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Introduction 

In fiscal 1999(April 1999 - March 2000) , 

operation of the Photon Factory facility was 

carried out remarkably well by recording the 

longest operational hours in the history of the 

Photon Factory both for the 2.5 GeV and 6.5 

GeV rings. 

Introduction 

March , 2000. However, the lifetime of the 

electron beam has still been only 2.5 hours at 

40mA. For improving the electron beam life 

time, an additional budget from the government 

was approved in November 1999 to replace the 

vacuum system of the ring. Many vacuum 

components are now being manufactured by 

industries , and complete replacement of the 

vacuum system will start in February 2001 . 

Commissioning of the ring with the new vacuum 

system will start in autumn of 2001. 

A possibility of increasing number of straight 

sections of the 2.5 GeV ring was discussed in 

the Photon Factory symposium(PF users 

meeting) in December 1999. According to the 

proposal, 7 additional straight sections for 

insertion devices will be created in addition to 

existing 7 straight sections by replacing quadru

pole and sextupole magnets with thinner ones 

and placing those closer to neighboring bending 

magnets. During FY 2000, more detailed and 

extended study will be made to prepare an 

official proposal. 

The total operational 

hours of the 2.5GeV 

ring logged 5264 hours 

(219 days) , providing 

users with synchrotron 

beam time of 4248 

hours(177 days) The 

initial current of the 2.5 

GeV ring has been 

increased up to 450 

mA since October, 

1999. The life time of 
Tadashi Matsushita 

In recent years , 

competition for the 

beam time allocation is 

much harder on insertion 

device beamlines(6 

beamlines on 2.5 GeV 

ring and 2 on 6.5 GeV 

ring) than on bending 

magnet beamlines. 

The Photon Factory is 

seeking possibilities 

and will make every the electron beam was 

improved to 50 hours from 25 hours by a small 

phase modulation on an rf accelerating voltage 

as described in ACCELERATORS section. 

Operation of PF-AR(6 .5 GeV electron 

storage ring) was much improved compared 

with that in the previous year. The total 

operational hours was 4064 hours at the end of 

effort to construct new 

insertion device beamlines both on 2.5 GeV and 

6.5 GeV rings. A new insertion device beamline 

for protein crystallography/X-ray absorption 

spectroscopy has been designed for installation 

in the existing north building of PF-AR and 

many beamline components have been 

l • 
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ordered. Installation of those beamline 

components will start in February 2001. If 

construction of the north-west building of PF-AR 

is approved and realized , two more insertion 

device beamlines will be constructed. 

Bending magnet beamlines are still very 

important and useful resources for many basic 

and applied researches . With an emittance of 

36 nm-rad and an initial beam current of 450 

mA of the 2.5 GeV ring, the Photon Factory 

bending magnet beamlines are able to offer 

comparable brightness of radiation with bending 

magnet beamlines on third generation 

synchrotron sources . Continued efforts have 

been made in improving existing bending 

magnet beamlines as described in 

EXPERIMENTAL FACILITIES section. The BL-

9A for XAFS spectroscopy is now equipped with 

two bent conical mirrors before and after a 

double-crystal monochromator and provides 8 

times more intensity with a better energy 

resolution than obtained by optics having 

conventional double-crystal monochromator plus 

a bent cylinder mirror. This kind of optics will be 

also very efficient if installed on multipole 

wiggler beamlines. The beamline 7 A, build and 

operated by the Research Center for 

Spectrochemistry of University of Tokyo , is 

being upgraded by preparing new optics. 

Installation of new optical components and 

commissioning will occur in summer and fall of 

2000, respectively. The second CCD based two 

dimensional X-ray detector was commissioned 

on BL-18B for data collection of protein crystal 

diffraction . Together with BL-6A, we now have 

two stations equipped with CCD detectors, 

which play complimentary roles with imaging 

plate system. Data collection on those two 

stations(BL-6A and 18B) is now automated and 

load on protein crystallography users are greatly 

reduced . New experimental systems such as a 

multi anvil cell system for the structural study 

under high temperature and high pressure(BL-

14C2) and a diffractometer for the structural 

study under high pressure/low temperature(BL-

1 B) were commissioned and are now used 

routinely. 

In HIGHLIGHTS section, typical examples of 

experimental results are presented, which are 

distributed in wide spectrum of research 

disciplines. Such diversity makes it somewhat 

difficult to summarize highlights. However, we 

find in-situ measurements or quick feed back of 

experimental results to next beam time 

assignment is one of key factors in many of 

those experiments . The Photon Factory will 

extend its support to such areas in addition to its 

efforts in delivering stable and intense photon 

beams. 

Tadashi Matsushita 
Deputy Director 
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. Introduction 

Activities of the Photon Factory Users Organization 

The Photon Factory Users Organization 

(PFUO) is a union for PF users. Every year we 

hold a Photon Factory Symposium at KEK. The 

16th PF Symposium was held on March 11-12, 

1999, and the 17th PF Symposium was held on 

December 21-22, 1999. The chairman for both 

symposia was Prof. Shunji Kishimoto . During 

these symposia, general meetings of the PFUO 

were held . At the 17th symposium , special 

discussions on Synchrotron Radiation(SR) 

Masaharu Oshima, The University of Tokyo 

scattering UG were started . Now, 16 user 

groups are active in the PFUO. On January 19, 

2000, a User Group Leaders Meeting was held 

to discuss how to manage or encourage UG 

activities , meetings, seminars , and so on . 

Furthermore, PFUO has organized two 

seminars on SR sources and SR optics for 

users in 1999 and 2000. 

In order to encourage the exchange of 

important information for users, PFUO set up its 

own home page in 

1998, which has been 

updated frequently. 

Various discussions in 

meetings and on the 

web were organized 

and from time to time 

conveyed to KEK and 

IMSS. So far , PFUO 

has sent th ree letters to 

the Director of KEK and 

dreams and future 

plans for the PF were 

held . User Group(UG) 

activities were reported , 

and the management of 

the PF, especially on 

the beam-time allocation, 

utilities and future 

plans, was discussed. 

Furthermore, during the 

Joint Symposium of the 
Masaharu Oshima 

Japanese Society fo r 

Synchrotron Radiation Research with SR 

facilities and thei r users' organizat ions , an 

extended meeting for PFUO executive members 

was held on January 7, 2000, mainly to discuss 

the above mentioned agenda. 

Severa l years ago , 14 UG , fo r example , 

XAFS , surface chemistry and protein 

crystallography, were organized for various 

scientific areas in the PFUO ; these groups 

made enthusiastic efforts to convey the users 

requests and opinions to the PF. In 1999, two 

more user groups, namely the quantum nano

spectroscopy UG, and the nuclear resonance 

the Director of IMSS 

regarding Independent Administration Agency 

issue , the sudden change of the AR machine 

time, and improvements of the accommodation 

conditions of user lodges. 

Regarding the third request , KEK responded 

promptly by repairing the facility and setting up 

a users' opinion box. 

In order to maintain the best environment for 

SR science, we believe that PFUO should keep 

in close contact with the PF staff and frankly 

discuss current user issues together. 

3 • 
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Site map of KEK 

1. PF (Photon Factory) Light Source/Experimental Hall 

2 PF Office Building 

3. PF Preparation Laboratory 

4. PF-AR (PF Advanced Ring) 

5. PF-AR Experimental Hall 

6. PF/KEKB (KEK B-Factory) Injector Linac 

7. Slow Positron Facility 

8. Neutron Science Laboratory 

9. Meson Science Laboratory 

10. Proton Medical Research Center [Univ. of Tsukuba] 

11. PS (Proton Synchrotron) Main Ring 

12. PS East Experimental Hall 

13. PS North Experimental Hall 

14. PS Booster 

15. PS Injector Linac 

16. Neutrino Beamline 

17. Building No.4 (IMSS Office) 

18. Libray/Users Office 

19. Dormitory/Guest House 

20. Restaurant/Cafeteria 

21. Administration Building 

22. Radiation Science Center 

23. Computing Research Center 

24. Cryogenics Science Center 

25. Mechanical Engineering Center 

26. KEKB LER (Low Energy Ring) and HER (High 

Energy Ring) 

27. KEKB Tsukuba Laboratory (BELLE Detector) 

28. KEKB Oho Laboratory 

29. KEKB Fuji Laboratory 

30. KEKB Nikko Laboratory 

31. ATF (Accelerator Test Facility) 
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1 Atomic and Molecular Science 

1-1 Decay Channels of Triply Photoexcited Lithium 

The lowest triply excited state of the neutral Li atom, assigned as 

2s22p 2 P, can decay either into a Li• ion by emitting one electron, or 

into a Li 2
• ion by emitting two electrons. In the latter case , the decay 

proceeds through one-step double autoionization with the 

simultaneous ejection of two electrons since this 2s 22p 2 P state is 

located below the lowest doubly excited state of the singly charged Li 

ion , 2s2 18, and two step sequential electron emission processes are 

not possible. Wehlitz et al. have measured the photoion yield spectra 

for both Li• and Li 2
• ion production over the photoexcitation resonance . 

0.8 

......... 
..a 
::E 0. 7 

......... 
+ 
:::i 
b 0.6 l!w~~--

0.5 

15 

+"""' 10 
..... 
:::i ........... 
b :!· . . ... - · ... ,: .· 

5 • :: ,.. ......... <. : ... •• •• .... . . 
142.0 142.5 
Photon energy ( eV) 

1.0 

(a) 

0.8 

(b) 
25 

20 

Figure 1. 

Highlights 

Atomic and Molecular 
Science 

Comparison experimental results with 

calculations . (a) Li • partial photoionization 

cross section ; (b) Li 2
• partial photoion ization 

cross section . 
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Highlights 

Figure 2. 

Kr M4N,M23' M4N23N23 and MsN1N23 ' MsN23N23 
"Auger electron spectra" measured in 

coincidence with the M
4 

and M
5 

"threshold 

photoelectrons." 
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Figure 1 shows their spectra compared with R-matrix calculations . 

The Li• spectrum exhibits the typical asymmetric Fano profile due to 

the interaction of the resonance with the one electron continuum . 

Although not as pronounced as in the Li• case , some asymmetry is 

also found in the Li 2
+ yield spectrum. This is an evidence of the 

importance of the correlation between the triply excited state and the 

two electron continua. 

Reference 

R. Wehlitz et al. , Phys. Rev. A, 60 (1999) R1 7. 

1-2 Electron-Electron Coincidence Spectroscopy of Kr 
Atoms 

The 3d ionization of the Kr atom is embedded in the double and 

triple ionization continua and the 3d hole states decay into the various 

states of Kr 2
• and Kr 3

• ions through Auger decay. As the 

photoionization cross sections of the inner shells are much larger than 

those for direct double photoionzation, the inner-shell processes can 

be used to great advantage to study ionic states of doubly charged 

ions. The excess energy, (photon energy) - (state energy of the doubly 

charged ion) , is shared by the two ejected electrons. When these two 

electrons are detected in coincidence, the spectral width of the energy 

spectrum of the electrons is determined solely by the band pass of the 

incident phot o ns a nd the en e rgy res olution of the electron 

spectrometers. Thi s s ituation is common to both direct double 

photoinization and indirect double photoionization via Auger. In the 

latter case , the core hole states are intermediate states that one can 

look on as resonances in the double ionization continuum. Hikosaka et 

al. have built a new apparatus for electron-electron coincidence 

spectroscopy. One electron spectrometer is a, so-called, "threshold" 

Kr 3d
512 

Auger lines 

Kr 3d
312 

Auger lines 

30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 
Nominal Auger kinetic ener0oy, E 0 (eV) 

AE 



electron spectrometer to detect zero-energy electrons with high 

efficiency and resolution , and the other is an electrostatic 

hemispherical analyzer that detects energetic electrons . Figure 2 

shows the zero-energy electron , "photoelectron"- energetic electron , 

"Auger electron" , coincidence spectra, which were measured at near 

the photon energies of the 3d
512 

and 3d
312 

thresholds. Compared to 

conventional normal Auger spectra , these coincidence spectra have 

two prominent features ; first, the spectra from the initial 3d
512 

and 3d
312 

core hole states are perfectly separated and, second, the linewidths 

are free from lifetime broadening of the core hole states. 

Reference 

Y. Hikosaka et al. , Measurements Sci.Tech ., impress. 

1-3 Dissociation of Rare Gas Dimers 

The van der Waals interaction has been intensively studied by the 

photoionization of rare gas dimers. Figure 3 shows potential curves of 

the Xe/ ion . Yoshii et al. have observed 27 vibrational levels between 

the first and second dissociation limits of the Xe/ ion in the threshold 

photoelectron specrum, and assigned this progression to the C
2 

1 /2 

state of the Xe / ion. They have measured the threshold 

photoelectron-photoion coincidence spectra between the first and 

second dissociation limits of the Xe/ ion to elucidate the dissociation 

mechanism of the van der Waals molecule . Figure 4 shows the 

threshold photoelectron-photoion coincidence spectra taken at the Xe+ 
2P

112 
threshold(a) , at the v'=O peak of the Xe/ C

1 
3/2 state(b) , and at 

11 

4 6 8 10 12 14 16 

Internuclear distance (a.u.) 

Highlights 

Figure 3. 

Potential curves of the electronic states of 
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Highlights 

Figure 4. 

Time-of-flight mass spectra in coincidence 

with threshold photoelectrons at photon 

energies of Xe+ 2P
112 

(a), Xe; C, 3/2 (b), 

and Xe; C
2 

1/2 (c). Figures (a) and (b) 

show sharp peaks , because atomic Xe+ 

and dimer Xe; ions produced at the Xe+ 
2 P112 and Xe; C, 3/2 thresholds have no 

kinetic enegy. 

18 

the v'=6 peak of the Xe; C
2
1 /2 state(c) . The sharp peaks in Figures 4 

(a) and (b) correspond to the Xe+ and Xe; ions , respectively. In 

contrast to these peak profiles , a very broad peak is observed in 

Figure 4 (c). It implies that the threshold electrons are mostly in 

coincident with the Xe+ ions with appreciable kinetic energies. That is, 

the van der Waals Xe ; ion of the C
2
1 / 2 state diss ociates or 

predissociates, and produces a pai r of fast Xe+ and Xe. 

(a) Xe+ 2p1 '2 

(922 . 76A) 

,, 
·: . .. . . : 

(b) Xe
2

• C
1 

st at e 
(1024 . 78A) 

(c) Xe
2

• C
2 

stat e 
(93 1.22A) 

.. . : . . . . 

8 10 12 14 16 18 20 22 

Time-of-Flight (µsec) 

Reference 

H. Yoshii et al. to be published. 

1-4 Manifestation of Many-Electron Correlations in the K
Shell Photoionization of N

2 
Molecule 

One of the most interesting features of the K-shell 

photoabsorption specrta of diatomic molecules is a broad resonance 

above the ionization threshold , called a 6 • shape resonance , which 

does not exist in the corresponding atomic K-shell spectra. Dehmer 

and Dill interpreted the 6 • shape resonance as the 1 S 6 - E f6 
g u 

single-channel enhancement based on single-electron multiple-

scattering calculations. Also , this interpretation of the shape 

resonance has been widely accepeted for a long time. However, this 

situtation has recently been changed when the angular distributions of 

photoelectrons ejected from fi xed-in-space N
2 

molecules were 

measured at the Photon Factory. They contain much more information 

compared to the photoelectron angular distributions from randomly 



oriented N
2 

molecules. Cherepkov et al. have performed calculations 

of the K-shell photoabsorption cross sections by a random phase 

approximation , which takes into account electron-electron correlations. 

Figure 5 shows their theoretical results. Surprisingly, it has been 

revealed that not only the 1 S6 ---+ i:: 6 channel , but also the 1 S6---+ i:: 6 
g u u g 

channel is strong ly enhanced in the the 6 * shape resonance region . 

This new finding has been explained by intershell interact ions 

bewteen the 1 S6 and 1 S6 shells. To confirm their interpretation of the g u 

shape resonance , they have also calculated the angular distributions 

of the 1 s photoelectrons from fixed-in-space N
2 

molecules , and 

measured them . Comparisons between the theoretical and 

experimental results are shown in Figure 6. As can be seen from this 

figure , the contributions of the 1 S6---+ i:: 6 channel to the 6 * shape 
u g 

resonance are certainly appreciable. This remarkable result is the first 

bench-mark investigation, which has pointed out the importance of the 

intershell interactions in the inner-shell molecular photoion ization . 
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Figure 5. 

Photoionization cross section for the K 

shell of a N
2 

molecule, calculated using the 

relaxed-core Hartree-Fock and random

phase approximation. 
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Highlights 

Figure 6. 

Contributions of the 1 u--+ Eu and the 1 u 
u g g 

--+ E 6" channels to the photoelectron 

angular distributions in the random phase 

(a) and relaxed-core Hartree-Fock (b) 

approximations in the maximum of the u* 

shape resonance , compared with the 

experiment. 
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Reference 

N. A. Cherepkov et al. , Phys. Rev . Lett. , 84 (2000) 250. 

J. L. Dehmer and D. Dill , J. Chem.Phys ., 65 (1976) 5327 . 
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2 Chemistry 

Many challenging investigations have been carried out using 

synchrotron radiation in the field of chemistry, which include catalysts, 

surface adsorbates, organic thin films, solutions and clusters. From 

among these studies, five topics are introduced in the following 

sections. 

2-1 Site-Selective X-ray Absorption Fine Structure (XAFS) 
Spectroscopy Applied to a Cr/Si0

2 
Catalyst 

X-ray absorption fine structure (XAFS) spectroscopy is a powerful 

tool to clarify local geometric and electronic structures of catalysts . 

The information available in conventional XAFS, however, is limited to 

the average of the sites involved in the sample. Yasuo Izumi et al. 

incident 
X-ray 
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'. : Johansson 
\: Ge(l 11) 
1 crystal 

- I ) 

,':eB 
, ' 

z l:y -----x 'ff,> , 
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z ~ Lx e sample 

fluorescence X-ray 
z 
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Highlights 

. Chemistry 

Figure 1. 

Configuration of fluorescence spetrometer. 
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Highlights 

Figure 2. 

(a) Site-selective XANES spectrum of 

Cr/Si0
2 

catalyst by tuning the fluorescence 

spectrometer at 5947.5 eV corresponding 

to the Cr"' site. Conventional XANES 

spectra are also shown for (b) Cr/Si0
2

, (c) 

Crp
3 

(Cr'") and (d) K
2
CrO •. (crvi). The Cr"' 

site-selective XAN ES of Cr/Si0
2 

(a) 

resembles to the XANES of Crp
3 

(Cr"') (c) . 
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have developed a site-selective XAFS apparatus combined with a 

Rowland-type X-ray fluorescence spectrometer, as shown in Fig.1 [1 ]. 

They measured site-selective X-ray absorption near edge structure 

(XANES) spectra for chromium supported on silica (Cr/Si0
2

) catalyst 

at BL-7C by taking advantage of the chemical shift in X-ray 

fluorescence [2] . Cr/ Si0
2 

is an important catalyst for the 

dehydrogenation of ethanol. The Cr/Si0
2 

sample (Cr 15 wt%) was 

evacuated at 293 K and interacted with 10 kPa of ethanol at 373 K for 

5 hours. A site-selective XANES spectrum was successfully 

measured by tuning the fluorescence spectrometer to Cr"' K (3 
1 

(h v = 
5947.5 eV), as shown in Fig .2(a) . By analyzing the correlation of the 

chemical shift between Cr"' and Crv' ( 6. h v = 1.6 eV) and the X-ray 

fluorescence peak width, the contribution of the Cr"' site to the site

selective XANES was estimated to be 94+3%. 
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[1] Y. Izumi, H. Oyanagi and H. Nagamori , Bu ll. Chem. Soc. Jpn. 73 

(2000) 2017. 

[2] Y. Izumi and H. Nagamori , Bull. Chem. Soc. Jpn. 73 (2000) 1581 . 

2-2 In-Situ X-Ray Absorption Fine Structure (XAFS) 
Spectroscopy Applied for a Rhodium Catalyst under 
High-Temperature High-Pressure C0

2 
Hydrogenation 

Conditions 

In-situ X-ray absorption fine structure (XAFS) spectroscopy is an 

ideal technique to clarify the structure of active sites under reaction 

conditions, which is essential for designing better catalysts. However, 



in-situ experiments have scarcely been carried out so far due to 

problems in gas handling under sever reaction conditions. K.K. Situ 

Bando et al. managed to overcome these problems and measured in

situ XAFS spectra of a rhodium (Rh) catalyst under high-temperature 

high-pressure conditions at the BL-1 OB [1 ]. The rhodium catalyst was 

prepared by an ion-exchange method, replacing Na ions in NaY-type 

zeolite by Rh ions (RhY) , which was found to exhibit a high activity in 

the hydrogenation of C0
2

. During a pretreatment for C0
2 

hydrogenation, the RhY catalyst was reduced under an atmospheric 

pressure with a flow of 20%H/ Ar with increasing temperature from 

286 K to 723 K. The XAFS spectra under the reduction conditions 

displayed a significant change, as shown in Fig .3, which indicates the 

generation of Rh metal clusters from Rh-0 . After 30 min. of C0
2 

hydrogenation at a pressure of 3 MPa with a flow of 25%CO/ H
2 

(100 

ml/min.) at 523 K the peak intensity assigned to Rh-Rh scattering was 

observed to increased significantly in Fourier transformed extended 

XAFS (EXAFS). This change corresponded to an increase in the 

catalytic activity; the maximum activity of the RhY catalyst was 

observed after 30 min. of C0
2 

hydrogenation. These results evidence 

an advantage of in-situ XAFS analyses over conventional ones in 

elucidating the structure of the active site responsible for the catalytic 

activity and selectivity. 

Reference 

[1] K.K . Bando et al. , J. Synchrotron Rad. , in press. 
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Figure 3. 

In-situ XAFS spectra observed during H
2 

reduction of a 5 wt% RhY catalyst. 
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Highlights 

Figure 4. 

Relation between the dissociation energy 

(D) evaluated from EXAFS (solid circles) 

and log k,, where k, is the ligand exchange 

rate constant. The crosses represent the 

theoretical results by Akesson et al. [2]. 
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2-3 Anharmonicity in the Metal-Oxygen Bonding Potential 
for 3d Transition Metal Ions in Aqueous Solutions 
Studied by Extended X-Ray Absorption Fine Structure 
(EXAFS) Spectroscopy 

Information on anharmonicity in the interatomic bonding potential 

can be obtained from the temperature dependence of the extended X

ray absorption fine structure (EXAFS) spectra. Takafumi Miyanaga et 

al. applied this method to aqueous solutions of 3d transition metal ions 

[1 ]. EXAFS spectra of aqueous solutions of Cr3+, Fe3+, Fe2+, Ni2+, Co2
• 

and Zn 2
• (0.5-1.0 mol dm-3

) were measured for 20-80 °C. Assuming 

Morse-type interatomic potentials , the dissociation energies of ligand 

water from metal ion have been evaluated based on the temperature 

dependence of the harmonic Debye-Waller factor and the anharmonic 

third-order cumulant. Assuming that ligand water-exchange reaction 

is dominated by a dissociation process, the dissociation energy was 

300 

250 x 
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~x ........ 100 
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2
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considered to be equal to the activation energy of the water-exchange 

reaction. The deduced dissociation energies were found to correlate 

with those predicted by theory and with the experimental water

exchange rate constant as shown in Fig.4. 

References 

[1] T. Miyanaga et al. , Phys. Chem. Chem. Phys. 2 (2000) 2361 . 

[2] R. Akesson et al. , J. Am . Chem. Soc.116 (1994) 8705. 

2-4 Reduction Process of Cu-ZSM-5 Catalyst Studied by 
Time-Resolved XAFS 

Time-resolved measurements of the structural change of catalysts 

are essential to clarify the reaction mechanisms and to find preferable 

reaction conditions. For this purpose, Masaharu Nomura et al. have 

developed dispersive X-ray absorption fine structure (DXAFS) 

spectroscopy at the BL-9C. By using a bent silicon (111) crystal , a 

polychromatic X-ray beam was focused on a sample, and the 

diverging X-rays were detected by a position-sensitive X-ray detector 

consisting of a phosphor-coated fiber-plate and 1024 sensing 

elements photodiodes (0.025 mm wide, 2.5 mm high) (HAMAMATSU 

Photonics). A Pt-coated mirror was set between the sample and the 

detector to suppress higher order reflections. The energy range and 

resolution were 8800-9800 eV and 3-5 eV, respectively. 

By using the DXAFS apparatus, Aritomo Yamaguchi et al. 

investigated the structural changes of Cu catalysts during 

temperature-programmed reduction [1 ]. The sample was prepared by 

an ion-exchange method, replacing H ions in HZSM-5 zeolite by Cu 

ions (Cu-ZSM-5) . The Cu K-edge DXAFS spectra were recorded at 

an interval of 1 s in H
2 

of 5.3 KPa at a heating rate of 5 K min·1 in the 

range from 300 K to 700 K. The analysis of the XAFS data revealed 

that the isolated Cu 2+ species in the channels of zeolite were reduced 

stepwise, that is, Cu2+ _,. Cu+ at 400-450 K and Cu+ _,. Cu0 at 550-650 

K. On the contrary, CuO particles on the outer surfaces were reduced 

directly to Cu 0 metallic particles at around 450 K. These results 

demonstrate that DXAFS is useful for monitoring the structural change 

of a catalyst during chemical reactions. 

Reference 

[1] A.Yamaguchi et al. , Catal. Lett.68 (2000) 139. 
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Highlights 

Figure 5. 

PEPICO spectra of Se
2 

at the photon 

energy of 12.68 keV, which is slightly 

higher than the 1 s ionization potential , 

shown as a function of z/n . 
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2-5 Coulomb Explosion Following Core Excitations of 
Selenium Clusters Studied by Photoelectron Photoion 
Coincidence Spectroscopy 

Clusters are attractive targets because they are considered to be 

intermediate states between atoms and condensed matter. Most X

ray absorption studies of clusters in the gas phase, however, so far 

have been limited to the soft X-ray region . Tetsuichiro Hayakawa et 

al. have studied the multiply charged ion formation of selenium 

clusters , Se
2 

and "Se
5

" (the mixture of Se
5 

and small amounts of Se
6 

and Se
1

) , in the Se K-edge region at the BL-12C by using 

photoelectron photoion coincidence (PEPICO) spectroscopy (1 ]. In 

the PEPICO spectra of Se
2

, broad peaks corresponding to z/n = 1 to 7 

were observed, as shown in Fig.5, where z and n represent numbers 

of charge and atom, respect ively. Most of the peaks are split into 

asymmetric doublets. These results indicate that energetic Sez+ ions 

are produced by Coulomb explosion following cascade Auger 

processes after core excitations. The PEPICO peak widths were 

interpreted quantitatively by assuming the maximum charge before the 

Coulomb explosion is equal to 8. The difference in the branching 

ratios of Se
2 

and "Se
5

" was well reproduced by considering that the 

charges are randomly distributed within the clusters before the 

Coulomb explosion. 
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3 Surfaces and Interfaces 

3-1 Pseudomorphic Growth of a Pd Monolayer on an 
Au(111) Electrode Surface 

For studies on electrode-electrolyte interfaces, surface X-ray 

diffraction (SXD) is a unique technique, because it is not much 

influenced by the solution encapsulating the sample surface. Also, the 

penetrating feature of X-rays allows a determination of the 

crystallographic relationship between the overlayer and the substrate. 

Thus, SXD is complementary to electrochemical scanning probe 

microscopy, which is sensitive only to the outermost layer. 

Takahasi et al. [1] have studied the surface structure of a Pd 

monolayer electrochemically deposited onto Au(111) by SXD. The 

specular rod profile is shown in Figure 1 (a). According to convention, 

hexagonal coordinates with a = [1 /2,0,1 /2]bulk' b = [-1 /2,1 /2,0]bulk and c = 
[1 , 1, 1 t ,k are used. Compared with the profile for an ideally terminated 

Au(111) surface (dotted line) , the observed intensity decreases 

remarkably between neighboring bulk Bragg peaks. This destructive 

interference effect results from a uniform Pd monolayer formed on 

Au(111). A least-squares fitting gives the calculated curve (solid line) 

corresponding to the Pd-Au interlayer spacing, 2.27 A. The lateral 

adsorption site of Pd is ascertained by a measurement of the (01) rod 

shown in Fig.1 (b). The observed profile agrees well with the 

adsorption to the cubic closest packing site (solid line) . Other 

adsorption sites, such as the hexagonal closest packing site (dashed 

line) and the atop site (dot-dashed line) , fail to reproduce the 

observation . The Pd-Au bond length was calculated to be 2.82 A, 
which is close to the sum of the atomic radii of Pd and Au in each 

bulk. 

It is noteworthy that such a pseudomorphic smooth Pd layer, as 

obtained by the electrochemical method, is not available in a vacuum. 
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Figure 1. 

Rod profiles obtained for the structure of 

Pd (1ML) I Au (111): (a) 00 rod , and (b) 01 

rod . 

• 28 

The formation of a stable Pd layer in an electrolyte is ascribable to a 

lifting of the 23 x ./:3 surface reconstruction of the Au substrate. 
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3-2 Effect of Bragg Reflection on Surface X-ray Diffraction 

Diffraction spots in SXD are observed in the directions where the 

Ewald sphere intersects with the reciprocal rods perpendicular to the 

surface , reflecting the two-dimensional periodicity of the crystal 

surface. Due to the weak interaction of X-rays with the crystal , the 

interactions among those rods can usually be neglected. However, 

when Bragg reflection is excited at one of the rods, the intensities of 

the diffraction spots on other rods are influenced by Bragg reflection . 

Takahashi et al. [1] have measured the intensity change of the 

specular reflection from a Si(001) crystal under excitation of 555 

Bragg reflection of the (05) rods, as shown in Fig .2 (a) . Since the 

excited point is close to the 004 Bragg point in this experiment, the 

intensity change is not very sensitive to the structure of the 



monolayers, but is rather sensitive to a strain to near to the surface 

extending into a depth of a few hundreds of A . The dotted curve , 

calculated for a model terminated by the ideal surface , well 

reproduces the experimental results , but differs slightly from them . A 

more-detailed analysis (the solid curve) indicates that the native oxide 

layer, about 30A in thickness , formed on the crystal surface 

generates a strain ranging to a depth of 310 A with fl d/d = 0.0005, if 

we assume a model in which a uniform lattice distortion is produced 

by the oxide layer and is localized only near to the surface to a depth 

much smaller than the extinction distance of X-rays. 

Yashiro et al. [2] have obtained the intensity change when a point 

far from the Bragg point on the specular rod was excited under the 

diffraction condition , as illustrated in Fig.2 (b) . In this case , the profile 

of the intensity modulation becomes sensitive to the surface structure, 

and one can obtain not only the amplitude, but also the phase of the 

X-ray wave scattered by the native oxide layer on the crystal. This 

means that, in principle , one can obtain the structure of the native 

oxide layer model -independently by a Fourier Transform if one 

measures such intensity modulations at a number of points on the 

specluar rod by changing the wavelength . 
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Variations of CTR scattering as a function 

of incident angle under the Bragg condition 

obtained for Si(001) crystals with native 

oxide layers: CTR scattering (a) near 004 

Bragg point and (b) near 000 point. 

29 



Highlights 

30 

References 

[1] T. Takahashi , W. Yashiro , M. Takahasi , S. Kusano, X.W. Zhang , 

and M. Ando: Phys. Rev. B 62 (2000) 3630. 

[2] W. Yashiro , K. Shimizu , K. Hirano, and T. Takahashi : submitted to 

Phys. Rev. B. 



4 Electronic Structure of Condensed Matter 

Investigations of the electronic structure of condensed matter 

have been one of the main topics of synchrotron-radiation science. So 

fa r, the developments of experimental techniques, such as magnetic 

circular dichroism, spin-resolved photoemission and photoelectron 

diffraction , as well as the preparation of new samples with interesting 

properties, have continuously brought this field new aspects. We 

present below two excellent experiments which have been carried out 

at the Photon Factory in the preceding years . 

4-1 Observation of the Bonding Orbital between a C
60 

Molecule and the Dangling Bonds of Si Surfaces 

The recent observation of epitaxial silicon carbide (SiC) formation 

by the thermal reaction of C
60 

molecules with Si(111 )-(7 x 7) and 

Si(001 )-(2x 1) surfaces [1] has led to increased interest in the nature 

of the bond between C
60 

and Si surfaces. In order to determine the 

bonding nature , Sakamoto et al. have studied the coverage 

dependent [2] and temperature-dependent electronic structures [3] of 

C
60 

molecules adsorbed on Si(111 )-(7x 7) and Si(001 )-(2x 1) surfaces. 

Figure 1 (a) shows the coverage-dependent valence band spectra 

of a C
60 

adsorbed Si(111 )-(7 x 7) surface . The spectral features at a 

coverage of 5.0 monolayer (ML) are the same as those of bulk C
60

, in 

wh ich C
60 

molecules interacted with the van der Waals force . The 

highest occupied molecular orbital (HOMO) and the second HOMO 

(HOMO+ 1) are observed at 2.0 and 3.3 eV, respectively. No difference 

is observed in the spectrum at 1.0 ML, indicating that most C
60 

molecules interact with the van der Waals force with the surface at this 

coverage. At a coverage of 0.25 ML, the full width at half-maximum 

(FWHM) of all molecular orbitals increases. Moreover, the HOMO 

seems to split into two peaks having binding energies of 1.8 and 2.4 

Highlights 
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(a) 

HOMO 

HOMO+! 

8 6 4 2 0 
Binding energy (eV) 

Figure 1. 

eV. Taking into account the polarization dependence of the valence 

band spectra and the results of the Si 2p and C 1 s core levels, it is 

found that the 2.4-eV peak is the covalent bonding state between a C
60 

molecule and the Si substrate, and that the 1.8-eV peak is a shifted 

HOMO . The bonding state was also observed between the C
60 

molecule and a Si(001 )-(2x 1) surface at a coverage lower than 0.25 

ML, and after annealing the 1.0 ML C
60 

film adsorbed Si(111 )-(7x 7) 

and Si(001)-(2 x 1) surfaces at 500 K. The latter result suggests a 

change in the bonding nature at 500 K. Figure 1 (b), presents the 

energy-level scheme of the bonding state in terms of the symmetry of 

the HOMO. 

(b) 

HOMO ' 

anti-bonding states 

surface 
states 

ML 
HOMO / i 

5.0 

1.0 

i+-+HHr~ 
~ 

isolated C 60 

2 sp3 
electrons 

bonding states 

Si( 111) 

(a) Coverage-dependent valence band spectra of the C
60 

adsorbed Si(111 )-(7x 7) surface measured with a photon 

energy of 21 .2 eV. 

(b) Schematic diagram of the energy levels for the adsorption of a C
60

molecule on the Si(111)-(7x 7) surface at a 

coverage lower than 0.25 ML. 
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4-2 Orbital Moments of Oxygen Atoms of CO Adsorbed 
on Ni/Cu(001) Films [1] 

Hig~liq I~ 

Perpendicular magnetic anisotropy (PMA) is one of the main 

subjects on magnetic thin films . Thin Ni films on Cu(001) are 

especially interesting , since the system shows two thickness

dependent phase transitions ; in the thickness range of about 10-50 

ML the Ni films exhibit PMA . The adsorption of H and CO on 

Ni/Cu(001) is also interesting . It was found that H and CO adsorption 

further stabilizes PMA; the magnetization easy axis of Ni film with 7-11 

ML thickness is changed from the surface parallel to the surface 

normal upon adsorption [2]. 

In order to understand the adsorption effect on PMA, Yokoyama 

et al . measured the 0 K-edge XMCD (X-ray magnetic circular 

dichroism) spectra at the BL-11 A for CO on Ni/Cu(001) by varying the 

Ni thickness. Figure 2 shows the 0 K-edge spectra of CO adsorbed 

on 6 ML , 10 ML , and very thick Ni films. The most striking 

observations should be different signs of the XMCD signals appearing 

at the 2 n: • transitions. In the in-planar magnetization cases of 6 ML 

and very thick films, small positive peaks were detected , while in the 

10 ML Ni film (PMA) a strong negative feature was observed. In the 

perpendicular magnetization case , the observed negative XMCD 
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(Left) 0 K-edge XMCD spectra of CO on 6 ML, 10 ML, very thick Ni films on Cu(001) and (Right) interpretation of 

the ferromagnetic coupling between the 0 orbital moment and the substrate magnetization . 
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signal indicates a positive orbital moment, which implies ferromagnetic 

coupling between the 0 orbital moment and the total magnetization. 

On the contrary, the positive XMCD signs observed in the in-planar 

magnetization indicate negative orbital moments at the 0 atoms and 

antiferromagnetic coupling . The antiferromagnetic coupling in the 

latter case is consistent with their previous observat ion on 

CO/Co/Cu(001) (in-plane magnetization) [3] . 

In the case of the 10 ML Ni film (PMA) , the CO 2 n * orbital is 

hybridized with the 3dyz orbital of the surface Ni atom, as shown in Fig. 

2. The orbital moments of the surrounding surface Ni atoms originate 

from a pair of 3d and 3d , ,. Since the symmetry of the 3d -2 n * 
~ x -y ~ 

hybridized orbital is different from those of 3d and 3d , , of the 
xy x~-y 

surrounding Ni atoms, the hybridized orb ital forms no chemical 

bonding with those orbitals , leading to a positive exchange interaction. 

The spin and, thus , the orbital moments of the hybridized orbital are 

consequently coupled ferromagnetically with the total Ni 

magnetization. In the case of in-planar magnetization , the present 

results should indicate that CO-adso rbed Ni atoms also show 

antiferromagnetic coupling with the total magnetization , though the 

detailed interpretation may be more complicated. 

The present XMCD measurements allow us to obtain more 

detailed information about the chemical-bonding picture between 

adsorbates and substrates, including magnetic interactions. 
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5 Materials Science 

5-1 Direct Observation of Antiferroquadrupole Ordering ; 
Resonant X-Ray Scattering Study of DyB

2
C

2 

Antiferroquadrupolar (AFQ) ordering has been conjectured in 

several rare-earth compounds to explain their anomalous magnetic 

properties . No direct evidence for AFQ ordering , however, has been 

reported . Using the resonant X-ray scattering technique near to the 

Dy L
111 

absorption edge with a six-axis diffractometer at the BL-16A2, 

K.Hirota and his group have succeeded in observing the AFQ order 

parameter in DyB
2
C

2 
and analyzing the energy and polarization 

dependence [1 ]. 
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Figure 1. 

Incident energy dependences (a) and 

azimuthal angle dependences (b) of the 

(0 0 2.5) peak for 6 - 6' polarization . 
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Three superlattice peaks of q M =(1 0 0), q
01 

=(0 0 1/2) and q
02

=(1 

0 1/2) were investigated. Figure 1 (a) shows the incident-energy 

dependences of the (0 0 2.5) peak, i.e. , the q
01 

point, which exhibits a 

sharp enhancement at the Dy L
111 

edge. The (0 0 1 /2) peaks appearing 

below T
0 

=25 K in both the 6 - n:' and 6 - 6' scattering processes 

have been observed. On the other hand , the (1 0 0) and (1 0 1/2) 

peaks in the 6 - n:' scattering process appear only below TN =15 K, 

corresponding to a magnetic order consistent with previous neutron

scattering results. 

In addition to the enhancement, it is expected that the resonant 

ATS scattering from AFQ ordering would show an azimuthal angle ( ~) 

dependence reflecting the shape of the f electron distribution. As 

shown in Fig.1 (b), they measured the azimuthal angle dependence for 

the two different polarizations by rotating the crystal around the 

scattering vector kept at (0 0 2.5) , which demonstrates that the 6 - 6' 

scattering exhibits a characteristic four-fold oscillation , compatible with 

the AFQ ordering in tetragonal symmetry. The intensity approaches 

zero at ~ =0 and n: /2. 

The much weaker coupling between the orbital degrees of 

freedom and the lattice in 4f electron systems than in 3d compounds 

makes them an• ideal platform to study orbital interactions originating 

from electronic mechanisms. 

Similar studies were also done by Tanaka and the co-workers 

almost simultaneously [2] . 
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5-2 Structural and Magnetic Properties of K-Absorbing 
Zeolite LTA 

Zeolite LTA, M,
2
Si

12
Ai

1
,0

48
(H,0)", where Mis an alkali-metal , is a 

synthetic hydrated aluminosilicate, where a (-Si-O-Al-0-) framework 

forms two kinds of cages, called a and (3 . The dehydrated LTA can 

absorb additional alkali-atoms, whose 4s-electrons are delocalized in 

the cavities of a -cages in the crystal , and exhibit novel properties. In 

1992, Nozue et al. reported a ferromagnetic-like transition in K

absorbing K-ion type LTA, Kx- K,
2
Si

12
Ai

1
,0

48
, with x from 3 to 5 [1 ]. In a 

naive picture, the electrons occupy the 1 sand 1p quantum states 

formed in the cavities with a spherical potential well. Then , the 

ferromagnetism appears when the 1 p states are partially filled . 

Recently, a systematic study on the structure and magnetism was 

performed by Maniwa et al. in K-absorbing K-ion type LTA [2] . Figure 2 

shows examples of powder X-ray diffraction profile as a function of the 

K-absorbing density, x. The peaks for x = 0 are indexed as those of a 



simple cubic lattice, as shown in the bottom. Upon increasing x, we 

can see new peaks assigned to a superlattice with doubling the lattice 

constants for each direction. This implies that there are two kinds of 

a -cage with different K-density (so-called mass density wave; MDW). 

Magnetic susceptibility measurements of the same samples clarified 

that the ferromagnetic moment coexists with the lattice modulation, 

suggesting a possibility of ferrimagnetism. From this point of view, 29Si

NMR experiments were also performed [3] . The spectra actually 

indicated the presence of two different kinds of magnetic moments. A 

detailed analysis of the spectra to determine the magnetic structure is 

now in progress. 

Finally, it should be emphasized that high-performance X-ray 

diffraction experiments using synchrotron radiation on the BL-1 B 

made it possible to discover the new aspect of the ferromagnetic 

zeolite LTA. 
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5-3 Observation of the Fermi Surface Flattening in Cu-
28at%Pd by Compton Scattering 

The Cu-Pd alloy exhibits a variety of phase transformations 

according to the composition and temperature. Many structural 

investigations have been carried out using X-ray or electron-beam 

diffraction methods. It is thought from these investigations that the 

conceivable driving force of the phase transformation and the 

occurrence of short-range order is related to the geometry of the 

Fermi surface. In particular, it has been predicted that a flattening of 

the Fermi surface due to alloying is responsible for the occurrence of 

a short-range order. However so far, a direct measurement of the 

Highlights 

Figure 2. 

Powder X-ray diffraction profiles in K

absorbing K-ion type LTA. 
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Figure 3. 

Three-dimensional Fermi surface of pure 

Cu (a) and Cu-28at%Pd (b). (c) The 

Fermi surface on the (100) cross-section . 
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Fermi surface of the alloy has not been performed , because traditional 

methods for studying Fermiology can not be applied to concentrated 

alloys. Very recently, it becomes possible to study the Fermiology of 

alloys at the AR-NE1A1 by Compton scattering, which does not 

require long mean free paths of electrons, and the method has been 

applied to test the above-mentioned theoretical prediction. 

Matsumoto et al. present direct evidence of a flattening of the 

Fermi surface in a disordered Cu-28at%Pd alloy which exhibits a 

short-range order at high temperatures [1]. Twenty two directional 

Compton profiles of the alloy and of pure Cu were measured, and are 

being used to reconstruct the 30 momentum density by the direct 

Fourier method. The 30 occupation number density is obtained from 

the obtained 30 momentum density via the LCW folding method . 

Figure 3 shows the Fermi surface of pure Cu (a) and that of the 

alloy (b). It is easily seen that the neck at L in pure Cu disappears in 

the alloy. Figure 3(c) shows the (100) cross-section through r, which 

clearly demonstrates that the Fermi surface of the alloy flattens in the 

[11 OJ direction . This is the first experimental evidence which supports 

the theoretical prediction on the driving force of the short range order 

in this system. 

(:1) pure Cu (bl Cu -28:u<.f Pd 

(C J (!00) cross -st.•..:tion 
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6 Crystallography 

Powder X-ray diffraction has been developing as a useful and 

convenient method for crystal-structure analysis, when combined with 

synchrotron radiation and/or advanced analytical methods, such as 

the Rietveld method. We would like to mention it, as the highlight of 

crystallography and introduce here the recent developments of 

synchrotron powder X-ray diffraction experiments. 

6-1 Ab initio Structure Determination using Synchrotron 
Radiation Powder Diffraction Data 

The ab initio structure determination is still one of the most 

challenging topics in powder diffraction . Direct methods are major 

tools for phasing in powder methods as well as in single-crystal 

methods. However, they sometimes fail to give complete structure 

solutions because of incompleteness of the observed structure 

amplitudes derived from reflection data with severe overlap [1-2). 

Recently, powerful methods , such as those which apply the 

Monte-Carlo method or the simulated annealing method, have been 

developed for solving crystal structures from powder data in direct 

space [3-5). At BL-482, Yamazaki, S. (INAX Co. Ltd.), et al. are 

interested in solving the crystal structure ab initio from high-resolution 

synchrotron radiation powder diffraction data. In the following two 

examples, which apply the Monte-Carlo method for finding missing 

atoms, are described. 

In the structure determination of the monoclinic-2,2-

bis(hydroxymethyl)butanoic acid (m-BHBA) [C
6
H

1
p

4
: space group 

P2/ c, Z= 4, a= 6.3980(1)A, b = 11 .0866(3)A , c= 11.2095(4)A , /3= 

106.108(2)°], the positions of seven atoms among ten non-hydrogen 

atoms in a unit cell were first found by the direct method . The 

positions of the remaining three atoms were successfully found after 
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Figure 1. 

Crystal structure of m-BHBA. 

40 

20000 Monte-Carlo moves without applying any constraints on these 

atoms [6] . Figure 1 shows the crystal structure of m-BHBA finally 

obtained by a Rietveld refinement. 

In the case of the tobermolite-11 A [Ca
5
(Si ,Al)

6
0

16
H

2 
• 4Hp: 

space group Bm, Z = 2, a= 6.7296(7)A, b = 7.3550(6)A , c = 
22.610(2) A , y = 123.242(8)°] , the "frame structure [Ca

4
(S i,Al)

6
0

16
HJ' 

has already been known [7-8] . However, the positions of one Ca atom 

and four water molecules, existing as "zeolitic ions", have not yet been 

determined. The application of the Monte-Cairo method was again 

successful in finding the positi ons of these atoms. The derived 

structure model , having 51 atomic parameters, was further refined by 

the Rietveld method . Figure 2 shows the refined crystal structure of 

tobermolite-11 A. 

b 



The Monte-Carlo methods for structure solution is generally used 

with a rigid-body model , which constrains the atomic positions of 

individual atoms for reducing the number of variables and avoiding to 

fall into false minima [9]. In the present study , it has been 

demonstrated that the method is powerful for finding missing atoms 

without using the rigid-body model, and that it compensates the direct 

methods for any incompleteness of powder data [6]. 
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Crystal structure of tobermolite-11 A . 
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Figure 3. 

New furnace for high-temperature powder 

X-ray diffraction attached to the BL-3A 

diffractometer ¢ -stage. The arrow indicates 

the heater and sample holding. An alminium 

chamber covers the heater and sample 

holder. 
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6-2 A New Furnace for Synchrotron Powder X-Ray 
Diffraction at BL-3A and its Application to High
Temperature Crystal-Structure Studies of Rare-Earth 
Alminium Oxide 

A new apparatus for high-temperature X-ray powder diffraction 

experiments has been developed for the diffractometer at BL-3A and 

has been applied to crystal-structure studies of perovskite-type oxide, 

CeAl0
3

, under high temperature. 

Synchrotron powder X-ray diffraction is a very powerful method 

for investigating the structural phase transition, as mentioned below. 

1) It can be applied to a material that is hard to synthesize a single 

crystal. 2) It can easily observe a change in the powder diffraction 

profile caused by the sample environment. 3) If synchrotron radiation 

is used as the X-ray source, it can obtain extremely high-resolution 

diffraction data without any K a ,K a 
2 

contamination. Many low

temperature X-ray powder diffraction apparatus are provided to 

experimental stations in the PF for material physics. On the other 

hand, high-temperature powder X-ray diffraction is expected to be a 

useful method in the field of earth or planetary material science . 
• 

Tanaka, M. (Photon Factory, KEK) , et al. thus developed a new 



powder X-ray diffraction furnace for the 3-axis 4-circle diffractometer 

at the BL-3A [1 ]. This new furnace is designed to enable atmosphere 

control and sample rotation at 1 rps under heating to avoid the grain

size or grain-growth problem . The expected highest sample 

temperature is about 900K. Figure 3 is a photograph of the furnace 

attached to the BL-3A diffractometer. The performance is summarized 

on Table 1. 

This furnace has been applied to powder diffraction experiments 

on the CeAl0
3 

crystal structure under high temperature at BL-3A. 

CeAl0
3 

is one of the compounds of a series of rare-earth alminium 

oxide, which takes a perovskite-type structure. In this series of 

compounds the crystal symmetry changes systematically according to 

the ionic radius of the rare-earth element. The compounds containing 

the smaller ion-radius rare-earth elements are orthorhombic structure 

and the compounds containing the larger ion-radius rare-earth 

elements are rhombohedral structure [2-4]. However, only CeAl0
3 

is 

an exception to this tendency. There were many trials to further 

analyze the crystal structure [5], but the deviation from a cubic 

perovskite is so small that the structure has not been made clear 

indetal until now. The experimental condition is as follows . The 

furnace is installed on the rp -rotation stage of the BL-3A 

diffractometer. 1.0 A X-rays monochromatized from synchrotron 

radiation by a Si (111) double-crystal monochromator were used. The 

powder-diffraction profiles of selected diffraction peaks were observed 

in the temperature range from 300K to 880 K. Figure 4 is the obtained 

powder diffraction profiles. These patterns clearly show the change in 

crystal symmetry. For example, the double-peak around 2 e 
=15.5(deg.) becomes single-peak according to the ascent of 

temperature. It was concluded that the crystal system was 

orthorhombic below 443 Kand changed into rhombohedral above 514 

K, as the result of an analysis on the diffraction-peak split pattern. 

As mentioned, this new furnace was successfully applied to 

observe the symmetry change of CeAl0
3

, and will be a new useful 

apparatus to investigate high-temperature structural phase transitions. 

The authors presently provide it for PF user experiments and expect it 

to be utilized for high-temperature diffraction studies. 
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Figure 4. 

Powder-diffraction patterns of CeAl0
3 

under heating. 

44 

Table 1 Performance of the new synchrotron powder X-ray diffraction 

furnace. 

Heater : Platinum 

Temperature range : 300~900K 

Temperature deviation : ±2 K at 1000 K 

Sample size: 10mm ¢> X0.5mm 

Sample rotation : 1 rotation/ second 

Temperature measurement : Pt-PtRh1 3 thermo couple 
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6-3 Structural Study of Spinel-Type Culr
2
S

4 
at Low 

Temperatures by High-Resolution Powder Diffraction 

A spinel-type compound , Culr
2
8

4
, shows a metal-insulator 

transition (MIT) at T, = 226 K, which is accompanied by a structural 

phase transition [1 ]. Although many efforts have been made to clarify 

the origin of the MIT of Culr
2
8

4
, the precise crystal structure of the low

temperature phase as well as the origin of the MIT remains unknown. 

Ishibashi , H, (Osaka Pref. Univ.) , et al. carried out high-resolution 

powder diffraction experiments to examine the crystal structure of the 

low-temperature phase of Culr
2
8

4 
in detail. 

High-resolution powder diffraction experiments at 50 K were 

performed using a four-circle diffractometer with high-angle resolution 

installed at the BL-3A. The cryostat of the helium closed-cycle type 

was used to cool the sample. Further, a flat Si(111) crystal analyzer 

was used in front of the counter to obtain diffraction data with much 

higher resolution. The other layout of the experiment is similar to that 

reported previously [3]. The wavelength used was ) = 1.547 A. The 

powder pattern was measured in 2 e I e step scanning with a step 

width of 0.002°. 

Figure 5(a) shows the observed powder pattern of the low

temperature phase of Culr
2
8

4
• The fundamental reflections were 

indexed by assuming that the crystal structure has an orthorhombic 

symmetry. Figure 5(b) shows detailed profiles of the 404, 044 and 440 

(a) 
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Culr2S4 50 K 

2= 1.547 'A 
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Figure 5. 

(a) Powder pattern of Culr
2
8

4 
at 50 K 

obtained by a synchrotron radiation source 

at BL-3A station . 

(b) Blue lines showing the detailed profiles 

of the 044, 404 and 440 reflections . The 

green lines show the profiles obtained by 

Cu Ka radiation at laboratory for a 

comparison with the present result. 
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reflections together with those obtained by a laboratory X-ray source 

(using Cu Ka radiation) for a comparison. As can be seen in this 

figure , the peak width becomes remarkably narrow by using a 

synchrotron radiation source. As a result , it is found that each peak is 

clearly splitting into two peaks, i.e., the 440 reflection of the high

temperature phase is divided into six independent reflections. These 

splittings mean that the crystal structure has a triclinic symmetry. 

Furthermore the existence of extra weak reflections, such as 3/2 1 /2 

1/2, are clearly observed, which means that atomic displacements of Ir 

ions take place below T,. These results support a charge in the 

ordering of lr3+ and lr4+, which is considered to be the origin of the MIT. 

A possible model of the charge ordering and the correlation with the 

physical properties are now in progress. 
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6-4 Study of High-Tc Compounds by X-Ray Powder 
Diffraction Near the Cu K-Absorption Edge 

Cu ions play a very important role in a high-Tc material and their 

valence states can be monovalent, divalent, or trivalent according to 

the configuration of the neighboring atoms. The high-Tc property very 

sensitively depends on the configuration . Ishida, K. (Science 

University of Tokyo) et al. studied the valence state of Cu ions and the 

electron density around the ions in high-Tc compounds by X-ray 

powder diffraction (XPD). 

Though XPD is a very powerful method to determine crystal 

structure, it is not very good for the electronic state of ions in a crystal. 

It is well known that the X-ray absorption edge depends on the 

valence state of an atom. Therefore , the dispersion curves of ions 

reflect their electronic state. In order to obtain dispersion curve, for a 

start, structural parameters were determined by Rietveld analysis of 

XPD data taken with an X-ray wavelength far from the Cu K 

absorption edge. XPD measurements were carried out with a number 

of X-ray wavelengths near the absorption edge . The real and 

imaginary parts of the scattering factor of Cu ions near the edge were 

obtained by Rietveld analysis, in which both parts were parameters to 

be determined; other structure parameters determined far from the 

edge were adopted for the analysis . 



As for electron distribution density, the Maximum Entropy Method 

(MEM) is a very powerful method to determine the density from XPD 

data without assuming any structure model. In the present work , 

however, the structure factors brought out by the Rietveld analysis 

were also used for MEM, since the final reliable factors of the MEM 

charge density obtained using the parameters was better than that 

without using them . 

High-Tc compounds , YBCO and Nd-Ce-Cu, were prepared by the 

conventional method. Super- and non-super-conducting samples were 

obtained by heat treatments for YBCO and Ce doping for Nd-Ce-Cu. 

The X-ray measurements were carried out at room temperature 

on the BL-482. The XPD data for YBCO were collected by high

resolution powder diffractometer and, for Nd-Ce-Cu, by high-resolution 

powder diffractometer with multiple detector system. 

Figure 6 shows the dispersion curves of the real part of the atomic 

scattering factor of Cu(1) and Cu(2) in YBCO. The curves of Cu(1) 

and Cu(2) cannot be distingu ished. Moreover, any significant 

difference isn 't observed in the curves of tetragonal and orthorhombic 

compounds . For the edge of the Cu (1) ions , the energy of the 

tetragonal phase is slightly lower than that of the orthorhombic ones, 

but the difference is not as large as that expected for the Cu• ion [1 ]. 

Figure 7 shows the MEM charge densities of Nd-Ce-Cu obtained by 

using the structure factors brought out by the Rietveld method . A 

reliable factor of the MEM charge density was 2.5 %. From the charge 
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Real part of the anomalous scattering factor of YBCO near the Cu K-edge. Tetragonal (left) 

and orthorhombic (right) phases . The curve is dispersion curve for Cu free atom 

(calculation). The solid cu rve is the same shape as the broken curve but with the edge 

shifted by 6 eV. 
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Figure 7. 

MEM charge densities for (002) (upper) 

and (200) (lower) of superconducting 

(Nd ,Ce)
2
CuQ

4
• The contour lines are 

drawn from 0.5 to 5 .0 with 0.3 (e l A 3 ) 

intervals . 

48 

density of the (002) plane, directional robe of the density from the Cu 

atom to the surrounded 0 atoms can be observed. This shows the 

Cu(3d,,) -0(2p) orbital hybridization charge and the strong bonding 

between the Cu and 0 atoms in the Cu0
2 

plane. It is also seen in the 

lower figure that the plane is composed of weakly bonding upper and 

lower planes. 
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7 High Pressure Science 

7-1 High-Pressure Study of Hydrogen Bond Symmetrization 
on HCI 

HCI is a member of the hydrogen halide system, and is a very 

popular material for high school students. It is one of the most simple 

molecular crystals containing a hydrogenbond. Among the research 

field of the hydrogen-bond system, symmetrization (proton is placed 

just in between two adjacent atoms) is an advanced topic: when and 

how a hydrogen-bond gains a single-well potential while losing its 

double-well potential. Hydrogen-bond symmetrization , which has 

been observed for Hp ice at 60 GPa, can be expected to occur in 

hydrogen halide systems as well. With decreasing temperature , HCI 

gas becomes frozen to a solid state at ambient pressure, which takes 

three kinds of molecular crystals in different temperature ranges. They 

are known as Phase-I , Phase-II and Phase-Ill and their temperature 

ranges for existence are 159 K> T > 120 K, 120 K> T >98 K and 98 K> T, 

respectively. Phase-I and Phase-II have orientationally disordered 

hydrogen bonds . As for Phase-II , a hydrogen atom occupies a 

symmetrically reversal position. Phase-Ill has a planar zigzag chain of 

hydrogen bonds. 

X-ray powder diffraction experiments on solid HCI were carried 

out by H. Fujihisa et al. with a diamond anvil cell at room temperature 

at BL-18C. A pressure-induced transition was observed at 18 GPa 

and no other phase transition was found up to 61 GPa. The high

pressure phase was identified as Phase-Ill with space group Cmc2, 

and pressure effects on its lattice constants and atomic positional 

parameters were also measured by using a Rietvelt analysis . 

At 61 GPa the interchain Cl-Cl distances in Phase Ill decrease to 

the 89% value, which is shorter than a doubled van der Waals radii of 

chlorine. A continuous color change from brown to black can be 

explained by this pressure effect on the interchain interaction. The 
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Figure 1. 

Atomic arrangements of HCI in Phase Ill 

before and after hydrogen bond 

symmetrization , at 18 GPa [AJ and at 55 

GPa [BJ , respectively. 

50 

intrachain Cl-H ···Cl distance reaches only a value 5% larger than the 

doubled intramolecular distance around 50 GPa. Hydrogen bond 

symmetrization should take place here , judging from this and the 

disappearance of molecular vibration in high-pressure Raman 

spectroscopy[1 J. Figure 1 shows the atomic arrangements of HCI in 

Phase-II I before hydrogen-bond symmetrization at 18 GPa [AJ and 

after symmetrization at 55 GPa [BJ . It is noted that the pressure

induced hydrogen bond symmetrization means molecular dissociation 

in HCI solid simultaneously. 
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7-2 Phase Transitions of Sulfur at High Pressure and High 
Temperature. 

In ordinary elements, pressure-induced phase transitions have 

been well studied in the pressure range below a few tens GPa. 

Moreover, the phase transitions over 100 GP a are becoming clear 

using in-situ X-ray measurements with a diamond-anvil cell. As for 

sulfur, many high-pressure and high-temperature experiments have 

been carried out because of the interest of material science and earth 

science , but they still lose consistency. In most of the previous 

experiments , many phases under slightly different conditions have 

been found using a quenching method. In addition , even a room 

temperature X-ray diffraction experiment shows only a complex of 

broad peaks up to about 20 GPa and an amorphous pattern in 

between 20 to 40 GPa. 

The behavior of sulfur under high-pressure and high-temperature 

conditions has been revealed for the first time in the range of P < 16 

GPa and T < 900°C . Kusaba and Kikegawa carried out a high

temperature high-pressure in-situ X-ray diffraction experiment using 

multi-anvil press MAX80 installed in AR-NE5C. Ge-SSD was used for 

the energy-dispersive powder X-ray diffraction method. Magnesia as a 

grain growth obstruction material at elevated temperature was mixed 

with sulfur powder in 20% weight. NaCl powder, in which magnesia 

was also mixed with in the same way, was used as a pressure marker. 

Typical X-ray diffraction patterns are shown in Fig . 2 . An 

orthorhombic normal-condition phase (a) is well known as alpha-sulfur 

with crown-shaped Ss ci rcular molecules (Fig . 3) . Three kinds of new 

high-pressure phases (b-d) were found in this experiment. All these 

high-pressure phases appearing by elevating temperature to above 

300°C had not been observed in the usual room-temperature high

pressure experiments. They could be frozen in the room temperatu re 

but became unstable with decreasing pressure. Thus, these phases 

could not keep under the normal condition . This result indicates that it 

is impossible to observe the behavior of sulfur at high pressure and 

high temperature by the quenching method. 

The second high -pressure phase is explained as hexagonal 

sulfur, which consists of 18 atoms with three S
6 

circular molecules in a 

unit cell (Fig . 4) . The hexagonal sulfur is known to be in a quasi-stable 

phase at ambient pressure . It is made by a re-crystallizing method 

from the solvent, and has the 6% higher density than that of the 

orthorhombic phase. 

In the phase transition from the ambient-pressure phase to the 

second high-pressure phase, the crown-shaped Ss molecules start an 

open-ring reaction and reconstruct into another type of circular 

molecule, S
6

. 

As for the two other high-pressure phases, structure analyses are 
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Figure 2. 

X-ray diffraction patterns of sulfur for a) the 

ambient-p ressure phase , b) the high

pressure phase I, c) the high-pressure 

phase II , and d) the high-pressure phase 

Ill. 

Figure 3. 

Atomic arrangement of alpha-sulfur in the 

ambient-pressure phase. 128 sulfur atoms 

form 16 crown-shaped S
8 

circular molecules 

in a unit cell. 
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now proceeding by the DDX (dual dispersive X-ray diffraction) method 

[1] . 
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Figure 4. 

Atomic arrangement of high -pressure 

phase II. 18 sulfur atoms form three S
6 

circular molecules in a unit cell. 
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8 Biological Science 

The application of synchrotron radiation to an analysis of the 

crystal structures of biological molecules is spreading. It is important 

not only for academic research , but also for industrial requirements. 

The Tsukuba Advanced Reseach Alliance (TARA) project is more 

suitable to fulfill these demands. In this section, two topics involving 

TARA project are discussed: one is the RNA-dependent RNA 

polymerase of Hepatitis C virus ; the other is phycobiliproteins. The 

former was obtained by JT company, and the latter by international 

collaboration . 

Two other topics to be pursued by crystal structural analyses of 

proteins are the use of the MAD method and the refined analysis of 

proteins . Recently, it has become feasible to analyze bound water 

around protein molecules. 

It is now more recognized that proteins in motion are important to 

elucidate their function. Above many efforts in this trend , X-ray 

scattering is widely applied to elucidate protein folding , because X-ray 

scattering gives uniquely direct evidence of protein compactness. In 

parallel with the development of a CCD detector, it becomes feasible 

to investigate the protein folding pathway by a combined method with 

stopped-flow and a CCD detector. Here, results on the folding of a -

lactalbumin (a -LA) are discussed. 

8-1 Crystal Structure Analysis of the RNA-Dependent 
RNA Polymerase of Hepatitis C Virus 

Hepatitis C virus (HCV) is a positive single-stranded-RNA 

[(+)ssRNA] virus and the major etiological agent of hepatocellular 

carcinoma. The World Health Organization has estimated that there 

are 170 million chronic HCV carriers in the world today [1], although 

the risk of acquiring HCV by transfusion has been dramatically 



reduced since the development of an assay for the virus. About 80% 

of HGV-infected patients develop chronic hepatitis, 20% of them 

progress to cirrhosis and eventually develop hepatocellular carcinoma. 

At present, no vaccine is available and there is no broadly effective 

therapy for all genotypes of HCV, although extensive research has 

been focused on the development of anti-HGV agents. The NS5B 

protein of HCV is the RNA dependent RNA polymerase (RdRp) which 

has the full-functionality of HCV RNA genome replication [2], and is 

one of the potential targets for anti-HGV agents. 

The three dimensional structure of HCV RdRp was determined by 

X-ray crystallography at 2.5 A resolution (Fig . 1) [3-5]. The structural 

basis of the RNA selectivity of HCV RdRp was elucidated from its 

crystal structure [5]. 

The compact HCV RdRp structure resembles a right hand, but 

has more complicated fingers and thumb domains than those of the 

other known polymerases , with a novel a -helix rich subdomain (a 

fingers) as an addition to the fingers domain. The other fingers' 

subdomain ( /3 fingers) is folded in the same manner as the fingers' 

domain of human immunodeficient virus reverse transcriptase , 

another RNA-dependent polymerase. 

HCV RdRp strictly discriminates between RNA and DNA for the 

template as well as between ribonucleoside-triphosphate (rNTP) and 

deoxy-ribonucleoside triphosphate (dNTP). The primary substrate 

discriminating factor is a hydrogen bond between Asp225 and 2'-0H 

of rNTP. It is consistent with the proposition of Hansen et al [6] . 

Further, more HCV RdRp possesses a shallow hydrophilic pocket with 

bound water molecules around the corresponding residue . The pocket 

is composed of residues that are highly conserved among (+)ssRNA 

Rd Rps (Asp225, Ser282, Thr287 and Asn291 ). The hydrophilic pocket 

of HCV RdRp should better accommodate the more polar and bulkier 

ribose of rNTP without dehydration. Coupled with the enthalpic gain 

from forming a hydrogen bond with Asp225 , this should contribute to 

Highlights 

Figure 1. 

Crystal structure of HCV RdRp . The a 

fingers , /3 fingers , palm and thumb 

domains are colored by green , blue , red 

and violet , respectively. 

55 



Highlights 

56 

substrate selectivity. The unique a finge~s might represent a common 

structural discriminator of a template-primer duplex that distinguishes 

the difference in the conformation between RNA and DNA during the 

replication of (+)ssRNA by viral RdRps. According to a docking study 

of the HCV RdRp and RNA duplex, the phosphodiester backbone of 

the RNA template lies in the vicinity of the electrostatically positive 

concave surface on the a fingers. Furthermore, the backbone of the 

RNA primer also comes close to the other side of the positively 

charged surface of the a fingers . The multisequence alignment of 

RdRps using PSI-BLAST [7] shows that the basic res idues 

corresponding to Lys106 and Arg109 in the a fingers are significantly 

conserved in several (+)ssRNA viruses. 
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8-2 Crystal Structure of Phycobiliproteins 

The light-harvesting system of algae is formed by phycobilisomes, 

which are composed of different phycobiliproteins: phycoerythrin (PE), 

phycocyanin (PC) and allophycocyanin (APC). Light energy was 

harvested and transferred in the direction of PE - PC - APC -

photosynthetic reaction center with very high efficiency. 

Phycobiliproteins all carry different chromophores , such as 

phycoerythrobilin (PEB), phycocynobilin (PCB), phycovilobilin (PVB) 

and phycourobilin (PUB) ; these chromophores were arranged in a 

specific position and orientation in the protein to form a specific 

network for energy transfer. 

The crystal structures of R-phycoerythrin from Polysiphonia 

urceolata (1.9 A) [1, 2], R-phycocyanin from Polysiphonia urceolata 

(2.4 A) and allophycocyanin from Porphyra yezoensis (2 .2 A) [3] have 

been solved by Liang's group and all of the high-resolution diffraction 

data of these proteins were collected at the BL-6B . 

The crystal structure of R-PE (Fig.2) was solved by the MIR 

method and the three-dimensional structure of PUB was determined 

for the first time. According to the crystal structure of R-PE, the 

distances between chromophores were calculated and possible 

energy transfer pathways were suggested. 

PC can be classified into two groups, as R-PC and C-PC, by the 

spectrum characteristic. Although C-PC only carries chromophore 



PCB, we determined that R-PC contains both PEB and PCB. A 

structural comparison of R-PC and C-PC has revealed that the 

different spectrum characteristic was influenced by the different 

microenvironment of the chromophores . 

The observation of the APC structure suggests that APC may 

exert biological function as a "loose hexamer" , and that the aromatic 

pathways may play a very important role in energy transferring. 

Energy-transfer pathways inside each phycobiliprotein (R-PE, R

PC and APC) and phycobilisome have been proposed. 
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8-3 Contribution of Water Molecules in the Interior of a 
Protein to the Conformational Stability 

The conformational stability of globular proteins is low, only 40 

kJ /mol , resulting from the combination of a hydrophobic effect , 

hydrogen bonding, conformational entropy, and other effects. In order 

to estimate the contribution of each factor to protein stability, changes 

in the stability and the structure due to mutations have been examined 

by differential scanning calorimetry and X-ray analysis , respectively, 

Highlights 

Figure 2. 

Ribbon model of R-phycoerythrin from the 

Po/ysiphonia urceolata a subunits and (3 

subunits , represented as ribbon , and 

chromophores , represented as the CPK 

model. 
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Figure 3. 

using many mutant human lysozymes (more than 100 mutants) with 

systematic and comprehensive substitutions. When the crystals of 

mutant proteins were small (less than 0.1 mm of a width) , data 

collection for X-ray analysis of the mutant proteins was performed at 

Photon Factory. As shown in Fig.3, a new water molecule was found 

in the created cavity when a residue in the interior of a protein was 

substituted by a smaller residue (for example lie to Val) . Using a 

database of the stability/structure of mutant human lysozymes, it was 

estimated that (1) when one water molecule is newly introduced to the 

interior of the mutant protein , it destabilizes by 7.8 kJ/mol due to a 

decrease in the entropy of transferring the water molecule from the 

solvent to the interior of a protein , and (2) when a hydrogen bond in 

which the length is 3.0 A is removed due to substitution, the mutant 

protein is destabilized by 5.1 kJ/mol for a protein-water interaction . 

Therefore , it could be concluded that a water molecule in a cavity 

created in the interior of a protein favorably contributes to the 

conformational stability, because most water molecules in the interior 

of a protein form three or four hydrogen bonds [1 , 2] . 

Estimated contribution of a water molecule newly introduced to the interior of the mutant protein to the 

conformational stability. The structures in the vicinity of residue 59 in the wild-type human lysozyme and the mutant 

protein (lle59 ---+ Val) are shown in the left and right panels , respectively. The side-chain atoms at position 59 and 

an introduced water molecule are represented by purple and blue, respectively. 
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8-4 Protein Folding Studied by Stopped-Flow X-Ray 
Solution Scattering using a CCD-Based X-Ray 
Detector 

Knowledge of the molecular size and shape of a kinetic folding 

intermediate is inevitable in understanding the protein folding 

mechanism [1 ]. To obtain information about the size and shape of the 

intermediate , a stopped-flow X-ray scattering technique using 

synchrotron radiation is the most effective [2,3]. Although the signal

to-noise (S/N) ratio of the time-resolved X-ray scattering measurement 

using a one -dimensional position-sensitive proportional counter 

(PSPC) is low, a recently-developed charge-coupled device (CCD)

based X-ray detector has enabled us to increase the S/N ratio 

dramatically [4]. The scattering curves obtained by the CCD-based X

ray detector are coincident with those obtained by PSPC after 

corrections for image distortion, for non-uniformity of response and for 

contrast reduction of the X-ray image intensifier (XRll) . The image 

distortion is due to the convex shape of the XRll , the non-uniformity of 

response is due to parallax effect and the effective pixel size changes, 

and the contrast reduction of the XRll is caused by the internal 

scattering of the XRll. These correction software programs have been 

developed by Ito [5] . Using this detector, the time-resolved X-ray 

scattering measurement of the kinetic refolding reaction of a -

lactalbumin (a -LA) was performed . Figure 4 shows the time

dependent changes in the radius of gyration (R) of the protein . The 
g 

results show that R of the kinetic folding intermediate formed within 
g 
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Figure 4. 

Time-dependent changes in the R of a -
g 

LA . The so l id line is a f itting curve 

assuming an exponential change in the R 2 
g 

with a rate constant of 0 .55 s·1
• 

Conditions: 50 mM sodium cacodylate , 50 

mM NaCl , 1 mM CaCl
2

, pH 7.0 , 5 °C , 4 

mg/ml a -LA, 4- 0.77 M GdnHCI (40-times 

accumulation) . 
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100 ms of the refolding reaction (17.4 ± 0.3 A) is the same as that of 

the equilibrium molten globule state (17.2 ± 0.2 A [6]). Moreover, the 

Kratky plot of the folding intermediate is coincident with that of the 

equilibrium molten globule. Therefore, the size and shape of the early 

folding in termediate of a -LA are coincident with those of the 

equilibrium molten globule state. Combined with the previous results 

by stopped-flow circular dichroism [1], it is concluded that the fold ing 

intermediate of a -LA is the molten globule state , which has been 

proposed as a general intermediate in protein folding [1 ]. 
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9 Medical Applications 

9-1 Intravenous Coronary Angiography 

Clinical applications of intravenous coronary angiography using a 

two-dimensional imaging system, an image intensifier - TV system (11-

TV) , was resumed at the PF-AR in May, 1999, after a long shut down 

of the AR. This work was done under collaboration between the 

University of Tsukuba and the Institute of Materials Structure Science. 

Figure 1 shows a diagram of the new imaging system . We 

prepared a special hutch for clinical applications at a multi -pole 

wiggler (MPW) beam line, the AR-NE1 , as shown in Fig.2. A large Si 

(311) crystal with the size of 650 mm by 80 mm was set in the AR-
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Clinical imaging system using intense SR from the MPW at the AR-NE1 . Asymmetrical reflection from a Si crystal 

was used to enlarge the vertical beam size . Images were taken by an Image Intensifier - TV (II-TV) system. 
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Figure 2. 

Picture of inside the clinical hutch . A 

special chair for patients and a two

dimensional X-ray imaging system (II-TV) 

can be seen. 
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NEA2 station at about 40 m apart from the source point. The 

dimensions of the X-ray radiation were 8 mm vertically by 73 mm 

horizontally at the point as a characteristic feature of the MPW beam 

line. The vertical beam size of 8 mm was increased to approximately 

120 mm by asymmetrical reflection from the crystal. For the purpose 

of reducing the X-ray exposure dose to patients as much as possible, 

a new high-speed X-ray shutter synchronized with TV operation and a 

high-speed-driven aluminum filter were placed before the crystal. The 

new high-speed X-ray shutter chosen was of the rotating-disk type, 

having aperture windows for the transmission of the radiation beam 

within a range of 2 ms to 33 ms. We can easily change the exposure 

time to take one image and the exposure rate by the shutter. The 

intensity of monochromatic X-ray radiati on of 33 keV could be 

modulated within a range of 1 /1-1 /1000 by changing the thickness of 

an aluminum filter within a range of 0 mm to 30 mm . The 

monochromatic X-ray radiation was transmitted to the hutch through a 

pipe in a direction 13 degrees upwards from the crystal. At an 

entrance of the clinical hutch, a calibrated 20-ml ionization chamber of 

free air type was arranged for measuring the X-ray exposure dose to 

patients. The total maximum surface dose was limited for each patient 

by medical doctors. 

Eight patients, from forty-five years old to seventy-five years old, 

were examined using the system. The PF-AR was operated at 5.0 

GeV to decrease the 3rd higher harmonics X-ray photons from the 

single silicon crystal. The average stored current was 34 mA. Images 

were taken at above the K-edge energy of iodine (33.4 keV or 35 

keV). 

Three or four injections were made for seven patients at the LAO 

(left anterior oblique) position and the RAO (right anterior oblique) 

position to evaluate the right and left coronary arteries , and one 

injection was made for a patient at the LAO position to evaluate the 

right coronary artery. Contrast material (total amount of 35-40 ml) was 



injected into the carotid vein at a rate of 17 - 20 ml/s. X-ray images 

were taken in 5 to 10 s at a rate of 10 images/s using a high-speed X

ray shutter; those images were recorded by a digital video-tape 

recorder. The right and left coronary arteries of seven patients and the 

right coronary artery of the one patient could be clearly detected with 

some stenosis regions. The advantage of the two-dimensional 

imaging system for coronary angiography was confirmed by the 

examinations; we plan to continue clinical applications. 
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Lamp annealing equipment set on the 

diffractometer. 
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1 O Applied Science 

10-1 In-situ Observation of the Growth of a Crystalline 
Si0

2 
Layer at the Interface during the Thermal 

Oxidation of Silicon by X-Ray Truncation Rod 
Scattering 

Thermal oxide Si0
2 

is a very important component of Si-LSI as a 

gate-insulating film of a MOS-FET. An ultra-thin film, such as 3nm, is 

required for Gbit-LSI. Thus, control of the SiO/ Si interface is a very 

important issue to prevent increase in the leakage current for a thin 

film. 

Thin films of Si0
2 

were studied with X-ray reflectivity and crystal 

truncation rod (CTR) scattering; the results indicated the existence of 



a highly dense transition layer of about 1 nm thick caused by 

crystalline Si0
2 

at the interface. Here, an in-situ observation of the 

growth of crystalline Si0
2 

during the oxidation of Si by N.Awaji et al. is 

introduced[1 ]. 

A focusing-type lamp annealing equipment is set on an in-plane 

diffractometer for an in-situ observation, as shown in Fig. 1. A Si(001) 

wafer was heated up to 900°C from 300°C after 3min by illumination 

from an infrared lamp. CTR scattering along the (1, 1,L) rod was 

measured during oxidation at 900°C in a diluted oxygen gas flow of 

0
2
:N

2
=1 :9, where an asymmetric grazing-in.cident arrangement was 

used for sensitive detection. Figure 2 shows the CTR profile , the film 

thickness and structure estimated from CTR profiles with a peak 

around (1, 1,0.52). The mechanism of thermal oxidation of Si is 

explained as follows . Although the crystalline Si0
2 

generates at the 

initial stage and grows to a few nm, the thickness decreases to 1 nm 

after being cooled at room temperature. This thickness is coincident 

with the previous results observed in oxide films prepared under 

various conditions. Therefore, the generation of crystalline Si0
2 

at the 

interface is a fundamental phenomenon concerning thermal oxidation 

of Si , where the interface means the front of oxidation during a thermal 

treatment. However, it may be unstable because of a large interface 

stress, and it can exist only as 1-2 layers at the interface at room 

temperature . 
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Highlights 10-2 XAFS Characterization of the Local Structure around 
Er in lnP Grown by MO-CVD 

Figure 3. 

Erbium is an interesting impurity as an emission center in 

compound semiconductors. Er-doped lnP films was grown by MO

CVD in the temperature region of 530-610°C. The doping level was 2-

Sx 1018 cm·3 . The photoluminescence intensity was high for samples 

grown at temperatures lower than 550°C. 

H.Ofuchi et al. have studied the local structure around Er in lnP 

thin films with XAFS [1 ]. The results are shown in Fig .3. The spectra 

are divided into two groups concerning the growth temperature , that 

is , lower or higher than 550°C. The XAFS spectra were calculated with 

FEFF6 [2] for four models and compared with measurements. The 

calculated spectrum for the substitution and interstitial structures were 

coincident with measurements for samples grown at low and high 

temperatures, respectively. The best fit for the former measurements 

are given in Table 1. The nearest bond lengths and coordination 
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Fourier-transformed spectra and the estimated local structure around Er in lnP films grown by MO-CVD. 
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numbers agree with the substitution and interstitial structure , each 

other. [1 ]. 

Therefore , the growth temperature dependence of the 

photoluminescence efficiency in Er-doped lnP films is due to the local 

structure around Er atoms. Er atoms substitute in-sites and form an 

Er-P zincblende structure at the row temperature, and the Er atoms 

occupy the interstitial site between P-P and form a rocksalt structure 

at high temperature during MO-CVD growth . 

Table 1 Best-fit values of the parameter. Tg: growth temperature ; n: 

doping level ; r: bond length ; N: coordination number. 

Tg[°C] n[cm-3
] r[AJ N 

550 2x10'8 2.67 3.8 

530 8x10'8 2.67 3.9 

580 2x10'8 2.77 6.2 

610 2x10'8 2.78 6. 1 

580 8x10'8 2.77 7.3 
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10-3 Construction of a Beam line with X-Ray Photoemission 
together with MBE 

A system that joins angle-resolved X-ray photoemission with MBE 

a high-vacuum path has recently been constructed for studying 

semiconductor su rfaces . Studies on a reconstructed surface on 

GaAs(100) or (111 )B, lnAs quantum dots on GaAs and a GaAs/AIAs 

quantum well are progressing . Here, photoemission spectroscopy for 

a (2 x 4) reconstructed GaAs(100) surface by K. Ono et al. is 

introduced. 

A GaAs epitaxial layer was grown on GaAs(100) by MBE after 

removing of native oxide at 580°C , where the surface was flattened by 

growing a buffer layer of 30 nm in thickness at a growth rate of 

1 MUsec. The surface was observed by RHEED during growth and by 

LEED afterwards. The photoemission spectra around As 3d from a 

(2 x 4) reconstructed structure on GaAs(100) is shown in Fig. 4, where 

the incident X-ray energy was 1 OOeV and e. is an angle detecting 

photoelectron . It has been revealed that the spectra are composed of 

a bulk component and three surface components caused by the (2x 4) 

reconstructed structure. Also, the surface components were observed 

sensitively under the condition of e .= 60 deg. 
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Figure 4. 

Photoemission spectra around As 3d from 

a (2 x 4) reconstructed structure on 

GaAs(100) . 
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11 Instrumentation and Technique 

11-1 A High-Resolution CCD-Based X-Ray Imaging 
System 

X-ray CCD systems are often used for the detection of X-ray 

images. This type of system has the advantage of the classical 

photographic film or a plate, since it can be used for real-time imaging 

and shows higher linearity and a wider dynamic range . However, the 

spatial resolution is limited by the pixel size of the CCD, which is much 

larger than the grain size of a photographic plate. Sato et al. have 

developed a CCD-based X-ray micro imaging system combined with 

an X-ray magnifier using asymmetric Bragg reflection [1 ]. The system 

will be used for an X-ray polarization microscope. 

The experimental setup is shown in Fig.1. The energy of the 

incident beam was tuned at 7.709 or 8.232 keV by using a Si(111) 

double crystal monochromator installed at the BL-15C. The 

monochromatic X-ray beam passed through a mesh was used as a 

reference, the vertical beam size being magnified by an 

asymmetrically cut Si(111) crystal , and detected by a CCD 

(Hamamatsu C4880-40) coupled with a phosphor screen and focusing 

optics. The CCD consists of 1280x 1024 pixels of 6. 7 µ m square. 

The magnification factor (M) could be controlled by changing the angle 

a between the diffracting plane and the crystal surface as 

M = sin( Os+ a) 

sin(Os-a) 

where e 
8 

is the Bragg angle. Four crystals with a = 0.0, 8.1, 

10.9 and 12.8 degrees were prepared. With these asymmetrically cut 

crystals M could be controlled between 1 and 12.8 when the X-ray 

energy was 7.709 keV. M could be increased to 23.4 when the X-ray 

energy was increased to 8.232 keV. The results are shown in Fig.2. 

spatial resolution measured with a knife-edge test was 1.2 µ m when 
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Phosphor 

Magnifying Optical Lens 

M= 23.4, which is much improved compared with that of 9.5 µ m when 

M=1. 

Also , a two-dimensional imaging system has been realized by 

placing another set of X-ray magnifiers perpendicularly. Real-time X

ray micro-imaging will be realized by using this CCD detection system. 
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Figure 2. 

Images of nickel meshes with 20 µ m 

spacing taken with an X-ray CCD camera 

with one-dimensional X-ray magnification . 
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12 Theory 

The theory group has been working on many subjects, such as 

second-order optical processes in the X-ray region , photoinduced 

phase transitions, and strongly correlated electron systems. Here, a 

few of our recent results are briefly introduced. 

12-1 Electronic Relaxation Dynamics in Characteristic X
Ray Radiation Processes of Y Compounds 

Mizouchi et al. have studied the electronic relaxation dynamics in 

the characteristic X-ray radiation processes of Y compounds. In recent 

years , the following second order optical processes have been 

experimentally observed in various insulators. First , an electron is 

excited from a deep core level to a conduction band by an incident X

ray. Then , another X-ray is radiated by a subsequent electronic 

transition from a shallow core level to a deep one. Especially, in YF
3 

and YCl
3

, three components appear in these radiation spectra as the 

result of this electronic transition . The peak position of one of these 

components is fixed , irrespective of the incident X-ray energy, while 

those of the other two components depend linearly on the incident 

energy. As for the X-ray absorption spectra in this energy region, they 

have only one peak with a long tail in its higher energy side. In order 

to explain these results , they consider a many-body problem in a four

band model composed of dispersionless deep, shallow core bands 

and conduction and valence bands. The Coulomb interactions among 

the conduction electrons and the valence holes are taken into 

account. In their model , the tail in the absorption spectra is due to new 

conduction-electron valence-hole pair creation through we can see a 

Coulomb interaction(Fig.1 (a)). In the radiation spectra, we can see a 

peak whose position is fixed . It is due to luminescence which occurs 

after the electronic relaxation. This relaxation is such a one that the 
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scattering peaks. In one of these final states , only one conduction 

electron remains (B in Fig.1 (a)). In the other final state, one 

conduction electron remains together with one conduction-electron 

valence-hole pair (C in Fig.1 (a)) . With this model , the experimental 

results have been well-explained. On the other hand, the appearance 

of the three components cannot be explained by a one-body picture 

with two different conduction bands, although the characteristics of the 

absorption spectrum can be explained (Fig.1 (b)). 

Highlights 

12-2 Lattice Relaxation Dynamics of Excitons in 
Photoinduced Structural Phase Transitions 

Mizouchi and Nasu have studied the lattice-relaxation dynamics 

of a photogenerated single exciton , which finally resul ts in a 

macroscopic domain in insulating solids[1 ]. This domain-formation 

phenomenon is usually called a "photoinduced structural phase 

transition"(PSPT) . In the re laxation processes which can finally 

produce in such a macroscopic domain , the exciton does not stay 

within a single adiabatic potential surface , but transits diabatically 

between the different potential ones . Hence , a full-quantum

mechanical treatment is indispensable. As one of the models for this 
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neighboring ones, respectively. The initial state is the Franck-Condon state with a sing le exciton . 
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type of phase transition , they considered a strongly coupled many 

exciton-Einstein phonon system interacting with a reseNoir. Through 

the interaction between the system and the reservoir, we can take into 

account the dissipation of phonons as well as the radiative and 

nonradiative transitions of excitons. Within the Markov approximation 

for the reservoir, the time evolution of the density matrix is numerically 

calculated. As a first work, they have shown the characteristics of the 

early time dynamics of the domain formation , against dissipations and 

nonradiative relaxation processes. In Fig. 2, we show the proliferation 

of excitons. The initial state is the Franck-Condon state with a single 

exciton. As the time passes, the ratio of 1-exciton states reduces. The 

ratios of 2- and 3-exciton states increase, and then maintain finite 

values for a long time (Fig.2(a)). The density-density correlation 

functions between the nearest-neighboring excitons, and between 

second nearest-neighboring ones, also increase, and then maintain 

finite values for a long time (Fig.2(b)) . Therefore, a photogenerated 

single exciton proliferates during the relaxation processes, and then 

these excitons aggregate with each other. 
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BL-18 MPD system reconstructed for 

single-crystal analysis at low temperature 

An oscillation photograph of a single crystal (DBr-DCNQl)
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Cu at room temperature 
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PF 2.5 Gev ring and beamlines. 

PF-AR (6.5 Gev) beamlines. 
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Experimental Facilities 

Summary of Experimental 
Stations 

Table 1 List of Experimental Stations at PF Storage Ring 

Experimental Station 

BL-1 

8 A X-ray powder diffraction under extreme condition 

C B Soft X-ray photoelectron spectroscopy (under construction) 

BL-2 (Undulator) 

BL-3 

BL-4 

BL-6 

A Soft X-ray spectroscopy 

B Soft X-ray spectroscopy 

A X-ray diffraction and scattering 

B VUV and soft X-ray spectroscopy 

C1 X-ray diffraction 

C2 Characterization of X-ray optical elements 

C3 X-ray magnetic Bragg scattering by means of white X-rays 

A Trace element analysis , X-ray microprobe 

81 Micro-crystal and -area structure analysis 

B2 Powder diffraction 

C X-ray diffraction and scattering 

A 

B 

c 

Macromolecular crystallography by Weissenberg camera 

[TARA] Macromolecular crystallography by Weissenberg camera 

[TARA] Macromolecular crystallography by Weissenberg camera 

BL-7 

A 

B 

c 

[ RCS] Soft X-ray photoelectron spectroscopy 

[ RCS] Surface photochemical reaction and angle resolved photoelectron spectroscopy 

X-ray spectroscopy and diffraction 

BL-8 

A 

B 

c 
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[Hitachi] Soft X-ray spectroscopy 

[Hitachi] EXAFS 

[Hitachi] X-ray tomography and X-ray microscopy 

Spokesperson 

H.Nakao 

T.Saitoh 

Y.Kitajima 

A.Yagishita 

M.Tanaka 

Y.Azuma 

H.Adachi , H.Kawata 

M.Ando 

H.Adachi , H.Kawata 

A.Iida 

K.Ohsumi 

M.Tanaka 

Y.Murakami 

N.lgarashi 

N.Sakabe [TARA], M.Suzuki 

N.Sakabe [TARA] , M.Suzuki 

K.Amemiya [ RCS], K.lto 

K.Amemiya [ RCS], K.lto 

M.Nomura 

K.Ogata [Hitachi], K.Mase 

K.Ogata [Hitachi], K.Mase 

K.Ogata [Hitachi] , K.Mase 



Experimental Station 

BL-9 

A XAFS 

C [NEC] EXAFS and X-ray toptgraphy/diffraction 

BL-10 

A 

B 

c 

BL-11 

A 

B 

c 
D 

BL-12 

A 

B 

c 

BL-13 

A 

X-ray diffraction/scattering , crystal structure analysis 

XAFS 

Small-angle X-ray scattering of solution sample 

Soft X-ray spectroscopy 

Surface EXAFS. soft X-ray spectroscopy 

VUV spectroscopy(solid state) 

Angle-resolved photoelectron spectroscopy(under construction) 

Characterization of VUV-SX optical elements, soft X-ray spectroscopy 

VUV high-resolution spectroscopy 

XAFS 

(Multipole Wiggler/Undulator) 

High pressure X-ray diffraction (under construction) 

B1 Surface-sensitive XAFS, X-ray diffraction 

B2 High pressure & high temperature X-ray diffraction 

C Soft X-ray photoemission spectroscopy and XAFS 

BL-14 (Vertical Wiggler) 

A Crystal structure analysis , EXAFS 

B High-precision X-ray optics 

C1 Medical applications and General purpose (X-ray) 

C2 High pressure and High temperature X-ray diffraction 

BL-15 

A Small-angle X-ray scattering of muscle and alloys 

B1 White X-ray topography and X-ray magnetic Bragg scattering 

B2 Surface and interface diffraction 

C High-resolution X-ray diffraction 

BL-16 (Multipole Wiggler/Undulator) 

A 1 General purpose (X-ray) 

A2 X-ray diffraction and scattering 

B Soft X-ray spectroscopy 

BL-17 

A 

B 

c 

BL-18 

[Fujitsu] XAFS 

[Fujitsu] Photochemical vapor deposition 

[Fujitsu] Grazing incident X-ray diffraction , X-ray fluorescence analysis 

A [ ISSP] Angle-resolved photoelectron spectroscopy of surfaces and interfaces 

B Macromolecular crystallography(Weissenberg and Laue) 

C High pressure X-ray powder diffraction 
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Spokesperson 

M.Nomura 

H.Kimura [NEC] , M.Nomura 

M.Tanaka 

N.Usami 

K.Kobayashi 

Y.Kitajima 

Y.Kitajima 

A.Kakizaki 

T.Saitoh 

A.Yagishita 

K.lto 

M.Nomura 

T.Kikegawa 

T.Kikegawa 

T.Kikegawa 

K.Mase 

S.Kishimoto 

K.Hirano 

K.Hyodo 

T.Kikegawa 

H.Kamikubo 

H.Kawata 

H.Sugiyama, H.Kawata 

K.Hirano 

Y.Murakami 

Y.Murakami 

J.Adachi 

S.Komiya [ Fujitsu], A.Iida 

S.Komiya [ Fujitsu], A.Iida 

S.Komiya [ Fujitsu], A.Iida 

T.Kinoshita [ ISSP], A.Kakizaki 

M.Suzuki 

T.Kikegawa 
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Experimental Station 

BL-19 

A 

B 

BL-20 

A 

B 

BL-21 

BL-27 

A 

B 

(Revolver Undulator) 

[ ISSP] Spin-resolved photoelectron spectroscopy(Mott detector) 

[ ISSP] Spin-resolved photoelectron spectroscopy (SPLEED) 

[ ISSP] Soft X-ray emission spectroscopy 

VUV spectroscopy 

[ANBF] White and monochromatic beam general purpose X-ray station 

[Light Source Division] Beam position monitoring 

(Beamline for experiments using radioisotopes) 

Radiation biology, soft X-ray photoelectron spectroscopy 

Radiation biology, X-ray diffuse scattering 

BL-28 (Elliptical Multipole Wiggler/Undulator) 

A VUV and soft X-ray spectroscopy with circu larly polarized undulator radiation 

B Spectroscopy and scattering with polarized X-rays 

TARA 

RCS 

ISSP 

ANBF 

Tsukuba Advanced Research Al liance 

Research Center for Spectrochemistry, University of Tokyo 

Institute for Solid State Physics , University of Tokyo 

Australian National Beamline Facility 

Table 2 List of Experimental Stations at PF-AR 

Experimental Station 

AR-NE1 (El liptical Multipole Wiggler/Undulator) 

A 1 High resolution Compton and magnetic Compton scattering 

A2 Coronary Angiography 

B Spectroscopy with circularly polarized soft X-rays 

AR-NE3 (Undulator) 

A Nuclear resonant scattering 

AR-NE5 

A Medical applications 

B Bunch-purity and beam-position monitoring 

C High pressure and high temperature X-ray diffraction 

AR -NE9 

B [Accelerator Department] Vacuum science and technology 

e 80 

Spokesperson 

T. Kinoshita [ ISSP] , A.Kakizaki 

S.Shin [ ISSP] , A.Kakizaki 

K. lto 

G.Foran [ANBF] , K.Ohsumi 

M.Kobayashi [ Light Source Div. ] 

K.Kobayashi 

N.Usami 

T.Koide 

T.lwazumi 

Spokesperson 

H.Kawata 

K.Hyodo 

T.Koide 

X.Zhang 

K. Hyodo 

S.Kishimoto 

T.Kikegawa 

K.Kanazawa [Ace.Dept. ] 
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Table 3 X-Ray Beamline Optics 

Branch Acceptance Type of Mirror Photon Beam Size Photon Flux Energy Reference 
Beam line Horiz. Monochromator Energy (H x V) at Sample Resolution 

(mrad) (keV) (mm) Position 
, 

( t.E/E) X10 ' 

BL-1B 2 Flat Double Bent Cylinder 6 - 21 0.5 x 0.3 8 x 1010/4mm2 - 5 

Crystal Si(111) (8.3 keV, 

300 mA) 

BL-3A 4 Double Crystal Collimating 6 - 20 100 x 5 - 2 1 - 3 

Si(111) Fqcusing Mirrors 

Sagittal Focusing (Fused Quartz) 2 x 1 

BL-3C2 2 Double Crystal None 4 - 20 5 X2 1 x 1010 

Si(111) , Si(311) 6 - 34 2 x 10' 

BL-3C3 2 Double Crystal None 5 - 30 20 X4 

Si(111) or white 0.1 x 0.1 

BL-4A 6 Double Crystal None 4 - 20 50 X 4 - 2 4 

Sagittal Focusing 4 X 1 

BL-4B1 4.5 Double Crystal None 4 - 35 50 X5 - 2 5 

Si(111) 

BL-4B2 4.5 Double Crystal Bent Cylinder 6 - 20 13 X2 - 2 

Si(111) 

BL-4C 2 Flat Double Crystal Bent Cylinder 6 - 21 1.0 x 0.6 - 5 6, 7 

Si (111) 

BL-6A 1.2 Bent Si(111) Bent Plane 5 - 25 2.5 X 1 8 

(a = o, 6.0°, 7.8°, 9.5°, Fused Quartz 

11.4°, 13.7°, 16.5°) 

BL-6B 1 Bent Si(111) Bent Plane 1.7 x 0.2 9 

Si Pt-coated 

BL-6C 2 BentSi (111) Bent Plane 

Si Pt-coated 

BL-7C 4 Double Crystal Double Mirror 4 - 20 5 X 1 1 x 1010/6mm2 - 2 10 -12 

Si (111) Fused Quartz (8 keV , 

300 mA) 

Sagittal Focusing Focusing (4 - 13) (1 x 1011 when 

focused) 

BL-8C1 /C2 5 Channel-Cut None 5 - 40 50 X5 5 x 10'/mm' - 2 

Si(220), Si(111) , (10keV, 

Si(400) 300 mA) 

BL-9A 3 Double Crystal Collimating and 2.2 - 15 1 X 0.3 4 x 10" (9 keV, 2 32 

Si (111) Focusing Bent 300 mA) 

Conical Mirrors 

(Rh Coated) 

Double Flat 

Mirror (Rh/Ni 

Coated) 

BL-9C 3.5 Double Crystal Bent Cylinder 4 - 23 1 x 1 -2 

Si(111) , Si(311) or white 
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Branch Acceptance Type of Mirror Photon Beam Size Photon Flux Energy Reference 
Beam line Horiz. Monochromator Energy (H x V) at Sample Resolution 

(mrad) (keV) (mm) Position ( Ll.E/E) X 10 ' 

BL-10A 1 Si(11 1 ), Si(311) None 5 - 25 10 X 3 10 13 

Quartz( 100) , -5 

PG(002) 

Curved Si(111) 

(a-4° , 8° ) 

BL-10B 2 Channel-Cut None 6 - 30 5 x 1 1 x 10' /7mm 2 1 

BL-10C 4 Double Crystal Bent Cylinder 4 - 10 2.4 x 0.6 - 1011/1.5mm2 2 

Si(111) (8 keV , 

400 mA) 

BL-12C 2 Double Crystal Bent Cylinder 6 - 23 0.65 x 0.4 5 x 10" /1mm' -2 14 

Si(111) (8.0 keV, 

Si(311) 300mA) 

w.Si( 11 1) 

BL-13B1 /B2 4 Double Crystal Bent Plane 4 - 30 4 X 1 -2 15 

Si(11 1), Si(220) Fused Quartz 

Sagittal Focusing 

BL-1 4A 1.28 Double Crystal Bent Cylinder 5.1 - 19. 1 2x1 2 16 

(Vertical) Si (111) Pt-coated 9.9 - 35.6 at focus 

Si (311) Fused Quartz 22.7 - 84.5 5 X 38 

Si (553) 

BL-14B 2.2 Double Crystal None 10 - 57 5 X 14 2 

(Vertical) Si(111 ), 

-
BL-14C 1.3 Double Crystal None 5 - 100 5 x 35 2 

(Vertical ) Si(111), Si(220) or white 

BL-15A 2 Bent Crystal Bent Plane, 8.0 0.5 x 0.25 9 x 10 10/mm2 - 10 17 

Ge(111) Fused Quartz (fixed) (8.0 keV, 

(a = 8.0° ) Pt-coated 350 mA) 

BL-15B1 /B2 2 Double Crystal Bent Cylinder 5 - 20 0.6 x 0.4 1011/1mm2 -2 

Si (111) or white (8.0keV, 

350mA) 

BL-15C 2 Double Crystal None 4 - 30 60 X 6 

Si (111) 

BL-16A1/A2 1 Double Crystal Bent Plane 4 - 25 1.3 x 0.4 - 1 x 1 o" - 1 18 

Si(111) (Pt on SiC) (8.3 keV, 

Sagittal Focusing for Vertical 300 mA) 

Collimating 

Bent Plane 

(Pt on Si02) 

for Vertical 

Focusing 

BL-17A 4 Double Crystal None 5 - 13 100 X 10 -2 19 

Si(111) 

BL-17C 1 Double Crystal None 5 - 13 20X5 -2 20 

Si(111) 
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Branch Acceptance Type of Mirror Photon Beam Size Photon Flux Energy Reference 
Beamline Horiz. Monochromator Energy (H x V) at Sample Resolution 

(mrad) (keV) (mm) Position ( L'.E/E) X10 ' 

BL-18B 2 Double Crystal Bent Cylinder 6 - 30 0.6 x 0.4 1.1 x 1010 -2 21 

Si(111) Fused Quartz, (12.4 keV, 
Si(220) Pt-coated 300 mA) 
Ge(111) Si(111) 
Ge(220) 

BL-18C 1 Double Crystal Cylinder 6-25 0.07 X 0.04 -2 

Si(111) Fused Quartz, 

Pt-coated 

BL-20B 2 Channel Cut None 4 - 25 26 X 3 -2 22 

Si(111) 

Double Crystal 

Sagittal focusing 

Si(111} 

BL-27B 4 Double Crystal None 4- 20 100 X 6 - 2 23 

Si(111) 

BL-28B H:4 Double Crystal Pre-mirror 2 - 10 2.4 x 0.3 3 X 1010 -2 24 

V:0.2 Si(111) Bent Cylinder (9 keV, (7.25 keV, 

Si (220) Si 300mA Si(111)) - 0.2 

lnSb(111} Pt- & Ni-coated Si(220) (6.5keV, 

Post-mirror Pc - 0.5) Si(311)) 

Bent Plane 

Fused Quartz 

Pt- & Ni-coated 

AR-NE1A1 2 Double Bent 40 - 180 2 X 0.5 5 x 10'2 8 25, 26 

Crystal Si(111) (60 keV , 

35mA) 

AR-NE1A2 2 Asym. cut Single 33 - 38 75 x 120 10" (33 keV) 60 25, 27 

Crystal - 140 

Si(311) 

AR-NE3 H:0.3 Double Crystal 5 - 25 15 X 2 1 x 103 1 28 

V:0.03 Si(111) (14.4 keV) 
High-resolution 8 - 26 5 x 10" 

Monochromator 

Nuclear Monochromato1 14.4 1 x 10.] 

of Single Crystal 

" Fe,0,(777) 

AR-NE5A 10 Asym.Cut 20 - 40 150 X8 5 X 10' 60 29, 30 

Single Crystal (33.2 keV) 

Si(311) 25 - 70 1 

(a= 4° - 5• ) 

Double Crystal 

Si (311) 

AR-NE5C 3 Double Crystal 30 - 100 60 X 5 5 31 

Si (111) 
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Table 4 VUV and Soft X-ray Beamline Optics 

Branch Acceptance Type of Grating Photon Beam Size Typical Resolving Reference 

Beamline Horiz. Monochromator Groove Enegy Power (E/ t, E) and 
Density Photon Flux (/s) 

(mrad) (I/mm) (eV) (mm) 

BL-2A K = 0.5 - 2.2 Double Crystal -- 1740 - 5000 < 1 ¢ 2000, sooo 1 - 3 

Undulator A" = 6cm lnSb (111) , Si (111) 1010 

BL-2C K = 0.55 - 2.2 Varied-Space 1000 250 - 1400 0.9 x 0.1 5000 - 10000 4,5 

Undulator A" = 6 cm Plane Grating 2200 1011 
- 10'0 

BL-3B 10 2 Grazing Incidence 200 10 - 2SO <2¢ 200 - 3000 6, 7 

R = 24 m a+ /3 = 165° 600 1012 
- 10' 

1SOO 

BL-7A 6 1 Plane Grating 1200 10 - 1000 2 x 1 500 s 

(RCS) 2400 

BL-7B 6 4 1 m Seya-Namioka 1200 5 - 50 1 x 1 1000 9 

(RCS) 2400 

BL-SA SX700 1221 3S - 2300 5 x 1 2000 

(Hitachi) 0.5 1 Plane Grating 10'0 

BL-SB 3 0.5 Double Crystal -- 1700 - 14000 1.9 x o.5 5000 10 

(Hitachi) lnSb (111) , Si (311) 

BL-11A 5 1 Varied-Line-Space 300 70 - 1900 2 x 1 500 - 5000 12 - 14 

Plane Grating soo 1012 
- 1 O' 36 

1200 

BL-11 B 4 0.6 Double Crystal - - 1760 - 3910 5 x 2 2000 3, 15, 

lnSb (1 11 ), Ge (111) 10'0 16 

BL-11C 4.S 3 1 m Seya-Namioka 1200 4 - 35 -1 ¢ 1000 17 

BL-110 4 2 Grazing Incidence 2400 G, 20-2SO 

On-blaze Mount G, 200- 1200 

R, = 52.5 m R, = 22.5 m 

BL-12A 2.2 0.34 Grazing Incidence 1200 30 - 1000 2 x 3 1000 1S 

R=2m a= SS
0 

109 

BL-12B 5 3.6 6.65 m Off-Plane 1200 5 - 30 2.5 x 105 19 - 21 --

Eagle 4SOO 10' 

BL-13C K = 0.3 - 4.2 Grazing Incidence 350 70 - 500 5 x 1 1000 - 6000 22, 23 

Undulator A" = 1S cm R = 50 m a+/3 = 173.2° 750 150 - 1000 1012 
- 1010 

BL-16B K = 0.5 - 5.75 Grazing Incidence 400 1000 - 10000 

Undulator A" = 12 cm R =24 m a+/3 = 16S.6° 900 40 - 550 < 1 ¢ 24- 26 

2000 1012 
- 1010 

BL-17B s 1 Toroidal Mirror -- -- 10 x 1 -- --

(Fujitsu) 
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Branch Acceptance Type of Grating Photon Beam Size Typical Resolving Reference 

Beamline Horiz. Monochromator Groove Enegy Power (E/ Li E) and 
Density Photon Flux (/s) 

(mrad) (I/mm) (eV) (mm) , 

Grazing Incidence 

300 1000- 2000 

BL-18A 2 2 R=3m a:+(3 = 160° 600 15 - 150 < 1 ¢ 27 

(ISSP) 1200 1011 - 109 

R = 6.65 m a:+ (3 = 1'67.5° 500 

Grazing Incidence 

BL-19A K = 1.0 - 9.0 600 1000 

Revolver ) " = 16.4 cm R=2m a:+(3 = 160° 1200 12 - 250 < 0.7 ¢ 28, 29 

Undulator K = 0.5 - 1.25 600 1012 

(ISSP) ) " = 5 cm R=4 m a:+ (3 = 170° 1200 

K = 0.5 - 2.5 

BL-19B A " = 7.2 cm Varied-space 800 400-4000 

Revolver K = 1.0 - 5.0 Plane Grating 10 - 1200 < 0.5¢ 29 

Undulator A" = 10 cm 2400 1012 - 1011 

(ISSP) 

BL-20A 28 5 3m Normal Incidence 1200 5 - 40 2 x 1 300 - 30000 30 

2400 1012 
- 106 

BL-27A 5 0.5 Double Crystal -- 1800 - 6000 2000 31 

lnSb (111) 

K, = 0.23 - 3 Grazing Incidence 

BL-28A 600 1000 

Helical K = 0.23 - 6 R=2m a:+ (3 = 160° 1200 30 - 250 < 0.5 ¢ 32 
y 

Undulator A, = 16 cm 600 1010 

R=4m a:+ (3 = 170° 1200 

AR-NE1B Kx = 0.2 - 3 Grazing Incidence 1200 1000-5000 

Helical Ky= 0.2 - 6 R = 10m (3 = 89° 2400 250 - 1800 - 0.8 x 0.2 10" - 10' 33,34 

Undulator ) " = 16 cm 
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Table 5 Timetable of the Machine Operation in FY 1999. 

l\ION TUE WED TH U Fill SAT SUN ?v!ON T UE WED TH U FRI 
Tim 9 17 9 17 9 17 9 17 9 17 9 17 9 17 9 17 9 17 9 17 9 17 9 17 

Date 29 30 31 4. 1 2 3 4 5 6 7 8 9 

Li nae 

PF 

AR 

Date 19 20 21 22 23 24 25 26 27 28 29 30 

Li nae ---PF ___,,.... 
AR I BT/ TI M ~· 

Date 10 11 12 13 14 15 16 17 18 19 20 21 

Li nae -
I §] - [MB] PF I 

AR BF/ E 

Date 31 6.1 2 3 <I 5 6 7 8 9 10 I I 

Li nae - ... 
- f-

PF ---AR I 
Date 21 22 23 24 25 26 27 28 29 30 7.1 2 

Li nae - -~ 
PF -- I 
AR BF/ E 

Date 12 13 14 15 16 17 18 19 20 21 22 23 

Li nae 

PF I 
AR BF/ E I 

Date 9.27 28 29 30 10.I 2 3 <I 5 6 7 8 

Li nae .... PF 

AR ~ --
Date 18 19 20 21 '22 23 z,1 25 2G '!.7 '28 29 

Li nae - --PF =~ 0 
~fiillel ~ ~ v~ ~ AR ~ I idl e ~ 

Date 8 9 10 I I 1'2 13 II 15 16 17 18 19 

Li nae - tn PF = =I " §] 
AR ~ ~r idle ~ ~h ~I idle 

Date 29 30 12.1 2 3 <I 5 6 7 8 9 10 

Li nae = === PF ~ ll -AR 

Date 20 21 22 23 24 25 26 27 28 00.1.7 

Li nae -= PF 

AR I 
Date 17 18 19 20 21 22 23 24 25 26 27 28 

Li nae -
PF ICEI -~ - 1 AR 

Date 7 8 9 10 II 12 13 14 15 16 17 18 

Li nae --1.. m = PF - " [§""" -~ ~ idle ~ ;,,;•zr idl e ~ AR 

Date 28 29 I 3.1 2 3 <I 5 6 7 8 9 10 

Li nae 

PF ~~ ==r=- m 
AR ~~/IF//.//, ~~W/A WA. ~ff~ idle " 

PF: PF ring 

- tuning and ring machine sludy short mainlenance and 'or machine su1dy 

BA 

HC 

AR: PF-All 

ring machine study 

beam alignmen l 

high cure nt s tudy of be;unline 

experiment using SR {36 nmrad) 

3Gev SB: single bu nch 

!v!B: multi bunch 

SAT SUN 
9 17 9 17 

10 II 

5. I 2 

22 23 

12 13 

3 4 

24 25 

9 10 

30 31 

-
20 21 

II 12 

8 9 

29 30 

19 20 

~ ~ 
II 12 

~ expe riment using SR(ful l d;1y) I BF/ E I B-factory commissionin g ;rncl / or c:qwrinH' nl using RS 
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l\ ION T UE WED THU FR1 SAT SUN 
9 17 9 17 9 17 9 17 9 17 9 17 9 17 

12 13 1,1 15 16 17 18 

Ill 

3 <I 5 6 7 8 9 

I BF/ E I 
24 25 26 27 28 29 :m 

----
I 

14 15 IG 17 18 19 20 

- ---
BF/ E 

5 6 7 8 9 10 II 

I 
IiiCJ 

26 

~ 

11 12 13 l ·I 15 16 17 

= 0 
~~ idle ~ ~~ ;..-; 

II.I 2 I :i <I 5 6 7 -- ~ ~ 
VP/~'--~~.: .. .W ~~ 

'22 :n I '2 1 25 26 27 28 

-1.n 
~- T 

13 1,1 15 16 17 18 19 -
--~ 

10 II 12 13 14 15 16 

I 
tunig I 

31 2. 1 2 3 <I 5 6 

l 
- .. 

21 22 23 24 25 26 27 

I -
== 0 :w ~ -idle 

13 l <I 15 16 17 18 

· ~::. ~~ .,, 
~ 



2 Reconstruction and Upgrading of Beamlines 

2-1 BL-7A, New Soft X-Ray Beamline for Surface XAFS 
and XMCD Experiments 

A new beamline , the BL-7 A, is now being constructed by the 

Research Center for Spectrochemistry (Univ. of Tokyo) in collaboration 

with the Photon Factory. The main objective of this beamline is to 

perform surface XAFS and XMCD measurements at the K edges of 

light elements (C, N, and 0) and the L edges of 3d transition metals. 

Since such experiments require intense and stable X-rays over a wide 

photon energy range , we have adopted a constant-included-angle 

monochromator equipped with a varied-line-spacing (VLS) plane 

grating. The layout of the beamline is schematically shown in Fig. 1. 

Three gratings, whose groove densities are 300, 650, and 1300 I/mm, 

are mounted with an included angle of 17 4.5°. Soft X-rays in the 

energy range of 100-1500 eV will be available. The ultimate resolving 

power is expected to be - 10000 with a photon flux of - 109 s·1, while 

- 1011 s·1 will be attained at a resolving power of 1000. 

In addition to the conventional XAFS and XMCD measurements, 

the development of a novel experimental technique, 'surface 

dispersive XAFS', is being planned. The vertical dispersion plane of 

the X-rays at the exit slit (S2; -2 mm width in this case) is rotated by 

90° with a plane mirror (Mr) , which is inclined by 45° around the light 

propagation . Thus, the horizontally dispersed X-rays illuminate the 

sample, and Auger electrons emitted from each position of the sample 

surface are collected at once by a position-sensitive electron analyzer 

(SCIENTA SES-2002) . Accordingly, the Auger electron yield XAFS 

spectra can be obtained with one shot, and the data-acquisition time 

for the surface XAFS measurements is expected to be reduced to 

- 1/100 of that for the conventional method. This new technique will 

allow us to perform time-resolved observations of various surface 
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The commissioning of the beamline is scheduled for the autumn 

of 2000, and it will possibly be opened from April, 2001. 
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Figure 1. Plan view of BL-7A. VLSG varied-line-spacing plane grating. 
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2-2 BL-9A, Performance of a XAFS Beamline using Bent 
Conical Mirrors 

A new XAFS beamline , the BL-9A, has been opened for users. 

The beam line consists of a Si(111) double-crystal monochromator 

sandwiched between a pair of bent conical mirrors. Since the first 

bent conical mirror collimates the diverging synchrotron radiation, 

there is practically no divergence in the beam at the monochromator 

position. Thus, it is not necessary to limit the beam size and/or the 

divergence in order to maintain an energy resolution sufficient for 

usual XAFS experiments . The second mirror is used to focus the 

beam at the sample position. Therefore, both high flux , high energy 

resolution and small focus size can be realized simultaneously. 

Detailed design parameters can be found in references 1 and 2. 

The first beam, by using the above-described optics , was 

obtained in January 2000. As shown in Fig.1 , a hump in the XANES 

spectrum of 6 µ m thick copper foil is clearly observed, which is more 

prominent than the usual one taken with Si(111 ). The energy 

resolution did not change upon changing the beam size hitting the 

monochromator, which indicates that the first bent conical mirror 

functions as expected . Under this condition , the flux is estimated to 

be 4 x 1011 photons/s under a stored current of 300 mA, which is ca. 8-

times higher compared with that realized at the BL-12C, which uses a 

bent cylindrical focusing mirror [3] . 

The ratio of higher orders can be reduced to less than ca. 10- 5 of 

the fundamental by using a pair of flat mirrors for higher order 

elimination. The focus size, 1 mm x 0.3 mm in FWHM , is larger than 



that expected from ray-tracing simulation. Severa l reasons are 

considered : 1) the alignment of the optical components is not 

optimized, 2) the deformation of the mirrors by clamping and/or 

bending and 3) the effect of the slope error is larger than estimated. 

However, since we could not obtain a smaller focus by limiting the 

beam size hitting the first mirror, the second reason will be excluded. 

Detailed peformance will be published elsewhere [4] . Presently, the 

further optimization of the beamline is progressing. 

0 -~ - -

-0. 5 . . 

-1 --
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Figure 1. 

XANES spectrum of a 6 µ m thick copper 

foil. Both high flux, 4x 1011 photons/s/300mA, 

and high energy resolution are realized 

simultaneously. 
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2-3 lnprovement of the Experimental Hutch 

BL-14C has been reconstructed to provide general-purpose hard 

X-rays from the superconducting vertical wiggler. The original BL-14C, 

which was constructed in 1983, having a main hutch for a double

crystal monochromator and an experimental hutch, had provided both 

vertically polarized white X-rays and monochromatic X-rays using a 

double-crystal monochromator for such experiments as topography, 

Compton-scattering experiments , high-temperature and high-pressure 

experiments , coronary angiography, micro-angiography, computed 

tomography and phase-contrast imaging . Improvements to the 

experimental hutch and the beamline monochromator were necessary 

to perform many kinds of experiments , of which the number had been 

increasing in recent years. 

3400 mm 3000 mm 

MAX III s s 
1-~-·--~-1 s s 

r- 0 ..,, 0 
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40 m 

Plan view of the BL-14C. There are two experimental hutches and a main hutch for a monochromator . 
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The improvements to the experimental hutch and the beamline 

monochromator are as follows: 

1) The BL-14C experimental hutch is separated into two hutches 

in tandem : the upstream hutch is the BL-14C1 for general 

experiments , including phase-contrast imaging experiments using an 

X-ray interferometer (9982-002) ; the downstream hutch is the BL-

14C2 for high-temperature and high-pressure experiments, where a 

new experimental apparatus, MAX999, will be installed. White X-rays 

or monochromatic X-rays using a new double-crystal monochromator 

are available in both hutches. A vacuum pipe is installed in the BL-

14C1 in the case of introducing white or monochromatic X-rays to the 

BL-14C2 through the BL-14C1 . It is not necessary to remove MAXIIT 

to perform the other kinds of experiments in the BL-14C1 . 

2) It was rather difficult to adj ust the original double-crystal 

monochromato r, which was installed in 1983, to obtain the desired 

monochromatic X-ray beam. A new double-crystal monochromator, 

which was adapted as a double-crystal monochromato r, whose 

performances had already been verified at other beamlines, for the 

vertically polarized beam, is installed in the main hutch of the BL-14C . 

Figure 1 shows a plan view of the new BL-14C. The double

crystal monochromator is located about 33.5 m apart from the source 

point in the main hutch. The walls of the hutches consist of a 10 mm 

Pb plate sandwiched by Fe plates for a radiation shield. A 4-plate 

water-cooling slit was installed upstream (32.75m) and downstream of 

(34.43m) the monochromator. Figure 2 shows a schematic layout of 

the double-crystal monochromator. The first and second crystals are 

placed on the same goniometer. 0 is the axis of rotation . The 

thickness of the second crystal is 20 mm to prevent bending of the 

crystal. The distance between the white X-ray beam and 

monochromatic X-ray beam, h, is 25 mm. The specifications of the 

monochromator are as follows : 

TOP VIEW 

-k 
h 

\' 
e 

Figure 2. 

first crystal 

Monochromatic X-rays 

OA = h/2cos 8 
, OB = h/2 sin 8 

Schematic layout of the double-crystal monochromator. 
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Reflecting planes: Si(220), Si(111), Si(311) 

Crystal size: first 100(h) X 60(v) x 10 mm 

second 280(h) x 60(v) x 20 mm 

Energy range: 

Beam size: 

8 keV - 90 keV 

white beam 40(h) x 6(v) mm 

monochromatic beam 40(h) x 1-6(v) mm 

The BL-14C was opened for general users in April , 2000. 

Reference 

[ 1] Private communications with H. Kawata 



2-4 Slow Positron Facility 

There are two primary-electron beam sources for the relocated 

slow-positron facility: the 1.5-GeV beam of the KEKB linac and the 45-

MeV beam from a test linac. The nominal beam power of the 1.5-GeV 

beam is 0.75 kW (an energy of 1.5 GeV, charge of 10 nC, a pulse 

length of 10 ps and a pulse repetition rate of 50 pulse/s). Since the 

injection interval of the J-linac for the KEKB rings might be relatively 

short, a dedicated linac for slow-positron use only (the slow-positron 

generator linac named TEST LINAC) was installed utilizing the 

remnants of the J-linac upgrade plan . Figure 1 shows a schematic 

view of the slow-positron generator linac. An average beam power of 

1 kW can be expected from a dedicated linac. 

In 1999, we detected the first slow positron beam at a new 

relocated site. At that time, the 1.5-GeV beam of the KEKB linac was 

used as the primary-electron beam . We also installed a two

dimensional angular correlation of annihilation radiation (20-ACAR) 

measurements system. We had already demonstrated the surface 

sensitivity of positrons with the time-of-flight spectra of 

orthopositronium. The 20-ACAR measurements with monoenergetic 

positron beams will give us valuable information related to the surface 

electronic structure, rather than bulk structure. Figure 2 shows the 

insulation support guarders , which were installed to the 20-ACAR 

beamline to perform energy-dependence measurements of positron

annihilation radiations. The energy range of the slow-positron beam is 

nearly from 10 eV to 60 keV. Compared with other positron beam 
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IP 

Figure 1. 

Schematic view of the slow-positron generator linac. 
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Figure 2. 

The beamline capable of applying 60 kV in 

order to vary the energy of the positron 

beam. 
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facilities[1], we have an advantage regarding the sample target 

position. We put the sample at ground potential. That means the 

target can be instrumented to allow in-situ annealing , cooling and 

other treatments . 

Corona guards of high-voltage regions and a fence for a safety 

interlock will be installed in FY2000. 

Reference 

[ 1] See for example, the case of the positron microprobe at 

Lawrence Livermore National Laboratory, Livermore, CA, USA. 

Web page: http:www-phys.llnl.gov/H-div/Positrons/ 



2-5 Experimental Facility of PF-AR 

In 1999, a part of the budget for the PF-AR project (renewal of 

PF-AR for the establishment of a new scientific facility utilizing "single

bunch and high-flux synchrotron radiation in the X-ray region") was 

approved . We could then start renewal of the accelerator (vacuum 

system, monitor system and magnet system etc.) and construction of 

an X-ray undulator beamline for protein crystallography and also for 

time-resolved XAFS experiments. 

The scientific purposes of the new X-ray undulator beamline are 

as follows : 

(a) protein crystallography based on the MAD method 

(b) Time-resolved protein crystallography to clarify the mechanism of 

reactions on biological macromolecules 

(c) Time-resolved XAFS experiments 

These scientific subjects require the following specifications in this 

beamline: 

(1) In order to achieve the (a) MAD method and (c) XAFS 

experiments , it is necessary to achieve good energy tunability in 

the energy range 5~20 keV. 

(2) Photon flux at the sample position for (a) protein crystallography be 

above 1012 photons/s under the conditions of a focused beam size 

less than 0.2x 0.2 mm2 and a beam divergence less than 1 mrad. 

(3) Photon flux at the sample position for (c)XAFS experiments will be 

up to 1013 photons/sat a beam size less than 0.5x 0.5 mm2
. 

(4) In order to achieve time-resolved experiments like (b) and (c) , it is 

necessary to focus white X-ray for Laue method or a dispersive 

XAFS arrangement at the beamline optics; it is also necessary to 

produce a relatively wider energy spread of the undulator 

synchrotron radiation from the insertion device. 

In order to achieve the above-mentioned specifications , the 

details of the designed beamline are as follows. Figure 1 shows the 

plan view of the beamline. 

The insertion device is an in-vacuum undulator having a period of 

40 mm, which can cover the energy range of 5~20 keV by using the 

151 and 3rd harmonics of the undulator synchrotron radiation . Further, 

the device has an optional mechanics to make a tapered undulator in 

order to obtain a relatively wider energy spread ( .t. E/E~10 1 ) for the 

3rd harmonics. 

The front end , which consists of a fixed mask, beam-position 

monitor, absorber, beam shutter, graphite heat absorber and Be 

windows, has already been constructed. The design of these 

components is similar to those of SPring-8, because the heat-load 

problem to be solved is almost the same. 

Figure 2 (a) shows the typical beamline optics for monochromatic 

X-ray activity, like protein crystallography or high-intensity XAFS 

experiments . The main optical elements are a double-crystal 
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Figure 1. 

monochromator and a double-focusing X-ray mirror, which are located 

at positions of 22.5 m and 25.3 m from the center of the insertion 

device, respectively. The double-crystal monochromator consists of 

flat silicon (111) crystals , which are cooled by liquid nitrogen in order 

to reduce any deformation caused by the heat load. The focusing 

mirror is a conical bent mirror in order to reduce the aberration of the 

focused beam. After the focusing mirror, there is a double-mirror 

system (cut-off mirrors) to reduce any contamination of the higher 

harmonics . If we want to carry out time-resolved Laue protein 

crystallography, the first crystal of the monochromator shifts downward 

so that white X-rays pass through the monochromator. Then , the 

mirror system also shifts downward in order to reflect the white X-rays ; 

focused white X-rays are also available in the experimental hutch. 

Furthermore, if we want to perform time-resolved XAFS experiments 

by using a dispersive XAFS geometry, the double focusing mirror will 

be replaced by a flat mirror. Then, one of the cut-off mirrors will be 

bent at the meridian direction to produce vertical focused white X-rays, 

as shown in Fig . 2 (b). The horizontal beam divergence in Fig .2 (b) will 

be used for the dispersive condition for a bent-crystal monochromator 

in the experimental hutch. 

Figure 3 shows the result of a ray-tracing analysis for a double

focused beam at the sample position corresponding to the optics in 

Fig . 2 (a) . As shown in the figure, the focused beam size is about 0.5 

mm horizontally and 0.2 mm vert ically, respectively. Table 1 

summarizes the expected performance of this beamline after a ray

tracing analysis under several conditions. As shown in this table , the 

expected performance is satisfactory compared with the above

mentioned specification for this beamline. 

Outline of beamline AR-NW2. l.D . insertion device, Sh: beam shutter, SI : slit , Mo: monochromator, and Mr: 

mirrors. 
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The time schedule of the construction is as follows. PF-AR will 

operate at the present performance until the middle of February, 2001 . 

Then , replacement of the accerelator wil l start, and finish by the end of 

November, 2001 . On the other hand, all of the beamline components 

will start, and finish by the end of November, 2001. On the other hand, 

all of the beamline components will be produced by the end of April , 

2001 , and the setting will be completed by the end of November, 

2001. During the month of December, 2001, we will commission the 

accelerator and the beamline, and then at the beginning of 2002 we 

will observe the first beam in this new beamline. 

Experimental Facilities 

(a) 

Focusing Cut-off Focusing-

fop , ,,. ..•.. • •.. . .. - •••. r .. B .· • • • • • • • • • • • • ·• • • • • • • J~ m·+r:··J-
1 ll/~ ,s 1 j I B. B.s.2 

"" '''" --~-:1 >< '~'' .. m mm •• ~· ' I 1 

- - - - - - Monchrom atic x-rays 

------ SR x- rays 

35 

O 5 10 15 20 i 21 i ' ~u~:, __ _ 
I-~=-=-=~:=-::-:--: __ l _ ---0-- --- --:- -------------~~- =: lJ ~: l +f1=- - ]-I -a -----------------------------1t---J -Tf 

' : u· -- · r~~----
B BS I B.ll.S.2 

SOdo oOow M,,O M ><' "''' l 
~-~~·-- 1 --··8 · ................. ····~ 

(b) 

Figure 2. Optical design of beamline AR-NW2. a) protein crystallography and XAFS experiments , 

b) dispersive XAFS experiments. 
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Figure 3. 

Spot diagram for double-focused beam of 

the sample position . 
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Table 1 Expected performance of the beamline AR-NW2 under 

several conditions . Intensities are estimated for 10 keV X-rays at a 

ring current of 50 mA. 

Application 
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Protein 
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3 New Instrumentation 

3-1 Installation of a CCD Automatic Data-Collection 
System to BL-6A and BL-188 for the Protein 
Crystallography. 

The BL-6A was bu ilt in 1987, and a 3rd Weissenberg camera 

was installed in 1989. The BL-18B was built in 1993 for the purpose of 

Laue experiments and wavelength variable experiments , such as the 

MAD method . Both stations have played as a central role in protein 

crystallography in Japan. In the stations, data were recorded on an 

imaging plate (IP) and read-out of IP was done with an off-line 

scanner (FUJI BAS2000) or a large-format imaging-plate reader 

(RIGAKU IPR4080) . The IP has been widely used in the field of 

protein crystallography because of its many excellent advantages: 

wide dynamic range, big active area, good uniformity of the sensitivity 

and ease of handling . However, it is difficult to speed-up the read-out 

time coupled with automation . CCD-based X-ray detectors have 

advantages in speeding up data collection with automation. Especially, 

detector coupled with a fiber-optic taper (FOT) has been developed for 

automated protein crystallography with synchrotron radiation. For the 

purpose of speeding up, automation and increasing the measurement 

efficiency , CCD automatic data-collection systems were installed in 

two stations (the BL-6A and the BL-18B). 

This system is composed by three parts: a CCD detector, a 

goniostat and a control device , and is carried on the Weissenberg 

camera . The BL-6A goniostat with the CCD detector are shown in Fig. 

1. That for the BL-18B is of the same design. All data collection is 

done with this system , and the Weissenberg camera is used as a 

base for any beam adjustment. Sharing the work makes it easy to 

remodel or renew any part of the system. In fact , a replacement of the 

base of the BL-6A is scheduled for the end of FY2000, as described 

below. 
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The installed CCD detector is a Quantum 4R of ADSC. The 

detector is coupled with a FOT, and four CCDs are arrayed with a 2x2 

configuration to have a total active area size of 188x 188 mm. The 

specifications are briefly listed in Table 1. The goniostat has a vertical 

drive mechanism for high-resolution measurements. The mechanism 

lifts the detector up to 45 degrees around the sample position as the 

center of rotation. The camera distance can be set up to 50-400 mm 

for the BL-6A or 50-500 mm for the BL-18B by the motor drive. Table 2 

gives the maximum resolution . The CCD and the goniostat are 

controlled by linux computer and images are saved on a raid disk of 

150 GB. Two other computers are available for data processing with 

the software of DPS-Mosflm. The data are backuped by three 

methods: DAT tape, FTP transfer to a SCSI hard disk or to the 

computers of users. 

Table 1 Specifications of the ADSC Quantum 4R 

The number of CCD 2X2 

Active area 188X188 mm' 

Pixel number 2304 X 2304 

Pixel size 82mm 

Spatial resolution 90mm FWHM 

Readout noise 8e-/pixel/s 

Dynamic range 10' 

Readout time (Fast, Nobins) 9s 

Table 2 Maximum resolution (the wavelength of 1.0 A) . 

Camera distance (mm) 2 e=0° 2 e=20° 2 e=45° 

100 1.36 A o.95 A o.71 A 

150 1.81 A 1.14 A o.80 A 

200 2.29 A 1.30 A 0.87 A 

250 2.80A 144 A o.92 A 

300 3.31 A 1.56 A 0.97 A 

400 4.34 A 1.75 A 1.03 A 

500 5.39 A 1.89 A 1.07 A 

The system was installed in BL-6A from February 1, and that BL-

18B was ported at the end of FY1999. From the beginning of FY2000, 

both CCD systems are available. 

At the end of FY2000, the 3rd Weissenberg camera in the BL-6A 

will be renewed. This camera was originally designed for IP cassettes, 

which are not heavier than the CCD system. Some motors do not 

have sufficient power to drive the heavy CCD system, and a problem 

arises concerning beam alignment. Thus , at the present, the 

wavelength is fixed at 1.0 A in the BL-6A. The new camera bases are 

designed for only CCD use and for establishing a full-automated 

camera including a beam-tracing mechanism . 



3-2 MAX-Ill , New High-Pressure and High-Temperature 
Experimental System at the BL-14C2. 

In the 1998/1999-winter shutdown, the succession device of the 

high-temperature high-pressure experimental system MAX90 was 

installed in the BL-14C2 station , which was also reconstructed at this 

time. After some modifications, the first experiment was carried out 

from April , 1999, by the construction group. 

This system, MAX-III, will be open for users in the same way as 

MAX90 a few months after the starting period . The nickname of the 

new system was finally decided to be MAX SANSEI in Japanese 

(MAX the Third in English). 

Yagi and Funamori have optimized the system for earth science 
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CCD automatic data collection system. 

103 • 



Experimental Facilities 

Figure 1. 

Double stage (6-8) type anvil assembly. 

The sample is placed on 4 cubic shaped 

anvils (left) . 
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as the main research object. Though the basic character of MAX-ill is 

almost the same as MAX80 and MAX90, the main difference is the 

maximum load of 700 tons, which exceeds 500 tons of the previous 

ones. The purpose of this system is to always show the best 

performance so that it can be devoted to the high-pressure research 

by exceeding the performance of MAX80 and MAX90. 

Today, the circumstances of the research are changing to the 

normal stage from a stage, in which the high-pressure experiment 

using Synchrotron Radiation is special. It is being asked to harvest 

results of good quality from the reclaimed field as much as possible, 

although it was important to reclaim a new field with the most 

advanced tool. From that viewpoint, a big expectation is made to the 

third high-pressure high-temperature system at PF, MAX-III. 

Specifications of the device: 

(1) Press: Maximum load 700 tons. 

Estimated maximum pressure is 30 GPa. 

(2) Anvil system : [100] cubic type high pressure device 

Usually double stage (6-8) type anvils are operated. 

Sintered diamond anvils are used as second stage anvils. 

(3) Diffraction system: one circle goniometer with a Ge-SSD for 

the energy dispersive X-ray diffraction experiment . 

(4) Press size: 900mmWX1200mmLX2200mmH 

Total weight: more than 4 tons 

3-3 Bunch-Purity Monitor Installed at the AR-NESB 

Beamline AR-NE5B was completed for setting up a beam

monitoring system in June, 1999. A detector system for measuring 

the bunch purity was installed in a hutch of the AR-NE5B. This is one 

of the improvements for time-resolved and time-spectroscopy studies 

that are intensively executed at the PF-AR. 

One can obtain a pattern of the electron-bunch structure in a 



storage ring when measuring the time spectrum of synchrotron 

radiation compared with timing signals from the accelerator. In the 

time spectrum measured under single-bunch operation , we often 

observe sub-peaks due to side bunches around the main electron 

bunch . The intensity ratio of the sub-peaks and the main peak gives 

the purity of the single-bunch operation. 

The detector system at the AR-NE5B is similar to that installed at 

the BL-21 of the PF ring. A detector using an avalanche photodiode 

(APD) detects X-rays of a white beam collimated by slits and a 

pinhole. The detector has a time resolution of 100 ps, and the peak 

width at 1 o-s maximum is narrower than 2 ns [1 ]. The system can 

resolve a weak sub-peak of 2 ns apart from the main peak. The bunch 

purifying is performed just after 2.5-GeV injection to the PF-AR. The 

time spectra are remotely measured with the bunch-purity monitor 

from a control room of the PF-AR ring . Figure 1 shows the time 

spectrum of the bunch structure, measured with this system. We can 

see that the purity is less than 10·6 . 

Reference 

[ 1] S. Kishimoto, Nucl. lnstrum. and Meth . A351 (1994) 554. 
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Figure 1. 

Time spectrum of synchrotron radiation 

measured with the bunch-purity montoring 

system. 
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3-4 External Control System for the Beamline Interlock 
System 

More than twenty beamlines are installed at the 2.5-GeV PF ring 

for the transport of synchrotron radiation to experimental stations. In 

order to protect the operators and the experimentalists from radiation 

hazards, each beamline is equipped with an interlock system, which 

controls the beamline components such as beam shutters, valves , 

hutches , etc . This Beamline Interlock System (BLIS) consists of a 

main unit with a CPU , and station control lers located beside the 

experimental stations. With the station controllers, one can send the 

requests for opening or closing the beam shutters and valves to the 

main unit, which actuates the beam shutters if the condition of the 

beamline is satisfactory. So far, the procedure of sending such 

requests can be done manually by users with button switches on the 

station controllers. In the PF ring , the injection of electron beam is 

taken place at 9:00 am once a day, and one can continue data 

accumulation almost for 24 hrs. While in the PF-AR, due to a short 

lifetime of the stored electron, the injection of electron beam should be 

taken place so frequently as every two-four hours. In some 

experiments, once the experimental condition is fi xed , the 

accumulation continues for over one week to have a good statistics. It 

has been requested for the security reason that the users should open 

the beam shutters after every injection. To avoid such inconvenience, 

we have introduced an "External Control System (ECS)" , with which 

one can send the open/close requests to the BLIS using any kind of 

user's control system. We have discussed about the introduction of 

the ECS for a long time, and consulted also with the KEK radiation 

control. In conclusion we have decided to introduce the ECS under 

some restrictions such as; 1) we do not touch the main unit of the 

BLIS , controlling the security of the whole beamline, 2) the condition 

for the "External control mode" can not be satisfied by only the users, 

3) we installed a voice alert system, announcing the opening of the 



beam shutters 

In order to meet the restriction 1 ), the ECS consists of a personal 

computer (PC) equipped with a parallel 1/0 interface board , as shown 

in Fig.1 , while an 1/0 box is attached to the BLIS for the 

communication with the ECS. The PC is connected with a user's 

control system through RS-232C . Once the experimental hutch is 

closed , the users can send the signals for opening/closing beamline 

shutters with the manual operation of the station controller. The ECS 

can make an equivalent role as the station controller except that the 

ECS accepts the signals from the user's control system. The ECS and 

the station controller cannot be operated simultaneously, because of a 

key, which activates one of them. Another important function of the 

ECS is to supply the information such as Beam Ready, and Beam Off, 

with which the users know the availability of synchrotron radiat ion 

beam at their experimental station . 

The restriction 2) is satisfied by additional operation of the PC by 

a floor manager, who is responsible for the safety in the experimental 

hall during the ring operation . After the floor manager approves that 

the beamline is ready for the ECS mode , he will set the duration 

(maximum 7 days) of the ECS mode. 

The beam shutters are opened after every injection during the 

ECS mode, and the voice alert system announces the opening of the 

shutters. 

We have installed a prototype ECS at beamline AR-NE1, where 

they need a long accumulation to attain a good statistics . We have 

already experienced that the ECS works without any problem. 

I/OBOX 

Parallel JJO 

Beamline Interlock System 

PC 
User's Control System 

.. 
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Figure 1. 

Beamline Interlock System and External 

Control System. 
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3-5 BL-1 B, X-ray Diffraction for Crystal Structure Analysis 
under Multiple Extreme Conditions 

Beamline 1 B was designed mainly for micro powder diffraction 

experiments at low temperature and/or under high pressure. In 1999, 

this line was modified also for single-crystal diffraction experiments. 

The beamline consists of a monochromator, and horizontal and 

vertical focusing mirrors. The monochromator is a fixed-exit type with 

double flat crystals of Si (111) , which covers the energy range 5-21 

keV. The cylindrical mirror, which is coated by Rh on Si single crystal , 

is bent so as to focus the beam vertically and horizontally. The 

focused beam size was about 0.4 mm (vertical) by 0.7 mm (horizontal) 

in FWHM at E = 10 keV. The measured shift of the beam position in 

the energy range of 8 to 18 keV was 0.4 mm and 0.1 mm in the 

horizontal and vertical directions, respectively. The energy resolution 

is about/::,,, E / E = 5X 10·4 • 

The diffractometer is equipped with a two-dimensional detector of 

a curved imaging plate, and has been installed to carry out diffr~ction 

experiments in the fields of structure determination for a micro single 

crystal and of a phase transition induced by pressure or temperature. 

A package of programs was prepared for the analysis of X-ray 

diffraction data col lected from single crystals. This package consists of 

three programs: visualization of the diffraction patters, data reduction 

(indexing) and integration, and the merging and scaling of intensities. 

One can use this beamline for experiments at low temperature 

(10- 300 K) and high pressure ( < 50 GP a) in which a diamond anvil 

cell is installed on a cold head of a closed -cycle cryostat. The 

pressure at low temperature is changed by the helium gas pressure of 

a metal-membrane cell. 
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Figure 1. 

BL-1 B MPD system reconstructed for sing le-crystal analysis at low temperature. 

Figure2 . 

An oscillation photograph of a single crystal (DBr-DCNQI) 
2
Cu at room temperature. 
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1 PF Storage Ring 

1-1 Operations 

1-1-1 Summary of Operations 

In fiscal 1999, the PF ring was operated without any serious 

problems. On April 12, the ring operation started, but the beam 

injection was not very good. The e+/e- linac of KEK must inject the 

electron beam (2.5 GeV) to the PF and the PF-AR rings, and also the 

electron beam (8 .0 GeV) and the positron beam (3.5 GeV) to the 

KEKB rings. The reproducibility in switching to the different conditions 

was not good. Thus, the staff members in both divisions of the light 

source and the linac joined to improve the reproducibility . After 

machine studies, they could fix the position and angle of the beam 

within ± 0.3 mm and ± 0.3 mrad, respectively, at the end of the linac. 

Finally, we could maintain the reproducibility in user operation . The 

orbit group investigated the capture rate from the linac to the ring 

using a turn-by-turn monitor system, and improved the injection rate, 

which was normally from 0.7 to 1.0 mA/s and more than 2.5 mA/s at 

the maximum. As a result, the radiation loss in the injection period 

became lower around the PF ring. 

In December, 1996, we succeeded to store 788 mA before 

upgrading the ring. We could then store 500 mA for the low-emittance 

optics. However, the maximum stored current was 400 mA in user 

runs, as before. At the begining of July, we tried to utilize more intense 

synchrotron radiation to the beamlines by increasing the stored 

current up to 500 mA. At that time, the beamline performance of 

durability against the higher power radiation of a 500 mA beam was 

checked. After evaluating the optical elements and the radiation safety 

of the beamlines, we decided to operate at an initial current of 450 mA 

in the autumn user runs . Although few problems occurred during the 
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Accelerators early stage, the operation was quite good at a higher current. 
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Before the high brilliant project, the product of the beam current 

( I ) and the beam lifetime ( r) had been sufficiently large, I -r =1200A · 

min or more. After the improvement, I· r became short, butgradually 

recovered to 500-600 A·min according to a vacuum-pressure 

improvement. Afterwards, it was found that the beam lifetime could be 

remarkably improved by applying a small phase modulation on an rf 

accelerating voltage at a frequency of 2 times the synchrotron 

frequency. The phase modulation makes the bunch length of the 

beam longer, and thus the Touschek effect is reduced. As a result, we 

succeeded to obtain about two-times longer beam lifetime, i.e., I-r = 

1200 A· min, and adopted phase modulation in user runs as routine. 

The progress of I ·r is shown in Fig .1. 

The circumference of the ring expands or contracts 

accompanying the distortion of the building, the source of which is 

considered to be the temperature difference between day and night. 

This causes horizontal orbit drift. We thus suppressed the drift using 

feedback of the rf frequency. 

The operation statistics are presented in Table 1, and the trend is 

shown in Fig .2 . The average stored beam current was 340 mA and 

the average injection interval was recovered to 20 hours (Fig . 3) . The 

trend concerning the failure time is shown in Fig.4 (less than 1 %). 
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These results prove that the performance and the reliabi lity of the PF 

ring are quite excellent. They have been accomplished by continuous 

efforts to make improvements. 
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Figure 4. 

Trend of the failure time. 
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Table 1 Statistics of the storage-ring operation during fiscal year 1999 

(from Apr. 1999 to Mar. 2000) . 
Multi-bunch Single-bunch Total 

Ring operation time (hours) 5264.0 288 5552.0 

Scheduled user time (hours) 3984.0 288 4272.0 

Net user time (hours) 3842.8 258.6 4101.4 

Time used for injection (hours) 88.9 25.6 114.5 

Integrated current in h: (A· hours) 121 9.7 10.6 1230.3 

Average current (mA) 317.4 41 .0 

Number of injections 188 39 227 

Interval between injections (hours) 20.4 6.6 

1-1-2 New Kicker System 

We employ four kicker magnets to produce a pulse bump orbit to 

inject the electron beam into the PF ring . The pulse falling time (from 

90% to 10%) of the old kicker magnet was 1.8 µsec. Since the 

revolution period of the PF ring is 0.624 µsec , the injected beam was 

kicked three times by the old ones. The available horizontal betatron 

tune for the injection was restricted because the injection beam may 

collide with the wall of the septum magnet due to the value of the tune. 

In order to solve this problem , new travelling wave-type kicker 

magnets (TW kicker magnet) with a shorter pulse length were 

developed . The new kicker magnets were installed in the PF ring in 

January, 2000, and have been successfully operated. 

The TW kicker magnet consists of 30 segmented LC circuits (30 

cells) , like the equivalent circuit of the transmission line. A power 



supply system with a line type pulser was also designed and 

constructed to drive the magnet. An outline of the structure cell is 

shown in Fig.5. A general view of the new kicker magnet system is 

shown in Fig .6. The pulse falling time has been improved to 0.55 

µsec , less than the revolution period , considering the following 

descriptions. 

In general , the TW kicker magnet is set inside the vacuum 

chamber to insulate the high-voltage plates from the earth plates . 

However, a large space for the vacuum insulation is necessary and 

the impedance of the wall becomes too large. Thus, new magnets 

were installed outside of the vacuum chamber made of ceramics . To 

insulate the high-voltage plates from earth plates, a silicone rubber 

Fe1T 1te cme 

HV plote 

Eor-lh conductm HV conductor-

diode 
Pulse Forming Line Thyratron 

load 
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Figure 5. 

Outline of the structure cell. 

Figure 6. 

General view of the new kicker magnet 

system. 

Kicker Magnet output CT 

short 

Figure 7. Block diagram of the TW-kicker system with the totally-reflection type. 
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molding was employed. Since the electric breakdown voltage of the 

molding is lower than that of the vacuum, the applied voltage for the 

magnet must be suppressed [1 ]. It was realized by lowering the 

impedance of the magnet to 6.25 0 and adopting a total-reflection 

concept for the system. Though the lower impedance made the pulse 

falling time longer and the total-reflection concept made it double [2] , 

the pulse falling time is still less than the revolution period. In 

producing magnets with low impedance, an alumina ceramic plate 

having a relative dielectric constant of 9.0 was used as insulation 

between the high-voltage plate and the earth plate. A block diagram of 

the TW-kicker system with the total-reflection type is shown in Fig .7. 

References 

[1] TS . Mattison et al. , Proc . of 1995 IEEE. Particle Accelerator 

Conference (Dallas) ,(1995)1915. 

[2] Photon Factory Activity Report #15 Part A (1997) 135. 

1-1-3 Beam Position Monitor System for the Beam Transport Line 

A nondestructive beam-position monitor system was provided for 

the beam transport line from the LINAC to the PF ring. The 

arrangement of the beam-position monitors (BPM) is shown in Fig.8 

together with the energy-dispersion functions. There are 10 strip-line 

BPMs, which are indicated by the names started from "BPM_". Most 

of them are identified by the nearest quadrupole name, and some of 

them are named by the nearest components , such as "PM9". In the 

figure, profile monitors of a retractable scintillator screen , which have 

been used since commissioning of the PF ring, are described as "PM" . 

Each BPM has four strip-line electrodes of 175 mm long, their back 

ends are short-circuited to a vacuum duct. The bunch signal of the 

strip-line is stored by a digital waveform analyzer having an adequate 
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Figure 8. Arrangement of the strip-line BPMs along the beam transport line. 
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sampling speed . The signals from 10 BP Ms are connected into the 

single waveform analyzer using rf signal combiners . Thus, the beam 

positions at all the BPMs can be deduced for the identical bunch . The 

resolution of the measurement using an 8-bit digitizer is about 0.1 mm. 

During injection , the beam-transport orbits are continuously 

monitored at a second interval. Figure 9 shows the BPM graphics 

used at the control room . Summation of the four-electrode signals is 

used as a charge monitor. After the intensity of the signal is corrected 

on the cable loss, the charge at each BPM is deduced in nC unit. 

Under the usual injection condition, the beam positions along the 

beam transport are stable, except for the region with a large horizontal 

dispersion function . At the BPM for a dispersion function of 5 m, an 

energy difference of 0.1 % is detected as the position variation of 5.0 

mm. We have two BPMs in the dispersive region , BPM_QC1 and 

BPM_PM9. The profile monitor PM9 has been used for the monitor of 

energy spread and energy itself. The fluctuations of the beam 

positions are plotted in strip charts on the BPM graphics. The energy 

feedback following the horizontal beam position is usually performed 

at the LINAC. It is effective to reduce the slow energy drift during the 

injection period . All BPM data are delivered to the LINAC control 

through the data channel. At both control rooms, the beam orbit along 

the LINAC and the beam transport line are displayed in unified 

graphics. 
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1-1-4 Improvements of the Injection Efficiency 

Figure 10 shows the progress of the injection efficiency in fiscal 

1999. The injection efficiency was calculated at a repetition rate of 25 

Hz. There was a great improvement of the injection efficiency at the 

beginning of October, 1999. At that time, we investigated the cause of 

the deterioration of the injection efficiency. We measured the capture 

rate into the PF ring from the injector linac using a turn-by-turn monitor 

system [1]. As a result, it was found that the acceptance of the 

injection beam became narrower due to the horizontal scraper, which 
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Figure 10. Progress of the injection effic iency in fiscal 1999. 

Figure 11 . 

Capture rate of the injection beam for the 

injection phase between the ring and the 

linac. 
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is inserted to remove those electrons with bad quality in the injection 

beam. Moreover, it was also proven that the injection phase between 

the ring and the linac had slightly deviated , as shown in Fig .11 . 

Therefore , the injection phase was adjusted so that the capture rate 

increased . In addition, it became possible that the position of the 

scraper was extended much more by improvements of the beam 

quality performed in the injector linac and the beam-transport line. 

Thus, the injection efficiency was drastically improved and achieved to 

be six-times higher (more than 3.0 mA/sec) compared to the previous 

one. Afterwards, the good condition of the injection efficiency (more 

than 1.0 mA/sec) has been maintained , though it became temporarily 

bad in January and February, 2000, since the adjustment for the new 

kicker system was insufficient. 

Reference 

[1) Y. Kobayashi and T . Obina, Proc . of the 12'h Symposium on 

Accelerator Science and Technology, (1999)516. 

1-1-5 Improvement in the Beam Lifetime by means of an RF Phase 

Modulation 

Four 500-MHz rt cavities are used to produce an accelerating 

voltage of 1.7 MV (typically) in the PF ring . It was recently found that 

the beam lifetime could be remarkably improved by applying a small 

phase modulation on an rt accelerating voltage at a frequency of 2 

times the synchrotron frequency (2f.) [1 ). A typical improvement in the 

beam lifetime is shown in Fig .12. By applying phase modulation, the 

lifetime was improved by a factor of about 2.1. 

Another benefit gained by phase modulation is a remarkable 

suppression of longitudinal coupled-bunch instabil ities . Although 

excellent damped accelerating cavities are used in the PF ring , there 
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Figure 12. 

Improvement in the beam lifet ime by rt 

phase modulation . The beam lifetimes 

were measured with and without applying 

phase modulation (modulation frequency : 

46.7 kHz, amplitude: 4.6° p-p) . 
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Figure 13. 

Suppression of the longitudinal coupled

bu n ch instability by applying phase 

modulation (46.7 kHz, 4.6 °p-p). Spectrum 

lines due to the longitudinal instability were 

measured with and without applying phase 

modulation. 

Figure 14. 

Distribution of particles in phase space 

under phase modulation. The result of a 

multiparticle tracking simulation is shown. 

Modulation frequency : 45.36 kHz , 

amplitude 4.6 ° p-p. 

• 122 

arise many spectrum lines in a button-type monitor signal at high 

currents , due to the longitudinal coupled-bunch instabilities. Since 

these spectrum lines do not correspond to any frequencies of the 

cavity higher order modes , it is considered that this instability is 

induced by some resonant structures in the vacuum components . Th is 

instability causes a harmful fluctuation in the brightness of the 

synchrotron radiation . Figure 13 shows the measured beam spectra 

with and without applying phase modulation. It can be seen that the 

longitudinal coupled-bunch oscillations were largely suppressed by 

applying phase modulation . 

The improvement in the lifetime can be understood by the 

following mechanism. By applying phase modulation at a frequency of 

2f •. the longitudinal oscillations of stored electrons are excited by a 

parametric resonance process. A small -amplitude oscillation is 

described by a similar equation to the Mathieu equation . Since each 

electron tends to oscillate in one of the two states of oscillations, the 

-10 

-20 

8 -30 

o::l 
"O -40 
'---' 
CJ 

"O -50 
::l ....... ·-......... -60 0.. 
8 

<!'.'. -70 

-80 

-90 
500 

c: 
.s 
-~ 0.002 
> 
CJ 

'"O 
>-. 
~ 0.000 
CJ 
c: 
CJ 
CJ 
> ·_p -0.002 
ro 
0 
~ 

--Modulation OFF(41 I mA) 
--Modulation ON (403 mA) 

Modulation OFF 

600 700 800 900 1000 

Frequency (MHz) 

-0.004 '---~-'--~--'--~---'-'---'-1 ~-'--1 ~--'-1-~-'---'---' 

-200 -1 50 - I 00 -50 0 50 I 00 150 200 

Time displacement (ps) 



phases of which are opposite to each other, the electrons form two 

subbunches. As a result , a quadrupole mode of the longitudinal 

oscillation of the bunch is excited , which results in a long average 

bunch length. This makes the Touschek lifetime longer. Figure 14 

shows a typical simulation result of the longitudinal bunch motion 

under the phase modulation. It can be seen that the bunch is 

separated into two subbunches, which oscillate out of phase to each 

other. 

We have been using this technique under routine operations 

since May, 1999. Thus, the beam performance in the PF ring has 

been largely improved regarding both lifetime and stability. 

Reference 

[1) S. Sakanaka, M. lzawa, T. Mitsuhashi , T. Takahashi , Phys. Rev. 

ST Accel. Beams 3(2000)050701 . 

1-1-6 Horizontal Orbit Feedback 

An rt frequency feedback system was introduced to stabilize the 

horizontal orbit of the ring . The circumference of the storage ring 

expands or contracts accompanying the distortion of the building , 

whose source is the temperature difference between day and night. If 

the circumference ( C) of the ring is changed, the beam energy (E) 

varies according to 

11C/C = 11frr / f rr = -a(M/ E) , 
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Figure 15. Typical horizontal orbit variation during one day with/without frequency feedback. 
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where a is a dimension less constant , called the momentum 

compaction factor. Moreover, the horizontal orbit difference ( Ll x (s)) is 

displayed as Ll x (s)= r; (s)( L'i E I E ), where r; is the dispersion 

function and Ll EI E is relative energy difference. Thus, we change 

the frequency of the rf with 

t:if ,.r I t:ix)1 i 
f rr =-a LT7;2 , 

where Ll x ; is the difference in the horizontal beam position from the 

standard orbit, 1'/ ; the dispersion at the BPM and i the BPM number 

from 1 to 65. Because the feedback period is not necessarily short, we 

calculate !:if every minutes and change the frequency if t:if exceeds 2 

Hz. Figure 15 shows the typical horizontal orbit variation during one 

day with/without frequency feedback. The maximum orbit movement 

of about 150 µ m (top) is successfully suppressed within 30 µ m 

(bottom) using a feedback system. The change in the rf frequency is 

about 200-300 Hz during routine operation for users. 

1-2 Developments and Machine Studies 

1-2-1 Bunch-by-Bunch Beam Diagnostics 

In the PF ring , a vertical instability has been observed in the multi

bunch mode. This instability can be suppressed by exciting octupole 

magnets during routine operation for users. However, the origin of the 

phenomenon has not yet been completely understood . We have 

developed an optical bunch-by-bunch beam diagnostic system using a 

high-speed light shutter [1], and observed the vertical instability of 

individual bunches with it. An observation of the vertical instability was 

performed in the multi-bunch mode (successive 280 bunches followed 

by 32 empty buckets) in which all bunches had almost equal beam 

currents (1 .6 mA/bunch) . In order to make the observation of the 

instability clear, we turned off the octupole magnets to avoid the 

Landau damping effect during the experiment. Figures 16 and 17 

show the frequency spectra which correspond to the betatron 

sidebands of the 1st and 20th bunches in the bunch train, respectively. 

Although the beam currents of these two bunches were much the 

same, not only these spectral powers, but also these frequencies, are 

different , as can be seen in these figures. We analyzed the 

dependence of the betatron frequency on the position in the bunch 

train . Figure 18 shows the vertical betatron tunes of 20 bunches at the 

head of the train . It can be clearly seen that the vertical tune gradually 

increases along the train. 

According to linear theory [2] , the vertical motion of the trapped 

ion when a bunch passes through near the ion can be expressed by a 

matrix form. Namely, if we define the time (t) to be zero when the 



head of the bunch train passes, the ion motion after the first bunch in 

the train passes through the ion can be expressed as a matrix 

composed of a single focusing kick matrix followed by a drift space 

matrix whose drift length is equal to the bunch spacing: 

(
Yi ( s ,t rf ) ( l t rf I( 1 
y i ( s ,t rf ) - 0 1 ) a ( s) 

= DB(s)(~; (s,O) l, 
Y; (s,O) j 

o l(~;(s,o) I 
1 j Y;(s,O) j 

where D and B(s) denote the drift motion and the one bunch passing 

matrix, a(s) is a focusing factor due to one bunch passing, 

a(s) = 

I st B unch 

8 

2 J~ 
.+58 460 -+62 

Fre4uency [kH zJ 
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8 

~ 6 
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Figure 16. 

Frequency spectra which correspond to 

the betatron sidebands of the 1st bunch in 

the bunch train. 

Figure 17. 

Frequency spectra which correspond to 

the betatron sidebands of the 20th bunch 

in the bunch train . 
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Figure 18. 

Vertical betatron tunes of 20 bunches at 

the head of the train . Open circ les denote 

the experimenta l result and crosses 

denote the theoretical values. 
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where rp represents the classical proton radius , c the speed of light, Nb 

the number of electrons in the bunch . A is the mass number of the ion, 

and 6 Js) and 6 /s) are the horizontal/vertical beam sizes at the 

longitudinal position s along the ring , respectively. The matrix that 

denotes the whole bunch train can be written by multiplying DB(s) and 

D, namely: 

where h denotes the harmonic number, L the number of bunches in 

the train, and t,.v the revolution time around the storage ring , 

respectively. 

An ion is affected by a periodic focusing force due to the passing 

of the bunch train, and oscillates around the beam orbit. Such motion 

of the ion can be discussed in a manner analogous to the "betatron 

oscillation" in linear beam-dynamics theory. Because the focusing 

factor depends on the longitudinal position along the ring , the "Twiss 

parameters of the ions" depend on s. Moreover, these parameters 

also depend on t, which means that they vary along the bunch train. 

Using this theory, the Twiss parameters of the ions at the longitudinal 

position sat the n-th bunch is as follows : 

[

/3; (s,nt ,.r )J [/3;(s,O)J 
CX;(s, ntrr) = N;,1

1111
c

11
(s ) CX;(s,O) , 

Y;(s, nt rr ) Y;(s,O) 

where /)' ; (s ,t) , a ; (s,t) , y ; (s ,t) denote the Twiss parameters of the ion , 

and NbuncJ s) is a transformation matrix of these parameters composed 

of matrix elements of DB(s). The transformati on matrix of a whole 

bunch train (N(s)) is written as follows; 

where Nd
611 

denotes a transformation matrix composed of the matrix 

0:::: 

c5i 
<!) 
c: 

~ 

3 

0 
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0 

0 0 0 ° 0 x x x 
0 ~ x Q x x x 0 

0 0 52 x S< x 
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elements of 0. The Twiss parameters of the ion at the head of the 

bunch can be defined by the matrix elements of N(s). 

Trapped ions take the "betatron oscillation" around the electron 

beam with amplitudes proportional to ,//J . . Because ,/jJ is a function of 
I I 

t, the size of the ion-cloud proportional to ,/(J; , or the density of the 

ions also changes with t . According to linear theory [2], the trapped 

ions can cause tune shifts, which are proportional to the ion density. 

Therefore, the modulation of the ion density could cause tune shifts 

that depend on the position of the train. The theoretical value 

according to a model in which the modulation of the ion density is 

taken into account are plotted in Fig.18. The theory agrees well with 

the experimental result. 
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1-2-2 Vibration Measurements 

The vibration measurement system consists of vibrational 

gauges, amplifiers and a digital data recorder. Small vibration was 

detected by twelve sets of seismometers and six piezoelectric 

accelerometers. Each signal generated in gauges was amplified and 

sent to a digital data recorder that performs analog-to-digital 

transformations and data storage. The data-sampling rate was 500 

Hz. The measured acceleration data were analyzed in the FFT and 

represented as a frequency spectrum. We represent the magnitude of 

the vibration using the root mean square (RMS) displacements 

converted from the measured acceleration in the frequency range of 

1-100 Hz. 

The vibrations of the air-conditioner (AC) have been recognized 

as the main source of the beam motion . In the light-source building, 

there were eight air-conditioners located above the storage ring tunnel 

and around the experimental hall that surrounds the storage-ring 

tunnel. Before measuring the vibrations of various parts of the light 

source building , the vibration of eight air-conditioners , themselves, 

were measured, in order to identify the frequency components of the 

measured data. Each air-conditioner has its fundamental mode of 

vibration in the frequency range from 14.8 to 22.5 Hz. Because there 

are only thin viscoelastic damping pads under these air-conditioners , 

these vibrations propagated around the light-source building. 

The vibration of the storage ring tunnel floor was measured at 

twelve points using the twelve sets of probes situated along the 

storage ring. We measured the three components of the vibration with 

one set of probes. The displacement of the vertical direction is larger 

Accelerators 
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Figu re 19. 

Fo uri e r spectrum of the ve rtical 

displacement of the ring tunnel floor at a 

measuring point. The solid line shows the 

vibration with all AC stopped , and the 

dotted line shows that with all AC working. 

Figure 20. 

Fourier spectrum of the Q-magnet 

vibration. 
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than the displacement of other two direction, but the magnitude of its 

displacement is only about 0.04 µ m on the average. 

The effects of the air-conditioners are evident from Fig .19, which 

presents the Fourier spectrum of the vertical ring tunnel floor 

displacement at a measuring point. One peak at 14.65 Hz 

corresponds to the fundamental vibration frequency of AC2, and 

another peak at 20.26 Hz also arises from AC4 (20.3 Hz). The 

magnitude of the 20 .26 Hz peak amounts to 0.1 µ m. This 

displacement is equivalent to a 0.07 µ m RMS displacement. Thus, 

the vibration arising from the air-conditioners exhaust represents 

almost all of the RMS displacement measured at the point. 

The vibration of the quadrupole magnet (Q-magnet) of the 

storage ring affects mostly the behavior of the stored electron beam 

motion. Thus, the vibration of the twelve Q-magnets selected from all 

storage ring Q-magnets were measured. Twelve sets of the probes 

were situated on top of the Q-magnets. 

The magnitude of the RMS displacement of the Q-magnet 

vibration in the latera l (y) direction exceeds those in the other two 

directions. In the case of ring floor vibration , the displacement in the 

vertical (z) direction was prominent. On the contrary, the vibration of 

the Q-magnet in the lateral (y) direction was ten-times as large as the 

lateral (y) vibration of the floor. The Fourier spectrum of the Q-magnet 

disp lacement at the point is shown in Fig .20. Two major peaks at 

14.53 and 20.26 Hz (already seen in the spectrum of the floor 
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vibration) are also seen in this spectrum. Adding to these two peaks 

arising from the vibration of the air-conditioners, a new peak at 10.74 

Hz appears. Because this peak can be seen when all air-conditioners 

stopped, it can be estimated that it arises from the fundamental 

resonant vibration of the girder and the 0-magnet. 

After a lattice change of the PF ring for reducing the beam 

emittance, two Q-magnets and two sextupole magnets in a normal cell 

have been settled on a common girder. To investigate the vibrational 

properties of the girder and the 0-magnet, we have performed a 

hammering test and measured the fundamental resonant frequencies. 

The peak at 10.38 Hz, already seen in Fig .20, arises when the 0-

magnet swayed on the girder in the lateral direction. Another 

remarkable peak at 13.18 Hz arises from twisting the girder's leg. The 

picture of the vibrational state of the Q-magnet and the girder is 

presented in Fig .21. This picture shows that the top of the 0-magnet 

vibrates heavily comparing to other part of the magnet and girder. 

An obvious cure for the propagation of the air-conditioner 

vibration is to install a thick viscoelastic damping pad beneath the ai r

conditioner. From a simulation of this damping pad , the reduction of 

the propagated vibration amounts to -20 dB. We plan to measure the 

vibration of the stored electron beam and the synchrotron radiation 

beam more accurately, together with the vibration of the 0-magnets, in 

order to understand the correlation between these vibrations . 

+1.0 

[
. 1M5 · 
151 . 163 
- -

1

- 399 - r- soo - -
1

- 405 - ,- 321- -I-] 
r- 396 - " 

I .sz.!§.27 __szj 627 

E=t===:===:::J==========~==~=l...51.§73 
_sz.156 

Accelerators 

Figure 21 . 

Vibrational state of the 0 -magnet and 

girder. Lower part of the figure shows the 

size of the 0-magnets and girder (in mm) . 

Upper part presents the magnitudes of 

their swaying motion at 10.38 Hz in the 

lateral direction (arbitrary unit) . 
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Figure 22. 

Beam transport line. 

Figure 23. 

Ring lattice components . 
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1-3 Storange Ring Spectifications 
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Figure 24. 

Synchrotron radiation spectra. 

Brilliance of radiation vs . photon energy for the insertion devices (U#02 , MPW#13, VW#14 , MPW#16, 

Revolver#19 and EMPW#28 ) and the bending magnet (Bend ) of the PF, and for the insertion device 

(EMPW#NE1 and UNE3) of the AR . The name of each source of the PF is assigned in Table 2. Several 

insertion devices have both undulator and wiggler modes, which are denoted by U or W, respectively. The 

spectral curve of each undulator (or undulator mode of multipole wiggler) is a locus of the peak of the first 

harmonic within the allowable range of K-parameter. Spectra of Revolver#19 are shown for four kinds of period 

lengths. 

Figure 25. 

Vacuum system components . 
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Figure 26. 

BPM 081 
BPM 082 

Beam position monitors. 
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Table 2 Insertion devices 

Caiculated spectral performances of the bend source and 6 insertion devices at the Photon Factory. E/l:beam energy and current, ) " : period length, 

N: number of periods, L: length of undulator or wiggler, Gy (G,) :minimum vertical (horizontal ) gap height, By (8,) maximum vertical (horizontal ) 

magnetic field , P: pure configuration, H:hybrid configuration, S.C .: superconducting magnet, 6 ,, y: horizontal or vertical beam size, 6 ·,, y: horizontal 

or vertical beam divergence, Kn (Kv): horizontal (vertical ) deflection parameter, cd cc: photon energy of the first harmonic (critical energy in the 

case of bend source or wiggler), D: photon flux in unit solid angle (photons/s · mrad2 
• 0.1 %b.w. ), B: brilliance (photons/s • mm2 

• mrad2 
• 0.1 % 

b.w.), Pr : total radiated power, dP/d Q: power in unit solid angle. Different operating modes of undulator and wiggler are denoted by - U and -W, 

respectively. 

Name E/1 AU N L G,(G,) B,(B,) Type of (5 ' (5 y (5 ' , 15', K,(K,) I': ,/ I': ' D B Pr dP/dQ 
GeV/mA cm m cm T magnet mm mm mrad mrad keV kW kW/mrad 

Bend 2.5/300 0.96 0.39 0.059 0.186 0.013 4 4.80E+13 3.31E+14 0.081 

U#02 2.5/300 6 60 3.6 2.8 0.4 H(NdFeB) 0.42 0.042 0.084 0.008 2.3 0.2 1.49E+17 1.30E+18 0.95 3.93 

MPW#13-W 2.5/300 18 13 2.5 2.7 1.5 H(NdFeB) 0.86 0.019 0.117 0.018 25 6.2 1.29E+15 1.18E+16 8.64 3.38 

MPW#13-U 2.5/300 18 13 2.5 2.7 1.5 H(NdFeB) 0.86 0.019 0.117 0.018 2 0.108 1.08E+16 9.25E+16 0.055 0.25 

VW#14 2.5/300 5 5 S.C. 0.58 0.036 0.083 0.01 20.8 4.84E+13 3.67E+14 0.42 
{ 

MPW#16-W 2.5/300 12 26 3. 12 1.9 1.5 H(NdFeB) 0.42 0.042 0.084 0.008 16.8 6.2 1.03E+15 8.95E+ 15 10.89 6.46 

MPW#16-U 2.5/300 12 26 3.12 H(NdFeB) 0.42 0.042 0.084 0.008 2 0.163 4.23E+16 3.63E+17 0. 16 0.74 

Revolver#19 2.5/300 5 46 2.3 3 0.28 H(NdFeB) 0.85 0.056 0.088 0.008 1.3 0.639 1.05E+17 3.47E+17 0.28 1.89 

2.5/300 7.232 2.3 3 0.4 H(NdFeB) 0.85 0.056 0.088 0.008 2.7 0.176 4.39E+16 1.44E+17 0.56 1.92 

2.5/300 10 23 2.3 3 0.54 H(NdFeB) 0.85 0.056 0.088 0.008 5 0.0437 1.28E+16 4.01 E+16 1.02 2.02 

2.5/300 16.414 2.3 3 0.62 P(NdFeB) 0.85 0.056 0.088 0.008 9.5 0.0078 1.71E+15 4.29E+15 1.35 1.41 I)> 
0 

EMPW#28-W 2.5/300 16 12 1.92 3(11) 1 (0.2) P(NdFeB) 0.58 0.036 0.083 0.01 15(3) 4.1(90%) 3.07E+14 2.28E+15 2.84 0.46 I~ EMPW#28-U 2.5/300 16 12 1.92 P(NdFeB) 0.58 0.036 0.083 0.01 3(3) 0.182(99%) 1.81E+16 1.33E+17 0.03 0.087 
--. 
0 
-+-

(;) 

I~ (;) 
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Table 3 General parameters of the PF storage ring. 

Energy 

Initial stored 

current (multi-bunch} 

(single bunch) 

Emittance 

Circumference 

RF frequency 

Injection 

Beam lifetime 

Average vacuum pressure 

Insertion devices 

SR channels 

Table 4 Beam parameters . 

Horizontal tune v , 

Vertical tune v, 

Momentum compaction factor a 

Natural chromaticity ~' 

~y 

Bunch length CJ, 

Transverse damping time 

Longitudinal damping time 

Energy spread 

Radiation loss 
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2.5 GeV 

400mA 

36 nm · rad (horizontal} 

~o.4 nm • rad (vertical) 

187 m 

500.1 MHz 

2.5-GeV Linac 

50 h (at 400 mA) 

;S2X 10"' Pa (at 300 mA) 

P/IX6-7 X10"' Pa/A (at 300 mA) 

~9X10"' Pa (at o mA) 

Superconducting vertical wiggler 5T 

60 period undulator K=2.3~0.1 

26 period multipole wiggler/undulator 1.5T ~0 . 04T 

Four way revolver type undulator 

13 period multipole wiggler 

Elliptically polarized multipole wiggler 

SR experiment 22 

Beam diagnosis 3 

9.60 

4.28 

0.0061 

-12 .5 

-12.3 

1.0 cm 

7.8 msec 

3.9 msec 

7.3X10 .. 

400 keV 

(max 3 GeV) 

(max 500 mA at 2.5 GeV) 

65 mA (max 100 mA) 

(bend ing radius=8 .66m) 

(harmonic number=312) 

(positron/e lectron) 

I· r 2: 20 A· h (at 400 mA) 



Table 5 Principal parameters of the accelerator system. 

Magnet system 

Bending 

Quadrupole 

Sextupole 

Octupole 

Vertical steerers 

Fast vertical steerers for global orbit FB 

Backleg windings 

on bendings for horizontal steerers 

on sextupoles for vertical steerers 

on sextupoles for skew quadrupoles 

on sextupoles for field compensation 

Electronic shunts on quadrupoles 

for optics matching and tune compensation 

RF system 

Number of RF stations 

Number of klystrons 

Number of RF cavities 

Shunt impedance 

Unloaded Q 

Total power dissipated in cavity wall 

Total cavity gap voltage 

Synchrotron frequency 

Vacuum system 

Main pumping system 

pump 

SIP(Sputter Ion Pump) 

DIP(Distributed Ion Pump) 

Ti sublimation 

NEG(Non-Evaporable Getter) 

total effective pumping speed =2X10' l/sec(for CO) 

Rough pumping system 

TMP(Turbo Molecular Pump) 

Measurement 

B-A gauge 

mass filter 

cold cathode gauge 

Sector gate valve 

all metal with RF shield 

viton seal with RF shield 

number of magnets 

28 

74 
32 

4 

24 

28 

28 

28 

14 

32 

34 

4 

4 (180kW/klystron) 

4 (single cell cavity) 

27.6M 0 (four cavities) 

39000 

105 kW 

1.7 MV 

23 kHz 

pumping speed 

128 I/sec 

150 I/sec 

pumping speed 

300 I/sec 

number 

48 

4 

24 

number 

4 

7 

Accelerators 

number of power supplies 

1 

15 

3 

4 

24 

28 

28 

28 

14 

3 

48 

number 

54 

26 

71 

2 

number 

12 
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Injection system 

Septum magnet 

name 

core material 

length [mm) 

maximum current [A] 

deflection angle [degree) 

pulse width [µsec] 

Kicker magnet 

name 

core material 

core length [mm] 

maximum voltage [VJ 

pulse width [µsec] 

Superconducting vertical wiggler 

Maximum field strength on the beam orbit 

Magnet gap 

Magnet pole size (width X hight) 

Number of magnetic poles 

Rated exciting current 

Superconducting wire 

Cross section of coils 

Number of turn 

Liquid helium consumption in the permanent current mode 

Damping rate of the permanent current 

Inductance 
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Septum I (S1) Septum 11 (S2) 

laminated silicon steel(passive type) 

1500 1000 

6000 

5.0 

100 

6000 

7.0 

120 

K1 , K2 , K3 , K4 

ferrite (Traveling wave type) 

345 

15000 

4.1 

1.7 

5 Tesla 

66 mm 

40 mm X260 mm 

5 poles (3 poles at nomal operation) 

installedat exery 200 mm 

21 O A at 4.8 Tesla 

NbTi:Cu 1 :1 

size 1.70X0.85mm2 

65 mm X70 mm 

2520 

1.1 L/h 

1.4X 10"/h 

1.31 H/coil 



Monitor system 

I . Orbiting beam monitors 

PM (Position Monitor) 

DCCT (Direct Current Current Transformer) 

RFKO (Radio Frequency Knock-Out system) 

WCM (Wall Current Monitor) 

LS (Loss monitor) 

Visible Light Monitors 

CCD TV camera 

streak camera 

photon counting system 

11 .Photon beam position monitors installed in beamlines 

Beamline Source 

BL3A B 

BL3C B 

BL4C B 

BL6B B 

BL6C B 

BL6C B 

BL7C B 

BL10B B 

BL12C B 

BL21 B 

BL27 B 

Note: SPM: Split Photoemission Monitor 

SIC: Split Ion Chamber 

WM: Wire Monitor 

Control system 

Computers 

Server 

Presentation/Console 

Control/DB Engine 

Equipment Control 

Network Management 

Network 

Number 

ATM Switch (155Mbps) 

ATM-Ethernet Switching Hub 12 

Upstream 

SPM 

SPM 

SPM 

SIC 

SIC 

SPM 

SIC 

SIC 

WM 

WM 

SPM 

B: 

Workstation 

3 

16 

2 

Port 

single mode 12 

10BASE-T 12/hub 

65 

2 

1 

30 

2 

Downstream 

SPM 

SPM 

SPM 

SPM 

WM 

' , 

Bending magnet 

Accelerators 

Ver./Hor. 

v 
v 
v 
v 
v 
v 
v 
v 
v 
v 

Superconducting Vertical Wiggler 

PC VME 

17 

5 6 

3 9 

multi-mode 4 
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Table 6 Beam parameters at source points. 

B.L. Source O'x[mm] O' 'x[mrad] O' y[mm] O' 'y[mrad] 

BL01 B01(+2.5) 0.203 0.245 0.061 0.0125 

BL02 U#02 0.422 0.084 0.042 0.0084 

BL03 B02(-0.0) 0.238 0.263 0.066 0.0125 

B03(+0.0) 0.288 0.228 0.084 0.0066 

BL04 B04(+2.5) 0.319 0.161 0.066 O.Q173 

BL06 B06(+2.5) 0.391 0.185 0.059 0.0129 

BL07 B07(+2.5) 0.391 0.185 0.059 0.0129 

BLOB B08(+2.5) 0.391 0.185 0.059 0.0129 

BL09 B09(+2.5) 0.391 0.185 0.059 0.0129 

BL10 B10(+2.5) 0.391 0.185 0.059 0.0129 

BL 11 B11(+2.5) 0.391 0.185 0.059 0.0129 

BL12 B12(+2.5) 0.447 0.138 0.054 0.0092 

BL13 MPW#13 0.859 0.115 0.020 0.0186 

BL14 VW#14 0.580 0.083 0.036 0.0098 

BL15 B15(+2.5) 0.203 0.245 0.061 0.0125 

BL 16 MPW#16 0.422 0.084 0.042 0.0084 

BL 17 B16(-0.0) 0.238 0.263 0.066 0.0125 

B17(+0.0) 0.288 0.228 0.084 0.0066 

BL18 B18(+2.5) 0.3}9 0.161 0.066 0.0173 

BL19 U#19 0.847 0.088 0.057 0.0078 

BL20 B20(+2.5) 0.391 0.185 0.059 0.0129 

BL21 B21(+2.5) 0.391 0.185 0.059 0.0129 

BL27 B27(+1.2) 0.259 0.218 0.090 0.0176 

BL28 EMPW#28 0.580 0.083 0.036 0.0098 

Table 7. Summary of beamline front ends in FY 1999. 

Beamline Affiliation Source Spectral range Status 

BL-1 KEK-PF Bending magnet (B 1) VUV and X-ray in operation 

BL-2 KEK-PF 60-period undulator soft X-ray in operation 

BL-3 KEK-PF Bending magnet (B2&B3) VUV and soft X-ray in operation 

BL-4 KEK-PF Bending magnet (B4) X-ray in operation 

BL-5 KEK-PF in design 

BL-6 KEK-PF Bending magnet (B6) X-ray in operation 

BL-7 KEK-PF and Bending magnet (B7) VUV and X-ray in operation 

University of Tokyo 

BL-8 Hitachi Ltd. Bending magnet (BS) VUV and X-ray in operation 

BL-9 Nippon Electrical Bending magnet (B9) VUV and X-ray in operation 

Co. (NEC) 

BL-10 KEK-PF Bending magnet (B 10) X-ray in operation 

BL-11 KEK-PF Bending magnet (B11) VUV and soft X-ray in operation 

BL-12 KEK-PF Bending magnet (B 12) vuv in operation 

BL-13 KEK-PF 27-pole wiggler/undulator Soft and hard X-ray in operation 

BL-14 KEK-PF Superconducting hard X-ray in operation 

vertical wiggler 

BL-15 KEK-PF Bending magnet (B15) X-ray in operation 

BL-16 KEK-PF 53-pole wiggler/undulator Soft and hard X-ray in operation 

BL-17 Fujitsu Ltd. Bending magnet (B16&B17) VUV and X-ray in operation 

BL-18 ISSP and KEK-PF Bending magnet (B18) VUV and X-ray in operation 

BL-19 ISSP and KEK-PF Multi-undulator vuv in operation 

BL-20 KEK-PF Bending magnet (B20) VUV and X-ray in operation 

BL-21 KEK-PF Bending magnet (B21) Beam diagnosis in operation 

BL-27 KEK-PF Bending magnet (B27) Soft X-ray and X-ray in operation 

BL-28 KEK-PF 25-pole wiggler/undulator Circularly polarized in operation 

VUV and soft X-ray 
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2 PF-AR 

2-1 Operations 

2-1-1 Summary of Operations 

The operation statistics of the PF-AR are shown in Fig.1 and 

Table 1. Although several problems caused by superannuation have 

been encountered , almost 80% in the total opeartion time (4148 

hours) was user time, as shown in the table. The typical operation 

status in user time is shown in Fig.2. Operations for "medical 

application" were performed in May 1999 (total six days) and in March 

2000 (total three days). Medically meaningful clear X-ray pictures of 

the a rte rises of patients were taken as "medical applications" . 

Although the PF-AR has become a dedicated single-bunch 

synchrotron radiation source, the purity was not satisfactory during the 

previous year. A new single-bunch purifier was successfully tested 

and used routinely during user time. An impurity of less than 10·5 was 

achieved using the new system. The principal parameters of the PF

AR are tabulated in Table 2. 
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Figure 2. 

Typical operation status during user time. 

Figure 3. 

Progress of the vacuum pressure 

improvement and the lifetime increase with 

the cumulative beam dose during fiscal 

1999. 
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Table 1: Operation statistics of the PF-AR in fiscal 1999. 

Operation time SR experiment Beam development Failure Miscellaceous 

4148.0 h 3269.5 h 473.5 h 307.0 h 98.0 h 

100 % 78.8% 11.4 % 7.4 % 2.4 % 

Table 2: Prencipal parameters of the PF-AR . 
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2-1-2 Vacuum Improvement 

When we started to operate the PF-AR as a dedicated 

synchrotron light source in April 1998, the beam lifetime was only 

several ten minutes, because some vacuum pumps had become old 

for use. Since then , a longer beam lifetime has been strongly required 

because one injector linac is shared among four storage rings, and we 

can not basically inject the electron beam to the PF-AR more often 

than every two hours. Therefore , we had to improve the vacuum 

system in order to achieve a satisfactory beam lifetime and to increase 

the activity of the PF-AR. 

The progress of the vacuum pressure improvement and the 

lifetime increase during fiscal 1999 is shown in Fig .3. When the user 

operation started on April 27, the lifetime of the 6.5 GeV - 38 mA 

beam was about ten minutes (i.e. I· r , the product of the stored 

current and the lifetime, was about 0.4 A·min) . This short lifetime was 

caused by an after-effect of a vacuum leak which occurred in June, 

1998. In addition , another leak occurred from a gate valve inserted 

into the vacuum ducts on April 28; thus , the I· r was limited to 0.7 A· 

min until we found the source of the leak and fixed it on May 11. After 

that, the lifetime increased smoothly with the progress of the vacuum 

ducts baking by synchrotron radiation . In October, however, a vacuum 

leak occurred again from the same gate valve that leaked in April. We 

could fix it again, but not completely. Therefore , we removed the gate 

valve in December and simultaneously reinforced the pumping speed 

by installing several sputter ion pumps at some effective spots. As a 

result , the I· r increased up to 7 A·min in February. In this case, if the 

electron beam is injected to 40 mA every 2 hours, the average stored 

beam current amounts to 30 mA, and every 4 hours, 25 mA. 

After replacing the high-voltage cables for cold cathode gauges 

(CCGs) in 1998, the number of available CCGs increased by 35 to 51. 

To make use of these CCGs, we improved the pressure monitor 

system with EPICS, which was adopted in the KEKB control system. 

By increasing the number of CCGs, we could obtain more precise 

information about the change in the vacuum pressure, especially in 

case of a vacuum leak. This EPICS system also made it possible to 

log the pressure data, the beam lifetime, and time-integrated current. 

In the upgrading project of the PF-AR, we plan to use this EPICS 

system to control and monitor all vacuum devices. 

2-2 Upgrading Project 

2-2-1 General Description 

The PF-AR was originally designed as a booster ring for the 

TRISTAN project. The ring had been partially used as a pulse X-ray 

source during this project. After the project was completed , the ring 
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could be fully used for SR experiments. However, there are some 

problems since the ring was not designed as a dedicated light source. 

The first problem is that the beam lifetime is short , because the 

vacuum system performance is insufficient. The typical beam current 

and beam lifetime in user runs are shown in Fig.2 . We must inject the 

electron beam 10 times per day. The second one is that about half of 

the beam position monitors (BPMs), which are welded on the vacuum 

ducts, have lost their reliabilities . It is thus difficult for operators to 

maintain the beam orbit stabilities run by run. The third one is that the 

available beam lines for synchrotron-radiation experiments are 

insufficient; the undulator beam lines are only two, and the bending 

ones are also only two. Therefore , we have intended to make a ring 

change to a new pulsed X-ray source as the PF-AR. The main 

parameters of the new PF-AR are as follows: beam energy, 6.0-6.5 

GeV; maximum beam current, 100 mA; and beam lifetime, 10 hours or 

more. Such a beam lifetime will give us an injection interval of 8 hours. 

In addition, we intend to reduce the beam emittance from 294 nm· rad 

to 165 by changing the horizontal betatron phase advance and to 

stabilize the beam orbit by using reliable BPM's and a feedback 

system. 

The improvement to the PF-AR was started in the budget of fiscal 

1999 prepared by KEK. A part of the vacuum duct was manufactured . 

We changed the duct materials from aluminum alloy to OFHC copper 

in order to endure a high heat load and to reduce the radiation 

damage of the accelerator components in the ring tunnel by high

energy photons. The BPM electrodes were newly designed and 

manufactured , which are mounted using vacuum flanges on the 

vacuum ducts. 

In December, 1999, the Government gave a revised supplemental 

budget for the PF-AR project. We designed the vertical steering 

magnets and ordered to manufacture them . Some quadrupole and 

sextupole magnets are newly designed to extract SR without any 

geometrical interference. Because we have to enhance the pumping 

speed of the vacuum system to obtain a long beam lifetime , we 

arranged distributed ion pumps (DIP), sputter ion pumps (SIP), 

titanium sublimation pumps (TSP) and non-evaporable getter pumps 

(NEG) around the ring vacuum ducts. We arranged vacuum gauges 

every 5 meters and monitor vacuum pressure in the whole ring. The 

control system will be changed from the present NORDAL system to 

the EPICS system. The monitor beam line has been designed. It 

includes optical components and an in-vacuum-type insertion device. 

It will be useful to confirm the performance of the stored beam. Since 

the budget did not completely fulfill our requirements, we must reuse 

the present 11-cell APS cavities, of which HOM dummy loads will be 

reinforced. Thus, this may restrict the expected highest beam current 

of 70 mA. 



We will start replacement work in the PF-AR tunnel in the middle 

of February, 2001, and finish them at the end of October. The 

commissioning will be conducted in the early stage of November, and 

the user run is expected to start in December. 

2-2-2 Magnet System 

The lattice configuration does not change basically in the present 

upgrade plan. Thus, all existing bending magnets, most quadrupole 

and sextupole magnets, and their power supplies are to be reused. 

These are elaborately maintained by exchanging with new parts, as 

possible; for example, the cooling water rubber hose, the cable , the 

coil and the flowmeter, etc. However, few quadrupole and sextupole 

magnets are newly manufactured to avoid interference with both the 

existing and future X-ray beam lines. Cross-sectional views and 

photographs of the new quadrupole and sextupole magnets are 

shown in Figs. 4 and 5. In addition , the vertical steering magnets are 

newly designed to ensure space for the vacuum system, and the 

number of the magnets is to increase from 44 to 79 for further orbit 

stabilization. Also, the existing power supplies for the steering 

magnets in both horizontal and vertical directions are to be replaced 

by new ones to improve both the resolution and the reliability. 
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Figure 4. 

Cross sectional views of the new 

quadrupole and sextupole magnets. 
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Figure 5. 

Photographs of the the new quadrupole 

and sextupole magnets. 

• 144 

2-2-3 RF System 

An rf system of the PF-AR comprises six 11-cell alternating 

periodic structure (APS) cavities , two 1-MW klystrons with their power 

supplies , and rf distribution networks. Two cavities, which are installed 

in the east straight section, are driven by a single klystron. The other 

four cavities are installed in the west straight section. The six cavities 

can provide an rf voltage of more than 16 MV, which is required to 

store a beam of 6.5 GeV. A total rf power of about 890 kW is required 

at the present beam current of 40 mA. After the reconstruction , a 

power of 1.12 MW will be required at an anticipated beam current of 

70 mA (parasitic mode losses are not included) . 

The upgrade of the rf system is minimized in the present 

reconstruction plan. A further upgrade, including a possible change of 

the rf cavities, is planned in the next stage. In order to store a higher 

beam current in a single bunch, a reinforcement of the higher-order

mode (HOM) loads, which terminate the cavity HOM couplers, is 

essential. We plan to replace the present seventy-two 1-kW loads with 

new 3-5 kW ones . Furthermore , several upgrades , including an 

improvement in the crowbar circuit of the klystron power supply and a 

replacement of some overage devices, are on the way. 



2-2-4 Vacuum System 

The main problems of the new vacuum system are to achieve the 

low pressure necessary for a beam lifetime improvement and a 

countermeasure to the high thermal load due to the increased stored 

beam. The beam lifetime of the PF-AR depends upon the operating 

pressure, and it has been estimated that a pressure of 4x 10·1 Pa or 

less is necessary at a stored current of 100 mA for the aimed lifetime. 

The beam chambers of the whole circumference should be replaced 

by new ones, except for the rf cavities, insertion devices and some 

beam-diagnostics equipment. 

The pumping speeds and those locations have been examined so 

as to realize the required pressure without changing the main magnets 

and those arrangements. The beam chambers have been designed to 

be equipped at the required speeds. A typical chamber design for the 

arc sections is schematically shown in Fig.6. An OFHC (Oxygen Free 

High Conductivity) copper has been chosen as the main material of 

SR stopper 
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Figure 6. Typical chamber design for the arc sections. 

Accelerators 

OD 

,;---) - ;, '': 

BPM 

145 . 



Accelerators 

• 146 

the new beam chamber, because of its high thermal conductivity and 

property of suppressing the radiation leakage, though the flange and 

bellows are made of stainless steel. Every bellows is equipped with rf 

contacts. An arc chamber is composed of a straight part with a BPM, a 

part in a bending magnet and a bellows component. They are 

manufactured independently and will be assembled after calibrating 

the BPM at KEK. The production of the parts of 42 arc chambers and 

bellows of 12 arc chambers was finished in fiscal 1999. 

An examination for selecting the vacuum pumps and gauges has 

advanced in parallel with the design and manufacture of the 

chambers. The following will be installed in the ring : 56 DIP's 

(Distributed Ion Pumps) , TSP (Titanium Sublimation Pump) over 200, 

SIP (Sputter Ion Pump) over 80 and CCG (Cold Cathode Gauge) 

over 80. 

2-2-5 Monitor System 

In the present upgrade plan , several beam monitors will be 

renewed, owing to a replacement of the whole vacuum duct. We will 

prepare a beam-position monitor at each quadrupole magnet. The 

beam chambers of the new race track shape are made of copper tube , 

and the four feed-throughs with button type electrode will be attached 

by flanges. About 400 halogene-free coaxial rf cables and 100 coaxial 

mercury relay switches will be newly installed in the ring tunnel , but 

the electronics for the beam signal processing , which was situated in 

the fou r control buildings, is scheduled still to be used. 

Synchrotron-light monitors are now being carefully designed for 

precise measurements of the beam profile. The beam scrapers and 

the beam stopper are also newly constructed , but the DCCT (Direct 

Current Current Transformer), CT (Current Transformer) , WCM (Wall 

Current Monitor) and the beam damper system will be transferred to 

the empty straight sections. 

2-2-6 Control System 

There are many restrictions to improve the control system of the 

PF-AR. It is very important to make use of the existing hardware and 

to minimize the load of software development due to the limitation of 

human power. Seamless operation between the LINAC and the KEKB 

is also a point to be considered . It seems that it is the best way to 

adopt EPICS (Experimental Physics and Industrial Control System)[1] 

in order to achieve these requirements, since the control system of the 

KEKB is constructed by EPICS and has made great success (2 ,3] . 

The EPICS is a collection of software tools and other components , 

which has been developed by the collaboration of many laboratories 



around the world. 

The control system can be classified into three layers: device 

interface layer, equipment control layer and operator interface layer. 

The operator interface layer is composed of UNIX workstations and X

terminals, while the equipment control layer is connected with a fast 

network interface. In order to control many kinds of input/output data 

of the accelerator equipment, the EPICS uses a distributed database 

on IOC (Input Output Controller), which can be accessed by the CA 

(Channel Access) protocol based on the TCP/IP protocol. 

Four IOCs are already installed at each sub-control building (AR

N, W, S, E) and are operated for the beam-current monitor, calculation 

of beam lifetime and vacuum controllers. We are planning to use a 

total of 13 IOCs (RF:2 , Magnet:2, Beam Monitor:5, Vacuum:2, 

Control: 1) and VME modules, such as an auxiliary CAM AC crate 

controller, a GPIB interface, and an ARCNET module for the control of 

magnet power supply. 

At the central control room, an X-terminal or its emulator on 

personal computers will be used as a console of man-machine 

interface program. 

The development of the control system will be performed by the 

following procedure. At first, we will create a database of wiring 

information of the control system. The database will be used to create 

boot parameter files of various equipment connected to the IOCs. 

Although much equipment used in the AR is also used in the KEKB, 

we must develop some device driver software on VxWorks for new 

equipment as the next step. 
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2-2-7 Schedule 

The PF-AR will be operated until the middle of February, 2001 

before the start of its renewal. All components will be delivered before 

December, 2000, as mentioned in the above sections. Previous to 

restructuring of the ring, we must remove the radiation shielding 

between the tunnel and the south experimental hall to ensure the 

access way from the entrance in that hall by the middle of February, 

2001. After a survey and alignment of the magnet positions, old 

vacuum components will be removed and replaced with new ones. 

After connecting the vacuum chambers,the magnet system will be 

again aligned precisely. On the other hand, we must construct 

radiation shielding walls and a ceiling in the south experimental hall in 
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Highlights 

Phosphor 
I 

Magn.ifying Optical Lens / 
! 

M= 23.4, which is much improved compared with that of 9.5 µ m when 

M=1. 

Also; a two-dimensional imaging system has been realized by 

placing another set of X-ray magnifiers perpendicularly. Real-time X-.•. 
ray micro-imaging will be realized by using this CCD detection system. 

Reference 

(1] K. Sato, Y. Hasegawa, K. Kondo, K. Miyazaki, T. Matsushita 

and Y. Amemiya, Rev. Sci. lnstrum. , to be published. 
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Figure 1. 

Tantalum Blade 
or 

Nickel Mesh 

~-~ -..:::-
e, 

SR beam 
(BL-1 SC, PF) 

Experimental setup of a high spatial-resolution x-ray CCD detector with a one-dimensional x-ray magnifier. 

Figure 2. 

Images of nickel meshes with 20 µ m 

spacing taken with an X-ray CCD camera 

with one-dimensional X-ray magnification . 
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