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PREFACE

The present issue follows a previous issue, KENS Report-X published in
January 1995, and summarizes research progress at the KENS facility
during the period between January 1995 and December 1996.

The new Director of the Booster Synchrotron Utilization Facility (BSF),
Professor Hironobu Ikeda, took office on April 1, 1995 and this is the first
issue in his service. The budget for a new cold-neutron guide hall (1400
m2) was approved by Monbusho, and the construction was completed. In
order to help advance of the scientific subjects at KENS, a new powder
diffractometer (HRP-II) was installed in the new guide hall, and the
spectrometers utilizing cold neutrons were reconfigured in the guide hall.
Fruitful scientific results will be expected. The uranium target, which had
been used over the past 10 years without any problem, revealed small leaks
of 135Xe, a fission product from uranium. After every installation of a new
uranium target, 135Xe was still detected, finally, a tantalum target was
installed in the target station.

A new research organization will be established in April 1, 1997, in
unification of National Laboratory for High Energy Physics and Institute
for Nuclear Study, the University of Tokyo, in order to realize the Japan
Hadron Project (JHP). Under the JHP, we have a project of N-arena, a
neutron scattering facility with a high power pulsed spallation source of
0.6MW. The realization of the JHP has been the long time dream. In this
opportunity, we introduce the new research organization and the
development of the N-arena by devoting one chapter in this issue.

January 1997
Editors of KENS Report-XI
S. Itoh and M. Arai




Contents

OUTLINE

Overview of the Progress in KENS
H. lkeda and S. lkeda

Beam-line Operation and Development
Y. Yano, S. Muto, H. Fujimori, N. Kaneko, T. Tahara and Y. Kobayashij

FUTURE PROJECT

JHP and the New Research Organization
H. ikeda

Qutline of N-arena Target Station
M. Furusaka, H. tkeda and N-arena working group

Current Status of Neutronic Studies on the Target-Maderator-Reflector Assembly for N arene

Y. Kiyanagi, Y. Ogawa, H. Kuramotlo, J. Kanbara, M. Furusaka and N. Watanabe

Experimental Study on Neutron Yield for 12 GeV Protons
H. Shibazaki, M. Arai, Y. Inamura, N, Watanabe, M. Furusaka, 8. ltoh, T. Otomo,
M. Numajiri, 8. Satoh, Y. Kivanagi, Y. Ogawa and Y. Suda

SCIENTIFIC REPORTS

Crystal Structures

Ab Initio Structure Determination of the Low Temperature Phase of KNO2 Crystal by Neutron
Powder Diffraction

N. Onoda-Yamamuro, H. Honda, R. lkeda, O. Yamamuro, T. Matsuo, K. OQikawa,
T. Kamiyarna and F. [zumi

Structure of TIzRuz07_g Pyrochlores Synthesized under High-Pressure
R. Kanno, T. Takeda, M. Nagata, T. Karniyama and F. fzumj

Orientational Disorder of ND4 * lons in {(ND4)2SeClg and (ND4)2PtBrg Crystals:The Origin
of the Large Isotope Effect on the Phase Transitions
O. Yamamuro, K. Okishiro, T. Matsuo, N.Onoda-Yamamuro, K. Oikawa, T. Kamiyama,
Y. Kume and F. [zumi

Determination of the Superstructure of YSreCusAIO7 by Neutron Powder Diffraction
N. A. Khasanova, F. lzumi, T. Ohta, M. Isobe, E. Takayama-Muromachi and T. Kamiyama

Rietveld Analysis of Intensity Data Taken on the TOF Neutron Powder Diffractorneter VEGA
T. Ohta F. lzumi, K. Oikawa and T. Kamiyama

Correlation between the Structure of LiMny.,CryO4 and the Cycle Performance of Li-lon
Batteries
K. Otkawa, F. Izumi, T. Kamiyama, D. Nakazato, H. Ikuta and M. Wakihara

page

13

16

20

25

34

36

39

40

42



Liquids and Glasses

Structure Analysis of Mixed Alkali Glasses
F. Utsuno, H. Matsumofto, I. Yasui and T. Fukunaga

Neutron Diffraction Study of Liquid TI-AssX3 Systems (X:Se, Te)
Y. Kameda, T. Usuki, O. Uernura and T. Fukunaga

Structure of Concentrated Aqueous DCDONa Solutions
Y. Kameda, T. Mori, T. Usuki, O. Uemura and T. Fukunaga

Short-Range Order of Amorphous and Liguid Ge-Te Alloys
Y. Kameda, O. Uemura, T, Usuki and T. Fukunaga

The Short-Range Structure around Li+ in Concentrated Agueous Lithium Formate Solutions
Y. Kameda, S. Suzuki, T, Usuki, O. Uemura and T. Fukunaga

Network Siructure of Fine Silica Particle Constituting Silica Aerogels
K. lgarashi, K. Tajiri, 5. Tanemura, R. Nunbu and T. Fukunaga

Structure of Amorphous Al-Cu-Y and Mg-Cu-Y Ternary Alloys
T. Fukunaga, H. Sugiura, N. Takeichi and U. Mizutani

Structural Change across the Metal-Insulator Transition in Amorphous VySi{go-x Alloys
T. Fukunaga, T. Ishizuka, T. Koyano and U, Mizutani

Dynamic Properties of LINO3-Glycerol Solutions
T. Kamiyama, A. Miyarnoto, J. Kawamura, Y. Nakamura and Y. Kivanagi

Neutron Diffraction Study in Liquid 5-Se Mixtures
F. Kakinuma, T. Fukunaga, M. Misawa and K. Suzuki

Boson Peaks in Simple Molecular Giasses
O. Yamamuro, I. Tsukushi, T. Matsuo, K. Takeda, T. Kanaya and K. Kaji

Crigin of Anomalous Heat Capacity of Vitreous Toluene
Q. Yamamuro, |. Tsukushi, T. Matsuo, T. Kanaya and K. Kaji

Short Range Structure of Superionic Glass System Cul-CusMoQy4
T. Tsurui, K.Shibata and K. Suzuki

The Structure of Lithium Tellurite Glasses
N. Umesaki, M. Tatsumisago, T. Minami and T, Fukunaga

Intermolecular Correlation of Liquid CS2 Studied by Reverse Monte Carlo Method
H. Ebata, J. Tokuda, K. Yoshida, T. Saio, K. Maruyama and M. Misawa

Annealing Effects on Low-Energy Excitation of Amorphous Poly {mathyl methacrylate)
T. Kanaya, M. Miyakawa, I. Tsukushi, T. Kawaguchi and K Kaji

Onset of the Fast Process of Trans -1,4-poly (chloroprene)
T. Kanaya, T. Kawaguchi and K. Kaji

Modification of Te Chain Structure by the Addition of Alkali Metals
M. Yao, Y. Kawakita, {. Yamamoto and H. Endo

Dynamic Structures of Liquid Tellurium Mixtures
M. Yao, Y. Kawakita, |. Yamamoto, T. Shiga and H. Endo

Intermediate Range Structure of Agl-Csl-(CHz)4NI Glasses
J. Kawamura, T. lfagaki, K. Arakawa, T. Kamiyama and Y. makarmura

45

46

48

49

51

53

55

59

64

66

67

70

72

74

75

77

78

81

82

83



Dynamics in Solids

Incoherent Neutron Scattering from Single Crystal RbHSO4
Y. Wada, 8. Ikeda and K.lich

Inelastic Neutron Scattering Study in KDCO3
A. Kuwasawa, S. Kashida, S. Ikeda and Y. Yamada

Hydrogen Site Occupation in PdgY with Lo Structure
S. Yamaguchi, Z. Q. Li, M, Ohhashi, Y. Kawazoe, T. Kajitani, K. Aoki and 8. lkeda

Thermochromism and Dynamics of Organometallic Conjugated Systems
S. Takeda H. Fukumoto, K. Mashima, G. Maruta, K. Yamaguchi and A. Nakamura

Phonon Anomaly of YBasCugOg
T. Nishijima, M. Arai, T. Oforno, K. Yamaya and A. C. Hannon

Low Energy Exicitations in Yiiria-Stabilized Zirconia
T. Shirakami, T. Tojo, T. Alake and H. Yamamura

Surface

Phase Transition and Orientational Disorder of Tetrakis(methylthio)methane Monolayer
Adsorbedon Graphite
A. Inaba and S. Nakamuira

Phase Transition and Orientational Disorder of Neopentane Monolayer Adsorbed on Graphite

A. Inaba

84

86

89

92

85

96

298

89

Phase Transition and Orientational Disorder of Adamantane Monolayer Adsorbed on Graphite 100

A, Inaba and 8. Nakamura

Structure and Phase Transition of Adamantane Monolayer Adsorbed on Graphite
A. Inaba and 8. Nakamura

Biology

Small Angle Neutron Scattering Study of N-and C-Terminal Fragments of Ovotransferrin
H. Yajima, H. Yarnamolo, M. Nagaoka, K. Nakazalo, T. Ishii and N, Niimura

Changes in Protein Dynamics upon Folding
M. Kataoka, H. Kamikubo, F. Tokunaga, T. Kanaya and Y. lzumi

The Structure and Physical Property of Water-Soluble Carboxymethyl Alanyl Disulfide
Keratins and its Gelation
Y. Miyauchi, S. Naito, 8. Shimizu, K. Kurita and M. Furusaka

Large Scale Structures

Phase Separation and Ordering in Ni-13at.%Al and Ni-17at.% Ga Alloys
M. Osawa, M. Furusaka, T. Hirano, H. Asano and 8. Shimizu

Change of Modulated Structure during Spinodal Decomposition in Fe-Cr Alloys
T. Ujihara, H. Okuda and K. Osamura

Small-Angle Neutron Scattering Study of Bis (quaternary ammonium bromide)
Surfactant Micelles in Water . Effect of the Spacer Chain Length on Micellar Structure.

H. Hirata, N. Hattori, M. Ishida, H. Okabayashi, M. Furusaka and R. Zana

SANS from Semidilute Solutions of Poly(N-Isopropylacrylamide) in Methanol-Water Mixture
K. Okano, 8. Shimizu, K. Kurita and M. Furusaka

—iii—

101

102

105

107

109

113

115

117




Self-Organization in an Amphiphilic System AQOT/Water/n-Decane
8. Komura and H. Seto

SAN Analysis of Silica Aerogels with Different Density
K. Tajiri, K. Igarashi, T. Fukunaga and R. Nanbu

Magnetic Structures and Excitations

A Study of Magnetic Excitations in a Kondo Semiconductor, CeRhSb
K. Ohoyama, M. Kohgi, H. Tanaka, T. Yoshino and T, Takabatake

Spin Dynamics in CsCrClg
S. Itoh, H. Tanaka and T . Otomo

Magnetic Excitations of the Spin Density Wave in Chromium
T. Fukuda, Y. Endoh, K. Yamada, M. Takeda, S. ftoh, M. Arai and T. Otomo

Phase Transitions in Mn{.xFeyP
Y. Todate, Y. Okamoto, K. Nakamura and A. Okamura

Neutron Depolarization Measurement of LiNiO»
8. Itoh, M. Takeda, K.Kakurai, R. Kanno and A. Hirano

Magnetization Process in Helical - Spin Glass Reentrant Cro.g1Mng_ 19Ge
T. Sato, T. Taniyama, T. Oku, S. ltoh and M. Takeda

Intraparticle Structure in Ultra-Fine ZnFepQy4 Particles
M. Yokoyama, T. Oku, T. Taniyama, T. Sato, E. Ohta, T. Salo, K. Haneda,
S. Itoh and M. Takeda

Small Angle Polarized Neutron Scattering Study on PdFe Fine Particles
T. Taniyama, E. Ohta, T. Sato and M. Takeda

Non-Uniform Magnetization Process of Fe/Au GMR Multilayers Investigated by Polarized
Neutron Diffraction
N. Hosoito, T. Emoto and T. Shinjo

Polarized Neutron Reflectivity Measurements of Co/Cu Multilayers
M. Takeda, K. Saitoh, Y. Endoh, M. Suzuki and Y. Taga

Small Angle Neutron Scattering Study of the Magnetic Correlation in Magnetic Particles
Dispersed in Polymer
T. Oku, T. Sato and M. Furusaka

Inelastic Neutron Scattering of a Spin-Peierls System
M. Fujita, M. Arai, M. Motokawa, O. Fujita, J. Akimitsu and S. M. Bennington

Neutron Depolarization Measurements of YBasCusO7.5
K. Kurahashi, M. Takeda, Y. Endoh and 8. ltoh

Nuclear Physics

Space Time Symmetry Violation
Y. Masuda

_iV_

120

123

125

126

129

131

132

133

135

137

139

141

143

146

148

149




Instrumentations

\// Design for a New High Resolution Powder Diffractometer, Sirius
T. Kamiyama, M. Furusaka and S. ltoh

\/‘Supermirror Guide Tube on HRP-II
S. ftoh, T. Kamiyarna, M. Furusaka and S.1keda

Polarizing Neutron Guide for Pulsed Neutron Sources
M. Takeda, K.Kurahashi, Y. Endoh and 8. lfoh

Polarizing Beamn-Spilitter Device at a Pulsed Neutron Source
8. ltoh and M. Takeda

Resolution Corrections Using Monte Carlo Method and Application to the Analysis of Phonon

and Magnon Specira
5. Taniguchi, Y. Todate and K. Tajima

Development of 25T Repeating Pulsed Magnetic Fields System for Neutron
Diffraction Experiments
H. Noriji, K. Takahashi, T. Fukuda, M.Molokawa, N. Arai and M.Arai

A Cryostat for Vapor-Deposited Amorphous Solids Designed for LAM Spectrometer
Q. Yamamuro, I. Tsukushi, T. Matsuo, K. Takeda, T. Kanaya and K. Kaji

Development of Data Acquisition Electronic System for Neutron Scattering Experiment
S. Satoh and M. Furusaka

Polarized Proton Filter at Liquid Nitrogen Temperature
H. M. Shimizu, Y. Takahashi, M. linuma, |.Shake, M. Oda, A. Masaike, T. Yabuzaki,
M. Furusaka, T. Oku and Y. Ogawa

A Solid-State UCN Detector
H. M. Shimizu, T. Kawai, T. Ebisawa and 5. Tasaki

A Muttilayer Cold Neutron Polarizing Mirror Working under a Low Magnetic Field
T. Kawai, T. Ebisawa, 8. Tasaki, M. Hino, D.Yamazaki, T. Akiyoshi, Y. Malsumoto,
N. Achiwa, Y. Otake, H. Funahashi

Spallation Source and Superthermal UCN Production
H. Yoshiki

Construction of a Stable and Homogeneous Magnetic Field at 10 Milligauss for Neutron
Electric Dipole Measurements
E. B. Gravador, F.-Z. Huang, E.Guismied! and H. Yoshiki
Three Meter Long Horizontal Cryostat Producing Ultracold Neutrons Using
Superfluid Liquid Helium at 0.5K
H. Yoshiki, K. Sakai, T. Kawai and S. Goto

Transmission of Slow Neutrons (9-15A)Through Superfluid Liquid Helium
F.-Z. Huang, H. Yoshiki, K. Sakai and E. Gufsmigd|

IV. LIST OF PROPOSALS ACCEPTED

APPENDICES
Publications

Members of Commitiees

157

160

163

165

168

169

171

173

176

178

179

180

182

184

185

188

205

231



OUTLINE

The supermirror neutron guide tube on the C3 beam line at the new cold
neutron guide hall. Through the guide tube, neutrons are propagated to the
new powder diffracrometer.



Overview of the Progress at KENS

H. Ikeda and S. Ikeda

National Laboratory for High Energy Physics, 1-1 Oho, Tsukuba-shi, Ibaraki 305

Outline

In the beginning of FY 1995, the beam-time of
about 1500 hours was allocated to neutron
scattering facility, and a total of 95 experiments
were accepted.  Figure 1 shows the annual
variation in the number of proposals, the total and
the number accepted. Here, (A) indicates the
proposals for the construction or R&D of new
instruments, (B1) the proposals by large user’s
groups responsible for the operation maintenance
and improvement of the instrument, and (B2) the
proposals by small user’s groups. The total
number is steadily increasing, while the number
accepted has become saturated in recent yeas. The
reasons for the saturation is due to the fact that the
beam-time, total number of the instruments, and the
amount of the budget for experiments and travel
have not increased over several years. Figure 2
shows the share of scientific subject in the number
of proposals for FY 1995. 1t is clear that the main
part of the scientific subject is shared in crystal
structure and excitations. In order to help forward
these subject, the new powder diffractometer, HRP-
II, was installed in the new experimental hall (see
Fig.3). In the HRP-II, the higher resolution,
Ad/d=9x10™ is expected.

On July, 1995, the small amount of *’Xe was
found in the uranium-target cooling system which
had been safely operated since 1985. It indicates
that a tiny hole might be formed in a cladding of the
target. On September, 1995, the target was
replaced by the spare one. However, '*"Xe was
again detected after the proton irradiation on October,
1995. On September, 1996, the new uranium
target was produced and installed in the target
station but '*’Xe was again found. Finally, the
tantalum target was installed on December, 1996.

On November, 1995, the proton-irradiation on
the neutron production target had been stopped
because the construction of a new neutron scattering
experimental hall was started on end of November.
The structure of this hall is shown in Figure 4.
The construction was completed on July, 1996.
By this construction, the beam-time actually
distributed to the neutron scattering facility was
reduced up to about 1120 hours in FY 1995, and
some accepted experiments could not be performed.

|||||||

Total
B2 accepted
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100 [
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Fig.1  Annual variation in the number of proposals.
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and chemistry

Magnetic structure
and excitations

Crystal structure and excitations
including liguids and glasses

Fig.2  Share of each scientific subject regarding the number

of proposals (FY1995).
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Neutron Scattering Experiment

Human hair consists primarily of several fibrous
proteins (molecular weight of about 50,000)
containing « -helix, called keratin, and globular
proteins (molecular weight of about 20,000), as
shown in Fig. 5. These proteins are highly cross-
linked by an intermolecular cystine bond (SS bond).
This is the reason that hair shows physical properties,
tough but flexible rheology, of the fibers formed
with macromolecules, and shows configuration
anamnesis. Therefore, the ordinal method used to
permanently change the configuration anamnesis is a
reduction of the SS bonds and a sequential
reoxidation of the SH residues. However,
reducing the SS bonds often causes an irreversible
deterioration of hair, although the amount of SS

bond was scarcely changed by the chemical treatment.

This problem was recently clarified by scattering
from chemical treated hair in deuterized water (D,0).

Cortex Fibrous proteins [keratins]
(o —helix)

Globular proteins

Variable region of fibrous proteins

Fig. 5 Schematic diagram of human hair.

As shown in Fig.6, a chemical treatment was
found to cause a penetration of D,0 into the
disordered and more minute structures, thus causing
a disintegration of the coagulated form. On the
other hand, a new approach for permanent changes
in configuration anamnesis has recently been
proposed without any reduction of the SS bonds
(Fig. 7). When hair was treated in deuterized
propylene glycol at 120°C, it was interesting that its
shape could be permanently changed, at the same
time,when a chemical treatment was added to it and
the scattered intensity was inversely proportional to
the 4th-power of the momentum transfer (q) (Fig. 6).
This relation is the typical Porod's law, and the ideal

phase separation between the variable region of
fibrous proteins and globular proteins was suggested
to be generated by the alternation of hydrogen bonds
with the treatment process.

ﬁ O :D20
O PGDM20°C

100 |5 /\ :Chemical treatment in D20
! (SS reduction and oxidation)

{— slope=-2.3

Excess Scattered Intensity I(q)

001 0.1 0.4
q(=@n/X)sin(0/2))[A-1]

Fig.6  Neutron scattering of hair.

Propyren glycole / 120°C, 20minutes

Fig.7  Permanent straight of kinky hair treated by propyren
glycole at 120° C. Kinky hair was spontaneously
straightened in the propyren glycole at 120° C.



UK-Japan Collaboration

In fiscal year 1995 the ISIS facility realized the
goal concerning the proton current in their
synchrotron accelerator.  The averaged proton
current during one day was more than 200 pA,
which was the target value for the present machine.
We all congratulate them for their great achievement.

After the uranium target failure in May, the target
was replaced by a tantalum target, and has been
operated throughout this year without any problem.
A methane flow in the 95K-methane moderator was
reversed in order to reduce a blockage due to a radio-
chemical product in the moderator. This
modification increased the reliability of the moderator,
which has been safely operated in this year. Hence,
the duty cycle of the ISIS target station was quite
good, and is about 95% of the scheduled machine
time of 200 days.

Fifteen Japanese experiments were performed in
ISIS among 24 proposals submitted to the
experimental selection panel.  Most of the
experiments were performed on MARI, IRIS and
HRPD. The total experimental time allocated to the
accepted proposal was 73 days.

One of the outstanding results were direct
observation of the quantum-spin continuum in the
excited states of an 1D-antiferromagnet, CuGeQO,,
which possesses a spin-Peierls transition due to a
strong spin-lattice interaction. The quantum-spin
fluctuation is strong in low-dimensional S=1/2
antiferromagnet. For this system the spin-excited
states are not well-known spin wave states, but are
the so-called double-spinon states. The excitation
spectrum becomes broad and continuous, and is
surrounded by the de Cloizeaux Pearson mode at the
lower boundary and by an upper boundary, which is
twice in the periodicity and energy of the lower
boundary. The total image of the excitation was
clearly observed for the first time by taking
advantage of the ability of the MARI instrument,
which covers a wide range of the Q-E space in one
measurement.

A second one was an observation of the
anomalous diffusion in Rb,Co, Mg, ,F,. It is

theoretically suggested that there is an anomalous
diffusion process in the dynamics of the spin
correlation in a magnet with fractal geometry. By
observing the self-correlation function of the
spins,(S(E)), it can assess the single-particle motion
of spins. Therefore ,the experiment was performed
on the IRIS instrument. S(E) was obtained by
integrating S(Q,E) over a wide region of Q-space.
The results show that S(E) is proportional to E-0-34,
which has confirmed the fractal model described by
the anomalous diffusion process.

A third one was a study on the coherent excitation
of an amorphous system. It has been suggested by
a Monte-Carlo computer simulation that even in an
amorphous system there should be a phonon
dispersion-like excitation. The observation was
performed on Nig,Zr,, metallic amorphous on the
MARI instrument. The preliminary results are
depicted in Fig. 8. Because of the fairly low
incident energy, Brillioun scattering was not in the
observable range at a small momentum transfer,
though a roton-like dispersion was definitely
observed over a wide range of the momentum
transfer. A detailed analysis of the data will
contribute to a large advancement in this scientific
field.
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This year there was a review assessment on the
Japan-UK collaboration by two committees in the
Japan side and the UK side individually. Here, the
Joint Comments are summarized:
1)The research performed under this collaboration is
of very high quality and extends into many vital
areas of condensed-matter research.
2)The MARI instrument built at the ISIS Pulsed
Neutron Facility as a result of the Japan-UK
Collaboration can be considered to be the most
advanced chopper spectrometer in the world. It has
enabled a number of key experiments to be
performed, and has opened up entirely new areas in
condensed-matter research.
3)The Japan-UK Collaboration has fostered many
close scientific collaborations between the Japanese
and UK neutron-scattering scientists, and has led to

Meetings

N-Arena Studies

This meeting is aimed to make a conceptual
design of a pulsed neutron source for the future
project. The name of the meeting is related to the
neutron facility proposed in the Japan Hadron
Project (JHP). Since the first meeting was held on
June 11, 1993, it has been held almost every month.
In the series of the meetings, the neutron source for
the Japanese future project was preliminary
designed and the following reports were issued:
(1) Preconceptual Design of a Target Station in
Neutron-Arena of JHP (KEK Report 96-4),
(2) High-Performance Instruments in Neutron-
Arena of JHP (Preliminary Version) (KEK Report
96-5).
Present and Future of Powder
Diffractometry

This workshop was held on January 30 - 31,
1996, in KEK, in order to discuss on
instrumentations, sample environments under
extreme conditions, data analysis and recent
scientific results. A new high resolution powder
diffractometer to be installed in the new cold-
neutron guide-hall at KENS was also introduced.

an intensive exchange of information and ideas on
technological and technique specific issues.

On the basis of these conclusions it is recommended
to:

1) Continue the operation and development of the
MARI spectrometer,

2) Continue the very successful collaboration at such
a level to exploit the full opportunities afforded at
what is currently the world's most powerful pulsed
neutron source,

3) Intensify the existing collaboration in order to
respond to the increased neutron-scattering activities
in Japan, and to keep Japan at the forefront of
neutron scattering until a state-of-the-art spallation
neutron source is realized in Japan which will fulfill
the needs of the Asia-Pacific community.

JHP-Workshop on Nuclear Physics and
Fundamental Physics with Neutrons

This workshop was held on March 15 -16, 1996,
in KEK, in order to discuss fundamental physics.
It was noticed that the fundamental physics using
low-energy neutrons can achieve important and
unique progress in physics.

International Workshop on Science in
Neutron-Arena of JHP

The new research organization of KEK will start
from FY1997, and the organization is scheduled to
start the construction of JHP, which contains the
new pulsed spallation neutron facility (Neutron-
Arena) with 0.6MW. This international workshop
was held on March 26 - 27, 1996, in KEK, in
order to discuss the scientific opportunity and
merits triggered with the Neutron-Arena.

Time-Dependent Phenomena Investigated
by Neutrons

This workshop was held on December 19 -20,
1996, in KEK, in order to discuss science in time-
dependent phenomena. It was noticed that the
intense pulsed neutron source of JHP is important
to scientific interpretations of phenomena varying
with real time (non-equilibrium phenomena).

_'?__
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1.Summary of BSF Operation T
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Figure 1 is a summary of BSF operation from Mm_mTl:fé?fflm— ‘
January, 1995 through December, 1996. Total [ ‘q‘
operation time was 7,780 hours and the number of WLEE2R)
protons delivered to BSF experiments and cancer

therapy was 6.6x1020. Figure 2 shows the history of

the average beam intensity and current delivered to T
the neutron and meson experiments. SRl
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Fig. 1 Summary of BSF operation from January, 1995
through December, 1996 (units are hours).
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Fig.2  Average beam intensity and current delivered to the neutron and meson experiments.



2.Instrumentation

The control system for BSF beam line has been
replaced with the programmable controller (P.C.),
which is produced by OMRON. The new control
system consists of six P.C. , for safety control, pulsed
power supply control, DC power supply control,
vacumm control, steering magnet control, beam
monitor control. These P.C. connected with SYSNET
(produced by OMRON). Figure 3 shows P.C. and the
factory computer for DDE I/O server.

Human interface of this system is programed with
InTouch which is an object-oriented, graphical man-
machine interface (MMI) application generator.
Figure 4 shows BSF status display.

Fig. 4

Display of BSF sutatus in operation.

Figure 5 shows BSF beam line control system and
data acquisition system. The data acquisition system
consists of three blocks. One is taking law data and
averaging the data of beam intensity, beam profile
and beam loss monitor (by boad computer). Two is
collecting these data (by DOS/V computer). Tree is
the data server (by UNIX FreeBSD computer). The
data server is connected to Ethernet for control and
Ethernet in KEK. We can get an averaged beam data

Fig. 3 Programable controller for safety and the factory
computer for DDE I/O server.
any time.
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Fig. 5 Beam line control and beam data acquisition system.



FUTURE PROJECT

Conceptual design of the target-moderator-reflector assembly proposed in

N-arena, the intense pulsed neutron facility of JHP.



JHP and the new Research Organization
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Japan Hadron Project (JHP) is an
interdisciplinary project among particle physics,
nuclear science and material science, which
utilizes world-most-intensive proton beam
produced by synchrotron accelerators. The
Institute of Nuclear Study of University of Tokyo
(INS), which has been devoting to realize JHP
for a long time, will be merged to KEK in April
1997, and KEK will be re-organized to be a new
Research Institute, i.e. the High Energy
Accelerator Research Organization (new KEK).
The neutron science facility, so called Neutron-
arena (N-arena) for material research and other
related science will produce intensive pulsed
neutron beam by 3GeV, 200pA proton
synchrotron.

The formal Committee for discussing about
the future of accelerator science in Japan, which
was organized in April 1995 in MONBUSHO
(Ministry of Education, Science, Sports and
Culture), reported the decision of establishment of
new organization, mentioned above, in 30th of
April 1996. It says, " Under considering the
evolution of accelerator science and scientific
importance in particle physics, nuclear science,
meson science, synchrotron radiation science and
neutron science, it is decided to have a
comprehensive research institute by combining
the three laboratories, i.e. KEK, INS and the
Meson Science Laboratory of University of
Tokyo (UT-MSL), and reform them to make
continuous development of the accelerator science
and lead international initiative in the related
scientific field." Hence two new institutes, i.e.
the Institute of Particle and Nuclear Studies and
the Institute of Materials Structure Science, will
be formed in the new KEK. These institutes will
share the backbone accelerators in collaborative
fashion with keeping independent research
scheme.

The budget proposal for the new organization was
sent off to the Ministry of Finance from
MONBUSHO in August 1996 and approved by
the government in December 1996. Under the
new KEK, the Neutron Science Laboratory will
be composed from four units for the neutron
scattering research division and three units for the
neutron target development division. (One unit
contains three research staffs and one or two
technical staffs.) The outline of the new

organization is shown below. Total staffing
at new KEK amounts to 769 full-time permanent
positions.

High Energy Accelerator Research Organization
(new KEK)

Institute of Particle and Nuclear Studies

Institute of Materials Structure Science
Synchrotron Radiation Laboratory
Neutron Science Laboratory
Meson Science Laboratory

Accelerator Laboratory

Applied Research Laboratory
Radiation Science Center
Computer Science Center
Low Temperature Technology Center
Manufacturing Center

The one of the aim of the new organization is
to realize JHP, which has been a long time dream
of researchers in the related scientific fields,
especially neutron scientists. The accelerator
complex is composed from the 200MeV proton
linac, the 3GeV proton booster synchrotron and
the 50GeV synchrotron. 3GeV protons of 200pnA
(0.6MW, 25Hz) will be supplied for N-arena
(neutron arena), M-arena (meson arena) and E-
arena (exotic-nuclei science arena). 50GeV
protons of 10pLA will be supplied for K-arena (K-

" on, pi-meson, anti-protons, neutrino science

arena). After five-year construction, the JHP will
be operational by 2003. In order to reduce the
construction costs, the existing tunnel for the
present 12GeV proton synchrotron and
infrastructure, such as the electric power facility,
the cooling water facility and so on, will be
refurbished and used for JHP. Figure 1 shows
the outline of the JHP.

In general it is much difficult to construct high
current proton accelerators. On realizing 0.6MW
proton accelerator with sharp pulse structure for
JHP, it is indispensable to overcome the
development of a high power ion-source and to



reduce proton beam loss as possible as can be by
a well sophisticated beam control technology.

The N-arena is aimed at producing the world
highest neutron flux by utilizing newly developed
moderators. It is six times for thermal neutrons
and 36 times for cold neutrons compared to those
of the ISIS facility of the Rutherford Appleton
Laboratory. Hence it is over 200 times of the
present flux of the KENS facility, and a large
number of fruitful scientific outputs are highly
expected. In addition, for endowing further
uniqueness to JHP, a possible research scheme of
multi-beam experiment with using neutron, muon
and synchrotron radiation, and development of
high performance spectrometer are under
consideration. In the N-arena more than twenty
spectrometers will be installed. Those are small-
angle scattering instrument, diffractometers,
inelastic spectrometers, polarization analysis
instruments, reflectometer and so on, which will
be served for studying static and dynamic
structure of materials including biological
substances and basic nuclear science.

After realizing the performance of 0.6MW in
the neutron source, there will be possible
upgrading to 1.2MW by increasing the
operational frequency of the accelerator to 50Hz.
Further increase of the proton power can be
achieved by improving the 200MeV lineac, which
will reserve available site for this purpose. It is,
however, indispensable to develop a component
for high power accelerator and a new type of
neutron target for high power neutron source,
because even liquid metal target is not proved yet
to be usable above a few MW. Those issues
should be solved in the future by the related
working force. Working for N-arena program is
underway by the power users. The working
group for scientific case is lead by Prof. Y.Endoh
(Tohoku University). The working group for
target station is lead by Prof. M.Furusaka (KEK)
and for spectrometers by Prof. M.Arai (KEK).
The cost estimation for the target station of N-
arena is under way intensively for submitting the
gloss budget proposal for the government by the
end of FY 1996.

The N-arena will be opened for the outside
users after completion of the construction, and it
will be also opened for international community.
Hence it is important to consider the strategy of
the management of the facility. KEK has been
making collaboration with any foreign countries
without collateral beam costs. In this sense
collaborations among ICANS (international
collaboration on advanced neutron sources)
members, such as Rutherford Appleton
Laboratory (UK), Paul Scherrer Institut

(Switzerland), INR (Russia) are under way on the
development of the target station etc.

The development of target station,
spectrometers, sample environments and data
analysis software, the decision of the strategy of
the management of the facility for achieving high
performance, establishing the relation between
foreign countries in competing way and
collaborative way and improving research
environment for in-house staff, those all should
be well discussed and considered among neutron
community to realize JHP, which will be really an
important project for continuous development of
the neutron science in the next century.
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Outline of N-arena Target Station
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Introduction

It is becoming ever more difficult to build
new high-power research reactors for neutron-
scattering experiments due to the various
reasons, including technical issues and
construction. Thus interest in the construction of
pulsed spallation neutron sources (SNS) is
arising around the world; EU and USA are now
aiming at building megawatt-class SNSs, which
have about one order of magnitude higher power
than the existing SNS, ISIS in UK. Neutron
Scattering Facility (N-arena) of Japan Hadron
Project (JHP) is one of such projects, which is

likely to take the lead to build a megawatt-class
SNS.

Overview of JHP

JHP is a project based on high intensity
proton accelerator complex, aiming at
interdisciplinary scientific research using a
variety of particles produced by the proton beam.
JHP is consisting of four facilities, namely, N-
arena, M-arena (meson science), E-arena
(unstable nuclear beam) and K-arena (nuclear
and particle physics). The layout around the N-
arena is shown in Fig. 1. It is a five year project
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Fig. 1. Layout around N-arena.




aiming at operations of the facilities in 2003.

The accelerator complex is consisting of a
200 MeV — 400 pA linac, a 3 GeV — 200 pA (25
Hz, 0.6 MW)and a 50 GeV  -10p A (5 MW)
synchrotron accelerators. We have plans to
upgrade the 3 GeV accelerator to 1.2 MW after
the initial completion of JHP.

In order to reduce overall costs, 3 GeV
synchrotron will be built in a tunnel currently
used for a 12 GeV proton accelerator system,
and a N-arena will be built in the existing East
Counter Hall (50 x 100 m?2).

N-arena design group

A working group for designing the neutron
source for the JHP (N-arena design group) was
organized in 1993. The members of the group
are all neutron scientists; core members are
staffs of the neutron scattering facility (KENS)
at National Laboratory for High Energy Physics
(KEK) and others are from outside universities.
In 1996, new collaborations with scientists from

Research Reactor Institute of Kyoto University
(KUR) and Kobe University have been started,
aiming at research and development (R&D) of a
high power neutron generation target and
cryogenic moderators. Collaborations with some
foreign laboratories have also started.

Science and instruments at N-arena

Scientific fields to be studied at N-arena had
been discussed by a working group headed by
Prof. Endoh and a report has been already
publishedl).

Neutron scattering instruments to be built
are obviously important for actual scientific
activity. An instrument working group has also
been lead by Prof. Arai and a preliminary report
has been published?).

Conceptual design of N-arena

Roughly speaking, a high power SNS target
station has following components as shown in
Fig. 2 and 3 (a proton beam transport line; a
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Fig. 3. A cutout view of N-arena target station.

target-moderator-reflector-assembly (TMRA)
including liquid hydrogen and possibly a liquid
methane moderator system; a container (He
vessel) which confine the TMRA; a biological
shielding made mainly of massive iron and
concrete layer outside; neutron beam lines with
neutron shutters which are also mainly made of
iron; a remote-handling facility to maintain the
TMRA; a ventilation system for the remote-
handling equipment and water cooling systems
for the TMRA and shielding).

A cut out view of the target station is shown
in Fig. 3. The biological shield has about 6.5 m
in radius, mostly made of iron blocks. The
outmost layer is a shielding made of concrete
with 1m thickness. Inside of the biclogical
shield, a target-moderator-reflector-assembly
(TMRA) is set on a heavily shielded target
trolley. The TMRA is surrounded by a helium
vessel which has width of about 1 m. When
maintain the TMRA, such as replacing a target
or a moderator, the trolley is extracted in the
cell. Over the region of 2 m from the target,
helium gas should be filled in order to avoid the
induced activities. Liquid hydrogen and methane
cold boxes for the moderators are also set on the
trolley. The remote handling facility for
maintenance of the target system is located at the

downstream of the target station.

We employed rotary shutter mechanism for
the neutron shutter. They are schematically
shown as plugs in the Fig. 3 together with
neutron flight tubes. Some of the plugs will
accommodate a few bunched guide tubes. In
total, nearly twenty plugs will be implemented
and nearly 30 instruments will be installed
eventually.

One of the key components of the target
station is the target itself; as the incoming power
of proton beams is nearly one megawatt, heat
density generated in the target becomes
enormous and almost come to the limit of water
cooling technology. Moreover, from a
neutronics-performance point of view, a target
should be very compact to make coupling
between the target and moderators tight enough.
Therefore, it is very hard to design the target.

As the first step of the design of a target, we
decided to construct a solid-metal target which
we will be able to build by using current
technologies. For the target beyond a megawatt,
in the second stage of JHP, we will employ
liquid-metal target. We have just started research
and development (R&D) of solid-metal target, in
collaborating with outside experts. We do not
discard a possibility of using liquid metal target,



such as lead-bismuth or mercury, even for sub-
megawatt power; we are now starting the R&D
for a liquid-metal target system.

Parameters of the other components are
almost determined by a radiation protection
point of view; the thickness of the biological
shielding is determined by radiation level
outside of the shielding as well as the level at
site boundaries, and activation of soil and
underground water below the target station. We
have to confine induced activities inside of the
target station, such as activated argon-41 in the
atmosphere and so on. Tritium and beryllium-7
production by spallation reaction of target
cooling water is another important issue. A
remote handling facilities are necessary for the
maintenance of the TMRA.

The main difficulties of the conceptual
design is to find the best and a consisting way of
building a target station, which can safely
confine the radio active materials and safely
maintain the TMRA. Since many components
are correlated in a very complex manner, it is not
a trivial task. For example, the TMRA and its
cooling plants should be extracted to the remote-
handling cell to maintain them. Thus, there
should be seals between many components such
as the TMRA, the helium vessel, the biological
shielding, neutron beam flight tubes and neutron
shutters. Furthermore the pipings between the
TMRA and the cooling circuits have to be
remotely disassembled by the remote-handling
facilities.

We have almost finish construction of a
conceptual model which can be regarded as a
basis of cost estimation. Of course this is just the
starting point of the conceptual design; Basic
neutronics calculations to backup the design are
now underway. LAHET Code System (L.CS) has
been installed and neutronics calculations are
being performed, such as an estimation of
neutron flux, a heat generation in various
components, a shielding calculation and so on.

Other subjects to be considered are how to
evacuate and reuse the experimental hall
currently used for nuclear physics experiments.
A part of the floor of the hall has induced
activities due to the targets, beam dumps of

current facilities. To avoid unnecessary exposure
to radiation during construction of N-arena target
station, we have to locate the target station
almost at the east end of the hall.

R&D of high-performance TMRA

Continuing efforts to develop a better
TMRA system is undergoing, mainly at
Hokkaido university using an electron linac.

Last year, further optimization studies for a
coupled liquid hydrogen moderators and
reflector studies for short pulse thermal neutrons
have been performed, as well as very
fundamental studies on low energy neutron
spectra far below the Maxwellian peak.
Neutronic studies on the target are also
undergoing. A new type of cold moderator will
be examined near future. The detailed
descriptions of some of them will be found in
the following report.4)

Beamline

The design work of the proton beam line
components as well as beam transport
calculation is underway. Since we have to reuse
the existing counter hall, the radiation level
produced by a beam loss of the proton beam
transport should be within a certain limit;
activation of soil and underground water should
be negligible. Normally, beam loss of such beam
transport system is an order of a percent of main
proton beam current per 100 m. In order to meet
such requirements, we have to reduce the level to
10-4/100 m, which is not so easy to realize. We
are now assuming that the apertures of a beam-
transport line to be 150 mmyg.
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Y. KIYANAGI, Y. OGAWA, H. KURAMOTO, J. KANBARA, M. FURUSAKA* and
N. WATANABE**

Division of Quantum Energy Engineering, Faculty of Engineering, Hokkaido Univ., Sapporo 060
*National Laboratory for High Energy Physics, 1-1 Oho, Tsukuba-shi, Ibaraki 305
**Japan Atomic Energy Research Institute, Tokai-mura, Ibaraki 319-11

1. Introduction

extensively studying
neutronics of target-moderator-reflector
assemblies(TMRA) for JHP N-arenma. We
studied optimal hydrogen thickness for a
coupled liquid-hydrogen moderator and found
the optimal is about 5 ecm ® . We also
examined a narrow beam extraction, a Be
reflector-filter and grooved surface moderator to
increase cold neutron intensity from a coupled
liquid-hydrogen moderator system“®, We
studied some methods to improve  pulse
characteristics of a coupled liquid-hydrogen
moderator for neutron scattering experiments
which need short pulses and it was found that
the premoderator decoupling is one of the most
effective methods © .

Here, we report succeeding works about low
energy neutron spectra, further optimization
studies for a coupled Iliquid hydrogen
moderator and reflector studies for short pulse
thermal neutrons.

We have been

2. Moderator neufronics
-Low energy spectrum-

Precise determination of the incident neutron
spectrum i§ important in time-of-flight (TOF)
neutron scattering experiments utilizing white
beams. The statistics of a measured spectrum at
lower energies far below the Maxwellian peak
is usually rather poor and the spectrum is not
Maxwellian which is simply characterized by an
effective neutron temperature. When we obtain
the scattering function from a scattering data, a
reliable and smoothed incident neutron
spectrum i$ indispensable for data correction.
Therefore, we usually fit a measured incident

neutron energy spectrum by a modified
Maxwellian of the form,

M(E)=P1*E**P3 exp(-E/P2),

where E is the neutron energy and P1, P2 and
P3 are the fitting parameters. In the case of a
Maxwellian spectrum, P3 is 1, but usually not 1.
The deviation of the value of P3 from 1 is
important, which gives a measure of the
deviation of the spectrum from a Maxwellian at
lower energies. For instance, recently we are
interested in VCN (very cold neutron) as source
neutrons for ultra cold neutrons. The intensity
of VCN from a cold neutron moderator strongly
depend on the value of P3. If P3 is considerably
larger than 1, the decrease in intensity in the
VCN region becomes tremendous compared to
a Maxwellian like case.

As far as we know the mechanism of such
spectral  depression has mnot been well
understood. In order to obtain a better
understanding on this phenomenon, we started
systematic measurements on cold neutron
spectra from various moderators. In the present
note we report preliminary results on these
measurements.

2.1 Experimental

As a first step we measured three different
cold moderators; decoupled liquid hydrogen and
solid methane at 18 K, and coupled liquid-
hydrogen with premoderator. In all cases the
dimensions of the cryogenic moderators are 12
cm X 12 cm x 5 cm thick. Figure 1 shows
measured spectra after necessary corrections.
Dotted curves show fitted results using a
modified Maxwellian mentioned above. The
values of fitted parameters P1, P2 and P3 are
shown in the boxes of the same figure. The
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Maxwellian fits for cold moderator spectra.

fitting looks reasonably good except for a
higher energy part above 14 meV, where it is
well known that a hump appears due to a
sudden change in hydrogen cross section.
Figure 2 shows the deviation from a
Maxwellian of the same characteristic
temperature to the measurement as a ratio of
measured  spectrum to the Maxwellian
normalized at the Maxwellian peak. The solid
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curves are the results of modified Maxwellian
fits. The intensities at about 0.02 meV, about
two orders of magnitude lower energy from the
Maxwellian peak, are almost 50% of the ideal
intensities assuming normal Maxwellians. In the
case of the decoupled solid methane moderator,
a remarkable deviation is seen below 0.1 meV
although the statistics are not adequate. At the
present stage the reason is not clear, but it may




be due to a different energy transfer mechanism
in solid methane. In the case of liquid-hydrogen
the major energy transfer mechanism at very
low energies is hydrogen diffusion, while in the
case of solid methane there is no such
mechanism.

In order to investigate the origins of such a
deviation from normal Maxwellian spectrum,
we performed further experiments with room
temperature moderators. Two decoupled light
water moderators of different sizes, 15 cm x 15
cm X 5 cm and 39 cm x 35 cm x 25 cm, were
examined. The results of the spectral
measurements are shown in Fig.3. The fits by
modified Maxwellians look good except for the
epithermal region where 1/E spectrum takes
over the Maxwellian. The fitted parameters are
shown in the boxes under the spectra. Intensity
ratios to normal Maxwellian spectra are shown
in Fig.4. The intensities at about 0.2 meV, about
two orders of magnitude lower energy from the
Maxwellian peak, are again about 50% of the
ideal intensities assuming normal Maxwellian.

2.2 Discussions
In all moderators we studied, we observed
a considerable spectral deviation from a normal
Maxwellian spectrum at low energies. We
considered following possible origins for such
spectral deviations at low energies;

(1) imperfect data corrections, especially for
low energy neutron attenuation between
moderator and detector and for the detector
efficiency at low energies;

(2) effect of considerably larger absorption
Cross section at low energies;

(3) different energy exchange mechanism for
different moderator material;

(4} moderator size effect;

(5) leakage neutron specttum from
moderator viewed surface, not stored neutron
spectrum inside the moderator;

(6) time average spectrum before reaching
the thermal equilibrium due to a finite energy
exchange cross section;

Roughly speaking, we obtained almost the
same values of P3 for the same moderator
temperature, in spite of different moderator

materials and different moderator sizes. This
result will rule out the assumed origins (3) and
{4). If the effect of (1) is dominant, we cannot
explain the drastic difference between the
spectra in Figs.1 and 3. At the moment we are
thinking that the origins (5) and (6) are most
likely. Further investigations are in progress.

3. Further efforts for increasing cold
neutron intensity with coupled liquid-
hydrogen moderators

For more than several years we have been
studying a coupled composite moderator system
consisting of liquid-hydrogen and premoderator
at ambient temperature. Various efforts have
been devoted for increasing both time integrated
and peak intensitics. Among the various tests
we performed, following two cases were
successful for increasing intensity ®%;

(1) Narrow beam extraction; partial
enhancement of the intensity by masking a
remaining viewed surface with an additional
premoderator @ ;

(2) Grooving the viewed surface of liquid-
hydrogen @

However, the intensity gains obtained by
these methods were not large; only 15-40%.
Our conclusion at the present time is that further
intensity gain is very difficult to achieve. For
example, for increasing cold neutron intensity,
it is well known that a cooled Be reflector-filter
located in front of the viewed surface is very
effective ® . However, our measured result with
a 1.5 cm cooled Be did not show such a
remarkable gain. We think this is due to the
fact that the system is already close to an ideal.
Since the thickness of the Be reflector-filter we
examined in the previous experiment ® was
rather thin, this time we performed similar
measurement with a thicker Be (4 cm). The
measured spectral intensity is shown in Fig.5
with previous result. It is found that again there
is no gain at all in cold neutron intensity. While
in the thermal neutron region, there are
considerable intensity gains for both thickness.
We did not expected such gains above Be cut-
off energy (about 5 meV): This result is very




HP ooy T

10%

Intensity (Arb. Units)

107

~——lig.H2
— « -liq.H2 with Be 1.5¢m
o= lig.H2 with Be 4.0cm

10® N IR EEY IR Eee |
0.0001 001 0.01

01
Energy{eV)
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hydrogen moderators with and without Be
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unusual. This is probably due to the reason that
thermal neutrons escaping from the viewed
surface will be reflected back into liquid
hydrogen which may provide a small gain in
cold neutron intensity, while thermal neutrons
which originally enter into liquid hydrogen
from the reflector through the viewed surface
will be eliminated by the Be reflector-filter,
resulting in the decrease in gain. The overall
gain in cold neutron intensity is just unchanged
by the cancellation of both effects. The intensity
hump above Be cut-off would be thermal
neutrons scattered by the Be reflector-filter.
This is consistent with .the explanation
mentioned above. Although this method is null
for increasing cold neutron intensity, the
observed phenomenon is very interesting.

We are continuously studying a coupled
composite moderator system consisting of a
grooved cryogenic moderator and premoderator.
We already obtained a reasonably large gain at
longer wavelengths with a grooved hydrogen @,
However, how to realize such a complicated
shape at an intense spallation source would be
an another important issue. A narrower angular
coverage of this type of moderator due to the
existence of the side-premoderator would be a
demerit. However, the intensity decrease by
shortening side-premoderator for ensuring a

reasonable angular coverage would be small.
Detailed consideration on this is another issue.

4. Reflector studies for a short thermal
neutron pules moderator

The choice of the optimal size and material
for the reflector depend on the size and material
of the target, the moderator and the target-
moderator coupling method.

As a bench mark experiment in the first step,
we started experiments with room temperature
H,O moderators in two different reflectors,
graphite and iron, for two cases of coupled and
decoupled systems. The size of the moderator
was 10 cm x 10 cm x 4.5 cm and those of the
reflectors were about 80 cm x 80 cm x 80 cm.
Decoupling energy of a B,C decoupler was
about 2-3 eV. We were interested in whether a
coupled moderator at room temperature in an
iron reflector can take over the performance of a
decoupled moderator in a graphite reflector.

The results on time integrated thermal
neutron intensities from the coupled and the
decoupled moderators in the iron reflectors are
compared with the result from the decoupled
moderator in the graphite reflector in Fig. 6.
The thermal neutron intensity from these three
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moderators are approximately the same. Then
we measured the pulse shapes of thermal
neutrons and the results are shown in Figs.7 and
8. The pulse shape from the coupled moderator
in the iron reflector looks to be almost the same
to that from the decoupled moderator in the
graphite reflector in the linear plots. However,
in the semi-logarithmic plots, there exists a
finite difference in the die-away tails.
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Fig. 7 Pulse shapes from moderators in
coupled Fe reflector and decoupled C reflector
(Linear plots).
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Fig. 8 Pulse shapes from moderators in
coupled Fe reflector and decoupled C reflector
(Semi-logarithmic plots).

From these experimental results we
conclude that even in the case of a non-
moderating reflector with relatively large
absorption cross section we need a decoupler to
produce the neutron pulses as narrow as those in
decoupled case. We also have done Monte
Carlo simulations for reflector studies for in
the case of 3GeV spallation source. Preliminary
results suggest that the neutron intensity do not
depend so much on reflector materials. Much
efforts will be necessary to find the optimal
reflector especially for a TMRA including both
of decoupled and coupled moderators.

5. Conclusion

We could not get much intensity
enhancement in the case of the coupled liquid
hydrogen moderator. It suggests that this system
in itself has very high efficiency to produce
cold neutrons. Another type of composite cold
moderator have been proposed recently, which
consists of liquid hydrogen and pelletized solid
methane. We are now planing to measure
neutronic performances of composite moderator
of liquid hydrogen and pelletized polyethylene
as a simulation of the hydrogen and pelletized
methane composite moderator.

We are also continuing the study about
reflector and post liquid methane moderator.
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EXPERIMENTAL STUDY ON NEUTRON YIELD
FOR 12GeV PROTONS
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ABSTRACT

We have carried out an experiment on neutron
yields from typical cylindrical lead targets for
12 GeV protons by means of the Mn-bath
moderation method. Our experimental results
are consistent with the study by Russian groups
done for lower proton energies by independent
methods. The neutron yield from a 20 ¢cm
(diam.) x 60 cm (length) lead target is 185
neutrons/proton for the 12 GeV protons. That
is to say, the neutron yield is almost
proportional to the proton beam energy at least
up to 12 GeV. Some neutronic calculations by
HETC/KFA2 have also been achieved and the
results have given an reasonable agreement
with the experiment.

1. Introduction

The proton beam energy is one of the most
important parameters for the design of an
intense spallation neutron source. Our
calculations have shown that a higher proton
energy is effective at least up to 3 GeV [I].
Recently, higher proton energies (beyond 3
GeV) are under consideration for next-
generation spallation neutron sources at various
laboratories (for example, 3.6 GeV at
Brookhaven and 10 GeV at Argonne}, mainly
from an accelerator point of view, Thus the
reliable values of the neutron yield in such an
energy range become important. However there
exist only two measurements in this range.
Vassil'kov et al. measured the neutron yields
from lead targets for various ions including
protons in the energy range from 1 GeV to 8.1
GeV using a moderation method {2]. Nikolaev
et al. also measured the yield for protons from
1 GeV to 3.7 GeV using a threshold detector
technique [3]. Their results showed that

neutron yield is nearly proportional to the
proton beam energy up to 8.1 GeV. There is
almost no data above 8.1 GeV. Therefore, we
were motivated to measure neutron yield by 12
GeV protons which are available at KEK. We
have performed an experimental study on
neutron yield by means of the Mn-bath
moderation method, as well as a neutronic
calculation using a well improved hadron
transport code HETC/KFAZ.
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2. Experimental

Experiments were performed at the P1 beam
line in the East Counter Hall of the 12 GeV
Proton Synchrotron at KEK. Figure 1 shows
our experimental system. The system contains
two tanks, a main tank and a sub-tank, and a
control panel, from which all valves can be
controlled and the water level and the gas
pressure can be monitored. Each tanks have a
pressure gauge, a water level gauge and an




agitator, which was used to uniform the spatial
distribution of the irradiated Mn ions in the
tank. The main tank including the lead target at
the center was placed at the P1 beam line and
the sub-tank was used to prepare the water
solution of MnSO4 and for its storage. The
MnSOy solution can be transported between the
two tanks by raising the pressure of N3 gas, up
to 1 kg/cm? (gauge pressure), in either of the
tank. The lead targets used in the experiments
are cylindrical ; 60 cm in length composed from
six segments of 10 cm in length.

Cu-foil main tank
ion
chamber ;
60 cm
proton # ‘ Ol
dm
= D |-
Pb target
H2G + MnSO4 (~ 5%)
v
| g

i5m

Fig.2 The layout of the main tank. The lead target, 60
cm in length and 20 cm in diam., is surrounded by 5 %
MnSO4 solution. The incident proton beam is
monitored by an ion chamber, which efficiency was
calibrated by a Cu-foil.

Two kinds of diameter, 20 and 10 cm, were
arranged. The main tank, which has a
cylindrical shape of 150 cm in length and 110
cm in diameter, was filled with the MnSOq4
solution with the Mn-ion content of 49.2 g/1,
i.e, 5.0 %. In order to control the proton-beam
intensity, the proton transport line has an iron
collimator (narrower), an iron beam-shutter, a
bending magnet, etc. just at the upstream of the
target. Therefore it is necessary to check the
possible contamination in proton beam mainly
by high-energy neutrons. An Al-foil was used
to detect such neutrons in the incident proton-

beam using the Al(n,t)24Na reaction and we
confirmed that the proton beam is not
contaminated with neutrons. The incoming
proton beam intensity was monitored by an ion
chamber, which absolute efficiency was
calibrated by a Cu-foil using the Cu(p,X)?4Na
reaction (3.59 £ 0.14 m barns) {4]. As we will
see in the following results this cross section
gave the largest ambiguity to the present

results. The fast neutrons produced in the
target by the spallation reaction emit out of the
surface of the target, which are slowed down
and thermalized in the MnSQOy4 solution, and
finally captured mainly by manganese, sulfur

and hydrogen nuclei. In this process 55Mn
changes to radioactive 56Mn with the half life of
2.58 hours.

55Mn +n ->3Mn (T2 =2.58 h)
The target was exposed to the proton beam for
about 500 seconds, which correspond to about

3.0 x 108 protons. In each experiment, the
MnSOy solution of 2 litters was sampled just
before and after the irradiation to determine the

number of the 3Mn nuclei in the solution. The
sampled solution was transferred to a standard
liquid sample container, a well-type cylinder,
and the gamma rays at 846.8 keV emitted from

56Mn were measured by a Ge detector. The
efficiency of the detector was calibrated by a
standard sample solution in the same container
at the same geometry. In order to reduce the
background from the short-lived nuclei, the
gamma ray measurements were performed after
a cooling time of 2 hours. We measured the
gamma rays from the sample three or four times
in every several hours to confirm the half life of

56Mn. Thus, the total number of the
thermalized neutrons in the Mn-bath was
determined. The neutron yield from the target
was obtained by taking into account the fraction
of the neutron absorption cross-section for the
nuclei contained in the Mn-bath with assuming
as a uniform mixture. Experiments were
performed for two target systems of the
different diameters, 10 cm and 20 cm, changing
the target length from 0 to 60 cm by a 10 cm
step.

3. Calculation

We have performed some neutronic
calculations on the total neutron yields and the
spatial distributions for 12 GeV protons using
HETC/KFA2, which is applicable up to 15
GeV protons. In these calculations we
considered two systems, i.e. one is the Mn-
bath system and another is the bare lead target
system. The Mn-bath system contains the 20
cm (diam.) x 60 cm (length) lead target, the
MnSOy4 solution and the stainless steel tank of
1.0 cm in thickness. For comparison,
calculations with different proton energies of 1,
3,8, 12 and 15 GeV were also performed for
the bare target system.




4, Results and Discussions

4.1 Total yield

Figure 3 shows the preliminary results of our
experiments and calculations for the total
neutron yield together with other experimental

results [2, 3]. In all measurements, the target
geometry is the same, i.e. cylindrical shape of
60 cm in length and 20 cm in diameter. The
present experimental results, are about 185 *
11 neutrons/proton for target of 20 c¢cm in
diameter and 140 * § neutrons/proton for the
target of 10 ¢cm in diameter (The latter is not
shown in Fig.3).
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Fig.3 Total neutron yield as a function of incident proton energies. The detail is in the text.

The lower and the upper curves show the fitted
results of Vassil'kov et al. and Nikolaev et al.,
which are expressed by

Y(Ep) =-8.2+293 x Ep0-75 for the
lower curve and

Y(Ep) = -4.8 + 28.6 x Ep0-85  for the
higher curve respectively.
The present result is well within those
experimental boundaries and we have
confirmed the consistency with the independent
experimental results. We also fitted our
calculated results done on the bare target system
with a function of

Y(Ep) = -3.0 + 24.5 x Ep¥-86,
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Fig.4 Total neutron yield as a function of the target
length.




The error value of our experimental data is
about 6.0 percent, which is mainly due to the

ambiguity of the cross section for Cu(p,X)?4Na
reaction of Cu-foil. The statistical error in the
present experiment is very small and it is less
than one percent. Although the present
experimental and calculated results are
preliminary, we can confirm the consistency
between them and we can conclude that the total
neutron yield increases almost linearly with the
incident proton energies at least up to 12 GeV.
Here we note that our results is not corrected
for the possible leakage of neutrons from the
main tank. Thus, if we take this into account,
the total neutron yield increases by about
several percent. This estimation is under way
by calculation. We also remark that the
calculated results on the bare target system is
closer to the experimental results than on the
Mn-bath total system.

4.2 Spatial distribution

In order to estimate the spatial distribution
(axial dependence) of the neutron yield, the
target length was changed from 60 ¢m to 10 cm
by removing the target segments one by one.
This method does not give the true spatial
distribution of the produced neutrons because
of neglecting the effect of the back-scattered
hadrons from the downstream target
component. However, we can make
calculation for the same target geometry and
obtain a reasonable agreement between the
experiments and calculations. The experimental
results are shown in Fig.4. By taking the
differences between the results for successive
target segments, we obtained a sort of spatial
distribution of neutron yield as a function of
target length. The results are shown in Fig.5
with the calculated results for the same target
geometry, i.e. cylindrical lead targets of 20 cm
in diameter with various target lengths. In
Fig.5 the calculated results are normalized so as
to give the same total neutron yield with the
experimental ones. There are small differences
between experiments and calculations for the
Mn-bath system. In Fig.5 the calculated results
for the bare target system are also plotted. The
peak position, the most intensive part, of the
distribution is about 15 cm in depth from the
incident target surface, which does not largely
differ from the peak position for lower proton
energies ; for instance 7 cm for 3 GeV protons.
A considerable difference between the
calculations for the Mn-bath system and the

bare target system appears at the shallow region
(Ist target segment). This may be attributed to
an additional spallation process in the MnSO4
solution.
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Fig.5 Spatial distribution of neutron yield, which was
obtained by taking deviation of the neutron yield for
successive target lengths.

5. Conclusion

From the present experimental results on the
total neutron yield and those by Russian
groups, we can conclude that the total neutron
yield increases almost in proportional to the
incident proton energies up to 12 GeV. We
have also confirmed that the experimental
results are reasonably consistent with the
calculated results by HETC/KFA2 up to 12
GeV.
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SCIENTIFIC REPORTS

The new high resolution powder diffractometer, HRP-II, installed at the
new cold neutron guide hall. A higher resolution of Ad/d=1x107 is
expected.
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Introduction

Potassium nitrite KINO2, which is composed
of spherical K* and V- shaped NO;" ioms, is
known to be a typical "iomic plastic crystal".
KNO7 has three crystalline phases including
plastic ones.l) The structure of the highest
temperature phase I (7' > 315 K) is NaCl type
cubic and that of the phase II (264 K < T < 315
K) is rhombohedral (space group R3m). In
these phases, the orientation of the NOy~ ion is
highly  disordered.2) The crystal s
mechanically deformable under stress in these
crystals. The phase I (T < 264 K) has a
monoclinic structure in which NOz~ ions are
supposed to be ordered.?) No further structural
study has been done for the phase III since a
single crystal shatters at the II-{II transition.

An unusual feature of KNO7 is the existence
of the large excess heat capacity over a wide
temperature range (80 - 260 K} below the phase
transition.)) Such an anomaly has never been
observed in molecular plastic crystals. The
corresponding excess entropy is 15.1 J K1 mol-1,
which is larger than the first-order component
(discontinuous part) of the II-II transition
entropy (10.8 J K-1 mol-1). Our recent NMR3)
and dielectric® studies revealed that the excess
heat capacity is caused by the gradual
development of the orientational disorder of the
NOz™ ion.

The aim of the study is fo determine the
structure of the phase IIl and to clarify the
structural aspect of the II-III transition including
the mechanism of the gradual orientational
disorder of NOz". Neutron diffraction is useful
for determination of the positions of the

disordered N and O atoms whose discrimination
is difficult by X-ray diffraction. The coherent
neutron scattering lengths of N and O atoms are
different enough (936 fm and 5.803 fm,
respectively).

Experimental

As the commercial KNO7 sample contained
ca. 0.5 % of Na* and ca. 3 % of NO3~ ions, the
KNO2 sample used in this study was prepared
from NaNOz using the cation-exchange
method.l) The sample purity was checked by
ICP  emission  spectroscopy and  ion
chromatography. The purified sample (~3.5 g)
was contained within a vacuum-tight cylindrical
can made of vanadium.

The neutron powder diffraction data of KNO2
were collected on the time-of-flight (TOF) type
diffractometer VEGA.S) The TOF range of
4.5-42 ms, corresponding to the d-spacing range
of 0.5-43 ;\, was covered in this measurement.
The resolution of the data (Ad/d) was about
0.2 %. The measurement was performed at 4,
120, 180, 220 and 250 K. In this report,
however, we present only the result obtained at 4
K, whose analysis has been completed.

Results and Discussion

The unit cell was determined using the auto-
indexing program  DICVOL-91.9) A
monoclinic cell (z = 4.401(2) A, b = 9.596(2) A,
c = 6981(2) A, B = 108.28(4)", Z = 4) was
determined with figures of merit M(48) = 9.4
and F(48)=16.0. From the systematic absence
of the diffraction peak (hOl: h+l#2n, 0k0: k=
2n), the space group was determined to be P21/c.
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Fig. 1

Observed (plus marks) and calculated (line) neutron powder diffraction patterns of KNOg at 4 K.

The calculated peak positions are given by the tick marks and difference between the observed
and calculated intensities are shown below them.

This space group was confirmed by the cell and
peak intensity refinement”) using the program
CAILS.®) One molecule is contained in the
asymmetric unit indicating that both K ion and
NOz2" ions are located on general positions.

We searched a starting model for Rietveld
refinement by a trial-and-error method. The
program used was RIETAN-96T written by Ohta
et al® A number of trial models were
constructed by changing the positions and
orientations of K* and NO2- ions based on the
known structures of several NOz and NO3
compounds. For each model, a quick Rietveld
refinement was performed using a limited
number of parameters. The slack constraint
technique was utilized in this stage; the N-O
bond length and ONO angle were constrained to

be within 1.24 = 02 A and 115.0 & 2.0°,
respectively. The central values of the bond
length and angles were determined from the
structure of NaN©02.19) A model derived from
the structure of NH2NO; gave a satisfactory
small § value (Rwp / Re) as a starting structure,
The next stage of the refinement was performed
without any constraint for structural parameters.
A new technique named profile-relaxed Rietveld
method?) was used in the final stage of the
refinement to give an excellent S value of 1.08.
The final structural parameters are summarized
in Table 1. Further analysis with anisotropic
temperature factors was unsuccessful. The N-O
bond length of 1.255(2) A and the ONO bond
angle of 116.4(2) ° are both reasonable com pared
with the values of NaNQO; (see above). The



Table 1 Refined structural parameters of KNO, at 4 K.

Monoclinic: space group P2,/c (No. 14)

Lattice constants: a = 4.4024(2), b = 9.5979(3), ¢ = 6.9847(3) A, = 108.295(3), Z = 4
R;=1.05%, R,, =424 %, R, =3.93 % and S = 1.08 for 3700 profile points and 113

basic variables.

x y z Biso(A%
K 0.4111(7) 0.1407(3) 0.2119(5) 0.08(6)
N -0.0738(3) 0.4105(2) 0.1840(2) 0.36(3)
o1 0.2051(5) 0.4126(2) 0.4126(3) 0.43(4)
02 0.1600(6) 0.2995(2) 0.0871(3) 0.45(4)
final results of the profile fitting are illustrated in References

Fig. 1.

Figure 2 shows the monoclinic structure of
KNOz at 4 K thus determined. Four molecules
are contained in the unit cell. The orientation
of the NO;- ion is completely ordered. In
addition to the most stable orientation shown
here, some metastable orientations may be
excited thermally at higher temperatures. Such
an excitation may reflect the gradual disorder of
the NO2™ ions. The Rietveld refinement
including metastable orientations is in progress
for the data obtained at higher temperatures.

Fig. 2 lllustration of the crystal structure of KNO2
at4 K
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The  pyrochlore  ruthenates are
technologically important materials as
catalysts, electrocatalysts, and conducting
components in thick-film resistors. Their
electronic properties are of intrinsic interest,
since Ru:4d electrons are on the borderline
between localized and itinerant behavior. The
thallium pyrochlore TLRu,O,, was first
synthesized by Sleight et al. in 1970 under
3kbar of supporting pressure, and showed
metallic property with nearly temperature
independent resistivity”. Later, Jarret et al.
have reported that TL,Ru,O,, synthesized
under high pressure showed a metal-

semiconductor(MS) transition around 120K?.

However no information has been reported.
Recently, we synthesized the thallium
pyrochlores using high-pressure(1GPa)
conditions. Our synthesis experiments
clarified that the amount of oxygen vacancy
was controlled by the synthesis condition;
the samples synthesized under high-oxygen-
pressure showed the MS fransition at 120K
with a decrease in the magnetization, and
those synthesized at high-pressure without
oxidizing reagent showed a transition at 50K
with a spin-glass-like behavior.

[n the present study, neutron diffraction
was measured for the samples prepared
under high-pressure conditions; (a) the
sample synthesized at 1GPa, 1173K, with
high-oxygen-pressure using KCIO,(T,,=
120K, first order transition with a drastic
resistivity change at T5), and (b) the sample
synthesized at 1GPa, 1173K without
KCIO,(T,,s=50K, higher order transition
with a spin-glass-like behavior). The

diffraction measurements were carried out at
room temperature. The structural parameters
were refined with the space group Fd3m
using the program RIETAN.

Table 1(a) and (b) show the refinement
results. Fig 1 illustrates the profile fit and
difference patterns for both samples. The site
occupancy of the Of2) site was determined to
be 1.00 (TL,Ru,0, ;) for the sample (a) and
0.96(3) (TL,Ru, 0 ,,) for the sample (b). The
Ru-O(1)-Ru angles are 133.7(2)° and
134.2(2)° for the samples (a) and (b),
respectively. In the pyrochlore structure, the
Ru-O(1)-Ru angle plays an important role
for their electrical properties™. Larger angles
lead to metallic properties, and smaller
angles lead to semiconducting properties.
The boundary Dbetween metallic and
semiconducting behavior is situated around
134°. The Ru-O(1)-Ru values observed for
TL,Ru,O,; comespond to the borderline
between the metallic and semiconducting
behavior.
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Fig.1 Observed, calculated, and difference plots of the samples (a) and (b).

Structural parameters for the sample (a) in Fd3m .

(synthesized under high oxygen pressure, Metallic-semiconducting transition at 120K)

(a=10.1865(2) A, R,,=9.55%, R,=6.96%, Ry=13.50%, R =7.75%, R,=3.66%, R,=3.08%, S=R, /R =1.23)

Atom Site g x ¥ z B 1A*?
Tl 16d 1.0 1/2 1/2 1/2 1.46
Ru 16¢ 1.0 8.0 0.0 0.0 1.28
O(1)  48f 1.0 0.3256(4) 1/8 1/8 1.68
0@  8b 1.0 3/8 3/8 3/8 1.63
Atom U, rA® U, I A* U, /A? U,/ A? U,/ A? U, /A*
T 0.0184(16) =U, =U, -0.0012(17) =U, =U,
Ru 0.0162(15) =U, =U, 0.000(2) =U, =U,
o) 0.024(2) 0.0199(16) =U, 0 0 0.04(2)
0@  0.021(3) =U, =U, 0 0 0

Table 1(b)

Structural parameters for the sample (b) in Fd3m.
(synthesized under high pressure, Metallic-semiconducting transition at 50K)

(¢=10.1831(2) A, R,,=6.86%, R, =5.36%, R,=20.66%, R =6.13%, R,=3.74%, R,=3.04%, S=R /R =1.12)

Atom Site £ x ¥ z B /A®
Ti 16d 1.0 1/2 1/2 1/2 1.46
Rn l6¢ 1.0 0.0 0.0 0.0 1.34
o) 48f 1.0 0.3247(4) 1/8 1/8 1.61
0(2) 8b 0.96(3) 3/8 3/8 3/8 1.45
Atom U, /A® U,/A? U, /A* U, A? U,/ A* Uyl A?
1l 0.0185(14) =U, = U, -0.0006(16)  =U, -U,
Ru 0.0170(14) -, =U, 0.000(2) =U, =U,
o)  0.023(2) 0.0189(16) =U, 0 0 0.04(2)
0@)  0.018(4) =U, = U, 0 0 0
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Introduction

(ND4)2SeClg and (ND4)2PtBrg belong to a large
family of ammonium hexahalometallates (NH4)2MXg
(M = Se, Pt, Te, Pb, Pd, X = Cl, Br) which share the
same crystal structure. The basic structure of these
salts is of the antifluorite type with NHy* tetrahedra
occupying the cation sites at (1/4,1/4,1/4) of an fcc
unit cell and MXg2- octahedra situated at (0,0,0).

Recent heat capacity studies!-6) have revealed that
these compounds undergo novel phase transitions with
a large deuterium substitution effect (isotope effect} on
the transition temperature (Tys) and entropy (AsS);
the extent of the isotope effect depended on the metal
and halogen atoms. The transition appears only in the
deuterated sample for (ND4)2PtClg, (ND4)2PdClg and
(ND4)2TeClg and the deuterated compounds exhibited
higher T and larger AggS than protonated ones for
others. The magnitude of AysS of the deuterium
compounds (AygS > R In 2) suggest that the transitions
are of order-disorder type. The symmetry of the
cation sites (43m) coincides with that of an NH4* ion.
Therefore, there are no obvious reasons for the cation
to be disordered. These phase transitions are of
interest in relation to the basic problem of the
collective behavior of quantum mechanical rotators
with a small moment of inertia restricted in a shallow
rotational potential. This situation is different from
that of the deuteration effects in the hydrogen-bonded
systems in KH2PO4 and K3H(SO4); families,

In the present study, a neutron diffraction
experiment was carried out on the high-temperature
phases of (ND4)2SeClg and (ND4)2PtBrg; the former
exhibits large isotope effect and the latter small effect
as shown in the next table (the units of Tyg and AygS
are K and JK-1mol-1, respectively):

compound  Tgs(H) Tie(D)  AgSH)  AyS(D)

(ND4}2SeClg  24.5 48.2 1.3 12.1
(ND4)oPtBrg 56.1 68.4 22.3 33.9

The purpose of this experiment is to determine the
orientational disorder of ND4* ions and clarify the
structural aspect of their ordering transition. The X-
ray diffraction of (ND4)2SeClg? and the neutron
diffraction of (ND4)2PtBrs,8) (ND4)2TeClg210) and
(NH4)2TeClg!1? have been performed so far, but
determination of the orientation of ammonium ions
was not the chief concern of the previous works.

Experimental

Neutron diffraction data were collected on the
time-of-flight (TOF) powder diffractometer
(VEGA).12) The sample crystal was contained in a
vacuum-tight cylindrical can made of vanadium (10
mm in diameter and 50 mm in height) under a helium
atmosphere. The data were recorded with the back
scattering bank of detectors in the TOF range 4.5 - 42
ms, corresponding to the d-spacing range 0.5 - 4.3 A.
The resolution (Ad/d) of the data was about 0.2 %.
The diffraction data were collected at 63 K for
(ND4)2SeClg and 90 K for (NDg)2PtBrs. These
temperatures are low enough for the thermal motion to
be sufficiently subdued so that preferred molecular
orientations are well defined and, at the same time,
reasonably remote from the transition temperature, It
took about 6 h to collect a set of data with sufficient
counting statistics for the Rietveld refinement,

Results and Discussion
Figure 1 shows the neutron powder diffraction
pattern of the high-temperature phase of (NDyg)2SeClg
and (NDy)2PtBrg crystal. The plus marks denote the
observed intensities and the dotted line those
calculated as described below. The densely-
distributed experimental points are barely discernible
from the calculated curve. The Rieiveld refinement
was performed on the experimental data to determine
the crystal structure including the positions of the D
atoms using the data of the d-spacing 0.5-2.3 A. The
computer program used for the profile fitting was

RIETAN-96T written by Ohta et ¢1.13)
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Fig. 1. Neutron powder diffraction patterns of the high-
temperature phases of (ND4)>SeClg and
{ND4)2P1Brg crystals recorded at 63 K and 90 K,
respectively. The plus marks denote the observed
intensities and the dotted line those calculated

from the best-fit model of the Rietveld refinement.

The observed peak positions in the diffraction
patterns of both samples were completely reproduced
by the space group Fm3m. Hence, the unit cell
structures of the room-temperature (ND4)2SeClg (@ =
9.9616 A, x(Cl) = 0.24111) determined by X-ray
diffraction” was employed for the starting models of
the refinement for both samples.

For the following analysis, we will describe only
for (ND4)2SeClg while giving only the corresponding
numbers for (ND4)2PtBrg in brackets since the
procedure of the analysis was almost the same for both
samples. The four D atoms of an ND4* ion were
placed on the crystallographic 3-fold axes (32/
positions, site symmetry: 3m) pointing from the
central N atom to the four Se atoms located
tetrahedrally at the 4 corners of the (1/2x1/2x1/2) cube
of the unit cell. The N-D bond length was set to the
literature value of ND4Cl (1.03 A).14) The ND4* ion
is orientationally ordered in this model. This "ordered

model" was refined using the 40 variable parameters
(12 background parameters, 1 scale factor, 18 profile
parameters, 1 lattice constant, 2 atomic coordinates, 6
anisotropic temperature factors) against 2672 intensity
data in the TOF range between 5 and 23 ms. The
position of the D atom was inverted and rapidly
converged to the opposite side to the Se atom. The
Ryp value of the fitting was 4.42 % (6.03 %) against
Re of 3.28 % (3.13 %) at this stage. The temperature
factor of the D atom (Beq = 7.0 A2 (11.3 A2)) was
much larger than those of other atoms (e.g. Beg(N) =
0.92 A2 (0.96 A2)). In the next stage, therefore, the D
atoms were placed off the crystallographic 3-fold axes
and in the mirror planes (96k positions, site symmetry:
m). This model, previously proposed for the cubic
form of (NHg4)2SiFg,15 has 12 equivalent D atom
positions for each ND4* ion, thus representing 3-fold
orientational disorder. The least-squares fitting of the
*3-fold model” was performed using three additional




parameters (3) for the D atom. Rapid convergence
was obtained again to give a better Ry, value of 4.02
% {4.07 %). The distance between the D atom and the
3-fold axis was 0.35 A (0.46 A), corresponding to an
ND4* rotation angle of 20.4° (27.4%). The diffraction
intensities calculated from the "3-fold model" are
shown by the solid line in Fig. 1. Further refinement
was performed using a "6-fold model" in which the D
atoms were placed at the 1927 sites (general positions).
However, the refinement was quite unstable and no
significant improvement of Ryp was obtained.

Figure 2 reproduces the Fourier contour map (Fops)
of the (111) section at the level containing the D atom
(calculated from the final structure of the refinements)
using the phase data of Fyic. This map clearly shows
that the D atoms of (NDg4)2SeClg is distributed at
fairly wide region around the 3-fold axis probably
with 3 maximum positions in the mirror planes
whereas those of (ND4)2PtBrg are locaied at 3 definite
positions in the mirror planes away from the 3-fold
axis.

(ND4)2SeClg

Fig. 2. Fourier counter map (Fong) of the (111) section at
the level containing the D atoms of the ND4* ion.
The crystallographic 3-fold axis is located at the
center of the map.

The present result indicates that the phase
transitions of (NDy4)28eClg and (ND4)2PtBrg are both
due to the ordering 1o an unknown structure from the
dynamically disordered state of the ND4* orientation.
The orientational disorder of ND4* in (NDy4)2PiBrg is
a quite usual (classical) one in which each orientation
is definitely distinguished from others by relatively
large potential barrier. On the other hand, in
{ND4)2SeClg, ND4+ does not have absolutely stable
orientations and the considerable part of NDg4*
orientation is distributed apart from the most stable
orientations (probably on the mirror planes). We call
this type of disorder "quantum disorder”. The
transition entropy reported previously29) is consistent
with the present result; AygS of (ND4)2PtBrg is larger
than that of (ND4)2SeClg. It is also reasonable that the
large isotope effect was observed in the quantum
disorder system (ND4)2SeClg. Theoretical transition
models with accompanying for such large quantum
effects are desirable for the (NH4)2MXg family.
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Y SryCu3z0q_sis a superconductor structurally
related to YBa;Cu307_s with a unit cell of a,x
apX3ap, where ap (= 0.38-0.39 nm) is the typical
lattice parameter of the perovskite-type oxide.
Two different Cu sites are included in YSryCus-
O7_s: Cul on the z = 0 plane and Cu2 on the
CuOs; sheet. Cul atoms are substituted by a vari-
ety of metals, M (M = Al Fe, Co, Ga, Pb, etc.),
to yield solid solutions YSryCuy(Cu_,M,)07_s.
An electron microscopic study of YSroCuyAlO4,
where Al is fully substituted for Cul, revealed a
superstructure with dimensions of 2apx4apx
6a,.1) In this work, we determined the structure
of YSr,CuyAlO7 by neutron powder diffraction,
taking into account this unique superstructure.?

Time-of-flight neutron powder diffraction data
of YSr;CuyAlO7 were measured on VEGA and
analyzed with RIETAN-96T. A refinement based
on a tetragonal subcell with space group P4/mmm
gave systematic disagreement due to a slight dif-
ference between a and b for the apXayx3ap subcell
and a large Ry, of 7.35% (R, = 3.61%). Then,
we constructed several structural models with two
different orthorhombic space groups: Pmmm with
the subcell and Pm2m with the 2apxdayX 6ap, su-
percell. The best model adopting Pm2m afforded
an Ry, of 6.29%, which is somewhat lower than
6.69% obtained with the Pmmm model.
Therefore, results obtained with the best Pm2m
model will be described in what follows.

The lattice parameters of YSr,CuyAlO; were
refined to be a = 0.77173(2), b = 1.54729(3), and
¢ =2.21933(4) nm. In its structure, AlQOy tetra-
hedra are linked to each other by sharing corners
to form meandering (Al0337).. chains running
parallel with the [100] direction, which leads to
the lattice parameter of a = 2a; (Fig. 1). SrpAlO3
blocks composed of the infinite chains and Sr2*
ions alternate with Y{CuQO;); blocks that contain
two CuO, sheets sandwiching Y3* ions in eight-
fold coordination. Each AlQy tetrahedron shares
the so-called apical oxygen, O(ap), with a CuOs

square pyramid. The Cu-O(ap) distance is ca.
0.234 nm. The supercell of b = 4ay, is related to
the alternation of (Al0337),, chains with different
orientations along the [010] direction. On the
other hand, the lattice parameter of ¢ = 6ap results
from relative shifts of infinite chains in two
Sr3Al03 blocks (z = 0 and 1/2) interleaved with
an Y(CuO»), block along the b axis.
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Fig. 1 Projection of Sr2* ions and (Al03° ).,
chains along the ¢ axis. Open and shaded
circles are atoms constituting AlQy tetra-
hedra where Al atoms have z coordinates
of 0 and 1/2, respectively.
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Since 1993, a time-of-flight (TOF) neutron
powder diffractometer, VEGA,! has been oper-
ated at the KENS pulsed spallation neutron
source in place of the previous one, HRP. VEGA
has backward, 90°, and forward banks, each of
which is equipped with an array of one-dimen-
sional *He position-sensitive detectors to cover a
wide solid angle two-dimensionally. This novel
geometry makes it possible to enhance the effi-
ciency of data collection without sacrificing reso-
Jution (Ad/d = 2x1073 for the backward bank).

In our previous Rietveld-refinement program,
RIETAN, for TOF neutron diffraction,? we
adopted a profile function optimized for HRP,
i.e., the linear combination of two Cole-Windsor
functions®’ in a (1-R):R ratio. Preliminary
Rietveld refinements of intensity data measured
with the backward bank of VEGA using
RIETAN revealed that this profile function no
longer fits observed patterns very well. In par-
ticular, observed intensities tend to exceed calcu-
lated ones in leading edges.

The above profile function was meodified in
such a way that the leading part is represented by
a pseudo-Voigt function containing three primary
profile parameters (PPP’s), oy, 01, and 7:

F(Aty)=n(1+ At} 1203 )_1
+ (1-mexp(-At} /207 ), o)

where Aty =1#; — 1, <0, t;=TOF at step i, and #; =
TOF at the peak position.¥ Figure 1 shows the
results of individual profile fitting for the 311 re-
flection in intensity data of Si (NIST SRM 640b)
measured on VEGA. The calculated profile fits
the observed profile much better with the new
profile function (Rwp = 2.50%) than with the
previous one? (Rwp = 7.37%). The marked im-
provement in the fit in the leading edge
(magnified in Fig. 1) is evidently due to contri-
bution of the Lorentzian component (first term)

in Eq. (1). Both the previous and present profile
functions achieve excellent fit at the expense of
physical foundations.

We determined the dependence of 7 PPP’s
(00, 01, 71, 02, Y1, %2, and R) in the present profile
function on the lattice-plane spacing, d, with
TableCurve 2D. The PPP’s other than oy and 7
are identical with those in the previous profile
function.”) The new profile function was then
combined with the resulting 7 equations includ-
ing 18 secondary profile parameters and incorpo-
rated into the latest version of our Rietveld-re-
finement program, RIETAN-96T. This native
PowerPC code can be run fast on the Power
Macintosh. It has convenient features of a user-
friendly input system called F3IS and creating
Igor text files storing results of Rietveld analysis
as well as simulation.

Figure 2 shows observed, calculated, and dif-
ference diffraction patterns of Si. The fit be-
tween the observed and calculated intensities was
very satisfactory; R factors were Ryp = 4.72% (S
= Ryp/ Re = 1.02), R, = 3.35%, Rg = 0.81%, and

15000

10000 -

Intensity
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g

L 1
1.62 1.64 1.68 .68
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Fig.1 Observed (open circles), calculated (upper
lines), and difference (lower lines) pat-
terns for the 311 reflection of Si. Solid
lines were calculated with Eq. (1), and
broken ones with the profile function for
HRP.2




Rp = 0.60%. The isotropic atomic displacement
parameter, B, of Si was 0.0049(4) nm?2, which is
very near to the value reported in the literature:
0.00461 nm?.

RIETAN-96T has another original feature of
partial profile relaxation,® where the PPP’s of
(nearly) isolated reflections specified by the user
are locally refined independently of secondary
profile parameters for the relevant phase. The
PPP’s of these reflections are all or partially freed
from equality constraints relating PPP’s to 4 and
diffraction indices, hkl. On the other hand, #;’s
and integrated intensities for the user-selected
reflections are, respectively, calculated from lat-
tice and structure parameters in the same manner
as those for the other reflections. Though the
profiles of only low-@ reflections can be sub-
stantially relaxed, better fits in this region lead to
improvement of fits in a high-Q region, where
the profile shape mainly depends on the equip-
ment and characteristics of neutron beams rather
than the crystallinity of samples.

Partial profile relaxation is especially suitable
for samples showing anisotropic profile broaden-
ing. We have been successfully applying this in-
novative method to a variety of compounds.
Figure 3 exemplifies the results of conventional
and profile-relaxed Rietveld refinements for an
oxygen-deficient pyrochlore-type oxide, Tl;Nbs-
0O7.5.) When the PPP’s of 10 reflections were
relaxed to be varied directly, Ry, decreased from
4.98% to 4.30% (S = 1.05), and Rp from 0.86%
to 0.70%. Onoda-Yamamuro et al.% has recently
determined the crystal structure of KNO, at 4 K
with RIETAN-96T. R factors were dramatically
reduced when our technique of profile relaxation
was applied to its structure refinement.

We are now extending the profile-relaxed
Rietveld method to angle-dispersive neutron and
X-ray diffraction; this work will be published
elsewhere.
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Fig.2 Rietveld-refinement pattern of the neutron
powder diffraction data for Si.
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Fig.3 Observed (crosses), calculated (upper
solid line), and difference (lower solid
line) patterns obtained in the (a) con-
ventional and (b) profile-relaxed Rietveld
refinements of TI;NbyO7_s.
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The spinel-type oxide, LiMn,QOy4, has been
studied extensively in recent years as a potential
cathode for rechargeable Li—ion batteries. Solid
solutions with a general formula LiMny_,M,04
(M = Cr, Co, and Ni) have been prepared to
improve the cycle performance of LiMn,0, as a
cathode of 4 V class batteries.!

X-Ray Rietveld refinements of LiMn,_ ,M,04
with space group Fd3m showed that doped
metals such as Cr substitute not for Li at the
tetrahedral 8a site but for Mn at the octahedral 16d
site.l) The atomic scattering factors of Li and O
are, however, too small to obtain their reliable
structure parameters in these solid solutions. In
the present work, we determined the crystal
structures of LiMnz_yCr,O4 by time-of-flight
(TOF) neutron powder diffraction.

Samples with Cr contents, y, of 0, 1/9, 1/6,
and 1/3 were synthesized in the same way as re-
ported previously.! Their TOF neutron powder
diffraction data were measured on VEGA at room
temperature and analyzed by the Rietveld method
with RIETAN-96T.

In preliminary refinements, the occupation
factor, g, of Li at the interstitial 16c site proved to
be nearly negligible. It was, therefore, fixed at
zero in subsequent refinements. The occupancy
of O at a 32e site was very near to 1, e.g.,
0.98(2) in LiMny;O4. The slight apparent
deficiency at this site may result from strong
correlations between g(O) and other parameters,
in particular, a scale factor and atomic
displacement parameters. Thermogravimetry
revealed that oxygen was hardly released on
raising temperature up to 1200 °C. Then, the 32¢
site was thereafter regarded as fully occupied.

Tables 1 and 2 respectively list final structure
parameters and metal-oxygen bond lengths in the
(Mn,Cr)YOg octahedron. The oxidation states, z,

of Mn calculated from the chemical formulae were
also included in Table 2.

X—-Ray powder diffraction indicated that
LiMnj_,CryO4 showed anisotropic profile
broadening with a broadening axis of [100]. This
profile broadening seemed to decrease with
increasing Cr content. Figure 2 gives (Ads—
Ad)ld vs. d curves for LiMn,O4 and
LiMnspiCr 304, where Adg and Ad; denote the
full-widths at half~maximum (FWHM) due to the
sample and X-ray instrument, respectively. A
curve for CrpO3, which exhibits isotropic
broadening because of a crystallite~size effect, is
also included in this figure. The dispersion of
data points is caused by anisotropic profile
broadening, and the gradient of each curve
increases with decreasing crystallite size. Figure
2 clearly demonstrates that increasing y
suppresses the anisotropy of profile broadening
and, simultaneously, reduces the crystallite size.

Tarascon et al.> reported that the reversible

capacity of a cell containing LiMn;0Oy4 increased
with lowering synthesis temperature while the
grain size of its powder decreased . In other
word, decreasing the crystallite size improved the
cycle performance of the cell, which is consistent
with our analysis of the diffraction profiles for
Lian_}.CryO4.
It is well known that highly broadened X-ray
diffraction profiles are observed in the Li spinels
used as cathodes after repeating
insertion/extraction of Li ions. Such profile
broadening has been ascribed to the stress caused
by changes in lattice parameters during the dis-
charge/charge processes. In stoichiometric
LiMn,04, 50% of Jahn-Teller Mn3* ions occupy
the octahedral 16d site. The changes in the lattice
parameters can be suppressed by substituting
cations with no Jahn-Teller electronic
configuration, e.g., Cr, for Mn?* ions.
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Fig. 1 Rietveld refinement pattern of LiMns;;Cr, 50,




Ohzuku et al.®) suggested that strain free insertion
into or extraction from the solid matrix is the most
important factor for the improvement in the cycle
performance, which is consistent with our
conclusion obtained from the diffraction profile
analysis.

Anisotropic profile broadening was also ob-
served in our TOF neutron powder diffraction
data. We applied a new feature of partial profile
relaxation in RIETAN-96T to the present
materials. This method significantly improved R
factors for LiMn;O4 which shows the most
pronounced anisotropic profile broadening of the
four members of the solid solution
LiMny_,Cr,0O4. Quantitative profile analysis of
TOF data similar to that of X—ray data is now in
progress; this will be reported elsewhere.

[001] axis —>

ey
R

Fig. 3. Fourier map of LiMnj1/sCri604 (110)
plane which contains 8a, 16d, 32e and
‘'empty' 16¢ site.
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Fig. 4. (Mn,Cr)-O bond lengths.

Table 2. Lattice parameter, «, and (Mn,Cr)-O dis-
tances, /, in LiMnp_yCryO4. I is the ex-
pected (Mn,Cr)-O distance calculated
from effective ionic radii.

vy __a(d) L(A) LA 2

0  8.24376(13) 1.9597(10) 1.9675 3.50
1/9 8.23741(10) 1.9582(8) 1.9658 3.53
1/6 8.23451(7) 1.9578(7) 1.9650 3.55
1/3_8.22337(4) 1.9551(6) 1.9625 3.60
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The mixed alkali effect has long been posed
as a controversial problem and many extensive
investigations have been carried out.  This
anomalous phenomenon was summarized in
reviews!) and several kinds of explanations have
been proposed and discussed23). In the present
work structures of mixed alkali glasses and
especially R-O (R=Li, Na, K, Rb, Cs) bond
length in glasses were investigated by Neutron
diffraction to understand the difference between
single and mixed alkali glasses and vice versa .

The composition of lithium di-silicate Li,0O-
28i0; was chosen as single alkali glass and
0.5Li,0-0.5R,0-28i0, as mixed alkali glass.
These glasses were prepared by melting method
with enriched lithtum (Li). Neutron diffraction
measurements were carried out by time of flight
with pulsed neutron using HIT-IL After
correction of diffraction data, radial distribution

functions (RDF) were calculated.
15

121

Radius/ A
Figure | Neutron radial distribution functions of
Li;0-5104 and 0.5Li,0-0.5R,0-2810, glasses.

The observed RDF curves of R;0-28i0,
glasses are shown in figure 1. Figure 2 shows
the five peaks assigned to Li-O bond in their
glasses. It was found that mixed alkali glasses
had the different Li-O bond length distribution in
relation to glass composition; the bond length of

Li-O changed as the larger second alkali
component was introduced into the glass and visa
versa. The increase and decrease in Li-O bond
length is ascribed to the presence of the second
cations in local arrangement around oxygen
atoms. As mixed alkali glasses showed negative
deviation from compositional linearity in their
total internal energies®, this seems to be based on
the difference of R-O bond distribution in single
and mixed alkali glasses and the structural
difference should be one of the origins of
nonlinear behavior in mixed alkali glass systems.
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Figure 2 A part of RDF curves for Li-O bond.
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Liquid Tl-AsyTey and TI-AsySe; systems, which
both undergo the metal-nonmetal transition, exhibit a
different electronic behavior, although Te and Se
belong to the same VIB group1=2), Recent EXAFS
measurements for liquid As,Tey have shown the
presence of As-As bonds3) which was not recognized
by previous diffraction studies on liquid AssX5 (X: Se
or Te)4=5).

In this report, we describe results of TOF neutron
diffraction measurements on both liquid Tl-As,Te;
and Tl-AspSe; systems in order to investigate the
difference between the two systems in light of their
structures®).

The alloy components with more than 4N purity
were sealed in an evacuated quartz cell, melted
together, and reacted for 48 h at about 200 °C above
the hiquidus temperature. The cell containing the melt
was water-quenched to keep the homogeneity of the
sample. TOF neutron diffraction measurements of
samples sealed in an evacuated quartz cell (7.3 mm in
inner diameter and 0.5 mm in thickness) were carried
out using a HIT spectromcter7) installed at the pulsed
spallation neutron source {KENS) of the National

Laboratory for High Energy Physics, Tsukuba, Japan.

Details of data correction and normalization
procedures were described elsewhere?). The
compositions investigated were x = 0 (500 °C), 60
(700 °C), 83 (700 °C), 90 (800 °C) and 100 (500 °C)
mn the liquid Tl (AsyTe3)] 00-x System, and y = 0 (500
°C), 60 (500 °C), 83 (800 °C) in the liquid
le(ASZSC3) 100~y System, respectively.

Figures 1 and 2 show structure factors, S{{), and
pair distribution functions, g(#), in the liquid
Tl (AsyTes)100-x System with x = 0, 60, 83, 90 and
100. The first sharp diffraction peak (FSDP) in S(Q)
at 1.2 A-l is slightly visible at x = 0, but rapidly
disappears with the addition of Tl. The asymmetric
first peak in g(#) in liquid AsyTes (x = 0) denotes the
involvment of multiple atomic pair correlations, such

as As-Te and As-As bonds. The first two peaks in
g(r), at about 2.70 and 3.80 A at x = 0, rapidly
weaken with increasing Tl content, and above x = 60
the first peak position is increased to about 3.25 A
due to the enhancement of partially tonic T1-Te bonds.
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Fig. 1 Structure factors, S(Q), in the liguid
Tly{AsnTen)oo_x System.

Figures 3 and 4 gives S(Q) and g(#) i the liguid
T (As;Se3)100-y system with y = 0, 60, 83 and 100.
The FSDP in S(Q) at 1.2 A-L in liquid AsySe; (v =0)
is as sharp as that in amorphous state, implying that
pyramidal AsSes/y units connect each other, although
partly, even in the liquid state. This FSDP rapidly
fades away with the addition of Tl, as m the telluride
system. The well-resolved first peak in g{r) at y =0
indicates that the first coordination shell is composed
of strong As-Se bonds alone. The peak in g(r) at 2.43
A remains strong at y = 83, which is very close to the
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Fig. 2 Pair distribution functions, g(n, in the kquid Fig. 4  Pair distribution functions, g{s}, in the liquid

T {AsyTea)1gp-.x System. Q5% denotes the upper
limit of Q on the Fourier transform of S(Q).
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Structure of Concentrated Aqueous DCOONa Solutions
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Studies of the formate ion, HCOO", have occupied an
important position in the field of coordination chemistry,
because its versatile coordination behavior. A number of
complexes involving HCOQO™ as the ligand have becn
synthesized, and the crystalline structures of these
complexes have been cextensively invesiigatedi).
However, despite  extensive structural studies for
solutions containing HCOO~, only a little information
concerning the molecular structure and the hydrogen
bonded structure in the aqueous solution, are known.

In this report, we describe results of TOF neufron
diffraction measurements for 15 mol% DCOONa
solution m D202). A fully deuterated aqueous 15 mol%
DCOONa solation was prepared by dissolving the
required amount of DCOONa (990 % D, MSD
ISOTOPES) into D50 (99.8 % D, Aldrich Chemical Co.
Inc.). A TOF neutron diffraction measurement was
carried out at 25 °C using a HIT-II specirometer
installed at the pulsed spallation neutron source (KENS)
of the National Laboratory for High Energy Physics,
Tsukuba, Japan. The observed scattering intensities
from the sample were corrected for background,
absorption, multiple and incoherent scatterings. The data
from 66 sets of lower scatlering angle detectors located
at 10 < 20 = 51° were combined, and employed for the
subsequent analysis. The least squares fitting analysis of
the observed total interference term in the range of 6.0 <
O = 32.0 A-l was made using the theoretical model
function which involves contributions from the
intramolecular interference within DCOO™ and D50, the
nearest neighbor hydrogen bonded O--D and DD
interactions, and the nearest neighbor NatO and
Na't--D interactions.

The least squares fit for the observed total
mnterference term (iN(Q)) is shown in Figl. A
satisfactory agreement was obtained between the
observed and calculated 7y(Q) in the 6.0 = 0 =32.0 A-l
range. The present value of the intramolecular C-O
distance within DCOO~ (rp0=1.272(7) A) is in
reasonable agreement with that reported by Xe-ray
diffraction studies for crystalline HCOONa (rco= 1.27
A3) 1246 A%)). Bond angles within DCOO- (LOCO
= 118(3)°, £DCO=121{4)") calculated from the present
rCD- 'CO- FOO ad rgp values, apparently indicate a
planer molecular structure of the formate ion in aqueous
solution. The structural parameters for D70 molecule m

an aqueous 15 mol% DCOONa solution is in complete
agreement with those reported in pure liquid D7O within
the experimental error, implying that the structure of the
D50 molecule remains unchanged in such a concentrated
DCOONa solution. Further, the present intermolecular
hydrogen bond distances (#(O-D)=1.92(2) A, r(D--D)
=2.42(2) A) are almost identical to those reported in
pure liquid water, The coordination number, #(O--D),
determined in the present analysis, is close to 2,
suggesting that a tetrahedral hydrogen bonded network
anong water molecules exists in the solution.

The authors would like to acknowledge the member
of HIT pgroup during the course of diffraction
measurements.
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Fig. 1 The observed neutron total interference term (dots)

and the best fit with the theoretical one {solid line). The
residual function (dots) is shown below.
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Short-Range Order of Amorphous and Liquid Ge-Te Alloys
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In recent years, considerable attention has been
paid to amorphous germanium chalcogenides, which
exhibit novel photostructural and thermostructural
changesl), as future potential materials for electronic
devices. The local order of amorphous Ge-S and Ge-
Se alloys has extenstvely been investigated and
confirmed to be interpreted by the 4-fold Ge and 2-
fold S (or Se) coordination model based on the atomic
arrangement in the crystalline state2:3). On the other
hand, various structure models have been 4proposed on
the amorphous structure of Ge-Te alloys -6), Liquid
Ge-Te alloys are known to have a much more metallic

character than liguid Ge-S and Ge-Se alloys7).

However, the structural origin for the metallicity lies
under discussion at present.  Further structural
information is necessary to solve these problems.

In this report, we describe results of TOF neutron
diffraction measurements for Te-enriched Ge-Te
alloys in amorphous and liquid states, and discuss
their short-range structure and bonding feature.

TOF neutron diffraction measurements of samples
sealed in an evacuated quartz cell (7.3 mm in inner
diameter and 0.5 mm in thickness) were carried out
using a HIT-II instrument8) with the infrared image
furnace installed at the pulsed spallation neutron
source (KENS) of the National Laboratory for High
Energy Physics, Tsukuba, Japan. Details of the
sample preparation and data analysis were described
elsewhere?).

Figure 1 shows the observed interference function,

i(Q), of Ge, Teq_y alloys with x = 0.16 and 0.20 in the
amorplhous state, and x =0, 0.16, 0.20 and 0.33 in the
liquid state, respectively. The amorphous 7(() has the

first sharp diffraction peak (FSDP) at O = 10 nm™l,

while this peak is less clear in the liquid /(Q). The
corresponding pair distribution functions, g(#), of the
Ge-Te alloys in both states are given in Fig. 2. The
first peak in the amorphous g(») is sufficiently
resolved and its position is relatively short, suggesting
that the strong covalency acts between Ge and Te
atoms. However, it can be pointed out that Te-Te
bonds are included in the first peak besides Ge-Te
ones, because it is somewhat asymmetric and its
position varies with x. By contrast, the first peak in

the liquid g(#) is broadened beyond the thermal effect
and overlaps with the neighboring peaks. The first
peak position in the liquid g(#) is also longer than that
i the amorphous one. Therefore, it can be asserted
that the covalent nature drastically disappears in the
liquid state. The present result corresponds well to a
rapid enhancement of the metallicity in liquid Ge-Te
alloys.
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Fig. 1 Interference functions, {Q), of Ge,Te_y
alloys at x = 0.16 and 0.20 in the amorphous state
and at x = 0 (550 °C), 0.16 (480 °C), 0.20 (530 °C}
and 0.33 (700 °C} in the liquid state, respectively.
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Fig. 2 Pair distribution functions, g(n), of Ge,Teq_y
alloys at x = 0.16 and 0.20 in the amorphous state
and ai x = 0 (550 °C), 0.16 (480 °C), 0.20 (530 °C)
and 0.33 (700 °C) in the liquid state, respectively.
The present result has shown that the first peak in




g(r) in both amorphous and liquid Ge,Te)_; alloys is
composed of more than one atomic patr correlation, i.
e., Ge-Te and Te-Te. However, it is impossible to
obtain the bond length of each atomic pair from the
first peak position in the observed g(r). Under the
assumption that partial distribution functions
£2GeGeln): gGeTe(?) and gTeTe(r), are unchanged
between x = 0.16 and (.20, we obtain two difference
distribution functions, Ag(r) and Agy(r), in which a
particular gij(r) is omitted, using the observed g(r) at
both compositions,

?

Ag1(r)y = [-0.874g14(r) + g20(r)] % 10.549
= 8GeTel") +0.3228GeGe(r): (1)

Ago(r) = [g16(r) - 0.872g20(r)] x 6.945
= 8TeTel) - 0.108g2GeGelr). (2)

where g16(r) and goo(#) correspond to the observed
g(ry at x = 0.16 and 0.20, respectively. Figure 3
illustrates Ag(r) and Agy(r) functions in the
amorphous  state. Since the Ge-Te term is
predominant in Agj(r), the position of the well
resolved first peak in Agy(r), 259 pm, can reasonably
be assigned to the nearest neighbor Ge-Te bond length.
Similarly, the nearest neighbor Te-Te bond length is
obtained to be 276 pm from the first peak position in

Ago(r), in which the Te-Te term is rather predominant.
These bond lengths are in good agreement with the
results of our recent X-ray structural analysis on Ge-
Te and Ge-Te-X (X: S, Se) alloys; rGeTe = 261~262
pm and rTeTe = 278 pm*4) and the result from the Ge
K-cdge EXAFS study of Geg 5Teg g1 0.
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Fig. 3 Difference distribution functions, Ag¢{r) and

Ago(n, in the amorphous state, together with the
chserved g(n at x = 0.16 and 0.20, respectively.

Figure 4 describes Agy(r) and Agp(r) obtained
using both gig(7) and gop(#) in the liquid state.
Assuming agamn that the Ge-Ge contribution fo the
first peak in both difference functions is negligible, we
can find rGeTe = 267 pm and ryeTe = 292 pm in the
liquid state from the first peak position in both the
difference functions. The Ge-Te distance apparently
increases by melting, implying that the liquid structure
is considerably different from that in the amorphous
state. The Te-Te bond length in the liquid state is also
changed as compared with that in the amorphous state.
The value, reTe, remains almost equal to the first
peak position, 291 pm, in g(r) for pure liquid Te.
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Fig. 4 Difference distribution functions, Ag{(r) and

Ago(n, in the liquid state, together with the observed
g at x = 016 (480 °C) and 0.20 (530 °C),
respectively.
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The neutron diffraction wusing the isotopically
substituted sample, is one of the most suitable
experimental method which provides direct infermation
concerning the local structure of complex liquid. The
hydration structure of solute ions as well as the inter-ionic
structure in wvarious aqueous solutions have been
investigated by this method1-3).

In this report, we describe results of the TOF neutron
diffraction measurement for 12 mol% lithium formate
solutions in D»O to determine the solvation structure of
both Li* and HCOO" in concentrated aqueous sofutions.

Isotopically enriched 12 mol% *HCOO*Li solutions {1,
II, Il and IV) were prepared by dissolving weighted
amounts of anhydrous salts, DCOOSLi, DCOO’Li,
HCOOSLi and HCOOLi, into D,O. Sample parameters
are listed in Table 1.

Neutron diffraction measurements were carried out at
25 °C using the HIT-II spectrometer®) installed at KENS,
The observed scattering intensities were corrected for the
absorption, multiple and inccherent scatterings. The first-
order difference functions!-3), DALi(Q) and HALi(Q)‘
were derived from the difference in the scattering cross
sections between two solutions having common hydrogen
isotopes for the formyl hydrogen, and different lithium
isotopes (DA ;(Q) = I, Ha Q) = TIIV).  Ap(O)
scaled by a stoichiometric unit, (*HCOO*Li)x(Dzo)l_x,
can be written as a linear combination of the following six
partial structure factors related to the lithium ion,

AL@y=Alap (- 11+Blap jgdO)-11+Clay;c(O)-1]
+Dlag ;o O-1HElagio(@- HFlapp(@-11, (1)
where,
A=y 2-byy?).  B=2x2(br;-bp by,
szxz(bLl-bLlr)bC D=4x2(bL1-bLf)bO
E=2x(l-x)(bLi-bLi»)bO, F=4x(1-x)(bLi-bLi-)bD.

O and O denote the oxygen atom of the heavy water
molecule and the carboxyl oxygen atom within the
formate ion, respectively. The weighting factors in Eq. 1
are numerically listed in Table 2. The distribution
function around the lithium ion can be represented as

Table 1, Isotopic compositions and mean scattering
lengths of the lithium and the formyl hydrogen, & ; and by,
of the sample solutions used in this work.

Sample SLi/% 7Li/% H/%® D/%® bi/10-'"%cm B /10-%om

| 5268 474 05 995 0 0.662
Il 01 99.9 05 885 ~0.222 0.662
i 526 474 100 o 0 -0.374

v 0.1 99.9 100
a) For the formyl hydrogen atoms.

0 -0.222 -0.374

Table 2. Values of the coefficients of [z;(Q)-1] in Eq. 1.

Difference A/bams B/bams C/bams D/bams E/bams F/bams
function

DA(Q) -0.0007 0.0042 0.0042 0.0074 0.0272 0.0624
HA(Q)  -0.0007 -0.0024 0.0042 0.0074 0.0272 0.0624

Gp (= 1H(A+B+CH+DHE+F) 1 (2n2pry ]
Qmiax
xf) 06 {Q)sin(0r) dQ @

= [AgLiLi I +Bg i)+ CeLict Do)
+Egy i0()+Fgp ip()(A+B+C+D+E+F) !

The upper limit of the Fourier integral (Q,,,,,) was set to
20.0 A1, The Li-Hf partial structure factor, ay j;{Q), is
derived by the second-order difference between two
Ay (s, in which the isotopic state of the formyl
hydrogen atom is changed,
PALi@) - HALyO)
=2x2(by b1 ) (bpyrburaLind@)-1] )

Figures I and 2 show the observed difference function
Ap;(0) and the distribution function Gy ;(r). respectively.
The functional form of the present DGLi(Q) characterized
by well defined nearest neighbor Li-O (~1.9 A) and Li-D
(~2.5 A) peaks, indicates the stable hydration geometry
around the Li* in the solution. The number of oxygen
atom around Li%, ry ;. was estimated to be ca. 3 from the
area under the first peak of DGLi(r). On the other hand,
the coordination number. ny ;. calculated from the area
under the sccond peak was ca. 9. which seems much
larger than the value, ”LiD=6’ expected for 3 DZO

{DCOO g 12(D20%0 08 4

Da14Q)

(HCCO Lio.12020%0.88 |

Hag Q)

oz bSO

904

0 N
4 3 QA 12 1% 3

Fig 1. Observed difference functions, PA((Q) and HAL(Q),
for agueous 12 mol% lithium formate solutions in Bo0.




(CCOC L) 12(020)0.58

{HCOD*Liy 12{D20% .88 !

HGy,fr)

Fig 2. Distribution functions around Lit, PG;(n and BG {1,

for aqueocus 12 mel% lithium formate solutions in D,0.

molecules. The fact may indicates that the contribufion
from the nearest neighbor Lit-~DCOO" pair is partially
involved in the second peak of the present DGLi(r). A
marked difference in the relative intensity of the second
peak between the present DGLi(r) and HGLi(r) functions
scem to provide additional evidence in support of the
above idea.

In order to obtain more detailed structural information
on the local structure around the lithium ion, the least
squares fitting analysis was applied for the observed
Ap (@) functions. In the model function, the contributions
from the nearest neighbor Li™ ~Dy0, Li*-DCOO", the
second nearest neighbor Li*-D,O and the long-range
continuous distribution of atoms around Lit were taken
into account by the following equation.

Aucals:(o)
E2anub (b bLi.)exp(-ILijZQ2/2)sin(Qruj)/(Qruj-)

+-£r:p(A+B+C+D+E—I—F)exp(-iOLij202/2)

=

X[Q}'OLijCOS(Q}'OLij)“Sin(Qf'OLij)}. (5)

For the Lit-DCOO" complex, the bond length, #(Li*Op),
the dihedral angle, o, between the plane invelving atoms,

Lit, Oy. C and the molecular plane of DCOO™, and the
bond angle, B (=/Li*OpC), are treated as independent
parameters. The intramolecular bond lengths of DCOO~
were referred to that obtained in our previous work for
aqueous 15 mol% DCOONa solution). The fitting was
carried out in the range of 1.0 < Q < 20.0 A”! for the

observed DALi(Q) and HALi(Q) functions simultaneously,

In this resnlt, the final wvalues of the independent
parameters are summarized in Table 3.

Table 3. Results of the least squares refinements for the
observed PAL{Q) and HAL(Q).

Interaction i— ﬁ,/r?\ f.JA Ni

Li*DgO L-O  1.847(1)  0.137(1)  2.90(2)
Li-D  2545(2)  0.218(2)  (5.8)%)

Li#-DCOO™ Li-O; 268(3)  0.208(8)  1.154(5)
a=30(2F  B=87(1)°

Li*-Dz0(l) Li-D:0 4.212(5) 0.747(5)  5.34(5)

longrange  Li-X® 41618}  1.11(1) -

a) Calcufated from 2n1g. B X: O, H{D), C and Li,

Figures 3 shows the observed LitHy partial structure
factor, aLle(O) and its Fourier transform, BLiH; (). The
nearest nelghbor Lit- ‘Hy distance was dctermmed to be
2.568(2) A from the least squares fit of the observed
a; Hi(O) in the range of 1.0 < Q < 20.0 A-!. In aqueous
12 mol% lithium formate solution, each LiT is surrounded
by, on the average, three water molecules and one formate
ion, which is similar to that found in highly concentrated
aqueous lithinm acetate solution®). The present result
indicates that the first hydration shell of Li* is
significantly modified by the presence of carboxylate
anion in concentrated aqueous solutions.

G037

(*HCOG™Li)g, 121D20)0.88
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P N . . .
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Fig 3. The observed partiai structure factor, ap{Q), and
the partial distribution function, gpiq(), for aqueous 12
mol% lithium formate solutions in D,0.
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Monolithic silica aerogel has properties such as
high transparency for visible light, low density, and
very low thermal conductivity. Such properties were
thonught to arise from a fractal structure with a porosity
more than 90% composed of silica particles of several
nanometrs in diameter. The structure of silica aerogels
has been the subject of a number of recent
investigations!+ 2). Walrafen et al, reported that the
skeletal density of silica in the aerogel was 1.83-
1.87g/cm? 3 These values are clearly smaller than that
2.19g/cm?, of fused silica. This difference indicates
that the Si-O-Si network structure of silica in small
particles may be different from that in fused silica.
We have found from Raman spectroscopic study that
the network structure in small silica particles
constituting aerogel is connected loosely and changes
at relatively low temperature up to 500°C 4,

In the present paper, we have performed TOF
neutron diffraction measurements using a pulsed
spallation neutron source in order to elucidate the
network structure of the fine silica particles
constituting the aerogels and the structure change with
temperature.

The preparation method of silica aerogels was
described in detail in previous paper[4]. Silica wet
gels were prepared by the hydrolysis of tetramethyl
orthosilicate(TMOS) diluted with methyl alcohol. The
mole ratio of TMOS, water and alcohol is 1:6:20. An
ammonium aqueous soluticn of 0.1N as a catalysis
was used in this reaction. The gels obtained were
transferred into anhydrous methyl alcohol and kept at
a prescribed temperature for 24hrs. to give
homogeneity. After those processes, the gels were
placed in an autoclave and were then dried under the
supercritical condition (250°C, 9MPa ) of the alcohol
10 remove solvent. The bulk density of aerogels
prepared was 0.08g/cm?3.

The skeletal density was measured by helium
pycnometry to obtain the atomic number density
using in the analysis of RDF.

Heating the aerogel in atmosphere methyl groups
bonded chemically with 8i-O networks are
decomposed rapidly at 259°C and a contraction of
volume occurs at the same time. The ratios of
shrinkage of the volume depended on a heat treatment
temperature and they were 6.2% for 300°C, 9.6% for
400°C, and 10.7% for 500°C for 2.5 hrs. The

shrinkage of the volume leads to the increase of the
density. The skeletal densities of the samples treated
under the same conditions were obtained by helium
pycnometry and were 1.68, 1.90, and 2.03g/cm3,
respectively. The skeletal density is also found to
increase with increasing treatment temperature as well
as bulk densities.

The structure factors S{Q) for silica aerogels
treated under the same conditions as described above
are shown in Fig.1, together with that of fused silica.
The S(Q) curves of the aerogels Q>6.5 A1 are similar
to that of fused silica, although an amplitude of S(Q)
curves for the aerogels is small. But the amplitude of
this region tends to increase with increasing
temperature. There is a large difference between the
S(Q) curves of the agrogels and fused silica in the
range of Q< A-l. The S(Q) curves of the aerogels in
this region show high intensities because they contain
intense contributions from small angle scattering.

5

5(Q)

Fused silica

|
0 5 10

! f I

20 25 30

15
Q@A™

Fig. 1 Structure factors S(Q) of silica aerogels and
fused silica.

The RDF curves obtained from Fourier transform
of $(Q) are shown in Fig.2. The first peak was
observed at 1.61 A for all the samples, corresponding
to the expected Si-O distance of the Si-O network.




The second peak appeared around 2.64 A for the all
samples, assignable to the O-O correlation. The
dotted lines on the second peaks indicate the
calculated data by assuming the Gaussian distribution
of the pair. The coordination number of O atoms
around a Si atom is calculated by integrating an arca
under the first peak. From the second peak, the
coordination number of O-O pairs was also calculated.
In Table 1, we summarized the obtained parameters of
the peak positions and coordination numbers. The
third shoulder-like small peak around 3.15-3.25 A
corresponds to Si-Si correlation. This distance
decreased with the increase of temperature.

100

RDF(r)

L
Fused sifica
o Lo Ay 1 £ |

o 1 2 3 4 5 ] 7
r(A }
Fig. 2 Radial distribution functions RDF{r} of silica
aerogls and fused silica.

Table 1. Peak positions, rj; (in A} and coordination
numbers, nj, of 8i-0, O-0, and Si-5i correlations.

temp.in "C | r1si.o/nsi.o | Fo.o/Mog Igi-Si
300 1.61/3.01 | 2.64/4.69 3.23
400 1.61/3.13 | 2.64/5.52 3.21
500 1.61/3.51 | 2.64/5.55 3.20

fused silica | 1.61/3.8% | 2.64/5.91 3.15

A unit of structure constituting fused silica is 510y
tetrahedron and these units are connected three-
dimensionally in fused silica. Thus the average
coordination numbers of O atoms around a Si atom 1s
4, and the coordination number O-O interaction is 6.
As seen in Table 1, the average distance of 8i-O and
0-0O correlations of the three aerogels are the same
values as those of fused silica. But the coordination
numbers of them are smaller than those of fused silica.
The coordination number of the aerogel treated at

_._54_

300°C is particularly small with both interactions.
These facts indicate that this structure contains many
dangling bonds for the Si-O-Si bonds after the thermal
decomposition of methyl groups and the network
structure results in imperfect. The coordination
number of Si-O pairs increased with increasing heat
treatment temperature because of an oxidation. As
result, the coordination number of the O-O pair
increased. At the sample treated at 500°C, it is found
that the coordination number is close to that of fused
silica. The peak position of Si-Si correlation gives the
average distance of the inter-tetrahedron. In the
neutron diffraction analysis, it is difficult to read
exactly Si-Si distance of the silica and silica acrogels
from the RDF curves, since the contribution to the
RDF curve of the Si-Si interactions is not so large
because scattering length of Si atom for thermal
neutrons is smaller than that of O atom and the
number of interactions is also less than those of O-O
pairs. The distances of the Si-Si pairs of the aerogels,
however, are longer slightly than those of fused silica.
The distance of the Si-Si correlations depends on the
distance of $i-O pairs and the angle of Si-O-Si bond.
Because in the aerogels, the distance of Si-O
correlations is the same as those of fused silica, it is
considered that the Si-O-8i bond angle affects the
distance of the Si-Si pairs. From the Si-Si and Si-O
distances, the bond angle in fused silica is calculated
to be 156°, while the bond angles of the aerogels are
obtained to be 167°-171". These results imply that the
silica network in the acrogels is loosely connected. In
the case of the aerogel treated at 300°C, this tendency
is remarkable. The results of the Raman spectra and
the skeletal density measurements support also these
ones3).
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The atomic structure| 1], electronic structure and
electron transport properties [2-3] have been studied
in a large number of amorphous AlI-LT-ET and Mg-
LT-ET (LT=Ni and Cu, ET=Ti, Y, Zr, La) alloys.
An addition of Al into the amorphous Ni-Zr alloy,
for example, results in an increase in resistivity, a
sharp decrease in the electronic specific heat
coefficient and a reversal in a sign of the Hall
coefficient from a negative to a positive value. On
the other hand, the resistivity decreases and the Hall
coefficient remains negative when Mg is added to
the amorphous Niglag, and Cu,Ye alloys.
Therefore, it has been realized that Al and Mg affect
the electronic structure and electron transport in
different mechanisms.

Among LT-ET amorphous alloys, the
amorphous Cu-Y alloy can dissolve both Al and Mg
to a large extent and, hence, may well be suited to
extract the role of Al and Mg in a common
amorphous matrix. The electron transport properties
have been already studied for a seres of the
amorphous Al (CuosYoshoox and Mg (CugsY o6 hoox
(0<x<85) alloys. In the present work, we have
employed the same series of amorphous Al-Cu-Y
and Mg-Cu-Y alloys and studied atomic structure
by utilizing neutron diffraction technique.

AEX(CHOAYO.G)IUO-K (0=x<85) and Mg,(Cu,,Y6)100x
(0<x<80) alloy ingots were prepared by arc-melting
appropriate amounts of pure elements 99.999%Al,
99.9%Mg, 99.99%Cu and 99.9%Y. The first two
series of alloys are hereafter abbreviated as [Al]x
and [Mg]x, respectively. Pure Y metal containing
the least oxygen content (<04 at%0Q) was
purchased from Shinetsu Chemicals, LTD, Japan.
Amorphous ribbons were formed in the following
alloys, using a single-roll spinning wheel apparatus
operated in Ar-gas atmosphere; [Allx (x=0, 5, 10,
15, 20, 30, 80 and 85), [Mg]x (x=10, 20, 30, 40, 60
and 80). The X-ray diffraction measurements with
Cu-K, radiation revealed that an amorphous single
phase region splits into 0<x<0.3 and 0.8<x<0.85 in
the [Al] alloy system, whereas it extends
continuously over the range 0<x<0.8 in the [Mg]
alloy system., The crystallization temperature is
measured, using the differential scanning
calorimeter (DSC) with a heating rate of 15 K/min.

1. Thermal property

The crystallization temperature Tx, as
manifested by an exothermic peak of the DSC
thermograms for a series of amorphous [Al]x and
[Mg]x (0=x<85) alloys, is plotted in Fig.l as a
function of Al or Mg concentration. It is clear that
the value of Tx increases rapidly up to 30 at.%Al
but drops substantially when Al content exceeds 80
at.%. In contrast, the value of Tx in the amorphous
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Fig. 1 Crystallization temperature Ty as a function of Al or
Mg concentration for amorphous Al (CugqYoshioox
(0=x=85) and Mgx(Cuos Yos)ioox (0=x<80) alloy.

[Mg] alloys monotonically decreases over a whole
Mg concentration range. This already indicates that
Al and Mg atoms play a different role, when
dissolved into the amorphous Cu-Y matrix. It is also
suggestive that the Al atom, when its concentration
is in the range 0<x<30, tends to form strong
bonding with Cu and Y atoms and strengthens the
bonding over the amorphous Cu-Y alloy, but that
the Mg atom apparently weakens it on average.

The crystaliine phases formed after being heated
up to 770 K were investigated by using X-ray
diffraction with Cu-K, radiation. The binary
CuyYs and ternary alloys with x=10 and 20 are
partitioned into CuY and remaining phases.
However, the [AI]30 sample is identified as an
almost single phase of the hexagonal AICuY
intermetallic compound isostructural to Fe,P.
Similarly, the major diffraction lines of the [Al]80
and [Al]85 samples can be indexed in terms of the

Ty phase[4], which is isostructural to BaAl,.

In the case of the crystallized [Mg] alloys, the
CuY compound remains observed up to x=20 as a
major phase. Pure Mg is definitely precipitated in
the crystallized [Mg]80 sample. The diffraction
lines for the alloys with intermediate Mg
concentrations x=30 and 40 cannot be indexed in
terms of any single phase, as opposed to the [Al]30
alloy. Indeed, the SEM (Scanning Electron
Microscopy) imicrograph revealed that the
crystallized [Mg]30 is partitioned into a mixture of
Mg-rich and Mg-poor phases. The lattice constant
of the resulting CuY compound in both [Al] and




[Mg] alloys is plotted in Fig.2 as a function of Al or
Mg concentration. It is seen that the lattice constant
increases in the case of [Al] but remains unchanged
in [Mg]. This implies that Al atoms are well
substituted in the CuY lattice but that Mg atoms are
apparently depleted from the CuY compound. All
these evidences suggest that the atomic environment
and the bonding nature among constituent atoms are
substantially different, depending on whether Al or
Mg is introduced in the Cu-Y amorphous matrix.

i T T [ 13

% (Alor Mg a1.%)

Fig. 2 Lattice constant of the CuY compound phase
obtained after crystallization of amorphous
AL(CupaYoshoox (®) and Mgy (CugaYoshoox
{0=x<85) (O) alloy.

2. Atomic structure

Figure 3 shows the structure factors S(Q) for
Al(CugaYos)g, Algo{CugaYos), Mgao(CupsYos)70
and Mggy(Cuy, Yos)zo amorphous alloys. All S(Q)s
have a characteristic feature of a metal-metal
amorphous alloy. The Ist peak of §(Q) for the
amorphous Al-Cu-Y alloys changes the position to
the higher Q) side with increasing Al content, whilst
no change is visible as a function of the Mg content
for the Mg-Cu-Y amorphous alloys. The radial
distribution functions RDF(r) derived from the
Fourier transformation of S(Q) are shown in Figs. 4
and 5 for the amorphous Mg-Cu-Y and Al-Cu-Y
amorphous alloys, respectively, along with the
RDF(r) of CussYg7 amorphous alloy observed by
Maret et al.[5]. The short range arrangement below
about 4 A drastically changes when Al is introduced
into the Cu-Y amorphous alloy matrix. In contrast,
the characteristic split peak observed in the Cu-Y
amorphous alloy is smeared with increasing Mg
concentration for the Mg-Cu-Y amorphous alloys.

The total RDF of Cui3Y¢7 amorphous alloy,
which is shown in Fig.4(a), consists of two peaks
positioned at 2.9 A and 3.6 A. A comparison with
the partial RDF led them to conclude that the former
originates from the Cu-Y pair and the latter from the
Y-Y pair. The Cu-Y distance of 2.9 A is shorter
than the value of 3.08 A deduced from the hard
sphere model given as a sum of the respective
Goldschmidt radii. This indicates that strong

bonding states are formed between the Cu and Y
atoms. As an additional unique feature, they found
that Cu atom has no direct contact with neighboring
Cu atoms.
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Fig. 3 Total structwre factor 8$(Q) for amorphous
AL (CuoaYos)ioor Mex(CugsYosdoox (x=30 and
80) alloys.
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Fig. 4 Total radial distribution function RDF(r) for
amorphous Mg, (CugaYoshoox (=30 and 80)
alloys. The data for the amorphous CuasYy; alloy
were reproduced from Maret et al.. Peaks (A) and
(B) correspond to the Cu-Y and Y-Y correlations,
respectively.

The total RDF spectra for the amorphous
[Mg]30 and [Mg]80 alloys are shown in Fig.4(b)
and (c). It is seen that the main peaks (A) and (B)
corresponding to the Cu-Y and Y-Y atomic pairs in
the binary Cu-Y alloy remain visible in the
amorphous [Mg]30 alloy. This is consistent with the




data shown in Fig.2, where the lattice constant of
the CuY compound phase formed upon
crystallization of an amorphous phase, exhibits no
Mg concentration dependence. Therefore, we
believe that the interaction of Mg atoms with
surrounding Cu and Y atoms must be weak.
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Fig. 5 Total radial distribution function RDF(r) for

amorphous CuzYy; and Al(CugqYoshoos (=30
and 80) alloys.
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Fig. 6  RDF(r) for amorphous (a) Alzo(Cug,Yee)he and (b)
Algg(CugYos)e alloys. Vertical lines refere to
atomic positions of {a) hexagonal AJCuY compound
and (b) T, phase compound. It s height is drawn in
proportion to the coordination number. The number
attached to each vertical line refers to the following:
(DAL-Cu, ()Cu-Y, (DALY, (DAlL-AlL (5)Cu-Cu
and (6)Y-Y in the AlCuY compound and (1)AIl-Cu,
(2)Al-Al, (3)ALY, and (4)Y-Y in the T, compound.

The RDF spectrum for the amorphous [Mg]80
alloy consists of a single peak centered at 3.3 A.
This peak reflects definitely the Mg-Mg pair, as
expected from the hard sphere model. Note here that
the Goldschmidt radius for Mg atom is between
those of Cu and Y atoms: ry,=1.6 A, r,=1.28 A and
rv+=1.80 A. But the broadness of the peak strongly
suggests that the Cu-Y and Y-Y correlations still
remain at the same position as in the amorphous Cu-
Y binary alloy. Therefore, the atomic structure of
the amorphous [Mg]80 alloy may be viewed as the
randomly distributed Mg atoms, in which the Cu-Y
clusters may be embedded.

The enlarged RDF spectra for the amorphous
[Al]x alloys with x=30 and 80 are shown in Fig.6.
First of all, it should be noted that the RDF spectra
for both [Al]30 and [AI}80 alloys are asymmetric,
as opposed to more symmetric spectra for the [Mg]
alloys. This suggests that the local atomic
environment in the amorphous [Al] alloys possesses
some unique local structure. We noted that the
amorphous [Al]30 alloy is crystallized into the
hexagonal AICuY infermetallic compound.
According to its crystallographic data, Al-Cu, Cu-Y,
Al-Al, Al-Y, Y-Y and Cu-Cu pairs are found in the
distance of 2.54, 2.92, 3.04, 3.25, 3.65 and 4.06 A,
respectively. The distances of the Al-Cu and Cu-Y
pairs are shorter than those given by the hard sphere
model, whereas those of Al-Al and Cu-Cu pairs are
longer. Particularly, the distribution of Al atoms is
somewhat unique. They are always united in three,
each Al atom being separated from the other two by
3.04 A, and exist as a cluster. The Al cluster thus
formed is separated from each other by more than 4.
A. Hence, even the intracluster Al-Al distance is
much longer than that of 2.86 A expected from the
Al-Al hard sphere model or the nearest neighbor
distance in fec Al or liquid AL

The RDF spectrum for the amorphous [Al]30
alloy is now compared with the local atomic
structure of the AICuY intermetallic compound. The
position and height of the vertical line represent the
distance and relative coordination number of the
atomic pairs in the AlCuY compound, respectively.
A comparison with the AlCuY compound allows us
to identify the local atomic structure in the
amorphous [A1]30 phase: a small peak at 2.5 A
most likely comresponds to the AI-Cu pair, a
shoulder around 2.9 A to the Cu-Y and Al-Cu pairs,
a central peak around 3.2 A to the Al-Al and Al-Y
pairs and a peak around 3.7 A to the Y-Y pair. We
believe from this companson that the atomic
structure of the amorphous [Al]30 alloy reflects
well the local structure of the AlCuY compound and
is characterized by the formation of the Al-Y and
Al-Cu nearest neighbor atomic pairs while the lack
of the Al-Al and Cu-Cu nearest neighbor pairs.

Similarly, a comparison is made with the T,-
phase compound for the amorphous [Al]80 alloy.

Here a small amount of Cu atoms is assumed to be
randomly substituted for Al atoms in the BaAl,

structure. Note that the largest Y atom in the T,




phase is completely surrounded by totally 16 Al and
Cu atoms and, hence, no Y-Y nearest neighbor
atomic pair exists. By comparing with the atomic
structure of the ©, phase, we can aftribute a finite
RDF near 2.5 A to the Al-Cu pair. The second
largest peak observed at 2.8 A must be attributed to
the Al-Al pair, while the largest peak at 3.2 A to the
Al-Y pair. We believe, therefore, that the atomic
structure in the amorphous [Al]80 alloy reflects well

that of the T,-phase compound: each Al atom always
possesses an Al atom as a nearest neighbor in the
close-packed distance, while the Y-Y nearest
ngighbor pair no longer exists. The Cu-Cu nearest
neighbor pair would also be scarcely formed
because of its low concentration of only 8 at.%.
This unique atomic structure must be responsible
for the emergence of the free -electron-like
electronic structure and free electron-like transport
properties.

These structual difference between amorphous
[Mglx and [Al]x alloys deeply is correlated to the
thermal properties and electronic properties and
structures[6]. We have been measured the electronic
properties and structures (XPS, SXS) in the
amorphous [Mglx and [Al]x alloys. By combining
RDF,, XPS and SXS data together, we reach the
following conclusions: hybridization of Al-3p states
with both Cu-3d and Y-4d states is so strong that
the original hybridization between Cu-3d and Y-4d
states is weakened in amorphous [Al] alloys. This is
reflected in the RDF spectrum for the [AI]30 alloy
as the formation of Al-Cu and Al-Y atomic pairs
with the absence of the Al-Al nearest neighbor
atomic pair and as a growth of the bonding states of
the Al-3p states with Cu-3d and Y-4d states in the
Al-Kp spectrum. Strong hybridization eventually
results in the isolated Cu and Y atoms in the Al
matrix, as the Al concentration exceeds 80 at.%.
This is consistent with the observed RDF spectrum
and also free-electron-like XPS and SXS spectra.
Furthermore, we could point out that these unique
local atomic stmctures resemble well those in the

nearby intermetallic compounds AlCuY and <,-
phase existing in the equilibrium phase diagram. In
contrast, hybmdization of the Mg-3p states,
particularly with Cu-3d states is so weak that
hybridization between Cu-3d and Y-4d remains up
to the highest Mg concentration. Indeed, a series of
the observed RDF spectra for the amorphous {Mg]
alloys can be simply interpreted as the sum of the
Cu-Y, Y-Y and Mg-Mg pairs. The XPS and SXS
spectra were also successfully interpreted along this
line. Our conclusion for the local atomic structure in
amorphous [Al]x and [Mg]x alloys with x=30 and
80 may be schematically illustrated in Fig.7.
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Fig. 7  Schematic illustration of local atomic structures for
amorphous [Al]x (x=30 and 80) and [Mg]x (x=30
and 80) alloys.
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Amophous M, 81, or M, Ge g0 alloys[1-4] can
be relatively easily formed either by the vapor
deposition or by the sputtering technique when M is
chosen from the transition metal elements.
Amorphous Si or Ge alloys have been claimed to be
advantageous over heavily doped crystalline
semiconductoers, since an amorphous single phase
can be formed over a wide composition range across
a crtical composition associated with the metal-
insulator transition. Experimental studies so far
reported have largely concentrated on a change in
the electron transport properties upon the transition
from metallic to activated hopping conduction. A
change in the scattering mechanism has been
generally discussed without cailing much attention
to the distribution of metal atoms in an amorphous
matrx.

Recently, however, Regan et al. [5] pointed out
the existence of the phase separated region in
amorphous Mo-Ge and Fe-Si alloys through the
observation of small angle x-ray scattering spectra.
They showed that the size of metallic clusters
extends to the order of 10 A in the growth plane and
15-20 A in the granular metals. They suggested that
such nano-scale segregation of metallic cluster
would explain a finite electronic specific heat
coefficient observed in the insulating regime (x<10)
of the amorphous Mo,Ge 0 alloys [6]. Then, one
cannot draw a conclusion as to whether the observed
finite density of states at the Fermi level simply
reflects the metallic character of a cluster or the
localized state inherent to a "homogeneous"
amorphous structure. Therefore, the detailed
structural characterization of amorphous alloys
employed for studies of the metal-insulator transition
must be important.

Only limited works have been so far reported
concerning the composition dependence of the
atomic structure across the metal-insulator transition.
We consider it to be crucially important to study the
atomic structures. In the present study, we employed
a series of the amorphous VxSil00-x thick films
(7<x<74) prepared by DC sputtering and studied
atomic structures to understand the metal-insulator
transition. The local atomic structure was
investigated by means of a combination of the
neutron and X-ray diffraction technigues.

An alloy ingot was prepared in the button form
with 30mm in diameter and 7 mm in thickness by
arc-melting appropriate amounts of pure Si shot
(99.9999%) and pure V flakes (99.95%). The button-
shaped ingot was directly used as a target for the
trode DC sputtering. The chamber was baked at
120°C for about 20 hr in vacuum and then the
background pressure was reduced to 6x10% Torr

before the introduction of pure Ar ga pressure was
maintained at 8x102 Torr. The sputtering rate was
about 700 A/min. The deposition was continued for
about 72 hr until the fil thickness reaches about 300

um. A thick film was mechanically removed from
the substrate without difficulty.

The X-ray diffraction specira were taken with
Cu-Ka radiation. The formation of an amorphous
single phase was confirmed by examining the
appearance of only halo pattern without any Bragg
peaks. The composition of an amorphous sample
was checked by the energy-dispersive X-ray
analyzer. The formation of an amorphous phase was
also checked by using the differential scanning
calorimeter. The density was measured using toluene
as working fluid in the Archimedes method.

The structure factor and the radial distribution
functions (RDF) were determined by using a
combination of X-ray and neutron diffraction
techniques. The Mo-Ka radiation was employed in
the step-scanning mode in the X-ray diffraction
experiment. The neutron diffraction spectra were
taken using High Intensity Total (HIT-II) scattering
spectrometer at National Laboratory for High
Energy Physics, Tsukuba, Japan. The sample was
crushed into small pieces and packed in a cylindrical
container made f vanadium with 40 mm in height ,

8mm in inner diameter and 25 pm in wall thickness.

Figures 1 and 2 show the structure factors
derived from neutron and X-ray diffraction
experiments for a series of amorphous V, S0,
alloys, respectively. It is clear that no Bragg peaks
exist in both sets of data, indicating the lack of long-
range order characteristic of an amorphous phase.
One can further see in the neutron diffraction spectra
that small oscillation remains visible to high
scattering wavenumbers, suggesting the existence of
a local short-range order in the amorphous structure.
Moreover, a substantial difference is seen between
the neutron and X-ray structure factors. This is
certainly due to the difference in the scattering
amplitude or scattering factor of constituent atoms V
and Si for neutron and X-ray radiation.

A total stracture factor for the binary V-5i alloy
is expressed as
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in the Faber-Ziman expression and <b> is given by




{b>= Gsibsi +Cyby, (2)

where ¢; and b; are concentration and scatiering
amplitude associated with i=Si or V atom,
respectively. 5;(Q) represents the partial structure
factor for the i-j atomic pair. The scattering
amplitudes of V and Si atoms for a neutron beam are
known to be -0.0382 and 04149x10? cm,
respectively. On the other hand, the scattering
factors of V and Si atoms for X-ray photon beam are
proportional to their atomic numbers 23 and 14,
respectively. For example, the neutron and X-ray
total structure factors for the amorphous V,Sig
alloy can be expressed as

SN(Q)=1.0256285;Q)-0.02578S 4, (Q)
+0.000168,,(Q)  (3)

S¥(Q)=0.52104S55(Q)+0.34841S5,(Q)
+0.05051S0(Q). ()

By eliminating from equations (3) and (4), we
obtain

$,(Q)=0.93628N(Q)+0.06927S%(Q)
=0.99638455,Q)+0.0036S¢(Q) . 5)

Equation (5) indicates that the contribution from the
V-V atomic pair amounts to only 0.3% in Si(Q).
This contribution certainly increases with increasing
V concentration but reaches only 5% even for the
x=37 sample. Thus, we say that S,(Q) represents
well the 8i-Si correlation. Likewise, we obtain

S,(Q)= 0.904388:5,Q)+0.09562S5,Q) , 6)

if 855(Q) is eliminated from equations (3) and (4).
The contribution of S,,(Q) in equation (6) is about
10 % of the total S,(Q) but reaches 31% for the V-
richest sample with x=37.

The radial distribution function (RDF) spectra
can be calculated by Fourier-transforming the S,(Q)
and 5,(Q), both of which were truncated at the
wavenumber Qmax=15.5 A+. Note here that both
S,(Q) and S,(Q) are derived as a linear combination
of the X-ray and neutron total structure factors and,
hence, the Qmax value is limited by a smaller one;
Qmax turned out to be about 15.5 and 23 A~ for the
present X-ray and neutron diffraction measurements,
respectively. Since §,(Q) and S,{Q) mainly represent
the Si-Si and Si-V comelations, the corresponding
RDF spectra shown in Figs.3 and 4 may be denoted
as RDFgg(r) and RDFg(r) in the following
discussion.
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Fig. 1  The structure factors SM(Q) derived from neutron
diffraction studies for a series of amorphous V,,Sigo.x
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Fig. 2 The structure factors SX(Q) derived from X-ray
diffraction studies with Mo-Ka radiation for a series
of amorphous V,8ijy. alloys.
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Fig. 3 Radial distribution function (RDF) obtained by the
Fourier transform of equation (5) for a series of
amorphous V,Sig., alloys. A dashed line with an
arrow indicates the peak at 2.9 A.
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Fig. 4  Radial distribution function (RDF) obtained by the
Fourier transform of equation (6) for a series of
amorphous V, 840, alloys.

First, we discuss the RDF g5 (1) spectra shown in
Fig.3, into which the data for amorphous Si reporied
by Fortner and Lannin [7] are incorporated. It can be
seen that the first peak at about 2.4 A remains almost
unchanged with increasing V concentration, But a
small peak at about 2.9 A marked by a dashed line
with an arrow is found to grow, when V atom is
introduced. Its position agrees with the Si-Si

distance in the hexagonal VSi, compound {8]. This
should reflect the distortion of the Si network upon
introduction of V atoms.

The radial distribution function (RDF) spectra
can be calculated by Fourier-transforming the §,(Q)
and S,(Q), both of which were truncated at the
wavenumber Qmax=15.5 A1. Note here that both
S.(Q) and S,(Q) are derived as a linear combination
of the X-ray and neutron total structure factors and,
hence, the Qmax value is limited by a smaller one;
Qmax tumed out to be about 15.5 and 23 A1 for the
present X-ray and neutron diffraction measurements,
respectively. Since 8,(Q) and S,(Q) mainly represent
the Si-Si and Si-V correlations, the corresponding
RDF spectra shown in Figs.3 and 4 may be denoted
as RDFgq(r) and RDFg(r) in the following
discussion.

First, we discuss the RDF g4(r) spectra shown in
Fig.3, into which the data for amorphous Si reported
by Fortner and Lannin [21] are incorporated. It can
be seen that the first peak at about 2.4 A remains
almost unchanged with increasing V concentration.
But a small peak at about 2.9 A marked by a dashed
line with an arrow is found to grow, when V atom is
introduced. Its position agrees with the Si-Si
distance in the hexagonal VSi, compound [8]. This
should reflect the distortion of the Si network upon
introduction of V atoms.

The RDFgy(r) spectra show a unique V
concentration dependence, as can be seen from
Fig.4. Particularly, the spectrum for the x=7 sample
is substantially different from the remaining ones.
But a new local atomic structure is gradually built
up, as x exceeds about 10, and is apparently
stabilized above x=20. We have already pointed out
that the VSi, compound precipitates for the x>20
samples, when heated above the crystallization
temperature. This suggests that the local atomic
structure for the amorphous alloys with x>20 would
be similar to that of the hexagonal VSi, compound.

The VSi, compound has a layered structure
possessing both Si-Si and Si-V pairs at 2.50 and 2.63
A and V-V pairs at 3.12 A [8]. The RDF spectra for
the samples with x=29 and 37 are compared with the
atomic position and coordination number associated
with Si-V and V-V pairs in the VS8i, compound.
Remember here that the V-V correlation for the
samples with x=29 and 37 is no longer negligible but
amounts to about 30 % in §,(Q). Indeed, as shown in
Fig.5, the major peaks observed in the RDF spectra
are quite consistent with the local atomic structure of
the VSi, compound and the peaks associated with Si-
V and V-V pairs are fortunately well separated. In
the VSi, compound, Si atoms are always surrounded
by 5 Si atoms and 5 V atoms and V atoms are
surrounded by 10 Si atoms. Hence, the coordination
number around Si and V atoms is always 10 in sharp
contrast to 4 in the amorphous Si. This means that an
amorphous alloy possessing the VSi,-like local
atomic structure 1s typical of a metallic glass and can
be differentiated from the amorphous Si-like
structure.
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Fig. 5 A comparison of the RDFgy (1) for the x=29 and 37
samples with the local atomic structure of the VSi,
intermetailic compound.

The first peak in RDFg (1) and RDF (1) spectra
shown in Figs.3 and 4 is fitted to the Gaussian
function to deduce quantitatively the nearest
neighbor distance and its coordination number. The
results for Si-Si and Si-V correlations are plotted as
a function of V concentration in Figs.6 and 7. Let us
first discuss the data for the S$i-Si correlation.
Included are the data for crystalline and amorphous
Si from the literature [7]. The Si-Si atomic distance
remains unchanged within the accuracy of the
measurement up to about x=30, whereas the
coordination number decreases more or less linearly
up to x=15. A line (A) is drawn through the data
points in this composition range. This line intercepts
the coordination number 4 at x=(0 and passes a
coordination number 3 at x=25. This means that one-
fourth of Si atoms in the tetrahedrally-bonded
network are substituted by V atoms at x=25. Indeed,
the data at least up to x=15 fall on this line,
suggesting that the semiconducting Si network, over
which V atoms are randomly distributed, is a
characteristic structural feature in the V-poor
amorphous alloys. Here it must be noted that the Si-
Si bonding in the tetrahedral network is certainly
disrupted and is distorted by the introduction of the
V atom, resulting in the formation of the new Si-Si
correlation at 2.9 A as evidenced from the RDF g (1)
spectra shown in Fig 4.

The Si-V atomic distance shown in Fig.7 is found
to be about 2.56 A and to be almost independent of
V concentration. However, the coordination number
shows a unique behavior. The VSi, compound
possesses the two different Si-V atomic pairs at 2.50
and 2.63 A and their coordination numbers are 2 and
3, respectively. The observed Si-V atomic distance
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Fig. 6  (a) The Si-8i nearest neighbor atomic distance and
(b) the corresponding coordination number as a
function of V concentration for the amorphous
V. Sijpo 2lloys. The line A is drawn in the
tetrahedrally-bonded $i network model by passing
the coordination 4 and 3 at 0 and 25 at%V,
respectively.

of 256 A for the x=37 sample, whose V
concentration is near the VSi, compound, is close to
an average of these two sites in the compound. The
coordination number for the x=37 sample is 4.2,
which is close to 5 in the compound. The line (B)
can be drawn through the data points for samples
with x>20, This line represents a change in the
coordination number of amorphous V,Siye. alloys
with x>20, the local structure of which s
characterized by the VSi, compound.

As discussed above, the Si network model was
applied to the V-poor amorphous alloys. The line
corresponding to (A) in Fig.5 should pass through
the origin and I at x=25 in the Si-V correlation
shown in Fig.7. This is again denoted as (A) and
drawn in Fig.7. It is seen that only the data point for
the x=7 sample happens to fall on this line but those
for x=12, 14 and 15 deviate upwards from this line.
The latter deviates not only from the hine (A) but
also from the line (B). We believe, therefore, that
this 1s the region where both Si network and VSi,
metallic glass-like structures are competing with
each other and the structural frustration occurs. It is
this transient region where the metal-insulator
transition occurs. Asal et al. [4] studied the local
atomic structure in the amorphous Ni-Si alloys by
EXAFS technique and pointed out that the
tetrahedral network structure changes to a higher
coordination metallic structure when Ni content
exceeds 20 at.%.
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In summary, the present structural analysis for
the amorphous V _Si,;,. alloys demonstrated that the
tetrahedrally-bonded Si network structure, into
which V atoms are randomly substituted, persists up
to about 10 at.%V and that it changes to a metallic
glass structure, which resembles locally that of the
V51, intermetallic compound, when x exceeds about
20 at% The composition range 10<x<20
corresponds to a region where these two local atomic
structures are apparently competing with each other
and the metal-insulator transition takes place.
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Dynamic Properties of LiNOs-Glycerol Solutions
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The property of glycerol is interesting because
of its high viscosity (about 1400 mPa's at room
temperature) and vitrificability. Glycerol has a
complicate network structure binding through its
three hydroxides. The highly viscous nature is
caused by such twisted three dimensional
hydrogen bonds. When an electrolyte is dissolved
in the glycerol solvent, the direct hydrogen bond
between glycerol molecules is broken off and
change the bonds through the cations”. So we can
vary the network strength by adding the
electrolyte in glycerol. In the present system it is
considered that LiNO; is solvated by the hydroxyl
groups in glycerol molecule. LiNO; is soluble by
more than 30 mol% and the concentrated solutions
become highly viscous liquids and easy to
supercool. Figure 1 shows the Angell's plot?
which indicates the network strength in some
glass-forming systems. By Angell's classification,
the system which comes on the straight line has the
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Fig. 1 Arrhenius plot of the viscosity for a variety of
glass-forming liquids. The inverse temperature
scale has been normalized with respect 1o the
calorimetric glass transition temperature Tg.

strong networking structure (strong glass) and the
system which has a large deviation from the
straight line is non-networking structure (fragile
glass). The glycerol systems are fragile in such
classification and by adding the electrolyte, LiNGs,
the fragility increases.

The purpose of this study is to clarify the
network variety through the glycerol molecular
motion, For this purpose we have to distinguish
two motions. One is the translational diffusive
motion of the glycerol. We think that this motion
is directly correlated to the network strength, e.g.
viscosity. The other is the rotational diffusive
motion of grycerol molecule which is a indicator
of the circumstance around the glycerol molecule.
Because of the high viscosity of the system, it is
difficult to measure the translational diffusive
component in the quasielastic spectrum at low
temperature. But in such temperature the
rotational component will give us the useful

glycerol-1mol%LiNOs

| ° Q=2.32A"1

S(Q,w) [arb.unit]

= 5 10
ENERGY [meV]

Fig.2 Quasielastic neutron scattering spectrum
measured by the LAM-40 specirometer. Solid
lines are fitting resulis by two Lorentzian model.



information about the network associating with
lithium ions.

Until now we have studied viscosity, electric
conductivity, density and quasielastic neutron
scattering in LiNOj;-glycerol solutions. The
viscosty and the conductivity data suggest that the
lithium ion is captured in the hydrogen bonded
network and strengthen the network., From the
quasielastic neutron scattering experiment we
could get the result only in the dilute region (1 to 5
mol% LiNQ;) because of the high viscosity of the
solutions. Figure 2 shows the result obtained by
the quasielastic neutron scattering spectrometer
LAM-40. The resolution of the spectrometer is
about 200 peV at the full width at half maximum
(FWHM) of the vanadium elastic peak. By the
neutron scattering cross sections the spectrum
shows the hydrogen motions in the glycerol
molecule. We applied two-Lorentzian model to fit
the spectrum and obtained some parameters. It
was difficult, however, to get parameters for the
slow glycerol translational motion.

Figure 3 shows the Q° dependence of the half
width at half maximum (HWHM) for the
rotational diffusive motion of glycerol molecule.
For these data, we try to use the hydrogen jump-
diffusion model to get the diffusion coefficients
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Fig. 3 Q° dependence of the half width at half
maximum of the broad components in the
quasielastic spectrum. Lines are fitting results
by jump-diffusion model.
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Fig. 4 Temperature dependences of the diffusion
constants obtained by several methods.

and residential times.

Figure 4 shows the comparison of the diffusion
constants obtained by several methods. For pure
glycerol the translational diffusion constant was
obtained from the viscosity” and NMR®
measurements. From  quasielastic  neutron
scattering measurement Larsson deduced the
glycerol rotational diffusion constants”. Taking
account of the viscosity results, we suppose our
results correspond to the glycerol rotational
diffusion coefficients. With increasing the lithium
nitrate fraction, the glycerol motions become
slower. This fact means the glycerol is
incorpolated in the stronger network through
cation. In the future we will measure over a wider
concentration range of the system to reveal the
relation between the microscopic molecular
motions and vitryfing nature.
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Neutron diffraction study in liquid S-Se mixtures
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Liquid Sulpher is mainly composed of Sg rings
below 160 °C and becomes a mixture of rings and
long chains”. Polymerization of very long chains out
of rings takes place around 160 °C. On the other
hand, liquid Se consists mainly of long chains just
above its melting temperature”. As temperature is
raised, the chain length becomes shorter. In order to
study the structure of liquid S-Se mixtures, we have
performed neutron diffraction measurements as a
function of temperature and composition. The meas-
urements were carried out by using the High Intensity
Total scattering spectrometer (HIT 11} at KEK. The
samples are measured at the temperature of 200 °C
and 400 °C for §,Se) with x = 0.2and 0.8 and at 150
°C and 400 °C for S¢sSeqs.

The overall feature of the profile of S(q) for liquid
SSey., mixtures is similar to that for liquid S at higher
temperatures and that for liquid Se. The characteris-
tics in features are (i) the height of first peak is
smaller than that of second peak, (ii) the oscillation of
S(q) still remains at higher q values. Such features
suggest that the lquid S.Se; mixtures consist mainly
of chain-like network structure.

The distinct change in S{g) has been observed
with
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Fig. 1 Radial distribution functions for liquid S,Se;.;
mixtures with x = 0.2, 0.5 and 0.8 at 400 °C.

increasing S concentration. The shoulder grows at low
q side of the first peak. On the third peak for SosSep2,
the width becomes broad and the peak position shifts
to higher q values.

Figure | shows the radial distribution function,
RDF, at 400 °C. Systematic change is observed in
RDF. The peak position of first peak shifts to lower q
side with increasing S concentration. The noticeable
variation is observed in the profile of RDF for S¢5Seq2.
The peak width becomes very broad and the peak
position shows a large shift.

The first peak of RDF for Sy;S¢03 was fitted by a
single Gaussian, and those for S5s55eys and SqsSeq;
were decomposed to two Gaussians. The peak posi-
tions and coordination numbers are listed in Table 1.
The positions of the first peak for Sp;Sep5 and of
second subpeak for Sy sSeysare insensitive to the tem-
perature, On the contrary, the positions of first sub-
peak for SpsSeps and of subpeaks for Sog Seos; are
temperature dependent.

These results suggest that Se-rich mixtures have a
chain-like structure composed of random mixtures
with § and Se atoms. The bond length of S-Se is
similar to that of Se-Se. For S-rich mixtures, the
sulphour-rich region seems to be mixtures of Sg rings
and long chains. The S-S and S-Se bond strength
appears to depend on S concentration.

Table 1 Peak positions ry and coordination numbers n,

ri(ny) ng
Su,zSE{},s 2.35(1.94) 1.94 200 °C
2,35(1.93) 1.93  400°C
SosSeps  2.15(0.50) 2.34(1.64) 214 150 °C
2.18(4.53) 2.35(1.45) 1.98 400°C
SegSep:  2.09(0.94) 2.31(1.22) 2.16 200 °C
2.12(1.30) 2.35(0.88) 218 400°C
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Introduction

Low energy excitation in amorphous materials is
one of the current topics in condensed matier physics.
It is observed as non-Debye excess heat capacities in
the temperature range 10 - 30 K and as a boson peak
in the energy range 1 - 5 meV in inelastic neutron and
Raman spectra. Various types of amorphous maierials
have been studied and several models have been
proposed to reproduce the experimental results.!)
However, the origin and the microscopic mechanism
of the low energy excitation have not been explained
with sufficient generality,

We have studied this phenomenon focusing our
attention on the glasses formed by simple hydrocarbon
molecules. Molecular glasses are suitable for such
studies since the intermolecular interaction is simple
van der Waals forces (short-range and isotropic) so
that the result can be compared with those of
theoretical and molecular dynamics studies where
similar interactions are assumed. It is also
advantageous that the molecular mass and structure
can be changed systematically in a homologous series.
Inelastic neutron scattering is very useful to study the
low-energy excitation since it is the best experimental
method to obtain the density of vibrational states G(ew)
in the low energy region. In this report, we summarize
our recent studies2-3 and discuss on the origin of the
low energy excitation of molecular glasses.

Experimental

The samples examined so far are propylene
(CHp=CHCHj3, M = 42.1, Tg = 55 K), 1-butene
(CH2=CHCH2CH3, M = 56.1, Ty = 60 K), and 3-
methylpentane (CH3CHoCH(CH3)CH2CH3, M =
86.2, Tg = 70 K). In these samples, incoherent
dynamic scattering law Sinc(Q,w) is obtained easily
owing to the large incoherent scattering section of
hydrogen atoms. The glassy state of propylene was
prepared by vapor deposition using the special cryostat
described elsewhere3 while those of other samples by
a usual liquid quenching method.

Inelastic neutron scattering (INS) experiment was
performed with the inverted geometry time-of-flight
(TOF) spectrometer LAM-40.6) The data were
collected six scattering angles 24°, 40°, 56°, 72°, 88°,
and 104°. The energy resolution was 0.2 meV and the

S(Q, @) (an)

energy window extended to 10 meV. The magnitude
of the scattering vector Q at the elastic position ranges
from 0.2to 2.4 A-1. The observed TOF spectrum was
converted to a differential scattering cross section after
making corrections for empty cell scattering, counter
efficiency, the incident neutron spectrum and self-
shielding (ca. 90 % transmission) and then converted
to the incoherent dynamic scattering law as usual.

Results and Discussion

Inelastic Neutron Specira

Figure 1 shows the symmetrized $(Q,w) of the
glassy states of the three hydrocarbon molecules
propylene,3 1-butene2 and 3-methylpentane”) at 18
K. The shape of spectra did not depend on the
scattering wave vector @ within the experimental
precision and so they were added together to produce
the Q-independent INS spectrum. The mean Q value
was 1.54 A-1. The data were scaled using total
intensity for comparison of the three substances. A
clear and large boson peak was observed at 2.5-3 meV
for the three samples,
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Fig. 1. Incoherent dynamic structure factors of the glassy
states of three simple hydrocarbon molecules at
18 K.

Density of Vibrational States
The density of vibrational states G(w) was
calculated from the incoherent inelastic scattering




functions $(Q,w) assuming one phonon scattering
process and plotted as G{w)/w? in Fig. 2.

1.5
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Fig. 2. Density of vibrational states divide by w2. The
solid curves represent the results of the fitting
according to the soft potential model. The dashed
lines gives the contribution due to the Debye
vibration.

These values were fitted by the combination of the
Debye model and the two parameter version of the soft
potential model.8 The details of the fitting are
described elsewhere.?) The fitted curves are shown by
the solid line in Fig. 2. The dashed lines represent the
Debye parts whose frequencies are estimated from the
heat capacity data.510)  Although it is difficult to
discuss on the validity of the model because of the
poor data quality, the fitted curve reproduces the
general energy dependence of the low energy
excitation; fe., a peak with a long tail on the high
energy side.

The molar heat capacity data®1%) were fitted to a
model function repoducing the experimental G(w) to
obtain the absolute value of G(w) (meV-1-mol-1). The
details of the fiiting are described elsewhere.?) Figure
3 shows the experimental molar heat capacities of
glassy {open circles) and crystalline (closed circles) 1-
butene.l®) The solid line represent the result of the
fitting. The agreement between the experiment and
theory is satisfactory up to ca. 20 K. The deviation in
the high temperature region is due to the contribution
from the vibrational modes above 10 meV, which was
not included in this calculation. The number of the
soft mode per molecule N gg, which was obtained by
integrating absolute G(w) subtracted by the Debye
part, is given below. 3-methylpentane: 1.8, 1-butene
1.4, propylene: 1.3. These values are much larger than
those obtained in the network glasses like Si02 (<
0.1)*) and do not depend on the molecules much.
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Fig. 3. Low temperature heat capacities of 1-butene.
Open circles represent the heat capacities of the
glassy state and the closed circles those of the
crystalline state. The solid line represents the
result of the fitting.

Molecular mass dependence of the boson beak

In Fig. 4, the boson peak energy wpp of the three
molecular glasses measured in this study are plotted as
a function of the inverse root of molecular mass
(M-1/2) along with those of previously studied
molecular glasses ethylbenzene,11} orthoterphenyl!?),
glyceroll?, and methanol.14 It is interesting that all
of the data lie on a straight line passing through the
origin (0,0). A similar relation will be found if wmax
is plotted as a function of the moment of inertia,
though there is an ambiguity as to the component (x,
Iy, or I) that should be plotted in this case. The plot
suggests that the low energy excitation is more closely
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peak energy.

related to the overall transiational or rotational motion
than to the intramolecular vibrations and may be
represented as a type of the simple harmonic
oscillation. It is noted that molecules with
intermolecular hydrogen bonds {(methanol and
glycerol) exhibit a quite different tendency from the
simple hydrocarbon molecules. It is reasonable to find
different behavior for substances forming the glassy
phase by different types of intermolecular forces (van
der Waals and hydrogen-bonding).

The Mechanism of the Low Energy Excitations

From the molecular-mass dependence of wpyp, it is
likely that the low-energy excitation of the molecular
glasses is associated with the overall motion of the
molecules. This motion may be the rotational
vibration {libration) since the translational vibration is
already considered as the Debye modes with 3 degrees
of freedom in the analysis of the density of states.
Nigg (< 3) suggests that this motion does not arise
from a single molecule but from a group of some
molecules (probably 1-4 with distribution). This
group of molecules may be called a domain. Its size is
not inconsistent with the domain size (3-5) suggested
by the entropy analysis in molecular liquids15.16) and
polymer melts.17) The results of soft potential fits
indicate the motion is considerably softened as a result
of frozen density fluctuations and local strain fields.
This is consistent with the mechanism of the low-
energy excitation in other types of amorphous
materials studied so far.

As the next stage of the study, we are planning to
examine glassy states of simpler molecules {e.g.,
benzene, ethene, water). It is possible to vitrify these
molecules by simple vapor deposition or vapor

deposition with some doping gas (rare gases or
nitrogen).
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Introduction

Molecular glasses are the system which is close to
the "ideal glass" frequently used in the theoretical and
molecular dynamics studies. However, few combined
theoretical and experimental works have been done
since only glasses of complex molecules have been
investigated experimentally because of experimental
difficulties; simple molecules tend to crystallizes
readily on cooling.

Toluene is a hopeful molecule which can be
vitrified by a rapid liquid cooling (> 100 K s-1) though
it is a quasi-rigid molecule with only one flexible
mode of methyl rotation.l) Recently, we found that
toluene doped with 10 % of benzene can be vitrified
by normal liquid cooling (ca. 0.1 K s1).2) Figure 1
shows the heat capacity of glassy?3) and crystalline?
toluene; the contribution from the doped benzene has
been corrected assuming the additivity of the heat
capacities. The glass transition, crystallization and
fusion appeared at 117 K, ca. 125 K, and 178 K,
respectively. It is the most interesting feature that an
anomalous Cp, increase appeared in the glassy state
starting at about 130 K, which is 48 K lower than Ty,
Such a large increase of Cp has never been observed
below T in any other molecular glasses studied by our
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Fig. 1. Molar heat capacities of toluene. QOpen circles
represent the heat capacities of the metastable
states (glass and supercooled liquid) and the
closed circles those of the stable states (crystal
and fiquid).

group. The aim of the present study is to investigate
the origin of this anomaly from the density of states
derived by neutron scattering,.

Experimental

The same sample as used in the heat capacity
measurement (tolueneg gppzbenzenep ngg7) was used in
this study. Inelastic neutron scattering (INS) spectrum
was collected with the inverted-geometry crystal-
analyzer (PG002) type time-of-flight (TOF)}
spectrometer LAM-D.5) The data were collected at
two scattering angles 35° and 85°, corresponding to the
@ vectors of 0.9 and 2.0 A-1 at elastic position. The
energy resolution was 0.35 meV and the energy
window extended to 200 meV. The observed TOF
spectrum was converied to the incoherent dynamic
scattering law since the incoherent scattering from the
hydrogen atoms is dominant in this sample. The
glassy sample prepared by rapid cooling was measured
first and then the crystalline state was measured after
annealing at 150 K. The temperature and duration of
the measurement were 16 K and ca. 24 h, respectively,
for both states.

Results and Discussion
Figure 2 shows the §(Q,y,w) of the glassy (open
circles) and crystalline (closed circles) sample of

0.51111

w (meV)

Fig. 2. Incoherent dynamic structure factors of the glassy
{open circles) and crystalline (closed circles)
toluene at 16 K.



toluene at 16 K (the sum of the data of all counters).
From the comparison with the neutron scattering data
of crystalline tolueneS-8 and crystalline and glassy
ethylbenzene,”) the peak at 28 meV is assigned to the
methyl C3 rotation and those at 11 and 6 meV to the
librations of the molecule. In the glassy states, lower
energy peaks tend to be broadened probably due to the
local disorder and strain.

The density of vibrational states G(w) was

calculated from S(Qay,w) assuming one phonon
scattering process and then the heat capacity C(T) was
calculated by use of the relation

e = :E(w, 7)Glwdow,

where the E{w,T) is the Einstein function. As shown
by Fig. 3, anomalous heat capacity in the glassy state
was not reproduced from the neutron scattering data.
This result indicates that the anomaly is not due to
vibrational modes but to some relaxational modes or
thermal expansion effect.
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Fig. 3. Heat capacities of the glassy {open circles) and
crystalline (closed circles} toluene calculated from
the density of states obtained in the present
neutron scattering study.

It is noteworthy that the temperature at which the
heat capacity anomaly starts to be significant is close
to the temperature where the fast relaxation is also
significant (ca. 50 K lower than Tg) in neuiron
scattering experiments (for other systems).1®) It is
also predicted by theoretical and MD simulation
studies.1®) It is likely that the simplicity (rigidity} of
the molecule enhances the relative intensity (or
number of the related modes) of the fast relaxation.
We are now planning a quasi-elastic neutron scattering
experiment 1o investigate the fast relaxation of the
simple molecular glass.
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Short Range Structure of Superionic Glass System Cul-Cu,MoO,
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The crystalline compounds Agl and Cul are
known as a superionic conductor, because they
show a very fast conduction of the Ag* and Cu*
jons in the solid state. Minami et al. [1] found
that the ionic conductivity of a glass including
these compounds, such as Agl-Ag.MoO, and
Cul-Cu,Mo00O,, are higher than those of
crystalline counterparts. An interesting problem
is how these glass structures are correlated to
such a high ionic conductivity in the solid state.
Concerning this problem, many experimental
results have been reported so far. However,
some controversial issues still remain to be
understood fully the glass structure and
anomalous conductivity in these glasses[2,3].
Some of them are the mobile ion's environment
and the construction of frame structure of the
glass. Neutron diffraction experiment is very
useful to analyze the short range structure of
oxide glasses quantitatively. In this study the
spatial short range structure of Cul-Cu.MoO,
glass is characterized to specify the cation's
environment and the geometrical framework of
the glass by pulsed total neutron scattering.

Cul-Cu,Mo0, glass was prepared within a
composition range from 40 to 52 mol. %Cul by
melt quenching. The neutron total structure
factor S(Q) was obtained over a scattering
vector range up to 30A" by using the HIT
spectrometer installed at the pulsed neutron
source in KEK.

Figure 1 shows the total structure factors
S(Q) of Cul-Cu,MoO, glasses observed up to
30A7 at room temperature, When Cul is
included in the glass, small angle scattering
obviously appears at Q<1A?, This means that
the Cul-Cu.Mo0O; glass is not uniform but rather

Tohoku University, Sendai 980-77, Japan

inhomogeneous in a length scale nearly 10A..
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Fig. 1 Neutron total structure factors S(Q) of

(Cul)x-(Cu,Mo0,)1-x glasses

8(Q)

x= 0.462

x= 0.519
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Figure 2 shows the total radial distribution
functions 4 7T r » g(r) of the Cul-Cu,MoO.
glasses. The radial distribution functions were
evaluated as the Fourier transform of S(Q)
truncated at Qmax=30 A .,
lation was separated by using the least squared

Each pair corre-

Gaussian functions fitting on the radial
The magnitudes of
atomic distance and coordination number were

distribution functions.

gradually decreased with increasing Qmax and
saturated beyond Qmax=25 A,

The wvalues of atomic distance and
coordination number are summarized table 1.
Firstly we will describe the pair correlations
around Cu atoms and discuss cation's
environments. The peaks centered at about 1.8
A are assigned to Cu-O pair correlation, The
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Fig. 2 Neutron total radial distribution functions
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peaks centered at about 2.6A and 3.3-3.4A
are assigned to Cu-I and Cu-Cu pair correlation,
respectively. These distances accord with the
atomic distances in crystalline « -Cul. The
coordination number of I atoms around a Cu
atom is nearly 4.2-4.4 and that of O atoms
around a Cu atom is 1.8-1.9. These results
indicate that there are two different kinds of Cu
atoms. Cu-I bond in the glass is very similar to
that in crystalline «-Cul, and Cu-O bond is
very similar to that in Cu,O insulating crystal.
Secondly we will describe the pair
correlations around Mo atoms and discuss the
geometrical framework of the glass, The small
peak located around 2,1 A corresponds to Mo-
O pair correlation. We estimated the coordi-
nation number of O atoms around a Mo atom

from the area of this small peak. The value is
about 5.3-5.6. This result indicates that some
Mo atoms are surrounded by 4 O atoms forming
[MoO,]-tetrahedron, while the other Mo atoms
are situated in the center of [MoO]-octahedron
The peak at
separated in the radial

constructed from 6 O atoms.
about 2.9-3.0 A
distribution function corresponds to the O-O
pair correlation in the [MoO,]-octahedron.

In summary, we analyzed the short range
structure of superionic glass system Cul-
Cu,MoQ, by total neutron scattering. There are
two different kinds of Cu atoms, which are
bound for 2 O atoms or surrounded by 4 I
atoms in the glass. Cul and Cu.MoO, are mixed
inhomogeneously in the glass. Namely, Cul is
expected to be finely dispersed among Cu.MoO,
glass matrix connecting with each other. The
frame structure of the glass is constructed from
a mutual connection of both the [MoO,}-
tetrahedron and [MoOg]-octahedron. Further
discussion that how [MoQ,]-octahedron is
connected to [MoO,]-tetrahedron through O-Cu-
O bonds in the glass is necessary to understand
the ionic conduction mechanism.
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Table 1 Atomic distance, d, and coordination number, N, in (Cul)x-(Cu,MoQ,}1-x glasses

Cu-0 Mo -O Cu-l
X d(A) N d(A) N d(A) N
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0.462 (1.82+0.02 1.7+0.2 2.16%0.02 55x£0.3 2.61x0.02 4.4+0.2
0.519 [1.84-0.02 1.8=0.2 2.17+0.02 5.6%0.3 2.61x0.02 4.2x0.2
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TeO,-based glasses, usually called tellurite
glasses, have attracted much interest because of the
promising optical and electrical properties. For
example, these glasses exhibit high refractive
index, wide infrared ftransmitance and high
dielectric constant. In addition, tellurite glasses
have recently become of interest as one of the best
candidates for optical switching materials devices’
and laser hosts® due to these optical and electrical
properties. It is believed that these attractive
properties arise from the low symmetry of the
tellurite structural units, giving rise to considerable
interest in the structure of TeO,-based glasses™.

It is believed that the structure of tellurite
glasses involves partially occupied octahedra in the
form of both TeO, trigonal bipyramids and TeO,
trigonal pyramids. Furthermore there is evidence
indicating that transformations between these two
units can occur relatively easily”. Nevertheless the
literature contains virtually no direct structural
studies using diffraction to investigate the detail of
the Te-O coordination polyhedra.

| o
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There has already been quite a few neutron
diffraction studies of the structure of alkali tellurite
glasses. However, these have all been performed
using reactor neutron sources and have suffered
from having a very small maximum momentum
transfer Q_ .

HIT was used to measure the distinct scattering
for 20%Li,0 80%TeO, (a) rapidly and (b) press
quenched glass samples. Figure 1 shows the
structure functions S(Q) and Figure 2 shows the
radial distribution functions RDF (R} of these two
glasses.

The general form of the measured RDF(R)’s
can be understood simply in terms of the following
near neighbour distances:

L Tef) rnn r.r bi4i

1.9~224 2.854 2.04

We are in the process of performing a wide-
ranging review of the coordination polyhedra
which occur in related crystalline compounds and
on this basis it may be possible to advance our
understanding of the Te-O coordination.

20Li20.80TeO2 glass
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!
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Fig. 1 Neutron structure functions S{(Q) for the (a) rapidly
and (b) press quenched 20Li,O-80TeO, glass.
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Fig. 2 Radial distribution functions RDF(R) of the (a)
rapidly and (b) press quenched 20L1,0-80TeQ, glass.
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Intermolecular Correlation of Liquid CS, Studied by Reverse Monte Carlo Method
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The CS, molecule has a linear shape,
which 1s very different from the sphere shape.
Therefore in the liquid state, it is expected
that there exists orientational correlation be-
tween the nearest neighbor molecules. We have
investigated the intermolecular correlation in
liquid CS, by using the reverse Monte Carlo
(RMC) method"2}. This method can create the
three dimensional atomic or molecular config-
uration which reproduces the diffraction spec-
trum. The obtained configuration seems to be
one of probable configurations.

The neutron diffraction measurement was
carried out at ambient temperafure using the
time-of-flight method with the High Intensity
Total Scattering Spectrometer (HIT) equipped
with a pulsed spallation neutron source at the
National Laboratory for High Energy Physics.
The observed intensities were corrected for the
TiZr sample cell, background, absorption, mul-
tiple and incoherent scattering, and were nor-
malized to obtain the total structure factor
$(Q)-

By fitting S((}) over the high Q region
(@ > 10A71), the C — S bond length was
determined as: ro_g = 1.55 + 0.07A. By
subtracting the intramolecular structure factor
from S({Q), the intermolecular structure factor
5,(Q) was obtained and then by Fourier trans-
forming S5,(Q), the intermolecular pair distri-
bution function g,(r) was obtained, which rep-
resents the correlation between two atoms be-
longing different molecules and is shown in
Fig. 1 by solid line.

The meolecular configuration model was
created so as to reproduce the experimental
g>(r) by using RMC method. The very short

explanation of the procedure''?) is as follows:

The rigid CS, molecules were arranged in a cu-
bic cell with the periodic boundary condition.
One randomly selected molecule was moved
and rotated randomly. In each step, the in-
termolecular pair distribution function of the
model, ¢§*'°(r), was calculated. The motion
was accepted or rejected as in the usual Monte
Carlo simulation with the criterion which was
whether the difference between g,(r) and
g5¢(r) became smaller or not.

After about tens accepted motions per
molecule, the g5*€(r) converged to g,(r) as
shown in Fig. 1 by dashed line. Their agree-
ment is very good. The molecular center distri-
bution function g (r) was calculated from the
obtained configuration. Figure 2 shows g (r)’s
obtained by RMC method with 1000, 8000, and
27000 molecules. They agree each other very
well, which suggests that the obtained molecu-
lar configuration is reasonable one. Analyzing
the molecular configuration statistically, we can
obtain the data on the intermolecular correla-
tion. The following results are based on the
simulation with 8000 molecules.

Figure 3 shows the directional distribution
of molecules, p,(r), which is the number of
molecules lying in the direction from the axis
of the central molecule by an angle 8 at the
distance r. The py(r) is not normalized by the
solid angle. As seen in this figure, the distance
to the nearest molecule becomes shorter with
increasing ¢ from 0°to 90°. At the same time,
the second peak in p,y(r) appears and becomes
larger. This means that the distribution of
molecules are dependent on the direction.

More detailed analysis using another an-
gle, which is the angle between two axes be-




longing to neighboring molecules shows the fol-
lowing results: The molecule pairs with the dis-
tanice about 3.8Alikely form the parallel pairs.
A little farther pairs with the distance about
5.0Alikely form the T-shaped configuration.

In order to obtain clearer information on
the intermolecular correlation, the analysis of
the diffraction data for 1-CS, at —100°C is now
in progress, which is expected show more dis-
tinct intermolecular correlation.
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Figure 1. The intermolecular pair distri-
bution functions for 1-CS, obtained from the
diffraction measurement (solid line) and the

RMC calculation (dashed line).
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Figure 2. The molecular center distribu-
tions derived from the RMC calculations with
1000 (solid line), 8000 (dashed line), and 27000
(dotted line) molecules.
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Figure 3. The directional distribution of
molecules, py(r), which is defined in the text.




Annealing Effects on Low-energy Excitation of Amorphous Poly(methyl methacrylate)
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Extensive inelastic neutron scattering
studies have revealed that an anomalous
excess excitation peak, so-called low-energy
excitation peak or Boson peak, appears at
around 2~3 meV for most of all amorphous
materials at low temperatures far below Tj
[1]. This excitation is believed to be an origin
of anomalous excess heat capacity observed
for most of amorphous materials at 10~20 K.
Although much effort has been made by
many researchers the origin of the low-energy
excitation is still unclear . In this work, we
have studied annealing effects on the low-
energy excitation of amorphous poly(methyl
methacrylate) below and above the giass
transition temperature Ty (=105 °C).

The sample used in the experiment is
atactic poly(methyl methacrylate) (PMMA)
with molecular weight Mw=200000. A thin
file with 0.1 mm thickness was heated at 180
°C for 2 min and then immediately quenched
in ice-water. The films thus prepared were
annealed at several temperatures Ta below
and above the glass transition temperature 7g
for 7 days.

Inelastic neutron scattering measurements
were carried out with the inverted geometry
time-of-flight (TOF) spectrometer LAM-40
installed at the pulsed spallation cold neutron
source at KEK, Tsukuba. The energy
resolution of LAM-40 is about 0.2 meV. The
measurements were performed at 73 K and
300K for all the annealed samples.

The observed dynamic scattering laws
S(Q,w) at 73 K are shown in Fig. 1(a) for two
samples; not annealed and annealed at 90 °C.
It is clearly observed that the inelastic
scattering intensity below ~3 meV decreases
with annealing while no effects are observed
above ~ 3 meV. It is considered that the
annealing makes molecular packing in the
sample closer, especially, at locations with
density lower than the average (open structure).

The decrease of the inelastic scattering
intensity below ~3 meV may suggest that the
excitation is originated from the open structure.
It is noted that the decrease of intensity below
~3 meV is observed not only below T but also
above Tg although the data are not shown here.
It suggests that there is a very slow packing
process or relaxation process of structural in
PMMA [2].
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Fig. 1. Dynamic scattering laws S({Q,w) of PMMA

measured at 73 K {a) and 300K (b}.

PMMA not annealed (®) and annealed at

90 °C for 7 days (Q).
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Onset of the fast process of trans-1,4-poly(chloroprene)
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Glass transition is one of the most important
phenomena in polymer science as well as in
material science because various properties of
polymers such as -thermal and mechanical
properties change drastically below and above
the glass transition temperature Tg. Therefore,
lots of investigations have been made on
amorphous polymers using various kinds of
methods. Most of the investigations have been
performed in macroscopic or mesoscopic time
and spatial scales using thermal, mechanical
and dielectric measurements. Stimulated by the
recent mode coupling theory (MCT), lots of
microscopic measurements have been made on
various kinds of glass-forming materials such
as organic and inorganic materials and
polymers using quasielastic neutron and light
scattering, NMR and diclectric relaxation
measurements. From microscopic viewpoints,
contributions of quasielastic neutron scattering
are outstanding. One interesting contribution
from quasielastic =~ neutron  scattering
experiments is a finding of the fast process of
picosecond order, which is observed for most
glass-forming materials so far studied. The fasz
process is often discussed in terms of the MCT

B-process. However, another interpretation has
been proposed based on an idea of softening of
vibrational modes.  The nature of the fast
process is still unclear.

In the previous paper [1], we found for cis-
1,4-polybutadiene that the fast process appears
at the so-called Vogel-Fulcher temperature T7).
This suggests that the fast process is closely
related to the glass transition phenomenon. On
the other hand, recent neutron scattering studies
revealed that similar fast process appears far
below Tg for amorphous polystyrene (PS) [2]
and polycarbonate (PC) [3]. These polymers
have large side groups or many internal degrees
of freedom. As the fast process has been
assigned to phenyl ring motions in the case of
PS, it is considered that the fast process far
below Ty is originated from side group motion
or internal degree of freedom and that the onset
of the fast process at the Vogel-Fulcher
temperature 7o is characteristic omnly to

polymers having no large side groups. One of
the aims of this study is to confirm this
prediction.

The sample used for the scattering
experiments was  trans-1,4-polychloroprene
(PCP) of molecular weight My=4 x 105, The
glass tranpsition temperature 7'y was determined
by DSC measurements to be 228 K. Inelastic
and quasielastic neutron scattering
measurements were carried out with the
inverted geometry time-of-flight (TOF)
spectrometers LAM-40 and LAM-80ET. The
energy resolutions of LAM-40 and LAM-80ET
are ~0.2 and ~0.02 meV, respectively. The
measurements were carried out in a
temperature range of 50 to 300 K.
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Fig. 1. Dynamic scattering laws S(Q,w)'s of trans-
1,4-polychioroprene measured by LAM-40
as a function of temperature,




Dynamic scattering laws S(Q,w)'s of PCP
observed with LAM-40 are shown in Fig. 1 as a
function of temperature covering the glass
transition temperature T (=228 K). These
spectra were obtained by summing up 6 spectra
at scattering angles of 8, 24, 40, 72, 88 and 104
degrees because the shape of the spectra are
almost independent of the scattering angle.

The sharp peak at around fiw=0 meV is due
to the elastic scattering and the intensity
decreases with increasing temperature. The
counter part of the elastic scattering, inelastic
scattering part, increases with temperature. A
very broad inclastic scattering peak, so-called
low energy excitation peak or Boson peak, is
observed at ~1.7 meV at low temperatures
below the glass transition temperature Tyg. As
the temperature further increases, the shape of
the spectra changes from inelastic-like to
quasielastic-like slightly below the glass
transition temperature 7, suggesting the onset
of a new relaxational motion or a damped
vibrational motion.

First, we focus our attention on the elastic
scattering intensity /lel(Q). Temperature

dependence of lei(Q) observed at Q= 1.75 Al
is shown in Fig. 2. Logarithm of /e(Q)
decreases linearly with increasing temperature
below ~170 K; log[/el(Q)] ~ 7, indicating that
the motion observed at the low temperatures is
vibrational, while el(Q) begins to deviate from
the linear relationship and decrease more
steeply at around 170K.
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Fig. 2. Temperature dependence of elastic
scattering intensities /a}{Q) measured by
LAM-40 with energy resolution de= 0.2
meV (@) (Q=1.75 A-1), and by LAM-80ET
with 8¢ = 0.02 meV (O) (Q= 1.64A"1).
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Fig. 3. Temperature dependences of mean square
displacement <1P> evaluated form elastic
scattering intensity.

The deviation may suggest the onset of a new
relaxational or damped vibrational motion at
around 170 K, which is about 60 K below Tg.

Mean squarc displacement <u®> was
evaluated from ¢ dependence of incoherent
elastic scattering intensity and shown in Fig. 3
as a function of temperature. It is proportional
to temperature T in the range below ~170 K.
This again suggests that the motion below ~170
K is vibrational. In the temperature range
above ~170 K, <u®> begins to deviate from the
linear relationship and to increase more rapidly
with temperature. These facts must suggest the
onset of a new motion above the temperature.

We now discuss the counter parts of the
elastic scattering, inelastic and quasielastic
scattering. It is reported for some amorphous
materials at low temperatures below Tg that the
low-energy excitation intensity after correction
for the Debye-Waller factor increases with
temperature according to the Bose factor.
Following the above idea, we calculated
inelastic scattering intensities at the higher
temperatures by applying the Bose factor to the
data at 129K after correction for the Debye-
Waller factor. The calculated spectra are
indicated by dashed lines in Fig. 1. At 198K,
the expected value agrees with the observed
one, confirming that the intensity of the low-
energy excitation of PCP is also scaled by the
Bose factor. On the other hand, at high
temperatures above about Tg the observed
intensity exceeds the expected one in the
cnergy region below ~2 meV and the shapes of
the spectra look like quasielastic. This excess
quasiclastic scattering must be due to the new
relaxational or damped vibrational motion
expected from the temperature dependences of




the elastic scattering intensity Jei{(Q) and of the
mean square displacement <u?>. The new
motion is just the fast process observed for
many glass-forming materials.
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Fig. 4. Excess mean square displacement A<tP>,
excess gquasielastic scattering intensity
Alges(Q), and excess decrease of elastic

scattering intensity Ales(Q) as a function
of temperature.

In order to see the onset temperature of the
fast process, we evaluated the excess mean

the excess

quasielastic scattering Alqes(Q@), and the excess
decrease of the elastic scattering intensity

Nel(Q) at Q=175 AL, Here Alges(Q) was
obtained by integrating the excess spectra in an
energy tange of 0.7 to 6 meV. These three
cxcess values are plotted as a function of
temperature in Fig. 4. The onset temperatures
seem to be between 170 and 190 K, which is 40
to 60 K below Tg. In the previous paper, we
reported for cis-1,4-polybutadiene thata similar
fast process appears at the so-called Vogel-
Fulcher temperature 7p, which is 50 K below
To for most amorphous polymers. In the case
of PCP, it is also considered that the fast
process  appears at  the  Vogel-Fulcher
temperature  7T0. The temperature 7g is

square displacement A<u?>,

" measurements.

sometimes called as the "ideal" glass transition
temperature, Le., an experimentally
inaccessible temperature in the limit of
infinitely slow cooling. However, the value of
To is not affected by the time scale of the
experiment, whereas the calorimetric glass
transition temperature depends on the time
scale. Therefore, Tp is considered to be a
fundamental property of the sample. The
temperature 73 is usually determined by
analyzing the temperature dependence of the

relaxation time T of the so-called o.-process
using the Vogel-Fulcher equation,

B
logt =logty + T-To (1)

where B is constant. Usually, the temperature
To is not easily accessible by dynamical
The present measurement as
well as the previous one [1] indicates that
neutron incoherent experiments can directly
detect the temperature 7o through hydrogen
mobility. These results strongly suggested that
the fast process is a precursor of the glass
transition phenomena. However, it should be
emphasized that a similar fast process of
picosecond order is observed deeply below Ty
in some amorphous polymers such as
polystyrene (PS) [2] and polycarbonate (PC)
[3] which have large side groups or large
internal degrees of freedom. The fast process
far below Tg may be originated from side .
group motion or internal degree of freedom. In
the case of PS, it has been assigned to the
phenyl ring motion, based on the results of
polystyrene with selectively deuterated phenyl
rings. At the present stage, it is, therefore,
considered that the nature that the fast process
appears at the Vogel-Fulcher temperature is
characteristic to polymers having no side
groups like  polybutadiene (PB) and
polychloroprene (PCP).
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Modification of Te Chain Structure by the Addition of Alkali Metals
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Liquid Te shows metallic behaviour above the
melting points. It is considered that a strong cou-
pling between short Te chains may be associated
with the metallic behaviour. Since alkalis are eas-
ily onized, it is interesting to study how the struc-
ture of liquid Te is modified by the addition of al-
kalis. The electrical conductivity decreases rapidly
with alkali concentration and a metal-to-semicon-
ductor transition occurs at about 10 at. % alkali®).

Neutron diffraction measurements for liquid
K-Te and Rb-Te mixtures were carried out by
using the time-of-flight (TOF) spectrometer HIT-
II. Sample was put into a thin-walled (0.3mm)
cylindrical cell made of fused silica with an inner
diameter of 8mm. The static structure factor S(Q)
was deduced by the standard procedure®), and
then pair distribution functions g{r) derived from
the Fourier transform of S(Q)

Figure 1 shows g(r) of liquid Te and liquid K-
Te mixtures. The position and height of the first
peak, which is associated with Te-Te nearest
neighbour correlation, do not change much with
additional alkalis, suggesting that the chain struc-
ture of liquid Te remains in the liquid containing
alkalis, It should be noted that the first minimum
near 3A becomes remarkably deep and a new
hump rises at 3.6A for liquid K-Te mixtures. The
pair distribution function g(r) for liquid Rb-Te
mixtures is shown in Fig.2. A prominent peak is
observed at the distance of 3.8A in g(r) of liquid
RbagTegp. The contribution of alkali elements to
g(r) appears more clearly in liquid Rb-Te mixtures
than in liquid K-Te mixtures, since the neutron
scattering length of Rb nucleus is about twice as
targe as that of K nucleus. It is reasonable to con-
clude that these peaks (or humps) located at 3.6A
for liquid K-Te and 3.8A for liquid Rb-Te corre-
spond to the nearest neighbour distance between
Te and alkali atoms. In addition, the coordination
number of Te around alkali atoms can be esti-
mated to be about four.

In conclusion, the role of the alkali appears to

be that of nearly completely charge transfer, sta-
bilizing the short Te chains by the intaraction with
four negative-charged Te chain ends. The charge
transfer from alkali atom to Te chains weakens
interchain coupling in liquid Te and reduces con-
duction between neighbouring Te chains.
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Fig.]1 The pair distribution function g{») for liquid K-Te
mixtures.
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Fig.2 The pair distribution function g{r} for liquid Rb-Te
mixtures.
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In 1980 we proposed a phase diagram of
liquid Te-Se mixtures!) (see Fig. 1). Semiconduc-
tor-to-Metal (S-M) transition occurs in a rela-
tively narrow temperature range, which is indi-
cated by hatching in Fig.1, being accompanied by
anomalies in the thermodynamic properties. The
transition region shifts towards higher tempera-
tures as the Se concentration increases. Moreover
it is expected that liquid Te, which is metallic
above the melting point, can be changed to a
semiconductor in a strongly supercooled state.

Inelastic neutron scattering experiments for
trigonal (t-) Te70Se3p at room temperature and
liquid (1-) Te70Se30 at 410°C and 580°C were per-
formed using the inverted geometry TOF spec-
trometer LAM-D?). The experimental procedure
is the same as previously described3). The vibra-
tional density of states G(£) was deduced within
the incoherent approximation®) and shown in Fig,
2. For t-Te70Se30 the peaks of G(E) around 6
meV, 12 meV and 22 meV can be assigned to the
tortional, bond-bending and -stretching modes
respectively, and a distinct gap appears between
15 and 18 meV in the G(E) curve. A similar gap
or a dip in G(£) is also observed in 1-Te70Se30 at
410°C, which is slightly higher than the melting
point. This suggests that the helical chain
structure is more or less preserved on melting.
Such a gap has been observed near 22 meV for I-
Se at 300°C and near 12 meV for supercooled I-
Te at 400°C. The stretching modes in 1-Te70Se30
at 410°C seem to have peaks near 22 meV. When
the temperature of I-Te70Se30 is raised across the
phase boundary indicated in Fig. 1, the G(E) spec-
trum changes remarkably and the gap around 16
meV becomes buried. This may be associated
with the appearance of long (i.e. weak) covalent
bonds, which is consistent with our EXAFS data?),
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1. Introduction

Recently, the present authors have
developed new types of glassy solid electrolytes
contamning different size of tetraalkylammonium
ions[1,2]. Appearance of a clear transition from
superionic conductors to insulators can be
explained by percolation models.

In this paper is reported tentative results of
the small angle neutron scattering (SANS) and
the neutron diffraction in low angle region for
these glasses. Intermediate range structure due
to the percolation clusters are discussed.

2, Experimental

The glasses composed of Agl-Csl-
tetramethylammonium iodide (TMAI) and
deuterized tetramethylammoniumiodide
(dTMAT) were used.

Small angle neutron scattering experiments
were carried out in KENS neutron facility in
Tsukuba; the spectrometer SAN by pulsed cold
neutron source was used, whose Q range was
from 0.01 A-1 t0 0.2 A-1. SANS experiments
were done for the samples of Agl-CsI-dTMAI
whose compositions are {7:2:1) which is in the
supertonic region, and (5:4:1) in the insulator
region. The sample of undeuterized Agl-Csl-
hTMAI(7:2:1) was also measured for
comparison.

Small and medium angle neutron
diffractions were also measured by the WINK
spectrometer installed at KENS, whose Q range
is from 0.2 A-1 to 20 A-1. Calibrations were
done for vanadium, background and water. The
data were smoothed by third order spline
functions.

3. Results and Discussion

Small angle scatterings were observed by
SAN spectrometer for the samples containing
deuterized dTMAI, while only background
scattering were seen for the sample containing
protons. In figure 1 is shown the log-log plot of
scattering intensity of the present data. The

fractal dimensions Df was estimated from the
slope; it was 0.39 above gc and 2.8 below,
where (¢ is a cross-over wave length: qc =0.02
for the sample (7:2:1) and 0.05A-1 for (5:4:1).
This result strongly supports the existence of
percolation clusters (Df=2.48+0.09) in the
glasses as was expected from ionic conductivity
measurements.

A significant peak was observed near 1 A-
Iby WINK spectrometer. The peak position is
close to the so called "pre-peaks" observed at ca.
0.8A-1 in other superionic glasses containing
Agl. However, from carefull investigations of
the peak we concluded that it is merely due to
the existence of large dTMA+ ions whose
diameter is estimated to be 578 A
corresponding to a correlation at q = 1.1 A-1.
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Fig.1 Log-Log plot of the neutron scattering
intensity and momentum fransfer of (@) Agl-Csl-
dTMAI (7:2:1) and (b) Agl-Csl-dTMAI (5:4:1).
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It is well known that hydrogen-bonded ferro-
electrics such as KHyPOy4 (KDP) exhibit a large
isotope effect on the ferroelectric phase transi-
tion Te, in which the T, generally goes up by
the deuteration. In a striking contrast to those
compounds, the T, of RbHSO, (RHS) reduces
by the deuteration from 265 K to 250 K. ! To
investigate such 'strange’ isotope effect of 1,
many experimental studies have been performed
with X-ray,2®) Raman scattering?) and neutron
scattering®® techniques. By the X-ray measure-
ments in RHS, the accurate crysial structure
and the thermal fluctuation were determined.®)
There are two kinds of hydrogen bonds with O-O
lengths of 2.526(7) A and 2.602(6) A in the para-
electric room temperature phase. It is interest-
ing that these lengths fall into the O-O distance
range 2.45 to 2.65 A, which can exhibit the above
mentioned isotope effect of 7.5} Both H atoms,
H(1) and H(2), are not located in the middle of
the respective hydrogen bonds, but close to the
one side. The distances between H and O are
rather short; i.e. 0.77(8) A for H(1) and 0.69(6)
A for H(2). Tt was also suggested that H(1) exe-
cutes very large thermal vibrations. These struc-
tural results have been explained on the basis of
the riding model; i.e H(1) fluctuates neary per-
pendicular to the hydrogen bond in phase with
the reoriented motion of the closer 50,(1) ion.?
These results about H in RHS are quite differ-
ent from the well known characteristics of H in
KDP, where H is located in the middle of te
0-0 distance in the average structure with the
site symmetry 2 and displaces neary along the
hydrogen bond above T.. Therefore, it is rea-
sonable to expect that H(1) plays an important
role on this strange phase transition mechanisn

in RHS.

Raman scattering measurements?) have mainly
been performed to observe the excitations of the
SO, ions. Some small hydrogen-related peaks
were observed at about ¢ =98, 102 and 155 meV
in the Raman spectra, and were assigned as
the out-of-plane bending modes and the in-plane
bending modes of H(1) and H(2).

Recently, Kosegawa et al.%) carried out in-
coherent neutron scattering measurements of a
powder sample of RHS and found some large
hydrogen peaks at ¢ =80, 95, 143 and 157 meV.
From the local structure around H(1) and H(2),
it was expected that, in the ferroelectric phase,
the vibration directions of both v, and 2 modes
are neary parallel to the a™-axis, those of é; and
85 modes are parallel to the c-axis and those of
v1 and v, modes are parallel to the b-axis. Here,
v, 6 and v are the out-of-plane bending mode,
the in-plane bending mode and the stretching
mode, respectively. In an inset in Fig. 1, the
vibration directins of v, § and v modes are de-
picted schematically.

In order to observe more clearly those excita-
tion peaks, and to determine the excitation ener-
gies and the vibration directions of the hydrogen
modes, we have carried out incoherent neutron
scattering measurements on the single crystal of
RHS, using a crystal analyzer time-of-flight neu-
tron spectrometer (CAT) in the neutron scatter-
ing facility (I{ENS} at the National Laboratory
for High Energy Physics in Japan. Single crys-
tals with a total weight of 12 g were used, and
set in an alminium container. We made two sets
of the experiments at 7" = 18 K. In one experi-
ment, the single crystals were rotated about the
b-axis. We defined the rotation angle as ¢ =

__84__




0for Q@ || ¢ and ¢ = 7/2 for Q || a*, where
Q is the momentum transfer. Since I(¢, @)
(Q - 1)?, we can observe the largest intensity of
the 1; and v, modes at ¢ = 7 /2. Here, n is the
polarization vector of the vibrational mode.
Figure 1 shows a map of the observed scatter-
ing intensity (¢, ¢ ). It is clear that, as has been
expected, the intensity of 95 meV mode assigned
as 4, in the early study® becomes largest at ¢=
7 /2 and smallest at ¢= 0. This is clear evidence
that the vibration direction of 7; is nearly par-
allel to the a*-axis. The ¢ -dependence of the
peak at ¢ = 80meV is also similar to that of .
Therefore, we can identify the 80 meV peak as

Fig. 1. I(e,¢) of single crystals of RHS about #-axis
rotation as a function of the rotation angle ¢ (rad)
and energy transfer ¢ (meV) at T=18 K. ¢ =0 corre-
sponds to @ || ¢. ¢ is changed from ¢ =0 to = by step
scanning with interval A¢ = #/6. In the inset, the vi-
bration directions of the v, § and  modes are depicted
schematiccaly.

the v, mode. This is inconsistent with the pre-
vious Raman study in which the v, mode was
assigned to the peak at 102 meV. We found no
peaks at about 102 meV. Furthermore, it turns
out that two peaks at € = 143 and 157 meV be-
come largest at ¢ = 0 and smallest at ¢ =7 /2.
This means that these peaks should be assigned
to the §; and é; modes.

In another experiment, the single crystals were
rotated about the c-axis, and the similar inten-
sity map I (e, 8 ) was obtained. Here, 8 is the
rotation angle, and is defined tobe 8 =0at Q || b
and § =7 /2 at Q || @*. In this map, we cer-

tainly find that the peaks of the v; and 2 modes
at € =95 and 80 meV become largest at ¢ =« /2
and smallest at § =0. This gives again clear ev-
idence that those peaks must be assigned to 71
and ;. T'wo § modes are weak for whole range
of 8. It is because Q is always perpendicular to
c. We found two broad peaks around ¢ =300-350
meV. Those make maxima at § =0. Therefore,
we identified those two peaks as the v and 4
modes. This is consistent with the results of the
Raman study.

In our present works, we determined the ex-
citation energies and the vibration directions of
the hydrogen modes, which have been consid-
ered to play an important role on the phase
transition mechanism in RHS. Qur results ob-
viously show that ¢ of the out-of-plane bend-
ing modes of H(1) and H(2) are much smaller
than those of other typical hydrogen bonded
compounds,” though the stretching and in-
plane bending modes are similar to these. This
means that the hydrogen potential is extremely
shallow along the out-of-plane bending direc-
tion. The result is consistent with the structure
model® because two H-attached O atoms have
the largest thermal amplitude nearly along the
a”-axis.
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Potassium hydrogen carbonate has
(HCO3)2 dimers linked by two hydrogen
atoms. It is one of the most simple
hydrogen bond materials. At room
temperature the crystal belongs to the
space group P21/a, where the principal
axes of the (HCO3)2 dimers are tilted in
antiphase at the comer and center of the
cell [1,2]. Above 318 K. the crystal
transforms to a high temperature phase.
In this phase, the dimers at the center and
corner sites become equivalent (space
group C2/m) [3]. X-ray studies have
shown that the structure is represented by
a superposiion of the two iilted
configuration, that is, the local order of
the low temperature phase remains, that
is, the hydrogen afoms are jumping
between the double well potential which
is still asymmetric.

The incoherent neutron scattering
experiment 15 a powerful method to study
the proton dynamics since it has a large
cross section. Fillaux et al.[4] have
reported detailed neutron scattering study
in powder crystals of KHCO3. Since in
KHCO3 the hydrogen bond axes are
aligned 1n a unique direction, using single
crystal samples, we can easily extract the
stretching and bending motions of
hydrogen atoms [5].

In this study, deuterated samples of
KDCO3 are used to measure the neutron
scattering spectra. The aim of this work is
twofold. First, the mass of deuterium is
twice that of hydrogen. By comparing the
spectra of the two compounds, we can
distinguish the local deuteriun modes
whose energy may change as 1/v2, and
the collective modes whose energy
change httle. Second, the incoherent
cross section of deuterium is about 1/20
of hydrogen. In the spectra of deuterium
sample, we will be able to observe silent
modes which are hidden in the spectra of
the hvdrogen compound.

Powder crystals of KDCO3 were
synthesized by bubbling CO2 gas

through a concentrated solution of
K2CO3 in D20 (99.9%). Large single
crystals were grown by seeding a warm
solution (45 C) and gradual cooling
{about 0.5 C/day) to room temperature.
For neutron scattering studies, five
crystals ~ with  dimensions  around
10x15x10 mm were aligned with the
help of a polarizing microscope. The
crystals were cooled to about 20 K using
a closed cycle helium refrigerator.
Incoherent inelastic neutron scattering
experiments were done on an inverted
geometry crystal-analyzer time-of-flight
neutron spectrometer (CAT) [6].

The vibrational frequencies of
(HCO3)2 dimer are calculated using
empirical force constanis and normal
coordinate analysis [7]. It was used to
simulate the infrared and Raman spectra
of the formic and acetic acid dimers. The
structure of (HCO3)2 dimer is very
similar to that of acetic acid dimer. As
initial values of the force parameters, we
have used the data given for acetic acid
dimer, and the parameters are modified so
as to fit the experiments. The internal
modes appear with energies greater than
50 meV and the external modes with
energies below 50 meV. The inelastic
neutron scattering spectra are calculated
from the obtained atomic displacement
vector U and vibrational [requency .

Figure 1 shows the geometry of
experimental settings and the related
vibrational modes. The observed neutron
scattering spectra are shown 1n Fig. 2. In
the first setting (Fig.2a), the incident
beam 1s perpendicular to the hydrogen-
bond dimer plane. The most intense peak
at 83 meV is assigned to the out-of-plane
bending mode, y OD. In the previous
infrared study this mode is observed as a
broad band centered at 89 meV. Upon
deuteration, the energy of the y-OH mode
shifts as E(y-OH)/E(y-OD) = 1.4. The
second harmonic of this mode, 2y-0OD, is



observed at 164 meV. The peak at 101
meV is assigned as the out-of-plane y-
CO3 mode. The corresponding infrared
peak is reported at 104 meV. In the
hydrogen salt, this mode is observed as a
shoulder of the intense y-OH band.

Py [ By mocks )

Fig. 1 Schematic representation the
vibrational modes discussed in the text.

In the second setting, the incident beam
is parallel to the hydrogen-bond axis
(Fig. 2b). The broad band centered at 250
meV is assigned to the stretching v-OD
mode (the corresponding infrared value is
258 meV). The energy shift is  E(v--
OHY/E(v-0OD) = 1.3. The broad band at
78 meV is assigned, comparing with the
infrared data and the calculated values, to
the two scissor type modes, 8s-CO3
(symmetric) and sa -CO3 (asymmetric).
The three weak peaks observed at 132,
167 and 191 meV are assigned to the
symmetric stretching vs-CO3 and the two
asymmetnc stretching va-CO3 and va-
CO3' modes, respectively.
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Fig. 2

Inelastic neutron scattering spectra and
calculated peak intensity.

(a): incident beam is along the y-OH(D)
out-of-plane bending direction.

(b). incident beam is along the v-OH(D)
stretching direction.

(c): incident beam is along the 8-OH(D)
in-plane bending direction.

In the third setting (Fig. 2c), the
incident beam is along the b-axis. The
peak at 131 meV is assigned to the in-
plane bending &-OD mode, (the
corresponding 1nfrared peak is at 135
meV). The energy of the 5-OH mode
shifts upon deuteration, E(8-OH)/E(s-
OD) = 1.3. The width of this 8-OH mode
is narrow compared with that of the 8-OH
mode. In KHCO3, the pure $-OH band
and the combination band of the 3-OH
bending and the OI1-C and 0O2-C
stretchings (va-CO3 modes) have nearly




the same energy around 170 meV (about
the definition Ol, and O2, see Fig.1),
and these two peaks are observed as a
single broad band. In KDCQ3, these two
modes (8-OD and C-O stretchings) are
observed as separate peaks at 131 meV
and 170 meV, although the intensity of
the latter peak is much weaker. The peak
observed in KHCO3 around 200 meV
disappears in KDCO3. This may be
consistent with our previous assignment
that it 1s a coupled band ol the &-OH
bending and C2-O stretching modes. The
peak observed at 76 meV is atinibuted to
the two scissor type modes, 8s-CO3 and
5a-CO3. These in-plane bending modes
are also observable in the second setting.

In the low energy region below 50
meV, several peaks are observed. The
most prominent one is the band at 26
meV. When the incident beam is paraliel
to the hydrogen bond axis, this band
appears as a single peak at 26 meV, and
when the incident beam is parailel to the
in plane bending direction, this band
appears as two peaks at 27 meV and 29
meV. This band is assigned as due to
stretching motions v-OD..O. There are
two such modes, one is the Tu mode
which is active in the second setting, and
the other 1s the Rw mode which is active
in the third setting. We then assume that
the Tu(D) mode is at 27 meV and the
Rw(D) mode is at 29 meV. The energy of
these modes change little upon
deuteration (Tu(H) = 27 meV and
Rw(H)=29 meV). Upon deuteration, the
energy and the shape of this band shifts
little. Therefore, this band may be
attributed not to the local hydrogen mode
[4], but to collective motions.

The peaks observed at 17 and 14 meV
may be attributed to lattice modes. The
energies of the modes change little from
those in the hydrogen salt. The present
results are summarized in Table L
Further detailed neutron scattering studies
and analysis are necessary in order to
assign these low energy modes.

Table]

KHCO3 KDCO3
v-OH 325 y-OD 250
va'-CO3 va'-C0O3 191
va-CO3 va-CO3 167
2¢v-0H 230 2¢y-OD 164
vs -CO vs-CO 132
5-0H 170 60D 131
v-CO3 y-CO3 101
y-OH 117 y-OD 83
6-CO3 78 6-CO 76
Rw 30 Rw 30
Tu 27 Tu 27
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A simple model to predict the interstitial
sites preferentially occupied by the hydrogen
atoms in intermetallic compounds has been
suggested by Jacwmb!? and Griessen?. Acoording
to this model the occupancy of the interstitial
sites is deter-mined by the heat of formation of
imaginary hydrides formed between the
hydrogen atom and the host metal atoms
forming the interstitial site in oonsideration
Acoordingly, a value A H which is the sum of
these heats of formation is assigned to each site.
The 1melative hydrogen occupancy has been
calculated in a quantitative manner using
Boatsmans distribution function and the A H
values. On the other hand, Westlake? and
Mageed have daimed that interstitial hole size
and hydrogen-hydrogen interatomic distance are
used to predict the hydrogen occupied sites in
hydrides of intermetallic ompounds. They find
that an increase in hole size is accompanied by
greater stability.

Neutron diffraction and neutron inelastic
scattering experiments on intermetalllic
hydrides hawe provided quantitative in-
formation on the distribution of the hydrogen
{the rmelative occupancy) among the various
interstitial sites. The purpose of the present
repoits to examine experimental critena in the
case of YPdscom-pounds of Llsstructune.
Neutron diffraction and incoherent inelastic
neuton  scattering experiments have been
carried out on the metallic hydride of YPdsH(D)«
for x = 0, 0.19 and 0.30 to study the hydrogen
(deuterium) sites and their dynamics. The
neutron diffraction expenments were made on
the Kinken powder diffractometer (KPD).The
neutron wave length was 0.1767 nm and the

diffraction pattems were recorded over the
angular range 10" <2 6<104" instepsof0.1" .
The inelastic inooherent scattering measure-
ment were performed using a crystal analyzer
time-of flight (CAT) spectrometer which 1s
mstalled in KENS.

Analysis of neutron diffraction patterns from the
YPdsH(D)x for the different H(D) contents have
con-firmed that the Llz2type structure  of YPds
is pre-served on hydrogenation up to x=(0.30.
The inelastic inooherent scattering spectrum on
the CAT spectiometer for YPdsHam at 6 K is
shown in Tig 1. The inelastic incoherent
scattering was employed to determine the
relative occupation by hydrogen on the
tetrahedral and octahedral sites from the
difference of the hydrogen vibrations between
the both sites). The large peak observed near 55
meV is identified as the vibrational spectrum of
the octahedral site hydrogen. The width of this
peak is believed to be result of the dispersionin
the optical modes as was observed in the
similar system of PdHy7?. The peak at 120 meV
which is charaderistic of the tetrahedral site
hydrogen vibration is not recognized i this
spectrum. Consequently most H(D) atoms will
occupy the octahedral sites.

A quantitative comparisonof the diffraction in-
tensities was made on the neutron diffiaction
data from YPds YPdsHexn and YPdsDaw. The
observed data are listed in Table 1 i
comparisonwith calculation. It will be seen from
Table 1 that the relative intensity of the
diffraction lines are considerably different each
other; e.g. the 100 diffraction line is stronger




than the 110 diffraction line for YPdaHamw, while
for YPdiDyw the 100 diffraction line is weaker
than the 110 diffraction kLne. These
characteristic featwes of the diffraction pattems
can be understood quiet well assuming the
preferential occupation of the specified octa-
hedral interstitial sites by H(D) atoms.

Inthe YPdscompound of L1gstructure (1Y atom
m (0, 0, 0) position and 3Pd atomsin (0, 1/2, 1/2),
(12,0, 1/2) and (172, 1/2, 0) positions), there are
only two different octahedral interstitial sites: a
6P’d site’ swurounded by 6 Pd atoms and three
2Y4Pd sites’surrounded by 2 Y and 4 Pd atoms.
The ow-ordinates of the '6Pd site’ and the 2Y4Pd
sitesare (122, /2, 1/2) and (12, G, 0), (0, 1/2, 0)
and (0, 0, ¥/2). Then, the structwre factors for
YPdaH; are expressed as follows,

FhkD) = b,
+ bpq(cos wk cos wl + cos wl cos wh
+ cos mh cos k) + ubycos wh cos wk cos wl

+ vbh, (cos wh + cos wk + cos )

where by, bm and bu are the scatfering

amplitudes of yttrium, palladium and hydrogen -

-3

respectively and two parameters u and v are
occupation probabilities of hydrogen in the 6Pd
site’ and 2Y4Pd sites' respectively. The
parameters uand vare related to the hydrogen
fraction per formula unit x x = u + 3v. A good
agieement is cbtained if we assume the value of
the occupation probabilities u = 0.12 and v=
0.06 for YPdsHyy at 300 K, and u=0.175and v
= 0.005 for YPdaDay at 70 K The structure
factors calculated using these values are listed
in the fourth and sixth olumns of Table 1, and
the reliability factors are less than 0.03. These
results indicate that the H(D) atoms prefer the
‘6Pd site’to the 2Y4Pdsites’

Acoording to the semiempirical model by
Jacb?2 and Driesen?®, the cccupancy of the
interstitial site is determined by the heat of
formation of imaginary termary metal hydrides
formed between the hydrogen atom and the host
metal atoms forming the interstitial site in
omonsideration. In YPda structure, there are two
knds of octahedral sites ooordinated by 6
rearest neighbor metal atoms and formation of
YoPds Hx and PdeHx is expected. The heat of
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Fig 1. Incoherent inelastic neutron scattering spectra of YPd,H,, ,, measured at 6 K.




Table 1

A comparison of the diffraction intensity with the calculation

h k ! YPd, (300 K) YPd,H, ,, (300 K) YPd,D, ,, (70 K}

Fﬂhl, Fn.':l‘ Fﬂhl. Fc::L F(Jh! Ft:l
1 0 0 0.15 0.16 0.18 0.18 - 0.05
! l 0 0.18 0.16 0.15 0.14 0.28 0.27
| 1 | 2.73 2.68 2.79 2.79 2.56 2.58
2 0 0 262 2.68 265 2.57 2.86 2.80
2 ! 0 0.19 0.16 0.16 0.18 - 6.05
2 | | 0.15 0.16 0.11 0.14 0.24 0.27
2 2 0 276 2.68 2.50 2.57 278 2.80

formation of these hydride dusters was
caleulated by Griesen et al8, and the A Hay pq
site and A Hepq values were evaluated to be -
0.38 and -0.20eV fatom, respectively. As for the
size of holes at inteistitial sites, the hole radii
for the 2Y4Pd sites’ and 6Pd site’ are evaluated
to be 0.42 and 0.76 A, respectively. The present
reution diffraction result which shows the
preference of the ‘6Pd site’ occupancy by the H
aoms, therefore, is consistent with the hole size
criteria, but is in contradiction to the prediction
by the imaginary hydride model.

In orderto search the preferential site for the
H atomsin the Ypdscompound theoretically, the
firstprinciples caleculations concemingthe total
energy of the hydride duster with the different
hydrogen positions have been carmied out. All
theoretical results presented in the present
calculation are obtained within the local-
density-furctional theory?. The hydride duster
used for the caleulation consists of 2x2x2 unit
cells, which corresponds to YsPdyH (YPd3Hgs)
omposition In order to search the most

1.4

1.2 EE-g

\‘
\I’I\ 2yY4pd
"}

=
6pd g~
-.../

1.0

0.8

0.6

0.4

Ralative tatal energy {eV)

0.2

"
L 1 } J i ] 1 1
0.5 0.0 0.5 1.0 1.5 20 25 3.0

Distance between H and 1hb site (3)

Fig2 Totalenergyas a function of distance
from 6Pd site to hydrogen atom.

6.0

favorable position of hydrogen, we mowve the
hydrogen atom along the line from the 6Pd site’
to the 2Y4Pd site’ and caleulate the total energy.
Fig 2 shows the 1esult of total energy as a
function of distance from the 6Pd site’ to the
hydrogen. From this figure we find that the ‘6Pd
site’ is more energetically favorable than the
9Y4Pd site’ and the total energy difference is
049 eV. It is conclude, therefore, that the
differencein the electionic interaction between
hydrogen and host atoms is laigely responsible
for the hydrogen occupancy of intexstitial sites in
intermetallic hydrides.
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Conjugation in organic compounds is represented
by extended prm-pmt interactions. A modified
conjugation and/or doping category can be seen in
organometallic systems, in which extended m-
interaction involving metal-carbon bonding is realized.
An example is metal  m-complexes of organic
conjugated systems. Particularly polyene complexes of
early transition metals such as zirconium Is interesting,
since these electron-deficient metal ions are highly
reactive and thus polyene system may be largely
perturbed by the bonding with zirconium which is both
electron-donating (m-type) and -attracting (o-type) in
varying degrees. For the s-frans coordinated diene
complex, m-conjugation of the diene molecule is
maintained and the effect of mixing of the d-electron of
the transition metal may be delocalized over the diene
molecule. Thus a mixed electronic state of organic pn-
electron and metallic d-electron is expected.

We observed the thermochromism of the deeply
colored zirconocene complex of 1,4-diphenyl-1,3-
butadiene (DPBD) in the solid state. Semiempirical
ZINDO molecular orbital calculation revealed that the
deep color of the complex originates in the HOMO-
LUMO and HOMO-LUMO-+! transitions, These
imolecular orbitals are mainly composed of the d-
orbitals of Zr and the m-orbitals of DPBD and
cyclopentadienyl (Cp) ring and are sensitive to the
orientation of the m-orbital of Cp rings, suggesting that
the dynamic perturbation is operative for the transition
energies.

The dynamic nature of the Cp ring and phenyl
group was precisely investigated by the measurements
of the spin-lattice relaxation rate of proton NMR and
by the incoherent neutron scattering. lg’

Spin-lattice relaxation rate of proton NMR To
investigate the dynamic behavior of the complex in the
solid state, the spin-lattice relaxation rate Tl“1 of
proton NMR was measured between 14 and 300 K at
18.0 and 37.2 MHz. The result of the measurement is
shown in Fig. 1. Two maxima were clearly observed
near 50 K (103x(1/T)=20 (1/K)) and 100 K (103x
(/T)=10 (1/K)), indicating that the two motional
modes are thermally excited. The high temperature Fig.
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Fig. 1 Temperature dependence of T1‘1 of proton

NMR of ZrCpo(DPBD).

mode with the activation energy of 84 meV (7.7
kJ/mol) was assigned to the 180°-flip motion of the
phenyl ring around the C-C bond and the low
temperature mode with the small activation energy of
28 meV (2.6 kl/mol) was assigned to the rotation of
the Cp-ring about the five-fold axis. The break of the
stope of T|~! below 20 K (103x(1/T)=50 (1/K)) was
atiributed to the excitation energy 3 meV (0.46 ki/mol)
between the librational ground state and the first
excited state of the Cp-ring as discussed below.

The Tl'1 was calculated by assummg the two
motional modes mentioned above, The solid and
broken curves are the calculations for the different
Larmor frequencies. The temperature dependence of
the correlation time of the rotation of the Cp-rings was
derived and is shown in Fig. 2. The activation energy
for the rotation of the Cp-ring around its five-fold axis
is 28 meV and the small activation energy 5 meV in the
low temperature region was attributed to the excitation
energy between the librational ground and the first
excited states. Here the quantum mechanical tumneling
of the Cp-ring through the hbrational first excited state
seems to dominate Tl'l. This phenomenon is similar to
the tunneling of methyl groups, which has been well
investigated experimentally and theoreticall}'.2=3) In
this case, the Larmor frequency dependence of the
spin-lattice relaxation rate is useful to estimate the
tunneling frequency and was measured for
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Fig. 2 Temperature dependence of the rate of rotations.
ZrCp»(DPBD) between 3 and 40 MHz at 17.9 K by
use of the field cycling technique. The observed
frequency dependence almost obeys the relation Tl’l s

mo‘z at high frequency region and tends to smaller
slope below c.a.10 MHz. This trend is not the case of
the relaxation due to paramagnetic impurities (Tl‘loc

wg™Y-3 for wide frequency region) but is very similar
to the rotational tunneling of methyl group with the
tunneling frequency of the order of Larmor frequency.
The librational excitation energy 5 meV was
rationalized by the calculation of the energy scheme for
the Cp-ring rotation, where the moment of ertia [ =
1.9x10-43 ke mZ of the Cp-ring around the five-fold
axis was used. Five-fold potential functions with higher
order term was assumed. The parameters of the
potential were chosen so that the activation energy (28
meV) and the torsional excitation energy {3 meV)
determined above agree with the calculation. These
criteria do not uniquely fix the parameter values and
therefore we adopted the potential function as simple
as possible. As a result of tnal-and error calculations,
we obtained two reasonable potential functions with
higher order 10-fold term. One is

V / meV =15.6{1+cos(50)} - 3.7{L+ cos(100)} +7.3.

The librational ground state has 3-fold degeneracy and
exhibits small tunneling splittings of the order of a few
MHz or less. This is almost consistent with the
observed Larmor frequency dependence of Tl“l.

The observed activation energy for the rotation of
the Cp-ring in the complex ZrCp,(DPBD) is very
small among the zirconocene complexes mvestigated
hitherto.4:3) This is an unique character of this
comples. Since the activation energy 28 meV
corresponds to the thermal energy at 310 K, the

thermal population of the Cp-ring near the top of the
barrier is large for this complex near room temperature
and the fluctuation amplitude of the Cp-ring is
extremely large. This fact is in good agreement with
the large thermal ellipsoid of the Cp-ring observed by
the X-ray diffraction experiment.G) This motion
perturbs the bonding between the Cp-ring and
zirconium,
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Fig. 3 Ternperature variation of INS from ZrCps(DPED).

For the dynamical perturbation on the electronic
state of the m-conjugated system of the complex, the
motion of the phenyl ring is important. It was revealed
that the phenyl rings undergo 180°-flip rotation with
the activation energy of 84 meV (7.7 kI/mol). This
motion was observed as a high temperature maximum
of T1! of proton NMR as shown in Fig. 1. The rate of
the 180°-flip motion of the pheny! ring around the C-C
bond is expressed by the Arrhenius formula, which is
slow in the low temperature region and is the same
order near the room temperature compared with the
rate of the Cp-ring rotation as shown in Fig. 2. In

addition to the large amplitude flip motion (180°flip),

more rapid small angle fluctuation of the phenyl ring
was suggested by the incoherent neutron scattering
measurement as described below.

Incoherent neutron scattering To investigate the
rapid fluctuation and the librational modes of the Cp-
ring and the phenyl ring, incoherent neutron scattering
spectrum was measured in the energy transfer region

between -3 and 200 meV with LAM-D spectrometer.

In this report the energy transfer region below 20 meV
is discussed in which the librational modes of the Cp-
ring and of the phenyl ring and quasi-elastic scattering
are expected to be observed. Figure 3 shows the
neutron scattering spectrum measured at 13, 60, and
150 K. Four spectra with two different momentum
transfer values (0.9 and 1.9 A°l) accumulated




simultaneously were added to improve the statistics for
gach temperature. A characteristic feature of the
spectrum observed at 15 K is a broad unresolved peak
below 10 meV, in which several excitations overlap. In
addition to the librational excitation of Cp-ring around
3 meV and its overtone, the torsional mode of the
phenyl ring around the C-C bond and its overtones are
expected to appear in this energy transfer region. An
estimate of the fundamental excitation of the torsional
oscillation of the phenyl ring 15 ~3meV, where the
cyclic two-fold potential function
VimeV =42.1(1+ cos(28)). which is consistent

with the observed activation energy of 84 meV for the
180°-flip motion of the phenyl ring, was assumed and
the moment of inertia, | = 1.37x10745 ke mz, was used.
Overlapping of these librational modes of the Cp-ring
and the phenyl ring gives the broad unresolved
scattering peak.

At elevated temperature, i.e. 150 K, it is noted that
the scattering intensity around the elastic peak is
remarkable as shown in Fig. 3. The result indicates
that a rapid motion associated with the fluctuation of
protons occurs at 150 K, while this motion 1s slow and
can not be detected by the neutron scattering at 60 K.
The quasielastic scattering component at 150 K was
tentatively separated from the elastic and inelastic
scattering by subtracting the scattering function S{Q,
w) at 60 K from that at 150 K and could be roughly
expressed by a single Lorentzian function as shown in
Fig. 4. A half~width at half maximum (HWHM) of the
observed quasiclastic scattering is ~2 meV. HWHM
for the five-fold rotation of Cp-ring was calculated
with the usual method by taking into account the
jumping rate 1.8x1010 s~ at 150 K deduced from the
proton NMR relaxation measurement. The HWHM is
17 peV and 24 peV for the different momentum
transfer values, 0.9 and 1.9 A-l, respectively. The
HWHM for the 180°-flip motion of the phenyl ring
was also calculated to be 0.12 meV from the jumping
rate 1.5%1010s1 determined by the proton NMR.
These values are much smaller than the observed one
(~2 meV) and the rapid motion detected as the
quasielastic scattering is the third motional mode. It is
noteworthy that the fluctuation amplitude of the third
motional mode is as small as not detected by Tl'l of
proton NMR. The dependence of the quasielastic
scattering of neutrons on the momentum transfer value
is useful to estimate the geometry of the motion.
Although the scattering intensity at Q = 1.9 A-l is
larger by about 1.5 times than that at Q = 0.9 A~ and
HWHM is the same for the two momentum transfer
values within error, it was difficult to determine

2

unambiguously the geometry of the rapid fluctuation
because of the limited momentum transfer values. The
rapid fluctuation will give rise to a significant thenmal
parameter for the structure determination. Such large
values of the equivalent isotropic thermal parameters
were found for the phenyl carbons except for one
linked to the butadiene framework by the X-ray
diffraction experiment at room temperature. Assuming
that the third motional mode is small angle flipping of
the phenyl ring around the C-C bond, the rate of the
small angle flipping 1 ~ 3x101! s1 was estimated
from the width of the observed quasielastic scattering
(Fig. 3) at 150 K by using two sites jump model. This
motion is faster than the 180°-flip rotation and induces
a rapid fluctuation and change of the electronic state of
the m-conjugation of the DPBD molecule in the
complex.
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Fig. 4 Quasielastic neutron scattering at 150K.
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One of the most remarkable phenomenon on the
high-T¢ cuprates is probably a pseudo spin-gap
opening in the normal state. This phenomenon was
pointed out for the first time in YBazCu3Og.x by
NMR experiments!). The nuclear spin-lattice
relaxation rate, 1/T)T has a maximum at specific
temperature and shows a sudden decrease at lower
temperatures. Especially for an under-doped
composition the maximum is well above T¢, whereas
the optimum doped superconductor has the maximum
at T¢. These results are supported by the extended t-J
model, whose phase diagram shows the existence of a
spin-gap at well above T¢ only in the low doping
region?). Various experimental reports suggest also an
anomalocus behaviour at well above T (Tgg~150K)
including a lattice instability, i.e. ion channeling?),
resitivity®) and specific heat measurements>).

Therefore, in order to clarify the relation between
the lattice instability and the pseudo spin-gap opening
we have carried out inelastic neutron scattering
experiments making use of the INC spetrometer on a
typical under-doped superconductor, i.e. YBayCu3Ogg
(Tc~57K).

The long time neutron exposure, 16 hrs, of the
sample with mass m=95 grams gave a good statistics.
However, due to the relaxed energy resolution of the
INC spectrometer cannot recognize a clear structure in
G(E). The insufficient background correction and the
multiple scattering in the low energy transfer region (<
30meV) give rise to a spurious temperature evolution
by the Bose population correction, hence we do not
discuss the behaviour in this region in this article. In
order to investigate the temperature dependence we
have integrated G(E) from 36 meV to 50 meV and
from 54 meV to 65 meV. The former energy region
includes the B mode (~41 meV), which is related to
the out-of-plane oscillatory motion of the planar
oxygen atoms, and the latter includes the A, modes
(~63 meV), which is the apical oxygen metion parallel
to the c-axis. As shown in Fig. 1, both modes have
anomalies at Tc (=57 K) and well above Tc (~150 ).

The temperature dependence of phonon intensities
measured by infrared absorption spectroscopy on the
YBaCu3O7 have been reported by B. Guttler et al.6)
They discussed that excess intensities of the modes

near 300 cm-! and 500 cm-! have a temperature
dependence of BCS-like gap energy, i.e. the order
parameter. Qur results, shown in Fig I, show a similar
behavior below T¢ (=57 K), although we cannot assert
it clearly because of the small number of data points.
We also found that the anomalies occur around Tgg,
which may suggest a strong lattice-spin coupling.
Recently Normand et al. calculated the coupling effect
under the extended t-J model?) and suggested an
anomalous behaviour on the B g phonon mode , which
has the d-wave symmetry. Our results are indeed
consistent with this theoretical prediction, although we
also found an anomaly of the phonon mode with non-
d-wave symmetry, which may be explained by a spin
interaction between the CuQO7 planes.

= {1 —— L —

% LO0¢ _} i k % 100} H wrf

g ost f *} 1 E ol Ab i

o osf 17 * 18 %

b owrf i I < = / f

23 ossl ! § ; 0 0.9?....} {

@ ossl '-._.‘ @ ooe | *{ 3

S waf (a) .4 G ot T (b) ]
0.93 bae 0.64 Lee

0 50 1;)0 150 200 2!.30 300
Temperature (K)

0 50 10 1;0 2:)0 2l50 300
Temperature (K)

Fig. 1 Temperature dependence of the
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and 65 meV (b). The dotted lines are a guide to the
eye.
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Cubic form of zirconia is stabilized by adding
yitria, calcia, magnesia, etc., which leads to formation
of defects at the oxygen sites in the crystal and results
in high oxygen conductivity at high temperatures.
Recently, the vacancies in yttria-stabilized zirconia
have been studied extensively, and the low emergy
excitations were found in the phonon density of states
by heat capacity measurements at low temperatures.'™
In the present study, inelastic neutron scattering
experiments have been carried out on the sintered
samples of yttria-stabilized zirconia, and the existence
of such low energy excitation has been confirmed.
The results of the experiments will be presented and
the low energy excitation will be discussed.

Fine powders (0.45 pum) of yttria-stabilized
zirconia were synthesized by hydrolysis method from
solution of ZrOCl, * 8H,0 and YCl;. The sintered
samples were prepared from the powder. The
powders were uniaxially pressed into a plates under 50
MPa, and then isostatically cold-pressed at 200 MPa.
The green compacts were sintered at 1500 °C in air
for 4 hours. Thus two samples of (ZrO,); . (Y>0;),
(x=0.0776, 0.113) were used for the neutron inelastic
scattering experiments. The experiments were
carried out with the inverted geometry time-of-flight
spectrometer LAM-D installed at the pulsed spallation
neutron source in the National Laboratory for High
Energy Physics (Tsukuba). The pieces of the
sintered specimens (about 20 g) were put in an
aluminum cylinder (14 mm in diameter, 80 mm in
height, 0.25 in wall-thickness). The measurements
were made at 14 K and at room {emperature,

The depsity of states obtained for (ZrO,),,
(Y,05), (x=0.0776) at 14 K is shown in Fig. 1.
Besides the ordinary acoustic and optical modes, a
broad hurmnp below about 10 meV and a sharp peak at
about 16 meV are clearly seen. The similar results
were obtained also for the sample of (ZrO,), (Y,0:),
(x=0.113).

The details of the low energy region of the
density of states can be seen for the two samples of
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Fig. 1. Density of states in (Zr0,}), (Y,0;), (x = 0.0776)
measured at 14 K.
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Fig. 2. Density of states in (Zt0,),(Y,0), (x = 0.0776
and 0.113) measured at 14 K.

(Zr05),.(Y,0s), (x=0.0776, 0.113} at 14 K in an
enlarged scale in Fig. 2. The broad hump below
about 10 meV should correspond to the abnormal heat
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Fig. 3. Dynamic structure factors of (ZrO,), (Y.03), (x =

0.0776) at 14 K (open circles) and room
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capacity observed in the lowest temperature region
down to about 100 mK". On the other hand, the
sharp peak at about 16 meV can be attributed to so-
called low energy mode which was detected as an
excess heat capacity in the low temperature region
around 20 K». The difference between the two
samples is rather ambiguous.  Further detailed
studies are strongly required to clarify the mechanism
of the oxygen conductivity and the effects of the
oxygen defects in yttria-stabilized zirconia.

The dynamic structure factors obtained for
(Z10,),,(Y20,), (x=0.0776, 0.113) at 14 K and at
room temperature are shown in Figs. 3 and 4. The
sharp peak observed at about 16 meV at 14 K shifis to
lower energy and the shape becomes broader at room
temperature. Such a temperature dependence of the
dynamical structure factor is inconsistent with the
model proposed for amorphous solids®?; the transition
energy from the first excited state to the second excited
state is larger than that from the ground state to the
first excited state, that is so-called soft potential model.

.02 v T .
L room temp. ]
= i | L
i R o
> ]
g
3 0.02 | l f |
S 14K
&
0.01F
0
0
Fig. 4. Dynamic structure factors of (Zr0,), (Y.0s), (x =

0.113) at 14 K (open squaresy and room
temperature (closed squares).

Further detailed studies should also be required on this
points, which is in progress in our laboratory.
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Phase Transition and Orientational Disorder of Tetrakis(methylthio)methane
Monolayer Adsorbed on Graphite

A.INABA and S. NAKAMURA

Department of Chemistry, Graduate School of Science,
Osaka University, Toyonaka, Osaka 560

A globular molecule C(SCH3)4 forms a
two-dimensional solid phase on the surface of
graphite (Papyex). According to our heat
capacity measurement,!) the monolayer shows
two phase transitions between the 2-D solid
phases; one at 170 K and the other at 181 K. It
melts around 260 K. Because of the shape of the
molecule, the mechanism of the phase
transitions is supposed to be an orientational
order-disorder type.

The purpose of the present study was to
investigate the dynamics of the C(SCH3)4
monolayer by neutron scattering. Orientational
disordering of the whole molecule and rotational
motion of the methyl groups are particularly
interesting.

We only investigated the in-plane modes.
The experiment on LAM-D showed that the
torsional modes of the methyl groups exist
around 20 meV (Fig. 1). The band is rather
broad probably because of the splitting into
several and the frequency is rather high, which
shows that the rotational motion of the methyl
groups is highly hindered. Since a quasielastic
component appeared above roughly 100 K, we
investigated the feature in detail on LAM-40
(Fig. 2) and LAM-80ET (Fig. 3) spectrometers.

S(Q, w)

55
E [/ meV

Fig. 1 Inelastic scattering obtained on LAM-D from the
C(SCH3) 4 monolayer adsorbed on Papyex.

50

The spectra favor the orientational disorder of
the whole molecule and also the translational
diffusion on the surface,
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Fig. 2 Quasielastic scattering obtained on LAM-40 from
the C(SCH3}4 monolayer adsorbed on Papyex.
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Fig. 3 Quasielastic scattering obtained on LAM-80ET
from the C(SCH3)4 monolayer adsorbed on Papyex.

References
1) A. Inaba and S. Nakamura, unpublished
work.




Phase Transition and Orientational Disorder of Neopentane

Monolayer Adsorbed on Graphite
A.INABA

Department of Chemistry, Graduate School of Science,

Osaka University, Toyonaka, Osaka 560

A globular molecule neopentane
(tetramethyl methane) forms a two-dimensional
solid at low temperatures on the surface of
graphite. According to our heat capacity

measurement,!) the monolayer exhibits a 2-D
solid-solid phase transition at 59 K.

The purpose of the present study was to
investigate the dynamics of the neopentane
monolayer by inelastic neutron scattering.

The spectrometer LAM-D was employed
to obtain the specfra in the energy range up to
100 meV at 15 K (Fig. 1). Since the graphite
specimen which we used (Papyex) has a
preferred orientation, we saw some modes
parallel to the surface (Q//). It should be noted
that the spectrum in the range 20-60 meV was
almost exactly the same as in the bulk solid,
which shows that the molecules on the surface
are not affected by the surface field at least in
those intramolecular modes.

The spectrometers LAM-40 and LAM-
80ET were employed to investigate molecular
motions in the monolayer, particularly in its
high-temperature 2-D solid phase, where the
molecules are supposed to be orientationally
disordered. In fact, we observed an appearance
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Fig. 1 Inelastic neutron scattering obfained on LAM-D
from the neopentane monolayer adsorbed on Papyex.

of a beautiful quasielastic contribution (Figs. 2
and 3) depending upon the temperature. The
orientation of the whole molecule is disordered
in the high-temperature 2-D phase. It is also
interesting to know whether the disorder is
anisotropic, appreciating the surface feld.
However, any discernible effect was not
obtained in its polarization, namely that the
disorder would be rather isotropic.
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Fig. 2 Quasielastic scattering obtained on LAM-40 from
the neopentane monolayer adsorbed on Papyex.
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Fig. 3 Quasielastic scattering obtained on LAM-8CET
from the neopentane monolayer adsorbed on Papyex.

References
1) A. Inaba, unpublished work.




Phase Transition and Orientational Disorder of Adamantane
Monolayer Adsorbed on Graphite

A. INABA and S. NAKAMURA

Department of Chemistry, Graduate School of Science,
Osaka University, Toyonaka, Osaka 560

A globular molecule adamantane forms a
two-dimensional solid on the surface of graphite
(Papyex). According to our calorimetric

measurement,l} the monolayer exhibits a 2-D
solid-solid phase transition at 193 K. The
structure of both phases has been determined by
diffraction experiments2) as well as by some
potential calculation.

The purpose of the present study was to
investigate the dynamics of the 2-D adamantane
monolayer by neutron scattering.

We only saw the in-plane modes. The
experiment on LAM-D showed a large
quasielastic contribution appearing above 200 K.
To investigate the detailed feature, we employed
the spectrometers LAM-40 and LAM-80ET
(Figs. 1 and 2). The results are summarized in an
activation plot (Fig. 3). Those components can
be accounted for by the rotational diffusion and
the translational diffusion of the whole molecule
on the surface.

In conclusion, neutron inelastic (and
quasielastic) scattering experiments must be
ideal to study the dynamics of those surface
adsorbed monolayers which contain hydrogen
atoms, even when the system is so diluted.
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Fig. 1 Quasielastic scattering obtained on LAM-40 from
the adamantane monolayer adsorbed on Papyex.
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Fig. 2 Quasielastic scattering obtained on LAM-80ET
from the adamantane monolayer adsorbed on Papyex.
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Fig. 3 An activation plot for the quasielastic contributions

obtained on LAM-40 and LAM-80ET from the
adamantane monolayer adsorbed on Papyex.
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A globular molecule adamantane

Structure and Phase Transition of Adamantane

Department of Chemistry, Graduate School of Science,

Monolayer Adsorbed on Graphite
A.INABA and S. NAKAMURA

Osaka University, Toyonaka, Osaka 560

bank was used to cover the longer d-spacing

(C19H16) forms a 2-D solid on the surface of
graphite. According to our heat capacity
measurement,!) the monolayer exhibits a 2-D
solid-solid phase transition at 193 K. Because of
the shape of the molecule, the mechanism of the
phase transition is supposed to be an
orientational order-disorder type.

The purpose of the present study was
first to investigate the structure of both phases
by neutron diffraction. Since we already did an
X-ray diffraction experiment for this particular
monolayer, the complementary information may
enable us to determine the structure exactly.
From it we could have some idea about the
mechanism of the phase tfransition. As a matter
of fact, the dynamical aspect is also important to
study the mechanism, which we also report in
this issue.?)

We used the fully-deuterated adamantane
(d-16) to reduce the incoherent background. The
spectrometer VEGA was employed to obtain the
diffraction patterns from the low-temperature
phase (at 70 K) and from the high-temperature
phase (at 300 K) (Fig. 1). The 90 degree detector

T B T v T T T

VEGA 1
2 8 =90deg

300K

:_ e ﬁﬁmw&ww

Intensity

70K i J
03 04 05 06
d / mm

Fig. 1 Neutron diffraction patterns obtained for the
adamantane (d-16) monolayer at 70 K {low-temperature
phase) and at 300 K (high-temperature phase).

o i

region, which is normally quite important to
determine the lattice parameters of such
monolayers. The graphite specimen that we used
(Papyex) has a preferred orientation to show a
saw-tooth shape profile of the Bragg peaks. This
is exactly what we obtained in this 2-D solid.
The lattice was found to be hexagonal in both
phases. The 2-D space group for the low-
temperature phase is p3. Since the symmetry is
so high and the number of the 2-D Bragg peaks
that we observed was so limited, we ought to
have some calculation to determine the
orientation of the whole molecules. We applied
an atom-atom potential calculation. The final
structure that we reached (Fig. 2) seems quite
reasonable to explain all the diffraction data as
well as the intermolecular contact.

18.8 deg
a =0660am g =600deg
b=0660nm Z=1

Fig. 2 The structure of the low-temperature phase of the
adamantane monolayer.

For the high-temperature phase, we
assumed some disorder to explain the transition
entropy. We finally obtained the structure which
is disordered in the orientation of the whole
molecules. The 2-D space group was determined
to be 6m.
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Small Angle Neutron Scattering Study of N- and C-Terminal Fragments of Ovotransferrin
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Department of Applied Chemistry, Faculty of Science, Science University of Tokyo, 1-3 Kagurazaka, Shinjuku-ku, Tokyo 162
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1. Introduction

Transferrins (Tfs) are a homologous family
of iron-binding proteins, e.g., serum transferrin,
lactofernin, ovotransferrin, widely distributed in
the animal kingdom”. Most of the members of
the Tf family are monomeric glycoproteins with a
molecular weight of about 80 kDa, each con-
sisting of two major structural lobes (N- and C-
lobe) and a short connecting part>¥. Each lobe
is made up of a pair of domains containing a
single high affinity metal-binding site in the
interdomain cleft. In the cleft, the ferric iron is
six coordinate (2 Tyr, 1 Asp, 1 His and 2 oxy-
gens from a (bi)carbonate anion)”, where a
network of hydrogen bonds is formed between
the anion and the amino acid residues of the Tf.
The amino acid sequences of two lobes show
considerably homology and the residues in the
metal-binding sites are the same®®. The two
lobes are also capable of binding various metal
ions such as Cu(Il), AI(IIT), Tb(III), etc., besides
Fe(IlI) with different binding affinities®”. X-
ray crystallographic and solution X-ray scattering
studies have revealed that the Tfs undergo a
conformational change upon metal binding due to
the interdomain closure without changes in the
secondary structure of the Tf®. The conforma-
tional change is reflected by a higher denaturation
temperature” and increased resistance against
proteases and disulfide-reducing reagents'®.
The closed conformation has been suggested as
an important step in the receptor recognition.
The physiological functions of the Tfs attract a lot
of attention in connection with serious diseases
from metal toxicities such as Alzheimer’s disease,
leukaemia, etc''?.

Numerous studies have suggested the
physicochemical nonequivalence of the two lobes
of the transferrins">'¥.  As for ovotransferrin
(OTf), the C-lobe has 9 disulfide bridges whereas
the N-lobe has 6. In the kinetic study of Yama-
mura et al.'®, it was presented that on Fe(IIl),
Al(IIT), and Cu(II) binding, the binding affinity of

the metal is greater for the N-site, whereas lantha-
nide ions bound to the C-site more preferably.
Further, the stability of the metal-OTf complex at
the C-site was shown to be higher than that at the
N-site. DSC studies of Lin et al.” for the isolated
fragments corresponding to the N- and C-terminal
half of OTf (OTf/2N, OTfi2C) have revealed
that the denaturation temperature of either apo- or
ferric OTf/2C is higher than that of each OT{/2N,
and thus the C-lobe has been inferred to be
thermodynamically stabler. Moreover, Sasaki et
al.'” have reported in a dynamic light scattering
(DLS) study of OTf that the decrease in the
diffusion constant with metal binding correspond-
ing to the opened—»closed conformational change
is predominantly induced by metal binding to the
C-site. Tt should be noted that from the small
angle X-ray scattering (SAXS) studies of Gross-
man et al."®, both interdomain clefts in the N- and
C-lobes were characterized to be open before iron
uptake and close when iron is incorporated into
the binding site.

In order to rationalize the heterogeneity
between the N- and C-lobes of OTf, we have
scrutinized the internal structural characteristics of
the OT{/2N and OTf/2C fragments with and with-
out iron by means of small angle neutron scatter-
ing (SANS) with contrast variation method, using
D,0O/H,0 solvents with various D,O contents.

2. Experimental

Chicken OTf (99%) from Sigma Chemical
Co. was used without further purification. The
apo-OTf/2N (Alal-Arg332) and apo-OTf/2C
(Leu336-Lys686) fragments were prepared
according to the procedures of Williams et al.
and Nakazato et al.*®, respectively. The amino
acid sequences the OTf/2N and OT{/2C fragments
were analyzed using a pulse-liquid sequencer
(Applied Biosys-tem 477A). The N-terminal
amino acid sequence of OTf/2C fragment was
identified as Leu336-Thr-Pro-Ser-Pro-Arg-Glu?b.
The molecular weights of the OTf/2N and OTf/2C
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fragments were estimated to be 35kDa and 39kDa,
respectively, by SDS-polyacrylamide gel electro-
phoresis, where each prepared fragment migrated
as a single band. Apo-OTf/2N or apo-OTf/2C
(40mg/mL) solutions for SANS measurements
were prepared by dissolving the OTf/2N or
OTf2C fragment in 0.01M Tris-HCl buffer at
pH8.0 containing 0.03 M NaHCO,, using
D,0/H,0 solvents with different D,O contents
(9= 0, 10, 60, 80, 90, 100 %). Then, each
iron-saturated fragment solution was prepared by
adding 20pL. Fe-NTA complex (7.25x10% M
Fe(NO,), in 1.5x10" M nitrilotriacetic acid
disodium salt) to 1mL of the apo-solution. For
reference, the intact OTf solutions were prepared
in the same way.

SANS measurements were made using
Thermal Neutron Small Angle Scattering Instru-
ment named WIT (in National Laboratory for
High Energy Physics (KEK), Tsukuba, Japan)
with the time-of-flight spectrometer, in the range
of scattering vector Q(=4msin(6/2)/A) of 0.05 -
0.20 A" at room temperature. The analyses of
the SANS data with contrast variation method
were carried out following the same procedure as
described in the previous report?. YThen, the
three structural characteristic-parameters, the ra-
dius of gyration of the solute at infinite contrast
('ﬁ = ), Rgc; the radial second moment of the
scattering density (SD) distribution, « ; the
deviation of center of the SD distribution with the
center of geometrical shape, 5, were determined
by the least-squares fitting of Stuhrmann plot*®,

3. Results and Discussion

Figures 1 and 2 show typical Guinier plots
and Stuhrmann plots for the iron-loaded OT{/2N
and OTf2C fragments, respectively, where I{Q)
refers to neutron scattering intensity at a Q. The
ppvalues corresponding to the matching points (5
= 0) for apo-OTf/2N, OTf2C, and intact OTf
were, respectively, 43.8, 42.7, and 42.4%,
whereas for the iron-loaded molecules 41.4, 42.6,
42.1%. The determined structural parameters,
Rgc, a, and B, are summarized in Table 1,
including the diffusion coefficient (D) and hydro-
dynamic radius (R}) determined by the DLS
measurements, and p-parameter (p=Rgc/Ry,) de-
pendent strongly on the structure of a molecule®?,
The Rgc value for each molecule coincided
approximately with the Rg value from the SAXS
measurements by Grossmann et al. The o value
for OTf/2N with or without iron was larger than

that for OTf/2C. This implies that the interior
SD of OTf/2C is intrinsically greater than OTf/2N.
However, the o value for each fragment was not
affected by the interdomain closure induced by the
iron binding. Furthermore, the S value for
OTf/2N with or without iron was larger than that
for OT{2C. The structural distortion for
OTf/2C is suggested to be smaller than OTf/2N.
On the other hand, the Ry value for OTf/2C with
or without iron was larger than that for OTf/2N.
The change in the D or Ry, value induced by iron
binding for OT{/2C was greater than OTf/2N.
This result conformed to the findings in the
previous DLS studies'” that the interdomain
closure due to the iron-binding to the C-site
brings about a significant increase (or decrease) in
the D (or Ry,) value of the intact OTf, but the iron-
binding to the N-site does not appreciably give
risetoit. As for molecular architecture, from the
p value, it is presumed that the OTf/2C molecule
with or without iron is harder than the OT{/2ZN
molecule®.

The foregoing results led us to the conclu-
sion that the heterogeneity between the N- and C-
lobes of OTf, 1n particular, the thermal and metal-
binding stabilities of the C-lobe is ascribed to the
more hardness and less distortion than those of
the N-lobe.
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Determined structural parameters, Rgc, ¢, and 8 from SANS measurements, D and Ry, from DLS

measurements at 25°C, and the p (=Rgc / Ry) parameter

Sample (Jj{; A("{;’;c ax 10* B (,;&_1%!0 3,?12131-; (%) ‘é&]f; p

apo-OT{/2N 214 18 1.6 8.3 0.97 24.8 12 0.86
Fe-OTFfI2N 19.6 15 5.5 1.02 23.6 0.83
apo-OTf2C 21.2 15 0.7 6.8 0.83 20.1 37 0.73
Fe-OTf/2C 194 0.7 34 0.95 254 0.76
apo-OTf 303 10 1.9 31 0.61 40.2 33 0.75
Fe2-OTf 293 1.9 3.7 0.67 36.9 Q.79

T Ry was calculated from the Stokes-Einstein equation, Ry, = k,T/6mnsD, where &y, T, and 1 are Boltzmann

constant, the absolute temperature, and the viscosity of the solvent, respectively.
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Proteins play crucial roles in substantially

all vital phenomena. To understand the molecular

basis of life, it is inevitable to understand the
principles how proteins function and how
proteins fold. A protein synthesized in a cell as a
polypeptide with a definite amino acid sequence
which is given by the instruction describing in
gene, DNA base sequence. The nascent
polypeptide takes its unique tertiary structure
spontaneously to be a functional protein. The
unique tertiary structure is required to express the
specific function. Therefore, it is impossible to
understand the complete information written in
DNA sequences, the essential design principles
of proteins, without the knowledge how a
primary structure dictates a unique tertiary
structure.

The elucidation of the tertiary structures
of proteins at atomic resolution should be the first
step. In this decade, the number of proteins
whose tertiary structures have been solved to an
atomic resolution is increasing steeply. By the
recent progresses in both X-ray crystallography
and NMR solution structure analysis, we can
expect that the structures of any protein which we
are interested in will be solved in near future. The
tertiary structure solved in these studies are
essentially static, even though we can guess
flexibility of proteins by the temperature factors.
The next step, therefore, should be elucidation of
dynamics and energetics of proteins based on
their tertiary structure. The recent theoretical
studies on protein dynamics such as molecular
dynamics simulation and normal mode analysis
lead to the conclusion that low-energy collective
modes are important for functions of proteins.
Neutron inelastic scattering would be the most
effective way to investigate protein dynamics
over wide energy range. Some pioneer works
with the use of this method exemplify its
effectiveness and suggest the importance of low
frequency modes. We raise the question whether
there are vibrational modes specific to the folded
state. If some low frequency collective modes
would be important for the function, such modes
would be specific to the folded protein. To
answer the question, we have attempted to
compare vibrational modes over wide energy
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range between the folded tertiary structure and the
intermediate  state (molten globule), using
Staphylococcal nuclease (SNase).

The tertiary structures determined by X-
ray crystallography or NMR solution structure
analysis are the final destination of folding
process. On the other hand, we have little
structural information on the initial or the
intermediate states of folding. To identify the
folding intermediates is necessary to determine
the folding pathway. Recently, much interest has
been focused on the molten globule as a common
folding intermediate of globular proteins. Molten
globules of some proteins are stabilized under
low pH and high salt condition. Since the major
contribution tfo inelastic neutron scattering from
proteins  comes  from  hydrogen, the
measurements under different solvent conditions
such as different pH or different concentration of
denaturant will brings some difficulties in
analyzing spectrum. We have revealed that the
truncated SNase which lacks 13 amino acid
residues from its C-terminus is in a compact
denatured state under a physiological condition,
while the whole SNase is in the folded and
functional state under the same solvent condition.
Further, the truncated SNase takes the folded
conformation identical to the whole protein by
addition of an inhibitor, pdTp. Therefore the
truncated SNase is the most suitable specimen for
the inelastic neutron scattering experiment. We
cannot expect to crystallize nor fto analyze
structure by NMR such non-native states because
these states would be ensemble of many
conformations. However, from the theoretical
view, the truncated SNase would be also a good
model to simulate the unfolded state.

The truncated and the whole SNase were
overproduced in Escherichia coli and purified
with an ordinary protein purification method.
Horse myoglobin was purchased from Sigma.
The proteins were dissolved into D20 buffer, and
then lyophilized. The procedure was repeated at
least twice to exchange all of the exchangeable H
into D. Protein solutions in D20 buffer or
lyophilized powder were used as specimen.
Quasi-elastic and inelastic neutron scattering
spectra were recorded with LAM-40 and LAM-D




spectrometer. Using SNase, we observed some
interesting results: there are differences in the
density of states between the folded and the
intermediate states, especially in low energy
region; the folded SNase shows little quasi-elastic
scattering even at room temperature; the folded
SNase shows very small and broad low-energy
excitation (boson peak) at 25K. The latter two
observations are quite suprising and inconsistent
with the expectation from the general concept
believed so far. However, there are serious
problems in the reproducibility of the data. No
quasi-elastic and inelastic neutron scattering data
have been reported for SNase.

In order to examine the performance and
the quality of the data taken with LAM-40
spectrometer, we tried to compare the spectrum
with that taken at ILL. Figure 1 shows quasi
elastic and inelastic neutron scaftering spectra
taken with LAM-40 for myoglobin at some
temperatures. The sample amount was 1g of
myoglobin powder, and the data collection time
was 16 hours. The data are essentially identical
with the data taken at IN6, ILL, with 300mg
myoglobin and 3-8 hours data collection (1). At
100K, there is a broad peak around 25 cm1,
which is a similar peak known as the "boson
peak" for amorphous materials, glasses or
polymers. The origin of the peak is still
unknown. No significant quasi-clastic scattering
was observed, indicating that the dynamical
properties of myoglobin at 100K is represented
as "vibrational". Upon raising temperature, quasi
elastic scattering appears, suggesting that
myoglobin obtains some anharmonic motions. At
220K, quasi clastic scattering is already
observed. Transition is occurred around 180K,
which is known as glass transition of proteins.

The results were quite encouraging for
us. If the experiments are carried out very
carefully using a considerable amount of protein,
the spectrum taken with LAM-40 will be
satisfactory for the analysis even for protein
samples. So far, we utilized 100mg of SNase
powder as a specimen. It is turned out that the
sample amount was extremely low to obtain data
with a reasonable quality. To obtain a good
quality data, we have introduced the high
expression system. We are now planning to
measure inelastic neutron scattering with 1g of
SNase.
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The structure and physical property of water-soluble carboxymethyl alanyl disulfide keratins
and its gelation.
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The aim of this study was to characterize the
disordered regions containing many SS
linkages in keratin fiber (Fig. 1).
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Fig. 1 Schematic Diagram of Hair Structure,
R.D.B. Fraser et al. Inter Report of CSIRO Division OF

Protein Chemistry, Parkville, Australia(1981)

The high-order structure formed by non-
helical regions of intermediate filaments
(IFs) and intermediate filament associated
proteins (IFAPs) were closely related to the
static modulus of rigidity and the
macroscopic shape of fiber. Especially, it
has been proved that the configurational
changes caused by the cleavage and
reconstruction of hydrogen bonds in relative
hydrophobic domain influenced on the
anisotropy of the disordered structures by
measurement with a small-angle x-ray and
neutron scattering (SANS and
WINK)P2¥9 10 this  report, the
reconstruction of IFs in virro from the
chemically modified and solubilized IF and
the configurational changes were described.

Water soluble IF was provided by
introducing carboxymethyl alanyl disulfide
residue  (CMAD,R-8-S-CH,COOH) into
keratin fibers, as shown Fig. 2°. It was
found that the gelation of CMAD solution
took place upon heating at 100°C for 1 hour.
Small-angle neutron scattering
measurements were carried out (WINK) to
mvestigate the structural changes due to the

gelation of CMAD solution”,

Protafibrii{ce-helingy and Veriable Region of [air.

1. Reduction

0.3M  Thioglyeolic acid
®.0OM  1irea

pll 11 (NaGiDy nt,
QVER NIGHT

3. Dialysis

2. Oxidatian

pll 7 (Acetic acid)

L5M Sodiwn Bromate
rt. OVER NIGHT

4. Freeze Dryving

Water-Soluble Fractionation:CASAT
S-8-CH3-COOH

HOOC-3HC-5-8

HOOC-3HC-5-8
5-8-CH3-COOMH

Fig.2:Preperation of ('AAD

It was observed the dispersion which
originated in heterogeneity with domain of
g<l{l/nm] in case of CMAD gel and
solution (Fig, 3). The dependence of
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scattering intensity 1(q) was about I{q) ~
g with CMAD solution, and the segment
density of the correlation function was
Omstein-Zernike block. On the other hand,
the extensive decrease of the scattered
intensities 1n the small angle ranges
(G>0.03) was observed in CMAD gel. The
scattered intensity was inversely
proportional to the 4th power of momentum
transfer q.

IUUE

O CMAD Solution

Relative ntensity:I{q)

0.1F

0.01 0.1 1
Quantum Momentum Transfer:q[1/A ]

Fig.3 Small Angle Neutron Scattering Analysis of CMAD

solution and gel.

This relation was typical Porod's law and
suggested that highly segmented density
domain-like structures, in which D,O could
not permeate, were produced by the gelation.
This relation was also observed by the small
angle x-ray scattering from the CMAD gel.
Molecular weight of IF is approximately
50000, and IF has crystal and variable
regions (70% a-helix, 30% a-amino and [3-
carboxy terminal, respectively.). There is a
lot of hydrophobic amino-acids in the
crystal region and 70 % of total cysteine
exists in the variable regions. [Fs are linked
by the intermolecular SS bonds. It has been
confirmed previously that the gelation of

CMAD solution was caused by the partial
reproduction of SS linkages between IFs.
Therefore, these results suggest that the
gelation of the CMAD solution caused by
the formation of hydrophobic domains
results when intermolecular SS bonds are
produced between the hydrophilic variable
regions of CMAD proteins by the heating.
It can be considered that the gelation is a
good model of IFs formation ix vitro. As for
a physical function of IFAPs in the
disordered region, we will study from a
point of view as a filler in the fibrous
network in future.

© Crosslinkage of SS bond
Fig 4: Model of CMAD gel,
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Phase Separation and Ordering in Ni-13at.%Al and Ni-17at.%Ga Alloys
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Introduction

Ni-based superalloys are important
materials for industrial application, especially for
the use under high temperature. A number of
studies concentrating upon the mechanisms of
phase separation processes with ordering on these
alloys have been performed by small-angle
scattering of X-rays” and neutrons, X-ray
diffraction’, transmission electron microscopy®,
AP-FIM®, computer simulation® etc. However
simultaneous  quantitative measurements of
chemical fluctuation change and ordering have not
been performed. For the purpose, we performed
high temperature in-situ measurements of small-
angle neutron scattering and neutron diffraction

for single crystals of Ni-based superalloys.

Experimental

Ni-13at.%Al and Ni-17at.%Ga single
crystals were grown by the floating-zone method.
The samples were homogenized at 1200C in
vacuum and quenched into salted iced water. The
high temnperature in-sitt neufron scattering
measurements were performed at 500°C for Ni-
13at.%Al and 450°C for Ni-17at.%Ga under
vacuum on the small/medium-angle neutron

diffractometer Wink.

Results and Discussion

Small-angle scattering gives us information
of phase separation, while 011 superlattice
reflection represents information about ordering.
We compared the small-angle scattering and the
011 superlattice reflection for Ni-13at. %Al in Fig.
1. In this figure, for 011 superlattice reflection, q
represents the difference of momentum transfer

from bragg position. At the same time, to compare

100 gty

e
(=]
T
™
1

ds /do mlsir'h

= Small-angle scatiering
* 011 superlattice reflectionXC

0.1
0.1 1 10

qm™)
Fig.1 Smali-angle scattering and 011 superlattice
reflection from Ni-f3at. %Al sample aged for
1Sh15min

these two diffractions the 011
reflection intensity was multiplied by some

superlattice

constant. These two diffractions show good
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agreement in the range q > 0.7 nm”, which tells
us that the precipitates are ordered. On the other
hand, these two diffractions did not agree each
other in the range q < 0.7 nm’. This difference is
originated in the interference term of the two kinds
of diffractions. Intensity of the small-angle
scattering is given as

1
1(g) = n,Fp(q)(1+—3Te
Rpij

BRIy, W

while intensity of the superlattice reflection is
given as

I{g)=n,F,(gX1+

1 4 +
— XDPT e

ny L=l Sif=L

T ()
here n, represents number density of precipitates,
n, number density of ordered regions, F (q) mean
form factor of precipitates, F_(q) mean form factor
of ordered regions and P(I.) probability that an
ordered region belongs to the L-th kind of ordered
region®. There are four kinds of sublattices in the
L1, structure; the first sum of the second notation
should be taken over all kinds of sublattices, and
the second and third sums should be taken over all
precipitates which belongs to L-th sublattice. In
the case of 011 superlattice reflection, if ordered
regions have random phase relation the
interference term in eq.(2) becomes 1 independent
of g. On the other hand, in eq.(1), the interference
term becomes apparent in small q range. Now the
disagreement in the range q < 0.7 nm’ is
originated in the random phase relation between
each ordered regions.

To extract information of chemical
fluctuation and ordering, mean radius of the
precipitate was obtained from the Guinie-plot. The
Al concenfrations in precipitate and in matrix were
calculated from mean radius of precipitate and
absolute intensity of small-angle scattering.
Together with absolute 011 superlattice reflection

intensity, we could also obtained order parameter
7 defined by the following equation

__ {number of atoms in right position)

(total number of atoms)

_ (number of atoms in wrong position)
(total number of atoms) '

In completely ordered state of stoichiometric
Ni, Al and Ni,Ga, the order parameter becomes 1.

The result shows that in the precipitate the
Al concentration becomes 25at.% and 7
becomes 1. Time evolution of these calculated
results shows that the observed phenomenon was
with  the

concentration and

coarsening stage of precipitate

equilibrium  chemucal
equilibrium order parameter, and total volume

fraction of the precipitates was preserved.
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Fig.2 Small-angle scattering and 011 superlattice
reflection from Ni-17at. %Ga sample aged
for 7Th15min

The same plot for Ni-17at. %Ga is given in
Fig. 2. In contrast with the case in Ni-13at. %Al,
these two diffractions don’t agree in all q range,

which means that the average size and shape of
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the precipitates differs from that of ordered
regions. Mean radius of the precipitates obtained
from the Guinie-plot shows that the mean
precipitate size of Ga-rich regions was larger than
that of ordered regions. Calculated chemical
concentrations in precipitate and matrix reached
the equilibrium value as well.

Time evolution of the results for Ni-17at.%Ga
represents that the observed phenomenon was
coarsening stage of precipitate which has
equilibrium chemical concentration, and the total
volume fraction of the precipitates was preserved.
In contrast with the case in Ni-13at.%Al, however,
order parameter of the precipitate in this sample
can’'t be determined without some assumption.
Therefore we examined two models A and B
defmed as follows, and calculated order
parameters for these cases. They are, i) a
precipitate contains a few ordered regions which
have different phases (model A), and i) a
precipitate contains an ordered region which is
smaller than the precipitate (model B).

1.0 payspertompmympmpm—

0.80 3
0.60 F . J

0.40 N

0.20 | z

00 [ Loy g g a2 1201 | 3 00 g ]
0.0 5.0 10% 1.0 10°

Time (min)

Fig.3 Time dependence of n on Ni-17at.%Ga
(model A)

In the case of model A the calculated 7
stayed around 0.6 as shown in Fig. 3. While in
the case of model B the calculated order parameter

gradually goes up to I as shown in Fig. 4.

The Ni-Ga system has a wider
concentration region of the L1, structure in phase
diagram than the Ni-Al system. This fact suggests
that Ni,Ga has lower ordering energy than Ni,Al
Furthermore lattice constant of ordered Ni,Ga is
longer than that of disordered Ni,Ga®. In contrast,
the ordered Ni,Al has shorter lattice constant than
the disordered one®. Therefore in the Ni,Ga case,
elastic misfit between matrix and precipitate seems
to be moderated by lowering the order parameter.
These consideration seerns to be consistent with
the model B.
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060 .0 - . k

= - p
0.40 |- ]
0.20 |- N
0'0 [ | IR A A A | I ]

0.0 5.0 102 1.0 10° 1.510°
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Fig.4 Time dependence of 71 on Ni-17at.%Ga
(model B)

Conclusion

We carried out high temperature in-situ
neutron-scattering stady of single-crystals Ni-
13at. %Al and Ni-17at. %Ga, and obtained both
macroscopic scattering cross-section for small-
angle scaftering and 011 superlattice reflection in
absolute scale. The absolute measurements enable
us to calculate size, chemical concentration and
order parameter of precipitate.

In the Ni-13at. %Al case, the precipitate and
the matrix rapidly reached to the equilibrium
chemical concentration and to the equilibrium
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ordering state, i.e. LI, structure. The process
observed here can be regarded as coarsening stage
of these precipitates.

In the Ni-17at.%Ga case, the precipitate
and the matrix reached to the equilibrium chemical
concentration rapidly. Concerning the ordering
phenomenon, we assumed two models
represented above. We suppose that the model B,
namely there is only one ordered region smaller
than the precipitate, is more plausible, but no
definite conclusions can be obtained at present.
We are planning to determine which model is
valid by using some other methods such as
electron microscopy.
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Change of Modulated Structure during Spinodal Decomposition
in Fe-Cr Alloys
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It is generally believed that the phase
decomposition from supersaturated solid solution
may be initiated by the alternative mechanisms of
nucleation-growth and spinodal decomposition.
Fe-Cr alloys have been reported that the spinodal
decomposition takes place during annealing within
miscibility gap after quenching. The spinodal
theory has been developed by many researchers'™.
Most of models are based on the Cahn's diffusion
equation’,
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Fig. 1: Change of SANS intensities as a function of
scattering vector for Fe-30al%Cr alloys aged at 773K
measured by (a) SAN and (b) WINK.

ac(r,t) o 6F\
——= = —div, ~ Mgrad — 1
at \ & sc/ )
where ¢ is the composition at the position r,
M is the mobility, F is Helmholtz's free energy

F =ﬂf0 + K(VCY ]dV @)

where f, is the free ecnergy density of
homogeneous material of average composition and
i is the gradient coefficient. Further, the models
are modified in consideration of non-linear term
and called "non-linear continuum model". As
distinct from the models, Binder expressed the
spinodal decomposition in terms of cluster
reactions explained by transition probability of
clusters, that is, the master equation,

on (t) & 1&g
_ﬁ_ = Z S!a,:',z'nm'(t) - 5 Z‘S :,rnl(t)

1 -
+'2_ZCJ_1',1'n!(t)nz_r'(f)’ ZC,.,I,n;(l)n,.(f)

&)
where S and ¢ are transition probabilities. ( ref.[8]
in detail ). This model is called “cluster model”.

In this study, mechanism of structure modulation
during spinodal decomposition was evaluated via
the analysis of small angle neutron scattering
intensities.

Alloys with composition Fe-30at%Cr were used
for present study. Small angle neutron scattering
(SANS) experiments were carried out using SAN
and WINK, which are installed in the KENS. In
laboratory the specimens were solution treated at
1273K for 12 hours, quenched into water and then
aged at 773 K for various times from 5ks to
200ks. After this treatments, we carried out the
static SANS measurements.

Fig.1 shows the changes of SANS intensities
measured by SAN and WINK. In the previous
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paper we reported a part of the results, as follows.
The mechanism of structural change was divided
into two stages and explained by Cahn’s linear
thcory in the first stage and by Binder’s theory
(BS theory) in the second stage. We suggested
that the transition of the mechanism occurred after
forming the interfaces.
In the present report, we calculated correlation
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Fig.2: Change of correlation functions G¢r) divided by G(0)
from SANS intensities for Fe-30a1%Cr alloys aged at 773K,
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Fig.3: Change of (a) peak positions (r,: the first peak,r, :the
second peak), reciprocal number of wave number k,, at
maximum scattering intensity and (b) the peaks divided by
Guinier Radius Ry as a function of aging time.

functions from experimental scattering intensities
to investigate thc mechanism of decomposition
further in the case of Fe-30%Cr. Fig.2 shows the
changes of correlation functions G(r} divided by
G(0) during isothermal aging at 773K. Because of
the error of experimental scattering intensity in the
high scattering vector range, the values G(r) in the
range of r<15A arc not quantitative. Two arrows
in the Fig.2 show two maxima. Fig.3(a) shows
time dependence of peak positions and reciprocal
number of wave number k&, at maximum
intensitics from Fig.1(a). Peak positions are
corresponding to the wave length of composition
fluctuation. First peak position r; slightly changes
for the early stage. Bchavior of second peak is
same as that of first peak. At the aging time 50ks,
the first peak position shifts to higher r and the
value of G(r) decreases radically. At the aging time
100ks, the first peak moves to /~50A and overlaps
the second peak. At 200ks, the value of G(r)
incrcases. Fig.3(b) shows the changes of peak
positions scaled by Guinier radius Rg. The first
peak is roughly constant for the whole time range.
In the Cahn's theory, the wave length of
composition fluctuation does not change, but the
amplitude increascs during spinodal
decomposition. The change of maxima of
correlation function for early stage is explained by
Cahn’s theory. On the other hand, for the late
stage, the radical movement of the first peak
suggests that amplitude of fluctuation of which
wave length are smaller decreascs. And first peak
position scaled by R is constant, and the rate of
change of the peak position is similar to of
reciprocal number of &,,. Therefore, concentration
fluctuation changes kecping dynamically scaling.
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Small-Angle Neutron Scattering Study of Bis(quaternary ammonium bromide) Surfactant Micelles
in Water. Effect of the Spacer Chain Length on Micellar Structure.
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Considerable attention has been given to the
solution behavior of bis (quaternary ammonium
bromide ) surfactants ! 2 of general formula

Br (CH,),N — (CH.,), —N'(CH,),Br
| ]
CmH"_uH- 1 mH?_m+l

ng=2 3, 4and6

in which two alkyldimethylammonium bromide
moieties are connected by a polymethylene chain,
referred to as a spacer. These dimeric surfactants
continue to attract interest, because of their potent
bactericidal activity and peculiar  solution
behavior.3

In the present study, for the dimeric surfactants
with m = 10 and ng = 2, 3, 4 and 6, the effect of
the spacer chain length on the aggregation number
and micellar shape in water is discussed in detail,
using small angle neutron scattering (SANS)
spectra.

The microstructure of #n-alkyltrimethylamm-
onium bromide micelles ( so-called C,TAB ) has
already been investigated in detail by Berr et al.,>-
6 using SANS spectra. As the bis ( quaternary
ammonium bromide ) surfactants can be
considered as " dimers " of the C,TAB molecules,
elucidation of the microstructures of C,TAB
micelles by SANS will provide useful data for
analysis of the SANS spectra of dimeric surfactant
micelles.

Synthesis of bis(quaternary ammoniumbro-
mide) surfactants (DS, m = 10, ny = 2, 3, 4, and
6 ) was shown in elsewhere.!> 2 The small angle
neutron scattering (SANS) measurements were
carried out using the samall / medium-angle
neutron diffractometer ( WINK ) installed at the
pulsed neutron source KENS at the National
Laboratory for High Energy Physics, Tsukuba,

Japan. The sample solutions were placed in a
quartz cell of 1 or 2 mm path length at 23 °C.

In the present study, both prolate and oblate
spheroid models for the DS micelles have been
calculated by assuming mono-dispersity. It has
been found that the prolate model provides
consistently better fits to the observed SANS
intensity data than does the oblate model. A
structural model of the DS micelle, used in the
calculation of the single particle form factor P(Q),
is based on the assumption of the result of the
SANS analysis for r-alkyltrimethylammonium
bromide micelles, made by Berr et al. 4 3

S(Q) is calculated by use of the model
proposed by Hayter and Penford.®: 7 In this model,
the micelle is assumed to be a rigid charged sphere
of diameter ©,8° interacting through a
dimensionless screened Coulombic potential. The
dimensionless screened Coulombic potential is
calculated by using the inverse screening length of
the Debye-Hiickel theory, defined by the ionic
strength of the solution.

The scattering intensity spectra observed for
the DS micellar solutions ( m = 10, iy = 2 ) and
the theoretically calculated results are shown in
Fig.1. The closeness of fit between the observed
and calculated data is excellent. The observed
intensity data were analyzed with the aggregation
number ( n ), degree of ionization ( & ) and the
number of hydrated methylene groups ( 7e ) as
fitting parameters, and the @, b and ¢ values are
calculated using nwe and n. The extracted
parameter values are listed in Table 1.

From the result of caluculation, the aggregation
number for the DS micellar solutions is found to
depend upon the length of the spacer methylene
chain ( ng ). In fact, as the n, value increases, the
value of n tends to decrease. In particular, it
should be noted that there exists a marked
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difference in aggregation number between the two
different spacers (CHz), and (CH2)s.

For a series of the DS micellar solutions, the n
values increases with an increase in ( X - Xcme )2,
where ( X - Xeme )12 is the square root of the
mole fraction of the monomer concentration, and
all the n values fall on a straight line, indicating
that a ladder model of micellar growth can be
applied to the micellar formation of DS cations.!?

Extrapolation of the linear ( X - Xcmc )12 vs.
n plots provides the minimum aggregation number
of a micelle at the CMC. When we compare the
minimum aggregation numbers ( ny ) for DS
molecules (m =10 and ny =2, 3, 4 and 6 ) with
each other, the difference among the ng values
seems o be very small, revealing that the
aggregation number of a minimum micelle formed
by the DS molecules with m = 10 at the CMC is
not so dependent on the length of a spacer
methylene chain. This may imply that the main
hydrocarbon chain ( n-decyl group )} of the DS
surfactants plays an important role in formation of
a minimum micelle.

Moreover, it can be seen in Table | that the
(a+0)/(b+t) ratio of the prolate spherical micelles
decreases as the concentration approaches the
CMC. This result indicates that the shape of a DS
micelle varies with an increase in micellar
concentration. For a new-born micelle having a
minimum aggregation number of ng = 22 ~ 25, the
(a+0)/(b+1) ratio is very close to 1.0, indicating that
the minimum micelle may be spherical. Thus, we
may assume that both i) micellar growth and ii)
sphere to prolate shape variation occur with an
increase in micellar concentration.

(dZ/dgd [em™
[ [¥%] e (¥, ] [+ ~]

0.3

Fig. 1 Observed scattering intensity spectra ( open circle )
forthe DS (m =10, n,= 2 }D,0 system at 23 °C: (A)4.0
wit%e; (B) 3.5 wi%;(C) 3.0 wit%,; (D) 2.5 wit%,; (E) 2.0 wt%;
(F)y 1.5 wt%; (G) 1.0 wt%; (solid lines) fitting scattering
intensity profiles. The average percentage deviation per data
point was within £4% for all spectra.

TABLE 1: Scattering Intensiity Spectra Obserbed for DS (m
=10, n, =2 ) Micellar Solutions (23°C) and Theoritically
Calculated Results”

a[A} B[A] 7[A] S N c[A] o(A)

W B=1)

1.0 85 024 33 3595 115 97 326 248 205 7038
1.5 105 022 3.5 748 112 99 401 243 197 789
20 123 0.19 3.5 876 112 99 462 233 192 854
25 135 016 37 979 110 101 512 237 190 905
3.0 140 012 42 1076 103 0.5 570 258 192 947
35 156 0.12 42 1182 103 105 619 253 187 1004
40 170 0.11 45 1324 99 12 681 263 186 [00.6

“ n : The average aggergation number of a micelle. a: The
degree of ionization of a micelle.

In the present SANS analysis, it was assumed that the micellar
solution is a one-component macrofuid and the finite size of the
counter ion is ignored. Therefore, the o values listed in Table |
is an apparent charge.’” n,,,: The number of hydrated methylene
groups in the Stern layer, & : The major axis of prolate micelle
givenbya=(3nV,)/(4xb*). b : The minor axis of a prolate
micelle. z : The thickness of the Stern layer. ,N, : The number
of water molecules associated with a DS molecule. x : The
inverse Debye-Hiickel screening length. o: The macroion
diameter.

wi% n o n

We may conclude as follows. The aggregation
number of the micelles strongly depends on the
length of the spacer methylene chain. Moreover,
the aggregation number of a minimum micelle has
been found to be almost independent of the spacer
chain [ength.

This report is a summary of The J. Phys.
Chem., 99, 17778(1995).
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SANS from semidilute solutions of Poly(N-isopropylacryiamide) in methanol-water mixture
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The aqueous solution of poly(N-
isopropylacrylamide)(PNIPAM) has a lower critical
temperature(LCST) at about 31°C. PNIPAM is also
soluble such organic solvents as methyl alcohol, ethyl
alcohol, tetrahydrofuran and dioxane which are
capable of hydrogen bonding. In these solvents,
however, PNIPAM does not show LCST up to their
boiling point; they are regarded as good solvents from
the results of viscometry. On the other hand, the
addition of such an organic solvent to an aqueous
solution of PNIPAM gives rise to a lowering of LCST.
Thus, the addition of a good solvent results in a
narrowing of the solubility range: a phenomenon
referred to as cononsolvencyl). In spite of many
efforts]) the mechanism of the cononsolvency is not
yet clarified.

Towards the understanding of this phenomenon we
have measured the small-angle neuiron
scattering(SANS) from semidilute solutions of
PNIPAM in water and methanol-water mixture. From
the concentration dependence of the correlation length
obtained by the scattering experiment we evaluated the
interaction parameters(binary and ternary clusier
integrals of polymer segments). We then calculate the
contributions of the segment-segment interaction to the
entropy Sint and enthalpy Hip¢ from the temperature
dependence of the interaction parameters.
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Fig. 1 Phase diagrams for the PNIPAM solutions

The PNIPAM is supplied by Kohjin Co., Ltd. The
number average molecular weight was determined
from the intrinsic viscosity of aqueous solution at
20°CZ}(Mp=5x10). Polymer concentration was in the
range from 0.03 to 0.12 g/em3, which corresponds to
semidilute range. The measured systems were
PNIPAM in D20 and in several concentrations of
deuterated methanol(CD30D)} and D20 mixture. The
volume concentrations of CD30D in mixed solvents
were 35, 55%. Fig.1 shows the phase diagrams for the
PNIPAM solution. SANS measurement were
performed with KENS-SAN spectrometer. A two
dimensioanl position sensitive detector placed at 3m
from the sample position was used. The sample cell
was made of quartz lmm thick and thickness of the
sample was 2mm. The temperature of the sample was
controiled within £0.05°C.
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Fig.2 Inverse of the smali-angle scattering Intensity, Kq)-1,
against q2 for PNIPAM-35vol%CD30D(C=0.1266 g/cm®)

systems at several temperatures.

A typical example of inverse scattering intensity
I(q)-1 against q2 is shown in Fig.2. From the figure it
is evident that I(q) is linear against q2 in the region
below 5x10-3 A-1. Therefore, the Ormnstein-Zernike
formuia is valid in this region. For all other systems
measured this is true. Then we obtained the correlation
length & from the slope and intercept of this figure.

The concentration dependence of § corresponds to C-
0.5~-1, This means the systems are in the condition of
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marginal and theta regime, i.e., the so-called poor
solvent regime. Thereforc we confirmed the systems
used were in the semidiluie poor regime.
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Fig.3 Concentration dependence of £ at several
temperatures near the @ temperature for PNIPAM in
35v0l%CD30D(C=0.1266g/cm>) system.

As shown in Fig.3, the plots of the concentration
dependence of & for each temperature fit linear
relations express by Eq.(l)5).

- 6 B,
Smaa Ny

C+36N§%C2 (0
where My is the number average molecular weight of
the polymer, A the short range interaction parameter,
NA Avogadro's number and C the weight
concentration of the polymer. Then we can determined
separately the temperature dependence of binary and
ternary cluster integrals, B1 and B2, using the short
range interaction factor A=0.8A evaluated from
literature3:4)
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Fig.4 Temperature dependence of binary cluster
integral(B1) of polymer segments.

Fig.4 shows the temperature dependence of B1.

Here we define the © point as the temperature at which
B1 vanishes. The obtained © temperatures decreased
with increasing CD30D content which corresponds to
the result of cloud point measurements(Fig.1). B2 for
our systems decrease with increasing temperature in
the same way as poly(vinyl methyl ether) in aqueous
solutions3). Since B1 is proportional to the reduced
temperature 7(=1-0/T) in the temperature range near ©
temperature, B1 can be expressed by the following
linear equation with initial slope B10

B, =B,7 . )

From the temperature dependence of B1 and B2,
we can evaluate the contributions of the segment-
segment interaction to the entropy Sint and enthalpy
HintS). Using following equations, we obtain the Sint
and Hipt respectively as

Su=-inR Zs)e N, Zs)0 | O
and

e 1N R Bz en TBs ) 4
H_ = ZNART(arC+N arc 4)

where R is the gas constant, T the temperature. We
define S1 and 82 as the first and the second terms on

the right hand side of Eq.(3), respectively. Then with

the use of Eq.(2) we have
s, =-—-;-NARBH,C2 )
and
(1B, )}
S, = N2 R 6
-2 .

Similarly, we define H1 and H? for Eq.(4), which turn

out to be
1

H = mENARBm@C“ €]
and
H, =m%NiRT2[%]C’ ()

The values of S1, S2, H1 and H? at © temperature

and C=0.1gcm'3 thus calculated are listed in Table 1.
For all systems both Sint and Hipt were positive in the

measured temperature range.
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Table 1. & temperatures and Byg together with the entropy
and enthalpy parameters.

© B, x10% ¢ xw’ Slx e x10®
Solvent ® () GKem®) 0K em™) (Icm ) (Jem™)
D,0 310 -44 11 024 034 60
35RCHO,OD 283 -4.2 L1 0.03 030 085
55%CD,0D 255 -09 0.23 0.06 0.057 0.17

From Table 1 we see that an increase of CD30D

content resuits in the lowering of ©-temperature in
conformity with LCST. At the same time we notice
that the reduction of Hint is more steep than that of
Sint. which might be responsible for the phenomenon

of cononsolvency.
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Self-Organization in an Amphiphilic System AOT/Water/n-Decane
S. KOMURA and H. SETO
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1. Introduction

Amphiphiles are intriguing materials that
self-assemble in various forms when mixed with
oil and water. In disordered phases they take a
structure of spherical droplets of water-in-oil (or
oil-in-water) or a bicontinuous structure, in which
both water and oil are separated from each other
by intertwined interfacial films. In ordered phases
they take a rather regular structure of hexagonal ar-
rays of cylindrical tubules made of oil (or water) in
surrounding water (or oil) or parallel arrays of al-
ternative oil and water sheets. In these mixtures
amphiphile molecules are mostly located at the in-
terface of oil and water with their polar heads di-
rected into water media and with apolar acyl tails
into oil media, thus forming interfacial monolay-
ers. The phase diagram of these structures de-
pends strongly on temperature, pressure, kinds
and concentrations of the three constituents and
addition of fourth or fifth elements such as salts or
cosurfactants.

In order to probe the microscopic struc-
tures in such systems an experiment using small
angle neutron scattering (SANS} is a powerful
tool. It is possible to obtain structure functions
S{g) of the system, which can be compared with
those calculated from various proposed models.
From the comparisons we can determine not only
structural parameters that characterize the system
but also interaction parameters among different
molecules inherent in the system.

The present paper describes our recent
studies by means of SANS on the structures in an
ionic amphiphilic AOT/water/n-decane system in
bicontinuous microemulsion phase and illustrates
the powerfulness of such methods to elucidate the

structure and interaction parameters in amphiphilic
systems. We have found a scaling relation of the
scattering profiles similar to that found in the de-
composition process in binary systems
2. Theoretical models

Teubner and Strey[1] have proposed the
following equation for X-ray or neutron scattering
intensities from surfactant/oil/water ternary system
on the basis of phenomenological Ginzburg-
Landau free energy expansion

™S(g) = 1 , )
774 + Bg? + Cq*

where A>0, B<0, C>0 for bicontinuous system

with almost equal oil and water volume fractions
resulting in a peak in the scattering profile.

On the other hand Gompper and Schick[2]
have proposed the following equation for scatter-
ing on the basis of spin lattice model of ternary
systems

165(g) = 2

1
a + b coslgd) + ¢ cos(2qd) ’
where d is the lattice size and the constants @, &, ¢
are related to A, B, C by the following equations

for small ¢
a=A+13p+ S ¢
6d? d*
p=--8_p.-8 ¢ 3)
342 gt
=L p+lc
2 d4

Once the fitting parameters A, B, C are
determined from the scattering profiles, one can
determine the structural parameters such as the re-
peat distance D between oil and water, the struc-
tural correlation length & and the area ay per head
of the surfactant molecule in the interface by the
following equations[1, 3]
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Fig.1 Neutron scattering cross section I(g) from
AOT/D20/n-decane bicontinuzous microemulsion systems
with equal volume fraction of D20 and decane at different
AQT volume fractions ¢ at room temperature obtained
from SANS-U in JRR-3M, Tokai. Curves are fittings to Eq
(1).

p=2al(y4-L )] (4a)
EZ[ (\/g 20)] (4b)

ag=4p(1- [3)—;7 (4c)

)

t\)||--A

From a, b, ¢ one can also determine the
interaction parameters such as repulsive energy J
between oil and water and the amphiphilicity L of
surfactant molecule toward oil and water molecule
as a ratio to the thermal energy T and the critical
surfactant volume fractions ¢5¢ below which an

emulsification failure occurs by the following

equations[2]

Lo b (52)
T 6a(l-¢)

2 . S (5b)
T 6¢ea(l-g

15 , ; r 2
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gm o |
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T | 5 -
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Fig.2 Structure parameters obtained from the data in
Fig.1, by Eq.{4), such as repeat distance D, structure
correlation length £ and area per head ay of surfactant
molecules.

€ b‘xt's {50)

where ¢y is the volume fraction of the surfactants.

3. Results and discussions

We have studied [3] the structural changes
associated with a change of the concentrations of
oil against water or the concentrations of am-
phiphiles against the rest in an ionic amphiphilic
AOT/water/n-decane system in bicontinuous mi-
croemulsion phase by means of SANS at room
temperature. The results of neutron scattering in-
tensity I(g) for different surfactant volume fraction
¢s at equal volume fraction of oil and water
B=do/(¢po+¢w) = 0.5 are shown in Fig. 1. The fit-
ting to the Teubner and Strey's Eq. (1) are also
shown in the same figure. From the fitting we
could obtain the repeat distance D between oil and
water, the correlation length & and the interfacial
area ¢y per amphiphile molecule by Eq. (4). They
have a general trend to become small as ¢ in-
creases as shown in Fig. 2. The same data are
further analyzed by Eq.(3) and Eq.(5} in order to
obtain the strength of segregation J, the am-
phiphilicity L of the amphiphile and the critical
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Fig.3 Interaction parameters obtained from the data in
Fig.1 by Eq.(5), such as the strength J of segregation be-
tween water and decane, the amphiphilicity L<0 of surfac-
tant molecules and the critical concentrations ¢sC of surfac-
tant.

volume fraction ¢sC. The results are shown in Fig.
3. They maintain almost constant values as ¢ is
changed. The structural and interaction parameters
are all in reasonable order of magnitude.

We could obtain similar results for differ-
ent oil volume fractions against water from 8 =
0.1 to 0.4 at constant ¢ = 0.181. From these re-
sults we can probe the relation between the struc-
ture and the interaction constants.

One of our interesting findings is that there
is a scaling relation of the scattering profiles such
that
1, 99 = lgn(@1° T / gulgs), k& (©)
where g (¢s) is the value of g that gives the
maximum of the profile for a system with ¢ and &
=2m/D. Fig. 4 demonstrates that [/, (¢/13(g, ¢
plotted against x=q/qm; collapses into a single
curve 7 (x,k&} for a fixed value of k& supporting
the scaling relation (6). This phenomenon is very
similar to that found in the decomposition process
in binary systems
4. Conclusion
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Fig.4 Plotting {qm(gbs)]?’ Ifg,¢s) as a function of

x=q/qm(¢s), which collapses into a single function }
{x,k& in accordance with a scaling relation Eq.(6). These
data are obtained from SAN at KENS, Tsukuba in close
agreement with those obtained from SANS-U in JRR-3M,
Tokai.

In terms of interaction parameters / and L
within the spin lattice model, Gompper and Schick
have calculated the structure function of bicontinu-
ous microemulsion systems. Comparing the
structure functions obtainable from SANS with
those calculated ones by Gompper and Schick, we
could determine the interaction parameters in right
order of magnitude. We have found a scaling re-
lation of the scattering profiles similar to that
found in the decomposition process in binary sys-
tems.
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SAN Analysis of Silica Aercgels with Different Density
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Monolithic silica aerogel has properties such as
high porosity, high transparency in visible light, and
very low thermal conductivity. Such properties arise
from a microstructure of the aerogels, which includes
three dimensional network of silica particles. The
microstructure can be controlled by preparation
conditions such as pH in gelation, aging, and
supercritical drying medium, and by heat treatment of
the aerogels. Small angle neutron and X-ray scattering

are powerful tool to characterize the microstructure !

2). The structural difference produces a variation of the
macroscopic properties like density, transmittance, and
clasticity. However, preparation of aerogels is skilled
work, so the structure and macroscopic properties
might be different if the preparation conditions
described in papers is simular. The result of JEA round
robin test on thermal conductivity of silica aerogels
gives a example of those differences?). Therefore, to
investigate the relations between preparation, structure
and properties of aerogels precisely, it is needed to use
the samples by identical preparation for the structural
analysis and for the measurements of properties.

In this paper, we report the effects of density and
heat tfreatment on the structure of silica aerogels
obtained by SAN measurements.

Aerogel samples were prepared by the method
described previously®. Firstly, silica alcogels with
different silica concentration were prepared by the
hydrolysis of tetramethylorthosilicate (TMOS) diluted
with methanol. The molar ratios of TMOS, water and
methanol used were 1:6:5, 1:6:10 and 1:6:20. An
anmonium aqueous solution of 0.1N as a catalyst was
used in the reaction. The gels obtained were soaked
into anhydrous methanol for 2 days to remove water
and catalyst remainning in the gels. After those
processes, the gels were placed in an autoclave and
were then dried under supercritical condition (250°C,
9MPa) of methanol to remove solvent. The bulk
densities of acrogels were 0.16, 0.14 and 0.08g/cm?.

By heating in atmosphere, methyl groups bonded
chemically with silica network are decomposed
rapidly at 259°C. Sintering of the network also
proceeds with the increase of the temperature. To
study the effect of the heat treatment on the silica
network, one sample of the aerogels with the density
of 0.16g/cm > was heated at 500°C for 2.5hrs in dry air.

SAN measurements were carried out at room
temperature. Samples were directly mounted in the
beam. A distance of sample-2 dimension detector
used was 3m, and Q-range of 0.008-0.2A°! were
covered in the mcasurements. Water spectra from
Imm H20 in a quartz cell served to climinate
differences in the detector efficiency. Background and
sample transmissions were alse normalized.

SAN spectra for aerogels with different densities
are shown in Figure 1. Comparison between SAN
spectra for the heat treated sample and for untreated
one is shown in Figure 2. Those spectra show two
power law regions separated at about 0.8 of Q-value.
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Fig. 1 SAN spectra of silica aerogels with different
densities.
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Fig. 2 SAN spectra of heat treated and untreated silica
aerogels. (p=0.16g/cm3)
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For porous materials like aerogels, the
characteristics of the small angle scattering spectum
can be related to the different structural features on the
respective length scale®. At the smallest Q-values, the
intensity is constant because of a uniform long-range
structure.  The crossover between this constant
intensity region and smaller power law region gives
correration range, &, which correspond to the size of
network unit in first approximation. The power law
region of smaller Q-value is represented as < Q. The
exponent D is a mass fractal dimension. It reflects the
self-simularity of the network structure. The power
faw region of larger Q-value is represented as 1 «<QPs-6,
Ds is a surface fractal dimension, and reflects the
surface morphology. Ds=2 means a smooth surface,
and Ds increases up to 3 with the increase of surface
roughness. The crossover between those two power
low regions gives the size of silica particles, b,
constracting the network.

Table 1. Charastaric values obtained from SAN spectra,
(0.16H is heat treated sample)

p(g/em3) D Ds E(A) b(A)
0.16 2.28 2.88 70 ~12
0.14 2.28 2.89 80 ~12
0.08 2.29 2.95 100 ~12
0.16H 2.31 2.73 70 ~12

Obtained D, Ds, € and b values for each spectrum
is shown in Table 1. With the decrease of the density,
Ds and § increased but D and b were constant.  From
those data, following results can be obtained: a)
Fractal structure of the silica network structure does
not change within the this density range, but the unit
size of the network increases with the decrease of the
density. b) The surface roughness is slightly increase
with the decrease of the density. The size of silica
particles is simular in this density range. c¢) By the
heat treatment, the surface becomes slightly smooth
because of sintering. The other characteristics do not
change.

Those results agree with the previous report for
base-catalized silica aerogels® qualitatively. However,
the values are different, especially for Ds (Ds=2).
These differences is supposed to be related to the
aging time in the alcogel preparation. So it is
suggested that detailed preparation conditions are
needed to discuss the structure of aerogels precisely.
The decrease of the transmittance of visible light with
the decrease of the density of the aerogel® might be

related to the variation of € values. But measurements
of wider Q range is needed to discuss deeply.
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CeRhSb, which has a orthorhombic e-
TiNiSi type structure, is thought to be a
“Kondo semiconductor” which belongs to the
same group of materials as CeNiSn. From
transport property measurements, the gap
energy in CeRhSb is estimated to be several
kelvins, which is nearly the same order as that
in CeNiSn, but much smaller than that in other
Kondo semiconductors[1,2]. Moreover, the
magnetic susceptibility in CeRhSb is weakly
dependent on temperature, and exhibits a broad
hump at 120 X[1,2]. This is quit similar
behaviour to that in typical valence fluctuation
systems. We believe that the hybridisation
between the conduction band and the 4f state
plays an important role in the characteristic
features in CeRhSb.

In order to obtain information about
magnetic response of the 4f state in CeRhSb,
we have performed neutron scattering
experiments at KENS in KEK. In this paper,
we report results of neutron inelastic scattering
experiments. We measured inelastic scattering
spectra of a polycrystal sample of CeRhSb
using the crystal analyser type spectrometer,
CAT. In the experiments, CAT used a fixed
final neutron energy Ef of about 3.5 meV.

Figure 1 shows energy spectra of CeRhSb
at 3.2 K, 24 K and 100 K. The data were
corrected for the absorption effect of the
sample and for the wave length variation of the
incident neutron flux of KENS. However, no
correction was done for phonon contribution.

In fig. 1, we observed two clear peaks at 18
meV and 35 meV. This spectra in CeRhSb is
quit different from that in CeNiSn. CeNiSn
shows a broad quasi-elastic type spectrum at
low temperatures{3], which is a common
feature of spectra in typical valence fluctuation
systems. As shown in fig. 1, however, the
scattering intensity of the peaks are almost
independent of temperature. This behaviour
can not be explained by the temperature
dependence of the magnetic scattering which is
caused by crystal field excitations. Since it is
almost impossible to measure Q dependence of
spectra using CAT, we could not determine the

origin of the peaks from the Q-dependence.
On the other hand, spectra of the same sample
of CeRhSb at a different Q position observed
by INC show extremely broad magnetic
scattering at around 30~40 mev[4], but show
no obvious peak structure. Since we have
checked the sample quality by neutron powder
diffraction, we can say the effect of impurities
in the sample is not serious. Up to this time,
unfortunately, we have no clear explanation of
the origin of the two peaks in fig. 1. In order
to make clear the magnetic response in
CeRhSb at low temperatures, further neutron
inelastic scattering experiments of CeRhSb and
a phonon reference material, LaRhSb, on CAT
and other instruments are under way.
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Fig.1  Energy spectra of CeRhSb using CAT at
3.2 K(Open circles),24 K(Closed circles)
and 100 K(crosses).
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The dynamical property of a one-dimensional (1D)
Heisenberg antiferromagnet has been a long-standing
problem in physics. For lower spin (§=1/2 and 1)
systems, quantum theories have been intensively
developed, and the predicted features have been
experimentally confirmed.!) In an §=3/2 system,
observed linewidths of magnetic excitations cannot be
described by classical theory.?) On the other hand, it is
well established that an $§=5/2 system behaves
classically.?) Observing the spin dynamics in an $=2
system is one of the remaining problems. CsCrCl3 is a
compound recognized to be one of the good
realizations of an $=2 Heisenberg antiferromagnetic
chain above the three-dimentional (3D) ordering
temperature (Tn=16K).4) We report here on an
inelastic neutron-scattering experiment of CsCrCl3 at
temperatures above Tj.

An inelastic neutron-scattering experiment was
performed on INC. The INC spectrometer is a direct-
geometry chopper spectrometer coupled to a pulsed-
neutron source. Scattered neutrons are detected at a
detector system covering a wide range of scattering
angles from 5° to 130°. The low scattering-angles
from 5° to 12° are densely covered by six
hexagonally-configured detector-banks, two of which
are placed horizontally (horizontal banks) and the
other four are out of the horizontal plane {out-of-plane
banks). The six low-angle banks accommodate 30
detectors. Our sample comprises four single crystals,
of which the ¢™-axes (the chain direction) were
aligned in the same direction, and the entire weight of
the sample was 40g. The mosaic spread of the sample
crystal, including the misalignment among the single
crystals, was measured to be 3° at the full width at half
maximum (FWHM). The four crystals were
configured so that the self-shielding effect cannot be
changed by tuming the sample, and therefore, a
background correction was able to be realized
experimentally. The c™-axis of the sample was
mounted in the horizontal plane and measurements
were performed with an incident neutron energy of
E;=46.3 meV. In the present experimental set-up, the
energy resolution of 1.5 meV (FWHM) was observed
at around the zero energy transfer.

In the scan geometry with the scattering angle (¢)

and the crystal angle (W) between the incident wave
vector (ki) and the c*-axis (the direction of these

angles are defined against ki), the 1D momentum
transfer (g) is given by

g = ki cosy - kf cos (§ + W), (1

[ —

E (meV)

0 o570 s 20
i -1
aq(A)

Fig. 1 Dispersion relation of the magnetic excitation
measured at 20K. The solid lines are the fitted
dispersion curve with two branches. The open and
closed circles are the data taken in scans with
y=00° and y=78°, respectively.

where kf is the final wave vector. In a scan with

y=90° (i.e., kiLlc*), the overall profile of the magnetic
excitations can be observed.2) Since there is a missing
scattering-angle zone at between 12° to 17° on INC,
the excitations near to the magnetic zone center cannot

be observed in a scan with w=90°. By combining the

two scans with y=90° and w=78° the overall
dispersion curve was determined. Figure 1 shows the
observed positions of the magnetic excitations at 20K.
The peak positions were well fitted to the classical
spin-wave dispersion relation of an antiferromagnet.
At present, the two excitation peaks were observed
only at the zone center. Assuming two branches, the
scattering intensity of the lower branch was simulated
to be much smaller than that of the upper branch. This
is consistent with the present result that the two peaks
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were observed only at the zone center. Further
experiments are required to determine the dispersion
relation near the zone center. We then tried to fit the
observed peak positions to a single branch,

E(g) = [ AZsin2aq + Eg?]1/2, Q)

6.5
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Fig. 2 Temperature dependence of the magnetic excitation
spectra at a scan geometry with w=0° (k//c*) and
E=46.3 meV. The scan locus is indicated in the
insert. The background was subtracted and the
kinematical factor (kf/k;) was corrected. The solid
lines are the fitted Lorentzian scattering function
with the g-independent T,

and the parameters were obtained to be
A=20.6+12meV and Ep=6.5£0.3meV, where a is the
lattice constant. In the following analysis of the
scattering function, we obtained the same result within
the statistical error based on the assumption of a single
branch and on that of two branches. Therefore we
discuss the scattering function based on the
assumption of a single branch, as described by eq. (2).

In order to analyze the scattering function, scans
with y=0° (ki//c*) were performed. This scan
geometry enables the integration of all scattering
intensities detected at lower scattering-angles, since g
is almost unchanged at low scattering-angles (5°~12°)
as shown in eq. (1).2) Since thirty of detectors were
installed at low scattering-angles, a large intensity gain
can be realized. The measurements were performed at
T=20, 50, 80 and 120K in order to investigate a 1D
property of this system, where the detected signals at
all the six low-angle detector-banks were used for the
data analysis. Background measurements were also
performed at 7=20, 50, 80 and 120K at the out-of-
plane detector banks by turning the sample to the
y=00° position. Figure 2 shows the background-
subtracted spectra on the scan locus displayed in the
insert. The observed spectra were well fitted to a
Lorentzian magnetic scattering function convoluted
with the instramental resolution. The linewidth of the
excitations (I') is assumed to be independent of g, as
predicted in classical theory.?)

A classical 1D Heisenberg antiferromagnetic
system is in the ordered state (the Néel state) at T=0K,
and dynamical scaling can apply to the phase
transition. The scattering function is predicted to be
described by a Lorentzian function, where I" is
independent of g and proportional to the inverse
correlation length, x. The g-independent " was
experimentally observed in an §=3/2 system
{CsVCI3)2 and in an §=5/2 system (TMMC).3) Since
the present system is an S=2 system (3/2<2<5/2), we
assumed the g-independent I". Because the observed
spectrum was well fitted to the scattering function, we
also confirmed the g-independent I" in an S=2 system.
The classical theoryd) has predicted that the T-
dependence of I" and the zone boundary energy (ezg)
results from that of the inverse correlation length, as
I'(N=2J5x(MNa and ezg{T)=4J5(1-x(T)a/2). Based on
a thermodynamical consideration,®) « is proportional
to T at lower temperatures, and consequentially,
(D=kpT/§S and ez p(T)=4JS-kgT/S. This zone
boundary energy is given to the Heisenberg
antiferromagnet without anisotropy. In the present

system, since an apparent energy gap due to anisotopy
is observed at the zone center, the T-dependence of
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parameter A in the dispersion relation in eq. (2} can be
interpreted as A(T)=4JS-kgT/S. As shown in Fig. 3,
I'(T) was well described by classical theory without
any parameter; A(T) was also well described by
classical theory and the exchange constant was
determined to be J=32.5+1.5K. In classical theory,
T(T) and A(T) depend on T through x(7), and
therefore, the present result suggests the validity of the
linear relation between I'(T) and (7).

I' (meV)
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Fig. 3 Temperature dependence of the lnewidth I" (a) and
the excitation energy A (b). The solid lines are the
classical prediction, T=kBT/S and A=4SJ-kRT/S.
The exchange constant was determined to be
J=32.5%1.5K.
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The ratio of the exchange constant from the
excitation energy to that from the susceptibility®) was
obtained to be 1.1710.05. Since the accuracy of the
ratio mainly comes from the statistical error in J from
the excitation energy, it can be concluded that an
appreciable enhancement in the excitation energy was
detected. The correction in the excitation energy has
been theoretically estimated. From the classical point
of view, a spin-wave theory has been developed in the
terms of the 1/ expansion. For a smaller spin system,
higher orders of the expansion should be included; the
enhancement of 1.09 in the excitation energy has been
estimated for §=2.7) Recently, using a quantum Monte
Carlo method, the excitation spectrum in a system
with any spin could be calculated; an enhancement of
about 1.1 has been estimated for S=2.8) For §=2, there
is no appreciable difference between the 1/S expansion
and the quantum Monte Carlo calculation in the
correction. This suggests that an $=2 system is almost
classical, and that the present result is consistent with
these estimations.

In conclusion, we found that the spin dynamics in
an S=2 system, CsCrCl3, above Ty was well described
by classical theory. In an S=2 system, such quantum
effects as the Haldane gap can be expected.?10) Since
such quantum effects are expected to be detectable at
temperatures well below the temperature in the present
study, the spin dynamics observed in the present
system at the temperatures of the present study does
not contradict the predicted quantum behaviors.
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Cr is an itinerant electron antiferromagnet with
Tn=311K, below which the spin density wave (SDW)
state is realized with the incommensurate wave vectors
IQ+ = 2n(148)/a. Here 8 is the incommensurability
and « is the lattice constant. And spin flip transition
occurs at Ty (=121K): The spin direction S.LQ at the
temperature between Ty and Ty (transversely
polarized SDW; TSDW), but 8/Q below T
(longitudinally polarized SDW; LSDW).D)

Theoretically, the static properties of the ordered
state of Cr are successfully interpreted by the two band
model, where the SDW state is stabilized by the
nesting of ‘electron’ and 'hole' Fermi surfaces centered
at I" and H points in the reciprocal space with opposite
electron spin, respectively.?) However recent
observations such as unique magnetic excitations
(Fincher-Burke mode,>® critical scattering,”)
longitudinal spin fluctuation mode of spin wave,?) etc.)
of Cr observed by the neutron scattering experiments,
are not fully understood yet.

At the same time, using the triple axis neutron
spectrometer (TOPAN) at JAERI, we measured
magnetically excited states at wide temperature
(20=T<300K) as well as energy (0<w<40meV)
range.®1®) Then we observed that even in the LSDW
state, where only spin wave excitations were expected
to observe, the inelastic scattering spectrum in ¢ has
triple peaks around the antiferromagnetic superlattice
position; two incommensurate magnetic scattering
(ICMS) peaks and a commensurate magnetic
scattering (CMS) peak. The integrated intensity of the
ICMS in g increases from 0 at w=0meV, has

maximum around @w=20meV, then decreases as ©
increases. On the other hand the integrated intensity of
CMS in g increases linearly from 0 as @ increases
from OmeV up to 40meV. There are some experiments
measuring magnetic excitations at the energy of about
150 and 500meV,11.12} but the investigation at
intermediate energy region is not yet done thoroughly.
Thus it is necessary to measure at w>40meV, but it is
very difficult to perform by wusing triple axis
spectrometer. Therefore we tried to study the
magnetically excited states of Cr at higher energy
region with chopper spectrometer.

The experiments were performed on the INC
spectrometer at KENS. Three high quality single
crystals of pure Cr, all of which have almost the same

shape of a cylindrical shape (10mm¢x50mm), were
assembled to be a virtual large single crystal with the
volume of about 12cm3. The assembled sample was
sealed in an aluminum can filled with helium
exchange gas, which was set on the goniometer so that
two principle axes ([100] and [010]) can be included
in the scattering plane. Neutron intensity is expected to
be weak to measure the magnetic excitations at
q=(210} or (120) due to the magnetic form factor.
Consequently we measured the excitations around
g=(100) and (010). Moreover, by setting k; along
[110] direction, neutron counts of the detectors at the
symmetrical positions are summed up. However, all
the crystals were field cooled to be Single-Q//[100]
state, therefore, strictly speaking, the g=(100) and
{010} positions are not equivalent. But the asymmetry
caused by the @ direction is not serious with coarse ¢
resolution. In fact we confirmed that the intensities of
the magnetic signals are almost equal both at g=(100)
and (010).
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Fig.1 The scattering spectra of TOF as a function of energy
with Ei=277meV at 60K.
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Figure 1 shows the scattering spectrum as a
function of energy with E;=277meV at 60K. Under
these experimental conditions, the magnetic
excitations around g=(100) or (010} correspond to the
position at @=60meV. Although signal from the
magnetic excitations is weaker than the back ground
scattering as shown in (a) it is clearly determined to be
magnetic signals. Here the back ground was
determined by the average intensities detected at a few
degrees apart from the signal peak positions, and it is
subtracted in (b). The solid curve is the simulation,
assuming the magnetic response function to be ¥ "{(g,w)

= Cd(q—Qp) and taking the instrumental resolution
function into account. Moreover the dashed curves are
determined by changing C, so that almost the whole
curve is included in the error bars of the experimental
data. The fact that observed spectrum is a little wider
than the simulated curve is mainly affected by the
sample mosaicness.

The integrated intensity in g around

antiferromagnetic superlattice position, [dgy"(g,0), is
plotted in Fig.2, where the data points taken on triple
axis spectrometer (open circles) and on chopper
spectrometer {closed circles) are adjusted to be equal
at ®=25meV. For the coarse g resolution, the ICMS
peaks cannot be observed separately from the CMS
peak with the chopper neutron spectrometer. Hence
the sum of the CMS and the ICMS peak intensities are
plotted as triple axis data in this figure, and the dashed
line represents the CMS peak component. The top and
the bottom of error bars of the TOF data are
determined from a factor C of dashed curves in Fig.1

(b). qux"(q,co) seems to increase from 0 at w=0meV
linearly, making two maximums at around 2{ and
60meV, though the latter one is not definite. Since the
maximum around 20meV corresponds to the ICMS
peak components, the second maximum can be
conjectured to be the CMS peak one. Subtracting the
estimated ICMS peak components, we can also get the
CMS peak at around 60meV.

As a matter of fact, it is not clear that the CMS
peak has maximum or only saturates around
w=60meV for lack of data points. In order to elucidate
this point, it is very important to perform more
experiments to fill the gap. Furthermore, recent
theoretical study explains the CMS peak as a phason
mode by using the three band model with random
phase approximation. It was predicted that the
maximum position of the CMS peak changes with the
temperature and electron concentration.l3.14)
Therefore, the measurements at different temperatures
or from dilute Cr alloys are highly required.

O 54K (3-axis)
@ 60K (TOF)

7 CMS

Integ. Int. / (n+1) (arb. unit)

1 | 1 i A
0 20 40 60 80 100
Energy transfer (@) (meV)

Fig.2 Energy dependence of the integrated intensity at the
temperature of 54K with triple axis (open circles)
and 60K with TOF (closed circles) spectrometer.
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MnP and FeP exhibit an unique double-spiral spin
structure at low temperatures!>2), In MnP ferro-
magnetic phase appears at a certain temperature range
higher than the screw phase. This unusual
ferromagnetic to screw transition was interpreted as a
result of temperature variation of the second nearest
neighbor exchange parameter3). The nature of the
transition, however, has not been revealed completely.
It has been reported that the ferromagnetic phase
remains at the region with lower Fe concentrations.
Fig.1 shows the magnetic ?hase diagram of solid
solution system Mnj_yFexP4. It should be noted that
the pitch angle of the screw is not the same for MnP
and FeP. In FeP the spins are more rapidly twisted
than in MnP. It may be probable that Fe substitution
for small amount of Mn seems to modify the
competing situation of the exchange interactions in
MnP. Therefore investigation of Mnj_4FexP system
will be helpful in understanding the magnetic
properties of these monophosphide by means of
neutron and Méssbauer spectroscopy. Single crystals
of Mnj.xFeyP with several Fe concentrations have
been prepared. Magnetic scattering were surveyed
along (h00) direction, which is the direction of the
screw propagation, using a diffraction detector of

300

2008

100

Fig. 1  Phase diagram reported on Mny.Fe,P 4.

The resuits are rather complicated exhibiting
anomalously broadened satellites (200)F and (200)- at
low temperatures. Figure 2 shows the peak profiles
observed in Mng gsFeq o5P. Note the sufficientry sharp
(200) nuclear Bragg peak which indicates the good
quality of this single crystal. Higher Fe concentration
results in wider satellite broadenings. Temperature
dependence of the intensity is also unusual. There is
little increase in intensity at the ferromagnetic (200)
position in zero external field at the temperature where
the system is reported to be ferromagnetic, while the
M@dssbauer spectrum measured at this temperature
region actually shows ferromagnetic character with
finite internal field3). The satellite intensity in mixed
system with Fe concentraton of about a few % seems

to vary continuously, while the ferromagnetic-screw
transition in pure MnP is of first-order.
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Fig.2  Peak profiles of the nuclear {200} and its magnetic
satellites measured on single crystal of
Mng,gsFep,05P.

These results indicate that the propagation of the
screw is not uniform at low temperature but
substantially disturbed in Mnj_yFe,P. Furthermore the
state in which the system is considered to be
ferromagnetic is not actually a simple ferromagnetic
one. A clear microscopic descreption has not been
obtained but the results suggest the occurrence of
energetically nearly degenerated configurations or
microscopic domains which can be seen in systems
with the frustration such as spin-glasses. Elastic and
inelastic scattering measurements under external
magnetic fields using MAX spectrometer are planned.
We acknowledge help of Prof. M. Tanaka.
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LiNiO; is a possible candidate of quanfum two-
dimensional triangular antiferromagnet!) and its
magnetic properties have been extensively
investigated.2-6) More recent studies indicate that the
magnetic properties strongly depends on the
stoichiometry of the compound.%3) For nearly
stoichiometric sample, the temperature dependence
magnetic susceptibility shows a maximum or cusp at
around 10K like a spin glass.%3) Neutron
depolarization can be expected at temperatures below
the cusp temperature in a case of a spin glass, and this
technique gives us a magnetic structure in a semi-
macroscopic length scale. Therefore, we tried to
perform a neutron depolarization measurement of a
nearly stoichiometric sample of LiNiOs, in order to
investigate magnetic properties at around the cusp
temperature.

The LiNiOy sample used in the present study
was a sintered powder synthesized at 650°C, and
therefore, the composition, x, in Li1 xNij+x0O2 can be
estimated to be 0~0.01, i.e. almost stoichiometric.® A
neutron depolarization measurement of LiNiOg was
performed on the TOP spectrometer at KENS. The
polarized polychromatic neutrons with a wavelength
band were transmitted through the sample under a gnide
magnetic field of 5 Oe, the polarization of the
transmitted neutron beam was analyzed with a spin
analyzer, and then the intensities were detected. The
sample had a disk shape with the diameter of 8 mm and
thickness of 2 mm, and the neutron beam direction was
normal to the disk surface. After cooling the sample
without an external magnetic field, the temperature (T)
dependence of the polarization was measured under the
guide magnetic field at T=13~250K. The lowest
temperature in the present experiment was 13K.

Figure 1 shows the polarization of the
transmitted beam though the sample as a function of
neutron wavelength. The wavelength-dependent
polarization was converted from the time-of-flight
spectra of the detected intensities as follows:

_ - Lol
PO = 5T 1Ty 1o

where I* (I") is the detected intensity with the incident
beam polarization parallel (antiparallel) to the sample
magnetization along the guide magnetic field and It

(Io7) is that without the sample. The depolarization
observed at 13K and no depolarization was observed at
T215K. Although the lowest temperature in the present
experiment was unfortunately 13K, we detected
neutron depolarization just above the cusp temperature
{~10K), which was also reported for a different sample
of LiNiO2 where the depolarization was observed

below S5S0K.6) P(L) at 13K was well fitted to a

functional form of exp(-aA). The exponential
wavelength dependence suggests an existence of a
semi-macroscopic size of a ferromagnetically correlated
region in a magnetic domain.”) In order to elucidate the
magnetic property at around the cusp temperature,
further measurements at temperatures lower than those
in the present experiment were required.
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1. Introduction

Our recent smail-angle neutron-scattering
(SANS) measurements presented some evidence
supporting a double transition in Cr, , Mn, Ge with
x = 0.17 and 0.19, i.e., a paramagnetic to a
helical magnetic phase and to a mixed state of
helical and spin glass-like ordering’*. The helical
spin modulation having a long period can be
interpreted in terms of an itinerant-electron picture,
which is also consistent with our previous
magnetic  data”, Conventional  magnetic
measurements provide only limited information of
such complex field-dependent spin structure since
they reflect properties averaged on macroscopic
scale. SANS experiment is also insufficient to
obtain information on magnetism in semi-
macroscopic  scale, e.g., magnetic domain
configuration. On the other hand, the resolution of
neutron depolarization analysis is adequate to
investigate the magnetic structure of such a scale®.
We analyze the wavelength-dependent neutron-
depolarization in Cr, ¢z, Mn, ,,Ge sample to discuss
the field dependent spin structure and spin glass
transition in comparison with our previous data.

2. Experimental procedure

A plate sample of Cr,,,Mn,,,Ge of 1 mm thick
was used for the neutron depolarization analysis.
The neutron-depolarization measurements were
performed using the TOP spectrometer at the cold
neutron guide hall of the Booster Synchrotron
Utilization Facility at KEK. All the incident
neutron spins are polarized along the z-direction.
The polarization P(A) along the z-direction was
measured as a function of the wavelength A (3 -
9A) using the polarization analyzer just after the
neutron passed through the sample along the x-
direction, where the sample plate was set parallel
to the y-z plane. An external field was applied up
to 2 kOe along the z-direction.

3. Experimental results and discussion

The general equation for neutron depolarization
in the conventional ferromagnetic materials was
deduced as follows:

N

A, @
P(Z\.)--KB2 . + B B(COS(CBS?\.))S ,

(D

where brackets < >  and < >, represent the

ensemble average over the local induction B in
each domain and the domain size, respectively.
The symbols / and L show the components of
local induction parallel and perpendicular to the
incident neutron polarization. N is the average
number of the domains which neutrons pass over,
and ¢ is a constant. For the non-random domain
and mono-domain configurations, we can use the
following approximate forms, respectively,

P(A) = exp{—c,[1 —cos(c, Ayexp(~c; M)} (2)
and

Py =(1—c)+cicos(end) 3)
where .

a= N<%)., (4)
and

c,=cB3d ; (5)

where c, is related to the width of distribution in
the domain size. In Eq.(3), corresponding to the
mono-domain state, the average domain size 9§
should be regarded as the sample thickness d.

We show the typical wavelength dependent
polarization in Cr, 4, Mn, ,,Ge measured at 5.1 K
in Fig.1. Although only small depolarization is
observed at low magnetic field, the higher field
data show characteristic wavelength dependence
which is definitely different from that expected for
ferromagnetic multi-domain configuration
(Fig. 1(b)). The higher field data can be fitted by
both equations (2) and (3). However, we claim
that the Eq.(3) is valid for the present data,
judging from the unreasonable facts that the
domain size deduced from Eq.(2) monotonically
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decreases with increasing magnetic field.
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Fig.1 Wavelength dependence of polarization P{A).
Dashed line corresponds to randomly orented
spin configuration. Solid line and symbolx show
Egs. (2) and (3), respectively.
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Fig.2 Field dependent value of B and the angle 6
between B and H deduced from Eq.(3).

Figure 2 shows the field dependent values of
the magnetic induction B and 6 obtained from

Eq .(3), where 0 is the angle between B and H.
First, we should pay attention to the magnitude
of B which is much smaller than that deduced
from the magnetization data (Fig.2(a)). The value
of B should be identical to the spontaneous
magnetization in conventional ferromagnetic
materials. In helical magnetic materials, on the
other hand, the physical meaning of B deduced
from Eq.(3) can not be defined. Based on the
present reduction of B, we understand that this
neutron depolarization procedure does not
directly detect the magnitude of longitudinal
ferromagnetic spin component induced with
changing to a conical spin modulation from the
helical type in finite magnetic field. We can
propose a plausible explanation to interpret the
discrepancy based on the following idea: the
modulated transverse spin components would act
on neutrons passing through the present
magnetic media as an effective rotational field,
since Cr,,Mn,,,Ge has the helical spin
modulation with large period so that the neutron
can detect the periodic structure. Such an idea
has been introduced to explain the neutron
depolarization data in connection with the vortex-
like spin structure in the reentrant spin glass
Ni,,Mn,,”". When the rotational field brings
about neutron spin rotation opposite to the
Larmor precession, thus, we may observe the
decrease in parameter c,, i.e., the effective value
of B smaller than the intrinsic magnetic induction
obtained from magnetic data.

On the other hand, the value of ¢,, irrelevant
to such modification, should directly reflect the
angle between the directions of field induced
ferromagnetic spin component and magnetic
field. The field dependent angle 8 in Fig.2(b)
shows a maximum at a field H__, which tends to
decrease with increasing temperature. This field
dependence suggests that the long range
ferromagnetic ordering of the longitudinal
component of conical spins tends to be
disturbed with firming of the local
ferromagnetic component in comparatively
weak magnetic field. In other words, the
interaction between local magnetic moments
must be non-ferromagnetic. This is consistent
with the spin-glass characteristics in the system.
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It is well known that zinc ferrite (ZnFe,0,)
has an almost normal spinel structure with a
tetrahedral A-site occupied by Zn?* ions and
an octahedral B-site by Fe’* jons. It exhibits
anomalous antiferromagnetic behavior with
the Néel temperature of about 9 K.
Lotgering® has suggested that a small number
of Fe'* ions occupy the tetrahedral A-site in
ZnFe,0,, and around such a Fe™ ion the
neighboring Fe'* ions at the octahedral B-site
form a magnetic cluster through a coupling by
the A-B interaction.

In our previous papers™, we reported that
ultra-fine ZnFe,O, particle, prepared by the
coprecipitation method, shows the
extraordinarily large magnetization compared
with that of bulk materials. The size
dependence of magnetization has been
explained by assuming an intraparticle
structure consisting of magnetically inactive
surface layer and ferromagnetic core. However,
our recent small angle polarized neutron
scattering measurements suggest that there is
no magnetically inactive surface layer®. We
suspect that this result may be attributed to
insufficient evaluation of neutron scattering
intensity from the sample holder. In this work,
we carefully evaluate the small angle polarized
neutron scattering intensity only from the
ultra-fine ZnFe,O, particles to discuss whether
or not the magnetically inactive surface layer
exists.

The small angle scattering intensities were
measured using the TOP spectrometer at 30 K
in a field of 9.4 kOe. The intraparticle
structure of ZnFe,O, particles, prepared by the
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coprecipitation method, was analyzed based
on the differential neutron scattering intensity
as follows™:

I'(Q) - I'(Q) = o F(Q)F,, (D)), (1

where FN(Q) and Fp(Q) are the nuclear and
magnetic form factors, respectively. The
signs of I*(Q) and I-(Q) represent the incident
neutron polarization parallel and antiparallel to

H, respectively. o is dependent on the
magnetic moment of the sample. Fn(Q) and
Fm(Q) for a spherical particle are expressed as

follows:

Fi(Q) =3 mba'5(Qa), @)

F(Q) =S4} g(0a,) ©
with

2(x) = 3(sinx ;xCOSX), @)

where a and am the mean radii of a particle
and the magnetic core, and b and p are nuclear
and magnetic scattering length densities. We
used b=6.59 X 10"° cm™? and p=6.89 X 10° cm?,
where the latter was estimated from the
magnetization curve of the ZnFe,O, particles
sample.

Figure 1 shows I*(Q) - I"(Q) at 30 Kin H
= 9.4 kOe. The differential intensity shows




monotonic decrease with increasing Q. To
evaluate the intraparticle structure of the
ZnFe,0, particle, the I1(Q) - I(Q) was fitted
using Eq. (1). Here, we note that our previous
TEM observation of ZnFe,O, particles®
showed the spherical shape of particle and the
log-normal distribution of radius with a
median of 2.1 nm and a standard deviation of
0.28. The fitting procedure was performed by
parameterizing the thickness of magnetically
inactive layer given by a - am and using the
distribution of radius obtained from the TEM
observation. We obtained the best fitted curve
at a - am = 0. This result is consistent with our
previous work performed under various
experimental conditions of temperature and
magnetic field which are different from the
present one. In conclusion, we confirmed no
magnetically inactive surface layer in the
ultra-fine ZnFe,O, particles using the small
angle polarized neutron scattering experiment.
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Fig. 1. The differential neutron scattering intensities
+(Q) - (@) at 30K in H = 9.4 kOe, which
are fitted with Eq. {1) using the best fit
parameter a-am =0.
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Magnetic properties of Pd are very sensitive to the
mixing of 3d transition metal impurities, e.g., Fe atom
induces strong polarization of the Pd matrix in PdFe
alloy which results in the giant magnetic moment of ~
10 u, per Fe atom. Bulk Pd [Fe,with the
concentration between x = 0.022 at. % Fe and x = (.1
at. % Fe exhibits a spin glass properties owing to the
RKKY interaction between the local giant magnetic
moments via conduction electrons, and the
ferromagnetism appears above this percolation
threshold (x = 0.1 at. % Fe)!). So far, however, there
has not been sufficient information about the magnetic
behavior in the fine particle of such Pd based dilute
alloys. We can suppose two possible magnetic changes
in PdFe fine particles. First, we expect the more
magnetically enhanced surface region of PdFe particle
to accompany the strongly magnetic Pd host in the
confined geometry?). Alternatively, the doping of Fe
atoms may break down the ferromagnetic ordering at
the surface as opposed to the situation of the pure Pd
particle?) because of the decrease in the mean free path
of conduction 4d electrons; this plays an important role
in the ferromagnetic ordering in this material. In this
report, we intend to clarify the Fe doping effect in Pd
particle by paying attention to the magnetic behavior
of its surface 3.

PdFe fine particles were prepared by conventional
gas evaporation method under Ar gas (purity 99.9995
%) atmosphere. The arc melted PdosFes ingot was
annealed for 50 hours at 900 °C and then quenched in
cold ice water. This homogenized PdysFes ingot were
used for the gas evaporation. PdFe fine particles
evaporated on the inner wall of the chamber were
collected in vacuum by Teflon brushes into the quartz
tube attached to the bottom of the chamber. To seal the
quartz tube in vacuum prevents adsorbing of active
gases on the surface of particles. The size of particles
can be controlled by changing the pressure of Ar gas in
the chamber from 2 to 12 Torr. The compositions of
evaporated PdFe particles, determined by means of
electron probe microanalysis (EPMA), were 2.9 at. %
Fe in all the samples.

Small angle polarized neutron scattering (SAPNS)
experiments were performed using the TOP
spectrometer. The neutron scattering intensities I, (Q)
and I,7(QQ) were counted separately for incident
neutrons whose spins are paralle] and anti-parallel to
the magnetic field at 8.0 K. The magnetic field of 9

kOe was applied perpendicular to the momentum
transfer vector Q. Neutron scattering intensities 1, 7(Q)
and I, (Q) in a large saturating magnetic field are
expressed as follows?):

10 = ((FAQ £ £ (@) )SUQ)+ Ly

where Fn(Q) and Fiy(QQ) are the nuclear and magnetic
scattering form factors of particles, respectively,
S.(Q) is the interparticle correlation, lincoh is the
incoherent scattering intensity, and <...> denotes the
average over the particle's size distribution. Since the
incoherent scattering intensity is not negligible in the
present SAPNS experiments, we thus analyzed the Q-
dependent subtracted intensity:

[1(Q) = I1(Q) = (F(Q)F, (Q)S,(Q).

In such manner the incoherent scattering intensity is
automatically cancelled using the polarized neutrons.

Fig.l shows the subtr acted intensity recorded in the
Q-range of 0.02 - 0.1 A™' under a magnetic field of 9
kOe at 8.0 K. This can be analyzed by assuming the
intraparticle magnetic structure and interparticle
correlation.

Preliminarily, we measured the magnetization of
PdFe fine particles and it was found that decreasing a
particle size results in the reduction of saturation
magnetization at 5 K. This indicates the non-magnetic
surface shell in PdFe fine particles. Thus, we suppose
that the particle consists of the magnetic core and non-
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Fig.t  Q-dependent 1,%(Q) - I,(Q) counted at 8.0 K ;
the lines are calculated curves based on the
core-shell model.
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magnetic surface shell. (Fig.2). Assuming the shape of
particle is spherical, the magnetic and nuclear form
factors are expressed as follows:

mi 3 3j:(Qr)
F(O)= 3n'r b—_Qr ,
4 L, 3j
ﬂ;(Q)=“§7fﬁfP—J'((§G’),

J(x)=(sinx — xcosx)/x*,
where b and p are the nuclear and magnetic scattering
length density, r and g are the radii of particle and
magnetic core, and j)(x) is the first-order spherical
Bessel function.

The present PdFe sample has the size distribution
which follows the log-normal distribution function
with median radius rp=162 A and & = 0.4, and the
magnetic scattering density of 0.37 x 10'6 cm™ as
determined from TEM micrograph and the saturation
magnetization, respectively. Only the non-magnetic
surface shell thickness is unknown to analyze the
neutron data. Based on the subtracted intensity
calculated by parameterizing non-magnetic shell
thickness, we obtain the best fitted shell thickness of
12 A (Fig. 2). In addition, we should mention that the
neutron data cannot be explained on the basis of the
intraparticle structure with magnetically enhanced
surface, as predicted for the Pd particle. In this
analysis we intentionally neglected the interparticles
correlation S, (Q} because it is almost unity in the
experimental Q-range of Q>0.04 A in the case of
present particle size ry = 162 A.

We discuss the origin of non-magnetic surface shell
validated by both the magnetization and neutron
scattering data. We pay close attention to the possible
localization of the conduction electrons at the surface
owing to the surface effects. Such electron localization
leads to the depletion of conduction electrons via
which local magnetic Fe moments ferromagnetically
interact in PdFe. This brings about the break down of
the ferromagnetic coupling between Fe atoms so that
the Fe moment at the surface should behave as
paramagnetic. Thus, the non-magnetic surface region
of the PdFe particle can be formed by the mechanism
specific to the magnetic origin that the conduction
electrons play an important role in the ferromagnetic
ordering. This situation is very different from the case
of the ferrite particles in which the superexchange
interaction is the main origin of magnetic ordering.
Alternatively, the magnetic moments of Fe atoms may
dissolve into the 4d electrons sea of host Pd. In other
words, the well localized Fe moments may become
partly itinerant owing to the change in the Fermi level
of 4d electrons sea of host Pd at the surface. This may
be supported by the itinerant nature of the Fe rich PdFe
system, e.g., PdFe3°).

The oxidation can be also responsible for the non-
magnetic shell of particles, e.g., Ni particles®), Co
particles?) and ferrite particles®) exposed to the
samples in air. However, we exclude the oxidation as a
candidate for the origin for the non-magnetic shell
because we kept the particles in evacuated quartz tubes
after evaporation in this study with the purpose of not
exposing them to air. Further, provided that the
oxidation occurs during evaporation process, the
uniform magnetic structure should be recognized in
the PdFe particle even if the magnetism is weakened.
The neutron scattering data, however, denies such
uniformly oxidized particles. Thus, we believe that the
non-magnetic surface is not a result of the oxidation
process.
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Fig2 Schematic drawing of the intraparticle
magnetic structure of the PdFe fine particle.
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In Fe/Au trilaver” and multilayer” systems, the
existence of the magnetic indirect exchange coupling
and the antiparallel alignment of adjacent Fe layers
intervened by an Au laver was reported.  This implies
the occurrence of the giant magnetoresistance(GMR)
effect.  However the observed magnetoresistance
change is very' small” compared with tvpical GMR
systems like Fe/Cr” and Co/Cu®. In order to judge
whether the small GMR ratio Ap/p is duc to the
inhereni nature of the Fe/Au system or due to the
imperfect antiparallel alignment of adjacent Fe
niagnetizations, it is important to determine the detailed
magnetization process of the Fe/Au sysiem. As the
relevant property is the dilference in the magnetization
vectors of two Fe lavers Mpu—Mr.:, a conventional
magnetization curve mcasurcment cannot afford us
substantial information because it is related to the sum
of the magnctizations Mg, +My.». Neutron diffraction
is a unique method m this context because both the sum
My My and the difference My, My are obtaincd
from it.

We have carried out polanzed neutron diffraction
measurements of a multilaver sample of [Fe(9
AYAu(34.5 A)|x60 grown on a GaAs substrate with
using the TOP spectrometer.  The thickness of the Au
laver corresponds to the 2nd maximum of the
magnctorcsistance change as a function of the Au
laver.” The intensitics of the half and first order
Bragg peaks, which comc from the artificial periodicity,
were obtained at room temperature with changing the
applied field.  From thesce data and conventional AM-H
curve data obtained by VSM., we have clucidated a non-
uniform nature of the magnctization process of the
Fe/Au multilayer.

In this report, we will deal with the applied ficld
dependence of the sample polarization of the first order
peaks defined as Py=(/ 1 Y/(1.+), where J.(0) is a
peak intensity when the incident neutron polarization is
parallel (antiparallel) to the applied field.  We
considered ihree different magnetization processes and
compared the calculated polarization P, with observed

onc. The first model is that two magnctization vectors,

My and Mg, rolate uniformly with one vector
clockwisc and the other anticlockwise (Fig.1 model a).
The sccond is that (wo magnetization vectors take
cither parallel or antiparallel alignment and the relative
arcas of two magnetic domains change during the

magnetization process (model b), The third is a

Modcl a

ik

M, Fel M, Fe2

== 1t

weak field -« = = B  strong field

Fig.1 Three different models for the magnetization
Process

mixture of model a and b (model ¢).  We atiempt to it
the applied ficld dependence of 1) the hall order
diffraction intensity /;.~(H). 2) the first order diffraction
intensity /.(H) + I.(H), 3} the first order polarization
Py(H) and 4) magnetization curve M(H) based on the
models a, b and ¢. In the case of model a. fitting
parameters arc the saturation magnetization A/ and the
angle between the magnetization vector and the applied
field 0. In the casc of model b, the parameters are M,
and the relative ratio of parallel-alignment domain x...
In the case of model ¢, besides the parameters used in
the models a and b, the relative ratio of the magnetic
domam corresponding 1o the model a x, is a new
parameter  Afler several (rial and error processes, we
have determined O and x; from M/AM,.  As [or x,. we
simply assume x,=0.5.
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Fig.2 Observed {circie) and calcuiated (line) polarization
of the first Bragg peaks in model a.
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Fig.3 Observed (circle} and calcutated (line) polarization of
the first Bragg peaks in model b.
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Fig.4 Cbserved (circle) and calculated (line) polarization
of the first Bragg peaks in model c.

The applicd ficld dependence of the caleulated Py
based on the model a and the observed P is plotted in
Fig.2. The uniform  rotation model of the
magnetization vectors is oflen used in the analysis of
the AM-H curves consisting of the exchange coupled
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trilaver and/or multilaver systems.  Actually the
magnetization process of the Fe/Cr multilaver is well
reproduced with this model.”  However in the present
Fe/Au multilayer, the calculated P1’s are larger than
the observed ones in most field range, and especially in
the range of 30-90 Oe, the differcnce is much larger
than the experimental error. This indicates that the
magnetization process of the Fe/Au multilayer is by no
means a simple rotation of the magnetization vectors.
Figure 3 shows a comparison of the observed P, and
the calculated P, based on the model b. Obviously
this model cannot reproduce the observed date. The
calculated Py’s are always smaller that the observed
ones.

Failure in the fitting of the applied filed dependence
of the polarization 7, with the models a and b suggests
that the magnetization process of the Fe/Au multilaver
gocs through a magnetic multidomain structure with
large dispersion of the direction of the magnetization
vectors.  Thercfore we attempt to sum up two
magnetization processes, models a and b, The result
is shown in Fig.4. A reasonable fitting is obtained in
all applied ficld region. Of course there are so many
possibilitics of the magnetic domain structurcs if the
magnetization  process  develops  via magnetic
multidomain structures, and a unique solution cannot
be deduced from the obtained neutron diffraction and
magnciization data. However, these analvses indicate
that the magnetization rcorientation from antiparallel lo
parallel is a non-uniform process in the Fec/Au
multilaver.

References

1) A FuB, S.Demokritov, P.Griinberg and W.Zimn, J.
Magn. Magn. Mater, 103, 1.221(1992)

2) K.Shintakuy, Y.Daitoh and T.Shinjo, Phys. Rev. B47,
14584(1993)

3) M.N,Baibich, JM.Broto, AFert, FN.Van Dan,
E Pctroff, P.Eticnne, G.Creuzet, A Friederich and
J.Chazelas, Phys. Rev. Let. 61, 2472(1988)

4) D.H.Mosca, F.Pctroff, A.Fert, P.A. Schrocder,
W.P.Pratt Jr. and R Laloce, J. Magn. Magn. Mater.
94, LI(1991)

5) N.Hosoito, K.Mibu, S.Araki, T.Shinjo. S.Itch and
Y .Endoh, J. Phyvs. Soc. Jpn. 61, 300(1992)
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A Co/Cu multilayer is a typical example
which shows a giant magnetoresistance (GMR)
effect ®. The GMR effect is the phenomenon
which appears in metallic multilayers with a
structure alternate magnetic and nonmagnetic
layers. In these multilayers such as Fe/Cr ? ,
NiFeCo/Cu * and NiFe/Cu *, ferromagnetic mo-
ments in the magnetic layers are coupled antifer-
romagnetically through adjacent nonmagnetic
layers. The antiferromagnetic alignment is
changed to ferromagnetic one by an external
magnetic field. An anomalously large change of
resistivity is accompanied by the transition. As
well as this change of magnetic structure, it is be-
lieved that interfacial scattering of conduction
electrons is essential to the GMR effect. There-
fore the interfacial roughness between magnetic
and nonmagnetic layers is closely related to the
GMR effect. Up to now there are a lot of works
to reveal the relation between the interfacial
roughness and the GMR effect. Neutron reflec-
tion measurement is a powerful technique for the
investigation of such interfacial roughness. X -
ray reflection measurement is also available,
however, neutron has the advantage of X - ray
because the neutron is sensitive to magnetic mo-
ments in the multilayers.

Recently Co/Cu multilayers with different in-
terfacial roughness were synthesized by codepo-
sition of Co and Cu at the interface of these two
layers and have been investigated by X-ray dif-
fraction and NMR *. We have done the polarized
neutron reflectivity measurements of such Co/Cu
multilayers to study the interfacial roughness and
magnetic disorder at the interfaces induced by the
existence of mixed layers.

The Co/Cu multilayers are prepared on Si
substrates with the SiO, surface by a magnetron
sputtering. The samples are described as follows :
substrate / Fe( 50)/Cu(22 -t ,./2)/CoCu( ¢ .
)/ [Co(10-1¢ 5 )/ CoCul ¢, )/ Cu(22-1¢,,/2
)/ CoCul t,4 )]s/ Co( 10 -t )/ Cu( 22 - £,/ 2
), where the values in the parentheses are the
thickness of layers in units of A and the subscript
of the square bracket is the number of Co/Cu bi-
layer. The ¢ ;. expresses the thickness of the
Co/Cu mixed layers. The thicknesses of ¢ ,,, used
in this experiment are 0, 1.0, 1.5 and 2.5 ( A) .
Hereafter these samples are denoted by sample A,
B, C and D, respectively.

The polarized neutron reflectivity measure-
ments have been performed on the TOP spec-
trometer at KENS. Unpolarized neutrons with a
wavelength band of 3 - 9 A were polarized by a
polarizing neutron device which consists of Fe/Si
polarizing supermirrors and then introduced to
the sample. Collimation of the incident neutrons
was defined by two pairs of slit with distance of
1,800 mm and is 0.8 (mrad). The reflected neu-
trons were detected by one of positional channel
of a 1D position sensitive detectors where the re-
flected neutrons hit. The measurements covered
the @ range of 0.01 - 0.15 A" by changing the
scattering angles. In this report the data in the low
Q region are discussed. External magnetic fields
were applied in the sample plane.

Figure 1 shows the polarized neutron reflec-
tivities of the sample A in the field of 40 Oe
which is a guide field to maintain the polarization
of neutrons. The field is not large enough to de-
stroy the antiferromagnetic alignment of the fer-
romagnetic moments in the Co layers. Reflectivi-
ties when the polarization of incident neutrons is
parallel to the guide fields are plotted by open cir-
cles and that of antiparallel by solid circles. The
differences between open and solid circles are ob-
served although antiferromagnetic structures
should make no difference between them. This is
due to the ferromagnetic moments in the seed lay-
er of Fe on the substrate.

P

......:::_‘.:j, tmix=0{nm) |- 5
~-—|H=400a -

o1 4

Reflectivity

.01 2x10 ®

gAY

Fig. 1 Polarized neutron reflectivities of Co/Cu
multilayer with no mixed layer, sample A { ., =
0 A ). Open circles are reflectivities under the
condition that polarization of incident neutrons is
parallel to the guide field of 40 Oe, and solid
circies antiparallel.
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Fig. 2 Polarized neutron reflectivities of Co/Cu

multilayers with different interfacial roughness, sam-
pie A, B, C and D, respectively, in the ferromagnetic
alignment of the Co layers under magnetic fields of

2000 Oe.

Under the weak external field there are do-
main structures in the ferromagnetic Co layers.
Such domain structures which depend on hystere-
sis has an influence on reflectivities. To exclude
the influence of the domain structures the reflec-
tivities were measured in the ferromagnetic align-
ment induced by strong magnetic fields. The
magnetic field dependence of reflectivity curves
of sample A, B, C and D in the ferromagnetic
alignment induced by external fields of 2000 Oe
are plotted in Fig. 2. Open and solid circles are
the same as in Fig. 1.

Figure 2 shows that the difference of thickness
of the mixed layer, ¢ .., clearly appeared in the
profile of reflectivity curves. Preliminary simula-
tion of the ¢ ,;. dependence of the reflectivity
curves has been performed by using the standard
matrix method . In the calculation the mixed lay-
er was regarded as a homogeneous layer which
had the average density of scattering length of Co
and Cu atoms. In other words, interfacial struc-
ture of atomic configuration of Co and Cu atoms
was ignored. In this approximation the reflectivity
in the low Q region was insensitive to the ¢,
while the peak height and half width of half maxi-
ma of Bragg peak, which appears at around Q =

0.098 A (=2m /32 ( A)), from Co/Cu bilayer
was affected by the mixed layers. Although the
approximation is too simple to explain the ob-
served reflectivity curves shown in Fig. 2, it is
conclude that the polarized neutron reflectivity is
very sensitive to the interfacial roughness. The
analysis including the detailed structure of inter-
face is now in progress.

This work was supported by a Grant-in-Aid
for Scientific Research (A) (No. 05402011) and
(C) (No. 06640463) from the Ministry of Educa-
tion, Science, Sports and Culture .
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Systems consisting of single-domain
magnetic particles show spin-glass-like behavior
such as relaxation of remanence, susceptibility
peaks and irreversibility [[-6]. Such a magnetic
behavior 1s generally determined by the
intraparticle anisotropy and the interparticle dipole
interaction. When the intraparticle anisotropy is
dominant, the spin-glass-like behavior should be
interpreted based on the modified
superparamagnetic (blocking) model [4,5]. On the
other hand, when the energy of the interparticle
interaction is comparable with that of the
intraparticle anisotropy, the system exhibits
magnetically complex behavior based on the
magnetic  ordering via  the interparticle
interaction[6]. To understand such magnetically
complex properties of a strongly interacting system
in detail, we need information on the magnetic

structure, i.e., the interparticle magnetic correlation.

Neutron scattering experiment is particularly
appropriate for studying magnetic structure, since
it provides us direct information on the magnetic
correlations. However, there has been no detailed
neutron scattering study on the interparticle
magnetic correlation in single-domain particle
systems. In this study, we performed small-angle
neutron scattering (SANS) measurements on
MnZn-ferrite particles randomly dispersed in
polystyrene matrix in which a strong interparticle
interaction is realized [7].

In the present neutron scattering
experiment, we used unpolarized cold neutrons
with energy E ~ 1 meV. The measuring time of
this neutron scattering ‘measurement is ~10"% s
which is much shorter than the attempt frequency
V, of the present particle moments (~10° s).
Therefore, the neutron scattering measurements
observe the static particle moment at even
sufficiently high temperatures. In the case of
unpolarized cold neutrons, it is possible to deduce
only the magnetic scaftering attributed to the
interparticle magnetic correlation by subtracting the
background scattering from the total neutron
scattering obtained at low temperatures, because
the interference term between nuclear and magnetic

structure factors is automatically cancelled out.
The SANS intensity was measured at 78
and 320 K by using the time of flight (TOF) type
small-angle neutron scattering instrument (SAN)
installed at the guide hall of the pulsed neutron
facility (KENS) at the National Laboratory for
High Energy Physics (KEK). In the neutron
scattering experiment using the SAN spectrometer,
we used pulsed beams of incident neutron
wavelength in the range of 3 - 8 A, which makes it
possible to measure the scattering intensity over a
g-range of 0.008 < g < 0.2 A'. In this apparatus,
a two-dimensional position sensitive detector (2D-
PSD) system composed of 43 one-dimensional
detectors was positioned at 3 m from the sample.
The SANS spectrum of the polymer
matrix without particles was obtained as
background data. The scattering intensity from the
magnetic particles was extracted by subtracting the
polymer data from the total scattering intensity.
Fig.1 shows the g-dependence of the scattering
intensity I, from the magnetic particle obtained at -
77 and 320 K. The inset in Fig.1 shows the
difference between the SANS intensities at 77 and
320K, 15l The scattering line shape is
dependent on temperature at g-values less than
0.03 A' above which it is independent of
temperature. Therefore, the scattering intensity for

3 "} 2+
_— | {? R "TGK-‘,SZOX
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8
>
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Fig.l Thesmall-angle neutron scattering intensity
from particles [, as a function of temperature.
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Fig.2 The caleulated <F,{g)*> and the neutron nuclear

scattering intensity [, are plotted as a function of ¢
(Inset : S(g) vs g}

¢>0.03 A' is mainly attributed to the nuclear
scattering from particles. The nuclear scattering
intensity /,, from the particles are described by

IN(q) =Q <FN (q)2> S(Q) + Iincoh ? (1)
where ¢ is a constant related to the number density
of particles and the instrumental coefficient, F, (¢)
the nuclear scattering amplitude, S{(g) the structure
factor and I, ., the incoherent scattering intensity.
The bracket <...> represents the average over the
distribution of the particle size. Since [, is
negligibly small under the present condition, we
can estimate S(g) by calculating <F, (g)°>. To
calculate <F,, (g)*>, we took account of the particle
size distribution obtained by the transmission
electron microscopy (TEM) observation. The
nuclear scattering amplitude F,, (g) is given for
spherical particies as follows:

FN(q)— n(b by)a'g (ga)
(2)
4
+§»an aS3g (qag)
g(x)=3(sinx—x cosx }/x" (3)

where a and a; are the physical radius of particles
and whole radius of a particle including the
surfactant Jayer, b and b are the nuclear scattering
length densities of the particles and the surfactant
material, respectively. Fig.2 shows the calculated
value of <F N(q)3> and the obtained nuclear
scattering intensity [, as a function of g. The inset
of Fig.2 shows S(g) estimated based on Eq. (1). A
peak in S{g) is shown around ¢=0.104 which
corresponds to the average interparticle distance
<d>=60.4 A . This mterparﬂcie distance suggests
that the surfactant layer of a particle is in contact
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Fig.3 Inverse intensity 1/1, vs & plot.

with those of the neighboring particles. Thus, the
strong interparticle interaction is expected in this
sample.

The inverse magnetic scattering intensity
1,/ is plotted against ¢” in Fig.3. The solid straight
line in Fig.3 denotes a conventional Lorentzian
obtained by the least-squares fitting performed
over a g-range from 0.015 to 0.03 A'. However,
L/ is insufficiently represented by the Lorentzian
at low g. The dofted line in Fig.3 denotes the
function of Lorentzian (LOR) plus squared
Lorentzian (SLOR) with the same inverse
correlation length x for both terms:

I(q)= A + B 4
(7 2+x7) (q2+x%) (4)

where A and B are the LOR and SLOR coefficients.
It is found that the magnetic scattering line shape at
78 K is well described with the function of LOR
plus SLOR appropriate for a system in which
random fields destroy the long-range order. It is
well known that the LOR term represents the long-
range spin fluctuation while the SLOR is used to
describe the short-range spin fluctuation [8,9]
relevant to the destruction of ferromagnetic
ordering by the random field {10] or the random-
size cluster formation [11]. This suggests that in
the present sample local ferromagnetic cluster
configuration is attained through the interparticle
dipole interaction at 77 K, where the long-range
order does not exist probably due to the random
field. The origin of the random field is expected to
be the intraparticle anisotropy, since the anisotropy
axes of particles are randomly oriented in the
present sample. In the present system, however,
the intraparticle anisotropy energy E, is about ten
times smaller than the interparticle interaction
energy £, We must check the feasibility of such




weak intraparticle anisotropy for the random field
which prevents the occurrence of the long-range
order via the interparticle interaction in the present
system. A magnetic property of a ferromagnet with
such weak random anisotropy was theoretically
studied by Chudnovsky et al [12]. According to
their study, for such weak anisotropy case, a long-
range order is destroyed by the random anisotropy
and divided into domains. Moreover, Fe-rare earth
metal amorphous alloys with such weak
anisotropy 1s experimentally studied by means of
small angle neutron scattering, and a reduction of
correlation length due to the random field effect
was observed [13]. Their results are consistent
with our picture which explains the result of the
present neutron scattering experiment. Therefore,
we believe that intraparticle anisotropy behaves as
an effective random field.

In conclusion, the neutron magnetic
scattering line shape of the MnZn-ferrite particles
randomly dispersed in polymer is well represented
by the function of Lorentzian plus squared
Lorentzian which is appropriate for a random
anisotropy field system. The local ferromagnetic
clusters form via the interparticle interaction at 78
K in the present system. The intraparticle
anisotropy could have a random field effect which
prevents the occurrence of the long-range order via
the interparticle interaction.
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In the low-dimensional antiferromagnetic
(AF) system, quantum effects are extremely
important for the spin dynamics at low
temperature, The strong quantum spin
fluctuation brakes the classical Néel state.
However, detailed physical pictures are not
entirely understood. In additon, their
intrinsic physics links with high temperature
superconductivity. Therefore study on the
ground state of the quantum spin system is
one of the most attractive and important
problem in the modern solid state physics.

Recent discovery of the first inorganic
spin-Peierls(SP) compound CuGeO;[1]
(T, ,=14K) have an important meaning.

SP transiton is a structural phase
ransition which is combined to the spin
system, and occurs in a strong fluctuated
spin system. Hence CuGeO, is one of the
ideal compounds to study quantum
magnetism as well as SP transition itself.
Therefore, we have performed inelastic
neutron scattering measurements in order to
investigate the spin dynamics of CuGeO,
and to clarify some possible difference from
that of the uniform AF system. Experiments
have been done on the INC spectrometer
installed at the KENS pulsed neutron facility
of National Laboratory for High Energy
Physics in Japan. We prepared five single
crystals grown by the floating-zone method.
The volume of each crystal was about 5 X 10
X25mm® and the total weight was 12.8g.
The sample was mounted, as the one-
dimensional chain direction (c*-axis) is
vertical and perpendicular to the incident
neutron beam, so that the magnetic
excitation spectrum in the wide range of the
g-0 space can be observed simultaneously.
The experiment was performed at 10K, with
incident energy Ei=35meV and 90meV.
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The magnetic excitaion of one
dimensional AF system is characterized by
a spin excitation continuum which results
from spin fluctuaton It is surrounded
between lower excited state, ie., des
Cloizeaux-Pearson (dCP) mode{2,3]. and
the upper state with twice the energy and
periodicity of dCP. They are illustrated in

. Fig.1 with scan loci of time of flight (TOF)

scans made by detectors of INC when the
c*-axis was aligned vertical to the incident
neutron vector k, with Ei=90meV

Figure 2 indicates the observed S{q,®)
along each solid line in Fig.1 with the
calculated S(q,m) in which the experimental
resolution was taken into account.[5] Their
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Fig.1 Magnetic excitation spectrum and TOF
scan loci for INC.



scattering angle are 8.5° ,19° and
24° ,respectively. The continuum region
can be seen along each scan locus. The
intensity along the high angle detector agrees
well with theoretical result. However, the
intensity along the low angle detector cannot
be reproduced by using the same parameters.
The observed intensity is strong at the zone
boundary(ZB) where scan locus crosses
dCP mode. This behavior is consistent with
each results for different geometrical
configurations of the measurement and

incident energies.
Though the one dimensionality of the
magnetic correlation of CuGe0, is

g0t
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4101

2101}

Intensity [arbitrary units]
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Energy Transfer [meV)

Fig.2 The comparisicn of the observed S(g,w)
with the calcnlated resulis along each scan locus.

considerably relaxed, the spin excitation
continuum can be seen clearly in our
experiment. Hence, we should consider in
more detail what is the origin of spin
fluctuations. Recently, it was reported that a
competing exchange interaction between
nearest neighbor(NN) and next nearest
neighbor(NNN) has an important role for the
magnetic properties of CuGeQ,{6,7]. This is
one the possibility.

The observed intensive peak at the ZB is

consistent with previous result under
independent condition.[8] Therefore, we
consider that the intensive peak at the ZB is
characteristic of CuGeO,. However, the
behavior can not be seen in the experimental
result of uniform AF system which was
obtained by Endoh et al., Nagler et al., and
Dender et al., respectively.[9,10,11]
The difference also could be explained by the
competiion between NN and NNN
interaction. We should compare our results
with theoretical results for SP system which
is taken a competing of interaction and
dimensionality into account.

[1] M.Hase et al.,, Phys. Rev. Lett. 70,
3651 (1993)

[2] T. Yamada, Prog. Theor. Phys. Jpn. 41,
880 (1969)

[3] J.des Cloizeaux and J.J.Pearson, Phys.
Rev. 128, 2131 (1963)

[4] S.E.Nagler et al.,, Phys. Rev. B 44
12361 (1991)

[5] G.Miiller etal., Phys. Rev. B 24, 1429
(1981)

[6] G.Castilla et al., Phys. Rev. Lett. 785,
1823 (1995):

(7] S.Haas et al., Pyhs. Rev. B 52, R14396
(1995)

[8] M. Arai etal., Phys. Rev. Lett. 77 3649
(1996)

[9] Y.Endoh et al., Phys. Rev. Lett. 32 170
(1974)

[10] S.E.Nagler et al., Phys. Rev. B 44
12361 (1991)

f11] D.C.Dender et al., Prys. Rev. B 53
2583 (1996)

— 147 —




Neutron Depolarization Measurements of YBa,Cu,0,;

K. KURAHASHI, M. TAKEDA, Y. ENDOH and S. ITOH*

Physics Department, Graduate School of Science, Tohoku University, Sendai 980-77
*National Laboratory for High Energy Physics, 1-1 Oho, Tsukuba-shi, Ibaraki 305

The mixed state in high-7, superconductors has
been intensively investigated in order to deter-
mine the symmetry of Cooper pairs (s - wave or d
-wave). Neutron depolarization is one of the use-
ful techniques to study the symmetry ". We have
done depolarization measurements of a single
crystal of YBa,Cu,0,,(YBCO) which was grown
by TSSG (Top Seeded Solution Growth) method.

Neutron depolarization measurements have
been performed on the TOP spectrometer at
KENS. The wavelength dependencies of depolar-
ization are shown in Fig. 1. The sample was
cooled down under a magnetic field of 120 Oe
which was removed before starting the measure-
ments. During the measurements a weak external
field (7 Oe) was applied to the sample in order to
maintain the polarization of incident neutrons and
to make its direction to be perpendicular to the
trapped flux. In Fig. 1, the oscillation of depolari-
zation spectra appeared with decreasing tempera-
ture. This indicates that magnetic flux was ex-
cluded from the pinning centers due to thermal
fluctuations near 7, (~ 65 K ).

Figure 2 shows the lower critical field, H,, ,
parallel to the ¢ -axis which was determined by
fitting the depolarization spectra obtained in the
following procedure with the Bean model . After
zero field cooling, a weak magnetic field was ap-
plied parallel to the ¢ - axis for one minute and
removed before the measurements. When the
magnetic fields were higher than H,,, the magnet-
ic flux penetrated into the sample and the depor-
alization spectra oscillated against wavelength. If
no oscillation appeared at one measurement, the
magnetic fields were slightly increased at the
next measurement. The procedure was continued
until the oscillation was observed. H,, was de-
fined as the lowest field in which the oscillation
occurs. As a preliminary result, the temperature
dependence of H,, indicates the s - wave symme-
try of Cooper pair.
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Space time symmetry violation

Y. Masuda

National Laboratory for High Energy Physics, 1-1 Oho, Tsukuba-shi, 305 Japan

In this report, we discuss the experimental studies on P- and T-violation in neutron nucleus

interaction which have been carried out in the PEN collaboration. The members of the collaboration
are T. Adachi (KEK), K. Asahi (TIT), S. Ishimoto (KEK), A. Masaike (Kyoto), Y. Matsuda
(Kyoto), K. Morimoto (KEK), S. Muto (KEK), K. Sakai (TIT), H. Sato (TIT), H.M. Shimizu
(Riken), A. Yoshimi (TIT) and some other students. We have been carrying out the P-violation

experiments and developing experimental methods in order to carry out the T-violation experiment.

Here, the summary of these studies.
I Introduction

Since the discovery of the parity (P)
violation in nuclear f decay, symmetry
violations under space and time reversals have
been a matter of great concern in fundamental
physics. Many experiments have been carried
out on P-, T- and CP-violating processes.
Experiments in the baryon-baryon interaction
give us unique knowledge of the weak
interaction, the quark-quark neutral current.[1]
In the low energy nuclear processes, the weak
interaction is discussed in terms of meson
exchange, since heavy weak boson exchange is
suppressed in nucleon-nucleon (NN)
interaction by the nuclear repulsive core. W or
Z exchange is hidden in the nucleon-nucleon-
meson (NNM) vertex. In the NN weak
interaction, no contribution is from w®°
exchange according to the Barton's theorem.
n¥ exchange by the charged weak current is
suppressed by a factor of sin?8,, while nt#
exchange by the neutral current has no
suppression of the Cabibbo mixing. 6, is the
Cabibbo angle. The next light meson is p
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meson. Since p meson is a vector meson, the
Cabibbo-allowed amplitude in p exchange is
not suppressed by the Barton's theorem. The
contribution of p exchange is relatively
enhanced,

The effect of the weak NN interaction is
found in a helicity dependent term. The
helicity dependent term induces a small spin
rotation around the momentum and a helicity
dependent cross section. In neutron
propagation through a Bi target, the spin-
rotation angle is 6y = 6 x 10-9 rad/cm.[2] The
value was estimated by using the sum of P-
violating NN interactions in the nucleus.

In nuclei, the small P-violating effect is
occasionally enhanced. The spin rotation for
cold neutron propagation through a 117Sn
target was found to be 8,, = (3.7+0.3) x 10-3
rad/cm .[3] Large P-violating effect was also
found in p-wave neutron-nucleus-resonance
cross sections.[4.3.6,7] The enhancement has
been explained in various ways.[8: 9,101 One
of them is an s- and p-wave parity mixing in

the compound nucleus resonance. The s-p




mixing theory predicts large enhancement also
in T-violating effect.

P- and T- violating NNM couplings
induce 7-violating neutron propagation through
a nuclear target as well as the neutron electric
dipole moment (EDM). The neutron EDM
gives us a limit for the P- and T- violating
NNM coupling constant.[11:12] If we take the
ratio of a T-violating to P-violating term in the
polarized neutron propagation, nuclear
uncertainty is greatly reduced. As a result,
comparison with the neutron EDM becomes
possible.

Here, we discuss P- and T-violating
experiments on the neutron propagation

through a nuclear target.
IT P- and T- violating neutron propagation

The effect of the neutron-nucleus
interaction upon propagation through a target is
found in a phase shift of a neutron wave.
After propagation through matter, the neutron
wave is represented in terms of a incident
neutron wave ¥; and a interaction Hamiltonian
Hy.

W=exp(-iHit/%h) ¥,. (O

The exponential term is a dynamical phase
shift. The dynamical phase shift upon
propagation through a nuclear target is
represented in terms of forward scattering
amplitude f{0),

A= -Hit/h=A1pf0). 2)

Here, A is the neutron wave length, [ a

neutron propagation length and p a nuclear
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number density. The general form of the

scattering amplitude for the polarized nucleus
can be described asl13,14]

fO=Fo+Froy +Fy0y +F30;

—Fo+Fio-1 +F0-(kxD+Fs0-k.

(3)
Here, ¢ is the Pauli spin operator, I the
nuclear spin and & the neutron momentum. Fj
(i=0, 1, 2, 3) are spin dependent scattering
amplitudes. The phase shift A is represented in
the same form as Eq. (3) by replacing F; with
;.

¢; = AlpF;. 4)

The first and second terms of Eq. (3) are the
coherent scattering amplitude and spin
incoherent amplitude, respectively, which are
due to the strong interaction. The fourth term
is a P-violating weak interaction term. In the
low energy neutron-nucleus resonance, the P-
violating effect is greatly enhanced because of
very narrow level spacing between resonance
states. Further enhancement is expected in the
p-wave resonance because of a difference in a
centrifugal barrier between s- and p-wave
states. According to the s-p mixing theory, the

P-violating scattering amplitude is represented
as{11]

F3ocd {N I (E - E + ily2)}
(s | Hylp YN TV /(B - By + iTp/2)). 5)

The real part of F5 induces a neutron-spin
rotation around its momentum by 2Re{d3) rad.
In the p-wave resonance, the rotation angle has
a dispersion like shape as a function of neutron
energy. The imaginary part induces a helicity




dependent cross section. The helicity
dependent cross section has a form of Breit-
Wigner shape.

The third F7 term in Eq. (3) is a T-odd
and P-odd triple correlation term. The
measurement of the Fo term has three
advantages as a T-violation experiment.
Firstly, a large enhancement is expected as in
the P-violating term. Secondly, the effect is
free from final state interactions, since the
initial and final states are the same plane wave.
Thirdly, the ratio of the T-violating to P-
violating term is insensitive to the nuclear
wave-function. As a result, the measurement
can be compared with other elementary-particle
experiments, for example neutron EDM
measurements. Therefore, many experimental
methods have been proposed to measure the
triple correlation term,[14:15,16,17]

I, Measure of T-violation

We discuss a new method, where the
neutron spin rotates by 180° around the nuclear
spin from the forward to backward direction
during propagation through a polarized nuclear
target. The T-violation effect is found in a
change in a neutron-spin-flip probability upon
the reversal of the incident neutron spin,
nuclear spin or neutron-spin rotation.

The density matrices of the incident
neutron-spin state is

p=12-(1+P,-0). (6)

P, is an incident neutron polarization. After
propagation, the density matrix is modified in
the presence of the phase shift as
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pi=F p Fi, )
where, F' 1s
F = exp(id). (8)

The flipped neutron spin state is singled out
after the propagation. The selection of the spin
state is represented in terms of the projection
operator for the parallel or anti-parallel spin
state to the z axis,

P=172-(1+P;y 0). )

P, is an analyzer nuclear polarization. In the
ideal experiment, the incident neutron spin and
analyzer polarization are along the neutron-
momentum axis (z axis) and the nuclear spin
along the x axis. In a real experiment, we can
not exclude small misalignment in the neutron
spin and nuclear spin.[18:19] The effect of the
misalignment is explained in terms of mixing
angles €'s, &'s and &'s for incident neutron
polarization, analyzer polarization, nuclear
target polarization (Pp), respectively. The
poalrizations and spin dependent phase shift

are represented as

Py = (&xPo, &yPo, Po), (10)
Py= (‘sxPa, éyPaa Pa), (11)
Py = (P1, 6yP1, 0,P)). (12)

(@1, ¢2', 93') = (91P1, 6y01P1 + 2Py,
091 P1+ ¢3). (13)

Here, we neglect higher order terms of ¢2.

The change in the spin-flip probability upon

reversal of the incident neutron spin is

Ry - R =Tr(Fp(Py) Ff P(-Pp))




- Tr(Fp(-Po) Ft P(Py)
= exp(-2Im(¢p)) {-[2&xPo - 2&xPa + 26y Po0y -
28yP a8y +2(P, - P,)d;) cosh sinb /b Py Im(¢)
+[28xPo Oy + 28 Py - 28yPo - 26y Py
(sinb /b)2 Py Im(; ¢3*%)
- 2(Py - Py) cosh sinb /b Im(¢s)
+ 2Py + Py) (sink /b)2 P2 Im(¢ ¢p™)). (14)

Re(¢p) - Im(¢3) and Re(¢1) - Im(¢,) terms are
dominant in the second and fourth therm in Eq.

(16), respectively, since

= Re(¢1) + 6472 (17
v P-violation experiment

The experimental arrangement for the
P-violation experiment is shown in Fig. 1.[20]
Neutrons from a spallation-neutron source at
KEK are polarized upon transmission through
a polarized proton filter. After the neutron
polarizer, the neutron spin is held by a

longitudinal magnetic field in a neutron

beamline up to a flipper section, where a

Im(¢3) » Re(¢3) (15)
Re(¢1) » Im(¢1) (16)

horizontal transverse (y axis) dipole magnet is
placed. The direction of the magnetic field is
gradually rotated from the longitudinal to
in the p-wave resonance of 139La at E; = 0.734
eV. Here,

transverse direction so that the neutron spin
follows the magnetic field change. The
magnetic field at the flipper is reversed at a
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Fig. 1 Experimental arangement for P-violating neutron-spin rotation.
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suitable period. The neutron spin is also
reversed upon the reversal of the field. After
the flipper, neutrons enter into a niobium
superconducting box,[21: 22} in which a 5-cm
length and 3-cm diameter lanthanum target is
placed. The neutron spin enters into the box
without any change in its direction, because the
rate of the magnetic field change is very fast
compared with the Larmor frequency. In the
box, magnetic field is less than 1 mG so that
the Larmor precession is negligible. The
neutron spin rotates by 8y = 2Re(¢3) rad upon
transmission through the target, then enters
into a downstream dipole magnet. The
direction of the downstream dipole field is
vertical (x axis). The vertical component of the
neutron polarization, Py sin 8y, is held by the
downstream field and is guided to a polarized
3He neutron polarimeter.[23] A flipping ratio R
for neutron counting upon the reversal of the

incident neutron spin is

R=(T,-TY(T+T)
= A(BHe) - P, sin By (18)
A(3He) = tanh(p I 0, Pye).  (19)

Here, T5 are neutron counts for non-flipped
and flipped spin states, respectively. A(3He) is
an analyzing power of the polarized 3He. o,
is the neutron cross section of the 3He nucleus
and Py, is the 3He nuclear polarization. The
analyzing power is 31% for a 6.4 x 1020
atoms/cm? thick and 50% polarized 3He filter
at £, = 0.7 eV. A preliminary result is shown
in Fig. 2.[241 The solid curve is a predicted
rotation angle by the s-p mixing theory. The
present result is consistent with the s-p mixing
theory. The measurement is continued to get
higher counting statistics.
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Fig. 2 P-violating spin rotation in the p-wave
resonance of 139La atE, =0.734 eV,

v T-violation experiment

The experimental scheme of the 7-
violation experiment is shown in Fig. 3.[25]
The apparatus of Fig. 3 will be placed at the
position where the superconducting box for the
P-violation experiment is placed. The neutron
spin is manipulated as follows. After
transmission through the polarizer, the neutron
spin is held by the static magnetic field in the
neutron beamline up to the flipper section. The
magnetic field of the flipper is along the y axis.
After the flipper, neutrons enter into a 90° coil
through a superconducting sheet. In the 90°
coil, the magnetic field direction is along the x
axis. The neutron spin rotates from the y to -z
direction before entering into a polarized
nuclear target. In the target section, a
magnetic field (Hp) is applied in order to hold
the nuclear polarization. In addition to the
magnetic field, neutrons see a field called
"pseudomagnetic field (H*)" due to the F{ term
during transmission through the target.
Therefore, the neutron spin rotates around the
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sum of these fields, (H, + H*). The magnetic
field is adjusted so that the rotation angle is
either 1809 and -180° during the transmission.
After the transmission, the neutron-spin rotates
from the z to y direction in another 90° coil and
is then analyzed by the 3He neutron
polarimeter. If we use the same neutron-spin
manipulation which was used in the P-violation
experiment, a rotation-angle accuracy of 86 <

1.7 x 10-3 rad is possible.

Lanthanum nuclear polarization is
developed at KEK for a LaF3 or LaAlOj3 single
crystal.[26%. 27] Paramagnetic centers are doped
into the lanthanum compound single crystals
for the electron-spin resonance (ESR). The
paramagnetic electron polarization which is
almost 100% at a temperature of 0.5 K and a
magnetic field of 2.3 T, is transferred to a
nuclear spin system upon the ESR. The

polarized nuclear
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|

neutron spin
polarizer

—_— [T S

flipping
magnet
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S N
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Fig. 3 Experimental scheme for 7-violating neutron-spin rotatton.
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Fig. 4 NMR signals of 27A1 and 139La nuclei in a LaAlOs3 crystal.




microwave frequency for the ESR is 70 GHz.
The nuclear polarization was observed by
nuclear magnetic resonance (NMR) and
neutron transmission.[28] A typical example of
the NMR is shown in Fig. 4. The left-side
pictures are the NMR spectra for 27Al (I = 5/2)
nuclei in a LaAlOj single crystal. The single
NMR line for dm = %1 transitions between
Zeeman levels splits into 5 lines as it is shown
in Fig. 4 because of a quadrupole ficld in the
crystal. If we assume thermal equilibrium for
the nuclear polarization, magnetic substate
population, ay, is

am o< exp(-En/kT). (20)

The difference in the NMR signal amplitude in
Fig. 4 is explained by Eq. (20). The nuclear
polarization is reversed, if we shift the
microwave frequency for the ESR, for example
by
150 MHz. The result is shown in the lower
side of Fig. 4. For the 13%La (I = 7/2) NMR,
the result is shown in the right-side pictures.
Other 6 NMR lines are out of the frequency
modulation range, since the quadrupole
coupling for the lanthanum nucleus is large.
The nuclear polarization was also
measured by using the #1 term in Eq. (3). The
1391 a nucleus has a s-wave resonance I=73)
at E, =72 eV. The neutron transmission 7T for
polarized nuclei becomes

T'= T, cosh (P1o,pl). (21)

T, is neutron transmission for unpolarized
nuclei. In Fig. 5, a neutron transmission
spectrum T, and a ratio T/T, are shown. The

effect in the ratio shown in Fig. 5 corresponds

fransmission Tg
{arbitrary unit)
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g .
- 1 Fil. B b
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’ 500 600
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Fig. 5 Neutron transmission of a LaAlOj
crystal. The polarization effect is found at the
transmission dip at ~520 ch which is due to 72-
eV resonance of 139La,

to the lanthanum nuclear polarization of about
10%.

The systematic errors in the 7-violation
experiment are discussed in the followings.
The first and third terms in Eq. (14) are
canceled by the rotation reversal, the sign
reversal of Re(¢h1). In the second term of Eq.
(14), the first and second terms are small.
Therefore, the essential point to reduce the
systematic error is to control the mixing angles
gy and £y. The second term in Eq. (14) is
canceled by reversing the nuclear polarization
Pj. However, the magnetic field is also
changed upon the reversal. It may induce a
change in the angles, &y and &y. In this case,
we can not cancel the effect of &, and &,.[19]
In the target arrangement in Fig. 3, the distance
between the superconducting sheet and the
target, where we can not control the neutron-
spin rotation, should be very small. An 1-um

distance corresponds to a mixing angle
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uncertainty of 1.5 x 10-3 rad at 1 kG. For
comparison with the neutron EDM, a ratio of
the ¥4 to F3 term, 7 is used. The mixing angle

uncertainty corresponds to an error of the ratio,

dn<1.5x103 foralpum
distance (30)
dn<15x 104 fora 0.1 um

distance. (31)
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Design for a new high resolution powder diffractometer, Sirius
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Since superconductivity "fever" spread around the
world, neutron powder diffraction has become much
popular and been widely used by crystallographers,
physicists, chemists, mineralogists, and materials
scientists. The resolution, Adid, of 2-5x107% is
usually adopted for high resolution neutron powder
diffractometers because usual unit-cell volumes of
many materials of interest are less than 1000 A3
Figure 1 shows the distnbution of unit-cell volumes
measured on HRPD and POLARIS diffractometers
reported in a RAL report.!

] { ] { | [ I 3
0 2 4 6 8 10 14x10
V(A%

Fig. 1  The distribution of unit-cell volumes indicates most
of materials measured had unit-cell volumes less
than 1000 A (see text).

In the cubic cell of dimension, a for example, the
separation, dd, between adjacent Bragg peaks in the
POLARIS diffractometer (Ad/d = 5x107* ) is larger
than the peak width Ad for d > 1 A and POLARIS
could give 90 resolved peaks for a = 10 A and d > 1
A. This number is a measure that number of atomic
parameters should be much less than this one. Of
course, the Rietveld method is powerful in extracting
structural information from overlapping reflection to
some extent, but still dd/d could be used as a measure

of complexity that can be solved by powder
diffraction. For C with a = 14 A, Vega® (2-3x107%)

gives resolved Bragg peaks at d = (0.9 A. Separation
of peaks at smaller 4 is important to determine the

local atomic displacement.

In the system with lower symmetry, reflection
multiplicity, m, decreases by 1/24 at most and total
number of reflections, N, increases; for triclinic
crystal system, m is at least 2 because of the Friedel’s
law. Generally, 8d/dis &mi2nVand Nwith d>d, 1s

given by N = 2aVi3md *, where V is the unit-cell
volume. This formula indicates that doubling the unit
cell volume doubles N and requires 2-times betler
resolution.

In the discussion given above, only the average
density of Bragg peaks is considered. This is not
satisfactory for most cases. In order to observe subtle
symmetry changes, required resolution is much
higher. Figure 2 shows part of diffraction pattern of a
distorted spinel (V = 560 A%) measured by Vega?
Careful analysis enables us to convince that the
crystal system is no longer cubic. However the result
of the analysis would depend on the model one
chooses.
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Fig.2  Part of diffraction pattern of a distorted spinel (V =
560 A% measured by Vega. Calculation mode! is
based on the cubic crystal system.
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Y bInCu, (cubic, V =370 A?) exhibits a first-order
valence phase transition at 40 K from an Yb*" state to
a valence fluctuating state without any symmetry
change. Change in « is less than 2x10~*.  With usual
resolution data, the result of the Rietveld analysis
depends on the profile model in the region where two
phases coexists, becanse diffraction patterns of both
phases have resemblance® Similar sitnations occur
quite often in the first order phase transition. Then,
higher resolution is necessary even if the density of
Bragg peaks is small.

High resolution would open up other new
possibilities: ab initio structure determination using
direct methods, struclure refinement of more
hydrogenous samples, accurate lattice parameter
determination and studies on line broadening effecis
from small crystallite size, strain, stacking fault, anti-
phase domain boundanes and composition variations.

There are increasing demands for higher resolution
neutron powder diffraction experiments at KENS.
Higher resolution will permit to explore the larger
unit-cell volume where the average Bragg intensity
will decrease with increasing V. Since neutron beam
intensity at KENS is 40 times weaker than ISIS,
resolution must not be obtained at the expense of
intensity. This makes it difficult to simply copy the
existing  diffractometer. Motivated by these
requirements, we have designed a new high resolution
time-of-flight (TOF) powder diffractometer, Sirius (it
was called HRP-II in the COE budget proposal)
which has a resolution of Ad/d = 1x 10 at the best.

Since no choice of changing the 20 K CH,
moderator to poisoned one, long flight path is
essential to achieve high resolution. Flight path of
more than 40 m is required to satisfy Adid = 1x107
Longer the flight path, shorter the d range at one
experiment. The d range should be larger than 2.5 A
in the Rietveld refinement that corresponds to 40m in
the 20 Hz pulsed source.

Long flight path demands the use of a neutron
guide tube to avoid loss of intensity.” If natural nickel
15 used for the coating materials of the guide, the
intensity is very small at shorter wavelength than 4 A
while resolution can be selected easily. These are
tmportant for powder diffractometer because number
of Bragg peaks is large in this region. In the case of
NiC/Ti-supermirror with critical angle 3 times larger
than that of natural nickel, the intensity around 1 A is
large but inhomogeneity might cause loss of intensity
at long wavelength at the end of long flight path.
Considering future use in JHP, we decided to use
supermirrors with the beam cross section of 4 cm x 5
cm manufactured by Osmic Inc. Since inhomogeneity

wag expected, the guide tube started at 5.5 m from the
moderator, 0.5 m from biological shield. The total
length of guide tube, 28.5 m was chosen to meet the
geometrical limitation. Curved guide is preferable to
avoid fast neutron contamination, but 40 m is short to
have both curved section and straight section.

An overall flight path of 39.5 m introduces {rame
overlap that may be eliminated by a tail cutter. The
tail cutter is designed to rotate at 20 Hz and enable
wavelength window of 5 A that corresponds to the d
range of 2.5 A and beam window of 45 degree.
Between the end of biological shield and guide tube
entrance, a beam shutter and the tail cutter are
situated.

Because the COE project of Sirius should be
completed within one year including design work, we
had no time to develop a new detector system. We
decided to adopt PSD system similar to that of
Vega,?® The PSD-VME data-acquisition system
adopted in Vega involves a VME single-board
computer with a 68040 processor for data handling.
In Sirius, CPU is removed from VME and the
position-encoding, data-transfer and histograming are
carried out by Macintosh.

Fig. 3 illustrates a layout of Sirius with large
backward band and 90 degree banks comprising one-
dimensional PSD's. Each PSD has a diameter of 1.27
cm and an effective length of 60 c¢m, containing 10
atm of *He with appropriate stopping gases. The
secondary flight path of 2 m is adopted to reduce
colfAB contribution 1o the resolution. Contrary to
Vega, backward bank cannot be evacuated because
detector area is as large as 3 x 3 m. The supporting
frame against a vacuum window produces large dead
area of idetectors, which restricts detector solid angle
in Vega. Then, backward bank is separated from the
sample chamber and filled with He gas. The neutron
beam is transported by evacuated collimator tube
which runs through the backward bank to the place
near the sample position.

A detailed account of the resolution and profile
function of Sirius will be given elsewhere.” The
results of resolution calculation are shown in Fig. 4. It
is noted that, using long wavelength, long d diffraction
can be carned out with excellent resolution.

As for the resolution and intensity, two types of
diffractometers are required in practice at KENS: a
high resohition instrument with data-collection time
of several tens of hours, and a high intensity one with
data-collection time of several tens of minutes. Sirius
has these two features. The resolution and intensity
can be selected by changing slit between the end of
guide tube and the entrance of collimator tube. The
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calculated ratio of mtensity of Sirins to that of Vega is
at most 13 times larger which will not be far from the
real value”; The preliminary measurement of
intensity ratio at monitor posilions indicated 15.1+0.2,
Then, high intensity mode is one of promising
applications of Sirius. [t enables us measure intensity

data for small amounts of samples, e.g., those
containing expensive clements (isotopes) or those
prepared under special conditions.

This research was supported by the COE project of
the Ministry of Education, Science, Sports and Culture.
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Fig. 3  High resolution TOF powder diffractometer Sirius,

0.5

Fig. 4 Aesolution and @ range. (a) 90° bank of Vega,
(b) backscattering bank of Veqa, {c) backscatiering
bank of Sirius, (d) backscattering bank of Sirius
(long-wavelength mode), (&) 30° bank of Vega, (f)
angle-dispersive type with a1 = a3 =8, 02 =2 f§ =
20,26, =90°, A=182A.
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Supermirror Guide Tube on HRP-II
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A guide tube is a device transporting neutrons to
an instrument installed far from the neutron source,
ideally without intensity loss, via total reflection from
the smooth surface of the neutron guide coating.
Among common materials, natural nickel has been the
best choice for the coating with the critical
wavenumber, QNi=0.0217A-!. The critical angle (8;)
of the total reflection from nickel surface for a neutron
wavelength, A(A), is 8:=(QNi/4m)A=1.73Amrad. The
critical wavelength of a guide tube (A¢) is mainly
determined by a geometrical configuration between the
moderator and the guide tube. The transported neutron
intensity at the exit of the guide tube is proportional to
the solid angle of the moderator at the entrance of the
guide tube at A>A¢, and, at A<A., the transported
intensity decreases as A decreases, where the beam
divergence is limited to the A-dependent 8. Therefore,
Ac can be obtained to be a wavelength with 8,=6¢,

where 8y, is the glancing angle of the moderator at the
guide tube entrance.

On the high resolution powder diffractometer,
HRP-ILD installed at the C3 beam line at KENS, a
guide tube with the length of 28.5m and with the beam
cross section of 4 ¢cm x 5 cm (width x height) is
installed between the moderator and the diffractometer.
The distance between the moderator and the guide tube
entrance is 5.5 m and the moderator surface area of 8
cm x 10 cm can be seen at the entrance. If natural nickel
is used for the neutron guide coating in this system, A¢
becomes about 4A and the transported neutron intensity
drastically decreases at shorter wavelengths required on
HRP-II. In order to gain more transported intensity at
shorter wavelengths on HRP-II, we decided to use a
guide tube, comprising supermirrors with the critical
wavenumber of 3Q:Ni, manufactured by Osmic Inc.

The principle of a supermirror is to use
multilayers with slowly varying d-spacings which give
a superpositioning of Bragg reflections over a range of
wavelengths from Apin to Amax. If the wavenumber
corresponding to Amax, i.€., maximum d-spacing, is
chosen to be the critical wavenumber determined by the
average scattering length density of all over the
multifayer coating, neutrons with A>Ay;, are reflected.

The minimum wavelength Am;y is determined by the
minimum d-spacing. The performance of a supermirror
is characterized by the critical wavenumber, Qc,
corresponding to the minimum d-spacing

(Qc=27/dmin), and normally Q. is represented in the
unit of Q.M.

Recently supermirrors with Qq.~3QN! have
become commercially available.?) We employed
NiC/Ti-supermirror3) with Qc~3Q.MNi for the guide tube
coating. The multilayer of Ni and Ti is a typical
combination of materials of a supermirror for
unpolarized neutrons. Carbon in Ni layers was
introduced to minimize distortions in the layers, and the
composition of a NiC layer is about Niz9Csg.3 In the
guide tube on HRP-II, the supermirror structure is
coated on a boron glass. The wavenumber (Q)
dependence of the reflectivity of the supermirror, R(Q),
can be calculated® from the thickness distribution of
NiC and Ti layers presented by the manufacturer.3) In
the critical region, the wavenumber where the
reflectivity drops to R=0.95 was calculated to be
Q=0.062A-! and R(Q)=1 at the smaller wavenumbers.
Therefore the thickness distribution is well designed.
The wavenumber of 0.062A-1 is almost 3QM, or Q. is
calculated to be 0.063A-1 if Q. is defined as R(Qg)=1/2.
The manufacturer presented the specification of R(Q) as
shown in Table 1.2) The decrease in R(Q) with
increasing Q in Table 1 is caused by the interlayer
roughness. In the calculation mentioned above, the
interlayer roughness was not introduced. Figure 1
shows a measured reflectivity of a sample supermirror
with the same supermirror structure as those used in the
present guide tube.®) The observed reflectivity is well
satisfied with the specification in Table 1. A
supermirror is characterized by Q. and R(Q) at Q<Q.;
the former determines the wavelength range of
transported neutrons through a guide tube and the latter
limits the transported intensity.

Table 1. The specification of R{Q) of the supermirror
presented by the manufacturer.

‘Wavenumber Reflectivity
Q<0.020 A-l R > 0.99
Q<0.040 A-1 R =095
Q<0.056 A-! R 2 0.90
Q <0.060 Al R > 0.85
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Fig. 1 Measured reflectivity of a sample of the 3QN-
NiC/Ti-supermirror used in the present guide tube.

Now we evaluate the A-dependent transported
neutron intensity through the supermirror guide tube.
The intensity at the sample position of HRP-II was
estimated in comparison with that of Vega,”) the
already-existing powder diffractometer on the C4 beam
line. Figure 2 shows typical geometrical-configurations
of the two diffractometers. On HRP-II, the beam cross
section in the collimator entrance is variable in order to
control the resolution, in the following discussion, the
most coarse collimation with the entrance of 4 cm x 4
cm is assumed. We preliminarily measured the neutron
intensities detected at the monitors of the two
diffractometers. At A=4A, the ratio of the intensity at
the monitors on HRP-II (cross section: 4 cm x 4 cm) to
that on Vega (2.2 cm x 4 cm) was observed to be

80 X 100 50X90 - 50X90

(a) HRP-II

15.1%0.2, after correcting the efficiencies of the
monitors and the measuring time. The intensities on the
two diffractometers in the geometries in Fig.2 can be
calculated by a Monte Carlo code,3) and the ratio was
calculated to be 15.8. The observed intensity ratio was
well agreed with the calculation. The measuring point
of A=4A is greater than A¢. In order to cvaluate the
critical region of the supermirror and the intensity at
around A, the observation of the A-dependent intensity

at shorter A is required. Since we experimentally
confirmed that the transported neutron intensity was
well reproduced by the calculation as mentioned above
(at one wavelength point), we can estimate the A-
dependent intensity at the sample position by using the
Monte Carlo code. Figure 3 shows the calculated ratio
of the intensity at the sample position of HRP-II (cross
section: 2 cm X 2 cm) to that of Vega (2 cm x 4 cm).
The calculations were performed for both materials of
the supermirror and natural nickel for the guide tube
coating. For the supermirror used in the present guide
tube, an empirical form of R{Q) reproducing the
specification in Table 1 and I4g.1 was established, and
used in the calculation, and the Q-dependent reflectivity
from a bulk nickel was also used. We also calculated
the intensity for an ideal 3Q.Ni-supermirror having
R(Q)=1 at Q<Q¢. By using the supermirror instead of
nickel, the intensity at the shorter wavelength region
required on HRP-II is well improved. The intensity
drop at the critical region for the actval supermirror, in
comparison with the ideal supermirror, is caused by the
finite reflectivity at around Q.. Furthermore, the factor
more than 10 in the intensity gain at the sample
position, in comparison with Vega, can be expected.

40X40 - 20X20

§0xs0 m
20X 20
M c E:‘
50 400 —]
=i ] 5§5og; m 28560 (coaling: 28510) - |[3082
- o 38080 -l
b} Vega
67.5 X 100 (k) m 100
- 22 X 40
20x40 804
M 60 -
440 -
- 2000—] w20
le 20000 u in mm
[" hll o Y L T T 1
[} 4000 10000

Fig.2 Geometrical configurations of HRP-ll {(a) and Vega(b). M, G, m, C and S indicate moderator, guide tube, manitor,
collimator section and sample, respectively. The entrance cross section of the collimator section on HRP-Il is variable,
the monitor is focated just after the collimator entrance, and therefore, the cross section of the monitor on HRP-|l is the
same as that of the collimator entrance. There is no guide tube on Vega.
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Fig.3 Wavelength dependence of the transported
neutron intensity through the guide tube on HRP-II.
The calculated intensities are presented as a ratio of
the transported intensity at the sample position on

HRP-|I to that on Vega.
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Polarizing Neutron Guide for Pulsed Neutron Sources
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TOP is a pulsed-cold-polarized-neutron spec-
trometer for the investigation of mesoscopic mag-
netism at KENS . A polarizer is the most im-
portant component for every polarized neutron
spectrometer. To date a variety of polarizers for
neutrons have been proposed . TOP has used a
polarizing Soller guide which consisted of curved
CofTi supermirrors. The polarizer was satisfac-
tory for actual experiments, however, it left room
for improvement. The reflectivity was very low,
and the polarizing efficiency gradually dropped
with increasing wavelength. Needless to say the
reflectivity and polarizing efficiency, a critical
momentum transfer (@, ), under which total re-
flection of neutrons occurs, is an important factor
to get better supermirror polarizers especially for
the pulsed neutron sources.

A magnetized supermirror has different Q.
value for each spin state of incident neutrons: Q.*
for neutrons of the up-spin state and Qc - for that
of down-spin one where up-spin state expresses
that neutron spin is parallel to the magnetization
of the supermirror and down one opposite. The
difference makes it possible to filter one spin
state in the Q range between Q.* and Q. - as
schematically shown in Fig. 1. The larger Q. *
value is, the wider wavelength band of polarized
neutrons are available in the case of polarizers us-
ing supermirrors.

1.0 -
05 ml R S

Y

Transmission
-
O |

[ . S p— JEPIVIVRE SUUTE RS

2.0 2.5

1.0 55
Q /g (Ni)

Fig. 1 Transmission of a magnetized supermirror
for neutrons of different spin states.

Recently an Fe/Si polarizing neutron super-
mirror has been developed and achieved to have
both a very high polarizing efficiency and a large
Q. value ¥. The mirror is a possible candidate of
new polarizer for the TOP spectrometer in order

to increase intensity and to get better polarization
of neutrons at sample position. We made a new
polarizer, a polarizing neutron device (PNG), for
TOP using the Fe/Si supermirrors. This is a test
report of PNG.

PNG was assembled by CILAS, It consists of
a straight natural Ni guide tube with a beam cross

section of 20 mm X 50 mm, and 28 pieces of the
Fe/Si supermirrors on Si substrate hold in the
guide tube. The mirrors make a V-shape in the
tube as shown in Fig.2 in order to reduce the
length of the device to a half compared with
straight configuration.

Natural Ni mirror

\ TOP view

)
—— — é

() u-seete

Fe/Si supenmirrors

—¢¢-> 20*mm
3

je—— 1200 mm

Fig. 2 Schematic representation of the polarizing
neutron guide (PNG).

In an Fe/Si supermirror evaporated on Si sub-
strate, .~ is the same as Q. of Si. Therefore the
higher limit of available wavelength is defined by
this value in using transmitted polarized neutrons.
On the other hand, Q.* can be controlled by evap-

oration sequence and was set to be 1.6 X O, (Ni)

where the Q. (Ni) is the critical momentum trans-
fer of natural Ni. The @, * value was required
from the beam width of 20 mm and total length of
PNG of 1,200 mm which is very convenient in
mounting PNG on TOP by replacing the end sec-
tion of an ordinary natural Ni guide tube with
PNG. These dimensions fix the glancing angle of
incident neutrons to mirrors to be 0.5 degree. Po-
larized neutrons with the wavelength band of 3 -
10 A are theoretically available using the glanc-
ing angle.

The polarizing Soller guide of Co/Ti super-
mirrors and a Drabkin spin flipper were employed
to measure polarizing efficiencies of PNG. Unpo-
larized neutron with natural collimation were in-
troduced to PNG. Outgoing polarized neutrons
were collimated by two pairs of slit before the an-
alyzer. The intensity of neutrons at the sample po-
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sition was estimated by measuring of incoherent
scattering from light water by a 1D position sen-
sitive detector (PSD). Before starting the meas-
urement, PNG was carefully set to its optimum
position. However, it was difficult to settle the
position because the angle divergence of incom-
ing neutrons to PNG was not symmetric.
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Fig. 2 Observed wavelength dependence of poiar-
izing efficiencies of PNG { a ) and the simulation (b ).
(c}and (d) are the polarizing efficiencies of PNG
and of the Co/Ti analyzer, respectively.

Figure 2 (a ) and ( b ) show the observed and
calculated wavelength dependence of polarizing
efficiency in the case of beam collimation, 0.06
deg., defined by 2 mm wide slits. The observed
curves is the product of polarizing efficiencies of
PNG and that of the analyzer. Figure 2 { ¢ ) is the

calculated polarizing efficiency of PNG itself by
the standard matrix method *. In this calculation
the experimental resolution was taken into ac-
count, but absorption effect was ignored. The po-
larizing efficiencies of the Co/Ti analyzer in Fig.
2 ( d ) were estimated by other experiments. The
curve in Fig. 2 (b } is the product of the values in
Fig.2 (¢} and ( d ) at each wavelength. The sim-
ulated curve not completely but almost reproduc-
es the observed one. It indicates that the polariz-
ing efficiency of PNG keep higher than 90 % for
the wavelength band of 3-9 A. The difference bet-
ween observation and the simulation is thought to
originate from misalignment of PNG.

I ' l ! ! '
| , s : 1

: i i | CorTi polarizer]
—8—  the PNG

Intensity / proton number ( arb. )

0 10 20 0 40 50 50
positional channel number

Fig. 3 Intensities of incoherent scattering of light
water at the sample position detected by 1D PSD .

Figure 3 shows comparison of beam intensi-
ties at the sample position between PNG and
previous Co/Ti polarizer. The abscissa is the posi-
tional channel number of PSD, and the ordinate is
the integrated intensities of incoherent scattering
detected at each positional channel over the
whole wavelength. The dip appearing at around
center position is a shadow of a direct beam stop-
per. This figure clearly shows that PNG provides
more than twice as many neutrons at the sample
position than the Co/Ti polarizer.

This work was supported by a Grant-in-Aid
for Scientific Research (A) (No. 05402011) and
(C) (No. 06640463) from the Ministry of Educa-
tion, Science, Sports and Culture .

References

1) S. Itoh, T. Watanabe and Y. Endoh: Proceed-
ings of ICANS-XI, Tsukuba (1991) 797.

2) W. G, Williams: Polarized Neutrons, (Oxford
University Press, Oxford, 1988).

3) CF. Majkrzak, V. Nunez, J. R. D. Copley, J. F.
Ankner and G. C. Greene: SPIE 1738 (1992) 90.
4) M. Born and E. Wolf: Principles of optics,
(Pergamon Press, Oxford, 1970).

— 164 —



Polarizing Beam-Splitter Device at a Pulsed Neutron Source
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It is necessary to install as many spectrometers
as possible at a neutron scattering facility having a
limited number of beam holes. At a steady neutron
source, since most spectrometers use a monochromatic
beam, many neutron beam lines can easily be made to
branch from one beam line by using the Bragg
reflection from a crystal. At a pulsed neutron source,
however, the Bragg reflection from a crystal is not
suitable for a beam branch, because each spectrometer
requires a wide wavelength band, and, therefore, a
device using a supermirror is a possible candidate to
satisfy such a requirement. The beam separation with
twice the angle of the grazing angle of the supermirror
is obtained in such a device as the transmitted beam as
well as reflected beam from the supermirror is used.!+2)
We designed a polarizing beam-splitter device in order
to obtain two polarized neutron beam lines with a
practical beam size suitable for studies of condensed
matter. The polarizing beam-splitter device
(manufactured by Osmic Inc.) has a trapezoidal shape
from the top view; supermirrors were mounted on the
line between the apex and the middie point of the
opposite side. The outlet area is twice that of the inlet
area (1.8 cm x 5 cm (width x height)}. Half of the outlet
area is for the transmitted beam through the
supermirrors; the other half is for the reflected beam.
Since Q. of the supermirrors used in the present device
was ~30.N (Q N, critical wavenumber of total
reflection from natural nickel), the supermirrors were

mounted by keeping a grazing angle of 8¢=0.9° for the
incoming neutrons to the supermirrors in the present
device in order to obtain a polarized neutron beam at
A>3A; eventually, the length of the device became 118
cm including flanges. The supermirrors were
assembled in a boron-glass tube and the inside walls of
the tube were coated with natural nickel. A boron-glass
tube was mounted in a magnetic housing to apply a
magnetic field of 300 Oe to the supermirrors. The
present device was mounted after a guide tube (natural
nickel coating) on the TOP spectrometer at KENS.

We chose Fe/Si supermirrors evaporated onto a
silicon substrate because less neutron absorption from
the substrate is suitable for the transmitted beam.3) The
thickness of substrate was 0.6 mm. The same coating
as that of the supermirror structure was performed on
both sides of the silicon substrate in order to improve
the flatness of the supermirror.4) When the supermirror
structure was coated on a single side, the flatness

{deviation of the surface} was 0.4°; on the other hand,
the flatness of the original substrate (less than 0.02%)
was almost maintained by coating both sides. Since a
flatness of 0.4° was not negligible for the present
device, where the grazing angle was 0.9°, coating both
sides was chosen in the present manufacturing. First, in
order to characterize the supermirror used in the present
device, the reflectivity measurement was performed in a
magnetic field of 9.6 kOe. The neutron beam was
collimated with a slit system, which determined the
beam collimation to be A8=0.057°. The observed

polarization and reflectivities of the sample supermirror
are shown in Fig.1.
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Fig.1 Observed spin-dependent reflectivity (a) and
polarization (b) of the sample Fe/Si supermirror.
The solid lines are calculations based on the
thickness distribution of the supermirror.

The Q-dependence of the reflectivities of the
supermirror (R+(Q) and R~((Q)) for up-spin and down-
spin, respectively, can be calculated from the thickness
distribution of the supermirror.#) In the critical region,
the wavenumber where the reflectivity drops to 0.95
was calculated to be 0.064A-1 and 0.0117A-! for
RT(Q) and R-(Q), respectively. The wavenumber of
0.064A-1 is almost 3Q.Ni. The critical wavelengths of
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the present device (lci) are converted from the critical
wavenumbers for up-spin and down-spin by using the
grazing angle. The A-dependent reflectivities (JX(6,1))

are calculated at a fixed grazing angle (8) with the actual
beam collimation, from RE(Q), and the following
polarizations were defined;

_ (=T (8, AN = (1= I"(6,,A)
(=1~ (B, AN+ (1~ I (65, 4))
I'(6,2)-I"(6,1)
I'(6,A)+1(8,)

Py(4) (1

P(d)= @)

where 8¢ and 01 are the grazing angles of the
supermirror in the present device and that of the sample
supermirror, respectively. Po(A) is the polarization of
the beam transmitted through the supermirror in the
present device, P1(A) is that of the reflected beam from
the sample supermirror and the observed polarization is
compared with P(A)=Pg(A}P1(L). The reflectivities
corresponding to the experimental condition are
calculated as follows:

I(A)y=PHAN (O, A)+ Py (A(B,4)  (3)
1P ()= Py (OIH(6,,A)+ P (A (8,,A) (4)

where Pgt(A)=(1+Py(A))/2, and, "ON" and "OFF"
indicate the states of the spin flipper. The observed
quantities were well described by a calculation with

00=1.07° and 8;=1.16°, as shown in Fig.1. In other
words, the observed behavior is consistent with a
calculation using only the thickness distribution without
any interdiffusions between layers. The polarization at

A>Act was 0.92, where Pg(A) and P1(A) were

calculated to be 1.00 and 0.92, respectively. P1(A) is
determined by the layer structure with the contrast; on
the other hand, Pg(A)=1 if RT(Q)=1, as shown in
eq.(1).

We now discuss the performance of the
polarizing beam-splitter. The quantities describing the
performance are listed with the calculation formulae as
follows:

_ (1=T" (6, AN—(1-I"(85,1))
(A =T7(60,A)) + (1= I (6,A))

_I*(8,4)— 1" (8p,4)

I8, M)+ 1 (8, )

Ip(A) =508 (5 _ 176y, A) = It (80, A)) (7)

Tp(A) =TI (8, A)+ 1 (8g,A) (8)

Pr(A) (5)

Pr(4)

(©6)
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Fig.2 Performance of the polarizing beam-splitter
device. The marks are the observed data of the
polarization of the transmitted beam (a), the
polarization of the reflected beam (b) and the
intensity of the reflected beam (¢); the solid lines
are the calculations. Pr(A), Pr(A), IT(A) and
Ir(A) were calculated based on the reflectivity

of the supermirror; Pr'(A) and /r'(A) include
the attenuation of the intensity and the
contamination of the unpolarized neutrons for
the reflected beam.

where "P" and "I" denote the polarization and intensity
(sum of the intensities of both spin states); the
subscripts "T" and "R" denote the transmitted and
reflected beams, respectively, The exponential factor in
eq.(7) is the intensity loss due to absorption through the
substrate, The A-dependent reflectivities (IX(8g,A)) in
the actual beam collimation were calculated from the
supermirror reflectivities (described below). Figure 2
shows these calculated quantities along with the
experimental results. Since up-spin neutrons are
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reflected at A>A.t, the main component of the
transmitted bearn is the down-spin neutrons and that of
the reflected beam the wup-spin neutrons. The
polarization of the transmitted beam (Pr(1)) increases
with A and Pp(A)=1 at A>A.F if [T (0g,A)=1. At
A<Act, IT(A) is greater than 1 due to the transmission
of down-spin neutrons, where the intensity of the
incident unpolarized beam is defined to be 2. At A=A,
Ir(\) increases due to the reflection of up-spin neutrons
and becomes greater than 1 at larger A due to the

reflection of the down-spin neutrons. At A>Ac, IR(A)
should be 2 because of the total reflection of neutrons in
both spin states; however, the critical region of the
down-spin reflectivity is smeared out due to the large
beam divergence, and eventually the intensity gradually
increases. The experimental data shown in Fig.2 were
obtained by correcting the polarizing efficiency of the
spin analyzer and the flipping efficiency of the spin
flipper for the observed polarizations.

The polarization of the transmitted beam can be
calcnlated using eq.(5) with the actual beam
collimation. First, by using the above-mentioned Ri(Q)
calculated from only the thickness distribution, P(A)

was calculated to be 1 at A>A.T, contrary to the
observed polarization less than 1. As mentioned above,
PT1(A)=1 results from R+(@)=1. Therefore, we

introduced the factor, {2}, to reproduce the actual
reflectivity, and calculated the polarization in ¢q.(6)

using OL(Q)Ri(Q) instead of RE(Q), where a
monotonous empirical formula for o (Q) was

established on the assumption that a(Q)=1, 0.99, 0.95
and 0.93 at 0=0, 0.02, 0.04 and O.O6A'1, respectively.
This @-dependent factor is consistent with a nominal
specification of the reflectivity of a 3Q.Ni
supermirror.4) As shown in Fig.2(a), the observed
polarization was well described by the calculation.

On the other hand, as shown in Figs.2(b) and
(c), the observed polarization and intensity of the
reflected beam was much less than the calculation. The
observed spectrum was comparable to the quantity in
eq. (7) or {8) multiplied by the incident-beam spectrum
(I;(A)). Since the polarization of the transmitted beam
was well described by the calculation, assuming the
observed spectrum of the transmitted beam to be
LOWIr(A), the incident-beam spectrum can be deduced

by using the calculated value of IT{(A). The observed
intensity of the refiected beam shown in Fig.2{c} was

obtained by using [i{A) deduced from the transmitted
beam spectrum. The less intensity and less polarization
result from the more divergent beam of the reflected
neutrons and the existence of unpolarized neutrons
coming to the spin analyzer without reflecting on the
supermirror in the present device, respectively. In fact,
the following intensity greatly improved the calculation
describing the observed intensity:

_ (4In2)6°
AB,(AY

I'p(A)=AL(A) + xp( (9)

AGA)

where the first term is the attenuation of the intensity
and the second term is the contamination of unpolarized
neutrons. In the first term, the geometrically-obtained
attenuation factor, A={w1/L1)}/(wq/Lg), was used,
where wg=1.8 cm and Lg=59 cm are the outlet area and
the half length of the present device, respectively,
w1=2.0 cm is the aperture of the spin analyzer, and
L1=203 cm is the distance between the center of the
present device and the inlet of the spin analyzer. The
second term is the beam spread of the incident neutrons
through the guide tube, detected at the spin-analyzer

direction of 8=1.2°. The factor, B, is an adjustable
parameter and AB;(A) is the A-dependent incident beam

divergence (ABi=AQNi/4w, as a result of the total
reflection on the nickel surface of the guide tube). The

calculated polarization, P'R(A), corresponding to eq.(9)
well improved the calculation describing the observed
polarization shown in Fig.2(b).

We demonstrated an investigation of the
performance of the polarizing beam-splitter device
installed at a pulsed cold-neutron source. The present
device is more optimized for the transmitted beam and
the transmitted beam is suitable for polarization-
required or collimation-controlied experiments.
Although the reflected beam is more divergent and less
polarized, it is more intense than the transmitted beam,
therefore, the reflected beam is suitable for intensity-
required experiments.
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Resolution Corrections Using Monte Carlo Method and
Application to the Analysis of Phonon and Magnon Spectra
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*Department of Physics, Ochanornizu University, Tokyo 115

Resolution corrections for inelastic neutron
scaltering data taken by MAX spectrometer!) were
made using a formalism which is modified from a
conventional method developed by Cooper and
Nathans?) for the triple axis spectrometer in the
steady reactor. Symmetrical Gaussian shape is
always assumed for the distribution of neutrons,
which makes easy to formulate the resolution
function in a simple form. In the pulse neutron
source. however, the approximation with the
symmetrical Gaussian is not appropriate for the
time distribution of the incident pulse neutrons
from the moderator, which makes it difficult
sometimes the fitting analysis of experimental
results. Another disadvantage for the conventional
calculations of the resolution function of this
method are time consuming and inefficient because
the calculations for a large number of time channel
and multi detectors are required.
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Fig.1. TOF phonon spectrum of Cu. The solid line in (a) is
the calculated result with Monte Carlo method and (b} is the
result with conventional method.

In order to improve the resolution correction of
inelastic scattering measurements in MAX, Monte
Carlo method was examined3) for the one-
dimensional spin wave and a reasonable result
could be obtained. In this report, the correction
has been extended for the three dimensional
system and the time of flight spectra of phonons in
Cu and spin waves in FeaPt observed by MAX
have been analysed by Monte Carlo method.
Time of flight spectra of phonons in Cu at room
temperature are shown in Fig.1l, and results of
fitting with Monte Carlo and conventional methods
are compared in Fig.1-(a) and (b) respectively.
The life time of phonons is assumed as infinity in
both calculations. The shape of calculated result
with conventional method exhibits symmetrical
and can not well reproduce tails of the phonon
profiles. With Monte Carlo method, on the other
hand, good agreement between the calculation and
observation is obtained even at asymmetrical tails
which is caused by the time asymmetry
distribution of incident neutrons. An asymmetrical
shape of the spectrum for magnons in FesPt can
be also well reproduced as shown in Fig.2. Thus,
Monte Carlo method is quite useful to perform the
resolution correction for time of flight inelastic
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Fig.2. TOF spectrum of magnon in FegPt and caiculated
result with Monte Carlo method.
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Development of 25 T repeating pulsed magnetic fields system
for neutron diffraction experiments
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I. Introduction

Magnetic ficlds arc one of important
parameters {o study phasc transitions in condensed
maticrs, cspecially in magnetic substances. The
determination of the magnetic structures is the
important base (o study such new phases induced by
strong magnetic ficlds and the neutron diffraction is
the most powerful probe o determine the magnetic
structurcs. However, the magnetic ficlds available by
superconducting magnets for ncutron diffraction
experiments have been limited to below 10 T. Since
£991, a new type of system called “repeating pulsed
magnctic ficlds(RPMF)” has been employed in
KEK™. As the first stage of this project, the magnetic
ficlds as high as 16 T were gencrated and they are
applicd for several experimental studies™. Onc of the
important concepts of RPMF is the combination of
the pulsed magnetic ficlds and the pulsed ncutron
sources. The Joule’s heating of the magnet is much
decreased by the use of instantancous pulsed fields.
To accumulate the data quickly, the ficld gencration is
repeated by using a water cooled Bitter magnet. In
these senscs, RPMF is the crossbreed of the steady
and the pulsed magnetic ficld generators.

The new stage of the project to generate
magnetic ficlds above 20 T was started in 1995, The
important keywords for the design of the new type
magnets are the use of Cu-Ag alloy and the multi-
laycred structure. Recently, we succeeded in
generating 25 T fields by this new type magnet and
the installation of this magnet for the real experiment
1s now under operation.

2. Design and test of the magnct

As is well know, both the good mechanical
strength and the electrical conductivity are required
for the conductors for high field magnets. As the new
material for the magnet, we used the Cu-Ag alloys.
The mechanical and the clectrical specifications are
fisted in Table 1. The mechanical strength of the Cu-
Ag alloys corresponds to the Maxwell stress in 35T
magnetic ficlds. It has also good electrical
conductivity compared with other conductors such as
Cu-Be alloy.

Another important point for the design of the
Bitter plates is to disperse the very strong
clectromagnetic forces acting against the magnets.
Fig. 1 shows the shapes of the Bitter plates of the

Table 1. Specifications of magnet conductors.

Matenal Yield strength Resistivity at R. T.
(ng/mmz) (1 Q cm)

Cu 30 1.7

CuAg(50 %) 1 54 2.0

CuAg(50 %) 2 57 2.1

CuBc(0.5% Be) 80 3.1

old(a) and the new type (b). In the Bitter plate (a), the
clectromagnetic force concentrates to the corner of the
connective part of the Bitter plate where the thickness
is processed to the half. This design is good to keep
the electrical contact between Bitter plates, but is not
favorable from the mechanical strength consideration.
In the new design, we employed the double layered
structure with the Bitter plate (b). The thickness of
the Bitter plate is 0.5 mm. These are stacked forming
the two helixes. The places connecting two
successive Bitter plates are changed about 180 degree
between two helixes. For this design, the
concentration of the clectromagnetic stress can be
avoided. Two glass fiber reinforced cpoxy resin
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Fig. I The Bitter plate for old (a) and new(b) magnets.
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Fig. 2 The waveform of the generated magnetic fields
of the new type magnet.

sheets of 0.2 mm thickness is inserted for the
clectrical insulation between conductor layers.

The solenoid magnet made of Cu-Ag Bitter
plates with 31 mm bore is assembled and tested. The
magnet with Cu plates is also tested for the
comparison. The ficld gencration is repeated more
than 5000 times in high magnctic fields above 20 T
up to the maximum field of 25 T for Cu-Ag magnet.
The Cu magnet is tested up to 20 T. The trace of the
gencrated field is in Fig. 2. The magnets are
disasscmbled after the test for the inspection and the
no-damage of the Bitter and the insulating plales are
found in Cu-Ag magnct. The present results indicate
that we can gencrate 25 T by the new designed
magnet. The life time of about 0.1 millions of shots
of the old type magnet will be much improved for this
design. The test and the installation of the split-type
magunet for MRP spectrometer at KENS are now
under operation. The more detailed information of the
development of the new magnet will be appeared in
the different article.

3. Summary and future plan

We have succeeded in generating 25 T with
RPMF magnet developed for neutron diffraction
experiments, The key factors of the present
improvement is the double layered structure and the
use of the Cu-Ag alloy.

To generate much higher magnetic fields of
30 T, the optimization of the cooling hole.
arrangement of the Bitter plate and the extension of
the storing energy of the capacitor bank power source
is needed. These are now under consideration. Such
development will lead to fruitful resuits by the
application of our system to not only elastic but also
inelastic neutron scattering experiments with the
intense pulsed neutron source constructed in JHP
project.
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A Cryostat for Vapor-Deposited Amorphous Solids Designed for LAM Spectrometer

0. YAMAMURO, I. TSUKUSHI*, T. MATSUO, K. TAKEDA®, T. KANAYADP AND K. KAJIP
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Recently, great attention has been paid for various
properties of amorphous solids (structural relaxation,
low energy excitation etc.}. Simple molecular systems
are suitable for such studies since the intermolecular
interaction is simple van der Waals forces {short-range
and isotropic} so that the result can be compared with
those of theoretical and molecular dynamics studies
where similar interactions are assumed. However,
there exists a serious problem that the simpler the
molecular structure is, the more difficult it is to
prepare the substance in a glassy state. This is because
the simple molecules tend to crystallize readily on
cooling. In the present study, therefore, we developed
a new type of a cryostat, with which one can form
glassy states of simple molecular substances by
depositing their vapor on a cold substrate inside the
sample cell and examine it in situ by neutron
scattering. This type of cryostat has never been
constructed before.

Figure 1 shows a schematic drawing of the
cryostat. It is mounted into the vacuum chamber of
the neutron spectrometer at the O-ring flange N. For
the temperature control of the sample, a cylindrical
copper block F (40 mm¢, 30 mmH) and a cylindrical
aluminum sample can J (52 mmf, 130 mmH, 0.5 mmT
(at beam position)) are screwed 1o the second stage E
(ca. 6 K) of the refrigerator A (Iwatani CryoMini
M310). The manganin heater wire Gl and
(Augg 93Fep g7)-Chromel thermocouple H1 are
attached on the surface of F. The temperature of F is
controlled within the fluctuation of 0.1 K by using a
PID circuit. The cylindrical substrate K (16 mmg, 90
mmH, 0.5 mmT) on which the vapor is deposited is
positioned inside J. The aluminum effusion pipe L is
located at the center of J and connected to the sample-
gas supplying system located outside the cryostat
through a sample transfer tube Q (1 mm¢, 0.15 mmT)
made of stainless steel. The effusion pipe L is densely
perforated, the diameter of the pin holes being 0.2
mm, Manganin heater wires G2 and G3 are wound on
the surfaces of L and Q. (Auggg3Fep g7)-Chromel
thermocouples H2 and H3 are fixed to L and Q for
measurement and control of their temperatures.
Temperature control of these parts was necessary to
prevent condensation of the sample vapor inside L
and Q during vapor-deposition. The space in J is

sample vapor
supplying system
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Fig. 1. Schematic drawing of the cryostat for neutron
inelastic scattering experiment of vapor-deposited
glasses. A refrigerator, B: vacuum valves, C: first
stage of the refrigerator, D: radiation shield, E:
second stage of the refrigerator, F: Cu block for
temperature confrol, G: heater wires, H:
thermocouples, J: sample can, K: substrate, L:
sample effusion pipe, M: precision needle valve,
N: flange, P: flexible bellows tube, Q: sample
transfer tube.

connected to evacuation and He-gas supplying
systems outside the cryostat through a flexible bellows
tube P (8.5 mm¢) made of stainless steel. PTFE wire,
which is not shown in the drawing, is sparsely wound
around Q as a spacer between Q and P. The
cylindrical aluminum radiation shield D, which is
cooled down to about 70 K by the first stage C of the
refrigerator, shuts the ambient radiation away from F
and J. A larger cylindrical aluminum vacuum can (not
shown in the drawing) connected at the flange N
encloses the entire system. Aluminum is used because
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of its high thermal conductivity and high transparency
1o a neutron beam, while stainless steel is used for its
low thermal conductivity.

The sample vapor was deposited as follows. (1)
All the spaces inside the cryostat were evacuated
down to a vacuum of 10-6 torr by a turbo vacuum
pump through the valves B1, B2, and M. (2) The
cryostat was cooled down to the lowest temperature
{ca. 10 K). {3) The temperature of the effusion pipe L
and the sample transfer tube Q were controlled at a
temperature higher than the condensation temperature
of the sample vapor. This is a function of the vapor
pressure. {(4) After closing the valve B2 and M, the
sample gas was introduced into the effusion pipe L by
opening the precision needle valve M slowly; the
sample gas was sprayed through the pin holes in the
effusion pipe and deposited on the substrate K. (5)
During the vapor-deposition, the pressure inside the
transfer tube (Q) was monitored by the high precision
pressure gauge. The pressure was controlled by
adjusting M. (6) After the deposition, the valve M
was closed and small amount of helium gas was
introduced into J through P by opening B2. This
established a uniform temperature inside J.

Propylene, which cannot be vitrified by normal
liquid quenching, was vapor-deposited onto the
substrate at 20 K. The vapor pressure during the
deposition was controlled at about 2 torr and it took
about 5 h to complete the deposition. The mass of the
deposited sample was estimated to be 0.308 g from the
pressure measurement of the sample. This sample
mass corresponds to an area of 36.8 cm? and thickness
of 0.13 mm assuming a uniform thickness.

Inelastic neutron scattering (INS) experiment was
performed with the inverted geometry time-of-flight
(TOF) spectrometer LAM-40.2) The data were
collected at six scattering angles 24°, 40°, 56°, 72°,
88°, and 104°. The duration of the experimental time
was about 24 hours for a given temperature. The
observed TOF spectrum was converted to a
differential scattering cross section after making
corrections for empty cryostat scattering, counter
efficiency, the incident neutron spectrum and self-
shielding (90 % transmission) and then converted to
the incoherent dynamic scattering law as usual.

Figure 2 shows the incoherent inelastic scattering
functions S(26,w) of the as-deposited (open circles)
and annealed {closed circles) samples of glassy
propylene at 18 K. The annealing was done at around
Ty (55 K) for 7 h. Both data were the sum of the
specira at the seven scattering angles (Qay = 1.54 A-1)
and symmetrized using the Bose factor of 18 K. The
as-deposited sample exhibited a broad but clear peak
at around 3 meV. This peak was attributed to the low
energy excitation. The annealing reduced the intensity
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Fig. 2. Incoherent dynamic structure factor S(26,w) of
vapor-deposited glassy propylene observed by the
LAM-40 neutron spectrometer, The open and
closed circles denote the data of the as-deposited
and annealed samples, respectively.

of the low-energy excitation peak in the lower energy
region.

We are now planning to do experiments on simpler
molecular glasses such as ethene, methane, hydrogen
and rare gases if they do form glass. For such
experiments, it is necessary to deposit sample vapor
very slowly onto a very cold substrate to form very
thin sample layer. The amorphous argon doped with 3
% of hydrogen has been successfully formed by very
slow vapor-deposition at 10 K3 Our apparatus can be
applied to this system with a little improvement.

We thank Professor Susumu Ikeda (KEK) and Dr.
Kaoru Shibata (Tohoku University) for their help in
the construction of this cryostat.
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Development of Data Acquisition Electronics System for Neutron Scattering Experiment

S. SATOH and M. FURUSAKA
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We have developed two data acquisition
electronics (DAE) systems for neutron scattering
experiment based on VME system. One is a
position-sensitive neutron-detector (PSD) system,
and the other is time-analyzer (TA) system. We
employed a modular system approach, therefore
they are flexible and extensible. For example, we
have been using the system with a few hundred
PSD's with reasonable position resolution and
time channel numbers as described in this paper.
Furthermore, the systems are relatively low cost
and easy to set up, therefore they are also suitable
for very small experiments which only need a
few detectors.

Position-sensitive neutron-detector system

In recent years, the requirement for a large-
area detector system with a relatively good
positional resolution has become more crucial for
neutron-scattering instruments such as high-
resolution powder diffractometers, and small-
angle scattering instruments.

We have developed a versatile system based
on Reuter Stokes made linear position-sensitive
He-3 gas detectors of 1/2 inch diameter and

Data
Acqusition
Software
{Lab View)

5C8! ;
lMaciﬂtosh or windows85 |‘--/ Hi

PSD connector  ¢jar cables

607mm effective length. The system consists of
detector-amplifier units, encoding modules and
computers. Each unit holds 8 PSD's, and arbitrary
number of units can be lined up so as to cover a
large area with very thin gaps. The encoding
modules (PSDXC) encode the position and time,
and histograms are made by personal computers.

We have been using a system with 250 PSD's
on the high-resolution powder diffractometer,
Vega, at KENS; also, other 500 PSD’s are being
installed to our new high-resolution powder
diffractometer, Sirius. The system has been
improved from that for Vega. It is easier to setup
and the cost is lower. A general view in Fig. 1
shows overall PSD-XC system structure.

The following are the specifications of the
system:

1. The PSD unit is very compact (width 104
mm length 680 mm depth 60 mm), and each unit
supports 8 PSD's. The signals from both ends of a
PSD are fed to charge-sensitive-preamplifiers and
shaping-amplifiers located inside of the unit
behind the PSD's. The output signals from the
units are transmitted to PSDXC modules by a
twisted-pair flat cable.

SCS-VME module
PSD-XC modules

=.q.00
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Figure 1 A general view of PSD system
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2. The position and time associated with a
neutron detection event are then encoded by a
PSDXC VME double-height 1-span module
(width 20 mm height 233 mm depth 160 mm).
Since the module can analyze signals from four
PSD's, two modules are necessary to serve for a
PSD unit. Position is encoded with a resolution of
256, time with 65536 in 1 US step. The encoded
events are then stored into a FIFO buffer-memory
which can hold 32 kwords as 32-bit events. The
overall position resolution is approximately 7 mm
FWHM. We put cadmium masks around a PSD
tube like shown in Fig. 2, and the response
function is shown in Fig. 3.

3. We also developed an interface module
(SCSI-VME) that can read/write data from/to
VME modules through a standard SCSI
connection. By employing the SCSI standard we
can, in principle, use any personal computers or
workstations. Although we are currently using
Apple Macintosh computers, the system was
tested on a PC running Windows 95 operating
system. We are able to eliminate an expensive
VME CPU module that is usually necessary to
use with a VME system. The transmission time
was 1.2us/byte, when we read the events from the
PSD-XC modules.

4. Histogramming is performed on a
computer with a program written in a package

software, LabVIEW, of NATIONAL
INSTRUMENTS. We have developed a SCSI
driver software module for it. Since the
histogramming system is very versatile, we can
easily change the position and time resolution,
and can have multiple histograms with different
setups simultaneously. The system also supports
on-the-fly time-focusing.

The computers are connected on a network
with TCP/IP, and we can control remote
computers across the network.

Eight-input amplifier and time-analyzer
system

To serve for the demands to install a
considerable number of detectors (over a few
hundreds) for time-of-flight neutron-scattering
instruments, we have developed a low-cost,
compact and versatile system. The system
consists of amplifier units, time-analyzer(TA)
modules and front-end computers.

The overall system structure is schematically
shown in Fig. 4. It has the following
characteristics: -

1. The amplifier unit is compact (width 106
mm length 268 mm depth 39 mm for eight
inputs) and has LEMO-type connectors for the
detector input. Signals from neutron He-3 gas
detectors are collected by charge-sensitive-

r—-91.5 mm»~»1--—-—225.5 mm 220.5 mm T 97.5 mm—
e T :D EEERE | ERASEpam y P I
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Figure 2 cadmium masks arcund the PSD
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amplifiers and are conditioned by shaping-
amplifiers. The output is then transmitted by a
twisted-pair flat cable. We use the same type of
amplifier boards as the PSD system.

2. TA is housed in a VME double-height 1-
span module (width 20 mm height 233 mm depth
160 mm). It accepts signals from up to eight
detectors through a flat cable from the amplifier
unit. LEMO-type connectors are also provided
for individual detector inputs. TA modules have
discriminator circuits that are adjusted from the
front panel of the module. The digitized signals
are then time analyzed and histogrammed into
built-in memory. The memory can hold 4095
words (212-1) with 24 bits/word for each input.

3. We have two types of TA's. One is called
TA17XC, which is for general purposes; the
other is TA19XC, which is for time-focusing
experiment.

TA17XC modules have a 4095-word time
channel width memory that is common to all
eight channels. It can have a flexible time channel
width; each time channel bin can have a
minimum of 1 us up to about 4 ms with an
integer multiple of 62.5 ns.

Although the TA19XC module can only have
constant time channel bins for individual inputs,
it can have different bin widths for different
inputs, The time channel width can be ranged

Lab VIEW

Macintosh or windows95

AMP module
He3 detectors

from 1 ps up to 15.9375 ps with an integer
multiple of 62.5 ns.

4. We also developed an interface module
(SCSI-VME) that can read/write data from/to
VME modules through a standard SCSI
connection. Although we are currently using
Apple Macintosh computers, the system was
tested on a PC running the Windows 95 operating
system. We use the same type of module as the
PSD system.

5. Instrument-control software is written in a
package software, LabVIEW, of NATIONAL
INSTRUMENTS. We have developed a SCSI
driver software module for it similar to the PSD
system. The computers are connected on a
network with TCP/IP, and we can control remote
computers across the network.
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Polarized Proton Filter at Liquid Nitrogen Temperature
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Polarized proton filter can be used as a wide band
neutron spin polarizer and analyzer according to the
large spin dependent interaction between neutrons and
protons. Dynamical nuclear polarization (DNP) is a
well established method to obtain a large nuclear
polarization under thermal non-equilibrium condition.
In the DNP method, a sufficiently large electron
polarization of paramagnetic centers at a thermal
equilibrium, which is obtained at the temperatures less
than 1K and under a magnetic field of a few tesla, is
transferred to nuclear polarization according to spin
double flip processes enhanced by a microwave
irradiation. Low temperature is required also for the
suppression of spin-lattice relaxation of proton and for
the narrow ESR line width. The application of the
polarized proton is sometimes limited by the low
temperature and the strong magnetic field.

We report the experimental results of 20% proton
polarizations obtained at liquid nitrogen temperature
under the magnetic field of 3kG based on a new
method123.4),
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Fig. 1 Energy levels of the pentacene molecule, The
electron spin in the lowest triplet state is
spontaneously aligned. The solid arrows
represents non-radiative transitions, the dotted
arrow a radiative transition and the dashed arrow
the laser excitation.

In the new method, the electron polarization is
obtained in an excited state of pentacene molecule.
Pentacene is introduced into single crystals of
naphthalene and p-terphenyl as a dopant so that
pentacene molecules are aligned to be magnetically
equivalent. The energy diagram of pentacene molecule
is schematically shown in Fig.1. The ground state is a
singlet state Sg, and can be excited up to higher singlet

states S'. S’ is relaxed to the lowest excited singlet
state S1 with the time scale of psec through non-
radiative processes. S is branched to the Sg and the
lowest triplet state T>-6). Population distribution of
magnetic substates of Tg is given by a selection rule
independent of temperature and external magnetic
field strength, as shown in Fig.1 when the magnetic
field is applied along x-axis of pentacene molecule?),
The population unbalance between m=I1<>m=0 and

m=0¢3m=-1 corresponds to 73% electron polarization
far from thermal equilibrium.
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Fig. 2 Experimental setup and timing chart of laser
irradiation, magnet sweep and p-wave irradiation.
A cw microwave power of 22mW was input for
ESR detection. During a pulsed microwave
(width~17ps, input power-1W) was applied after a
laser excitation, the magnetic field was swept for
30G in about 16ps.

The electron polarization was transferred to nuclear
polarization within the lifetime of the Ty state (~20us)
by means of an improved DNP based on integrated
solid effect (ISE)®9) as shown in Fig.2. The ESR
linewidth should be narrow enough to selectively
activate one of the forbidden transitions since each
forbidden transition enhances nuclear polarization in
the opposite direction. In our case, however, ESR line
width is broader than the spacing of the nuclear
Zeeman splitting. ISE was introduced to enhance
nuclear polarization under such condition. The broad
ESR line is an envelope of individual ESR lines of
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which center frequencies are varied due to the
variation of local magnetic fields.

Just after the laser irradiation by a pulse dye laser
{average power: 500mW, dye: Rhodamine-6G) whose
wavelength matches pentacene absorption peak,
double spin flip process was induced one by one by
sweeping magnetic field strength by ~30G around 3kG
in 16us. The electron polarization is flipped according
to a fast adiabatic passage on passing the allowed
transition frequency and additional spin transfer is
induced at the other forbidden transition. In the second
transition, the nuclear spin is pumped up to the same
direction as the first transition since electron
polarization is reversed on the fast adiabatic passage.

A single crystal of naphthalene doped with
pentacene (0.01mol%, 8mmxSmmx3mm) was placed
in a cylindrical cavity and 3kG magnetic field was
applied. Microwave of 9.3GHz was applied and the
input power was 1W which satisfied the Hartmann-
Hahn condition in the sample cavity for the maximum
spin transfer efficiency. The orientation of the crystal
was adjusted so that the x-axis of pentacene was
parallel to the magnetic field by maximizing the
amplitude of ESR signal.

The proton polarization was measured by
observing transmittance enhancement of cold neutron
beam at KEK-BSF SAN beam line in the energy range
of 1-3meV after stopping laser and microwave
irradiation. Relaxation of proton polarization was
measured as shown in Fig.3. The maximum proton
polarization was 20.043.6%. The holding field was
reduced to 7G for a faster relaxation, and we still
obtained t1=165min even with such a low field.
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Fig. 3 Relaxation of the polarized proton in the
naphthalene single crystal doped with pentacense
at liquid nitrogen temperature under the magnetic
field of 7G. The polarization was determined from
the measurement of cold neutron transmittance
enhancement. A pulse dye laser of average power
of 500mW with the dye of Rhodamine-6G was
used for laser excitation. The maximum value of
the polarization was 20.0+3.6% and the relaxation
time was 165min.

The proton polarization was measured also with p-
terphenyl doped with pentacene of 0.1mol% at liquid
nitrogen temperature. P-terphenyl is considered to be
more sunitable for DNP at room temperature. The
advantages of p-terphenyl over naphthalene are (1) a
pentancene concentration of up to 0.1mol% is possible
giving a larger buildup rate, (2) t; of protons in
pentacene increases with increasing temperature
beyond 193K, giving a stable buildup rate which can
be expected to be suitable against local heating,
although t; itself is shorter than naphthalene.

We obtained proton polarization of 18.9+1.2% in
the neutron transmission experiment as shown in
Fig.4. The relaxation time was 30 minutes under the
holding field of 3kG.
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Fig. 4 Relaxation of proton polarization, determined by
measuring neutron transmittance, in p-terphenyl
single crystal doped with 0.1mol% pentacene at
liquid nitrogen temeprature under the magnetic
field of 3kG with the pulse dye laser.

20% proton polarization was obtained at liquid
nitrogen temperature under the magnetic field of 3kG
using single crystals of naphthalene and p-terphenyl
doped with pentacene. P-terphenyl has a potential to
be pelarized even at room temperature. Polarized
proton at such high temperatures enables us to apply
polarization under various experimental conditions.
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A Solid-state UCN Detector
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A solid-state ultracold-neutron (UCN) detector was
developed!) with a multilayer of 6Li and Ti evaporated
on a surface barrier type semiconductor, which can be
operated at liquid helium temperature and enables us
to study the performance of UCN sources based on the
superthermal method?) directly in Jiquid helium.

Multilayer of 6Li and Ti was used as a neutron
converter to cancel the effective potential almost
perfectly. The structure of the detector is shown in
Fig.1 and Table 1. Incident neutrons are absorbed by
S5Li and the reaction products are observed by the

semiconductor of the sensitive area of 150mm2.
(V) Ti 82pgfem*
{1y 25 bi[agers 6Li + Ti .
(18} 35 bilayers 6Li + Ti

Iy Ni 78pg/cm?
()Timﬁgf]cm!
Al Soéxglcmz
M
n [ B T
a{“/
=

silicon

I. surface
bharrier

detector

Fig. 1  Detector configuration.

Table 1. Effective potential and thickness of layers
formed on the surface of the detector.

Regicn U [neV] thickness [ug!cmzj
() Ni 240 78

(I 6LI+Ti -22-201  35x(0.23+1.4)

() SLi+Ti  -7.4-1.81  25x{0.23+1.8)

(V) Ti -50 82

The surface of the detector reported in Ref.1) was
investigated by measuring the neutron reflectivity of
multitayers deposited on silicon substrates in the same
evaporation processes using the cold neutron
reflectometer at JRR-3M of JAERIL The reflectivity
rose up at the wavelength of 800A and approached
0.9%), which implied UCNs of wavelength longer than
800A cannot reach the multilayer neutron converter.

The wavelength dependence of the neutron
reflectivity was well explained as a result of oxidation
of titanium layers. The evaporation process was
improved so that the layers are formed in the vacuum
of 5%10-7Torr, which is better than the vacuum in the
previous processing by one order of magnitude.

1} ' LifTi 3

Detection efficiency
(=)
n

0 1000 2000
2.1 sing [A]

Fig. 2 Detection efficiency of the UCN detector deduced
from the neutron reflectivity measurement. The
curve with error bars represents the measured
value, solid and dotted lines calculations with
entirely pure titanium layers and with the outmost

titanium layer oxidized by 300A deep.

Neutron reflectivity of the newly evaporated
muitilayer was measured by performing 0/20 scan
using the cold neutron reflectometer®), Fig.2 shows the
neutron detection efficiency as a function of A/sin®
deduced from the result of the reflectivity
measurement. In the figure, the curve with error bars
represents the measured values, solid and dotted lines
represent calculations with non-oxidized titanium
layers and with the outmost titanium layer oxidized by
300A deep in the form of TiOo, respectively.

UCN detection efficiency was improved in the
wavelength range of 560-1200A sufficiently large for
practical applications in UCN experiments. Further
improvements at longer wavelengths are expected
with better vacuum quality in evaporation processes.
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A Multilayer Cold Neutron Polarizing Mirror Working under a Low Magnetic Field
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A multilayer neutron mirror is an
artificial lattice with a large interplanar
spacing and gives the simple one
dimensional neutron optical potential
including the magnetic one for cold
neutrons. The width and height of the
potential are controlled arbitrarily. The
potential width 1is determined by the
distribution of layer thicknesses during
vacuum evaporation and the height by
selecting layer materials ' *’-

We have developed a Permalloy/Ge
multilayer(PGM) cold neutron polarizing
mirror working under a magnetic field of 10
Gauss and used it in various neutron
interference experiments > ' * *’ The
motivation of this work was to develop a
device for generating polarized cold neutron
pulses without a mechanical chopper, and it
had its origin in UCN experiments made at
KEK. Since this type of magnetic mirror
works under a very low magnetic field, it
has the following useful characteristics:
1)the magnetic effects to the nearby devices
is small since the stray field is very low, 2)
a high-precision control of the neutron spin
state is easy, because it is easy to control the
low magnetic field. These features lead to
the feasibility for developing the compact
and energy-saving instruments in the field of
cold neutron optics.

A multilayer polarizing cold neutron
mirror placed in the pulsed magnetic field,
we call it a multilayer cold neutron pulser or
in abbreviation a cold neutron pulser, is
going to be developed as a switching device
of a delayed choice experiment related to the
observation problem in quantum mechanics.

For this purpose, it should produce a
rectangular neutron pulse having no
ripplings and a rising time of a neutron
pulse should be in the order of magnitude of
100 u s.

PGM have been evaporated on Si wafer
in the magnetic field of about 130 Gauss
parallel to the surface of the wafer. A cold
neutron pulse was obtained from the PGM
cold neutron pulser under a magnetic field
of 15 Gauss. A neutron pulse rise time was
300 ¢ s with rather longer lag compared to
100 £ s of a current pulse supplied to the
magnetic coil. The cold neutron pulser was
applied to a delayed choice experiment using
the Jamine type neutron interferometer ™ .
The results suggested the feasibility of this
device as a switching device for the delayed
choice experiment = *° .
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Spallation Source and Superthermal UCN Production’*
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It was not until 1992 that the production of ultra
cold neutrons (UCN) by means of superthermal
method predicted by Golub and Pendleburyl) was
verified guantitatively by changing incident cold
neutron wavelengths to ohserve the maximum of UCN
production at a certain wavelength?). At this
wavelength the dispersion curve of the superfluid
liquid helium and the energy-momentum curve of a
free neutron cross and the energy and momentun of
incident neutron can be converted entirely to those of
a produced phonon, leaving the neutron with an
infinitesimal energy, a UCN. The value obtained was
8.78£0.06A., in contrast to the value hitherto often
quoted number of 8.9 for 1.1K liquid, and it fits
exactly to our particular liquid temperature of 0.45K.
What we have learned here is that the calculation by
Cohen and Feynman is correct and we can now
calculate the rate of UCN production per unit time,
The resultant UCN intensity is overwhelming,
compared to the Turbine or Boltzmann methods. It
must be emphasized that 1) this method allows cold
neutrons to come from whole 4x-directions to produce
UCNSs, unlike the Turbine, where rather fine beam
collimation of cold neutrons is necessary; 2) the
produced UCNs are automatically trapped in the
superfluid helium vessel, whereas the parent cold
neutrons can penetrate freely through the wall,
resulting in the build-up of UCN density in time in the
vessel. In other methods the UCN transfer to an
experimental volume, like a Ramsey Chamber, is
necessary and the balancing between inflow and out
flow of UCNs to and from it occurs quickly. Golub
predicted that required temperatures would be below
0.8K, where production of UCN creating phonons
(down-scattering) would not be surpassed by phonons
reabsorbed by UCN(up-scattering). This statement is
experimentally demonstrated by the experiment?), The
attenuation coefficient at 0.45K is mainly attributed to
a vertical duct open downward on the storage vessel
(so-called gravity acceleration tube) which was
adopted to detect UCN with good efficiency.

In 1987, we calculated the heat that would be
produced in the liquid helium, if it was exposed to a
cold neutron field of 3 x 1012/em2/s. If such situation
is realized it would produce 5000 UCN/cm?/s (defined
UCN energy upper limit=2 x 10-7¢V), a strongest
UCN source up till now. However the final estimate of
the heat to be removed from the liquid amounts to

* Based on the talks given in the international workshops at

Los Alamos(7.Dec,.1995) and Qakridge(29 May,1996)

3000 mW under a certain number of assumptions. The
answer to the problem is to combine a new set of
circulation pumps for He? and a new heat exchanger
which has four times as many number of fins as
before. The proposed set of circulation pumps for He3,
which were purchased in 1994, is five times larger in
displacement than before. We can extrapolate that this
combination is enough to stand 3 x 10!2cold
neutrons/cm?/s, which is to produce 2 x 107 UCN/s in
the aforementioned part of the liquid. Such irradiation
will be accomplished most conveniently and most
realistically by use of a spallation source, and nor by a
reactor.

The two main objectives for getting a strong UCN
source are the more precise determination of the
neutron lifetime and the search for the electric dipole
moment of neutron, a manifestation of the time
irreversibility. As for neutron lifetime, there is a
proposal with superthermal source and magnetic
confinement, and we are planning a similar device
incorporated in Cooling Tower of the cryostat under
construction, Mark 3001. The search for the electric
dipole moment of free neutron has been carried out by
two groups, whose latest upper limit for this quantity
is ~1.2 x 10"25¢.cm.*3) In order to go a step further it
would be necessary 1) to have UCN more in number
and 2) to control systematic errors more in precision,
such as magnetic ficld in its stability an uniformity, or
problem of dark current when a strong electric field is
applied. Since we are to produce UCN by the low-
temperature engineering, the logical solution for 2)
would be to take advantage of this orientation.

ns¢ CoolingT PR CoolingT
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In the Fig., we show the edm measurement machine
integrated with refrigeration parts, Mark3001. Cooling
Tower I does the He3 refrigeration, Cooling Tower II
supplies liquid helium to superocnducting shield and
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solenoid and furnishes a space for gravity acceleration
and UCN detection. The part where the edm is
measured is conventional in layout except that the
shields have to be coaxial by technical reasons and the
chamber is filled with 0.5K purified liquid helium in
place of vacunm. The Ramsey Block, a cylindrical
object 3m long and 0.8 m in diameter is a vacuum
chamber. It contains three layers of high-permeability
magnetic shield at room temperature. Coaxially
toward the center, a superconducting magnetic shield
and superconducting solenoid exist, which are
enclosed in a double layered cylinder containing liguid
helium to keep them at 4.2K, Those are all made out
of aluminum except for the superconducting material.
We are aiming at a magnetic ficld whose instability in
space and time will be in the oder of 10 ngauss.
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In the Table we present the achievement in past3-5)
and the prospect in future of the electric dipole
measurement of neutron. The intensity of UCN
depends on the intensity of parent cold neutrons and it
can change orders of magnitude whether one use a
cold reutron beam, or a field of cold neutrons (neutron
bath created by spaliation source). This is because of
the difference in solid angle. The cold neutron
intensities in various laboratories at present and in
future are compared in the Fig. at right. 5000
UCN/cm? the number in the Table, corresponds to
this case and is still a conservative number even taking
into account the diffusion of UCN into the whole
vessel out of the region they are created (we envisage
a vessel, 50 cm long, 10 cm wide), resulting in dilution
in density. We therefore believe that we will not face
the paucity of UCN in future but rather the problem of
the systematic errors in measuring the edm. As for the
N-N Oscillation experiment, this vast quantity of
UCN could even open a way to look at the N ampli-
tude in the random walk fashion, not only in the
coherence mode as reported by Golub (the Bootsirap
Method)®).

The issues on neutron spallation sources with
particle accelerators have been discussed by many
laboratories (JHP, LANL, ORNL, Savannah River,
Jiilich, Wien etc). The main advantage of spallation
source is that it is pulsed and has a high peak intensity,
suited for neutron spectroscopy very well. We should

not however overlook another big advantage in
spallation source. It is the dedicatability of a source
(or sources) to a particular experiment (or experi-
ments). By dedicatability we mean that each experi-
menter is able to easily adjust his beam specifications
at his own. This is impossible in case of areactor. I a
cold neutron source or a superthermal source arc to be
installed near the core of a reactor, it would need a
very precise evaluation of flux distributions in
planning, Once the reactor is on, it is virtually
impossible to move these equipments and the relations
among different experiments are fixed. On the other
hand, a proton beam can be tailored to orders by
experimenters. It can be controlled in current, space
and time. The primary beam can be even fanned out.
By owning one's own spallation target, the experi-
menter can design his own neutron source(s) or
beam(s), taking no attentions to other groups. The
serious contradictions among different types of
experiments, whether a high time resolution or a high
intensity, will be solved by designing a target station
in each case. For instance the Superthermal UCN
production need no time resolution but a little proton
current (~10ptA) adjustable in intesity or able to be
even shut off if it is not wished. The experimenters
will benifit much from the mobility and the
dedicatability of the spallation source in this way and
this is one of the essential advantages in working with
spallation sources.

10:2 E‘Fﬂ'ﬂ";‘l“- xv-’-;-.- .........
= . F 0% JHR(Intemdl)g
!‘\T‘ 10 4 9 °
E - )
% 109 ferscrsness .,.ﬂ4,.I.LL(NQVG.UJ.dQ).-‘
=2 E =B =
% 109 E-:..!- f<’-‘. g ..x.. .......... A .. ........ -
g F T IHPGide T
©« i 82380
g 10’ F .
5 [ JRRiB(meas.)!»
é‘) 10¢ ; 9...;..,
105 lllllllllllllllllllllllllll
0 0 16

References

1)R.Golub and Pendlebury,Phys Lirs.62A(1977)337
2)H.Yoshiki ef al, Phys.Rev.Lirs.68(1992)1323
3)K.F.Smith ef al, Phys. Lirs.234(199()191
4)1.S.Altarev er al, Phys. Lirs.B276(1992)242
5).M.Pendlebury et al, Phys. Lurs.136B{1984)327
60)R.Golub et al, Nucl.Inst.&Meth.inP.R.A284(1989)

—181—
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More than three decades have passed since the
CP violation was discovered. Its implication is the
violation of symmetry laws in time if CPT=1 is
true. The search for electric dipole moment in an
isolated, non-degenerate state like a bare neutron
directs to the immediate demonstration of the time
irreversability. The ultracold neutrons (UCN),
very slow neutrons with velocities less than 7 m/s,
are especially suited for such studies. Several
review articles on this subject are available!l-4), In
order to advance a step further (a) the magnetic
field stability and homogeneity, (b) the longer
neutron storage time, and (c) the higher UCN
stored density must be pursued. Items (b) and (c)
can be achieved by using superthermal UCN
source (where UCN are produced by
downscattering of neutrons in superfluid liquid
helium). Golub et al®) and Yoshiki et al®) observed
production of UCN in superfluid helium. In a new
type of superthermal source (Mark3001) at KEK, a
high-permeability magnetic shield, a
superconducting magnetic shield and a
superconducting solenoid are incorporated for the
construction of a stable and homogeneous
magnetic field. This is expected to bring an
improvement of neutron edm upper limit almost by
an order of magnitude.

The magnetic shield of Mark3001 consists of a

3-layer high-permeability ferromagnetic ()L metal)
shield at room temperature and a superconducting
shield at liquid helium temperature. The relative
positions of the shields and solenoid are shown in
Fig.1. The coaxial ferromagnetic cylinders have
the same length (3200 mm) and thickness (1.6mm),
and relative permeability (10°: manufactured by
Tokin, Sendai, Japan). They are heated to
1050°C~1150°C for 3 hours and cooled down to
600°C~300°C at 80°C~150°C/hour. The coercive

rReponed by the first author at the 51 JPS meeting (Kanazawa,
996,3a-WE-8)

¥
=
5
|
|
li

FIgT Cross Sectional View of Mark3001

force is 2 amp/meter. The cylinders are spaced
equally at 40 mm.

The superconducting shield (2830 mm in length
and 724 mm in diameter) is constructed by winding
lead foil on an aluminum cylinder which is
fabricated with an accuracy of one hundredth of a
millimeter near the center. The lead foil are
fastened by Kapton tapes.

The superconducting solenoid (2830 mm in
length and 684 mm in diameter) is constructed

using NbTi/Cu composite wire ($0.48 mm after
insulation) wound on a aluminum cylinder, double-
layer, with 4129 turns/meter. The persistent
current necessary to generate 10 milligauss of
magnetic field at the center of the solenoid is no
more than 2 milliamperes.

The superconducting shield and solenoid are
contained in a double-layer cylinder containing
liquid helium.

Shielding effectiveness can be expressed by
shielding factors which are the ratios of the
external magnetic field to the attenuated field
inside the shield.
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Fig.2 Attenuated ambient magnetic field distributions
parallel to the axis at different radii, x.

H-shield -We measured the ambient magnetic
field and the attenuate field inside the high-
permeability ferromagnetic shield using
Bartington™ flux-pate meter. Fig.2 describes the
shielding of external magnetic field. At the center
of the shield we observe a shielding factor of 104.
Analytic solution says that the fall-off should be
Ael-%ZR) where k is the first zero of Oth Bessel
function, which is 2.405. From the figure our
found value was 2.44, satisfying the analytical
predition well. Formula for calculation shielding
effects with an end open have been given by
Wadey?), Marger®) , Freak and Thorp%, Sumner,
Pendlebury and Smith!®. For equally spaced
layers, the trnasverse shielding factor inside the
shield of infinite length 1is given by

N [1_(.&_] }H&) } o
AR, R,

where
1.
S, =£1, )

SF*™denotes transverse shielding factor of high-
permeability shield. S; denotes sheilding factor of
the i th cylinder of thickness f; , outer radius R;, and
mean diameter D;  j =1 refers to the innermost
cylinder. Using our des1gned values given and
relative permeability of 10° given by the
manufacturer we find that SF™=2 x 104. This is
satisfactorily in agreement with the measurements
as shown. For three layers of equal length!19),

Sa =148, +8,, +8,,. 3

Our measurement turned out S; =6 x 104 at
the center of the high-permeability shield, while
the expected value by calculation for Eq(3) is about
7 x 104

Superconducting shield-Hildebrandt!3)
treated the shielding by a semi-finite
superconducting hollow cylinder of radius R. The
component fields attenuate as

B; ecexp(-kz/R)

transverse (4)

B, <exp(-k,z/R) , axial (5

where k4=3.83 and k7=1.84 correspond to the
first zeros of Bessel functions Jp' and J;
respectively. z is measured from the open end
along the axis of the shield. In order to assess a
shielding factor of a superconducting shield it is
necessary to know the parameter k4 and krfor the
shield in question. To pursue this end we
constructed a model sheild made form the same
lead foil used in the actual shield and investigated
its shielding factor, which is governed by Eq(5).
The lead foil was wound on a Teflon tube of 200
mm in length and 92 mm in diameter. For the
measurement of the magnetic field a dc SQUID

with a 3-turn, ¢$25mm pick up coil made of
niobium wire having an inductance of 0.8
microhenry was used. The external magnetic field
was provided by a solenoid wound on the body of
the cryostat. Fig, is a typical plot of the inverse of
the shielding factor against depth when the
excitation current is 10 milliamperes. The mean
value of k4 thus obatined is 3.7310.11 compared
with the theorencal value, 3.83.
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Three metre long horizontal cryostat producing ultracold
neutrons using superfluid liquid helium at 0.5K
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After the discovery of violation of CP invariance in
K decays, the expectation is that there is also a
violation of time symmetry based on the CPT
principle. In order to examine this possibility
experimentally, the search for electric dipole moment
{edm) in any quantum mechanical non-degenerate
systern with spin is suited. In particular, the search for
the edm in neutrons is supposed to be the most
sensitive and crucial examination of T-violation in this
field.

Ultracold neutrons (UCN) are very slow neutrons,
with speeds in the range of <7 m/s, or with
wavelengths of more than several hundred angstroms,
and kinetic energies corresponding to <3 x 10%eV ora
few millikelvin. They exhibit very interesting
phnomena such as total refelections at all angles in
many materials. In 1977 Ramsey argured that even
with the cold neutrons which he used for the edm
detection, the systematic error originating from the
relativity and a slight misalignment in B and E is large
enough to mask the true edm signal. If the UCN were
used in place of the cold neutron beam, this is not the
case. Therefore the measurement of edm by means of
UCN has been a common practice

The production of UCN in superfulid liquid helium
was successfully demonstrated , as had been pointed
out by Golub and Pendlebury in 19771, In 1980
Yoshiki started to work on a cryostat which could later
be irradiated by cold neutrons from a cold source
installed at KENS. A few years later this prototype
cryostat was replaced with a model called Mark 280,
which had a UCN production vessel 80mm in
diameter and 280 mm in length. The same work was
continued and extended in collaboration with
S.Ishimoto, to build Mark 3000, which has a
horizontal extended part 3000 mm in length. In this
context we published a paper on future plans?), where
we discussed what would happen to the nuclear
heating and the temperature of the superfluid if this
cryostat were inserted in the field of a strong flux of
cold neutrons, say 1012/cm2/s. Such nuclear heat will
be removed by the heat exchanger developed by us.

The cross-section of Mark3000 is shown in Fig.1,
whose main part is the vessel containg the superfluid
liquid helium of 15 liters. The detailed description of
Mark3000 and its performance were published in
Cryogenics. Its main contribution was identifying the

superthermal UCN production at a cold neutron
energy. This was done by changing the cold neutron
energy by means of a pair of choppers 8 m apart. The
UCN were observed in fact at the wavelength of
8.78 +.06A, in contrast to the often quoted number of
8.9A for 1.1K liquid helium temperature, fitting
exactly to our particular liquid of 0.45K, which
Mark3000 attained. These results were reported in Ref
3. The success of Mark3000 Ied us to a design of
Mark3001, which will remove nuclear heat of 3 watls
combining a new extended heat exchanger and a set
of He? circulation pumps. He? is the refrigerant of our
systems. Mark3001 is currently being assembled, and
if it is submerged in the aforementioned cold neutron
field, it is expected to produce 5000 UCN/cm3.
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Fig 1. The cross-section of Mark3000
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Transmission of slow neutrons (9-15 A) through superfluid liquid helium
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For the production of ultracold neutrons (UCN),
the dispersion property of superfluid liquid He?* is
used. At a liquid temperature of (.45K, the energy
and momentum of a phonon of 0.72A-1(12K) equal to
those of a free neutron. The cross point of the two
kinematical curves in energy-momentum plane, the
neutron can exchange its energy and momentum
entirely with those of a produced phonon, resulting in
a neutron with infinitesimal energy, a UCN. Such a
mechanism was discussed by Feynman and Cohen[1],
by Golub and Pendiebury[2], and later the location of
the cross point of two kinematical curves was
measured by producing UCN by energy-controlled
cold neutrons for liquid helium at 0.45K[3]. This was
a clear demonstration that the single phonon process
does take place at the right energy. The interaction of
superfluid helium with neutron , whose wavelengths
fonger than 9A, and the liquid helium temperatures
below 1K however was a relatively unexplored area.
Sommers, Dash and Goldstein[4] measured the total
cross sections of cold neutron on the liquid He? in the
temperature region between 1.25 and 4.6K. We carried
out this transmission experiment with the liquid
temperature down to 0.45K. To measure the
transmission of the cold neutrons through such a low
temperature liquid He?#, a horizontal cryostat with
which the production of UCN was observed in
1992[3] was used in this experiment.

In regard to our experimental setup, remarks are
not more than in the report made earlier[3] except iwo
points. One is the characteristics of the velocity
selector. Itis a pair of disks, 3830mm in diameter with
a2 30mm wide window, 8.13 meters apart, rotating at a
speed of 20 rps by a pair of step-motors whose speed
and phase are precisely controlled by an electronic
pulse generator, It is the relative phase of these disks
that determines the speed of neutrons. Each phase
signal is measured by a clock which ticks at a rate of
10 ps and locks each other at a predetermined value
after changing one of the discs' rotation speed by
0.04%. It turned out that the time jitter of the relative
phase is less than 0.2% at 9A. The A determined by
the relative phase was systematically corrected for the
I-5 dependence of the flux. The correction was not
more than one percent in contrast with the 25% of S.
D. G[4], who used a short single rotor with a

synchronous motor. The other remark is the quantity
of He? remaining after the heat-flush separation
through a superleak. Commercial helium contains 0.16
ppm of He? in He4. By mass spectrograph we have
established that this was reduced to less than 1.3x10-8
(1s c.l.) by ocur superleak. This upper limit was
improved to 3 x 10-% by observing storage time of
UCN[3]. McClintock discusses that this can be as low
as 1012 by a single heat flush. Ref(3) did not give us
any new information because we had an escape duct
(the gravity acceleration tube) for UCN which was
open always, becoming the main source of limited life
time of UCN in the setup. The UCN confinement
measurement in fact would be the best and the only
way to determine how effective the heat-flush
scparation is. The absorption cross section of He? for
9A neutron is 25000 barns and corresponding effective
contribution to the total cross section will be 0.3 mb,
taking the measured upper limit of Ref(3), or less,
which is negligible compared tc numbers we are
interested in now.
we introduce a parameter, Y , which is defined as

Y=1-(§/M)1/(S/M)o.4sK, (1)

where S is the signal counts behind helium sample
(in the horizontal cylindrical container which
measures $80mm and 3000mm long) and M is the
monitor counts in front of helium sample. The lowest
attainable temperature of the liquid in this cryostat is
0.45K and it is quite stable and precisely reproducible.
In the measurement, once a wavelength is set by the
velocity selector, temperatures of the liquid were set
by a heater submerged in the liquid. The machine
stability is excellent up to 1.5K for a heater setting. In
place of interposing sample and vacuum as mentioned
before, at a proper interval, we returned from a higher
temperature to 0.45K, the lowest attainable
temperature of the cryostat, to confirm (5/M)g 45k in
eq(1). They are not precisely same each time and Ys
scatter around zero, giving idea of the errors in Y, The
value (§/M)g 45k in eq(l) is the average of multiple
values of those, in order to calculate the finat Y's. It
takes about thirty minutes to cool down from 1.5K to
0.45K. Temperatures above 1.5 to 2.4K, the machine

—185—



becomes unstable and it also takes some time to bring
down the temperature back to below 1.5K.

According to the single phonon theory, the

temperature dependence is hardly observable in one-
phonon production, while it is in phonon absorption
that the effect of temperature becomes apparent. The
Y can be expressed in the following way according to
its definition

Y=1-exp(-N(o(T)-c(0.45K))L), 2)
where 6(T)=0proa(T) +Canni(T), is the sum of the cross
sections for one-phonon production and annihilation
processes. Because the cross sections of the one-
phonon production processes depend little on the
liquid temperature, the difference of the cross sections
in (2) is nearly Oanni(T)—Canni(0.45K).The number of
the excited phonons is few at T=0.45K and
Canni(0.45K) is almost 0. Therefore Y~NLGanni(T).

In Fig. 1 to Fig.3, we show our measured results
comparing with calculated Y from the sum of the
calculated single phonon production and annihilation
cross sections. Our measured wave lengths are 9, 11,
13 and 15A. The data of the static structure factor S(Q)
used in eq(l) were taken from R. B. Hailock[5] at
T=0.38K and E. C. Svensson et al.[6] in the
temperature range from 1 to 3K. The temperature
dependence of S(Q} was calculated by interpolating
the two set of data mentioned above.

From the Fig.1 to 3, we can see that the Y does
not change its values in the temperature range from
0.45 to (0.7K for all the wavelengths measured. The
agreements between the calculated and the measured
data are fairly good. What are indicated in these
agreements would be that the single phonon process
can account for the measured data in the low
temperature region{ T<1.3K) and iow momentum
transfer region(Q<0.25A-1), where S(Q, @) include
single sharp peak only.  For the higher T and Q
regions, S{Q, w} may include a broad peak in higher
w, which is not single phonon excitation process, in
addition to the sharp peak. In this case, it should not
be declared that the single phonon process can
describe the measured data even with good
agreements between calculations and measurements.
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LIST OF PROPOSALS

ACCEPTED
(1995 - 1996)

Snapshot of the International Workshop on Science in Neutron-Arena of
JHP held at KEK on March 26 - 27, 1996.



Proposals accepted (April 1995 - March 1996).

95-A2-1

95-A2-2

05-A2-3

95-B1-1

95-B1-2

95-B1-3

95-B1-4

95-B1-5

95-B1-6

95-B1-7

95-B1-8

95-B1-9

95-B1-10

95-B1-11

95-B1-12

Yoshiki H Ibaraki Univ.
Development of edm Measuring Equipment
LAM-80C Ikeda H KEK .
Application of LAM-80C to Experiments under Extreme Conditions
Shimizu H RIKEN
Very Cold Neutron Bending in a Magnetic Field and Position-sensitive Solid-state
Neutron Detector

FOX Ohshima K Univ.of Tsukuba

Study on Structural Fluctuation and Phase Transition from Single Crystals of Alloys and
Compounds

MAX Todate Y Ochanomizu Univ.

Study of Elementary Excitations Using Multi-Crystal Analyser Spectrometer

LAM Kanaya T Kyoto Univ.

Neutron Scattering Studies on Relaxational and Excitational Modes in Condensed
Matters

HIT FokunagaT  Nagoya Univ.

Structure Study of Liquids and Amorphous Solids

VEGA Kamiyama T  Univ.of Tsukuba
Structural Studies Using VEGA

SAN FurusakaM  KEK

Materials Science by Small-Angle Neutron Scattering Instrument (SAN)
WINK FurusakaM  KEK

Materials Science by Small/Medivm-Angle Diffractometer(WINK)
PEN Masuda Y KEK

Polarized Neutron Experiment by Using PEN

RAT/CAT Ikeda S KEK

Condensed Matter Research Using eV Neutrons

INC Arai M KEK

Study on Condensed Matter by Means of a Chopper Spectrometer
TOP Takeda M Tohoku Univ.

Study of Magnetism by TOP

MRP : MotokawaM  Tohoku Univ.

Study on Crystal Structure and Magnetic Structure in High Magnetic Field by MRP
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95-B2-1

95-B2-2

05-B2-3

95-B2-4

95-B2-5

95-B2-6

95-B2-7

95-B2-8

95-B2-9

95-B2-11

95-B2-12

95-B2-14

95-B2-15

95-B2-17

95-B2-18

L.AM Nakamura Y  Hokkaido Univ.

Dynamical Structure of Molten Carbonate Mixtures

LAM Nakamura Y  Hokkaido Univ.

Dynamical Properties of Electrolyte Systems Diluted by Heterobond Materials
LAM/MHIT Kawamura]  Hokkaido Univ,

Ionic Diffusion and Structural Relaxation in Organic-Inorganic Mixed Superionic
Glasses

SAN Ichikawa K Hokkaido Univ.

Nonmetal-Metal Transition under the Concentration Fluctuation :Growth of
Polybismuth Ions to Cluster

MRP Kohgi M Tokyo Met. Univ.

Magnetic Structure of the Low Carrier System CeX (X=P,As) under High Magnetic
Field

INC Yamada K ‘Tohoku Univ.

Study on High Energy Excitation of High-Tc Superconductors
LAM Kajitani T Tohoku Univ.
Hydrogen Vibration Modes in Organic Conductors

INC/LAM Motokawa M  Tohoku Univ.
Inelastic Neutron Scattering of a Spin-Peierls System

CAT Yamaguchi S  Tohoku Univ.
Inelasic Neutron Scattering of Hydrogen in Ordered Alloys
INC Yamaguchi Y Tohoku Univ.

A Study of Spin Wave in Itinerannt Electron Antiferromagnetic System

Mn,, T, Si(T=Fe,Cr)

WINK Sumiyama K Tohoku Univ.

A Small Angle Neutron Scattering Study on Topological and Magnetic MediumRange
Structure in Fe/Cu Granular Films

HIT Uemura O Yamagata Univ.

Short-Range Order of Amorphous and Liquid Ge-Te Alloys

HIT Kameda Y Yamagata Univ.

Inter-Ionic Structure in Highly Concentrated Lithium Carboxylate Solutions

VEGA Takita K Univ. of Tsukuba

Structural Modulation Depending on the Pr Content and Oxygen Deficiency in the Solid
Solution of YBCO-PBCO.

LAM Ikeda H KEK

Dynamic Critical Scattering from a Two-Dimensional Percolating Antiferromagnet

- 190 —



95-B2-19

95-B2-21

95-B2-22

95-B2-23

95-B2-24

95-B2-25

95-B2-26

95-B2-28

95-B2-29

95-B2-30

95-B2-31

95-B2-32

95-B2-33

95-B2-34

93-B2-36

95-B2-37

95-B2-38

WINK Hirai M Gunma Univ.

Structural Properties of Ganglioside-Protein Complexes in Aqueous Solvents
HIT Yasui I Univ. of Tokyo

Structure Analysis of Mixed Alkali Glasses

LAM Imai M Univ. of Tokyo

Dynamical Structure of Crystalline Polymer near Glass Transition Temperature
VEGA TakahashiH  Univ. of Tokyo

Studies of Crystal Structure under High Pressure

VEGA Kawazoe H Tokyo Inst. Tech.

Neutron Diffraction Study of Mixed Valence T1 Oxide

RAC Enoki T Tokyo Inst. Tech,

Lattice Dynamical Properties of Hydrogen in Alkari Metal-Hydride

LAM Shirakami T  Tokyo Inst. Tech.

Low-Energy Excitations in Yttria-Stabilized Zirconia

MAX Kashida S Niigata Univ.

Inelastic Neutron Scattering Study of the Structural Phase Transition in KDCO,
LAM Misawa M Niigata Univ.

Dynamics of Water Molecules near the Upper- and the Lower-Critical Points
LAM Misawa M Niigata Univ.

Quasielastic Scattering of the Liquid Carbon Tetrachloride

SAN Okano K Shinshu Univ.

SANS from Semidilite Solutions of Poly(N-isopropylacrylamide) in Methanol-Water
Mixture

WINK Imae T Nagoya Univ.

Investigation for Fibrous Supermolecular Structure by Small-Angle Neutron Scattering
HIT Mizutani U Nagoya Univ.

Structure of Mg,, ,Ga,Ca, , Temary Amorphous Alloys

WINK FukunagaT  Nagoya Univ.

Density Fluctuation and Structural Relaxation for Amorphous Se Prepared by
Mechanical Milling

INC FukunagaT  Nagoya Univ.

Dynamic Structure of Amorphous Se Formed only by Chain Molecules or Ring Ones
WINK Okabayashi H Nagoya Inst. Tech.

Aggregate Structures of Surfactants Having Asymmetric Structure

SAN/WINK Okabayashi H Nagoya Inst. Tech

Super Secondary Structure of Oligopeptide Aggregates in Solvent

—191 —



95-B2-39

95-B2-40

95-B2-41

95-B2-42

95-B2-43

95-B2-45

95-B2-46

95-B2-47

95-B2-48

95-B2-49

95-B2-50

95-B2-51

95-B2-52

95-B2-53

95-B2-54

LAM Yao M Kyoto Univ.

Dynarnical Structure of Liquid Tellurium Mixtures

SAN Osamura K Kyoto Univ.

Structure Change during Decomposition in Fe-Cr Based Alloy

LAM/WINK Kaji K Kyoto Univ.

Low-Energy Excitation of Polymer Liquid Crystals

TOP Shinjo T Kyoto Univ.

Giant Magnetoresistance and Magnetic Structure of Metallic Multilayer Films

HIT Yoko T Kyoto Univ.

Precise Structure Analysis of PbO-TeO,Binary Glasses and Melts

VEGA Matsuo T Osaka Univ.

Deuterium-Induced Phase Transitions in (ND,),MXCrystals (M=Se,Pt,X=ClL,Br)
VEGA Matsuo T Osaka Univ.

Rotational Correlation between ND,"and PbCl,* Tons and Structural Phase Transition in
(ND,),PbCi, Crystal

LAM Matsuo T Osaka Univ.

Low-Energy Exitations and Low-Temperature Heat Capacities in Molecular Ground
Amorphous Solids

LAM Kataoka M Osaka Univ.

Low-Energy Dynamics of Proteins and its Change upon Folding

LAM Inaba A Osaka Univ.

Phase Transition and Orientational Disorder in Adamantane Monolayeres

LAM Inaba A Osaka Univ.

Phase Transition and Orientational Disorder in Tetrakis(methylthio)methane
Monolayers

VEGA Inaba A Osaka Univ.

Structure and Phase Transition in Adamantane Monolayers

LAM Takeda S Gunma Univ.

‘Thermochromism and Dynamics in Organometallic Compound, ZrCp2-
diphenylbutadiene

LAM Yamamuro O Osaka Univ.

Low-Energy Exitations and Low-Temperature Heat Capacities in Simple Molecular
Glasses

SAN/VEGA AraiM KEK

Diffraction Measurement of Single-Crystal High-Tc Superconductors
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95-B2-57

95-B2-58

95-B2-59

95-B2-61

05-B2-62

95-B2-63

95-B2-66

95-B2-67

95-B2-68

95-B2-69

95-B2-70

95-B2-71

95-B2-72

95-B2-74

95-B2-75

VEGA Kanno R Kobe Univ.

Study on Tonic Conduction Mechanism of Layered Rock-Salt Type Oxides

VEGA Hashimoto M Kobe Univ.

Crystal Structures of Trihaloace Tamides as Studied by Neutron Powder Diffraction
VEGA Eda K Kobe Univ.

Crystal Structure of (Na - 2D,0) ( ,,D,Mo0O,, x=0.5

LAM Seto H Hiroshima Univ.

The Structural Transformation and its Dynamics in Microemulsion

SAN Gohtani S Kagawa Univ.

Structural Investigation for Adsorbed Film of Saponin on Droplet Surface of Saponin
Emulsion

HIT Kamimori T  Ehime Univ.

Study of the Structure of Amorphous Cu,Mn (Al + Y) by Nneutron Diffraction
WINK/SAN Kurita K Nihon Univ.

Small-Angle Neutron Scattering of Human Hair

MRP Mitsuda S Science Univ. of Tokyo

Magnetic Structure of Triangular Lattice Antiferromagnet CuFe, Al O, in High Magnetic
Field

WINK Konakahara T Science Univ. of Tokyo

Determination of Structure of DN A-Ethidium Bromide Complex in Aqueous Solution by
Contrast Variation Method

WINK Fukai F Science Univ. of Tokyo

Analysis of Conformation Change in Fibronectin Fragment during the Heparin-Induced
Activation of Cell Adhesion-Inhibiting Activity

CAT Horiuchi N Waseda Univ.

Nonlinear Optical Effect and Hydrogen Bonds of the Organic Crystal 2ASNPDP
VEGA Sato T Tokyo Engineering Univ.

Crystal and Magnetic Structure of Zn Ferrite Ultra-Fine Particles Having Anomalous
Magnetization

TOP Sato T Keio Univ.

Stability of the Localized Magnetic Moments in PdFe Fine Particles

TOP Sato T Keio Univ.

Intraparticle Structure in Ultra-Fine ZnFe,O, Particles

SAN Sato T Keio Univ.

Study on the Magnetic Property of Magnetic Particles Dispersed in Polymer and LB Film
of Magnetic Particles
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95-B2-78

95-B2-79

95-B2-80

95-B2-81

95-B2-84

05-B2-86

05-B2-87

65-B2-88

95-B2-89

95-B2-90

95-B2-91

95-B2-92

95-B2-93

95-B2-94

95-B2-95

05-B2-96

95-B2-97

HIT Kakinuma F  Niigata College of Parmacy

Neutron Diffraction Study of Local Structural Change on Liquid S-Te Mixtures
VEGA Shigematsu T Konan Univ.

Powder Neutron Diffraction Study on the Crystal Structure of ZrO,-CeQ, _,
LAM Kittaka S Okayarma Univ. of Science

Dynamic Properties of Monolayer Water Molecules on the Ionic Crystalline Solid
Surface

HIT Yamaguchi T  Fukuoka Univ,

Neutron Diffraction of Aqueous NaCl Solution around the Critical Temperature of Water
SAN Yamaguchi T  Fukuoka Univ,

Small-Angle Neutron Scattering from Aqueous Solutions of Bile Salts

VEGA Akiba E NIMC

Structure Refinement of Metal Hydrides

CAT Ueda T NIMC

Dynamical Behavior of Hydrogen Atom in NbH Dy and VH Dy

CAT Ueda T NIMC

Local Structure and Hydrogen Dynamics in Mg,NiH, D,

WINK Watanabe Y =~ NFRI

Small-Angle Neutron Scattering Studies of Plant Virus Coat Proteins in Complex with
Sodium Dodecyl Sulfate

HIT Igarashi K GIRI, Nagoya

Neutron Diffraction Analysis of Silica Aerogels Treated under Different Temperatures
SAN Tajiri K GIRI, Nagoya

Neutron Small Angle Analysis of Silica Aerogels with Different Densities

HIT Umesaki N GIRI, Osaka

Structure of Short-Medium Range Order of Tellurite Melts

LAM Kitamura N GIRI, Osaka

Inelastic Neutron Scattering of CaO-P,O, Glasses

INC/LAM Suzuya K JAERI

Dynamic Response of Structural Transitions in Alkali Phosphate Glasses

MRP M. Steiner HMI

Determination of the Phase Diagram of MnTiO, in High Magnetic Fields

INC ULF DAHL.BORG SNRL

Dynamic Scattering Function of High Density Amorphous Ice

HIT KitaY Osaka Univ.

Pulsed Neutron Scattering Measurements on Li,0-B,0, Melts
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95-B2-99 CAT Ohoyama K Tohoku Univ.
A Study of Magnetic Excitation in a Kondo Semiconductor CeRhSb
95-Urg.-1 SAN Shimizu H KEK
Measurement of Transmittance of a Polarized Proton Target at Liquid Nitrogen
Temperature
95-Urg.-2 MRP H.Nakotte ANL
Magnetic Structures of the Frustrated Antiferromagnet UNi,B in High Magnetic Fields
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Proposals accepted (April 1996 - March 1997).

96-Al1-1

96-A1-2

96-A2-1

96-A2-2

96-A2-3

96-B1-1

96-B1-2

96-B1-3

96-Bi-4

96-B1-5

96-B1-6

%96-B1-7

96-B1-8

96-B1-9

86-B1-10

96-B1-11

Kiyanagi Y Hokkaido Univ.
Design and Construction of Neutron Reflectometer
HRP-II Kamiyama T  Univ. of Tsukuba
HRP-II, the Super High Resolution Neutron Powder Diffractometer
Yoshiki H Ibaraki Univ.
Development of edm Measuring Equipment
LAM Ikeda H KEK
Application of LAM-80C to Experiments under Extreme Conditions
Shimizu H RIKEN
Research and Development of New Devices for Cold Neutron Scattering Experiment

FOX Ohshima K Univ. of Tsukuba

Study on Structural Fluctuation and Phase Transition from Single Crystals of Allays and
Compounds

MAX Todate Y Ochanomizu Univ.

Study of Elementary Excitations Using Multi-Crystal Analyser Spectrometer

LAM Shibata K Tohoku Univ.

Neutron Scattering Studies on Relaxational and Excitational Modes in Condensed
Matters

HIT FukunagaT  Nagoya Univ.

Structure Study of Liquids and Amorphous Solids

VEGA Kamiyama T  Univ. of Tsukuba
Structural Study by the VEGA Diffractometer

SAN FurusakaM  KEK

Materials Science by Small-Angle Neutron Scattering Instrument (SAN)
WINK Otomo T KEK

Materials Science by Small/Medium-Angle Diffractometer (WINK)
PEN Masuda Y KEK

Polarized Neutron Experiments by PEN

RAC Ikeda S KEK

Condensed Matter Research using ¢V Neutrons

INC Itoh S KEK

Study on Condensed Matter by Means of a Chopper Spectrometer
TOP Takeda M Tohoku Univ.

Study of Magnetism by TOP
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96-B1-12

96-B2-1

96-B2-2

96-B2-3

96-B2-4

96-B2-5

96-B2-6

96-B2-7

96-B2-8

96-B2-9

96-B2-10

96-B2-11

96-B2-12

96-B2-13

96-B2-14

96-B2-15

96-B2-16

MRP Arai M KEK

Study on Crystal Structure and Magnetic Structure in High Magnetic Field by MRP
HIT Yoko T Kyoto Univ.

Precise Structure Analysis of PbO-TeO, Binary Glasses and Melts

HIT Kakinuma F  Niigata College of Pharmacy.

Neutron Diffraction Study of Local Structural Change on Liquid S-Te Mixtures
HIT Yamaguchi T Fukuoka Univ,

Neutron Diffraction of Aqueous NaCl Solution around the Critical Temperature of Water
HIT Mizutani U Nagoya Univ.

Structure of Mg, ,Ga,Ca, , Ternary Amorphous Alloys

HIT KitaY Osaka Univ.

Pulsed Neutron Scattering Measurements on Li,0-B,0, Melts

LAM Imai M Univ.of Tokyo

Dynamical Structure of Crystalline Polymer near Glass Transition Temperature
LAM Kai K Kyoto Univ.

Low-Energy Excitation of Polymer Liquid Crystals

LAM Kittaka S Okayama Univ. of Science

Dynamic Properties of Monolayer Water Molecules on the Ionic Crystalline Solid
Surface

LAM Kajitani T ‘Tohoku Univ.

Hydrogen Vibration Modes in Organic Conductors

LAM Misawa M Niigata Univ.

Quasielastic Scattering of the Liquid Carbon Tetrachloride

LAM Yamarnuro O Osaka Univ.

Low-Energy Excitations and Low-Temperature Heat Capacities in Simple Molecular
Glasses

INC/LAM Suzuya K JAERI

Dynamic Response of Structural Transitions in Alkali Phosphite Glasses

VEGA Takahashi H  Univ. of Tokyo

Studies of Crystal Structure under High Pressure

SAN/VEGA Arai M Kobe Univ.

Diffraction Measurement of Single-Crystal High-Tc Superconductors

VEGA Hashimoto M Kobe Univ.

Crystal Structures of Trihaloacetamides as Studied by Neutron Powder Diffraction
VEGA EdaK Kobe Uniyv.

Crystal Structure of (Na- 2D,0), ,5 D, MoO,, x=0.5

—197—



96-B2-17

96-B2-18

96-B2-19

96-B2-20

96-B2-21

96-B2-22

96-B2-23

96-B2-24

06-B2-25

96-B2-26

96-B2-27

96-B2-28

56-B2-30

96-B2-31

96-B2-33

VEGA Shigematsu T Konan Univ.

Powder Neutron Diffraction Study on the Crystal Structure of ZrO,-CeO,_,

MAX Kashida S Niigata Univ.

Inelastic Neutron Scattering Study of the Structural Phase Transition in KDCO,

SAN Ichikawa K Hokkaido Univ.

Nonmetal-Metal Transition under the Concentration Fluctuation: Growth of Polybismuth
Ions to Cluster

WINK/SAN Kurita K Nihon Univ.

Small-Angle Neutron Scattering of Human Hair

SAN Yamaguchi T Fukuoka Univ.

Small-Angle Neutron Scattering from Aqueous Solutions of Bile Salts

WINK Surniyama K Tohoku Univ.

A Small Angle Neutron Scattering Study on Topological and Magnetic Medium-Range

Structure in Fe/Cu Granular Films

WINK Hirai M Gunma Univ.
Structural Properties of Ganglioside-Protein Complexes in Aqueous Solvents
WINK FukunagaT  Nagoya Univ.

Density Fluctuation and Structural Relaxation for Amorphous Se Prepared by
Mechanical Milling

WINK Okabayashi H Nagoya Inst. Tech.

Aggregate Structures of Surfactants Having Asymmetric Structure

WINK Okabayashi H Nagoya Inst. Tech.

Super Secondary Structure of Oligopeptide Aggregates in Solvent

INC YamaguchiY Tohoku Univ.

A Study of Spin Wave in Itinerannt Electron Antiferromagnetic System

Mn, T, Si(T=Fe,Cr)

INC FukunagaT  Nagoya Univ.

Dynamic Structure of Amorphous Se Formed only by Chain Molecules or Ring Ones
MRP Kohgi M Tokyo Met. Univ.

Magnetic Structure of the Low Carrier System CeX(X=P,As) under High Magnetic
Field

MRP Mitsuda S Science Univ. of Tokyo

Magnetic Structure of Triangular Lattice Antiferromagnet CuFe, Al O, in High
Magnetic Field

CAT Ueda T NIMC

Local Structure and Hydrogen Dynamics in Mg,NiH, .D

d-x"x
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96-B2-40

96-B2-41

96-B2-43

96-B2-44

96-B2-45

96-B2-46

96-B2-47

96-B2-48

96-B2-50

96-B2-51

96-B2-52

96-B2-53

96-B2-55

96-B2-56

96-B2-57

96-B2-58

96-B2-59

HIT Iwadate Y Chiba Univ.

Network Structure and Oxygen Coordination around Rubidium in B,0;-Rb,O Glasses
HIT Jmai M Univ.of Tokyo

Orientation Ordering of Polymers during Induction Period of Crystallization

HIT Kamimori T  Ehime Univ.

Study of the Structure of Amorphous Cu,MnAl, , (Zr-Y), by Neutron Diffraction
HIT Takeda S Kyushu Univ.

Middle Range Order in the Structure of Molten Oxcide

HIT YamaguchiH ETL

Structure Analysis of Non-Crystalline CuGeO,

HIT Umesaki N GIRI, Osaka

Structural Analysis of Li,S-SiS, Superionic Conducting Glasses by Pulsed-Neutron
Diffraction

HIT Kitamura N GIRI, Osaka

A Study of Structure for Densified Lithium-Silicate Glass

LAM/WINK Kaji K Kyoto Univ.

Low-Energy Excitations of Oriented Amorphous Polymers

LAM Kataoka M Osaka Univ.

Changes in Low-Energy Dynamics of Proteins upon Folding

LAM Inaba A Osaka Univ.

Dynamics in Halogeno-mesitylene Monolayers Adsorbed on Graphite
LAM Inaba A Osaka Univ.

Dynamics in Neopentane Monolayer Adsorbed on MgO

LAM Takeda S Gunma Univ.

Proton Dynamics in Rb,H(SQO,),

LAM Seto H Hiroshima Univ.

Dynamics in a Structural Phase Transition and a Phase Separation in a Microemulsion
LAM AokiY Tokyo Met. Univ.

Coexistence of Superconductivity and Magnetism in Heusler Compound RePd,Sn
LAM Nakamura Y  Hokkaido Univ.

Chemical Effects for Dynamical Structures of Glass-Forming Nitrate Melts
LAM Misawa M Niigata Univ.

Dynamics of Water Molecules in the Closed-Loop Phase Separating System
LAM Tamaki S Niigata Univ.

Dynamics of Glycerol-methoxyphenol at the Upper and Lower Points of Loop in Phase
Diagram
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96-B2-60

96-B2-61

96-B2-62

96-B2-63

96-B2-64

96-B2-65

96-B2-66

96-B2-67

96-B2-69

96-B2-71

96-B2-73

96-B2-74

96-B2-75

96-B2-76

96-B2-77

96-B2-78

LAM/CAT/HIT/WINK Arai M KEK

Study on the Structure and the Dynamics of Permanenly Densified SiO, Glass

LAM Itoh S KEK

Quantum Effect on Spin Dynamics in CsNiCl,

INC Kitamura N GIRI, Osaka

Inelastic Neutron Scattering of Ca(PO,), Glass and Crystal

LAM Shirakami T  Tokyo Inst. Tech.

Temperature Dependence of the Dynamical Structure Factor of Yttria-Stabilized Zirconia
LAM FukunagaT  Nagoya Univ.

Dynamics of C-Li Intercalation Compounds Prepared by Mechanical Milling

LAM Takeda K Narto Univ. of Education

Low-Energy Excitations of Molecular Glasses with Structure Controled by Hydrogen
Bonds

TOP Hosoito N Kyoto Univ.

Giant Magnetoresistance and Magnetic Polarization of Nonmagnetic Layers in Metallic

Multilayers

TOP Sato T Keio Univ.

Vortex-Like Spin Structure in Ni(Pt)Mn

VEGA Yamamuro N Univ. of Tsukuba

Structures and Phase Transitions of Ionic Plastic Crystals Including NO,-Ions
VEGA Yashima M Tokyo Inst. Tech.

Structural Phase Transition of Hydroxyapatite

VEGA Matsuo T Osaka Univ.

Effect of Deuterium Substitution on Phase Transitions of Anti-Fluorite Type Ammonium
Salts

VEGA Inaba A Osaka Univ.

Structural Study of Adsorbed Monolayers on Graphite

VEGA Kanno R Kobe Univ.

Structure and Charge Disproportionation of the Iron Containing Perovskite Oxides
VEGA Uesu'Y Waseda Univ.

Mechanism of Diffuse Phase Transition in Relaxor Ferroelectrics

VEGA Akiba E NIMC

Structure Refinement of Metal Hydrides

VEGA Akiba E NIMC

Structure Refinement of Li Containing Oxides

- 200 —



96-B2-79

96-B2-80

96-B2-82

96-B2-83

96-B2-84

96-B2-86

96-B2-89

96-B2-90

96-B2-91

96-B2-92

96-B2-93

96-B2-94

96-B2-95

96-B2-96

VEGA Mochiku T NRIM
Crystallographic Study of the Sr,L.nCu,MO,-Type Compounds and the Related High-T,
Superconductors

MAX Kashida S Niigata Univ.

Inelastic Neutron Scattering Study of the Structural Phase Transition in KHCO,

WINK Osamura K Kyoto Univ.

Meso-Scale Pattern Forming during Phase Decomposition in Alloys

SAN Gohtani S Kagawa Univ.

Structural Investigation for Adsorbed Film of Saponin on Droplet Surface of Emulsion
TOP Sato T Keio Univ.

Study on the Magnetic Property of Magnetic Particles Dispersed in Polymer and LB Film
of Magnetic Particles

HIT/WINK/LAM KawamuraJ  Hokkaido Univ.

Short and Intermediate Range Order of Organic-Inorganic Mixed Superionic Glasses
WINK Hirai M Gunma Univ.

Denaturation Process of Globular Proteins Studied by Using Medium-High Angle
Scattering

WINK Imae T Nagoya Univ.

Investigation for Fibrous Supermolecular Structure by Small-Angle Neutron Scattering
WINK Aol K Nagoya Univ.

Investigation for a New Micelle Structure of a Chitin Derivative

WINK Okabayashi H Nagoya Univ.

Studies of Aggregate Structure of Surfactants Having Special Molecular Structures in
Aqueous Solutions

WINK Kanaya T Kyoto Univ.

Annealing Effects on Low-Energy Excitations and Changes in Structures of Amorphous
Polymers

WINK Yamamuro O Osaka Univ.

Short-and Medium-Range Structures and Their Annealing Effects of Vapor-Deposited
Molecular Glasses

WINK Yoshida H Tokyo Met. Univ.
Cluster Structure of Water in Hyaluronic Acid Hydrogel
WINK Yamaguchi T Fukuoka Univ.

Small-Angle Neutron Scattering from Aqueous Solutions of MEGA-8
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96-B2-97

56-B2-98

96-B2-99

96-B2-100

96-B2-102

96-B2-103

96-B2-104

96-B2-105

96-B2-106

56-B2-107

96-B2-108

96-B2-109

96-Urg.-2

96-Urg.-4

WINK Watanabe Y ~ NFRI

Neutron Scattering Studies of Sodium Dodecyl Sulfate-octylglucoside Mixed Micellar
System

INC/CAT Yamaguchi Y Tohoku Univ.

A study of Ce 4f States in a Heavy Fermion Compound System Ce,X(X=5Sb, Bi)
INC Kadowaki HH  Univ. of Tokyo

Magnetic Excitation of Valence Fluctuation Compound CeRu,

FOX Arai M Kobe Univ.

Study on the Dynamics and the Structural Instability of High-Tc Superconductors
INC Igarashi K GIRI, Nagoya

Dynamics in Silica Aerogels Treated under Different Temperatures

INC Metoki N JAERI

Giant Crystal Field Excitation of Kondo Ferromagnet CeRh,B,

INC Metoki N JAERI

Inelastic Neutron Scattering Study of Crystal Field Level in PrCu,

CAT Ohoyama K Tohoku Univ.

Neutron Spectroscopy Study of a “Kondo semiconductor” CeRhSb under Pressure
CAT Yamaguchi S Tohoku Univ.

Inelastic Neutron Scattering of Hydrogen in Ordered Alloys

RAC Iwasa K Tokyo Met. Univ.

Charge Order and Local Atomic Vibrations of Yb Ions in the Low-Carrier System
Yb,As,

RAT Kamiyama T  Hokkaido Univ.

Neutron Resonance Scattering for Glasses Containing Nanosize Ag Metal Particles
RAT Misawa M Niigata Univ.

Atomic Vibration in Micro-Clusters by Neutron Resonance Absorption Method
HIT Fujii H Hiroshima Univ.

Structural Characterization of Amorphized Mg-Ni-D System

VEGA Ikeda S KEK

Study on Impurity Motions with Neutron Resonance Method
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