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Abstract

In order to examine the shielding performances of the inboard blanket module in the International Thermonuclear
Experimental Reactor (ITER), shielding calculations have been carried out using a three-dimensional Monte Carlo
method. The impact of radiation streaming through the front access holes and gaps between adjacent blanket modules
on the helium gas production in the branch pipe weld locations and back plate have been estimated. The
three-dimensional model represents an 18° sector of the overall torus region and includes the vacuum vessel, inboard
blanket and back plate, plasma region, and outboard reflecting medium. And it includes the 1 m high inboard
mid-plane module and the 20 mm wide gaps between adjacent modules. From the calculated results for the reference
design, it has been found that the helium production at the plug of the branch pipe is four to five times higher than
the design goal of 1 appm for a neutron fluence of 0.9 MW a m−2 at the inboard mid-plane first wall. Also, it has
been found that the helium production at the back plate behind the horizontal gap is about three times higher than
the design goal. In the reference design, the stainless steel (SS):H2O composition in the blanket module is 80:20%.
Shielding calculations also have been carried out for the SS:H2O composition of 70:30, 60:40, 50:50 and 40:60%.
From the evaluated results for their design, it has been found that the dependence of helium production on the
SS:H2O composition in the blanket module is small at the branch pipe. Altering the steel–water ratio to reduce the
amount of steel and increasing the thickness by \170 mm will reduce helium production to satisfy the design goal
and not have a significant impact on weight limitations imposed by remote maintenance handling limitations. Also
based on the calculated results, about 200 mm thick shields such as a key structure in the vertical gap are suggested
to be installed in the horizontal gap as well to reduce the helium production at the back plate and to satisfy the design
goal. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Three-dimensional Monte Carlo calculations
have been carried out to estimate the shielding
performance of the inboard blanket module pro-
posed for use in the International Thermonuclear
Experimental Reactor (ITER) Basic Performance
Phase [1]. This study was performed to estimate
the impact of radiation streaming through the
front access holes in a blanket module and gaps
between adjacent blanket modules on the helium
gas production in the cooling water branch pipe
weld locations and back plate. According to the
current ITER design, the branch pipe access holes
are bored through the face of the blanket. Plugs
are installed at the boundary between the front
access hole and branch pipe. The plugs, which are
made of stainless-steel and serve as a pressure
boundary, are to be cut and rewelded during a
replacement of the blanket module. In addition to
the plugs, the branch pipes near the back plate are
also to be cut and rewelded during the module
replacement.

The helium production in the plugs, branch
pipes and back plate have been a critical concern
from the viewpoint of rewelding. It is assumed
here that rewelding of stainless-steel can be ac-
complished if the helium production within sched-
uled operation cycles is B1 appm which is a
target goal for guiding shield design. Rewelding at
higher helium concentrations may be possible de-
pending on the welding procedure that is used.

Adjacent blanket modules are separated by 20
mm wide gaps in the poloidal (vertical) and
toroidal (horizontal) directions. Field weld loca-
tions in the back plate are continuous in the
vertical direction but are �80 mm away from the
vertical gap in the shadow of the module so that
the weld seams are hidden by the module and the
14 MeV neutrons streaming do not pass directly
through the vertical gaps to the welds. However,
since 14 MeV neutrons streaming through the
horizontal gaps see the welds because of the con-
tinuous vertical extent of the gaps, it is expected
that the helium production is enhanced.

The radiation streaming impact has been inves-
tigated for various types of gaps and ducts [2–13].
However, these previously reported studies did

not investigate the helium production in the cool-
ing water branch pipe with the front access hole.
The helium production in the back plate and the
vacuum vessel has been calculated taking into
account the radiation streaming through the gap
in the vertical direction by El-Guebaly et al. [11]
and Sato et al. [13]. These papers, however, did
not investigate the radiation streaming impact
through both gaps in the vertical and horizontal
directions. In the present paper, the helium pro-
duction in the blanket was investigated taking
into account the radiation streaming impact
through the front access hole and the gaps in the
vertical and horizontal directions based on the
current ITER shield blanket design.

The calculations summarized here were per-
formed using the Monte Carlo Code MCNP [14]
with transport cross-sections from the Fusion
Evaluated Nuclear Data Library (FENDL) [15].

2. Geometry description

The three-dimensional calculation model is
shown in Figs. 1 and 2. Cross sectional views are
shown in Figs. 3 and 4. The model represents an

Fig. 1. View of the calculation model.
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Fig. 2. Front view of the calculation model of the inboard
blanket and vacuum vessel.

Fig. 4. Cross-sectional view of the calculation model.

blanket is placed at 8300 mm from the torus axis
(center axis in the torus) to simulate the outboard
module to assure the realistic neutron spectrum
incident on the inboard blanket.

The inboard blanket module is 395 mm thick
and contains nine 30 mm diameter front access
holes. The module is attached to a 160 mm thick
double walled back plate. The module is com-
posed of the first wall and the shield block. The
first wall faces the plasma, and is required to be
designed to withstand the high heat flux from the
plasma. The first wall assembly consists of a 10
mm thick Be layer (100%) followed by a 20 mm
thick Cu:H2O:stainless Steel (SS) heat sink (74.3%
Cu; 17.8%H2O; 7.9% SS) where these materials
were homogenized in the calculations. Two 55
mm diameter water filled branch pipes having a
total length of 96 mm were also modeled with 80
mm of the pipe in the module and the remaining
16 mm in the space between the module and the
back plate. A 5 mm thick stainless-steel plug that
is attached to the front of the branch pipe was
used as the location for estimating the helium
production. Except for the first wall, the front
access holes and the branch pipes, the inboard
blanket module composition were treated to be a
homogenized mixture of 80% SS;20% H2O. The
back plate is comprised of a 50 mm thick inner
wall (100% SS), a 40-mm-thick manifold (100%
H2O) and a 70 mm thick outer wall (100% SS).

18° sector of the overall torus region and includes
the vacuum vessel, inboard blanket and back
plate, plasma region, and an outboard reflecting
medium. The inner and outer major radii of the
plasma are 5332 and 8122 mm, respectively. The
calculational model includes the 1 m high inboard
mid-plane module and the 20 mm wide gaps
between adjacent modules. Reflective boundary
conditions were imposed at the center of the
poloidal and toroidal gaps. A reflecting medium
having the same composition as the shielding

Fig. 3. Cross-sectional view of the calculation model.
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The inboard vacuum vessel consists of a 60 mm
thick inner wall (100% SS), 255 mm thick shield
layer (80% SS:20% H2O) and a 60 mm thick outer
wall (100% SS).

The outboard blanket was represented by a
homogenized layer of 80% SS:20% H2O to reflect
the plasma neutrons.

3. Stainless-steel composition and evaluation
method

The helium production in stainless-steel occurs
principally from fast neutron reactions with the
Ni, Fe and Cr component in the steel. However,
10B, which is an isotope of a trace element of
boron in stainless-steel, has a very large (n, a)
cross-section (�4000 b for thermal neutrons and
an E−1/2 dependence in the epithermal region).
Even though the trace amount of boron is small,
the 10B(n, a)reaction with low energy neutrons
results in a large amount of helium production.
The helium production in water filled pipes is
further enhanced due to increase of the thermal
neutron in the water cooling channels adjacent to
the weld locations.

ITER grade stainless-steel (SS316L(N)-IG)
originally recommended as the structural material
for the shielding blanket assembly is specified to
contain 20 parts per million by weight (wppm) B.
Neutronics calculations [16] have, however, sug-
gested that reduction of the boron concentration
to 510 wppm decreases the helium production
rate by up to a factor of two. In this study,
SS316L(N)-IG with 10 wppm B is used as the
stainless steel material for the evaluation of the
helium production.

Helium production rate has been evaluated by
using the track length estimate of cell flux (F4)
and the weight window technique which is a
space-energy-dependent splitting and Russian
roulette variance reduction procedure [14].

4. Neutron wall loading

Source neutrons in the plasma region shown in
Fig. 1 were sampled from an isotropic neutron

distribution having a Muir velocity Gaussian fu-
sion energy spectrum [14] and normalized to an
average 14 MeV neutron current of 4.439×1013

cm−2 s−1 which corresponds to an average neu-
tron wall loading of 1 MW m−2 at the first wall
surfaces of the inboard and the outboard blan-
kets. The Muir velocity Gaussian fusion energy
spectrum is expressed by the following formula;

p(E)=C×e− (
E−
b/a)2

where a is the width in MeV1/2, and b is the
energy in MeV corresponding to the average
speed [14].

The average 14 MeV neutron currents at these
surfaces are 3.3 and 5.2×1013 cm−2 s−1, respec-
tively, and correspond to average neutron wall
loadings of 0.75 and 1.2 MW m−2, respectively.
In the calculations reported by Valenza et. al. [17],
neutron wall loadings at the inboard and the
outboard mid-plane of 0.9 and 1.25 MW m−2,
respectively, were reported. Since the neutron wall
loadings at the lower and upper poloidal regions
in the actual ITER geometry are small compared
with those at the mid-plane, the average neutron
wall loadings at the inboard and outboard region
in the model used in this study are expected to be
lower compared with 0.9 and 1.25 MW m−2,
respectively. Therefore, the neutron wall loadings
and nuclear responses in the inboard blanket
module were finally normalized to a neutron wall
loading of 0.9 MW m−2, which was an actual
condition for the inboard mid-plane first wall.

5. Helium production

5.1. Branch pipe

Helium production distributions which were
normalized to a neutron fluence of 0.9 MW a
m−2 at the inboard mid-plane first wall, in the
front access hole and the branch pipe are shown
in Fig. 5. Also shown in the figure are the helium
production distributions for the case with no front
access hole, and for the case with no water in the
branch pipe. The helium production distribution
for the case when ordinary SS316L(N)-IG (20
wppm Boron) is used as the structural material is
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also plotted. The number of history, statistical
errors for the estimation of the helium production
at the plug and computation time are also shown
in the figure.

For the reference design [see Ref. [1] which used
SS316L(N)-IG (10 wppm Boron)], the helium
production at the plug which corresponds to the
location of rewelding is four to five times higher
than the design goal of 1 appm. In the branch
pipe, the helium in the stainless-steel is produced
by both fast and thermal neutron reactions since
the fraction of thermal neutrons is enhanced by
the water in the branch pipe. The helium produc-
tion at a location about 23 mm away from the
plug is about 7 appm. It is also observed that the
helium production at the plug is 3–4 appm and
will not meet the design goal even if there were no
front access holes. The helium production at the
plug for the case of the ordinary SS316L(N)-IG
(20 wppm Boron) is about 1.7 times higher than
that for the reference with the SS316L(N)-IG
composition with 10 wppm Boron.

The case with no water in the pipe is shown for
comparison. Although the shielding effectiveness
for fast neutrons in the case without the water in
the branch pipe is less than that for the case with

water, helium production for the case without
water is much smaller because there is less ther-
mal neutron flux in the pipe. In the case of no
water in the branch pipe, which infers a hypothet-
ical design that fully eliminates thermal neutrons
by the use of a neutron absorbing material, e.g.
Cd, the helium production in the plug can be
reduced to about 60% of the helium production in
the reference design. The helium production in the
plug is about 2 appm even when there is no water
in the branch pipe. Shown in Fig. 6 are the helium
production distributions for the cases where the
access hole diameters are increased to 40, 50, 60
and 80 mm. For these cases, the helium produc-
tions in the branch pipe are 1.15, 1.3, 1.7 and 2.1
times higher, respectively, than those for the case
when the pipe diameter is 30 mm.

Helium production distributions for the cases
when the inboard blanket thickness are increased
by 100 and 170 mm, i.e. the total thickness equals
495 and 565 mm, respectively, are shown in Fig.
7. Based on these data, it is found that if the
thickness of the inboard blanket module is in-
creased by more than 170 mm, the helium produc-
tion design goal at the plug of the branch pipe can
be achieved.

Fig. 5. Helium production in the front access hole and branch pipe.
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Fig. 6. Helium production distribution in the front access hole
and branch pipe for front access holes with diameters between
30 and 80 mm.

Helium production distributions are shown in
Fig. 9 for the case of a 565 mm thick blanket
module (SS:H2O compositions of 70:30) with a
front access hole of 40 mm diameter. It is found
that the helium production at the plug is about
1.1 times higher than for the case of a 30 mm
diameter access hole and satisfies the design goal.

5.2. Back plate

Helium production distributions in the 20 mm
wide horizontal gap between the adjacent blanket
modules are shown in Fig. 10. Tally cells which
were the detector for the helium production esti-
mation were installed at 0.3–1.8° from the center
of the vertical gap which corresponds to distances
between 26 and 154 mm from the vertical gap
center and covered the welding locations at the
back plate.

Fig. 7. Helium production in the front access hole and branch
pipe for module thickness between 395 and 565 mm.

Helium production distributions are shown in
Fig. 8 for the case of the 565 mm thick blanket
module, comparing SS:H2O compositions of
80:20, 70:30, 60:40, 50:50 and 40:60%. It is found
that a 70:30 composition is optimum for reducing
the helium production at the plug of the branch
pipe. It is also observed that helium production at
the plug in the case of 40:60 mixture is about 1.6
times higher than for the 80:20 composition, but
the design goal can still be met. If the blanket
module thickness is increased by \170 mm and
the SS:H2O mixture is changed to a 40:60 ratio,
helium production can be reduced maintaining
the overall weight of the module identical to that
for the reference case. When the blanket module
thickness is increased by 170 mm, it might be
required that the vacuum vessel thickness is re-
duced by 170 mm from the severe restriction of
the space point of view.
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Fig. 8. Helium production distributions in the front access
hole and branch pipe as a function of stainless steel (SS):H2O
composition.

of magnitude and fully satisfies the design goal. If
a 202 mm thick shield can be installed in the
horizontal gap, helium production can be within
the design goal. In the actual design, an �190
mm thick key is installed in the vertical gap and
fills the role of a shield. There is, however, no key
in the horizontal gap in the current design.

The helium production distributions along the
toroidal direction at the inner surface of the inner
wall are shown in Fig. 11 for the reference design.
The horizontal axis corresponds to the distance
from the center of the vertical gap. The solid line
is the helium production distribution behind the
horizontal gap and the dotted line shows the
helium production at a distance of 100 mm from
the horizontal gap center. It is found that the
helium production distribution is almost constant
behind the horizontal gap and it reduces gradually

Fig. 9. Helium production distribution in the front access hole
and branch pipe for the 565 mm thick module for front access
holes of 30 and 40 mm diameter.

Shown in Fig. 10 is the helium production
distribution in the reference design along with
those for the cases when 52, 102, 202 and 302 mm
thick shields (80% SS:20% H2O) are installed at
the end of the horizontal gap in front of the back
plate at locations where welding is required. The
helium production at the inner surface of the
inner wall of the back plate at 100 mm from the
horizontal gap center in the reference design is
shown as a solid circle.

In the case of the reference design, the helium
production at the inner surface of the inner wall is
about three times higher than the design goal
while the helium production at the back of the
inner wall satisfies the design goal. At a location
100 mm away from the horizontal gap center, the
helium production is reduced by about one order
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Fig. 10. Helium production in the horizontal gap and back
plate behind the gap.

(3) The dependence of helium production on
the SS:H2O composition in the blanket module is
small at the branch pipe. Altering the steel–water
ratio to reduce the amount of steel and increasing
the thickness by \170 mm will reduce helium
production to satisfy the design goal and not have
a significant impact on weight limitations imposed
by remote maintenance handling limitations.

(4) The helium production at the back plate at
�100 mm distance from the horizontal gap is one
order of magnitude lower than that behind the
horizontal gap and within the design goal.

(5) The helium production at the back plate
behind the horizontal gap is about three times
higher than the design goal.

(6) About 200 mm thick shield material such as
the key in the vertical gap is suggested to be
installed in the horizontal gap as well to reduce
the helium production at the back plate and to
satisfy the design goal.

Fig. 11. Helium production distributions in the back plate.

at locations 100 mm distance from the horizontal
gap center.

6. Conclusions

Through the three-dimensional Monte Carlo
shielding analyses of the ITER shielding blanket
module, the following results were obtained.

(1) The helium production at the plug of the
branch pipe is four to five times higher than the
design goal of 1 appm for a neutron fluence of 0.9
MW a m−2 at the inboard mid-plane first wall.

(2) In the case when there is no water in the
branch pipe, the helium production at the plug is
reduced to about 2 appm and is still above the
design specification.
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