
PHOTON FACTORY 

ACTIVITY REPORT 

1998 









Editorial Board 

Y. Hori 

N. lgarashi 

K. Ito 

A. Kakizaki 

Y. Kobayashi 

Y. Murakami 

N. Tomita 

N. Watanabe 

A. Yagishita 

KEK Progress Report 99-2 

November 1999 

AIM 

© High Energy Accelerator Research Organization(KEK), 1999 

KEK Reports are available from: 

Phone: 

Fax: 

Cable: 

E-mail: 

Internet: 

Information Resources Division 

High Energy Accelerator Research Organization (KEK) 

1-1 Oho, Tsukuba-shi, 

lbaraki-ken, 305-0801 

JAPAN 

0298-64-5137 

0298-64-2801 

KEKOHO 

adm-jouhoushiryou1@ccgemail.kek.jp 

http://www.kek.jp 



Photon Factorv Activitv Renon 

Staff members and visitors of the Photon Factory 



1. M. 0 . Rahman 20. H. Nakao 39. T. Nogami 58. N. lgarashi 
2. K. Kojo 21 . K. Tsuchiya 40.K. Haga 59. T. Kosuge 
3. H. Furubayashi 22 . G. J. Foran 41. T. Uchiyama 60. K. Kobayashi 
4. R. F. Garrett 23. Y. Hori 42. M. Nomura 61. K. Nasu 
5. S. lsoyama 24. T. Honda 43. Y. Murakami 62. T. Takahashi 
6. M. Kimura 25. H. Sugiyama 44. M. Watanabe 63. H. Hashimoto 
7. T. Kikuch i 26. N. Tomita 45 . T. Obina 64. F. Mori 
8. Y. Uchida 27. Visitor 46.C. Pak 65. K. Ishii 
9. N. Tomita 28. Visitor 47. M. lsawa 66. A. Iida 

10. A. Mishina 29. Y. Azuma 48. T. Kasuga 67. H. Mizouchi 
11 . Visitor 30. K. Ono 49. Y. Tanimoto 68. M. Tanaka 
12. T. lwazumi 31 . M. Kato 50. S.Asaoka 69. T. Kurihara 
13. Y. Kitajima 32. S. Sakanaka 51 . M. Suzuki 70. H. Kawata 
14. M. T. Huang 33. A. Kikuch i 52. S. Takano 71 . T. Matsushita 
15. K. Ohmi 34. Y. Wakabayashi 53. H. Kamikuba 72. Y. Kimura 
16. M. Ando 35. T. Kiyama 54. T. Saitoh ( Director of IMSS ) 
17. A. Yag ish ita 36. T. Miyajima 55 . Y. Sakamoto 73. A. Mikuni 
18. A. Koyama 37. A. Mochihashi 56. H. W. Yeom 74. I. Matsumoto 
19. K. Tanaka 38. Y. Kobayashi 57. N. Watanabe 75. A. Kakizaki 



INTRODUCTION ·· ··· ······ ······ ······ ··· ··· ······· ······· ·· ·· ···· ······ ····· ··· ··· ···· ···· ·· ······ ·· ·············1 

HIGHLIGHTS 
1. Atomic and Molecular Science · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 15 

2. Chemistry · · · · · · · · · · · · · · · · · .. · · · · · · · · · · · · · · · · · · · · · .. . · · · · · · · ·· · · · · · · .. · · · · .. · · · · · · · ·· · · · · · · · · · · · · · · ... · · · · · · .. · · · · · · · · · · ·21 

3. Structure of Surfaces and Interfaces ·· ·· ·· .. . ·· · ·· · ... ·· · · · ·· · ·· · · · · ··· ·· ·· ·· · ·· · · ··· · · · · ·· · · · · · ·· · · ·· · · · ·· · · · ·23 

4. Materials Science · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · .. · · · · · · · · · · · · · · .. · · · · · .. · · · · · · · · · · · · · · · · · · · · · · · .... · · · · · · ·29 

5. Crystallography · · · · · · · · · · · · · · · · · .. · · · · · · · · · · · · · · · · · · · · · · · · .. · · · · · · · · · · · ··· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ... · · · · · · · ·39 

6. High Pressure Science ·· ·· ·· ·· ·· · ·· · · ·· ··· ·· ·· · · · ·· · ·· · · ···· ·· ·· · · ·· · .. · ··· ·· ·· · · · ·· ·· ·· ·· · · · ··· · ·· · ·· ·· ·· · ·· ·· · · · ·50 

7. Biological Science ·· ··· ·· · ·· ·· · · · · · ·· · · .. .. . ·· ·· .. .. . · ·· · · · · ·· ·· · ·· · ·· · ·· ···· ·· ····· · · ·· ·· · ·· ·· ·· · · ·· · ·· ·· .. · · · ·· ·· · ·53 

8. Medical Applications · · ·· · · · · · · · · · · · · · · · · · · · · · · · ·· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · .. · · · · · · · · · · · · · · · · · · · · · · · .. · · · · · · · · ·63 

9. Applied Science · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · .. · · · · · · .. · · · .. · · · · · · · · · ·· · .. · · · · · · .. · · .. · · .. · · · · .. · · · · · · · ·65 

10. Instrumentation and Technique······················ ...... ····························· · ··· ··· · ··· ··· ············ ·67 

11. Theory ... ..... ... .. . .. .. .. . ... ......... ... . ............ ................................................................. 71 

LIST OF PHOTON FACTORY SEMINARS 

EXPERIMENTAL FACILITIES 
1. Summary of Experimental Stations ·· ············ ········· ··· ·· ··· ········ ······· ........... ··· ···· ··· ······· ·78 

2. Reconstruction and Upgrading of Beam line · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·90 

2-1 BL-1 B, a New Beam line for Diffraction Experiments at Low Temperature and/or 

High Pressure··································································· ··· ····················· · ····90 

2-2 BL-1C ······· ···· ······ ·· ·· ·· ··· ·· ······ ·· ····· ······· · ······· · ·· ······· ················· ······················91 

2-3 BL-3C2 for Characterizing X-ray Optical Elements··· ···· ··· · ····· ··· · ···· ··· ······ · ·· ·· ···· ···· ··94 

2-4 BL-6C ·· ···················· ··············· ··· ······ ······ ··· ··· ············ ·········· ······ ·· ··· ·· ············94 

3. New Instrumentation · · · · · · · · · · · · · · · · · · · · ·· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·· · · · · · · ··· · · · · · · · · · · · · · · · · · · · · · · · · · · · ·97 

3-1 Soft X-ray Emission Spectrometer at BL-2C and BL-198 ....................................... 97 

3-2 New Powder Diffractometer with a Multiple Detector System at BL-482 ........... ······· ··· 99 

3-3 Fully Automated Weissenberg Camera at BL-6C · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 102 

3-4 New Compact Spin Detector at BL-19A · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 103 

4. Slow Positron Facility · · · · · · · · · · · · · · · · · · · · · · ·· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 107 

5. PF-AR Project ·· · · · · · · · · · · · · · · · · · · · · · ··· · ·· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 110 

5-1 Experimental Facilities · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 110 

5-2 Light Source · · ·· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·· · · · · 110 

昌治
テキストボックス
You can jump to the article by clicking its title.



ACCELERATORS OPERATIONS, RESEARCH AND DEVELOPMENTS 
1. PF Storage Ring .... . .. . .. .. .. ... . .. .. .. .. .. .. .. . ... . .. ... .. .. ... .. ... .. ............ .... .. .. . .. .. .. .. . .. .. .... ... .. 115 

1-1 Operations · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 115 

1-2 Developments and Machine Studies · · · · · · · · · · ··· · · · · · · · · · · · · · · · · · · · ·· · · · · ··· · · ·· · · ·· · · · · · · ·· · · · · · · 124 

1-3 Storage Ring Specifications · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · 137 

LIST OF PUBLICATIONS ·· ··· ·· · ·· ·· ··· · ··· ·· ·· ·· · ·· ·· ·· · ·· ·· · ·· ·· ·············· ·· · ·· ·· ···· ·· · ·· ···· · · ·· ·147 



Introduction 

The fiscal year 1998 (from April 1998 to 

March 1999) was a memorable one both to 

users and the Photon Factory staff members . 

Following the re-commissioning of the 2.5 GeV 

ring and machine study made in FY 1997, the 

Photon Factory started a routine low emittance 

(36 nmrad) operation of the 2.5 GeV ring for 

users experiments in May 1998. The initial 

current has still been kept as high as 400 mA, 

the same as that of the previous operational 

mode (130 nm rad). The typical life time of the 

electron beam is 25 hours. The low emittance 

operation gives a smaller source size, typically 

one-third of the previous one. A 3 GeV 

operation of the ring with the low emittance 

optics was also successfully tested in December 

1998 giving a beam current of 200 mA and a 

beam life time of 60 hours. 

In FY 1998, the 2.5 GeV ring was operated 

for 4564 hours which is increased by 940 hours 

compared with that in FY 1997. Users 

Introduction 

experimental run of the ring logged 3560 hours 

and the rest was assigned to machine studies 

and start-up tuning of the machine at every run . 

It is expected that the operational hours of the 

2.5 GeV ring will be increased by 10-15 % in FY 

1999. On the other hand , the PF-AR (6.5 GeV 

ring) was operated only in April-June period of 

1998 resulting in accumulated hours of 900 

hours. The fall run of the PF-AR was not 

scheduled because the operation of PF-AR 

might have caused an interference with the 

commissioning of KEK-B rings . In addition, the 

operation scheduled in March, 1999 has been 

cancelled because the injection of e-beam to 

PF-AR interfered with the operation of KEK-B 

rings. This situation will greatly be improved in 

FY 1999. 

Thanks to the low emittance operation , 

higher intensity at sample positions and higher 

resolution data are being obtained on many 

beam lines having focusing or non-focusing 

optics. Beamlines commissioned in last year are 

now fully open to users as described in 

EXPERIMENTAL FACILITY section. BL-1 B is 

used for powder d iffractometory of exotic 

materials. The optics on BL-1 C covering 20-

250 eV region attained a resolution better than 

10,000 and is now supplying a beam for angle 

resolved high resolution photoelectron 

spectroscopy of quantum nano-structure 

materials. The 5 m long undulator on BL-2 is 

able to deliver soft X-ray beams as brilliant as 

that obtained on typical third generation 

VUV/Soft X-ray rings . Soft X-ray emission 

spectrometer on BL-2C is producing high 

resolution data. The new fully automated 

Weissenberg camera for protein crystallography 
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was installed on BL-6C and are now under 

commissioning . 

In FY 1998, there was a significant increase 

in the number of experimental proposals 

compared with that in FY 1997. During the 9 

month long shut down for emiitance up-grade in 

1997, the number of active proposals dropped 

to approximately 590 from 670 . It recovered 

almost to 670 in FY 1998. We continue 

encouraging users to make project-type 

experimental pro

posals(81 and 82 

categories) in which 

users can receive 

spec ial support in 

budg et and beam 

time al location . 

The construction 

and its use for high 

resolution elec tron 

spectroscopy of BL-

1 C is one of very 

good examples of 81 category experimental 

proposals in which users groups are responsible 

for the const ruction and commissioning of 

beamlines and further supporting users after 

commission ing. In FY 1988, ten of such 81 and 

82 proposals have been active. 

As we reported in our last activity report, the 

Photon Factory has been proposing an upgrade 

of PF-AR to a dedicated single bunch X-ray 

machine. In this proposal , we propose building a 

new experimental floor building in the north west 

corner of the ring with 4 more insertion device 

beamlines. Although we are not yet successful 

in obtain ing full approval of the project, we made 

an effort to prepare for the future construction of 

a new insertion beamline on PF-AR. In the north 

building of PF-AR where there is a deep hall 

adjacent to the straight section of the ring . We 

constructed a floor which has an equal level to 

that of the ring tunnel in order to make it 

possible to construct one more insertion device 

beamline even without a large scale building 

construction. A design study is under way to 

install a protein crystallography station on this 

beamline. On the 2.5 GeV ring, a straight 

section between the 

bending magnets 5 

and 6 is still left 

vacant for installation 

of an insertion device. 

A design study is being 

made to inst all a 

beamline for utilizing 

soft X-rays of alternating 

circular polarization . In 

addition to the routine 

operation of the low 

emittance optics of the 2.5 GeV ring, we also 

plan to increase the initial current of the ring up 

to 500 mA and also to increase operational 

hours of the ring up to 5000 hours in FY 1999. 

With those efforts, we believe that the Photon 

Factory will be able to continue providing users 

with better experimental opportunities. 
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Buildings 

N 

1. PS Preinjector <Ji) 
2. PS Injector Linac 

3. PS Booster 

4. PS Main Ring 

5. PS North Experimental Hall 

6. PS East Experimental Hall 

7. Booster Synchrotron Utilization Faci lity 

8. PF Injector Linac 

9. PF Light Source/Experimental Hall 

10. TRISTAN Accumulation Ring 

11. TRISTAN Electron-Positron Colliding Ring 

12. TRISTAN Experimental Hall : Fuji 

13. TRISTAN Experimental Hall: Nikko 

14. TRISTAN Experimental Hall: Tsukuba 

15. TRISTAN Experimetal Hall: Oho 

16. Computing Center 

17. Cryogenics Center 

18. Mechanical Engineering Center 

19. Radiation Safety Control Center 

20. Library 

21. Dormitory 

22. Guest House 
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1 Atomic and Molecular Science 

1-1 Symmetry-resolved S 1 s Photoabsorption Spectra of 
S02 

Within the axial-recoil approximation , the angular distribution of 

fragment ions is directly related to the orientaion of molecules which 

absorb linearly polarized soft x-rays. This is because the lifetime of the 

molecular K-shell excited state is dominated by Auger decay to 

antibonding states with a repulsive force, like the Coulomb explosion, 

and is much shorter than the molecular rotation period. Then one can 

distinguish paralell (the change of angular momentum projection on 

the molecular axis is 0) and perpendicular transitions (the change is + 

1) of diatomic molecues by measuring the fragment ions in the parallel 

and perpendicular direction to the electric field vector of incoming 

light. 

For a bent triatomic molecule, like 802, the situation is not very 

simple. However, one can obtain information on the symmetries of 

core-excited states of the bent triatomic molecules by angle-resolved 

fragment-ion measurements. To give definitive assignments for the 

core-excited states, Adachi et al. measured the angle-resolved ion

yield 81 s spectra of 802 at the soft x-ray undulator beamline BL-2A. 

Figure 4 shows the spectra, where fragment-ions having energies 

higher than 3eV were detected. The lowest photoabsorption peak (A) 

at 2473.33eV is the strongest in the bound-state absorption , and is 

observed only in the perpendicular direction (I go) to the electric vector. 

This means that the excited state arises in the 81 s-3b1 * transition, 

where the 3b1 * orbital is of 3px (out-of-plane re) character, as shown 

in Figure 4. The second and third features (B and C) are strongly 

observed at both the perpendicular (I go) and parallel direction(lo) . 

Based on a simple crystal-field picture, Adachi et al. have assigned 

those features; peaks B and C correspond to transitions from 81 s to 
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Figure 4. 

Angle-resolved ion-yield spectra and the 

angular distribution of fragment ions with 

kinetic energies larger than 3eV for the 

81 s excited states of 802. The dotted and 

solid lines denote the lo and Igo ion yield , 

respectively. The thin broken line denotes 

the observed anisotropy parameter ( /3 3v). 

The singly-excited molecular orbitals, 3b1*, 

9a1* , and 6b2*, are plotted for the lowest 

three transitions of the valence character. 

16 

9a1 * and to 6b 1*, respectively. To confirm their assignments , they 

measured the fragment-ion energy dependence of the angle-resolved 

ion-yield spectra. Although those are not shown here, the spectra 

showed a strong and opposite energy dependence for the 9a1* and 

6b1* states. This pendence mainly comes from the detection efficiency 

for the heviest sulfur ions having the lowest kinetic energy, which are 

produced by three bond-breaking reactions. Therefore, one can know 

the preferential molecular axes for the 9a1 * and 6b1* states from the 

energy dependence, because the sulfur ions are ejected along the 

molecular axes. The experimental data on the preferential molecular 

axes led their assignments for peaks B and C to definitive ones. 
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J. Adachi et al. , Chem. Phys. Lett. , 294(1998)559-564. 
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1-2 Near-Threshold Triple Photoionization of Lithium 
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The multiple-photoionization cross sections of atoms are very 

sensitive for interactions among the outgoing photoelectrons. Of 

particular importance is the multiple-ionization threshold region where 

the electrons leave the ion slowly and electron correlations play an 

important role. Thus, near-threshold multiple photoionization attracts 

much interest from theoretical and experimental aspects. However one 

must overcome any experimental difficulty to measure the multiple 

photoionization cross sections. That is , the cross sections are very 

small, especially in the threshold region . 

Thanks to the intense photon flux from the soft x-ray undulator 

beamline BL-168, Wehlitz et al. have succeeded in measuring the 

triple photoionization cross sections in the threshold region . Figure 2 

shows their results concerning the near-threshold triple 

photoionization cross sections of lithium. As it is well known that the 



multiple-ionization cross sections are expressed by a power of the 

excess energy above the threshold, the cross sections are plotted on a 

log-log scale. Although only a few data points were taken below 5eV, 

because of the very small cross sections, one can clearly see that the 

two regions are those expressed by different exponents. Below 5eV the 

exponent of 2.05 is consistent with the power law for the triple

photoionization cross sections. However, above 5eV the experimental 

data bend over to a weaker energy dependence. To explain this energy 

dependence, Wehlitz et al. have proposed a new mechanism of the 

triple photoionization of lithium. Namely, the outer 28 electron of lithium 

is shaken off when the core two 1 s electrons are ejected simultaneously 

by absorbing one photon . Based on this model , they have derived a 

simple expression of the triple photoionization cross sections above 5eV. 

The theoretical predictions are shown by the solid curve in Figure 2. In a 

comparison of the theory with experiment, one can say that this model 

explains the experimental data fairly well. 
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1-3 Dynamic Properties of Shape Resonances in N2 and 
C02 Molecules 

K-shell excitations in N2 and C02 molecules are of particular 

interest as prototypes of resonance phenomena in x-ray absorption and 

ionization of polyatomic systems. lntramolecular interference between 

emitted and multiply scattered photoelectron waves results in resonance 

features above the K-edge. These features, which are observed in the 

channel from the 6 -to- 6 transition, are regarded as either being 

associated with temporary trapping of ejected electrons by the 

molecular potential or with the promotion of core electrons into 6 * 

Highlights 

Figure 2. 

Triple photoionization cross section of Li 

as a function of the excess energy (E) on 

a log-log scale . The solid line is a fit 

according to the theoretical model , while 

the dotted line corresponds to 6 oc E205 
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Figure 3. 

Angular distributions of 1 s photoelectrons 

at the (j *u resonance in N
2 

(a) and above 

it (447eV) , and at the o * u resonance in 

C0
2 

and above it (579eV) . The molecules 

are aligned along the 0-180 axis . Filled 

circles , experimental data; thin solid 

curves , their fitting results ; dash-dotted 

line, theoretical results for the incoherent 

case ; dashed line, theoretical results for 

the sum of the coherent and incoherent 

parts. 
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molecular orbitals embedded in the K-shell continuum. The 

equivalence of atomic sites in a polyatomic system implies their equal 

probability of excitation. This means that one-photon absorption of the 

quasidegenerate K-shell levels occurs in one of the equivalent atoms 

of a molecule, and the relevant molecular photoelectron wave function 

should be presented as a symmetry-adopted linear combination of 

atomic wavefunctions . Now a question arises; are the equivalent 

atoms in the molecule the coherent or incoherent sources of 

photoelectron waves? 

Pavlychev et al. have studied the above-mentioned fundamental 

problem both theoretically and experimentally. From an analysis of the 

1 s-photoelectron angular distributions from fixed-in-space N2 and C02 

molecules, it has became clear that at the o *u shape resonance the 

angular distributions behave coherently in N2 and incoherently in C02 

(see Figure 3) . To understand the difference, Pavlychev et al. have 

taken the core-hole molecular relaxation into account. Because it is 

known that the 0 1 S photolines are dominated by the antisymmetric 

streching mode, one can distinguish the right and left oxygen atom in 

C02 with an 0 1 S hole. However, one can not distinguish the right and 

left nitrogen atom in the N2 with a N 1 S hole . On this basis, the 

correlation of photoelectron emission with molecular relaxation (in 

other words, molecular symmetry of the excited molecule) becomes 

important for describing the photoelectron angular distributions. Then, 

Pavlychev et al. expressed the photoelectron angular distributions by a 

mix of the incoherent (inversion symmetry being broken) and coherent 

(inversion symmetry being held) distributions. In Figure 3, theoretical 
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results are shown with experimental data. By theoretical analyses of 

the experimental data, it has been revealed that the coherent 

intramolecular interference of pf-hybridized photoelectron waves is 

dominate for N2, and that the incoherent interference of spd-hybridized 

waves is dominate for C02. 

References 

A. A. Pavlychev et al. , Phys. Rev. Lett. , 81 (1998)3623-3626. 

1-4 Circular Dichroism in Helium Double Photoionization 

The one-photon two-electron ionization of a helium atom occurs 

through correlation motions of the electron pair of the helium, because 

the dipole operator is a single-particle type. Therefore, the helium is 

an ideal sample to elucidate three-body breakup in double 

photoionization. The double photoionization of a randomly oriented 

free atom by circularly polarized light produces photoelectron pairs 

with the ability to distinguish a right-handed coordinate frame from a 

left-handed one. This chirality, a new manifestation of electron 

correlations, causes a circular dichroism, i.e., the energy and angle 

resolved triply differential cross sections different for left- and right

circular polarization. 

Soejima et al. have challenged measurements of circular 

dichroism in triply differential cross sections. To lead them to their 

success, they selected the helical undulator beamline BL-28A for their 

experiments, which provides high-intensity XUV radiation with a high 

degree of circular polarization. It should be emphasized that the use of 

undulator radiation for the experiments is essential, because the 

double-photoionization cross sections are two orders of magnitude 

smaller than those of the single ones. Furthermore, a high degree of 
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Figure 1. 

Polar plots of TDCS(R) and TDCS(L) 

deduced by the 8
1 

contribution from the 

measured TDCS. (a) TDCS(R)(S
3
=+0.95) 

for right-circular polarization , and 

(b)TDCS(L)(S
3
=-0 .95) for left-circular 

polarization . The full curves express the 

best-fitted curves . The dashed curves 

present theoretical results of Kheifets and 

Bray. Both the experimental and 

theoretical results are arbitrarily scaled for 

a comparison. 
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polarization of undulator radiation is inevitable to obtain reliable data. 

The remarkable results on circular dichroism successfully obtained 

by Soejima et al. are shown in Figure 1. The triply differential cross 

sections, i.e. , coincidence rates between outgoing photoelectrons as a 

function of their mutual angles are shown in polar plots for the right

and left- circularly polarized light, where the propagation direction of 

the light is the z-axis. The ejection direction for one (e1) of the 

electrons with 1 eV kinetic energy is shown by the arrow. The other 

electron with 8eV kinetic energy was detected by a rotatable electron 

analyzer around the z-axis to change the mutual angles. The 

difference between the triply differential cross sections of Figures 1 (a) 

and (b), which have mirror symmetry relative to the e1 direction , is the 

so- called circular dichroism. The dipole matrix element for double 

photoionization includes a portion being antisymmetric with respect to 

the angular and energy exchange of the two electrons. This portion is 

responsible for the origin of the dichroism. By analyzing the 

experimental data, Soejima et al. have determined the magnitudes of 

the symmetric and antisymmetric dipole matrix element separately, 

and also the phase difference between them. This is a great step 

towards a deep understanding of circular dichroism in triply differential 

cross sections. 
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2 Chemistry 

Since the characteristics of a gate insulator, silicon dioxide , 

determines the performance of metal-oxide semiconductor field-effect 

transistors (MOSFETs) in VLSI, a great number of studies on the 

oxide structure and the oxidation process of silicon have been 

performed. Enta and co-workers have investigated the initial thermal 

oxidation on Si (100) 2x1 surfaces with time-resolved ultraviolet and 

synchrotron -radiation photoelectron spectroscopies . Experiments 

were conducted on a beam-line 8L-38 for 0 2p UPS measurements 

(h v =23eV), and a beam-line 8L-38, 11 D ( h v =135eV) for Si 2p. They 

measured the chemically shifted Si 2p core level (Si 4+) in real time 

during the initial thermal oxidation (Fig.1) and found that the time 

evolution of the Si4+ intensities (Fig.2) showed identical behaviors to 

those of the 0 2p intensities. The growth mode of the oxidation was 

found to be separated into two modes ; the Langmui r-H inshelwood 

mode in the low-T-high-P region and the 20-island growth mode in the 

high-T-low-P region . They have concluded , however, that the two 

modes were unifiedly and almost completely described by a single 

rate equation (autocatalytic equation) for the oxide coverage ( e ), 
which was derived from the DOS model together with the number of 

density of islands that scale with e (1- e )2 as 

de 1 
-= (1-e)(e

0
+e) 

dt r a ea 

The equation can be solved analytically as 

1 _ 8'<r / ro 

e = e 
0 e 0 + 8' Kr / ro 

with K =( e o + 1 )/ e o . With its analytical solution containing only two 

parameters, the autocatalytic equation may help in forthcoming 

studies to obtain a deeper insight into the Si oxidation process. 
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Tsub = 700°C 

P02 =1.2x10·0 Torr 

hv=135eV 

6 4 2 0 
Relat ive Binding Energy (eV) 

Figure 2. 

Time evolutions of 0 2p UPS intensity for 

(a) P= 2-10 x 10-7 Torr at T= 640°C and (b) 

T = 5 8 0- 6 4 O °C at P = 2 x 1 O 7T or r, 

respectively. The dashed lines are a fitting 

with (a) , whereas the dotted and the dash

dotted lines in (b) are calculated with the 

functional forms for N ( e ) as shown in the 

figure. 

Figure 1. 

Typical Si 2p core-level spectrum (dots) 

from ultrathin Si02 on Si(100) recorded at 

135 eV photon energy. Solid lines denote 

the curve fitting . The oxide layer was 

grown with 1.2x 10-5 Torr 0 2 at 700°C for 

12 min . 
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3 Structure of Surfaces and Interfaces 

3-1 Strain Analysis of the Si02/Si Interface and Si(111 )7 X7 
Surface 

We have developed a new technique of X-ray diffraction in order 

to measure strain fields near to a semiconductor surface and interface 

in an ultra-high vacuum chamber [1 ). The diffraction geometry involves 

the extremely asymmetric Bragg-case bulk reflection of a small 

inc ident angle to the surface and a large angle , exiting from the 

surface. The incident angle of the X-rays is set near to the critical 

angle of the total reflection by tuning the X-ray energy of the 

synchrotron radiation. 

The X-ray intensity of the silicon substrate 311 reflection has been 

measured to study a Si(111) surface and an oxide/Si(111) interface in 
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(a) Rocking curve for the Si0/ Si(111) interface (solid circles) and that for the Si(111 )7 X7 surface (open squares). 

(b) Oxide-layer thickness dependence of the intrinsic rocking curve width . 
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an ultra-high vacuum chamber [1 ]. A clean Si(111) 7X7 surface gives 

a sharper X-ray diffraction peak than that of the native oxide/Si(111) 

system, as shown in Figure 1 (a). By a theoretical consideration using 

dynamical theory, we have succeeded to eliminate any absorption 

effect of Si02 layers from the obtained rocking curve [2]. As a result, it 

was concluded that the strain field near to the interface relaxes for a 

thinning the oxide layer, as shown in Figure 1 (b) . The strain field near 

to the Si(111 )7 X7 surface is concluded to be smaller than that of the 

Si02/Si(111) interface. 
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[ 1] T. Emoto , K. Akimoto , and A. lchimiya, J. Synchrotron Rad . 5 

(1998) 964. 

[2] T. Emoto, K. Akimoto , and A. lchimiya, Surf. Sci ., (1999) in press. 

3-2 X-ray Interference and CTR Observation of GaN and 
GalnN Layers Grown on Sapphire with AIN Buffer 
Layer 

Group-Ill nitrides have been attracting great interest as materials 

for short-wavelength light sources and detectors. However, it has been 

considered to be difficult to grow nitride crystals , since substrate 

crystals whose lattice constants and thermal expansion coefficients 

are close to nitride crystals do not exist. This problem has been solved 

by using a technique to grow a low-temperature (LT) deposited thin 

buffer layer on a sapphire substrate. 

In this work, X-ray crystal truncation rod (CTR) measurement was 

conducted for a GalnN samples grown on sapphire substrates with LT

deposited AIN buffer layers in order to study the crystalline structure of 

GalnN and/or GaN layers formed on the sapphire substrates with the 

buffer layers. The X-ray CTR measurement is based on the fact that 

the shapes of X-ray diffraction spots are sensitively modified as the 

near-surface structure is changed. 

Samples were prepared by OMVPE (organometallic vapor phase 

epitaxy) . The sapphire (0001) substrate was treated in a hydrogen 

atmosphere at 1150°C for 1 O min, and then a 30nm-thick AIN layer 

was grown at 400°C . The AIN layer (which is called a low-temperature 

grown buffer layer) is considered to improve the crystalline quality of 

the overlayers. Then , a 2 µ m-thick GaN layer and 40-nm thick GalnN 

layer were grown on an AIN buffer layer. The GaN and GalnN layers 

were grown at 750°C. 

Figure 2 shows a measured X-ray CTR image recorded on an 

imaging plate. By analyzing the data obtained by the X-ray CTR 

spectra, we obtained following results [1 ]: 

1) the GaN and GalnN/GaN layers on the sapphire substrates 

with the low-temperature grown AIN bufferlayers had the Al 



polarity ((0001 )A) , 

2) The surfaces were found to be covered with N, 

3) The thicknesses of the GalnN layers were measured accurately 

to be 4.02nm and 40.5nm for samples designed to have 4nm-and 

40nm-thick GalnN layers, respectively, 

4) The indium compositions for 4nm-and 40nm-thick GalnN layers 

were determined to be 8.8% and 11 %, respectively. 
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Figure 2. 

Measured X-ray CTR image recorded on 

an imaging plate and analyzing the data 

obtained by the X-ray CTR spectra. 
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3-3 Interface Structure and Preferred Orientation of 
Ag/Si(111) 

We studied buried interface structures of Ag/Si(111) J3 -Ag and 

Ag/Si(111 )7x 7 samples using grazing-incidence X-ray diffraction with 

synchrotron radiation . We also measured the crystal orientation of the 

Ag overlayers of the samples. Of the numerous J3 structures, only a 

boron-induced J3 structure has been detected in buried interfaces. 

We studied the buried interface superstructure of Ag(26 nm 

thick)/Si(111) J 3 -Ag, and detected a J 3 fractional-order reflection 

peak. This means that the J3 structure remained at the interface. Our 

experimental results [1] differ from previously reported measurements 

[2] in which Ag films were deposited at about 320K. One possible 

reason for the contradiction is the difference in the substrate 

temperatures for the Ag deposition (320K vs. 290K). To confirm this, 

we prepared several samples at various substrate temperatures (290 

~370K). We plotted the intensity versus substrate temperature. A plot 

of the intensity of the (4/3, 1/3) rod versus substrate temperature 

(Figure 3(a)) shows that the (4/3, 1/3) peak intensity decreased 

drastically at the 290~31 OK interval , and became very weak at 370K 

[1 ]. This result confirms that the difference in the substrate 

temperature is the reason for the contradicting results between 

different studies. 

Figure 3(b) shows that the 111, 200, and 220 reflections are the 

in-plane reflections in a sample with 26-nm-Ag deposition on a J3 
surface at 290K. Our results for the crystal orientation of the Ag 

overlayers of Ag/Si(111) J3 -Ag showed that Ag{11 O}, Ag{100}, and 

Ag{111} planes were grown on the surface [1 ]. By measuring several 

samples prepared at various substrate temperatures (290~370K) , we 

found a strong correlation between the appearance of the interface J3 
structure and the growth of the Ag{11 O} plane. In contrast, our results 

for the crystal orientation of the Ag overlayers of Ag(26 nm 



thick)/Si(111 )7x 7 showed that only the Ag{111} plane was grown on 

the surface [1 ]. 
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Figure 3. 

(a) Intensity profile of a (4/3, 1/3) rod versus the substrate temperature for the deposition of Ag overlayers in 

Ag/Si(111) ./3 -Ag . (b) Intensity profiles of Ag bulk rods (220, 200, 111 reflections) for Ag/Si(111) ./3 -Ag. 
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3-4 Surface Band Structures of Ag and Pb Quantum 
Chain Structures on the Si(001) Surface 

The initial growth of metals on semiconductor surfaces often 

results in very anisotropic structures (self-organ ized quantum chains) , 

which may feature exotic 1 D properties and can also have great 

implications for future nano-scale device technology. We have studied 

the electronic band structures of well-ordered surface phases of such 

quantum chains; especially for Ag and Pb on Si(001 ). 

Several submonolayer surface phases were extensively studied, 

such as 2X1 [1], 2 X 3 [2], c(6 X 2) [3] for Ag/Si(001) and 2X2, 2 X 1 

for Pb/Si(001 ). For example, Figure 4 shows the surface-state band 

structures within the bulk band gap measured for the 2 X 3- and c(6 X 

2)-Ag surfaces. These studies made clear (1) that the two surfaces are 

semiconducting with - 1 eV band gaps and (2) that there are three 

characteristic and very similar surface states bands (S1 - S3) . This 

result denies the present structure model of a 2X3 surface [2] , which 

yields a metallic surface, and elucidates the structural proximity of the 

2X3 and c(6 X 2) phases [3]. Although these surface-state bands 
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(a) Single-domain Si(OO I )c(6x2)-Ag (b) Single-domain Si(OO I )c(6x2)-Ag 
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show no significant anisotropy or dispersions, a further angle-resolved 

photoemission (ARP) study for the Ag 4d levels has shown that only 

the 2X3 phase has anomalous 4d bands with a prominent anisotropy 

along the chains reflecting a 1 D interaction along the Ag linear chains. 

Similar ARP studies for the 2x 2-Pb have suggested that the surface

state electrons are well-localized to form strong covalent bonds within 

the linear chains. This result is consistent with the very similar 2X2 

linear chain structures of the Al, Ga and In adsorbates on Si(001 ). 

However, we found an interesting surface metalization for the 1 ML 2x 

1-Pb phase, whose origin is still unclear. 
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4 Materials Science 

4-1 Transition between Two Ferromagnetic States Driven 
by Orbital Ordering 

It has been widely accepted that the orbital degree of freedom 

plays a central role in the electric and magnetic properties of some 

strongly correlated electron systems. For example , the colossal 

magneto-resistance (CMR) effect in manganites is attributed to the 

role of the orbital on the coupled system of the charge-spin-lattice. By 

utilizing the resonant x-ray scattering techn ique, [ 1] this study has 

uncovered the role of the orbital in the metal -insulator transition in 

lightly doped manganites. [2] 

A lightly doped perovskite manganite, LaossSro 12MnQ3, exhibits a 

phase transiton at Too=145 K from a ferromagnetic metal (T c=172 K) 

to a novel ferromagnetic insulator. We have identified that the key 

parameter in the transition is the orbital degree of freedom in eg 

electrons of Mn3+. Figure 1 (a) shows the incident energy dependence 

of the (030) peak, which is structurally forbidden , at T =12 K. The peak 

exhibits a sharp enhancement at the Mn K-edge , determined 

experimentally from fluorescence. Figure 2(b) shows the azimuthal 

scan , clearly revealing the square of the sinusoidal angle dependence 

of two-fold symmetry. Note that the origin of the azimuthal angle is 

defined where the c-axis is within the scattering plane. These results 

directly indicate that orbital ordering occurs at T = 12 K. Figure 1 (c) 

shows the temperature dependence of the resonant peak intensity. It 

is clear that the orbital ordering appears only below Too=145 K. 

Recently, neutron-diffraction experiments have revealed that the 

cooperative Jahn-Teller (JT) distortion disappears, or significantly 

decreases, in this phase (T < 145 K) , though th is appearance of orbital 

ordering in the phase without JT-distortion is counter-intu itive . [2] 

Besides, it is theoretically suggested that this type of orbital ordering 
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Figure 1. 

(a) Energy dependence of the intensity of 

the orbital ordering reflection (030) at T =12 

K . The dashed curve represents 

fluorescence showing the resonant energy 

(6 .552 keV) corresponding the Mn K-edge. 

(b) Azimuthal -angle dependence of (030) . 

The solid line is a two-fold squared sine 

curve of the angular dependence. 

(c) Temperature dependence of the (030) 

peak intensity. 

• 30 

can drive the super-exchange process under a strong electron 

correlation together with ferromangetic ordering. [2] 

Thus, the present investigation shows a novel role of the orbital 

degree of freedom as a hidden parameter in the ferromangetic metallic 

to the ferromangetic insulating phases in lightly doped CMR 

manganites. 
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4-2 Exotic Phase Transition of NaV20 s 

The inorganic compound a '-NaV20 s [ 1] has an exciting-phase 

transition at Tc=35K associated with its spin , charge and lattice 

systems. The spin-gap formation at (1, 1/2,0) [2] and the atomic 

displacements with its modulation vector, q=(1 /2, 1/2, 1/4) , [2] and 

charge ordering of vanadium ions (V•· and V5• ) [3] take place 



simultaneously at Tc. 

An X-ray anomalous scattering study of NaV20 s to clarify this 

charge ordering pattern of the vanadium ions has been performed. [ 4] 

Using the X-ray energy near to the vanadium K-absorption edge ( ~ 

5.465keV) to enhance the difference of f' and f" between v•• and V5• , 

selective information about the vanadium atoms can be obtained . 

The energy dependence of the superlattice intensity at (15/2 1/2 

1/4) has been observed, as shown in Fig.2(a). Near to the absorption 

energy, a large energy modulation relevant to the charge-ordered 

state is clearly observed. This result is explained by a zigzag-type 

charge-ordered state , [5] instead of the chain type. [ 6] The 

temperature dependence of the order parameters of the atomic 

displacement and charge-ordered state can be observed at such 

energies , E=5.41 KeV and 5.47keV, as shown in Fig .2(b). These 

intensities , normal ized at T = 7K , indicate a sim ilar temperature 
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(a) Energy dependence of the superlattice intensity at (15/2 1 /2 1/4) . (b) Temperature dependence of the order 

parameters of the atomic displacement and charge-ordered state. 

31 . 



Highlights 

32 

dependence over the whole temperature region . Therefore, this 

charge-ordered state does not immediately appear at Tc, but gradually 

grows while accompanying the atomic displacement below Tc. This 

aspect of charge disproportionation has been first identified. 
, , 
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4-3 Resonant Inelastic X-Ray Scattering in Ni Compounds 

Resonant inelastic x-ray scattering (RIXS) at the Ni K-edge in 

NiO, NiS04, NiF2, NiCb and NiBr2 were measured at BL-9C. [ 1] It is 

known that profiles of the Ni K (3 1,3 x-ray fluorescence spectra of Ni 

compounds can be interpreted by a charge-transfer effect from the 

ligand field to Ni. However, the charge-transfer energy is derived from 

fitting to the XPS spectra indirectly. By using RIXS measurements, we 

investigated the charge-transfer energy directly and the correlation 

between the charge-transfer energy and the Ni K (31 ,3 spectra. 

All of the samples were powder and made into pellets. The 

scattered radiation was analyzed by a Ge (444) crystal for the energy 

range around the Ni K (3 fluorescence lines. The analyzed x-rays 

were detected by a position-sensitive proportional counter. The K /31 ,3 

and the elastic scattering were measured at the same time. The total 

energy resolution is about 2.5eV around the Ni K /3 1,3 line. 

About 5 - 9 eV below the elastic peaks, we observed charge

transfer satellites. From the energy differences between the elastic 

and inelastic scattering , we could estimate the charge-transfer 

energies more directly than from a 2p-XPS fitting calculation. The 

sample dependence of the present charge-transfer energies agrees 

roughly with the result of the calculation. Figure.3 shows the 

relationship between the charge-transfer energy and the intensity ratio 

of the shoulder to the main peak of the Ni K (31 ,3 emission spectra. A 

negative correlation can be clearly observed. Kawai et al. have 

pointed out that the intensity ratio of the shoulder to the main peak 

becomes larger with increasing the mixing ratio of the 3d 9 L and 3d' 0 

L.2 configurations due to a charge-transfer effect, where L represents a 

ligand hole. [2] Therefore, Figure.3 shows that the charge-transfer 

from the ligand electrons to the Ni 3d states is depressed with 

increasing the charge-transfer energy. 
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4-4 Direct Determination of Purely lnterfacial Magnetic 
Moments and Ferromagnetism-to-Superparamagnetism 
Transition in Au/Co Nanoclusters/Au(111) 

Studies of magnetism of nanoclusters are expected to shed new 

light on the evolution of magnetic order from the Hund's-rule-derived 

atomic spin to the macroscopic, long-range, spin-ordered 

ferromagnetism, because of their bridge character between 0-

dimensional isolated atoms and 3-dimensional condensed systems. A 

direct and separate determination of the spin (m.PJ and orbital (m
0

,b) 

moments of purely surface or interface atoms remains to be a 

challenge for experimentalists. Direct experimental evidence is still 

lacking for superparamagnetism (SPM) in nanoclusters. To study 

these problems, we have performed angle-, field-, and temperature

dependent Co L -edge MCXD measurements including a magic 
2,3 

angle of 54.7° on self-assembled Au/2-ML Co nanoclusters/Au(111 ), 

with simultaneous nano-structural confirmation using STM [1 ]. 

Figure 4 shows the sample structure, MCXD experimental 

arrangements, typical remnant (B=+OT) and +3-T Co L
2

.
3
-edge XAS 

and MCXD spectra, and the field (H) dependence of the normal

incidence Co L
3 

MCXD (hysteresis curve). We emphasize that almost 

all the Co atoms can be regarded as interfacial ones with a small 

number of perimeter atoms in Co nanoclusters, because the clusters 
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have a constant 2-ML height and they are interposed between Au 

films. A sharp rectangular MCXD hysteresis was observed for the 5-

ML film at room temperature (RT), showing complete ferromagnetism 

(FM). The Co nanoclusters with e c
0
=1 .6ML (D.v=6nm) and B co= 

1.2ML (D.v=5.3ML) also showed a remnant MCXD and a clear MCXD 

hysteresis at RT. This shows that those Co clusters are FM at RT. In 

contrast, no remnant MCXD was seen at RT for Co clusters with e co 

=0.4ML (D.v=3.5nm) and the MCXD intensity depends strongly on 

the field strength. The same behavior was observed for Co clusters 

with e co=0.8ML (D.v=4.5nm) and e co = 1.1 ML (D.v=5nm) . The 

field-dependent MCXD can be fitted approximately by a Langevin 

function . These results indicate SPM of independent Co clusters with 

e co= 1.1 ML (D.v=5nm) . The T-dependent MCXD for H=+OOe 

revealed that a clear remnant MCXD appeared at T~ 70K with 

lowering T for e co=0.4ML, whereas no remnant MCXD was seen for 

T2.85K. The blocking temperature, T
8 

is thus determined to be T
8
= 

70-80K for e c
0
=0.4ML. A similar T-dependent remnant MCXD for Bc

0 

=0.8ML yielded T 
8
= 100-120K. The H-dependent MCXD at T =30K for 

e c
0
=0.4ML shows that the MCXD intensity for B=±5T at 30K is 

almost equal to that at T =300K. The large saturation MCXD at 300K 

can not be explained by usual paramagnetism. We thus conclude that 

independent Co nanoclusters with e co;::;_ 1.1 ML (o .v;::;, 5nm) are 

essentially SPM and that a phase transition takes place from FM to 

SPM around e co=1.1-1.2 ML with decreasing cluster size [1]. 

Figure 5 (a) shows the angle ( y }-dependent XAS and MCXD 

spectra for the SPM Co clusters e co=1.1 ML (D.v=5nm). The MCXD 

orbital [2] and spin [3] sum rules , as applied to the angle-dependent 

mode [4 ,5], state that [t.AL
3
+t.AL

2
]y = -C·mr

0
,/2µ

8 
and [t.AL

3
-2· 

t.AL
2
]r= -C·(msp;n-7·m\ }/3 µ

8
• We further note that use of m\ +2m1T=0 

leads to mrT=1 /2·m\ ·(3cos2 y-1)=0 at y=54 .7 ° (magic angle) . 

Thus, the spin sum rule for y =54.7° reduces to [t.AL
3
-2· t.AJ r=s4r 

=-C· m 13 µ 
8

, allowing a direct determination of m . by a single 
spin spin 
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like Co atoms exist and almost all Co atoms can be regarded as interfacial ones in Au/2-ML Co/Au(111) . The 

average in-plane diameter (D.) of nanoclusters is proportional to the root-mean square e co· (c) Remnant (H=± 

OOe) and ±3-T Co L
23 

MCXD taken at 300K in normal incidence for nanoclusters with e c
0
=1.6ML (D.v=6nm) . 

(d) Normal-incidence L
3 

MCXD hysteresis at 300K for the 5-ML Co film . (e) Normal-incidence L
3 

MCXD hysteresis 

at 300K for nanoclusters with e c
0
=1 .6ML (D.v=6nm) . (f) Field-dependent normal-incidence L

3 
MCXD at 300K 

and L
3 

MCXD hysteresis at 30K for nanoclusters with e c
0
= 0.4ML (D.v=3.5nm) . 
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- r=O' (a) 
r=54.7' 

/ (magic angle) 
_ r=65 ' 

magic-angle MCXD measurement, as originally suggested in ref.[4]. 

We have determined the constant C by a magic-angle MCXD 

measurement on a single-crystalline hep Co film and the known 

values of mspin and m
0

rb for bulk hep Co. By applying the sum rules to 

the data at y =0 ' and 54.7' , we have determined m . , out-of-plane 
spin 

(mj_orb) and in-plane (m 11

0
rb) orbital, and out-of-plane (m\ ) and in-plane 

(m 1 T) magnetic dipole moments of almost purely interfacial Co atoms. 

The total moment , mtotal=m.pin+ 1 /3. (m j_ orb+2m I orb) , has also been 

obtained. The self-consistency of the analyses was confirmed by the 

combined use of the data for y =0 ' and 65 ' . The results are shown 

in Fig .2(b) as a function of e Co [1 ] . The mspin and ml. orb of purely 

interfacial Co atoms are remarkably enhanced as compared to those 

in bulk , directly verifying recent theoretical predictions. The m,
01

•
1 

values of ~2.3-2.5 µ 
8 

for clusters with e co :S:. 1 .2ML agree surprisingly 

well with m,0 ,~ 2.4-2 . 5 µ
8 

of free Co clusters in the range of the 

smallest number of atoms , obtained by recent Stern-Gerlach

deflection experiments [6] . The magnetic an isotropy energy 

calculated using the m l.orb and m 1
0

rb values shows a strong 
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perpendicular magnetic anisotropy for the single-domain FM clusters, 

providing promise for technological applications for nano-scale 

magnetic bits operating at room temperature. The details of the 

results and discussion will be reported elsewhere [1 ]. 
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4-5 Electric Dipole Ordering and Phase Transitions in a 
Metallofullerene Crystal 

The endohedral metallofullerene (M @Cn) has a novel molecular 

structure consisting of a fullerene cage and a metal atom inside the 

cage, and can be regarded as being a "superatom" having additional 

degrees of freedom in electronic and spin structures of the molecule. 

In the M@Cs2 molecule, charge transfer from the metal atom to the 

cage brings about a large electric-d ipole (ED) moment of the 

molecule. The dipole-dipole interaction between the molecules has an 

important role for the stability of the crystal structure as well as the 

elastic interaction in usual "empty" fullerene crystals, which depends 

on the molecular form and the Van der Waals interaction between the 

molecules. In most cases, however, the metal atom is positioned out of 

the center of the molecule, and the ED direction is different from the 

symmetric axis of the molecule, so that the dipole-dipole interaction 

competes with the elastic one for determining the orientation of the 

molecules in the crystal. 

In a recent x-ray diffraction study using single crystals of La@Cs2 

[1] we observed complicated successive phase transitions, that is, the 

face-centered-cubic (FCC, T > 180 K) , rhombohedral (RH, 140<T <180 

K) , triclinic (TC) and simple cubic (SC) structures below 140 K. The 

FCC phase is known to be in the merohedral disorder of molecules; 

i.e., the molecule randomly directs to one of the preferred orientations. 

The phase transition at low temperatures from RH to TC or SC 

depends on the cooling rate, and a slow-cooling TC phase appears, 

while the SC phase appears upon fast cooling. The TC phase seems 

to be a structure in which a long axis of molecules aligns in the same 

direction, but metal atoms distribute randomly on one of the equivalent 

positions in a cage, namely a state of the cage ordering , but ED 
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Figure 6. 

Temperature dependence of the (022) 

diffraction peak intensity. 

The triclinic phase, which appears upon 

s low cooling, has a cage orde r ing 

struc ture with no electronic dipole 

o rde ring , while the single cubic (SC) 

phase has a dipole ordering structure. A 

most interesting feature is that the phase 

transition from TR- to SC-phase is induced 

by intensive x-ray irradiation . 

• 38 

disordering . On the other hand, the SC phase has an opposite 

structure of the ED ordering, but cage disordering. We consider that 

the low-temperature structure is determined by a delicate balance of 

the elastic and dipole interactions. 

A most remarkable phenomenon of low-temperature phases is 

that the phase transition from TC to SC occurs due to intense x-ray 

irradiation. The stable position of the metal atom in the cage depends 

on the valence of the metal , and this novel transition is considered to 

be related to the positional relaxation of the metal atom in the cage 

brought about by x-ray irradiation. 

•• 
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5 Crystallography 

Crystallographic studies , on inorganic materials including 

minerals, biominerals and semiconductor materials, using SR have 

been continuously promoted at the Photon Factory in the fields of 

structure refinements to obtain accurate structures, the application of 

anomalous scattering to elucidate the site occupancies of solid 

solutions, phase transition and so on. From these studies, four topics 

are introduced below.1 

5-1 Domain Structure of Gamma Al2Q3 

A alum inum hydroxide, gibbs ite Al(OH)3, dehydrates to alpha 

alumina, Al 20 3, upon heating via many metastable and transition 

phases. All of these phases exhibit very poor crystallinity and like 

amorphous in the diffraction pattern . Abnormal broadening in the 

powder diffraction patterns reported in references can be clearly 

elucidated by a single-crystal diffraction study using synchrotron 

radiation. 

Among the metastable phases, gamma alulmina, Al20 3, is the 

most common. Gamma alumina has been described as being a defect 

spinel-type structure (Fd3m and a=7.9A) with 32 oxygen atoms and 

64/3 aluminum atoms occupying tetrahed ral and octahedral sites 

formed by oxygen atoms.To clarify the aspects ofA@the diffraction 

patterns of gamma alumina, single-crystal photographs were taken. In 

the Laue photograph, every diffraction spot is abnormally broad and 

elongated due to the finite size of the reciprocal-lattice point expected 

due to poor crystallinitt(Fig .1 ). Therefore a monochromatic beam with 

) = 1.0 A was selected by double Si(111) crystals and the size of the 

beam was limited to 0.5mmE" by a collimator. A whole-rotation 

photograph was taken using a small crystal with a size of 
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Figure 1. 

Laue photograph of gamma alumina taken 

with continuous 

X-rays within a range of A= 0.7 ~ 1 .3A . 

• 40 

0.1x0.1x0.01mm3
. In the rotation photograph around the [110], it is 

clear that two types of reflections are observed: one exhibits isotropic 

broadening without a sharp maximum, and the other exhibits a 

relatively sharp maximum and a broadened base. The former is with 

all odd indices, e.g. 311 and 511 reflections. The latter is with all even 

indices, e.g. the 400 and 440 reflections with weak powder streaks. All 

of the reflections are indexed based on the cubic face-centered spinel

type lattice. The powder patterns expected from the results of the 

rotation photograph taken with the single crystal agree with the 

observed powder patterns. 

The aspects of the reflections are more clearly shown in an 

oscillation photograph around the [11 OJ direction taken using a large 

crystal as a size of 2x1 .5x0.75mm3 (Fig .2). X-rays were irradiated to a 

part of the crystal. The basic aspects are the same with those of the 

rotation photograph . However, the two types of reflections are more 

clearly distinguished in the oscillation photograph: one exhibits a 

sharp maximum and a powder streak(abbreviated to s-reflection 

hereafter); the other exhibits abnormal broadening , but no powder 

streak. (abbreviated as b-reflection hereafter). If we assume that both 

types of reflections are from the same part of the crystal, that is, from 

the same domain, both types of reflections must exhibit the same 

shape in the diffraction photograph, even if they are broad or sharp. 

The different aspects of both reflection shapes indicate that gamma 

alumina consists of at least two domains: one gives the s-reflection 

with a sharp maximum, and the other lives the b-reflection with a 
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broadened shape. 

The jamma alumina crystal studied in this work exhibits a spine! 

twinning. Some reflections of both twin individuals are superimposed , 

but some are not. The 004 reflection from an individual of spine! 

twinning exhibits an overlapping of the s-reflection and the b-reflection. 

On the other hand , the 400 ref lection from the other individual 

indicated by the bold arrow in Fig.2 exhibits only a sharp maximum 

without a broadened base. If both types of reflections are from the 

same domain, the 400 reflection from the other individual should also 

exhibit a sharp maximum with a broadened base. This fact lends 

additional credibility to the assumption that gamma alumina consists 

of two domains. 

The structure of gamma alulmina has been described as a defect 

spinel-type structure with aluminum vacancies. All of the structu res 

proposed so far were determined based on the assumption that the 

diffraction patterns came from the single coherent domain. All of the 

indices of the s-reflections are even , indicating that the unit cell of the 

s-reflections is half of the unit cell of the cubic face-centered spinel

type structure. One of the possible candidates for the structure of the 

s-reflections is a defect rock-salt-type structure, where aluminum 

atoms randomly occupy the octahedral interstices of the cubic face

centered lattice of oxygen atoms. In this structure all aluminum atoms 

may essentially have favorite six coordination to oxygen atoms . 

However, some aluminum atoms may be displaced from the ideal 

octahedral sites , or the structure may be deformed from the ideal rock 

salt-type because the intensity of the reflections, such as 222 and 440, 

is more intense than that of the reflection , 400, which is the most 

intense reflection for the rock salt-type structure. Here, the indices are 

according to the spinel-type structure. 

On the other hand the structure of the b-reflections has the cell 

dimensions of the spinel-type structure, and is considered to be a 

defect spinel-type structure , as proposed so far where aluminum 

[1 l O] 

Highlights 

Figure 2. 

Oscil lation photograph with an oscillation 

range of 60° around the [11 OJ directiev of 

gamma alumina. 
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atoms occupy both the tetrahedral and octahedral interstices of 

oxygen atoms. As all of the structures proposed so far, however, were 

determined using powder data, that is, the overlapping data of the s

and b-reflections, the spinel-type structure should be re-determined 

based on measurements of intensity data of the b-reflections. In 

conclusion , gamma alumina consists of two domains: one has the 

spinel-type structure with a small domain size giving broadening of b

reflections, the other has half of the unit cell of the spinel-type 

structure with a larger domain size suggested from the sharp s

reflections. 

5-2 Diffraction from Intermediate State on AuCd 
Martensitic Transformation 

Martensite was originally named for a microstructure of quenched 

steel. The microstructure has been utilized for steel hardening. The 

nature of the microstructure of steel was studied and became better 

known , and the term "martensite" was extended for other alloys 

systems . Th e process of obtaining martensite is a martensitic 

transformation. There days the product phase is called martensite 

and the high-temperature phase is cal led a the parent phase. 

The cha racteri stics of a marten si tic t ransformation from a 

macroscopic pint of view are described well by the phenomenological 

theory of martensite. [1-4] The phenomenological theory of martensite 

was derived by assuming an undistorted and unrotated plane called 

the habit plane. Several materials were examined and revealed that 

the theory described the characteristics of the transformation well. 

However, the phenomenological theory does not explain the 

mechanism of the transformation from a microscopic point of view. 

From a microscopic point of view, a martensitic transformation is 

characterized to be a displacive, shear-like transformation in a solid , in 

which atoms move cooperatively. Phonon sroftening is an attractive 

picture for describing the martensitic transformation . Meutron 

inelastic-scattering experiments are a useful way to observe the 

dynamical aspect of transformations; they were performed to observe 

phonon softening in several alloys. 

A theoretical approach has been made to understand the 

mechanism of a martensitic transformation . Clapp discussed the 

stresses and strain around defects which could induce a local 

mechanical instability and led to the concept of a 'local-soft-mode' .[5-

6] Yamada proposed the MLR (Modulated Lattice Relaxation) model 

for a martensitic transformation .[7-8] Those models attribute the 

transformation to defects or impurities. On the other hand , a 

continuum model was developed by Falk[9] in one dimension. It was 

extended by Barsch and Krumhansl[1 OJ to the two-dimensional case. 

AuCd is a one of typical alloys which show a martensitic 



transformation. The parent phase has the B2 (CsCI) type structure 

and the martensite phases have two different structures, t; 2' and y 2', 

depending on the composition . s 2' appears at around AusoCdso and 

y 2' appears at around Aus2.sCd474. Although t; 2' martensite was 

known to exist, the crystal structure was not solved for more than 50 

years. The crystal structure was recently solved, and the relationship 

between the crystal structure of the parent and martensite was 

proposed.[11] A structure study revealed that the superposition of 

three transverse waves whose wave vector is <110> and whose 
-

polarization vector is <110> produce the t; 2' martensite. Phonon 

dispersion relations were observed, overcoming the difficulty of strong 

absorption .[12] A precursor phenomenon of the transformation 

provides information about the mechanism of the transformation. A 

static approach is reported in this paper. 

Single crystals of AusosCd49s were grown. Small fragments of 

approximately 100 µ m in diameter of crystals were electro-polished. 

Those fragments were picked up and mounted on glass fibers. 

A four-circle diffractometer of BL-1 OA at the Photon Factory of 

KEK was utilized for two-dimensional mesh-scan measurements at 

around 1/3 of [110] * using a wavelength of 1 .050A . The 

monochromater was Si(111) crystal. N2 gas blower was employed for 

temperature control. Counting time for one step was 10 s and the 

interval was 0.01 in index. 

Figure 1 shows the 1/3 peak observed 2 K above the 

transformation-temperature Ms . When the temperature was 

decreased to below Ms, this reflection split into Bragg reflections of 

martensite variants. Figure 1 shows a single reflection; it is obvious 
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Figure 1. 

Intensity distribution around 1 /3 position 

observed at Photon Factory which was 

measured 2 K above Ms. Contours are 

drawn every 500 counts for 10 seconds. 

Dashed lines represent h =213 and k =513 , 

respectively. 
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evidence that a transitional (intermediate) state exists prior to the 

transformation. 

Transitional (intermediate) states were recently reported by 

several researchers in other systems. Zheludev et al.[13] reported 

that there was a temperature (T1 in their paper) at which the soft-mode 

energy increased; they suggested that between temperature T1 and 

Ms (TM in their paper) another phase may be developed which 

coexists with the parent phase in the Ni2MnGa system. Manosa et 

al.[14] measured several physical properties and concluded that in the 

Ni2MnGa system a 'micromodulated structure' exists. 

Further discussion is necessary to understand the role of an 

intermediate state in the martensitic transformation . 
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5-3 Experimenally Determined Charge Density of MnS2 in 
the Light of Molecular Orbital Calculations 

MnS2 is a paramagnet ic semiconductor with a pyrite -type 

structure. The crystal undergoes an antiferromagnetic phase transition 



at 48.2 K. [ 1] The Mn atom has an oxidation state of +2, with the 3d 
5 electron configuration in the high-spin state. Subsequently, the 

electron-density distribution around Mn in Mn82 was expected to be 

spherical. An experimental charge-density study of the compound by 

single-crystal synchrotron X-ray diffraction, however, revealed a 

different topography. [2] Molecular-orbital calculations based on 

first principles were thus carried out, which justified the experimentally 

determined charge density. [3] 

A diffraction experiment was carried out using a horizontal-type 

high-speed four-circle diffractometer [4] at the beamline 14A, 

Photon Factory. An octahedrally shaped natural crystal of Mn82 

(hauerite) from Osorezan , Aomori , was ground into a sphere of 36 

micron by the Bond method. In all, 14921 reflection data were 

collected in the range 2 e <138° with a wavelength of 0.75 A. The 

starting atomic coordinates for the least-squares procedure were 

taken from those given by Chattopadhyay et al. [5,6] A refinement 

employing atomic-scattering factors of neutral atoms [7 ] yielded a 

fi nal R/Rw value of 0.0119/0.0122 for 539 independent reflections. No 

significant extinction was detected in the course of refinement based 

on the Becker and Coppens formalism [8 ,9] The difference Fourier 

map of the section including Mn and the nearest 8-S dumbbell is 

shown in Fig. 1 with a contour interval of 0.1 e A ·3 . Positive residual 

peaks with a height of 0.49 e A ·3 were found at a distance of 

approximately 0.5 A apart from the Mn atom . These peaks lie in

between the lines connecting Mn, and the first and second nearest 
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Figure 1. 

Experimentally determined deformation 

density of Mn82 in the section including 

Mn and S-8 bond . Positive and negative 

regions are indicated by solid and broken 

contours . 
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sulphur atoms. It was beyond expectation to observe lesser excess 

electrons in the middle of S-S bond because the bonding was thought 

to be typically covalent. 

Molecular-orbital calculations were thus carried out for an Mn(S2)e 

cluster using the SCAT program packagee [ 1 O] based on the DV-X a 

method [ 11] All of the 217 electrons, including their spin orientations 

in the cluster, were taken into consideration for the self-consistent field 

calculation . The results suggest that the occupied Mn 3d atomic 

orbitals and the 3p orbitals of the first and second neighbour sulphur 

atoms were intricately admixed together to form the valence band. The 

final calculated electron density and the initial promolecular density of 

the section containing Mn and S2 dumbbell are shown in Figs. 2 and 3, 

respectively, with contour intervals of 0.1 e A ·3 . In Fig. 2, we can see 

the electron-density cross-section around the S atoms deformed into 

an oval-like shape, the lobes extending towards the Mn neighbours. A 

similar tendency, though subtle, can be found for Mn. Furthermore, a 

decrease in the charge density was observed near the middle of S-S 

bond compared to that in the promolecule. This can be ascribed to the 

flow of valence electrons into the bonds between Mn and sulphur. It is 

also observed that some electrons around Mn are squeezed out 

toward the open space of the octahedral environment . All of these 

features are essentially in good agreement with those observed by the 

X-ray diffraction study. The theoretically expected deformation density 

is shown in Fig . 4 with a 0.025 e A ·3 contour interval , obtained by 

subtracting the prom olecule density shown in Fig. 3 from the 

calculated charge density shown in Fig. 2. The heights of the excess 

electron peaks near Mn were the same within the estimated 

uncertainties between the observed and calculated deformation 

density maps. 

This study is an example that can assure us of the accuracy and 

precision of the experimentally determined charge density by single

crystal synchrotron X-ray diffraction at 14A. The collection of virtually 

extinction-free diffraction data is indispensable for these sorts of 

studies. The accurate electron density in crystals determined by this 

technique will serve as an assessment for various approximations 

used in the theoretical approach. 
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Figure 2. 

Calculated charge density for the Mn(S2)5 

cluster in the section including Mn and S-S 

bond. 

Figure 3. 

Promolecule charge density for the 

Mn(S2)6 cluster in the section including Mn 

and S-S bond. 

Figure 4. 

Calculated deformation density for Mn(S2)5 

cluster in the section including Mn and S-S 

bond . Posit ive and negative regions are 

indicated by solid and broken contours . 
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5-4 Surface-melting of Si:ln situ x-ray Reflectivity Study 
on Si(001) Surface up to the Melting Temperature [ 1 J 

The melting of metal and semiconductor surfaces has attracted 

much attention recently, because surface melting is one of the best 

examples of fundamental issues : the stability and evolution of a 

liquid/solid interface. Surfaces experience roughening and/or melting 

transitions upon heating at temperatures below the bulk melting 

temperature (Tm,b). Surface melting can generally be understood as a 

state in which a liquid film is formed and wets the solid/vapor interface. 

Surface melting of Si has attracted special attention in a recent 

few years ; it is not only interesting in terms of fundamental issues but 

is deeply related with the liquid/solid interface of Si , which is essential 

for contrcling the growth-process of a Si single crystal. 

However, most work on the Si surfaces has focused on their 

behavior at low and intermediate temperatures, [2] and little 

information has been obtained near Tm,b. One of the reasons is 

experimental difficulties; Tm,b =1683K is rather high . 

An in situ system was newly designed for measurements of the x

ray reflectivity of Si surfaces at high temperatures . A surface of a 

block specimen was heated with a carbon heater under an 

atmosphere of He-gas flow. The reflectivity of the surface could be 

measured up to the bulk melting temperature ( Tm,b). 

In situ measurements of reflectivity were carried out at a beam 

line BL-3A [3] at Photon Factory, KEK, in Tsukuba, Japan. In this 

beam line, an x-ray beam from a bending magnet is monochromated 

by Si (111) double crystal. The size of beam is about 8w x 0.8H mm2 at 

the position of a specimen. The energy of x-ray beam (E) is E = 6812 

eV, which is 500 eV below Fe K_-edge ; this was determined 

considering an accuracy measuring the reflection angle and 

eliminating possible noise caused by Fe-fluorescence from the 

chamber. 

Reflectivity curves obtained at each temperature were analyzed; 

the obtained values of the density : p of Si(001) surface are plotted 

as a function of temperature in Fig 1. In Fig., the results of this study 



("surface" density) are shown by larger symbols with the reported 

values of the "bulk" solid and liquid . [4] Errors in determination of 

and _, which mainly comes from the measurements of the angle and 

the fitting procedure, are also shown in Fig. 

It has been shown that Si (001) surface experience the surface 

pseudo-melting in a range of 1473 K< Tm.s < 1573 K. This 

temperature is about 20-50 K higher than the temperature rage where 

the atomic disordering was reported to occur; it has been reported 

that the order of Si (001) suddenly decreases at T > 1400 K by 

reflection electron microscopy (REM) [5] and X-ray photo electron 

diffraction (XPD), [6] , and crystallographic anisotropy in the plane 

becomes almost zero at T =1500 K, [5] As shown by the value of 

surface density, the coordinat ion number around a Si atom of the 

surface-melting layer in a range of T m;b > T > T m.s is expected to be 

that of the bulk liquid. [7] 
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Figure 1. 

Block diagram of the laser-heated DAC 

system for high pressure and temperature 

in situ X-ray diffraction measurement at 

BL 13-B2. 
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6 High-Pressure Science 

Two different types of high-pressure apparatuses are working at 

Photon Factory. One is a diamond anvil cell (DAC) and the other is a 

multi-anvil device. At BL 13B2, a system for high pressure and high 

temperature in situ X-ray diffraction has been constructed using DAC 

combined with a laser heating system. After several improvements, 

the system now consists of a 150 W YAG laser combined with an IP 

detector, and it covers the condition corresponding to the Earth's lower 

mantle (140 GPa and 3000 K). The behaviors of various silicates and 

oxides have been intensively studied using this system. Very unique 

behaviors is found in simple oxides , such as Mn0[1] and Co0[2]. 

Both of them have a rock-salt (B1) structure at the ambient condition 

and transform into various high-pressure phases with increasing 

pressure. The nature of the high-pressure phases is discussed in 

conjunction with their electronic structures. Another interesting topic is 

the behavior of LiNbOs. The existence of a high-pressure phase 

above about 35 GPa has been known, but its structure remains 

m 
TV monitor 
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BL 13-82 



unsolved. High-quality diffraction data obtained by this system enable 

us to determine its-structure as a Nal03-type structure[3]. 

Furthermore , the existence of quenchable high-pressure and 

temperature phase was found upon heating the sample above 30 

GPa. Detailed analysis of this structure is in progress now and it is 

likely that this is a new structure type formed only at elevated 

pressure. These results will greatly contribute to advance our 

understandings of high-pressure crystal chemistry. At BL-18C, high

pressure and room-temperature or low-temperature experiments are 

carried out on up to megabar pressures using DAC. The most exciting 

topic is a structure analysis of various elements, such as oxygen and 

niobiu above megabar. 

The multi-anvil apparatus has the advantage to achieve well

controlled and uniform pressure and temperature conditions, although 

the pressure range is limited compared to that of DAC. Using this 

advantage, the detailed behavior of materials is studied using MAX80 

(at AR-NE5C) and MAX90 (at BL-14C) systems. Breakdown 

reactions are studied in detail for garnets of various compositions up 
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Powder X-ray diffraction profiles of MnO. 

The structure changes from B 1 structure -

distorted B1 structure - unknown phase -

NiAs-type structure, with increasing 

pressure[1 ] . 
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to about 30 GPa. Many other crystal chemical studies have been 

carried out using these systems. 
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7 Biological Science 

Synchrotron radiation is widely utilized in the field of biological 

science. Typical applications are shown in X-ray crystallography, X-ray 

small-angle diffraction and scattering and X-ray spectroscopy. Another 

important field is radiation biology. As is previous years, substantial 

progresses in these fields have been observed, some of which will be 

introduced here. One significant aspect of the last 2 years is the fact 

that SPring-8 has been open to public and is producing remarkable 

results. The beam properties of the Photon Factory are different from 

those of SPring-8. Investigators are required to understand the 

difference and to utilize them them properly. 

In the field of X-ray crystallography, many new structures of 

biological macromolecules have been solved to the atomic resolution. 

With the rapid development of the genom project, many putative 

proteins with unknown function and structure have been discovered. It 

should be a necessary consequence to solve these structures, as well 

as to do functional analyses. The DNA recombinant technique makes 

the expression of a large amount of such a protein possible. We 

expect that the necessity of X-ray crystal structure analysis of proteins 

(and other biological macromolecules) wiee still be increasing from 

now. 

In the field of small-angle diffraction and scattering, the 

mechanisms of biological function and structure formation are the 

main targets, rather than studies of the structure itself, Crystallography 

gives us precise structural information of a protein, but not the 

molecular mechanism of its function or the folding mechanism. Small

angle diffraction and scattering is useful to study the structure of a 

transient state, which gives us deep insight into function and structure 

formation, when the crystal structure is available. As an example, a 

small-angle diffraction study of muscle fiber is introduced here. 

The highlights presented here do not intend to cover all of the 
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Figure 1. 

Two-dimensional images of the otoliths of 

European eels Anguilla angui/la and 

Japanese eels A.japonica. a: European 

eel from North Sea, b; European eel from 

River Elbe, c: Japanese eel from East 

China Sea, d: Japanese eel from River 

Tone. 
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major results obtained in the Photon Factory in the last couple of 

years. Readers should refer to volume B of this series to take a look 

for the activities of the Photon Factory in the field of biological science. 

7-1 X-ray Spectroscopy Raises a Question about the Life 

History of Fresh-water Eels [ 1 J 

It is widely accepted that fresh-water eels migrate from fresh

water streams to the sea to spawn , which is called catadromous 

migration . However, the detailed life history of the fresh-water eel 

remains unknown. The proportion of time spent in fresh-water and 

ocean habitats can be determined by the ratio of strontium (Sr) and 

calcium (Ca) in the otoliths (ear stones) of the eels. Tsukamoto et al. 

used synchrotron X-ray fluorescence analysis to examine the Sr/Ca 
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Ocean 



ratios in individual eel otoliths. Eels were collected from both fresh

water (from the River Elbe and the River Tone) and ocean habitats 

(from the North Sea and the East China Sea) for both Atlantic and 

Pacific species. Two-dimensional images showed a remarkable 

difference in Sr/Ca between ocean and river samples (Fig. 1 ). Red 

indicates high Sr/Ca intensity. Apparently, ocean ee l has the high 

Sr/Ca ratio, while fresh-water eel shows little Sr. They reconstructed a 

life-history transect of individual ontogeny (Fig. 2) . All river smaples 

contained a small region of high Sr ratio in the center of their otoliths. 

This indicates the migration from the sea in the stage of leptocephalus 

to a fresh-water habitat where they grew. On the other hand , all 

specimens collected in an ocean habitat had no evidence of fresh

water history regardless of the species, sex or developmental stage. 

Based on the results, they suggested that catadromous migration is 

not an obligatory migratory pathway of eels , and that eels would have 

a facultative catadromy with ocean residents. They also considered 

that a relatively small number of fresh water eels are back to the 

ocean and the spawning grounds. 
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7-2 X-ray Diffraction Casts Light on the Mechanism of 
Muscle Contraction 

Muscle contraction takes place by relative sliding between the thin 

(actin) and thick (myosin) filaments without changing their lengths in 

the structural unit called a sarcomere. The widely accepted model is 

the "rotating or tilting crossbridge (myosin head)" model. In this model , 

the thick filament changes its structure while the thin filament remains 

unchanged. The thin filament has been thought to have the role of a 

rigid rail for thick filament sliding. X-ray diffraction patterns recorded 

Highlights 

Figure 2. 

Pattern of Sr/Ca ratio across the life of 

silver eels for both Atlantic and Pacific 

species. Atlantic species captured in North 
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Figure 3. 

Molecular interaction of the act in and 

myosin heads to generate a contractile 

force in muscle using their atomic 

structures. 
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from a contracting muscle taken by Wakabayashi et al. indicated, 

however, that the structure of the thin filaments is altered by an 

asynchronous interaction of the myosin heads with actin , and that this 

structural change involves elastic elongation and twisting of the helical 

filaments [2]. This finding leads to the conclusion that thin filaments 

are flexible and very compliant. Further, Wakabayashi et al. revealed a 

conformational change of the myosin head upon ATP hydrolysis by X

ray solution scattering [3,4] , also indicating a coupling between the 

force generation and structural changes occurred in the myosin heads. 

Based on these results, they proposed a sophisticated model in a 

combination of specific structural changes of actin and myosin heads, 

as described in Fig. 3 [5], instead of the current mechanism of the 

rotating or tilting of the crossbridge as the main constituents . In active 

muscle, the myosin heads first bind ATP, hydrolyzes it and a deformed 

myosin head having ADP and Pi interacts weakly with actin. In this 

process the structure of the actin filaments is altered. As the force 

develops, the actin filaments could be elongated, possibly by reverse 

conformational changes of the attached myosin heads upon the 

release of Pi and then ADP. It seems possible that a cranking action in 

a myosin head could be combined with the lever action, applying a 

torque to explain the unscrewing motion of the actin filaments as 

observed. 

M 

- 70° 
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thin actin filament 
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7-3 New Crystal Structures Determined by X-ray 
Crystallography give Deep Insights into the Molecular 
Mechanisms of Biologically Important Reactions. 

a. Crystal Tructure of Mitrile Hydratase [6] 

The 1998 Nobel Prize in physiology and medicine was awarded 

for discoveries concerning nitric oxide (NO) as a signalling molecule in 

the cardiovascular system. The mechanism of regulation by NO is , 

thus , a hot topic in life science . The crystal structure of nitrile 

hydratase (Nhase) revealed by Nagashima et al. would provide new 

insights into a mechanism utilizing NO molecules in biological 

systems . NHase is a soluble enzyme catalyzing the hydration of 

various nitrile compounds to their corresponding amides (RCN + H20 

___. RCONH2). The enzyme consists of two subunits (the a - and the 

/.)'-subunits) . The active center of the enzyme is composed of non

heme iron (Fe-type) or non-corrinoid cobalt atom (Co-type) chelating 

to the a-subunit. Some Fe-type NHases show an extraordinary 

characteristic in that the activities of the enzyme regulated by light. 

The light-regulated binding and releasing of an endogenous nitric 

oxide (NO) molecule in the active center is the cause for the photo

reactivatio n. The crystal structure of the Fe-type NHase from 

Rhodococcus sp. N-771 revealed an unprecedented coordination 

sphere of non-heme iron atom at the active center (Fig . 4). The 

photo-reactive catalytic center consists of the non-heme iron atom 

coordinated to the sulfur atoms from three cysteine residues 

(Cys109A, Cys112A and Cys114A) and two amide nitrogen atoms 

from the main chains of Ser113A and Cys114A. In particular, two of 

the three cystein residues are post-translationally modified into 

cysteine sulfinic (CysS02-112A) and cysteine sulfenic (CysS0-114A) 

acids. The two oxygen atoms of the side chains in the modified 

cysteine residues form a claw setting structure with the OG atom from 
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Figure 4. 

Ribbon model of nitrile hydratase and the 

detailed structure of the photo-reactive 

catalytic center. 
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Ser113A. The modifications were further verified by using Fourier

transfo rm mass spectrometry. In addition, 20 hydration water 

molecules confined in the interface between the subunits have 

important roles to stabilize the claw setting structure. The present 

structure may provide an excellent model for designing photo

controllable chelate complexes and proteins. 

crCys109 

b. Three-dimensional Tructure of Phosphoenolpyruvate 
Carboxylase: A Proposed Novel Mechanism for 
Allosteric Inhibition [7] 

Phosphoenolpyruvate carboxylase (PEPC) catalyzes the 

irreversible carboxylation of phosphoenolpyruvate to form oxaloacetate 

and inorganic phosphate using Mg2
+ as a cofactor. The enzyme is 

widespread in all plants and some species of bacteria playing a 

central role in C02 fixation in photosynthesis. PEPCs from various 

sources are usually composed of four identical subunits whose 

molecular masses are 95 to 110 kD. Kai et al. reported the first crystal 

structure of PEPC by X-ray diffraction methods at 2.8 A resolution 

using Escherichia coli PEPC complexed with L-aspartate, an allosteric 

inhibitor of all known PEPCs (Fig. 5). The four subunits are arranged 

in a "dimer-of-dimers" form with respect to subunit contact, resulting in 

an overall square arrangement. The contents of a - helices and /]

strands are 65% and 5%, respectively. All of the eight /]-strands, 

which are widely dispersed in the primary structure, participate in the 

formation of a single /]-barrel. Replacement of a conserved Arg 

residue (Arg438) in this linkage with Cys increased the tendency of 

the enzyme to dissociate into dimers. The location of the catalytic site 

is suggested to be near the C-terminal side of the /]-barrel. The 

binding site for L-aspartate is located about 20 A away from the 

catalytic site and four residues (Lys773, Arg832, Arg587 and Asn881) 



are involved in effector binding . The participation of Arg587 is 

unexpected because it is known to be catalytically essential . 

Considering that this residue is in a highly conserved glycine-rich loop, 

which is characteristic of PEPC, it seems that L-aspartate causes 

inhibition by removing this glycine-rich loop from the catalytic site. 

There is another mobile loop from Lys702 to Gly708 that is missing in 

the crystal structure. The importance of this loop in catalytic activity 

was also demonstrated. Thus, a crystal-structure determination of 

PEPC revealed two mobile loops bearing the enzymatic functions and 

accompanying allosteric inhibition by L-aspartate. 

c. Crystal Tructure of DNA Photolyase from Anacystis 
nidulans [8] 

Photolyases (photoreactivating enzymes) repair a major type of 

UV-induced lesion , that is , a cyclobutane type dimer formed from 

adjacent pyrimidine bases. Photoreactivation comprises several steps: 

damage recognition and binding of photolyase to DNA, photon 

absorption , interchromophoric energy transfer and electron transfer 

from chromophore to DNA, resulting in the reversal of UV-induced 

pyrimidine dimers into monomers. Miki and coworkers reported on the 

crystal structure of photolyase from a cyanobacterium , Anacystis 

nidulans at 1.8 A resolution , and compared it with that of E. coli 

photolyase. 

The structure is composed of an a I (J and a helical domain , 

which provides binding sites for the 8-HDF (light-harvesting cofactor) 

and FAD (catalytic cofactor) chromophores, respectively (Fig. 6). The 

backbone structure of A. nidulans photolyase (A-Plase) could be 

superimposed with that of E. coli photolyase (E-Plase) for both a I (J 

and helical domains, showing a high similarity in overall folding . The 

cofactor FAD is a common chromophore for both types of photolyases. 

In A-Plase FAD is located between four-helix bundles and accessible 
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Figure 5. 

Ove rall views of phosphoenolpyruvate 

carboxylase from E. coli, in which the four 

identical subunits are related by the 

crystallographic 222 symmetrey. 
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Figure 6. 

Ribbon model overall structure of A. 

nidu/ans photolyase. 
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through a hole in the surface of the helical domain. This hole is also of 

the right size to admit a pyrimidine dimer. FAD is bound in the same 

position and binding-mode as in E-Plase. In contrast to the conserved 

position of FAD it should be emphasized that 8-HDF is bound at a 

quite different position compared to the corresponding MTHF cofactor 

in E-Plase. Nevertheless, the overall tertiary structure of the a I (3 

domain is quite similar for both photolyases, even in the region which 

recognizes the two light-harvesting cofacto rs. 

Elucidation of the crystal structure of A-Plase showed a high 

degree of conservation for the three-dimensional structure of 8-HDF 

and MTHF photolyases. In addition , this is a first example that 

homologous primary and tertiary structures in closely related proteins 

recognize two different types of cofactors at different binding sites by a 

limited number of amino acid replacements . 



d. The Three-Dimensional Tructure of the RNA-binding 
Domain of Ribosomal Protein L2; a Protein at the 
Peptidyl Transferase Center of the Ribosome [9] 

In all living cells, protein synthesis is carried out in cellular 

organelles called ribosomes. These large ribonucleoprotein complexes 

are generally organized in two subunits of unequal size. Each subunit 

of the ribosome is responsible for each of two important activities, as 

which have been localized by immunoelectron microscopy. While the 

decoding property resides in the small subunit , the peptidyl 

transferase activity is in the large subunit. A number of experiments 

have been carried out to elucidate the responsive elements for the 

ribosome activities, and particularly for the peptidyl transferase activity. 

Such experiments have shown that some ribosomal proteins are 

implicated in peptidyl transferase activity. Among them , the protein L2 

is known to be most important constituent of the peptidyl transferase 

center. 

Ribosomal protein L2 is the largest protein component in the 

ribosome. It is located at or near the peptidyl transferase center and 

has been a prime candidate for the peptidyl transferase activity. It 

binds directly to 238 rRNA and plays a crucial role in its assembly. 

Tanaka and coworkers reported the crystal structure of the RNA

binding domain of L2 from Bacillus stearothermophilus at 2.3 A by 

means of the Se-Met MAD method (Fig. 7). The RNA-binding domain 

of L2 consists of two recurring motifs of about 70 residues each. The 

N-terminal half domain (pos. 60 - 130) is homologous to the OB-fold 

and the C-terminal half (pos. 131 - 201) is homologous to the SH3-

l i ke barrel. The residues Arg86 and Arg155, which have been 

identified by mutation experiments to be involved in the 238 rRNA 

binding, are located at the gate of the interface region between the 
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Figure 7. 

Ribbon model of the RNA-binding domain 

of L2 from Bacillus stearothermophilus. 
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two domains. The molecular architecture suggests how this important 

protein has evolved from the ancient nucleic acid binding proteins to 

create a 23S rRNA-binding domain in the very remote past. 
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8 Medical Applications 

Phase-contrast X-ray imaging has also been studied while aiming 

at medical applications. Using an X-ray interferometer, imaging of 

nonstained soft tissues can be performed with a sensitivity of about 

one thousand-times higher than that of the conventional absorption

contrast imaging. Phase-contrast X-ray computed tomography, which 

reconstructs three-dimensional images using X-ray phase information 

obtained with the X-ray interferometer, was carried out to observe 

human cancerous tissues. Figure 1 shows a phase-contrast X-ray CT 

image of a sample cut out from a human cancerous kidney [ 1] . It 

was demonstrated that cancer could be depicted without the need for 

staining . From an instrumental point of view, a separated-type X-ray 

interferometer has been developed to observe larger objects in vivo. 

Currently, 2.5 cm x 1.5 cm interference patterns can be generated with 

this device. If the observation area is broadened up to 10 cm x 10 cm , 

phase-contrast mammography might be carried out. 
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Phase-contrast X-ray CT image of a 

sample of human kidney (cortex) . The 

dark part in the right half of the image is a 

cancer lesion . 
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Table 1: Correlation of breast cancer with hair structure . 

Breast cancer Samples Samples with Familial history of cancer Hair origin 

diagnosed? changed structure (pathologic BRCA 1 mutation) 

Yes 15 15 Yes (positive) Scalp 

Yes 8 8 None Pubic 

No 3 3 Yes (positive) Scalp 

No 2 Partial 2 Yes (positive) Scalp 

No 8 Yes (negative) Scalp 

No 16 3 None Scalp 

No 4 0 None Pubic 
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9 Applied Science 

There have been excellent results on the materials science of 

low-resistive TiSi2 contact and gate Si02 oxide for Si-ULSI with BL-17 

Fujitsu beam-lines. The techniques are Grazing Incidence X-ray 

Diffraction (GIXD) for contact metals and X-ray Reflectivity [1] and 

Crystal Truncation Rod analysis for oxide films [2] . We introduce TiSi2 

in this short review. 

Low-resistive silicide contact TiSi2 is fabricated with two-step 

annealing; the formation of the high-resistive C49 phase at low 

temperature and a phase transition from the C49 to the low-resistive 

C54 phase at high temperature. However, the resistivity tends to rise 

for severe conditions, such as increase in ion implantation into a Si 

substrate or a decrease in the line width and/or film thickness. 

The influence of BF2• implantation on silicidation is summarized in 

the figure[3]. After the 1st annealing , only the C49-TiSi2 is formed on 

both low- and high-dosed Si , but the rocking curve shows that the 

epitaxial grains preferentially oriented to Si are formed on high-dosed 

Si. After the 2nd annealing , all C49 grains are transformed to C54 on 

low-dosed Si , but not on high-dosed Si . Furthermore , the rocking 

curve of residual C49 is the same. An epitaxial relationship between 

C49 and Si was finely determined from other rocking curves[4] . Then , 

the cause of the high resistivity could be explained as follows ; epitaxial 

C49 grains grow from the interface during Ti/Si inter diffusion and 

segregation of silicides; these thermally stable epitaxial C49 grains 

remain after the 2nd annealing, and the contact resistivity becomes high. 

Pre-amorphizing As-implantation for formation of amorphous 

surface layer of Si was effective to suppress the epitaxial growth 

during silicidation . Then, the epitaxial grains decrease along with an 

increase in the amorphous layer after the 1st annealing, and the 

phase transition to C54 is finished after the 2nd annealing and a low

resistive contact is formed [5]. 
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10 Instrumentation and Technique 

10-1 Automated Angle-Scanned Photoem ission 
Spectrometer with MBE at BL-1C 

Bending magnet beamline BL-1C is operated by the 81 project 

(9781-002) for "Quantum nanostructure spectroscopy" represented by 

Prof. Oshima's group of the University of Tokyo. The main subject of 

the project is an electronic structure of quantum nanostructure, such 

as quantum dots (OD), quantum wires (1 D) , quantum wells (2D) and 

other low-dimensional materials. For studying the electronic structure 

of quantum nanostructures, photoemission with high energy and 

momentum resolution is indispensable. It is also noted that the state

of-the-art photoemission techniques, such as Fermi surface mapping, 

requires on automated angle scanning system. 

For this purpose, a high-energy and-angular resolution angle

resolved photoemission spectrometer, VG Microtech ARUP810, was 

installed at the end station . This spectrometer has an entrance lens, 

which allows the entrance angle of the emitted photoelectrons to be 

electronically varied from +o .4 ° to +2.0 ° and makes high 

momentum resolution possible. The photoelectron analyzer is a 75mm 

radius hemispherical analyzer and photoelectron detection is done 

using a multi-channel detector. Up to now, a total resolution of 31 meV 

at 60eV of photon energy has been achieved. For the automated 

angle-scanned photoemission, the in-vacuum two-axis goniometer of 

the spectrometer can be moved by the computer controlled stepping 

motors. This system was developed in collaboration withs Dr. Aiura of 

the Electrotechnical Laboratory. This automated angle-scanning 

system opens the way to do the Fermi-surface mapping , x-ray 

photoelectron diffraction (XPD), and so on much more easily and 

faster. 

Another distinctive feature of this spectrometer is that it is 
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Figure 1. 

Photoionization yield rpecdvum of doubly 

excited He. 
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connected to the molecular beam epitaxy (MBE) chamber in ulta high 

vacuum (UHV) . MBE is one of the most powerful technique for 

fabricating quantum nanostructures . In this system, MBE-grown 

samples can be transferred to the photoemission chamber without 

breaking the UHV. 
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10-2 X-ray Natural Circular/Linear Dichroism and 
Birefringence Measured with the X-ray Ellipsometer 

We have developed an x-ray ellipsometer which consists of an x

ray polarizer, quadruple phase retarders and polarization . This x-ray 

ellipsometer enables us to create an x-ray beam having a high degree 

(about 98 %) of linear or circular polarization state in x-ray energy 

range (7-1 O keV). It also enables us to analyze precisely the 

polarization states of the beam transmitted by the specimen . 

With this x-ray ellipsometer, we successfully measured the 

spectra of both natural circular dichroism (NCO) and natural circular 

birefringence (NCB) simultaneously at Ni K-edge (8 .333 keV) with a 

NiS04-6H20 crystal (P41212) whose c-axis was aligned in parallel to 

the x-ray beam. The NCO spectrum was obtained from the spectrum 

of polarization ellipticity of the transmitted x-ray beam, whereas the 

NCB spectrum was obtained from the polarization rotation (6 mrad at 

maximum) spectrum (Figure) . It was found that the Kramers-Kronig 

relations hold between the spectra of NCB and NCO. 

The NCO spectra of the same crystal were also measured by 

switching the helicity of circular polarization of the incident beam with 

the x-ray polarizer and quadruple x-ray phase retarders. These NCD 

spectra agreed with the above NCO spectra obtained from a 

polarization analysis . 



Linea r dichroism (LD) and linear birefringence (LB) were 

measured simultaneously by polarizations analysis of the transmitted 

beam with the same crystal whose c-axis was aligned at 45 degree 

with respect to the polarization direction in the plane of the crystal foil. 

It was found that the Kramers-Kronig relations hold between the 

spectra of LD and LB. The LD spectra were also measured by 

switching the linear polarization of the incident x-ray beam between 

horizontal and vertical directions. These LD spectra were in good 

agreement with those measured by the polarization analysis of the 

transmitted beam. 
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10-3 Rotated-inclined Focusing Monochromator for 
Protein Crystallography 

Many beamlines for protein crystallography use single , bent , 

asymmetric-cut silicon or germanium crystals to achieve a focused 

monochromatic beam. The demagnification rate of a beam passing 

through an asymmetric cut crystal monochromator depends on the 

angle between the beam and the crystal surface with the asymmetry 

Highlights 

Figure 2. 

Polarization analysis of x- ray beam 

transmitted by a NiSQ4-6H 20 crystal 

(P41212) whose c-axis is aligned in parallel 

to the x-ray beam . 

(a) Spectrum of polarization rotation , 

which corresponds to the natural circular 

birefringence (NCB) spectrum. 

(b) Spectrum of polar ization ellipt icity, 

which corresponds to the natural circular 

dichroism (NCD) spectrum. 
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Figure 3. 

Observed image of the focused beam at 

1.38 A. From lower to upper,</; axis was 

rotated from 118.0°, where the surface of 

the monochromator is nearly flat, to 56.0° 

in 10.3° steps.6 mm of aluminum plate 

was used as an attenuator. 
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factor. If one uses this type of monochromator, the asymmetry factor 

or beam demagnification rate alters with the Bragg angle ( e a) when 

the crystal is rotated to change the wavelength . Therefore, five or 

more monochromator crystals of different asymmetric angle , (a,) 

would be necessary to cover a wide wavelength range. A new single

crystal focusing monochromator for protein crystallography has been 

developed at BL-6B [ 1] . The monochromator allows tuning of the 

asymmetry factor, or beam demagnification rate, and the radius of 

curvature of the crystal simultaneously through rotation about the 

azimuthal angle only. In order to achieve simultaneous tuning of the 

two parameters over a wide wavelength range, the surface of an 

inclined monochromator was cylindrically bent. The monochromator is 

able to tune these two parameters simultaneously with a single 

rotation of the crystal about the azimuthal axis. The monochromator 

was designed for use in the wavelength range 0.87 to 1.90 A , and 

beam focusing was tested at wavelengths of 1.04, 1.38 and 1.74A. A 

well compressed and focused beam was obtained at all three 

wavelength by rotation about the azimuthal axis only. An example of 

the two-dimensional intensity profile of the focused beam at several </; 

angles recorded using imaging plates is shown in Figare 3. The 

monochromator could focus the x-ray beam to less than 0.8 mm 

FWHM in the horizontal direction. 
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11 Theory 

The theory group has been conducting research on many 

subjects, such as strongly correlated electron systems, second-order 

optica l processes in the x-ray reg ion , and photo-induced phase 

transitions. Here, we briefly introduce a few resu lts . 

11-1 A small One-electron Gap Versus a Large Optical 
Gap in 1-, 2- , and 3-Dimensional Half-filled Hubbard 
Models 

We have shown that in the insulating state caused by a strong 

Coulomb repulsion , the one-electron density of state has only a small 

gap, while the light-absorption spectrum has a relatively large gap[1 ]. 

In Fig .1, we show the one-electron density of states and the light

absorption spectra of 1-, 2- , and 3-dimensional half-filled Hubbard 

systems calculated by means of a quantum Monte-Carlo simulation . 

We can see that the one-electron gap is at most half as large as the 

optical gap. Such an apparent difference between two kinds of gaps 

has actually been observed for metal-oxide systems, and it should be 

a characteristic of such exotic insulating systems with large quantum 

fluctuations. 

11 -2 Electronic Relaxation Dynamics of x-ray Radiation 
from a Shallow Core Level to a Deep Core Level in 
Insulators 

We have studied the electronic relaxation dynamics of x-ray 

radiation in wide-gap insulators[2]. A four-band system, comprising 

dispersionless deep and shallow core bands and conduction and 

valence bands, is taken as our model . The Coulomb interactions 
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Highlights among conduction electrons and valence holes are treated by 

perturbation theory. We focus on the following process. First , an 

electron is excited from a deep core level to the conduction band by 

an incident x-ray. Then , another x-ray is radiated by a subsequent 

transition of an electron from a shallow core level to a deep one. When 

the energy of the incident x-ray is larger than the energy difference 

between the upper edge of the conduction band and the deep core 

level , the radiation spectrum has two peaks(Fig .2a) . One peak 

depends linearly on the incident x-ray, while the other peak is fixed at 

the energy difference between the two core levels. The former peak is 

due to Raman scattering , while the latter peak is a characteristic 

luminescence. The electron excited by the incident x-ray is relaxed 

into the conduction band by creating pairs of a conduction electron 

and a valence hole through a Coulomb interaction . After such an 

electronic relaxation , the x-ray is radiated with the energy, irrespective 

of the incident x-ray (plateaus in Fig .2b and 2c) . This electron-hole 

pair creation also occurs in the Raman process to make an extra 

peak(Fig.2c). Such a multi-peak structure in the x-ray radiation 

spectrum has been actually observed for YF3. 
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Figure 1. 

Density of states for 1 D(a) , 2D(b) , and 3D(c) systems and light-absorption spectra for 1 D(d) , 2D(e) , 

and 3D(f) systems. The parameters are (t ,U)=(1,4), (0.7,4) , and (0 .6,4) for the 1 D , 20, and 30 

systems, respectively. 



References 

[ 1] N.Tomita and K.Nasu, Solid State Commun . 111 (1999)175. 

[2] H.Mizouchi , Phys.Rev.858(1998) ,15557. 

r 

Figure 2. 

y 
• 

~1 ~1 ---- ......... 

-----'\ '-----'

1

-. ffif 

(b) 
,......__ 10 ,_ .......... , ............ , ............. , ............ , ·• ····· 
> 
~ 0 .. .... ....•.. "' ........ ... : ··· ···• ···•···· .. 

w .......... .;.. : ...... 
<I 

I -10 
4-< 
8 

(c) 

··• 
-20 ~~~~~~~~~~ 

980 990 1000 1010 

OJi (eV) 

• 
,,,-...., .. 
~ 5 ······ ···················· ···· ···· ~· +··· 
..__, . 
w 0 
<I 

I 

3-s 
• ...... .............. , ........... ; ····· ·· ··· ··· ~ ···•··· · ········ 

~ . 
• • • ·· ~ . . 

• 

-1 0 '--'----~-'-'-~--'--'-~~_,___.__~~ 

990 995 1000 1005 1010 

OJi (eV) 

Highlights 

Schematic representation of the second-order optical processes in the four-band electronic system( a) and the peak 

positions of x-ray radiation spectra of these systems with different band widths, (b) and (c) . 

73 



List of Photon Factory Seminars 

Carra, P. (ESRF, France) 
Core-level spectroscopies of magnetic systems 

Yan , Y. M. (Institute of Low Energy Nuclear Physics, Beijing Radiation Center) 
X-ray capillary lens and its application 

Kabachnik, N. M. (Moscow State University) 
Angular correlation between photoelectron and auger electrons 

Mase, K. (Experimental Facilities Division I, IMSS, KEK) 
Study of mechanism of ion desorption induced by core-electron excitations using electron ion 
coincidence spectroscopy 

Kamikubo, H. (Experimental Facilities Division II , IMSS, KEK) 
Structure and function of light driven proton pump, bacteriorhodopsin 

Stroxov, V.N. (Universitaet des Saarlandes, Saarbruecken , Germany, and Chalmers University of 
Technology, Goteborg, Sweden) 
Very-low-energy electron diffraction as a direct probe for unoccupied bandstructure above the 
vacuum level : principles, results, implications in photoemission 

Chen, J. H. (Center for High Pressure Research , SUNY) 
High pressure and temperature research at the X178 of NSLS 

Saitoh, T. (Experimental Facilities Division I, IMSS, KEK) 
Angle-resolved photoemission study on the layered perovskite-type manganese oxides 

Hikosaka, Y. (Experimental Facilities Division I, IMSS, KEK) 
Dynamics of superexcited molecules 

Yamanouchi , K. (Graduate School of Science, Univ. of Tokyo) 
Ultrafast nuclear dynamics of molecules in intense laser fields 

Hodgson, K. (Stanford Synchrotron Radiation Laboratory, Stanford University) 
Protein crystallography with synchrotron radiation-from the early days to recent developments 

Fuj imori , A. (Graduate School of Frontier Sciences, Univ. of Tokyo) 
Photoemission spectra of high-temperature superconductors and related materials 

Troger, L. (HASYLAB, Germany) 
Nanocrystals and chemical reactions as studied by XAFS 

Hall , R. (DIAM, University Pierre & Marie Curie, France) 
New method for the study of dissociation dynamics of state-selected doubly charged ions: 
application to co; 

Kamimura, H. (Graduate School of Science, Science Univ. of Tokyo) 
Theory of high temperature superconductivity in underdoped cuprates unusual electronic-spin states 

Soejima, K. (Graduate School of Science and Technology, Niigata Univ.) 
Circular dichroism in the double photoionization of helium 

Nahon, L. (LURE and CEA/DRECAM/SPAM, France) 
The SUS high resolution/high flux VUV beamline with exotic polarizations at super-ACO :Why ? 
How ? and first results 

Liu , N. Q. (Tsinghua Univ. , China) 
Status of the TESLA project 

Hansen, J. E. (Dept. of Physics and Astronomy, University of Amsterdam) 
Photoionization in the iron group elements 

Koide, T. (Experimental Facilities Division I, IMSS, KEK) 
A phase transition from ferromagnetism to superparamagnetism and direct determination of 
interfacial magnetic moments in two-dimensional Co nanoclusters on Au(111) surface 

lkegami , H. (Uppsala Univ.) 
Coherent molecular system psn and scanning clustering microscopy 

Takatsuka, K. (Graduate School of Arts and Science, Univ. of Tokyo) 

April 3, 1998 

April 15, 1998 

May 15, 1998 

May15, 1998 

May 29, 1998 

June 8, 1998 

June 25, 1998 

June 26, 1998 

July 16, 1998 

July 24, 1998 

August 25, 1998 

August 11, 1998 

October 2, 1998 

October 9, 1998 

October 20, 1998 

October 22, 1998 

October 26, 1998 

October 30, 1998 

November 13, 1998 

December 4, 1998 

February 10, 1999 

Ultra fast dynamics of ionized states studies by angle-resolved pump-probe photoelectron spectroscopy February 19, 1999 

Ishihara, S. (Institute for Materials Research, Tohoku Univ.) 
Theory of orbital degree of freedom and its observation by x-ray scattering in magnetites March 12, 1999 
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25M 

Plan view of the experimental hall of PF storage ring. 

Plan view of the experimental hall of PF-AR. 
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Experimental Facilities 

Summary of Experimental 
Stations 

Table 1 List of Experimental Stations at PF Storage Ring 

Experimental Station 

BL-1 

A [NTT] Solid surface analysis 

B X-ray powder diffraction under extreme condition 

C Soft X-ray photoelectron spectroscopy (under construction) 

BL-2 (Undulator) 

A Soft X-ray spectroscopy 

C Soft X-ray spectroscopy 

BL-3 

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 

BL-4 

A Trace element analysis , X-ray microprobe 

81 Micro-crystal and -area structure analysis 

82 Powder diffraction 

C X-ray diffraction and scattering 

BL-6 

A 

B 

c 

Macromolecular crystallography by Weissenberg camera 

[TARA] Macromolecular crystallography by Weissenberg camera 

[TARA] Macromolecular crystallography by Weissenberg camera 

BL-7 

A [ RCS] Soft X-ray photoelectron spectroscopy 

B [RCS] Surface photochemical reaction and angle resolved photoelectron spectroscopy 

C X-ray spectroscopy and diffraction 

BL-8 

A [Hitachi ] Soft X-ray spectroscopy 

B [Hitachi] EXAFS 

C1 [Hitachi] X-ray lithography 

C2 [Hitachi] X-ray tomography and X-ray microscopy 
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Spokesperson 

Y. Watanabe [NTT] , A. Kakizaki 

Y.Murakami 

A.Kakizaki 

Y.Kitajima 

M.Watanabe 

M.Tanaka 

Y.Azuma 

H.Adachi, H.Kawata 

M.Ando 

H.Adachi , H. Kawata 

A.Iida 

K.Ohsumi 

M.Tanaka, K.Ohsumi 

Y.Murakami 

N.lgarashi 

N.Sakabe [TARA] , M.Suzuki 

N.Sakabe [TARA] , M.Suzuki 

H.W.Yeom [ RCS], K.lto 

H.W.Yeom [ RCS] , K.lto 

M.Nomura 

Y. Hi rai [Hitachi ] , A. Yagishita 

Y.Hirai [Hitachi] , A.Yagishita 

Y.Hirai [Hitachi] , A.Yagishita 

Y.H irai [Hitachi] , A.Yagishita 



Experimental Station 

BL-9 

A 

B 

c 

BL-1 0 

A 

B 

c 

BL-11 

A 

B 

c 
D 

BL-12 

A 

B 

c 

XAFS(under construction) 

[NEC] Photochemical reaction 

[NEC] EXAFS and X-ray toptgraphy/diffraction 

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 

BL-13 (Multipole weiggler/Undulator) 

A High pressure(under construction) 

81 Surface-sensitive XAFS, X-ray diffraction 

82 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 

C General purpose(X-rays) 

BL-15 

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

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

82 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 

Experimental Facilities 

Spokesperson 

M.Nomura 

I.Nishiyama [NEC] , M.Nomura 

H.Kimura [NEC] , M.Nomura 

M.Tanaka 

N.Usami 

K.Kobayashi 

Y.Kitajima 

Y.Kitajima 

A.Kakizaki 

A.Kakizaki , T.Saitoh 

A.Kakizaki 

K.lto 

M.Nomura 

T.Kikegawa 

T.Kikegawa 

T.Kikegawa 

E.Shigemasa 

S.Kishimoto 

K.Hirano 

K.Hyodo 

H.Kamikubo 

H.Kawata 

H.Sugiyama, H.Kawata 

K.Hirano 

H.Kawata 

Y.Murakami 

E.Shigemasa 

S.Komiya [Fujitsu] , A.Iida 

S.Komiya [Fujitsu] , A.Iida 

S.Komiya [Fujitsu] , A.Iida 

A.Kimura [ ISSP] , A.Kakizaki 

N.Watanabe 

T.Kikegawa 
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Experimental Station 

BL-19 

A 

B 

BL-20 

(Revolver undulator) 

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

[ ISSP] Spin-resolved photoelectron spectroscopy (SPLEED) 

[ ISSP] Soft X-ray emission spectroscopy 

A VUV spectroscopy 

B [AN BF] White and monochromatic beam general purpose X-ray station 

BL-21 [ Light Source Division] Beam position monitoring 

BL-27 (Beamline for experiments using radioisotopes) 

A Radiation biology , soft X-ray photoelectron spectroscopy 

B Rad iation biology, X-ray diffuse scattering 

BL-28 (Ell iptical multipole wiggler/Undulator) 

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

B Spectroscopy and scattering with polarized X-rays 

NTT 

TARA 

RCS 

ISSP 

ANBF 

Nippon Telegraph and Telephone Corporation 

Tsukuba Advanced Research Alliance 

Research Center for Spectrochemistry, Univers ity of Tokyo 

Institute for Solid State Physics , Univers ity of Tokyo 

Australian National Beamline Facility 

Table 2 List of Experimental Stations at PF-AR 

Experimental Station 

AR-NE1 (Elliptical multipole wiggler/Undulator) 

A 1 High resolution Compton and magnetic Compton scattering 

A2 Spectroscopy and scattering with circularly polarized X-rays 

B Spectroscopy with circu larly polarized soft X-rays 

AR-NE3 (Undulator) 

A Nuclear resonant scattering 

AR-NE5 

A Angiography and X-ray computed tomography 

C High pressure and high temperature X-ray diffraction 

AR-NE9 

B [Accelerator Department] Vacuum science and technology 
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Spokesperson 

A.Kimura [ ISSP] , A.Kakizaki 

S.Shin [ ISSP] , A.Kakizaki 

K. lto 

G. Foran [ANBF], K.Ohsumi 

T.Katsura [ Light Source Div. ] 

K.Kobayashi 

K.Kobayashi 

T. Koide 

T.lwazumi 

Spokesperson 

H.Kawata 

T.lwazumi 

T.Koide 

X.Zhang 

K.Hyodo 

T.Ki kegawa 

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 ( .6.E/E) X10 ' 

BL-4B1 2 Flat Double Bent Cylinder 6 - 21 0.5 x 0.3 8 x 10"/4mm' - 5 

Crystal Si(111) (8.3 keV , 

300 mA) 

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

Si(111) Focusing Mirrors 

Sagittal Focusing (Fused Quartz) 2 x 1 

BL-3C2/C3 2 Double Crystal 4, 5 

Si(111) 

BL-4A 6 Double Crystal None 4 - 20 50 X 4 - 2 6 

Sagittal Focusing 4 X 1 

BL-4B1 4.5 Double Crystal None 6 - 20 13 x 2 - 2 7 

Si(1 11) 

BL-4B2 4.5 Double Crystal Bent Cylinder 4 - 35 15 x 3 - 2 

Si(111) 

BL-4C 2 Flat Double Crystal Bent Cylinder 6 - 21 1.0 X 0.6 -5 9, 10 

Si (111) 

BL-6A 1.2 Bent Si(111) Bent Plane 5 - 25 2.5 x 1 11 

(a= o, 6.0°, 7.8°, 9.5°, Fused Quartz 

11.4°, 13.7°, 16.5°) 

BL-6B 1 Bent Si(111) Bent Plane 7 - 14 1.7 X0.2 12, 13 

Si Pt-coated 

BL-6C2 0.5 Bent Crystal Bent Plane 8 -33 5 x 5 4, 5, 12 

Si (111) Si Pt-coated 

BL-7C 4 Double Crystal Double Mirror 4 - 20 8 X 1 1 x 1 o'0/6mm' - 2 15- 17 

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 6 x 108/mm' -2 

Si(220), Si(111 ), (10 keV, 

Si(400) 300 mA) 

BL-9C 5 Double Crystal None 5 - 25 1 x 1 -2 

Si(111), Si(311) 4 - 23 

or white 

BL-10A 1 Si(111), Si(311) None 5 - 25 1Q X 3 50 18 

Quartz(100), - 5 

PG(002) 

Curved Si( 111) 

(a- 4°' 8° ) 
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Branch Acceptance Type of Mirror Photon Beam Size Photon Flux Energy Reference 
Beam line Horiz. Monochromator Enegy (H x V) at Sample Resolution 

(mrad) (keV) (mm) Position ( t.E/E) X10 ' 

BL-10B 2 Channel-Cut None 5 - 30 5 X 1 1 x 10'/7mm' 1 

Si(311) (10keV, 

300 mA) 

BL-10C 4 Double Crystal Bent Cylinder 4 - 10 2.4 x 0.6 1011/1.5mm' 2 

Si(1 11) (8 keV, 

400 mA) 

BL-12C 2 Double Crystal Bent Cylinder 6 - 23 0.65 x 0.4 5 x 10'0 -2 19 

Si(111) (8.0 keV, 
Si(31 1) 300mA) 

w.Si( 111) 

BL-13A 1 Double Crystal None 4 - 30 - 0.1 20 

Si(220) 

BL-13B1 /B2 4 Double Crystal Bent Plane 4 - 30 4 X 1 -2 20 

Si(111 ), Si(220) Fused Quartz 

Sagittal Focusing 

BL-14A 1.28 Double Crystal Bent Cylinder 2 21 

(Vertical ) Si (111) Pt-coated 5. 1 - 19.1 2x1 

Si (311) Fused Quartz 9.9 - 35.6 5 X38 

Si (553) 22.7 - 84.5 5 X38 

BL-14B 2.2 Double Crystal None 10 - 57 5 X 14 2 

(Vertical ) Si(11 1), 

BL-14C 1.3 Double Crystal None 5.5 - 70 6 X90 2 

(Vertical ) Si(111), Si(220) or white 

BL-15A 2 Bent Crystal Bent Plane, 8.0 0.5 x 0.25 9 x 10'0/6mm' - 10 22 

Ge(111) Fused Quartz (fixed) (8.0 keV, 
(a = 8.0° ) 150 mA) 

BL-15B1 /B2 2 Double Crystal Bent Cylinder 5 - 20 0.6 x 0.4 1011/1mm' -2 

Si (111) or white (8.0keV, 

350mA) 

BL-15C 2 Double Crystal None 4 - 30 60 X6 

Si (111) 

BL-16A 1 Double Crystal Bent Plane 4 - 25 1.3 x 0.4 - 1 x 1013 - 1 23 

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 24 

Si(111) 

BL-17C 1 Double Crystal None 5 - 13 20 X5 - 2 25 

Si(111) 
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Branch Acceptance Type of Mirror Photon Beam Size Photon Flux Energy Reference 
Beamline Horiz. Monochromator Enegy (H x V) at Sample Resolution 

(mrad) (keV) (mm) Position ( t,E/E) X10 4 

BL-18B 2 Double Crystal Bent Cylinder 6 - 30 0.6 x 0.4 1.1 x 1010 -2 26 

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 CDChannel Cut None 4 - 25 26 X 3 -2 27 

Si(111) 

@Double Crystal 

Sagittal focusing 

Si(111) 

BL-27B 4 Double Crystal None 4 - 20 100 x 6 -2 28 

Si(111) 

BL-28B H:4 Double Crystal Pre-mirror 2 - 10 2.4 x 0.3 1.9 3 29 

V:0.2 Si(111) Bent Cylinder Si(111) (at 6.3 keV) 

Si (220) Si 

lnSb(111) Pt- & Ni-coated 

Post-mirror 

Bent Plane 

Fused Quartz 

Pt- & Ni-coated 

AR-NE1A1 2 Double Bent None 40 - 180 2 x o.5 5 x 1012 8 28, 29 

(at 60 keV) (60 keV, 
Crystal Si( 111) 35mA) 

AR-NE3A1 H:0.3 Double Crystal None 5 - 295 15 X 2 4 X 103 2 32 

V:0.03 Si(111) (14.4 keV30mA) 
High-resolution 5 x 10·' 

Monochromator 8 - 26 

Nuclear Monochromato 1 x 10·' 

of Single Crystal 14.4 

" Fe,0 ,(777) 

AR-NE5A 10 Asym.Cut None 33, 52 150 x 150 5 X 108 60 33, 34 

Single Crystal (33.2 keV) 

Si(311 ), Si(511) 

(a= 4° - 6' ) 

Double Crystal 20 - 60 150 x 3 2 

Si (311) , Si(111) 

AR-NE5C 3 Double Crystal None 30- 100 60 X 5 1 35 

Si (111) 
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Table 4 VUV and Soft X-ray Beamline Optics 

Branch Acceptance OType of Grating Photon Beam Size Typical Resolving Reference 
Beam line Horiz. Monochromator Groove Enegy Power (E/ ti E) and 

Density Photon Flux (/s) 
(mrad) (I/mm) (eV) (mm) 

BL-2A K = 0.5 - 2.2 Double Crystal - - 1740 - 5000 < 1 ¢ 2000,8000 1 - 4 

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 5, 6 

Undulator A" = 6 cm Plane Grating 2200 1011 - 1010 

BL-3B 10 2 Grazing Incidence 200 10 - 280 <2¢ 200 - 3000 7, 8 

R =24 m a+ /3 = 165° 600 1012 
- 10' 

1800 

BL-7A 6 1 Plane Grating 1200 10 - 1000 2 x 1 500 9 

(RCS) 2400 

BL-78 6 4 1 m Seya-Namioka 1200 5 - 50 1 x 1 1000 10 

(RCS) 2400 

BL-SA SX700 2000 

(Hitachi) 0.5 1 Plane Grating 1221 38 - 2300 5 x 1 10'0 

BL-88 3 0.5 Double Crystal -- 1700 - 14000 1.9 x 0.5 5000 11 

(Hitachi) lnSb (111) , Si (311) 

BL-98 10 Plane + Toroidal -- -- 15 x 20 -- 12 

(N EC) Mirrors 

BL-11A 5 1 Varied-Line-Space 300 70 - 1900 2 x 1 500 - 5000 13 - 16 

Plane Grating 800 1012 
- 10' 

BL-118 4 0.6 Double Crystal -- 1760 - 3910 5 x 2 2000 17, 18 

lnSb (111 ), Ge (111) 1010 

8L-11C 4.8 3 1 m Seya-Namioka 1200 4 - 35 - 1 ¢ 1000 19 

BL-11D Grazing Incidence G, 20-280 

4 2 On-blaze Mount 2400 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 20 

R=2m a= 88° 10' 

8L-128 5 3.6 6.65 m Off-Plane 1200 5 - 30 2.5 x 105 21 - 23 --

Eagle 4800 10' 

BL-13C K = 0.3 - 4.2 Grazing Incidence 250 70 - 500 5 x 1 1000 - 6000 24, 25 

Undulator A" = 18 cm R = 50 m a+ /3 = 173.2° 1012 -10 10 

BL-168 K = 0.5 - 5.75 Grazing Incidence 400 1000 - 10000 

Undulator A " = 12 cm R =24m a+/3 = 168.6° 900 40 - 550 < 1 ¢ 26- 28 

2000 1012 
- 1010 

8L-17B 8 1 Toroidal Mirror 10 x 1 -- -- -- --
(Fujitsu) 
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Branch Acceptance Type of Grating Photon Beam Size Typical Resolving Reference 
Beam line Horiz. Monochromator Groove Enegy Power (E/ t. E) and 

Density Photon Flux (Is) 
(mrad) (I/mm ) (eV) (mm) 

Grazing Incidence 

300 1000-2000 

BL-18A 2 2 R= 3m 0: + /3 = 160° 600 7 - 150 < 1 ¢ 29 

(ISSP) 1200 1011 - 109 

R = 6.65 m 0: + /3 = 167.5° 500 

Grazing Incidence 

BL-1 9A K = 1.0 - 9.0 600 1000 

Revolver ). , = 16.4 cm R=2m 0: + /3 = 160° 1200 12 - 250 < 0.7 ¢ 30, 31 

Undulator K = 0.5 - 1.25 600 1012 

(ISSP) A, = 5 cm R=4 m 0: + /3 = 170° 1200 

K = 0.5 - 2.5 

BL-198 A, = 7.2 cm Varied-space 800 400-4000 

Revolver K = 1.0 - 5.0 Plane Grating 10 - 1200 < 0.5¢ 32 

Undu lator ). , = 10 cm 2400 1012 -1011 

(ISSP) 

BL-20A 28 5 3m Normal Incidence 1200 5 - 40 2 x 1 300 - 30000 33 

2400 1012 - 108 1012 
- 108 

BL-27A 5 0.5 Double Crystal - - 1800 - 6000 2000 34 

lnSb (111 ) 

Kx = 0.23 - 3 Grazing Incidence 

BL-28A 600 1000 

Helical Ky= 0.23 -6 R=2m 0: + /3 = 160° 1200 30 - 250 < 0.5 ¢ 35 

Undulator A, = 16 cm 600 10'0 

R=4m 0: + /3 = 170° 1200 

AR-NE1B Kx = 0.2 - 3 Grazing Incidence 1200 1000- 5000 

Helical Ky= 0.2 - 6 250 - 1800 - 0.8 x 0.2 36,37 

Undulator ). , = 16 cm R = 10m /3 = 89° 2400 1011 - 109 
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Table 5 Timetable of the Machine Operation in FY 1998. 
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2 Reconstruction and Upgrading of Beamline 

2-1 BL-1 B, a New Beamline for Diffraction Experiments 
at Low Temperature and/or High Pressure 

A new beamline, BL-1 B, was constructed during the summer 

shutdown in 1998. This beamline is designed for powder and single

crystal diffraction experiments in non-ambient conditions, such as low 

temperature and/or high pressure . A diffractometer with a curved 

imaging plate has been installed at BL-1 B to carry out diffraction 

experiments in the field of material science. Figure 1 shows top and 

side views of this beamline. 

The beameline consists of a monochromator and horizontal and 

vertical focusing mirrors. The monochromator is a fixed-exit type with 

double flat crystal, Si(111 ), which covers an energy range of 5 to 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 

IJSS 

VIM 

] 
20 25 3-0 35 



focused beam size was about 0.4mm (vertical) by 0.7mm (horizontal) 

in FWHM at E=10 keV. The measured shift of the beam position in the 

energy range of 8 to 18 keV was 0.4mm and 0.1 mm in the horizontal 

and vertical direction, respectively. The energy resolution is about 

!J. E/E = 5 x 1 o·•. The total photon number was measured by a 

normalized photo-diode. The energy dependence is shown in Table 1. 

We now have two projects in this beamline. One is for developing 

experiments at low temperature (10 K) and high pressure (50 GPa) 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. The other project is a crystal

structure analysis using a very small single crystal. Both projects are 

now going well. 

We thank the members of Suematsu and Fjii laboratory 

(University of Tokyo) for a collaboration in constructing of this 

beam line. 

Table 1: Energy dependence of the total photon number 

Energy (keV) 

Photon number (10 10
) 

2-2 BL-1C 

6.20 

2.2 

8.27 

7.9 

12.4 

7.7 

17.7 

2.7 

BL-1 C is the newest bending-magnet beamline of the Photon 

Factory, which was installed during the summer of 1998 and 

successfully commissioned during the fall-winter season of 1998. This 

beamline delivers high-resolution, high-flux photons with an energy of 

20 - 250 eV by a varied-line-spacing-grating monochromator. The 

major scientific project focused on is a study of exotic quantum-scale 

nanostructures (PF-PAC 9781-002 Quantum Nanostructure Project 

leaded by M. Oshima). The probe is based on a high-resolution angle

resolved measurement of the photoelectrons in valence bands (e.g . 
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Figure 1. 

Experimental band dispersions of the 

CDW-state 1 T-TaSe2. 

• 92 

band mapping and Fermi-surface mapping) and in core levels (e .g. 

photoelectron diffraction). The nanostructure samples will be 

fabricated in situ by molecular-beam epitaxy systems and also by in 

situ evaporation/reaction systems. 

At present, the commissioning of a high-speed automated angle

resolved photoemission system is underway along with the setting-up 

of a GaAs MBE system. In parallel , two preliminary photoemission 

projects have been undertaken; (1) a high-resolution photoemission 

study of the 2D charge-density-wave (CDW) phases of layered 

compounds 1 ital-TaSxSe2-x (x = 0 - 2) and (2) a high-resolution 

photoemission and photoelectron diffraction study of the interfaces of 

ultrathin Si oxides and Si(001) or Si(111 ). One of the major physical 

concerns for the 2D CDW systems is the interplay between the 

interlayer coupling and the electron correlation in the CDW states, 

which also depends on the chemical composition. As shown in Fig. 1, 

the band dispersions of 1 T-TaSe2 in its commensurate CDW state 

exhibit a substantial difference from that of 1 T-TaSe2, indicating the 

0 

0 

! 

I 

A L 
~-



absence of the Mott-Hubbard type gap for 1 T-TaSe2. Further 

systematic studies with detalied band- and Fermi-surface-mapping are 

underway together with high-resolution meassurements of site-specific 

screening and CDW shift in the Ta 4f core levels. 

On the other hand, Fig. 2 shows high-resolution Si 2p core level 

spectra for 5 A-thick Si02 oxides on Si(001) and Si(111) surfaces. 

These high-resolution measurements carry rich information on the 

chemical and structural aspects of the interface through the intensities 

and energy-shifts of the suboxide (Si 1
•, Si 2

• and Si 3
• ) components. 

Furthermore, the count-rate of Si 2p is an order of magnitude larger 

than the previous beamlines of Photon Factory, even in the angle

resolved mode. This high count rate, gained by the high photon flux 

and full multichannel-detector system, made possible fully angle

resolved photoelectron d iffraction measurements of Si 2p at a 

component-resolved level. The detailed photoelectron diffraction 

patterns of the suboxide components are measured at a wide energy 

range of h v = 110 - 270 eV, which will give quantitative information on 

the interface structures after proper analyses. 

Si 2p Ele = 50° 

Si0z1Si(001) 
hv = 130 eV 

5 4 3 2 1 0 
Relative Binding Energy (eV) 

_, 
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Figure 2. 

High-resolution angle-resolved Si 2p 

spectra for the 5 A -thickness Si02 oxides 

on Si(001) and Si(111) surfaces. 
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2-3 BL-3C2 for Characterizing X-ray Optical Elements 

A new x-ray station for characterizing x-ray optical elements 

started activity in October, 1998. It has two major objectives : the 

characterization of Si crystals that are in use for almost all x-ray 

optical components at each x-ray beamline and station and the other 

development of x- ray fluorescence microscopy by means of a Wolter 

mirror. The first is a project to research a very small strain in a Si 

wafer to be measured with a precision of Bd/d- 10·8 . Thus one may 

need very high-precision goniometers and their well -conditioned 

atmosphere. Also, the design and fabrication of various x-ray optics 

capable of revealing this strain is our task. The goal is clear: the 

provision of x-ray optics with any desirable photon energy resolution 

higher than 1 Q·7
, which may be very beneficial to high-energy 

~ 

resolution spectroscopy which can replace the Mossbauer line 

technique. By its product one can apply this technique to d-spacing 

measurements of some semiconductor materials, such as GaAs. By 

current x-ray fluorescent microscopy it is possible to observe the 

dynamic behavior of materials with a spatial resolution of a few 

microns in the near future. 

2-4 BL-6C 

BL-6C has been constructed as a beamline for monochromatic 

macromolecular crystallography using an automatic Weissenberg 

camera [1 ]. 

The beamline consists of a Platinum-coated bent-plane Si single

crystal mirror and an asymmetrically cut Si(111) monochromator 

(Figure 1). The mirror and the monochromator are located at 20.5 m 

and 26.5 m from the source, respectively. The monochromator is 

located in an experimental hutch. 



To change the critical wavelength, the glancing angle of the mirror 

is tunable between 3 and 6 mrad. A rotated-inclined focusing 

monochromator[2] is equipped to provide a focused beam over a wide 

wavelength range by the simultaneous tuning of the asymmetric factor 

and the radius of curvature. 

The specifications of the optics are as follows: 

Mirror: 

Type: 

Materials: 

Size: 

bent plane 

platinum-coated (1000 A) Silicon 

1000 x 100 x 50 mm 

Radius of curvature: 3.66km 

Glancing Angle: 3 - 6 mrad 

Monochromator: 

Type: Rotated-inclined focusing monochromator 

Material: Si(111) 1 mm wafer 

Base: 

Maximum asymmetric angle : 

Maximum radius of curvature : 

Available Wavelength: 

Copper 

19.14 ° 

45.05m 

o.9A-1.sA 

Installation of the mirror was completed during the summer 

shutdown of 1998. Installation of an automatic Weissenberg camera 

and a monochromator is in progress. The beam line will be opened for 

general users in April, 2000. 

*BL-6C was constructed as a beamline for the Tsukuba Advanced 

Research Alliance(TARA) . 

Pt-coated 
rrirror BL6B hutch 

BL&.. hutch \ 
.. 

I I \ 
slit down slit 

beam 
stream 
shti:ter rrnritor 

20 25 

Figure 1. 

Plan view of BL-6C 
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3 New Instrumentation 

3-1 Soft X-ray Emission Spectrometer at BL-2C and BL-
198 

Soft x-ray emission spectrometers were installed at undulator 

beamlines BL2C and BL 19B. They are used from 350 to 1200eV at 

BL-2C and from 65 to 600eV at BL 19B. An experimental system at 

BL-2C was constructed in order to measure the polarization 

dependence of soft X-ray Raman scattering, while that at BL-19B can 

be measured only at depolarized configuration. Each system consists 

of an analyzer chamber and a sample-preparation chamber. The 

analyzer chamber is equipped with a soft X-ray emission spectrometer 

(sxes) and a commercially available photoelectron spectrometer, 

(a) (b) 

Figure 1. 

Experimental Facilities 

New Instrumentation 

!
SXE 

Em 

Side view of the spectrometer at BL-2C. (a) In the depolarized configuration , the electric fields of SXES rotates from 

that of the incident light, while (b) the polarized configuration has the same polarization as that of the incident light. 

The insets show the polarizations of the incident photon (E;n) and that of the SXES (EsxE). 
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Figure 2. 

Energy resolution ( /J. E) for three gratings 

obtained by ray tracing with a 10 µ m slit 

width. The curves are labeled with the 

ruling density (I/mm) and grating radii 

(mm) . 
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which enables us to calibrate the incident photon energy and the 

SXES spectrometer. Samples can be cooled down to 15 K using a 

manipulator with a He-refrigerator. 

Figure 1 shows a front view of the system at BL-2C. The analyzer 

chamber can be rotated by go· together with the spectrometer and 

the photoelectron analyzer around the axis of the incident photon 

beam, where the rotation center is located at the sample position. The 

analyzer chamber is sealed with two differentially pumped rotary feed

throughs, and is connected with the sample-preparation chamber. 

The sample-preparation chamber has a small air-lock chamber to 

insert many samples from the atmosphere. In a beamline BL-2C, the 

electric field of the incident photon is polarized in the horizontal plane. 

When the SXES is measured by the 'depolarized' configuration, as 

shown in Fig.1 (a) , the polarization of the SXES rotates by go• from 

the polarization of the incident light. On the other hand , when the 

SXES is measured by the 'polarized' configuration , as shown in 

Fig.1 (b) , the polarization of the SXES contains the same polarization 

as that of the incident light. The spectrometer uses the Rowland circle 

geometry on which an incidence slit , gratings, and a detector are 

located . The slit is located 10 mm apart from the sample . The 

available slit widths are 10, 20, 50, 100, and 300 µ m. The distance 

between the slit and the grating is the same for each grating . The 

detector is positioned tangentially on the Rowland circle by the three

axis control of two translations and one rotation using pulse motors. 

Three laminar-type holographic spherical gratings have been 

prepared. We can choose two gratings according to the desired 

energy range in a spectrometer at once. Two gratings are changeable 

in a vacuum . In order to compensate for any distortion of the slit 

image, a two-dimensional multichannel plare (Mcp) detector is used. 

To increase the quantum efficiency of the detector, we have adopted a 

wire in front of the MCP, whose surface is coated by Csl. Figure 2 

10.000 
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1.000 
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~ 
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shows the energy reso lution calculated by ray tracing when a 10 µ m 

slit width is used. The spot size on the sample is 8µmX100 µ m at 

BL-2C. An energy resolution of 200 meV can be reached at 700 eV 

by using a 7m-radius grating, and 40meV can be reached at 200eV by 

using a 5m-radius grating. 

The experimental system at BL-19B is simi lar to that at BL-2C. 

However, the spectrometer is much longer than that of BL-2C. The 

dispersion at the detector is much larger by about four times. A one

dimensional and much longer position-sensitive detector is used. 

These differences are due to the used photon energy region and the 

spot size at the sample. 

Figure 3 shows the V2p-SXES spectra of V2Q3 as an example. 

The SXES is very sensitive to the quality of the light source. The 

resolution becomes improved by using a more brilliant light sou rce 

from PF. By using a 20- µ m slit width , a resolution of about 0.5 eV is 

obtained at 550 eV. 

Experimental Facilities 

Figure 3. 

Comparison of the SXES spectra of V,0
3

. 

(a) and (b) were measured under high

emittance operation of the PF in 1997. (b) 

was measured by using second-order light 

of the SXES spectrometer. (c) was 

measured under low-emittance operation 

of the PF in 1998. 

-15 -10 -5 0 

Raman Shift (eV) 

3-2 New Powder Diffractometer with a Multiple Detector 
System at BL-482 

Parallel-beam optics using synchrotron radiation enabled us to 

attain an angular-resolution of less than 0.01 ° in powder diffraction . 

With increasing the angular resolution, however, a serious problem 

occurred. It was the prolonged time required for step-scanning an 

entire powder pattern with a single counter. It would take, for example, 

-3 days to complete a scan in a 2 e -range of 5-155° at a step interval 
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Figure 1. 

Multiple detector system (MDS) at the BL-

482 experimental station. 
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of 0.002° and a counting time of 2s at each step (plus the time 

required to move the counter system to the next step by 1.5s). It was 

therefore urgent to improve the cost-performance of synchrotron 

radiation experiments for high-resolution powder diffraction . One 

solution was to build a multiple-detector system (hereinafter called 

MDS). 

A diffractometer design was developed for satisfying two 

requirements : one was to measure the profile intensity by step 

scanning using a point counter; the other was the capability to employ 

a flat-specimen reflection geometry. Step-scanning with the point 

counter coupled with a crystal analyzer was considered to be the best 

choice for obtaining high-angular resolution and a good signal-to-noise 

ratio. Another important thing is that we can estimate errors in a 

measurement based on counting statistics . The flat-specimen 

reflection geometry was primarily important for obtaining a high 

counting rate and for future applications to thin-film diffraction. This 

geometry could be incorporated into the MDS by adopting an 

asymmetric 2 e -scan mode at a fixed incident angle. Figure 1 shows a 

recent photograph of the MDS set on a two-axis diffractometer. Six 



counter arms are attached radially at intervals of 25° to the 2 e -axis. 

The optical elements of the individual arms consist of Soller slits, a 

flat-crystal analyzer and a scintillation counter. Ge(111) or Si(111) 

crystals are presently available to the analyzer crystal. The sixth arm 

on the high-angle side has a sufficient length to equip long horizontal 

parallel slits with an angular aperture of 0.032 or 0.065°. A capillary 

specimen can also be used in place of a flat specimen holder. Six data 

sets are output from the MOS. Single data sets can also be output if 

we use the fifth or the sixth arm as a single counter system. 

Beamline BL-4B consists of a bending-magnet light source, a 

double-crystal Si(111) monochromator, a Rh-coated cylindrical mirror 

for focusing the beam in the horizontal direction and the MOS. The 

MOS is presently installed at a distance of 29.5m from the light source 

in the BL-4B2 experimental station. With the aid of a computer

controlled system, a wavelength can be easily chosen by entering the 

value of the wavelength in the range of 0.65-2.5 A from a key board, 

and a second crystal of the monochromator can be automatically 

tuned. 

The angular-resolution of the observed diffraction pattern is our 

chief concern. Figure 2 shows the variations of the full-width at half

maximums (FWHM) of the observed profiles of Si powder as a 

function of 2 e measured with the beam at a wavelength of 0.7 A. A 

compromise of the angular resol ution with the diffracted intensity is 

unavoidable. Spending 3s at each step for scanning a whole powder 

pattern, however, could give the angular resolution shown in Figure 2 

and the maximum counts, for example, of 80,000 for a -Si3N4 that is a 

ceramic material consisting of light elements (in this case the 

wavelength was 1.2A). 

0.08 ~------------------

0.06 
flat specimen • • 

0 

0.02 

¢ = O.lmm 

0.00 ~-~-~---'-----'----'l __ ..J..__...._l_ _ __J 

20 40 60 80 

20 I 0 

Data processing is an important step which transforms raw 

intensity data into a data set that can be used in currently available 

computer programs for powder data analysis, such Rietveld 

refinement. After data collection, it is necessary to combine the profile 
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Figure 2. 

Variations in the full-width at half-maximum 

(FWHM) of Si powder with 2 e . The plots 

on the top line are the FWHM measured in 

flat-specimen reflection geometry and the 

remaining ones in capillary transmission 

geometry (wavelength was 0.7 A) . 

101 . 



Experimental Facilities 

• 102 

intensity data sets in six blocks into a data set of the entire powder 

pattern. At present, we have written a computer program for least

squares fitting to combine successively two patterns in adjacent 

blocks. The· differences in the background height, intensity scale and 

peak-positions between the two blocks can be adjusted . 

Structure refinement is one of the goals of our experiments. The 

accuracy of the structural parameters derived from a Rietveld 

refinement is of great concern. A new weight function to be used in the 

minimization function for a Rietveld refinement has been proposed. It 

has the form w = Ya·e with e ;:::::; 2 (Yo : observed profile intensity) , and 

works to reduce the weights for strong and sharp peaks with high 

uncertainty in profile modeling and to increase relatively the weights 

on the weak intensities of the higher-order reflections. Recent studies 

have shown that 1) sufficient sin e I) -range, 2) adequate counting 

statistics, 3) simple profile shape for easy modeling, 4) high-resolution 

diffraction data and 5) proper weighting on observations are equally 

important for obtaining accurate structural parameters in a Rietveld 

refinement. Synchrotron-radiation powder diffraction has a high 

capability to provide the former four factors. 

3-3 Fully Automated Weissenberg Camera at BL-6C 

We are developing a new type of automated (on-line) data

collection system (Sakabe, et . al. , J. Synchrotron Rad. 4, 136-146 

(1997)) . This system consists of a Weissenberg-type camera, an 

imaging-plate reader equipped with 5 reading heads which will be set 

at intervals of 90mm, an imaging-plate eraser, and a cassette 

transportation table, as shown in Fig.1. One large-size imaging plate 

(2513mm x 450mm) is fixed onto the inside of a movable cylindrical 

cassette. The cylindrical cassette has 36 small rectangular holes at 10 

deg . intervals along the circumference of the cylinder. A primary X-ray 

beam passes through one of the holes and is diffracted by a sample 



crystal. The exposure area on the imaging plate can be selected by 

adjustable screens. After the first frame has been recorded, the 

cassette is rotated to set the second frame recording. The exposed 

area can be selected from 10 deg. to 180 deg. at 10 deg. intervals. 

We have already made the mechanical parts and installed then at BL-

6C ; however, the control parts and the data-processing software will 

be made in FY1999, and will be available to users in FY2000. 
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3-4 New Compact Spin Detector at BL-19A 

eraser 

Spin- and angle-resolved photoelectron spectroscopy has been of 

increasing importance as a feasible experimental technique to obtain 

direct information on the spin-dependent electronic structures of 

magnetic and non-magnetic materials. These experiments are 

achieved in combination with two measurements: angle-resolved 

photoemission and electron-spin polarization. For electron spin

polarization measurements, many kinds of spin-detectors have been 

developed utilizing various spin-dependent electron -scattering 

processes. Among them , the Mott scattering process is one of the 

most widely used methods to measure the electron-spin polarization . 

In the conventional-type Mott detector, the electron detectors and the 

target are kept at a high voltage of about 100 kV in a vacuum to obtain 

a large value of the Sherman function , and hence large efficiencies of 

the spin detector. Since electronic equipment, e.g . amplifiers, 

discriminators, electron counters, etc. , are preferable to be operated 

near to the ground potential and to be outside of the vacuum chamber, 

the electric insulation is strenuous, and this kind of polarimeter tends 

to have a large size [1 ]. On the other hand, in the retarding-potential 

Mott polarimeter, detectors for scattered electrons could be operated 

near to the ground potential and the entire system could be made with 

a very compact size. Because of its high efficiency, good stability, 

small size and possibility for self-calibration, the retarding-potential 
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Figure 1. 

Plan view of the automated data collection 

system in the BL-6C hutch . 
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Mott polarimeter has become one of the most widely used electron

spin polarimeters, and an efficiency of 1.6 x 1 o·• has been achieved 

with a size of about 10 cm . In this article, we present a new compact 

size retarding-potential Mott polarimeter with high efficiency, which 

could be easily attached to an electron energy analyzer and used to 

measure the spin- and angle-resolved photoemission spectra [2]. 

When we design a retarding-potential Mott polarimeter with high 

efficiency, we must know not only how the effective Sherman function 

and the scattering intensity depend on the target thickness and the 

scattering angle , but also the dependence of the effective Sherman 

function and the scattering intensity on the energy loss windows. The 

energy-loss window is the inelastic energy-loss that an electron can 

suffer and still reach to the electron detector. We have carried out 

Monte-Carlo calculations on the spin-dependent scattering process for 

50 keV electrons incident on a gold target [3], and obtained the 

dependence of the effective Sherman function and the scattering 

intensity on the target thickness and inelastic energy-loss windows for 

various scattering angles. We have found that the scattering intensity 

takes its maximum at a scattering angle of about 120° , and when the 

inelastic energy-loss window is larger than 1200 eV the effective 

Sherman function is almost constant over a wide range of scattering 

angles. This enables us to design a Mott scattering spin detector 

while setting the electron detectors at a position of 120° ; the larger is 

the collection angle for scattered electrons, the higher is the efficiency 

of the Mott polarimeter. 

The new spin detector has been intended to be connected with a 

hemispherical electron energy analyzer to measure the spin- and 

angle-resolved photoemission spectra; also, the polarimeter consists 

of three parts of electron optics : a transport lens, a focus lens and 

retarding optics (Figure 1 ). The most crucial thing in designing a 

retarding-potential Mott polarimeter is the retarding optics for the 

scattered electron beam. Utilizing the electron optics-program, the 



most reliable design of the retarding optics was determined. 

Schematics of the Mott polarimeter are shown in Fig . 2 . We 

measured the scattering intensity of our polarimeter as a ratio of the 

incident electron intensity to the scattered electrons intensity counted 

by the detectors. The scattering intensities of different energy-loss 

windows at 20, 25 and 30 keV operating voltages are shown in Fig . 

3(a) , and the obtained efficiency of the polarimeter is shown in Fig . 

3(c). A maximum efficiency of (1 .9 + 0.2) x1 o·• was obtained for a 25 

keV operating voltage and a 800 eV energy- loss window. The 
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Figure 1. 

Schematics of a new spin- and angle

resolved photoelectron spectrometer 

installed in BL 19A. The new compact 

spin detector is connected to the 

hemispherical electron energy analyzer. 

Figure 2. 

Retarding electron optics of the new spin 

detector. 

105 . 



Experimental Facilities 

Figure 3. 

Measured scattering intensities (a), 

effective Sherman function (b), and 

efficiency (c) of the Mott polarimeter for 

different energy-loss windows working at 

20, 25 and 30 keV. 
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corresponding scattering intensity and the Sherman function are (9 .7 

+ 0.2) x 10·3 and 0.14 + 0.01, respectively. Our result concerning the 

efficiency is slightly larger than the largest efficiency reported by using 

a thorium target. Since the atomic weight of thorium is greater than 

that of gold, by replacing the target from gold to thorium the effective 

Sherman function and the scattering intensity will increase by 1 O -

20% and 15%, respectively. Hence, the efficiency of the new spin 

detector will increase to 2.9 x 1 Q·4 by using a thorium target. 

The new spin- and angle-resolved photoelectron spectrometer 

opened for general users in April 1998, and is used not only at BL 

19A, but also at BL28A, utilizing undulator radiation with an elliptical 

polarization. 
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4 Slow Positron Facility 

We relocated our slow-positron facility to the 1.5-GeV point of the 

KEKB J-linac. The slow-positron generator linac (TEST LINAC) will 

soon be put into commission . The new experimental hall is now in its 

construction period. Experiments such as 1) beam two-dimensional 

angular correlation of annihilation radiation (20-ACAR) 

measurements, 2) beam time-of-flight (TOF) experiments and 3) 

positron microscope will be performed in this hall. A schematic view 

of the new experimental hall is shown in Fig. 1. Here we describe the 

new experimental method: a conventional positron-annihilation 

method with the newest slow-positron beam. 
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When positrons are injected into a solid , they come to rest very 

quickly. The momentum distribution of the electrons can be 

determined by observing the two annihilation y -rays. The y -rays 

emerge exactly 180 degrees apart in the frame of reference where the 

annihilating positron-electron pair is at rest. Since the electrons inside 
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Slow Positron Facility 

Figure 1. 

Schematic view of the new 

experimental hall in the 

electron-positron linac building . 
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Figure 2. 

Schematic of the two-dimensinal angular 

correlation of annihilation-radiation (20-

ACAR) measurements. 
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the sample are moving , their moment must be carried away by the y -

rays in order to conserve the total momentum of the system. The 

result is that in the laboratory frame of reference the y -rays actually 

emergy at an angle that deviates slightly from 180 degrees (Fig . 2). 

The mean angular deviation indicates the average moment of the 

electrons encountered by the positrons within the sample. The shape 

of the angular deviation, that is, the scatter of the angular values 

around the average deviation, reveals details of the electronic 

structure in the substance where the positrons are annihilated. 

The Momentum to be conseNed 

Position sensitive detector 2 

Two-dimensional angular correlation of annihilation radiation (20-

ACA R) measurements combined with the slow-positron beam 

technique provides us with useful information about the surface , 

defects near to be surface, the interface, positron and/or positronium 

diffusion in materials, and so on from the aspect of the momentum 

distribution . The essential parts in the 20-ACAR apparatus are a pair 

of position-sensitive y -ray detectors. The sizes of the small BGO 

crystals are 2.2 x 2.2 x 15 mm3
. The crystals of 25 x 21 pieces are 

arranged in 2.4 mm pitch and optically coupled to a position-sensitive 

photomultiplier tube (PS-PMT) , a Hamamatsu R3941 , which has a 

rectangular sensitive area of 60 mm x 55 mm. The position signals 

from the anodes are converted into voltage signals by preamplifiers in 

the photomultiplier bases, and are fed into a CAMAC 16-channel 12-

bit analogue-to-digital converter (ADC) which is controlled by a 

personal computer (PC). The outputs from the reflecting plane (last) 

dinodes of the PS-PMTs, after being amplified by fast preamplifiers in 

the photomultiplier bases, and energy selected by the discriminators, 

are used to take coincidence between the two 511 keV y -rays. The 

rise time of the outputs of the fast preamplifiers is - 30 ns. About 30 

coincidence counts per second can be obtained with a momentum 

resolution of 1 .2 x 10·3 me if the 108 slow-positrons per second are 

available. 



We have measured the time-of-flight (TOF) spectra of 

orthopositronium (o-Ps) emitted from Si02 surface [1] , and 

demonstrated the surface sensitivity of positrons. The above 

mentioned 20-ACAR equipment combined with positron beams will be 

a powerful tool to investigate surface electronic structures. 
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5 PF-AR Project 

5-1 Experimental Facilities 

In 1998, we constructed a new experimental hall (North

Experimental hall) for a time-resolved protein-crystallography 

beamline, as described in the previous Photon Factory Activity 

Reports. Briefly, the components of the front ends for the beamline; 

(fixed mask, heat absorber, beam shutter, graphite heat absorber and 

Be windows), are being designed and are to be prepared by the end 

of March, 2000. 

In 1998, an operation peried for SR was carried out from April 9 to 

June 13. Several experiments, such as Compton scattering, 

development of a high-precision monochromator system using 

nuclear-resonant Bragg scattering, development for medical 

applications and X-ray diffraction under high-pressure environments 

were carried out. Although the operation was satisfactory for some 

experiments, the single-bunch purity was not satisfactory for the users 

of nuclear resonant Bragg scattering. The problem was caused by 

the following two reasons: first was the system itself for the single

bunch purifier; the other was the absence of a bunch-monitoring 

system. At a shut-down period, a new beamline, NE5B, the system 

for monitoring single-bunch purity and X-ray beam position were 

constructed in the North-East experimental hall. As shown in the next 

section, we satisfied the single-bunch purity, which was better than 10·6 , 

after these improvements. 

5-2 Light Source 

After recommissionig the PF-AR in March, 1998 , routine 

operation for SR users was carried out from April 9 to June 13. In 



order to ensure construction of the beam-transport line for the KEK B 

Factory, injection of the beam into the ring could not be performed 

during the time zone from 9:00 to 21 :00 on weekdays. Since the PF

AR was left as it was for more than one year, we encountered several 

problems, especially in the vacuum system. A problem involving 

single-bunch operation was also serious. Although the PF-AR is 

planned to be a single-bunch machine, the single-bunch purity was not 

satisfactory for users during this period. 

After shutdown of the ring , several improvements were carried 

out . Concrete walls and a ceiling for radiation shielding were 

constructed in the North experimental hall in order to ensure a higher 

stored beam current. The shielding between the South experimental 

hall and the ring tunnel was also reinforced . A new single-bunch 

purifier, a selective RFKO system, was tested in the 2.5-GeV PF ring 

and installed in the PF-AR; also a new beamline for purity 

measurements was constructed . The purity of a single bunch with the 

new system was better than 10·6 . Superannuated components of the 

vacuum system were repaired and reinforced during the shutdown 

period. 

As described in previous Photon Factory Activity Reports , we 

have a plan to reconstruct the present ring , which was originally 

designed as a booster of TRISTAN, in order to make it suitable as a 

dedicated X-ray source. As improvement of the vacuum system during 

the FY1999 has been approved , and a task force to refine the design 

as well as the schedule of the project has been organized. The main 

parameters and the lattice of the proposed ring are given in Table 1 

and Figure 1. 

The authors would like to express their appreciation to members 

of the Accelerator Laboratory, who have been supporting us to 

maintain the over-age machine and to revive it. 
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Lattice of the PF-AR 
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Table 1 . Maximum Ener!!v ErGeVl 6.0 

Main parameters of the proposed PF-AR. Lattice Tvoe FODO 

Betatron Phase Advance HN fde"l 140/60 

Suoeroeriodicitv Ns 4 

Bending Radius or ml 17.825 

Bendine- Stren!!th BfTl 1.122 

Circumference c rm] 377.26 

Enere-v Loss oer Turn UolMeVl 6.432 

Natura l Emittance EOlnmradl 162.9 

Natural Ener!!v Snread <JE 0.00108 

Momentum Comoaction a. 0.00702 

Betatron Tune v x/vv 12.45/6.30 

Radiation Damnin!! Time 'tx/w/'rzf msec 1 2.35/2.35/1.18 

Revolution Freauencv frev rMHzl 0.794657 

RF Voltarre VRFrMVl 15 

RF Freauencv frf rMHzl 508.58 

Harmonic Number h 640 

Svnchrotron Tune VS 0.0423 

Bunch Len!!th crzfmml 12.11 

RF Bucket Height (60/o)RF 0.0122 
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1 PF Storage Ring 

1-1 Operations 

1-1-1 Summary of the Operations 

The PF electron storage ring was operated satisfactory without 

any serious problem according to the operation schedule through the 

1998 fiscal year. On May 13 1998, we started high-brilliance operation 

for user runs with an emittance of 37 nm-rad. The beam lifetime 

increased according to the improvement of the vacuum pressure, and 
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we changed beam injection from three times to two per day in an 

autumn run. The product of beam current and beam lifetime, Ir 

reached 750 A-min. in December, 1998. 

We found that the beam profile was slightly twisted due to XY

coupling; a user group also pointed out that an expected vertical 

emittance was not obtained. We corrected the beam twist in 

January, 1999, and the vertical beam size was reduced as expected . 

However this shortened the beam lifetime, I r to about 500 A-min . The 

Ir trend is shown in Fig.1. In January and February runs of 1999 we 

experienced much trouble with the beam-injection efficiency because 

of a lack of reproducibility of the injecting conditions of the Injector 

Linac. 

A new single-bunch purification scheme was tested for single

bunch operation in the high-brilliance mode and was successfully 

adopted in a user run . For 3.0-GeV operation , we studied the 

acceleration and deceleration in the high-brilliance mode . New 

operating conditions were used in user runs. 

The control system was replaced in March , 1999. The new 

system comprised workstations and networks with a data-channel. It 

works well, and we can thus access the data-channel and use many 

kinds of operation data with a time stamp very easily. 

The operation statistics are shown in Table 1. The total operation 

time was over 4464 hours and the scheduled user time for 

experiments was about 3560 hours. This means that the scheduled 

user time increased by more about 1000 hours during this fiscal year 

82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 

Fiscal Year 

Figure 2. Operation times of the storage ring 
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compared to 1997 (Fig . 2) . The net user time was 3254 hours. Most of 

the operation mode was the multi-bunch mode at 2.5 GeV with a 

superconducting vertical wiggler; additionally a 3.0-GeV single-bunch 

mode was adopted. The interval between injections was 11.7 hours for 

multi-bunch operation and 7 hours for single-bunch operation . The 

integrated beam current in the net user time was 1007 A-h , and the 

average beam current was 314.6 mA (Fig. 3) . The failure time was 

about 1.2% of the total operation time (Fig . 4) . The statistics show 

successful operations in the PF. 
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Figure 5. 

Pictures of the beam profile measured at 

BL27 are shown. The top one is the profile 

before a coupling correction and the 

bottom after a correction . 
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Table 1 Statistics of the storage ring operation during fisical year 1997 

(from Apr. 1997 to Mar. 1998) 

Ring Operation time (hours) 

Scheduled user time (hours) 

Net user time T (hours) 

Time used for injection (hours) 

Integrated current in T (A • hours) 

Average current in T (mA) 

Number of injections 

Interval between injections (hours) 

1-1-2 Coupling Correction 

Multi-bunch Single-bunch Total 

3624.0 

2328.0 2328.0 

2187.0 2187.0 

94.0 94.0 

626.0 626.0 

300.1 

215 215 

10.2 

The XY coupling and the vertical dispersion were corrected so as 

to reduce the vertical beam size and divergence by the following 

method developed at NSLS [1] . Additional windings on 14 sextupole 

magnets were utilized to produce skew quadrupole fields for the 

correction. The field strength of each sextupole was determined so as 



to minimize the vertical displacements of the orbit produced by 

horizontal kicks of each horizontal steerer and the vertical dispersion . 

Reduction of the Touschek lifetime was observed, which suggested a 

reduction of the vertical beam size by a factor of 0.6-0.7. This was 

consistent with a direct measurement of the beam profile at BL27, 

shown in Fig. 5. In January, 1999, user runs with improved XY 

coupling were started. Improvements in user experiments are 

described elsewhere in this report. 
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1-1-3 3.0-GeV Operation 

Since last October, we have tried to accelerate beams up to 3.0 

GeV in high-brilliant optics (E x = 50 nmrad) to supply much harder x

rays . Although we experienced 3.0 GeV operation before the high

brilliant project, the control system of the magnets was renewed and 

became more complex. Moreover, the operating point of the betatron 

tunes was different from the previous one. Thus, we needed to search 

a new tracking pattern of the acceleration and deceleration between 

2.5 and 3.0 GeV around the new operating point of the high-brilliant 

optics . Using a real-time tune measurement system we found a 

tracking pattern which enabled us to avoid beam loss by dangerous 

resonance during acceleration and deceleration more easily. Figure 6 

shows the measured betatron tunes of the tracking pattern on the tune 

Tune Diagram I== 50 (mA) 
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Figure 6. 

Measured betatron tunes during 

acceleration and deceleration between 2.5 

and 3.0 GeV are displayed on the tune 

diagram. The red closed circles are for 

acceleration and the blue open circles are 

for deceleration . The solid lines show the 

resonances. 
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Server 

diagram at a stored current of 50 mA. The strong resonances which 

cause the beam loss were the third resonances of u x +2 u Y = 18, 3 

u x=29 and 3 u y = 13. We could maintain the betatron tunes inside a 

triangle of the strong resonances. We then succeeded to accelerate a 

stored beam of 200 mA in a multi-bunch mode and 70 mA in a single

bunch mode, respectively. The optical functions and beam orbit at 3.0 

GeV were almost the same as those at 2.5 GeV. The lifetime was 

more than 60 hours at a current of 200 mA in the multi-bunch mode. 

As a result , 3.0 GeV user runs were smoothly performed for about one 

week last December. 

1-1-4 Renewal of Control System 

1-1-4-1 General Description 

A renewal of the PF ring control system has been completed . The 

replacement was gradually performed for about one and half years 

while keeping the storage ring in operation . At first , the new control 

system of the magnet power supplies was commissioned in October, 

1997, just in time for operation with the new low emittance optics. The 

new system for the RF control started operation in January, 1999. The 

details will be described in the next subsection. Then, replacements of 

several remain ing systems were completed and the mini-computers of 

old system were entirely removed in March , 1999. Figure 7 shows an 

overview of the new control system. There was a need to update the 

control system so as to match recent computer technologies. As a 

guiding principle of renewal , we decided to inherit the hardware and 
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Server WWW 

Workstations as Control Engine for DC h Server 

Firewall 

Publi c Network 

Operator Console 

Figure 7. Overview of the new control system. 



software properties from the old system as much as possible . For 

example, CAMAC interfaces, which were used on a large scale mainly 

in the RF and the magnet power supply system, were left unchanged. 

Also, the CAMAC server systems were newly developed using a PC 

(or VME) which serves network-wide access request for the CAMAC 

system. Service routines for the devices, such as CAMAC or GPIB, 

were developed while maintaining compatibilities with those of the old 

system . Thus, the software plugs to those devices were entirely 

unchanged, which was very helpful to convert programs of old system 

to those of the new one. 

One of the key elements of the new system is a network. We 

constructed a private network system, which was dedicated to the 

control system and was separated from a public network by a firewall. 

A dedicated network was required to supply enough traffic capacity 

and to protect the control system from illegal access, which may 

cause serious damage to operation of the ring . The backbone of the 

network is an ATM (155Mbps) . Twelve switching hubs, each having 

twelve 10BASE-T ports, are connected to an ATM switch. About 90 

hosts are connected to the network at the moment. 

For recent control systems, it becomes very important to realize 

an easy and effective communication method between the host 

computers widely distributed on a network. A Data channel server 

system (DCh) was developed as such a communication system [1 ]. 

The DCh is a kind of bulletin board with many labeled entries, each of 

which keeps single or dimensioned data. Application programs can 

access the DCh as if it were shared memories extended over a 

network by using few simple service routines , never minding 

troublesome affairs on a network. Although the DCh has no 

synchronization mechanism in reading or writing data, its function is 

sufficient in almost all control scenes. Usually about a hundred client 

processes maintain connection with the DCh. 

One of goals of the new control system is to provide excellent 

HMI for operator consoles , introducing recent fruits on a GUI. New 

operator consoles were prepared based on an ordinary multi-window 

system with a screen and a mouse. Though console equipments are 

very different from those of the old system, a simple and easy method 

to handle HMIAfs was developed [2]. Control screens are developed 

on a PC (or a workstation) using GUI tools independently of control 

processes, themselves. Mediator processes were prepared on a 

console PC to mediate between console processes and control 

processes. Thus, application programs for controls can communicate 

with control screens through the network, only by using several simple 

service routines . 
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Server Computer 

Data 

1-1-4-2 RF control system 

Equipment of a RF system had been controlled by using an old 

minicomputer (83500 from Fujitsu Ltd.) through CAMAC and GPIB 

interfaces. Incorporating modern computer technology, this system 

was renewed during 1998. The new control system is outlined in Fig. 

8. The old software for RF control was converted into several software 

programs, which fit for a new workstation. Eleven such processes run 
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Figure 8. Configuration of the new RF control system. 
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Figure 9. Typical console screen for operating the RF system . 



on the control workstation. User-friendly Graphical User Interface 

(GUI) was prepared on a Personal Computer (PC), which serves 

storage-ring operators as a console. A typical console screen is 

shown in Fig. 9. The RF control processes can access this GUI easily 

by using a few console service routines. These processes also 

communicate to a CAMAC/GPIB server, which is connected to all of 

the RF equipments though CAMAC or GPIB interfaces. 

A corresponding main control process, named 'rfmain' controls 

each of four RF stations. Using these processes, one can start up, 

operate and shut down all equipment. There are seven miscellaneous 

processes, which take charge of logging and displaying parameters, 

controlling the RF frequency and others. All logged parameters are 

written to the Data Channel (DCh) and other computers can refer 

them. In addition, diagnostic messages from the control processes are 

saved in the PF ring database system, which is very helpful to 

diagnose the system in the case of any problems. Most of the RF 

control software was written in FORTRAN, which amounts for about 

15000 lines in the source code. 

The new RF control system was commissioned in January, 1999, 

and has operated very well. Operation of the RF system has become 

very convenient and friendly. 
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Results of a COD correction for the 

IDs. (circles : correction ON , crosses : 

correction OFF) 
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1-1-4-3 Insertion Device Control system 

Renewals of the control system for the insertion devices are 

performed one after another. This system was first developed in 

MPW#13 and its operation was started in February, 1998 [1 ,2] . Same 

control system was applied and utilized for the U#02 and the 

EMPW#28 during this summer shutdown. Renewals for the remaining 

two insertion devices (MPW#16 and Revolver #19) are underway. 

For independent tuning of the insertion devices, the corrective 

current data for the present closed orbit with an emittance of 36 nm

rad was adjusted using a BPM system for both the vertical and 

horizontal directions. Figure 10 shows typical results of the COD 

correction during a change in the gap. The examples are for the case 

of the U#02 and MPW#13. The horizontal and vertical r.m .s. 

displacements at the BPMs are plotted during a change from the 

minimum gap to the maximum gap . The displacement after the 

correction was reduced to less than 1 O?m all around the ring in both 

directions. The results are the same in the cases of the other IDs. The 

reliability of the corrective data was checked using four Photon-BPMs 

located in beam lines BL04, 06, 12 and 21. A confirmation of the 

corrective data using the Photon-BPMs is always performed after a 

long shutdown of the PF ring . 
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1-2 Developments and Machine Studies 

1-2-1 New Method of Single-Bunch Purification 

Recently, the desire for single-bunch operation has been 

increasing and the restriction of the impu rity, that is the rate of 

electrons in undesi rable buckets to those in the main bunch , becomes 

more severe . A purification method making use of the current 

dependence of the betatron tune (-2 X 10·•/mA) has been applied up to 

present. Namely, a RF knockout (RFKO) tuned to the betatron 

frequency of the weak bunches can destroy any undesirable bunches 

with small currents , though the main bunch with a larger current 

survives because its tune is slightly different. However, it requires a 

mastery skill to keep an impurity level better than 1X 1 o·s. Moreover, 

the transversal motion of the main bunch excited by the method could 

affect experiments of SR users. In order to overcome the situation and 

to improve the impurity, a new single-bunch purification method, that is 

essentially a "selective RFKO" , has been developed. A schematic 



description of the selective RFKO is shown in Fig . 11. The RFKO 

signal is modulated by a rectangular pulse train with repetition of the 

beamAfs revolution frequency. Since the pulse train has gaps with a 

width equal to the bunch spacing (~2 ns), only a selected bunch 

passing through the RFKO kicker on the gap timing can survive . 
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Figure 11 . 

Selective RF knockout method 

Figure 12. 

Bunch population before (top) and after 

(bottom) purification. 
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Figure 13. 

Absolute value of the complex degree of 

spatial coherence for the vertical direction . 

The round and triangular spots denote the 

spatial coherence measured with ). =633 

and 500 nm, respectively. The solid-line 

indicates the best-fit result under the 

assumption of a Gaussian distribution for 

the beam profile. 

Figure 14. 

Same as the Fig . 14, but the data were 

taken for the horizontal direction. 
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Figure 12 shows the bunch population measured with the photon 

counting method . Several spurious bunches are recognizable in every 

2 ns before the purification (top) . It is clearly seen that the spurious 

bunches are removed with the purification procedure (bottom). The 

measured impurity of the 1st bunch was 8.3X 1 o-s and 5.6X 1Q·7 before 

and after the purification , respectively. An impurity better than 1X 10·6 

was kept during user runs . The system works reliably as an 

indispensable tool for single-bunch operation in the PF. 

1-2-2 Measurement of the beam emittances via SR interferometer 

The beam emittances were estimated through beam-size 

measurements using the SR interferometer. Figures 13 and 14 show 

the absolute values of the complex degree of spatial coherence 

measured with wavelengths of ). =633 and 500 nm and best-fit results 

calculated under the assumption of a Gaussian distribution for the 

beam profile. From the fitting , the horizontal and vertical beam sizes 
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were evaluated to be 261.2 + 2.6 and 87.3 + 0.4 µ m, respectively. 

The emittances are calculated using the measured beam sizes and 

the optical functions . As a result , the horizontal emittance was 29.5 

nmrad , and the vertical one was 0.378 nmrad. Since the natural 

emittance for the optics at the measurement is designed to be 30 

nmrad, the horizontal beam emittance has already reached the design 

value . The XY coupling obtained from the ratio between the horizontal 

and vertical emittance was calculated to be 1.28%. 

1-2-3 Control System for the Insertion Device Beam lines 

There are twenty-three synchrotron-radiation beam lines installed 

around the storage ring. The pressures in the storage ring and the 

beam lines are maintained at a UHV (Ultra-High Vacuum) of less than 

10-8 Pa. A fast-closing valve system (FCV) in the beam line protects 

the UHV of the storage ring against an instantaneous vacuum failure 

by closing a guillotine blade (1.2-mm thick titanium-alloy) within - 0.01 

seconds. There have been several vacuum failures at normal bending

magnet beam lines, which have been protected by FCVs. 

Among twenty-three beam lines, there are five high-power ones 

(BL-2 , BL-13, BL-16, BL-19 and BL-28) that have insertion devices 

(wiggler or undulator). The insertion devices can produce intense 

synchrotron radiation with a high power density, two orders of 

magnitude higher than that obtained with a bending-magnet source. 

A thermal transient analysis was made for the FCV blades using a 

finite-element method (FEM) . The calculated transient temperatures at 

the blades of the FCVs as a function of time show that the 

temperature exceeds the melting point within 100 ms at any high

power beam lines before the absorber closes at a normal beam 

current of 500 mA. Thus, the function of the FCV at all wiggler/ 

undulator beam lines is ineffective. However, there has been no such 

protection system that allows five beam lines with high-power 

wigglers/undulators to protect UHV of the synchrotron radiation 

source. Thus, a UHV protection system has been developed and 

extended to each insertion-device beam line in each fiscal year. 

Figure 15 shows a schematic diagram of the vacuum protection 

system. Each beam line is connected to four RF stations using optical 

transceivers and receivers. The beam line has an FCV controller, and 

two pairs of optical transmitters/receivers. The beam line is controlled 

by the Beam Line Control System. The Beam Line Control System is a 

distributed computer-controlled system that controls the backup 

valves, shutters and radiation safety interlocks. The FCV controller has 

a vacuum detector attached downstream of the beam line. The 

distance between the detector and the controller is approximately forty 

meters. There are also four RF stations, each of which comprises a 
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Accelerators single-cell cavity and a klystron (500 MHz, 180 kW max) driven by a 

10 W-power amplifier. The RF station has a PIN-diode RF switch and 

RF pickup antennas in each cavity at the RF stations. Using high

speed optical communication links, the high-power beam lines and the 

four RF stations constantly exchange these signals. Upon detecting a 

vacuum failure the FCV controller requests the RF stations to turn off 

the RF power in the klystrons, and simultaneously requests the Beam 

Line Control System to immediately close the backup vacuum valves 

as wel l as the absorber. At the station, the RF switch cuts off the RF 

output signal of the low-power amplifier. As a result , the RF power in 

each cavity can be dumped. Output RF signals of pickup antennas 

measuring the RF power in the cavities are used to allow the FCV 

controller, that is demanding the RF system to cut off the RF power, so 

to close its blade. 
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Figure 16 shows an actual accidental vacuum failure that 

occurred downstream of the high-power wiggler beam line BL-19 in 

the experimental hall. The protection system successfully protected 

the UHV of the storage ring and upstream of the beam line by closing 

the FCV after dumping the positron beam. The pressure downstream 

of the beam line at the experimental hall almost reached atmosphere, 

causing those ion pumps with an exhausting capacity of 500 litter/sec 

to break down. However, the pressures upstream of the beam line and 

the storage ring were successfully kept below 10-8 Pa by the 

protection system. It was found that the vacuum failure caused no 

damage at all to the storage ring or other beam lines; thus, the storage 

ring could resume operation for synchrotron-radiation experiments. 
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1-2-4 Design of a HOM Coupler for a Damped Cavity 

00 

Four damped cavities have been operating in the PF ring. The 

damped cavity has a large-diameter beam duct. Higher order modes 

(HOMs) whose frequencies are above the cut-off frequency of the 

beam duct propagate out from the cavity to the beam duct, and the 

HOMs are damped by the SiC absorber which is placed inside wall of 

the beam duct. The several HOMs, with frequencies lower than the 

cut-off, still remain in the cavity with high Q values, and have the 

possibility to introduce coupled-bunch instabilities. These HOMs 

frequencies are detuned so as not to introduce any coupled bunch 
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Figure 16. 

Vacuum failure of the actual accident. The 

traces show the result of an actual vacuum 

failure successfully protected by the 

system. (Upper): The pressure rise at the 

downstream beam line , reaching 

atmospheric pressure . However, the 

pressure in the ring was successfully 

maintained below 10-8 Pa. (Lower) : Beam 

current in the storage ring . The storage 

ring could resume its operation one-hour 

after the fatal vacuum deterioration . 
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instabilities using two fixed tuners of the cavity in the PF storage ring 

[1 ]. 

For a ring with larger circumference, however, frequency detuning 

becomes less effective, because of its low revolution frequency. We 

thus designed a HOM coupler with a rod-type antenna to reduce the 

HOMAfs impedance of trapped modes in a damped cavity. The 

dangerous trapped HOMs are the TM011, TM020, TM021 , TE111, 

TM110 and TM111 modes. These HOMAfs frequencies are distributed 

from 0.7 to 1.4 GHz. Figure 17 shows a schematic cross-sectional 

view of the cavity with the HOM coupler. The rod antenna of the HOM 

coupler is located in the center of the cylindrical wall of the cavity. 

Therefore, the HOM coupler strongly couples with the TM011 , TE111 , 

TM021 , and TM111 mode, and does not couple with the fundamental 

mode. The antenna is followed by a standard coaxial line. A tapered 

silicon carbide (SiC) load is fixed at the end of the coaxial line, and the 

trapped HOMs are absorbed by the SiC load . The HOM coupler is 

attached to an opening for the fixed tuner. The input reflection 

coefficient of the HOM coupler should be small enough over a wide 

frequency range of between 0.7 to 1.4 GHz. We set a design goal to 

achieve input VSWR of less than 1.7 (10% power reflection) in the 

frequency range. As for the load , we chose SiC (CERASIC-B, Toshiba 

Ceramics co. Ltd.) , which is the same material as that used in the 

beam duct, since it has a high loss-tangent over a wide frequency 

range, a high thermal conductivity and a low outgassing rate . 

The small-size HOM coupler is preferable for avoiding the 

interference with other ring co mponents , such as synchrotron

radiation beam line. To sat isfy this requirement , we designed the 

structure of the HOM coupler using computer simulation codes HFSS. 

Figure 18 shows an example of the simulation model. We set the 

basic design of the HOM coupler as follows. The diameters of the 

inner and outer conductors are 1 Omm and 20mm, respectively. The 

inner conductor is supported by a support disk and the SiC absorber, 

which is fixed between the outer and inner conductors at the end of 

the coaxia l line. The end of the coaxial line is shorted by metal (short 

plate) to seal the vacuum. The SiC absorber is made in the shape of a 

taper to reduce reflections. We calculated the reflection characteristics 

of the taper of the SiC. Figure 19 shows the reflection characteristics 

versus frequency on the taper section length (La) of the SiC without 

support disk. The calculation conditions are as follows. The straight 

section length (Lb) of the SiC absorber is 80mm, which is long enough 

to completely absorb the incident power. The reflections from the short 

plate can be ignored. We assumed that the dielectric constants of the 

SiC are a permittivity £ ' = 25 and tan o = 1 .4, which are 

approximate values of the beam duct SiC. The longer is the taper 

length (La) , the lower is the reflection coefficient obtained, as 

expected . As shown in Fig . 19 , the reflection power of the taper 



section of the SiC become lower than 10% at a taper length La of 

80mm. We thus adopted a taper length La of 80mm, and cut the thin 

part (below 2mm in thickness) of the taper, since a thin SiC is fragile. 

Figure 20 shows our final design . The taper length (La) is 48mm 

and the minimum thickness of the SiC absorber is 2mm. The straight

section length (Lb = 1 Omm) of the SiC absorber is not long enough to 
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Figure 20. 

Final design of the HOM absorber. 

Figure 21 . 

Refl ection characteristics of our final 

design of the HOM coupler for some 

different dielectric constants of the SiC. 
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completely absorb the incident power. However, the straight section 

length (Lb) and the distance between the support disk and the SiC 

absorber were adjusted, so that the reflection waves from the support 

disk, the SiC absorber, and the short plate (the end of the SiC 

absorber) , would cancel each other. The SiC absorber is divided into 

four pieces, since they are easily brazed to the inner conductor. The 

inner and outer conductors have cooling-water channels. The SiC is 

cooled via the inner conductor. The support disk is located at 80mm 

from the cavity wall , where the electromagnetic field strength of the 

fundamental mode is weak enough. The influence of the support disk 
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on the reflection characteristics is very important in our design. We 

adopted the macor as a support-disk material, since the reflection 

coefficients become below 2%. 

The reflection characteristics are also affected by the dielectric 

constant of SiC, which changes easily, depending on the fabrication 

condition. Figure 21 shows the effect of the dielectric constants of the 

SiC on the reflection characteristics. The required permittivity is about 

c:" h = -20 to satisfy our design goal, as shown in Fig. 21. We 

fabricated SiC samples to verify the process of manufacturing the SiC 

absorber and measured the complex dielectric constant. The 

measured values were c: ' = 20 - 21, tan o = -1.0 ( c: " = -20) at 1 

GHz. These dielectric constants are barely acceptable to achieve our 

design goal . The SiC absorber of our final design is being 

manufactured in Toshiba Corporation. The HOM coupler will be tested 

at the PF ring. 
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1-2-5 Landau Damping of the Vertical Coherent Motion due to Lattice 

Nonlinearities 

Systematic measurements of the vertical coherent motion were 

made with various chromaticities, octupole magnetic currents, beam 

currents and betatron tunes to study its damping mechanism. 

Recently we showed that the sign of the amplitude dependent tune 

shift produced by lattice nonlinearities play an important roll with the 

wake force in damping the horizontal coherent motion [1 ). Landau 

damping is suppressed for the positive amplitude-dependent tune shift 

due to head-tail effects at higher beam currents, while it is amplified 

for a negative tune shift. This phenomenon is well understood through 

both the two-particle model and multi-particle-tracking simulation for 

comparing with the experimental results. We will next try to 

understand the damping mechanism of the vertical coherent motion. 

The experimental method was quite simple. The stored beam was 

deflected with a vertical fast kicker magnet, which can give just a 

single kick to the beam. The kicked beam begins to circulate in the 

ring with a large amplitude coherent betatron oscillation. The voltage 

supplied to the kicker magnet can control the amplitude . During 

measurements the voltage was fixed to make the initial vertical 

amplitude about 5 mm at a place of fJy=5 m. Then the beam position 

of the coherent betatron motion was detected with the turn-by-turn 

monitor system at a place of the ring [2). Data were taken until 16384 

turn (about 10 msec), which is longer than the radiation-damping time. 

The vertical chromaticity was controlled with defocus sextupole 
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magnets (SD). The amplitude-dependent tune shift was arranged with 

eight octupole magnetic currents; value is given by, 

!:J. v y = 3.3 X 1 o-• • f act (A) • y (mm)2
, 

where y denotes the vertical amplitude. The sign of the tune shift can 

be changed by the polarity of the octupole magnetic currents. 

First, we measured the dependence of the octupole magnetic 

currents. The vertical chromaticity and betatron tune were fixed at a $ 

Y = -0 .11 and v x = 3.30, respectively. Except for octupole-magnetic 

currents and the beam currents , other parameters were fixed. The 

measurements were made at seven diffe rent octupole magnetic 

currents (loct= + 1.0, +0.5, +0.2, 0.0, -0.2, -0.5 and -1 .0 A) to three 

beam currents (lbeam=3.0, 5.0 and 10 mA). Figure 22 shows the 

measured results at a beam current of 5.0 mA. The damping behavior 



of the vertical coherent motion was changed rapidly when the 

magnetic currents obtained a negative value, which corresponds to 

the negative sign of the amplitude-dependent tune shift. When the 

magnetic currents have a positive value, the coherent motions damp 

exponentially. This phenomenon is the head-tail damping . On the 

other hand, the coherent motions damp very rapidly within 100 turn 

when the magnetic currents are negative. This is interpreted as 

Landau damping (nonlinear smear) . It is thus seemed that the Landau 

damping of the vertical coherent motion is suppressed for the positive 

polarity of the octupole-magnetic currents in beam currents of 3-10 

mA. This is the same situation as the horizontal coherent motion [1 ]. 

We next measured the dependence of the vertical chromaticities. 

The beam current and betatron tune were fixed at lbeam = 5.0 mA 
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Figure 23. 

Dependence of the vertical 

chromaticities in the 

damping behavior of the 

vertical coherent motions . 

Data were taken at an 

octupole-magnetic current of 

+ 1.0 A and a beam current 

of 5.0 mA; the betatron tune 

and other parameters were 

fixed. 
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magnetic current of -1 .0 A. 
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and )} x = 3.30, respectively. Except for octupole magnetic-currents 

and beam currents, other parameters were fixed. The measurements 

were made at six different vertical chromaticities ($ y = -1 .7, -1.4, -1.1 , 

+0.53, +2.1 , and +5.3) to three octupole magnetic currents (loct= + 1.0, 

0 .0 and -1 .0 A), which were selected as the positive , zero and 

negative polarity of the currents . Figures 23 and 24 show the 

measured results at currents of + 1.0 and -1 .0 A, respectively. Only 

head-tail damping of the coherent motions was observed at a current 

of + 1.0 A, although the damping time depended on the chromaticities. 

The situation of 0.0 A was almost the same as that of + 1.0 A. On the 

other hand , only Landau damping was observed at a current of -1 .0 A, 

and then the damping time never depended on the chromaticities. 

We measured the systematic damping behaviors of the vertical 
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coherent motion to various chromaticities, octupole magnetic, 

currents, beam currents and betatron tunes. In beam currents of 

between 0.5 and 10 mA, only head-tail damping was observed for the 

positive polarity of the octupole-magnetic currents, and the damping 

time depended on the vertical chromaticities. On the other hand, only 

Landau damping was observed for negative polarity, but the damping 

time never depended on the chromaticities. We are now going to make 

a multi-particle tracking simulation to compare the experimental 

results quantitatively. 
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nonlinearities in storage ring), Phys. Rev. E59, 1167 (1999) 
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1-3 Storage Ring Specifications 

This section contains principal specifications of the 2.5 GeV PF 

ring to provide quick and handy information for users and machine 

physicists. These parameters are under the new low-emittance lattice. 

Detail specifications and parameters are available through the World 

Wide Web (URL : http://pinecone.kek.jp/pfring.status.html ) . 
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Figure 25. ( 
Beam transport line. 
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Ring lattice components. 
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Figure27. 

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 MPW#NE3) of the AR. The name of each source is assigned in Table 10. 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 28. 

Vacuum system components . 
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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 (B,) 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, c1/ 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/I ,\ u N L G,(G,) B,(B,) Type of <J x (J y 6
1
x 6

1
y K,(K.) c ,/ c c 

keV GeV/mA cm m cm T magnet mm mm mrad mrad 

Bend 2.5/300 0.96 0.39 0.059 0.186 0.013 

U#02 2.5/300 6 60 3.6 2.8 0.4 H(NdFeB) 0.42 0.042 0.084 0.008 2.25 

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 

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 

VW#14 2.5/300 5 5 S.C. 0.58 0.036 0.083 0.01 

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 

MPW#16-U 2.5/300 12 26 3.12 H(NdFeB) 0.42 0.042 0.084 0.008 2 

Revolver#19 2.5/300 5 46 2.3 3 0.28 H(NdFeB) 0.85 0.056 0.088 0.008 1.3 

2.5/300 7.232 2.3 3 0.4 H(NdFeB) 0.85 0.056 0.088 0.008 2.7 

2.5/300 10 23 2.3 3 0.54 H(NdFeB) 0.85 0.056 0.088 0.008 5 

2.5/300 16.4 14 2.3 3 0.62 P(NdFeB) 0.85 0.056 0.088 0.008 9.5 

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(1) 

EMPW#28-U 2.5/300 16 12 1.92 P(NdFeB) 0.58 0.036 0.083 0.01 1 (1) 

4 

0.2 

6.2 

0.108 

20.8 

6.2 

0.163 

0.639 

0.176 

0.0437 

0.0078 

4.1(90%) 

0.182(99%) 

D B PT 
kW 

3.60E+ 13 2.48E+ 14 

dp/dQ 
kW/mrad 

0.061 

1.12E+17 9.73E+17 0.68 2.9 

9.70E+14 8.83E+15 6.48 2.53 

8.09E+ 15 6.94E+ 16 0.041 0.19 

3.63E+13 2.75E+14 0.32 

7.69E+14 6.71E+15 8. 17 4.84 

3.17E+ 16 2.72E+17 0.12 0.56 

7.86E+16 2.60E+17 0.21 1.42 

3.29E+16 1.08E+17 0.42 1.44 

9.63E+15 3.01E+16 0.77 1.52 

1.28E+15 3.22E+15 1.01 1.06 

2.30E+14 1.71E+15 2. 13 0.35 

1.36E+16 9.98E+16 0.02 0.064 

I)> 
0 

1% 
-.. 
0 
-+ 

10 -.. 
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Table 3 General parameters of the storage ring. 

Energy 

Initial stored (multi-bunch) 

current 

(single bunch) 

Emittance 

Circumference 

RF frequency 

Injection 

Beam lifetime 

Vacuum pressure;S5X10·• Pa (at 300 mA) 

Insertion devices 

SR channels 

Table 4 Beam parameters. 

Hori zontal tune v, 

Vertical tune v , 

Momentum compaction factor a 

Natural chromaticity $, 

$ , 

Bunch length 15, 

Transverse damping time 

Longitudinal damping time 

Energy spread 

Radiation loss 
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2.5 GeV 

400mA 

65mA 

36 nm • rad (horizontal) 

~0.4 nm • rad (vertical) 

187 m 

500.1 MHz 

2.5-GeV Linac 

30 h (at 300 mA) 

P/IX-2X - 10"' Pa/A (at 300 mA) 

~6X-10"9 Pa (at O mA) 

Superconducting vertical wiggler 5T 

60 period undulator K= 1.78~0.1 

26 period multipole wiggler/undulator 1.5T ~0.04T 

Four way revolver type undulator 

14 period multipole wiggler 

Elliptically polarized multipole wiggler 

SR experiment 22 

Beam diagnosis 3 

9.62 

4.29 

0.061 

-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) 

(max 100 mA) 

(bending radius=8.66m) 

(harmonic number=312) 

(positron/electron) 

I· , ?; 9 A • h (at 300 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 

30 

28 

28 

4 

32 

34 

4 

4 (180kW/klystron) 

4 (single cell cavity) 

27.6M Q (four cavities) 

39000 

105 kW 

1.7 MV 

20 kHz 

pumping speed 

128 I/sec 

150 I/sec 

pumping speed 

300 I/sec 

number 

48 

4 

16 (for baking) 

number 

4 

11 

Accelerators 

number of power supplies 

1 

15 

3 

4 

24 

30 

28 

28 

4 

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 [msec] 

Kicker magnet 

name 

core material 

core length [mm] 

maximum deflection angle [mrad] 

pulse width [msec] 

Superconducting vertical wiggler 

Maximum field strength on the beam orbit 

Magnet gap 

Magnet pole size (widthxhight) 

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 

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 Monitor 

CCD TV camera 

CCD profile monitor (H&V) 

light profile monitor (H&V) 

four-element photo diodes (for oscillation detection) 

streak camera 

photon counting system 

144 

Septum I (S 1) Septum 11 (S2) 

laminated silicon steel(passive type) 

1500 1000 

6000 

5.0 

60 

6000 

7.0 

88 

K1, K2, K3, K4 

ferrite (window frame type) 

300 

3500 

4.4 

5 

5 Tesla 

66 mm 

40 mmX260 mm 

5 poles (3 poles at nomal operation) 

arranged exery 200 mm 

210 A at 4.8 Tesla 

NbTi:Cu 1 :1 

size 1.70X0.85mm2 

65 mm X 70 mm 

2520 

0.7 Uh 

1.4X 10 '/h 

1.31 H/coil 

65 

2 

30 



11 . Photon beam position monitors installed in beam lines 

Beam line Source 

BL2 U DSPM 

BL3A B 

BL3C B 

BL4C B 

BL6B B 

BL6C B 

BL6C B 

BL7C B 

BL10A B 

BL10B B 

BL12A B 

BL14C svw 
BL15A B 

BL16 MPW 

BL21 B 

BL27 B 

BL28 EMPW 

Note: SPM: Split Photoemission Monitor 

SIC: Split Ion Chamber 

WM: Wire Monitor 

DSPM: Dual SPM for insertion device line 

Control system 

Computers 

Serve 

Presentation/Console 

Control/DB Engine 

Equipment Control 

Network Management 

Network 

ATM Switch (155Mbps) 

ATM-Ethernet Switching Hub 12 

Upstream 

DSPM 

SPM 

SPM 

SPM 

SLIT 

SLIT 

SPM 

SLIT 

SIC 

SLIT 

WM 

SPM 

SPM 

DSPM 

WM 

SPM 

Under constr. 

B: 

U: 

SVW: 

MPW: 

EMPW: 

Workstation 

3 

16 

2 

Number 

10BASE-T 12/hub 

Accelerators 

Downstream 

V,H 

SPM 

SPM 

SPM 

SPM 

WM 

SPM 

Bending magnet 

Undulator 

Ver./Hor. 

v 
v 
v 
v 
v 
v 
v 
v 
v 
v 
H 

v 
V,H 

v 

Superconducting Vertical Wiggler 

Multipole Wiggler 

Elliptical MPW 

PC VME 

13 

5 6 

3 9 

Port 

single mode 12 

multi-mode 4 
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Table 6 Beam parameters.at source points. 

B.L. Source 6x[mm) 6 '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 0.0173 

BL06 B06(+2.5) 0.391 0. 185 0.059 0.0129 

BL07 B07(+2.5) 0.391 0.185 0.059 0.0129 

BL08 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 

BL11 B11 (+2.5) 0.391 0.185 0.059 0.0129 

BL12 B12(+2.5) 0.447 0.138 0.054 0.0092 

BL1 3 MPW#13 0.859 0. 115 0.020 0.0186 

BL14 VW#14 0.580 0.083 0.036 0.0098 

BL 15 B15(+2.5) 0.203 0.245 0.061 0.0125 

BL16 MPW#16 0.422 0.084 0.042 0.0084 

BL17 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) 0.319 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 1997. 

Beamline Affiliation Source Spectral range Status 

BL-1 KEK-PFandNTT Bending magnet (B1) VUV and soft 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 Multipole wiggler/undulator under installation 

BL-6 KEK-PF Bending magnet (B6) X-ray in operation 

BL-7 KEK-PFand Bending magnet (B7) VUV and X-ray in operation 

University of Tokyo 

BL-8 Hitachi Ltd. Bending magnet (B8) 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 (B10) X-ray in operation 

BL-11 KEK-PF Bending magnet (B 11) VUV and soft X-ray in operation 

BL-12 KEK-PF Bending magnet (B12) 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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