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PREFACE 


Neutron scattering research is now coming to a transitional stage where not 
only the scientific interests but also the research methodologies are gradually 
changing with their historical inevitability. Applications to the condensed 
matter physics have been dominated in recent decades but there is an increasing 
interest in applying neutron scattering to the structural biology research 
especially because of getting the positions and functions of water molecules 
surrounding proteins. On the other hand, an international tendency for shifting 
to the pulsed neutron source is becoming clear after the success in KEK(1apan) 
and ISIS(UK). A new plan of constructing Neutron Science Research Center in 
JAERI with an intensive proton beam linear accelerator may be situated along 
the international current. 

The neutron scattering research group in JAERI was rearranged about two 
years ago with special concerns for these movements and it is now in the 
Advanced Science Research Center with three groups mentioned in the Section 
1. It is widely recognized in these groups that the most important points in 
such a transitional stage is to pursue advanced and innovative scientific 
programs with wide and sensitive mind. The readers will find many interesting 
and suggestive new ideas and results in the present review. At the same time, 
we are aware of the importance that the key technologies in future should be 
obtained by improving and brushing up the steady neutron beam technologies 
around JRR-3M. Many technological attempts now carried in our groups such 
as an innovative neutron imaging plate, concaved silicon crystal 
monochromator, WAND spectrometer and ultralow temperature neutron 
scattering facility now under construction are also shown in this review, and 
the next problem is how to extend these methods to the pulsed neutron facilities 
which will be realized in future. 

September 19, 1997. 

Muneyuki Date 


Director 

Advanced Science Research Center 


Japan Atomic Energy Research Institute 
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1. OVERVIEW OF THE RESEARCH ACTIVITY OF NEUTRON 
SCATTERING IN THE FISCAL YEAR 1996 

Since the JRR-3 was upgraded for neutron 
beam researches in 1990, the Neutron Scattering 
Laboratory (NSL) of Japan Atomic Energy Re­
search Institute (JAERI) has intensively worked 
for construction of the seven neutron scattering 
instruments and has conducted researches on ba­
sic science and materials science by means of 
neutron scattering. Another group for the study 
on structural analysis of biological crystals was 
established in Advanced Science Research Center 
(ASRC) in 1993. 

At the beginning of FY 1996, the members of 
NSL moved to ASRC. As a result, most of the 
neutron scattering staffs in JAERI are unified un­
der M. Date, the director of ASRC. Members are 
introduced in the photograph at the first page of 
this booklet. They consist of three groups for 1) 
neutron crystallography in biology, 2) neutron 
scattering of strongly correlated electron systems 
and 3) neutron scattering at ultralow temperatures 
as shown in Fig.1. 

Our neutron scattering instruments installed at 
the JRR-3M are shown in Fig. 2. Four instru­
ments, HRPD, BIX-I, TAS-1 and PNO, are in 
the reactor hall. In the guide hall, five instru­
ments, RESA, BIX-ll, TAS-2, LTAS and 
SANS-J, are installed. The specifications of most 
of these instruments are summarized in the 
"Current status of the neutron scattering facility at 
NSL-JAERI" (JAERI-memo 8-36). Recently 
some parts of the TAS-2 were replaced by non­
magnetic materials for projected experiments un­
der high magnetic field in near future. A new in­
strument LTAS (Low-energy Triple-Axis Spec­
trometer) has been running for users to study 

M. Date Tokai Research 
EstablishmentAdvanced Science 


Research Center 


16 Groups 
! 

N Niimura Y Y ama da YMom 

Research Group for Research Group for Research roup for 
Neutron Neutron Scattering on Neutron Scottering fit 
Crystallography in Strongly Correlated Ultralo", 
Biology Electron Systems Temperatures 

9 Staff. UStal'fll II Staffi.I 

' ­
Fig. 1. Organization related neutron scattering groups in 

lAERI. 


magnetic materials, strongly correlated electron 
systems and super ionic conductors. The typical 
specifications of this spectrometer are as follows; 
1) neutron incident energy, Ei: 2 meV-15.6 meV, 
2) total neutron flux: :::: 1 X 107 n/cm2/sec, 3) en­

ergy resolutions: 141leV at Ei = 2 meV and 183 

JleV at Ei =5 meV. For SANS, "Dynamic data 
acquisition system" is being developed. This 
system will greatly extend the capability of the 
present SANS-J for studies on non-equilibrium 
phenomena. The BIX-II is in a tuning status of 
the acquisition of the fundamental data of this 
diffractometer. This instrument will be commis­
sioned for users at the beginning of next year. 

Fig. 2. Neutron research facility at the JRR-3M. 

o 5 10m 

- 1 ­
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Biology 
3.5 % 

and 

Fig. 3. Research fields in neutron scattering in JAERI. 

Development of a monochromator system is in 
progress. An elastically bent Si perfect crystal 
has a good perfonnance of monochromation. The 
bent monochromators are practically used for 
HRPD, BIX-I, BIX-II and RESA. 

Auxiliary equipments have been developed for 
neutron scattering experiments. These include a 
3He cryostat with a 6 T vertical field magnet, a 5 
T horizontal field cryomagnet (1.5 K), an 'Or­
ange cryostat' with an insert which can install a 
clamp-type high-pressure cell, and a dilution re­
frigerator cooling down to 10 mK with 5 T verti­
cal field. The insert of this dilution refrigerator 
can set a small non-magnetic high-pressure cell. 
A development of a 10 T magnet which is cooled 
by closed cycle refrigerators (a liquid He-free 
superconducting magnet) is now in progress. A 
high pressure cell using sapphire anvils (up to 6 
GPa) is also under development. 

The research reactor, JRR-3M, ran in a rather 
good condition during the planned operation cy­
cles (7 cycles, 4 weeks/cycle) except for 17 days 
which were required to repair the vacuum seal of 
a cold neutron system. As a result, the available 
beam time of the SANS-J and the LTAS installed 
at the cold neutron guides, Cl and C3, was 139 
days and for the other instruments was 158 days. 

Thirty eight research proposals were conducted 
by the three groups and other staffs in JAERl in 
JFY 1996. For the complementary research, 20 
proposals with universities and 4 proposals with 
private enterprises which are listed in 
APPENDIX B were also conducted. In this re­
port, progress reports of all research proposals 
mentioned above are submitted. Figure 3 shows 
the research field of the reports in this booklet. 
As shown in this figure, main interests of our 
groups are structures and excitation in the 
strongly correlated electron systems, crystal 

-

structures of solids and biological materials, and 
magnetic structures of solids. 

Some highlights of the activities in this report­
ing period are briefly described by each group as 
follows. 

Research group of neutron 
crystallography in biology 

Neutron diffraction provides an experimental 
method of directly locating hydrogen atoms in 
biological macromolecules which dominate the 
structure-function relationship of proteins, vi­
ruses, t-RNA and DNA. We have constructed 
two kinds of dedicated diffractometers for neu­
tron crystallography in biology. The most serious 
disadvantage of neutron diffraction is the low 
flux of neutrons irradiated on the sample. In or­
der to overcome the intensity problem, three 
points have been considered carefully. These are 
1) how to get intense neutron flux on a sample 
position, 2) how to get a large area detector sys­
tem, and 3) how to get a large single crystal. 

The requirements on the monochromator for 
neutron crystallography in biology are as fol­
lows: Since a single crystal of the biological mac­
romolecules is small, a neutron beam size at the 

Fig.4. The prototype of the elastically bent silicon perfect 
crystal monochromator. 

sample position must be less than 5mrn x 5mm, 
and since the unit cell dimension is about 10 nm, 
beam divergence is preferably less than 0.40 In• 

order to meet the requirement of the monochro­
mator for this purpose, we have designed an 
elastically bent silicon perfect crystal (EBSi) . 
Figure 4 shows the prototype of the EBSi mono­
chromator, and 3 pieces of silicon are bent elasti­
cally by tensioned piano wires. The diffracted 
intensity increases by bending the crystal. The 
basic research for optimization of EBSi is still in 

2 ­
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progress and the preliminary results on Si thick­
ness optimization were given in the report. 

We have also developed a neutron imaging 
plate (NIP), where neutron converter, 6Li or Gd 
are mixed with photostimulated luminescence 
(PSL) material. The properties are wide dynamic 
range 1 to 105 and spatial resolution better than 
0.2 mm. The virtual efficiency of the NIP is cor­
related with the kind of a neutron converter, the 
molar ratio of PSL material to neutron converter, 
the NIP thickness and neutron wavelength. The 
NIP optimization has been carried out by chang­
ing the above parameters. Although the NIP is an 
effective detector applicable for neutron beam 
experiments, we found several problems to be 
solved, which are 1) neutron wavelength de­
pendence, 2) "(-ray sensitivity and 3) the effect of 
the radioactive products created by irradiated 
neutron. These effects have been examined and 
reported. 

Fig.5. The neutron diffraction pattern from the triclinic 
fonn of hen egg-white lysozyme obtained by 1.0° crystal 
oscillation for 20 hours. 

The BIX-I has been constructed and utilized in 
neutron structure analysis. The neutron flux at 
the sample position was 5.9 x 106 n/cm2/sec or 
1.4 x 106 n/cm2/sec when the EBSi (111] or 
(220) was used, respectively. Two sets of He­
area detectors (active area: 250 x 250 mm2

, spa­
tial resolution: 2mm) are equipped. We have con­
structed a new diffractometer, BIX-II, dedicated 
to neutron crystallography in biology equipped 
with the optimized NIP. The performance of the 
BIX-II is summarized in this report and one of 
the preliminary results is shown in Fig.5. 

An analysis of hydrogen-deuterium exchange 
reaction in cobaloxime crystals has been carried 

out by using the BIX-J. Neutron diffraction ex­
periments from hen egg-white lysozyme 
(tetragonal form) have been carried out by using 
the BIX-J. Neutron diffraction experiments from 
hen egg-white lysozyme (triclinic form) have 
been carried out by using the BIX-II. 

Neutron Laue diffraction 2A data (a total num­
ber of 38,278 reflections) from tetragonal hen 

Fig.6. The structure of hen egg-white lysozyme deter­
mined by neutron diffraction. 960 hydrogen atoms in the 
molecule and 157 bound water molecules were success­
fully identified. 

egg-white lysozyme were collected for 10 days 
with neutron imaging plates in a Laue diffrac­
tometer (LAD!) at the Institut Laue-Langevin, 
Grenoble. The X-PLOR program which is 
commonly used for the X-ray protein crystallog­
raphy refinement has been successfully modified 
for neutron crystallography refmement by intro­
ducing hydrogen (deuterium) atoms. 960 hydro­
gen atoms in the molecule and 157 bound water 
molecules were successfully identified as shown 
in Fig. 6. 

Research group for neutron scattering on 
strongly correlated electron systems 

Correlations between magnetism and super­
conductivity in UPd2Al3 (Sf-electron systems) 
have been studied. The intensity of an antiferro­
magnetic peak decreases at below the supercon­
ducting transition temperature of 2 K, which in­
dicates a coupling between magnetic and super­
conducting order parameters. Magnetic excitation 
gap has also been observed in its supercon­
ducting state. Figure 7 shows the intensity map 
in the Q-~ space for 4.2 K and 0.4 K. As is 
clearly seen in the figure for 0.4 K, the excitation 
gap appears at around 0.4 me V for Q =(0 0 1/2), 
and this excitation shows a dispersion relation 
with a minimum energy at this Q. These results 
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indicate that the antiferromagnetic spin fluctua­
tions can be an origin of the superconductivity of 
this system. 
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Fig. 7. Intensity map in the Q-E space for 4.2 K and 0.4 
K of the UPd2Al3 compound. The superconducting tran­
sition temperature is 2 K. 

Crystal field excitations were observed in 
UNiSn. The excitation energies are about 10 and 
40 meV, and these can explain the magnetic sus­
ceptibility of this compound. The result shows 
that 5f electrons in this uranium compound are 
rather localized. 

In 3d electron systems, structural transitions in 
perovskite manganites (La,Sr)Mn03 and 
(Pr,Ca)Mn03, showing colossal magnetoresis­
tance, have been extensively studied. Figure 8 
shows the satellite reflections observed in La).x 
SrxMn03 (x = 0.1 and 0.15) at 10 K. The result 
indicates that holes introduced by the Sr substitu­
tion form a new lattice and localize at low tem­
peratures. (Pr, Ca) manganites also reveal simi­

-

lar hole orderings. However, their ordering pat­
terns are different from those in (La,Sr)Mn03. 
The formation of the hole lattices was explained 
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Fig. 8. (a). Satellite peaks observed in La).xSrxMnO (x 
0.15). (b). Observed satellite peaks shown in a reciprocal 
lattice plane. Solid and open squares are Bragg reflections 
which comes from (hkO) plane. Bragg reflections in (hhl) 
plane are omitted. Red circles indicate satellite points ob­
served in x =0.15 sample. Red and open circles are in x = 
0.1 sample. Broken line shows the scan range in (a). 

by orderings of polarons accompanied by Jahn­
Teller distortions. A doping effect on the spin­
Peierls transition of CuGe03 was also studied. 
With the substitution of Ge by a small amount of 
Si, the original spin-Peierls state is greatly af­
fected and the antiferromagnetic ordering turns 
up. Neutron scattering experiments suggest a co­
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existence of these spin-Peierls ctimerization and 
antiferromagnetism. The phase diagram for the Si 
concentration was obtained. 

Magnetic flux lattices of a superconductor 
CeRu2 has been studied in connection with the 
peak effect in its magnetization. Through this 
work unusual field dependence of the flux lattices 
- a difference in the formations of the flux lattices 
between in a field cooled and in a zero-field 
cooled run, etc.- were observed. 

The strucUlral relaxation in the glassy state of 
the highly-oriented random copolyester, Vectra, 
has been investigated. The local relaxation shows 
distinctive anharmonisities depending on its spa­
tial anisotropy of this material. 

Research 	group for neutron scattering at 
ultralow temperatures 

The research is developing a new type of dilu­
tion refrigerator (DR) which has not a lK-pot but 
a pulse tube refrigerator to liquefy 3He-4He mix­
ture gas. We have designed a DR named "mK 
cryocooler" and made a prototype of refrigerator 
to develop. 

Fig. 9. Photograph of a monochromator of HRPD. 

The group also develops various kind of neu­
tron scattering techniques. A high resolution 
powder diffractometer, HRPD, was installed at 
the 1 G beam port. HRPD is equipped with 
Ge331 focusing monochromator which provides 
wavelength of 0.182 nm and beam intensity of 1 
x 105 n/cm2/sec at the sample position for a high 
spatial resolution (~d/d = 2 x 10.3) analysis. To 
observe magnetic peaks at lower scattering an­
gles, we recently made a monochromator shown 

in Fig. 9. The monochromator consists of eleven 
bent silicon slabs with 311 reflection enables us 
to focus neutrons both horizontally and vertically. 
The neutron intensity obtained by the monochro­
mator was about 45 % of that of pyrolytic graph­
ite, which was quite good and could be improved 
in future. Crystal structures and/or magnetic 
structures of permanent magnet material Y 2Fe17' 
dielectric material (ND4)3D(S04)2' functional ox­
ides B~CUW06 and SrCeO.95 Ybo.os0 3, uranium 
compound KU03and others have been studied. 

Phonon anomalies related to structural phase 
transitions of RbCI at 4.9 kbar at ambient tem­
perature, and Ti-Ni-Cu alloy at 320 K at ambient 
pressure were studied. 
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Fig. 10. A rocking CUIVe profile of the second channel-cut 
silicon of the double crystal diffractometer. 

Methods of very small-angle neutron scattering 
have been developed with a double crystal dif­
fractometer (DCD) at the apparatus for Precise 
Neutron Optics (PNO) at the 3G beam port. 
Channel-cut silicon perfect single crystals with 
(5,-5) setting at "-=0.25 nm were used. The ob­
tained peak intensity of the second silicon rock­
ing curve without sample was about 1000 cps 
and signal to noise ratio was 3.9 x 104 as shown 
in Fig. 10. Porous structure of as-deposited py­
rolytic carbon was studied using the OCD in the 

lq range from 2 x 10.2 nm- to 2 x 10-4 nm- l 

which extends that of the SANS-J. The PNO has 
also been used for interferometry experiments to 
evaluate neutron scattering amplitude of Ga iso­
topes and for neutron topography experiments to 
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observe single crystal imperfection of the indus­
trial products such as turbine blades made of Ni­
based superalloy. 

Residual stress analysis has been carried out 
with the diffractometer, RESA, at the TI-l beam 
port. Neutron beam size and intensity of the 
RESA are 1 to 20 mm2 and lOs n/cm2sec, re­
spectively. A jacket material INCOLOY-908 of 
the central solenoid superconducting coil of the 
experimental fusion reactor ITER was investi­
gated. Figure 11 shows that evaluated tensile re­
sidual stress exceeds 200 MFa in some areas in­
side the jacket which would cause a fracture due 
to stress accelerated grain boundary oxidation. 
Residual stress in welded joint of stainless steel 
tube and steel pipe for oil well was also studied 
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Fig. II. Evaluated residual stress ax, ax, ax in a jacket 
material of the central solenoid superconducting coil. 
Horizontal axis represents depth from the outer surface of 
the jacket. Directions x, y, z are shown by the arrows in 
the lower figure. 

International collaboration 

Under the Japan-US collaboration, the upgrade 
of the WAND (Wide-Angle Neutron Diffrac­
tometer) is now going on. The main part of this 

-

project is the development of a new one­
dimensional curved 3He detector that covers 130 
degree of the scattering angle. This detector will 
be a multi-anode counter (624 anodes on a 0.2 
degree pitch), and the data acquisition will be 
done by a newly developed microprocessor con­
trolled system. As a result, this detector will 
achieve in high counting rate (2 x lOs cps/pixel 
and 107 cps in overall) with high resolution and 
good uniformity. A prototype of this detector 
fabricated last year met the required performance. 
The upgrade will be completed in this calendar 
year. (Refer to "Progress report on JAERI­
ORNL cooperative neutron scattering research".) 
For a new accessory a cryomagnet (1.5 K, 5 T) 
has been made. Its performance is satisfactory. 
Figure 12 shows the present WAND with this 
new cryomagnet. 

Fig. 12. WAND with a new cryomagnet. 

The cooperative research program with 
BATAN, National Atomic Energy Agency of In­
donesia, was also carried out. Two researchers 
stayed at JAERI for a few months to study dif­
fuse scattering from super ionic conductor Ag3S1 
and to develop operation softwares. Five Japa­
nese researchers made short visits to BATAN to 
discuss various studies at the Indonesian research 
reactor RSG-GAS.. 
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2. RESEARCH REPORTS 

2.1 CRYSTAL STRUCTURES AND EXCITATIONS 
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2.1.1 A Powder Neutron Diffraction Study of (ND4) 3D(S0 4)2 

1. Tamura, Y. Noda and Y. Morii' 

Department of Physics, Faculty of Science, Chiba Un iversity, Yayoi, Inage, Chiba 263 


I Research Group for Neutron Scattering at Ultralow Temperatures, Advanced Science Research Center, 


JAERl, Tokai, Ibaraki 319-11 


(ND4»)D(S04)2 (abbreviated as d-A)HS) un­

dergoes a ferroelectric phase transition at Tc(lTI'­

VII)= 182K while (NH4»)H(S04 )2 undergoes a 

ferroelectric phase transition at Tc(V-VII)=84K') 

associated with the transformation from a mono­

clinic phase (paraelectric phase) to a triclinic phase 

(ferroelectric phase) with decreasing temperature. 

The complex domains were caused by this 

transformation, so that it is very difficult to per­

form the structure analysis using a single crystal. 

In order to study the origin of the ferro electricity 

and a large isotope effect, structure analyses were 

performed on d-A)HS by powder neutron dif­

fraction at 293K and 10K. 

Neutron powder diffraction intensities of d­

A)HS were measured by using HRPD con­

structed in JRR-3M and analyzed by the Rietveld 

method using the program RIETAN94. Fig. I 

shows diffraction patterns obtained in d-A)HS at 

293K and 10K. The space group of d-A)HS had 

been determined to be A2/a at room temperature2). 

However, the space group of d-A)HS was newly 

determined as A2 at room temperature in our neu­

tron scattering experiment. The reliability factor 

Rwp , ~, R1, RF at 293K with the space group A2 

were 3.91%, 3.02%, 6.19%, 4.84%, respec­

tively while at 10K they were 5.38%,4. 14%, 

- 9 

10. 48%, 6.94%, respectively with the space 

group AI. The structural difference between A2 

and A2/a was mainly seen in the distortion of 

NH4 molecules. The precise structure analysis 

at 10K is not completed and underway . 
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Fig.! Powder diffraction pattern of d-AJHS at 293K and 

JOK. A= 1.8232. 
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2 . 1 .2 Neutron Diffraction Study of Proton-conducting Oxides 

T. Nagasaki, N. Noda, Y. Ishii l , T. Matsui and Y. Morii
1 

Graduate School of Engineering, Nagoya University, Nagoya 464-01 
I Japan Atomic energy Research Institute, Tokai, Ibaraki 319-11 

Such perovskite-type oxides asSrCe03 and 
BaCe03 doped with, e.g ., Yb20 3 show protonic 
conductivity in hydrogen or water vapor 
atmosphere . Although various properties of 
these materials have been extensively studied, 
hydrogen (proton) sites in them are still an open 
quest ion. The purpose of the present study is 
to identify the hydrogen sites in them by using 
neutron powder diffraction and to thereby cast 
light on the conduction mechanism. 

As a sample material, we have selected 
SrCeO.9SYbo.os0 3 because it has high protonic 
conductivity as well as high hydrogen solubility 
and because it undergoes no phase transition 
between room temperature and the temperature 
at which it exhibits high protonic conductivity. 
However, its crystal structure is not simple 
(space group Pnma I)) , possibly making the data 
analysis difficult . 

Powders of SrCO}. Ce02, and Yb20 3 were 
mixed and pressed into pellets, which were then 
sintered at 1770 K for 35 h in air and ground into 
powder again. To dissolve deuterium in it, we 
heated it at 873 K for 120 h in air saturated at 
room temperature with deuterium oxide vapor. 
(We refer to this process as D20 treatment.) 
According to Uchida et al.,2) a few mol% 
deuterium atoms dissolve in SrCeO.95 Ybo.osO} 
under the above condition. For both samples 
with and without the D20 treatment, we 
measured the diffraction patterns with HRPD. 

We analyzed the diffraction data using a 
Rietveld analysis program RIET AN3

) Table I 
shows the refined structure parameters of the 
sample without the D20 treatment. The 
obtained values are in good agreement with the 
literature values l ) determined by XRD. It is 
noteworthy, however, that the present study 

-

Table 1 Refined structure parameters of SrCe0 95 YbO OS0 3 

without the D20 treatment 

trus work Saiki (XRD) I ) 

Space group Pnma Pnma 

Rwp 9.38 % 10. 97 % 

Re 3.95 % 

a l nm 6.1455( 1) 61409(2) 
b l nm 8.5887(1 ) 8.5783(7) 
c / nm 6.0050(1) 5.9997(4) 

Sr x 0.456( 1) 0.455(1) 
4(c) y 0.25 0.25 

z -0.012(1) -0 .013(1) 
Ce, Yb x 0 0 
4(a) y 0 0 

z 0 0 
O( 1) x 0.042(1) 0.036(5) 
4(c) y 0.25 0.25 

z 0.105(1) 0.113(6) 
0(2) x 0.299(1) 0.300(4) 
8(d) Y -0 .056(1) -0 .056(3) 

z 0.200(1 ) 0206(4) 

gives much smaller uncertamtles in the 
parameters for oxygen, which is a light element. 

The diffraction pattern for the sample with 
D20 treatment is hardly different from that for 
the sample without it. We have not yet 
deduced any significant structure parameters 
relating to the hydrogen sites. Further 
experiments seem necessary. 

References 
1) 	 A. Saiki, Y. Seta, H. Seki, N. Ishizawa, M. Kato and 

N. Mizutani: Nihonkagakukaishi (1991) 2-+. 
2) H. Uchida, H. Yoshikawa and H. lwahara: Solid Stale 

Ionics 35 (1989) 229. 
3) 	F. Izumi: "The Rietveld Method," ed. by R. A. Young, 

Oxford University Press, Oxford (1993), Chap. 13; 
Y.-l. Kim and F. Izumi: 1. Ceram. Soc. Jpn. 102 
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2. 1 .3 Structure and Properties of Perovskite-related Transition-metal Oxides 

Y. Inaguma, D. Iwanaga, M. Itoh, K. Aizawa 1, Y. Shimojol and Y. Morii J 

Materials and Structures Laboratory, Tokyo Institute of Technology, 4259 Nagatsuta, Midori-ku, 

Yokohama 226 


IJapan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 


Transit ion-metal oxides with perovskite­
related structure show various attractive 
properties. It is of great necessity to clarify the 
relation between the properties and the structure. 
Since in these compounds the structural 
information about oxygen has great importance, 
neutron diffraction is a supreme method for the 
structural analysis. 

Among them, B-site ordered perovskites 
A2BB'06, where B is the only paramaganetic ion 
present, become antiferromagnetic at low 
temperatures and that the most important 
exchange mechanism between the paramagnetic 
B ions over two anions and one diamagnetic 
cation is a superexchange interactioI} of the type 
BOB'OB (distance BB' is about 8 A; angle 90° 
and 180°)1). Our attention is especially focused 
on the relation between the structure( including 
magnetic structure) and magnetic behavior of the 
Cu2+ ion containing ordered perovskites. They 
show a tetragonal distortion of the structure 
owing to the cooperative Jahn-Teller effect2). 
Furthermore, it is believed that these copper 
compounds are ferroelectrics. In this study, to 
investigate them the structural analysis by 
neutron diffraction method was carried out. 

Neutron powder diffraction data for an 
ordered perovskite Ba2CuW06 at 10 K and room 
temperature were collected on HRPD angle­
dispersive type diffractometer at the JRR-3 
reactor at JAERl. Neutron diffraction data were 
analyzed by Rietveld method with RIET AN3). 

Figure 1 shows the neutron powder 
diffraction pattern with Rietveld refinement at 
room temperature and 10K. As shown in Fig.1, 
the structural phase transition could not be 
observed below room temperature. When the 
centro-symmetric space groups 141m or 141mmm 
was adopted, the least reliable factors can be 
obtained. This implies that this compound is not 
a ferroelectrics. The schematic arrangement of 
oxygen-octahedra in ac-plane was presented in 
Fig.2. As seen in Fig.2, the CU06 octahedron is 
elongated parallel to c-axis due to the Jahn-Teller 

effect, while W06 octahedron is compressed. 

This indicates the dy orbital of the Cu2+ ion is 
splited into dx 2_/ and d3z2_,-2 orbitals, and the 
former is occpied by one electron, while the latter 
is fully occupied by a couple of electrons. 
Therefore it is expected that the anti ­
ferromagnetic superexchange interaction between 
Cu ions two-dimesionally occurs in the ab-plain 
and this compound shows two-dimensional anti­
ferromagnetism. This is supported by the 
magnetic susceptibility data. 

R.T. 

~~~~2=~==~==~==~==~20 40 60 80 100 120 1'0 
2me", I degree 

Fig.l Observed(+) and calculated powder neucron diffracrion 
imensiries of Ba',l(CuW)06 at room lemperarure and 10K. 
6 indicares the difference berween both io(enslries. 

Fig.2 Schematic structure of 

Ba2(CuW)06 a[ ac-plane. 
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2. 1.4 Diffuse Neutron Scattering From A~SI at Higb and Low Temperatures 

3 4
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Silver sulfur iodide has an antiperovskite 
structure, space-group 0 I h-Pm3m, with an 
ordered lattice of anions and a disordered 
arrangements of cations in the p-phase, and 
transforms at 246°C to an a -AgI type solid 
electrolyte, space-group 09h-im3m with 
disordered arrangement of both cations and 
anions. At -1 16 °C it experiences a structural 
phase-transformation to an ordered y-phase 
Space-Group C\-R3 I ). Ion disorder in a -AgI 
type superionic conductors has been associated 
with many physical properties of this type of 
materials, such as specific heat anomaly 1,2), 
frequency dispersion of the dielectric constant 
at low temperatures I ) and at high 
temperatures2

), as well as the appearance of a 
comparatively strong diffuse backgroWld in the 
measured x-ray and neutron scattering 
intensity. in order to Wlderstand the nature of 
ion disorder and its relationship to the observed 
physical properties of these materials, it is 
necessary to study the oscillatory diffuse 
scatteri ng. Recently, a detailed theoretical 
treatment of the thennal diffuse scattering 
including the effects of the correlation between 
the thermal displacements of the atoms has 
been applied to the analysis of the diffuse 
scattering for a-AgI by X-ray and neutron 
scattering 3.4) and to Ag)SI at room temperature 
5) . In this report we present the results of 

diffuse scattering measurements of Ag)SI at 
538 K (a-phase), 498K (high-temperature 
p-phase), 187 K (low-temperature p-phase) and 
127 K (y-phase) investigated by elastic diffuse 
neutron scattering method over the 2-8 range 
Of 5 - 100° (corresponds to Q range of 0.3 - 7. 1 
A-I ) is presented. Structural refinement results 
using the RIET AN6

) program and parameters 
from previous analysis' ) will be presented . The 
theoretical analysis of the diffuse intensities 
using detai led theoretical treatment of ion­
disorder) is stil l in progress, and the results 
will be reported elsewhere. The neutron 
intensity was collected using the T AS-2 
instrument set in double-axis mode installed in 
the neutron guidehall of the JRR-3M research 
reactor at JAERl,Tokai. The refmed parameters 
are presented in Table 1. and the refined elastic 
neutron scattering intensity is presented in fig. 
1. At 498 K, the [111] peak intensity , becomes 
somewhat weaker than the room temperature 
result from previous report l 

), therefore it is 
assumed that at 498 K, well below the p~a 
transition temperature 519 K, anisotropic and 
anharmonic thermal vi bration must have played 
a larger role than at room temperature. Around 
the major peaks [110],[ III ],[200],[210] diffuse 
background was very prominent indicating 
disorder of the Ag + cation sublattice.At 265 °C 
(a-phase), the specimen underwent an 
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28 
additional disordering, now that the S- and I 

0I 
anion sublattice also become disordered, as 
indicated by the disappearance of the [111 J 700 

peak, the Debye lines decrease in intensity and 
110 0 

the diffuse background becomes more intense. :J 

RIET AN analysis shows that only the [200J <"0 
!i00 

peak was strong enough to be observable. >. 

400 

[J) 

:::Tabel 1. Refined structural parameters lOC 
<l.l 

of Ag3S1 
200::: 

Para 128 K 186K 498K 
meter (y) (~) «(3) 
a/A 4.8459±0.0037 4.8882±O.OO29 4.8807±O.0216 
ex. 89.887±O.O614 
xA./A O.5169±0.0099 O.3904±O.OO75 0.3929±0.O194 
YAe 0.3749±O.OO58 

ZA& -0.0198±0.O140 
Xs 0.4394±O.Ol] 84 
B • ./A-z 

4.4398±1.2386 3.3798±2.9927 2.5682±7.2129 
Bs 2.9045±2.0503 1.9321±2.6857 2.3207±7.9980 
B, 0.8897±O.7632 2.3752±2.9569 O.2334±6.1459 
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RF 3.18% 4.62% 7.01% 

100 

0 
I I I I I I I I I III II II I I1 1111 

-100 
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Fig. 1. Typical neutron scattering pattern of 
Ag3SI measured at -86 °C and result of 
RIETAN refmement. Solid circles and solid 
line show the measured and calculated 
intensi ty, respecti vel y. 

At -86 °C , the measurement result reveals the 

[lllJ peak as the most intense, and comparison References 

of the Debye lines intensity indicate a more 1) S. Hoshino, T. Sakuma and Y. Fujii, 


consistent result with previous measurements J.Phys.Jpn. 47(4), 1252 (1 979) 

1). At -116°C, Ag3S1 underwent a structural 2) A.K. Jahja, Marsongkohadi and W. 


XVl th
phase transition, and the Ag-,S- and I ions Loeksmanto, Proceedings National 

become ordered. This is indicated by a drastic Symposium on Physics and ASEANIP 


decrease of the diffuse background, at low as Regional Seminar on the Physics of Metals and 


well as high angles, and considerable increase Alloys, Bandung Dec 12-14,1996, 178 


1D the intensity of previollsly weak 3) T. Sakuma, 1. Phys. Soc. Jpn . 62, 4 150 


[100J,[110J,[210J peaks etc. The most essential (1 993) 

fact of the above RIET AN refinement results, 4) T. Sakuma, J. Phys. Soc. Jpn. 61, 4041 

is that these results confirm the the various (1 992) 


phases of Ag3S1 as indicated by the reliable 5) T. Sakuma, F. Suzuki and S. Hoshino, Solid 

facto rs, and the refined structural parameters State lonics 72, 94 ( 1994) 

provide good starting points for the theoretical 6) RIETAN-94 by F . Izumi, in the Rietveld 

and detailed analysis of ion disorder now in Method, edited by RA Young (Oxford 

progress. University Press, Oxford, 1993) 
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2. 1 .5 Phonons of RbCI under High Pressure 

A.Onodera, A.Mori, Y.lshii l , Y.Morii l and S.Kawan02 

School of Engineering Science, Osaka University, Toyonaka, Osaka 560 
IJapan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

2Research Reactor Institute, Kyoto Universi ty, Kumatori, Osaka 590-04 

One of the most dramatic phenomena that an 
application of pressure to solids can cause is the 
pressure-induced structural phase transition. 
This is exemplified by alkali halides which un­
dergo the NaCl-type (B 1) to the CsCl-type (B2) 
transition. Despite the extensive studies done for 
the phase diagrams, relatively l ittle work has 
been undertaken on the mechanism of this transi ­
tion. 

T he mechanism of the pressure-induced B 1­
B2 transition in alkali halides has been primarily 
discussed on the basis of the observations of 
crystallographic orientation relationships probed 
by x-ray diffraction l .3) and neutron scatterint·S). 

In these cases, the mechanism put forth remains 
only provisional without knowing the dynamical 
behavior of the crystal under study. Any di rect 
observation of the lattice dynamics is required 
for more deep understanding of the mechanism 
of the transition. 

In this work, we have carried out neutron scat­
tering measurement of RbCI in order to study the 
phonon dispersion of this material prior to the 
pressure-induced phase transi tion . R bCl is 
known to undergo the B1-B2 transi tion at about 
5 kbar at room temperatureS). We have devel­
oped a high-pressure cell which is accessble to 
this pressure and , at the same time, can accom­
modate a sample whose size is comparable to 
that of ambient-pressure studies. 

The cell, shown in Fig. 1, is basicall y a piston­
cylinder type. The cylinder is made of a Ti al loy 
and the pistons are of sintered alumina. The 
sample to be studied is placed inside a capsule 
made of Teflon along with the a pressure-trans­
mitting medium, F1 uorinert in our case. A cylin­
drical single crystal of RbCI, 20 mm lonE and 10 
mm in diameter was studied. The crystallo­
graphic [001] axis was oriented parallel to the 
cylindrical axis of the crys tal nd , hence, to the 

Fig.1 Cross-sectional view of the high-pressure ceU. 

axis of the Ti -alloy cylinder. This geometry per­
mits the phonon measurements along the [001] 
and [110] directions. The cell was ti lted for the 
measurement along the [11 1] direction. 

High pressure on the B 1 phase of RbCI was 
applied stepwise by measuring the (220) Bragg 
reOection. The volume derived from this reOec­
tion provided an estimation of the pressure. Af­
ter the pressure was reached at 4.6 kbar which 
was close to the transition pressure, we locked 
the pressure. The cell was then mounted on T AS­
1 of JRR-3. All the measuremen ts were per­
form ed at room temperature. 

Figure 2 shows the phonon dispersion relations 
of RbCI at ambient and high pressures. Also 
shown in Fig.2 are data of Ra unio and 
Rolandson6

) who measured thephonons at 80 K 
at ambient pressure. At ambient pressure, there 
is essential ly no change in the profiles of the dis­
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lAERI-Review 97-01 2 

15,-----------------,---------------------

~.' t··.. . 
TA>•... 

...: 0 kbar. RT 
: 4.6kbar • RT 
: 0 kbar • BOK 

*" 

-----.-------------, 
[110] [111 ][001 ] 

LA . ....
•.~..... TAl 

..............::-:4:.... ·····4 


• 
)( 
• 

__~___L__J-__~--~_____L____~__~____~__L__L__L__L~ 

0.0 0.4 0", 0.8 LO 0.8 0.6 0.4 0.2 0.0 0.1 0.2 0.3 0.4 0.5 

q/qmax qlQ=x ql Q=x 

Reduced wave vector coordinate 

Fig.2 Phonon dispersion relations of RbCl at ambient and high pressures. 

persion relations between 80 K and room tempe­ is much more complicated. Along the [OOlJ di­
rature. A slight lowering of energies with eleva­ rection , the energies of LA mode increase 
tion of temperature from 80 K to room tempera­ whereas those of T A mode decrease. The most 
ture is seen in the LA mode along the [001] and prominent effect of pressure occurs at the zone 
[Ill] directions and in the TA mode along the boundary of TA mode along the [Ill] direction. 
[Ill] direction. The effect of pressure on the The energy at this points is lowered by about 
phonon dispersion relation at room temperature 15% from the ambient-pressure value. 

This observation, together with our previous 
measurement on the orientaiton relationships5), 
allow us to derive the mechanism of the Bl-82 
transition as shown in Fig.3 . It is likely that the 
(111) planes of B 1 phase exhi bi t sliding relati ve 
to each other with a shear wave propagating 
along the [111] direction. 
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2.1.6 Phonon measurement of RbCI under High Pressure 

Y.Ishii, AMoris
, AOnodera' , S.Kawanob Y.Morii 

Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 Japan 

3Faculty of Engineering Science, Osaka University, Osaka 560 Japan 


bResearch Reactor Institute, Kyoto University, Kumatori , Osaka 590-04 Japan 


Alkali halides which have the NaCl-type crys­
tal structure(B 1) at ambient condition transfonn 
to the CsCl-type crystal structure(B2) under high 
pressure. This phase transition has been dis ­
cussed in terms of both reconstructive and dis ­
placive transition mechanisms. The reconstruc­
tive mechanism based on nucleation and crystal 
growth processes has been proposed for the 
phase transition of KCl1

) . On the other hand, for 
displacive one the transition mechanisms seem to 
be complex, depending on the results of many 
experiments using single crystals2

-
4
). However, 

these studies have been mainly focused on the 
phase transition paths between B1 and B2 crystal 
structures. For further understanding of the 
mechanism of the B1 -B2 phase transition, lattice 
dynamical studies at just below the transition 
pressure are very important. In this paper, some 
results regarding the phonon energy of RbCl at 
4.9 kbar which is 0.3 kbar below the phase tran­
sition pressure are reported . 

To get high-quality data, we have developed a 
pressure cell that can accommodate a large single 
crystal of 10 mm in diameter and 20 mm in 
length. Experiments were conducted with a tri­
ple-axis spectrometer, TAS-1, installed at JRR­
3M in JAERI. Phonon energy measurements 
were carried out with an energy loss and a con ­
stant-q method. Used neutron energies were 14.8 
meV and 30 meV. A pyrolytic graphite fil ter was 

used to eliminate A(2 contamination. All meas­
urements were carried out at room temperature. 

The phonon energies of RbCI were measured at 
ambient pressure and at 4 .9 kbar(see Fig.2. pIS in 
this book). From this figure, one can see tha t the 
phonon energies measured at ambient pressure at 
room temperature are almost same as those at 80K 
except for the LA-mode along [001 ] direction. At 
the zone boundary (X-point) the energy difference 
is prominent. T his difference can be related to an 
anharmonicity of the thermal vibration of ions, be­
cause Debye temperature of RbCI is about 168 
K5) . 

The pressure effect on the phonon dispersion 
relations at room temperature is much interesting. 
Phonon energies of the [OOl ]LA mode at 4 .9 kbar 

are large compared to those at ambient pressure at 
all wave numbers except at the zone boundary. On 
the other hand, the energy of the [001 ]TA mode 
slightly decreased. The most prominent effect of 
pressure was observed for the [111 ]TA m ode. 
The phonon energy of this mode increases with 
increasing the wave vector and exhibits a maxi­
mum value at q/CJmax= 0 .35. Then the energy de­
creases toward the zone boundary . At the zone 
boundary (L-point) this energy becomes about 
85% of that at ambient pressure. Sanderson6

) re­
ported a similar pressure effect; the energy of the 
TA-mode at the X-point of RbI was decreased 
with pressure and the phonon energy at just below 
its transition pressure became to be 87%. 

The pressure-induced B1-B2 transition is the 
fIrst order phase transition between the phases 
which have high crystal symmetries. Then any 
softening of the phonon energies is not expected 
to the acoustic branches. However, a decrease in 
the phonon energy of RbCl was observed at just 
below its transition pressure in the [lll]TA mode 
at the zone boundary. This pre-transition phenom­
ena should be closely related to an anhannonicity 
of the thermal vibration of the atoms of RbCl un ­
der high pressure, because the third order asym­
metric anhannonitic term of potential causes the 
asymmetric thennal vibrations along the [I ll] di ­
rection in the cubic crystals. Therefore, the energy 
decrease observed in this experiment should be 
related to the third order anharmonicity and this 
anhannonic thermal vibration under high pressure 
can be the origin for the B 1-B2 transition of RbCI. 
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2. 1 . 7 Phonon anomaly of Ti soNi30Cuzo 

Y. Morii, X. Ren 1, K Taniwaki 1, K Otsuka 1 

Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 
lInstitute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305 

Ti-Ni alloy is well known for its reversible collimation of TAS-2 was 17'-40' -40' -40' . 
shape memory effect ongmating from 8~~~~~~~~~~~~ 

martensitic phase transfonnation (MPT). Parent Tl50NiJOCu20 [110JTAl 
• T=147C "- T=ncphase of equiatomic TiNi has cubic (B2) 


structure and transfonns to monoclinic phase 6 

>­
d)(B19', space group P21 /m) via a premartensitic E ~ •L. 

phase called R-phase. Associated with this •c: 4 	

•0MYr, many anomalous phenomena were c: 
.c 	 !;.observed. Among them it was reported by 0-

0 
i\ 	 ...I'\ ,, 

6­
u...JTietze et a!. 1) that energy of the [11 OJTA1 2 • 

(e//[1-10J) phonon decreased to zero at • 
quO=qm.) 3 associated with the premartensitic 

OW-J....J...L....l....J....L....L...L...I...-.l....L...J ........... --'-'--'-'-..L..L..J.....L..W 

phase. 0.0 0.1 0.2 0.3 0.4 0.5 

Alloy 	 with twenty atomic percent 

z (q/qmax)
substituting copper TisoNi30Cuw has narrow 

transfonnation hysteresis under load. Therefore 
the alloy is expected to be a quite good actuator Figure shows preliminary results on 

material for electric over-current protectors and [110]TAl phonon at 420 K (100 K above MPT) 

rice cookers for example. In the alloy MPT and 350 K (30 K above MPT). It is clearly 

takes place from cubic (B2) to orthorhombic shown that (1) There is a big 'dip' in the phonon 

(B19) structure via no premartensite phase. The dispersion curve at q 110 ==qmfi similar to that 

martensitic phase has so called 2H layered observed in the equiatomic TiNi, (2) The 'dip' 

structure of (110) plane. seems to get smaller at the lower temperature or 

From our previous studies on noble metal the closer point to MPT, (3) Phonon energy at 

based alloys2>, it is expected in Ti 5{)Ni 30CUW that the zone boundary decreased at the closer 

(1) [110JTA 1 phonon energy tends to decrease temperature to MPT. 


at the ZOne boundary, (2) force constants of Further experimental evidences should be 


(110) plane show a typical combination obtained to see (1) whether a complete 


characteristics for 2H martensite. Therefore we softening takes place at qno=qmal3, (2) 

started to measure [110]TA1 phonon whether a further decrease in the phonon 

di spersion relations at the temperatures above energy at the zone boundary is observed at the 
MYr of this alloy to understand expected temperatures near MPT. 

anomalies from microscopic point of view. 
A triple axis spectrometer TAS-2 installed References 

at JRR-3M was used. The incident neutron 1) HTietze, M.Mullner, B.Renker; J. Phys . C: 

energy of 14.7 me V (wavelength of 2.35 A) Solid State phys., 17 (1984) L529-L532 

was used with a PG filter to reduce higher 2) A.Nagasawa, Y.Morii; Materials Trans. JIM, 10 

order wavelength contamination. The (1993) 855-873 
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2. 1.8 	 Neutron powder diffraction study of Chalcopyrite, CuFeS2 

K.Sugimoto, T.Kobayashi, K.Ishida, S.Kumazawa1 , Y.Ishii1 and Y.Morii 1 

Depertment 	of Phisics, Science University of Tokyo, Noda, Chiba 278 

lJapan Atomic Energy Research Institute, Tokai, Ibaragi 319-11 

Chalcopyrite-type compounds are semicon­

ductors and known as useful materials for so­

lar batteries, no~linear optical devices and lu­

minescence diodes. The purpose of the present 

work is to study the relation between the phys­

ical property and the structural feature of chal­

copyrite, CuFe S2' The chalcopyrite is a tetrag­

onal structure, the space group of No.122 . The 

sites of Cu , Fe and S are reported as 4a, 4b 

and 8d, respectively. From Rietvelt refinement 

of X-ray powder diffraction patterns, we ob­

tained that a=5.28813(19)A., c=10.42004( 44)A. 

and x=0 .2540(15). From X-ray measurements, 

however, the further refinement of the struc­

ture is difficult, since atomic numbers of Cu 

and Fe are close each other. Therefore, we 

performed neutron powder diffraction measure­

ments of chalcopyrite with the high resolution 

neutron powder diffractometer (HRPD) at JRR­

3M. The chalcopyrite is antiferromagnetic at 

room temperature, with the moments aligned 

parallel to the c-axis 1). Therefore, the neutron 

diffraction pattern is formed by magnetic scat­

tering as well as nuclear one. However, we have 

not a Rietvelt code which is applied for a powder 

diffraction pattern from a magnetic material. So 

that we make a new Rietvelt code which is an 

extended code of the PFLS2) for including mag­

netic scattering. 

4000 
+- mesuremenr 

- nudear sca.rtering 
- magnetic scanering 

3000 

~ 
'(ij 
c 	 2000 
~ 
c 

1000 

0 

20 25 30 35 40 45 
2·Theta ( Degree) 

Fig.l Nuclear, magnetic calculations (bold and fine 

lines) and measurements (+) of chalcopyrite 

In Fig.1 shows an example of an experimental 

and calculated result. The agreement between 

the experiment and calculation is fairly good. 

Further investigations are now in progress. 
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2. 1.9 Structure of Lithium Titanogallate Prepared by Ion Exchange Rea ction 

Y. Michiue, M. Watanabe, F. Izumi, Y. Moru ' and Y. ShimOjol 

National Institute for Research in Inorganic Materials, Namiki I-I, Tsukuba, Ibaraki, 305 Japan 
I Japan Atomic Energy Research Institute, Tokai, Ibaraki, 319-11 Japan 

We have been srudying ion exchange reaction 
utilizing one-dimensional runnel-like pathways in 
crystal strucrures. Only a little srudies for such 
a reaction has been reported so far, because the 
one-dimensional pathway is unfavorable for ion 
transport. Application of ion exchange 
technique for one-dimensional pathways will, 
however, enlarge the possibility of obtaining new 
materials. 

In the present srudy, neutron diffraction 
measurement for lithium titanogallate, 

Lio85Ti115Ga~8501o' has been performed. This 
compound has never been obtained by the 
conventional calcination methods but by heating a 
polycrystalline sample of the parent Na-salt, 

NUo . g5TiIl5Ga~s50Iol), at ca.450 °C in molten 
LiN03. 

The Rietveld analysis by using RIEJAN 
(Rwp==8.30, Rp==6.14, Rf==3.70, RF==2.02%, 5 
(=Rwp/Re) =1.53) has confmned that the 
framework s trucrure (Fig. 1) is retained after the 
ion exchange reaction. Two Ga pOSltlOnS, 
Gal and Gal, are tetrahedral and octahedral 
coordination site, respectively. Another 
octahedral coordination site ,V! is occupied by Ga 
and Ti. The linkage of these coordination 
polyhedra makes up the framework strucrure 
containing one-dimensional runnels along the b­
axis. Cell parameters have been 
anisotropically changed according to exchange of 
Li for Na; differences are -2.0, +0.5 and -0.4 % 

for a, b and c-axis, respectively. Considerable 
decrease in the a-a.'(is is understandable by seeing 
the geometry of the runnel. Li ions are located 

-

at two positions which were found from 
difference Fourier maps. One is close to the 
runnel center, while the other is much deviated 
from it as shown in Fig. 1. This is 
characteristically different from the distribution of 
Na ions in the parent compound I). 

Fig.l Framework structure of Lio.~5TiI.15Ga..;501O 

projected along the b-axis. C21m, a=11.860. b=:l.026. 

e=10.374 A, {J=90.10°. Atoms represented by open and 

filled circles are at y=O and 0.5. respectively. 

Reference 
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2.2. 1 Magnetic Structure of DyCuz 

Y. Koike\ N. MetokiI, Y. Moriil, Y. Yoshidaz, R. SettaiZ and Y. Onuki1.2 

I Advanced Science Research Center, JAERJ, Tokai, /barald 319-11 

Z Graduate School ofScience, Osaka University, Toyonaka, Osaka 560 

Rare earth intennetallic compounds RCuz 
with the orthorhombic CeCu type structure havez 
been widely investigated. This system exhibits 
successive magnetic transitions and complicated 
magnetic structures at low temperatures [1-2]. The 
origin is considered to be a competing effect of 

RKKY interaction with crystalline anisotropy. 
DyCuz is One of the compound of this series. 

A recent neutron scattering study reported the 
antiferromagnetic structure with the modulation 

vector (1/3 0 0] below 15 K . The thermal 
expansion data[3] showed sharp peaks at T = 19.5 
K and 31.5 K. The peak at 31.5 K attributes to the 
magnetic ordering, while the One at 19.5 K has 

not been understood yet. The purpose of this stud y 
is to reveal the magnetic phase diagram and 

structure of DyCu .z
Neutron scattering experiments were carried 

out using a triple-axis spectrometer TAS-1 
installed at JRR-3M. The incident beam (El = 30.5 

meV) is monochromatized by a vertically bent 
PG(O 02) monochromator. Higher harmonics were 
removed by a PG filter. The collimation was 40'­
40' -40' -40 ' . A single crystal sample (3<1> x 20 mm) 

cooled in a displex type cryostat with (h 0 l) plane 
parallel to the scattering plane. The full width of 

the (20 0) rocking curve was about 0.3
0 

• 

We observed two magnetic phases. The low 

temperature phase (below 19.5 K) is characterized 
by two types of magnetic reflections; (i) (h±1I3 0 
l) withh+l = 2n, and (ii) (h 0 l) with h+l = 2n+1 , 
where n is an integer (Fig. 1). These two types of 
reflections involve that there are two different 

antiferromagnetic modulations with Q=[1/3 00] 

and [001] for (i) and (ii), respectively. This phase 
would correspond to the magnetic structure as 

reported before [1]. 

For 19.5 K < T < 31 K another maO'netic o 

phase is stable. We observed strong magnetic 

reflections at (i') (h±[1I3+0] 0 l) with h+l = 2n. It 
should be noted that this magnetic phase has an 

incommensurate structure with 0=0.012. This 
phase is found for the first time in this study. 
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Fig. 1 Observed Bragg reflections of DyCu Open squares r 
and circles denote the magnetic reflections (i) and 
(ii), respectively (T < 19.5 K). Open triangles indi ­
cate magnetic reflections (i') (19.5 K < T < 31.5 K). 
Close circles are nuclear peaks. 

Figure 2 is the temperature dependence of 

the (-1 / 3 0 2) and (-1 /3-0 0 2) magnetic peak 
profile . For T<19.5 K we observed a 

commensurate peak at (-1/3 0 2). The 'peak 
intensity decreases continuously with increasing 
the sample temperature. No systematic 
temperature dependence of the peak position and 
the line width has been observed. At T=19.5 K 

f . 

however, the (-1/3 0 2) peak disappears and 

switches to (-1/3-0 0 2) in a very narrow 

temperature range . This peak shows a small 

change of the peak position and the line width. 
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Fig.2. Temperature dependence of the neutron scattering 
proflle of (-1/3 02) msgnetic Bragg peak. 

However we observed no continuous shift of the 
peak position from &=0 to 0.012, indicating the 
first order transition between these two phases. 
The (2 0 0) and (002) nuclear Bragg peak showed 
nO change at this transition both in longitudinal 
and transverse directions. Therefore we conclude 
that the small shift & is due to an incommensurate 
magnetic structure. The magnetic modulation 
length L=360 A was estimated from the 
incommensurability & of this peak (L=a/&) 

Figure 3 shows the temperature dependence 
of the (-1/3-& 0 2), (-1/3 0 2) and (0 0 3) magnetic 
peak intensities . The (-1/3-& 0 2) peak intensity 
increases continuously below the Nee! temperature 
TN=31.5 K. At T=19.5 K the (-113-& 02) peak 
vanishes very rapidly. Instead, (-1/3 0 2) peak 
appears and increases in intensity. The intensity 
of the (-1/3 0 2) peak connects to the one of (-1/3­
& 0 2) smoothly and these peaks behave as a 
magnetic order parameter. In addition to the abrupt 
change of (-113 0 2) peak, the magnetic reflections 
(ii) start to grow below 19.5 K. The (0 0 3) peak 
intensity increases continuously with decreasing 
temperature. It means that the anti ferromagnetic 
modulation with the modulation vector [001] is 

-

the second component of the order parameter of 
the low temperature phase. 

In conclusion, the magnetic structure of 
DyCu

2 
has been studied by means of neutron 

scattering. We observed successive magnetic 
transitions at T=19.5 K and 31.5 K. The high 
temperature phase has an incommensurate 
magnetic structure. As the next step we are going 
to determine the spin structure. 
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Fig.3. Temperature dependence of the peak intensity of 
(-1/3 0 2), (0 0 3) reflections. 

References 

1) B. Lebech, Z. Smetana, and V. Sima: J. Magn. 

Magn. Mater. 70 (1987) 97. 

2) Y. Hashimoto, H. Fujii, H. Fujiwara, and T 


Okamoto: 1. Phys. Soc. Jan . 47 (1979) 67. 


3) N.H. Luong, J.J.M, Franse, and TD. Hien: 1. 


Magn. Magn. Mat. 50 (1985) 153. 

24­

14 
,-... 

c 
0 

12E 
",. 

0 
....... 

>< 10 

"<;!"
:::­
c 
~ 
0 8 
<.l 

M 
0 
.......
......., 6 

>. 

en 
C 4 

-~ c 

2 

0 

• T=10.5K ,'.• 
1: T=18.7K .. 

: 
.., • T=19.2K 

~ 



lAERI-Review 97-012 

2.2.2 Neutron Diffraction of HelimagneticY(Tb)Mnz 

M. Shig<;l, H. Nakamura arid N. Metoki j 

Department of Materials Science and Engineering, Kyoto University, Kyoto 606-01 
j Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

A Laves phase compound YMn 2 is a 
well-known helimagnet with an extremely 
long period of 400 A along the [100] 
direction. We have found that the direction 
of the helix propagation vector changed to 
[110] form [1001 of YMn 2 by substituting 
only 3 % Tb for Y I). Low-energy neutron 
diffraction measurements using a long wave 
length (4.750 A) beam enabled to obtain this 
result. The OTlglTI of the long-period 
helirnagnetism of YMn2 and of the dramatic 
change of the modulation vector by the small 
substitution remains to be explained, but 
seems to be related to the small tetragonal 
distortion appeared below the Neel 
temperature. On the other hand, Bertier et 
al. 2) reported that the Ib-S% substituted 
sample loses the modu lation and becomes a 
simple collinear anti ferromagnet. It is of 
interest to investigate the evolution of the 
helix in the concentration range of x s O.OS 
for Y j ., Th,Mn2 . As the first trial we prepared 
an polycrystalline sample of YU92ThUOSMn2 
and measured neutron diffraction at 10 K 
and room temperature using the high­
resolution powder diffractometer (HRPD) 
installed at JRR-3M reactor at lAERI. The 
wave length is 1.S230 A. 

Figures 1 (a) and (b) are the principal 
magnetic Bragg peaks of the Tb-S% sample 
obtained at 10K. Contrary to the previous 
report (ref. 2), the structures similar to those 
observed for Tb-3% were obtained; triplet 
structure for (110)M and doublet for (201)M" 
This result indicates that the Th-S% sample 
also exhibits helical modulation along (110]. 
From the separation of the peaks, the 
modulation period was estimated as about 
430 A, which is longer than that of YMn 2 

-

(- 400 A) but somewhat shorter than the 
Tb-3% sample (530 A). We also observed 
the splittings of some nuclear Bragg peaks, 
which indicates the tetragonal distortion. 
From the separation of (400)N' the distortion 
was estimated to be 1 - ale = 0.51 %. 
Although disappearance of the helical mod­
ulation by the substitution of small amount 
of third elements has been reported for 
several pseudo-binary systems, our result 
suggests that it is necessary to reexamine 
multiplet structures of the magnetic peaks 
by using long wave-length neutron beam. 
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2.2. 3 Neutron Scattering Study on CuGel_XS~03 

O. Fujita, J. Akimitsu, S. Katano2
, M. NishP 

Department of Physics, Aoyarna-Gakuin University, Setagaya-ku Tokyo 157 
2Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai 319-11 
3Neutron Scattering Laboratory, ISSP, University of Tokyo, Tokai 319-11 

The fIrst inorganic spin-Peierls material CuGe03 

dicovered by Hase et al. [1] has received much 
attention and extensive studies have been 
peJformed. Among them, the impurity effect was 
a most important subject because of the difficulty 
for the substitution of magnetic impurity in the 
organic spin-Peierls material. 
The CuGe03 indicates the antiferromagnetism in 
the case that Cu and Ge ions are slightly replaced 
by Zn and Si ions, respectively. Regnault [2] et 
al. experimentally indicated for the fIrst time the 
temperature dependence of neutron scattering 
intensity both for the superlattice and magnetic 
reflections in 0.7 % Si doped sample. Neutron 
scattering experiment was performed and the 
exi stence of the spin-Peierls gap was confirmed 
in Si doped material. These results suggest that 
the spin-Peierls phase coexists with the 
antiferromagnetism. Hase et al. [3] also deteced 
the coexistence in Cu1' 

X 
ZnxGe03 • Fukuyama et 

al. [4] proposed the theoretical model which 
explains the coexistence of dimerization and 
antiferromagnetism. This model suggests that the 
latiice distortion along the chain direction changed 
spatially. 
In order to o btain the phase diagram vs. Si 
concentration, we performed the neutron 
scattering experiment on CuGe 1••Si.03• We 
measured the intensities of anti ferromagnetic 
reflection at (0, k, V2) and superlattice reflection 
at (h/2, k, V2) using the triple-axis spectrometer 
TAS-l installed in JRR-3M at JAERI. 
The typical peak profiles of (0, 0, 1) and (0, 1, 
1(2) are shown in Fig. 1. The width of the magnetic 
reflection is almost the same as that of the nuclear 
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Fig. 1 Peak profile of (0, 1, 1) (solid 
triangle) and (0,1,1/2) (open circle). 
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reflection, suggesting that the antiferromagnetism 
is of long range order. Figure 2 and 3 show the 
temperature dependence of superlattice reflection 
(3/2, 1, 3/2) and magntic reflec tion (0, 3, 1/2), 
respectively. These figures correspond to the 
sample with x=O.03 and x=O.OOS. The intensi ty 
of tsuperlattice reflection increases at the spin ­
Peierls transition temperature. In 3% Si sample, 
the intensity of superlattice reflection definitely 
decreases at the antiferromagnetic transition 
temperature. On the contrary, the intensity of 
magnetic reflection, however, is too small to be 
recognized in 0.5 % Si doped sample. 
The phase diagram (transition temperature vs. Si 
concentration) is shown in fig. 4. This phase 
diagram is different from that obtained by Renard 
et al. [5] by using magnetization measurment. 
The spin-Peierls transition temperature decreases 
with increasing Si concentration and the 
decreasing rate of transition temperature against 
Si concentration in Renard et al.'s results is twice 
as large as that of our's. 
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2.2.4 Neutron Diffraction Study on Potassium Uranate K U0 
3 

Yukio Hinatsu , Noriko Nitani l
, Yutaka Shimojol and Y ukio Morii l 

Division of Chemistry, Graduate School of Science, Ho~aido Uni versity, Sapporo 060 

IJapan Atonuc Energy Research Insti tute , Tokal-mura, Ibaraki 319-11 


Potassium uranate KU03 shows an 

antiferromagnetic-type of transition at ca 17 K in 

the magnetic susceptibility vs temperature curve. 

In this study, neutron diffraction analysis has 

been performed on the powdered KU03 below 

and above the transition temperature. The 

measurements have been performed with a High 

Resolution Powder Diffractometer (HRPD) in the 

JRR-3M reactor with a neutron incident wave 

length (A = 1. 823 A). The powders of KU 0 3 

were fiUed into a cylinder of vanadium thin foi l, 

about 6 mm in diameter and about 40 mm long. 

Figure 1 shows the neu tron diffraction patterns 

measured at 10 K and at 50 K. No appreciable 

differences have been found between them. No 

extra peak due to antiferromagnetic ordering of 

U5 
+ moment is observed at 10 K, i. e., no 

magnetic ordering was found by the neutron 
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Fig. I. NeUlron powder diffraction patterns for I-..'UO) 
measured at 10K (lower) and 50 K (upper). 

100 

-


diffraction experiments, although the 

antif erromagnetic behavior IS found in the 

magnetic susceptibility vs. temperature curve. 

For these experimental results , we consider that a 

small ordered magnetic moment of U5 
+ (which is 

expected from its too small effective magnetic 

moment of 0.66 f.I. B) will make it very difficult 

to observe magnetic diffractions, even if a 

magnetic ordering occurs. If the magnetic spin 

alignment occurs in a small domain, no magnetic 

diffraction will be found In the neutron 

experiments. 

The profile of the powder neutron diffraction 

could be refined w ith the space group Pm-3m. 

Figure 2 shows the results: the calculated and 

observed diffraction patterns are shown on the top 

solid line and the dots, respectively. The 

reliabil ity factor R defined as R =III - I 1/"1
obs cal L. obs 

was 0.063, where fObs and feal are observed and 

calculated intensities, respectively. The obtained 

R factor is small enough for the present statistics 

of neutron counts. 
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2.2 . 5 Magnetic Structure of Orthorhom bic Phase In y -M n T 
(T = Fe, Pd) Alloys 

T. Hori, Y. Tsuchiya 1, Y. Shimojol, H. Shiraishi, S. Funahashil and K. Hojou 1 

Shibaura Institute of Technology, Omiya, Saitama 330 
lJapan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

It is well known that many Mn-rich y-Mn al­
loys undergo a distortion from the face-centered 
cubic (fc.c.) phase to the face-entered tetragonal 
(fc.t.) phase with cia <1 below the Neel temper­

ature. In y-MnNi alloys, the fc.t. phase with c/ 
a > 1 and the face centered orthorhombic (f.c.o.) 
phase are also observed [1]. Jo et al. [3] have pro­
posed a theoretical phase diagram for the y-Mn 
alloys on the basis of a Landau expansion of the 
free energy. They have also suggested some pos­
sible magnetic structure; the a -, b- and c-axis com­
ponents of the magnetic moment, Ila, Il band Ilc 
are related to the lattice as follows: Ilc2 > Il b2 > 
!la2 in the fc.o. phase. with a>b>c, and Ilc 2 > 
!lb2 = lla2 in the fc.t. phase with cia < 1. Recent­
ly, we found that y-MnGa alloys with 23 at % 
Ga distort to fc.t. with cia < 1 and to fc.o. at a 
lower temperature, and determined the magnetic 
structures [4] as shown in Fig. l. The results are 
consistent with the theoretical prediction by Jo et 
al. 

We also found that there is the f.c.o. phase 
in y-MnPd alloys and y-MnFe alloys with a small 
amount of Cu. Neutron diffraction experiments 
were made by a diffractome-ter installed at the 
JRR-3M reactor at JAERI for the fc.o. phase in 
y-MnPd and y-MnFe(Cu). 

The neutron diffraction pattern for the y­
MnPd alloy with 10.S at % Pd at 10 K is ex­

plained by assuming the fc.o. structure with a = 
3.836, b = 3.776 and c = 3.709 A and a non-col­
linear anti ferromagnetic structure with ~a= 0, 
!lb = 1.01 and !lc = I."Z.I !lB / Mn atom. The an­
gle between the z-axis and the magnetic moment 
is 3 I 0 This magnetic structure is very similar• 

to that of the y-MnGa alloy shown in Fig. 1 (b). 
Since the face-centered structure ( y-phase ) 

of Mn rich MnFe alloys can not easily be re­

tained at room temperature, a small amount of 
third element, Cu, should be added into the alloys 
fot the possible quenching from a temperature of 
the stable region to room temperature. A powder 

sample of y-(M~.74Feo.26)0.95CUO.05 was pre­
pared for the neutron diffraction experiment. We 
have confirmed by X-ray diffraction experiments 
that the sample shows the f.c.o. structure with a = 
3.682, b = 3.648 and c = 3.627 A at 16 K. In 
the neutron diffraction pattern at 10K, no nucle­
ar reflections appear since the composition of the 
sample corresponds to a null lattice for the neu­
tron diffraction, i.e. the average nuclear scatter­
ing amplitude, b, is nearly zero. However, mag­
netic reflection intensities are strong enough. 
Thus we have determined relative magnetic mo­
ments: Ila= 0 and 1l~llc=0.60. Thus the angle be­
tween z-axis and the magnetic moment is 31 0 , 

being equal to that for the y-MnPd alloy. Re­
sults of the present work are also consistent 
with the theoretical presentation by Jo et. al. 
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2.2 .6 
Magnetic Diffuse Scattering of Znl_xMoxTe with x = 0.432 at B = 0 and 5 Tesla 

K.Sato,Y.Ono,S.Shamoto,Y.Morii I ,TSat02,Y.Oka2 and T Kaj itani 

Department of Applied Physics , Faculty of Engineering, Tohoku University, Sendai 980-77 

Japan A tomic Energy Research Insti nne, Tokai , I baraki 319-1 1 


2Research Institute for Scientific Measurements, Tohoku University, Sendai 980-77 


The title crystal is a typical TI -V1-type semicon­
ductor doped with magnetic atoms, termed as a 
magnetic semiconductor. I t undergoes paramagnet 
- spin glass transi tion at about 20K. T he transi tion 
temperature, Tg, increases from OK to 45K wi th 
increasing Mn content up to x=0.7. HighJ~esolu­
tion Eowder Diffractometer CHRPD) was used to 

study magnetic ordering in the powder and single 
crystal samples, either. The magnetic field up to 5 
Tesla was applied vertically to the scattering plane 
by the use of a superconducting magnet. Powder 
and single crystal s<l!DPles were prepared by melt­
ing and mixing pure Zn, Mn and Te in thick 
walled quartz tubes . The Bridgeman method was 
adopted to grow single crystals. The neutron 
diffraction measurements were carried out with the 
incident monochromatic radiation at }. = 1.8232 A . 

The powder diffraction patterns exhibit strong 
diffuse intensity in the scattering angles from 10 to 
25 degree at 5K, being in the spin-glass regime, 
but the intensity is not observed at room temper­
ature. The central position of the diffuse intensity 
corresponds to the wave number of Q = (112 1 0) 
which is the characteristic reciprocal lattice point of 
the type-III antiferromagnetic ordering of fcc 
lattices, an indication of the type-III short range 
magneti c ordering of the Mn moment. Mn atoms 
are situated in the Zn-position (one of the two fcc 
sublattices) of the Zinc-blende type ordered 
crystal. Extra small Bragg peaks indexed as 112 
1/2 112 and 112 112 1 are also observed at 5K. 
The single crystal diffracti on measurement was 
performed at temperature in a range from 10K to 
80K at the magnetic field of B=O and 5 Tesla. T he 
measurement was done in the hkO plane in the Q­
space. Since HRPD has many neutron counters 
and can observe diffraction intensities wi th high 
SIN ratio at different wave num bers simul­
taneously, the machine is suitable to measure 

weak scattering intensities spread over the reci­
procal space 2- or 3-dimensionally. The diffuse 
scattering was observed in the vicini ties of 112 1 0 
, 1 1/20 and their equivalent posi tions through the 
above temperature range, but the intensity in­
creases wi th decreasing temperature. The di ffuse 
intensities are elongated to 010 and 100 from 112 1 
oand 1 1120 posi tions in the hkO plane at B=O. 
The 0 1 0 and 1 00 reciprocal lattice points corre­
spond to the type-I antiferromagnetic ordering of 
fcc lattices. Figure shows obtained diffuse intens­
ities at 10K with B= 5 Tesla The diffuse intens­
ities at 010 and 100 seems lowered in the magnetic 
fi eld of B=5 Tes) a, suggesting the stabilization of 
the type-II I ordering relative to the type-I. Similar 
diffuse magnetic scattering was observed in the 
Cd l_~Te with x·=O.44 by Gibultowicz et al. ( 

T.M.Gi,bultowicz et al.: 1.Magn.Magn.Mater. .54­
57(1 986) 1149.) 
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2.2 .7 
Magnet ic and St ructura l Proper t ies of Reduced Praseodymium ti t anates 

~ Nakamura and K. Yoshii 2 

Dept . of Chemi stry &I Fuel Research and 2Advanced Science Research Cent er. 
Japan Atomi c Energy Research Institut e. Tokai. l baraki. 319-11 

As a par t of our res earch program on 
th e hi gh ly re duced 3d a nd 4d me t a l ­
comple x oXides. a series of new 
pe rov sk i te- type reduced Pr titana les : 
P r2/3Ti03-x(O~x~LO) wer e prepared 
by co nv en t io na l ce r amic methods. and 
t he i r for ma t ion proces s. st ru c tura I and 
physi ca l properti es are bei ng st udied by 
means of EPMA met ho d. powder XR D an d 
H R P D met hod s an d mag ne t i c 
suscep tiblil y( x ) meas ur eme nts. etc .. 
Fig.l sho ws the results of X 
me as ure ments of var ious syste ms 
prep ar ed in the present study. It is 
ap paren t tha t with increas ing the oxygen 
deficiency (x) fr om 0 to LO. i.e.. wi th 
reduci ng t he Ti mea n-valence fro m 4+ to 
2+ . mag netic or de ri ng of the system is 
bro ught about. the hi ghest tra nsi tion 
t emp erature reaching at --127K for the 
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Fi&.2 HRPD Pattern of Prz/ 3TiOz at 10K: 

mo s t reduced Ti 2 
+ system(oxygen 

no nst oichiome try( x) and Ii mean-valence 
de no t ed here ar e t hose of the starting 
mix tures)' Fig. 2 s ho ws the HRPD pattern 
of thi s most reduced Pr2/JTiO z sys tem at 
10K. Compared to t ha t at room temper a ture . 
seve ra l mag netic peaks appear and grow at 
temp erat ures bel ow TN --127KClOO. 50 and 
10K). In p r evio us study on similar 
s yst em(PrTiO J). i t is suggested tha t the 
mag ne tic or der in g of these reduced Pr 
t i t anat es is a mu lti-step type. that of 
Ti spin fi r st at hi gher temperatu re and 
the n a lso t ha t of Pr spin at lower 
te mp e ra t ure. Th e present x result in 
F ig .l also exh ibit a similar t wo-step 
magne t ic orde r i ng be havior. [n order to 
elucida te more in detai I the structural 
and magnetic properties of these systems. 
detai l ed analysis of HRPO(and XRO) 
resu I t s. together wi th the EP MA phase 
analysis. are now in progress. 
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2.3 STRONGLY CORRELATED ELECTRON SYSTEMS 

AND SUPERCONDUCTIVITY 
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2.3. 1 Coupling between Magnetic and Superconducting Order Parameters and 
Evidence for the Spin Excitation Gap 	in the Superconducting State of a 

Heavy Fermion Superconductor UPd2Al3 
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Heavy fennion superconductor (HFSC) 
attracts strong interests in recent study of 
strongly correlated electron systems. The most 
important issue for HFSC's is the interplay 
between the magnetism and superconductivity. 
Because of the strong repulsion between f­
electrons, non-BCS superconductivity is 
expected to be favorable. In fact recent NMR 
study of UPd2Al3 reported d-wave paring with 
anisotropic gap, vanishing on lines. l ) 

Furthennore, as an origin of the non-BCS 
superconductivity, spin fluctuations are 
considered to be the most plausible candidate for 
the pairing interaction. In order to study (i) the 
interplay. between the magnetism and super­
conductivity, (li) non-BCS gap, and (iii) the 
origin of the superconductivity, We have carried 
out neutron scattering experiments on UPd2AI3. 

A cold neutron triple-axis spectrometer 
LTAS was used. The incident beam (Ei = 4.4 
meV) was monochromatized by a vertically bent 
PG with a Be filter. The collimation was 26'-70'­
72'-72'. The resolution was 0.18 meV in the 
elastic condition. The single crystal samples were 
grown by the Chochralski pulling method in a 
tetra-arc furnace. Tc and the residual resistivity 
ratio are 1.9 K and 60, respectively.2) 

A resolution-limited AFM Bragg peak is 
observed below TN. Figure 1 shows the 
temperature (T) dependence of the (0 0 0.5) AFM 
peak intensity under the magnetic field H (~ 

scattering plane). We have observed anomalous 
suppression of the peak intensity below the 
superconducting transition temperarure denoted 
by arrows in Fig. 1. The intensity increases 
monotonically for H = 3 T. At this field the 
sample exhibits no superconducting transition. 

These results are understood in tenns of the 
coupling between magnetic and superconducting 
order parameters. The coupling would be a 
characteristic feature in HFSC, since similar 
results are reported in UPt3 3) and UNi2AI3.4) It 
should be noted that there is a close correlation 
between the reduction rate and the moment value; 
about 10% in UPt3 (0.02 IlB), 3 % in UNi2Al3 
(0.2 IlB) and 1 % in UPd2Al3 (0.85 IlBIU). 

o'" 
o 
S 

Temperarure (1<) 

Fig. 1. Temperature-4:pendence of the (0 0 0 .5) 
AFM peak intensity. 

Figure 2 shows constant-Q scan at (0 0 0.5) 
as a function of temperature. At T == 4.2 K, the 
profile can be described by a broad quasi-elastic 
(dotted line) and an inelastic Lorentzian at LiE == 
1.5 meV (dashed line). The inelastic peak is 
attributed to a spin-wave excitation as reponed 
before. The quasi-elastic scattering would be 
some kind of thermal fluctuation, because the 
intensity decreases with decreasing the 
temperature. Below Tc' however, the quasi­
elastic scatterung exhibits a remarkable shift of 
the peak position. At 0.4 K we observed an 
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inelastic peak with the excitation energy of about 
0.4 meV. The data can be fitted by an inelastic 
Lorentzian. This peak can not be explained by the 
quasi-elastic lineshape. The transition from 
quasi-elastic to inelastic profile corresponds to 
the fonnation of the gap. This is the first 
observation of the spin excitation gap emerging 
in the superconducting state of a HFSC. 

... 
o 

>C 

~ 
oci-!l c: 
~ 

8 
~ 4 

....... 

0.0 0..5 1.0 2.0 
.1£ (meV) 

Fig. 2. 	Temperarure-dcpendnce of the magnetic 
excitation spectra at Q= (000.5). 

The gap energy of about 0.4 meV =2 kaTc is 
in the same order as the superconducting gap 
expected from the weak1y-coupled BCS theory. 
2.1 = 3.5 k:BTc. Moreover, the gap exhibits a 
clear T -dependence comparable to the BCS 
theory (doned line). Therefore. it is concluded 
that the observed gap corresponds to the 
superconducting gap. The line width of the 
inelastic peak exhibits a sharp decrease below Tc. 
idicating an increase of the lifetime of this spin 
fluctuation. Analogous to the phonons relevant to 
the BCS superconductivity, this behavior would 
be evidt:.nce that the superconductivity in 
UPd2A'3 is magnetic origin. The peak intensity 
shows a continuous increase below Tc. roughly 
following the BCS order parameter (Fig. 3 (b)) . 

-

A similar behavior is observed in the T­
dependence of the scattering intensity at 11E = 
0.4 meV (Fig. 3(b) Inset). This behavior is 
reminiscent of the T-dependence of a so called 41 
meV peak in YBaCuO.S) 

0.4..----.---.---..----..--_. 
UPd.zA1J (a) 

6 

~ 

1.2
0.3 >­>­

0.8 !! 0.2 -
~ ~ 0.40.1 

0.0 0.0 

I 
~ 4 

] 
2:­

s 
TempenlUJe (K) 

Fig. 3. Temperature-dependence of the gap energy, 
line width. and intensity. 

With applying H, the gap and the intensity of 
the peak decreases. and it disappears for H > 
Hc2. From these results we can conclude that the 
inelastic peak is related to the superconductivity. 

Inelastic neutron scattering profile has been 
measured as a function of Q. The gap becomes 
larger as Q deviates from the AFM Bragg point 
(0 0 0.5). It would be a signiture of the 
anisotropic gap (See Overview , Fig.7). 

In conclusion. we have observed the close 
coupling between the magnetic and the 
superconducting order parameter. Spin excitation 
gap is found for the first time in the heavy 
fermion superconductors. These results are 
indicative of the strong interplay between 
magnetism and superconductivity in UPd2Al3. 

References 

1) M. Kyogaku et al., J. Phys. Soc. Jpn. 62 (1 993) 401 6 

2)Y. Haga et aL, 1. Phys. Soc. Jpn. 65 (1996) 3646. 

3) G. Aeppli et aI., Phys. Rev. Lett. 60 (1988) 615. 

4) N. Sato et al., to be published. 

5) H.A. Mook et al., Phys. Rev. Lett. 70 (1993) 3490. 

6) N. Salo et al., to be published in J. Phys. Soc. Jpn. 


36 ­



lAERl-Review 97-012 

2.3. 2 Interplay between Magnetism and Superconductivity 

in a Heavy Fermion Superconductor UPd Alz	 3 

Y. Koike l
, N. Metokjl, Y. Hagat, Y. Morii l and Y. OnukP.2 

1 Advanced Science Research Center, JAERl, Tokai, Ibaraki 319-11 

2 Graduate School of Science, Osaka University, Toyonaka, Osaka 560 

Heavy fennion superconductor has attracted 

strong interest because of the interplay between 

magnetism and superconductivity. UPd~3 has the 

highest superconducting transition temperature 

with Tc = 2 K and relatively large magnetic 

moment of 0.85~. Our recent neutron scattering 

study revealed the coupling between magnetic and 

superconducting order parameters. The spin 

excitation gap is found to emerge below the 

superconducting transition temperature Tc = 2 K 

[1]. Following the first paper, neutron scattering 

experiments have been carried out in order to 

elucidate the coupLing between antiferromagnetic 
ordering and the superconductivity. 

The neutron scattering experiments were 

ca rried out using a cold neutron triple-axis 

spectrometer LTAS with 3He cryostat. The 

configuration of the spectrometer and samples 

were the same as before. 

Figure 1 shows the temperature dependence 

of the peak intensities. The (0 0 0.5), (00 1.5), (1 

00.5) magnetic peak exhibits continuous increases 
w ith decreasing temperature below the N eel 

temperature TN = 14.5 K. The intensities begin to 

decrease below Tc and show about 1% reduction 

of the maximum value. Meanwhile (0 0 1) nuclear 

peak shows no anomaly at Tc The reduction of 

the magnetic peak intensities is understood in 

terms of the coupling between magnetic and 

superconducting order parameter. The no 

temperature dependence of the nuclear peak rules 

out the possib ility that the behavior of the 

magnetic peak is due to a lattice distortion and/or 

a slight change of the absorption for neutrons 

associated with superconductivity. 

The inelastic neutron scattering profiles at 

fixed Q = (0 0 0.5), (0 01.5), (1 00.5) and (0 0 1) 
are measured below and higher than Tc When the 

scattering vector is fixed at the magnetic Bragg 

points, an inelastic peak has been observed at the 

excitation energy ()£ = 0.4 meV below Tc These 

inelastic peaks are considered to be due to 

magnetic excitation gap, emerging in the 

superconducting state. At Q = (001), we observed 

A 	 0(000.5) 
• 	 0(001.5) 

0(1 0 0.5) 
0(00 1) 

1% 

f*\f f ** * t f t 
0 1 2 3 4 5 

T(K) 

Fig.l 	Temperature dependence of peak intensities at 

0=(000.5), (0 0 1.5), (l 00.5) and (0 0 1). Lines 
are guide to eyes. Each data are shifted for con­

venience of comparison . 
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no inelastic scattering beyond the statistic error 

of the background_ Furthennore, the integrated 

intensi ty of the inelastic peak is proportiona l to 

the one of magnetic Bragg peak. Therefore we 

conclude that the observed inelastic peak is due 

to m ag n e tic fl uc tuat io n s r e la te d to the 

antiferromagnetic ordering of UPd
2
Al

3
• Our recent 

study reported that the magnetic exci tation gap 

exhibits a remarkable temperature dependence 

similar to the superconducting gap. These results 

ind icate th at the anti ferrom ag net is m an d 

superconductivity are strongly correlated . 

200 

100 

o ~ o~ 00 a a ~ 

0.0 0.5 1.0 

0(0 0 0.5) 
(:, 0.4 K 
o 2.0 K 

0(0 01.5) 
{;, 0.4 K 
o 2.0 K 

0(1 0 0.5) 
6 0.4 K 
o 2.0 K 

0(001) 
6 0.4 K 
o 5.2 K 

1.5 
jE(meV) 

Fig.2. 	Q-dependence of the inelastic neutron scattering pro­

fi le. NOlaions of triangle and c ircl e are experimen­

tal val ue wh ic h is subtract farst nutron back grou nd. 

Figure 3 is the constant-E scan along the (0 

oI) direction with the fixed I:lE = 0.4 meY. We 

found that the inelastic peak at (0 0 0.5) becomes 

sharp and strong below TC' Except for the (0 0 
0.5) peak, no significant di fference in scattering 

intensity was observed. We obtained similar result 

fOT (h 0 0.5), where -0.1 < h < 1.3. It means that 

the inelastic scattering peak is observed in a very 

narrow region around the magnetic Bragg point, 

and exhibits strong damping in the other region 

of the q-w space. 

In c onclu sion , we observed remarkable 

temperature dependence of the elastic and inelastic 

scattering at antiferrornagnetic Bragg points, 

ind icating the str ong c ou pl ing be twe en 

antiferromagnetism and superconductivity in 

UPd
2
AI}. 

I I 

11 E =OArne 
-. - OA5K 
~ 2K 

0.6 0.8 1.00.2 OA 


(00 I ) 

Fig.3. 	 Q-depend ence of the inelastic neutron scattering 

intensit y. Each data are shifted for convenience. 
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2.3.3 
Anomaly in the spin wave excitation associated with the superconductivity in UPd2Al3 

1 Advanced Science Research Center, .JAERI, Takai, Ibaraki 319-11 
2 Graduate School of Science, Osaka University, Tayonaka 560 

Among the heavy fermion superconductors, 
UPd 2Al3 has the highest superconducting tran­

sition temperature Te = 2 K and the largest mag­
netic moment 0.85 ItB/U. 1,2) The d-wave pair­
ing is revealed from NMR studies.3) Recent our 

neutron scattering experiment provided clear ev­
idence for the interplay between magnetism and 
superconductivity in this compound. 4) First, the 

temperature dependence of the (0 0 0.5) Bragg in­
tensity exhibited a remarkable kink at Te. Second, 

a magnetic excitation gap of 2kBTe was obseved 
below Te . 

At higher energy (6E ~ 1.5 meV) than the 
magnetic exci tation gap we observed a broad in­
elastic peak which would be attributed to the spin 
wave excitation reported previously.» The spin 
wave excitaion shows strong damping in the nor­

mal state, and it is quite different from usual 10­
calized magnets. The purpose of this study is to 
reveal the influence of the superconductivity on 

t his spin wave excitation. 

Experiments were carried out using a thermal 

neutron spectrometer TAS-2 (k j = 2.58 A-1). 
The resolution was 0.9 meV at 6£ = O. Single 
crystalline samples (Te = 1.9 1\:) were grown in a 
tetra-arc furnace. 6) Samples were mounted with 
the (hOI) plane parallel to the scattering plane 
and cooled to OA K in a 3He cryostat. The mag­
netic field is applied perpendicular to the scatter­
ing plane. 

Figure 1 shows the spin wave excitation mea­

sured at 0.4 K around the (0 0 0 . .5) magnetic 
Bragg point. Peterson et al. reported that the 
spin wave excitation is gapless at the zone cen­
ter. However our recent high resolution experi­
ments with cold neutrons re\·ealed tllat the ob­
served spectrum is fitted with a gap better than 

the gap less profile. Therefore we fit the spectra 
of this low energy-resolution experiment by an in­
elastic Lorentzian line shape. The obtained dis­

c: " ·9 400 
<:> 

3 
c: 
5 300 
~ 
~ 
•Vi 

.l:i 200 
~ 

o 2 6 

500 

¢ 

6".-----,---,-----,., 

0.55 0.60 0.65 
(00 I) 

o (000.50) 
/j. (000.55) 
o (000.60) 
• (000.65) 

dE (meV) 

Figure 1: Spin wave excitation spectra of 
uPd 2 Al3 measured at 0.4 K. Inset: The disper­
sion curve of the spin wave. 

persion curve is shown in the inset of Fig. 1. 

The spin wave excitation spectra at Q = (0 0 
0 . .')) is measured below and abO\·e Te . As sho\\in 
in Fig. 2 we found significant difference in the 
scattering intensity around 1.8 me\'o This energy 
roughly corresponds to the peak position of the 
spin wave excitation obtained by fitting the data. 

Figure 3 is tlte temperature dependence of the 

scattering intensity at 1.8 meV in various mag­
netic fields. For H = 0 the scattering intensity 
increases from the ~eel Temperature TN· Surpris­
ingly, all enhancement of the intensity is observed 

at Te = 1.9 K. Below Te the scattering inten­
sity exhibits an unusual decrease with decreasing 

temperature. At H = l.5 T, the scattering inten­
sity exhibits very similar temperature dependence 
with the zero-fie ld data. The enhancement of the 
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UPd2Al}3000 
" c Q=(0 0 0.5) 
'E '9, £ ,= [3.8 meV 

....-T=OA K~ 
-0· T=2.0 K -!I 

c 
:> 
0 2000 
~ 
?;­
. ;;; 

$'" .:; 
lOOO 

1.0 1.5 2.0 2.5 3.0 3.5 ~O 

Energy (me V) 

Figure 2: Inelastic scattering profile at Q = (0 

o0.5) in superconducting state (T = 0.4 K) and 
normal state (2_0 K ). 

of the peak becomes weak and appears at 1 K, 
which corresponds to Te in this field . At H = 3.5 
T the scattering intensity shows a continuous in­
crease below TN. vVe expect no superconducting 
transition in this field which is larger than the 
critical field H e1 = 3 T. From these results it is 
clear that the enhancement of the peak and the 

decrease of the intensity below Te are closely re­
lated to the superconductivity in UPd1 Ab. It is 
of particular interest that we observed influence of 
superconducti ...-ity at the energy transfer 1.8 meV 
c::::. 10kBTe , which is considerably larger than the 
energy scale of Tc. 

The origin of the anomalous behavior of the 

spin wave excitation is not so clear yet. It should 
be noted that the enhancement of the scattering 

intensity starts above Te , and observed :n the very 
narrow temperaure range. Therefore it would 
be due to the fluctuation of the superconductiv­
ity, which exhibits an anomalous enhancement of 
the spin wave excitation through the coupling be­
tween magnetism and superconductivity. On the 
other hand, the decrease of the scattering inten­
sity would be understood in terms of the sum rule 
for spin excitations. As revealed previously the 
intensity of the inelastic peak at 6.£ :..= 0,4 meV 
increases very rapidly below Tc like a supe rcon­
ducting order parameter. Assuming the sum rule 
we would expect a decrei:l.se of the spin wave ex­
citation in the corresponding way. 

-
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Figure 3: Temperature dependence of the inten­
sityat 1.8 meV under magnetic fields. 

In conclusion , we observed an anomalous en­
hancement and a decrease of the spin wave exci­
tation in the superconducting state of UPd 2 Ab . 
The present result demonstrates that the super­

conductivity has influence on the magnetic excita­
tion up to considerably high energy transfer. The 
anomaly in the magnetic Bragg intensites (6.E 
= 0 meV) and the magnetic excitation gap (0.4 
meV) published previously, as well as the anomaly 
in the spin wave excitation spectra (1.8 meV) 
would give an insight into the novel mechanism 
of the heavy fermion superconductors. 
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2.3 .4 Magnetic Structure of a Heavy Fermion Superconductor UNizAl3 

AAdvanced Science Research Center, Japan Aromic Energy Research Institute, Tokai, Ibaraki 319-11 

Bphysics Department, Graduate School of Science, Tohoku Universiry, Sendai 980-77 


cCenrer for Low Temp. Sci., Tohoku Universiry, Sendai 980-77 


The uranium intermetallic compound 

UNi~IJ is well known to exhibit the coexistence 

of antiferromagnetic ordering (T;,<",,4.6K) and su­

perconductivity (Tc==l.OK). We reported l
) that the 

incommensurate (IC) magnetic Bragg peak in­

tensity was affected by the onset of the supercon­

ductivity, implying the coupling between mag­

netic and superconducting order parameters. It 

was suggested that the magnetic phase is the 

longitudinal spin density wave (LSDW) with 

k=[O.5±O.11,O,O.5]2). But so far it was not clear, 

if the modulation is sinusoidal or rectangular type. 

The difference of the magnetic structure is of 

particular important in order to understand the 

origin and the character of the magnetic ordering 

which shows strong correlation with supercon­

ductivity. The purpose of our neutron sca[[ering 

experiments is to clarify the magnetic structure 

of a high-quality single crystal showing 

superconduc ti vityJ) . 

The measurements were performed on the 

triple-axis spectrometer TAS-l with 3He cryostat. 

The nemron energy (£,=14.7 meV) is monochro­

matized and analyzed by PG crystals . Higher 

harmonics were removed by a PG filter. The 

sample is grown by Chochralsky method. The (h

°!) plane has been measured in this study. 

In spite of very careful experiments, no 

significant difference of the scattering intensity 

has been observed at the 3rd-order satellite above 

TN and at 1.4 K. From the statistic error of our 

measurements the magnetic structure factor of 

-

the 3rd-order satellite is expected to be less than 

1.9 % of the 1st-order one. 

F(Q=(O.S-::6,O,O.S))' ( )
' < 1.90 ± 0.05 %. 

FCQ= (0.5-0,0,0.5)) 

The structure factor of the 3rd-order satallite is 

estimated to be 12% from the model calculations 

of rectangular wave structure . It is one order of 

magnitude larger than the experimental results. 

There are twO possibilities ro understand the un­

detectably weak 3rd-order satallite; The magnetic 

moments exhibit a sinusoidal modulation (spin 

density wave) or rotate in the c-plane (cycloid 

structure). As described below, however, the Q­

dependence of the magnetic Bragg lntensltles 

rules out the cycloid structure. 

TAS·l a T= 1.-lK 
1500 E,=I-l.7mcV • T=20K 

()=(4.0.0.:i I 
c:: 
'E 1400 
o 
':'2 
>. 

.., '" 
1300 

c:: 

c:: 1200 

1100 

O. IS 0.16 0.17 0.18 0. 19 0.21 0.21 

q (r.I.U.J 

Fig. 1 The elastic neutron scattering profile at the (0.18 

00.5) 3rd-order satellire. 
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Figure 2 shows the magnetic Bragg inten­

sity corrected for both the Lorentz factor and the 

magnetic form factor. The lines are the least­

square fits to the models for the various magnetic 

structures. The best one which reproduces these 

measurements is that of the LSDW magnetic 

structure. The cycloid structure is not consistent 

with the experimental data. Therefore we con­

clude that UNi0l3 exhibits a sinusoidal mod­

ulation of the magnetic moment; the 3rd-order 

modulation is considered to be very small. 
500 C. -<r- fl//a"(LSDW)We also calculated the magnetic moment 

~ - - . fl//a 
'uv=(0.19 ± 0.0 1),U[J. The above results are consis­ r ..... fl.//b* 

r .. fl..Lc (Cycloid)tent with the previous results 2). 
OL-~--~-L--~~--L-~--~~ 

o 	 30 60 90 
a 
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2. 3. 5 Ne utron Scattering Studies of Ternary Uranium Antiferromagnet UNiSn 

T. Osakabe 1, T. Takabatake2, M . Shirase2, E. YamamOt0 1, Y. Haga1~ Y. Onuki1.3 


1Advanced Science Research Center, 1 apan Atomic Energy Research Insti tute, Tokai, Ibaraki 319-11 

2Faculty of Science, Hiroshima University,Kagamiyama, Hiroshima 739 

3Faculty of Science, Osaka University, Toyonaka, Osaka 560 

In recent years, the ternary uranium 
compounds have attracted much interest owing to 
their large variety in magnetic, structural and 
transport propenies, which are mainly caused by 
me Sf-ligand hybridization. In these compounds, 
U NiSn is known to exhibit an unusual phase 
transition. At higher temperature, this compound 
is a semiconducting paramagnet with cubic 
MgAgAs type crystal structure. Below the 
transition temperature of 43K with the first order 
nature, the compound becomes a metallic type-I 
antiferromagnet with distoned tetragonal 
structure . Thus, the compound shows the 
antiferromagnetic, semiconductor-metal and 
structural transitions at 43K. The origin of the 
transition, however, is unclear yet. To elucidate 
the origin of the rransition from the microscopic 
point of view, we performed inelastic neutron 
scattering experiments. 

The polycrystalline sample was prepared by 
melting together the stoichiometric amounts of 
U, Ni, and Sn using the terra arc furnace in 
argon atmosphere and then annealing for 90 days 
at 800 ·C in a vacuum quanz container. 
Experiments have been performed on the triple 
axis specrrometer TAS-I(2G) at lRR-3M, 
1AERI. The spectrometer was set up to generate 
the incident neutron energy (Ei) of 30.5 meV 
with open-80' -80' -80' collimation and that of 
82.1 meV with 40'-40'-40'-40'. The sample set 
in the Al container with 4He gas was mounted on 
the closed cycle refrigerator (CTI). 

Fig. 1 (a) and (b) show the neuron inelastic 
scattering spectra of UNiSn in Ei = 30.5 meV 
and 82.1 meV, respectively. Well-defined peaks 
are observed at lOmeV in Fig. 1 (a) and 40 me V 
in Fig. 1(b) at low temperature. The intensities of 
bOth peaks decrease considerably at higher 
temperature or higher Q. This indicates that the 
peaks correspond to the crystalline electric field 
(CEF) excitations from the ground to first and 
second excited states of U ion. On the other 
hand, the peak at around 17 me V corresponds to 
the phonon contribution. 

The results of the experiments indicate that the 
Sf-electrons of the compound have localized 
character. Aoki et all) explained the results of 
their susceptibility measurements by a model 

-

based on the localized Sf electrons in the CEF. 
They determined the CEF level scheme by 
assuming the Sf2 configuration of U4 

+ ion. 
According to them, the CEF level scheme 
consists of a non-magnetic doublet ground state 
r), a magnetic first excited triplet state r 4 with 
energy of 180K from r 3 , a second excited singlet 
state r l with 430K and a third excited triplet rs 
with about 3000K. Suzuki et al. I) damed the 
idea based on the CEF level scheme proposed by 
Aoki et al. that the transition in UNiSn is 
originated from a sort of cooperative effect 
between magnetic(L) and lahan-Teller strucrural 
instability(r)) . Because the obtained CEF level 
scheme in neutron scattering experiments is near 
to that proposed by Aoki et al., the above idea to 
explain the transition is supported. To elucidate 
the origin of the transition, however, more 
precise neutron scattering experimentS on 
magnetic form factor are necessary. 
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Fig. 1 The neuron inelastic sC<lttering spectra of UNiSn in 
(a) Ei =30.5 meV and (b) Ei =81.1 meV. 
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2.3.6 Magnetic Structu res of CeP un der Hi gh Pressure 

T. Osakabe, M. Kohgil, K. Iwasa 1, Y. Haga and T. Suzuki2 

Advanced Science Research Cemer, Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 
IDepartment of Physics, Tokyo Metropolitan University, Hachioji, Tokyo 192-03 

2Depanmem of Physics, Tohoku University, Sendai 980-77 

CeP is a low-carrier-density semi-metallic 
compound with NaCl-type crystal structure. 
From macroscopic measurements such as 
resistivity, specific heat and susceptibility, it was 
found that CeP exhibited unusual propenies such 
as complex magnetic phase diagram under 
magnetic fie ld and pressure or Kondo-like 
transpon propenies [1). Since it is quite crucial to 
elucidate unknown magnetic structures in the 
phase diagram to understand the origin of the 
unusual propenies of CeP, we have started 
neutron diffraction experiments under magnetic 
field and pressure. In the previous repon [2], we 
showed results of neutron diffraction 
experiments under pressure. We explained that 
the complex P-T phase diagram and the magnetic 
srructures were originated from the imerplay 
between the antiferromagnetism of the CEF 
ground state 17 and the formation of the 1 8 
magnetic polaron lattice . In this report, we point 
out residual problems on the neutron diffraction 
experiments. 

Here, we show again the poT phase diagram 
and the magnetic structures in Fig.I. As shown 
in Fig .1, the smlcture " 8" was not observed yet 
in spite of the wide and system atic change of the 
magnetic structures with changing pressure . 
From the recent experiments at around 0.7 GPa , 
it is concluded that the pressure value where the 
srruC(Ure "8" is expected to exist is between 0. 60 
GPa and 0.75 GPa. However, the SmlC[lJre "8" 
was nor observed directly since it is difficult for 
piston-cylinder and clamp type high pressure 
cells such as McWhan type celi to keep well the 
target pressure value below about 1.0 GPa 
through the experiments . Thus, not only to find 
the structure "8" but to determine accurately the 
phase boundaries, it is neces sary to perform the 
experiments with scanning along the pressure 
axis in the phase diagram using .1 gas pressure 
and load type high pressure cell, which can 
change pressure continuously in the cryostat. 
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Fig .1 The p. T phase diagram and the magnetic 
structures of CeP de termined by the neutron 
diffrac tion experiments. The structure "S" is no t 
observed ye i. 

AnOther interesring fact on the poT phase 
diagram and the magneric structures of CeP is 
that, above about 1.5 GPa, the same magnetic 
s tructures as those o f CeSb at ambiem pressure 
appear. Thus, it is expected that the poT phase 
diagram similar to that of CeSb is observed 
above about 2.0 GPa . To confmn this poim, we 
no w plan to perlonn neutron diffraction 
experiments using sapphire-anvil type high 
pressure cell , which is expected to genera[c 
pressure up to about 5. 0 GPa . 

[ I] T. Suzuki, ]JAP Series 8 (1993 ) 267 . 
[2] T. Osakabe ec at., J.AERI )iSL REPORT 

(1996) 13 . 
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2.3.7 Vortex Lattice Structure in CeRu2 

J . Suzuki'\' N . Merokia , Y. Hagaa, E. Yamamoroa , 
H. Kadowaki b, K. Kakurai c , M . Hedod and Y. Onukia,d 

aAdvanced Science Research Center, Japan Atomic Energy Research In sti tute, 
Tokai-mura 319-11 

bFaculty of Science , Tokyo Metropolitan University, Hachioji 192-03 
cThe Institute for Solid S tate Physics, The University of Tokyo, Roppongi 106 

dGraduate School of Science, Osaka University, Toyonaka 560 

The mixed state of an f electron 
superconductor CeRl12 with the large 
paramagnetic susceptibility has been investigated 
intensively because of its unconventional peak­
effect in dc-magnetization 1). The presence of the 
peak-effect indicates strong pinning of vortices 
over a field range H* < H < Hc2 (where Hc2 is 
the upper critical field), although weak pining is 
suggested by almost reversible hysteresis in a 
field range Hc1 < H < H* (where Hc! is the 
lower critical field). The generalized Fulde­
Ferrell-Larkin-Ovchinnikov (FFLO) state, in 
which the reconstruction of vortices due to 
spatially modulated superconducting order 
parameter enhances an effective pinning force, is 
proposed as a possible origin of the anomalous 
peak-effect phenomenon 2 ). However, the 
original pinning force even in this state is 
thought to be caused by impurities and lattice 
imperfections of the sample. In this work we 
have investigated the relation between the vortex 
structure and the pinning force for twO CeRu2 
samples with different residual resisti vity ratios 
(rrr) through a small-angle neutron scattering 
(SANS) technique . 

Two single crystals of CeRu2 (#6 with rrr = 
28 and #10 with rrr = 50) were grown by the 
Czochralski method in a tetra-arc furnace with 
successive annealing in a vacuum of 10-6 Torr at 
700 0 C for one week3 ). Both the samples for 
SANS experiments were 3-4 mm in diameter, 20 
mm in length, and 0.2-0.25 0 in mosaic width 
( F W H M ). SANS mea sure In e Il tsus i n g a 
wavelength of 0.63 nm were carried out at the 
small-angle neutron scattering instrument SANS­
J of the JRR-3M reactor in JAERI. A magnetic 
field was applied along the [1-101 crystal 
direction, nearly parallel 
with a divergence of 0.17 

Figure 1 s hows the 

to 
o. 

resul t 

the neutron 

of a t

beam 

ypical 

-

0.10 

E 
c 

....... 


0.00 

o 

o 

>. 
a 

- 0 . 1 0 

-0.10 0.00 
Ox(//[110]) 

Fig. 1 A 2-dimensional SANS pauern of CeRu2 (#10. 
rrT = 50) at T = 1.5 K and HZFC = 0.1 T. A sca tlering at 
T = 15K and H = 0 T is subrracted as a background . Qx 
and Qy is parallel to the [110] and [001] crysl<ll axis. 
respec tively. The field direction is normal LO lhis pl8ne. 

experiment for the #10 single crystal at T = 1.5 
K and HZFC = 0.1 T, where ZFC denotes zero 
field cooling. We have observed the Bragg SpotS 
from the triangle Abrikosov vortex lattice with a 
reciprocal lattice vector parallel to the [110] 
crystal direction. Magnetic field distribution 
around a vortex reflects normal s-wave paring at 
low magnetic fields. On the other hand, the 
vortex lattice Structure at high fields changes 
dra s tically, depending on how to cool the 
sample, as reported by A. Huxley et a1. 4 ). The 
ZFC vortices make a much better aligned lattice 
than the field cooled (FC) vortices (Fig . 2) . This 
difference seems to be due to the passage 
through the peak-effect region at the cooling 
proce ss . According to dc -mag netization 
meaSllremenrs, the peak-effect region becomes 
narrower, that is, H* approaches to Hc2. when 
the residual resi st ivit y ratio rrr is lower. This 
result implies thar the peak-effect phenomenon is 
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Fig. 2 Bragg peaks with different cooling processes 
measured at r = 1.5 K ~lnd H = 3 T. qR, qT, i\nd qL 
denote the q vectors along the radial, tr8nsverse, ~nd 
longitudinal U/ /-I) d ireclions, respccti vel y. 

caused by impurities and lattice imperfections of 
the sample. Fi gure 3 shows the temperature 
independent SA NS pattern on the [11 OH001] 
reciprocal plane of the #6 single crystal at zero 
field. By rotating the sample around the [0011 
crystal axis, it becomes clear tilat the diffuse 
streaks appear along only the <100>, < 110>, 
and < Ill > crystal directions. Each scattering 
reveals almost the SZlme q-dependence. At high­
q, the scattering reveZlls Porod-like q-4_ 
dependence. A t be low q - O. I !lm - I, however, 
the scattering deviates from the q-4-dependence 
and changes its intensity slower. This deviation 
indicates that microstructures with about :')0 nm 
in thickness exist Zllong the < I00>, < I 10>, Zlnd 
<Ill> crystal directions in the #6 sZlmple with 
lower quality compZlred to #10. Such diffuse 
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F ig.3 A 2-dimension81 SANS pattern of CeRu2 (#6, rrr 

= 28) at room temperature and zero field. Diffuse streaks 
are observed along the [110], [001] and [111J crystal axes. 

scattering was also observed in the #10 crystal, 
but its magnitude was Zlbout 40% of that of the 
#10 sample. Our data suggest that one of the 
possible origin of the peak-effect phenomenon is 
due to [he presence of the microstructure 
containing slight different supercondu cting 
characters, because the microstructure may 
function as the strong pinning force at near Hc2­
Finer microstructures with about 5 nm in size are 
also observed by a STM teChniqueS) . A detailed 
srudy to know the superconducting propenies of 
these microstrucrure is now in progress. 

Referen ces 
I) A. D. Huxley, C. Paulsen, O. Laborde, J. L. 
Tholence, D. Sanchez, A. Junod, and R. 
Calemczuk, J. Phys.: Condens. Matter. 5 
( I 993) 77 09 . 
2) M. Tachiki . S. Takahashi, P. Gegenwart, IV!. 
Weiden, M. Lang, C. Geibel, F. Steglich, R. 
Molder, C. Paulsen, and Y. Onuki, Z. Phys. 
nl00 ( 1996) 369. 
3) M. Hedo, Y. Inada, T. Ishida, E. Yamamoto, 
Y. Haga, Y. Onuki, M. Higuchi, and A. 

H:IsegawZl, J. Phys. Soc. lpn. 6-l (1995) 4535. 

4) A. Hu xley, R. Cubitt, D. McPaul, E. Forgan, 

M. Nutley, H. Mook, M. Yethiraj, P. Lejay, D. 

Caplan, Zlnd J. M. Penisson, Physica B 22-l 

(1996 ) 169. 

S) N. Nishida, priv:lte communication. 


46­



JAERI-Review 97-01 2 

2.3. 8 Existence of Mesoscopic Structure in NdBa2Cu307_o Observed 

by Small-Angle Neutron Scattering Method 


S.Miyata1.2, K.Osamura 1, lSuzuki2, K.Kuroda3 and N.Koshizuka3 

IDepartment of Materials Science and Engineering, K yoto University, Kyoto 606-01 

2Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 


3Superconductivity Research Laboratory, International Superconductivity Technology Center, 

Koto-ku , Tokyo 135 


While in recent years we have performed 
small-angle neutron scattering (SANS) 
experiments on the vortex structures of high-Tc 
superconductors, it is not so easy to detect the 
signal from the vortices because of the weak 
magnetic co ntrasts due to a large penetration 
depths (A) compared with those of conventional 
ones as Nb. The scattering signal is also roughly 
proportional to 1/A4 and then the high-Tc 
superconductors can give only 103-104 times 
smaller signals than that from the Nb sample. 

Moreover, it is difficult to grow fine, large 
single crystals of high-Tc superconductors, so, 
on SANS experiments, a large amount of 
scattering from inhomogeneity in the sample 
makes more difficult to observe the signal from 
the vortices . However, in the same time, it 
includes very important structural information of 
nano-scale about the sample, which can be 
pinning potential to the vortices. 

Recently, NdBa2Cu307./i (Nd123) was 
reported to have quite large critical Clln'ent 
density of 70000 A/cm 2 at 77K, ITesla 
accompanied by peak-effect 1) and was paid a lot 
of attention to especially from the view of 
application research. In Nd123 sample, the Ba 
ions tend to be easily substituted by the 
exceeding Nd ions shown as Ndl+xBa2-xCu307­
Ii. The critical temperature (Tc ) of the sample 
Ndl+xBa2_x Cu307 _o is reduced as the Nd content 
(x) increases2). It is then pointed out a possibility 
that Nd-enriched phases playa important role of 
pinning potential responsible for the peak-effect 
phenomenon . In this work we carried OLIt SANS 
measurements at room temperature in order to 
investigate the inhomogeneity, giving such 
pinning potential. The experiments were 
performed at SANS-J of the reactor JRR-3M 
using cold neutrons with a wavelength of 1.5 
nm . A Nd123 single crystal was prepared by 
traveling solvent floating zone (TSFZ) method3). 
Incident beam was parallel to crystallographic c­
axis , and a-axis was aligned along to the 

horizontal plane. Figure 1 shows a resulting 
pattern. A diamond-shaped pattern whose main 
axes corresponds to a- and b-axes can be seen 
accompanied with four weak spots on the <110> 
crystal directions. The positions of these spots 
suggest the presence of periodic microstructures 
with a size of about 80nm. This structure is 
almost consistent with a <110> twin structure 
due to tetragonal-orthorhombic transition as 
confirmed by transmission electron microscopy. 
On the other hand, the diamond-shaped pattern 
indicates the existence of a- and b-axis-inclined 
structure, although the details of the structure is 
left unresolved. 

Fig.l Scattering pattern from Nd123 at 

room temperature . An=1.5nm . The 

position of the spot is 0.0783nm-l. 
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2.3 .9 Charge Ordering in Prl-x CaxMn03 

O . H ino, N . Ikeda l and Y. Yamada J
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2 

T. Inami2 and S. Katano 2 

Advanced Research Center for Science and Engineering, 

Waseda University, Ohkubo 3-4, Shinjuku-k u, Tokyo 169, Japanl 


J apan Atomic Energy reasearch Institute, Tokai, Ibaraki 319-11, Japan 2 


Materials generally expressed by Tl -xDxMn03 group P bmc . These experimental results are in 
( T: trivalent elements, D: divalent element ) has the process of the analysis to find the proper 
drawn much attention concerning its anomalous charge order pattern. 

transport properties such as giant magneto­
resistance. It has been suggested that the key to 
characterize the system is the subtle balance 
between the energies associated with electron 
transfer, electron correlation and electron-phonon 
coupling. One of the direct manifestation of the 
characteristics of these materials is seen in the 
variety of the charge ordering properties. 

It was suggested that Prl-xCax Mn0 3 ( 
x=0.3 ) shows charge ordering given by the 
charge density wave; 

p ( ) 
_ i(y?~.O}r 

r - poe . 

as depicted in Fig. 1 ( 12 x 12 pattern) which is 
the same as the well established charge pattern for Fig. 1 
the case of x=0.5. H owever, since the x-value is 
rather close to a stoichiometric value of x=0.25 1 
than x=0.5, it is likely that charge order would 
give a different pattern from x=0.5 case being 
locked into the ordering appropriate for x=O .25. 

In order to clarify this point, we carried out 
neutron diffraction measurements, as well as 
electron diffraction, o f a single crystal of 
Pr07s Cao.2s Mn03. As is show n in Fig . 2, we 
observed satellite reflections at 120K at the 
reciprocal lattice points of 

Q = (h, k, O)c + (±l /4, 0, :!:.1/4)c. 
This is certainly different from the diffraction 

pattern expected for the case of 12 x 12 x 1 unit a c* • 
cell for x=O.S casco At the same time, we 

Fig,2
observed another type of satellites at Q = (0, 0, 
I)c + (0, 0, 1/2)c which are prohibited in space 
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2.3 . 10 
Neutron Scattering Study on the Structure of the S = 112 Q uasi-one-dimensional Magnet 

SrI4_xY,Cu2404l 

M. Matsuda, K. Katsumata, T Inami l and S. Katano l 
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Sr14Cu24041' which has simple chains and 
ladders of copper ions 1.2), has been extensively 
studied since both of the building blocks show 
interesting ground states. The ground state of a 
two-leg spin ladder system is a singlet state as 
observed in SrCu20 JJ). The property of the 
energy gap in spin ladders is interesting from the 
view point of quantum phenomena in a low­
dimensional (between 1 and 2) Heisenberg 
antiferromagnet. It was theoretically predicted 
that the spin 1/2 Heisenberg ladder with even 
numbers of legs has an excitation gap and that the 
excitation is gapless for the spin ladder with odd 
numbers of legs4). The two-leg ladder system has 
also attracted many researchers since 
superconductivity is expected in the carrier doped 
spin ladder system5

.
6

). Recently, Uehara et ai. 
found that Sr04CalJ6Cu240 41 shows 
superconductivity below 12 K under a high 
pressure of 3 GPa7). 

The simple chain in Srl4Cu24041 also has an 
interesting sin~let ground state originating from a 
dimerization8 

.
9 

. Surprisingly, the dimers are 
formed between spins which are separated by 2 
and 4 times the distance between the nearest­
neighbor (n. n. ) copper ions in the chain. 
Recentli" N.MR studies showed that both Cu2

+ 

and Cli + valence states exist in the chainlo.lll. 
This is probably related with the localized hole 
spin in the chain which is expected to couple with 
the copper spin to form a Zhang-Rice singlet. 
Then, the dimer can be expressed as <+0-> or 
< +000->. (+ and - represent the copper spins. 0 
represents the Zhang-Rice singlet.) 

When a small amount of yttrium is substituted 
for strontium, which is expected to reduce the 
number of hoies, the dimerized state in the chain 
is changed drastically9). The inelastic peaks 
originating from the dimerized state of the chain 
becomes broader in energy, which implies that 
the dimerized state becomes unstable. 

In order to clarify whether the suppression of 
the dimerized state is related with the strucrure or 

-

not, it is important to study how the structure is 
changed systematically with yttrium substitution 
for strontium. 

We have started with neutron diffraction 
experiments on a polycrystalline sample of 
Sr14Cu24041' The powder samples were prepared 
by firing stoichiometric ratio of SrC01 (99.99%) 
and CuO (99 .99%) at 980 ~ for 30 h in air with 
intermittent regrinding. The experiments were 
performed at HRPD spectrometer installed at 
JRR-3M. The sample was mounted in a closed­
cycle refrigerator. 

Preliminary Rietveld analysis of the diffraction 
data shows that the crystal strucrure is consistent 
with that determined by McCarron et 0/. 
Furthermore, the structural change is negligibly 
small between 8 and 295 K. We are planning to 
perform experiments on yttrium-s ubs tituted 
samples . Structural studies using single crystals 
are also required. 
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2.3.11 
Correlation between Rhombic Distortion and E lectronic Anomaly in Lal.77STbo.lSrO.125CU04 

Y. Koike, T. Adachi, H. Sato and S. Katano! 
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Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

Formerly, in order to clarify the correlation 
between the superconductivity, the electronic 
anomaly below about 60 K and the crystal 
structure at x = 1/8 in Laz_xBCixCu04, we 
investigated the rhombic distortion of the CU04 
basal plane in the tetragonal low-tem~erature 
(TLT) phase in ~1.6_~do.4SrXCu04 ) and 
La1.875_yB4Baa.125CU04 . We concluded that the 
suppression of superconductivity at x =1/8 in 
~_xB<lxCU04 was due to the electronic anomaly 
in cooperation with the rhombic distortion in 
the 1LT phase, namely, due to the band-Jahn­
Teller- like effect. On the other hand, Tranquada 
et a1.3

) concluded that the electronic anomaly was 
due to pinning of the stripe order of holes and 
spins by the tilting of the CU04 basal plane in 
the TLT phase. The tilt angle is regarded as 
being proportional to the rhombic distortion. 
Here, in order to clarify whether the electronic 
anomaly is band-Jahn-Teller-like Or due to the 
pinning of the stripe order of holes and spins, 
we have studied the temperature dependence of 
the rhombic distortion in La1.7751bolSrO.l2SCu04 
where the structural-phase- transition-temperature 
to the TLT phase Td2 is as high as 140 K and 
very far from the electronic- anomaly- temperature 
T. = 70 K.4

•
5
) 

The rhombic distortion of the Cu04 basal 
plane was calculated as 2(d-e)/(d+e), using the 
oxygen positions obtained by the powder neutron 
diffraction and the Rietveld analysis, where d 
and e were two kinds of diagonal distance of 
the Cu04 rhombus. The powder neutron 
diffraction was carried out using HRPD at JRR ­
3M of JAERl. The Rietveld analysis was made 
with reasonable space groups, P42/ncm and Peen. 

Figure 1 shows the temperature dependence 
of the rhombic distortiop, using the space group 
P4Jncm for the Rietveld analysis. Although the 
error is rather large, it is found that the rhombic 
distortion is not so dependent on temperature 
and does not change drastically at Ta' The 
temperature dependence of the rhombic distortion, 
estimated using the space group Peen for the 
Rietveld analysis, also exhibits the similar 
bahavior. Therefore, the electronic anomaly at 
Ta is very likely to be due to the pinning of the 
stripe order of holes and spins rather than to 

be band-Jahn-TeUer-like. The following 
scenario appealS to be reasonable. That is, the 
stripe order of holes and spins grows to be in 
a long range with decreasing temperature, so that 
it is pinned by the tilting of the CU0 4 basal plane 
at low temperatures below T •. 
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Fig. 1. Temperature dependence of the rhombic distortion 
2(d-e)/(d+e) for Lal.775ThO.1SrO.12SCu04' The space group 
P4zfncm is used for the Rietveld analysis. Here, T c!2 is 
the structural-phase-transition-temperature to the TLT 
phase. T. is the electronic-anomaly-temperature estimated 
from the thermoelectric power measurements. 
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2.4. 1 Structure of Molten YO:rNaO System by Neutron Diffraction 
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Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

The liquid structure of trivalent metal halides has 

been studied by the combination of experimental 
3measurements and computer simulationsl

- ). It has 

been reported that molten YCb has a stable 

octahedral structure, in which a cation is surrounded 

by six anions l 
.2) Saboungi et al. l ) proposed a 

presence of G-shared medium range order in the 

melt from the existence of the first sharp diffraction 

peak(FSDP) in the neutron structure factor SeQ). 

The purpose of the present study is to observe the 

effect of the induction of NaCI into molten YCb on 

the structure including the medium range order. 

YCb was purified by distillation at 1273K and NaCl 

was dried in vacuo at 1073K. Measurements were 

carried out for pure YCt and YCb-NaCI(3: I) 

mixture. The samples were sealed in vacuo into a 

cylindrical quartz cell of 5.5mm ill, 6.9mm OD The 

sample cell inserted into a vanadium holder was 

heated to 1023K vvith an electric furnace Neutron 

scattering measurements were carried out vvith a 

triple-axis spectrometer T AS-I at JRR-3. The 

incident neutron wave length of A. =1.00 A was 

employed. The scattered neutron intensity was 

recorded over the range of 0.45 <Q<10.15 A 01 

(Q=4 IC sin e/A. ) Intervals of Q's were about 0.05 

A-I The scattering intensity was also measured for 

an empty ceU 

The IlIa and the total radial distribution function 

G(r) for each sample are ShOV;11 in Fig 1 and Fig.2. 

For pure Ycl;, FSDP is found around Q=O.9A-1 in 

IIIo, and peaks are observed in G(r) around 2.7 and 

35 A which correspond to Y-Cl and Cl-CI 

correlations, as in literatures1,1) For mixture sample, 

FSDP is observed in the similar position, but the Y­

CI peak becomes less apparent and shifts to larger 

distance compared vvith pure YCb. 

0.002 
- YO]O ,'1.0(3 :1) 

Fig. 1 IlIa of molten YCb and YCl}-NaCI mixture 

0.5 
Yo., 

°OL--L--~-L~L-~lL-~~--~~--~IO~ 

r(..I.) 

Fig.2 G(r) of molten YCb and YCb-NaCl mixture 
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2.4.2 
Characterization of single crystal Ni-base superalloy CMSX-4 with creep damage 

K. Aizawa, H. Tomimitsu, H. Tamaki ' and A. Yoshinari ' 


Japan Atomic Energy Research mstitute, Tokai, Ibaraki, 319-11 

IHitachi Research Laboratory,Hitachi, Ltd., Hitachi, Ibaraki, 317 


The single crystal Ni-base superaUoys have 
developed for gas turbine blades of power plants 
as a next generation material, which can operate 
higher temperature to achieve high efficiency. 
The characterization of microstructure of 
superalloy is very important, because the 
mechanical properties are governed by the 
morphology of y' phase precipitation in a "( phase 
matrix. Therefore, it is very interested in a non­
destructive evaluation of the expected life of 
operated blades for practical purpose. m order to 
check the possibility of non-destructive test of the 
expected life of operated blades by observation of 
morphology change of superalloy, we have 
applied small-angle neutron scattering (SANS) 
experiments to the standard CMSX-4 superalloy 
with creep damage as a model case. 

Because a detection of morphology change of 
sample between 10% and 30% creep interruption 
rate for rupture time is necessary for prediction of 
the expected life practically, we selected as heat 
treatment and those creep condition . Sam?les 
were loaded tensile stress with 14kgf/mm at 
13l3K after standard heat treatment. The stress 
direction was parallel to <001> direction of a 
sample. Samples were cut into 3Ommx30mmX 
2mm'. SANS measurements were carried out bi 
SANS-J instrument with the q-range of 2XlO' ­
0.25nm·1 and PNO instrument with the q-range 
of 2XlO-4-6XI0'~m-l at JRR-3M. Incident 
neutron beams were parallel to <100> direction 
of a sample. In SANS-J experiments, two­
dimensional scattering pattern showed fourfold 
symmetry due to aligned cuboidal y' phase 
precipitation in the case of as heat treatment 
sample. On the other hand, we observed 2nd 
peak from lamella structure which was formed by 
aggregation of precipitation into perpendicular 
direction of stress in the cases of stressed 
samples. Figure l(a) shows the PNO results in 
which q is perpendicular to stress direction, 
while q is parallel to stress direction in fig. (b). 
In the case of as heat treatment sample, we 
observed 1st maximum of rhe cuboidal scanering 
function with interparticle interference by al igned 
cuboidal y' phase preCipitation. The 1st peak of 
the 1amella structure is clearly shown in the cases 

of stressed samples. The average distance 
between y and y' phases, which is obtained from 
a hollow position around q=O.Olnm·! of cuboidal 
scattering function or 1st peak position of lamella 
structure, as a function of creep rate for rupture 
time is shown in fig. 2. The SANS results are 
good agreement with SEM observation. We 
conclude that SANS may be applied to non­
destructive test for turbine blades. 
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Fig. 1 SANS intensities from CMSX-4. (a) q is 
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2.4.3 
Characterization of as-deposited pyrolytic carbon by small-angle neutron scattering 

K. Aizawa, H. Tomimitsu and T. Iwata 

Japan Atomic Energy Research Institute, Tokai , Ibaraki , 319- 11 


The carbon materials show various kinds of 
physical and mechanical properties which depend 
on production conditions. Therefore, it is 
important to characterize the structure to 
understand those properties. Usually those 
contain defects such as non-carbonization region, 
lattice distortion, pore and residue. Frequently, 
the scale of imperfection ranges up to !lm. The 
pyrolytic carbon is one of the carbon materials. 
That grows on substrate by gaseous 
carbonization and is not followed by a higher 
temperature heat treatment to align crystallite. The 
growth direction, i.e., deposition direction is 
roughly equal to c-axis of graphite. Though as­
deposited pyrolytic carbon has nearly identical 
graphite density, the distortion of the crystallite is 
strong. In order to obtain structural information 
of the as-deposited pyrolytic carbon we have 
performed small-angle neutron scattering 
(SANS) experiments using a double crystal 
diffractometer (DCD) and a conventional pin-hole 
SANS instrument (SANS-J) at JRR3-M. Sample 
was deposited on substrate at 1850 °C . The 
density of sample is 2.2g/cm3. This value is 
4.3% less than that of ideal graphite. From 
neutron diffraction, the c-axis length is O.68 1nm 
which is 1.7% longer than that of ideal graphite 
and the mosaic spread is about 46.3 degree. 

Double crystal diffractometers for SANS 
experiments are widely used for investigating the 
structure in a 11m range. We installed a DCD in 
the precise neutron optics (PNO) instrument at 
the 30 beam hole in JRR-3M. The OeD is set on 
a vibration isolated table in a temperature 
controlled chamber. We tested Si perfect single 
crystals with (1 ,-1) setting l

) firstly, but now we 
use channel-cut Si perfect single crystals with 
(5 ,-5) setting at t..=0.25nm. Their reflection 
surfaces are parallel to (1 11 ) plane. The signal to 
noise ratio of the DCD is 3.9 xl 04 

• The peak 
intensity of a 2nd Si rocking curve without 
sample is about 1000cps. 

Hereafter, we call the deposited direction c­
axis for simplicity. The SANS-J experiment 
revealed that two-dimensional scattering pattern 
is anisotropic in the case of c-axis being 
perpendicular to incident neutrons, while that is 
isotropic in the case of c-axis being parallel to 

incident neutrons. Figure 1 shows SANS 
intensity from sample. We conclude that there are 
two kinds of disk-like pores which align c-axis . 
From a q-4 dependence (porod law) in a very 
low-q region, one is !lm order pore. Another is 
small pore with average size of 7.26nrn radius 
and I.29nm thickness obtained by Guinier plots 
using around q=0.02 data. Deviation from q-4 
dependence (the q.3 dependence) is seen in a 
high-q-region. This is due to inhomogeneity of 
matrix. It seems that the q.2.S dependence in the 
middle q-range is interparticle scattering of small 
pores. 
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Fig. 1 Absolute SANS cross section from as-deposited 
pyrolytic carbon. 0 : c-axis is perpendicular to incident 
neutrons and q is parallel to c-axis. 0: c-axis is 
perpendicular to incident neutrons and q is perpendicular to 
c-axis. X : c-axis is parallel to incident neutrons . 
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2.4.4 SANS Study on Fe-Cu-Nb-Si-8 and Fe-Zr-B-(Cu) Nanocrystalline Alloys 

M. O hnuma, KRono, H.Onodera and J . Suzuki 1 

National Research Institu te for Metals, Tsukuba, Ibaraki 305, Japan 
IJapan Atomic Energy R searc h Ins ti tu te, Tokai, Ibaraki 319-11 , Japa n 

Recently, many types of nanocrysta lline al­
loys w hich exhibit im proved magnetic proper­
ties were reported. For understanding mec ha ­
nisms of micro-s tructura l evolu ti on in these 
alloys , it is important to obtain infonnation on 
partitioning and segregation of alloying ele­
men ts duri ng cry tallization processes. In this 
study , we have employed small-an gle ne utron 
scattering (SANS ) and atom pro be field io n 
microscope (APFIM) techniques for c haracter ­
izing microstruc tures during nanocrystalliza­
tion processes in Fe( -Cu- N b)-Si-B and Fe-Zr ­
B(-Cu) alloys. 

P rev ious APF IM work on Fe-Zr-B(-Cu) 
nanocrystalline alloys 1) reported that zircon ium 
atom s segregate at the interface between bcc 
crystal and amorp hous m atrix. In our SANS 
measurement of these alloys , both nuclear and 
m agne tic scatter ing shows a straight line with 
gradient of -3. For example, figure 1 shows 
SANS profile s for Fe90Zr7B3 alloy annealed at 
898K for 30min . T hough the scattering from 
large grain shows the straight line with gradient 
of -4, another stra ight line with gradient of -3 
can be observed in high q re gio n. This is 
believed to be attri bute to nano-si ze particle . A 
peak due to interpartic le in terfe re nce can be 

observed near 0.4 nm · 1 in both nuc lear and 
magnetic component. For Fe-Cu- b-S i-B al­
loys, we have reported2l that the magnetic 
scattering profiles in log-log plot have shown a 
stra ight line whose grad ient is -3 and this 
asymptotic behavior originates from the steep 
change in local magnetization contrast between 
bcc and amorphous matrix near interface. T hus 
we interpret the gradient of -3 as an indication 
of segregation layer around th e bcc/amorphous 
interface. In the case of Fe-Cu- Nb-Si-B allo ys, 
nuclear scattering shows the straight line with 
gradient of -2. Spherica l shell is one of the 
structure whose asympto ti c form l(q) _ q-2. 
Because thi s structure also has a steep change 
in scatterin g density, the asymptotic behavior of 
nuclear scattering al so corresponds to the 
segregation near the interface. In a previous 
work2l , we reported that SA NS scattering 

profiles of nuclear and magnetic components of 
a Fe-Cu-S i-B alloy without niobium follows 

Porod law, I (q) - q-4. Thus, we speculate that 
the steep change of the scatteri ng density near 
the interface is mai nly atnibuted to segregation 
of niobium. 

10,~~,~.U.=. L==,~.~,,~~,~.~.~. 
0.01 0.1 1 10 

·l 
q /nm 

Fig.1 SANS pro fi les for Fe9oZr7B3 alloy annealed at 
898K for 30min measureed in the magnetic field of 
1.16T. 

In order to confir m this, atom probe COncen­
trat ion depth profi les were obtained from the 
same specimens as those meas ured with the 
SANS techniqu e . As a result , it is confirmed 
that niobium atoms are segregated at the 
bcc/amorphous interfaces in the sample an­
nealed at 723 K for 10min3). From these results 
we conclude that grain growth of Fe (-Cu- Nb)­
S i- B and Fe-Zr-B nanocrystalline all oys are 
controlled by diffusion of slo wly d iffusi ng 
atoms such as Nb and Zr. 
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2.4 .5 Correlation between medium range order and ionic conduction 
in superionic conducting glasses 

'Faculty of Engineering, Ibaraki University, Hitachi 316 Japan 

2Faculty of Science, Ibaraki University, Mito 310, Japan 


JJapan Atomic Energy Research Institute, Tokai 311-19, Japan 


Several structure models for AgI-containing 
superionic conducting glasses are proposed to 
comprehend the mechanism of high ionic 
conduction on the basis of the structural, 
thermal and transport properties . Typical model 
for these glass structure is the cluster model, 
which is originated from the observation of 
first sharp diffraction peak (FSDP) of 
structure factor at about 0.8 A-I AgI-Ag20­
V20S system is used as a model superionic 
conducting glasses for verification of the 
cluster model from following reason. First, the 
coherent scattering cross section for neutron of 
V ion is very small. So the correlation among 
Ag, I and 0 ions mainly contribute to the 
neutron diffraction. Second, AgI -Ag20-V20S 
system vitrifies from 0 to 67 mot% of AgI 
with (Ag20) 0 6 (V20S) 04 composition. X-ray 
and neutron diffraction experiments are 
performed along this composition hne. 

figure 1 shows that FSDP around 0.8 A " 
can not be observed both X-ray and neutron 
diffraction in all the composition examined. It 
is reported that the vis ibil ity of the 
inhomogeneous structure, such as AgI cluster 
depends on the defferences b. between the 
neutron scattering length densities for each 
phase present' ) The value of 6 is 3.2 in the 
present system It is considered to have enough 
magnitude to detect FSDP. These results 
indicate that the existence of the definite size 
of AgI clusters in the glass network is 
questionable. It is considered that the observed 
FSDP in other superionic conducting glasses is 
originated from the density fluctuation of the 
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Fig X-ray and neutron diffraction profiles of the 

composition nAgI-3Ag20-2V20s glasses below 3 A " 

supporting glass network. Recently , we 
observed the difference in the ionic conduction 
behaviour between low- and high-AgI 
concentration region in this system. Therefore 
there is a possibility of the formation of some 
kind of AgI sub-structure, but not cluster, in 
high-AgI region. The investigation on the 
structural features in 3Ag20-2V20S glass by 
neutron diffraction is in progress. It is expected 
to obtain information about AgI sub-structure 
and to clarify the conduction mechanism of 
superionic conducting glasses. 
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2.5 POLYMERS 
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2. 5.1 
Neutron Scattering Study on Non-Gaussian behavior for Highly Oriented Copolyester Glass. 


Satoshi Koizumi 


Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 , Japan. 


1 nrToducriQn. 

In a previous paper[lJ, we have recently 
studied the rotational motion of aromatic 
groups, which constitute a random copolyester 
(vectra), over a wide range of temperature from 
glassy to liquid crystalline phases. Vectra gives 
rise to the nematic phase transition at T m=558K 
from the semi-crystalline phase, i.e., a mixture 
of crystalline and amorphous phases 
(Tg=393K). Because of a rigid backbone, 
vectra forms spatially anisotropic glassy phase 
below Tg, which becomes advantage for 
understanding the glass structural relaxation 
under a complicated balance of intermolecular 
interactions. In this repon, we report the 
anharmonic behavior of the local relaxation of 
glassy vectra, which is also spatially 
anisotropic. 

EXDerimenwl. 

Vectra is a highly oriented random 
copolyester of p-hydroxybenzoic acid (HBA) 
and 2-hydroxy-6-naphthoic acid (HNA) with a 
faction of 73/27 (mol/mol). The structural 
heterogeneity induced by the minor component 
of HN A is crucial to avoid the perfect 
crystallization. The degree of crystallinity has 
been estimated by X-ray scattering as a function 
of temperature[2]. 

The neutron scattering measurements were 
performed in a wide range of temperature from 
far above the glass transition temperature Tg 
(=393K) to far below Tg, with the triple axis 
spectrometer (TAS-2) at Japan Atomic Energy 
Research Institute (J AERI) in Tokai, Japan. 
The pylori tic graphite PG(002) provided 

incident neutrons of wavelength A=1.43 A. 
Figure 1 shows a schematic diagram of the 

experimental system for neutron scattering. The 
rigid molecular axis for veCITa (MA) is highly 

oriented along the direction of cb=O° . The local 

chain orientation fluctuates around ¢=Oo, which 

is denoted with anang1e of 8°. We have chosen 
tow optical geometries for neutron scattenng 

measurements, in which the scattering Vectors 

q (lql=41(/A sin(8/2)) are normal (q.l) and 
parallel (q//) to the orientational direction of 

¢=Oo. 

R~ Copol:'i~Ut!f" of p.lt .wGmr)'O~tCO,", acu:J 

(HB ..... ) aJt4 = . ;'ydrory-<i.-.aqN~C uctd (Ht'f'4.) 
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Figure 

Resules and Discu.ssion. 

We carried out the elastic neutron scattering 
measurements observing over a wide q-range 

from 0.5 up to 6.5 A· I , in which the energy 
analyzer PG (002) was set to obtain the elastic 
scattering component determined by its energy 
resolution of 2.8 mev.The elastic scattering 
thus obtained S(q ,w=O) is described as 
follows[3J, 

S(q,W=O) - Seiq) DW[Tj. (1) 

The first term Se/q) in eq.(l) is composed of 
both elastic coherent and elastic incoherent 
scattering cross sections Especially in a region 
of large q-vector, the coherent Contribution 
becomes negligible. The second term DW[T} is 
the Debye Waller factor, given as follows, 

? ? 4
DW[T} - exp[- a cr -+- 112 Accq } (2 ) 
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where ex is the mean square displacement for 
hydrogen's motion and A is so-called non­
Gaussian parameter. The physical meaning for 
non-Gaussian parameter has been discussed 
else where[4]. 

In order to obtain the Debve-Waller factor 
and these two characteristic 'parameters, the 
observed scattering at each temperature was 
normalize by that obtained at 8K. This analysis 
is based upon an assumption that the coherent 
structure factor dose not change in glassy 
phase . Figure 2 shows the typical results at 
T=240 K, plotted as a function of q-2 . The 
broken lines in Fig.2 are curve-fitted lines to 
results with eq .(2 ). In the case of q-vecror 
parallel to M A, the Debye-Waller factor 
decreases linealy in F ig .2 so that the non­
Gaussian parameter in eq.(2 ) is negligible . On 
the other hand, in the case of q-veclOr normal 
to MA, the non-Gaussian parameter is crucial 
to reproduce the non-linear q-behavior as 
observed in Fig.2. 

o Parallel at 240K 
o Normal at Z40K 

. c 
o 	 ~ . ~~ a c 

c 
a 
3 

d 

" 

oaVl OJ 

2L---__~_____L____~______L___ 

o 10 30 40 

Figure 2 

Figure 3 summanzes the temperature 

dependence of mean square displacement ex 
and non-Gaussian parameter A. In both cases 
of q-veclOr parallel (q,,) and normal (q1. ) to 

MA, the mean square displacement ex increases 
li'1ealy as a function of temperature. For a 
overwhole range of temperature, the optical 

geometry of q1. has larger disp lacement ex than 

that for q" . The non-Gaussian parameter A for 

q!. strongly depends on temperature. As 

-

decreasing temperature into the glassy phase, 
the non-Gaussian parameters obtained for the 
q1. become larger, while those for q l l are 
negligible and independent of temperature . 

Kanaya et al. have studied the non-Gaussian 
parameters for several polymer glass systems, 
which are all random coils, by using the triple 
axis spectrometer[5J. They extended 
discussions to a relationship between non­
Gaussian parameter and fragility. According to 
their results, as increasing fragility which 
means weak glass, the non-Gaussian parameter 
becomes small. 
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2.5.2 

Development of Dynamic Data Acquisition System (DDAS) for Small-Angle Neutron 

Scattering 

S. Suehiro, S. Koizumi 1, O. Makino and T. Hashimoto 

Graduate School of Engineering, Kyoto University, Sakyo-ku, Kyoto 606-01 
1Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

Pattern formation observed in soft 
matter has attracted much attention in recent 
years in the field of non-linear, non­
equilibrium statistical physics, owing to its 
wide variety of pattern fonning characteristics, 
resulting in various patterns in microscopic, 
mesoscopic, and macroscopic length scales. 

Small-angle neutron scattering (SANS) 
is a unique technique for such soft matter to 
provide structural infonnation otherwise never 
be obtained, e.g., equilibrium single chain 
dimensions of a polymer in bulk, using 
deuterium labeling. Furthennore, time-sliced 
SANS studies, which is characteristic to 
monitor scattered neutrons for a given time 
intervals, have produced excellent results to 
elucidate the initial stage of spinodal 
decomposition observed for binary polymer 
blends, in which concentration fluctuations 
frozen at a non-equilibrium initial state 
evolved monotonously toward an equilibrium 
final state. 

In order to extend an applicable field of 
SANS to wider non-equilibrium phenomena, 
we are developing Dynamic Data 
Acquisition System (DDAS). This data 
acqUlsltIOn system is conceived for 
investigating non-equilibrium state of a sample 
specimen and enables SANS to approach 
dynamic processes, i.e ., rhythmic fonnation, 
annihilation and defonnation of patterns or 
internal structures under various external 
fields such as mechanical, thermal, or 
electrical fields. 

Two data acquisition systems have 
been built and tested at SANS-J in Tokai. The 
first one was a protOtype system; a personal­
computer-based system consisting of host and 
slave computers. This system was designed 
only for phase-correlated measurements. 

The second system (see Fig. 1) has 
been further developed to be composed of a 
unix workstation (Sun SPARC station), which 
serves as a host computer, a YME-bus CPU 
module and a custom interface for data 
acqUlSitlOn. The histogramming for two 
dimensional data is performed by the CPU 
module employing on-board memory as 
histogram memory. The histogram is 
asynchronously read by the host computer 
through a bus adaptor, enabling real-time 
monitoring of data acquisition. The custom 
interface is specially designed to have two sets 
of time-correlating function modules, i.e., (i) 
an interface for the phase-correlation with a 
oscillatory external field, and (ii) a timing 
counter with a prescaler for an accurate 
synchronization to repetitive phenomena of 
unifonn or of non-unifonn intervals. 

By using a function (i) for phase­
correlated SANS, the preliminary study was 
carried out with SANS-J spectrometer having 
a two-dimensional PSPC (see report p. 65 ). 
The oscillatory external field of sinusoidal 
shear strain was imposed on a sem"idilute 
polymer solution by a servo-controlled 
hydraulic defonnation device. The shear field 
induced anisotropic concentration fluctuation 
in a small angle region. 

The function (ii), i.e., an accurate 
synchronization, is considered to have still 
wider applications. The potential applications 
of function (ii) are (1) an observation of self­
oscillating open system induced by chemical 
reactions and (2) a time of flight method for 
inelastic measurements. 
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Dynamic Data Acquisition System (DDAS) for SANS-J 

New Approach to Non-Equilibrium Complex System 
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2.5. 3 
Phase -Reso lved Neutron Scattering Study of Semidilute Polymer Solution under 


Shear F low 


S. Saito, S. Suehiro, S . Koizumi\ O. Makino, G. Shin and T. Hashimoto 

Department of Polymer Chemistry, Graduate School of Engineering, Kyoto University 

Yoshida-Honrnachi, Sakyo-ku, Kyoto 606-01, Japan 


1Japan Atomic Energy Research Institute, Tokai 319-11, Ibaraki, Japan 

It has been reported that a shear flow , 
imposed on a semidilute polymer solution in 
single phase, enhances concentration 
fluctuations toward phase separation and 
therefore makes it turbid. This phenomenon is 
so-called "shear-induced phase separation" 
and has been studied deeply by means of light 
scattering, optical microscopy and rheology 
measurements. Here, we report our 
extensional investigation for such systems 
under oscillatory shear flow, which is coupled 
with phase-resolved small-angle neutron 
scattering (SANS). 

The phase-resolved SANS 
mesurements were operated by the dynamic 
dat a acquis it ion system (DDAS) at 
SANS-J , JAERI, which was newly 
developed (see report p.63 ). A sandwich 
type cell, operated by a servo-controlled 
hydraulic deformation device, imposes a 
sinusoidal shear strain on a semidilute polymer 
solution. The incident neutron beam was 
passing through this cell along a direction 
normal to the velocity gradient direction. The 
phase of oscillatory shear flow is directly 
coupled with DDAS so that we are able to 
investigate a correlation between oscillatory 
shear flow and enhanced concentration 
fluctuations. 

In this study, we employed a 
semidilute solution of high molecular weight 
deuterated polystyrene dissolved in dioctyl 
phthalate (8.Owt. %). Recently, we have 
revealed for this system that shear-induced 
phase separation occurs not only under a 
steady shear flow , but also under a oscillatory 
shear flow , and the occurrence in the latter 
condition strong ly depends on the strain 

amplitude( "'/ 0) and the angular frequency( w ). 

Here, we fixed the strain amplitude at 4 .6, and 
observed the strain phase dependence of a 2D­
SAt'\l"S pattern. 

Figure 1 shows the SANS patterns at 
w=12.27[rad/s], where f represents the strain 
phase and f=O means the strain equals to zero . 
Each scattering pattern is anisotropic at low q 
and has some kind of double-winged 
enhancement of concentration fluctuations 
(butterfly) along the flow direction. This 
butterfly is the scattering pattern indigenous to 
shear-induced phase separation. 

It should be pointed out that the 
butterfly pattern observed at low q strongly 
depends on the strain phase. When f is 
approaching to p!2 and the strain reaches to 
maximum, the shape of the butterfly shrinks 
along the flow direction. This observation 
implies that the growth of shear-induced 
structures is synchronized with the strain. 

<{l=1t/2 
Fig.l Strain phase dependence of a scattering 

pattern of d-PSjDOP 8.Owt.% under oscillatory 

shear flow. 
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2.5. 4 

Anomalous Neutron Scattering Behaviors of Polymer Blends near the Glass Transition 
Temperature 

Hiroyuki Takeno, Satoshi Koizumil, Hirokazu Hasegawa and Takeji Hashimoto 

Department of Polymer Chemistry. Graduate School of Engineering. Kyoto University, Kyoto 606-01 
IJapan Atomic Energy Research Institute, Tokai, Ibaragi, 3 19- 11 

Numerous researchers made great 
contributions to the studies on the thennal 
concentration fluctuations (TCF) in the single 
phase state of polymer blends by using small­
angle neutron scattering (SANS). The behavior 
of the TCF has been verified to obey the de 
Gennes formula based upon random phase 
approximation (RPA). However, most of the 
experimental verifications have been carried out 
at high temperatures where constituent polymers 
are free from vitrification. 

Recent years, we have investigated the 
influence of TCF in the single phase state of 
polymer blends on vitrification of polymers. As 
the result, while SANS of a deuterated 
polystyrene (DPS) /poly(vinyl methyl ether) 
(PVME) blend was well described by the de 
Gennes formula at the high temperatures far 
above the glass transition temperature Tg of the 
blend, it showed an anomalous behavIOr near 
the T~, i .e ., the SA.NS was more suppressed 
than mat expected from the de Gennes formula 
in the small q region. On the other hand, SANS 
of deuterated polybutadiene (DPB) /protonated 
polybutadiene (HPB, hereafter it is designated 
as HPB-v16) and DPB/polyisoprene (PI) blends 
did not show any anomaly even near the Tg of 
their blends. While DPSIPVME has a large 

difference (~Tg;:;;127 K) in the Tg of each 
component, each component of DPBIHPB-v1 6 

and DPBIPI has almost the same Tg (jTg=4 and 
29 K, respectively). 

In this work, we studied the SANS for 
another DPBIHPB which has a large difference 

(~Tg=64 K) in the Tg of each component. (PB 
has different microstructures in monomer units 
and therefore, its T changes by the fraction of 
each microstructure~ included in PB.) While the 
OPB used in trus study is the same as that in the 
previous study, the HPB is different from HPB­
v16 and has 85 .7 % 1,2 , 2.4 % cis-1,4 and 
11.9 % trans-1 ,4 linkages . Hereafter, we 
designate the HPB as HPB-v85 . 

In the small-q region (qRa<l ), the 
scattering behavior in the single phase state of 
polymer blends obeys the Ornstein-Zemike 
representation [S(q)" 1 =S (O)" I +Aq2J, where R~ 
is the mean square radius of gyration or 
molecule. Fig. 1 shows a plot of S(O)"I 
estimated from the Omstein-Zernike plot v s. 

r lreciprocal temperature for DPBIHPB ­
v85=50. 1149.9 wt.%/wt.%. At high 
temperatures, S(O)"I linearly increases with r l. 
Near the T of the blend, S (O)"I deviates 
upwards frorh the linearity, indicating that S(O) 
is more suppress~d than that predicted from the 
linear relation at high temperatures. Below the 
T.&, S(O)"I becomes almost constant because of 
VItrification of polymers. This behavior near the 
Tg is different from that for DPBIHPB-v16 and 
siinilar to that for DPSIPVME. Therefore, this 
result strongly suggests that suppression of the 
scattering intensity near the T g is unique for the 
blends whose each component has largely 
different T,. 

36xl O-3 ,.--------____ --, 

34 DPBIHPB-v85 
=50.1149.9 wt. %/wt. % 

32 

o 
30 


28 


26 


24~--~--~-~----~ 
3.5 4.0 4.5 5.0 5.5x lO·3 

T- 1 IK-1 

Fig. 1 S(Or l vs. Tl for DPBIHPB-v85. 
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2.5 .5 Small Angle Neutron Scattering of N-isopropylacrylamide Gel 

T.Okamoto', Y .Hirokawa', K.Kimishima', H.Jinnai ', S .Koizumi' and T.Hashimoto" 


'Hashimoto Polymer Phasing Project, ERATO, JS T, 15 Morimoto-cho, 


Shimogamo Sakyo-ku, Kyoto 606 


' Japn Atomic Energy Reserch Institute, Tokai , Ibaraki 319-11 


lGraduate School of Engineering, Kyoto University, Kyoto 606-1 


Gel is an interesting material consIstIng of a 

three-dimensionally cross-linked polymer 

network and a fluid . The network structure 

influenced by the gelation conditions affect the 

characteristics of the gels such as optical, 

mechanical, and swelling properties. Many 

studies on the gel have been made so far, 

however, there are not so many reports relating 

to the internal structures and inhomogeneities of 

the gel. In order to understand the characteristics 

of the gel, it is important to study the internal 

structures. 

The gel used in this work is N-isopropylacryl­

amide gel. The gel samples were prepared at 

2YC, 32°C, and 38°C . The gel prepared at 2YC 

which was lower than the cloud point of the 

network polymer (32.2°C) was transparent. The 

gels prepared at 32 °C and 38 °C were opaque. 

The observation of the internal structures of the 

samples was carried out by means of small angle 

neutron scattering. 

Figure 1 shows the double logarithmic plot of 

the scattered intensity as a function of the wave 

number q. The slopes in the q range from 

0 .03nm' to 0.07nm' are expressed by a q' 

-

dependence for all samples . This corresponds to 

the formation of a sharp interface (Porod's law), 

which may be due to the presence of the 

microgels . 
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Fig.l Double logarithmic plot of the scattered intensity as 

a function of q. 
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2.5.6 
Isothermal CrystaJlization Mechanism of Isotactic Polystyrene 

Viewed from Molecular Level 

Kohji Tashirol , Sono Sasakil , Naomi Gosel and Satoshi Koizumi2 

1 Graduate School of Science, Osaka Universi ty, Toyonaka. Osaka 560, Japan 
2 Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11, Japan 

In.a seri es of papers [1, 2J we have 
inv estiga t e d the s tru ctu ral change i n the 
crystallizati on process of polyethylene sample 
through th e m eas ur em ents of time-resolved 
FTIR, SAXS and SANS an d found that th e 
conformationally-disordered trans form appears 
transiently on th e w a y of c o oling from the 
random coil of the melt to the regular trans 
conformation of th e orthorhombic crystalline 
phase, during w hi c h th e stacke d lamellar 
structure is form ed. We advance our study to 
the other kinds of crystalline polymer such as 
isota c tic polystyren e (is -PS), the molecular 
chains of which have a helical conformation and 
are packed in the unit ce ll in a stat isti ca lly 
random fa s hion as for the up w ard and 
downward directi ons of the chains . This 
s ituation i s d i ffer e nt from t h e ca s e of 
orthorhombic polyethylene. In such a meaning, 
therefore, i t is very important to clarify the 
aggregation mechanism of it-PS chains w hich 
should occur during the crystallization process 
from the melt. This type of study requires us to 
clarify the change of size of the whole molecular 
chain or the radius of gyration Rg in the process 
of crystallization. This is because the Rg is one 
of the important m easures for the structural 
change of the whole chain and makes us allow to 
speculate the organization process of the random 
coil to the crystalline state. In the present paper, 
we will report the temperature dependence of the 
Ro of it-PS in the crystallization process from 
t h~ melt. Although there have been published 
m a ny number s o f papers concerning the 
evaluation of Rg of PS, most of them have used 
the samples of perdeuterated (or hydrogeneous) 
atactic or isotactic PS chains embedded in atactic 
PS matrix . In the present study we have used 
the hydrogeneous it-PS (it-PS-h) embedded in 
the perdeuterated it-PS (it-PS-d) matrix in order 
to investigate the crystallization process of the 
natu ral aggregation state of the configurationally­
equivalent chains. 

The it-PS-h of the weight-averaged molecular 
weight of 106 glmol was mixed with the it-PS-d 

of 6.S x loS glmol at the concentration of ca. 3 
wt%. The sample was set in to the high­
temp erature c e ll i n stalled in tb e S A K S-J 
equipm ent of th e J AER I. The tem perature 
dependence of the SANS data was measured at 
the various temperatures from 2500 C to 400C . 
After the correction for the sample thickness, 
transmittance and background, the absolu te value 
of the diffe rential cross-section was evaluated 
finally by subtracting the contribution of the void 
scatterin o w hi ch w a s estimat ed from the 
sc att er ing data of the pure it -P S -d sample 
m easured at the same temperatures. The Rg 
was eva luated by pl otting the inverse of the 
differen tia l cross-sect ion against q2 (Zimm 's 
plot) where q was a w ave vector. As showp !n 
Figure 1, the Rg was evaluated to be ca. 95 A In 

the whole region of the m easurement temperature 
covering both the molten state and tbe crystalline 
state. That is to say, the mol ecular chain is 
crystallized with the averaged expansion of t~e 
total chain kept aIm os t unchanged. ThIS 
information w ill become important when we 
discuss the details of the conformation change of 
chains in the isothermal crystallization process 
from the melt. Refe rences (1) K. Tashiro , 
Acta Polymerica, 46, 100 (1995). (2) K. Tashiro 
et aI., Macromolecules, to be publiShed. 
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Figure 1 Temperature dependence of Rg of it-Ps 

-68­



lAERI-Review 97-012 

2 .5.7 Small-Angle Neutron Scattering Study of Star-Shaped Polystyrenes 

Having One Deutrium-Labeled Arm in Solution 


A. Takano, A. Fukushi, Y Isono, S. Koizumi l and Y Morii l 

Department of Chemistry, Nagaoka University of Technology, Nagaoka, Niigata 940-21 

1 Neutron Scattering Laboratory, Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

A star-shaped polymer has a high segment It was confirmed that the obtained products had 
density in the vicinity of center point. Therfore it aimed structures by GPC and GPC-LALLS 
is estimated that the arm chains of star polymers (Table 1). 
are more expanded than the chain of linear Table 1 Characteristics of ABn star polymers 

polymers by the excJueded volume effects. In Sample 1O-4Mw Mw/Mn fa 
addi tion, the expansion increases with increasing A 5.67 1.07 

number of arms. In order to investigate the chain 


B 5.53 1.08 
conformations, it is useful to measure the small­

AB2 15.59 	 2.79
angle neutron scattering of a deutrium-Iabeled 

AB4 24.95 	 4.48
arm in a star-shaped polymer. I) 


In this study, we have a Nwnber of arms 

PS-ds attempted to synthesize star­ The SANS measurements were carried out 
~C6 shaped polymers having with SANS-] instrument (A=O.6nm) equipped 

one deutrium-Iabeled ann,I (1) PEB 	 with a 10 rnm thick quartz cell. Carbon disulfide 
[1] t (2) DPE·CI that is, ABo type star- was used as the solvent. The contrasts of carbon 

A shaped polymers (n=O, 2, disulfide and polystyrene-hs are almost matched. 
(1=1) ~~=~ 1 4). They were preprared by The apparent Rg of the pol ystyrene-ds part at a 

LI _ _ _ _ ___. coupling reaction between certain finite concentration was evaluated by
pol ystyrene-ds macro mono- fitting the scattering intensity to the Debye

[21 (1) LMng PS (B) mer hav ing terminal two 

t 	 function. And the Rg of the polystyrene-ds part 
(2) CI·(CH 2h·Br 1, 1-di phenyl-ethylene type 

was obtained by extrapolation of the apparent Rs 
vinyl groups (A chain) and values to infinite dilution.The Rg value for 

AB2------, living polystyrenes-hs (B polymer A was obtained by the extrapolation as 
(1=3) chains),and further coupling shown in Figure 3 (Rg=6.60nm). While the Rg
~I reactions of living B, as of the polystyrene-ds part in AB2 and AB4 were 

illustrated in Figure 1. For obtained rather big. It was 
L-____-C._-' the synthesis of the macro- suggested that the arm 

monomer, two kind of end- chains in star polymers[3] Living PS (B). 	 h~ capping agent and quenc er are more expanded than 

AB4-----~ were used, as shown in 
 the chains of linear~· 

(1=5) Figure2. Obtained products polymers.
were fractionated by G PC. 

CH. Reference 	 2o-cOc-o gS..(CH')'.a I) Y Matsusbita et al. Macro­
~H' ~H' CH,.c _ CH, 

molecules 17, 1785, (1985) 2.00.5 1.0 1.5la) PEe (b) OPE-CI 
C (%) 

Fig.1 Synthetic scheme Fig.2 PEB and DPE-Cl 	 Fig.3 Extrapolation of apparent ~ values to 
infinite dilution for polymer A.of ABn star polymers. 
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2.5.8 
Microphase-Separated Interfaces of Three-Component Triblock Copolymers 

N. Torikai , Y. Matsushital, N. Metoki2 and Y. Morii2 
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lNeutron Scattering Laboratory, ISSP, The University of Tokyo, Tokai, Naka-gun, lbaraki 31 9- 11 


2Neutron Scattering Laboratory, JAERI, Tokai, Naka-gun, Ibaraki 319-11 


Block copolymers composed of incompatible 

polymers fOIDl microphase-separated structures 

in bulk. As for di block copolymers, their 

micropbase-separated structures have been 

considerably understood at the molecular level 

owing to a number of studies. The difference 

between the diblock and three-component 

triblock copolymers lies in chain confoIDlations 

in microdomains: both ends of a middle block 

chain of the triblock copolymer are anchored at 

different domain boundaries, while one end of 

diblock copolymer is free. In this study, we 

investigated the interfaces between microdomains 

of the triblock copolymers by neutron reflectivity 

CNR) measurement to understand microphase­

separated structures of block copolymers at the 

molecular level. 

Samples used are two poly(isoprene-b­

styrene-ds-b-2-vinylpyridine)s (IDP). They were 

synthesized by anionic polymerization. Their 

molecular characteristics are listed in Table 1. 

They were confirmed to have three-phase four­

ayer lamellar structures by small-angle X-ray 

scattering .Thin film specimens were prepared by 

spin-coating from p-dioxane solutions of IDP on 

silicon wafers , and they were annealed at 150 °c 
in vacu um for one week. NR measurement was 

performed on the tri ple-axis spectrometer 

(LTAS) at JRR-3M reactor using neutrons with a 

wave length, J.., of 0.63 nm. In this study, 

-70 ­

specular reflections were observed as a function 

of neutron momentum transfer, q (=41tsin8IA), 

along the direction perpendicular to film surface. 

Table I Molecular characteristics of IDP triblock 
copolymers 

Sample Code Mn x 10-3 • 

IDP-7 49 1.06 036 
IDP-6 107 1.03 0.41 

a Mn is number-averaged molecular weighL b M...JMn 
is molecular weight distribution . C ¢D is the volume 
fraction of D-block chain_ 

Figure 1 shows specular reflectivity profile of 

IDP-6. The profile has been geometrically 

corrected for finite sample size_ It shows several 

Bragg peaks up to high-q region. This implies 

that lamellar structures formed in the thin film are 

highly oriented along the direction parallel to film 

surface_ The detailed analysis of reflectivity data 

is now in progress. 

IT: 

-<l
'oo .Lo---oJ.2----0~.4----0L .O--~12.6--~O.-8---1~

q (nm-') 

Fig. 1 Specular reflectivity profile of IDP-6 
with lamellar structure as a function of q. 
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2. 5 . 9 Heat Induced Gelation of Bovine Serum Albumin 

Y. Izumi, A.Endo, ASakakibara, K.Aizawa l , S.Koizumi I and H.Tomimitsu l 

Graduate School of Engineering, Yamagata University, Yonezawa, Yamagata 992 
ITokai Research Btablishment, Japan A tomic Research Institute, Tokai , Ibaraki 319-11 

Bovine Serum Albumin (BSA ) is one of the 

globular proteins and abundant in blood plasma. 
In solution, BSA denatures at a comparatively 

low temperature, loses some of its a -helical 
structure, and forms a gg regates and gels . 
A lthough the thennally induced unfolding, 
aggregation and gelation of BSA solutions at 

various pH values and in various concentrations 
of sodium chloride has been extensively studied, 

only the structure of gel below lOOOA has been 

studied. The present study is concerned with the 
direct observation of the gel structure of micron 

order appeared in the thennally induced gelation 

of BSA solution using a very small angle neutron 

scattering (VSANS) technique. 
BSA was a pure commercial produ ct f rom 

Sigma Chemical Co. (A-7030, lot no. 16H03601) 
and used wi thout further purifi cation. T he 

concentration of BSA sol ution was fi xed at 
15wt%. Two types of gel samples were prepared. 
One was a transparent and soft gel. The other 
was opaque and solid gel. VSANS measurements 

were performed by using the precise neutron 

optics (PNO) apparatus on a 3G beam hole at 

JRR-3M . 

Fig. 1 shows the VSANS profi le of the opaque 

gel as well as that ofD 20. A prominent difference 
is observed in a q range larger than 300 pulse. 
Fig. 2 shows the q-dependence of the excess 
intensity of the same gel. The scattering data 
can be analyzed by a simple power-law: l(q)'" 

ql-D, ql;» l»qa, in which D is a fractal 

dimension, S is the correlation length of the gel 

and a is the size of the individual BSA molecule. 

The VSANS data yielded D=3.l ± O.OS. For 

colloidal aggregate structures the experimental 

D near the gelation threshold ranges between 
1.75 and 2 .5. The present large val ue can be 
interpreted as a structure far below the gelation 
threshold . On the other hand, the transparent 

gel gave too very small excess intensity to detect, 

thereby indicating a structure with a very small 
contrast or very small junction poin l 
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Fig. 1 The VSANS profile of lSwt% ESA gel at O.2mol 

NaCI as well as that or D 10. 
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Fig. 2 The q dependence of the excess in lensitu of 15wt% 

BSA gel at O.2mol NaCI 
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2.6.1 	 An Analysis of Hydrogen-Deuterium Exchange Reaction in 

Cobaloxime Crystals by Single-Crystal Neutron Diffraction 


T.Ohhara, Y.Ohgo, J.Harada, Y.Ohashi, LTanaka2, S .Kumazawa2 and N.Nii mura2 ,3 


Department of Chemistry, Tokyo Institute of Technology, O-okayama, Tokyo, Japan 


Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai, Ibaraki , Japan2 


Department of Physics, Tohoku University , Sendai, Miyagi, Japan3 


It has been found that the chiral cyanoethyI 
gro up bonded to the cobalt atom in some 
cobaloxime complex crystals is racemized on 
exposure to the visible light without 
decomposition of the single crystal form . The 
crystal of the cobaloxime complex with 
pyridine as an axial base ligand has two 
crystallographically independent molecules, A 
and B, in an asymmetric unit. The chiral 
cyanoethyl group of B is completely inverted 
to the opposite configuration , whereas that of 
A remained unaltered. In order to examine the 
mechanism of the racemizati on, the 
cobaloxime complex in which the hydrogen 
atoms bonded to the crural carbons of the A 
and B cyanoethyI groups were replaced by 
deuterium was prepared and the crystal was 
exposed to a xenon lamp. The crystal structure 
afte r the irradiation was analyzed by neutron 
di ffraction. 

Fig. 1 shows the A and B molecules . For the 
cyanoethyl group of A, the deuterium atom, 
D 14, was exchanged with the hydrogen atom, 
H1 6B, of the neighboring methyl group, which 
is in good agreement with that observed in the 

similar crystal.!) For the B cyanoethyl group, 
on the other hand , the deuterium atom, D30B, 
was kept in the original position or the 
equi valent position of the inverted group. 

This indicates that the hydrogen-deuterium 
exchange would occ ur only if the inversion of 
the chiral group is prohibited . 

Reference 
1) Y.Ohgo, Y.Ohashi , W.Klooster and 

T. Koetzle, Enantiomer, 2, 241-248 (1997). 
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H16C 

H16Aofyj 


H32E 

Fig. I The molecular structures of 
(a) A and (b) B chiral 
cyanoethyl group. 
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2.6.2 	 A New Diffractometer for Neutron Crystallography in Bio logy 

Using Neutron Imaging Plates 

S . Fujiwara, Y . Karasawa, I. 	Tanaka, Y. Minezaki, Y. Yonezawa', and N . Niimura 

Japan Atomic Energy Research Institute, Tokai, Ibaraki 31 9- 11 

ITsukuba College of Technology, Tsukuba, Ibaraki 305 

Crystals of biological macromolecules have in 

general large unit cells so that rather dense 

diffraction spots are observed. For neutron 

diffraction measurements of such crystals, 

detectors with a good spatial resolution and a 

large sensitive area are required . Neutron 

Imaging Plates (NIPs) have been recently 

developed by our group!) The NIPs are large 

flexible sheets of which sensitive area can be 

several ten- thousands mm". They also have a 

spatial resol ution of less than 0.2 mm and more 

than fi ve orders of magnitudes of dynamic 

ranges. S uc h characteristics of the NIPs may be 

particularly useful for neutron diffraction 

measur ments of biological macromolecules. 

We have constructed a neutron diffractometer 

using the NIP, dedicated to crystallography of 

biological macromolecules, at the beam port T2-3 

in the guide hal l of JRR-3M at JA ERI. This 

di ffractometer is called BIX-II . 2.2 A neutrons 

monochromatized with an elastically bent silicon 

are used as an incident beam. BIX-II is the fi rst 

application of the NIPs to the diffractometer for 

monochromatized neutrons. 

Diffraction patterns are detected with the NIP 

of 400X520 mm", bent to a semi-cylindrical 

shape , at a distance of 150-300 mm from the 

sample crystals . The thickness of the NIP is 200 

1J.m. The molar ratio of a neutron converter Gd 

to the photostimulated luminescence materials is 

SO %. Data col lection can be done either in the 

- 76 

step-scanning mode or in the oscillation mode . 

The IP reader and the eraser are buil t in BIX-II. 

A sequence of the measurements (exposure, 

reading the NIP, erasure, movement of the 

sample crystal to the next position , and the next 

exposure) is done au tomatical ly. The stored data 

are processed with the program package for 

protein crystallography, called Mac-DENZO and 

SCALEPACK2
) . 

To check the performance of BIX-II, we 
measured the diffraction patterns from hen 

egg-white lysozyme crystal s. The patterns were 

obtained in which many di ffraction spots from 

the lysozyme crystal are observed (see Fig. 5 of 

"O verv iew"). It was also confmned that by 

using Mac-DENZO and SCALEPACK, these 

patterns can be processed to obtain the integrated 

intensity of each spot. 

References 
1) N. Niimura et a!.: Nuel. Instr. Method A349 

(1994) 521-525 . 

2) Z. Otwinowski: in DaJa CoLLecriun and 

ProceSSing (1993) 59-62, and W . Minor: 

"XDISPLAYF Program", Purdue Uni versity 

(1 993). 
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2.7 INSTRUMENTATION AND METHODS 
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2 .7.1 Performance of LLL-Neutron Interferometer at PNO 

Y. Hasegawa, H. Tomimitsu1, K. Aizawa1 and T. Takahashj2 
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1Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 


2Institute for Solid State Physics, University of Tokyo, Minato, Tokyo 106 


A perfect-crystal neutron interferometer incident beam, beam flux with certain beam 
(IFM) was constructed and experimentally cross-section. On the other hand, the visibility , 
performed in 1974 by Rauch et al.[l] There, C, depends mainly upon the property of the IFM 
successive Laue case diffractions were used for itself and the experimental conditions. 
the beam handling, hence it is conventionally 
called LLL-IFM. It has stimulated a great deal of H·Detector 

new investigations, more or less in the more Interferometer 
fundamental and more applied physics; e.g. 
recently a measurement on the geometric nature of 
neutron beam is reported . [2J A number of O-Detector 
excellent articles of the IFM with perfect crystal 
were already published.[3-6J 

We designed and fabricated a large LLL­ Phase Shifter 
(3mm-A1J

IFM. The width, the height and the thickness of 

each plate are 70mm, 4Dmm and 1.8mm, 
 Fig.l Experimental setup with LLL­ Neutron
respectively. The distance between neighboring in terf erom et er. 
plates is about 35mm. This IFM was 

characterized by x-rays and gave good 
 The LLL-IFM was installed at PNO in
performances. Magnetic and nuclear phase JRR-3M. The experimental setup is shown in
shifts were observed with the same type of the Fig. I. An AI-plate of 3mm in thickness was used 
neutron IFM by our group at JRR-2[7] and as th~ phase shifter. The wavelength was set to
preliminary experimental results at JRR-3 were 1.51A, which gives the Bragg angle of 23.2°. As
already reported. [8] preliminaries, interference oscillations for 0 and

In a conventional neutron IFM, a parallel H beams were measured with and without a solar 
sided AI-plate is inserted between two plates of slit before the graphite double-crystal
the IFM as a phase shifter.(Fig.l) When this monochromators. While the amplitudes of the
plate is rotated with an axis vertical to the oscillations for two beams are about the same, the
beams, it increases/decreases an optical path visibility for H beam is always lower than the 0 
length and introduces the relative phase shift, ¢, beam. Since the oscillations for H beam have 
between two split beams. When the phase shift, certain theoretical background as shown in 

eq. (2), the visibility reduction for H beam is quite¢, is induced, the intensities, 10 and IH, of the 0 
reasonable. The interference oscillations for 0and the H beams would, in practice, change 
beam with higher visibilities are of moreaccording to 
importance in most cases. 

10 = Iosc(l + Ccos¢), (1) To get interference oscillations with higher 
visibility, 0 beam is mOre important from the 

and theoretical view point. On the other hand, since 
the direct beam-with inevitable neutrons of

IH = IBG+losc(l-Ccos¢), (2) higher energy-passes near and parallel to the 0 
where lose. IBG, and C represent the intensities beam, the shielding for the 0 detector from the 
of the oscillations, certain theoretical background incident beam is significant. We set a slit of B4C 
for the H-beam and the visibility of the plates before the detector, and reduced the 
interference oscillations. The intensities, lose and background as much as possible. The 

background for O-detector in measuring theIBG, depend mainly upon the intensity of the 
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interference oscillations by about 0. 1 count/s was 
accomplished . Typical interference oscillation for 
O-beam with least square fit is shown in Fig.2, 

w hen the beam cross section was 2x4mm2, The 
visibility of 42.6% and the amplitude of the 
interference oscillation of 3.28 count/s w ere 
obtained. This intensity is in the same order of 
that at MU RR in USA where many investigations 
w ith LLL-IFM are having been made. 
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Fig.2 Typical interference oscillation with 
least squares fits. 

A graphite double-crys tal monochromator 
together with various solar slits are equipped at 
PN O. We have changed the wavelenath and 
coliimations with thes e devices and meas~red the 
interference oscillations. There we found the 
intensity of the beam has a max~um around with 
the wavelength of 2A without any solar slits. But 
the visibility of the interference oscillations 
slightly decrea~ed with the beam of longer 
wavele~gth. ThIS may be due to an imperfection 
of the mterferometer used here; e.g. distances of 
each plate of the interferometer w ere not exactly 
the same. Interference oscillations with various 
be~ s~e were ~easured as well. High visibility 
oscillatIOns remamed even w ith larae beam sizes 
w hich shows that the IFM used here was wel't 
fabricated. 
. Spatial (in)homogeneity of the 
rnterferometer was inves tiaated with chanaina the 

• • <=> <=> <=> 
regIon of the mterferometer. There, we obtained 
oscillations with. somehow higher visibility. 
Now, we are looking for the exact reaion, where 
the highest visibility oscillations can be obtained 
with the interferometer used here, and the 
experimental conditions to be improved. 

We fabricated another neutron 
interferometer in larger scale, which was intended 
to be used also w ith the w avelength of 2A with 

higher intensity . In the near future, it would be 
possible to optimize the experimental conditions 
at PN 0 for neutron interferometry. In addition , 
we are plarming to install some equipments to use 
the polarized neutron beam, w hich enables 
polarized neutron interferometry with perfect 
crystal neutron in terferometer. 

Neutron interferometry at P 0 in JRR-3M 
was demons trated, where the visibility of 43% 
w ith the counting rate of the amplitude of the 
interference oscillation of more than 3.3 count/s 
v..: a~ ??tained. F~rther improvements for higher 
VISlbIbty can brmg more counting rate of the 
amplitude of the oscillations . It is feasible to 
perform the neutron interferometry at PNO with 
advantages of wavelength-variable and low 
bac~ground double-crystal monochromators, the 
eqUIpment for the constant temperature control 
with high accuracy, and the compact and small 
detector shield with low background. We are 
plarming to perform further neutron 
interferometry, e.g. , new neutron IFM with 
separated two perfect crystals which will brina a 
new flavor to a neutron interferometry . <=> 

References 
[1] H .R auch , W.Treimer, and U .Bonse, Phys. 

Lett. A4 7 (1974) 369 . 
[2J Y. Hasegawa, M. Zawisky, H . Rauch and 

A .I. Ioffe, Phys. Rev . AS3 (1996) 2486. 
[3J 	U. Bonse and H.Rauch (Eds.), Neutron 

Interferometry, (Oxford Univ. Press, London 
1979). ' 

[4J 	A G.Klein, S.A W emer, Rep. Proar. Phys. 
46 (1983) 259. <=> 

[5J G.Badurek, H.Rauch and AZeilinaer (Eds.)
"M W 	 ~,atter aveInterferometry" Physica B151 
(1988). 

[6J S. Kawano, T. Kawai and A Kawaauchi 
(Eds.), "Advance in Neutron Optics ~nd 
Related Research Facilities" J. Phys. Soc. 
Jpn Vol. 65 Sppl. A (1996) . 

[7] S.Nakatani, Y.Hasegawa, H.Tomimitsu, 
T.Takahashi and S .Kikuta, lpn . 1. Appl. 
Phys . 30 (1 991) L867. 

[8] 	H. Tomimitsu , Y. Hasegawa, K. Aizawa and 
S . Kikuta, Physica B213 & 21 4 (1995) 836. 

- 80 ­



lAERI-Review 97-0 12 

2.7.2 Determination of the Scattering Lengths of the Gallium-Isotopes 
by Neutron Interferometry at the PNO in JRR-3M 

Hiroshi Tomimitsu, Yuji Hasegawa ' , Kazuya Aizawa and Seishi Kikuta ' 

Advanced Science Research Center, JAERl, Tokai, lbaraki, 319-11 Japan 
'Faculty of Engineering, Tokyo University, Hongo, Bunkyo, Tokyo, Japan 

Nowadays, the low-energy neutrons are very 
important tool for the investigation of condensed 
matter and nuclear physics. Consequently, the 
neutron scattering length of every elements or 
isotopes are very important as the basic quantity, 
and many values determined by various methods 
have been tabulated]). It seems, however, that 
several values of them should be made much 
more accurate. 

We determined the accurate values of the 
coherent scattering lengths of gallium isotopes 
with the interferometry at the PNO-apparatus. 

Neutron interferometry was carried out at the 
PNO. With the beam-collimator of 30min. of 
arc., the wavelength was selected as 0.15123nm. 
The cross section of the neutron beam was 
restricted to 2mm in width and 4mm in height. 

An LLL-type Si interferometer was used In 

the measurements2).The experimental set-up is 

Incidence Slit 

i=====:rt1i====:m::q Spliner 

i==:rr:¢:::P===m::t='ir=m:r.j Mirror 

Fig.l Schematic Drawing of the Experimental Set-Up. 
The LLL-type interferometer and the specimen are 
shown with the beam paths. 

schematically shown in Fig.l, where the beam­
paths are also shown. Because of their small 
amount, the specimens were set so as to receive 
the transmitted-beam only behind the 1'st 
reflecting plate(splitter) of the interferometer, as 
indicated in Fig. I. 

69Ga of 99.7% purity and 71Ga of 99.6% 
purity were used as the specimen. They were 
melt in a warmed water bath, and put in a flat 
glass cell, respectively. The resultant thickness 
was 2.000 mm for both specimen and the surface 
area of around 1*1cm2

. Those isotopes stayed in 
the supercooled liquid state during all the 
meas urements. 

We measured the oscillation of the intenSIties 
with the specimen-rotation within ±30 deg. of 
arc. or so . The measuring period was 300 sec for 
every specimen position . Measurements were 
repeated ten times for both specimens, and very 
similar curves were obtained, respectively. 

Fig .2 and Fig.3 show the typical examples of 
the measured oscillation curves of 69Ga and 7lGa, 
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Fig.2 Example of the Intensity Oscillation Curve of 69Ga 
with the Least Square Fitting. 
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Next, we analyzed the experimental data 
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Fig.3 Example of the Intensity Oscillation C urve of 71Ga, 
with the Least Square Fitting. 

respectively, with the least square fi ts, to be 
mentioned bellow, on the experimental data with 
the standard error ba rs. 

In addi tion, we al so measured the oscillations 
of the vacant glass cell to obtain its effect on the 
specimens contained in it, a typical example 
being shown in Fig A . 
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FigA Example of the Intensity Oscillation Curve of the 

vacant glass cell, with the Least Square F itting. 

foll owi ng the equati on: 

I=Acos(B/cos(eu+C) )+D ... .. ( 1), 

where the parameters mean as following; 

w: the amount of specimen rotation from the 
original ang ular position, 

A: apparent amplitude of the intensity-oscillation, 
B: this includes all of the physical meanings as 

B=- NAtb .. .. ·(2) 

wi th N=atorrllc density of the specimen, 

A=wavelength of the neutron used, 
t=thickness of the specimen, and 
b= the coherent scattering length to be 

detennined ; 
C: amount of the angular mis-setti ng from the 

ideal origin of the specimen, and 
D: apparent back-ground part in the intensity­

osciUation including al l of the imperfectness 
of the experi mental conditi on, respectively. 

With a conventional least sq uare method, we 
analyzed all the experi mental curves, as al ready 
shown in Fig.2-4, and obtained the B 's for the 
Eq.(2) as 127.97 fo r 69Ga and 98.08 for 71 Ga, 
respecti vely, after reducing the effect of the glass 
cel l. 

Finally, we obtained the accurate value of the 
coherent neutron scatteri ng len~h as b=6.156 fm 
for 69Ga, an d b=8.030 fm for lGa, respective ly. 

Resu lts, determined above. were significantly 
different from the known values obtai ned by 
other method. On the other hand, the values of 
the hi gh puri ty alumin um, ni obium and narura) 
gallium, which were also meas ured as the 
standard specimens in the present experi ment, 
were almost the same as the kn own values. 

The coherent neutron scatte ri n o len!!ths of 
69 71 "" bGa and Ga were, thus, successfull y obtained 
by the interferometry at the P NO . 

References 
1) L.Koester, H. Rau ch and E. Seyman n: Atomic 

Dt.a and Nuclear Data Tables 49(1 99 1) 65. 
2) The characterization of the interferometer 

used is descri bed in p. of this issue. 
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2. 7. 3 
Fabrication and Characterization of NiCrri monochromator with a period of 40A 


Kazuhiko SOYAMA 


Japan Atomic Energy Research Institute, Tokai, Ibaraki, 319-11 


Artificial multilayer monochromator 
with very short d-spacing of 40 A has 
been fabricated in order to manipulate 
cold neutron and ultra cold neutron. 

NiCxffi multilayers1
) and Niffi 

multilayer consisting of 100 bilayers with 
a period of 40A were deposited with 
changing carbon mixing ratio in the nickel 
layer using an ion beam sputtering 
deposition system. They were deposited 
on silicon substrates with a size of 100 
mm x 100 mm and with a surface 
roughness of 2 A rms. Mixing carbon 
effect to the neutron reflectivity of the 
NiCxffi multilayer has been investigated. 

The reflectivity profiles of the NiCxffi 
multilayers with a typical carbon mixing 
ratio x, at which the multilayer shows the 
highest reflectivity, is shown in Fig.l. The 
maximum reflectivjty displays 10% at 
Q=0.165 . The small peak at Q=0.08 is 
the reflected signal of second order 
neutrons. The specular reflectivity was 
measured at a neutron reflectometer 
installed on C2-1 port at JRR-3M. The 
incident neutron has 3 A. 
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Fig .1 Specular neutron reflectivity of NiCJTi 
multilayer with a period of 40 A 
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Fig.2 TEM image of of NiCJTi multilayer with a 

period of 40 A 

TEM cross-sectional observations were 
conducted using TEM (H-9000NAR) at 
300kV acceleration voltage. The NiCJTi 
multilayers with various carbon contents 
and Niffi multilayers were prepared. 
Each multilayer consists of 100 bilayers 
and is with a period of 40A. Fig.2 shows 
a TEM image of the above mentioned 
NiCxfI'i mUltilayer. NiCx layers (dark 
area) shows almost amorphous structure, 
while Ti layers are micro-crystalline 
structure. The multilayer structure 
shows a small degradation caused by 
titanium micro-crystalline. The observed 
d-spacing is 33.6.., and layer thickness 
ratio is 1.5. 

This monochromator can reflect 
neutrons with a wavelength of 20 A at a 
reflection angle of 29°, so it coul9 be 
used to deflect or :'ocus slow neutrons for 
the various neutron experiments. 

References 
1) J.Wood :SPIE Vo1.1738 (1992) 22 
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2.7.4 
Tunneling Abstraction Reactions of Tritiu m Atoms with mixtures of H2 and D2 in 

3 4 
Super- and NormaUlu id He - He media at 1.3 K 

YAratono, TMatsumoto,l TTakayanagi, T .Kumada, K.Komaguchi 2and T Miyazakj l,2 


Japan Atomic Energy Research Institute, Tokai,Ibaraki 319-11 

1 School of Engineering, Nagoya University, Chikusa-ku, Nagoya 464-01 

2 Faculty of Engineering, Hiroshima University, Higashi Hiroshima 739 


The abstraction reactions, T + HiD2 )-7 
HT(DT) + H(D) were studied experimentally in 
liquid 3He-4He media at 1.3 K and theoretically 
using the gas-phase reaction model. The 
experimental reaction system has two 
characteristics; one is that the tritium atom(T) 
is produced from one of the constituents, 
3He, through 3He(n, p)T nuclear reaction and 
the other is that super- or normalf1uid reaction 
medium can be chosen arbitrarily by changing the 
composition and temperature of the sample. 

The mixture of 3He, 4 He, and 1 mol % 
of the reactants, H2, D2 or H2 + D2, was 

introduced into Pyrex glass reaction vessel(about 
3.8xl03 cm3) with quartz-made irradiation 
tube(6 mm in inner diameter, 1 m in length) and 
cooled to 1.3 K. The atomic compositions of 

3 4
the liquefied solution were He: 	 He = 0.670 : 

3 4
0.330(normalfluid solution), and He: He = 

0.282 : 0.718(superfluid solution). Thermal 
neutron irradiation was performed at JRR­
2(DMNS) and JRR-3M(TAS-l) for about 10-50 

hrs at 1.30+0.02K. The irradiated sample was 
analyzed by radiogas chromatograph equipped 
with a gas-flow proportional counter. The 
reaction products, HT and DT, were separated 

at 77 K using y -alumina column coated with 

Fe203· 
Table 1 shows the product distribution and 

isotope effects under the various experimental 
conditions. The effect of D2 addition is very 

suggestive. In spite of no addition of H2, 

62.8+2.9 % of T is observed as HT. The most 

plausible source of H is considered to be impurit y 
included in D2 gas. If so, the result suggests a 

large isotope effect for HT and DT formation. 
In order to confirm the isotope effect definitely, a 
predetermined amount of HiD2 =119 was added 
in the system. A clear evidence of preferential 
formation of HT over DT was observed in this 
reaction system. From the yields of HT and DT 
shown in Table 1, the isotope effects, defined as 

{[HT]/[HJ}/{[DT]/[D2]}, were calculated to be 
158 for superfluid and 146 for normalf1uid 
solutions. 

The isotope effects for T + H2(D2) -7 
HT(DT) + H(D) above 77 K have been 
experimentally examined by some workers. The 
present results exceed by about two orders of 
magnitude over the gas phase values and are 
rather close to the isotope effects of the 
abstraction reactions of Hand D in the solid H2, 

D2, and HD at around 4 K, where the importance 

of the tunneJjng in the abstraction reaction was 
well established . t

. 
3) The large isotope effects of 

158 and 146 are qualitatively explained by the 
large isotope effect of about 106 calculated 
theoretically. From the comparison of 
experimental isotope effects with theoretical ones, 
we propose the tunneling abstraction reaction 
through van der Waals complex as shown below. 

Since the interaction of T and Ho or Do has 
a long-range and attractive force 

-

and 
-

the 
experimental temperature is very low, the 
formation of a van der Waals complex 
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(T --- H 2\'Omp. or (T --- Dz)comp prior to the 
abstraction reaction is considered to be 
reasonable. Actually, the van der Waals 
complex of a hydrogen atom and a hydrogen 
molecule has been predicted theoreticalll·5) 
and observed experimentally very recently by 
the authors in tunneling reaction HD + D ~ 
H + D2 in argon matrix at 20 K. 6

) According to 
the ab initio calculation by Boothroyd et al., 5) 
well depth of van der Waals interaction is 
reported to be 0.047 kcal morl. The geometry 
at the minimum of the van der Waals Well is 
collinear and the distance between H and the 
center of mass of Hz is to be 3.7A. If we take 
the formation of this van der Waals complex into 
our kinetic model, the possible pathways 
leading to the formation of HT and DT may 
be expressed as follows, 

T + Hz+ (He) ~ (T---Hz)comp. - (reaction)~ 

HT + H (1) 
or the complex would dissociate by the collision 
with He, 

(T-- -H2) comp. + He - (dissociation) ~ 
T + Hz (2) 

T he similar reaction scheme will hold for T + D2 , 

T + D2 + (He) ~ (T---D2)comp -(reaction)­
DT + H (3) 

or (T- _. Dz)comp+ He - (dissociation)~ 

T+ Dz. (4) 
Altho ugh the branching ratio of the reaction to 
the dissociation has not been well known, it 
seems to be reasonable that the life time of 

(T---D2)comp is longer than that of the complex 

(T-_. Hz)comp. and thus the reaction (1) might 
prevail over the reaction (3) to lead to the 
preferential formation of HT. Further theoretical 
and experimental investigations are necessary for 
the quantitative understanding of the reaction 
mechanism. 
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Table 1 Distribution of HT and DT under the various experimental conditions and experimental 
isotope effects 

3He: 4He state additives HT (%) DT(%) isotope effects 

0.282:0.718 (a) s Hz, 1 vol % 100 0 
(b) sand n D2, 1 vol % 62.8±2.9 37.2±2.9 

0.282:0.718 s H/ Dz=1/9, 1 vol % 94.6±l.1 5.4±l.1 158 
0 .670:0 .330 n H/ D2=1/9, 1 vol % 94.2±0.8 5.8±0.8 146 

(a) deuterated quartz tube (b) 3He : ~He=0.670 : 0.330 and 0.282 : 0.718 
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2.7.5 Performance Test of a System for Generating T riple Extreme Conditions 
for Neutron Scattering Experiments 
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2
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, S. Katan0
4 
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1 Research Reactor Institute , Kyoto University, Osaka, 590 -04 


2 Faculty of Enginering Science, Osaka University Toyonaka, 560 

3 Faculty of Science, Kyoto University, Kyoto, 606 


4 Advanced Science Research Center, JAERI, Ibaraki, 319-11 


Summary 
A new system generating conditions of 

high pressure, high magnetic field and low 
temperature simultaneously for neutron 
scattering experiment have been developed. 
The performance test for the system is nOw in 
progress by neutron scattering experiment 
using TAS-2 at JRR-3M of JAERI. 

Constitut ion of the system 
The system as shown in Fig. 1 is equipped 

with a non-magnetic clamp-type high 
pressure cell which aims at 2.5 GPa , a 
superconducting magnet attainable to 5 Tesla 
vertically and a variable-temperature insertion 
containing the cell which is cooled with 
evaporated helium. Furthermore, a couple 
of coils with asymmetric shape enable 
polarized neutron scattering experiments . 

Ull reservoir 

Variable-t.<:mperoture 
u-tc It:-ICfYOif lDSl:n.ioO 

!.He level £cosor 
High p=ure a:U 

N.:Wle valve 

I"'r='-"'--Hc.ater 

Fig. 1 Cross-sectional view of the system for 

generating triple extreme conditions for neutron 

scattering experiments. 

Performance test 
As one of the performance tests for the 

system, a magnetic phase transition of 
TbNi2Sh single crystal have been observed 
under low temperature and high magnetic 

f ield by neutron scattering measurment. 
The single crystal was mounted in the system 
as c-axis is vertically oriented to m ake scans 
in the a· -b· reciprocal lattice plane for 
1.7 K - 20 K and 0 Tesla - 5 Tesla . 

Figure 2 shows field dependence for 
magnet ic scattering peaks. With increasing 
magnetic f ield, ferromagnetic (110) phase 
grows with typical m ulti-step metamagnetic 
process. v.hile, some antiferromagnetic 
phases, wh ich associate with incommensurate 
propagation vectors Q, appear and disappear 
su ccesively . T he presen t results are in good 
agreement with those of recent studyl). 
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Fig. 2 Field d!penrence of magnetic scatterig 

peaks. 

The performance test under high pressure 
(0.7GPa), high magnetic field and low 
temperature as next step is now in progress, 
and then polarized neutron test is also 
planned. 
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2.7.6 Development of liquid 4He free dilution refrigerator for neutron scattering 

y. Koike 1
, Y. Morii!, T. Igarashi2 and M. Kubota2 
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The 3He/4He dilution refrigerators (DR) are 
~~;;;;r-- Turbomolecular pump 

now widely available for the typical temperature 

region from 1 K to 10 mK. Recently demand of 

the DR in neutron scattering experiments becomes 

greater to study attractive phenomena at low 

temperatures. Therefore we decided to construct 

liquid 4He free DR in order to give not only easy 

operations but also less running cost to the 

experimenters. We have designed a DR named mK 

cryocooler and made a prototype refrigerator to 

develop. The main characteristics are as follows. 

A two-stage hybrid cryocooler consisted of 

Gifford-MacMahon (G-M) cycle and pulse tube 

refrigerator was adopted for 4.2 K precooling 

stage. The cooling power of the hybrid cryocooler 

is about 0.3 W at 4.2 K [1], which is enough power 

to operate the DR without liquid 4He and N2 
coolants. 

The DR is louie-Thomson (J-T) type, which 

has not pumped 4He stage (1 K pot). The 3HetHe 

mixture gases are cooled below inversion 

temperatures of l-T expansion to be liquefied. 

Evaporating 3He gas is used for precooling the 

entering gas. We mounted a turbomolecular pump 

on the top flange of the mK cryocooler to increase 

the cooling power of the DR. 

We are carrying on the running tests of the 

mK cryocooler. 

Reference 

[1] K. Tanida, l. L. Gao, Y. Hiresaki and Y. 

Matsubara: 	Proceedings of ICEC16/ICMC 
Schematic drawing of the mK cryocooJer(1996) 303. 
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2 .7.7 P olarizat ion a n a lysis option on T A S-l 

TJ AMI and S.I<ATANO 

J apan Atomic Energy Research Institute, Tokai, Ibaraki 319-11 

Application of polarized incident neutrons 
and analysis of the polarization of scattered 
neutrons are powerful tools in neutron scat­
tering experiments. Since we have installed 
polarization analysis options on TAS-1 (2G ) , 
we report on the results. 

The polarization analysis apparatus con­
sists of a monochromator, a spin flipper, coils 
which apply a magnetic field to a sample , 
guide fields and an analyzer. For a monochro­
mator and an analyzer, the Heusler (Ill) re­
flection was employed. Both crystals are used 
in the reflection geometry and, in order to sat­
urate the magnetization, they are inserted be­
tween TdFeB magnets. The spin flipper is a 7r 

flipper, which is made up of two r./2 flippers. 
A performance of a polarization analysis in­

strument is indicated by its flipping ratio . We 
thus measured the intensities of a (1l1) re­
flection of a Ge single crystal when the flipper 
was on and when the flipper was off, for sev­
eral incident neu t ron energies . An example 
is shown in fig. 1. The measured flipping ra­
tios - (intensity at flipper-off) / (intensity at 
flipper-on) - are summarized in table 1. At 
low incident energies , we obtained extremely 
good flipping ratios of "-' 50 . The intensities 
of the detected neutrons were about 1/50 of 
these at an unpolarized setting using PG(002) 
monochromator and analyzer . 

As a demonstration, we measured param­
agnetic scattering of MnF2. In order to detect 
only the magnetic scattering, which contains 
spin flip process, the spin flipper \\;as in op­
eration during the measurement. In addition, 
to remove the neutrons scattered incoherently 
by nuclear spins, we measured the difference 
between the intensities when the neutron po­
larization was parallel to the scattering vector 
and those when vertical to the scattering vec­
tor. The result is shown in fig.2. One can see 
that the observed intensities follow the square 

of the magnetic form factor of Mn2+ . 

In conclusion, polarized neutrons and po­
larization analysis are now available on TAS­
1. Very good flipping ratios are obtained at 
low incident energies . This option is expected 
to be very useful for the measurements to de­
termine the direction of ordered moments or 
to find out the polarization direction of mag­
netic excitations . 

Table 1: 0 btained flipping ratios 

incident energy (meV) 
13.6 14.7 30.5 34 42 

flipping ratio 
48.5 42.7 18.8 22.1 16.0 
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Figure 1: Ro cking curve of Ge (111) 
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Figure 2: Paramagnetic scattering of MnF2 
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2.7.8 	 Application oftechniques for intense beam reflection 
to neutron monochromator 

N. Minakawa , Y Morii, Y Shimojo , A Moriai 

Japan Atomic Energy Research Institute, Tokai Ibaraki 319-11 

1. Introduction 
It is quite important to develop techniques for 

neutron monochromators which utilize valuable 

neutrons more effectively. There are two methods 

to make monochromated beam, one is the velocity 

selector method, and the other diffraction method 

by single crystals. 

We have developed technology to increase 

neutron intensity at the sample position using 

single crystal. We applied stress to bend silicon 

single crystal and to increase mosaic spread of the 

perfect crystaL Utilizing the bent silicon crystals, 

we can focus monochromated neutron beam in the 

horizontal direction, and increase diffracted 

beam intensity simultaneously. In order to focus 

neutron beam in the vertical direction, several 

single crystals were arrayed in the vertical 

direction with the adjusted tilt angles. We made a 

bending and focusing monochromator system and 

succeeded in increasing neutron beam intensity at 
the sample position. 

2. The monochromator system 
The size of the silicon crystals was 20 mm in 

length, 100 mm in width and 5 mm in thickness. 

The largest plane of the crystal is 311 plane. The 

crystal was grown by FZ method by Shin-etu 

chemical Co. Piano wire of which diameter is 0.9 

mm was used to bend the crystal. Eleven strips of 
silicon crystal were used for High Resolution 

Powder Diffractometer(HRPD) and five for 

Diffractometer for Residual Stress 

Analysis(RESA). HRPD monochromator system 

enables us to adjust crystal w angle 

independently within ± 2 degrees. A remote 

control of the tilt angle of the each crystal is 

available in the range from - 0.5 to + 4.5 degrees 

in the vertical direction. We applied a bending 

stress of approximately 66 MPa to the each 

crystal. 

3. Result 
In the case of the flat monochromator, only 

4.4 % of monochromated beam can be used for 

the typical sample of which size is 10mm in 

diameter and 35mm in height. While in the case of 

the focusing monochromator, neutron beam can 

be converged to the size of 20mm in width and 

35mm in height, which was measured by a 

neutron camera. This means that about 50010 of 

focusing neutrons can be used for the scartering 

experiment, therefore that ten times as 

intense as neutron beam becomes available. 

The observed diffraction intensity from . a 

standard silicon powder sample with the bent 

silicon monochromator was about 45% of that 

with the PG monochromator using a similar 

wavelength of0.21nm (See Fig-I) 

Since we can increase bending stress up to 

approximately 124MPa where the crystal was 

broken, it is expected to obtain even stronger 

neutron beam intensity. 
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2. 7 .9 	 An Elastically Bent Silicon Monochromator for Neutron Diffractometers 
- Thickness Optimization ­

I. Tanaka and N. Niimura1 

Advanced Science Research Center, J AERI, Tokai, Ibaraki 319- 11 
1 Advanced Science Research Center, JAERI, Tokai, Ibaraki 319-1 1 (on leave from Tohoku University) 

An elastically bent perfect crystal Si (EB-Si) 
can be used as a monochromator and an analyzer 
for several types of neutron instruments, such as 
diffractometer for bio-crystal lography!), triple 
axis spectrometerZ) and small angle scattering 
diffractometer3) due to its high luminosi ty and its 
low angle divergence. We have successfu lly 
applied the EB-Si monochromators to two 
di ffractometers for bio-crystallography (B IX -II) 
and ll) installed at 1 G-A and T2-3 in JRR-3M, 
JAERl. In this report the preliminary results of 
thickness optimization of EB-Si will be shown. 

Several symmetrical ly cut Si(220) plates (large 
surface) wi th dimensions of 170 X 20 X 2.S 
(thi ckness) mm3 were stacked, bent at fi xed R ~ 

6m and set at the monochromator (M) position of 
triple axis spectrometer (TAS-2) located at the 
end of the guide tu be, where 2 eM=68 0 and the 
incident beam width was 20mm. Reflected 
intensity was measured by a neutron imaging 
plate (NIP). The NIP and a beam narrower (slit) 
were set at 1.3m and at l.Om far from M 
respectively. There were no coll imations between 
M and the beam narrower. 

""""'.-- --------, 

"""" 
g 

! """" 
~ .s 

"""" 

Fi g . 1 Relation between cross section intensities and 
number of ben t Si plates at the same curvatures . 

Fig. 1 shows cross section intensities versus 
crystal thickness ' of I, 2,4 and 6 stacked plates. 
Open circles indicate intensities when the beam 
narrower was 5 X Smm2 (collimated beam), and 
closed circles indicate intensities when the beam 

2 narrower was 40 X 100mm (fully opened beam). 
While the intensity of full y opened beam 

increases in proportion to th ickness, the 
collimated beam increases only to lOmm 
thickness. It should be noted, however, that a 
cross section image of ISmm thickness was 
widely spread so that only 3 to 4 plates fraction 
of stacked 6 plates contributed the peak intensity 
(Fig. 1 and 2 ). If one aligns each plate correctly, 

the collimated beam should also increase 
according to thickness and more neutrons will be 
expected till the geometrical limit, for example, 
24mm in thi ckness and then I::, A / A '. S% in the 
case of BIX-ll . 

Fi g. 2 Cross section (left) and its profile (right) o f 
reflected beam from 6 plates. Note that cross section 
images from each satcked plate are shifted. 

Referen ces 
1) N. Niimura , I. Tanaka and er al. , Physica n 
213& 21 4 (1995) 786-789. 
2) 1. Kulda and 1. Saroun, Nucl. Instr. Meth . A 379 
(1996) 155- 166. 

3) M. Popovic i, W . B. Yelon, R . Berliner and B . 1. 
Heuser. 1. Phys. Chern. Solids 56 (1995) \ 425-143 1. 
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2.7 . 10 What to be considered for Practical Use of Neutron Imaging Plate . 

Y.Karasawa and N.Niimura 

Advanced Science Research Center, Japan Atomic Energy Research Institute, Tokai, Ibaraki, 319-11 

We have developed a Neutron Imaging 
Plate (NIP) as a new neutron detector and 
already reported the basic properties of the 
NIP(l). 

Although the NIP is a high quality detector 
, there are some problems to be solved when 
we apply it to neutron experiments. 

1) neutron wa vel ength dependence of the 

NIP 
T he wavelength dependence of the NIP 

efficiency is important especially in a Laue 
case where white neutrons are used. The NIP 
efficiency is a product of the neutron capture 
efficiency , the color center creation efficiency 
and the absorption effect of read'out laser 
and luminescence from the NIP itself. 

W e have observed PSL intensity of the NIP 
by changing neutron wavelength at TAS·2 
and LTAS. 

Observed PSL was normalized by the 
incident neutron intensity monitored with a 
3He detector. The 3He detector efficiency is 
assumed to be 100% in this wavelength 
range. The normalized value corresponds to 

PSLlnentron 
0.15 'Li 75% 


thickness 207 !1 m 


I
0 . 1 

~ 
0 .05 /hiCkness 200 !1 m 

-...... . 
o ~ 

1.5 2 2. 5 3 3.5 4 4.5 5 5.5 

neutron waveleogl:h(A l 

Fig.l wavelength dependence of the NIP 

50% of Cd doped a nd 7 5% 6Li doped. 

respectively 

the PSL intensity created by one incident 
neutron. 

In case of Cd·IP. since neutron capture 
efficiency is nearly 100% in this wavelength 
range, PSL does not depend on the 
wavelength. On the other hand, in case of 
6Li ·IP , PSL increases as neutron wavelength 
becomes longer because neutron capture 
efficiency is so low,14% at 1.0 A. Since the 
energy of the secondary particles of 6Li ( a: 
2.0SMeV and 3H : 2.74MeV) emitted by 
neutron capture is higher than that of Cd 
(conversion electron : 70keV) , PSL/ neutron 

of 6Li-IP is higher than that of Cd·IP. 

2) Y' ray sensi ti vi ty 
Since the PSL materials of the NIP are the 

same as that of X-ray IP, the NIP is sensitive 
to y ·ray. Consequently shielding of y 'ray 
as well as neu tron is required for neutron 
beam experiments. The y -ray sensitivity of 
the NIP and y 'ray shielding effect of lead 
for the NIP have been examined. 

PS L / p ho(o n 

1 0 '1 

10 '4~~__~~~~~~__~~~~~~ 
o 5 0 0 1 0 00 1500 20 0 C 

r 'ray energy (keY ) 

Fig.2 r 'ray sensivity of NIP 


Abscissa; r 'r ay energy 


Ordinate; PSL created by one photon 
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F ig.2 shows the energy dependence of the 
y -ray sensi tivity of the NIP. Radioactive 
isotopes such as SSY, 22Na , 60C o, 54Mn , 134CS. 

133Ba. 57CO and 241 Am were used as y -r ay 

sources . Observed PSL was normalized by 

the incident r -ray intensity monitored with 

a Ge detector. T he energy dependence of the 

Ge detector efficiency is corrected- The 
normalized va lue corresponds to the PSL 
intensity cr eated by one y -ray photon. 

The PSL/photon at higher energy than 

300keV y -r ay decreases to 1/20 of the 

PSL/neutron. At the low energy (less than 

30keV) y -ray . the PSL/photon is about half 

of t he PSLIneutron . 
T he y -r a y s hielding effect of lead was 

examined at t he BIX·r site in the reactor 
JR R-3 M. The X-ray IP has been used instead 
of the NIP in order to avoid the neutron 

l/[ 
o 

0 .1 

0.01 

o 	 10 20 30 40 50 

thickness of lead (mm) 

Fig.3 lead shield effect in the reactor room 

detection effect where the y ' r ay sensitivity 
of NIP and Xray-IP is ass umed to be the 
same. 

Fig.3 shows the y -ray shielding effect of 
lead . Abscissa is thickness of lead. Ordinate 

is s hielding effect of lead ( I is the PSL 
intensity shielded by lead and 10 is PSL 
intensity w ithout Pb ). This sugges ts t hat 
2 .5cm thick lead is required to reduce y 

-ray background to 10%. 

(3) The effect of radioactive products in the 
NIP created by irradi a ted neutron 

Some elements of the NIP might be 
radioactivated by neutron and they create the 

color center w hic h causes background. We 

measu red the PSL intens ity caused by 

radioactivated pr oduct and identified the 
isotope. 

F ig.4 shows the intensity decay of the PSL 

created by radioactivated products. 
Cons ideration of half life time of the possible 
radioacti ve isotop e indica tes that there are at 

least three components of poss ible isotopes, 
152Eu (9.16hrs). sOBr (17 .68min), S2Br 
(1.47day) . Total PSL intensity created by 

radioactivation is less than 0.04% of PSL 
created by neutron. Consequently 
radioactivation will not affect to neutron 

experiments. 
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FigA The intensity decay of the PSL created by 

rad ioactivated products 

References 
1) N.Niimura et ai, Nucl.lnstr.Mehtods, 

A3 49 .5 21· 5 25(1994) 
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2. 7. 11 Development of Nondestructive Method for Evaluation of Material Strength 

K. Tanaka, M . Hayashi ' ,K. Inoue', Y TSLlchiya3 and N. Minaka\\'a3 

Faculty of Engineering, Nagoya University, Nagoya, 464-01 

1 Mechinical Engineering Research Laboratory, Hitachi Ltd., Hitachi, 317 

2 Faculty of Science and Technology, Ryukoku University, OtsLl,520-21 


3 Japan A tomic Energy Research Insti tute, Tokai, 1baraki, 319-11 


A method of neutron diffraction was 
developed to analyze nondestructi\' ely the 
residual stress in the interior of crystalline 
solids, and to evaluate the strength and fatigue 
damage of struturtal materials. The residuai 
stress can be obtained from the neutron 
diffraction measurement of lattice strains in 
solids by using the theory of elasticity. The 
strains in three principal directions are required 
for stress calculation as shown in Fig. 1, where 
the axial, circumferencial and radial strains are 
measured at the same point in tubular samples. 

The experiments were carried out by using 
the system developed for stress measurement at 
Guide Tube T2-1 of JRR-3M in Japan Atomic 
Energy Research Institute, called RESA. Bent 
crystals of silicon single crystals were used for a 
monochromator to increase the intensity of the 
nutron beam. A computerized system of 
positioning samples was de\'eloped on the 
goniometer to map the residual stress 
distribution. The accuracy was proved to reach 
a few tens of MPa. 

The RESA system was applied to measure the 
distribution of the residual stress in various 
engineering strutural components. Figure 2 
shows the weld joint of stainless steel tubes. 
The distribution of the axial residual stress in 
the shaded area in Fig. 2 was successfully 
obtained as shown in Fig. 3. The residual stress 
near the weld is tension near the interior 
surface or the tube, while compression near the 

~" [Neutron 

-

V' 

._._­ _ .-._._.­

(a) 	Longirudinal Slrain (b) Hoop Strain (e) Radial Strain 

F ig. 1 Delcnrunauon of three princip<JI strain, 

-

outer surface. The RESA system \Vas further 
applied to measure the distribution of the 
residul stress in tubular components made or 
Incoloy 908 to house super-conducting \\'ires 
and in quenched steel tubes used [or oil 
drilling. The sources of errors of stress 
measurements \Vere identified as the 
determination of the stress-free lattice constant 
and the anistropy due to material textures. The 
mean stress in each phase of a composite of 
aluminum alloy reinforced with silicon 
particles \Vas sLlccessCully measured by the 
neutron diffraction technique, The neutron 
diffraction method is concluded to be a potential 
nondestructive too) for e\'aludting the strength 
and fatigue damage of engineering components 
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2 . 7. 1 2 Residual Strnin Measurements of a Heat Treated Sted Pipe 

K INOUE, HKAWASHlMA, J.SAKAGUCHI, THORlKAWA, 

NMINAKAWA,1 YTSUGllYA1, YMORllI and YYAMAGUCHf 

Fac. xi. & Tech RyukolaJ Urdv. Seta, Otsu 520-21, Jap:Il1 

IJap1I1Atomic£nergyResearchlnstitute, TokafMllra, lbaraki 319-JJ, JCJ[XIl1 

2DvfR Tohoku UniE Ao1.xJ...ku, Serd:O 980, JCJ[XIl1 

The desired strength of the 13% Cr steel 
pipe for the oil well is obtained through 

suitable heat-treatment after plastic rolling. 

The pipe was quenched from 900°C ill the 

loom temperature by spraying the water on 

the outer surlace. The crystal structure of the 

material becomes beL, owing ill the martensitie 

transformation. As the rate of cooling is 
different at each position of the wall thickness, 
the residual str-ain appears. 

To know the str-ain at each position of the 

wall thiclrness, we have made the neutron 

diffraction study and observed a small change 
of the lattice spacing in x,y,z three directions at 

intervals of 1mm of the wall thickness. RESA, 

a special neutron diffractometer for the 

measurements of residual str-ain, installed at 

T2-1 port in JRR-3M was used The wave 

length of the neutron beam was 2.0107 A. To 

observe a small area of the x(perpendiculr ill 

the radius) and y(perpendicular ill the 

cir'CU.ll.ference) planes, the size of the slit is 2 x 
IGmm2 for incident beam and 2 X2Omm2 for 
reflected beam, while to observe the 

z(perpendicular to the axis) plane, the slits of 

2mm diameter for both incident and reflected 
beams wer-e used The (200) reflection of each 

plane was observed. 

The phoillgraph of the pipe installed on 

RESA is shovm in Fig.I. The obtained 

thickness dependence of each lattice spacing is 
shown in Fig.2. It is found that, for x and y 

direction, the lattice is elongated at the middle 

area of the wall thickness and shnmk near 

both inner and outer surlaces. For z clirect:i.on, 

none of the thickness dependence is observed. 
This fact for z direction is contrary to our 

expectation. Small (200) signal presumably 

due ill the textur-e pl-events the acx:urate 

measurements. 

Fig. 1 Steel pipe installed on RESA 
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2. 7.13 
Residual 	 Stress Measurement of Butt-Welded Stainless Steel Pipe 

by Neutron Diffraction 

Shinobu Okido, Makoto Hayashi, Yukio Morii l
, Nobuaki Minakawa l 

and Yoshinori Tsuchiya I 

Mechanical Engineering Research Laboratory, Hitachi, Ltd., Hitachi, Ibaraki, 317 
1 Japan Atomic Energy Research Institute, Tokai, Ibaraki, 319-11 

Structural components have differing 
characteristics based on their different heat and/or 
machining histories . Residual stresses appear 
around and in weldments, through heating and 
cooling processes. Tensile residual stress 
existing adjacent to weldments may induce. stress 
corrosion cracking in certain environments(I). 
The growth rate of stress corrosion cracking 
must be monitored in order to predict the 
remaining life of components. Residual stress 
measurement around welds is necessory to 
predict crack growth behavior. In the work 
described in this paper, the residual stress around 
the weld in a type 304 stainless steel pipe was 
measured using a residual stress analyzer 
(RESA) established in JRR3M. 

The shape and dimensions of the stainless 
steel pipe used for the measurement is shown in 
Fig. 1. Measurement were taken at 0,1,3,8,16 
and 32 rnm away from the fusion line and the 
area for measurement was limited to 2 x 4 rnm2 

limited by using a Cd slit. The reference lattice 
constant do which is the lattice constant without 
strain was measured at a distance of 4 mm away 
from the edge of the pipe using a 20 x 20 mm2 

aCd slit. Stresses were calculated by using 
Hooke's law from the strain values measured in 
three directions. The diffraction geometry for the 
welded pipe is shown in Fig. 2. 

Fusion line (Omm) Reference la ttice 
I conslant dO 
r-P"j J2mmf 1/ 	 ~ --~l~ 

I .. 200 
I 	 -\ 

Fig. 1. Shape of stainless steel pipe. 

(a) Axial strain ( €a) 

(b) Hoop strain (€e) 

(c) Radial strain ( € r) 

Fig . 2. Diffraction geometry for butt-welded 
pipe joint. 

The residual strain distribution in the axial 
direction near the weldment is shown in Fig. 3. 
The axial residual strain on the fusion line was 
compressive except for the inner surface side. 
The compression strain was found at depths 
ranging from 1 to 5 mm from the outer surface 
decreased with the increasing distance from the 
fusion line, disappearing at a distance of 32 rnm 
away from the fusion line. On the inner surface, 
the compressive s train increased with increasing 
distance from the fusion line. 

The axial residual stress dis tribution near the 
fusion line is shown in Fig. 4. Compressive 
stresses between -300 and -400 tv1Pa were 
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obtained on the fusion line at depths between 1 
and 4 mrn from the outer surface. The 
compressive axial residual stresses decrease to 
about -150 MPa at a distance of 3 mm away from 
the fusion line and likely to become to zero at 32 
mm. At a depth of from the outer surface, the 
slightly remaining compressive stress on the 
fusion line decreased to 0 MPa at a distance of 
3 mrn away from the w elded line and increased to 
-260 MPa at a distance of 32 mrn. At the inner 
surface side, tensile ranging between 100 - 250 
MPa residual stress was remained on the fusion 
line and decreased with the distance from the 
fusion line. 

Comparison of the axial residual stresses 
measured by the neutron diffraction method and 
that calculated by the finite element method is 
shown in Fig. 5. The distribution pattern of the 
axial residual stresses agree with each other, but 
the values of residual stress differed about 
50 MPa. Because the two methods had similar 
values for do when a solution-treated type 304 
stainless steel pipe was used, this error mey be 
explained by the uncertainly of do. Residual 
stress values measured by the neutron diffraction 
method depend on do. In applying the neutron 
diffraction method to evaluate residual stress in 
actual components, only the do obtained at a 
location where the material receives a relatively 
small of heating and machining processes can be 
used. The alternative evaluation method of 
residual stress using X -ray had been provided by 
the Society of Material Science, Japan for solving 
this problem(21. 

Additional discussion is necessary to be able to 
use the method by neutron diffraction in the 
future. 

R eferences 
[lJ K. Hirano at al.: Material Science in 

Japan,47(1996)740. 
[2J Standard of stress measurement by 

X-ray:Yokendo(1982). 
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Fig. 3. Axial residual strain distribution 
in welded pipe. 
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Fig. 5 . Comparison of residual stress on the 
inside surface by the neutron diffraction 
method and finite element method. 
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2.7.14 	 RESIDUAL STRESS OF A JACKET MATERIAL FOR 

ITER SUPER-CONDUCTING COIL 


Y. Tsuchiya, N. Minakawa, Y. Morii, T. Kato l, H. Nakajimal, 
K. Hamadal, 1. Watanabe l, K. Ishio l, T. Abel and H. Tsujil 

Advanced Science Research Center, Japan Atomic Energy Research Instirute, Ibaraki 319-11 Japan 
INaka Fusion Research Establishment, Japan Atomic Energy Research Instirute, Ibaraki 319-01 Japan 

The jacket material, Incoloy 908, of the central 
solenoid coil (CS coil) for International 
Thermonuclear Experimental Reactor (ITER) is a 
nickel-iron based precipitate hardening type 
superalloy. Incoloy 908 has a possibility of 
fracrure due to Stress Accelerated Grain 
Boundary Oxidation (SAGBO) in the region of 
tensile residual stress above 200MPa with under 
the conditions of temperarure region of 

5DO-850°C and atmosphere of oxygen 

concentration above 0.1 ppm. The heat treatment 

of CS coil will be performed at 650°C for 
240hours. If the residual stress of the jacket 
exceeds 200MPa, there is a risk of fracture by 
SAGBO at the heat treatment. In order to avoid 
SAGBO condition in the jacket, we performed 
internal residual stress measurement of the jacket 
using neutron diffraction method. 

The sample is a part of CS coil before heat 
treatment with length of 150nun and cross 

section of 45 x 45mm2 
• It was bent with radius 

of 500 mm. The jacket part of the coil is made of 
Incoloy 908 that shows FCC phase. The 
thickness of the jacket for the measurement is 4.5 
mm. A solid solution of Incoloy 908 was used as 
the standard sample of stress-free condition. 
Neutron diffraction measurements were carried 
out with the neutron diffractometer, RESA, 
installed at JRR-3M in JAERI. The incident beam 
wave length of 2.155A was used. In order to 
defme the sampling volume within the sample, 

incident beam and scattering beam slit of 2 x 
4mm2 were set before and after the sample. The 
elastic constants evaluated by a tensile test using 
neutron diffraction on the triple-axis neutron 
spectrometer, TAS-2, installed at JRR-3M in 
JAERI with a loading machine. 

For the three principal orientations x, y and z 
corresponding to longirudinal, transverse and 
vertical directions of the sample, (1, 11) plane 
spacings were measured scanning from outer 
surface to inside of the jacket by RESA. A depth 
dependence of the lattice strain in the jacket 

sample was obtained from the (111) plane 
spacing. On the other hand, Young's modulus 
and Poisson's ratio for (111) plane were 

estimated at E=133GPa and v=0.168, 
respectively, from stress-strain curve by the 
tensile test on TAS-2. A residual stress was 
calculated from the lattice strain, Young's 
modulus and Poisson's ratio using Hooke's law 
for the three orientations of the jacket. The 
residual stress distributions of the CS coil jacket 
are shown in fig. 1. The residual stresses for 
each direction at the outside of the jacket are in 

compress. ax shows almost constant residual 
stress of compress for the measurement region. 

ay and az increase with depth of jacket and show 
a tensile residual stress at the inside region of the 
jacket. The tensile residual stresses for y and z 
directions exceed 200MPa. The result shows that 
the CS coil jacket is in the SAGBO condition for 
residual stress at some regions. 

800r---~--~~--~--~--~ 

o 

depth (mm) 

Fig. I. The residual stress distributions for the three 
principal orientations of the CS coil jacket. Depth of zero 
mm shows just the outer surface of the sample. 
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APPENDIX B 

Themes of Cooperative Research Projects with Universities in JFY 1996 

1. 	 Study on Superconducting Materials and Low-Dimensional Spin J Akimitsu Aoyama Gakuin Univ. 

Systems 

2. 	 Vortex Structures in Large Anisotropic Superconductors K Osamura Kyoto Univ. 

3. 	 Correlations between Superconducting Properties and Crystal Structures Y Koike Tohoku Univ. 

in High-Tc Superconductors 

4. 	 Magnetic Structure and Magnetic Excitaiton in the Strongly Correlated M. Kohgi Tokyo Metropolitan 

Ce-Pnictides Systems Univ. 

5. 	 Structural Fluctuations and Transport Properties in Oxides Conductors Y Yamada Waseda Univ. 

6. 	 Magnetic Structure and Lattice Distortion in Frastrated Antiferromagnet M. Shiga Kyoto Univ. 

in RMnz 

7. 	 Pattern Formation in Multicomponent Polymer Alloy T. Hashimoto Kyoto Univ . 

8. 	 Static Hierarchical Structure of Multicomponent Macromolecular Y Izumi Yamagata Univ . 

Systems 

9. 	 Development of Dilution Refrigerators for Neutron Experiments M. Kubota The Univ. of Tokyo 

10. 	 Study of Neutron Powder Diffraction with MEM Method K Ishida Science Univ. of 

Tokyo 

11. 	 Neutron ReOectometry for the Study of Polymer Interfaces Y Matsushita The Univ . of Tokyo 

12. 	 Study of Neutron Optics with Dynamical Diffraction Effect T. Takahashi The Univ. of Tokyo 

13 . 	 Study of Internal Damage for Metals by Neutron Diffraction Method T. Horikawa Ryukoku Univ. 

14. 	 Study of Structural Phase Transition under a High Pressure of A Onodera Osaka Univ. 

Alkari Halides 

15 . 	 Study of Structural Phase Transition in Dielectric Compounds Y Noda Chiba Univ. 

at Low Temperature 
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16. 	 Study on Crystal Structures and Physical Properties of Electronic T. KaJitani Tohoku Univ. 

Device Materials 

17. 	 Study on Superionic Conductors and Prolon Conductive Materials M. Nagasaki Nagoya Univ. 

18. 	 Study of Magnetic Structure and Phase Transition of r -Mn Alloy T.Hori Shibaura Insl. Tech. 

19. 	 Study of Magnetic Structure Y Hinalsu Hokkaido Univ. 

20. 	 Development of Non-destructive Method for Evaluation of Material K Tanaka Nagoya Univ. 

Slrength 
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APPENDIX C 

Themes of Cooperative Research Projects with Private Enterprises 

and National Laboratories in JFY 1996 

1. 	 Residual Stress Measurement by Neutron Diffraction M. Hayashi Hitachi Ltd. 

2. 	 SANS Study on Miscibility and Phase Separation of Multicomponent H. Jinnai Japan Science 

Polymer Blend and Technology 

Corporation 

3. 	 NDT-observation of the Ni-based Superalloy Single Crystals A Yoshinari Hitachi Ltd . 

4. 	 Neutron Scattering Study on Magnetism of Materials Related to K. Katsumata RIKEN 

High-Tc Superconductors 

5. 	 Diffuse Sca11ering Studies of Ag3SI Aziz K. Jahja BATAN 

6. 	 Structure of Solid F. Izumi National Institute for 

Research in Inorganic 

Materials 

7. 	 SANS Study of Nanocrystalline Alloys M.Ohnuma National Research 

Institute for Metals 
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