (H. Kawata)

Coffee break

R TN



10:40-11:30  Development of the ERL accelerator technology
Overview (Y. Kobayashi)
11:30-12:20 ERL science case overview (S. Adachi)
12:20-13:30 Lunch
13:30-16:30  Accelerator developments and science case
“Development of High brilliant electron gun”
M. Yamamoto (KEK)
“Main linac developments toward 3 GeV ERL"
K. Umemori (KEK)
“Development of Injector Cryomodule for 3 GeV- ERL
project” E. Kako (KEK)
“X-ray FEL Oscillator as an extension of KEK ERL"
R. Hajima (JAEA)
“Prospects of dynamics in matter studied by x-ray
photon correlation spectroscopy”
H. Nakao (KEK)
“Time-resolved observation of inhomogeneous
chemical reaction on the surface”
K. Amemiya (KEK)
“Prospects for inelastic x-ray scattering with XFELO"
K. Ishii (JAEA)
16:30-17:30 Coffee break and Site visit of cERL(60 min)
17:30-18:00 “Summary of what we should do towards the
3 GeV-ERL construction”
H. Kawata (KEK)

18:00-19:00 Discussion <Closed Session>

Tuesday, July 3,2012

09:00-09:30 Discussion with project managers

09:30-10:30 Discussion <Closed Session>

10:30-11:30  Time for writing a preliminary report
<Closed Session>

11:30-12:00

13:30-14:00 Discussion with director general of KEK

(Ingolf Lindou, Jun-ichiro Mizuki)

Summary presentation

EHOIRPMILL T D@D T,

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?

3 GeV-ERL+XFEL-O DA &1 7 KSR,
1 high-gain FEL & ultimate A s L—31 > 7 & A1
THREZAE L TED, SETICTE a7l
YAV, Lieh > T, KEK OXIPDEIRF & L
TamHINICIRE SED LWIEAITH 5,

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
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FATCRBEREETHENNH 5723 GeV-ERL A LV A
F—AR CDRICHRENTVWBE Y AT AICBELT, #
LW ALY AMNERL THEAHINS T & EEIE LT
ZFLTESRDZYA LY AT —ADFD =D T — 27
av EABL TN T eEBD B, £V T T LN
ANODJER & U THIN E Nz EEHG O alfErE & Z D
TATZVAICEHLTEHEDTIT T2 ZEID S,

Question 3 - Development for accelerator technologies

A. Is the technical development for the accelerator
components for the cERL sufficient?

B. Is there anything to check the technical problem in
cERL before construction of the 3 GeV-ERL?

32737 b ERL OERICROEHIRZ 2T Tz, iR D%
FEAMCBELTHEEL TEHD, 2012 FERICE— Lz
9 LMY, cERL OER, Hiid 52 &Ick>T
Z < OIEIRELEITHEZR TN 3 GeV-ERL DRI HE L
52 EDWENT B, 12720, E—LDOZEICBLTE
575 5 BB RNEETH %o

Question 4 - Construction of 3 GeV-ERL

A. s the construction of the 3 GeV.ERL feasible under the
R&D planning of accelerator development?

B. Further recommendations for this item.

2012 4E70 5L S % cERL #%B&7%Z 70 L C 2014 4EJEIC
3 GeV-ERL DG ZF &2 LWV REELFT S, ZD
WEl 2N DM EEZ GO TED T 2 21D 5,
SBITONREY A MDERENTVED, ZOEKNET
B, SUNT—ZBOTEIMEZFRT 2 L z2E#hd 5,
B THOMIFICE LT, AFHEER &1L TR
IR ZHED B L0 S FlEZ ZHFd %, 2021 41T 3 GeV-
ERL DR ZHT T 2 &V ML, ZHICHhZEY Y
—ZADFAMTONIUITICARET H %

BUE, B ZKRERTT, [ETEZRAICEOR
#, PO R—LX=—VICHKTZTETIDT, FFL
iFeb bz lEL7ZE W (http://pfwww.kek jp/ERLoffice/
detabase/ERL_AC/index.html) .
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X-ray Talbot-Lau Interferometer for High-Speed Phase Imaging at BL-14C
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Abstract

A Talbot-Lau interferometer for high-speed x-ray phase imaging using white synchrotron radiation was constructed at BL-14C,

allowing for the vertical sample rotation axis during tomography. The distances of the gratings were set optimum for 28.8 keV x-rays.

An average moiré¢ fringe visibility of 20% was observed. High speed tomography of a polymer sphere was demonstrated via the Fourier

transform method at 500 projections/ sec. The results show the feasibility of four-dimensional imaging of non-rigid and fluid samples

at a time resolution of 1 second.

1. Introduction

X-ray phase imaging is a valuable tool in examining soft
materials which exhibit poor contrast in conventional x-ray
absorption imaging. This is because for low-Z elements, the
x-ray scattering cross section which is responsible for x-ray
phase shifts is a thousand times larger than the absorption cross
section. A review on the advances in x-ray phase imaging has
been presented in Ref. 1. Over the years, various techniques to
detect and measure the x-ray phase shift have been developed
especially in synchrotron facilities where highly brilliant x-rays
are available [1]. In particular, the techniques which utilize
crystal optics such as crystal interferometers and refraction-
based methods require collimated monochromatic x-rays hence
brilliant synchrotron x-rays are necessary in order to acquire
images at a practical exposure time.

In contrast with the crystal-based techniques, polychromatic
x-rays can be used for grating-based and propagation-based
methods [2, 3, 4]. This proves to be very advantageous in
advancing the x-ray imaging field towards fast imaging of
dynamic phenomena which has been performed by taking
advantage of the high flux of white beam synchrotron radiation.
X-ray phase contrast imaging by edge-enhancement through
propagation-based method to study the flow dynamics of
dense liquid jets has been reported [5]. Using the x-ray Talbot
interferometer with white beam synchrotron not only high-speed
x-ray phase contrast imaging has been accomplished, but time-
resolved x-ray phase tomography has also been performed [6, 7].

Fig. 1(a) shows the set-up of the x-ray Talbot interferometer
for high-speed x-ray differential phase imaging and x-ray phase
tomography utilizing white synchrotron radiation at BL-14C. It
is typically composed of a w/2 phase grating (G,) with pitch d,
and an amplitude grating (G,) with pitch d,. Assuming plane-

wave illumination of spatially coherent x-rays along the z-axis
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Figure 1 (a) X-ray Talbot interferometer and (b) X-ray Talbot-Lau
interferometer set-up at the BL-14C.

and gratings parallel to the x-y plane with its grating lines along
the x-axis, G, produces self-images for each wavelength of x-ray
1 at distances z; (1) = pd,’/. from G,, where p is the fractional
Talbot order which is an odd multiple of 1/2 for a n/2 phase
grating [8]. A phase object placed just in front of G, slightly
refracts the beam and distorts the self-image. When G, is placed
at z;, a moiré pattern is generated and the intensity distribution

is:

I(x,y; )= Z a,(1) exp{bmi ZTd(M ®,(x,y; ﬂ)} (M

where the coefficients a, (1) are dependent on the gratings’
transmission function and the spatial coherence of the x-rays.
The moiré pattern is a superposition of the self-image of G,
with the pattern of G,. The beam deflection ¢, (x, y; ) in the
y-direction at G, is related to the gradient of the phase shift
®(x, y; 1) of the x-rays passing through the phase object with
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refractive index 1 - d (x, y, z; 4) placed just in front of G;:

A 0D(x,y; A
(py(x’y;ﬁ)zi ( J )’ B

2
T @

where

2
O(x,y:4) = [ 837,24z 3

Taking into account the spectrum of the x-rays, the resultant
moiré pattern is:

I(x,y) = [dAP()I(x, y;2) 4)

where P(4) is the normalized spectrum function of x-rays. In
this case, the measured differential phase is considered to be an
average differential phase image. From the resulting distorted
moiré patterns, the differential phase shift due to the sample can
be obtained using the phase-stepping technique [2] or the Fourier
transform method [6].

Theoretically, for a n/2 phase grating as G,, the image
would be comparable to that obtained using monochromatic
x-rays for a spectral bandwidth A4/2 < 1/8 [2]. In the previous
high-speed x-ray phase imaging that has been performed using
a Talbot interferometer with white synchrotron radiation the
spectral bandwidth was larger than 1/8 but phase imaging and
tomography was demonstrated although with reduced image
quality [6, 7].

To generate the Talbot effect the spatial coherence
length of x-rays must be larger than pd, [2]. The spatial
coherence length of x-rays at a distance R from a source having
a Gaussian intensity distribution is given by L., = AR/ 270,
where ¢ is the standard deviation of the Gaussian distribution
and 4 is the wavelength of the x-rays. At the Photon Factory,
the horizontal and vertical standard deviation of the electron
bunches in the storage ring are 45 um and 570 pm, respectively.
=5.6 ym and L., , = 0.44 um at the

location of the Talbot interferometer which is 37 m from the

These correspond to Ly,
source. Hence, the gratings of the Talbot interferometer for p =
1/2 had to be oriented horizontally as illustrated in Fig. 1(a).

In many cases a vertical sample rotation axis is
preferable for tomography to eliminate the motion blur due to
gravity during rotation. Moreover, for observations of dynamic
phenomena in fluids the sample rotation axis has to be vertical.
To utilize our Talbot interferometer in these cases, the sample
rotation axis would have to be perpendicular to the gratings.
In x-ray phase tomography, the differential phase is integrated
to obtain the phase shift ® (x, y) followed by the conventional
filtered back-projection technique to obtain J (x, y, z) [2], or
alternatively, by reconstructing o (x, y, z) from plural projections

of the differential phase using the modified filtered back-
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projection [9, 10]. The phase shift outside the sample region
is assumed to be zero. If there is no such region along the
line of integration, the calculation of the phase shift and the
reconstruction of the tomograms become cumbersome. For these
kinds of samples, it is necessary to use a configuration in which
both the sample rotation axis and grating lines are vertical.
Hence, in this work an X-ray Talbot-Lau interferometer [11, 12]
was constructed to increase the spatial coherence of the x-rays
along the horizontal allowing for the vertical orientation of the

gratings and the sample rotation axis during tomography.

2. X-ray Talbot-Lau Interferometer Set-up

Fig. 1(b) illustrates the x-ray Talbot-Lau interferometer
set-up. It is composed of three gratings: a source grating (G,), a
phase grating (G,) and an amplitude grating (G,). The opening
width of G, must be small enough to produce vertically spatially
coherent x-rays for G1 to exhibit the Talbot effect. The distance
between G, and G, is R = pd,d,/4 and the pitch of source grating
d, must satisfy the ratio d, : R =d, : z,and so that the self-images
of G, superimpose constructively. In this configuration, the
distance between G, and G, is z, = pd,d,/A and the pitch d, must
satisfy the ratio d, : d,= (R+z,) : R [13, 14].

The Talbot-Lau interferometer was constructed at BL-
14C. We utilized a white synchrotron radiation from a 5-Tesla
vertical wiggler installed in the 2.5-GeV storage ring operating
at 50 mA ring current (single-bunch mode). The periods of
G,, G, and G, were 30 pm, 4.5 um and 5.3 pm, respectively.
The opening line width of G, was 10 um and the thickness of
the gold lines was 100 pm. The area of the source grating was
5 mm x 5 mm. The distances between the gratings were chosen
so that 28.8 keV x-rays are optimal: z, =277 mm and R =1.57 m
given the fractional Talbot order p = 1/2.

The visibility V= (I = Lnin) / Unax T Imin) Of the moiré
fringes for each detector pixel and the standard deviation of
the moiré phase shift were calculated via the fringe scanning
technique. A five-step fringe scan was performed by moving G,
across one period of the G, self-image. The exposure time for
each moiré image was 1.96 msec. The smallest detectable beam
deflection was calculated from the standard deviation of the
moiré phase shift.

To demonstrate the Talbot-Lau interferometer for high-
speed tomography, we employed the Fourier transform method
to obtain the differential phase images of a polyethylene (PE)
sphere of 3.2-mm diameter. G, was tilted against G, to generate
the carrier fringes. 500 projections were obtained as the sample
was rotated by 360° in 1 second. The exposure time for each
projection was 1.96 msec. We used an x-ray image detector
composed of a 20 pm-thick Y;AlL;0,,:Ce phosphor screen (P46
Hamamatsu), a coupling lens system (AA60, Hamamatsu) and
a CMOS camera (pco.dimax, PCO AG). The measured effective

pixel size of the detector system was 11.2 pm.
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3. Results and Discussion

An image of the moiré fringes generated by the
x-ray Talbot-Lau interferometer is shown in Fig. 2(a). The
average visibility of the fringes was 20%. The calculated
moiré phase shift due to the PE sphere is shown in Fig. 2(b),
which was obtained by the fringe-scanning technique. The
standard deviation of the moiré phase is 0.07 rad corresponding
to 0.2 urad smallest beam deflection that can be detected by
the Talbot-Lau interferometer. The grayscale corresponds to
+3.0 prad beam deflection. The spatial resolution based on the
FWHM of the differential contrast profile at the sample edge is
22 pum.

Fig. 3(a) shows the generated moiré fringes to detect
the differential phase shift introduced by polyethylene sample.
The carrier fringe period was 75 pm and the visibility of the
carrier fringes was 8.3%. It was slightly inclined from the
horizontal because only G, was tilted (¢ ~ 0.10 rad) to generate
the fringe. The carrier fringe frequency f, used in the Fourier
transform was then equal to f/cos(6/2) but this modification
was negligible. The differential phase image obtained using the
Fourier transform method is shown in Fig. 3(b). The standard
deviation of the moiré phase is 0.1 rad corresponding to
0.8 prad beam deflection that can be detected by the Talbot-Lau
interferometer. The grayscale corresponds to +3.0 urad of beam
deflection.

Fig. 4 shows a slice of the reconstructed refractive
index decrement d(x, y, z) of the polyethylene sample indicated

by the dashed line in Fig. 3(b). The experimentally obtained

average refractive index difference for the polyethylene

Figure 2 (a) Moir¢ fringe and (b) moiré phase shift image of the PE

sphere.

Figure 3 (a) Fine moiré fringes generated to obtain the (b) differential
phase image of the PE sphere via Fourier transform method.
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Figure 4 Tomogram slice of the reconstructed d(x, y, z) of the PE
sphere.

(a)

Figure 5 Corresponding (a) sinogram and (b) denoised sinogram of the

tomogram slice of the PE sphere in Fig. 4.

sample in air is 2.5 (+ 0.2) x 10”. The theoretical value of &
of polyethylene is 2.53 x 107 assuming 28.8 keV x-rays. The
grayscale corresponds to a refractive index difference range of 0
to 3.0 x 107", The circular artifact in the tomogram indicated by
the arrow is a remnant of the high frequency filtering that was
performed on the sinograms. Fig. 5 (a) shows the corresponding
sinogram of the slice in Fig. 4. The vertical axis of the
sinogram denotes a time interval of 0.5 sec corresponding to
250 projections for a 180° sample turn. High-spatial frequency
filtering was employed to remove the vertical lines which were
caused by the defects on the gratings. However, the sinogram
also has high spatial frequency components at the edges of the
sample. As a result vertical lines tangent to the edges are present
after filtering which can be observed on the corrected sinogram
in Fig. 5(b). To avoid this problem, it is important to have high
quality gratings.

The horizontal bright and dark bands can also be

observed in the sinogram. This indicates a changing background
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moiré phase caused by vibrating moiré fringe which was inferred
to be due to the vibration of the gratings. It is easy to correct
this noise because the vibration of the moiré was recorded in
each differential phase image since the camera frame rate was
faster than the vibration. The oscillating background differential
phase was subtracted from the sinogram by assuming that the
background differential phase shift was zero. The frequencies
of vibration were 16 Hz and 28 Hz hence an observed beat
pattern of vibration. The relative displacement of the gratings
during vibration was quantified to be a few microns. To improve
the imaging system, it is important to address this mechanical

stability.

4. Conclusion

We have constructed an x-ray Talbot-Lau
interferometer for high-speed x-ray phase imaging and
tomography using white synchrotron radiation in BL-14C.
The vertical source grating that was utilized has successfully
increased the horizontal spatial coherence of the synchrotron
radiation for the operation of the Talbot-Lau interferometer
with its gratings in vertical orientation allowing for the sample
rotation axis to be vertical. This vertical orientation is desirable
for dynamic X-ray phase imaging of non-rigid samples and
fluids. The gratings were set for an optimum x-ray energy of
28.8 keV. The average visibility of the fringes was 20%. The
interferometer was successfully demonstrated for high-speed
x-ray phase tomography of a polyethylene sphere at 0.5 sec/
tomogram. The mechanical stability of the system should be
addressed and better quality gratings could be used to improve
the quality of the images. We have plans to perform four-
dimensional X-ray phase tomography with a time resolution of 1

second using this system.
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Abstract

PR EIRB 5K D RHIE BaFe,As, (Bal22) & Fe V1 s DB EEEHIC X D FeAs IICE TH F— 7 NiB{AE 2R
T, ULHL, FeA MEHICKZET R—TBPETHIEICEZ 2R EBIIARTEHS M TRV, Fild, EBFFR—7H
Ba(Fe,, T\),As, (T = Ni, Cu; T - Bal22) Of RN 773021 TV Ni, Cu OEHUSENT o)U I EOEEE LD, VI
RNV REFUNETNE T ERIR L, Fiz, T1 R—71 IBal22 OREEFLIRE O BURTEIEZ BfE S % i
&, RHERIC K D RELEBETREEETZ2HERH D, Fe i1 &AM T-O 3d ED TRV F—2ENE T R—
71 T-Bal22 D RHGEDZE(L & B D 2 AR 22,

1. IFLsIC 18 K Z /19 A%, Ni-Bal22 D J5 A Co-Bal22 IZ [ER, ER
R RS R, RO Fe 238 0T EEEHIC KD TS T AT %, Cu-Bal22 [FHH AL
72 FeAs @ £ DYE TdH %, Y E BaFe,As, D Ba 1 FIEFEALEREHOD, x ~0.044 T~2K DKW T, &R
A4 FZK, £/IEFet A M2 Co, Ni, Cu/zx & DERS T EMMEETN TS [3]e Feh 1 7% Co, Ni, CuT
EE T TEMT 2 LT, TNENR—IVETIEE TN BT B5E, UYy RNV REFILCRIEENICE T
FeAs JEIC R— 7T NBREDNHIET 5 (1, 2], BIE, %K ZTNFEN, 2, 3MEMFHRL, NY REERZFOFEE T
IR EAR DRSS RIS (T) [ EHEE LY iR (s KTy x )VDBNENT %, Fig. 1(b) TiE, Co-, Ni-,
ICRS 56K 2R LT [3], BICEHW L EHEET 0] CuBal22 D T, ZzFNZNx, 2x, 3x THHw b LIGH,
REMEZ & DYIEREE L TR SN TV 5, BFREODIEE THKMNZIEFEZS BV Yy RNV RETFIVTE
T2 R—=79 2720IC FeAs JBICTEE, PR TZEE  FHEHDEINTE 5 L FERENTVS (7,8, LML, Fig
THRICEBDLT, B8RRI L THD, MBS by hSbNB XIS, T, WMRAMEERT Feth A MY/
BBEEA T, BEEZIES Cuo, HD Cu ¥ 1 M 2R DOETR—"78 (KPOKH) X, BESGEE O
PR CEB L7256, BRI E%OBEBTRDbNS KXo THZD, BIARENY VY RNV RETILAST
[4-6]c AHIPIEHUC X O BRBENFEET 5 C L IFHEINE NTVBAREENEZ 5 NS,
HETh O BILEEMSICEIRD & 72N B, i JE 5 fR % B T 99 Y (Angle-resolved photoemission
Fig. 1 1%, Canfield, NiZFIC X > THREIN TV S E spectroscopy ; ARPES) IC K % SefTHf9E CTld, Co-Bal22 T
T R — 7RI R B AR E AR Ba(Fe, . T,),As,(T = Co, Ni, Cu ; TVINT VYV —=VOHLEd—F—IcENFNE—)LT
T -Bal22) DK TH % [7, 8]o T. & —IVIRE T A, & o)V, BYF 7 oI)VIEHSMENEN TS [9-11], Fiz
B4 )@ IR [Fig. 1(a)] & Fe ¥ b 2472 D O nominal 7% Co B DZMLICTEMEER T V¥ v VIR 2w RNy
EFR=TRETmy FENTWV3 [Fig. 1(b)]o T DIRK R T MUICY 7 R 52 ENMETNTNS (9, 10, —
fifiid Co-Bal22(x ~ 0.06) T ~ 25 K, Ni-Bal22(x ~ 0.05) T ~ 77, EENBEEGE (DFT) ICK%EME T, FeY A b2
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Figure 1 Superconducting and magnetic transition temperatures (7,

and 7)) of Ba(Fe, . T,),As,, (7-122: T'= Co, Ni, Cu) reported
in Ref. [4, 5]. (a): Plotted as functions of the number of
substituted transition-metal atoms per Fe site, x. (b): Plotted
as functions of nominal extra electron number per Fe site
x , 2x , and 3x for Co-, Ni-, and Cu-122, respectively.
Arrow denotes the nominal electron value which shows the
maximum 7, for Co-, Ni-, and Cu-Bal22.
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Figure 2 Angle-integrated photoemission spectra of Ni-Bal22 [panel
(a)] and Cu-Bal22 [panel (b)]. Partial density of states for
Ni and Cu 3d orbitals obtained by band-structure calculation
[12] are also plotted. Shaded area shows the energy region
dominated by Ni and Cu 3d-derived states.
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Figure3 ARPES intensity plot in k-k, momentum space for Ni-
Bal22 and Cu-Bal22 obtained by hv-dependent ARPES
measurements. (al)-(a3): Hole and electron Fermi surfaces
(FSs) for Ni-Bal22. (b1)-(b3): Electron FS for Cu-Bal22.
ke points of the hole and electron FSs are plotted by black
dots. The ARPES intensity plots have been symmetrized with
respect to symmetry lines.
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Figure 4 Hole and electron Fermi surface (FS) volumes from the
ARPES data of BaFe As,, Co-Bal22, Ni-Bal22, and Cu-
Bal22 plotted as functions of the nominal extra electron
number. (a): Hole FS volume nh. (b): Electron FS volume
nel. (c): Total FS volume n_ - n,. Black dashed line shows
the behavior (n, - n, = extra electron per Fe/T site) expected
from the rigid-band model. BaFe,As, and Co-Bal22 data are
taken from [9, 11].
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Figure 5 7. and Ty of Ba(Fe, .T,),As, (T = Co, Ni, Cu) plotted as

functions of the total Fermi surface volume n - n,evaluated
by ARPES. The data for Co-Bal22 are taken from [4, 5].
Panel (b) is a magnified plot of 7,. The Tc values for Co-,
Ni-, and Cu-Bal22 are taken from [4, 5, 9, 11, 17]. nel - nh
for Co and Ni-Bal22 for small x ’s which have not been
measured in the present study, have been estimated through
interpolation to n, - n, = 0.
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Figure 1 Comparing the surface of (a) a bare and (b) a Mn-
oxide photodeposited Nb:SrTiO; by AFM micrographs.
Measurement region is 1000 nm square.
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Figure 2 Effect of Mn-oxide on photoelectrochemical properties of
Nb:SrTiO;. Dark current and photo current densities were
measured in 0.1 M Na,SO, aqueous solution with or without
Mn-oxide photodeposition.
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Figure3 Mn K-edge XAFS spectra of the Mn-oxide on Nb:SrTiO,
electrode at various applied potenstials in Ar saturated 0.1 M
Na,SO, aqueous solution. The Mn foil, MnO, Mn;0,, Mn20;,
MnO,, and KMnO, were measured as reference samples.
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Figure 4 Change of Mn K-edge XAFS spectra taken for the Mn-
oxide on Nb:SrTiO, electrode at +1.0 V vs. Ag/AgCl under
irradiation in Ar saturated 0.1 M Na,SO, aqueous solution.
The Mn foil, MnO, Mn,0,, Mn,O,, MnO, and KMnO, were
measured as reference samples.
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Observation about a Photoinduced Electron-Transferred Organic Photocatalyst
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Abstract

9-Mesityl-10-methylacridinium -1 7 > DEAlIEEERE 2 R 89 % B RTOFEIEIC DUV T, Pump-Probe HLAS i X KA IS AT 72
1ol Th, 7OVIVZILAZVDETVZAEZRKM U NNOAFI)IVEOITNIDD &, AT FL OB G R
WL 72/ IN DX 7 =2 > Clo, DIREE K OB ENOEZBEZUCKII L, JEHEE FRIKENERK L TWaB T & Z37REL
2o

. IFC&IC

!f‘nHEIEF'V T < FERERE UAMEAE LIS W 75D CEAE AN Me Me
LE 7T OB T X ARRSE AT E, 20 [ RED & 20l ‘ ‘
WICFGE LT T DO—DTH %, FEEDOHEK E LTI, Me Me OV me Me
RS T & B T 7 — 2 TR 2 TR0, Q P
L U TARIRSAF O R BT A REZR R & (S U 2 i 5 S | N/ | NG
FltE NIz EBBTENZD, RO & EERE Me Me
KD—DTH B, KITHEFEXFRD IV ZAEZFIH LT, Acr-Mes Singlet Excited State Electron-Transferred

BRI U TR S Te HINO R84 T2 5 (Pump) State

FE5/)9VZAL—Y =l [T —2UE (Probe) Dz Figure 1 Generation of the electron-transferred state of Acr’-Mes via

SOV A X #¢7%2 [A|#H & 7z Pump-Probe X AR[EIHTHERIZ, the singlet excited state.

B F TITRRA R A 7 7~ ORGEMETIC BT LT

EFTWVW5 [1]o AKTIX, Pump-Probe X FREIFTEERD 515 E 51K (Donor) THB AT F L Uh TRZHAK

SNFT—R2ERVT, KEmOM/INE LS 7RG (Acceptor) THZB 77V I= Wva?i’/’\O)" AL T

b2 v b 2 s i T 2170, D D& D BEMEC O, BETFBEREICEIET S, COBEFHEIENR

FRAEDIAE B K UTREDOMRIHZIT > TeEE BIC K D RIED el EOEIIERE ) 2 H L, HERISTATRE T dH - 7o' tfilb

W 258779 % [2]. KIS RELU TV [4,5], iz, BrBRIREOEMIE

203K T2HITH Y, 77K TIRIFMBRAICHET 2 L H

2. 9-Mesityl-10-methylacridinium 4 4 > DXFREF LN T3, DLEDOX S HENTOCMEE N TR

BELRFIEIEEL MzHT5T NG, AcaMes EH LW ATIHEERY A
9-Mesityl-10-methylacridinium 7 4 >/ (Acr'—Mes) &, K T L7Z2RERT 2 FCIERICHEER D T THEHEEALNT

SROYEE IS H O D 7 B2 RS 5 K 5 ICakar & W5,

Nz TH% (Fig. 1) [3]o Acr'—Mes I M fE72 G L FRID K 575 Acr’™-Mes OYEREREZ PR LN TOE G Z
TV LA L O—BENEIKEZER ST S L, T B TedIclE, ke BT WO T, I%b
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5 Acr'—Mes DF ?@@J«Iﬁ EDRE T 72 RN BRfE S 2 n 3
MH B, BUEE TICFITMEENTIEICE - T, EFRH)
@iiﬁ?’@a§¥$§§mkﬁ‘é®l;ﬁlb$ MR ENTETNS
B BENRED ) TRHEIC DWW TIIARTZHSNIC RS

Tb‘flb\o BHRBHRIRIED Acr'-Mes DGR EIZXT 5 T
ElX, Acr—Mes DYEHEREDEMNIC B TR ERAEA BIC M
LUHRTHBH T L ZALT 57217 Tx <, Acr'~Mes DY
fikittpE 1O PR ENRE D E& a2 AR 9 2 R TFD
m D IKix5 LM TE %,

HLRS A X SRS RRATI, MmO 70 3 ks 2%
BRI H DEREICIHE T 5 2 LD ARG TFETH D, T
MG - FERMSIEDIIRIC LS HDWENT WS, FHE LI
T RERE RO XA EEZFH LT, Acr'-Mes
DB T BHLRIEL BUCTE S 3 Roei7a 70 FREEZ L OBI5E
EI15 T LI Uiz, Acr'-Mes DO T B HIRAE X KR SAT
T X ARG AT I BR Bl 7 — 2 2R T % (BURFEIRE
) DI tnhEmziEolkd, ¥k /I ThEnn
#E% [Acr-Mes]|Cl0, O HURS SIS U T EHfr 7 — 2 Ik
N ORBGEfRNT 21T > Tz L LD SEISEE N7 ERRSHIC
K BHEZ LIS FENTRE ISR L THA L IEE A G WNIZ E(E
WEZIETH D, Acr'—Mes DE THHIRAEDREE = #HEZ
TR ESEN STz, THUX, Acr'—Mes BIKTIZ 0T
WHBETFBENMHIENEZGTHSM, KDL I
Acr—Mes DVEICBHE LG 9 BRE TR TR E AR
FIAEH, ETRENPREOGMMNENT FR< XT3
TEMERELTEZALN S, FHFEIC Acr™Mes DX D 7%
Donor—Acceptor JHE70 7 Tl&, AR THLEIC X D 73 TIH
tNEE LS 25G, fHFRMEFREINEC D, 578
RN (itbiﬁﬁ TEEIRAE) DEAEmbSEEC BT L
MREENTWVS [6], £ T T, KEK PF-AR NW14A IC T
[Acr-Mes]CIO, @ Pump-Probe Hifiifh X ARIAIITEERZ1 T,
W LTe T — X ERGEIRIT 2 2 &Il k> T, Atz
LIYLT Acr'~Mes D TR ENIRAEIC BIEE U 7z (O R4

BRI C ZH10IREE) O FhEG & UHS SO
Eﬁm%ﬁ5 &tz

3. Pump-Probe Bi#E& X R EIFRERS K USERER

Pump-Probe Hifhiah XAREHTIZERIE, Mt LTT
LB L—YP =2 A7 L BFIR L 72 475 nm D7)V 2
ZHW, PE-ARDS D/ YVAXKLE 946 Hz CTRIIEE T
75720 PF-AR D5 DV A X #1 (BRI RBE © 100 ps)
IE 794 kHz O D IR UJEIEL TR Ny FRIEA T NS
fz&, XEISIVAXE LT Z—7% VT 946 Hz IZRIE [N T
FEIAEE TV [7], B L—Y —EDRENE NI B

N TE K ONEHERMEZAERT AT EMNTRETH S HE X
SNBH, MNF ) THEEZ(EPRITHIC K DEICRE
BEMBPHINO, FEETEOE LW RSORESOEANE C

%o ZTDY, FHEEE L —Y =) 1 /VVAB D Kk
WD D 2-3% FREZMEEE S K557+ ko
JEICRREE LTz,

FERNIC 2-3% UDELE Lan WO EEA IR & 5 S A
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THRT 270IciE, FiEZRvIMET 2HETFIE LR
BIHERTDRETH 5, RfFREDOR/MEDTZDIC,
[i—7 L—Lom#7—42 (WiHeRIcid cCD Z ) 1<
DWVTHEYEHES N (ON) & IERREG T (OFF) 7ZifiL
TE Ute, M@ TIE, ON & OFF O E K 7D 2
(Fron) = Foorr) ZRELE UTee 7 —) =y T O %
frofz 8], @HDET—VIT~xw S (F,-F) Ti&, #
RDFEFEIE DA BB DW TR FR A DT 74
EREE LB FRER A DED 2T 5728, MiE 1

PR EEFLL T OEFRELZBIET 5 2 EDNIERICH
WThHs, —/, FREERTOEZHWS &SRR
TEEDIENE FEEME R UHBOE T aDTEL
FIKTEMTEB D, At X2 INaiE2 bz dH
5bDICTBHTENTE %,

4. Acr'-Mes DEFEENREDIEERFE

Pump-Probe Hifh ity X fREIHTHERN G 5N T — 2 %
FWT Fon = Foorr) DFEET—V Iy TREH LIz &
A, NUDAFIVIEDT 71 = LA A i L
TN, —J5 CREEHPICHTET % Clo, HEIHEZ 1
WRBEIL TS C EITHnT 2 AE HEENRE N
(Fig. 2)o T DEBETFHEITHD ML 2175 72
FEIL, BHEDEIRSHC X o T A FIVELE 10.3(16)° Hrdh
D, Clo, (CIETOME) 120.144Q) ABHLTED,
FERNICAER LIRS TOHERIE 2% RETH D T
EMBHSE MRS T,
BRSNS Z M % 72018, AR TH S [Acr-
Ph] CIO, IZ DWW T IAKE D Pump-Probe B b X RHE & b
{15 72e Acr'—Ph l& Acr'—Mes D & 5 I A fEHAEHC X
STT VIV LAy O—FEIEIRRER LR S
TE, 7o)V SDETBHINIE 5FICAIET 5
(Fig. 32)o DFE D, [Acr—Ph] CIO, IZDWTD F,on — Foomr
DET—=VIIV T T, 7I7VIZILAF 2 DO—HIH
il IRAEA: B 36 K U EARTRIC BEfR U 7ol 2 b i X h
%o FBT [Acr—Ph] ClO, D F, oy — Foopn DAET—V LY
w il Uiz & T (Fig. 3b), Acr'—Ph I EZAE
TEEIBR I NGz, TOTENS, TV IZY
LA A Y O—BIEFIFIREDN LR ENTE, MEZ(bidH
FEEh XA EARAT TR AT RER/KELL R D T < /N E 2 b
LMEEZ BNV ENFZ D, —H, Clo, I\ D
DIFFAHEEN NE B FERENER E N, T0%
FEEEOFNZFHNS DIy TOLXLEHINL L
THFM Lz T3, ADB FEEDFNENRIEDE
TEEMFAELTWVA T e oz, TNHDAEE
FEFBVTRICKK LZR P B XU TORRIITH S &
fRINTE % (Fig. 3¢)o LA ED [Acr-Ph] CIO, DEILERER D
5, [Acr-Mes] CIO, I THEIZZE NIz A FI)IVEDITNEN D
& Clo, DAL N B EIE, Acr’—Mes O—FIEHEIRAE
AR IIFIT L S BN T 5B D TR L, Acr'-
Mes MFE TR EIIREEICENE L2 C LIRS 2 HEEZE(ET
HBTENHSMTIZ ST,

FIEDWIFEN 5



* contour interval: 0.01 e A=

Figure 2 Photoinduced electron density change in the F,,y, — F,

Movement

) ", Light-OFF
Light-ON [ A\ &

>

+—>

Elecﬂ'on denéity Difference map

* contour interval: 0.03 e A=

worr difference Fourier map of [Acr-Mes]ClO,. Red and blue contours (isosurface)

represent negative and positive electron density in the 2D (3D) map. (Inset) Schematic drawing of difference electron densities

corresponding photoinduced atomic movement.

Singlet Excited State Electron-Transferred
State

*+0.1 e A isosurface

nght off

( H L|ght on > @ @
Electron density J

Vibration Difference map

Figure 3 (a) The photoinduced process of Acr-Ph. (b) Photoinduced

electron density change in the F,y, — F,or difference
Fourier map of [Acr-Ph]ClIO,. Color codes of contours and
isosurfaces are same as Fig. 2. (¢) Schematic drawing of
difference electron densities corresponding photoinduced

atomic vibration.
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Figure 4 Photoinduced geometrical change in [Acr-Mes]Cl10,.
Green and red fragments represent the ground and electron-
transferred state’s geometry, respectively. Drawings in the
balloon show the reaction cavities around the N-methyl group
and ClO, (greenish blue area). Values added in the cavity
around the N-methyl group are volumes of the divided cavity
formed by the yellow dotted line. The electrostatic interaction
between the oxidized methylene group and CIO, is described

by red dashed line.
O IICR/ AL RZHNT T 7V V2T LA X

Y OREIRAE, —E T ERTIRE (BT 2%2A LIcREg),
SHIFANIREBOE P MmN T A, TV Y=Y
LAFVIMN—E RTINS & NJETO 2p, HEDE T
AL, NJETFORKEEED sp’ ICEDL T Ehbh
ofee —7, ZHIARIEKENERE NS & N JET-D 2p,
HEDOE T HAIFK T T 52 EARBEINTZ, TNHDEF
BRSNS, XMW IG TSRS NI XTIV RO
ﬂﬂﬂb‘@ﬂi/ A Iy BN (o i o\ if7.7 o A = 4 ]| T )

—HBTEZRLUTNETH sp’ MExifid 7z LICKEANT
%?ﬂif%% T EMEFFENT,

AFIVEOFT D O DN D sp’ M & BRI B4
A, Fruhn b OGS Y XA LT BT ENTREN
2, EERIFHESETTRED A MM D (Fig. 2)
MEETWD, TOHREZHEET 2 DI TR
EREE D BT RE R 22 23\ 5 T L WV ATREZR SIS 24 72
W N URTRE Lz & T A 9], AFIVEHDITNIIN D IXHE

SR AN



P CIRNZEBO AR E TS T Ebh -7z (Fig.
4), THUTHEEHONERGEZED, N THIAEIN
ToHiPHCid 2 % T & 2RISR L TV 5,

— 7 Clo, DREEKUCBEICHEHT % &, Clo, K
JSZEMN BIRIT AREEEZ L TVE LD ICRENS
(Fig. 4, O1 JR MRS ZE DI H B ME A b7z LTy
%)o THUL CIO, D5 TR AR s A b7z
LTW3BZ EEEKT B, T TClO, @Ol JHHICHd
HAAEERRG LIz T B, ViREEIICGERE )
KXo TN ZR T NADORAFINCHRE L TE
D, TOAFIEOTNEADICK > T ol JFETFEIDK
INZERIDILND T e b oz, T HIC Clo, OBH /I
R CTRIEET 2 AVF LD RTHET END
(Fig. 4), YAl BrBEc k> CE S5 L CIEBME
WUl AYF L2 E Clo, OMOEERNES [ JIAERT
5T T, AFIVEDINHhANDIT K o TIEH o T2 I
Ol BAB LSIC LT Clo,” DEENOCBHIMNIE BT &
hboho iz,

D EDXSic clo, OMEALMREC 51, Clo,
AF VRO NN DI X B VKEEDK T & “BT1
ME LAY F LD ORESINHENER" ©2D0%
BEZEREND D, DED, ClO, 17 TORUTH
< &% Acr'—Mes 2 73 THVGEELEE TR ENIKREICELE L
TWVW3 T EEEKRT S, TNUE Acr'-Mes DETHEIIRAE
WELFEMTH 5 2DIHERNTIE Acr' —Mes DEFFHIK
RO RAAL VDR ENTVWB T LRI TS, KX
A VNTITE FRENRAER O FE FREINC K 2 IENFE
Bz, ETBREIREDOEMHORMNF LE RS L
EHIATE S, MB, ClO,” ORBEZ(LIX, Acr'—Mes DFE
TRELKEEDFE SN T FREMNEC D185 R AL V%
BT 5T EEHFMTHA T LZVFEL TV,

AT, Act - Mes D7 7 VI T LAF L EATF
> OB E DY ERAEE T B RREIC 25 U T & Fh i
FRATOREN TERZMEFF SN TS T EEHLNICE S
7zo Acr'-Mes DEHMMWERE T 7V VT L AF AV
FL U ERERIICHET S E 2TV AL, mEDST
ﬁ%m@h X5 LIRS BB LTV S, BEIKE

BOTHENELNELTWD T EEBICAISNh TV

W3], RHETHD TETFBIKEICBNTET 7YY
ZULAFVERATVFLYOBELKEMER I TN TS C
LR LTz,

5. BbYlc
AWFZETIE, Pump-Probe Hifdifh X KRHGE AT 2 LT
Acr'~Mes WA Y E2 WY U T B E B8RRI B £
U7 OGS 2 HHEIET 5 C LIk Ule, BI%EL
Tehitild NALOD A FO)VE DTN O LRSS RIc A7
% Clo, OBHINUHEETH D, S\ HLEFIR & DR
ERIEOBILH S, TNENLT IV VT LAE D
BB AT LV OE G2 KM U EZTH
5T eRMHLZ, 512 Clo,” OBHI N CRIFEA Acr'—
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Mes DFETHENIRAED R A A R Z M U 7 fhE 22 kT
biHTll, BYBHIKETET V7V YU LAA A
/?D/@L SHLEDRFFENT VWA T &M D, Acr'—Mes
BB IREOELEMIE 2R R UFHIAL ., 2hHo
,\u%@, ' EZ R U 7z Pump-Probe B s, XRREITH
B2 R % T & T Acr'—Mes DYEiHEMEEZ LD EREE
BIEIC K> THEONIRRTH D, 5B E SICHBEHEOME
B2 U R R R X BREHr 256X 852 & T, &
O R DM INE 7 THEEZA LD ATy T 3 v bz #iEE
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Figure 1 Time-resolved X-ray solution scattering data were acquired
using the pump—probe method at the beamline NW14A.
Aqueous solution samples of Hbl ligated with CO ligands
[HbI(CO)2] were prepared using a previously established
protocol. The sample 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 ps. To attain a signal-
to-noise ratio good enough for data analysis, about 20 images
were acquired and averaged at each time delay.
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Figure 2 Picosecond pump-probe X-ray solution scattering for 5T EMHRFENS,
wild-type HbI(CO)2. Time-resolved difference X-ray ztgﬁ%biv IST & =W WFZ2AER YT 2L FE— LYrs

solution scattering curves, AS(q,t), measured for solution s P PN e 7S 1 — N
samples of wild-type Hbl are shown. The time delay after 2B WA - TIRE R 70 i X ARASIEARATIRIC & 2T

photoexcitation is indicated above each curve. For clarity, FOVF—HHERE O N R B e - Baih— (5
only data at selected time delays are shown. Experimental T L R R e B Y B R R AT ST 80) . ST
curves (black) are compared with theoretical curves (red) h ’

that were generated from linear combinations of three time- HRMS LG ZE HEE S 2% (CREST) WIZEREI /e EiR
independent species-associated scattering curves extracted ZERAE U 72 YeRla « YeRii oS =R | e ai@Es - [

from the kinetic analysis.

Wild Type

Pk
(11 waters) (9 waters) (9 waters) (17 waters)

Figure 3  Structural dynamics of HbI extracted from the species-associated scattering curves using structure refinement. The green and blue arrows
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. The structural transitions induce a change in the number of interfacial water molecules (shown in red), well-organized at the
interface of the two subunits.
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Figure 1 (a) Scanning-electron microscopy image for the non-doped
V,0; nanocrystals (NCs) and (b) transmission-electron
microscopy image for the Cr-doped V,0; NCs.
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Figure 2 (a) An example of observed and calculated XRD patterns
for the non-doped V,0, nanocrystals (NCs) at 290 K. (b)
Temperature dependence of the lattice constants g, ¢ in
the corundum structure, and (c) bond lengths between the
adjacent V atoms along the ¢ axis and in the basal plane, and
(d) bond lengths between V and the neighboring O atoms,
V-0 (1) and V-O (2). (e) The unit cell of the corundum
structure. The V-V pair (yellow line) and the V-O (1) (blue
line) bond lengths are reduced in the nanocrystals relative to
the bulk, and form a three-dimensional network.
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Figure3 O K XAS of the non-doped V,0, nanocrystals (NCs)
measured at room temperature (RT) (light red line) and 58 K
(light blue line), of the bulk at RT (black line) and 65 K (grey
line), and of the Cr-doped V,0,NCs at 180 (red line) and 100
K (blue line).
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Figure 4 Temperature dependence of the magnetic susceptibilities of
the non-doped V,0; nanocrystals (NCs) (grey line) and of the
Cr-doped V,0; NCs (black line).
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Figure 5 Characteristic part of the XRD patterns of the Cr-doped V,0;
nanocrystals (NCs) at 170 K (red line) and 100 K (blue line)
as well as for the high-temperature corundum phase at 284 K
(grey dotted line) and the low-temperature monoclinic phase

at 100 K (grey broken line) of bulk V,0,. The data of the
bulk are corrected for comparison.
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