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PREFACE

The year of 2009 and 2010 were mostly dedicated to the construction of neutron
instruments at J-PARC and were also the starting point of user programs. J-PARC
commenced on providing neutrons with 120kW of its power comparable to the world-
class pulsed neutron facility ISIS in 2009. By the end of 2010, the operational power
of accelerator attained to over 200kW, which is still a fifth of scheduled full power
but already the world leading pulsed neutron and muon source. Five instruments
construction (as KEK beamlines) had been completed and some of those started
user programs. In addition to these early scheduled instruments, three new installa-
tions of beamlines are planned. These construction and research activities in KENS
are based on S-type projects of Institute of Materials Structure Science (IMSS). 11
projects have been approved by KENS-PAC in 2009 and each proposal is valid for
2-5 years under proposed period. Each project is annually assessed their total ac-
tivities and achievements by KENS-PAC. Here we review S-type project scientific
and instrumental activities as KENS Report XVII (2009-2010).

In the end of the fiscal year of 2010 (March 2011), we had disaster of the world-
class earthquake, and KEK also had not small damages at both Tokai and Tsukuba
area. However, we are now refurbishing parts of the accelerator, beamline systems,
instruments, and buildings to provide proper scientific research field. And we are
further developing our instrument suite in J-PARC through constructing new instru-

ments and beamlines. Finally, we are looking forward to further great science will be
back here in KENS.

May 2011
Editor of KENS-Report XVII

Tetsuya YOKOO
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Facility Report

Neutron Science Laboratory

H.Seto

Head of KENS Neutron Science Division (KENS), Institute of Materials Structure Science,
High Energy Accelerator Research Organization

1. From KENS Facility

The Inter-University Research Program

In FY2010, 11 special (S-type) proposals and 36
general proposals were accepted as part of the Inter-
University Research Program on pulsed neutron sci-
ence. General proposals to use the KENS beamlines
were discussed at the J-PARC/MLF Neutron Science
Program Advisory Committee; the scientific merit of
these proposals was assessed. They were approved by
the Neutron Science Program Advisory Committee
(KENS-PAC) in IMSS. The S-type proposals, aiming
at construction, development and maintenance of a
neutron instrument for scientific research will be evalu-
ated at the KENS-PAC in IMSS, and the funding has
been approved for 3-5 years. The 5 accepted S-type
research projects relate to existing neutron science in-
struments; the Super High Resolution Powder Diffrac-
tometer (SuperHRPD), High Intensity Total Scattering
Diffractometer (NOVA), High Resolution Chopper
Spectrometer (HRC), High Performance Neutron Re-
flectometer with a Horizontal Sample Geometry
(ARISA-II/SOFIA), and the Neutron Optics and Phys-
ics (NOP). The S-type research project led by T. Fu-
kunaga at Kyoto University has begun construction of
a new diffractometer to perform in-situ investigation of
Li-ion battery materials under the NEDO project. K.
Ohyama at Tohoku University will construct a polar-
ization chopper spectrometer in collaboration with
KEK. M. Hino at Kyoto University have developed
resonance type neutron spin echo spectrometers, and
started designing at BL06. The development of other
S-type projects will also start to be aimed at contribut-
ing to the improvement of future neutron science in-
struments.

2. Science at KENS

2.1 2D-Ising-like critical behavior in miztures of
water and organic solvent including antagonistic
salt or ionic surfactant

The effect of an antagonistic salt, composed from
hydrophilic cations and hydrophobic anions, on the
phase behavior and nanoscale structure of a mixture of
D,0 and 3-methylpyridine (3MP) was investigated by

small-angle neutron scattering (SANS). The addition
of the antagonistic salt, namely sodium tetraphenylbo-
rate (NaBPhy), induces the shrinking of the two-phase
region in contrast to the case in which a normal (hydro-
philic) salt is added. The SANS profile of the mixture
with D,O and 3MP without salt can be well explained
by the Ornstein-Zernike function below the phase sepa-
ration point. The critical indices are the values of 3D-
Ising behavior. On the other hand, the SANS profiles
from mixtures with the antagonistic salt deviate from
the Ornstein-Zernike function owing to the existence of
a long-range periodic structure, which is induced by the
coupling of solvation effect and critical concentration
fluctuation. With increasing salt concentration, the
critical exponents change from the values of 3D-Ising
and approach those of 2D-Ising. These results suggest
that the concentration fluctuation of the mixture of sol-
vents is limited to a quasi two-dimensional space by
the periodic structure induced by the adding the salt.
The same behaviors were also observed in mixtures
composed of water, 3MP, and ionic surfactant such as
SDS and AOT.

Fig. 1: Schematic picture of the periodic structure induced by
the coupling of solvation effect and critical concentration

fluctuation.

2.2 Structural and Hydrogen Desorption Properties
of Aluminum Hydride

Aluminium trihydride (AlH;, alane) is of interest as
a possible hydrogen storage material because of its high
gravimetric and volumetric hydrogen densities (10.1
mass% and 149 kgH?/m?®, respectively) and its simple
hydrogen desorption reaction of A1H; to Al (AlH; — Al
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+ 3/2H,) at 370—470K. Recently, it is revealed in situ
microscopic observations and in situ X-ray photoelec-
tron spectroscopy that AlH; particles (size 100 nm-—1
mm) are covered by Al,O; layer (thickness 3—5 nm)
and, at room temperature, the hydrogen desorption re-
action is prevented by the oxide layer on the surface of
AlH;; reaction begins only when the layer breaks up by
thermal volume expansion of the underlying bulk AlH;.
The layer apparently forms after thermal desorption of
the solvated ether from AlH;—etherate, which is pre-
pared by the following reaction between LiAlH, and
AIClI; in ether solution.

To obtain precise structural information regarding
the surface layer, we performed high-intensity neutron
diffraction measurements by the high-intensity total
diffractometer, NOVA, using 120 kW spallation neu-
tron source in J-PARC and Rietveld analysis of a-
AlD;. The diffraction profiles show small diffraction
peaks in addition to the peaks of a-AlD; in Fig. 2.
These lattice spacing values for neutron and X-ray dif-
fraction profiles are close to those of x-Al,O; (corre-
sponding to 101-107% of the values in the literature).
Therefore, the present result suggests that x-Al,O3
forms on the surface of AlH; (AlD3) by desorption of
solvated ether. Furthermore, the short-range order
(0.18 £+ 0.021 nm for Al-0O; 0.28 4+ 0.058 nm for O—-O;
0.32 £+ 0.055 nm for Al-Al) of amorphous AL,O; sug-
gested by electron-energy-loss spectroscopy (EELS)
may be observed under diffraction peaks of the crystal
structures in Fig. 2.

2.8 Crystal Structure of a fast ionic conductor Cul
Copper iodide (Cul) shows two phase transitions at
440°C (B8 — a) and 390°C (v — ), and at the high-tem-
perature a—phase, it shows fast-ion conductivity. We
measured the time-of-flight (TOF) neutron powder dif-
fraction data and synchrotron radiation X-ray diffrac-
tion (XRD) data and the extended x-ray absorption
fine structure (EXAFS) data. We obtained crystal
structural information of the both a— and y—phases by
Rietveld analyses of TOF and XRD data combined
with the maximum-entropy-method (MEM), and local
structural information by means of the pair distribu-
tion function (PDF) combined with the reverse Monte
Carlo (RMC) simulation as well as EXAFS analyses.
The PDF analysis revealed the new split peaks in
the partial pair correlation of Cu—Cu at r = 2.47 and
2.72 A in the a—phase that correspond to the Cu — Cu
diagonally distance between nearest neighboring tetra-
hedral corner (32f — 32f sites in Fm-3m) and between
tetrahedral center (8c — 32f sites) such as represented
by the split Cu site model. In the y—phase, a better fit
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Fig. 2: High-intensity (a) neutron diffraction profile of a-AlD;
and (b) X-ray diffraction profile of a-AlH; in linear scale.
Rietveld refinement results: observed (cross), calculated
(line), and residual (line below vertical bars) diffraction
profiles. Tick marks show Bragg-reflection positions of
a-AlD; and a-AlH;. Vertical enlargements by 70 times
of the diffraction profiles are shown in (c) for (a) a-AlD;,
and in (d) for (b) a-AlHj;, respectively. Positions except
for a-AlD; and a-AlH; are shown by dashed lines.

for EXAFS data was obtained with the split model
than the non-split model, indicating the displacement
of a copper atom to an iodine atom. The bond length
difference of Cu — I pairs increased gradually with in-
creasing temperature in the ~—phase. This suggests
that a structural phase transition from y—Cul to 3—Cul
does not occur suddenly at a certain temperature.

3. The J-PARC Project

Introduction

The user program started in December 2008, and
in November 2009, the accelerator has been operated
at 120kW from November 2009. In November 2010,
the beam power increased over 200 kW and operated
until the disaster on March 11, 2011. The 200 kW
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stable operation has inspired both instrumental scien-
tists and users, because experiments with small-size
samples and/or higher resolution experiments are avail-
able. The 200 kW operation has also resulted in the
increase in the number of users as well as the speed-up
of the commissioning of instruments. Twelve instru-
ments are operating in conjunction with the neutron
beam and have started the user programs or are in the
commissioning stages. Additional six instruments are
under construction.

The Neutron International Advisory Committee
(NIAC-2) was held from February 28 to March 2, 2011
in Tokai.
and devices, management of experimental halls, the

The current status of neutron instruments

user program and support system, international activi-
ties and collaborations, and future plans were presented
by members of MLF and then reviewed by the commit-
tee.

Neutron Optics and Physics (NOP)

The NOP beam line is under commissioning for the
preparation of an experiment for the measurement of
the neutron lifetime using the polarized beam branch.
We measure both incident neutrons and decayed elec-
trons using a time projection chamber (TPC). To re-
duce the background events efficiently, we have devel-
oped a spin flip chopper (SFC) system. Fig. 3 (left)
shows the setup of a test experiment. The developed
SFC and a prototype TPC are installed in the polar-
ized beam branch. Using the unpolarized beam branch,
we have produced mechanically decelerated ultra-cold
neutrons (UCN) for the test measurement of optical
devices and detectors for future measurement of the
neutron electric dipole moment. We developed a Dop-
pler shifter to decelerate very-cold neutrons from the
unpolarized beam branch. Fig. 3 (right) shows the de-
veloped Doppler shifter. Using the low divergence beam
branch, we are developing a multilayer interferometer
for a pulsed neutron source and a new type of neutron
spin echo system.

Fig. 3: left: NOP members setting up the experiment. right: the
developed Doppler shifter.
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Super High Resolution Powder Diffractometer (Su-
perHRPD)

Since SuperHRPD achieves the world best resolu-
tion of Ad/d = 0.035% in 2008, continuous develop-
ment has been proceeding. In the summer of 2009, a
new SuperHRPD chamber was installed in order to 1)
improve the S/N ratio, 2) to achieve better resolution
and 3) increase intensity. The new chamber consists of
a backward bank with 384 (80 % of total) one-dimen-
sional *He position-sensitive detectors (PSD’s), a 90
degree bank with 288 PSD’s (50 %), and a low-angle
bank with 144 PSD’s (30 %). In June, 2010, a MLF
standard DAQ system was installed for the first time.

All parameters necessary for data correction were
obtained twice through the two-times on-beam com-
missioning soon after the new chamber was installed
and after the MLF standard DAQ system was installed.
For the old DAQ system, it was confirmed data from
the three banks were successfully analyzed with a new-
ly developed software, Z-Rietveld. For the new DAQ
system, backward bank data were successfully analyzed
with Z-Rietveld. Z-Rietveld is now delivered to more
than 100 users.

20—

o

¥
i

Intensity
>
I

P
i
I

£33§ i{

T T T T T T T
100 120 140

T
80 160x10°
TOF / ps

Intensity
I

b

am.hlé 1 g

LN | ) 1 Il | | |

o
T

0—

T
20 40 60 80 100 120 140x10°
TOF / us

Fig. 4: Rietveld analyses of NIST Silicon data obtained with the
backward bank and the 90 degree bank.

The High Resolution Chopper Spectrometer (HRC)
To study condensed-matter dynamics over a wide
energy-momentum space with high resolution, we con-
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structed the HRC at BL12 at J-PARC/MLF, under
the collaboration between the University of Tokyo and
KEK. With the construction nearly completed, we
proceeded to characterize the HRC. We confirmed
that, under limited conditions, the neutron intensity
and energy resolution of the HRC agree well with the
design values.

After the confirmation of the performance of the
HRC, first, we measured magnetic excitations in the
one-dimensional antiferromagnet CsVCl; at 20 K above
the Néel temperature (Ty = 13.3 K), where the one-
dimensional nature is dominant. It took 56 hours for
the sample and 24 hours for the empty scan at 120 kW
of proton-beam power. The intensity from the sample
subtracted from the data for the empty scan is indi-
cated in Fig. 5. We clearly observed the dispersion
curve of the antiferromagnetic excitations starting at
the magnetic zone center around ¢ ~ 1 A’l, the excita-
tions near the magnetic zone boundary near g ~ 1.5
A and E = 75 meV, and the weak branch from the
zone boundary to the nuclear zone (g ~ 2 A'). This
experiment indicates that the overall excitations can be
clearly observed in 56 hours, which is expected to be
reduced to only 7 hours when operating at full power (1
MW) at J-PARC. On the HRC, the counting rate is
greatly improved by using long PSDs, and the energy
and the momentum resolutions are also improved by
intensities integrated within a PSD after correcting the
energy transfers at the positions of detected neutrons
with high-positional-resolution PSDs. As the result,
the dispersion curve including the weak-intensity parts
was clearly observed.

Also, inelastic neutron scattering experiments in a
three-dimensional system MnP, which is a ferromag-
netic intermetallic compound below T = 291 K, was
performed. The dispersion relationship of ferromag-
netic magnons in the energy momentum space exhibits
a parabolic surface whose apex is on the reciprocal lat-

Fig. 5: Excitation spectrum in CsVCl; observed at 20 K with F;
= 100 meV on the HRC.
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Fig. 6: Excitation spectrum in MnP observed at 60 K on the
HRC.

tice point. Scattering intensities are observed on the
ring crossing between the scanning surface of the de-
tectors and the parabolic dispersion surface. The ring
centered at (020) that is shown in Fig. 6 is the magnon
intensity. Phonons also exist in the same position, so
magnons could be separated from phonons by compar-
ing the data at the paramagnetic state at 300 K.

The High Performance Neutron Reflectometer with
a Horizontal Sample Geometry (ARISA-II/SOFIA)

Neutron reflectometry is one of the powerful tools
for investigating the surface and interfacial structures
of materials in the spatial range from nm to sub-pm.
Because hydrogen and deuterium atoms have different
scattering lengths for neutrons, this method can distin-
guish deuterated materials from normal ones in a mix-
ture of soft-condensed matters, such as polymer blends,
bio-mimic membranes, and so on. Furthermore, the
high transmissivity of neutrons to materials enables us
to probe deeply-buried interfaces such as solid/liquid
interfaces in a non-destructive way.

ARISA-II was a horizontal-type neutron reflectom-
eter at BL16, J-PARC/MLF. This reflectometer uti-
lizes main components of ARISA reflectometer relo-
cated from the KENS facility for temporal use, and has
been in operation at J-PARC/MLF from 2008. In
2011, a newly developed TO chopper and Ni/C mirror
were installed to reduce background by fast and slow
neutrons. Thanks to the upgrades, the S/N ratio has
improved by one order of magnitude, and the observ-
able reflectivity reaches 1077, which is a standard value
for world-class neutron reflectometer at pulsed neutron
source. Additionally, we replaced the main components
relocated from Tsukuba campus with the brand-new
ones by the support of JST/ERATO grant. In order to
introduce incident neutron beam to free surface such as
liquid/air interface, BL16 have two downward beam-
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Fig. 7: Picture of the new reflectometer SOFIA from behind.

Fig. 8: Specular reflection of deuterated polystyrene thin film
on Si substrate.

lines with different angle. By the installation of the
new components, we could utilize both the beamlines
for the first time. Figures 7 and 8 show the new reflec-
tometer and typical reflectivity plot measured with
new components. Due to the replacement of the new
components, we renamed the reflectometer as SOFTA
(SOF't Interface Analyzer).

The High Intensity Total Scattering Diffractometer
(NOVA)

In FY2010, evaluation of instrument performance of
the High Intensity Total diffractometer (NOVA) at
BL21 was progressed. By performing neutron diffrac-
tion of various samples including liquids and amor-
phous, reliabilities of hardware and software have been
confirmed. As a total diffractometer, high-Q value
measurement of static structure factor, S(Q), is quite
essential to obtain pair correlation function, g(r). It is
confirmed that the statistical accuracy of S(Q) of
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Fig. 9: A test measurement of time-transient phenomena on
NOVA. Increasing of temperature according to time, the
changing of diffraction pattern of Li"'BD, was success-
fully observed.

NOVA is the best in the world. Also, since the neutron
intensity is very high, one-second measurement is fea-
sible on NOVA. This means NOVA is powerful for
time-transient phenomena. Figure 9 shows an example
With increasing of
temperature according to time, the structure of a hy-
drogen storage material (Li"'BD,) was changed from
the low temperature phase to the high temperature one.
Besides these high-performance of NOVA as a high-
intensity neutron diffractometer, equipment’s for hy-
drogen study has been fabricated and installed: 1)
sample exchanger which can load 10-samples, 2) equip-
ment for an in-situ experiment for H,/D, gas atmo-
sphere (max pressure is 10 MPa and temperature range
is 50K ~ 473K), and 3) a furnace of vanadium foil
heater (room temperature to 1373 K).

of time-transient measurement.

The perfor-
mance of the in-situ gas equipment as pressure-compo-
sition-temperature (PCT) measurement was confirmed
and neutron diffraction of LaNis;-D, was just success-
fully measured in the end of FY2010. With Fermi
chopper, inelastic scattering experiments were per-
formed on NOVA. With this device, R&D studies of
incoherent-inelastic corrections of hydrogen atoms will
be progressed to improve accuracy of hydrogen position
information. It is expected that full-scale research of
hydrogen storage materials will be starting soon.
NOVA is supported by a NEDO project “Advanced
Fundamental Research Project on Hydrogen Storage
Materials (Hydro-Star)”.

4. Device R&D

KENS DAQ Electronics
A neutron pulse-by-pulse recording, which is widely
used in MLF/J-PARC, is expected for new method of
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measurements such as observation of transient phe-
nomena by pulsed neutron. In such measurements time
sequential sample environment conditions are also nec-
essary to know. We have developing an electronics
module for event-recording such environment condi-
tions, so called TrigNET. The TrigNET has fast and
slow analog inputs and digital inputs, and generate
event data based on spectrometer’s local time. Figure
10 shows a prototype of the TrigNET. The board also
has a fast data transfer technique by a network based
on the SiTCP.

Fig. 10: The prototype of TrigNET module.

Most neutron scattering experiments, *He-gas posi-
tion sensitive detectors (PSD) have been widely used.
In general, gas counters are not good suited for high
count rate detection, because of a property of long re-
covery time of gas counter. In high intensity neutron
scattering experiments, the property limits a detection
rate of neutrons. Therefore, new neutron detector al-
ternate in *He PSD is required. The MPPC, multi
pixel photon counter, is a new photon counting device
which is consist of many avalanche photodiode (APD)
pixels and is operated in room temperature. 1-dimen-
sinal (1-D) neutron detector using MPPC has been
developing. A principle of the detector is as follows, a
neutron was detected by boron scintillator and scintil-
lation light was spread in a grass, then diffused light
was detected by several MPPC. The outputs of MP-
PCs were connected in series via registers, so total
charge was divided into both ends. Figure 11 shows
the prototype of 64 cells MPPC 1-D neutron detector.
The average detection resolution was deduced as

Fig. 11: The prototype of MPPC 1-D neutron detector.

Neutron Science Laboratory

2.8mm, and detection efficiency was 28 % compared
with *He PSD by the neutron beam test.

Neutron Choppers

At KEK, TO choppers and Fermi choppers have
been developed under the collaboration between the
Neutron Science Division (KENS) and the Mechanical
Engineering Center (MEC). The TO0 chopper is a key
device to reduce the background noise that originates
from high-energy neutrons emitted during neutron pro-
duction. We developed and successfully installed the
TO chopper on the HRC at BL12 at J-PARC/MLF.
Figure 12 (upper) shows the TOF spectrum from the
standard vanadium sample detected at the PSD array
with the TO chopper rotating at 100 Hz, and with the
TO chopper off and the blade removed from the beam-
line. A Fermi chopper was operated to generate a
monochromatic neutron beam. Since the collimation of
the Fermi chopper is coarse, the neutron beam passes
through the Fermi chopper every half turn, then many
peaks appear. The neutron energy of the peak at TOF
= 2000 ps corresponds to a neutron energy of 0.5 eV.
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Fig. 12: Performance of neutron choppers developed at KEK.
Upper: Effect of noise reduction by TO0 chopper for the
HRC. Lower: The energy spectrum of the monochro-
matic neutron beam from the Fermi chopper for the
HRC.
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We successfully reduced the background noise at neu-
tron energies near 0.5 eV by two orders of magnitude.
This indicates that inelastic neutron scattering experi-
ments that require the detection of very small signals
can be conducted on the HRC. Also, we developed and
successfully installed the Fermi chopper on the HRC.
Figure 12 (lower) shows the energy spectrum of the

KENS REPORT XVII

elastic scattering from the vanadium standard sample
with operating the Fermi chopper at 600 Hz, and the
width of the peak represents the energy resolution. We
confirmed that the observed energy resolution well
agrees with the design value. The Nishikawa Prize was
awarded to this R&D works by the Foundation for
High Energy Accelerator Science.
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The High Resolution Chopper Spectrometer (HRC)
was installed at BLL12 beamline at MLF, J-PARC, un-
der the collaboration between the High Energy Accel-
erator Research Organization (KEK) and the Univer-
sity of Tokyo [1]. HRC delivers high-resolution and
relatively high-energy neutrons for a wide range of
studies on the dynamics of materials, and three types
of experiments can be considered for HRC, as indicated
in Fig. 1. The first technique targets high-resolution
experiments in a conventional energy momentum space
(region A in Fig. 1). This experimental condition is
useful for simultaneously determining a dispersion rela-
tion of excitations and details of the dynamical struc-
ture factor. The second technique aims to access the
first Brillouin zone by using low-angle detectors and
high-energy neutrons (region B). Observation of fer-
romagnetic spin waves from a polycrystalline sample
becomes possible and should be useful for material de-
velopment. The third technique opens the possibility
of accessing €V region (region C). Dispersive excita-
tions up to a sub-eV energy region can be observed by
using single-crystal samples. Electronic excitations are
expected to be observed if €V neutrons are utilized.

Fig. 1: Energy-momentum space for three techniques of high-
resolution experiments A, B, and C proposed for HRC.

On a chopper spectrometer, a neutron beam is
monochromatized by a Fermi chopper and then inci-
dent on a sample to be investigated. The neutrons
scattered from the sample are detected by a neutron
detector placed at a certain scattering angle. The en-
ergy transfer and momentum transfer from the neutron
to the sample are determined by measuring the time-
of-flight (TOF) and the scattering angle of the detected
neutron. The Fermi chopper consists of a slit package
inserted to a cylinder rotating in synchronization with
the production timing of pulsed neutrons. Neutrons
pass through the slit package when it rotates to a posi-
tion of the slit parallel to the incident neutron beam,
and the slit-open time (chopper-open time) determines
the energy resolution of the spectrometer. High energy
neutrons from the pulsed neutron source are scattered
and moderated within the spectrometer, resulting in a
large amount of background noise. A TO chopper re-
duces this noise by blocking the incident neutron beam-
line at around time zero. Also, to increase the neutron
flux, a supermirror guide tube is mounted in the pri-
mary flight path.

A schematic layout of HRC is illustrated in Fig. 2.
The size parameters are L, = 15 m (the distance be-
tween the neutron source and the sample), L, = 4 m
(the distance between the sample and the detector),
and L; = 1 m (the distance between the Fermi chopper
and the sample). HRC at BL12 facesthe decoupled
moderator, which has an area of 100 mm x 100 mm,
and the maximum sample size is assumed to be 50 mm
X 50 mm. In this geometrical condition, the energy
resolution is estimated to be AE/E; = 2.5% (E;: inci-
dent neutron energy) for the optimum condition where
the chopper-open time At is equal to the pulse width
At,,, and the incident beam divergence is estimated to
be A¢p = 5 mrad. The energy resolution can be im-
proved when Aty < At,,, with a concomitant reduction
in the peak neutron intensity. For AE/E; = 1%, the
peak neutron intensity is 75% of that for the optimum
condition, which we consider to be an acceptable trad-
eoff.

A supermirror guide tube was installed in the pri-
mary flight path at the shutter section (m = 3), the
biological shielding section (m = 3.65) and the down
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Fig. 3: Calculated flux gain of the guide tube on HRC. In the
measurements in Figs. 5 (a) — (c), the guide tube was
partially installed (dashed line).

stream section (m = 4), where m is the ratio of the
critical wave number for the supermirror to that for
natural nickel. The m values were determined by the
financial budgets provided. The energy dependence of
the flux gain of the guide tube was calculated by McS-
tas, a large gain is expected, as shown in Fig. 3.

A TO chopper [2] was installed 9 m from the neu-
tron source. At this position, the beam cross section is
76 mm X 76 mm. The size of the T0 chopper blade is
78 mm X 78 mm, which includes a £1 mm margin for
the beam cross section. The length of the blade along
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the beamline is 300 mm, and the blade is made of In-
conel X 750, which was chosen for its mechanical
strength and radiation properties. When the blade cen-
ter is initially centered on the beamline, it takes 408 us
for the blade to be removed from the beam cross sec-
tion, and this occurs at a 100 Hz rotational frequency
and for a 300 mm rotational radius. The rotational
axis is parallel to and under the beamline. Under these
conditions, HRC accepts neutrons with energy less
than 2.5 eV. The margin of +1 mm corresponds to a
phase-control accuracy of +5 us at 100 Hz. We devel-
oped a phase control system which reduces the fluctua-
tions in the rotational period down to 1 us (FWHM) at
100 Hz at an off beam environment. Also, the fluctua-
tions during beam time were measured to be approxi-
mately 3 us (FWHM) at any rotational frequency. The
observed fluctuations meet the requirement demanded
by a phase-control accuracy within +5 us.

A newly developed Fermi chopper [3] is installed at
L; =1 m. We tried to develop the Fermi chopper by
modifying a turbo molecular pump (TMP) with a mag-
netic bearing system. First, the TMP blade was re-
placed by the slit package, and we could rotate up to
600 Hz by the TMP controller. Next, we tried to de-
sign the phase control system of the Fermi chopper
synchronized with the production timing of pulsed neu-
trons. We could drive the motor of this system by an
external power supply and just by using the TMP con-
troller as a magnetic bearing controller. Finally, we
successfully developed the phase control system. Based
on the developments, we produced the first model of
the Fermi chopper made in Japan. The commercially
available composites made of boron fibers were used for
the slit materials. In this actual system, we confirmed
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the phase control accuracy less than 0.1 us (FWHM)
at 600 Hz against the timing of the external trigger at
an off beam environment. A shifting mechanism of
two Fermi choppers was also developed in order to se-
lect one of the choppers or white beam condition.

We mounted 2.8 m (effective length) PSDs (posi-
tion sensitive detectors) inside the vacuum scattering
chamber. Although it was possible to install detectors
from —31° to 124° in scattering angle, the detectors
cover at present only from —10° to 40° because of the
recent limitations in He-3 gas supplies. Therefore, the
installed detector area is only 30% of the entire area.
In the main detector area from 3° to 40°, 128 PSDs
(effective length: 2.8 m, diameter: 0.75 inch, He-3 gas
pressure: 1.8 MPa) were mounted inside the vacuum
chamber for conventional experiments. At low angles
from —10° to 1°, 123 shorter PSDs (0.8 m, 0.5 inch, 2
MPa; 0.6 m, 0.5 inch, 2 MPa; 0.6 m, 1 inch, 1 MPa;
used at KENS or newly acquired) were mounted; some
at Ly, = 4 m and the rest at L, = 5.2 m at the lowest
angles. These detectors are for experiments involving
low-angle inelastic neutron scattering.

The data acquisition (DAQ) system for HRC is il-
lustrated in Fig. 4. Signals generated at a PSD are
amplified by preamplifiers and sent to a readout mod-
ule called NEUNET. When a neutron is captured at
PSD n,., the charge generated at both ends of the PSD
is digitized and converted to digital pulse heights Q;
and Q, by an analog-to-digital converter (ACD) in the
NEUNET where, in an ideal case, the position u of the
detected neutron within the PSD is given by u = LpQ,/
(Q+Q,) with the PSD length Lp. A timing signal
from the accelerator defining t = 0 is delivered by a
GATENET to NEUNETS and the TOF of the detected
neutron (t) is determined at the NEUNET. The timing
signal is gated by the device status, which is the phas-
ing status of the Fermi chopper and the T0O chopper
with respect to the timing, the temperature of the sam-
ple, etc. Thus, the GATENET does not forward the
timing signal to the NEUNET unless the device status
indicates that all devices are operational. For detection

Fig. 4: DAQ system installed on HRC.
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of a single neutron, the set {n.., Qi, Qq, t} is generated
as an event datum (8 bytes/event) on the NEUNET.
Event data can be accessed through a computer net-
work with SiTCP. In addition, event data from the
monitor detectors can be accessed at the GATENET
module through the computer network with SiTCP.
One NEUNET, which uses the VME standard, con-
trols 8 PSDs. A 19-inch VME rack can contain up to
20 NEUNETS for 160 PSDs. On HRC, 251 PDSs are
controlled by 33 NEUNETS, and a GATENET is also
mounted on the VME rack. The event data are trans-
ferred by the computer network from the NEUNETS to
the central processing unit (CPU). We prepared a
CPU (POWER MASTER Server A8452 from System
Works Co.) as the CPU for the DAQ system (DAQ
CPU), and installed Scientific Linux 5.4 as well as the
DAQ middleware. Via the DAQ-Middleware, the DAQ-
Operator configures the DAQ system and controls some
DAQ-Components that control processes in the DAQ
system. User commands such as begin/end of the data
acquisition can be sent to the DAQ system through a
web-browser user interface.

To evaluate the HRC performance, a vanadium
standard sample was mounted at the sample position
on HRC. A monochromatic neutron beam with the
Fermi chopper or a white neutron beam without the
Fermi chopper was incident on the sample, and the
scattered neutrons were detected with the array of 128
PSDs located at scattering angles between 3° and 40°.
A monitor detector was located at 13.4 m from the
neutron source (just upstream of the Fermi chopper).
The neutron intensities detected by the monitor and
that detected by the PSD array for the white beam are
plotted in Figs. 5(a) and 5(b). The observed intensities
were in good agreement with the calculations in the
absolute values within a factor. Figure 5(c) shows the
elastic scattering energy spectrum from the vanadium
standard sample and detected by the PSD array for the
incident neutron energy of E; = 203 meV, with the op-
timum chopper (which provides roughly At = At,,) at
600 Hz, as a function of the energy transfer. We chose
E; = 203 meV because the neutron transmission through
the optimum chopper shows a maximum at 200 meV.
The solid line is a calculated spectrum without any

adjustable parameters. The energy resolution from the
observed energy width was obtained to be AE = 5.2
meV by a Gaussian fit to the observed spectrum, and
therefore AE/E; = 2.5%. At E; = 203 meV, the abso-
lute magnitude of the neutron intensity for a monochro-
matic beam agreed with the calculation, and also it was
confirmed that AE/E; = 2.5% in the energy resolution
as designed for the optimum condition. Assuming the
optimum condition (AE/E; = 2.5% with At,, = At,,)
for any E;, the neutron flux for inelastic neutron scat-
tering experiments at the sample position with a 1 MW
proton beam for full installation of the guide tube is
estimated as shown in Fig. 5(d).
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The TO chopper is a key device to reduce the back-
ground noise that originates from high-energy neutrons
emitted during neutron production. Figure 6(a) shows
the TOF spectrum observed at the PSD array from the
standard vanadium sample with the TO chopper run-
ning at the rotational frequency of 100 Hz, and with
the TO chopper off and the blade removed from the
beamline. The sloppy chopper was used as the Fermi
chopper and operated at 600 Hz. Since the slit width
of the sloppy chopper is coarse, the neutron beam pass-
es through the sloppy chopper every half turn, then
many peaks appear. The neutron energy of the peak at
TOF = 2000 pus corresponds to 0.5 eV. We successfully
reduced the background noise at neutron energies near
0.5 eV by two orders of magnitude. This indicates that
inelastic neutron-scattering experiments that require
the detection of very small signals can be conducted on
HRC. Figure 6(b) shows the dependence of the TO
chopper transmission on the TOF spectrum obtained
from the standard vanadium sample and detected at
the PSD array with the white neutron beam. We con-
firm that the transmission recovers below 2.5 eV of the
neutron energy at 100 Hz, as designed. The energy for
50% transmission at 100 Hz is 10 €V, and then neu-
trons with energies up to several eV can be used with
only a slight reduction in neutron intensities.

After the confirmation of the performance of HRC,
first, we measured magnetic excitations in the one-di-
mensional antiferromagnet CsVCl; at 20 K above the
Néel temperature (Ty = 13.3 K), where the one-dimen-
sional nature is dominant. It took 56 hours for the
sample and 24 hours for the empty scan at 120 kW of
proton-beam power. The intensity from the sample
subtracted from the data for the empty scan is indi-
cated in Fig. 7. We clearly observed the dispersion
curve of the antiferromagnetic excitations starting at
the magnetic zone center around q ~ 1 A’l, the excita-
tions near the magnetic zone boundary near q ~ 1.5
A7 and E = 75 meV, and the weak branch from the
zone boundary to the nuclear zone (q ~ 2 A'). This
experiment indicates that the overall excitations can be
clearly observed in 56 hours, which is expected to be
reduced to only 7 hours when operating at full power (1
MW) at J-PARC. On HRC, the counting rate is great-
ly improved by using long PSDs, and the energy and
the momentum resolutions are also improved by inten-
sities integrated within a PSD after correcting the en-
ergy transfers at the positions of detected neutrons with
high-positional-resolution PSDs. As the result, the dis-
persion curve including the weak-intensity parts was
clearly observed.

Also, inelastic neutron scattering experiments in a
three-dimensional system MnP, which is a ferromag-
netic intermetallic compound below T¢ = 291 K, were
performed. The dispersion relationship of ferromag-
netic magnons in the energy momentum space exhibits
a parabolic surface whose apex is on the reciprocal lat-
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Fig. 5: Neutron intensities at the monitor (a) and at the PSD
array (b) for white neutron beam. The dips in the ob-
served data are caused by the operation of the T0 chop-
per. (c) Elastic-scattering energy spectrum at PSD ar-
ray for vanadium standard sample with E; = 203 meV.
(d) Expected neutron flux at sample position for the
optimum condition AE/E; = 2.5% for 1 MW proton
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Fig. 6: (a) Background noise reduction for monochromatic neu-
tron beam. The TOF spectra with operating the TO
chopper at 100 Hz (ON) and without operation (OFF)
are indicated. (b) TOF dependence of the transmission

at 100 Hz measured with the white neutron beam.

tice point. Scattering intensities are observed on the
ring crossing between the scanning surface of the de-
tectors and the parabolic dispersion surface. The ring
centered at (020) shown in Fig. 8 is the magnon inten-
sity. Phonons also exist in the same position, so ma-
gnons could be separated from phonons by comparing
the data at the paramagnetic state at 300 K.

In summary, the construction of HRC is nearly
complete except for the coverage of the PSD array and
we have characterized its performance. We confirmed
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Fig. 7: Excitation spectrum in CsVCl; observed at 20 K with E;
= 100 meV on HRC. The inset shows the energy spec-
trum observed at a detector whose scan trajectory pass-
es through the magnetic zone boundary.
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Excitation spectrum in MnP observed at 60 K with E;
= 35.8 meV on HRC: (a) (h, k) plane with 1 = 0, (b) (h,
E) plane with 1 = 0, (c) (h, 1) plane with k = 0, and (d)
(1, E) plane with k = 0.
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that, under limited conditions, the neutron intensity
and the energy resolution were in good agreement with
the design values. Also, we verified the data analysis
process by visualizing excitations in one- and three-
dimensional single-crystal magnetic systems in inelas-
tic neutrons scattering experiments.
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In this study, we have designed a new-type of time-
of-flight (TOF) neutron diffractometer dedicated to
neutron protein crystallography (NPC), and estimated
its performance from diffraction experiments using the
IBARAKI biological crystal diffractometer (iBIX). "

Last year, we had designed the Neutron Structural
Biology Diffractometer (NSBD) to be installed at J-
PARC.? Hydrogen atom (H) and its cation (H") regu-
late various biological functions via hydrogen bonds
and electrostatic interaction. Moreover, water mole-
cules (H,O) surrounding biomolecules form cluster
structures, which contribute to information transfer
and stabilization of the three-dimensional structure of
biomolecules. Consequently, in order to understand
biological phenomena, it is essential to determine the
positions of the H and H" in biomolecules. NPC is one
of important techniques for determining H and H*, be-
cause NPC has the capacity of detecting H and H*
even at medium resolutions. There are three neutron
diffractometers for NPC in Japan; monochromatized
neutron diffractometers BIX-3, BIX-4 and TOF dif-
fractometer iBIX. iBIX is the most powerful among
these diffractometers, because the high flux of the
pulsed neutron beam is available. We have planed
NSBD as the second diffractometer for NPC. iBIX
belongs to Ibaraki prefecture in Japan, and it is mainly
used for industrial purposes, and hence, its utilization
in academics is limited. Moreover, iBIX is used both
for researches on small molecules and large molecules;
therefore, it is not suitable for the measurement of a
large lattice dimension. On the other hand, the main
aim of NSBD is an inter-university research, and the
specification of NSBD is specialized for large crystal
lattices of biomacromolecules.

The predicted performance of NSBD is summarized
in Table 1. The NSBD would support large lattices
and high resolution. These values correspond to those
found in 96.3% and 94.8% of X-ray crystallographic
analyses of macromolecules, respectively. The experi-
mental measurement time was estimated to be one
week, and diffraction experiments of more than 20 pro-
tein crystals per year could be carried out. Moreover,
The NSBD would ensure so large space around the

sample (5 m’) that various optional devices could be
installed in the experiment. Schematic diagrams of the
diffractometer are shown in Fig. 1. The NSBD, like
iBIX, is equipped with a super-mirror guide tube. The
tube is curved so that the sample is protected from
radiation damage, which is caused by burst gamma ray.
The tail cutter is located at a distance of 8 m from the
moderator; it selects neutrons with wavelengths be-
tween 1.5 and 4.2 A. The temporal resolution of the
pulsed neutron beam is improved because the distance
between the moderator and the sample is large (L, =
60 m). The NSBD consists of neutron image detectors
composed of wavelength-shifting fiber (WLSF); these
detectors are used in iBIX. The WLSF has a two-di-
mensional sensor. WLSF's are arranged such that they
resemble a fan. The distance from the sample to each
detector (L) is 600 mm, which is selected so that the
spatial resolution is guaranteed to be sufficient for iden-
tifying diffractions from large lattices. In addition, the
large experimental area enables us to include various
optional equipments such as a dynamic polarized pro-

Table 1: The predicted performance of NSBD.

Diffractometer NSBD iBIX (J-PARC)
Max. unit cell 200 A 135 A

rin 1.4 A 0.7 A

Crystal size 0.5x0.5%0.5 mm® 1.0x1.0x1.0 mm?®
Experimental time 1 week 1 week
Experimental area 5 m? 0.6 m?
Equipment PPM cooling device

Fig. 1: Schematic views of NSBD.
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ton device (described in the later).

In order to estimate the performance of NSBD, it is
essential to evaluate those of iBIX as the comparison.
In FY2010, four NPC experiments were carried out
using iBIX. Ribonuclease A (RNaseA) and human he-
moglobins (Hb) were carried out by our group. RNase
A was the first protein used in iBIX. The volume of
RNase A crystal was 4.7 mm?® and the power of J-
PARC was 120 kW. Fourteen WLSF detectors were
used in this experiment. Fig. 2 shows an example of
neutron diffraction image recorded on WLSF. In order
to collect the complete data set of RNase A, 66 frames
were taken with different orientations of the crystal. A
total experimental time was 15.7 d.

Previously, a NPC experiment of RNase A was car-
ried out using monochromatized neutron diffractometer
BIX-4 at the reactor JRR-3M.» These two experi-
ments were compared in Table 2. Although the volume
of crystal was 1/3 the size of BIX-4 and the power of
J-PARC was 1/8 of the maximum and the number of
available detectors were 14, iBIX demonstrated ap-
proximately the same performance as BIX-4, and the
results would suggested that the performance of the
iBIX would be dozens of times of BIX-4 as expected.

We have estimated the performance of NSBD from
those of iBIX. The efficiencies of guide tube, band
width and solid angle of detectors are 80-90%, 85%
and 56% of iBIX, respectively. The total performance
is calculated to be 40%. If the number of detectors
(30) becomes twice (60), The performance is improved
to be 80%. Assuming that a crystal has mmm sym-
metry and its volume is 1 mm?®, the NSBD can collect
one neutron data set with completeness of 90% for 3.25
d.

Recently, we carried out NPC experiments of Hb
using iBIX. Two kinds of Hb crystals were used; adult
human deoxyhemoglobin obtained from PEG solution
(deoxyHb-PEG) and adult human carbomonoxyhemo-
globin (COHDb). Previously, crystals of deoxyHb-PEG
were tested using BIX-4 and Protein Crystallography
Station (PCS) at LANSCE. Only poor diffraction im-
ages could be obtained using BIX-4, and ~3.5 A dif-
fraction images could be obtained using PCS (100 kW),
while iBIX could provide 3.0-3.5 A diffraction images,
indicating the present performance of iBIX compara-

Table 2: The comparison between iBIX and BIX-3.

Diffractometer iBIX BIX-4

Verystal 4.7 mm? 14 .0 mm?

Source J-PARC (120 kW) JRR-3M (20 MW)
Effective Res. 1.7 A 1.7 Ax
Experimental time 15.7 d 32d

* Ao Was 1.4 A. The effective resolution was estimated to
be 1.7 A, because of low completeness in the high resolu-
tion shell.
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Fig. 2: Neutron diffractions of RNase A obtained by iBIX.

Fig. 3: Crystals of COHb (left) and neutron diffractions of
COHD (right).

tive to PCS. An amazing result was obtained from
COHb (Fig. 3, left). We found diffractions at 2.4 A
resolution on the diffraction image (Fig. 3, right). The
present result showed the capability of iBIX, which can
measure a crystal of a larger unit cell than the esti-
mated one. The nominally maximum length is 135 A
for iBIX, meanwhile the length of the c-axis of the
crystal of COHb was 196.4 A. Neighboring diffraction
spots around 2.4 A resolution can be separated in case
of this crystal, indicating that iBIX can support larger
crystal lattices (~200 A) if the effective resolution is
medium.

The present study showed iBIX could support large
crystal lattices (~200 A) in case of crystals of normal
quality (2-2.5 A) NSBD is expected to support 300 A
for such a case. However, crystals having large lattices
usually give weaker reflections than those of small lat-
tices. In order to guarantee NPC experiments for a
large crystal lattice, some improvements of neutron dif-
fraction techniques would be necessary.

One of promising new techniques for NPC is proton
polarization method (PPM). Nearly all NPC experi-
ments were carried out using deuterated crystals, be-
cause H has a large neutron incoherent-scattering cross
section and a lower neutron scattering length than a
deuterium atom (D). However, there always remains
the question of whether or not the deuteration affects
the folding structure of the protein, because the living
cells that produce the protein never live in nature in a
D,O environment for so long.

PPM is one of answers to this question. The effec-
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tive coherent scattering length of H, as a function of the
polarization, P, of its nuclear spin, is given by the fol-
lowing equation:

b= (-0.275+1.46 P)-10"* cm

When the proton is not polarized, P equals 0, and
b©® = -0.375-10"? cm. When the proton is 100 % po-
larized and the polarization is parallel to the neutron,
Pequals 1, and b = 1.085-10"2 cm. When the pro-
ton is 100 % polarized but the polarization is anti-par-
allel to the neutron, P equals -1, and b = -1.835.10
cm. Thus it is seen that the effective coherent-scatter-
ing lengths of H atoms with parallel and anti-parallel
spins, relative to the neutron polarization, are very dif-
ferent from each other. If this nature could be ex-
ploited, it would be a unique way to determine the
position of the H atoms in proteins.

In PPM, ideally, H in all of protein molecules in a
single crystal must be polarized. This technique has
been already successfully realized in the case of insula-
tors and reported. A small amount of paramagnetic
centers is added to the sample. In a moderately strong
magnetic field of 2.5 T at temperatures less than 100
mK at least, microwave irradiation will polarize the
nuclear spins. Secondly, the neutron beam must be
polarized parallel to the protein protons and then used
to make a typical diffraction experiment. Thirdly, the
neutron polarization must be reversed, and another dif-
fraction experiment should be made. The technique of
producing polarized neutrons is well established.

The polarization of protons in protein molecules in
solution has been tried successfully. However, the po-
larization of protons in protein molecules in a single
crystal has never been tried yet. The remaining sig-
nificant hurdles are, (1) how to dope the crystal with
paramagnetic materials, which are essential to initial-
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ize the polarization of protons, and (2) how to realize
the cooling of a protein crystal at 100 mK. In this
study, we carried out the preliminary experiment of
obtaining the doped crystal. 2,2,6,6-tetramethylpiperi-
dine-1-oxyl (TEMPO) was used as paramagnetic cen-
ters. 3.75-30 mM TEMPO was added in crystalliza-
tion solution of hen-egg-white-lysozyme (HEWL) and
ribonuclease A (RNase A). There are no apparently
differences in microscope between crystals obtained
from solutions with/without TEMPO. Mass spectros-
copy showed the presence of TEMPO in the TEMPO-
doped HEWL crystals. X-ray crystallographic analyses
show no electron density of TEMPO, indicating that
the nonlocalizational presence of TEMPO in the crys-
tals. The second hurdle might be overcome by the de-
velopment of the technique of high-pressure cooling of
protein crystals. Further preliminary experiments
would be necessary to realize PPM in NPC.

In the present study, we carried out neutron diffrac-
tion experiment of protein crystals using iBIX, and
estimated the performance of NSBD that we have de-
signed as a next neutron diffractometer for NPC. The
NSBD would work with good performance as we ex-
pected, however further improvement would be neces-
sary for an efficient neutron experiment for crystals
having large lattices. PPM would be a plausible candi-
date for such improvement. We concluded that a next-
generation neutron diffractometer for NPC would be a
TOF-PPM type.
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1. Introduction 2. J-PARC/MLF BLO05

Neutron optics is a powerful tool to increase the The BL05 beamline views the coupled moderator.
utilization efficacy of neutrons to enhance the sensitiv- A shutter and a biological shield are in the regions of L
ity in fundamental physics and material researches. A = 2.3-4.3m and L = 4.3-7.2m, respectively, where L is
neutron beamline “Neutron Optics and Physics (NOP)” the distance from the moderator. Supermirrors of m =

has been constructed at the port BLO5 of the Materials 2 with a cross section of 100mmx110mm are installed
and Life-science research Facility (MLF) of the JPARC in the shutter and biological shields are transporting
[1]. It is under commissioning for the study of neutron = neutrons into the inlet of beam benders. A pre-position
optics and fundamental physics. Applications of devel- shield covers the region of L = 7.2 — 12m. The beam
oped optical devices to material researches are also in benders are installed in the void space inside the prepo-
progress. sition shield having height and width of 2 m and 1 m,
respectively. The benders with the curvature radii of
approximately 100 m distribute cold neutrons into three
. beam branches: the low-divergence beam branch, un-

* Corresponding author. . ]
!Present address: Faculty of Science, Kyushu University, 6-3- polarized beam branch and polarized beam branch.
1 Hakozaki, Fukuoka 812-8581, Japan The interiors of beam benders are filled with helium
*Present address: Reactor Institut Delft, TU Delft, Mekelweg gas. Fast neutrons are absorbed in the beam dump
15, 2629 JB Delft, The Netherlands : : _ _ _
*Present address: High Energy Accelerator Research Organi- placed in the region Of, L=12-16 m. The bel,lt neu
zation (KEK) trons are transported into beam holes penetrating the

‘Present address: Research Center for Neutron Science and ~ beam dump and measuring approximately 15cmXx15cm.

Technology, Comprehensive Research Organization for Science The configuration of the NOP beamline is shown in
and Society, Tokai, Ibaraki 319-1106, Japan Fig. 1
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Fig. 1: Schematic view of the configuration of the NOP beam-
line for the study of neutron optics and fundamental
physics at the beam port BLO05.

2.1. Low-divergence Beam Branch

The low-divergence beam branch is designed for the
multilayer neutron interferometry. Two supermirrors of
m = 3 are installed to transport neutrons slower than
1.2 x 10° m s with the density of 1.8 x 10° cm™? psr
st MW, A multilayer interferometer with spatially
separated paths was successfully demonstrated for the
steady beam from the reactor neutron source [2]. Fur-
ther development to accept the pulsed beam is in prog-
ress. Additionally, an extension to the energy region of
the very-cold neutrons (VCN) is also in progress. A
possibility of unknown medium-range force searches is
under discussion [3, 4] in the VCN interferometry °.

This beam branch was applied as the test port for
the MIEZE-type spin echo and also for the study of
specularity of the neutron reflection on the surface of
neutron mirrors [6]. The installation of the MIEZEtype
spin echo at the J-PARC is in progress at the port
BLO06.

2.2. Polarized Beam Branch

The polarized beam branch is designed for the study
of the neutron decay. A multichannel magnetic super-
mirror bender with m = 2.8 is installed to provide po-
larized neutrons. The length of the bender is 4.5 m and
the cross section is 10 cmx4cm. The bent neutrons are
designed to be transported by an m = 2 straight guide
in the region of L = 12 — 16 m, which has not been
installed yet. After the completion of the additional
guide installation and alignment, the flux of 4.0 x 10°
cm? s MW™ and polarization of 99.8% can be ob-
tained for the neutron energy of larger than 1.5 meV [7,
8].

under development.

Currently a measurement of the neutron lifetime is

*Improved search for the medium-range force in the detection
of quantum mechanical height distribution of gravitationally
confined ultracold neutrons (UCN) is in progress by using a pm-
level CCD-based UCN imager [5].
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We measure the decay rate by counting decayed
electrons using a time projection chamber (TPC). The
detection gas contains the diluted *He and the incident
neutron number is measured by counting the protons
produced through the *He(n,p)*H reaction. To reduce
the background events efficiently, we have developed a
spin flip chopper (SFC) [9]. The Fig. 2 shows the ex-
perimental setup at the beginning of the R&D phase of
the SFC and TPC. The developed SFC and a TPC are
currently at the commissioning phase.

Fig. 2: Installation of a spin flip chopper for the measurement
of neutron lifetime at the polarized beam branch of the
NOP beamline.

2.8. Unpolarized Beam Branch

The unpolarized beam branch is designed as a ver-
satile beam branch. A measurement of angular distri-
bution of scattering cross section is planned to for the
search of unknown medium range interactions between
neutrons and neutral atoms. A five-channel supermir-
ror bender is installed to bend neutrons upward with a
curvature radius of 100 m. The length of the bender is
4 m and the cross section is 5 cmx4cm. The bent
neutrons are designed to be transported by a m = 2
straight guide in the region of L = 12 — 16 m, which has
not been installed yet. A neutron flux of 1.2 x 10° cm™
st MW is expected after the completion of the addi-
tional guide installation and alignment.

Currently, a principle-proof experiment of the time-
focusing of ultracold neutrons (UCNs) is in preparation
at the unpolarized beam branch [10]. The time-focus-
ing can be applied as an efficient transport of pulsed
UCNSs, which is proposed for the measurement of neu-
tron electric dipole moment at J-PARC. We have suc-
cessfully produced ultra cold neutrons (UCN) for the
principleproof experiment [11]. The very cold neutrons
contained in the cold neutron beam are converted to
UCN by the Doppler shift on the reflection by a mov-
ing mirror. The Doppler shifter is shown in Fig. 3. It
is designed to decelerate the v ~ 140 m s™' neutrons to
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UCNs with the multilayer mirror, which has the m-
value of m = 10.

Fig. 3: Doppler shifter installed at the unpolarized beam branch
of the NOP beamline for the study of neutron optics and
fundamental physics at the beam port BL05. A moving
multilayer mirror of m = 10 is installed to convert very
cold neutrons (v ~140m s™) to ultracold neutrons by the
Doppler shift.

3. Applications of Neutron Optics

3.1. Magnetic Lens

A high spin polarization of cold neutrons has been
demonstrated by using quadrupole magnets, which had
been studied for the suppression of the halo component
around the spot image on the focal plane in the mag-
netic focusing SANS (Small Angle Neutron Scattering)
[12]. A precision determination of the neutron spin
polarization at the level of 10 has been studied in the
VCN region by using the precisely calculable spin selec-
tivity [13, 14].

Suppression of the chromatic abberation is neces-
sary to apply the magnetic lens to SANS with pulsed
neutron beam. Two types of the abberation suppres-
sion methods have been studied. One of them is the
combination of static magnets and spin flippers to ad-
just the effective focal length as a function of the neu-
tron time-of-flight [15]. This method is currently ap-
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plied in the magnetic focusing function employed in the
SANS instrument currently under construction at the
port BL15 of J-PARC/MLEF. The other is the synchro-
nization of the field strength and the neutron time-of-
flight [16, 17]. This method has been intensively devel-
oped after the successful demonstration of focusing
VCNs using the variable permanent sextupole magnet
synchronized with the VCN time-of-flight [18, 19].
The total length of focusing SANS instrument in the
VCN region can be suppressed since the focal length of
magnetic lens is remarkably short. In addition, larger
scattering angles of VCN remain in small-q regions,
which implies that more neutrons can be delivered to
small samples the on-sample focusing. Further study
of the focusing SANS is in progress using a chopped
VCN beam at the PF2-VCN at the Institut Laue Lan-
gevin [20, 21, 22].

3.2. Compound Refractive Lens

A short-distance 2-dimensional focusing of the cold
neutron beam has been demonstrated using a stack of
Fresnel-shape compound refractive lenses formed on
thin films of per-fluoropolymer [23].

3.3. Neutron Sources at Users’ Sites

The improved target moderator assembly, optics
and detectors introduces an enhancement of neutron
utilization efficacy to enable a practical use of small-
scale and medium-scale neutron sources. Such small
sources can be installed on the users’ site. Practical
applications of such sources have been proposed and

are currently planned [24, 25].

Acknowledgement

This work was partially supported by the Creative
Scientific Research Grant (n0.19GS0210) of the Japan
Society for Promotion of Science and the S-type Re-
search Program (n0.2009S03) of the Institute of Mate-
rial Structure Science of KEK.

References

[1] K. Mishima et al., Nucl. Instrum. Methods Phys. Res.

A600 (2009) 342.

[2] Y. Seki et al., J. Phys. Soc. Jpn. 79 (2010) 124201.

[3] V.Gudkov, G.L.Greene, H.M.Shimizu, Nucl. Instrum.
Methods Phys. Res. A611 (2009) 153.

[4] V.Gudkov, H.M.Shimizu, G.L.Greene, Phys. Rev. C 83
(2011) 025501.

[5] G.Ichikawa et al., IEEE Nuclear Science Symposium Con-
ference Record (2009) Article Number 5402255, pages
1619.

(6] M.Kitaguchi et al., Physica B (in press).

[7] T.Ino et al., Physica B (in press).

[8] Y.Arimoto et al., Physica B (in press).

[9] K.Taketani et al., Nucl. Instrum. Methods Phys. Res.



KENS REPORT XVII

(10]
[11]
(12]

(13]
(14]

15]
(16]

(17]

A634 (2011) 134.

H. M. Shimizu et al., Nucl. Instrum. Methods Phys. Res.
A634 (2011) 25.

S.Imajo, Master thesis, Faculty of Science, Kyoto Univer-
sity, Mar. 2011.

T.Oku et al., Measurement Science and Technology 19
(2008) 034011.

K.Taketani et al., Physica B 404 (2009) 2643.

T. Yoshioka et al., Nucl. Instrum. Methods Phys. Res.
A634 (2011) 17.

T.Oku et al., Nucl. Instrum. Methods Phys. Res. A600
(2009) 100.

Y.Iwashita et al., Nucl. Instrum. Methods Phys. Res. A586
(2008) 73.

H.Iwashita et al., Nucl. Instrum. Methods Phys. Res.
A600 (2009) 129.

20

18]
(19]
(20]
(21]
(22]

(23]

[24]

(25]

Studies of Neutron Optics for Physics Researches

Y.Iwashita et al., IEEE Trans. Appl. Supercond. 18 (2008)
957 (art. no. 4497936)

M.Yamada et al., Physica B 404 (2009) 2646.

M.Bleuel et al., Physica B 404 (2009) 2629.

Y.Iwashita et al., IEEE Trans. Appl. Supercond. 20 (2010)
842.

M. Yamada et al., Nucl. Instrum. Methods Phys. Res.
A634 (2011) 156.

T.Ino et al., Nucl. Instrum. Methods Phys. Res. A634
(2011) 94.

J.Ju et al., Proceedings of the 19th meeting on the Inter-
national Collaboration on Advanced Neutron Sources,
March 8-12, 2010, Grindelwald, Switzerland.

Y.Iwashita et al,, Nucl. Instrum. Methods Phys. Res. A634
(2011) 97.



2009504

Technical Feasibility Study of Mini-Focusing Small-Angle Neutron Scattering Instrument

Minifocusing SANS Instrument Development for J-PARC

M.Furusaka, T.Miyata, S.Takeda, Y.Oba*, M.Ohnuma*, S.Goko, N.L.Yamada*,
N.Torikai**, F.Fujita, A.Homma, M.Sugiyama™**, T.Fujiwara™**, H.Takahashi****

Graduate School of Engineering, Hokkaido University, Kitaku Kita-13 Nishi-8, Sapporo, Hokkaido 060-8628, Japan
*X-Ray Physics Group, Quantum Beam Unit, National Institute for Materials Science
1-2-1 Sengen, 305-0047 Tuskuba, Japan
“*Neutron Science Laboratory, KEK (High Energy Accelerator Research Organization),
208-1 Shirakata, Tokai, Naka 319-1106, Japan
“**Graduate School of Engineering, Mie University, Tsu, Mie-ken 514-8507, Mie, Japan
“***Kyoto Research Reactor Institute, Kyoto University, Kumatori, Sennan-gun, Osaka 590-0494 JAPAN
“** Department of Nuclear Engineering and Management,
The University of Tokyo, 7-8-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

Research activities using neutron scattering tech-
niques are strongly hampered by its limited availability
of neutron sources, instruments or the machine-time
there. We need a very large facility to perform neutron
scattering research, at either a research reactor or an
accelerator driven neutron source, and the number of
such facilities in the world is rather limited. Also true
is the number of instruments at such facilities. As a
result, getting machine time of one of such instruments
is generally limited; often they are oversubscribed by a
factor of three or more. Also, there is a kind of preju-
dice that neutron scattering is a technique only for se-
lected researchers or simply many researchers or engi-
neers do not know what neutrons can do and the way
to access one of these facilities.

We are now developing compact focusing small-an-
gle neutron scattering instruments (mini focusing
SANS, mfSANS), where many of such modules can be
installed at beamlines at a large facility. If it becomes
available, opportunities to use SANS instruments would

Fig. 1: An ellipsoidal mirror with 2.5 Qc supermirror coating.
The major radius of the ellipsoid is 1250 mm and minor
radius was 20 mm. The overall length of the mirror was

900 mm and only about 1/6 of the circle is covered.
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become extremely high, or one can perform a high-pro-
file experiment that requires very long machine time.
In the latter case, one can perform parallel measure-
ments using many of such instrument modules.

By using a neutron-focusing mirror, like the ellipsoi-
dal mirror we are developing, we can make very com-
pact SANS instruments that suit the above purposes,
in total length of 2 to 4 m. Also the performance of
such instruments should be nearly the same as one of
the conventional pinhole SANS instruments (PH-
SANS) in theory, if we could make the sample size the
same. The goal of this S-type project is to develop
mfSANS instruments suitable to install many of such
instruments at one of the J-PARC beamlines. To real-
ize the purpose, we need to develop three main compo-
nents. Focusing mirrors, a beam branching technique
and detectors suitable to focusing instruments.

For the mirror, we are now testing an ellipsoidal
mirror at the JRR-3 research reactor of Japan Atomic
Energy Agency (JAEA), which is shown in Fig. 1. Al-
though the surface finish of the mirror was worse than
planned because of the machine trouble when fabricat-
ing the mirror, the performance of it was acceptable.
We could successfully measure SANS in a steel sample
that has nanoscopic structures in it as shown in Fig. 2.

We are also developing a Kirkpatrick-Baez (KB)
type focusing mirror using the Hokkaido University
electron linac based pulsed cold neutron source (HUNS).
We used conventional 2 Q. supermirrors on float-glass
substrates and push them gently against precisely ma-
chined frames to form elliptical surfaces. We used two
different focal lengths to form the KB mirror arrange-
ment, 1.7m for vertical mirror and 1.05m for horizontal
one. We successfully obtained a focused beam as shown
in Fig. 3 and SANS in an iron nano powder sample.

Beam bending device is the most difficult one to
develop of all the necessary components. Since J-
PARC is a pulsed cold neutron source, it would be



KENS REPORT XVII

Fig. 2: Steel sample that have nano-precipitates and without
them. A 0.5 T magnetic field was applied to the sample
to separate magnetic and chemical component of the
scattering. The red curve below 0.3 nm™ shows low-Q
part of the scattering obtained by mfSANS at JRR-3
and the Q-range 0.4 to 5 nm™ by the intermediate-angle
detector bank of it. The black curve shows the SANS
measured by the SANS-J instrument at JRR-3. Both
data are consistent. The lower curve and markers show
scattering from steel sample without nano-precipitate.
The green curve below 0.3 nm™ shows data obtained by
low angle detector bank (RPMT detector) of the mf-
SANS and green markers by intermediate-angle one.
Also shown is a scattering obtained by SANS-J.

better to be able to measure Bragg scattering as well as
usual SANS. Also the incident neutron spectrum has
a peak at around k; = 0.25 nm™ (A = 0.25 nm) in the
wavenumber presentation, therefore it is desirable to
use neutrons from the wavelength close to it. On the
other hand, we need to bend a beamline by about 0.1
rad to branch and place an mfSANS module along the
main beamline with acceptable transmission efficiency.
If we limit the smallest A\ to 0.6 nm, it is feasible by
using a bender, but it is almost impossible to transport
neutrons close to 0.25 nm. Anyway, the only way to
accomplish this seems to us to use a stack of silicone
wafers of 0.1-0.2 mm thick with nickel coating on them.
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Fig. 3: Image of the focused beam using a KB mirror setup. The
incident beam size of the slits were 2mm, both for verti-
cal and horizontal directions.

Fortunately, we are developing a bent perfect silicone
crystal monochromator using a stack of silicone wafers
of 0.5 mm, and the same technology would be applica-
ble to develop a bender device. We successfully develop
a way of bending wafers that have 120 mm in length to
the radius of 700 mm, result in 0.17 rad bending.

We are now using a ZnS scintillation detector cou-
pled with a 5 inch position sensitive photomultiplier
tube (Hamamatsu photonics K.K. made R3292). The
whole system together with a data acquisition electron-
ics based on VME modules and National Instruments
Corporation made LabView based control software can
be obtained from Japan Neutron Optics Inc. It is a
very convenient system, with the position resolution of
less than 1 mm, count rate of 17 kpps at 10% dead
time, but detecting efficiency is not so high, about
20%.

We are now developing a new type of micro strip
gas counter (MMSGC), which should have higher de-
tecting efficiency, higher counting rate, but slightly
worse position resolution of about 2mm.
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1. Motivation

At KENS, we had developed TOF neutron powder
diffractometers (NPD’s), Vega [1] and Sirius [2,3], with
the best resolution of Ad/d = 0.3 % and 0.15 %, re-
spectively, at backward detectors bank. Total flight
paths of Vega and Sirius were 20 m and 40 m, respec-
tively. Sirius was the world first TOF NPD with a long
supermirror guide tube. Both Vega and Sirius had
been operated until the KENS shutdown in 2006.

There are variety of demands for neutron powder
diffractometers such as better resolution, more intensity
(small samples and/or short time measurement) and
wide @ range, etc.[4, 5]. In situ measurements under
various sample environments are strongly required for
the application of NPD. Motivated by the require-
ments, three NPD’s with different resolution and inten-
sity, SuperHRPD (Super high resolution powder dif-
fractometer), iMATERIA (Ibaraki materials design
diffractometer) and NOVA (High intensity total scat-
tering diffractometr), were planned in the beginning of
J-PARC. Special purpose NPD’s, Takumi (Engineer-
ing diffractometer), PLANET (High pressure diffrac-
tometer) and SPICA (Special environment diffractom-
eter) were also proposed. PLANET is under commis-
sioning, SPICA will accept neutron beam in December,
2011, and the four others are in operation. Here we
describe SuperHRPD.

SR powder diffractometers (SR-XRD) and ad-
vanced analysis methods have developed rapidly in the
past 10 years. In SR-XRD, the use of high luminosity
and short wavelength X-ray as well as high resolution
results in the best statistic data and well-resolved
structure factors with wide @ range of measurements.
Advanced analysis methods like the maximum entropy
method enables us to extract structural information
from tiny changes in diffraction patterns. The combi-
nation of high resolution and ab initio structural calcu-
lation opens new opportunity in pharmaceuticals devel-
opment. The newly developed functional materials as
the results of nano-science tend to have large unit cell
volumes which can be fully solved only by high resolu-
tion powder diffractometers. The advanced analyses
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realized or will be realized in SR-XRD are in most
cases applicable to NPD data, but the limited statistics
and the instrumental resolution of most existing instru-
ments impede the breakthrough of NPD. This confine-
ment would be expected to be removed in NPD’s at
advanced facilities. Then, we proposed and developed
a high-resolution powder diffractometer with Ad/d =
0.03 %, which is compatible with that of the best SR
diffractometer.

2. Design and Construction of SuperHRPD

2.1 Moderator

The lower repetition rate of J-PARC (25Hz) than
that of ISIS T'S-I (50 Hz) and SNS (60 Hz) is advanta-
geous for NPD because a wide dynamical range is at-
tainable with limited loss of neutrons. To widen further
the wavelength range of SuperHRPD at BLO0S, the
shorter flight path is preferable than, for example, 100
m of ISIS-HRPD, which requires development of a high
resolution moderator [4]. The high resolution modera-
tor is also requested to satisfy, for accurate crystal
structure analyses, the symmetrical pulses with less
tails. We have chosen a decoupled poisoned hydrogen
moderator; hydrogen moderator is better than water
moderator at energy region lower than 100 meV be-
cause narrow & symmetrical pulse region extends to
longer-wavelength range. Demands on S/N above 100
meV to be better than 1.5 - 2 order lead to the pre-
ferred decoupling energy of 1 eV with Ag-In-Cd alloy
(AIC) [4, 6, 7]. As for the poisoning material, on the
other hand, the choice of Cd results in the shift of sym-
metrical region to the shorter wavelength region, and
narrower and more symmetrical At at A > 1 A will be
attained by selecting 20 mm depth in average (25 mm
at the deepest). Although poisoning energy is larger in
Cd, peak intensity is not so different. Detailed com-
parison between designed performance and experimen-
tal results is being examined.

2.2 Beamline design € suppermirror guide
SuperHRPD consists of tapered iron collimators in
biological shields, 82.6 m supermirror guide tube with
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Fig. 1: Calculated specification for MLF moderators. For high
resolution realization, we selected a thin poisoned de-
coupled moderator.

m = 3 starting at 7.145 m, disk choppers, beamline
monitors, slits, a sample chamber with the sample posi-
tion at 94.2 m, detectors, various neutron shields and
beamstop. To install this long flight path instrument,
the construction of a beamline building (MLF Su-
perHRPD BL building) with 4 m (H) x 3 m (W) x 50
m (L) and a SuperHRPD experimental hall (MLF Su-
perHRPD building) with 7m (H) x 10 m (W) x 13 m
(L) were started in July and completed by the end of
December, 2007 (Fig. 2). The design, installation and
alignment of the guide tube system were carefully exe-
cuted because of an expected ground settlement and
earthquake. It is noted elliptical guide was examined
but not adopted because the unequal sinking might
deteriorate neutron transmission.

The supermirror guide tube is composed of a 31.245
m curved guide part (5.55 m, 1.695 m plus 24.0 m with
0.11 m gap for the second disk chopper at 12.75 m)
with a cross section of 25 mm (W) x 75 mm (H), and
51.4 m straight guide part with a cross section of 25
mm (W) x 55 mm (H) between the instrument and the
moderator. The radius of curvature of the curved part
is 5 km. Here, the guide tube cross sections are differ-
ent to minimize the effect of unequal subsidence of the
MLF main building and that of the beamline building:
with the present guide tube design, 10 % loss of inten-
sity at most by the 10 mm difference in height due to
subsidence [8]. We also envisioned that unequal floor
sinking might complicate the guide-tube re-alignment.
Then we minimized the number of pedestals connect-
ing guide tubes and the floor; three units of guide tubes
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Fig. 2: The east building for BL0O8 (SuperHRPD).

(typically one unit is 2 m) were located inside a metal
jacket with 6 m length, which is placed on a long steel
rail. The rail is connected with the floor with small
number of pedestals. In principle, we only have to ad-
just 5 pedestals in 80 m guide tube when re-align-

ment.

2.8 Disk choppers

The flight path as long as 100 m causes overlap of
pulsed neutron. Under 25Hz operation, only the wave-
length window of about 1.6 A can be utilized. There-
fore, in SuperHRPD, 5Hz mode of 1/5 thinned-out
operation is adopted to be the basic TOF duration,
resulting in the wavelength window of about 8.0 A.
SuperHRPD can realize various operation modes by
the combination of three disk choppers (DC’s) located
at two positions. The three disk choppers were de-
signed so as to prevent frame overlap and to utilize the
wide wavelength; DC1 is at 7.1 m with an opening an-
gle of 31.2°, and DC2 and DC3 are at 12.75 m with
94.9°. DC2 and DC3 are usually counter rotating to
speed up beam opening and closing.

2.4 Construction

We proceeded with the construction project of Su-
perHRPD in two phases because initial budget was
limited while early start up of the general user program
was requested. We decided to utilize recycled compo-
nents from both Vega and Sirius in “Phase-I”, and
gradually to replace them with new ones. In the “Phase-
I”, we concentrated on beamline components including
guide tubes, shielding, choppers, etc. and started up
quickly by using a vacuum chamber of Sirius, and *He
position sensitive detectors (PSD’s) and electronics of
both Sirius and Vega.
naces and an automatic sample changer with 10 sam-
ples were also recycled.

In the “Phase-I1”, after the careful R&D studies on
large thin windows of a vacuum chamber (Fig. 3), we
constructed a new SuperHRPD chamber and replaced

Close-cycle-refrigerators, fur-

the Sirius chamber with the new one in summer of 2009
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(Fig. 4). The new chamber was developed so as to
improve S/N and to achieve better resolution as well as
intensity. During the process of the R&D studies on
large thin windows of the vacuum chamber and manu-
facture of whole chambers, we tried to develop local
industries in Ibaraki prefecture. A small and medium-
sized enterprise group, JSS (the J-PARC Support
Study Group), in Ibaraki prefecture was organized and
devoted to develop the chamber. The new chamber
consists of a vacuum sample chamber with capacity of
about 1 m®, and gas-filled scattering banks around it.
In the design concept of a new chamber, a detector
solid angle was increased, d-range / ()-range was ex-
panded, and also choices of high-intensity mode and
high resolution mode were implemented by varying in-
cident collimations. To cover this large detector solid
angle, about 1500 one-dimensional *He PSD’s of 1/2
inch in diameter can be installed in the backward bank,
90 degree bank, and low-angle bank; at present, 320,
192 and 192 PSD’s are installed, respectively. In fu-
ture, high resolution detector will replace parts of de-
tectors in the backward bank. The ‘on-beam commis-
sioning’ of all detectors at the new SuperHRPD was
completed in autumn, 2009, and general user program
restarted with this new chamber. Instrumental param-
eters are shown in Table I.

2.5 Sample environment

The setup of the auto sample changer for 10 samples
is completed and its control system has been linked

Table I: Instrumental parameters for SuperHRPD.

Moderator Poisoned decoupled hydrogen
moderator
Primary flight path L, 94.2m
Curved guide 31.245 m (m = 3, r = 5 km)
Straight guide 51.4m (m = 3)

Position for disk choppers 7.1 m (single), 12.75 m (double)
backward bank

20 150° < 26 < 175°
L, 20-23m
d-range 0.3-4.0A
Best Resolution Ad/d 0.035%

at 20 =~ 172°
90 degree bank

20 60° < 20 < 120°
L, 2.0-2.3m
d-range 0.4-75A
Resolution Ad/d 0.4-07%
low-angle bank
20 10° < 26 < 40°
L, 2.0-4.5m
d-range 0.6 -45 A
Resolution Ad/d 0.7-3.0%

L, is the scattered flight path.
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Fig. 3: R&D studies on large thin windows of the vacuum
chamber. In order to increase a detector solid angle, a
thin window was directly screwed with many bolts.

Fig. 4: A photograph (upper figure) and a 3D illustration (low-
er figure) of the new SuperHRPD chamber, which was
installed in summer of 2009. About 1500 PSD detec-
tors can be installed in SuperHRPD diffractometer.

with the data acquisition system. Then, the usual room
temperature measurements are fully automated. Low

25
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temperature measurement environments are also ad-
vanced, and the setup of two cryostats is progressing
now; a 5K refrigerator under operation will be con-
nected with the new data collection system soon and a
The high
temperature measurement using a vanadium electric
furnace is also available up to 1000 °C. In the future,
installations of other sample environment such as a

1 K refrigerator will be introduced soon.

high field magnet, etc. are planned.

3. Commissioning of SuperHRPD

The first powder diffraction pattern at J-PARC for
an iron steel block (both a-Fe and v-Fe is included)
was recorded on May 31 with 500 shots of neutrons
(0.2kW, 25 min.). Although optimization of a beam
slit system was not complete, the Bragg peaks of a-
phase and «y-phase can be clearly separated (Fig. 5).

June 21, 2008, we had succeeded in achieving the
best resolution among all NPD in the world, and a part
of detector had achieved Ad/d = 0.035 %. Fig. 6 shows
a comparison of two Bragg peaks measured by Su-
perHRPD and the Sirius diffractometer at KENS; the
FWHM shows a three-fold improvement in SuperHRPD
and the tails of the Bragg peaks observed in Sirius were
not observed in SuperHRPD, resulting in a 10-fold im-
provement in the 1/10-width with very symmetrical
peak profile. This success was achieved by the long-
term R&D work for the high resolution decoupled poi-
soned moderator by the moderator group to attain the
desired resolution within the 100 m flight path. This
characteristic is very effective for both precise crystal
structure analyses of complicated materials with large
unit cells and the detection of tiny structural distor-
It is emphasized that development of the high
resolution moderator with less tails in profile is success-
ful.

The comparison between Si single crystal data and
simulation result is carried out and the result is shown
in Fig. 7. This simulation was calculated using Monte
Carlo simulation code McStas[9]. These peak profiles
have been reproduced to reflect the simulation results
for each wavelength region.

We measured some sealed standard samples filled
with powder to check the “time focusing” procedure, as
well as to verify the capability of SuperHRPD as a high
resolution NPD. In Fig. 8, the diffraction pattern of Si
powder (NIST SRM 640c) and its Rietveld analysis
result with Z-Rietveld [10] is shown. Z-Rietveld is Ri-
etveld analysis software and one of the powder diffrac-
tion data analysis software suits, Z-Code, which had
been developed by us. As the result, an excellent fit-
ting was obtained, and the chi-square value of the fit-
ting was as low as 1.30.

Although we are still using old PSDs of the Sirius
diffractometer with the 1 cm pixel size, it is worth to
evaluate the present resolution in the high resolution

tions.
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Fig. 5: The first diffraction pattern at J-PARC/MLF: iron steel
block.

Fig. 6: The 400 reflection of Si measured by SuperHRPD. For
accurate crystal structure analyses, the symmetrical
pulses with less tails are quite important.
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Fig. 8 Rietveld analysis result of Si powder using Z-Code.

mode with the diamond powder sample. Fig. 9 shows
a detector area dependence of the resolution. It was
shown that the resolution Ad/d better than 0.06 % was
realizable by limiting the detector area as well as using
sample holder of diameter 3 mm.

4. Conclusion

We have completed the construction of SuperHRPD
and started user programs. While the development
including the introduction of various sample environ-
ments such as a 1K cryostat and a high-field magnet
are still on going, we have started to utilize SuperHRPD
in order to detect tiny structural changes which are not
detectable with conventional NPD.
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1. Overview of FY2010 where,

Q = 4m sin 6/, (2)

In FY2010, evaluation of instrument performance of

the High Intensity Total diffractometer (NOVA) at It is essential to measure S(Q)in a wide @Q-range
BL21 was progressed. Addition to instrument compo- since the r -resolution of g(r)is inverse-proportional to
nents of TO chopper, Fermi chopper, in-situ sample Qmazx. Therefore, smaller \,,;, is desired for total dif-
environments such as hydrogen gas atmosphere, vana- fractometers. This is the reason why total scattering
dium foil heater had been tested on NOVA. By per- technique has been developed at pulsed neutron facili-
forming neutron diffraction of various samples includ- ties and recently at third generation synchrotron sourc-
ing liquids and amorphous, reliabilities of hardware and es.
software have been confirmed. Since it was confirmed Hydrogen absorption and desorption cause struc-
that one-second measurement is feasible, NOVA is ex- tural changes of host material such as large distortion

pected to be powerful diffractometer for time-transient of lattice (~30%), phase transition and amorphization.
phenomena. Besides these commissioning, hydrogen Even in crystalline hydrogen storage materials, order
storage materials studies were started on NOVA and and disorder structure coexists.

general user experiments were performed in F'Y2010. To adapt neutron total scattering to hydrogen stor-
age materials, a neutron total diffractometer, NOVA,
2. Design concepts of NOVA was constructed at J-PARC to observe hydrogen stor-
age materials. It is aimed to extract of variety of struc-
Total scattering is a technique that had been devel- tural information such as hydrogen-hydrogen correla-
oped for liquid and amorphous materials studies [1, 2] tion even in disordered phase. One of the most promi-
and is now widely used to observe non-crystalline fea- nent features of NOVA is the ability to analyze
tures in variety materials including crystalline [3]. To-  structures of amorphous and liquids structure as well
tal scattering instruments measure static structure fac- as crystalline structure.
tor, S(Q), in wide-@Q and real-space pair correlation NOVA was constructed at J-PARC to observe hy-
function, g(r), will be obtained by Fourier transforma- drogen storage materials. As a total diffractometer,
tion of S(Q). This is one of the technique to analyze NOVA covers a wide momentum transfer range, 0.01
every atomic correlation. A < @ <100 A in one measurement by utiolizing a

1 Omaz wide neutron wavelength, 0.12 A <A<83Aanda
g(r)=1+ 52 / Q(S(Q)-1)sin(Qr)dQ (1)  wide detector angle range, 0.7 deg < 6 < 170 deg. This
wpr

min
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wide- @ measurement ability is also useful for meso-
structure and nearest atomic correlation simultaneous-
ly. NOVA consists of 5 detector banks as depicted in
Fig. 1. To utilize short wavelength neutron effectively,
shortest moderator to sample distance (L1) was chosen
as 15 m by taking account the thickness of neutron
shields (iron and concrete) and spaces for beam line
devices such as disk chopper for longer-wavelength neu-
tron elimination and TO chopper for bast neutron elimi-
nation. The decoupled moderator (supercritical H,) was
chosen because the neutron pulse width was sufficient
to realize better than 0.5 % resolution at back scatter-
ing bank with the short L1. Since it is actually shortest
as powder diffractometer at J-PARC, NOVA can be
recognized as very intense powder diffractometer.
Based on the high neutron flux of J-PARC, real-time
observation of non-equilibrium state is feasible. The
designed resolution of NOVA were listed in Table 1.

Fig. 1: Five detector banks of NOVA.

3. Commissioning of NOVA

3.1. Data Acquisition System

Detector acquisition of NOVA is neutron-capture
event data recording as well as other instruments at
MLF [4]. For 900 *He position sensitive neutron detec-
tors, conversion parameters to obtain positions in de-
tectors from pulse hight had been optimized. Each
detector tube (1/2 inch in diameter and 300 mm of ef-
fective length) contains 20 bar *He gas. A gas electron
multiplier (GEM) detector had been developed as inci-
dent neutron monitor of NOVA [5]. It is a two dimen-
sional position sensitive detector with Boron converter
and very high counting rate of ~1 MHz. At sample
position of NOVA, neutron flux will be 5 x 10® neutron/
sec. The efficiency of the GEM monitor was chosen as
0.1% therefore it can count the neutron flux with mini-
mum loss of statistics. High statistics of incident neu-
tron wavelength dependenth Ij(\) is important to cor-
rect one of the wavelength dependent factor. The sta-
bility of GEM monitor is now confirming under actual
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usage conditions. Addition to the incident monitor,
GEM monitor for transmitted neutron was fabricated
in 2010 and installed downstream of small-angle neu-
tron detector.

3.2. Data Reduction

Reduction of measured event data is as follows.
Based on data analysis framework of MLF (Manyo-lib)
[6], software for S(Q)has been developed.

1. Histograming: Conversion from event data to
Time- Of-Flight histogram

2. Pixel merging: Merging of pixel that resolution
and Q(d) range are equivalent.

3. Correction: Wavelength dependent factors, delay
time of neutron production, multiple scattering,
incoherent scattering cross section and back-
ground.

4. Merging: Merging of all spectra to one S(Q).

Addition to those basic reduction, self-term correction

will be developed. Also, easy-to-use histograming soft-

ware, which can optimize TOF bin size and pixel size
according to statistical accuracy, is under consider-
ation.

3.3. Choppers for neutron beam control

TO chopper and Fermi chopper were fabricated in
2009 and commissioned in 2010. Figure 2 shows chop-
pers of NOVA. From upper side of the picture, i.e.
from near side to neutron moderator, disk chopper, Fe
collimeter, TO chopper and Fermi chopper can be seen.
Except the Fermi chopper, these devices are used for
reducing background of *He detectors. The Fermi chop-
per is optionally used for inelastic experiment at NOVA.

Fig. 2: Choppers of NOVA. From the top (near to the neutron-
source), disk chopper, T0 chopper and Fermi chopper.
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Fig. 3: Phasing test of TO chopper.

Fig. 4: Resolution of bs-bank.

TO chopper consists of 30 cm thickness inconel blade to
prevent bast neutron going to downstream. To achieve
100 A', shortest wavelength of neutron is 0.12 A.
Shorter wavelength than 0.12 Amay penetrate into
shields and come to neutron detector after moderation.
It is background for neutron diffraction but the most
efficient way is to eliminate at upper stream of the in-
strument. Figure 3 shows the result of phase optimiza-
tion of TO chopper. By choosing 500 usec for the delay
time, TO chopper eliminate bast neutron nicely. Inelas-
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Fig. 5: Resolution of bs bank.Triangles: Si (311), recangles:Si
(220) peaks, circles:Si (111).

Fig. 6: Resolution of 90-deg. bank. Triangles: Si (311), recan-
gles: Si (220) peaks, circles:Si (111).

tic experiment with the Fermi chopper was also per-
formed. Since the event data recording system of data
acquisition had been adapted at MLF, multi-Ei mea-
surement is also available on NOVA. It is able to use
multiple incident neutron energy for inelastic measure-
ment with a phasing parameter optimized for one inci-
dent energy. By using softwares developed by chopper
group of MLF, recoil effect of hydrogen containing ma-
terials will be examined. This is aiming at establishing
self-term correction of S(Q)for hydrogenous materials.

3.4. Resolution and Intensity of NOVA

The resolution of NOVA was checked by a standard
sample (NIST Si powder 640C). Firstly, every event
data assigned its detected position and based on the
position, Lsinf calculated and d-space value.

3.956¢

4= eind

®3)
where, d is d-spcae (A), t is time-of-flight (usec), L is
total neutron flight pass length (m) and 20 is scattering
angle (radian). Then all the event were plotted d-space
vs. Lsinf. A result of the back scattering bank of this
procedure was depicted in Fig. 4. At each Lsinf value,
Ad/d values were estimated by fitting with Gaussian
(Fig. 5 and Fig. 6). While Ad/d of 90-deg bank is
consistent with designed value, Ad/d of back-scatter-
ing bank is larger than the designed value in Table 1.
This inconsistency might be caused by pixel merging
process.
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Fig. 7: Wide Q-range measurement of NOVA.

3.5. Q-range

Figure 7 depicted the measured scattering profile of
a standard sample (NIST, mica). In this case, pixels of
each detector bank were merged into one profile in d-
space by similar way as time-focusing: one nominal
pixel was chosen to fix d-space (x-axis). This is the
reason why @Q-ranges of each bank are narrower than
the values in Table 1.
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Fig. 8: High-Q measurement of silica glass on NOVA. Solid line
shows the calculated result with eq. 4

3.6. Accuracy at high Q-range

Statistical accuracy at high Q-range is crucial since
it directory affects g(r). This is clear because Q is
multiplied to (S(Q)-1) (Eq. 1: ). In Fig. 8, @ (S(Q)-1)
of silica glass (SiO,) was depicted as well as calculation
of Si-O partial correlation. Based on Eq. 4, the coordi-
nation number of Oxygen around Silicon and Si-O dis-
tance were decided as 3.85 and 1.605 A, respectively.
This is consistent with most reliable data obtained by
ISIS-LAD diffractometer (the coordination number is
3.85, the distance is 1.608 A) Also, the data of NOVA
is quite consistent to calculated curves of Si-O correla-
tion upto 60 A ', This means NOVA is the best dif-
fractometer to measure high-(Q range.

RIS(Q)-1) =
bgib sin(rg0Q) Q*Py,
2cgico <bb>02 Nsio T;OO exp ( % (4)

Table 1: Resolution of each detector bank of NOVA. L2 corresponds to sample to detector distance.

o

Detector bank 20 [deg] L2 [m] Q-resolution [%] Q-range [A']
(d-range [A])

small-angle 10 ~ 20 4 7 0.01 ~ 8
(4 ~ 50) (0.8 ~ 628)

20-deg 12.6 ~ 28 2.8~ 3.0 2.5 0.2 ~ 26

(1.7 ~ 3.9) (0.2 ~ 31)

45-deg 33 ~ 57 1.7~ 1.9 1.2 0.4 ~ 50
(0.9 ~ 1.5) (0.1 ~ 16)

90-deg 72 ~ 108 1.2~ 1.3 0.6 1~ 82

(0.5 ~ 0.7) (0.08 ~ 6.3)

back-scattering 135 ~ 170 1.0~ 14 0.3 1.4 ~ 100
(0.3 ~ 0.35) (0.06 ~ 4.5)
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Fig. 10: Rietveld refinement of Si measured by 90-deg bank:
observed (cross), calculated (line), and residual (line
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3.7. Rietveld refinement

Figure 9 and 10 show measured diffraction profile of
Si (NIST Standard Reference Material 640d) in linear
scale. The neutron diffraction profile is normalized by
the profiles of vanadium standard sample, cell, and
background. Rietveld refinement result with “ZRiet-
veld” code [7]: observed (cross), calculated (line), and
residual (line below vertical bars) diffraction profiles.
Bragg-reflection positions are shown for Si. Statistical
reliability factors based on the Bragg intensities, Rjp,
and the structure factor, Ry, of back-scattering and 90
deg bank were 0.62% and 0.65%, 2.40% and 1.98%,
respectively.

3.8. Structure of liquid
3.8.1. Structure of THF

Investigation of structure of tetrahydrofuran (THF)-
water (10 mol% THF) solution was started on NOVA.
Hydrogenous liquids are most difficult cases to obtain
reliable S(Q)because of its large self-term effect. null-
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Fig. 11: Partial pair correlation function of THF. This shows
atomic arrangement around hydrogen atom.

H,0 (H,0:D,0=64:36, by, = 0) method was applied
to correct the self-term effect. Isotopic substitution
was applied to resolve partial correlation function, g(r).
In this case, only 20-deg bank was used to analyze.
Figure 11 shows the resulted partial g(r). The first
three peaks at 1.09 A, 1.72 A and 2.20 A are corre-
sponding to intra molecular H-C, H---H, and H---C &
H---O correlations, respectively. It was confirmed that
null-H,O method was appropriately correct the self-
term effect.

Besides the partial g(r), structural modeling with
Empirical Potential Structure Refinement (EPSR) was
started. By this modeling, spatial coordinates of each
atom can be obtained and snap shots can be drawn as
depicted in Fig. 12. Aggregation of THF molecules
were observed and it was found that concentration fluc-
tuation exists consequently. Water molecules are main-
ly located around oxygen atom of THF. These are
consistent with previously reported results of pure-THF
liquid and 23 mol% THF solution.

3.8.2. Structure of propanol-solution

To establish meso-scale structure analysis on NOVA,
propanol water solution was chosen as a model sample.
This system already investigated by Misawa with “corse
graining” Reverse Monte-Carlo (RMC) method and by
combining quasi-elastic scattering measurement, he
suggested the existing of nearest and secondary nearest
water molecules around propanol. This model explains
peculiar partial molar volume of the system. However,
orientation of water molecules are unknown which is
important to understand its hydrophobic hydration
mechanism. Introduction of quasi-lattice algorithm en-
ables to reproduce longer distance fluctuations and
analysis of molecular orientation in the model. Fig. 13
shows orientation of water molecule obtained by adopt-
ing the algorithm. The algorithm is working properly
and analysis of propanol solutions are on-going.
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Fig. 12: Snap shot of THF obtained by EPSR method. Water
and THF molecules are described by wireframe model
and CPK model, respectively.

Fig. 13: Snap shot of water molecules obtained by Reverse
Monte Carlo method modified to reproduce molecular
orientation.

3.9. Pair Density Function of crystalline powder

For crystalline materials study, PDF measurement
is essential as a total diffractometer. PDF is defined as
follow.

G(r) = 4mrp(g(r) — 1)

Qmas (5)
=2 [ as@ - v sin@nda

Standard Silicon power was used to compare with LAN-
LNPDF instrument. Observed S(Q)on NOVA and
G(r)were depicted in Figures 14 and 15. Red line in
Fig. 15 is calculated G(r)with crystallographic param-
eter, i.e. averaged structure. G(r)obtained by NOVA is
consistent with the calculated one. To compare @
resolution effect, G(r)upto 200 A of NOVA and NPDF
were compared in Fig. 16 with almost same @Q,,.,. The
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Fig. 15: Obtained G(r)of standard silicon. Red line shows cal-
clated G (r)from crystalline parameters.

@ resolution inversely proportional to the longest ac-
cessible 7 value in G(r). At present, 90-deg bank was
used to obtain G(r)whereas NPDF uses back-scatter-
ing bank. In this case, the resolution of NOVA is about
6 times worse than NPDF’s one. Under this resolution
difference, G(r)is almost coincident below 50 A. Above
50 A, dumps of oscillation was seen but position of
peaks are almost consistent upto 200 A. This dumping
was caused by the resolution effect. Even the back-

scattering bank’s resolution is about 3 time worse than
NPDF’s one.

3.10. Sample Environments

Besides these high-performance of NOVA as a
highintensity neutron diffractometer, equipment’s for
hydrogen study has been fabricated and installed:

1. Sample exchanger which can load 10 samples,

2. Equipment for an in-situ experiment for H,/D,
gas atmosphere (max pressure is 10 MPa and
temperature range is 50K ~ 473K),

3. Furnace of vanadium foil heater (room tempera-

ture to 1373 K).
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3.10.1. Hydrogen gas atomosphere

An in-situ H,/D, gas equipment can control hydro-
gen content in hydrogen storage materials by hydrogen
gas pressure and temperature. In another words, the
phase of hydrogen storage materials can be fixed by the
pressure and the temperature. The equipment can
measure pressure-composition-temperature (PCT) dur-
ing neutron diffraction on NOVA. PCT curve at room
temp. of LaNi;-D, was measured by the in-situ environ-
ment on NOVA and confirmed that the curve is reason-
ably consisted with literature (Fig. 18). At three hy-
drogen composition pointed in Fig. 18, neutron diffrac-
tion were performed as shown in Fig. 19. According to
hydrogen content increasing, peak shift to longer dvalue
and new peaks were observed. As the sample cell,
single crystal sapphire was chosen and another mate-
rial will be tested in 2011.

3.10.2. Measurement of time-transient phenomena
A test measurement of time-transient phenomena on

NOVA. Increasing of temperature according to time,

the changing of diffraction pattern of Li"'BD, was suc-
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cessfully observed (Fig. 20). Li''BD, is hydrogen stor-
age and also shows super ionic conductivity at 108 de-
gree Celsius. The temperature of Li'"BD, was gradu-
ally changed during the measurement. Fig. 20 was
produced by plotting patterns every one minutes for 3
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Fig. 20: Time transient measurement of NOVA.

hrs measurement (14 hrs experiment). Time for slice
can be chosen flexibly after the experiment and it can
be varied. This is the sake of event mode recording
system of DAQ.

3.10.3. Inelastic measurement on NOVA

With Fermi chopper, inelastic scattering experiments
were performed on NOVA. Studies of incoherent-inelas-
tic corrections of hydrogen atoms will be progressed to
improve accuracy of hydrogen position information. It
is expected that full-scale research of hydrogen storage
materials will be starting soon.

4. Hydrogenous materials study

4.1. Structure analysis of AlDs

Aluminium trihydride (AlH;, alane) is of interest as
a possible hydrogen storage material because of its high
gravimetric and volumetric hydrogen densities (10.1
mass% and 149 kgH,/m® respectively) and its simple
hydrogen desorption reaction of AlH; to Al (AlH; — Al
+ 3/2H,) at 370 ~ 470K. Recently, it is revealed in-
situ microscopic observations and in-situ X-ray photo-
electron spectroscopy that AlH; particles (size 100 nm
~ 1 mm) are covered by Al,O; layer (thickness 3 ~ 5
nm) and, at room temperature, the hydrogen desorp-
tion reaction is prevented by the oxide layer on the
surface of AlHj; reaction begins only when the layer
breaks up by thermal volume expansion of the underly-
ing bulk AIH3;. The layer apparently forms after ther-
mal desorption of the solvated ether from AlH; ether-
ate, which is prepared by the following reaction between
LiAlH, and AICI; in ether solution.

— 4AIH, + n[(C,H),0] + 3LiCl
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Fig. 21: High-intensity (a) neutron diffraction profile of a-AlD;
and (b) X-ray diffraction profile of a- AlDj; in linear
scale. Rietveld refinement results: observed (cross),
calculated (line), and residual (line below vertical bars)
diffraction profiles. Tick marks show Bragg-reflection
positions of a-AlD3; and a-AlH;. Vertical enlargements
by 70 times of the diffraction profiles are shown in (c)
for (a) a-AlD;, and in (d) for (b) a-AlH;, respectively.
Positions except for a-AlD; and a-AlH; are shown by
dashed lines.

To obtain precise structural information regarding
the surface layer, we performed high-intensity neutron
diffraction measurements by NOVA at 120 kW and
Rietveld analysis of a-AlD; [8]. The diffraction pro-
files show small diffraction peaks in addition to the
peaks of a-AlD; in Fig. 21. These lattice spacing val-
ues for neutron and X-ray diffraction profiles are close
to those of x-Al,O; (corresponding to 101 ~ 107% of
the values in the literature). Therefore, the present
result suggests that x-Al,O; forms on the surface of
AlH; (A1D;) by desorption of solvated ether. Further-
more, the shortrange order (0.18 + 0.021 nm for Al-O;
0.28 4+ 0.058 nm for O-O; 0.32 £+ 0.055 nm for Al-Al)
of amorphous AlL,O; suggested by electron-energy-loss
spectroscopy (EELS) may be observed under diffrac-
tion peaks of the crystal structures in Fig. 21.

High-intensity (a) neutron diffraction profile of a-
AlD; and (b) X-ray diffraction profile of a-AlHj; in lin-
ear scale. Rietveld refinement results: observed (cross),
calculated (line), and residual (line below vertical bars)
diffraction profiles. Tick marks show Bragg-reflection
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positions of a-AlD; and a-AlH;. Vertical enlargements
by 70 times of the diffraction profiles are shown in (c)
for (a) a-AlD;, and in (d) for (b) a-AlH;, respectively.
Positions except for a-AlD; and a-AlH; are shown by
dashed lines.

4.2. Structure analysis of LiAl(ND,),

LiAl(ND,), also has high gravimetric and volumet-
ric hydrogen densities.
NH; is not clear and the structure becomes amorphous.
Because of the difficulty of synthesis of the sample,
total amount of the sample was limited to ~50 mg. It
was tried to obtain S(Q)with such small amount on
NOVA. As the result, S(Q)and G(r)was successfully
obtained (Fig. 22).

The decomposition process of

4.3. Phase separation of LaD, under high pressure

Phase separation of LaD, under high pressure, up to
17 GPa was observed. It was reported that rare earth
metal dihydride shows spontaneous two phase separa-
tion occurs [9]. These two phases are different in their
hydrogen density and it was expected that hydrogen
moves in the metal lattice during the phase separation.
By neutron scattering on NOVA, positions of hydrogen
(deuterium) were observed under the high pressure. A
Paris-Edinburgh cell had been chosen. The highest
pressere, 17 GPa, is the highest in Japanese neutron
facilities. It is necessary to reduce the sample volume
to achieve such high pressure: the volume is 15 mm?® at
17 GPa. Combining with synchrotron radiation results,
interesting results were obtained. Back ground reduc-
tion and high power of J-PARC (200 kW at this ex-
periment) realizes this success. The publication is in
preparation.
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Neutron spin echo (NSE) method is very powerful
tool to investigate slow dynamics. It was proposed by
F. Mezei [1] and is an essential spectrometer with very
high neutron energy resolution. New types of neutron
spin echo using Resonance Spin Flippers (RSFs) have
been developed which are called Modulated IntEnsity
of Zero Effort (MIEZE) and Neutron Resonance Spin
Echo (NRSE). The basic idea of MIEZE and NRSE
was proposed by R. Gahler and R. Golub [2,3].
NRSE, two RSFs replace a homogeneous static mag-
netic field for spin precession in the Mezei-type NSE
spectrometer. The RSF consists of a static magnetic
field and an oscillating magnetic field. The static field
is proportional to the frequency of the oscillating field.
The energy resolution of MIEZE and NRSE spectrom-
eter is proportional to the frequency of the oscillating
field (Fig. 1).

By using new type of RSF with iron yoke dipole
magnets, the strong static fields was realized and solves

In

problem of cooling and power consumption for RSF's as
well as reducing the material in the beam. MIEZE and
NRSE signals have been demonstrated with high fre-

Fig. 1: Schematic view and energy diagram of (a) MIEZE and
(b) NRSE spectrometer.
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quency at MINE1l port at JRR3 at JAEA [4]. At
MINEI1, we used monochromatic beam. Spin echo in-
struments have no principle limitation for type of the
neutron source, but so far all of them including classical
NSE have been installed at continuous neutron sources.
In classic type NSE and NRSE, the benefit of using a
pulsed neutron source is the same with conventional
neutron spectrometers: The combination of neutron
spin echo and time-of-flight (TOF) method makes it
possible to scan a wide dynamic range of Fourier times
at once. In order to maximize this benefit, a project
proposed by D. Richter et. al. and the installation of a
Mezei-type NSE spectrometer at the SNS, USA has
launched [5]. In parallel a project to develop MIEZE
and NRSE for pulsed neutron sources is under way in
Japan [6]. We call the MIEZE and NRSE spectrome-
ters ‘VIN ROSE’.

Like classic NSE, MIEZE spectrometers measure
the intermediate scattering function of samples and the
experimental arrangement is similar to those of TOF
spectrometers. Unlike classical NSE spectrometers, the
sample is placed after the analyzer in the MIEZE in-
struments and because of that there are no optical com-
ponents between the sample and the detector. This
enables the MIEZE spectrometer to measure small-
angle neutron scattering and neutron reflectometry
[7,8]. Even in case of magnetic scattering, the contrast
of MIEZE signal is not reduced, whereas the signal of
NSE and NRSE spectrometers becomes very small in
that case. We proposed a new MIEZE technique,
which involves inserting a second analyzer and an ad-
ditional n-flipper, that is able to distinguish between
the magnetic and nonmagnetic quasielastic scattering
intensities. Superparamagnetic fluctuations of magne-
tite particles in a ferrofluid were observed by using this
new technique [9]. It is possible to combine MIEZE
with a polarimetry analysis instrument. MIEZE signal
is measured as a function of time of flight which means
at a pulsed source that resolution function is scanned
every neutron pulse. This also means that a complete



KENS REPORT XVII

MIEZE measurement can be done with one neutron
pulse if neutron flux is strong enough. Actually, it will
be very difficult to do one pulse measurements even
with very high intensity sources like JSNS/J-PARC.
However, it is feasible to synchronize with the sample
environment (i.e. pulse magnetic field and laser excita-
tion). This method uses the benefit of pulse neutron
source and we expect to open new frontiers for investi-
gation of dynamics in material.

At first, we have installed a small MIEZE spectrom-
eter at the BLIO(NOBORU) at J-PARC and succeeded
in observing MIEZE signal and verified TOF-MIEZE
spectroscopy derived by us. NOBORU is very useful
port but there is narrow experimental space, and it is
very difficult to test the VIN ROSE with high resolu-
tion. As next step, fortunately, we installed MIEZE
spectrometer to BLO5(NOP) at J-PARC (Fig. 2).

Figure 3 shows 600kHz MIEZE signal with 7/2-7-
m-m/2 coil system at BLO5.
flipperswere iron yoke type and operatec with 300 and
600 kHz, respectively. The inset shows enlarged figure
of MIEZE signal from 13 to 13.02 ms and the period
was estimated to be about 1.6 us. MIEZE spectrome-
ter is ready to measure sample though we have to im-
prove the contrast.

It is possible for NRSE to get higher resolution than
MIEZE spectrometer if beam divergence effect is small.
Especially in NRSE spectrometer, divergent beam pro-

The first and second =

Fig. 2: The photograph of MIEZE spectrometer installed at
BL05(NOP) at MLF of J-PARC.

Fig. 3: The measured MIEZE signal with effective frequency of
600 kHz.
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Development of advanced neutron optical devices and Vlillage

Fig. 4: The photograph of m=4.6 supermirror sheet and the
measured reflectivity.

vides the deviation of the flight length, which makes
the phase difference between neutron spin states and
also decreases the contrast of the spin echo signals.
The flight length can be adjusted by using ellipsoidal
focusing mirrors. Recently, one of authors has founded
a fabricating method of neutron supermirror on flexible
sheet (Fig. 4)

Correction for beam divergence effect using 2D-fo-
cusing supermirrors has been numerical simulated.
The clear spin echo signal was calculated and neutron
intensity increased with the wide acceptance of beam
divergence [10]. We also have prepared shape adjust-
ing jig and start to make 2D focusing mirror for VIN
ROSE.
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1. Instrumentation

1.1 Upgrade of reflectometer

Neutron reflectometry (NR) is greatly valid for in-
vestigations on structures of surfaces and buried inter-
faces composed of soft materials. A beam line (BL) 16
in J-PARC/MLF is dedicated for a horizontal type
At BL16, two downward neu-
tron beams (2.22° and 5.71°) are transported from a
coupled hydrogen moderator to irradiate free surface
such as air/water interface. In order to realize neutron
reflectivity measurement with high flux neutron beam
at J-PARC/MLF as early as possible, we started to
accept the neutron beam with “ARISA-II” reflectom-
eter relocated from KENS facility in 2008. But the
background was very high because only minimum com-
ponents, that is, slits, sample stage, and detector, had
been installed at this time.

neutron reflectometer.

In 2009, a disk chopper was installed so as to sup-
press the background due to slow neutrons generated at
earlier pulses. To check the effect of this chopper, the
reflection from a standard Ni mirror with known film
thickness was observed with the incident angle of 0.6°.
As shown in Fig. 1, the background is drastically sup-
pressed by this chopper. In addition, a TO chopper to
cut fast neutrons, Ni/C mirror to cut further slow neu-
trons in 2010. Thanks to these components, observable
reflectivity reached around 107.

In January 2011, ARISA-II has been replaced with
a brand-new reflectometer because the vertical strokes
of the slits, sample and detector stages were too short
to receive both the two downward beam lines at BL16
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[1]. The novel reflectometer “SOFIA (SOFt-Interface
Analyzer)” started running from the end of January.
Figure 2 shows a drawing of SOFIA in the experimen-
tal hutch. SOFIA reutilizes the same T0 chopper, disk
chopper, Ni/C mirror, and 2-dimensional scintillation
detector (°LiF/ZnS) as ARISA-II. With the new slit,
sample, and detector stages, we can accept the 5.71°
beam line as well as the 2.22° beam line. This enables
us to measure NR over wide scattering vector (gq) re-
gion on free liquid surfaces. Also, the slit system can
finely collimate to irradiate an area of 10 mm square,

Fig. 1: TOF profiles of direct beam and reflection beam from
with and without disk chopper.
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Fig. 2: Side view of SOFIA reflectometer placed at BL16 in J-PARC/MLF.
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Fig. 3: NR profile of deuterated polystyrene (d-PS) thin film on
a Si substrate with a theoretical profile (red line).

typical sample size in the latest frontiers, with the an-
gular resolution of 3%.

To check the performance of SOFIA, we performed
NR measurement using a deuterated polystyrene (d-
PS) thin film spun-cast on a silicon substrate. Figure
3 shows the obtained NR profile. The NR profile was
well reproduced up to ¢ ~ 4.0 nm™ by a theoretical
curve considering a plausible scattering length density
of d-PS (6.46x10™" nm™) and thickness evaluated by
ellipsometery (98 nm). The typical duration times for
the specular reflectivity measurement with 3-inch di-
ameter substrates are follows.

- 5 minutes for Q<1 nm™ with deuterated film.

- 20 minutes for Q<2 nm™ with deuterated film.

- 1 hour for Q<4 nm™ with deuterated film.

- 2 hours for Q<2 nm™ with hydrogenated film.

Since SOFTA equips 2-dimensional detector, we can
simultaneously measure the off-specular reflection as
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Fig. 4: Reflectivity map of d-DPPC depending on the momen-
tum transfer in the direction of parallel (Q,) and normal
(Q.) to the substrate.

well as the specular reflection at the same time. For
the test measurement, we used a stacking of deuterated
dipalmitoylphosphatidyl- choline (d-DPPC) bilayers on
a Si wafer. According to literatures, this sample shows
the off-specular reflection due to the thermal undula-
tion of bilayers [2] as well as the surface roughness [3].
Figure 4 shows the reflectivity map depending on @,
and @,, the momentum transfer in the direction of par-
allel and normal to the substrate respectively. The
conversion was successfully performed and the streaks
due to the off-specular reflection extend in the direc-
tion of @), from the Bragg peaks of the bilayer stack-
ing.

1.2 Development of focusing mirror [4]
A grazing-incidence small-angle scattering (GISAS)
technique can observe in-plane nm-scale structure em-
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bedded in thin films or adsorbed at interfaces [5, 6]. In
practice, the number of GISAS study is, however, very
limited with neutrons, since it requires high flux and
high angular resolution for the incident beam. Thus,
GISAS measurements so far with neutron have been
conducted only on conventional small-angle neutron
scattering instruments with a long flight path at high-
intensity reactor sources [7-9]. To overcome this prob-
lem and realize a GISAS measurement on a pulsed
neutron reflectometer with SOFIA reflectometer, we
are developing focusing mirror system. By focusing
neutron beam on detector, we can obtain a small beam
spot with large beam divergence, that is, high density
neutron in real space. This enables us to perform
small-angle scattering measurement with a relatively
short length of about 2 m between the sample and de-
tector positions. Also, the mirror optics is suitable for
focusing pulsed neutrons with a broad wavelength band
due to no effect of chromatic aberration.

There are two possible ways to fabricate elliptically-
shaped cylindroid supermirrors. One is to fabricate a
substrate that has an elliptical surface by mechanical
polishing or chemical wet etching, followed by forma-
tion of a supermirror using sputtering technique. An-
other way is to start with a conventional supermirror
on a flat substrate and bend it accordingly. If this
bending method is accomplished, it is really cost effec-
tive compared with the former method. In this study,
the cylindroid supermirrors with an elliptical arc along
its long sides for vertical and horizontal beam focusing
are developed by physically bending the mirror pre-
pared on a flat substrate, and their focusing perfor-
mance was tested with ARISA-II.

The bending device is illustrated in Figure 5. It is
a channel made of an aluminum block, and two ends of
it have two parallel brims of 10 mm width, as shown in
the gray stripes in the figure, that had a shape of a part
of an elliptical arc with major and minor axes of 4,300
mm and 35.8 mm, respectively. The 2.5Q). supermirror
was put on the brims to form the focusing mirror sur-
face without imposing extra load such as screw tighten-
ing, to bend it following the elliptical shape only by its
weight, and its mirror-coated plane was set face down
to reflect the neutron downward. The maximum height
difference of the elliptical arc between the edge and
center of the device is as small as 120 pm over 250 mm
length.

The bent cylindroid mirror was arranged at the po-
sition of 2,150 mm, which is half of the designed focal
distance, 4,300 mm, of the cylindroid mirror, separat-
ing from the first slit on the ARISA-II beam line. Its
angle relative to the downward neutron beam of the
ARISA-IT was adjusted to be 0.24°, resulting in that
the reflected beam possesses about 2.7° as a downward
angle relative to the horizontal. Figure 6 compares
spatial distribution of the neutron intensity along the
vertical direction with and without the bent mirror. It
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Fig. 5: Illustration of a bending device. An elliptical arc was
prepared on the two parallel brims, shown in the gray
stripes, along the long sides.

Fig. 6: The spatial distribution of the neutron intensity along
the vertical direction with and without the bent mirror.

should be noted that the position of the direct beam
measured without the mirror was shifted in the figure
for ease in comparison. The opening width (S1) of the
first slit was set to 0.4 mm. As shown clearly in the
figure, the highly focused beam was obtained with the
bent cylindroid mirror even though the detector was
not strictly positioned at the exact focal position, that
is, 66 mm shorter than the exact focal distance, since a
sample stage of ARISA-II does not have enough space
to place the relatively large detector component at the
exact focal position. The peak intensity of the focused
neutron beam was almost 10 times higher than that
without the bent mirror. The full-width at half maxi-
mum (FWHM) of the focused beam was estimated to
be 0.9 mm, which is almost the same to a spatial reso-
lution of the detector, that is, about 1 mm.

To measure the beam size without the smearing ef-
fect of the detector, the second slit was placed at the
precise focal position, and the detector was set 276 mm
behind this second slit. The slit scan along the vertical
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Fig. 7. The FWHM values and their ratio to the opening width
(S1) of the first slit for the reflected beam as a function
of S1. The inset shows the spatial distribution of each
reflected beam.

direction was made for the second slit with the opening
width of 0.05 mm without moving the detector, to have
much better spatial resolution than the detector itself.
Figure 7 shows the variation in the FWHM values es-
timated from the spatial distribution of the reflected
beam, some of which are shown in the inset, and their
ratio to S1 with changing the opening width (S1) of the
first slit from 0.1 to 6.0 mm. When the S1 value is
larger than 1.6 mm, peak neutron intensity profiles
showed flat tops as shown in the inset, and FWHM
value increased with increasing the S1 value. On the
other hand, when the S1 value is smaller than 0.8 mm,
the peak intensity rapidly decreased without changing
the FWHM value much, that is, the ratio of FWHM to
S1 became abruptly larger than unity as shown in the
figure. This is attributed to that the elliptical shape of
the bent mirror is not precisely achieved as designed
enough to focus the neutron with the beam width less
than 0.8 mm.

After this measurement, we also try to focus neu-
tron in horizontal direction with the same mirror hold-
er. To erect a supermirror without unnecessary load, a
soft spongy material was used as a spacer between the
mirror and a lid of the holder. A test experiment was
performed at a cold neutron beam line in Hokkaido
University (HUNS), and almost the same focusing per-
formance can be achieved in horizontal direction too.

1.8 Development of He detector

A MicroStrip Gas Chamber (MSGC) has been in-
troduced by Oed [10]; however, this detector suffers
from discharges due to surface streamers and resulting
in poor gas gains. Recently, a new patterning approach
to this type of detector has been proposed which uti-
lizes a complicated electrode geometry on the surface of
the detector [11]. This new multi-grid type MSGC
(M-MSGQ) is equipped with intermediate grid elec-
trodes placed between the anode and the cathode. This
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Fig. 8: Illustration of a 2-D floating pad readout. An electrode
in green describes the top layer, and blue is the backside
layer. When avalanche occurs, ions are collected to the
nearest pad. At the same time, induced charge appears

in backside strips.

Fig. 9: CAD design layout of M-MSGC. Electrodes are curved
and smoothed in order to avoid the concentrated electric
field in the corner.

Fig. 10: The spatial distribution of the neutron beam with 1mm
collimated beam. So far, 1.8mm spatial resolution is
obtained with M-MSGC.

structure is useful for stabilizing the surface charge.
The intermediate grid electrodes also isolate the anode
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Fig. 11: NR and the corresponding volume fraction profiles of PMTAC brush (a), (b) at MWD (Mw/Mn = 1.20) and (c), (d) at
MWD (Mw/Mn = 2.00) in pure D,O with theoretical fitting curves (red line), respectively.

and the cathode and realize a favorable electric field for
avoiding the surface streamer development. The multi-
grid type MSGC can offer very narrow gap between
neighboring electrodes that might reduce a surface
charge effect considerably. The present MSGC may be
applied to the field where both the high gain and the
stable operation required. A new large size multi-grid-
type *He MSGC (M-MSGC) has been designed and
fabricated for SOFIA reflectometer.

Here a new double layered new M-MSGC, which
made out of two layers of glass material which enables
2-dimensional (100x100mm?® size) position readout is
described. In the top layer, MSGC made out of very
thin glass material with floating pad electrode pattern
is layered. These floating pads are placed close to the
cathode strip in MSGC on the surface of the M-MSGC
and induced charges are read out via the pads. In the
multi-grid-type MSGC, 3 grid electrodes are inserted
between narrow anode strips and wide cathode strips.
The role of grid electrodes is to virtually reduce the
surface resistance and to stabilize the electric field.
This MSGC is made out of thin glass plate (0.3mm
thick) and patterned with oxide chromium material.
The layout of the MSGC is shown in Fig. 8 and Fig. 9.
Floating pads are placed close to the cathode strip on
the surface of the M-MSGC and induced charges are
read out via the pads. Since the area of pads is suffi-
ciently large and the positive charges are moving to-
ward the pads, backside electrodes can sense the in-
duced charge. Collected charges on the pads are leaked
through the surface resistivity. The basic experiment
has been performed at ARISA-II, and the read out of
the position along the both layer is successfully ensured
(Fig. 10). We gained 1.8mm spatial resolution in FWHM.
Now 200x200mm? size in fabricating process.
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2. Scientific topics

2.1 Chain dimension of polyelectrolyte brush with
heterogeneous chain length in water

Polymer brush, which is a polymer layer with an
end tethered on solid substrate, has swollen structure
in a good solvent, and its chain dimension largely af-
fects physical characteristics such as adhesion, anti-
fouling effect etc. Chain dimensions of polymer brush-
es with homogeneous chain length can be predicted
theoretically and also confirmed by NR measurements
[12, 13]. However, chain dimensions with heteroge-
neous chain length have not been confirmed experi-
mentally, while the theoretical prediction was submit-
ted [14].

Here, we examined polyelectrolyte brushes, poly [2-
(methacryloyloxy) ethyltrimethylammonium chloride]
(PMTAC) brushes at different molecular weight distri-
butions (MWDs) (i) Mn = 76800 with Mw/Mn = 1.20,
(i) Mn = 111000 with Mw/Mn = 2.00, which were
prepared on silicon substrates by atomic transfer radi-
cal polymerization [15]. Figure 11 (a) and (b) represent
NR profiles of PMTAC brushes at the low and high
MWDs in pure D,O, respectively, and Figure 11 (c)
and (d) show the corresponding volume fraction ()
profiles along with distance from substrate (z) of the
brushes at low and high MWDs evaluated by fitting,
respectively. The volume fraction profile of PMTAC at
low MWD was well described by a theoretical equa-
tion, so-called “parabolic function” ®(z) = ®,[1-(z/h)?]
(®o = ®(0), ®(h) = 0), representing chain dimension or

expansion of polymer brush with uniform chain length
in a good solvent, which was derived from a self-consis-
tent field theory [12]. The layer thickness of the poly-
mer brush can be estimated to 53 nm from the value of
h, which was around triple of dry thickness (ca. 18 nm)
obtained by NR. These results indicated the PMTAC
brush had swollen structure in pure D,O as predicted
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by the theory.

On the other hand, in case of the PMTAC brush at
high MWD, the volume fraction profile was not repre-
sented by a parabolic function but exponential decay
function ®(z) = ®yexp(-[(z/h’)]) (Py = ®(0), ®(I’) =
1/e). The value of i’ assumed as a brush thickness was
ca. 36 nm. Since the dry thickness of the brush was ca.
22 nm, the brush in pure D,O was also in swollen
state.

The shift in the form of the volume fraction profiles
into the monotonous decay with increase of the Mw/
Mn value should be resulted from heterogeneity of
chain length of the brush. Indeed, W. M. de Vos et al.
[14] have theoretically predicted the monotonous decay
of volume fraction profile of polymer brush with Mw/
Mn = 2.0 in a good solvent [13]. However, its experi-
mental verification has not been done. The result ob-
tained by the NR experiment was consistent with the
prediction, and could provide a validity of the theory.

We confirmed that the effect of MWD of polymer
brush in a good solvent appeared as difference in how
the brushes are expanded in liquid media. The rela-
tionship between chain dimension and the physical
properties will be revealed in the future, using the new
reflectometer SOFIA and other characterization.

2.2 Interfacial glass transition temperature of poly-
mer thin films

It was reported that the thermal and mechanical
properties of polymer thin films were totally different
from those of bulk. Glass transition temperature (7)
of polymer thin films is extensively studied by various
methods including X-ray/neutron reflectivity [16, 17],
dielectric relaxation [18, 19], positron annihilation life-
time spectroscopy (PALS) [20], ellipsometry [21, 22]
and so on. For polystyrene thin films supported on Si
substrate, the decrease of T, with thickness was ob-
served and this finding is normally interrupted in terms
of a mobile surface layer at the free surface. On the
contrary, an increase of T, with decreasing film thick-
ness was observed for poly(methyl methacrylate)
(PMMA) thin film supported on Si substrate, implying
an interfacial interaction between PMMA thin film
[22] and substrate. Summarizing so far reported ex-
perimental results, the anomalous physical properties
of the free surface or the interfacial region are related
to the physical properties of polymer thin films and we
have to understand the heterogeneous dynamics of
polymer thin films along depth direction. Compared to
the investigation of physical properties of polymer thin
at the free surface, the studies concerning the physical
properties near the interface between polymer thin film
and the substrate is still lacking due to the experimen-
tal difficulty.

In this report, we studied 7T of polymer thin films
near the interface between polymer thin film and sub-
strate (interfacial 7;) with bi-layer PS thin films con-
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Fig. 12: Neutron reflectivity profiles from bi-layer thin films
consisting of surface h-PS layer ~890A thick and bot-
tom d-PS layer with various thicknesses at 313K and
solid lines were the results of fit using a bi-layer mod-

el.

Fig. 13: Temperature dependence of thickness of bottom d-PS
layer and solid arrows correspond to the evaluated T,’s
of bottom layers.

sisting of the surface h-PS layer and the bottom d-PS
layer using neutron reflectivity (NR).

Figure 12 shows the NR profiles from bi-layer films
consisting of surface h-PS layer ~880A thick and the
bottom d-PS with various film thicknesses at 313K.
The solid curves, which are the results of fits with bi-
layer model, could describe the experimental results
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Fig. 14: Evaluated interfacial T, as a function of thickness of
bottom d-PS layer.

fairly well. The temperature dependence of the thick-
ness of bottom d-PS layer is shown in Figure 13 and
the evaluated T, shown by solid arrows shifted to high
temperature with decreasing film thickness, implying
an onset of the interfacial effect between polymer thin
film and substrate. For the bi-layer film with the bot-
tom d-PS layer 155A thick, we observed thermal zero
thermal expansivity and it is considered that interfacial
T, shifted out of the experimental temperature range
(T>413K). As for the bi-layer film with the bottom
d-PS layer 55A thick, the negative thermal expansivity
was observed. Referring to the works performed by
Miyazaki et al. [23], who studied the annealing effect
on polymer thin films, the lack of annealing is related
to the negative thermal expansivity. The detailed
physical origin of negative thermal expansivity ob-
served for the bottom d-PS layer ~55A is still under
consideration, however at least we could point out that
the interfacial 7, of the bottom d-PS ~55A thick was
above experimentally accessible temperature range
(>413K), too.

The evaluated interfacial 7, as a function of the
thickness of bottom d-PS layer was summarized in Fig-
ure 14 and only the low limit was shown for the bottom
d-PS layer below 155 A thick. We observed the onset
of the interfacial effect was at around ~500A from the
substrate and this thickness was reasonable compared
to so far reported values [24].

We confirmed that combination of multi-layer con-
sisting of deuterated polymer and hydrogenated poly-
mer and NR was powerful tool for the selective evalua-
tion of T or related physical properties of polymer thin
films along the depth direction precisely.

2.8 Surface Reorganization of Poly(methyl methac-
rylate) Films by Water [25]

In the future, the quantity of polymeric materials
used for medical diagnosis and treatment will continue
to increase. [26] New tools for tailor-made diagnostics,
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such as DNA arrays and tips for micro-total-analysis
systems, are generally made from polymers. [27] Ulti-
mately, we can expect that polymers will be buried in
the human body as a part of organs and in-situ diag-
nostic or treatment equipment. [28, 29] In these ap-
plications, the polymer surface is in contact with a wa-
ter phase. However, despite the importance of detailed
knowledge of the fundamental interactions of polymer
interfaces with liquids, such studies are very limited.

We have recently studied the density profiles of a
deuterated poly(methyl methacrylate) (APMMA) film
spin-coated on a substrate in some non-solvents along
the direction normal to the interface by neutron reflec-
tivity (NR). [30, 31] NR measurement clarified that
dPMMA film was swollen in water, which is a typical
non-solvent, and the interface with water was diffuse in
comparison with the pristine surface, probably due to
the partial dissolution of segments into the water. If
this is the case, the surface aggregation states of dPM-
MA should be changed in a relatively large scale by
water. However, such cannot be experimentally dem-
onstrated without using a selective label at the surface.
In this study, a dPMMA monolayer was mounted onto
a poly(methyl methacrylate) (PMMA) film to confer
contrast between the surface and internal regions, re-
sulting in a dPMMA/PMMA bilayer film. NR was
then applied to the bilayer films to demonstrate wheth-
er the surface reorganizes by water.

Monodisperse PMMA and dPMMA with number-
average molecular weight of 300 k and 296 k, respec-
tively, were used. A dPMMA monolayer was trans-
ferred onto a PMMA spin-coated film, which was pre-
annealed under vacuum for 2h at 423 K, resulting in a
bilayer film. It was dried under vacuum for 1h at room
temperature. The top dPMMA layer possessed the
root-mean-square roughness of ca. 0.15 nm and the
thickness of approximately 1 nm. The density profile
of the bilayer film along the direction normal to the
surface was examined by NR measurement with
ARISA-II reflectometer. Reflectivity was also calcu-
lated on the basis of a model scattering length density
(b/V) profile using Parratt32 software, which is a free-
ware program from the Hahn-Meitner Institute. [32]
The (b/V) values of SiO,, Si, dAPMMA, and PMMA
used for the calculations were 4.15x10™, 2.07x10™,
6.62x10™*, and 1.04x10™* nm™, respectively.

Figure 15 (a) shows the scattering vector (g=(4m/
A)-sin 6, where A and 0 are the wavelength and the in-
cident angle of the neutrons, respectively) dependence
of NR for the bilayer films before and after annealing
for 2h at 423 K. Open symbols denote experimental
data. Solid curves are calculated reflectivity based on
model scattering length density (b/V) profiles shown in
the panel (b). The data after the annealing was offset
by two decades for the sake of clarity. Since the calcu-
lated reflectivities were in good agreement with the
experimental data, it can be claimed that the model
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Fig. 15: (a) NR for dPMMA/PMMA bilayer films before and
after the annealing. Open symbols denote experimental
data. Solid curves are calculated reflectivities based on
model scattering length density (b/V) profiles shown in
the panel (b).

(b/V) profiles well reflect the density profiles of the
bilayer along the direction normal to the interface. In
this study, two independent bilayer films were used as
before and after annealing. The thickness of the top
dPMMA layer prepared by Langmuir-Blodgett method
was identical in the two samples. However, the bottom
PMMA layer prepared by a spin-coating method was
not the case. The bottom layer as after annealing was
slightly thinner than that as before annealing, as shown
in the panel (b). However, this should not be crucial
for our discussion because the top dPMMA layer was
The annealing induced two clear struc-
tural changes for the bilayer; the (b/V) value decreased
at the middle of the top dPMMA layer and the inter-
face between dPMMA and PMMA became broader.
This means that dPMMA segments diffused toward
the interior region. The current annealing conditions
should be good enough to fully relax dAPMMA chains
and thus to delete the preparation history. Neverthe-
less, dAPMMA segments still existed at the top of the
bilayer. Although this may not be explained in terms
of the bulk diffusion coefficient of PMMA chains, simi-
lar slow diffusion, along the direction normal to the

our interest.
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Fig. 16: (a) NR for dPMMA/PMMA bilayer films before and
after water immersion. Open symbols denote experi-
mental data. Solid curves are calculated reflectivity
based on model scattering length density (b/ V) profiles
shown in the panel (b).

surface, has been reported. [33, 34]

To study to what extent the aggregation states of
PMMA at the surface can be altered by water mole-
cules, NR was applied to similar bilayer films. Figure
16 shows the ¢ dependence of NR for the two bilayer
films before and after water immersion for 2h at room
temperature. Open symbols and solid curves have the
same meaning as before. The data after the water im-
mersion was offset by two decades for clarity. Surpris-
ingly, the (b/V) profile shown in the panel (b) was dis-
cernibly changed after the water immersion. That is,
the (b/V) value decreased at the middle of the top
dPMMA layer and the interface between dAPMMA and
PMMA became broader. Although the extent was not
so striking in comparison with the previous thermal
annealing, it is clear that dPMMA segments in the top
layer diffused into the internal dAPMMA phase. Taking
into account that water has been regarded as a typical
non-solvent of PMMA the results shown in Figure 16
are quite intriguing. This result is quite reasonable for
our parallel experiment to examine interfacial relax-
ation of PMMA by lateral force microscopy, [35] show-
ing that the segmental mobility of PMMA at the water
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interface was much faster than that at the sir-facing
surface, and local conformation of PMMA at the water
interface by sum-frequency generation spectroscopy.
[36]

In conclusion, surface aggregation states of PMMA
were altered by water, which is a typical non-solvent.
This is because water molecules could penetrate into
the PMMA film. More conclusive study for the surface
reorganization of PMMA by water will be reported
shortly showing how fast it attains on the basis of in-
situ NR measurements.

2.4 In situ neutron reflectivity measurements of
asymmetric polystyrene interface

Understanding the mobility of polymers at inter-
faces is crucial to the optimization of adhesion, weld-
ing, crack healing, etc. Neutron reflectivity (NR) mea-
surement is a powerful tool for investigation of polymer
interdiffusion because of its superior depth resolution.
However, the fitting process of NR profiles is not exam-
ined in detail. Since the simple Fickian model (sym-
metric error function) has been used for the analyses
even in the asymmetric bilayer films in terms of mo-
lecular weights, accurate diffusion coefficients cannot
be obtained. The objective of this study is to elucidate
the interdiffusion behavior of polystyrene bilayer films
with different molecular weights by time-resolved neu-
tron reflectivity (TR-NR) measurements. We demon-
strate the utility of the combination of TR-NR mea-
surements and analyzing those based on the concentra-
tion profiles obtained by solving diffusion equation.

Linear deuterated polystyrene (1-dPS) was prepared
by a living anionic polymerization. Linear normal
polystyrene (I-hPS) was purchased from Tosoh Corp.
Weight-average molecular weights, M,s, of 1-dPS and
1-hPS were evaluated to be 127k and 427k, respectively,
by multi-angle laser light scattering (MALLS) mea-
surements.

1-hPS/1-dPS bilayer films were prepared by floating
method. TR-NR experiments were performed on
ARISA-II, with polychromic wavelengths ranging from
0.20 to 0.88 nm, D, 4 = 1777 mm. For TR-NR mea-
surements, the high-temperature cell was maintained
at 405 K and the incident angle was fixed at 0.6° before
putting a sample. After checking the temperature of
the cell, a bilayer sample was put onto the cell.

Neutron reflectivity profiles were analyzed based on
a model of interdiffusion with different physical proper-
ties proposed by Jabbari and Peppas [37]. This model
was developed for describing the interdiffusion at an
interface with different physical properties. In this
model, diffusion coefficients are governed by the fric-
tional coefficients in matrix. When the polymer species
are identical, the interdiffusion behavior can be treated
properly.

The partial differential equation describing the dif-
fusion process at the interface between two compatible
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polymers can be expressed in the following form after
differentiation with respect to the z axis:

06, _ 06, 9D [9s, | 0
ot 022 0¢ | 0z

_p |12 b )10 b _
D= Do[ N T N, | N T Nf+2xsf¢>s(1 du)] (2)

where ¢, N;, N;, and x. are the volume fraction of
slower component, the degree of polymerization of slow-
er and faster components and the Flory-Huggins inter-
action parameter, respectively. D, is the diffusion coef-
ficient for the entanglement segment and can be de-
scribed as

RTN,

Do=—%

3)

where N, and f,, and T are the degree of polymerization
of entanglement segment, the friction coefficient of the
monomeric unit and temperature, respectively. D, is
the fitting parameter in this analysis. The initial and
boundary conditions for solving the above diffusion
equations are:

t=20 pr=20 for 0 < z < dj (4)
t=0 pr=1 for d, <z < d,+ d; (5)
z=0 Op;/0z =0 fort>0 (6)
z=d,+d; Op/0z =0 fort>0 (7

where d, and d; are the film thicknesses of slower
and faster components, respectively. It is important to
recognize the importance of each term on the right-
hand side of equation (2). The first term represents
interdiffusion at the interface between the two poly-
mers while the second term represents the swelling of
the slower-moving component by the faster-moving
component [37].

Figure 17 shows the selected NR profiles and the
calculated reflectivities based on symmetric and asym-
metric interfaces. If the flux of hPS is equal to that of
dPS, the scattering length density, (b/V), profile is
symmetric at the interface. In this case, the top of the
fringes of the calculated reflectivity profiles simply de-
cays with increasing time and the position of the fringe
top is maintained as shown in Figure 17a. On the
other hand, the (b/V) profile obtained by solving par-
tial differential equation of (1) was asymmetric at the
interface. The calculated reflectivities based on the
asymmetric interface are shown in Figure 17b. Since
the x? values of the reflectivies for asymmetric inter-
faces (Figure 17b) are smaller than those for symmetric
ones (Figure 17a), the (b/V) profile obtained by solving
the diffusion equation reproduce more an accurate re-
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Fig. 17: Selected neutron reflectivity profiles and those ana-
lyzed by (a) simple Fickian (symmetric error function)
and by (b) solving diffusion equation (eq.1). The sym-
bols represent the experimental values and the solid
lines denote the calculated ones.

flectivity profile than that done by the simple Fickian
equation.

Figure 18a shows the selected neutron reflectivity
profiles of 1-hPS-427k/1-dPS-127k bilayer film an-
nealed at 405 K for 4.8x10% s, 1.4x10% s, 2.4x10° s,
6.1x10° s, and 1.2x10* s. The symbols represent the
experimental values and the solid lines are the calcu-
lated reflectivities based on the model (b/V) profiles
shown in Figure 18b. The initial interface is located at
127.3 nm from the surface drawn by the dotted line.
The (b/V) profiles gradually broaden with increasing
time. The shapes of the (b/V) profiles are asymmetric;
the (b/V) profiles in 1-hPS side are very broad but
those in the I-dPS side are relatively sharp. Further-
more, the value at the intersection of (b/V) profiles is
3.35 x 10™* nm™, which corresponds to ¢ of 1-dPS =
0.41. Thus, these results clearly indicate that the flux
of low molecular weight component (I-dPS) is larger
than the high molecular weight one (I-hPS) at the in-
terface.

The D, values gradually decreased with increasing
time and reach the constant value of 4.4x10? “m s*
around the critical time, 7., of 6x10® s. This means
that steady-state interdiffusion proceeds at ¢t > 7, while
segmental diffusion is dominant at short-time region.
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Fig. 18: Selected TR-NR profiles and the model (b/V) profiles
near 1-hPS-427k/1-dPS-127k interface.

In conclusion, TR-NR profiles of an asymmetric bi-
layer film are analyzed by the (b/V) profiles obtained
by solving partial differential equation and diffusion
coefficients can be obtained.

2.5 Spontaneously formed polymer brush at wa-
ter/polymer interfaces

It is well known that surfaces covered with water-
soluble polymers such as poly(ethylene glycol) (PEG)
shows anti-fouling property and blood compatibility
[38]. Such a surface architecture is often called poly-
mer brush, and its unique properties have been attract-
ing a lot of attention. In general, polymer brush is
fabricated either by attaching functional polymers to
surfaces (grafting-to) or by synthesizing polymers initi-
ated from surfaces (grafting-from).

The spontaneous surface segregation phenomena of
copolymers with surface-active blocks should be useful
for preparing such a brush layer in spontaneous process
[39]. We report hydrophilic polymer brushes formed at
the interface between water and hydrophobic polymer
matrix by the segregation of amphiphilic diblock copo-
lymers blended in the matrix. In this system, while the
hydrophilic block with high surface energy avoids air
surface it segregate to cover the interface between hy-
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Fig. 19: Neutron Reflectivities of sample films containing no
copolymers (neat PDMS) and 20 wt% of PEG-b-PDMS
(M, = 2100-1000).

drophobic PDMS and water. The structures of sponta-
neously formed brush layers at D,O/polymer interfaces
were observed by NR.

We have conducted NR studies using an ARISA-II
on BL16 at MLF, J-PARC. We have tested several
kinds of amphiphilic block copolymers in various copo-
lymer concentrations. Figure 19 shows neutron reflec-
tivity curves at the D,O/PDMS films containing 20
wt% of PEG-b-PDMS (M, = 2100-1000) and at D,O/
neat PDMS. The formation of a clear brush layer was
suggested by the appearance of fringe at around g =
0.04 A", The scattering length density profiles ob-
tained by fitting with box models are shown in Figure
20. The brush density was calculated to be as high as
0.2 chains/nm® from the profile which is surprisingly
comparable to polymer brushes fabricated by the graft-
ing-from method.

2.6 De-wetting suppression of a polymer thin film by
blending a high molecular weight component

Polymers are nowadays utilized as a form of thin
film in a variety of industrial applications such as coat-
ing, paint, adhesion, and so on. The contribution of
interfacial interaction with air or a substrate is en-
hanced with decreasing the film thickness. As a result,
polymer thin films are unstable and often encounter
de-wetting from a substrate. Thus many attempts have
been made so far to suppress the de-wetting of polymer
thin film.

Here, depth distribution of component polymers was
investigated for thin films of binary polystyrene blends
with different molecular weights by neutron reflectom-
etry, to understand the mechanism of de-wetting sup-
pression effect by adding small amount of high molecu-
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Fig. 20: Scattering length density profiles at D,O/sample inter-
faces obtained by the fitting the reflectivity curves.

Fig. 21: Specular neutron reflectivity profiles for d-PS/h-PS
blend thin films after annealing for different time at
120°C. The solid lines on the reflectivity profiles are
calculated ones from depth profiles of (b/V) shown in
the inset.

lar weight component. The samples used were a
poly(styrene-hg) (h-PS) with number-averaged molecu-
lar weight M,=10x10°, and a poly(styrene-ds) (d-PS)
with M,=60x10°. The weight fraction of d-P$S, that is,
the higher molecular weight component, in the blend
was 0.1. Thin film specimens were prepared by spin-
coating from dilute toluene solution of the blend on
silicon substrates, used as received from a manufac-
turer, with a native oxide layer.

Figure 21 compares specular neutron reflectivity
profiles for d-PS/h-PS blend thin films annealed at
120°C for different times: 0, 12, and 24 hours. It was
confirmed by an optical microscope that no de-wetting
occurred for all the blend thin films examined here.
The as-prepared blend film, that is, without annealing,
shows regular Kiessig fringes in the reflectivity profile,
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though they are not so clear since scattering length
density, (b/V), of the film is not high. It was evaluated
by a model fitting with a depth profile of (b/V), shown
in the inset, that the film exhibits constant (b/V) value,
that is, 1.9%x10* nm™, through the film thickness of
about 80 distributed in the as-prepared film. However,
the Kiessig fringes almost disappeared after annealing
for 12 hours. Further annealing of the film brought
about appearance of the Kiessig fringes in the reflectiv-
ity profile. The corresponding depth profile of (b/V) in
the inset represents lower value at the film surface than
the inside, suggesting that h-PS with the lower molecu-
lar weight was preferentially segregated to the film sur-
face due to its less penalty in conformational entropy
compared with a higher molecular weight component.

3. Conclusion

At BL16 in J-PARC/MLF, we have constructed a
horizontal type neutron reflectometer ARISA-II and
SOFIA. Thanks to the high flux beam and instrumen-
tal upgrades, the specular reflectivity can be measured
up to 107 within a few hours for a 3 inch substrate at
220 kW. Also, time resolved measurement with the
slice of a few minutes, and off-specular reflectivity
measurement with a position sensitive detector were
possible. Using the reflectometers, we have investigat-
ed the chain dimensions of polyelectrolyte brushes in
contact with water, the surface and interface effects on
the glass transition and non-solvent immersion using
deuterium labeling, interdiffusion behavior of asym-
metric polymer/polymer interfaces with time-resolved
measurement, self-assembled polymer brush at water/
polymer interfaces, polymer distribution depending on
molecular weight in a polymer blend thin film, and so
on.

For further upgrade, we developed a focusing mirror
system and succeeded in the specular reflectivity mea-
surement with sample focusing geometry. Beside this,
we are developing a 2-dimensional M-MSGC with *He
gas for high throughput measurement, and planning to
install MIEZE type NSE system for slow dynamics
measurement in ns order [40, 41].
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This project is aiming at constructing a neutron po-
larization analysis spectrometer based on a collabora-
tion between universities and KEK, which will make it
possible to investigate complicated spin correlations in
novel magnetism, in particular, strongly correlated
electron systems. The proposal was accepted by the
first stage panel of J-PAPC Center on 15-May-2011;
now preparations for the final panel are under prog-
ress.

The polarization analysis technique is indispensable
for investigations of mechanism of multipolar orderings,
high-T'¢ superconductivity, and multiferroics systems.
The instrument in this project is a high-intensity and
middle-resolution chopper spectrometer with short L2;
as a polarizer, a *He spin filter-type will be installed.
Since many technical developments will be needed,
flexibilities of the alignment are highly required. For
such developments of novel neutron experiments tech-
niques, in particular, the polarized neutron method,
strong supports of KEK through the S-type project,
which has high ability of neutron instrumentations and
generation of polarized neutrons, are indispensable to
achieve the ambition.

Designs of the spectrometer

The project team has applied to install this spec-
trometer at the BL23 beamline, though it is not autho-
rized yet. Fig. 1 is a schematic rendering view of the
spectrometer, drawn by Mr. J. Suzuki of KEK through
this S-type project. The flight pass are L1=17m,
L2=2m, and L3=2m, respectively. Since a space for
the polarizer system is needed between the chopper
and the sample position, L3 becomes longer than con-
ventional chopper spectrometers. The PSD detector
bank is a rotary type; covering scattering angle is about
60°, which is determined by the limit size of *He filter
analyzer which will be installed between the sample
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position and detectors. In 2010FY, we purchased 18
PSD of 3/4 inch (14M Yen) as detectors of this spec-
trometer, which will be used for tests, as well as ex-
periments after the construction.

Fig. 1: Schematic rendering view of the spectrometer, at BL.23.
(drawn by J. Suzuki of KEK)

An important point of this project is the beam flux,
because for polarization analysis, flux becomes 1/4 of
the unpolarized beam in principle, or ~1/25 for *He
spin filters as the polarizer and analyzer. Thus, effec-
tive focusing in the guide tubes is indispensable. In
2010FY, we succeeded in finding a focusing model
which gives six times enhancement. Fig. 2 shows a
result of simulation calculations of the model with Mc-
Stas. This result indicates that the flux at 100meV is
expected to be 5%*10° (n/sec/cm2/meV/IMW) for
m=4(red). Based on the S-type project of KEK, we
estimated performance of shields of this specrometer by
simulation calculations of amount of radiation of neu-
tron and photon; the simulation calculated was done by
RIST. Basically, we succeeded in finding a good mod-
el of the shield structure of the spectrometer.
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Fig. 2: Expected flux of white beam at the sample position for
L1=17m calculated with McStas. At E=100meV, 5*10°
(n/sec/cm2/meV/1IMW) is expected for m=4(red).

Polarizer (SEOP, Proton Filter)

The most important device in this project is polar-
izer/analyzer. In the present project, a SEOP type 3He
filter polarizer will be used, because this technique
shows most high performance and feasibility at present.
The SEOP system is developed under a JEAE-KEK-
Tohoku Univ. collaborative project and this S-type
project. Moreover, in this project, another technique is
also developing: the dynamic proton filter method, in
which development of a highly polarized proton filter is
indispensable. By using the proton filter technique,
higher neutron polarization over 90% is realized in the
thermal neutron region. Moreover, an important ad-
vantage of the proton filter technique for material sci-
ence is that superconducting magnets can be used for
sample accessaries, while it is quite difficult or almost
impossible for the SEOP system. In this S-type proj-
ect, thus, the dynamic proton filter method is develop-
ing for the future technique.

On theother hand, as the first stage of this project,
supermirror packages will be used as the analyzer.
Thus, in 2010FY, we purchased test pieces of polariza-
tion supermirrors (12M Yen), which will be used for
feasibility studies for thermal neutrons.
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Fig. 3: Workshop of S-type project held in Tokai on April-2010.
In 2010 FY, two domestic workshop and one interna-
tional workshop were held to discuss science and con-
cept of this project.

Workshops

In 2010FY, two domestic workshops and one inter-
national workshop were held to discuss science themes
and the detailed designs of the spectrometer (fig. 3);
these workshops were partly supported by the S-type
project of KEK. In particular, on 6-8, January, Inter-
national workshop on novel material science using po-
larized neutrons was held in Institute for Materials
Research, Tohoku Univ. We had 55 participants, in-
cluding 6 participants from abroad. In the interna-
tional workshop, many important suggestions and ad-
vice were given from the participants.

Plan in 2011FY

In 2011FY, we should pass the final panel of J-
PARC Center as soon as possible to start construction
process. Moreover, We develop a test device of sup-
permirror, and will have test experiments using neutron
beam simultaneously. In 2011 FY, we are going to
have some workshops to discuss science themes using
polarized neutron and ideas of the spectrometer more
details.
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A new neutron diffractometer, SPICA, at the ninth
beamline (BL09) are designed for the study of materi-
als under special environments, such as battery re-
search. Lithium ion batteries (LIB) are promising
power sources such as cell phones and laptop comput-
ers because of the high energy density. If the power
capability could be improved, new applications such as
a battery of electrical vehicles will spread out. In order
to improve or innovate the battery characteristics, the
clarification of the structure in materials of the positive
and negative electrodes and their solid electrolyte inter-
face at the atomic level will be very important and its
information becomes a technological lodestar. a

The design concept of SPICA is to investigate the
atom configuration of materials under special environ-
ments. In order to measure the atom location or the
change of the atomic configuration precisely under spe-
cial environments, SPICA diffractometer was designed
to have the high resolution and high intensity. There-
fore, the BL09 beamline for SPICA diffractometer
views the decoupled-poisoned moderator. Moreover,
SPICA diffractometer will be set with the flight path of
L,=52 m, which is the distance from the moderator to
the sample position. The guide line was designed to
keep the high intensity at the sample position. The
high-performance focusing system with elliptic super-
mirrors was adopted to suppress diffuse intensity. Ac-
cording to the preliminary simulation of the guide line,
the elliptic guide has an excellent performance over a
wide range of wavelengths, in particular at short wave-
length. Since in the beam line we have three disk chop-
pers and one T, chopper, the guide line is divided by
nine sections.

The flight path of 52 m from the moderator to sam-
ple position means that SPICA is located outside of the
main hall of the Materials and Life Science Facility
(MLF). Then we constructed an experiment building
for SPICA as shown in Fig. 1 and Photo.l. The ex-
periment building with about the size of 12(w) x 32(1)
x 10(h) meters was designed to consist of two areas,
that is, an experiment room and experimental prepara-
tion room.

Al 539, 8 = Pl -

Fig. 1: The ground plan of BL09 and the cross-section drawing
of the experiment building for SPICA.

Photo. 1: The view of the experiment building of BL09.

SPICA diffractometer was designed to consist of
three detector banks that are the backward detector
bank (150-175 degrees), the multipurpose detector bank
(13-140 degrees) and the forward (small angle) detector
bank (1-25 degrees) as shown in Fig. 2. The distance
L, from the sample to detectors is about 2 m for all
banks. Specially, the backward detector bank is used
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Fig. 2: Three detector banks (blue: backward detector bank of
150-175 degrees, yellow: multipurpose detector bank of
13-140 degrees, green: forward detector bank of 1-25
degrees) of SPICA diffractometer.

to realize the high-resolution measurement of lattice
parameters because of reducing a cotfAf contribution
to the overall resolution. To cover this large detector
area, about 1500 one-dimensional *He position-sensi-
tive detectors (PSD’s: 64 c¢m in length x half inch in dia
meter) will be used.

The wide angle detector system with the backward
detector bank, the multipurpose detector bank and the
forward detector bank allows us to measure the diffrac-
tion data in the wide scattering vector @ range or wide
lattice space d range. More importantly, an in-situ
observation of the atomic structure can be carried out
under various special conditions. Therefore, all detec-
tors of the three banks play an important role to detect
tiny change and time-dependent change in structure on
charging/discharging process of the battery.

In order to fulfill the role and aim of the detector
banks, the chamber of the backward detector bank is
evacuated for the high-resolution measurement on lat-
tice space and the chamber of the forward detector
bank is also evacuated to reduce the background due to
the downstream neutron beam. In contrast, the multi-
purpose detector bank has air scattering chambers in
order to make it a snap to handle the various special-
ized equipment around the sample.

Kino et al.V have reported the loss of neutron and
contamination of scattered neutrons obtained by nu-
merical calculation and simulation to materialize the
air scattering chamber. The loss of neutrons is 6 to 11
% although it is almost double compared to that of the
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Fig. 3: Partially schematic perspective view of SPICA diffrac-
tometer.

Fig. 4: An example of radiation calculation of the SPICA.

vacuum scattering chamber. The contamination of the
scattered neutrons by air is less than 1% by placing
blades made of B,C resin in the chamber as dense as
possible. The contamination is seen on the TOF spec-
trum as continuous backgrounds between diffraction
peaks. The air scattering chamber with the blades is
acceptable for the multipurpose detector bank of SPI-
CA diffractometer. A partially schematic perspective
view of SPICA diffractometer is shown in Fig. 3. In
Fig. 4, an example of radiation calculation of the SPI-
CA and the BL09 building is shown.

Reference

1) K. Kino, K. Mori, M. Yonemura, S. Torii, M. Kawai, T.
Fukunaga, T. Kamiyama, J. Phys. Soc. Jpn. 80 (2011) ac-
cepted.
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Neutron transmission imaging is a useful method
for inspecting inside of objects. So far, reactor based
steady neutron sources are used for neutron imaging.
On the other hand, pulsed neutron imaging has been
proved to give images of crystal texture information of
inside of materials, magnetic field and so on. This
project is aiming at promoting the neutron transmis-
sion imaging not only at large facilities but also medium
and small facilities. Here, we present new results on
imaging using a pulsed source and detector develop-
ments for the imaging.

We performed experiments on energy resolved im-
aging at J-PARC. The effect of the multiple scattering
and the diverse of the beam on the obtained image is
one of items to be studied. We measured transmission
through 20 mm thick iron rod having heat treatment at
surface area with the aid of MCP detector V. A multi-
channel plate (MCP) collimator was placed just after
the sample. The thickness of Fig. 1 Transmission of
iron rods with and without a collimator indicating the
scattering and diverse of beam.

MCP is 1lmm and the diameter of the hole is 10
micro m. Figure 1 shows a transmission images around
4.5A with and without the collimator. 1/4 parts of two
samples were measured at once. The transmission
without the collimator was about 30% and that with
the collimator is about 15% while the values slightly

With collimator Without collimator

Fig. 1:
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This indicates that
the multiple scattering effect appeared in the transmis-
sion. In the case with the collimator the image shows
smooth change of the boundary of two layers. Further-
more, enhancement of the boundary of two layers was
observed in the case without the collimator. This may
be attributed to the phase contrast effect usually ap-
peared at the boundary where the density changes. We
need further investigation on this problem.

At the JSNS, Au-In-Cd alloy is developed as a new
decoupler material?. In general, the alloy is used to be
made by a melting method. However, we made it with
a diffusing method at the maximum temperature of
850°C (Melting point of Au is 1063°C). We can see
the surface of the alloy with SEM/EDX but observing
inside is still difficult. We have to confirm uniformity
of the alloy. Then, we measured the atomic distribu-
tion of the alloy with the neutron resonance imaging
technique with the MCP detector?. Measured samples

changed depending on the layers.

and results are shown in Fig 2. The samples are Au-
In-Cd alloy composing of Au 74.9, In 0.5, and Cd 24.6
at% (t=0.9mm), Au (t=500pum and t=1000pm) and
In (t=10pm). The measurement was performed at J-
PARC BL10 (NOBORU). Distance from the modera-
tor to the MCP detector was 14m. Samples were set
on the detector. Time resolution of the detector was
lusec and time bins are 1500 channels. Neutron trans-

Fig. 2: Sample (left) and neutron resonance images for Au
(center) and In (right).
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mission curves are shown in Fig. 2. Center figure of
the Fig. 2 shows neutron resonance image of Au (T=480
to 500 usec), In (T=830 to 850 usec). From these
results, we can see Au and In are distributed in the
whole area of the Au-In-Cd alloy without large grain or
lack. We can see the difference of the thickness of Au
or In even in the Au-In-Cd alloy. But we need more
study to define the thickness of the materials from
these data.

A new neutron imaging detector system has been
developed in collaboration with the KEK Detector
Technology Project (KEKDTP) for better spatial reso-
lution. The detector is HAMAMATSU F2225 based
on the micro channel plate (MCP) technology. To de-
tect a neutron by MCP, natural boron is contained in
base material of MCP (B-MCP). At the B-MCP, am-
plified electrons illuminate phosphor screen as same as
normal MCP. Pictures are reflected by a mirror and
captured by a high flame speed camera with an image
intensifier tube. A test experiment for evaluating char-
acteristics of B-MCP, such as sensitivity, gain, resolu-
tion and so on, was performed at the LINAC based
pulsed neutron source at Hokkaido University. Pulse-
by-pulse image pictures were obtained successfully by
above setup. Figure 4 shows an integrated picture of a
sample image. Further improvements of the detector
system for TOF imaging are in progress.

The p-pic detector was tested at 2 times higher in-
tensity of J-PARC compared with last year. An exter-
nal gate equipped enabled stable transmission measure-
ments with high efficiency under such a high intensity
condition. Transmission of a powder iron sample to get
transmission without texture was measured, and also a
welded iron was measured. The strain distribution was
It is indi-
cated that larger strain appeared at the welded area
than others. Furthermore, as shown in Fig. 6 the spa-
tial resolution more than 0.2 mm, which corresponds to
the resolution of an imaging plate, was demonstrated,
which is remarkably high resolution of this type detec-

obtained and the result is shown in Fig. 5.

tor. This is due to an improved method to analyze the
trace of decay particles of *He.

The small accelerator based neutron source for im-
aging was installed at Kyoto University, and the test
experiments on industrial materials were also per-
formed.

Reference

1) O. H. Siegmund et al, Nucl. Inst. Meth., A 576 (2007) p.178.
2) M. Ooi et al, IWSMT-10 Beijing, China Oct. 18-22 2010, J.

Nucl. Mat., under reviewing.
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Fig. 3: Transmission curve of the sample.

Fig. 4: Integrated image of neutron permeation of sample
(a tube fitting).

Fig. 5: Variation of lattice space of a welded iron plate deduced
from Bragg edge analysis.

Preliminary

Fig. 6: Image indicating spatial resolution. 0.5mm gap in ‘d’
was observed.
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