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PREFACE

The Great East Japan Earthquake on March 11, 2011, severely damaged J-PARC 

facility and disrupted the operation of J-PARC facilities, and all experiments at J-

PARC were forced to stop. In the first half of FY 2011, user programs of MLF 

neutron facility were canceled because of the disaster, and 36 experiments were 

kindly accepted by other neutron facilities abroad.

Thanks to the tremendous effort of all the people who worked for J-PARC recov-

ery, MLF successfully accepted proton beams at neutron and muon targets on Dec 

22, 2011, and the user program restarted on Jan. 24, 2012.

KENS instruments (BL05 NOP, BL08 SuperHRPD, BL12 HRC, BL16 SOFIA 

and BL21 NOVA) are now operational and user program restarted. The recovering 

process was not just recovering \as it was" but improvement process. Hardware 

components and software components were improved until the neutron beam came 

back. Constructions of two instruments (BL09 SPICA and BL06 VIN-ROSE) have 

been progressed. 

J-PARC has already restarted to achieve 1 MW. KENS should continuously lead 

further improvements and developments of neutron scattering technique to explore 

material & life science with the neutron source by the intensive promotion of inter-

university research program.   

Head of KENS and Editor of KENS-Report XVIII

Toshiya Otomo
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Neutron Science Laboratory

T.Otomo

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

Facility Report     

1.  From KENS Facility

Inter-University Research Program

In FY2011, 9 special (S-type) proposals and 41 gen-

eral proposals were approved as part of the Inter-Uni-

versity Research Program on Pulsed Neutron Science. 

General proposals to use the KENS beamlines were 

discussed by the J-PARC/MLF Neutron Science Pro-

gram Advisory Committee, and the scientific merit of 

these proposals was assessed.  They were approved by 

the Neutron Science Program Advisory Committee 

(KENS-PAC) of IMSS.  The S-type proposals, aimed 

at scientific subjects as well as the construction, devel-

opment, and maintenance of a neutron instrument, 

were evaluated by the KENS-PAC at IMSS, and fund-

ing was approved for 3{5 years.  The 5 approved S-

type research projects relate to existing neutron science 

instruments: the Super High Resolution Powder Dif-

fractometer (SuperHRPD), the High Intensity Total 

Scattering Diffractometer (NOVA), the High Resolu-

tion Chopper Spectrometer (HRC), the Soft Interface 

Analyzer (SOFIA), and the Neutron Optics and Phys-

ics (NOP).  The construction of a new diffractometer 

(SPICA) to perform in-situ investigation of Li-ion bat-

tery materials under the NEDO project made progress, 

and the first beam of SPICA was successfully delivered 

to the sample position.  The construction of SPICA has 

been authorized as an S-type research project led by T.  

Fukunaga at Kyoto University.  M. Hino at Kyoto Uni-

versity began construction of resonance-type neutron 

spin echo spectrometers (VIN-ROSE) at BL06.  K. 

Ohyama of Tohoku University promoted the design of 

a polarization chopper spectrometer (POLANO) in col-

laboration with KEK, which will be constructed at 

BL23.  The development of other S-type projects were 

also advanced with the goal of contributing to the im-

provement of future neutron science instruments.

2.  Science at KENS

2.1. Single-Length Scaling for Magnetic Fractons in 

Dilute Antiferromagnets

The fractal is a concept based on self-similarity 

characterized by invariance under an isotropic scale-

transformation on certain length scales.  Diluted mag-

nets with a magnetic concentration close to the percola-

tion concentration (cp) exhibit an ideal fractal network 

with a definite fractal dimension, Df.  Fractons were 

originally introduced to describe vibrational modes of a 

fractal lattice, and their dynamic properties are charac-

terized by a spectral dimension d: the density of states 

of fractons is expressed as D(ω) ¼ ω(d { 1), where ω is the 

frequency, and the dispersion relation of fractons is ex-

pressed as ω ¼ qz, where z = d/Df and q is the wave-

number.  Fractons are elementary excitations in strong-

ly disordered systems.  For example, as regards conduc-

tivity in a disordered system, electrons behave like free 

electrons if their mean free path is longer than their 

wavelength.  However, electrons are localized if their 

mean free path is of the same order as their wavelength 

(Ioffe-Regel limit).  Fractons are always within the 

Ioffe-Regel limit, and the dynamic properties have been 

discussed in the context of a single-length scaling pos-

tulate (SLSP) where the wavelength, the mean free 

path, and the localization length of fractons collapse to 

a single length scale, ¤(ω), at any ω.  The above prop-

erties in the spectral dimension are results of the SLSP; 

also, the dynamic structure factor measured by inelas-

tic neutron scattering has been predicted to be scaled 

as S(q,ω) = q{yF[q¤(ω)] with a constant y.  It should 

be noted that magnetic fractons are spin waves on a 

fractal lattice.

Inelastic neutron scattering experiments with very 

high energy resolution (¢E = 17.5 μeV) were performed 

with single-crystal samples of diluted three-dimension-

al (3D) and two-dimensional (2D) Heisenberg antifer-

romagnets, RbMn0.4Mg0.6F3 and Rb2Mn0.598Mg0.402F4, 
with manganese (Mn) concentrations close to cp (cp = 

0.312 for 3D and 0.598 for 2D), and S(q,ω) of antifer-

romagnetic fractons were determined.  The peak inten-

sity A(q) and the dispersion relation E(q) showed clear 

scaling laws following A(q) ¼ q{y with y = 2.9 §0.1 

and E(q) ¼ qz with z = 2.5 §0.1 for the 3D system and 

y = 2.9 §0.2 and z = 1.8 §0.2 for the 2D system.  The 

values of z were identical to Df for these systems, and 

therefore, it can be concluded that the spectral dimen-

sion is d = 1 independent of the Euclidian dimensions 

(D = 2 and 3) of the systems.  This behavior of d, as 

well as the values of y, agreed well with a theoretical 

prediction for antiferromagnetic fractons.
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SLSP analysis was performed for the observed dy-

namic structure factor, S(q,ω) = q{y F[q¤(ω)] with ¤(ω) 

¼ ω{1/x, where the values of x and y as determined 

above were used.  As shown in Fig. 1, S(q,ω) observed 

by all detectors clearly collapsed to a universal curve 

for the 3D system.  A similar analysis was performed 

for the 2D system, and a clear scaling was confirmed.  

Therefore, the validity of the SLSP for S(q,ω) of anti-

ferromagnetic fractons was demonstrated experimen-

tally for the first time. 

2.2 Structural evidence for high ionic conductivity 

of Li7P3S11 metastable crystal

Li7P3S11 metastable crystal obtained by aging 

(Li2S)70(P2S5)30 glass at 513 K, shows a high ionic con-

ductivity of »10{3 S/cm at room temperature.  Time-

of-flight neutron diffraction (TOF-ND) measurements 

were performed with the GEM spectrometer installed 

at ISIS in the Rutherford Appleton Laboratory (UK), 

supported by the Japan-UK Collaboration on Neutron 

Scattering. Synchrotron X-ray diffraction (SXRD) 

measurements were performed at the BL04B2 beam-

line of the SPring-8. The crystalline structure of 
7Li7P3S11 metastable crystal was refined by combined 

TOF-ND/SXRD Rietveld analysis.  In addition, re-

verse Monte Carlo (RMC) modeling based on TOF-

ND and SXRD data was carried out to determine the 

3D atomic configurations of 7Li7P3S11 metastable crys-

tal and (7Li2S)70(P2S5)30 glass. 

A detailed polyhedral analysis of the 3D atomic 

configuration revealed the spatial distribution of [LiS4] 

tetrahedra ([LiS4] units) and S4 tetrahedra (fully ac-

ceptable of Li+ ions; ac-[S4] units) in 7Li7P3S11 meta-

stable crystal and (7Li2S)70(P2S5)30 glass, as shown in 

Fig. 2.  The coordination number of ac-[S4] units 

around a [LiS4] unit for 7Li7P3S11 metastable crystal is 

approximately twice as large as that for (7Li2S)70(P2S5)30 

glass.  These results suggest that the increment in the 

local conduction pathway of Li+ ions from a [LiS4] unit 

to neighboring [LiS4] units by transformation from 

(Li2S)70(P2S5)30 glass to Li7P3S11 metastable crystal 

strongly contributes to the excellent ionic conductivity 

of Li7P3S11 metastable crystal.

2.3 High-Pressure Neutron Diffraction Measure-

ments of LaD2

Investigations focusing on the hydrogen-metal and 

hydrogen-hydrogen interactions under high pressure 

are the key to understanding the limit of hydrogen stor-

age capacity in metals.  In the case of LaH2, the phase 

separation observed by X-ray suggests that it forms 

domains of hydrogen-poor and hydrogen-rich phases 

spontaneously by pressurization.  To understand the 

origin of the structural transformations in LaH2, a 

Paris-Edinburgh (PE) press (VX4, max. load 200 ton) 

with toroidal anvils was applied to the high-intensity 

total diffractometer, NOVA. 

Figure 3 shows the selected neutron diffraction pat-

terns of LaD2 under high pressure.  Above 11 GPa, 

several new reflection peaks (indicated by arrows) ap-

peared.  By analyzing the Bragg peaks compared with 

those in X-ray diffraction, the formation of a NaCl-type 

monohydride in the rare-earth metal hydrides was con-

firmed.  The discovery of rare-earth metal monohy-

dride will open the way to clarifying the site-dependent 

nature of hydrogen-metal interactions through com-

parison studies among mono-, di-, and trihydrides.

This work has been partially supported by the New 

Energy and Industrial Technology Development Orga-

nization (NEDO) under Advanced Fundamental Re-

qy
��
��
�
�

�����

Fig. 1:   Single-length-scaling analysis for dynamic structure factors 

S(q,ω) pertaining to antiferromagnetic fractons excited in 

3D system RbMn0.4Mg0.6F3 at T = 1.5 K. The ordinate 

represents qyS(q,ω) plotted as a function of q¤(ω) with 

¤(ω) ¼ ω{1/x by using the values y = 2.9 and z = 2.5. The 

vertical bars represent the statistical errors. The solid line 

is an analytical form of the scaling function. The scattering 

angles (ϕ) of detectors are indicated.

(a) (b)

Fig. 2:   Spatial distributions of [LiS4] units (red spheres) and 

ac-[S4] units (blue spheres) for (a) 7Li7P3S11 metastable 

crystal and (b) (7Li2S)70(P2S5)30 glass.
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search on Hydrogen Storage Materials (Hydro-Star).

3.  J-PARC Project

Recovering from the Great East Japan Earthquake

The Great East Japan Earthquake on March 11, 

2011, disrupted the operation of J-PARC facilities, and 

all experiments at J-PARC were forced to stop. 

The Materials and Life Science Experimental Facil-

ity (MLF) was in relatively better condition.  As shown 

in Fig. 4, the surrounding areas suffered significant 

damage.  However, the inner major experimental hall 

suffered almost no damage.  The problem here was a 

significant movement of shielding blocks.  For example, 

4,000 tons of iron shields near the neutron target area 

had to be removed and then restacked piece by piece, 

as shown in Fig. 5.

Other significant repairs were to annex buildings on 

both sides of the main hall to extend the neutron beam-

lines.  Since these buildings have no underpinnings, 

they sank by 30 cm.  By jacking them up, the levels of 

these buildings were raised to the same level as the 

main building.

In the first half of FY 2011, user programs were 

canceled because of the disaster, and 36 experiments 

were kindly accepted by other neutron facilities abroad 

(SNS:25, LANSCE:5, ISIS:3, ILL:2, HANARO:1) and 

Spring-8 (2 experiments).

Thanks to the tremendous effort of all the people 

who worked for J-PARC recovery, MLF successfully 

accepted proton beams at neutron and muon targets on 

Dec 22, 2011, and the user program restarted on Jan. 

24, 2012.

Super High Resolution Powder Diffractometer (Su-

perHRPD)

The SuperHRPD chamber consists of a backward 

bank with 384 (80% of the total) one-dimensional 3He 

position-sensitive detectors (PSDs), a 90± bank with 

288 PSDs (50%), and a low-angle bank with 144 PSDs 

(30%).  An MLF standard data acquisition (DAQ) sys-

tem was installed at the backward and low-angle banks 

in June 2010, and obtained data were successfully ana-

lyzed using Z-Rietveld.  Z-Rietveld has now been deliv-

ered to more than 200 users.

The large magnitude of the Great East Japan earth-

quake caused damage to the SuperHRPD.  The east 

50-m-long building for SuperHRPD sank by 10 cm 

near the MLF main building and displaced to the north 

by 3 cm (Fig. 6).  Voids due to the earthquake were 

discovered under the buildings, which were later filled 

with concrete.  The subsidence of the building broke 

parts of the supermirror guide at the boundaries of the 

buildings.  The 82.6-m supermirror guide tubes, sup-

porting rails, and pedestals were all removed, repaired, 

and re-installed.  Temporary restoration was completed 

by the end of March 2012.

0.5 1.0 1.5 2.0 2.5 3.0 3.5
d-spacing (Å)

LaD2
NPD

P~2.7 GPa

P~11.5 GPa

P~13.0 GPa

N
or

m
al

iz
ed

 In
te

ns
ity

diamond

Fig. 3:   Selected neutron diffraction patterns of LaD2 at high 

pressures. Each profile is shifted for better visualization, 

and the baseline for each pattern is shown by the stick 

marks on the vertical axis. Background is not subtract-

ed, showing that the background is low even for high-

pressure diffraction.

Fig. 4:   Surrounding areas of the Materials and Life Science 

Experimental Facility (MLF).

Fig. 5:   Movement of the ion shields in the most upstream area 

of neutron instruments in MLF. 4,000 tons of iron 

shields had to be removed and restacked.
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Special Environment Powder Diffractometer (SPI-

CA)

The construction of a dedicated high-resolution 

powder diffractometer, SPICA, and an annex building 

was supported by the RISING battery project of the 

New Energy and Industrial Technology Development 

Organization (NEDO).  The neutron guide was de-

signed to maintain high intensity at the sample posi-

tion.  A high-performance focusing system with an el-

liptic supermirror was adopted.  The sample position of 

SPICA will be located on the flight path of L1 = 52 

m. 

The first neutron beam was detected on Feb. 9, 

2012 by a neutron camera 1 m from the end of the su-

permirror guides.  The first powder diffraction patterns 

of diamond powder as well as an iron-steel block were 

recorded.  The installation of SPICA is now in prog-

ress.

High Resolution Chopper Spectrometer (HRC)

The High Resolution Chopper Spectrometer (HRC) 

was installed at BL12 in MLF, J-PARC, in order to 

study dynamics in condensed matter with high-resolu-

tion and relatively high-energy neutrons.  Due to the 

earthquake disaster, some pieces of long PSDs were 

damaged, and some shieldings were displaced on the 

HRC.  The beamline was realigned; the shieldings were 

restored; the damaged PSDs were replaced with new 

ones; and the normal operations of the choppers, the 

vacuum system, and the electronics were confirmed.  

After this recovery work, the neutron scattering ex-

periments were restarted.  During the recovery work, 

the performance of the HRC was also improved as fol-

lows.

Previously, a supermirror guide tube was installed 

only in a short section of the primary flight path.  At 

present, a supermirror guide tube has been mounted in 

another section of the downstream part of the primary 

flight path, resulting in a large intensity gain, as shown 

in Fig. 7 (a). 

A collimator system was installed just upstream of 

the sample.  Figures 7 (a) and (b) show excitation spec-

tra in a one-dimensional antiferromanget, CsVCl3, 

measured by the HRC.  Since previously there was a 

huge background noise in the low q region, as shown in 

Fig. 7 (b), measurement of an empty can was necessary 

to obtain a spectrum from the sample.  At present, the 

noise has been greatly reduced by using the collimator, 

and a spectrum from the sample can be obtained with-

out an empty scan, as shown in Fig. 7 (c). 

An experimental control environment was devel-

oped to combine the measurements of neutron counts 

with the control of devices such as choppers, tempera-

ture controllers, goniometers, and vacuum systems.  A 

control platform was developed and installed on the 

computer that controls the DAQ system.  Device con-

trol software controls the devices as well as the DAQ 

middleware via a control LAN through the platform.  

Experiment control software executes a sequence com-

prising the beginning and end of measurements and 

device controls.

A cryopump system is used to evacuate the vacuum 

scattering chamber encompassing the sample and the 

flight path of the scattered neutrons.  The regeneration 

process of the cryopump, which is the process to release 

absorbed molecules, was optimized, and the frequency 

Fig. 6:   Displacement of the SuperHRPD building by the To-

hoku earthquake.

Fig. 7:   Improvement of the HRC. Observed gain of the super-

mirror guide system on the HRC against the previous 

configuration (a). Observed excitations from a one-di-

mensional antiferromagnet CsVCl3, in the previous set-

up without the collimator (b) and in the present set-up 

with the collimator and the nearly full guide tube (c). 

Intensities (color) between (b) and (c) are normalized by 

the number of protons incident on the neutron produc-

tion target.
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of the evacuation process without the regeneration pro-

cess was greatly improved. 

Previously, we installed 2 Fermi choppers: one is a 

so-called sloppy chopper for high intensities, and the 

other is optimized for incident energy of Ei = 200 meV 

at f = 600 Hz with the optimum condition, where the 

chopper open time is nearly equal to the pulse width.  

The optimum condition was then realized in the energy 

range of Ei = 10{200 meV.  At present, we installed a 

Fermi chopper optimized for Ei = 500 meV at f = 600 

Hz, and an energy range for optimum resolution of 

¢E/Ei = 2.5{3 % was extended up to Ei = 500 meV.  

A cryomagnet to apply a magnetic field of up to 14 

Tesla to the sample was designed, manufactured, and 

delivered.  We have started the commissioning process.

Since the recovery from the earthquake damage, in 

the above-mentioned improved experimental environ-

ments, we have performed some experiments to observe 

magnetic excitations in spin systems.  Also, the first-

general user program on the HRC was performed to 

observe incommensurate magnetic excitations in a high-

TC superconductor.

Soft Interface Analyzer (SOFIA)

Neutron reflectometry is one of the most powerful 

tools for investigating the surface and interfacial struc-

tures of materials in the spatial range of nm to sub-μm. 

SOFIA is a horizontal-type neutron reflectometer at 

BL16, J-PARC/MLF constructed with collaboration 

between JST/ERATO and KEK (Fig. 8).  SOFIA can 

utilize 2 downward beamlines to irradiate an air-liquid 

interface with a neutron beam.  The angles of the 

beamlines are 2.2± and 5.7± relative to the horizontal, 

but these 2 angles are not enough to cover the q range 

from the total reflection angle.  For scanning an inci-

dent angle for air-liquid interface, supermirrors are in-

stalled in front of a sample to change the beam path. 

Fortunately, the damage from the earthquake on 

March 11 was not so serious; SOFIA restarted opera-

tion with the J-PARC accelerator in January 2012.  

We have improved the condition of the slit collimation 

and reduced the total measurement time.  In addition, 

the double-frame mode to utilize the wide wavelength 

band has been open for users (Fig. 9).  Thanks to these 

2 improvements, it is now possible to perform short 

time measurement within a wide-q region for kinetics 

observation. 

However, the regulations for handling liquid samples 

are very strict, and measuring an air-liquid interface in 

J-PARC/MLF is not allowed.  This is quite a serious 

problem, but we have a plan to solve this problem in 

the near future.

Neutron Optics and Physics (NOP)

A precise neutron lifetime measurement is under-

way at the NOP beam line (Fig. 10).  A time projection 

chamber (TPC) (Fig. 11) was developed and installed 

to detect electrons from neutron beta decays in flight.  

Taking advantage of the instantaneous pulsed neutron 

intensity, the neutron beam is chopped into short 

bunches by the spin flip chopper to minimize the gam-

ma-ray background produced at the windows of the 

TPC vessel as well as to define the time and position of 

each neutron bunch.  A small portion of 3He is mixed 

in the TPC gas to monitor the neutron beam intensity 

by tagging the neutron capture events of 3He nuclei.  It 

also unambiguously defines the neutron decay volume 

or the fiducial volume of the TPC.  During the recovery 

work on J-PARC after the disastrous earthquake of 

March 11, 2012, the performance of the TPC detector 

was thoroughly examined with radiation sources and 

cosmic rays.  Sophisticated analysis methods to mini-

mize systematic uncertainties in the measurement were 

also developed.  After the neutron on-beam commis-Fig. 8:  Picture of SOFIA reflectometer from downstream side.

Fig. 9:   Preliminary result of time slicing measurement with 

double-frame mode.
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sioning of the TPC, data collection runs will start in 

FY2012 to evaluate precisely the neutron lifetime.

The High Intensity Total Diffractometer (NOVA)

NOVA is a total diffractometer used for investigat-

ing non-crystalline structure and a most intense pow-

der diffractometer with reasonable resolutions (¢Q/Q 

¼ 0.6% for 90± detectors).  Fortunately, almost no 

damage was caused by the earthquake.  In 2011, step-

by-step checking procedures of all the components of 

NOVA were completed, and development of software 

for data reduction was advanced.  Through total scat-

tering measurements, observed intensities need to be 

reduced to the absolute value of the total scattering 

cross-section to obtain coordination numbers around 

certain atoms.  During software development, instru-

ment parameters, measurable Q-ranges, intensities, 

backgrounds, stabilities of the incident neutron monitor 

(Gas Electron Multiplier), and so on, have been evalu-

ated, and it was found that the NOVA achieved the 

designated level of performance.  For example, the 

measurable Q-range, which was confirmed by standard 

samples, was 0.024{60 Å{1.  The highest Q value was 

checked by the Si-O correlation of silica-glass, but it is 

able to measure reasonably up to 100 Å{1.  The low 

instrument background accomplished by massive 

shields for high-energy neutron enables this high-Q 

measurement.

Sample environments were also commissioned.  The 

in-situ hydrogen gas environment was successfully used 

in time-transient hydrogen absorbing process, as shown 

in Fig. 12.  The sample (LaNi5) was exposed in a 3 MPa 

hydrogen gas atmosphere, and the gas pressure de-

creased with time because the sample absorbed hydro-

gen gas.  The sample finally became LaNi5D6.6.  This 

process happened in 400 sec, and NOVA measured the 

phase transition successfully in a single measurement.  

Since the neutron intensity is expected to be 9 times 

higher in a few years, faster measurement will be real-

ized, and this type of time-transient measurement will 

be very common in MLF.

Activities of NOVA were partially supported by the 

NEDO project, \Advanced Fundamental Research 

Project on Hydrogen Storage Materials (Hydro-Star)" 

in FY2007{FY2011.

Fig. 10:  The neutron lifetime measurement at BL05.

Fig. 11:   The time projection chamber for the precise neutron 

lifetime measurement.

0 3
Deuterium press. 

/ MPa

0

400

Ti
m

e 
/ s

ec

2 3 4 5
d / Å

LaNi5D6.6

LaNi5

Fig. 12:   Time transient measurement of hydrogen absorption by 

LaNi5.
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4.  Device R&D

Detector and DAQ Electronics

For neutron experiments at MLF/J-PARC, two 

types of \High" detectors have been developed with a 

multi pixel photon counter (MPPC), a new photon 

counting device that consists of many avalanche photo-

diode (APD) pixels and is operated at room tempera-

ture.  The first \High" is a high position resolution 

detector for the neutron reflectometer at BL16.  A de-

tector was assembled by alternately connecting the 

outputs of MPPCs and resistors in series, and the MP-

PCs were combined with a ZnS/6LiF scintillator and a 

light diffuse glass.  This type of detector, therefore, 

works as a charge division type of position sensitive 

detector (PSD), so it can be used with conventional 

NeuNET read-out electronics and the so-called \M-

PSD".  For high position resolution application, a total 

of 32 MPPCs were arranged in dense space size of 12 

cm £ 5 mm.  Figure 13 shows second prototype of the 

high position resolution M-PSD.  By the neutron beam 

test, the FWHM position resolution was deduced as 

0.99 mm.  The second \High" is a high count rate de-

tector for a new spectrometer at BL06.  A charge divi-

sion type of PSD is not good fit for high count rate 

detection, because it is not able to process pile-upped 

detection in a 1-D detector, especially for a gas counter 

such as a 3He-PSD.  Pixel read-out type detectors, 

therefore, have been developed using MPPC. Figure 14 

shows the first prototype of a pixel read-out type high 

count rate detector, a so-called \M-Pix".  A total of 64 

MPPCs are lined in 32 cm £ 5 mm with a ZnS/6LiF 

scintillator.  Onboard discriminators are connected to 

MPPCs individually, and digitized signals are inputted 

to a FPGA for signal processing.  Event data are gener-

ated by 8 M-Pix outputs gathered in a read-out pro-

cessing board and transferred to PC via a high- speed 

network interface.  Conditioning and neutron beam 

testing of the M-Pix detectors are now in progress.

Fig. 13:   The second prototype of high position resolution M-

PSD.

Fig. 14: The first prototype of a high count rate M-Pix.
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Recovery from Earthquake Damage and Recent Progress
in High Resolution Chopper Spectrometer (HRC)

S.Itoh, T.Yokoo, D.Kawana, S.Satoh, T.J.Sato*, T.Masuda* and H.Yoshizawa*

Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK),
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2012S01  :  Studies on Dynamics in Condensed Matters by using the High Resolution Chopper Spectrometer

1.  Introduction

The High Resolution Chopper Spectrometer (HRC) 

was installed at BL12 in MLF, J-PARC, in order to 

study dynamics in condensed matters with high-resolu-

tions and relatively high-energy neutrons [1,2].  The 

construction of HRC was nearly complete except for 

the coverage of the PSD (position sensitive detector) 

array, which covers scattering angles only from -10± to 
42± at present, and we characterized its performance.  

We confirmed that, under limited conditions, the neu-

tron intensity and the energy resolution were in good 

agreement with the design values [1].  Also, we verified 

the data acquisition process and data analysis process 

by visualizing excitations in one- and three-dimension-

al single-crystal magnetic systems in inelastic neutron 

scattering experiments [2].

Due to the earthquake disaster on 11 March 2011, 

some pieces of 2.8 m PSDs were damaged and some 

shieldings were slipped on HRC.  We realigned the 

beamline, restored the shieldings, replaced the dam-

aged PSDs with new ones, and confirmed the opera-

tions of the choppers, the vacuum system, and the elec-

tronics.  After these recovery works, the neutron pro-

duction target at MLF received the proton beam in 

December 2011 and the neutron scattering experiments 

were started in January 2012.  During the recovery 

works, we also improved the performance of HRC, as 

described below.

2.  Supermirror guide tube

The primary flight path, which is the distance be-

tween the neutron source and the sample, is 15 m on 

HRC, and previously, a supermirror guide tube was 

installed in the shutter and the biologicalshielding sec-

tions of 4.6 m in the primary flight path.  At present, 

we also mounted a supermirror guide tube of 5.2 m in 

the down stream section in the primary flight path.  By 

the present installation, we obtained a great intensity 

gain by a factor of 3 at E i = 100 meV and a factor of 5 

at E i = 50 meV in comparison with the previous set-up, 

as shown in Fig. 1.

3.  Collimator system

A Soller collimator system was installed just up-

stream of the sample, and the collimation can be cho-

sen to be 2.3± and 0.6± automatically.  Since there was 

a background noise at low angles previously, as shown 

in Fig. 2 (upper), a measurement with an empty can 

was necessary to obtain a spectrum from the sample.  

Figure 2 shows excitation spectra in a one-dimensional 

antiferromanget, CsVCl3, measured at T = 20 K.  How-

ever, at present, a spectrum from the sample can be 

obtained by using the 2.3± collimator without an empty 

scan, as shown in Fig. 2 (lower).  In the lower angle 

region, PSDs are installed down to 0.5±.  By using 

these low angle detectors as well as sub-eV incident 

neutrons, the 1st Brillouin zone is accessible and it is 

possible to observe ferromagnetic spin waves propagat-

ing from (000) by using a polycrystalline sample.  Al-

though there still exits huge background noise around 

the lowest angle even by using the 0.6± collimator, we 

successfully observed spin wave excitations from the 

polycrystalline sample of a well-known ferromagnet, 

La1.8Sr0.2MnO3, by a background correction, as shown 
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Fig. 1:   Observed gain of the supermirror guide system on HRC, 

which is the ratio of the intensity of scattered neutrons 

from a vanadium sample detected at the PSD array 

from 3± to 42± in the present set-up including the newly 

installed guide tube to that in the previous set-up.
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in Fig. 3.  The measurements  were performed with E i 

= 100 meV and f = 600 Hz (chopper frequency), which 

provides ¢E/E i = 1.7%, and at T = 243 K and 5 K.  

Figure 3 show the intensity at T = 243 K subtracted 

by that at T = 10 K.  This result shows that HRC is 

hopeful for such an experiment. 

In this experiment, some spurious peaks were ob-

served as a background noise at lower angle detectors, 

which composed of a huge elastic peak as well as a peak 

at a finite energy transfer.  The huge elastic peak orig-

inates from a spread of the direct beam, and the finite 

energy peak is a scatteed beam of the direct beam by 

lower angle detectors.  After this experiment, we pre-

pared a 0.3± collimator, of which beam spread should 

be less than the lowest scattering angle of 0.5±, to re-
duce the background noise and to observe spin wave 

excitations directly without any corrections.  By mount-

ing the 0.3± collimator, the spurious peaks were greatly 

reduced.  The sample scan will be performed soon.

4.  DAQ system

An experimental control environment was devel-

oped to combine the measurements of neutron  counts 

with the control of devices such as choppers, tempera-

ture controllers, goniometers, vacuum system, and so 

on, as shown in Fig. 4.  The HRC Control Platform 

was developed and installed on the computer named 
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Fig. 2:   Excitation spectrum from CsVCl3 measured with E i = 

100 meV on HRC, for the previous set-up (upper) and 

the present set-up (lower). The intensities (color) are 

normalized by the number of protons incident to the 

neutron production target. The noise at low-q has been 

greatly reduced by the 2.3± collimator, also the neutron 

flux has been increased by the nearly full installation of 

the guide tube.
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La0.8Sr0.2MnO3
#1169(243K) - #1172(10K)
 

    4  0.64°
    5  0.79°
    6  0.93°
    7  1.08°
    8  1.22°
    9  1.36°
  10  1.51°

Fig. 3:   Spin wave excitations measured from La0.8Sr0.2MnO3 

with E i = 100 meV and ¢E/E i = 1.7% on HRC with the 

0.6± collimator. The intensities are the observed intensi-

ties at 243 K subtracted by those at 10 K. The positive 

and negative peaks are of spin waves at T = 243 K and 

10 K, respectively.

Fig. 4:   Experimental control environment on HRC. PMC, TC, 

GPIB-ETH represent a pulse motor controller, a tem-

perature controller, a GPIB/Ethernet converter, respec-

tively. The vacuum system is accessible through the 

Gateway server and the FL-net. The incident neutron 

beam is controlled by the Fermi chopper and the nar-

rower, and the sample environment such as the tempera-

ture and the crystal angle is controlled. The operation 

status of the T0 chopper and the vacuum system is 

monitored.
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DAQ-OP (DAQ operator).  The HRC Device Control 

Software controls the devices as well as the DAQ mid-

dleware (DAQ MW) via Control LAN through the 

Platform.  The HRC Experiment Control Software ex-

ecutes a sequence composing begin/end of measure-

ments and controls of devices.  

We started developing the analysis software last 

year, and it was improved in order to analyze single 

crystal sample data as well as powder sample data.  

In order to optimize the above computing environ-

ment, the composing of the computers was improved.

5.  Other developments

64 pieces of 2.8 m PSDs are mounted on each detec-

tor bank panel of 1.5 m £ 3 m with a vacuum flange, 

and two panels with PSDs are hold on the vacuum 

scattering chamber at present.  To remove the panel 

from the vacuum chamber, it was necessary to remove 

the shielding block above the panel first, and then, re-

move the panel by using a crane installed at the ex-

perimental hall.  At present, we mounted a rail on the 

vacuum chamber body just above each panel, and the 

panel can be removed from the chamber along the rail 

by using a hand chain hoist.  By using this mechanism, 

we replaced the damaged PSDs by new ones in a much 

easier procedure without removing the shielding.

A cryopump system is used for evacuating the vac-

uum scattering chamber encompassing the sample and 

the flight path of the scattered neutrons.  The regen-

eration process of the cryopump, which is the process to 

release absorbed molecules, was optimized and a fre-

quency of the evacuation process without the regenera-

tion process was greatly improved. 

Previously, we installed two Fermi chopper: one is a 

so-called sloppy chopper for high intensities and the 

other is optimized for E i = 200 meV at f = 600 Hz with 

the optimum condition, where the chopper open time is 

nearly equal to the pulse width.  And therefore, the 

optimum condition was realized in the energy range of 

E i = 10 { 200 meV.  At present, we installed a Fermi 

chopper optimized for E i = 500 meV at f = 600 Hz, 

and then the energy range for the optimum resolution 

of ¢E/E i = 2.5 { 3% was extended up to E i = 500 

meV.  

A cryomagnet to apply the magnetic field up to 14 

Tesla to the sample was designed, manufactured and 

delivered.  We have started the commissioning.

6.  Experiments

Since the recovery from the earthquake damage, 

under the above-mentioned improved experimental en-

vironments on HRC, we have performed the following 

experiments: detection of the spin gap in TiOBr, a 

spin-Peierles system in corporation of orbital orders, 

observation of magnetic excitations in a Kagome-lattice 

antiferromagnet, Cs2Cu3SnF12, and a two-dimensional 

antiferromagnet, La1.66Sr0.33CoO4, and observation of J 

multiplet excitations in a skutterudite, SmFe4P12.  Also, 

the first general user program on HRC (2011B0001) 

was performed to observe incommensurate magnetic 

excitations in high-TC superconductor, YBa2Cu3Cu6.45 

(TC = 48 K). 

7.  Others

During this fiscal year, we published original re-

search papers on the construction of HRC and the con-

firmation of the performance [1], on the installation of 

the DAQ system and the confirmation of the analysis 

process [2], and on the developments of the Fermi chop-

per [3], the T0 chopper [4,5], B4C resin [6], and the 

large area window [7].
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2009S03 : Fundamental Physics with Pulsed Cold Neutrons

1.  BL05 Re-alignment

The NOP beamline (Neutron Optics and Physics) 

installed at the port BL05 has been rearranged after 

the shutdown due to the earthquake.  The damaged 

guide in the beam shutter was replaced as shown in 

Fig. 1.  The triple-fold beam branching optics in the 

upstream region has been reinstalled and realigned as 

shown in Fig. 2.

2.  BL05 Polarized Beam Branch

Experimental errors of the neutron lifetime has been 

significantly improved in the measurement of the de-

crease of stored ultracold neutrons.  However, the re-

cent values deviate far beyond the systematic errors 

claimed in the past and require the further improve-

ment with the accuracy of 10{3 in other measurement 

methods other than the ultracold neutrons for the con-

sistency with the primordial nucleosynthesis.

Neutron lifetime measurement is being restarted at 

the polarized beam branch of the NOP (Neutron Op-

tics and Physics) beamline installed at the port BL05 

as shown in Fig. 3.  The system recommisioning is in 

progress for the in-flight measurement by detecting the 

 * Corresponding author.
 1 Present address: Faculty of Science, Osaka University, Toy- 
onaka, Osaka 560-0043, Japan

Fig. 1:   Replacement of the damaged guide in the beam shut-

ter.

Fig. 2:  Realigned triple-fold branching optics.
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electrons from the neutron ¯-decay in a gas chamber 

[1].  This method was applied in the past by introduc-

ing monochoromized neutron beam bunches into a gas 

chamber as reported in Ref. [2].  The continuous neu-

tron beam from a reactor source was monochromized 

and chopped in the experiment, which resulted in a 

poor statistics.  The intense pulsed neutron source en-

ables us to overcome the disadvantage by chopping the 

cold neutrons synchronizing to the neutron time of 

flight.

We have developed the neutron spin-flip chopper 

(SFC) for this purpose [3] and installed as shown in 

Fig. 4.  The SFC is the combination of the magnetic 

mirror and the spin flipper.  The polarized neutrons are 

incident to the magnetic mirror through the spin flip-

per and the polarity of the magnetic mirror is arranged 

so that the spin-flipped neutrons are reflected and 

reach the detector fiducial volume.  The time sequence 

of the activation of the spin flipper is selected so that 

each neutron bunch is fully separated in time from an-

other bunch on the transmission through the detector 

as shown in Fig. 5.

The gas chamber for the detection of the electrons 

Fig. 3:   A drawing of the experimental setup: (A) beam dump, (B) lead shield, (C) iron shield, (D) 6LiF-PTFE beam collimator, (X) 

Polarization branch, (Y) Unpolarization branch, (Z) Low divergence branch, (a) short-pass wavelength neutron lter, (b) guide 

coil, (c) spin ipper, (d) magnetic super mirrors, (e) spin ipper, (f) magnetic super mirrors, (g) neutron beam monitor, (1) Zr 

window, (2) neutron switching shutter, (3) electron suppression magnet, (4) cosmic veto counter, (5) lead shield, (6) vacuum 

chamber, (7) TPC, (8) electron suppression magnet, (9) 6LiF beam catcher, and (10) turbo molecular pump.
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Fig. 4:   Spin flip chopper installed at the polarized beam branch 

of the NOP beamline.
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Fig. 5:   Number of neutrons delivered into the detector as a 

function of the neutron time-of-ight.
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is a time projection chamber (TPC) containing diluted 
3He and the rate of the 3He(n,p)3H reaction is measured 

by counting the protons.  Since both the decay rate and 

the reaction rate are inversely proportional to the neu-

tron velocity, the neutron lifetime is measured as the 

ratio of the electron events to the proton events if the 

detection efficiency to electrons and protons, 3He num-

ber density and the reaction cross section are known.  

The background event rate has been remarkably sup-

pressed by employing cosmic-ray veto counters, radia-

tion shields, low-radioactivity materials for chamber 

components and the neutron absorbers covering the in-

ner surface of the detector chamber.  The developed 

TPC is shown in Fig. 6.

The detector response has been studied by combin-

ing the commissioning data and the GEANT simula-

tion and the systematic uncertainty of the detection 

efficiency correction is expected to be suppressed to the 

level of 10{3 in the present system.  Further study of 

the systematic uncertainty is in progress taking into 

account the dependence on the 3He density and the gas 

pressure.

Consequently, we estimate that the experimental er-

ror of about 10{2 can be achieved within 150 days with 

the primary proton beam power of 220 kW.  The error 

will be dominated by the statistical error, which is due 

to the transmittance of the SFC as low as 0.05.  Cur-

rently, the improved SFC is under development to 

achieve the experimental error at the level of 10{3.  At 

this accuracy level, the uncertainty of the 3He number 

density will dominate the systematic error.  Thus, the 

determination of the 3He number density is being devel-

oped.

3.  Time Focusing Optics/Rebuncher

The time focusing optics functions as the spatial 

compression of pulsed neutrons along the beam axis.  

The decrease of the density of ultracold neutrons 

(UCNs) on transportation to spatially separated re-

gions can be suppressed by applying the time focusing, 

which enables us to deliver denser UCNs into the stor-

age volume for the physics experiment.  The combina-

tion of the high instantaneous UCN density and the 

time focusing transportation enables us to improve the 

experimental sensitivity to the new physics beyond the 

standard model of elementary particles through the 

measurement of electric dipole moment [4].  The first 

demonstration of the time focus of chopped UCNs to 

rebunch them was carried out at the TEST beam port 

of the ILL/PF2.

Figure 7 shows the experimental apparatus.  UCNs 

are chopped with the movable shutter and transported 

in the guide tube through the gradient magnetic field 

as shown in Fig. 8.  The incident UCN velocity is 

changed in the gradient field according to their spin 

polarity to the local magnetic field.  An RF field ap-

plied in the gradient field flips the neutron spin when 

the RF frequency coincides the Larmor precession fre-

Fig. 7:   Experimental Setup. Neutrons are incident from the left 

and transported to the right through the static magnet 

and RF coil.

Fig. 6:  The time projection chamber.

Fig. 8:   Enlarged view of the magnetic accelerator system to-

gether with the illustration of the magnetic eld gradient 

in the beam transport direction.
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quency.  The static magnetic field is designed so that 

field gradient is almost constant in the spin flip region 

[5].  The spinflipped neutron experiences the opposite 

field gradient.  Consequently, both the exit velocity and 

the time-of-flight of the UCN are the function of the 

RF frequency.  We measured the UCN counting rate 

by sweeping the RF frequency so that the bunched 

UCNs reach the detector at the same time.  The change 

of the time-offlight spectra was successfully observed 

[6] 2.

3.1. Neutron Sources at Users' Sites

Linear proton accelerators for small-scale neutron 

sources have been installed both in the Department of 

Physics of Kyoto University and RIKEN.  First beam 

is expected to be delivered in 2012 for both sources.

Acknowledgement

This work was partially supported by the Creative 

Scientific Research Grant (no.19GS0210) of the Japan 

Society for Promotion of Science and the S-type Re-

search Program (no.2009S03) of the Institute of Mate-

rial Structure Science of KEK.

References

 [1] H. Otono, Dr. Sc. dissertation (Univeristy of Tokyo, 2012), 

to be published.

 [2] R. Kossakowski et al., Nucl. Phys. A503 (1989) 473.

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

A634 (2011) 134.

 [4] H. M. Shimizu et al., Nucl. Instrum. Methods Phys. Res. 

A634 (2011) 25.

 [5] Y. Arimoto, et al., Physica Procedia 17, 20-29 (2011).

 [6] Y. Arimoto, et al., (to be published).

 2 Under refereeing process



20

Mini Focusing SANS Instrument Development for J-PARC

M.Furusaka

Graduate School of Engineering, Hokkaido University, Kitaku Kita-13 Nishi-8, Sapporo, Hokkaido 060-8628, Japan

2009S04  :  Technical feasibility study of mini-focusing small-angle neutron scattering instrument

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.  

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 

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.

To realize such instruments, we have been conduct-

ing several R&Ds: 1) neutron focusing optical devices 

that have low background, 2) micro-strip gas counter 

(MSGC) development suitable for such instruments 3) 

a large-angle neutron bender to branch a neutron 

beamline and obtain a reasonable space in relatively 

short length and 4) performance evaluation using the 

prototype mfSANS built at the JRR-3 reactor at Ja-

pan Atomic Energy Agency (JAEA).

By using a neutron-focusing mirror, like the ellipsoi-

dal mirror that we are developing, we can make very 

compact SANS instruments that suit the above pur-

pose, something in a length-range of 2 to 4 m.  Also the 

performance of such instruments should be nearly the 

same as one of the conventional pin-hole SANS instru-

ments (PH-SANS) in theory if we could make the 

sample size of both instruments the same.  The goal of 

this S-type project is to develop key components of 

mfSANS instruments and estimate the performance of 

the mfSANS modules to be installed at at one of the 

J-PARC beamlines. 

For the mirror, we fabricated an ellipsoidal mirror 

with a borated glass substrate and install one to the 

mfSANS instrument at JRR-3.  We could successfully 

measure small-angle scattering using the mirror and it 

has been proved to be useful for characterizing nano-

scopic structures in metal samples using the wide-q 

range measurement capability special for the mfSANS 

instrument.  However, the background at the small-q 

region was relatively large because of the diffuse scat-

tering from the mirror caused by its relatively large 

roughness.  It was predicted because surface polishing 

of the focusing mirror was stopped before the final 

phase because of a machine trouble of the grinding ma-

chine.  We had to give up polishing phase, partly be-

cause it was estimated to take very long time to finish 

the mirror.

In order to resolve this kind of trouble, we are now 

testing whether or not we can use a NiP plated metal 

substrate mirror and plan to evaluate whether the ma-

terial has a good enough surface roughness to coat 

them with supermirror to make a focusing mirror.  We 

are now evaluating the surface roughness of the sub-

strate using the reflectometer setup at Hokkaido Uni-

versity electron linac based pulsed cold neutron source 

(HUNS) and preliminary results have been obtained.  

We are now analyzing the results and by reflecting it to 

the fabricating processes, we hope to have a first ellip-

soidal mirror later this year. 

In parallel to the ellipsoidal mirror development, we 

have been developing Kirkpatrick-Baez type SANS in-

strument.  Although we could obtain a reasonable fo-

cusing using the setup, as shown in Fig. 1, diffuse scat-

tering due to the roughness of the supermirrors was 

relatively high and we need to reduce it.  The diffuse 

scattering appeared to start from the position that was 

two orders of magnitudes smaller than the peak inten-

sity and we would like to reduce it to 4 orders.

We therefore have conducted reflection experiments 

using conventional high-Qc supermirrors.  The aim of 

the experiments was to check diffuse scattering of con-

ventional high-Qc supermirror and to check what is the 

highest possible Qc that we could use for an ellipsoidal 

focusing mirror.  We conducted reflection experiments 

using a test piece provided by a company and con-

firmed that the diffuse scattering was within a tolerable 

level although it was not perfect.  We found that with 

a 4 Qc supermirror, peak broadening started from 10-3 

level of the peak intensity, almost the same level as the 

2.5 Qc supermirrors used for the ellipsoidal mirror for 

mfSANS.

One of the key components that we have to develop 
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is a beam branching and bending technology when put-

ting many instruments on a beamline.  We are aiming 

at bending extracted beam line more than 0.1 rad devi-

ated from the main beamline.  We are developing a 

solid-state bender using bent silicone wafer supermir-

rors.

According to a preliminary calculation it was esti-

mated that we could bend neutrons to about 0.1 rad for 

the neutrons longer than 0.25 nm using 0.25 mm thick 

silicone wafers coated with 2.5 Qc supermirror that 

have 125 mm length.  The device would transport 5 

mrad beam divergence at half of the thickness of the 

silicone wafers.

We have contacted a test experiment using 5 plates 

of 0.3 mm thick silicone plates with 2.2 Qc supermirror 

coated.  In fig. 2 is shown an image on the detector.  

Bright white line at around 185 horizontal channel is a 

part of the direct beam and one at around 70 to 90 

channel is the beam transmitted through the bender.  

The dark spots in between the bright lines are the neu-

tron beam transmitted through the supermirror be-

cause of imperfections of the local bending radius of one 

of the silicone plates.

The resulted transmission of the bender is shown in 

Fig. 3.  Although it shows that the transmission is 

around 30% or more if the wavelength is longer than 7 

A, the absolute scale of the transmission is not accurate 

because the beam divergence is not properly taken into 

account.  Detailed analysis is still underway.

For the measurement we have conducted, we have 

used a ZnS scintillation detector coupled with a 5 inch 

position sensitive photomultiplier tube (Hamamatsu 

photonics K.K. made R3292).  The whole system to-

gether with a data acquisition electronics based on 

VME modules and National Instruments Corporation 

made LabView based control software can be obtained 

by 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 believe that a helium gas counter would be a 

better choice for this kind of experiment because of 

higher detecting efficiency, higher position linearity and 

Fig. 2:   Neutron intensity map on the detector plane.  Bright 

white line at around 185 horizontal channel is a part of 

the direct beam and one at around 70 to 90 channel is 

the beam transmitted through the bender.  The dark 

spots in between the bright lines are the neutron beam 

transmitted through the supermirror because of imper-

fections of the local bending radius of one of the silicone 

plates.

Fig. 3:   Transmission of the solid bender as a function of wave-

length ¸.

Fig. 1:   Image of the focused beam using the KB mirror setup.  

The incident beam size of the slits were 2 mm, both for 

vertical and horizontal directions.
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higher counting rate.  In this aspect, we are now devel-

oping a new type of micro strip gas counter (MMSGC).  

The detector as well as a data acquisition electronics 

system has been constructed and it will be tested in 

near future.

Reference

  K. Hirota et al., Development of a neutron detector based 

on a position-sensitive photomultiplier, Physical Chemistry 

Chemical Physics 7 (2005) 1836-1838.



23

Structural Study of Functional Materials and Development of 
Advanced Methodology using SuperHRPD

T.Kamiyama, S.Torii, M.Yonemura, T.Muroya and Y.Noda*

High Energy Accelerator Research Organization, Tokai-mura, Naka-gun 319-1106
*Tohoku University, Aoba-ku, Sendai 980-8577

2009S05  :  Structural study of functional materials and development of advanced methodology using SuperHRPD 

By using SuperHRPD, we will promote 1) the mate-

rials structure science such as multiferroic systems, 

strongly correlated electron systems, ionic conductors, 

rechargeable battery materials and fuel cell materials, 

and develop 2) molecular materials neutron powder dif-

fraction.  We will emphasize the science regions not 

accessible with conventional high resolution neutron 

powder diffraction.  Other science regions clarified with 

real time studies, in situ studies, high throughput mea-

surements are not the principal targets [1].  However, 

our work was interrupted by the earthquake, and here 

we report on our activity to recover from the earth-

quake.

The Great East Japan Earthquake (the Tohoku 

Earthquake) with a magnitude of 9 and the epicenter 

approximately 70 kilometers offshore of the Oshika 

Peninsula of Miyagi prefecture hit the east area of Ja-

pan at 14:46 JST of March 11, 2011.  J-PARC experi-

enced the seismic intensity scale of 6.  

When both west and east annex buildings were 

planned to be constructed without concrete piles by the 

building teams of JAEA and KEK, we were informed 

that uneven settlement as large as 1 cm might occur at 

building boundaries with the MLF building with deep-

ly driven piles.  Therefore, in addition to soil improve-

ment, 80 m-guide tube was designed to be separated in 

vacuum at the building boundaries, and the upper 

stream guide tubes larger by 2 cm in height than the 

downstream ones to minimize the effect of unequal 

subsidence; loss of intensity would remain within 10% 

by the 1 cm difference in beamline height due to sub-

sidence [2].  In addition, since we speculated that un-

equal floor sinking might complicate the guide-tube 

realignment, we minimized the number of pedestals 

connecting the guide-tube supporting rail and the floor.  

However, what actually occurred was that the annex 

buildings were dropped by 10 { 15 cm compared to the 

MLF building (Fig. 1), and heavy iron blocks of the 

beamline shielding dropped which destroyed guide 

tubes.  

The west annex building where BL18, BL19 and 

BL20 locate moved to the north by 4 cm, subsided by 

14 cm at the expansion joint of the boundary (the east 

side) and by 9 cm at the west side.  On the other hand, 

BL08 building moved to the north by 3 cm and to the 

east by 5 cm (Fig. 2 - 5).  The building was subsided by 

9 cm at the expansion joint, 5 cm at 60 m, 3 cm at 70 

m, 2.5 cm at 80 cm and 2.8 cm at 90 m.  The sample 

position of SuperHRPD moved to the north by 1.25 cm, 

to the east by 3.39 cm and subsided by 2.77 cm.

Fig. 1:  Three MLF annex buildings were subsided.

Fig. 2:   The displacement and subsidence of two KEK buildings.  

Figures are amount of displacement.
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After restricted admission due to the risk of collapse 

by aftershock were relaxed, damage evaluation and 

temporary repairs were quickly carried out.  In BL08, 

the iron shielding blocks at the expansion joint were 

immediately removed with caution (Fig. 6).  The in-

strument group agreed with the building team to, 1) 

carry out underground investigation quickly, 2) fill 

earthquake-origin void space with concrete if discov-

ered, 3) re-install beamline instead of restoring the 

subsidence and displacement of the BL08 building it-

self.  In contrast, the west annex building of JAEA was 

raised by 15 cm in August.  This was inconsistent ap-

proach to the recovery, 

In July 19, a typhoon with heavy rain attacked To-

kai, and earth and sand disappeared near water hy-

drant for 5 m rang (Fig. 7); this suggested large void 

space would exist under the MLF building.

The earthquake-origin voids were finally discovered 

on November 7 { 9 between the MLF and BL09 build-

ings (Fig. 8, 9, 10).  Although they were filled with 

concrete already on December 5 { 12, more voids would 

extend wide under the MLF building.  

As described, since beamline shielding dropped at 

the building boundary, several pieces of guide tubes 

were broken as shown in Fig. 11.  When all pieces of 

guide tubes were once removed and cleaned up, many 

Fig. 6:  Iron shielding was removed after the earthquake.

Fig. 3:  Gap between MLF and SuperHRPD buildings.

Fig. 4:   A bump between MLF and beamline buildings.  A hori-

zontally placed grating was tilted.

Fig. 5:   Expansion joint labors between MLF & BL08 (above) 

and BL08 & BL09 (below) was distorted.
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small scratches were found inside the tubes.  In the 

MLF building, part of BL08 guide tubes were moved 

and/or rotated inside iron jackets. 

Fig. 7:   The earth and sand disappeared near water hydrant 

after a typhoon with heavy rain attacked Tokai in July 

19, 2011.

Fig. 8:   Surveying underground between BL09 and MLF.  The 

earthquake-origin voids were discovered

Fig. 9:   Underground surveying of BL08 and BL09.  Red marks 

digging points.

Fig. 10:  Digging holes at the floor.

Fig. 11:   Part of guide tubes was broken at the building bound-

ary (above), and broken guide (below).
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For instruments with straight beamlines inside the 

MLF building, re-alignment is not so difficult, but for 

BL08 with curved guides followed by straight guides at 

the annex building, re-alignment is more difficult be-

cause direction of straight guides is not known due to 

the displacement and subsidence of the annex building.  

We repeatedly surveyed land and building, and mea-

sured shifts and subsidence of beamline and the sample 

position (Sep. 12 { 16 and Nov. 21 { 26).  We finally 

decided to remain the sample position and to align 

guide tubes so as to bring beamline to the sample posi-

tion.

In the MLF building, since the beamline displace-

ment was small, the guide tube support structure was 

simplified so that guide tube re-installation and align-

ment could be performed easily.  In the BL08 beamline 

building, the guide tube support mechanism was re-

designed so that adjustment as large as 10 cm along 

vertical and horizontal directions was made possible 

(Fig. 12).

The iron shielding in the BL08 beamline building 

was raised by several centimeters instead of restoring 

the subsidence and displacement of the building itself 

(Fig. 13), but introduction of adjustment mechanism 

was postponed.

Furthermore, we adopted structures which were 

proof against damage from an earthquake, and/or 

structures in which breakage concentrates on a specific 

part.

After installing three disk choppers in November, 

we installed guide tubes in the MLF building on Dec. 

12 { 22, those in the beamline building on January 10 

{ February 3.  Newly developed earthquake-proof glue 

was pasted to glass guide tube connection in the beam-

line building on February 6 { 10, followed by drying (10 

days) and the leak check.  The shielding at the building 

boundary was re-designed and carefully re-installed on 

February 27 and 28, 2012.  The beamline shielding in 

the MLF and the beamline buildings were installed in 

the end of January 24 { 25 and March 5 { 21, respec-

tively. 

All the temporary restoration was completed by the 

end of March, 2012 and operation was permitted on 

March 23 by the J-PARC radiation protection supervi-

sor.  However, one of power supply of linac klystrons 

broken on March 22 was not repaired until April 8.

References

 [1] T. Kamiyama and K. Oikawa, ICANS-XVI (2003) 309-

314: T. Kamiyama et al., MLF Report (2009 & 2010): S. 

Torii et al., J. Phys. Soc. Jpn. 80 (2011) SB020.

 [2] K. Oikawa et al., ICANS-XVII (2006) 139-145.

Fig. 12:   Guide tube adjustment mechanism in the BL08 beam-

line building.

Fig. 13:   Iron shielding in the BL08 beamline building was raised 

by several centimeters, and fixed to the floor indepen-

dently to the guide tubes.
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2009S06  :  Fundamental research of hydrogen storage mechanism with high-intensity total diffractometer

1.  Overview of FY2010

The damage caused by the Great East Japan Earth-

quake on March 11 was almost negligible on the High 

Intensity Total diractometer (NOVA) at BL21, fortu-

nately.  In 2011, step by step checking procedures of all 

the components of NOVA were completed and develop-

ments of software for data reduction was advanced.  

Alhough the beam time in FY2011 was very limited, 

inelastic measurements with the Fermi chopper on 

NOVA were successful.  Data reduction software to de-

rive S(Q)has been prepared.During the software devel-

opments, instrument parameters, measurable Qranges, 

intensities, backgrounds, stabilities of the incident neu-

tron monitor (Gas Electron Multiplier), and so on have 

been evaluated and it was found that the NOVA 

achieved the designated level of performance.  For ex-

ample, the measurable Q-range, which was conrmed by 

standard samples, was 0.024 6~0 Å{1.  The highest Q 

value was checked by the Si-O correlation of silica-

glass but it is able to measure reasonably up to 100 Å{1.  

The low instrument background accomplished by mas-

sive shields for high-energy neutron enables this high-Q 

measurement.

Sample environments were also commissioned.  The 

in-situ hydrogen gas environment was successfully used 

in time-transient hydrogen absorbing process, as shown 

in Fig.5-2-2-12.  The sample (LaNi5) was exposed in a 

3-MPa hydrogen gas atmosphere, and the gas pressure 

decreased with time because the sample absorbed hy-

drogen gas.  The sample nally became LaNi5D6.6.  

This process happened in 400 sec, and NOVA mea-

sured the phase transition successfully in a single mea-

surement.  Since the neutron intensity is expected to be 

9 times higher in a few years, faster measurement will 

be realized, and this type of time-transient measure-

ment will be very common in MLF.

2.  Commissioning of NOVA

2.1. Reliability check of the incident neutron moni-

tor (GEM)

As a high intensity diractometer, monitoring of in-

cident neutron is a key to derive small dierences be-

tween samples, sample conditions and etc.  A neutron 

beam monitor with a gas electron multiplier (GEM) 

was developed for NOVA.  The GEM based detector 

was chosen because of its two-dimensional detection 

and high-counting ability (about1 MHz).  The eective 

counting rate was estimated as 114.11§0.24 events / 

1012 protons, and the ratio of the standard deviation to 

the mean was approximately 0.2%.  About one-half of 

this error (0.1% )was estimated to be due to uctuations 

in the GEM-based detector [1] and it is therefore com-

parable with the lower limit of the typical error of scat-

tered neutron counts (0.1% » 1%) at NOVA.  The 

stability of the GEM-based detector was also conrmed 

from the plateau characteristics and high count rate 

characteristics.  Another GEM monitor for transmitted 

neutron was installed after the small-angle bank.  This 

transmission monitor will be used for measuring beam 

shape and sample transmission factor.
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2.2. Data Reduction

Through total scattering measurements, observed 

intensities are needed to be reduced to absolute value 

of total scattering cross-section to obtain coordination 

numbers around certain atom.  Reduction of measured 

event data is as follows.  Based on data analysis frame-

work of MLF (Manyo-lib) [2], 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).

Figure 1 shows the standard output from NOVA 

data reduction software.  Shape, density, composition 

and cross-sections of sample are input parameters for 

the data reduction.

2.3. Q-range

Figure 2 depicted the measured scattering prole of a 

standard sample (NIST, mica).  In this case, pixels of 

each detector bank were merged into one prole in d-

space by similar way of time-focusing: one nominal 

pixel was chosen to x d-space (x-axis).  This is the 

reason why Q-ranges of each bank are narrower than 

the values in Table 1.

Current low Q limit of NOVA is about 0.026 Å{1 as 

shown in Fig. 3.  Meso-porous silica (MCM-41) was 

measured and Bragg peaks from hexagonally aligned 

mess pores were observed.  In this measurement, cylin-

drical vanadium cell was used and the neutron beam 

size was larger than the sample size, which is not usual 

in a small-angle scattering measurement.  It is expected 

that the low Q value will reach to 0.01 Å{1 with slab-

shape cell and the narrower neutron beam collimation 

optimized to small-angle scattering.

2.4. Intrinsic backgrounds

The intrinsic backgrounds were measured by mea-

surements without samples (\empty run").  The level 

of the background is about 10{3 to silica glass and 10{2 

to silicon powder.  The sample size is 8 mm diameter 

for silica glass and 6 mm diameter for Si powder.  The 

beam height is 20 mm in both case.  In Fig. 4, silicon 

powder intensity contains vanadium cell (0.1 mm thick-

ness) which increases incoherent level.  It was conrmed 

that the level of the intrinsic background is reasonably 

low.  The primary ight path (neutron source to sample 

distance) was chosen as shortest to increase short 

wavelength neutron ux but it is necessary to reduce 

backgrounds caused by short wavelength neutrons.  

Boric acid resign and massive iron shields were installed 

in NOVA addition to neuron shielding concrete (Fig. 

5).  The eects of each shields have not been estimated 
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Fig. 1:   Standard output in the data reduction process of NOVA. 

Top left to right: TOF spectra of sample, cell and empty 

background normalized by the incident monitor, top 

middle: cal-culated self-attenuation factor, top right: 

TOF spectra of vana-dium, down left: sample data cor-

rected by self-attenuation, back gourds, vanadium, 

down middle: multiple correction and down right: inco-

herent correction.
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Fig. 2:  Measureble Q-ranges of each detector bank of NOVA.
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quantitatively but it is plausible that the achievement 

of the background level at the short neutron wavelength 

region around 0.1 Åis supported by the shields.

3.  Hydrogenous materials study

3.1. Hydrogen gas atomosphere

An in-situ H2/D2 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 xed by the 

pressure and the temperature.  The equipment can 

measure pressure-composition-temperature (PCT) dur-

ing neutron diraction on NOVA.  PCT curve at room 

temp. of LaNi5-Dx was measured by the in-situ envi-

ronment on NOVA and conrmed that the curve is rea-

sonably consisted with literature (Fig. 6).  At three 

hydrogen composition pointed in Fig. 6, neutron dirac-

tion were performed as shown in Fig. 7.  According to 

hydrogen content increasing, peak shift to longer d-

value and new peaks were observed. 

A test measurement of time-transient hydrogen ab-

sorption process was performed.  Figure 8 shows dirac-

tion pattern evolution after gas exposer until 400 sec.  

In Fig. 8, diraction patterns obtained by integrating 

measured intensities within 8 sec.  The time interval 

can be chosen  exibly after the experiment and it can 

be varied.  This is the sake of the event mode recording 

system of DAQ.

3.2. NaCl-type monohydride in the rare-earth metal 

hy-drides

Investigation focused on the hydrogen-metal and 

hydrogenhydrogen interactions under high pressure is 

the key to understand the limit of hydrogen storage 

capacity in metals.  In case of LaH2, observed phase 

separation by X-ray suggests that it forms domains of 

the hydrogenpoor and hydrogen-rich phases spontane-

ously by pressurization [3].  To understand the origin 
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Fig. 3:  Smallest Q-range of NOVA.

!!!!!!

$�%&&!�%'�!��(�
��!���

��)�%)*(�

+��%'*,,�(

��!,-��,*�")"*�

./0���&)(*��!*�")*(�
��012�




+�+�

3�(!"�%'*,,�(

3� �'"�-�

4*("%��%"��(��"��
5�&)(*��6'"�-�"���7*�%(�)�

�!

Fig. 5:  Shields installed at upper stream of the beam line.

Detector bank 2µ [deg] L2 [m] Q-resolution [%] Q-range [Å{1]
(d-range [Å])

small-angle 10 » 20 4 7
(4 » 50)

0.01 » 8
(0.8 » 628)

20-deg 12.6 » 28 2.8 » 3.0 2.5
(1.7 » 3.9)

0.2 » 26
(0.2 » 31)

45-deg 33 » 57 1.7 » 1.9 1.2
(0.9 » 1.5)

0.4 » 50
(0.1 » 16)

90-deg 72 » 108 1.2 » 1.3 0.6
(0.5 » 0.7)

1 » 82
(0.08 » 6.3)

back-scattering 135 » 170 1.0 » 1.4 0.3
(0.3 » 0.35)

1.4 » 100
(0.06 » 4.5)

Table 1:  Resolution of each detector bank of NOVA. L2 corresponds to sample to detector distance.
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Fig. 4:  Intrinsic background of 90-deg bank.
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of the structural transformations in LaH2, a Paris-Ed-

inburgh (PE) press (VX4, max. load 200 ton) with 

toroidal anvils was applied to the high-intensity total 

diractometer, NOVA.  Figure 9 shows the selected neu-

tron diraction patterns of LaD2 under high pressure 

measured by NOVA [4].  Above 11 GPa, several new re 

ection peaks (indicated by arrows) appeared.  By ana-

lyzing the Bragg peaks comparing with those in X-ray 

diraction, the formation of a NaCl-type monohydride in 

the rare-earth metal hydrides is conrmed.  The discov-

ery of rare-earth metal monohydride will open the way 

to clarify the site-dependent nature of hydrogen-metal 

interactions through comparison studies among mono-, 

di-, and tri-hydride.  The highest pressere, 17 GPa, is 

the highest in Japanese neutron facilities.  It is neces-

sary to reduce the sample volume to achieve such high 

pressure: the volume is 15 mm3 at 17 GPa.  Combining 

with synchrotron radiation results, interesting results 

were obtained.  Back ground reduction and high power 

of J-PARC (200 kW at this experiment) realizes this 

success.

3.3. Inelastic measurement on NOVA

A Fermi chopper [5] was installed in NOVA (Fig. 5) 

and inelastic scattering measurement is able to be per-

formed optionally in NOVA.  Vibration of hydrogen 

atom in TiH2 is harmonic and this is observed clear as 

dynamic structure factor, S(Q, E) as depicted in Fig. 

10.  Fig. 10 was created with Utsusemi software devel-

oped by chopper group in MLF.  20-deg, 45-deg and 
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90-deg bank were used.  1st to 4th excitation of hydro-

gen vibration can be identied and these energies are 

consistent with previously reported results [6].  In this 

measurement, it took 40 hrs but 10 min was enough to 

measure excitation level by integrating along Q-values.  

Elastic intensity is not clear because recoil eect of hy-

drogen.  Studies of incoherent-inelastic corrections of 

hydrogen atoms will be progressed to improve accuracy 

of hydrogen position information.
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2009S07  :  Construction of advance neutron beam line for VIllage of Neutron Spin Echo spectrometers (VIN 

ROSE)

Kyoto University and KEK started to construct a 

new beam line for neutron spin echo (NSE) spectrom-

eters at BL06 at the Materials and Life Science Facility 

(MLF) of Japan Proton Accelerate Research Complex 

(J-PARC).  NSE method proposed by F.Mezei [1] is 

very powerful tool to investigate slow dynamics.  It 

measures directly intermediate scattering function 

S(q,t) with very high neutron energy resolution.  In 

order to cover wide energy range with various sample 

environments, the VIN ROSE consists of two types of 

NSE spectrometers: NRSE (Neutron Resonance Spin 

Echo) and MIEZE (Modulated Intensity by Zero Ef-

fort)[2,3].  NRSE is suitable to study dynamics of soft 

condensed matter with for high energy resolution.  

MIEZE has a big advantage to create new field since 

the sample environment is very flexible.  Thus we 

named them \VIN ROSE".  In NRSE, two RSFs re-

place a homogeneous static magnetic field for spin pre-

cession 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. 

KURRI team has developed RSF with iron yoke 

dipole magnet which creates strong static fields and 

solves problem of cooling and power consumption.  

Furthermore, it reduces the material in beam line.  

MIEZE and NRSE signals using the RSFs have been 

demonstrated with high frequency at MINE1 port at 

JRR3 at JAEA [4]. 

The energy resolution of MIEZE and NRSE spec-

trometer is proportional to the frequency of the oscillat-

ing field (Fig. 1), the flight path length between a 

couple of RSF coils, the third power of incident wave-

length.  In NSE including NRSE and MIEZE, it is very 

important for high resolution measurement to use lon-

ger wavelength.  The energy resolution is limited by the 

deviation of the precession due to the inhomogeneity of 

the magnetic fields and the divergent beam.  Correc-

tion of the precession for the beam divergence effect is 

necessary to keep the neutron intensity by taking the 

divergent beam.  The use of Fresnel coils enables the 

measurements.  The beam divergence effect can be suc-

cessfully corrected with the arrangement of three Fres-

nel coils in the static magnetic field of NSE.  The neu-

tron intensity, especially longer wavelength, is reduced 

by passing through the coils.  Similarly, the resolution 

of NRSE is also limited by the effect of beam diver-

gent.  Unfortunately, it is impossible for NRSE to use 

such Fresnel coil since the spin quantization axis is not 

parallel to neutron path.  In NRSE, there is no static 

magnetic field between a couples of RSF coils.  The 

deviation of flight path makes the deviation of the rela-

tive phase between up-and down-spin components, 

which is equivalent to spin precession. 

When we consider focal point, the flight length can 

be adjusted by using ellipsoidal focusing mirrors 

(Fig. 2).  The numerical simulation using two dimen-

sional focusing mirrors is carried out and clear spin 

echo signal and neutron intensity increased with the 

wide acceptance of beam divergence [5].  Of course, the 

sample size should be small with high resolution, how-

ever, we can use wide divergent angle and the bright-

ness at sample can be very high.  It is, to our knowl-

edge, only one method to satisfy high resolution and 

brightness measurement. 

Fig. 1:   Schematic view and energy diagram of (a) NRSE and 

(b) MIEZE spectrometer.
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One of big advantage of pulsed neutron source is 

very low background by using time resolving technique.  

On the contrary, the total neutron intensity is not spe-

cial; it is same with JRR-3 reactor.  When we use 

longer wavelength with large sample size, the advan-

tage becomes small.  Thus we determined that the de-

sign of VIN ROSE and BL06 beam line is dedicated for 

small sample. 

Figure 2 shows schematic top view of BL06 beam 

line.  There are two curved supermirror guide tubes for 

each spectrometer.  The BL06 experimental space is 

also very limited and these curved guides role to create 

experimental space for two spectrometers and trans-

port optimized neutron beam.  The radius of curvature 

of both guides is 140 m and characteristic wavelength 

of MIEZE and NRSE is 2.8 and 5.2 Å, respectively.  

MIEZE and NRSE guide consist of two and three parts 

to install band-chopper, respectively.  It is important 

for high resolution measurement to transport longer 

wavelength neutrons as much as possible.  In NRSE 

beam line, the cross section of neutron beam is large as 

much as possible.  The all vertical component are po-

lygonal elliptical shape and horizontal component of 

last guide part is also polygonal elliptical shape.  The 

detailed parameter of each guide is shown in Table 1.

By using curved guide tube, unneeded fast neutrons 

and gamma rays from the source are stopped by an 

iron beam dump placed between the two guides. 

BL06 area should be covered with concrete walls.  

Each neutron guide is covered by B4C rubber sheet and 

iron block to reduce the concrete and create experimen-

tal space as large as possible.

As shown in Fig. 3, The dose rate and neutron 

background at experimental space are dramatically de-

creased.  Numerical simulations of the beam line are 

done by using PHITS [6].  Neutron intensity is ex-

pected to be about 2£108 n/cm2/s/ Å at each guide 

exits, and peak wavelength are 3.5 and 5.2 Å for MIEZE 

and NRSE respectively in case of 1 MW operation 

(Fig. 4)[7]. 

In FY2011, we have designed and purchased the 

following four big materials after bid.

i) BL06 mirror holder with iron shielding

ii) BL06 up stream (z=12-16 m) concrete shielding

iii) BL06 electric basic infrastructure (main switch-

board, etc)

iv) 8 inch in 3 mm thickness silicon wafers for super-

mirrors 

Supermirror is most important key component of 

neutron guide tube.  All BL06 supermirrors will be 

fabricated by KUR-IBS machine.  The total length of 

the guide tube is about 29 m and the size of deposition 

area is very important when we fabricate neutron guide 

tube.  Ion beam sputtering (IBS) technique enables us 

to fabricate smooth layer structure with sharp edge and 

we have succeeded in fabricating m>5 supermirrors 

and very small d-spacing multilayer [8].  The maxi-

mum substrate area at our KUR-IBS machine was 

limited to 200 mm in diameter.  On the other hand, the 

maximum substrate area at JAEA is 500 mm in diam-

eter.  It is enough large to fabricate neutron guide tube 

and they are producing a lot of supermirrors for J-

PARC project [9].

Table 1:   The parameter of neutron guide for MIEZE and NRSE 

Schematic at BL06 at J-PARC/MLF.

Fig. 3:   The top view of (a) geometry and (b) dose level of BL06 

beam line by PHITS.

Fig. 2:   Schematic top view of MIEZE and NRSE beam line at 

BL06 at J-PARC/MLF.

Guide NRSE MIEZE

Length 4.7 m curve(a) (z=7.3→12 m)
4.8 m curve(b) (z=12.3→17.1 m)
5.4 m straight*(c)(z=17.3→22.7 m)

4.7 m curve(a)
4.8 m curve(b)

Radius 140 m 140 m
cross section 30(w) £ 48-120(h) mm 15 (w) £ 50(h) mm

Mirror m = 2.5 m = 3.0
Focus Vertical: (a), (b), (c) :ellipsoidal

Horizontal: (c) ellipsoidal
─
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Figure.5 shows photograph of new substrate holder 

for fabrication of the BL06 guide tube at J-PARC.  The 

diameter of substrate holder is limited by size of pro-

cess vacuum chamber.  The substrate holder and at-

tachments were developed at the workshop in KURRI.  

Figure 6 shows reflectivity by NiC monolayer and 

m=2.5, 3 supermirror on the silicon wafer.  The wafer 

is placed on three points, top, center, bottom on the 

substrate holder.  The center means middle of circle 

(substrate holder), top and bottom is about 200 mm 

outer from the center.  The measurement was carried 

out at Time-Of Flight (TOF) instrument installed at 

CN-3 beam port at KUR.  These reflectivities at all 

points were high and almost reproduced by the theo-

retical ones.  We succeeded in fabrication of large scale 

neutron supermirror with high reflectivity for real neu-

tron guide.  As the next step, we are seeking best sput-

tering condition to increase fabrication yield with high 

quality.  We will continue to measure reflectivities of all 

mirrors at some processes to check reproducibility of 

KUR-IBS and choice good mirror for BL06 beam 

line.
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Fig. 4:   The calculated neutron flux at MIEZE and NRSE guide 

exit as a function of (a) wide energy and (b) wavelength 

of neutron.

Fig. 5:   The photograph of new substrate holder in which diam-

eter is 480 mm and silicon wafers placed at the sub-

strate holder in KUR-IBS.

Fig. 6:   Measured and ideal reflectivity of NiC monolayer, 

m=2.5, 3 supermirror deposited on silicon wafers .
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2009S08  :  Analysis of Dynamics at Nano Interface of Functional Soft Matter Principal

1.  Instrumentation

1.1 Upgrade history and current status

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 

neutron reflectometer.  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.  Owing to 

the high flux neutron beam in J-PARC, the accumula-

tion time drastically shortened, and the observable re-

flectivity reached 10-7 thanks to various components for 

background suppression [1].  However, the motion range 

of the slits, sample and detector stages were so short 

that only the 2.22± beam line at BL16 was used, be-

cause components of ARISA was not designed for this 

beam line.  This is a serious disadvantage in an air-

liquid interface measurement to observe high-q region 

with a high incident angle.

In January 2011, ARISA-II has been replaced with 

a brand-new reflectometer \SOFIA (SOFt-Interface 

Analyzer)" [2].  Figure 1 shows a schematic drawing of 

SOFIA in the experimental hutch.  SOFIA reutilizes 

the same T0 chopper, disk chopper, Ni/C mirror, and 

2-dimensional detector (photo-multiplier tube with a 
6LiF/ZnS scintillator) 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 (q) re-

gion on free liquid surfaces.  Also, the slit system can 

finely collimate to irradiate an area of 10 mm square, 

typical sample size for synchrotron light sources, with 

the angular resolution of 3%.  The regulation to treat 

liquid sample is, however, so strict that it has not been 

allowed to measure air-liquid interface in J-PARC/

MLF yet.  We recently started a plan to solve this 

problem, and air-liquid interface measurement will 

hopefully come true near future.

Concerning the damage from the earthquake on 

March 11, it was not so serious that SOFIA itself was 

fortunately ready to accept neutron beam shortly after 

inspection.  It was, however, impossible to perform NR 

experiments with SOFIA until the J-PARC accelerator 

restarted the operation in January 2012.  Therefore, we 

performed NR experiments with the support of oversea 

facilities, such as SNS, LANSCE, and ISIS.

Soon after accepting neutron beam with SOFIA, we 

performed the realignment of components and restarted 

NR measurements.  Then, we improved the condition 

of the slit collimation more and succeeded to reduce the 
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accumulation time.  In addition, double frame mode 

(12.5 Hz operation) is available to extend wavelength 

band.  This enables us to use neutrons with the wave-

length in the range from 0.25 nm to 1.76 nm, whereas 

0.88 nm is the maximum wavelength in the single frame 

mode (25 Hz operation).  Moreover, binning of time-

slicing can be arbitrarily changed after a measurement 

thanks to time stamps inserted by a GATENET mod-

ule.  The result of time-slicing measurement on double 

frame mode will be shown later.

1.2 Development of detector

As mentioned before, we currently use a 2-dimen-

sional photo-multiplier tube with a 6LiF/ZnS scintilla-

tor as a detector.  Thanks to this detector, specular 

reflection, off-specular reflection, and background can 

be observed at the same time.  This detector, however, 

starts pulse pileup around 10k counts per second be-

cause of afterglow of the scintillator.  Since the mini-

mum accumulation time is limited by the count rate, 

this would make a problem on the time-slicing mea-

surement especially when J-PARC is upgraded to be 1 

MW.  In order to increase count rate, we have been 

developing a new photon detector with an opto-semi-

conductor device, multi-pixel photon counter (MPPC), 

in collaboration with KENS-DAQ group.

Figure 2(a) schematically illustrates a new detector 

consisting of twenty 1-dimensional detectors and a read 

out module.  Sensitive area of the detector is 5 mm in 

width and 128 mm in length, and totally to be 100 mm 

£ 128 mm.  Figure 2(b) shows the side view of the 

detector.  The position of neutron in length direction is 

evaluated by a charge division method, and the spatial 

resolution is designed to be about 1 mm.  The detectors 

are connected with a read out module, and signals of 

neutrons are recorded by NEUNET module as event 

data.

To check the performance of the detector, we per-

formed the beam position scan at the detector with 

0.1 mm (V) £ 50 mm (H) beam.  Figure 3 shows the 

scan result.  The step of scan in vertical direction was 

6 mm and the gap of each step can be clearly distin-

guished.  The full width at half maximum was in be-

tween 1.08 mm and 1.30 mm, which is roughly consis-

tent with the design value.  We hopefully install this 

detector next year after the small modification.

1.3 Development of scintillator

Helium-3 (He-3) is most widely used isotope for 

neutron detection.  It has a high absorption cross sec-

tion for thermal neutron beams and is used as a con-

verter gas in neutron detectors.  However, the world-

wide shortage of helium-3 following the draw down in 

nuclear weapons production since the Cold War has to 

some extent prevented the neutron detector develop-

ment.  Therefore, He-3 alternative detector is strongly 

required. 

Ce:LiCaAlF6 (LiCAF) scintillator [3] is a strong 

candidate for alternative of He-3 based gaseous neu-

Fig. 1:  Side view of SOFIA reflectometer placed at BL16 in J-PARC/MLF.

Fig. 2:   Schematic illustration of a new detector. (a) dimension 

of the 1D-detector array. (b) side view of each 1D-detec-

tor.



37

Structural Analysis of Nano Interface of Functional Soft Matter KENS REPORT XVIII

tron detector.  LiCAF scintillators have great detection 

efficiency on neutrons and since its effective atomic 

numbers (Zeff) are very small, its sensitivity to gamma-

ray is very low.  However, since its wavelength of light 

emission is 270 nm, scintillation emission spectrum 

does not match to most of the photo detectors such as 

photo-multiplier tubes (PMTs) and avalanche photo-

diodes (APD).

In this study, we have investigated the effect of cov-

ering the LiCAF with plastic scintillators to shift the 

luminescence wavelength towards the region of higher 

spectral sensitivity of PMT.  Here, we report first neu-

tron response result of hybrid LiCAF scintillators at 

J-PARC.

Plastic scintillators are commonly composed with a 

base polymer and luminescent dopants.  In order to use 

plastic scintillators as wavelength shifters (WLSs), the 

matching of the absorption wavelength of luminescent 

dopants with the emission wavelength of the scintillator 

are important to achieve high conversion efficiency.  

Additionally, converted photons emitted from WLS 

must be suitable for the sensitivity of the photo-detec-

tors is important. 

In this study, LiCAF single crystalline scintillator 

was used for coupling with WLSs, and it was cut into 

pieces and polished into with 10£10£2 mm size.  Poly(2 

or 4-methyl styrene) was chosen as a base polymer for 

plastic scintillators because it is most widely used in 

plastic scintillators such as BC-499 (Saint-Gobain 

K.K.).  In addition, BC-499 was good choice for cou-

pling with short wavelength light emission scintillators 

according to the previous study [4].  2 kinds of lumines-

cent dopants, which have absorption peak around 300-

380 nm and emission peak around 360-440 with fast 

decay time were selected for this work.  Their main 

properties are presented in Table 1 according to ex-

perimental results and Refs. [4].

Mixture solution of Poly(2 or 4-methyl styrene), lu-

minescent dopants and toluene was pasted on all sur-

face of the LiCAF samples.  After evaporation of tolu-

ene, the samples were coated by the WLS with around 

20 µm thickness.  Hamamatsu R329 was used for photo 

detector and coupled to 10£10£2 mm size crystal.  Its 

sensitive wavelength region is 20 to 1000 nm.

First, we have tested our new hybrid scintillation 

neutron detector with Cf-252 neutron source and Co-

60 gamma-ray source.  The crystal were covered with 

Teflon tape.  The 10£10 mm face was coupled with 

photodetectors, PMT coupled with an optical grease 

(OKEN 6262A).  Once the photoabsorption peak was 

detected, double Gaussian function was applied to fit 

the peak.  In such analysis, the light yield and energy 

resolution were compared each other.  Pulse height 

spectrum of neutron beam acquired from LiCAF itself 

coupled with PMT, are shown in Fig. 4.  Since LiCAFs 

® vs. ¯ ratio is great comparing with other neutron 

scintillators, it showed excellent gamma-ray and neu-

tron discrimination with pulse height. 

Energy spectrums were measured with the same 

setup except that various kinds of WLS were coated to 

the crystal.  With the best plastic scintillator mixture 

investigated so far, light emission increased to 204% 

and energy resolution improved to 9% from 16%.

Encouraged by the experimental result with neutron 

radioisotopes, we tested our hybrid scintillation detec-

POP

OP

DM-P

OPOP

TB-

PVD
PPO

Bis-

MSB

Max. Emission 

Wavelength, nm 
406 434 391 360 435

Excitation Wavelength 

at Max.Emission (nm) 
355 360 315 308 361

Decay time 1.44 1.4 1.6 1.4 1.1

Table 1:  Plastic scintillators investigated in this study.

Fig. 4:   Neutron and gamma-ray pulse height spectrum with Cf-

252, Co-60 radio isotopes.

Fig. 3:   Result of beam scan with 0.1 mm (V) £ 50 mm (H) 

beam. Scan steps were 6 mm along vertical direction, 

and 40 mm in horizontal direction. (a) 2D-image ob-

tained by 20 detectors (image is rotated by 90 degrees). 

(b) position dependence of neutron count at each detec-

tors. (c) pulse height dependence of neutron count at 

each detectors.
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tor at BL-16 in J-PARC MLF.  In this experiment, we 

made a comparison between Ce:LiCAF hybrid scintil-

lators (2 mm thick) and conventional Li-Glass scintilla-

tors (1 mm thick).  A diagrammatic sketch of experi-

ment setup is shown in Fig. 5.  First aim of this ex-

periment is to investigate the gamma-ray characteristics 

at BL-16.  Therefore, we shield the neutron beam with 

5 mm thick Boron plate and measured pulse height 

spectrum (1), and then measured with no neutron 

shield (2).  The results compared with Li-Glass and 

Ce:LiCAF are shown in Figs. 6 and 7.

From the result, maximum gamma-ray energy at 

BL-16 can be estimated as 2.2 MeV from the Compton 

edge of the spectrum.  With Li-Glass scintillator, the 

peak channel of neutron is totally overlapped to the 

channel of Compton edge of gamma-ray at BL-16 (Fig. 

6).  However, with the LiCAF scintillator, peak channel 

of neutron and gamma-ray's Compton edge channel are 

overlapped about 20%.

From the further study [5], 2 mm thick LiCAF scin-

tillators can achieve more than 85% detection efficiency 

(thermal neutron).  Therefore, even at reduction of 

gamma-ray overlapped channels, still Ce:LiCAF can 

achieve about 50% detection efficiency of thermal neu-

tron.  The result showed great possibility to replace Li:

ZnS scintillators that is widely used for He-3 alterna-

tives.  However, still improvement of ® vs. ¯ ratio will 

be desired for replacing He-3 detectors.

2.  Scientific topics

2.1 Swollen structure of thermosensitive poly (sulfo-

betaine) brush in aqueous solution

Polymer brushes are assembly of polymers of which 

chain ends are covalently bound with solid surface to 

change the surface wettability[6], friction[7], and adhe-

sion property [8].  In particular, poly[3-(N-2-methacry-

loyloxyethyl-N,N-dimethyl) ammonato propanesulfo-

nate] (PMAPS) brush shows thermo-sensitive wetta-

bility, antifouling behavior in aqueous solution, and 

adhesion property because PMAPS has an upper criti-

cal solution temperature (UCST) in water at 293 - 298 

K.  We analyzed the swollen structure of PMAPS brush 

in deuterated oxide (D2O) at below and above UCST 

by neutron reflectivity (NR) measurement using 

SPEAR reflectometer in Los Alamos Neutron Science 

Center.

PMAPS brush (Mn = 171000, Mw/Mn = 1.22) was 

prepared by surface-initiated atom transfer radical po-

lymerization (SI-ATRP) on the silicon substrate.[9] 

Thickness of PMAPS brush in air was determined to 

be 29 nm by NR curve and the corresponding scatter-

ing length density (SLD) profile, as shown in Figure 8.  

PMAPS brush swelled to have 50 nm thickness in D2O 

at 278 K, however, SLD profile revealed the sharp 

boundary layer between PMAPS brush region and 

outer D2O phase.  When the temperature was elevated 

to 333 K, thickness of swollen brush also increased to 

60 nm and the interfacial SLD at the swollen brush and 

D2O became broader.

PMAPS is not soluble in water below room tem-

perature, but in soluble in hot water above UCST.  SLD 

profile in Figure 8(b) showed the PMAPS brush formed 

(1)

(2)

Gamma-ray
(Neutrons are absorbed with Boron shield)

gamma

neutron

5mm thick Boron Shield

gamma

neutron
Neutron (with gamma)

PMT

PMT

Fig. 5:  Experimental setup at BL-16 J-PARC MLF.

Fig. 6:   Pulse height spectrum of Li-Glass (1 mm thick) at BL-

16 J-PARC MLF.

Fig. 7:   Pulse height spectrum of Ce:LiCAF (2 mm thick) hybrid 

scintillator at BL-16 J-PARC MLF.
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relatively extended chain structure in D2O at 333 K, 

while they were collapse state in a cold D2O at 278 K.  

We are still investigating the contribution of the swol-

len brush structure to the antifouling behavior in aque-

ous solution, low friction in water, and the adhesion 

strength of the brush films .

2.2 Chain intermixing behavior at interface between 

free polymer and polymer brush

Intermixing behavior of the polymer chains at the 

interface between free polymer and identical polymer 

brush has attracted much attention due to its morphol-

ogy and phase transition between free polymer and 

brushes.  Interpenetration of free polymer chains into 

identical polymer brush has been predicted on basis of 

the self-consistent field (SCF) theory assuming uniform 

polymer brush chain length [10].  This behavior is the-

oretically characterized by three parameters, consisting 

of coverage (¾, proportional to graft density), degrees of 

polymerizations of the brush (N) and free polymer (P).  

In general, when ¾ and P are sufficiently high (¾N1/2 > 

1 if N < P, ¾N1/2 > (P/N)-1/2 if N > P), interfacial dif-

fusion of the free chains into polymer brush hardly oc-

curs due to entropic penalty in the mixing, which are 

called as \dry brush" state.  However, effect of polydis-

persity in molecular weight of polymer brush on inter-

facial mixing has been not clarified.  In this study, we 

investigated time evolution of interfacial structure be-

tween deuterated polystyrene (d-PS) layer and hydro-

genated polystyrene (h-PS) brush above a glass transi-

tion temperature (Tg) by NR, and clarified influence of 

the molecular weight dispersity of the brush on the in-

terfacial thickness.

The h-PS brush (N = 892, ¾ = 0.22, and Mw/Mn = 

1.89) was prepared by SI-ATRP on silicon wafer.  The 

h-PS brush was covered with d-PS layer (P = 370) via 

the floating method described elsewhere [11] to fabri-

cate h-PS/ d-PS brush bilayer.  The NR experiments 

were performed on SOFIA reflectometer (J-PARC, Ja-

pan).  Figure 9 shows the (a) NR curves and (b) the 

corresponding SLD profiles before and after annealing 

for 2 - 15 min at 398 K.  Although the brush should 

theoretically be in a \dry brush" state under these 

combinations of P, N and ¾ values, interfacial thickness 

increased with the annealing time due to the interfacial 

mixing of d-PS and h-PS chains.  The difference be-

tween the SCF theory and the present results would be 

caused by the heterogeneity of brush chain length.  In 

contrast, interfacial mixing did not occur at the inter-

face of d-PS and the h-PS brush with narrow molecular 

weight dispersity (N = 250, ¾ = 0.31, Mw/Mn = 1.24).  

This was the first experimental demonstration showing 

the influence of the molecular weight distribution on 

the intermixing phenomena of the \dry brush".

2.3 Dewetting of deuterated polystyrene and poly 

(vinyl methyl ether) blend thin film as studied by 

neutron reflectivity

The dewetting and phase separation of polymer 

blend thin films strongly inhibits the industrial applica-

tions because stable and defect-free films are demanded 

for minute device and various applications such as coat-

ings, lubricants and so on.  In order to overcome such 

situation the fundamental studies of polymer blend thin 

films have been performed to reveal the mechanism of 

dewetting in various film thickness ranges [12-15].  

However the final agreement as for the mechanism of 

dewetting have not been suggested at present stage.

In this report, we studied the dewetting of deuter-

ated polystyrene (d-PS) and hydrogenated poly(vinyl 

methyl ether) (h-PVME) blend thin film by in-situ 

neutron reflectivity (NR).

Prior to NR measurements we performed confocal 

laser scanning microscope (CLSM) on d-PS/h-PVME 

thin films to monitor the dewetting process after the 

temperature jump from one phase region to two phase 
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333 K, and (b) the corresponding SLD profiles. Scatter-

ing vector q = (4¼ /¸) sinµ.
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region.  Figure 10 shows the time evolution of CLSM 

images observed for 80 nm d-PS/h-PVME thin film.  

Up to 60 minutes after the temperature jump no obvi-

ous structure was observed at the surface, however 

clear holes were observed at 175 min due to dewetting.  

From image analysis the incubation time for dewetting 

was estimated to 150 min for 80 nm d-PS/h-PVME 

thin film at 115±C.  In order to observe the event dur-

ing the incubation time of dewetting precisely, we have 

performed in-situ NR measurements on d-PS/h-PVME 

thin film at 115±C with ARISA-II reflectometer.  Qz 

dependence of specular reflectivity profiles at various 

annealing time are plotted in Figure 11.  Clear fringe 

originating from layered structure was observed just 

after the temperature jump.  With the progress of an-

nealing time the fringed pattern started to smear even 

in the incubation time of dewetting (»150 min), indi-

cating that the increase of surface and interfacial rough-

ness prior to dewetting.  At 222 min the fringed pat-

terns collapsed, implying that d-PS/h-PVME film 

completely dewetted.

We performed curve-fits to the observed specular 

reflectivity and 3-layer model [16] consisting of surface 

h-PVME, internal blend layer and h-PVME layer seg-

regated at Si substrate could describe the observed pro-

files except for that at 222 min.  The depth profiles of 

the neutron scattering length densities are shown in 

Figure 12 at various annealing times.  As the annealing 

proceeds the interfacial roughness between surface h-

PVME and internal blend layer and that between in-

ternal blend layer and segregated h-PVME layer at Si 

substrate increased, indicating that the phase separa-

Fig. 11:   Time evolution of specular neutron reflectivity profiles 

for 80 nm d-PS/h-PVME thin films at 115±C.
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Fig. 10:   Time evolution of CLSM images for 80 nm d-PS/h-

PVME thin films at 115±C.
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tion occurred along the depth direction prior to dewet-

ting.

As a next step we also analyzed the off-specular 

reflectivity to study the in-plane structural formation 

during annealing.  Figure 13 indicates the Qx depen-

dence of off-specular intensity I(Qx).  Just after the 

temperature jump no noticeable structure was observed.  

However the scattering intensity increased with an-

nealing time at round the onset of dewetting.  After the 

incubation time of dewetting the intensity further in-

creased and the broad peak was observable possibly 

due to the in-plane correlation between droplets.  More 

detailed analysis is still on progress.

2.4 Spontaneously formed polymer brush at water/

polymer interfaces

It has been extensively studied that the surfaces 

covered with water-soluble polymers such as 

poly(ethylene glycol) (PEG) show anti-fouling property 

and blood compatibility [17].  Although semi-watersol-

uble polymers such as hydrogels are often employed to 

achieve such effects, they suffer weak mechanical prop-

ertiues.  Another methodologies to fabricate such sur-

face covered with watersoluble polymers is attaching 

polymer chains onto a solid surface, which is called 

polymer brush.  The unique properties of polymer brush 

have been attracting a lot of academic and industrial 

attentions.  Polymer brush is fabricated either by at-

taching functional polymers to surfaces or by synthe-

sizing polymers initiated from surfaces and called 

\grafting-to" or \grafting-from" approach, respectively.  

owever, there is another interesting dynamic approach 

for polymer brush utilizing segregation of diblock copo-

lymers mixed in a homopolymer matrix.

Spontaneous surface segregation phenomena of am-

phiphilic diblock copolymers have been studied for pre-

paring a brush layer by our group [18].  A specially 

designed surface-active block copoymer must be em-

ployed to fabricate hydrophilic polymer brushes on hy-

drophobic polymer matrix in air.  In this study, amphi-

philic diblock copolymers of poly[(ethylene glycol)-b-

(dimethyl siloxane)] (PEG-PDMS) are mixed in 

crosslinked PDMS matrix.  In this system, the hydro-

philic block is expected to segregate to cover the inter-

face between hydrophobic PDMS and water to reduce 

interfacial energy at room temperature as shown in 

Figure 14.  The structures of spontaneouslyformed 

brush layers at D2O/polymer interfaces were observed 

by neutron reflectivity (NR).

We have conducted NR studies using SOFIA on 

BL16 at MLF, J-PARC.  We have synthesized a series 

of amphiphilic PEG-PDMS block copolymers and 

mixed in PDMS in various copolymer concentrations.  

Fig. 12:   Time evolution of depth profiles of scattering length 

density for 80 nm d-PS/h-PVME thin films at 115±C. Fig. 13:   Time evolution of off-specular intensity I(Qx) for 80 nm 

d-PS/h-PVME thin films at 115±C.

Fig. 14:   A schematic picture of the bulk and interfacial struc-

tures of PEG-PDMS diblock copolymers in a mixture 

with PDMS in contact with air or water.
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Figure 15 shows the examples of neutron reflectivity 

curves at the D2O/PDMS films containing 20 wt% of 

several different PEG-b-PDMS.  EDx-y denotes PEG-

PDMS with PEG molecular weight of x and PDMS 

molecular weight of y.  The formation of a clear thin 

brush layer was suggested by the appearance of fringes 

with large periodicities for the PEG-PDMS copolymers 

except ED2.1-5.  ED2.1-5 did not present any hint of 

brush formation.  On the other hand, ED2.1-1 ED0.9-

0.3, and ED4.1-0.9 show various degrees of brush for-

mation at water interface.  PEG-PDMS with short 

PEG and long PDMS did not form brush at the inter-

face at all.  However, nearly symmetric and relatively 

long PEG with short PDMS showed brush formation.  

The brush density was calculated to be as high as 0.2 

chains/nm2 from the profile which is surprisingly com-

parable to polymer brushes fabricated by the grafting-

from method.  It can be concluded that symmetry of 

diblock copolymers is an important factor for interfa-

cial segregation.

2.5 In situ neutron reflectivity measurements of thin 

films of diblock copolymers with photo-cleavable 

junction point

Understanding the mobility of polymers at inter-

faces is crucial to the optimization of adhesion, weld-

ing, crack healing, etc.  Since diffusion and/or relax-

ation behavior at interfaces directly reflect the molecu-

lar motion of polymers, it has been studied from the 

viewpoint of polymer dynamics as well as engineering 

for many years.  We have studied the short-time relax-

ation phenomena at linear polystyrene (PS) / linear 

deuterated polystyrene (PSd8) bilayer films with differ-

ent molecular weight [19] and cyclic polystyrene / lin-

ear deuterated polystyrene bilayer films [20] by time-

resolved neutron reflectivity (TR-NR) measurements 

on SPEAR at LANSCE and on ARISA-II at J-PARC.  

The results reveal that even if the molecular weights of 

both components are larger than the critical molecular 

weight for entanglement, the initial interfacial broaden-

ing of bilayer films proceeds with the Rouse model 

which describes segmental motion and that the topol-

ogy of the polymer is a responsible factor to determine 

the interdiffusion phenomena [19].  However, the inter-

penetration at immiscible polymer/polymer interfaces 

is still an open question.

It is known that an interfacial thickness of immis-

cible polymer/polymer interfaces in the strong segrega-

tion limit is theoretically described by Helfand-Tagami 

equation.  On the other hand, it has been found that 

interfacial thicknesses of block copolymers evaluated 

by NR experiments are larger than the theoretical val-

ues based on the Helfand-Tagami equation.  The differ-

ence in the experimental and theoretical values is ex-

plained by the fluctuation of the interface (capillary 

wave), however, the process of capillary wave formation 

at polymer/polymer interface and its frequency and 

amplitude have not been studied in detail.

If a junction point of block copolymers being in a 

microphase-separated state can be cleaved by photo-ir-

radiation, a model interface of immiscible polymers can 

be formed (Figure 16(a)).  If the changes in the im-

miscible interface by thermal annealing are examined 

in detail, it can be expected that the process of capil-

lary wave formation is revealed (Figure 16(b)).  A fu-

sion of domains and macrophase separation can expect 

to occur as the annealing proceeds further.  (Figure 

16(c) and (d)).  In this study, we focus on the initial 

stage of capillary wave formation (Figure 16(a) and 

(b)).

The objective of this study is to investigate the time 

evolution of interfacial thickness and capillary wave at 
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fluctuation at an immiscible polymer/polymer inter-

face.
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immiscible polymer/polymer interfaces by TR-NR 

measurements.

Polymers used in this study were diblock copoly-

mers composed of polystyrene-d8 and poly(methyl 

methacrylate) with a photocleavable junction point of 

o-nitrobenzyl group (PSd8-ONB-PMMA).  The num-

ber-average molecular weight (Mn) of the polymers are 

ca. 62.4k and the volume fraction of PSd8 is 0.52.  The 

PSd8-ONB-PMMA films were prepared by spin-coat-

ing from toluene solutions onto silicon wafers.  The 

films were annealed at 130ºC above glass transition 

temperatures of both PS and PMMA components.  

Film thicknesses were evaluated by x-ray reflectivity 

measurements.  The thin films were irradiated by UV 

light at 365 nm to cleave the junction point of ONB 

completely.  Time-resolved neutron reflectivity mea-

surements (TR-NR) were conducted using high flux 

neutron reflectometer of SPEAR.  Once the thin film 

was placed on the heated plate and rapidly aligned us-

ing a laser, data collection was started.  Reflectivity 

data were collected every 5 minutes at a fixed incident 

angle.  The samples will be heated at the temperature 

being slightly higher than the glass transition tempera-

tures.  The model scattering length density (SLD) pro-

files were used to analyze the TR-NR data.

Figure 17 shows NR profiles of PSd8-ONB-PMMA 

after UV irradiation at various temperatures.  Symbols 

are experimental reflectivities and solid lines are calcu-

lated ones based on the model SLD profiles shown in 

Figure 18(a)-(g).  The SLD values are almost constant 

through the film except the interfacial area at the tem-

peratures ranging from r.t. to 150±C.  This means that 

lamellar structures oriented parallel to the substrate 

were not formed but randomly oriented in these films.  

However, PSd8 and PMMA components were enriched 

at the surface and the substrate interface, respectively, 

at 160±C and 170±C.  This is due to minimizing surface 

and interfacial free energies.

In this experiment, lamellar structures oriented par-

allel to the substrate could not be obtained even before 

annealing.  This is why we could not discuss the time 

evolution of the interfacial structures of PSd8-ONB-

PMMA.  We will take of film thickness and annealing 

condition in order to obtain appropriate samples in the 

next experiment.

Fig. 18:   Model (b/V) profiles for PSd8-ONB-PMMA film at 

various temperatures.

Fig. 17:   NR profiles for PSd8-ONB-PMMA film at various tem-

peratures. Symbols are experimental reflectivities and 

solid lines are the calculated ones based on the model 

(b/V) profiles shown in Figure 3(a)»(g), respectively.
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2.6 Surface aggregation structure of thin polymer 

electrolyte films by water

Fuel cells employing a polymer electrolyte mem-

brane such as Nafion® show promise for a wide range of 

applications both in the transportation sector and for 

stationary power production due in part to their low 

operating temperatures.  In hydrated Nafion®, the hy-

drophobic fluorocarbon polymer backbone phase sepa-

rates from the water, with the hydrophilic sulfonic acid 

side chains at the interface.  The water/Nafion® struc-

tures that result are of critical interest since ionic con-

duction occurs by proton transport along the sulfonic 

acid functional groups.  Many models are presented in 

the literature to describe these structures in bulk Na-

fion®.  In one model, at low hydration, water clusters 

are formed, and at higher levels of hydration these clus-

ters become connected by hydrated filaments.  Interfa-

cial structures of water at the boundaries of the poly-

mer electrolyte membranes are vital to understanding 

issues related to proton conductivity and other phe-

nomena that occur in the three-phase regions where the 

polymer electrolyte membrane, the electrode, and wa-

ter vapor interact.

We have recently studied the density profiles of a 

deuterated poly(methyl methacrylate) (dPMMA) film 

spin-coated on a substrate in some non-solvents along 

the direction normal to the interface by neutron reflec-

tivity (NR) [21-23].  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.  

These results indicate that the interfacial structure and 

swollen behavior of polymer should be different from 

those of the in bulk.  If this is always the case, the in-

terfacial structures of hydrated clusters of Nafion® film 

should be also different from bulk ones.  Since the func-

tionality of the Nafion® film is strongly related to the 

hydration, it is expected that the proton conductivity 

may be improved by making positive efforts to intro-

duce the interfacial effects.  In this study, thickness 

dependence of surface aggregation structure of Nafion® 

films was measured.

Nafion perfluorinated resin solution of 5 wt% and 

20 wt% were purchased from Sigma-Aldrich Co. LLC., 

and diluted with various amount of 1-propanol.  Nafion 

films were prepared with those of solutions by using 

spin-cast method on Si wafer with native oxide layer 

and then dried under vacuum at 313 K for 20 h.  The 

density profile of the bilayer film along the direction 

normal to the surface was examined by NR measure-

ment with 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 [24].  

The (b/V) values of Si, SiOx, and Nafion® used for the 

calculations were 2.07£10-4, 4.15£10-4, 3.99£10-4 nm-2, 

respectively.

Figure 19(a) shows the scattering vector (q=(4¼/

¸)•sin µ, where ¸ and µ are the wavelength and the 

incident angle of the neutrons, respectively) dependence 

of NR for 105, 68, 13 nm-thick films.  Open symbols 

denote experimental data.  Solid curves are calculated 

reflectivity based on model scattering length density 

(b/V) profiles shown in the panel (b).  Interestingly, the 

(b/V) values at the surface layer were higher than those 

of the bulk.  The (b/V) value in the bulk region was 

3.72£10-4 nm-2.  This means that the water content of 

the internal region of Nafion film was 6 vol %.  How-

ever, only the surface region shows high (b/V) value in 

comparison with the bulk ones due to the segregation 

of main chain parts of Nafion.  The Nafion was com-

posed by hydrophobic tetrafluoroethylene backbone 

and side chains having hydrophilic sulfonic acid groups.  

Therefore, to minimize the interfacial energy, hydro-
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phobic tetrafluoroethylene backbone could segregate to 

the surface.  Moreover, surface segregation of tetrafluo-

roethylene backbone was significant with decreasing 

film thickness.  The detailed discussion with surface 

morphology will be published soon.

2.7 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 to stabilize polymer thin film.

One of such ways to prevent de-wetting of polymer 

thin film is adding a small amount of a high molecular 

weight homologue.  In FY2010, depth distribution of 

component polymer was compared among a few binary 

blend thin films, prepared by spin-coating in the same 

condition but annealed with different periods of time, 

of polystyrenes having different molecular weights by 

neutron reflectometry, to understand the mechanism of 

de-wetting suppression effect by adding the high mo-

lecular weight one.  It was found that the higher mo-

lecular weight component, which was deuterated in the 

binary blends for neutron reflectometry, depletes from 

the air surface of the film due to its less penalty in 

conformational entropy, while it tends to segregate at 

the interface with a silicon wafer, which was not cleaned 

with strong acid before spin-coating but used as re-

ceived.  However, it is difficult to prepare completely 

the same blend thin films by spin-coating, even though 

they are carefully prepared with the same condition.  In 

this study, time evolution of the component distribution 

in the binary blend thin film was examined by in-situ 

neutron reflectivity measurement during annealing at 

high temperature using a single thin film specimen.

The samples used are a poly(styrene-h8) (h-PS) 

with number-averaged molecular weight Mn of 10£103, 

and a poly(styrene-d8) (d-PS) with Mn=60£103.  The 

weight fraction of d-PS, that is, the higher molecular 

weight component, in the blend was 0.1.  Thin film 

specimens were prepared by spin-coating dilute solu-

tion of the blend in toluene on silicon substrates, which 

were used as received from a manufacturer, with a na-

tive oxide layer.  Annealing temperature and film thick-

ness were optimized by in-situ observation of de-wet-

ting process with an optical microscope so as to occur 

de-wetting of the film within 5 hours by annealing.  On 

SOFIA, specular reflection was measured using a high-

temperature cell at 150±C in a vacuum.  The grazing 

incident angle of neutrons was 0.35 and 0.8 degrees, 

and total measuring time for each measurement was 12 

minutes.

Figure 20 shows time-evolution of specular neutron 

reflectivity profile for d-PS/h-PS blend thin film an-

nealed at 150±C in a vacuum after 12 (red), 120 (green), 

240 (blue) minutes.  It was confirmed by an optical 

microscope that no de-wetting occurred for the blend 

thin film before the reflectivity measurement.  All the 

profiles exhibit several fringes implying that the deuter-

ated component is relatively uniformly distributed in 

the thin film, though the position of the fringes was 

slightly shifted toward low-Qz with increasing the an-

nealing time.  However, disappearance of the fringes 

was not recognized as observed in the previous mea-

surement using different thin films prepared in the 

same condition.  The data analysis is now progressing 

to obtain the time-evolution of the component distribu-

tion in the thin film.

3.  Conclusion

At BL16 in J-PARC/MLF, we constructed a hori-

zontal type neutron reflectometer SOFIA.  Thanks to 

the high flux beam and instrumental upgrades, the 

specular reflectivity can be measured up to 10-7 within 

one hour for a 3 inch substrate at 220 kW.  Also, time 

resolved measurement with the slice of one minutes us-

ing wide wavelength band, and off-specular reflectivity 

measurement with a position sensitive detector were 

possible.  However, it was impossible to perform NR 

experiments with SOFIA until January because of the 

earthquake in March 11th.  Therefore, we performed 

NR experiments with the support of oversea facilities, 

such as SNS, LANSCE, and ISIS.  Using the reflec-

tometers, we have investigated the swollen structure of 

thermosensitive polymer brush in aqueous solution, 

chain intermixing between free polymer and polymer 

brush, dewetting kinetics of polymer blend thin film, 

spontaneously formation of polymer brush at water in-

Fig. 20:   Time-evolution of specular neutron reflectivity profile 

for d-PS/h-PS blend thin film annealed at 150±C in 

vacuum for 12 (red), 120 (green), and 240 (blue) min-

utes using a high-temperature cell equipped at SO-

FIA.
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terfaces, thermal effect on thin films of diblock copoly-

mers, surface aggregation structure of thin polymer 

electrolyte films, dewetting suppression of a polymer 

thin film by a high molecular weight component, and 

so on.

For further upgrade, we are developing a new scin-

tillation counter.  This new detector is planned to be 

installed next year.  Beside this, we are also evaluating 

a new Li-glass scintillator.  Although the scintillator 

has problems for practical use, the feature is quite ideal: 

high detection efficiency, high count rate, and low gam-

ma-ray noise.  Moreover, we are developing optical de-

vices for sample-focusing and detector-focusing to re-

duce accumulation time.  The former is for specular 

reflectivity measurement, and the latter is for grazing-

incidence small angle scattering measurement.  The 

sample-focusing device has already fabricated and will 

be evaluated next year.  For the detector-focusing sys-

tem, we are still evaluating materials and plan to make 

first prototype next year.
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1.  Introduction

This project is aiming at constructing a neutron po-

larisation analysis spectrometer based on a collabora-

tion between KEK and Tohoku University, which will 

make it possible to investigate complicated spin corre-

lations in novel magnetism.  The polarisation analysis 

technique is indispensable for investigations of mecha-

nism of multipolar orderings, high-Tc superconductivity, 

and multiferroics systems.  The instrument of this proj-

ect, named POLANO (ポラーノ in Japanese), Japanese), 

is a high-intensity and middle-resolution chopper spec-

trometer with shorter L2.  As a polariser, a 3He spin 

filter will be installed.  Since many technical develop-

ments will be needed, flexibilities of the alignment are 

highly required.  For such developments of novel neu-

tron experiments techniques, strong supports of KEK, 

which has high ability of neutron instrumentations and 

generation of polarised neutrons, are indispensable to 

achieve POLANO.  The proposal of this project was 

accepted by the final board of J-PAPC Center on Sep-

tember- 2011.  Most of activities of this project in 2011 

were financially supported by funds of KEK, the Neu-

tron Scattering Program Advisory Committee (2009S09).

The nickname \POLANO" is short for POLarisa-

tion Analysis Neutron chopper spectrOmeter, but it 

originally came from the title of a fairy story \Polano 

squire" written by Kenji Miyazawa, who was a famous 

fairy story writer born in Tohoku district in 1896.  Mi-

yazawa and his works are symbols of the culture of 

Tohoku district.

2.  Basic Design

POLANO is a compact chopper spectrometer with 

polarisation analysis ability.  Fig. 1 is a schematic ren-

dering view of the spectrometer, drawn by Mr. J. Suzuki 

of KEK through S-type project.  The flight pass are 

L1=17.55 m, L2=2.5 m, and L3=1.85 m, respectively.  

Because of limitation of solid angle of polarisation anal-

ysers for multi detector, a rotary detector bank with an 

open angle of 60± will be used on POLANO.  The high-

est scattering angle will be about 130±.  Since a space 

for polarisation devices is needed between the chopper 

and the sample position, L3 becomes longer than con-

ventional chopper spectrometers.  Under the present 

condition, ¢"/Ei »0.04 at "=0 meV for Ei=100 meV is 

feasible for L2=2.5 m.  Fig. 2 indicates Q resolution 

Fig. 1:  Image picture of POLANO (BL23).
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defined as ¢Q=ki for several scattering angles.  ¢Q=ki 

less than 1% is achieved under the present condition, 

which is satisfactory good to distinguish excitations in 

main scientific targets, for example, the so-called \hour 

glass structure" in High -Tc cuprates.

To reduce background components, we will install 

some devices to POLANO.  A set of radial collimator 

type slits which is the same as that in the detector 

bank of HERMES in JRR-3[1] will be installed in 

front of detectors, which drastically reduce components 

come from areas other than the sample position; the 

interval angle between detector will be set as 0.7± to 
avoid shadow on each detector by the shields.  By the 

slits, a detector can observe only a small region with a 

length of 40 mm on the direct beam pass around the 

sample.  Two band choppers as well as a T0 chopper 

will be installed before the main chopper to minimise 

unwanted neutrons except neutrons around Ei at the 

main chopper.  When the multi-Ei mode will be needed, 

the band choppers are fixed at the open positions.  As 

explain later, a 3He filter system will be installed as a 

neutron polariser; unfortunately, the 3He filter system 

itself will be a source of background mainly due to 

small angle scattering from the glass cell.  To minimise 

the background from the cell, a set of horizontal and 

vertical solar collimators will be installed before the 

sample.  Finally, we are considering to shield the mod-

erator surface partially.  One of the main sources of 

background must be fast neutrons in keV regions from 

the moderator.  Because of the geometric reasons, the 

keV component is stronger at the lower edge region of 

the moderator.  If the region where keV components are 

strong will be able to be shielded, effects of keV compo-

nents to downstream area can be much reduced.

3.  Polariser and Analyser

One of main scientific targets of POLANO is mag-

netic excitations in over 100meV region in transition 

metal magnets.  Thus 3He spin filter technique is most 

suitable as a polariser for POLANO.  A continuous 

polarising spin exchange optical pumping (SEOP) sys-

tem will be installed on POLANO because it can main-

tain a stable polarisation of the incident neutron beam.  

The SEOP system for POLANO has been being devel-

oping under a collaboration among JAEA, KEK and 

Tohoku Univ. (the Quantum Beam Fundamentals De-

velopment Program of MEXT, Japan).  On the powder 

diffractometer HERMES of IMR, Tohoku Univ., we 

have succeeded in performing polarisation diffraction 

experiments with a 3He spin filter polarised in KEK 

filling station by Dr. Ino.  The results indicate that 

stable and satisfactory high neutron polarisation for 

diffraction experiments can be achieved even by the 

non-optical pumping mode.  The results have been al-

ready published in elsewhere[2].  Note that under the 

collaboration, development of larger GE180 glass cells 

with a diameter of 10 cm for SEOP systems is in prog-

ress in Tohoku Univ..

To use 3He filters for practical experiments effec-

tively, optimisation of conditions of the cells is impor-

tant.  Cussen et al. proposed quality factor Q to opti-

mise scattered polarised neutrons[3] using the following 

definition,

Q = 
8T 2

nP 4
n

(1+P 4
n )

 (1)

, where Pn and Tn are polarisation, and transmission of 

transmitted beam through a cell, respectively, while the 

conventional FOM factor, P 2
nTn, is suitable for estima-

tion of incident polarised beams.

Figure 3 show the quality factor for PHe=0.7, which 

is a typical value for present SEOP cells in the KEK 

filling station.  Horizontal and vertical axes are neutron 

energy and d-value of the 3He cell which is determined 

by the product of He gas pressure, P (atm) and the 

length of the cell, l (cm), respectively.  Changing this 

d-value, one can control the performance of 3He cells.  

Since He gas pressure of »2 atm is feasible by the low 

temperature filling process, Fig. 3 indicate that opti-

mised conditions can be achieved up to 80 meV, if cells 

with a length of 10 cm can be installed.  Now, GE180 

cells with a diameter of 10 cm and length of 10 cm are 

developed in Tohoku Univ. under the project of the 

Quantum Beam Fundamentals Development Program 

of MEXT, Japan.  Even for present cells with a typical 

length (»5 cm), optimised conditions are achieved up 

to 30 meV, which is satisfactory in the first stage of this 

project.  For the optimised conditions, Pn and Tn are 

approximately 0.8 and 0.35, respectively.  Note that 

Pn»0.8 corresponds to filliping ratio of »10.  It should 

Fig. 2:   Q-resolution at "=0 meV for Ei=100 meV under the 

optimised condition.
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be pointed out that one of disadvantages of 3He filters 

is that it can not be used near a superconducting mag-

net because the leak magnetic fields seriously affects 
3He polarisation.  For this reason, V-shape supermir-

rors are considering as a polariser, as well as develop-

ment of magnetic shields for 3He filters, such as Cryopol 

developed in ILL[6].

On the other hand, the most serious technical issue 

for POLANO is a polarisation analyser with large solid 

angle.  Since large solid angle 3He filters are not feasible 

in Japan at the moment, the most practical choice is a 

fan shape supermirror analyser, which is a same type 

installed in HYSPEC.  In 2011, we began to discuss 

with PSI about collaborations for development of the 

supermirror polariser for POLANO.  Required param-

eters of the fan type curved supermirror polariser for 

POLANO were summarised in table 1, based on the 

discussion by Stewart et al.[4].  The layout of the sam-

ple, analyser and detectors are in the vertical plane are 

shown in Fig. 4.

As well known, supermirror spin analysers effec-

tively work only in low energy region (below »30 meV).  

Thus, we should progress this POLANO project by 

phased approach of studies and constructions; in the 

first phase, we will concentrate the energy region below 

30 meV, where supermirror analyser will be practical.  

Note that in many of strongly correlated electrons sys-

tems, exotic and important phenomena will be observed 

in this region.  Even in the first phase, we will continue 

development of 3He spin analysers for POLANO simul-

taneously.  In the second phase, we will install a 3He 

spin analyser for higher energy region around 100 meV.  

In this phase, high energy excitation up to 100 meV in 

metallic magnet such as manganese alloys, iron alloys 

will be important targets.

4.  Estimation of flux by McStas

The most critical point of polarised neutron spec-

trometers must be whether the flux will be enough or 

not.  Thus, optimised flux at the sample position under 

several conditions was estimated by McStas.  Fig. 5 

shows a layout and partition of supermirror guide tubes.  

Each set of guide tubes was optimised to maximise the 

beam flux in the surface with 2£2 cm2 at a particular 

energy from the upstream to downstream one by one.  

Fig. 6 show the final results optimised by the neutrons 

in E=25-35 meV, 60-70 meV, and 90-110 meV after the 

optimised positions of the all sets of guide tubes.  The 

black solid line indicates the flux without guide tubes, 

the doted line indicates the flux at the sample position 

of BL01 provided by Dr. Kajimoto.  When the flux is 

optimised at around 60 meV, the flux at the sample is 
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Fig. 3:   Neutron energy dependence of Cussen's Quality factor 

(eq.1) for PHe=0.7. The solid coloured lines indicate neu-

tron transmission (upper) and neutron polarisation (bot-

tom).

Table 1:   Required parameters of fan type curved supermirror 

analysers, based on the estimation by Stewert et al.[4]. 

W is the sample size.

Parameter

m m=3.5 (0.57± for 30 meV)
curvature radius 18.5 m
length of a mirror 38.5 cm

Distance of

Sample-Mirror Entrance

W=2 cm: 96 cm

W=1 cm: 48 cm

Fig. 4:   Geometrical relation of the sample, analyser and detec-

tors in the vertical plane.
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satisfactory high in wide energy region below 150 meV; 

at 100 meV, the unpolarised beam flux is 3.8£105 (n/

sec/cm2/meV/1MW), which is 70% of that of BL01 at 

100 meV.  As explain later, when the conditions of a 
3He filter are optimised by Cussens quality factor, the 

neutron transmission is »0.35, indicating that the flux 

of the polarised beam by the optimised 3He cell is 

»1.3£105 (n/sec/cm2/meV/1MW), which is 1/4»1/5 of 

the unpolarised beam of BL01 at 100 meV.  For 

HYSPEC in SNS, which is characterised as a polarisa-

tion analysis spectrometer, the flux of unpolarised beam 

at 100 meV was estimated as 2£106 (n/sec/cm2) in a 

reference[5].

5.  Cross Correlation Technique

As an ambitious challenge to enhance measurement 

efficiency, the cross correlation technique has been con-

sidering in 2011 based on fruitful discussions with Dr. 

Rosenkrantz, who is the key person of CORELLI spec-

trometer in SNS[7].  In principle, conventional TOF 

spectrometers can only use monochromatic neutrons 

with a particular incident or final energy.  The cross 

correlation technique aims at maximising the use of the 

available neutron flux by exploiting modulation of the 

incident neutron beam.  If a white incident beam is 

used, inelastic signals from the sample can never be 

distinguished at the sample positions because of time 

overlap of accelerated and decelerated neutrons.  How-

ever, when the incident white beam is chopped by a 

particular On/Off sequence, that is, \maximum length 

sequence", the pure elastic and inelastic components 

from the sample can be mathematically distinguished.  

The \maximum length sequence" is generated by a 

simple recurrence formula and is widely applied in the 

field of digital communications.  The detailed explana-

tion of the principle is reported in the reference[7].  In 

fact, the CORELLI group has succeeded in observing 

a crystal filed splitting in a Pr compound by cross cor-

relation technique measurements in LANSCE.  For 

CORELLI of SNS, white beam is chopped to a huge 

Fig. 5:   Layout of guide tubes which are optimised by the flux at the sample position. The dashed lines indicate the direct taper 

condition.
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Fig. 6:  Energy dependence of white and unpolarised beams.
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number of monochromatic beams with a sequence disk 

chopper (f» 210 Hz)which generates 127 of On and 128 

of Off sequence.  Moreover, recently, Tomiyasu et al. 

have developed an idea of a modified cross correlation 

method for inelastic scattering measurements, in which 

a kind of an inverse matrix method is ingeniously used 

to distinguish inelastic components from strong elastic 

components; details of the Tomiyasu method and its 

advantage and disadvantages will be reported in else-

where[8].

6.  International Workshop

On November of 2011, an ICC-IMR international 

workshop was held in Institute for Materials Research, 

Tohoku Univ. to discuss science themes and the de-

tailed designs of POLANO; the workshop was partly 

supported by the S-type project of KEK.  This work-

shop was the 4th one of the series of international and 

domestic workshops for POLANO.  In the workshop in 

2011, feasibility of the cross correlation technique was 

discussed based on talks by Dr. S. Rosenkrantz who is 

the principal person of Corelli Project in SNS.  The 

present status of Hyspec which is quite important for 

POLANO project was reported by Dr. Hagen of SNS.
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2009S10  :  Structural study of batteries by using the special environment neutron powder diffractometer

Remarkable developments in the environmental and 

energy technology are expected in pursuit of green in-

novation.  For example, the commodification of highly-

efficient solar cells and plug-in hybrid vehicles as well 

as electric vehicles are demanded in the human society.  

Rechargeable batteries as typified by lithium-ion bat-

teries have attracted prime attention and are deemed 

to play a central role in green innovation. 

Dramatic progresses in the performance of recharge-

able batteries are necessary to fulfill various demands 

for the commodification of electric vehicles.  In order to 

improve or innovate the battery characteristics, it 

would be very important to clarify the structure of the 

positive and negative electrodes and their solid electro-

lyte interface at an atomic level especially by using 

state-of-the-art measurement techniques.  A new neu-

tron powder diffractometer, SPICA is designed as the 

next generation of diffractometers and employed to 

study the atom location or the change of the atomic 

configuration precisely under special environments by 

taking advantage of neutron diffraction.

SPICA diffractometer has been designed to have 

high resolution and high intensity.  Therefore, the BL09 

beamline for SPICA diffractometer faces the decoupled-

poisoned moderator.  The flight path from the modera-

tor to the sample position for SPICA diffractometer is 

L1=52 m to achieve high resolution.  The guide line 

was designed to keep high intensity at the sample posi-

tion.  A high-performance focusing system with elliptic 

supermirrors was adopted to suppress the diffusion of 

neutrons.  According to the preliminary simulation of 

the guide line, the elliptic guide shows an excellent per-

formance over a wide range of wavelengths, in particu-

lar at short wavelength.  Three disk choppers and one 

T0 chopper sit in the beam line.

The experiment building for SPICA diffractometer 

was built outside of the main hall of the Materials and 

Life Science Facility (MLF).  Photograph 1 shows the 

wide dedicated experimental hall of the experiment 

building (12(w) £ 32(l) £ 10(h) meters) for SPICA 

diffractometer. 

The huge earthquake occurred on March 11, 2011, 

and many J-PARC facilities were damaged.  The ex-

periment building for SPICA has also suffered the sub-

sidence damage of about ten centimeters, and displace-

ment of three centimeters in a northerly direction and 

seven centimeters in a westerly direction.  Since then 

all members in J-PARC made the best efforts to re-

store the facilities and then succeeded in getting back 

in operation in December of 2011.

During that time our group has been constantly de-

signing and constructing SPICA diffractometer, neu-

tron shield and guide line which is the high-performance 

focusing system with elliptic supermirrors.  Figure 1 

shows a schematic diagram of the elliptic supermirrors 

in the guide tube and the calculated map of the neutron 

intensity distribution at the sample position.

Photo. 1:  Wide dedicated experimental hall.
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The guide line with the elliptic supermirrors is 

shown in Photograph 2(a) and 2(b).  In Photo. 2(a), we 

look in the direction of the neutron target from SPICA 

and Photo. 2(b) indicates the view from the upper 

stream of the neutron source.  Finally, the guide line 

was shielded with the neutron shielding concrete.  Pho-

tograph 3 shows the shield of SPICA diffractometer.  

The shield optimization with new novel neutron shield-

ing concrete was performed to reduce the skyshine dose 

rate of neutron and °-ray radiations instead of a con-

ventional shield configuration of iron, polyethylene and 

B4C resin.  

On February 8, 2011, SPICA group could detect the 

first neutron beam at the position of 1 m away from the 

end of the guide tube of the elliptic supermirrors at 

BL09.  Photograph 4(a) and 4(b) indicate the detected 

neutron beam without and with silhouette characters 

made of cadmium foil, respectively.  Photo. 4(c) and 

Fig. 1:   Schematic diagram of the elliptic supermirrors in the 

guide tube of SPICA (a) and the neutron intensity dis-

tribution map at the sample position (b).

Photo. 2:   The guide line of the elliptic supermirrors in BL09 for 

SPICA. The Photo. 1(a) is the view from SPICA and 

(b) is the view from the neutron target.

Photo. 3:  The shield of SPICA diffractometer at BL09.

Photo. 4:   The detected neutron beam without (a) and with (b) 

silhouette characters (RISING SPICA) made of cad-

mium foil, respectively. The group photographs ((c) 

and (d)) are shown at that instant of the first obser-

vation of neutron beams.

�

A B�

C�

D�

Photo. 5:   The homogeneity of neutron beam along the line A-B 

(horizontal direction) and C-D (vertical direction) at 

the end of guide tube with the elliptic supermirrors in 

BL09. 
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 (a) (b)

 (a) (b)

 (c) (d)
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4(d) mean the group photograph at that instant of the 

first observation of neutron beams.

As shown in Photograph 5, the homogeneities of 

neutron beam intensities along the line A-B (horizontal 

direction) and C-D (vertical direction) are in fair condi-

tion, which means considerable good efficiency of the 

guide tube with the elliptic supermirrors. 

Now, we keep on constructing SPICA diffractometer 

inside of the neutron shield shown in Photo. 3.  Some 

test measurements using conventional samples are also 

doing for getting various information like the back-

ground and so on.
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2009S11  :  Neutron Transmission Imaging

1.  Introduction

Neutron transmission imaging is now recognized as 

a very useful method to investigate industrial products, 

cultural heritages, materials and so on. Recently, ener-

gy selective imaging has attract attention since it gives 

more detailed information than the traditional neutron 

imaging. Pulsed neutron imaging is essentially energy 

selective since it can give images depending on the 

time-of-flight. We are developing the transmission im-

aging using the pulsed neutron source as well as small 

accelerator based imaging. For this purpose we work-

ing on the detector developments and the accelerator 

based small neutron sources. Furthermore, test experi-

ments at the existing facilities have been performed. 

Here, we reported on development on the MCP detec-

tor, design study on the moderator system for the imag-

ing, optimal design study of the RIKEN neutron source 

and test experiments. 

2.  MCP detector development

As reported in the last KENS report, we had suc-

cessfully obtained pulse-by-pulse neutron images  by 

using a boron contained micro channel plate (B-MCP), 

and it became clear that the B-MCP has possibility of 

a detector for the neutron TOF imaging. A detector for 

the imaging requires uniformity of gain and efficiency 

in the imaging measurements. In the B-MCP case, sig-

nal gain depends on a position in the B-MCP, which a 

neutron captured by boron, because electron multipli-

cation factor, used as a gain, is dependent on a depth 

of electron path in the MCP. We, then, improve this 

point. New MCP part of the detector has two-stage 

composition, which added a usual MCP to the latter 

part of the B-MCP. An improving point is that, the 

B-MCP does not perform gain amplification, but is 

used for detection of a neutron, and the latter MCP 

performs gain amplification. It becomes possible by do-

ing so to remove the neutron signal difference arising 

from the neutron detection position of B-MCP. Figure 

1 shows a schematic view of new B-MCP setup. As-

sembling the new detector and evaluation test by an 

actual pulse neutron beam are in progress.

3.   Optimization study on an imaging moderator 
system

A neutron source driven by a compact accelerator 

has some advantages over a large accelerator facility in 

terms of accessibility and usability. At present, some 

projects to construct compact accelerator-driven neu-

tron sources have been launched in several countries. 

One of main objects of a compact accelerator neutron 

source is the neutron imaging. In this study, we have 

aimed to develop a pulsed thermal neutron source and 

an epithermal one for imaging by the compact accelera-

tor, and considered radiography application  for the 

thermal neutron source and resonance absorption ap-

plication for the epithermal neutron source for radiog-

raphy and neutron resonance absorption spectroscopy 

Fig. 1:  Schematic view of new B-MCP setup.
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(N-RAS). We have carried out simulation calculations 

to evaluate the neutron intensity change depending on 

the moderator size taking into account spatial resolu-

tion. In this study, the MCNPX 1) code was used and 

we assumed Be(p,n) reaction with 11 MeV protons. 

Figure 2 shows a calculation model. We used light wa-

ter as a moderator material and beryllium as a reflector 

material. Since it has been found brightness of thermal 

and epithermal neutrons of a smaller emission surface 

moderator is higher than that of a larger one, it will be 

expected that higher intensity will be obtained by us-

ing the smaller moderator under the condition of the 

same L/D (L: distance from collimator to a detector, 

D: aperture of collimator). Therefore, we calculated 

thermal and epithermal neutron intensities at the de-

tector position varying the side length of the moderator 

and L/D. 

Figure 3 shows the thermal neutron flux (less than 

0.5 eV) at 10 m from the moderator depending on L/D 

and Figure 4 shows the epithermal neutron flux (0.5 eV 

to 10 keV) at 10 m from the moderator depending on 

L/D. The intensities from a small moderator are higher 

than that from a larger one compared at the same L/D 

in both cases of the thermal and the epithermal neu-

tron fluxes.

We found higher thermal and epithermal neutron 

intensities were obtained at a small moderator at the 

same L/D. However, field of view (FOV) constrained 

the minimal moderator size. In this study, we assumed 

that the range of L/D is 50 to 100 and FOV is 10 cm 

to 30 cm, then we calculated the thermal and the epi-

thermal neutron intensities at the detector position 

varying the side length of moderator under the condi-
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Collimator
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Fig. 2:  Calculation model.
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tion L/D from 50 to100 and FOV from 10 cm to 30 cm. 

Figure 5 shows the thermal neutron flux at 10 m from 

the moderator depending on side length of moderator 

and Figure 6 shows the epithermal neutron flux at 10 

m from the moderator depending on L/D. Here, \cen-

ter" in the figures means the intensity at the center of 

the detection surface and \average" means the average 

of intensity over the detection surface. We found the 

optimal moderator sizes at L/D of 100 and at FOV 

from 10 to 30 cm, and the optimal moderator sizes to 

get the highest intensity are from 10 to 12 cm.

4.   Compact Accelerator driven neutron source 
project

A plan for compact accelerator-driven neutron 

source is under construction at Kyoto University and 

RIKEN. The aim of this project is to construct an 

easy-to-use and easy-to-access compact neutron source 

for industrial use and material analysis requirements 

although the expected flux is moderate. We are plan-

ning to start the generation of thermal neutron beam 

for the neutron radiography within fiscal year 2012. 

The key technology for such a compact accelerator 

driven neutron source is the design and simulation of 

target, moderator and shielding, which determines the 

performance of the system. PHITS code is used to 

simulate the neutronic performance and radiation shield 

for optimized design. Figure 7 shows the structure of 

the target/moderator/shielding station (TMR) that 

used in this simulation. Neutron generation is conduct-

ed by bombarding a beryllium target with 3.5 MeV 

proton beam, as in the case of Kyoto University neu-

tron source. Generated neutrons are moderated down 

to thermal neutron energy region by moderator and 

extracted as a neutron beam. The neutron beam ex-

traction direction is straight from the proton beam. A 

lead plate is situated after the moderator to shield 

gamma rays. A blocks of graphite is situated surround-

ing the target and moderator, which works as neutron 

reflector to increase neutron flux. Radiation shield con-

sists of ordinary concrete. The thermal neutron flux is 

measured at the distance of 2 m and 5 m, where a de-

tector plane is situated. 

Figure 8 shows the result of moderator material 

(polyethylene, light water, misithylene) and thickness 

(2 to 5 cm) optimization. Maximum flux was obtained 

with polyethylene moderator at thickness of 5 cm. 

Figure 9 shows the flux variation vs. reflector size. 

When the thickness of graphite reflector is about 30 cm, 

the flux gain is almost saturated. 

Figure 10 shows the radiation dose distribution by 

concrete shielding with 2.6 m side. When the proton 

beam current is 100 uA, the surface radiation dose of 

2.6 m concrete is about 30 ¹SV/h. The same simula-

tion with concrete shielding with 1.4 m side gave 4 

mSv/h. It may depend on the radiation designated area 

condition, it may be necessary to have concrete shield-

ing larger than 2.6 m side.
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Figure 11 shows the thermal neutron flux associated 

with L/D. For neutron radiography, L/D of 50 may be 

necessary. From Fig. 11 it may be possible to obtain 

7£104 n/cm2/sec/mA at 5 m. If we assume that average 

current of the accelerator is 100 uA, it will be 7£103 

n/cm2/sec. This flux is about 1/10 of the KUR E-2 

port, so it will be possible to obtain practical neutron 

radiography image with 10 minutes exposure using or-

dinary cooled CCD and 1 minutes exposure using 

EMCCD. Current plan at RIKEN will adopt 7 MeV 

proton linac, so about 10 times higher flux will be ob-

tained. A detailed simulation and design optimization 

will be carried out. 

5.  Neutron imaging test at an existing facility

Neutron Imaging technology, especially neutron ra-

diography that uses white thermal neutron beam is 

important for industrial applications like non-destruc-

tive testing. We have been conducting a number of neu-

tron radiography experiments using various kinds of 

samples and detectors. Especially, we are interested in 

neutron radiography with relatively low neutron flux 

since this situation is similar to that with the compact 

accelerator driven neutron source being developed at 

our group. Neutron radiography experiments are con-

ducted at Kyoto University Reactor (KUR) E-2 port. 

A comparison study was made with recent electron 

multiplying CCD (EMCCD) and conventional cooled 

CCD camera. 

KUR E-2 port extracts a thermal neutron beam 

from a heavy water tank for medical irradiation. It has 

a beam diameter of about 15 cm and the thermal neu-

tron flux is about 3.2£105(n/cm2sec) with 5 MW op-

eration and about 6.4£104(n/cm2/sec) with 1 MW op-

eration, respectively.

The neutron camera system was constructed by uti-

lizing existing shielding box. The neutron beam passing 

through the sample irradiates the scintillator plate 

(6LiF+ZnS(Ag), thickness 100 um) and the optical im-

age is captured by CCD camera via single mirror. Stan-

dard CCD camera is a cooled CCD camera with 11 

Mega pixel. The viewing range is 150£150 mm, one 

piexel equivalent size is about 50 um. In this experi-

ment, an EMCCD was used replacing conventional 

cooled CCD camera.

EMCCD has electron multiplying capability on the 

chip and maximum maginification gain is supposed to 

be 300 times. Detailed specifications of CCDs are listed 

in Table 2.

Figure 12 shows images and intensity histograms 

taken by cooled CCD camera. Although this was taken 

at 1 MW operation, the intensity of the direct beam 

just beside the object was about 1600 with 2£2 binning 

mode at exposure of 10 seconds. With 1£1 binning 

mode, pixel intensity of 2500 was obtained at exposure 

of 1 min. This cooled CCD has 16bit pixel depth, so 
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Fig. 11:  Thermal neutron flux and L/D.

Fig. 12:   Images by a cooled CCD (KUR E-2port 1 MW) Image 

intensity and contrast adjusted.

Camera Image size CCD size pizel size pixel depth Lens Cooling Ref

Cooled 

CCD(Bitran 

BU-53LN)

1.1 M pixel

(4008£2672)
36 mm£24 mm 8.9 um 16/8 bit

85 mm

F1.4

0 degC

(Max-40degC)

Air

cooled

EMCCD

(Andor 

iXon888)

1 M pixel

(1024£1024)
13.3£13.3 mm 13 um 16/14 bit

50 mm

F1.4

-70 degC

(Max-90degC)

water

cooled

Table 2:  Specifications of CCD cameras.

 2£2 binning (2004£1336) 10 sec 1£1 binning 1 min (4008£2672pixel)
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maximum intensity is 65535. Those results indicate 

that only 2 to 4% of full intensity is obtained using this 

condition. Photos shown in Fig. 12 are processed and 

intensity and contrast are adjusted, otherwise, the im-

age of the object is difficult to recognize.

Figure 13 shows images and intensity histograms 

obtained by EMCCD cameras. This image is taken at 

5 MW operation. When EMGain is set to 4, which 

means there will be almost no intensity magnification, 

intensity of 1300 was obtained with 1 second exposure. 

When EMGain is 100, the intensity will be 30,000, 

which is about 50% of 16 bit pixel depth. This intensity 

will give a considerably good gray levels that will lead 

to better image quality.

Comparing those results, only several % of full in-

tensity can be obtained with normal cooled CCD with 

neutron flux around 104»105 n/cm2sec with several sec-

onds of exposures. It may be necessary to give several 

minutes exposure to obtain sufficiently good image. 

While, using EMCCD, only a few second of exposure is 

sufficient to obtain more than 50% of full intensity, 

which will give practical image. This implies that it will 

be possible to obtain practical neutron radiography im-

age in a few seconds using such high sensitivity CCDs 

even with low flux neutron beams obtained by an ac-

celerator driven compact neutron source. 

6. Summary

For the neutron imaging collaborated works between 

J-PARC and accelerator based compact sources are 

important to promote the industrial application and 

the test experiments for the future development. The 

detectors with a high spatial resolution should be devel-

oped and in this way we are now continuing the MCP 

detector while it needs the further development. 
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