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A 3D neutron and photon transport analysis by Monte Carlo transport code system PHITS (Particle and Heavy Ion
Transport code System) has been performed for superconducting tokamak fusion device such as JT-60 Super Ad-
vanced (JT-60SA). It is possible to make use of PHITS in the port streaming analysis around the devices for the
tokamak fusion device, the duct streaming analysis in the building where the device is installed, and the sky shine
analysis for the site boundary. The neutron transport analysis by PHITS makes it clear that the shielding performance
of the superconducting tokamak fusion device with the cryostat has been improved by the graphical results. From the
standpoint of the port and duct streaming, it is necessary to estimate by 3D Monte Carlo code such as PHITS for the
neutronics analysis of superconducting tokamak fusion device.
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I. Introduction

PHITS (Particle and heavy Ion Transport code System)” is
a 3D Monte Carlo transport code system for all particles of
neutron, photon, proton, hadron, nucleus, electron and Heavy
ions up to 200 GeV. The system is able to deal with lower
than 20 MeV neutron and low energy photon and electron
transport based on evaluated nuclear data library with the
same geometry data as MCNP code.””

It is important to evaluate the nuclear responses such as
the radiation shielding, nuclear heating, induced activity and
dose rate in various locations within the building. The nuclear
responses on radiation shielding design has been performed
by mainly SN methods such as 1D ANISN® code and 2D
DOT3.5 code.” Unfortunately, these methods have the dis-
advantages of Ray Effect on SN methods to estimate the
streaming around the device.*”

In an advanced deuterium-deuterium (DD) fusion device
as Superconducting fusion tokamak device: JT-60SA (JT-60
Super Advanced) will be constructed in the existing JT-60
facilities and be operated for more than ten years with DD
discharges. The annual neutron emission from the steady
state plasma will increase by about fifty times the permitted
amount of neutron emission in the JT-60U (JT-60 Upgrade)
device. Hence, the neutron emitted by JT-60SA must be
shielded more effectively in the vacuum vessel, the cryostat
and the JT-60 building.

In particular, it is necessary to improve the neutron shiel-
ding performance using the vacuum vessel of JT-60SA. For
JT-60SA, however, the water layer thickness of vacuum ves-
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sel is limited to 135~150 mm as specified by the size of TF
superconducting coil in which NbTi winding is newly used.
The radiation shielding performance of the vacuum vessel by
using pure water was insufficient, so that we selected the wa-
ter with boric acid, namely borated water, instead of pure
water. The thickness of the borated water layer 140 mm was
adopted from the radiation shielding design of toroidal field
magnetic (TF) superconducting winding by 1D calculation
and 2D calculation on the conceptual design.”

In the present radiation shielding design, the radiation
shielding concepts of JT-60SA are entrusted by mainly the
vacuum vessel and the cryostat due to the restricted space in
the building. From the 3D neutron and photon transports
analysis, it was clarified that the effects of neutrons by the
port streaming of the JT-60SA are clearly depicted in JT-60
torus hall. So, the radiation shielding conceptual design of
superconducting tokamak device such as JT-60SA not only
consider the structure of the vacuum vessel and the cryostat,
but also have to assess the effect of the port streaming by the
3D neutron and photon transport analysis with PHITS.”

In this paper, we discuss the neutron and the photon
transport analysis with the effects of the streaming and the
additional shielding by PHITS for the conceptual radiation
shielding design of superconducting tokamak fusion device
such as JT-60SA. The objectives are to investigate the avail-
ability and the advantage of PHITS for the shielding design
of superconducting tokamak fusion device.

I1. Radiation Shielding Design

Figure 1 shows for the radiation safety on superconduct-
ing tokamak fusion device, it is important to resolve the
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nuclear responses into the following points: (1) estimation of
biological shielding during the operation; (2) estimation of
the dose rate by the activation in areas required to access
after the operation; (3) the safe operation of the supercon-
ducting coil during the operation.

Figure 2 shows neutrons by the DD fusion reaction in the
plasmas are emitted from the vacuum vessel and the cryostat
in Superconducting tokamak fusion device. The NBI (Neu-
tral Beam Injector) and RF (Radio Frequency) heating
system and the diagnostic system are arranged in surround-
ings of the cryostat.

Figure 3 shows the JT-60 building shielded by the
2,000 mm thick ordinary concrete on the ceiling by the
shielding materials composed on the ceiling of concrete pa-
nels of 500 mm, polyethylene of 150 mm and the concrete of
150 mm thicknesses. The JT-60 torus hall and the assembly
hall are partitioned with the additional polyethylene shiel-
ding material (Y3 wall) of 0.35 m thickness. In addition, the
first floor of JT-60 torus hall and the B1 floor are partitioned
with the 2 m thickness concrete. Moreover, the first floor of
the JT-60 torus hall has the duct for the piping and the cable
of 40 places.

Table 1 shows the neutron emission rates of JT-60U and
JT-60SA. The neutron emission rates from the JT-60SA
plasma will be planned to increase the permitted rates in the
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Table 1 Neutron emission rates of JT-60U and JT-60SA

Neutron Emission Rates g{ pztfej?i PEI;?EE d IT-60S A T-60U
nisec 40x107  z0xto"” 2.0

nfweek 2.5x10%  3.1x10" 80.6
n3months Loxlo?  2.1x10" 47.6
n/year 1oxl0®  3.1x10" 48.4

JT-60U. The improvement of the shielding performance of
JT-60SA are entrusted by mainly the vacuum vessel and the
cryostat as an additional shielding for the compact shielding
concept due to the restricted space in the building.

The structure of the vacuum vessel and the cryostat is
possible to be simplified. For safe operation of the super-
conducting TF coils, the vacuum vessel is required to
suppress the nuclear heating at the TF coil.

1. Vacuum Vessel Design

At first, the vacuum vessel of the JT-60SA was designed
by the double-wall structure with pure water to shield the
neutrons. To improve the thermal neutron shielding perfor-
mance for reducing the air activation in the building, we
select the borated water. The solubility to the pure water of
boric acid (H;BO3) is about 8~20 wt% at 40~80 °C of the
water temperature. '” In addition, the concentration ratio of
"B (20% in nature) in the borated water is enriched up to
95%. Considering shielding effect of the cryostat for biolog-
ical shielding in the torus hall, the 40 °C borated water (95%
9B enriched) as the shielding material is adopted to initial
JT-60SA shielding design. The structure consists of double
wall using the 24 mm thickness of SS316L filled with the
140 mm (inboard) of the borated water.”

In the shielding design by borated water, the borated water
needs the temperature management of the plant. As a de-
crease plan of capital investment on the plant, the design
without the management of the borated water is demanded.
The shielding performance of the vacuum vessel by borated
water and pure water as the shielding material are assessed.”

The neutron and gamma-ray fluxes during the operation
are calculated with the ANISN code.” The calculation model
of the toroidal cylindrical geometry was used. A transport
group constant set, which consists of 42 neutron groups and
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21 gamma-ray groups based on JENDL-3.3'" is used in the
code.

Figure 4 shows the calculated total neutron flux and total
gamma-ray flux dependence through the water layer
(135~150 mm) of the double-wall structure. The cross, circle
and square symbols indicate the total fluxes with 0 °C bo-
rated water, 20 °C borated water and 40 °C borated water,
respectively. The triangle symbol indicates the total fluxes
with pure water. The total neutron flux through the 40 °C
borated water decreases with the borated water layer, and is
about 6.5% smaller than that through the 0 °C borated water.
The total neutron flux through the pure water is about 3.4
times larger than that through the 40 °C borated water. The
total gamma-ray flux through the vacuum vessel decreases
with the borated water layer. The total gamma-ray flux
through the 40 °C borated water is about 13.6% smaller than
that of 0 °C. The total gamma-ray flux through the pure wa-
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Table 2 Radiation Shielding Design of JT-60SA

Dose rate at
boundary of site

Dose rate out-
side of cryostat

Dose rate at
boundary of

controlled area (3days cooling)
Legal 1.3 mSv/3 250 uSv/3
limit months - months
Design
target - ~10 uSv/hour 50 pSv/year

ter is about 3.7 times larger than that of 40 °C borated water.
The shielding method by the pure water increases the gam-
ma-rays. It was clarified that the shielding performance is a
little on the difference of the temperature of the borated wa-
ter.

Based on these simplified transport calculations, the nuc-
lear heating of the coil that considered the effects of the port
streaming of vacuum vessel has been estimated by 3D neu-
tronics analysis for the safe operation of the superconducting
coil during the operation.'” Therefore, Figure 5 shows the
structure consisted of double wall using the 18 mm thickness
of SS316L filled with the 140 mm thick borated water.

2. Cryostat Design

The purposes of the shielding structure are as follows: (i)
biological shield for human safety, (ii) reduction of radioac-
tive nuclide contents in air, and (iii) thermal shielding of the
superconducting coil. Table 2 shows legislative upper limits
and JT-60SA radiation design values. Figure 6 shows the
neutron fluxes and the total gamma-ray flux on the 1D mod-
el of JT-60SA.
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In the basic structure design using 1D code of the cryostat
for the demanded neutron yields (1.5x10%' n/year as the
maximum), the dose rate at the surface of the cryostat was
decided to secure the acceptance for maintenance workers
using a novel boron-loaded low activation concrete. Fig-
ure 7 shows the cryostat consists of the 220 mm thickness of
the concrete between two SS304 panels of 34 mm (inboard)
and 6 mm (outboard) thicknesses. The low activation con-
crete contaminated with B4C (Boron: 2 wt%) is adopted to
improve the shielding efficiency of the thermal neutrons
through the vacuum vessel."”

II1. Calculation

3D radiation shielding analysis has been carried out in
order to assess the detailed information on radiation envi-
ronment JT-60SA device with the building in the JT-60
facilities. The calculation has been carried out using 3D
Monte Carlo code PHITS-2.13 with JENDL-3.3'¥ as eva-
luated nuclear data libraries of ENDF format.

The PHITS has been improved for the analysis of the to-
kamak fusion device. The mono-energetic neutrons (E, =
2.45 MeV) of the DD fusion devices are used for the neutron
source in the analysis. A neutron source that imitates the
shape of tokamak plasma in PHITS has been replaced by a
newly developed source program. The plasma parameters
are shown as follows: R,, is the major radius (= 303.15 cm),
a, is the minor radius (= 115.15 cm) , Z,, is the vertical shift
of the plasma center (= 0.0), « is the ellipticity (= 1.91).”
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Fig. 8 (a) 3D model plot of device (Model (A))
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Fig. 8 (b) 3D model plot of device (Model (B))

Fig. 8 (c) 3D model plot of the building with the device (Model
(B)

The visual representation of nuclear responses such as the
neutron flux distribution and the photon flux distribution
around the devices, inside the JT-60 building and the sky
shine of the site has been calculated by PHITS for the fusion
tokamak device.

Figure 8 shows the graph transformed the input geometry
data for the analysis into the bird’s-eye view by PHITS.
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Fig. 10 Total gamma-ray flux distribution obtained from
gamma-ray transport analysis of port streaming analysis

IV. Results and Discussion

1. Neutron and Photon Transport Analysis

In comparison of the total neutron flux distributions on
JT-60SA, Figure 9 shows the poloidal cross sections of 1
port opened model and 3 ports opened model of JT-60SA
device in the torus hall at 2D (X-Z) plane plain.

In comparison of the total neutron flux distributions on 1
port opened model and 3 ports opened model of JT-60SA,
the PHITS analysis makes it clear that the neutron shielding
performance of 3 ports opened model of JT-60SA is im-
proved by the vacuum vessel and the cryostat.

The neutron leakage from the large port (2.0 x 0.6 m?)
such as for the maintenance by remote handling and the
three ports (upper port: 0.55 x 0.52 m?, middle port: 0.6 x
0.5 m?, lower port: 0.55 x 0.52 m?) such as for the additional
heating systems or the diagnostics at the cryostat was vividly
analyzed on the JT-60SA. On JT-60SA operation, however,
it is not easy to shield the port for the heating (3 Ports)
though the remote handling port (1 Port) is shielded by an
additional shielding material.

The phenomenon such as Ray Effect on the port streaming
analysis using discrete ordinate methods was not observed as
a characteristic on the PHITS analysis. In these estimations,
the influence of the port streaming is improved by the sur-
rounding of the JT-60 building. The emitted fusion neutrons
by the port streaming are scattered and absorbed in the con-
crete building. The thermalized neutrons will be filled in the
building.
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Figure 10 shows the total gamma-ray flux distributions of
the poloidal cross ssssections of 1 port opened model and 3
ports opened model of JT-60SA device in the torus hall at
2D (X-Z) plane.

In comparison of the total gamma-ray flux distributions
on these models of JT-60SA, the total gamma-ray flux is two
order smaller than the total neutron fluxes of Fig. 9.

In addition, Fig. 11 shows the total neutron distribution at
2D (X-Y) mid-plane around the device with/without the
concrete of the cryostat on Fig. 7. From the calculation re-
sults of the toroidal view, it was clarified that the effects of
neutrons by the port streaming from the cryostat of the
JT-60SA device to JT-60 torus hall are clearly depicted. So,
the conceptual radiation shielding design of superconducting
tokamak fusion device such as JT-60SA not only consider
the structure of the vacuum vessel and the cryostat but also
have to assess the effect of the port streaming by 3D codes.

As for the role as cryostat, it was clarified that the effect
is a little to bio-shielding of the cryostat using 3D analysis.
Therefore, the radiation shielding design of the cryostat has
been changed to the lightened design no using the concrete
such as Fig. 12. Figure 13 shows the cross sectional view of
the old design and the refined design on Superconducting
Tokamak Fusion Device.

2. Effect of Radiation Streaming

Figure 14 shows the total neutron flux and the total
gamma-ray flux distribution described at 2D (R-Z) plane in
JT-60 torus hall by PHITS analysis of the JT-60SA. From
the analysis, it was clarified that the effects of the neutron
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Fig. 14 Neutron and photon transport analysis results in JT-60
building

and the photon by the port and duct streaming with the addi-
tional shielding wall (Y3 wall) are clearly depicted in the
JT-60 torus hall of the JT-60 building. The influence of the
streaming is improved in a place away from the device
though the total neutron flux level on the device peripheral is
about two orders as high as surrounding of the building. We
are not using the variance reduction technique such as
weight window methods in all numerical results.

To assess the influence on the dose rate by the difference
of the neutron flux with port and duct streaming with the Y3
wall, the dose rate of various points in JT-60 building has
been evaluated during the DD operation of JT-60SA by the
PHITS analysis. The DD neutron emission rate for the esti-
mation of the dose rate is 2.5 x 10 n/week. Figure 15
shows the various estimation points (A-F) in JT-60 building.

Point A is the wall in side JT-60 torus hall (R=20 m,
Z=5m). Point B is the duct toward Bl of JT-60 building
(R=10.6 m, Z=-12 m). Point C is under the ceiling in JT-60
building (R=20 m, Z=31.9 m). Point D is the wall outside
torus hall (R=22 m, Z=5 m). Point E is outside the neutron
shielding door (R=33m, Z=0m). Point F is Bl floor
(R=52.3 m, Z=-16.5 m).

The code is used for evaluating dose rate in the JT-60
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Table 3 Normalized dose rate of the various points in JT-60
building

Estimation | Borated Water | Borated Water Pure Water
Point (40°C) (0C)

A 1.00 1.27 1.26
B 1.00 1.28 1.21
Neutron Dose ¢ 1.00 1.30 141
D 1.00 1.13 1.26
E 1.00 1.21 1.28
F 1.00 1.30 1.19
A 1.00 1.03 1.61
B 1.00 0.97 1.05
Gamma-ray Dose ¢ 1.00 1.02 L7
D 1.00 1.09 1.10
E 1.00 1.04 1.10
F 1.00 1.07 1.09
A 1.00 1.26 1.27
B 1.00 1.27 1.21
Total Dose C 1.00 1.29 1.43
D 1.00 1.13 1.25
E 1.00 1.20 1.27
F 1.00 1.27 1.18

building. Neutron and gamma-ray spectrum at the estimation
point has been calculated by the track length tally of the code.
Neutron dose, Gamma-ray dose and Total dose of the vari-
ous points are calculated by using the spectrums and the
ICRP Pub.74 dose conversion factor."

Table 3 shows neutron, gamma and total dose rate at the
various points in the JT-60 building in case of the borated
water (40°C, 0°C) and the pure water as the neutron
shielding materials filled in the vacuum vessel. Each value is
normalized by the dose rate of borated water (40 °C).

The total dose rate at the estimation points by pure water
are larger about 1.2 ~ 1.4 times than that of the borated water
(40 °C).

According to the ICRP dose rate conversion factor, it
seems likely that the contribution to dose rates by fast neu-
trons is roughly dominant. So, the influence on dose rate is
small by changing the borated water temperature which di-
rectly affects thermal neutrons.

3. Skyshine Analysis

To assess the influence on neutron and photon transport
on the site boundary, a skyshine analysis by PHITS has been
performed by using 3D model with the plasma neutron
source of plasma shape, the device, the port of device , the
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shine analysis on the JT-60 facility

duct of building and the building. Figure 16 shows the
gamma-ray flux distribution by the analysis.

On DD neutron penetration, the influence with secondary
gamma rays cannot be disregarded compared with the influ-
ences by the penetration of the neutron when normal
concrete thickness and polyethylene thickness exceeds about
1.2 m and 0.3 m, respectively.

The site boundary of JT-60 facility is 405 m at the maxi-
mum (R-Z direction). From the 3D analysis, it was
clarified the effects of gamma-ray radiation by the shielding
material of polyethylene on the ceiling of the JT-60 building
with the operation.

V. Conclusion

A complete 3D radiation shielding analysis by PHITS has
been performed for the Superconducting Tokamak Fusion
Device.

It is possible to make use of PHITS in the streaming
analysis around the devices for the tokamak fusion device
and the sky shine analysis for the site boundary. The neutron
transport analysis by PHITS makes it clear that the shielding
performance of the superconducting tokamak fusion device
(JT-60SA) with the cryostat is improved by vacuum vessel
and cryostat by the graphical results of the PHITS, and the
effect of the port streaming of superconducting fusion toka-
mak device with the cryostat is crucial. From the standpoint
of the port streaming and the duct streaming, it is necessary
to calculate by 3D codes such as PHITS for the neutronics
analysis of the superconducting tokamak fusion device.

In the near future, the completely 3D neutronics analysis
of the additional heating system such as the NBI and the RF
of the JT-60SA for the maintenance will be performed by the
PHITS with the analysis codes for the activation estimation
such as ACT-4.'%7
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