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INTRODUCTION: Nano- and microstructures are
crucial for steels because they are closely related with the
mechanical properties. Small-angle scattering (SAS) is a
powerful tool to quantitatively characterize the nano- and
microstructures because of its large gauge volume. Sev-
eral research groups have reported the applications of
SAS to steel researches [1-3].

However, model alloys having simple nanostructures
are often examined by SAS to simplify the discussion.
For further progress, it is necessary to apply SAS to more
practical materials. Stainless steel is a typical commercial
steel and has complex nanostructures. In this case,
small-angle X-ray scattering (SAXS) measurements us-
ing in-house instruments is suitable as a usual characteri-
zation technique closely linked with practical materials
processing. Although it takes over several hours for a
SAXS measurement using the in-house SAXS instru-
ments, steels are stable for such long measurements.

Therefore, in this study, the nanostructures in the stain-
less steels were investigated to confirm the ability of the
in-house SAXS instrument.

EXPERIMENTS: SAXS measurements were per-
formed using the in-house SAXS instrument with Mo Ko
radiation. For steels, conventional Cu Ko radiation is not
useful because of low transmission and high fluorescence
X-ray emission. Scattering patterns were obtained using a
two-dimensional detector (PILATUS 100k) equipped
with a 1000 um-thick silicon sensor to efficiently detect
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Fig. 1. Background scattering profiles.
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Fig. 2. Scattering profiles of stainless steels.

Circles and diamonds denote precipitation
hardening (PH) and normal stainless steels,
respectively. Open and filled symbols are data
obtained using SPring-8 and Mo-SAXS.

the high energy Mo Ka radiation. The path of X-ray be-
tween the entrance slit and up to the detector including
the sample area was evacuated to eliminate background
scattering from air and vacuum windows. In this study,
the original vacuum tubes were changed to thicker vac-
uum pipes to improve the degree of vacuum and further
reduce the background scattering from residual air.

RESULTS: Fig. 1 shows the background scattering
before and after changing the vacuum pipes. With this
changing, the ultimate vacuum was improved from 100
Pa to a few Pa and the background scattering intensity
decreases to about 1/10.

Fig. 2 shows the scattering profiles of precipitation
hardening (PH) and normal stainless steels. Both the pro-
files obtained using Mo-SAXS agree well with the cor-
responding scattering profiles obtained using the SAXS
instrument in SPring-8. The profile of the PH stainless
steel has a hump at about ¢ < 1 nm! compared to that of
the normal stainless steel. This hump is attributed to the
scattering from precipitates. Therefore, we successfully
observed the precipitates in stainless steels using SAXS.
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INTRODUCTION: Progress of neutron optical devic-
es is very significant. Recently we proposed promising
fabrication method for aspherical focusing supermirror
with metal substrate [1-4]. The metallic substrate is ro-
bust and ductile, to which able to fabricate steeply curved
surface with high form accuracy. It is also applicable to
use under high radiation irradiation and high-temperature
filed, even at a place close to the neutron target and mod-
erator. Furthermore, it is possible to fabricate a large fo-
cusing mirror by combining multiple segmented mirrors
with mechanical fastening entailing the usage of screw
holes and fixture tabs. The big problem was required sur-
face roughness for neutron mirror. The roughness should
be smaller than 0.3 nm for high-m supermirror coating.
Here m is the maximum critical angle of the mirror in
units of critical angle of natural nickel. By using electro-
less nickel-phosphorus (Ni-P) plating, we overcame the
problem and are establishing fabrication process for as-
pherical focusing supermirror. In this study, we show a
latest result for neutron focusing experiment with a cou-
ple of ellipsoidal supermirrors with metallic substrates.

EXPERIMENTS: We fabricated ellipsoidal metallic
substrates with the Ni-P plating, based on the technology
using ultrahigh precision cutting with correction pro-
cessing, followed by mechanical precision polishing. The
first precise manufacturing was conducted at a CNC ma-
chine for development of neutron optical devices at
workshop of the KURNS. The ultra-precise manufactur-
ing, polishing and cleaning of the metallic substrate were
conducted at RIKEN. The supermirror coating was con-
ducted with ion beam sputtering machine at the KURNS
(KUR-IBS) [5]. The neutron experiments were conducted
at CN-3 beam line at the KURNS and the BL06 (VIN
ROSE) beam port at J-PARC MLF [6]. We have suc-
ceeded in fabricated a couple of m=3 NiC/Ti ellipsoidal
supermirrors in which length of 900mm [7]. The
semi-major and semi-minor axes of the ellipsoidal su-
permirror were 1250 mm and 65.4 mm, respectively. The
acceptable angle of the minor axis arc of the ellipsoidal
supermirror is 20 degree. In this study, we tried to fabri-
cate higher-m NiC/Ti ellipsoidal supermirrors in which
substrate was same with the m=3 NiC/Ti one. Here the
required number of layers of high-m supermirror increas-
es with the proportional of m*, in which principle is well
known as Porod’s law. We have fabricated m=5 and m=6

Fabrication of m=6 spuermirror on ellipsoidal metal substrate

NiC/Ti supermirrors in which number of layers were
3000 and 5000, respectively.

RESULTS:

Figure 1 shows photograph of m=6 NiC/Ti supermirror
fabricated by the KUR-IBS. As shown in Fig. 1(a), the
supermirror coating itself was succeeded, however, it was
not tough for temperature difference. Here one of three
supermirrors peeled off as shown in Fig. 1(b). The per-
formance of supermirrors were not so good and it is still
necessary to improve fabrication process for higher-m
ellipsoid supermirror. By using the ellipsoid supermirror,
we succeeded in observation of first neutron resonance
spin echo signal of focusing neutron beam at BLO6 at the
MLF, J-PARC [8].

'\-\\\\ ‘. \

Fig. 1. Photograph of m=6 NiC/Ti supermirror coat-
ed by the KUR-IBS. (a) just after the deposition (b)
after about 30° temperature change with transporta-
tion.
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INTRODUCTION: Radiation biological effects are
arrived via DNA damaging by ionizing radiation, because
DNA loads genetic information. There have been a lot of
studies about radiation DNA damage, and the most of
them were for gamma- and X-rays’ ones, but less other
radiation qualities. We have studied for the DNA damage
with heavy ion beams, previously [1, 2]. These studies
indicated that the DNA damage with heavy ion beams
were unique, indicating that a lot of clustered DNA
damage were generated including DNA double strand
break (DSB). Clustered DNA damage is a complex
damage containing multiple lesions in the local region of
DNA. This damage strongly inhibits DNA
polymerization, and shows less repairable. Here, we
analyze the DNA damage with neutrons from nuclear
power plant to unveil the molecular mechanism of
neutron biological effect. The neutron beam is also high
LET radiation as same as heavy ion beam. Therefore, we
will find some interesting character of DNA damage with
neutron like heavy ion beam.

EXPERIMENTS: Cultured cells of Chinese hamster
ovary (CHO) AAS8 strain were irradiated with neutron
beams in the Kyoto University Reactor. The cells were
cultivated with the conventional method. The logarithmic
growing cells were recovered by trypsinization, and set
into a polypropylene tube for irradiation. The irradiation
time was up to three hours with sampling in every 30
minutes. The estimated dose rate of neutron was 1Gy h'.,
After irradiation, the cells were immediately frozen by
dry ice, and stored until analysis. The procedures of DNA

damage analysis were mass spectrometry and
electrophoresis for base damage and strand break,
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Fig. 1. Yields of 8-oxo-deoxyguanosine (8-OHdG)

in the cells irradiated by the neutrons of the reactor.

Character of DNA damage induced by nuclear palnt neutron beams

respectively [2 — 4]. For base damage analysis, we
focused on the oxidative base damage, that is common
damage with ionizing radiation. The chromosomal DNA
were extracted from the irradiated cells, and were
digested by nuclease to obtain the separated nucleotide
units. Then, the nucleotide mixture was analyzed by mass
spectrometry. For DSB analysis, the irradiated cells were
embedded into low-melting agarose plug just after
irradiation. The plugs were digested by protease and then
electrophored. The sheared chromosomal DNA are
released from the gel plug in electrophoresis gel, but the
intact ones stay in the plug. The gel was stained by
ethidium bromide, and the DNA bands were visualized.
We compared the staying and released DNA bands for
DNA shearing by neutron beams.

RESULTS: The result for base damage indicated that
8-oxoguanine as a guanine oxidative damage increased
dose-dependently (Fig. 1). DSB were also detected with 1
Gy-irradiation. However, the elevation of this damage
was not shown with more than 1 Gy. The reason for the
no increment have been still unknown. We consider that
DNA repair is involved in no increase of DSB because of
the low dose rate of the neutron beam.

We need further study for elucidation of molecular
mechanism of neutron biological effect. The future study
plan will contain the oxidative pyrimidine analysis such
as 5-hydrooxycytosine. Also, the DSB will be analyzed
by using of the mutant cell strains without homologous
recombination (HR) and hon-homologous end joining
(NHEJ). Using of these mutants leads the initial yields of
DSB without DNA repair process. Additionally, we will
investigate viability of the irradiated cells for concerning
of DNA damage participation for neutron biological
effect.
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Fig. 2. Yields of DNA double strand breaks in the

cells irradiated by the neutrons of the reactor.
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INTRODUCTION: Neutron diffraction is a powerful
tool to precisely determine the positions of light elements
(e.g., hydrogen and lithium) in solids. This is the main rea-
son why neutron powder diffractometers are critical for
structural investigations of energy storage materials, for
example, rechargeable lithium-ion batteries and hydrogen
absorbing alloys. The B-3 beam port of Kyoto University
Research Reactor (KUR) had long been used as a four-cir-
cle single-crystal neutron diffractometer (4CND). For the
last decade, however, the 4CND was so old that its re-
search activity on neutron science was quite low. Now, the
versatile compact neutron diffractometer (VCND) is in-
stalled on the B-3 beam port of KUR.

SPECIFICATIONS: Fig. 1 shows the current state of the
VCND. The VCND is equipped with a new beam shutter
manufactured by the KURNS factory. In addition, the
VCND has a wide space around the sample; therefore, we
can easily install any other system. The neutron wave-
length, A, which is monochromatized by the (220) plane of
a Cu single crystal (i.e., Cu monochromator), is 1 A. To
cover the detector area of 6 ° <20 < 130 °, twenty-five *He
tube detectors (1/2 inch in diameter) are used (see Fig. 2),
where 20 is the scattering angle. A detector bank including
twenty-five *He tube detectors is placed on the arm of the
HUBER-440 goniometer. The distance from the Cu mon-
ochromator to the sample is approximately 2 m, and the
distance from the sample to the detector is 1.2 m.

CRYSTAL STRUCTURE ANALYSIS: The preliminary
neutron diffraction measurements have been performed
using the VCND. Fig. 3 shows the Rietveld refinement
pattern of the standard sample: NIST-Si powder. As a re-
sult, an excellent fit was obtained between the observed
and calculated intensities. The Bragg reflections at the
high Q region (corresponding to the high 20 region) could
be observed using the VCND rather than the Laboratory
X-ray diffractometer with a CuKa radiation, where Q is
the magnitude of the scattering vector (= 4nsin6/A, where
0 is half of the scattering angle, 26). The complementary
use of neutron and X-ray diffraction is very useful for the

Versatile Compact Neutron Diffractometer on the B-3 Beam Port of KUR

structural investigations. Further improvements are now in
progress.

Fig. 1. The versatile ) compact neutron diffractometer
(VCND), installed at the B-3 beam port of KUR.

X L T
Fig. 2. Twenty-five *He tube detectors (1/2 inch in diame-
ter) on the detector bank of the VCND.
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Fig. 3. The crystal structure refinement of NIST-Si using
neutron diffraction data collected at the VCND.
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INTRODUCTION: In J-PARC muon science experi-
mental facility, muons are produced by irradiating a
graphite target with a 3 GeV proton beam. A silicon car-
bide (SiC) attracts our interest for a candidate of new
target material to yield more muons. Understanding trit-
ium behavior formed in these target materials by proton
irradiation is important for a stable operation in high
power beam facilities like J-PARC. Macroscopic studies
like TDS show that hydrogen-isotope diffusion in graph-
ite strongly depends on the structure such as the grain
size, lattice defects etc. Because, in the high-power beam
target, the irradiation-induced vacancies are considered to
trap tritiums, we investigated the recovery behavior of the
vacancies using a slow positron beam.

EXPERIMENTS: 50-keV H," ions were irradiated to
CVD-SiC, NITE-SiC/SiC composite [1], and graphite
samples with a dose of 5x10'® H,*/cm?. After irradiation,
the samples were annealed at 500°C, 700°C, and 900°C
for 15 min in N, atmosphere. Before and after annealing
at each temperature, the samples were probed by the
KUR slow positron beam and the Doppler broadening of
the annihilation radiation (DBAR) spectra were acquired.
The DBAR spectrum is known to be characterized by S-
and W-parameters, which correlate to annihilation with
low and high momentum electrons, respectively [2].

RESULTS: Figure 1 shows S-parameters obtained for
each sample as a function of incident positron energy.
They are normalized by that of each unirradiated sample
annealed at 900°C. The S-parameter of graphite after an-
nealing at 900°C almost recovers to the unirradiated ref-
erence-state. This is considered to be due to the recombi-
nation of the irradiation-induced vacancies and intersti-
tials [3]. In contrast, the S-parameters of CVD-SiC and
NITE-SiC samples show no significant change after
900°C annealing. This indicates that the irradia-
tion-induced vacancies survive even after annealing. Fig-
ure 2 shows S-W correlations obtained for the CVD-SiC
and NITE-SiC samples. If the defect specie is not
changed by annealing, the S- data should be marked on
the straight line between the unirradiated state and the
as-irradiated ones. However, after the annealing, the S-W
points move to lower-left direction. This means that posi-
trons are trapped at different defect species in the an-
nealed samples, as compared to the as-irradiated ones.

Although there are no significant changes in the
S-parameters, the dominant defect species is indicated to
be changed by the annealing. This result implies the de-
fect complex of vacancies and hydrogen atoms. For fur-
ther understanding, theoretical studies and elec-
tron-irradiation experiment are necessary.

ACKNOWLDGEMENTS: This study is partially sup-
ported by JSPS KAKENHI Grain Number JP16H03994.
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INTRODUCTION: The high temperature gas-cooled
reactor is a Generation IV reactor concept that use a graph-
ite moderator. The design takes advantage of the inherent
safety characteristics with specific design optimizations.
The treatment of thermal scattering caused by crystalline
is important for graphite to improve the prediction accu-
racy of graphite moderated core analysis. There is suffi-
cient thermal scattering law for single crystal graphite, but
there is no method has been established to reconstruct ther-
mal scattering cross section for polycrystalline graphite.
The differences in the scattering cross section resulting
from the size of crystal grains, porosity in the graphite, and
the production method of the graphite have been reported
[1,2]. In order to provide basic data for thermal neutron
scattering law evaluation, the total cross sections of the
graphite were measured for reactor-grade graphite samples
including a graphite moderator actually used in the critical
assembly.

EXPERIMENTS: The total cross sections of reactor-
grade graphite were measured in the incident neutron en-
ergy region from 0.001 to 10 eV by transmission experi-
ments at the KURNS-LINAC. An experimental arrange-
ment is shown in Fig. 1. Pulsed neutrons were produced
from a water-cooled Ta-target by (y,n) reaction with a
pulsed electron beam. The incident neutron spectrum on a
sample and the transmitted neutron spectrum were meas-
ured by means of a time-of-flight (TOF) method with a
®Li-glass scintillation detector. A 5.0 mm diameter by 5.0
mm thick ®Li-glass was located 12.0 m from the neutron
source.

Two reactor-grade graphite samples were used for meas-
urements. The characteristics of the samples are shown in
Table 1. The 1/2” thickness sample is used as a moderator
in the KUCA facility.

The total cross section of the graphite o, is calculated
from the transmission spectrum and the thickness of the
sample as following.

o.(E) = —

A 1
N, n(T(E)) (D)
where p is the sample density, A is the atomic mass, t
is the sample thickness and N, is the Avogadro constant
T(E) is the transmission spectrum is derived from
S(E) — A(E) )

where B(E) is the incident neutron energy spectrum on
the sample derived from the TOF spectrum measured with
®Li-glass detector for the Blank run, S(E) is the spectrum

Measurements of thermal neutron total cross section of reactor-grade graphite

transmitted by the sample for the Sample run and A(E) is
the background spectrum determined by the Absorber run
which performed with the polyethylene block inserted into
middle of the neutron flight tube.

KURNS-LINAC
(Pulsed electron beam)
. Flight tube

. = erete Graphite sapmle
’ /2.0 m Concrete wall "
T Rt ]hadu\\ b 4 VA l 30 mmg SLiglass detector
I [ I / 111
/ // Polyethylene-Boron 10% Pb
0.48 n

120 m

Fig 1. Experimental arrangement

Table 1 characteristics of samples

Sample Graphite 1.0cm  Graphite 1/2”
Crystal structure ~ Polycrystalline ~ Polycrystalline
Sample shape Disc Square plate
Density [g/cm’] 1.779 1.754
Size [mm] #50 50.8X50.8
Thickness [mm] 10.0 12.7

[atoms/b] 8.92 X102 1.12%x 10!
RESULTS: The total cross sections of two reactor-grade

graphite were derived in the incident neutron energy re-
gion from 0.001 to 10 eV. The present results are shown in
Fig. 2. A clear first black edge was observed at 0.0018 eV
for both samples. In the energy range of 0.1 eV or more,
the results are good agreement within the error, but there
is discrepancy in the energy region 0.0018 to 0.02 eV.
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Fig. 2 Total cross section of graphite
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INTRODUCTION: The recent values of neutron
lifetime deviate far beyond the systematic errors claimed
in the past and require the further improvement for the
neutron the lifetime puzzle. We are continuing neutron
lifetime measurement at the polarized beam branch of the
NOP beamline installed at the port BLOS. The system
consists of a neutron chopper (SFC) and a gas chamber
(TPC) for detecting the electrons from the neutron beta
decays. The TPC contains small amount of *He. The rate
of the 3He(n,p)3H reaction is measured by counting the
protons. The neutron lifetime is measured as the ratio of
the electron events to the proton events [1].

The large background via neutron-induced reactions is
suppressed by introducing small neutron bunches into the
TPC and selectively detecting decay electrons and
reaction protons only when neutron bunches are traveling
inside the sensitive volume and they were not
transmitting through chamber windows and other
materials on the beam path. The SFC is a spin-selective
optics to switch the neutron beam using the combination
of magnetic supermirrors and spin flippers[2]. Polarized
neutrons are injected into the SFC. Controlling the timing
of spin-flip makes neutron bunches at the exit of the SFC,
which can be reflected by the magnetic mirrors
successively. By employing the triple series reflection,
the present version of the SFC chops the neutron beam
with the intensity contrast of about 400. During the
lifetime measurement, the bunch length is adjusted as
about 50 cm, which is half of the length of TPC sensitive
region for maximizing the signal statistics. The cross
section of the output bunches is 2 cm x2 cm. In order to
reduce the statistical uncertainties for the lifetime
measurement to the order of 1 s, the incident neutron flux
into the TPC must be increased. Although the new
mirrors have been already assembled to accept large
cross section of the neutron beam, large scale of spin
flippers are also required. Now we are also continuing to

develop the precision simulation of neutron spin behavior.

Numbers of spin flippers, which have various
performances, should be investigated and compared with
the simulations.

EXPERIMENTS: The experiments were performed at
cold neutron beamline CN3 in KUR. Figure 1 shows the
experimental setup. Disk chopper provided pulsed
neutrons. Magnetic supermirrors were used for neutron
polarizer and analyzer. The position and time-of-flight
from the chopper to the detector were measured. The

Development of neutron spin flipper with large beam acceptance

behavior of the spin of each neutron was investigated by
scanning the position and magnetic field of the flipper
coil.

RESULTS: The dependence of spin flipping probability
not only for neutron wavelength but also for the position
of the flipper coil was observed clearly. It means that the
position distribution of the magnetic field of the coil may
have non-negligible influences of the spin behavior. This
can be reproduced numerically by our simulation (Fig. 2).
New flipper coils with large beam acceptance are
developed by using the simulation-based design.
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Fig. 1.
beam at CN3 beamline.
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Fig. 2. Position dependence of spin flipping ratio in
the flipper coil.
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INTRODUCTION: We have been developing a high
spatial resolution neutron detector using fine-grained
nuclear emulsion[1] and a thin converter layer including
1B for measurements of position distributions of cold
and ultracold neutrons such as the one of quantized ul-
tracold neutrons under the earth’s gravitational field[2].
The detector will also be useful for neutron imaging. In a
previous study, we confirmed it having a spatial resolu-
tion of less than 100 nm for the one with its converter
(**B4C) thickness of 50 nm[3]. In this study, we increased
the thickness to 200 nm to increase its detection efficien-
cy with keeping its resolution. It was fabricated by the
ion beam sputtering system of KURRI (KUR-IBS). Its
detection efficiency of neutrons was measured at CN-3
beamline. Next, also detectors with converter thickness of
2 um was fabricated and its ability to record microscopic
patterns was demonstrated using absorption gratings
made of Gd. Exposure experiments was carried out at
CN-3 and BLO5 of MLF, J-PARC.

EXPERIMENT 1: A converter layer of °B,C (200
nm)-NiC (60 nm)-C (20 nm) was fabricated by KUR-IBS
on a 0.38 mm-thick Si plate. It was coated with 10
um-thick fine-grained emulsion. Finally, it was covered
with two foils of 10 um-thick aluminum to avoid light. It
was exposed to neutrons with typical wavelength of 2.4
A at CN-3 at the downstream of a 3 mm-diameter pinhole
made by Cd. The exposure density of neutrons was 7.36
X 107 nfcm?, After the exposure, the detector was devel-
oped at Nagoya University. Track of a-particles and “Li
nuclei from absorptions were recorded in it was counted
manually under an epi-illumination optical microscope.
RESULTS:

A total of 30%5 tracks were found in a view of the mi-
croscope whose area is 100 um X100 um. Horizontal
tracks were not counted for separation from scratch
marks on the Si plate. Since a number of neutrons arrived
at the area was 7.36 <10, its detection efficiency turned
out to be (0.40=0.07)% for the neutrons of the beam.

EXPERIMENT 2.1: To demonstrate the ability to rec-
ord microscopic position distributions of neutrons, our
detector was exposed to neutrons at CN-3 at the down-
stream of an absorption grating made of Gd which has
apertures of 3 um wide with a period of 9 um[4]. In this

experiment, a detector with a converter layer of 1°B,C (2
um)-NiC (60 nm)-C (20 nm) was fabricated by IBS-KUR,
then coated with the emulsion at Nagoya University. The
distance between the grating and the detector was 1.5 mm.
They were exposed to neutrons with typical wavelength
of 2.4 A with divergence of +5 mrad just at the down-
stream of the guide pipe up to 710 n/cm?. A blur of
the neutron image due to the divergence of the beam was
assumed to be 7 um. After development, an image was
taken under the microscope with a CMOS camera.
RESULTS: As shown in Fig. 1, a microscopic pattern
of the grating was obtained consistently with the dimen-
sion of blur due to the beam setting.

200 um

4
Fig. 1. A neutron image taken by a detector with a
2 um-thick °B4C layer at 1.5 mm downstream of the
grating with a beam divergence of £5 mrad. Dark

part in the view consists of tracks from absorptions.

EXPERIMENT 2.2: In order to obtain a clearer image, a
similar exposure was done at the Low Divergence Beam
Line of BLO5 in MLF, J-PARC. Another piece of the
same detector as EXPERIMENT 2.1 was exposed to 4
A neutrons with divergence of +0.056 mrad at 900 um
downstream of the same kind of slit. The amount of
neutrons which it was exposed to was 8.2 X 108 n/cm?. A
blur was assumed to be 50 nm.

RESULTS: As shown in Fig. 2, a clear microscopic

pattern of the grating was seen.
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Fig. 2. Aclear neutron image taken by the detector

at 900 um downstream of the grating with a beam
divergence of £0.056 mrad.
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