


I'-ray Irradiation Properties of Grease and Magnetic Fluid Used in the TO Chopper
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We are developing a TO chopper running at 100
Hz for a reduction of a background noise generated
by high-energy neutrons on neutron spectrometers to
be installed at J-PARC, assuming its lifetime to be
more than one year [1]. A radiation damage of parts
mounted on the TO chopper is possible to be a factor
determining the lifetime of the TO chopper. Main
parts, which are bearings, magnetic seals, an
encoder and a belt, are located on the rotational axis
at the distance of 300 mm from the neutron beam
line. The spatial distribution and the material
dependence of the absorbed dose around the TO
chopper has been calculated [2], and it has been
found that the absorbed dose at the distance of 300
mm from the neutron beam line just at the outside of
the bulk shielding is approximately 1 kGy/yr at the
operating proton beam power of | MW and that the
contribution of the vy-ray is dominant. We
performed irradiation experiments on the parts on
the rotational axis. The samples, the grease in the
rotor bearings and the magnetic fluids in the
magnetic seals, were irradiated by high-energy
Y-rays emitted from °“Co at the Cobalt 60
Irradiation Facilities, Takasaki Advanced Radiation
Research Institute, Japan Atomic Energy Agency
(JAEA). The dose irradiated to the samples was
controlled to be 1 kGy, 10 kGy and 100 kGy. After
the irradiation, properties of the materials were
investigated. The results are summarized below.

Grease in rotor bearings (SEM and "’F-NMR)
Grease consists of a puffing agent and a base oil.
The puffing agent is a solid component to make the
base oil gel-like by configuring a three-dimensional
structure and increasing viscosity. We investigated
the DEMNUM grease, L65 (Daikin Industries, Ltd.),
which is used in the rotor bearings. The puffing
agent consists of particles of polytetrafluoroethylene
(PTFE) and the base oil is DEMNUM (fluoric oil).
These two components were separated by
supersonic wash in CgFi4. The puffin agent was
observed by scanning electron microscopy (SEM)
and the base oil was investigated by '’F-NMR. The
samples of the grease were irradiated with the dose
of 1 kGy, 10 kGy and 100 kGy. Figure 1 shows the
particle size distribution of the puffin agent in the

unirradiated and irradiated samples observed by
SEM. It was found from the SEM photographs that
the particle size distribution and the particle
connection are almost unchanged in the dose range
from 0 to 100 kGy. The observed '’F-NMR spectra
were almost unchanged in the dose range from 0 to
10 kGy, but a small change in the molecular field
was observed at 100 kGy. The averaged molecular
weight of the base oil deduced from the NMR
spectrum is listed as a function of the dose in Table
1. The molecular weight was almost unchanged up
to 100 kGy.

Fig. 1 SEM photographs of the puffin agents in the

DEMNUM grease, L65. The width of the scale in each
photograph is 1.5 pm.

Table 1. Molecular weight of the base oil in the DEMNUM
grease, L65, determined by '°F-NMR as a function of the
irradiation dose.

dose(kGy) 0 1 10 100
molecular 4500 — 4500 — 4600 — 4500 -
weight 4800 4700 4800 4600
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Grease in rotor bearings (four-ball method)
Lubricating properties of grease can be
investigated by the four-ball method. Four steel balls
of 1/2 inch diameter are located on the corners of a
tetrahedron with the closed-pack configuration, and
the grease is inserted among the balls. The bottom
three balls are fixed, and the load is applied to the
top ball and the top ball is rotated in an appropriate
time with an appropriate frequency. After the
rotation, the diameters of the scars on the three
bottom balls are measured and the averaged value is
determined. Also, during the rotation, the torque in
the grease can be measured. We investigated
lubricating properties of the DEMNUM grease, L65.
First, we performed the loading test [3]. After the
rotation with 1760 rpm and 10 sec, the scar
diameters (D) were measured as a function of the
load (L), as shown in Fig. 2. The unirradiated grease
was not burned out up to the load of 800 kgf, but the
grease irradiated with 100 kGy was burned out at
620 kgf (welding load, WL). From the linear region
in Fig. 2, the load wear index (LWI) is estimated as
the averaged value of LDy/D, where D, is the scar
diameter for a static load and is given by an
empirical formula [3]. The obtained parameters are
listed in Table 2. It is said that the accuracy of LWI
is 17% for the tests under the same condition using
the same instrument by the same trier. LWI
represents an extreme pressure property of grease. It
was found from this loading test that the acceptable
load is reduced at the irradiation dose of 100 kGy.
Next, we performed the defacement test [4].
After the rotation with 1200 rpm and 1 hour under
the application of the load of 40 kgf, the scar
diameters were measured. Also, during the rotation,
the torque in the grease was measured. The load of
40 kgf in this standard is comparable to the actual
load in the rotor bearings in the TO chopper (the
rotor of 120 kg is supported with two bearings). The
scar diameter was almost unchanged up to 100 kGy.
The torque measured during the rotation is
proportional to the friction coefficient via an
constant related to the instrument. The friction
coefficient measured during the rotation is shown in
Fig. 3. The lifetime of a bearing is inversely
proportional to the cube of the load. Assuming that
the load is proportional to the friction coefficient in
the bearing and that the contribution of the friction
of the grease to the overall friction of the bearing is
dominant, the lifetime is inversely proportional to
the cube of the friction coefficient of the grease. We
estimated the lifetime of the bearing as a function of
the irradiation dose. The scar diameter and the
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friction coefficient measured in this experiment and
the lifetime are summarized in Table 3, where the
lifetime is normalized by that of the unirradiated
sample. However, the friction coefficient for the
unirradiated sample seems to be much smaller than
those of the other irradiated samples. Further
investigations to clarify the accuracy of this
experiment are required.
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Fig. 2 The scar diameter (D) as a function of the load (L) in
the loading test by the four-ball method, for the
DEMNUM grease, L65. The solid lines on the marks
are fitted lines. The slope is related to LWI in Table 2.
The dashed line is the empirical load-dependence of
the scar diameter for a static load, Dy(L).
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Fig. 3 Friction coefficient of the DEMNUM grease, L65,
converted from the torque measured during the
rotation in the defacement test by the four-ball
method. The friction coefficients for the horizontal
solid lines were used for the analysis in Table 3.



Table 2. Result of the loading test by the four-ball method. WL solvent and is used in the magnetic seals on the TO
(welding load) and LWI (load wear index) of the DEMNUM chopper. The result is listed in Table 4. The

grease, L65, are listed as a function of the irradiation dose. viscosity coefficient and the evaporation speed were
almost unchanged between the unirradiated sample
dose (kGy) 0 100 and the sample irradiated with 100 kGy.
WL (kgf) > 800 620
LWI (kgf) 141 99 In summary, 7y-ray irradiation properties of

grease in the rotor bearings and magnetic fluids in
Table 3. Result of the defacement test by the four-ball method. ~ the magnetic seals in the TO chopper were

The scar diameter and the friction coefficient are measured. ~ investigated. Remarkable damages in the following
The friction coefficient is of the DEMNUM grease, L65. The ~ properties were not observed: the size distribution
lifetime of the bearing is estimated from the friction coefficient and the connection of the puffin agent of the rotor
of the grease. bearing grease, the molecular weight of the base oil
of the rotor bearing grease, and the viscosity and the

dose (kGy) 0 1 10 100 evaporation speed of the magnetic fluids in the
scar diameter (mm) 0.73 0.68 0.69 0.70 magnetic seals. However, a change in lubricating
friction coefficient 0091 | 0113 | 0114 | 0117 properties of the rotor bearing grease was observed.
lifetime | 0.52 051 0.46 The accuracy of the change should be investigated.

Moreover, irradiation properties of grease in the
magnetic seals, an encoder and a belt will be
investigated. Also, we are planning an experiment to
directly determine the lifetime of bearings mounting
irradiated grease.

Table 4. Viscosity coefficient at 20°C and evaporation speed at
80°C and 0.7 Pa in the magnetic fluid, FV-42. (*The value on
the inspection sheet of the product.)

dose (kGiy) : — W teful to Dr. J. K JAEA) f
viscosity coefficient (Ns/in’) 03251 0. 3563 (0.313%) arran, einaret:hég rsezr;ll tin(r)le ai'the' C;lbszlrzoa)( Irradizti(?r:
evaporation speed (g/cm’h) 1.2x10* 1.2x10* ging

Facilities. The SEM and NMR measurements were
performed at Daikin Industries, Ltd., the four-ball
tests were performed at Japan Lubricating Oil
Society, and the properties of the magnetic fluids
were measured at Rigaku Corporation.

Magnetic fluids in magnetic seals

The properties of magnetic fluids can be
characterized by density, viscosity, magnetization,
concentration and size distribution of magnetic
particles, out-going gas, vapor pressure and
segregation. The radiation damage of magnetic
fluids by the irradiation of high-energy y-ray is
thought to make a change in the chemical properties
of the solvent and the surfactant. If so, the radiation
damage might reflect to viscosity and vapor pressure.
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We measured the viscosity coefficient at 20°C and .
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magnetic fluid, FV-42 (Rigaku Corporation), which
is consist of ferrite particles dispersed in an alkylic
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Neutron Optics
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The neutrons deliverable to samples and
contributing scientific data are limited in number
compared with X-rays and visible photons. One of
the reasons is that the neutron production requires
nuclear reactions. Another is the low density in the
phase space, which leads to a large beam cross
section and divergence in order to obtain acceptable
flux. We thus need to prepare large samples and
the instrument dimension is chosen as large as the
sample size does not adversely affect the angular
resolution of scattered neutrons. A research and
development of neutron optics is in progress for
overcoming these difficulties and moreover for
activating new possibilities of neutron scattering
experiments.

One of possible results is the increase of the
‘efficacy’ of the neutron use, which involves the
development of neutron optical devices, imaging
detector, sample environment, data reduction and
analysis. Another is the downsizing the instrument
dimension at the same performance.

A stack of thin compound refractive optical
sheet (microprism) was characterized using the HS

beam line of KENS. We observed the neutron
refraction up to E=0.1eV using 300-sheet and 500-
sheet stacked microprisms made of per-
fluoropolymer[1,2]. The neutron beam profile was
acquired as a function of time using a scintillation
imaging detector with a resistive-wire connected
position sensitive photomultipler[3].

The bending power of compound refractive
optics is proportional to E', which implies that the
cold neutron beam can be refracted very strongly
without decreasing the effective aperture.

The imaging detector used in the measurement
has the position resolution of about half millimeter.
Its counting capability allows us to acquire the
profile of the direct beam in a reactor-based small
angle neutron scattering with focusing geometry,
which has enabled us to minimize the accessible g-
region and has achieved the enhancement of neutron
beam ‘efficacy’ by two orders of magnitude.

The R&D activities are being expanded to
involve reflective optics, magnetic refractive optics,
micropattened  electrode  gaseous  detectors,
mechanical choppers, data acquisiton electronics,

to expand applicable wavelength region of compound refractive optics
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on-line data acquisition framework, sample nuclear
polarization out of thermal equilibrium etc. for
further activation and expansion of new possibilities
of neutron science [4].
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Spatial Distribution of Neutron Intensity on a Hydrogen Moderator and
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1. Introduction

As moderators for the Japan Spallation Neutron
Source (JSNS) we decided to use the hydrogen
moderators since radiation damage of hydrogen is
simple and therefore easy to handle even under the
high radiation field. However, difficulty of hydrogen
is that the neutronic performance strongly depends
on the ortho/para ratio. We already experimentally
studied change of the spectral intensity and the pulse
shape depending on the ortho/para ratio[1-2]. The
effect of the ratio became very large with
approaching para 100%, which indicated again that
the stability of the ratio was very important for the
neutron scattering experiments, since we will use
about para 100% moderator because of its high
neutronic performance.

Furthermore, the spatial distribution of neutron
intensity on the surface of the para hydrogen
moderator is expected to be different from a normal
hydrogen moderator from the result of simulation
calculation[2]. However, it has not been
experimentally confirmed.

On the other hand, methane hydrate has been
expected to be a new moderator material for the
future spallation neutron sources, since it includes a
methane molecule in each ice cage. In the moderator
development program in the ESS project, this
moderator was one of the most important
moderators. We are also interested in this material
and have performed measurements to study the
neutronic performance of this material.

Here, we present the results of the measurements
of the spatial distribution on the hydrogen moderator
surface, and the neutronic performance of the
methane hydrate moderator.

2. Experimental

The experiments were performed at the
Hokkaido linac facility. The moderator system used
was almost the same as the system used in the
previous measurements[3]. The experimental setup
for the measurements of the spatial distributions of
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the hydrogen moderator is shown in Fig. 1. The
flight path length is 6m and the pinhole of 2mm was
set at middle of the flight path to apply pin-hole
camera principle. Eight of 1-D position sensitive
detectors were used. The moderator size was 12cm x
12cm x Scm, which is different from the size used at
JSNS, since the aim of this measurement was to see
the characteristic spatial distribution of the
para-hydrogen moderator compared with that of the
ortho-rich hydrogen moderator. Ortho/para ratio was
measured by Raman spectroscopy.

For the measurements of the methane hydrate
moderator we used a different system similar to this
but there was no pinhole. The content of the
methane molecules in methane hydrate was 80% and
the packing rate of methane hydrate in the
moderator chamber was 58%, since the sample was
minute particles. Methane hydrate is unstable at
ambient circumstance, so we packed the sample into
the moderator chamber cooled by liquid nitrogen.

Cryostat
Beam extraction hole

(120 x 120 rm)
Neutron flight tube
| Fin hole (2mm)
Slit

Cold head H
/ Detectors(x8)

Liguid nitrogen

Moderator
{llguld hydrogen)

Premoderator
(palyethylene)

Tamget(Ph)
Reflector
(@raphltz)

Fig. 1 Experimental setup for the spatial distribution
measurements for the hydrogen moderators.

3. Results and discussion
3.1 Spatial distribution of neutron intensity on
the surface of the hydrogen moderators

The 2-D image of the spatial distributions of the
two moderators are shown in Fig.2 for ortho-rich
(about 35% para) moderator (lower figure) and
para-rich (about 99%) moderator (upper figure). The



notation “Near” indicates the position near the target,
and others are similar to this. It is indicated that the
intensity of neutrons of the para-moderator is higher
around the periphery than that around the center part.
On the other hand ortho-rich moderator the intensity
around the center is higher than the periphery as
observed in other hydrogenous moderators. From
the results it was confirmed that the characteristic
distribution of the para-hydrogen moderator that the
intensity around the periphery is higher than the
center.
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Fig. 2 Spatial distribution on the hydrogen
moderators

The energy spectra at the positions indicated by
circles in the Fig. 2 are shown in Fig. 3. The

differences between the energy spectra are not so
large in the case of the para-hydrogen moderator but
in the ortho-rich case the spectrum in the center has
highest cold neutron intensity while the intensity
above about 10 meV is lower than the “Near” and
the “Edge” cases.
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Fig. 3 Spatial dependent energy spectra at various
positions for the two hydrogen moderators.

3.2 Neutronic performance of the methane
hydrate moderator

We have measured the spectral intensity and the
pulse shapes from the methane hydrate moderator in
a decoupled and a coupled moderator systems.
Figure 4 shows the spectral intensity from a
decoupled methane hydrate moderator compared
with the liquid-hydrogen moderators and the solid
methane moderator. Para ratio of the hydrogen
moderators are 35% and 99%, respectively. The
temperature of the methane hydrate moderator is
32,5 K and the others are about 18 K. The
temperature of the methane hydrate was higher than
the other moderators since connecting the moderator
top to the cold head of the cooling system at low
temperature in the air would make the thermal
conductivity worse than other cases. The spectral
intensity of the methane hydrate moderator is lower
than the methane and the hydrogen moderators in
the energy region below about 5 meV, but higher
above this energy. This result indicates that the
methane hydrate moderator gives relatively medium
intensity spectrum over the wide energy range.
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Fig. 4 Energy spectra of the methane
hydrate moderator as well as the methane
and the hydrogen moderators.

The pulse widths in full width at half maximum of
the emission times of each moderator are shown in
Fig. 5. In the low energy region around 2 meV the
lowest value is from the decoupled para-hydrogen
moderator, next the decoupled 35% para-hydrogen
moderator, and the third the decoupled solid
methane moderator. The forth is the coupled
para-hydrogen moderator, and next is the methane
hydrate. Therefore, the pulse width of the methane
hydrate is between the 99% and the 35% coupled
para hydrogen moderator. This wide pulse width
may be due to the ice in methane hydrate since the
methane molecule rotate freely in the ice cage.
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Fig. 5 Pulse widths in full width at half maximum.

In the case of the coupled moderator, we got the
similar tendency of the spectral intensity of
methane hydrate. The intensity at cold region is not
higher than the others but higher at higher energy.

382

However, there exists some ambiguity in the
normalization of relative intensity.
From these results methane hydrate is not as good
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Fig. 6 Spectral intensity of the coupled
methane hydrate moderator as well as the
methane and the hydrogen moderators.

as methane from the neutronic point of view, since
the neutronic characteristics would be mainly
governed by ice. Methane hydrate is not so easy to
handle and the neutronic characteristics is not so
good compared with methane. So, future
development of the high performance cold
moderator should be based on methane.

4. Conclusion

It is confirmed experimentally that the special
feature of the para-hydrogen moderator in the spatial
distribution of the neutron intensity, that is the low
intensity around moderator center and higher around
periphery. Furthermore, neutronic performance of
the methane hydrate moderator was studied and it
was found that the performance is not as good as the
hydrogen moderator. This result suggests that
methane hydrate will not be a good candidate for the
future cold moderator at high power neutron
sources.
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The JSNSJ[1] is a spallation neutron source of the J-
PARC (JAERI-KEK Joint Project of the High Intensity
Proton Accelerator) which will be driven by a pulsed
proton beam at 1 MW power with an energy of 3 GeV
and a beam current of 333 micro-ampere. It has 23 neu-
tron beam lines with a length from about 10m to 100m as
shown in Fig. 1. Neutron beam-line (NBL) shield is very
important since the neutron intensity is extremely high
and over all length of NBLs is so long. The amount of the
shields such as iron, concrete etc. becomes several hun-
dred tons per one NBL at least in order to reduce radiation
dose rates to below 1 mSv/hr which is a

Methodology: Source Term Calculation

+ Two Duct Configurations
- 10 x 10 cm Straight .
- Converging from 10 x 10 cm
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Fig. 1 Model of source calculation for NBL shielding
calculation for JSNS

shielding design criteria. ~ Sometimes, neutrons and
gamma-rays from the neighboring beam line may influent
on the data measured by neutron detectors as a noise.
Thick shields of one NBL may interfere the neighboring
NBL shields because of limited space of the JSNS ex-
perimental hall against many NBLs. It is necessary to
optimize the NBL shields for saving a construction cost of
the facility. In the present work, we made base data for
optimum shielding design with a new method for the
NBL shielding calculation [2] by using the MCNP-X

code /3/.

1. Calculation method

The NBL shielding calculation can be divided into
two kinds of problems: radiation streaming through a duct
space of NBL and the bulk shields around the NBL. Ac-
cordingly, the present benchmark shielding calculation is
also divided into two steps.

(1) First Step calculation

Components inside the biological shield of JSNS
such as a target-moderator-reflector-assembly and NBLs
were modeled:. Cross section area of straight NBL ducts
was 100 x 100 mm, and ducts began at 1.5 m from the
moderator. The most forward directed NBL was selected

for calculation. Many surface crossing estimators of 100 x
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Fig. 2 Model of NBL shielding calculation

x 100 mm were distributed in the duct as shown in Fig. 1,
and a neutron current distribution J(E,/i) was calculated
where /i is a distance of the i-th surface crossing estimator
from the moderator. Two DXTRAN spheres were used to
obtain results with good statistical accuracy: one at a posi-
tion at 1.7 m close to the entrance of the duct and another
in the duct at 3.4 m. The position of the DXTRAN sphere
in the duct was changed to 8.6 m and 21.0 m, and repeat
the calculation to obtain the current distribution up to 50 m
from the moderator.

Here, we call shield region around the NBL ducts
extending in /> 1.5 m as ‘collimator shield’. In the calcu-
lation, importance values for the collimator shield regions
were set to zero. This means that neutrons coming directly
form the TMRA region to the estimators of J(E /i) are
counted but all neutrons scattered at least once in the col-
limator shield are not counted. This treatment is needed to
separate clearly the direct component and the in-scatter
component otherwise the in-scatter component is counted
doubly in the source term and the second step calculation.
The direct component is treated as a source for the second
step calculation while scattering in the collimator shield is
considered in the second step calculation. The distribution
for the straight duct is well fitted[2] by an equation J(I) =
65(1/1° where 65 is a normalization factor. Number of
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neutrons decreased in every interval of surface crossing
estimators, is called “neutron wall load” to the NBL ducts.
The calculated wall loads became single differentiation of
the fitting curves for the neutron current in the ducts.

(2) Second step calculation for bulk shield around
neutron beam line

The calculated neutron current distribution for the
NBL duct was tabulated in a file. Because the DXTRAN
sphere was used in the first step calculation, neutron cur-
rent spectra above 150 MeV could not be calculated. The
spectra above 150 MeV were extrapolated assuming that
the spectral shape in the beam duct was similar to that near
the TMRA where neutron spectra above 150 MeV could
be calculated with a real estimator. A source subroutine for
MCNPX that sampled source neutrons according to the

tabulated neutron current distribution, J(E, i), was created.

2. Benchmark Calculation

For the benchmark calculation, the bulk shield ma-
terials around NBL were a single layer of iron and heavy
concrete, multi-layers of constant thick iron and concrete,
polyethylene or concrete and colemanite mixture with
total thickness shields of 3m. Finally, Iron thickness was
partially changed as a function of distance from moderator
by taking account of dose rate reduction. Fig. 3 shows. a
model of typical 25m long NBL having a various combi-
nation of iron and concrete-colemanite mixture shields: In
worse case, reducing iron thickness may bring fast neu-
tron enhancement, which can be suppressed by increase
of concrete shield around the iron shield. Accordingly,
nearly constant shield can be expected to maintain a uni-
formly distributed dose rates.
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Fig.3 Configuration of typical 25 m long NBL shields.



2.1 Single layer Iron or magnetite concrete

Benchmark calculation for NBL shield configura-
tions was made with MCNPX. In simple geometry with a
single layer, radial dose rate distributions at different dis-
tances from the moderator have a very similar shape to
each other. It means the dose rates strongly depend on the
source intensities at the duct wall. It is also found that the
magnetite concrete is more effective to reduce dose rates
than iron.

In the NBL shield, fast neutrons from the spallation
neutron target make play a very important role on dose
rate outside of the shield. Iron is effective to reduce fast
neutron fluxes. In case of the iron shield, fast neutrons
show very small contributions which are lower than those
of the magnetite concrete, while the contributions of neu-
trons in the energy below 1 MeV are very high and ex-
ceeds a design criteria of dose rate: 1 mSv/h even at
Z=50m. These high contribution are said to be caused by
the window effects at the valley of the total cross sections
in the resonance energy region below about 1 MeV. The
magnetite concrete effectively suppressed those contribu-
tions by large neutron slowing-down power of hydrogen.
Accordingly, hydrogeneous materials are inevitable to the
NBL shields.

3.2 Multi-layered shield with constantly thick iron

It is interested in which of homogeneous or hetero-
geneous shields composed of iron and hydrogeneous
The form-
er shields are heavy concrete containing magnetite and
steel ball.

such as polyethylene, normal concrete or some special

material is more effective to the NBL shields.

The latter are considered to be composite ones

concrete with iron.
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Fig. 4 Radial dose distributions at Z=20m

Fig. 4 shows the radial distribution of total dose rate
at Z=20m. It indicates that 2m thickness of the magnetite
concrete is needed to reduce dose rate to the design crite-
ria even at Z=20m. In case of the polyethylene shield, it
was found that insert location is important to determine
the dose rate in the outside region of the shields. In the
figure, 150R case, finally gave the lowest dose rate.
Coleminite concrete is the most effective to save shield
thickness..

3.3 Effect of iron shield thickness in case of composite
shields

Iron shield is much expensive compared to normal
concrete and even colemanite concrete. In order to reduce
the NBL shield construction cost, iron shield saving is
much effective. In the present work, we tried to take a
neutron dose rate as a parameter determining the iron
shield thickness. This means that the iron shield thickness
decreased with a distance from the center, i.e., Z, as
shown in Fig. 3. Fig. 5 shows the results of the radial dose
rate distributions for various iron shield thickness: Fe-
Conlmicro is denoted to the case of iron was cut at the
position where fast neutron dose rate became 1 mSv/h or
smaller. The larger cutting dose rare means thinner shield
thickness. In case of 100mSv/h cut, neutron moderation
effect reduced dose rate in the inner region but remained
fast neutrons gave a slow decaying curve in the outer
region. This trend resembles that of the magnetite con-
crete. The cases of the cutting parameter of 10mSv/H and
30mSv/h show different trend but gives nearly the same
shielding thickness to satisfy the design criteria. 10%
weight-abundant coleminte concrete and iron shields of
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Fig, 5 Neutron dose distribution for various configura-
tion of shield varying iron thickness
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10mSv/h cutting parameter effectively reduced the dose
rate and the shield thickness satisfying the criteria were
170 cm and 140cm at Z=10m and 20m, respectively.

4. Concluding remarks

NBL shielding design studies for the spallation
neutron source, JSNS, has been performed with the new
method using the MCNP/X code. Shielding properties of
various shielding materials were investigated. Iron show-
ed good performance against fast neutrons above 1 MeV
but could not reduce the contribution of neutrons below 1
MeV. The hydoreogenoeous shields such as concrete and
polyethylene turned out effectively reduce the dose con-
tributed by such neutrons. The heterogeneously composite
shields of iron and polyethylene or concrete seems to be
more effective to the NBL shields than the heavy concrete,
since the latter showed higher decay of the dose rate near

source and became slower decay far from the source. Iron
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shield thickness is very sensitive to final dose rates at the
shield surface. Colemanite concrete is very effective to
reduce shied thickness.

The present importance reduction procedure of
source sampling was coped into the PHITS code[4] by
Niita. At the present, NBL shielding designs of each neu-
tron spectrometer of J-PARC are progressed by using the
PHITS code and the source data calculated with the
MCNP-X code, taking account of the present results.. .
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The Japanese Spallation Neutron Source,
JSNS,[1] is one of the worldwide intense pulsed neu-
tron sources and is now being constructed under the
JAERI-KEK Joint Project of the Intense Proton Ac-
celerator Facility whose acronym is J-PARC (Japan
Proton Accelerator Research Complex) [2]. The pur-
pose of the installation is to carry out research on
material structures and life-science by means of neu-
The TMRA (i.e., tar-
get-moderator-reflector assembly) of JSNS is com-
posed of a mercury target, liquid hydrogen moderators,

tron scattering methods.

and composite reflectors of beryllium and iron[3]. It
has 23 neutron beam lines for neutron spectrometers.

For neutron scattering experiment using the
time-of-flight method, moderator performance is
characterized by the pulse characteristics: intensity,
pulse width (FWHM, full width at half maximum)
and its decay time. The moderators of JSNS were
designed to provide a high performance as follows.
Three kinds of liquid hydrogen moderators (i.e., cou-
pled, decoupled and poisoned moderators) are adopted
for the individual research objectives. The decoupled
and poisoned moderator system consists of multi-
layers of aluminum (Al) alloy containers, hydrogen
(20K), vacuum, helium (He) and of cooling. The
thermal neutron absorbing materials (so called “de-
coupler” and “poison”) were also adopted to obtain

narrow neutron beam pulses. The decoupler is ar-
ranged in Al alloy between the He and cooling water
layers except for the neutron beam extraction surface.
Higher decoupling energy is very effective for re-
ducing decay time. Boron carbide (B4C) is already
utilized for this purpose in KENS, IPNS and ISIS.
However, He gas generation due to '’B (n, a) reaction
shorten the decoupler life time in MW class system. In
JSNS, new material of Ag-In-Cd (abbreviated as AIC)
alloys with a high decoupling energy of about 1 eV is
developed to provide a long life-time usage even in the
very intense neutron field[4].

A poison brings about narrow pulse widths which
are controlled by moderator thickness. Gd was widely
utilized for a poison material in various pulsed neutron
sources. However, it has many resonances above 1 eV
and they reduce the slow neutron intensity. On the
other hand, the neutron capture cross section of Cd is
very low above 0.4 eV. Neutronic calculation[4] of
JSNS showed that a shape of neutron pulse from a
Cd-poisoned moderator near the cut-off energy was
better than that of a Gd-poisoned system. The design
requirements for a Cd poison are 1.3 mm in thickness
giving 6 years life time and to be asymmetrically in-
serted 2.5 cm from the viewed surface. Both the AIC
decoupler and the Cd poison sheet should be covered
with the Al clad because of fabricating the moderator
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system. It is important to obtain a tight bonding be-
tween the AIC or Cd and the Al clad because of the
thermal stresses between deformation and exfoliation

due to the thermal shrinkage and radiation damage, etc.

The experiments of trial fabricating them with the
methods of the HIP and explosion welding etc. were
reported at the ICANS-XVI[4,5]. In the present time,
the further experiments by improving the processing
conditions and by measuring a rupture stress of
bonded AIC materials are reported.

2. Experiments fabricating AIC decoupler

At the first, the AIC plate was divided into Ag-In
(15wt%) and Ag-Cd (35wt%) plates within the solu-
bility limits of In and Cd in Ag in order to extend the
life time by considering the irradiation effects studied
to develop the AIC thermal neutron absorber [17, 18]
for the control rod of nuclear reactors. Secondary, the
Ag-In-Cd (70wt%Ag-2.5wt%In-29.5wt%Cd) plate
was attempted in order to make a fabrication processes
reduced. We performed bonding tests by HIP (Hot
Isostatic Pressing) to establish the bonding condition.
Mechanical tests of the Al alloy and AIC were also
performed to determine the basic properties after HIP.

Small specimens of the AI, AC and AIC were
prepared by cutting a rod with a diameter of 20 mm
that had been made by melting constituent materials
at about 1373 K in an electric furnace into the ones
with the thickness of 2, 2 and 3 mm, respectively. they
were stored in Al alloy (A6061-T6) housing capsule
(shape :
outer diam. x 5 mm in height with thickness of 1 mm)
sealed by using electron beam welding, where the
evacuated pressure was about 10° Pa for each of

cylindrical, size : approximately 22 mm in

sample. Before storing, samples and Al capsules were
polished by an emery paper with up to 800 grit and
cleaned in acetone using ultra sonic waves. After HIP
treatment, we cut and polished the sample to observe
micro structures of the interfaces between the Al alloy
and AI/AC or AIC and to measure mechanical prop-
erties such as Vicker’s micro hardness, the mechani-
cal strength, tensile and shear tests.

Figures 1 is micrographs showing the HIP tem-
perature dependence for the case of Ag-In (AI)/
Ag-Cd (AC). Bonding tests were performed at

388

temperatures from 440°C to 560°C with 100 MPa
and 1 hour holding time. The sample HIPed at 530°C
was the only one successfully bonded. Al and AC
were basically bonded up to 530°C in all cases. The

Temperature|

Ii\l alloy

Bonding X X

Pressure : 100 MPa, Holding time : 60 min.

Fig. 1 Results for small size HIP’ing in case of Ag-
In/Ag-Cd and A6061-T6.

sample HIPed at 560°C was melted. Even the un-
successful bonding, the reaction layers of both Al -
Al alloy and AC - Al alloy were recognized as shown
in Fig. 2. The thickness of reaction layers of Al - Al
alloy and AC - Al alloy increased with increasing
temperature. This result shows that a relatively thick
reaction layer is needed for successful bonding. The
thickness of reaction layer of AC and the Al alloy
was about 3.5 times thicker than that of Al and Al
alloy. In the case of successful bonding at 530°C, the
thickness of reaction layer of Al and Al alloy, and
AC and Al alloy were about 570 and 175 microme-
ters, respectively. We also examined the effect on the
HIP treatment of varying the holding time from 10,
30 and 60 min. at 530°C. It was found that the reac-
tion layer thickened with increasing holding time
and the holding time of 60 min was the best in case
of Al-6061 so far. The strength of the Al alloy
(A6061-T6) was reduced about 1/3 after HIP treat-
ment.

The bonding test of AIC samples by means of the
HIP clrified that the optimum temperature was
530°C as like two phase samples (Ag-Cd, Ag-In)
and the optimum holding time was 60 min. for
A16061 and 10 min for Al5083. HIP treatments af-
fected the strength of Al alloy. In case of Al-6061,
heat treatments called T62 were made in order to
recover the rupture strength of the HIP’ed sample



and we observed the sample strength became about
50 MPa as like A15083.

Therefore, we proceeded the experiments for the
large scale samples of 200 mm x 200 mm x 3mm t of
A6061-T6 and A5083 using AIC. The optimum HIP
conditions which were observed in the small speci-
men tests were applied to the tests. The HIP’ed
samples were examined by means of the ultrasonic
diagnostics. The typical results in case of A5083
were shown in Fig. 3. It was found that from the
figure that nearly perfect bonding was found for both
echo from the upper and lower interfaces of the AIC
and the A5083 plates in the figure. Tensile strengths
of small cylindrical specimens cut from the sample
were shown to be more than 20 MPa. On the other
hand, A6061 sample showed good bonding after HIP
but peel off on the bottom interface after the heat
treatment which recovered the tensile strength to
more than 50 MPa.

(a) Upper interface echo (b) Lower interface echo
Partially unbonded.

Fig. 2 Results of supersonic diagnostics for large

scale sample of A5083 and AIC

3. Experiments fabricating Cd poison plate
3.1 Explosive Welding

In an explosive welding method, a plate of an in-
termediate cladding material is located in parallel with
a base plate and at a distance so as to be accelerated
enough by explosion toward the base plate. After fir-
ing a detonator, explosion waves propagate and force
the cladding plate towards the base plate. Both plates
strongly collide and generate a metal jet. The metal jet
cleans up the surfaces of both plates and exposes a
pure metal. As the result, both plates can make a rigid
metal bond with each other. Since the metal jet

propagation velocity oscillates, the joint interface of
both metal that is welded by the explosion method
shows a wave form.

Tests were performed using 40mmW x 90mmL x
Imm Cd plates with a different geometrical configu-
ration of Al plate to find the optimum explosion con-

ditions. Fairly good result was obtained by using in
thick Al plate with 5 mm and the PAVEX thickness of

30 mm: SEM picture showed good bonding as
shownFig.4. However, this case happened to break a
tail part of Al and made a deform of sample. Accord-

ingly, the improvement of the experimental conditions
was made for the Al and PAVEX thicknesses. Al plate
was divided into two plates keeping total

(a) Photograph of exploded small sample of
Cd poison sheet

A ~

- e

(b)SEM of cross section  (¢) SEM of cross section
(35 times) (400 times)

Fig. 4 Results of small sample of Cd poison plate of 5

mm thick Al after explosion

(a) Photograph of sample (b) transmitted echo

Fig. 5 Results of small sample of Cd poison plate of
two-layered Al after explosion

thickness of 4mm and the PAVEX thickness was re-
duced into about 10 mm which was distributed as a
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function of the distance from the Cd edge. Fig. 5
shows the result for the small sample. Fig. 5(b) shows
the supersonic echo transmitted through the sample:
Gray zone means good bonding and black does some
problems absorbing the super sonic in the sample or its
surface.

The explosion test for the real sized Cd poison
plate of 116mm x 106 mm x Immt was made under
the optimum condition. The result is shown in Fig. 6.
Thin Al was bent near the edges and transmitted echo
shows that perfect bonding was not obtained. Un-
bonded part is concentrated on the lower interface
between Cd and Al behind the detonator and the
PAVEX.

(a) Photograph of sample (b) transmitted echo

Fig. 6 Results of real sized sample of Cd poison plate
of two-layered Al after explosion

3.2 HIP method

Another promising method fabricating the Cd
poison sheet is the HIP method. However, good result
has not been obtained without any kind of contact
material such as Zn which has a good compatibility to
both material of Cd and Al. At the present time, a test
using the Zn contact was made at low temperature
below 300°C, considering the low melting point of Cd.
The result showed good bonding as we expected, but
encountered to a problem that the Al capsule was
cracked because of making the intermediate metal
alloy of Al-Zn and Cd leaked out the Al capsule.

The perfect bonding of the Cd poison plate has not
been obtained with the explosion welding nor the HIP
method. Recently, Kinoshita analyzed the thermal
stress of the Cd poison plate of the JSNS. He found
that thermal stress was fairly low and that partial
bonding would not bring problem on thermal stress
but may do a problem on bend of the Cd plate. Ac-
cordingly, bonding or loose contact of Al and Cd is an
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issue of the argue.

4. Summary

We have made the R&D to fabricate the hydrogen
moderator system of the JSNS to obtain good per-
formance with an intense, narrow width and shorter
tail by means of the new AIC decoupler and the Cd
poison sheet which have long life of 6 years. the main
conclusions are as follows:

HIP method is adoptable to the AIC decoupler with
a comnation of A5083 so far. However, A6061 en-
countered a problem of partial peeling-off after T6
process to recover the fracture strength which is lost
during the HIP process. Further investigation is
needed.

As for the Cd poison plate, the explosive welding
produced partially bonding and bending of Al plate
which was prominent near the edges of the Al plate.
The HIP method using Zn as a contact resulted in good
bonding and a problem of melting a partial Al capsule
and leaking Cd from it. recent thermal analysis[18]
clarified that a thermal stress of the Cd poison plate
was not so high. Then, loose or partial bonding may be
applicable.
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Geometric Effect of Aluminum Wall on Intensity Distribution of Detected Neutrons
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The integrated intensity of secondary scattering
from aluminum, which supports the vacuum
scattering chamber between a sample and detectors,
should be reduced as much as possible on neutron
scattering instruments with detectors outside the
vacuum. Nevertheless, it is ideal to set the detectors
inside the vacuum, but the method is accompanied
with the technical difficulties on leak paths and
electric circuits around the detectors. On the other
hand, if the aluminum forms honeycomb internal
structure, the volume of the aluminum can be
drastically cut down retaining its mechanical
strength. The aluminum density of the honeycomb
structure, proposed by the Mechanical Engineering
Center in KEK, realizes the neutron transmission 7'
over 99%. In this paper, we consider the effect of
the honeycomb shape on detected signals by
numerical calculations.

In our calculations, only the broad scattering
over the large solid angle, such as incoherent
scattering from vanadium and light hydrogen,
coherent diffuse scattering and inelastic scattering,
were supposed. The signal with the ring shape,
which caused by the small angle scattering,
diffraction and total scattering from soft matters and
powder samples, were not taken into account. The
Bragg reflections from single-crystal samples were
not also included.

The calculations were performed along the
following conditions and procedures. The sample is
assumed as a point. The honeycomb, which is
composed of hexagons with 3 mm on a side and 15
mm depth, is resolved into many finite elements, as
shown in Fig. 1. The squares indicate the pixels with
1/2 inch on a side on the position sensitive detectors.
The scattering from all of the finite elements is
summed for all of the elements.

Figure 2 shows the summation of the secondary
scattering rings arising from the honeycomb for the
wavelength of 1.0 Angstrom. The finite element is
assumed to generate the uniform Debye rings of
aluminum with the FWHM of 1 degree. The
integrated intensity is the order of or below (I-
T)~1%. The rings are smoothed, and the intensity on
the four ends relatively decreases. There is no

geometric effect of the honeycomb. Meanwhile, Fig.
3 shows the results on the surface reflection on the
honeycomb depth plane for the wavelength of 10
Angstrom. The loci of the neutrons with the incident
angle below the critical angle of 0.047 degree are
changed with the reflectivity of 100%. The surface
of aluminum near the boundaries of pixels transfers
the neutrons into the next pixel. The effect leads to
the severe spurious peaks in the real experiments.

a point sample 1 pixel
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Figure 1. Projection on the XY plane, perpendicular to the
line from the sample to detectors. The point
sample, honeycomb wall and the pixels on the
detectors are shown together. The distance
between the sample and the honeycomb and that
between the honeycomb and the detectors are
390 and 10 cm, respectively.
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finite elements on honeycomb. The intensity is
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Figure 3. Surface reflection of the neutrons with
wavelength of 1.0 Angstrom, coming from
honeycomb planes. The intensity is described in
arbitrary units.

We also estimated the small angle scattering by
the isotropic Gunie plot. The radius of inertia is
assumed as over 10 nm. The geometric effect of
honeycomb was not found within the approximation.
The hexagonal-like pattern and the streak in the data
on SWAN [1] is interpreted as the random grains of

392

aluminum, which make the small angle scattering
experiments and the capture of low S/N signals
troublesome.

In summary, since the total superficial area can
be large with decreasing the total volume of the
aluminum, the honeycomb column structure gives
rise to the spurious peaks by the surface reflection.
To avoid the effect, the depth should also form
zigzag-like or truss-like structures so that the tilt
angle of the surface becomes larger the critical angle,
though the techniques to produce such structures
without glue are required. The other strong
scattering from the aluminum is the small angle
scattering, the coherent Bragg reflection and the
incoherent scattering. The geometric effect of the
honeycomb on the scattering can be smeared if the
honeycomb size is enough smaller than the pixel
size. Meanwhile, the total volume of the aluminum
increases with decreasing the honeycomb size.
Therefore, it is needed to optimize the honeycomb
and pixel sizes for each neutron instruments. In
addition, we would like to emphasize that the small
angle scattering from the grain causes the limitation
of detection of signals, which is the common weak
point for all of the neutron scattering instruments
with detectors outside the vacuum.
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