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In tokamak-type DT nuclear fusion reactor, there are various type slits and ducts in the
blanket and the vacuum vessel. The helium production in the rewelding location of the
blanket and the vacuum vessel, the nuclear properties in the super-conductive TF coil, e.g. the
nuclear heating rate in the coil winding pack, are enhanced by the radiation streaming through
the slits and ducts, and they are critical concern in the shielding design. The decay gamma ray
dose rate around the duct penetrating the blanket and the vacuum vessel is also enhanced by
the radiation streaming through the duct, and they are also critical concern from the view
point of the human access to the cryostat during maintenance. In order to evaluate these
nuclear properties with good accuracy, three dimensional Monte Carlo calculation is required
but requires long calculation time. Therefore, the development of the effective simple design
evaluation method for radiation streaming is substantially important. This study aims to
establish the systematic evaluation method for the nuclear properties of the blanket, the
vacuum vessel and the Toroidal Field (TF) coil taking into account the radiation streaming
through various types of slits and ducts, based on three dimensional Monte Carlo calculation
using the MCNP code, and for the decay gamma ray dose rates penetrated around the ducts.

The present thesis describes three topics in five chapters as follows;

1) In Chapter 2, the results calculated by the Monte Carlo code, MCNP, are compared with
those by the Sn code, DOT3.5, for the radiation streaming in the tokamak-type nuclear fusion
reactor, for validating the results of the Sn calculation. From this comparison, the
uncertainties of the Sn calculation results coming from the ray-effect and the effect due to
approximation of the geometry are investigated whether the two dimensional Sn calculation
can be applied instead of the Monte Carlo calculation. Through the study, it can be concluded
that the three dimensional Monte Carlo calculation is required for the shielding calculation in
the tokamak-type DT nuclear fusion rector with many penetrations.

2) In Chapter 3, radiation streaming through the slit between the blanket modules is described,
in Chapter 4, that through the small circular duct in the blanket modules is described, in
Chapter 5, and that through the large opening duct in the vacuum vessel is described. The
nuclear properties of the blanket, the vacuum vessel and the TF coil are systematically
calculated for the various configurations. Based on the obtained results, the analytical
formulas of these nuclear properties are deduced, and the guideline is proposed for the
shielding design.
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3) In Chapter 6, in order to evaluate the decay gamma ray dose rate around the duct due to
radiation streaming through the large opening duct in the vacuum vessel, the evaluation
method is proposed using the decay gamma ray Monte Carlo calculation. By replacing the
prompt gamma-ray spectrum to the decay one in the Monte Carlo code, the decay gamma ray
Monte Carlo transport calculation is conducted. The effective variance reduction method is
developed for the decay gamma ray Monte Carlo calculation in the over-all tokamak region
with drastically reducing the calculation time. Using this method, the shielding calculation is
conducted for the ITER duct penetration, and the effectiveness of this method is

demonstrated.

Keywords: Fusion Reactor, Streaming, Slit, Duct, Monte Carlo Calculation, Sn Calculation,
Analytical Formula, Variance Reduction Method
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adjacent to the duct with the shield plug installed in the duct as a function of the slit
width between the shield plug and the duct wall for various shield plug thickness and
duct wall thickness.

The values of Es and Fsin the analytical representation Egs. (5.20) and (5.21) on the
neutron damage in the stabilizer copper on the winding pack in the TF coil adjacent
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to the duct with the shield plug installed in the duct as a function of the slit width
between the shield plug and the duct wall for various shield plug thickness and duct
wall thickness.

The values of Ewa and Fwain the analytical representation Eq. (5.22) on the nuclear
heating rate in the TF coil winding pack adjacent to the duct with the shield plug
installed in the duct as a function of the duct wall thickness for various slit widths
between the shield plug and the duct wall, and the required duct wall thickness Twa
to reduce the nuclear properties by one order of magnitude.

The values of Estitwall and Fslivwail in the analytical representation Eq. (5.25) on the
nuclear heating rate in the TF coil winding pack adjacent to the duct as functions of
the slit width and the duct wall thickness.

The values of Cp and Dp in the analytical representation Eq. (5.26) on the nuclear
heating rate in the TF coil winding pack adjacent to the duct with the shield plug
installed in the duct as a function of the shield plug thickness for the 10 cm thick duct
wall and various the slit widths between the shield plug and the duct wall, and the
required shield plug thickness Tp to reduce the nuclear properties by one order of
magnitude.

Decay gamma ray spectra of ®’Co used in the present decay gamma ray MCNP
calculation :

Ratio of the actual activation level to the direct production rate for each radioisotope
at 10° seconds after shutdown based on the ITER operation scenario.
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Figure Captions

A conceptual bird’s-eye view of the tokamak-type DT fusion reactor.

Relationship of each chapter in the present study.

Bird's-eye view of the blanket configuration.

Cross-sectional view of the blanket configuration.

MCNP calculational geometry.

DOT calculational geometry (XY coordinate).

Contour of neutron flux with the energy of 14 MeV.

Ratio of the nuclear properties at the location along the slit obtained by MCNP to
those by DOT3.5 as a function of the distance from the front surface of the back
plate.

Vertical cross section view of the MCNP calculational geometry.

Horizontal cross section view of the MCNP calculational geometry.

DOT calculational geometry (XY coordinate).

Distribution of 14 MeV neutron flux along the center axis in the NBI duct.
Distribution of neutron flux with the energy above 0.1 MeV along the center axis in
the NBI duct.

Ratio of the result for the 14 MeV neutron flux distribution along the center axis in
the NBI duct obtained by 2D Sn code to that by 3D Monte Carlo code.

Ratio of the result for the neutron flux distribution of the energy above 0.1 MeV
along the center axis in the NBI duct obtained by 2D Sn code to that by 3D Monte
Carlo code. : '

Distribution of 14 MeV neutron flux along the center axis in the NBI duct.
Three-dimensional Monte Carlo calculation model used in the study about the
streaming through slit between blanket module.

Spectrum of source neutrons having a Muir velocity Gaussian fusion energy
spectrum used in the present study.

Distributions of the 14 MeV neutron flux along the slit between the blanket modules
uhder the neutron wall loading of 1 MW/m?, the blanket thickness of 45 cm, the
blanket composition of 80 % SS and 20 % water, the vacuum vessel thickness of 40
cm, and the vacuum vessel shield composition of 60 % SS and 40 % water.
Distributions of the energy-integrated total neutron flux along the slit between the
blanket modules under the neutron wall loading of 1 MW/m?, the blanket thickness
of 45 cm, the blanket composition of 80 % SS and 20 % water, the vacuum vessel
thickness of 40 cm, and the vacuum vessel shield composition of 60 % SS and 40 %
water.

Distributions of the helium production along the slit between the blanket modules.
The integrated neutron wall loading is 1 MWa/m?, the blanket thickness is 45 cm, the
blanket composition is 80 % SS and 20 % water, the vacuum vessel thickness is 40
cm, the vacuum vessel shield composition is 60 % SS and 40 % water, and the boron
content in SS is 20 wppm.

Dependencies of the helium productions on the slit width in the vacuum vessel front
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wall surface along the slit for the 10, 20, 50 and 100 wppm boron content of the
vacuum vessel surface.

Dependencies of the helium productions on the boron content for the 1, 2, 4 and 8 cm
wide slits.

Dependencies of the helium productions on the blanket thickness in the vacuum
vessel front wall surface along the slit for the 10, 20, 50 and 100 wppm boron
content of the vacuum vessel surface.

Dependencies of the values of A’s, A’bo, B’s and B’bo on the blanket thickness.
Dependency of nuclear heating rate in the TF coil case on the slit width adjacent
blanket module. (Neutron wall load: 1IMW/m?, Blanket composition: SS/H20=80/20,
Vacuum vessel shield composition: SS/H20=60/40).

Dependency of nuclear heating rate in the TF coil winding pack on the slit width
adjacent blanket module. (Neutron wall load: IMW/m? Blanket composition:
SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).

Dependency of absorbed dose rate in the TF coil winding pack on the slit width
adjacent blanket module. (Neutron wall load: 1MW/m? Blanket composition:
SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).

Dependency of neutron damage in the stabilizer copper on the slit width adjacent
blanket module. (Neutron wall load: IMW/m?, Blanket composition: SS/H20=80/20,
Vacuum vessel shield composition: SS/H20=60/40). :
Dependency of neutron fluence with the energy above 0.1 MeV in the winding pack
on the slit width adjacent blanket module. (Neutron wall load: 1MW/m?, Blanket
composition: SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).
Dependency of nuclear heating rate in the TF coil case on the slit width adjacent
blanket module. (Neutron wall load: 1MW/m?, Blanket composition: SS/H20=80/20,
Vacuum vessel shield composition: SS/H20=60/40).

Dependency of nuclear heating rate in the TF coil winding pack on the slit width
adjacent blanket module. (Neutron wall load: 1MW/m? Blanket composition:
SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).

Dependency of absorbed dose rate in the TF coil winding pack on the slit width
adjacent blanket module. (Neutron wall load: 1MW/m?, Blanket composition: -
SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).

Dependency of neutron damage in the stabilizer copper on the slit width adjacent
blanket module. (Neutron wall load: 1IMW/m?, Blanket composition: SS/H20=80/20,
Vacuum vessel shield composition: SS/H20=60/40).

Dependency of neutron fluence with the energy above 0.1 MeV in the winding pack
on the slit width adjacent blanket module. (Neutron wall load: IMW/m?, Blanket
composition: SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).
Comparison for the fittings of the exponential and power functions of the slit width
in the nuclear heating rate in the coil case in the 60 cm thick blanket and 40 cm thick
vacuum vessel.

Dependency of nuclear heating rate in the TF coil case on the blanket thickness.
(Neutron wall load: IMW/m?, Blanket composition: SS/H20=80/20, Vacuum vessel

Xvi




Fig. 3.22

Fig. 3.23

Fig. 3.24

Fig. 3.25

Fig.3.26

Fig. 3.27

Fig. 3.28

Fig. 3.29

Fig. 3.30

Fig.3.31
Fig.3.32
Fig.3.33
Fig. 3.34
Fig.3.35
Fig.3.36

Fig. 3.37

JAERI-Research 2003-014

shield composition: SS/H20=60/40).

Dependency of nuclear heating rate in the TF coil winding pack on the blanket
thickness. (Neutron wall load: 1MW/m?, Blanket composition: SS/H20=80/20,
Vacuum vessel shield composition: SS/H20=60/40).

Dependency of absorbed dose rate in the TF coil winding pack on the blanket
thickness. (Integrated neutron wall load: 1MWa/m?, Blanket composition:
SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).

Dependency of neutron damage in the stabilizer copper on the blanket thickness.
(Integrated neutron wall load: 1MWa/m?, Blanket composition: SS/H20=80/20,
Vacuum vessel shield composition: SS/H20=60/40).

Dependency of neutron fluence with the energy above 0.1 MeV in the winding pack
on the blanket thickness. (Integrated neutron wall load: 1MWa/m? Blanket
composition: SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).
Dependency of nuclear heating rate in the TF coil case on the vacuum vessel
thickness. (Neutron wall load: 1IMW/m? Blanket composition: SS/H20=80/20,
Vacuum vessel shield composition: SS/H20=60/40).

Dependency of nuclear heating rate in the TF coil winding pack on the vacuum
vessel thickness. (Neutron wall load: IMW/m?, Blanket composition: SS/H20=80/20,
Vacuum vessel shield composition: SS/H20=60/40).

Dependency of absorbed dose rate in the TF coil winding pack on the vacuum
vessel thickness. (Integrated neutron wall load: 1IMWa/m?, Blanket composition:
SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).

Dependency of neutron damage in the stabilizer copper on the vacuum vessel
thickness. (Integrated neutron wall load: 1MWa/m? Blanket composition:
SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).

Dependency of neutron fluence with the energy above 0.1 MeV in the winding pack
on the vacuum vessel thickness. (Integrated neutron wall load: IMWa/m?, Blanket
composition: SS/H20=80/20, Vacuum vessel shield composition: SS/H20=60/40).
Dependency of the values of Cb in Eq. (3.20) on the vacuum vessel thickness for the
nuclear heating rate in the coil case.

Dependency of the values of Cs in Eq. (3.18) on the blanket thickness for the nuclear
heating rate in the coil case.

Dependency of the values of Cs in Eq. (3.19) on the blanket thickness for the nuclear
heating rate in the coil case.

Dependency of the values of Cs in Eq. (3.18) on the blanket thickness for the nuclear
heating rate in the coil case. )

Dependency of the values of Cs in Eq. (3.19) on the blanket thickness for the nuclear
heating rate in the coil case.

Dependency of the values of C's in Eq. (3.30) and (3.31) on the vacuum vessel
thickness for the nuclear heating rate in the coil case.

Dependencies of the nuclear properties on the blanket and the vacuum vessel shield
composition. The neutron wall loading and the integrated neutron wall loading are 1
MW/m? and 1 Mwa/m?, respectively. The blanket and the vacuum vessel shield are
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composed of SS and water.

Combinations of the boron content and the blanket thickness required to satisfy the
shielding design criteria. The blanket composition is 80 % SS and 20 % water. The
shielding design criteria is 1 appm for rewelding of SS, a safety factor is 1.6 and the
integrated neutron wall loading is 0.3 MWa/m®. In the lower region of each curve,
the helium productions can satisfy the criteria.

Combinations of the slit width and the blanket thickness required to satisfy the
shielding design criteria. The blanket composition is 80 % SS and 20 % water. A
safety factor is 1.6 and the neutron wall loading and the integrated neutron wall
loading are 0.7 MW/m? and 0.3 MWa/m?, respectively. In the lower region of each
curve, the nuclear properties of the TF coil can satisfy the criteria.

Three dimensional Monte Carlo calculational geometry used in the study about the
streaming through small circular duct in blanket.

Dependency of the helium production on the duct diameter at the plug of the cooling
water branch pipe along the small circular duct. The integrated neutron wall loading
is 1 MWa/m?, the blanket composition is 70 % SS and 30 % water.

Dependency of the helium production on the blanket thickness at the plug of the
cooling water branch pipe along the small circular duct. The integrated neutron wall
loading is 1 MWa/m?, the blanket composition is 70 % SS and 30 % water.
Dependency of the helium production on the boron content at the plug of the cooling
water branch pipe along the small circular duct. The integrated neutron wall loading
is 1 MWa/m?, the blanket composition is 70 % SS and 30 % water.

Helium productions at the plug of the cooling water branch pipe by each element
with 10 wppm boron. The blanket thickness is 45 cm, and the blanket thickness to
the plug is 37 cm.

Dependency of the values of Ad in Eq. (4.1) on the blanket thickness.

Dependency of the values of Bd in Eq. (4.1) on the blanket thickness.

Dependencies of the values in A”d, A’bo and B”d on the blanket thickness.
Dependency of the peak nuclear heating rate on the duct diameter in the TF coil case
along the small circular duct. The neutron wall loading is 1 MW/m?, the blanket
composition is 70 % SS and 30 % water, the blanket thickness is 45 cm, and the
vacuum vessel thickness is 40 cm.

Dependency of the helium production on the blanket composition at the plug of the
cooling water branch pipe along the small circular duct. The integrated neutron wall
loading is 1 MWa/m?, the duct diameter is 3 cm, the blanket thickness is 45 cm, and
the blanket thickness to the plug is 37 cm.

The shielding design conditions about combination of the duct diameter, the boron
content and the blanket thickness required to satisfy the shielding design criteria. In
the left and lower region of the curved line, the helium productions can satisfy the
criteria. The blanket composition is 70 % SS and 30 % water. The shielding design
criteria is 3 appm for rewelding of SS, a safety factor is 1.41 and the integrated
neutron wall loading is 0.5 MWa/m>.

Conceptual view of the horizontal cross section of the ITER maintenance duct
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Three dimensional Monte Carlo calculational geometry used in the study about the
streaming through the duct without the shield plug in the vacuum vessel.

Three dimensional Monte Carlo calculational geometry used in the study about the
streaming through the slit between the duct wall and the shield plug installed in the
duct. :

Three dimensional Monte Carlo calculational geometry used in the study about the
streaming through the slit with step configuration between the duct wall and the
shield plug installed in the duct.

Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the
duct opening height with the error bar for the 120 cm wide duct opening, the 20 cm
thick duct wall, the 100 cm thick shield adjacent to the duct under neutron wall
loading of 1 MW/m? and integrated neutron wall loading of 1 MWa/m?
Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the
duct opening height with the error bar for the 160 cm wide duct opening, the 30 cm
thick duct wall, the 100 cm thick shield adjacent to the duct under neutron wall
loading of 1 MW/m? and integrated neutron wall loading of 1 MWa/m?>.
Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the
duct opening height with the error bar for the 80 cm wide duct opening, the 40 cm
thick duct wall, the 100 cm thick shield adjacent to the duct under neutron wall
loading of 1 MW/m? and integrated neutron wall loading of 1 MWa/m®.
Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the
duct opening height with the error bar for the 80 cm wide duct opening, the 40 cm
thick duct wall, the 200 cm thick shield adjacent to the duct under neutron wall
loading of 1 MW/m? and integrated neutron wall loading of 1 MWa/m®.
Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the
duct opening width with the error bar for the 50 cm high duct opening, the 30 cm
thick duct wall, the 100 cm thick shield adjacent to the duct under neutron wall
loading of 1 MW/m? and integrated neutron wall loading of 1 MWa/m®.
Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the
duct opening width with the error bar for the 160 cm high duct opening, the 30 cm
thick duct wall, the 100 cm thick shield adjacent to the duct under neutron wall
loading of 1 MW/m? and integrated neutron wall loading of 1 MWa/m®.
Dependencies of the peak nuclear heating in the TF coil winding pack adjacent to the
duct on the duct opening width with the error bar for the 30 cm thick duct wall and
the 200 cm thick shield adjacent to the duct under neutron wall loading of 1 MW/m?>.
Dependencies of the Ch and Dh values in Eq. (5.1) representing a function of the
duct opening height on the duct opening width.

Dependencies of the peak nuclear heating in the TF coil winding pack adjacent to the
duct on the duct wall thickness with the error bar for the the 80 cm wide duct
opening and the 130 cm thick shield adjacent to the duct under the neutron wall
loading of 1 MW/m>.

Dependencies of the Ch and Dh values in Eq. (5.1) representing a function of the
duct opening height on the duct wall thickness. '
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Dependencies of the peak nuclear heating in the TF coil winding pack adjacent to the
duct on the shield thickness adjacent to the duct with the error bar for the the 80 cm
wide duct opening and the 30 cm thick duct wall under the neutron wall loading of 1
MW/m?

Dependencies of the Ch and Dh values in Eq. (5.1) representing a function of the
duct opening height on the shield thickness adjacent to the duct.

Dependencies of the nuclear properties on the duct wall composition with the error
bar for the 160 cm high and 160 cm wide duct opening, the 40 cm thick duct wall,
the 100 cm thick shield adjacent to the duct under the neutron wall loading of 1
MW/m? and the integrated neutron wall loading of 1 MWa/m? The duct wall is
composed of SS and water.

Dependency of the nuclear heating rate in the TF coil winding pack adjacent to the

duct on the shield composition adjacent to the duct with the error bar for the 80 cm

high and 80 cm wide duct opening, the 30 cm thick duct wall, the 200 cm thick
shield adjacent to the duct under the neutron wall loading of 1 MW/m?. The shield is
composed of SS and water.

Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the
slit width between the duct wall and the shield plug installed in the duct with the
error bar for the 20 cm thick duct wall with 100 cm thick shield plug under neutron
wall loading of 1 MW/m? and integrated neutron wall loading of 1 MWa/m?,
Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the
slit width between the duct wall and the shield plug installed in the duct with the
error bar for the 30 cm thick duct wall with 100 cm thick shield plug under neutron
wall loading of 1 MW/m? and integrated neutron wall loading of 1 MWa/m>.
Dependencies of the peak nuclear heating rate in the TF coil winding pack adjacent
to the duct on the slit width between the duct wall and the shield plug installed in the
duct with the error bar for the 10 cm thick duct wall under the neutron wall loading
of 1 MW/m>

Dependencies of the peak nuclear heating rate in the TF coil winding pack adjacent
to the duct on the duct wall thickness with the error bar for the 100 cm thick shield
plug installed in the duct under the neutron wall loading of 1 MW/m>.

Dependency of the Es values in Eq. (5.21) representing a function of the slit width
between the shield plug and the duct wall on the duct wall thickness for the nuclear
heating rate on the winding pack with the 80 cm high duct opening and the 70 and
100 cm thick shield adjacent to the duct.

Dependencies of the peak nuclear heating rate in the TF coil winding pack adjacent
to the duct on the shield plug thickness installed in the duct with the error bar for the
10 cm thick duct wall under the neutron wall loading of 1 MW/m>.

Dependency of the peak nuclear heating rate in the TF coil winding pack adjacent

to the duct on the step width under the neutron wall loading of 1 MW/m?.
Dependency of the peak nuclear heating rate in the TF coil winding pack adjacent to
the duct on the step thickness under the 2 cm wide slit, 100 cm thick shield plug, 20
cm thick duct wall and the neutron wall loading of 1 MW/m?., '
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Dependency of the peak nuclear heating rate in the TF coil winding pack adjacent
to the duct on the step thickness under the 3 cm wide slit, 100 cm thick shield plug,
20 cm thick duct wall and the neutron wall loading of 1 MW/m*

Dependency of the peak neutron damage in the TF coil stabilizer copper adjacent to
the duct on the step thickness under the 3 cm wide slit, 100 cm thick shield plug, 20
cm thick duct wall and the integrated neutron wall loading of 1 MWa/m>,
Dependency of the peak neutron fluence in the TF oil winding pack with the energy
above 0.1 MeV adjacent to the duct on the step thickness under the 3 cm wide slit,
100 cm thick shield plug, 20 cm thick duct wall and the integrated neutron wall
loading of 1 MWa/m?.

Dependency of the peak neutron fluence in the TF coil winding pack with the
energy above 1 MeV adjacent to the duct on the step thickness under the 3 cm wide
slit, 100 cm thick shield plug, 20 cm thick duct wall and the integrated neutron wall
loading of 1 MWa/m?.

Dependency of the peak nuclear heating rate in the TF coil winding pack adjacent to
the duct on the step position.

Monte Carlo decay gamma-ray transport calculation procedure applied in this
Chapter.

Variance reduction method proposed in this Chapter.

Conceptual view of the vertical cross section of the fusion reactor.

Generation method to prepare the effective weight window importance for the region
around the duct penetration.

Method to identify the region producing the decay gamma ray.

Generation procedure of the final weight window table for neutron and decay
gamma-ray transport calculation.

Bird's-eye view of the Monte Carlo calculational geometry for the ITER maintenance
duct.

Vertical cross-section view of the Monte Carlo calculational geometry for the ITER
maintenance duct.

Horizontal cross-section view of the Monte Carlo calculational geometry for the
ITER maintenance duct. :

Bird's-eye view of the Monte Carlo calculational geometry for the ITER NBI duct.
Horizontal cross-section view of the Monte Carlo calculational geometry for the
ITER NBI duct.

Vertical cross-section view of the Monte Carlo calculational geometry for the ITER
NBI duct. A

Vertical cross-section view of the Monte Carlo calculational geometry for the ITER
NBI duct.

Neutron flux of the energy above 1 MeV inside the maintenance duct (Fusion power:
500 MW).

Decay gamma-ray dose rates at 106 seconds after shutdown inside the maintenance
duct.

Neutron flux of the energy above 1 MeV in the space at the equatorial plane between

xx1




Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

6.17

6.18

6.19

6.23

6.24

6.30

.6.31
Fig.

6.32

JAERI-Research 2003-014

three NBI ducts (Fusion power: 500 MW).

Neutron flux of the energy above 1 MeV in the space at above the NBI-1 duct in the
poloidal direction (Fusion power: 500 MW).

Decay gamma-ray dose rates in the space at the equatorial plane between three NBI
ducts at 10° seconds after shutdown.

Decay gamma ray dose rates in the space above the NBI-1 duct in the poloidal
direction at 10° seconds after shutdown.

Main passage of particle for the neutron flux of the energy above 1 MeV in the space
above the NBI-1 duct in the poloidal direction.

Values of FSD for the decay gamma ray dose rate in the cell S and the cell T at the
same history. _

Comparison between the value of FSD obtained by this method with the
specification of the decay gamma ray generation region shown in Chapter 6.2.2 and
that without the specification in the space above the NBI-1 duct in the poloidal
direction at the same calculation time.

Ratios of the decay gamma ray dose rates at 106 seconds after shutdown to the
neutron flux of the energy above 1 MeV in the space above the NBI-1 duct in the
poloidal direction.

Evaluation Method by conversion ratios relating fast neutron flux to the decay
gamma ray dose rates.

Two dimensional DOT Calculational geometry (rectangular model).

Contour of the neutron flux of the energy above 0.1 MeV by 2D Sn calculation code
(DOT3.5).

Contour of the neutron flux of the energy above 1 MeV by 2D SN calculation code
(DOT3.5).

Contour of the decay gamma ray dose rate at 10® sec. after shutdown.

Contour of the conversion ratio relating fast (> 0.1 MeV) neutron flux to the decay
gamma ray dose rate in the space along the cryostat between adjacent NBI ducts and
PF coil.

Contour of the conversion ratio relating fast (> 1 MeV) neutron flux to the decay
gamma ray dose rate in the space along the cryostat between adjacent NBI ducts and
PF coil.

Schematic view of experimental set-up with the positions of the measurement.

Time dependence of measured and calculated tissue equivalent dose rate at #A and
#a.
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1. Introduction

1.1 Nuclear Fusion Reactor

The progress in human life, especially in science and technology, has been made by the
production of the energy. The modern society has been supported by a variety of energy
sources. The energy sources at present are oil, coal, natural gas and nuclear fission. We have
now a critical concern that the energy sources from the fossil fuel such as oil, coal, natural gas
are dried up in the near future and also they release extensive CO2 gas which causes the
greenhouse effect. The energy production by the nuclear fission reaction has a great advantage
from the view point of rich fuel and little CO2 release. As a result, the energy production by
the nuclear fission reaction has already occupied about 40 % of the total electricity in Japan,
and the importance of the nuclear fission reactor increases as a fundamental energy source.
On the other hand, development of the next generation energy source is an emergency task.
Nuclear fusion energy is one of the promment new. energy sources. The nuclear fusion energy
has the following advantages,

1) COz2 gas release is much little,
2) The fuel is infinite for some kinds of fusion reaction,
3) There is no runaway about the nuclear reaction, and the passive safety can be assured
during the operation, ‘
4) No fission products can’t be produced in the nuclear reaction.
The nuclear fusion reactor is also not influenced by the natural condition, while the wind
energy and the solar energy are much influenced by the natural condition. As the realistic
solution, the nuclear fusion reactor is the most prominent as the next energy source.
The fusion reactions which can be utilized for energy production are as follows;

D+T — “He (3.52) + n (14.06) (1.1)
D +3He — “He (3.67) +1 (14.67) (1.2)
D+D — 3He (0.82) + n (2.45) - (1.3)
—T (1.01) + p (3.03)
p+°Li — *He (1.7) +°He (2.3) (1.4
p+°Li — ‘He+D+p—-1.5MeV (1.5)
n+%Li = *He+D+n-1.5MeV ' (1.6)
D +°Li — "Li(0.6) + p (44) (1.7)

— ‘He + T + p + 2.6MeV
— 2*He (1.12)
—

D + °Li Be (0.43) + n (2.97) (1.8)
— *He + °He + n + 1.8MeV

He + °Li — 2'He + p + 16.9MeV (1.9)

p+t — °He+n-0.8MeV » (1.10)

p+ "B — 3*He + 8.68MeV (1.11),

where the values in parentheses mean the energy of the reaction product in MeV.
Nuclear fusion reaction in Eq (1.1) is the most prominent due to large reaction cross-
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section. As the reactor to induce the nuclear fusion reaction shown in Eq. (1.1), there are two
main concepts; 1) magnetic confinement, and 2) inertial confinement. The magnetic
confinement is the most prominent type, and the tokamak type is the most prominent among
of various magnetic confinement types.

The large scale tokamak type machines such as TFIR in Princeton University, JET in EU
and JT-60 in JAERI were established in the middle of 1980. The achievement of the plasma
confinement is a main objective in these machines. A large number of experiments on the DD
reaction expressed by Eq. (1.3) have been conducted in these machines, and the feasibility of
the nuclear fusion reaction by the plasma confinement has been demonstrated. Some
experiments using the DT reaction have also been conducted in JET and TFTR. The thermal
energy of 1.5 — 2 MW was generated by the JET on Sth Nov., 1991 [1.1]. This is the first
experimental result that a significant amount of power has been obtained from controlled
nuclear fusion reactions.

As the tokamak machine of the next generation, the full-scale DT experimental reactor has
been planned by the international collaboration between EU, Russia, Japan and USA. This
experimental reactor is called as ITER (International Thermo-nuclear Experimental Reactor).
A large number of experiments on the DT reaction with the high fusion power of more than
500 MW and the long duration time of more than 1000 seconds are to be conducted in this
machine, though experiments with the low fusion power of about 20 MW and the very short
burning duration time have already been conducted in the previous machines. To achieve the
self ignition is one of the object in ITER. The conceptual design activity of the ITER had been
conducted in 1988 — 1990, and the engineering design activity had been conducted in 1992 —
2001.

The neutron intensity generated with the energy of 14 MeV was about 10" neutrons /
second, in the previous fusion machine. It is to be about 10*' neutrons / second in ITER,
which is two orders of magnitude larger than in the previous fusion machine, and the
integrated neutron intensity generated with the energy of 14 MeV is to be about 10?® neutrons
in ITER. The enormous neutrons are generated in the future fusion reactor such as ITER, the
demonstration reactor, the commercial reactor, and the shielding design is critical concern.

1.2 Nuclear Design in Fusion Reactor

A conceptual bird’s-eye view of the tokamak-type DT fusion reactor of the next
generation such as ITER is shown in Fig. 1.1, in which the blankets, divertors, a vacuum
vessel, super conductive (SC) magnets, plasma heating equipment, cryostat and biological
shield are the main component of the DT tokamak machine. The hydrogen isotopes as fuels of
the nuclear fusion reaction are confined in plasma condition by the SC magnets, for inducing
the nuclear fusion reaction. The SC magnets are used to make the magnetic fields in toroidal
(circular) and poloidal (height) directions, which are called as TF (Toroidal Field) and PF
(Poloidal Field) coils, respectively. Plasma can be confined by the both ‘magnetic fields.
Blankets are installed inside the vacuum vessel surrounding the plasma, and they have three
objects, 1) to protect the vacuum vessel and the TF coil against the radiation from the plasma,
2) to covert the nuclear heating to the thermal energy, and 3) to produce the tritium as the fuel
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via nuclear reaction. In the ITER, the shielding blankets composed of stainless steel (SS) and
water are to be installed to protect the vacuum vessel and the TF coil against the radiation.
The blanket system for a fusion experimental reactor such as ITER is composed of a number
of modules for easy assembly and maintenance, which has a few centimeter wide slits
between the adjacent modules [1.2 — 1.4]. The small circular ducts with a few centimeter
diameter are bored through the face of the blanket in order to insert the welding and cutting
equipments for replacement of the blanket module [1.5]. The divertors are also installed at the
lower or upper regions inside the vacuum vessel to remove the impurities and the excessive
thermal power due to the heat radiation from the plasma. The large opening ducts are located
in the confined space between adjacent TF coils, and they penetrate the blankets and the
vacuum vessel. These ducts are used for the beam injection, exhausting the impurity,
diagnostics, maintenance for the blanket and divertor, and so on. '

Enormous neutrons with energy of 14 MeV are produced by the DT reaction in the
plasma region, so the shielding design is critical concern in the DT nuclear fusion reactor.
Radiation shielding of the fusion reactor can be divided into two main areas; 1) Biological
shielding against radiation, and 2) Shielding for the critical components of the machine. For
the former, the shielding concept of the fusion reactor is almost the same as that of the fission
reactor. For the latter, in the case of the magnetic confinement fusion reactor, the shielding
design is required especially to the SC magnet. The SC magnet is composed of four main
materials; 1) the magnet case made of SS (stainless steel), 2) the SC magnet winding pack
composed of Nb3Sn, SS and copper, 3) the stabilizer copper, and 4) the insulator made of
epoxy. The influence of radiation on the SC magnet components leads to; 1) the nuclear
heating, 2) reduction of the critical current density for the winding pack, 3) the neutron
damage of the stabilizer copper, and 4) the neutron and gamma ray damages of the insulator.
The restriction of the nuclear heating is connected to the demand of cryostability of the
superconductor. The temperature of the superconductor increases with the nuclear heating.
When the temperature is higher than the design limit, the super conductive state can not be
kept. The critical current density of the winding packl generally increases, reaching a
maximum, and then decreases as the neutron fluence increases. The stabilizer copper carries
the current in the case that the superconductor temporarily becomes resistive. The resistance
of the stabilizer copper is the most important for considering this process. The properties of
interest for the insulator design are electrical resistivity, dielectric strength, mechanical
strength, and thermal insulation. When the insulator is damaged by the excessive radiation,
the unexpected current flow and magnetic force are occurred and the soundness of the SC
magnet can not be kept. In order to keep the soundness of the SC magnet, the shielding design
must be conducted to satisfy the design limit of the nuclear heating, the neutron fluence of the
winding pack, the neutron damage of the stabilizer copper, and the radiation damage of the
insulator. As an example, the design limit of the ITER is shown in Table 1.1 for these nuclear
properties of the SC magnet.

In addition to the soundness of the SC magnet, the soundness must be kept for the
welding part of the structure material. The blanket module is to be replaced by cutting some
parts during its life, and the structural material of the residual parts is to be welded to the
brand-new blanket module. The helium is produced in SS through the (n, o) reaction by the
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neutron irradiation, and it affects weldability. The helium is concentrated at the grain
boundary by the heat during welding. When the helium production of the welding part exceed
the allowable value, the soundness of the welding part can’t be kept. When the TF coils are
replaced, the vacuum vessel is also replaced. Therefore the helium production of the
rewelding part of the blanket and the vacuum vessel is required to satisfy the allowable value
for rewelding. As an example, the design limit of the ITER is also shown in Table 1.1 for the
helium production. It is assumed here that rewelding of stainless-steel can be accomplished if
the helium production is less than 1 appm [1.6]

For the biological shielding in the ITER, the human access inside the cryostat is not
considered during the operation of the fusion reactor. The biological shielding design has
been conducted for the only public protection at the site boundary. Personnel access outside
the cryostat is, however, required for hands-on maintenance several days after shutdown, and
even inside the cryostat for rescue maintenance which might be conducted longer time (~ a
month) after shutdown. It is important to minimize the decay gamma-ray dose rates around
the large opening ducts in order to make those works possible. In the case of ITER, the design
target of 100 uSv/hour in the cryostat is tentatively assumed 10° seconds after reactor shut
down. '

As mentioned above, the slits and ducts with the various configurations exist in the
tokamak-type DT nuclear fusion reactor as shown in Fig. 1.1. The nuclear properties of the
fusion reactor component and the decay gamma ray dose rates are enhanced by the radiation
streaming through these slits and ducts, which brings the large effect on the shielding design.

1.3 Background, Objective and Outline of the Present Study

In general, the shielding design considering the radiation streaming effect is conducted by
using the two dimensional Sn method in the preliminary design stage due to an easiness and
efficiency of the method. The results by the Sn method, however, are expected to have poor
accuracy in the streaming calculation due to the ray-effect and the approximation in the
configuration. Finally the shielding design calculation is carried out by three dimensional
Monte Carlo method for possible simulation of the actual geometry in order .to give more
accurate results. The three dimensional Monte Carlo method requires, however, much longer
CPU time.

A lot of design studies about the fusion reactor shielding had been performed for last about
25 years. Most of the studies were done based on one or two dimensional Sn methods to
evaluate the bulk shielding, in the course of the conceptual overall reactor design including
the plasma design, structure design and safety analysis.

Most of them have been conducted for a fixed design taking into account the radiation
streaming[1.7 — 1.13]. On the other hand, Shin et al. [1.14, 1.15] and lida et al. [1.15]
proposed the simplified evaluation method of the neutron flux for the radiation streaming with
the simple configuration. They are very useful for the rapid evaluation of the neutron flux
including the radiation streaming. Zimin et al. proposed the peaking factor of the streaming
for the very limited configuration based on the results by two dimensional Sn calculation
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[1.11]. Although the results are useful ‘for the limited configuration, a large uncertainty is
expected due to the ray-effect.

On the other hand, the systematic evaluation for the configuration with various types of
slits and ducts including decay gamma ray dose rates has not been performed for the tokamak
type DT nuclear fusion reactor based on three dimensional Monte Carlo calculation. The
spatial distribution of induced activity emitting the decay gamma ray is needed in the decay
gamma-ray transport calculation. The distribution can be obtained through conventional
method by multiplying the neutron flux with the neutron activation cross sections using the
activation codes such as ACT-4 [1.17], CINAC [1.18] and FISPACT [1.19]. It requires,
however, a very fine (small) cell definition and huge calculation time to obtain the detailed
neutron flux distribution in the overall region of the tokamak, which is not realistic for actual
design calculation. There has been no simple rapid analytical evaluation method, either which
is directly applicable to the shielding design of the tokamak-type fusion reactor, for estimating
the helium production and the nuclear properties of the SC magnet.

Therefore, the development of the effective simple design evaluation method for radiation
streaming is substantially important. This study aims to establish the systematic evaluation
method for the nuclear properties of the blanket, the vacuum vessel and the TF coil taking into
account the radiation streaming through various types of slits and ducts, based on three
dimensional Monte Carlo calculation using the MCNP code [1.20], and for the decay gamma
ray dose rates penetrated around the ducts.

The present thesis describes three topics in five chapters as follows;

1) In Chapter 2, the results calculated by the Monte Carlo code, MCNP, are .cdmpared with
those by the Sn code, DOT3.5 [1.20], for the radiation streaming in the tokamak-type nuclear
fusion reactor, for validating the results of the Sn calculation.
2) In Chapter 3, radiation streaming through the slit between the blanket modules is described,
in Chapter 4, that through the small circular duct in the blanket modules is described, and in
Chapter 5, that through the large opening duct in the vacuum vessel is described. In these
sections, the nuclear properties of the blanket, the vacuum vessel and the TF coil are
systematically calculated for the various configurations. Based on these results, the analytical
formulas of these nuclear properties are deduced, and the guideline is proposed for the
shielding design.
3) In Chapter 6, in order to evaluate the decay gamma ray dose rate around the duct due to
radiation streaming through the large opening duct in the vacuum vessel, the evaluation
method is proposed using the decay gamma ray Monte Carlo transport calculation. By
replacing the prompt gamma-ray spectrum to the decay one in the Monte Carlo code, the
decay gamma ray Monte Carlo transport calculation is conducted. The effective variance
reduction method is proposed for the decay gamma ray Monte Carlo transport calculation in
the over-all tokamak region with drastically reducing the calculation time. Using this method,
the shielding calculation is conducted for the ITER duct penetration, and the effectiveness of
this method is demonstrated.

Finally, the results obtained in this study are summarized in Chapter 7. The relationship
of each chapter is illustrated in Fig. 1.2.
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Table 1.1 Shielding design limit of the ITER

Nuclear properties in the superconductive magnet Design Limit
Nuclaer heating rate in the magnet case 2 x 10°® wicm®
Nuclaer heating rate in the winding pack 1x 10° w/em®

Absorbed dose rate in the insulator 10° rad
Neutron damage (DPA) in the stbilizer copper 1x10° dpa
Fast (> 0.1 MeV) neutron fluence in the winding pack 1x 10" /cm?®

Helium production in the SS for rewelding
Cooling water pipe 3 appm
Vacuum vessel 1 appm
CS Coil ]Sglll(i,i(l,g,cal PF Coil
Cryostat \ TF Coil

~43 m

A A
L

\ ) e
/ / ( //j\
Divertor Vacuum -

Vessel Blanket

Fig. 1.1 A conceptual bird’s-eye view of the tokamak-type DT fusion reactor.
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Comparison of radiation streaming calculation with the Monte Carlo and Sn Methods

Section 2 Section 2
Streaming through Slit between Streaming through Small Streaming through Large
Blanket Modules Circular Duct in Blanket Opening Duct in Vacuum Vessel
Section 3 Section 3 Section 4 Section 4 Section 5 Section 6
Helium Production in the Nuclear Properties in the V Decay Gamma Ray Dose
Blanket and the Vacuum Vessel Super Conductive Magnet Rates after Shutdown
- Dependency of the Nuclaer Properties on the Various Parameters - Proposal of Evaluation
- Establishment of Analytical Representation Method by Monte Carlo
- Application of Analytical Representation to Establishment of Calculation
Shielding Design Condition

Fig. 1.2 Relationship of each chapter in the present study.
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2. Comparison of Monte Carlo Method with Sn Method in Radiation
Streaming Calculation

2.1 Introduction

The shielding design calculation has usually been conducted by one, two and three
dimensional Sn codes or three dimensional Monte Carlo code in the tokamak-type DT fusion
reactor. In the radiation streaming calculation for the shielding design, one dimensional Sn
code is not applicable. The deterministic Sn method can give the flux distribution over a
whole region of interest at once without any statistical errors. The results given by two or
three dimensional Sn codes, however, may give under-estimation due to ray-effect and poor
accuracy due to approximation in the geometry. It is also generally expected that the two
dimensional Sn calculation is faster than the Monte Carlo calculation, while the three
dimensional Sn calculation is not faster than the Monte Carlo calculation.

In order to evaluate the applicapability of the calculation method to the radiation
streaming in the tokamak-type nuclear fusion design, the comparison between three
dimensional Monte Carlo and two dimensional Sn calculations is perfprmed for the radiation
streaming through the slit between the blanket modules and that through the duct with the
large opening in the vacuum vessel. In this Chapter, the Monte Carlo calculation results are
assumed to be the reference data, and the streaming calculations are performed by the two
dimensional Sn (discrete ordinates transport) code DOT3.5. From this comparison, the
uncertainties of the.Sn calculation results coming from the ray-effect and the effect due to
approximation of the geometry are investigated whether the two dimensional Sn calculation
can be applied instead of the Monte Carlo calculation.

In this Chapter, the nuclear properties of the blanket and the vacuum vessel, e.g. helium
production in stainless steel (SS) for rewelding, are calculated with the radiation streaming
through the slit, by Monte Carlo and Sn calculations. The neutron flux distributions are also
calculated along the duct with the large opening in the vacuum vessel.

2.2 Streaming through Slit between Blanket Modules [2.1]

The blanket system for a fusion experimental reactor such as ITER is composed of a
number of shielding modules for easy assembly and maintenance, which has a few centimeter
wide slits between the adjacent modules as mentioned above [2.2]. The examples of the
bird's-eye and cross-sectional views of the blanket configuration are shown in Figs. 2.1 and
2.2, respectively. In this design example, shielding blanket modules are welded to the back
plates to form a rigid structure through two connection "legs" located at the back of the
module as shown in Figs. 2.1 and 2.2. Branch coolant pipes are also connected to the common
manifolds as shown in Figs. 2.1 and 2.2. The 2 cm wide slits are installed between the
adjacent blanket modules. The legs and the branch pipes will be cut and rewelded in case of
replacement of damaged modules.
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2.2.1 Calculation method
2.2.1.1 Monte Carlo calculation

Radiation transport calculation is performed using the three dimensional Monte Carlo
code MCNP4.2. The continuous energy cross section library FSXLIB-J3 [2.3] based on the
evaluated nuclear data library JENDL-3.1 [2.4] is used for the transport calculation, and the
helium production cross section library [2.5] based on JENDL-3.1 is used as the nuclear
response functions.

The calculational geometry used in the calculation is shown in Fig. 2.3. In this geometry,
two SS regions are incorporated behind the plasma and also behind the back plate to take the
effect of the back scattering of neutron and gamma ray into account. Volumetric source
neutrons in the plasma region shown in Fig. 2.3 are sampled from an isotropic neutron of the
energy of 14.06 MeV. For the neutron wall loading of 1 MW/m? and the integrated neutron
wall loading (neutron fluence) of 1 MWa/m?, which are the typical conditions for the fusion
experimental reactor, helium production in SS are evaluated at the locations D1 and D2
shown in Fig. 2.3 using the point detector estimator. Since the contribution of neutrons of the
energy below 0.1 MeV to the helium production is negligibly small except for the helium
production in boron, helium productions are evaluated using the neutron flux of the energy
above 0.1 MeV in order to reduce the computing time in this Chapter.

2.2.1.2 Sn calculation

Radiation transport calculation is performed using the two dimensional Sn code DOT3.5.
The group constant library FUSION-40 [2.6] based on JENDL-3.1 is used for the transport
calculation, and the KERMA library [2.7] based on JENDL-3.1 is used as the nuclear
response functions. The group structure is shown in Table 2.1.

The calculational geometry in XY coordinates used in the calculation is shown in Fig.
2.4. The Legendre polynomial order in the anisotropical scattering cross section is applied as
P5. The number of angles are 160 of isotropic division, which corresponds to S16.

2.2.2 Results and discussions

A contour of the neutron flux with the energy of 14 MeV is shown in Fig. 2.5. The 14
MeV neutron flux through the slit is enhanced due to slit streaming effect, however, it is found
that the 14 MeV neutron flux in the slit center has a hollow distribution due to a ray-effect. As
an example at the location D2 which is the location at the vacuum vessel surface along the slit,
the neutron fluxes, the nuclear heating rate and the helium production obtained by MCNP and
DOT3.5 are summarized in Table 2.2. The ratios of these nuclear properties at the location
along the slit obtained by MCNP to those by DOT3.5 are shown in Fig. 2.6 as a function of
the distance from the front surface of the back plate. It is found that DOT3.5 calculations
underestimate the nuclear properties by factors of 2 - 4, possibly due to the ray-effect. From
this comparison, it can be concluded that in the shielding calculation of the blanket the three
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dimensional Monte Carlo calculation is required to evaluate the radiation streaming through
the slit between the adjacent blanket modules with good accuracy.

2.3 Streaming through Duect in Vacuum Vessel [2.8, 2.9]

The large opening ducts,.e. g. Neutral Beam Injection (NBI) duct, penetrating the blanket
and the vacuum vessel are located in the confined space between the adjacent TF coils in the
tokamak-type nuclear fusion reactor as mentioned above. Plasma heating is accomplished
with the NBI ducts that enter the plasma region tangentally to the plasma axis [2.10, 2.11].
The NBI ducts are completely open, e. g. 91.5 cm high by 58 cm wide at the plasma facing
region, to allow a direct injection of deuterons into the plasma. In the previous studies, the
shielding calculations for the ITER NBI ducts are performed using two dimensional Sn
calculations [2.12, 2.13]. It is expected that the calculated results enormously overestimate
because the infinite continuous opening of the NBI duct is assumed in the Z direction, i. e.
poloidal direction, in two dimensional geometry. In addition to the calculational geometry
with the 91.5 cm high duct opening which is a reference design, the three dimensional Monte
Calro calculations are also done for the geometries with 15 - 158 cm high duct openings for
evaluating the calculated errors of the two dimensional Sn calculation. By changing the duct
opening height, dependency of the calculated error on the duct opening height for the two
dimensional Sn calculation is evaluated here.

2.3.1 Evaluation method and model

2.3.1.1 Monte Carlo calculation

Neutron transport calculations are performed using the three dimensional Monte Carlo
code MCNP-4A with the Fusion Evaluated Nuclear Data Library FENDL-1 [2.14]. The
vertical cross sectional view used in the calculation is shown in Fig. 2.7, and the horizontal
cross sectional view is shown in Fig. 2.8. The calculational geometry represents a quarter of
(90°) tokamak device, and it includes all of the main tokamak components such as the blanket
modules, vacuum vessel, divertor cassettes, cryostat, biological' shield, TF coils, PF coails,
three NBI and two standard equatorial ducts, and five divertor and upper ducts. Thel4 MeV
neutron source in the plasma region shown in Figs. 2.7 and 2.8 is sampled according to the
fusion reaction distribution.

Spatial distributions are calculated for the neutron flux with the energy of 14 MeV and
that with the energy above 0.1 MeV along the NBI duct. The calculations are performed for
the duct openings with 15, 30, 60, 91.5, 120 and 158 cm heights. The point detector
estimators are fixed at 3 and 6 cm in radius for the geometries with these duct openings, and
the neutron fluxes can be estimated with the value of FSD, which represents the statistical
error, less than 5 %.

2.3.1.2 Sn calculation
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Neutron transport calculation is performed using the DOT3.5 code with nuclear group
constant set based on the FENDL-1. The calculational geometry in XY coordinates used in
the calculation is shown in Fig. 2.9. The Legendre polynomial order in the anisotropical
scattering cross section is applied as P5. The number of angles are 160 of isotropic division.

2.3.2 Results and discussions

Figures 2.10 and 2.11 show the 14 MeV neutron flux distributions along the center axis
in the NBI duct, and above 0.1 MeV, respectively. The numerical results by DOT3.5 largely
overestimate the neutron flux, which is caused by the assumption of the infinite continuous
opening for the NBI duct in the poloidal direction in the calculational geometry. The error, E,
in the two dimensional Sn calculation is defined by the following formula,

E=Cap(x)/C2p(0) / (C3D (x) / C3D (0) ) 2.1,

where C2D(x) is the Sn calculated result at x cm distance from the inlet of the duct opening at
" the plasma facing région, and C3D(x) is the Monte Carlo calculated results. The errors in two
dimensional Sn calculation are shown in Fig. 2.12 and 2.13 for the 14 MeV neutron flux and
the neutron flux of energy above 0.1 MeV, respectively. By expanding the duct opening
height from 15 to 158 cm, the errors become smaller though some fluctuation can be seen due
to the complex configuration and statistical error of Monte Carlo calculation. From the small
distances of 30 to 100 cm away from the inlet of the duct opening, the Sn calculations give
rather good agreement with the Monte Carlo results within factors of 1.3 and 1.2 for the 14
MeV neutron flux and the neutron flux of energy above 0.1 MeV, respectively, for large duct
opening heights of 91.5, 120 and 158 cm. But with increasing this distance from 100 to 1000
cm, the Sn results are factors of 1.3 to 4.9 and 1.2 to 7.3 higher than the Monte Carlo results
for the 14 MeV neutron flux and the neutron flux of energy above 0.1 MeV, respectively, for
these large duct opening heights, even much higher a factor of 5.0 to 37 and 4.7 to 84 with
decreasing the duct opening height. In the case of ITER condition with 91.5 cm high duct
opening assumed in this Chapter, it is found that the two dimensional Sn calculation
overestimate the 14 MeV neutron fluxes by a factor of about five and the neutron flux of -
energy above 0.1 MeV by a factor of about eight at the cryostat. It can be therefore concluded
that the three dimensional Monte Carlo calculation are also required for the shielding
calculation around the duct with the large opening in the vacuum vessel in order to evaluate
the neutron flux with good accuracy.

2.4 Conclusion

The radiation transport calculations are performed taking into account the radiation
streaming through the slit between the adjacent blanket modules and the NBI duct by the
three dimensional Monte Carlo code MCNP and the two dimensional Sn code DOT3.5 for
comparison, and the following results are obtained.

(1) The nuclear properties in the vacuum vessel surface along the 2 cm wide slit between the
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adjacent blanket modules by Sn code are under-estimated by factors of 2 — 4 compared with
those by Monte Carlo code due to the ray-effect in about 34 cm thick blanket.

(2) The neutron fluxes along the NBI duct by two dimensional Sn code are over-estimated
compared with those by three dimensional Monte Carlo code due to approximation of
calculational geometry, i.e. assumption of the infinite continuous opening of the NBI duct in
the poloidal direction.

(3) The errors in the two dimensional Sn code are clarified for the NBI duct opening with 15 -
158 cm heights.

(4) In the ITER condition with 91.5 cm high duct opening, the error in the two dimensional
Sn code is a factor of about eight at the cryostat for the neutron flux of the energy above 0.1
MeV.

(5) Through the study shown in this Chapter, it can be concluded that the three dimensional
Monte Carlo calculation is required for the shielding calculation in the tokamak-type DT
nuclear fusion rector with many penetrations.
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Table 2.1 Group structure of FUSION-40
Group Lower Energy Upper Energy Group Lower Energy  Upper Energy
(MeV) (MeV) (MeV) (MeV)

1 1.00E-09 2.15E-07 22 2.83E-01 4.00E-01
2 2.15E-07 ‘4.65E-07 23 4.00E-01 5.66E-01
3 4.65E-07 1.00E-06 24 5.66E-01 8.00E-01
4 1.00E-06 2.15E-06 25 8.00E-01 1.058
5 2.15E-06 4.65E-06 26 1.058 1.4

6 4.65E-06 1.00E-05 27 1.4 1.871

7 1.00E-05 2.15E-05 28 1.871 2.5

8 2.15E-05 4.65E-05 29 2.5 3.162
9 4.65E-05 1.00E-04 30 3.162 4

10 1.00E-04 2.15E-04 31 4 4.516
11 2.15E-04 4.65E-04 32 4.516 5.099
12 4.65E-04 1.00E-03 33 5.099 5.757
13 1.00E-03 2.15E-03 34 5.757 6.5

14 2.15E-03 4.65E-03 35 6.5 7.328
15 4.65E-03 1.00E-02 36 7.328 8.261
16 1.00E-02 2.15E-02 37 8.261 9.314
17 2.15E-02 4.65E-02 38 9314 10.5
18 4.65E-02 1.00E-01 39 10.5 11.478
19 1.00E-01 1.41E-01 40 11.478 12.549
20 1.41E-01 2.00E-01 41 12.549 13.72
21 2.00E-01 2.83E-01 42 13.72 15

Table 2.2 The neutron flux, the nuclear heating rate and the helium production at the

location D2 obtained by MCNP and those by DOT3.5

MCNP4.2 DOT3.5

14 MeV neutron flux (n/cm?/s.) 2.5x 10" 6.9x 10*

Total neutron flux (n/cm?/s.) 6.9 x 10" 3.7x 10"

Neuton heating rate (mW/cm?) 1.5x 107 58x10°
Helium production (appm) 0.66 0.25
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3. Streaming through Slit between Blanket Modules [3.1]
3.1 Introduction

As discussed in Chapter 2, the three-dimensional Monte Carlo method is the most
suitable method for the analysis of the neutron streaming through a few centimeter wide slits
between the adjacent blanket modules, however, it requires a lot of calculation time. The
analytical representations that can give the nuclear properties along the slit are very useful
from the view point of the engineering design application. In this Chapter, the nuclear
properties in the vacuum vessel and the TF coil along the slit are calculated by taking into
account the neutron streaming through the slit by using the three dimensional Monte Carlo
code MCNP4B, and their analytical representations are established based on the Monte Carlo
results. By changing systematically the slit width, the blanket and the vacuum vessel
thicknesses, and the boron content in the vacuum vessel, the analytical representations of the
nuclear properties along the slit are established as functions of these parameters. The helium
production in the vacuum vessel made of SS is caused from fast neutron reactions with the Ni,
Fe and Cr elements, and thermal neutron reaction with the boron. It is then expected that the
helium production in the vacuum vessel strongly depend on the boron, though the boron is
trace element in SS. The dependencies of the nuclear properties on the blanket and the
vacuum vessel compositions are also clarified by changing the blanket and the vacuum vessel
composition. The analytical formula thus-obtained is applied to clarify the shielding design
constraint required to satis{y the shielding design criteria for the DT fusion reactor.

3.2 Calculation Method

The three-dimensional Monte Carlo calculational geometry used in the calculation is
shown in Fig. 3.1 with the dimensions, and the calculational condition is shown in Table 3.1.
The configuration of the model and the conditions are based on the ITER design. The ITER
design has been studied in the extent of 31 to 45 cm thick blankets, ~ 40 cm thick vacuum
vessel, 1 to 2 cm wide slits and 10 to 20 parts per million by weight (wppm) boron. In this
Chapter, the Monte Carlo calculations are performed for the conditions of the wider extent
compared with the ITER conditions.

The helium production in the vacuum vessel, the nuclear heating rates in the coil case
made of stainless steel (SS) and at the coil winding pack, and the radiation damage in the TF
coil are calculated by using the Monte Carlo calculation code MCNP-4A with the fusion
evaluated nuclear data library FENDL-1. As for the radiation damage, the absorbed dose rate
in the insulator, the neutron damage in the stabilizer copper and the neutron fluence in the
winding pack are evaluated.

Volumetric source neutrons in the plasma region shown in Fig. 3.1 are sampled from an
isotropic neutron distribution having a Muir velocity Gaussian fusion energy spectrum shown
in Fig. 3.2. Source neutrons normalized to a number of 14-MeV source neutrons of 4.439 x

10” cm?s® averaged on a blanket surface, which corresponds to a neutron wall loading of 1
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MW/m® at the blanket surface and a typical neutron first wall loading in fusion experimental
reactors such as ITER (1 MW/m’/ = 10° J/m’ / (14.06 MeV x 1.602 x 10 J/MeV) / 10°cm” =
4439 10 cm®s™). -

The track length estimator is applied as the detector. The helium production, Yh, is
estimated by multiplying the neutron spectrum, ¢n(E), by the helium production cross-section,
Zhi(E), in FENDL library as follows;

Yo=3 § $u(E) Zni(E) dE | G.1),

i

where 1 and E are each element in SS and the neutron energy, respectively. The nuclear
heating rate, YNH, is estimated by multiplying the neutron and the gamma-ray spectra, ¢n(E)
and ¢v(E), by the kerma factor, Xk,i(E), in FENDL library as follows;

Ynu=3 § (4n(B) + ¢(B)) Zki(E) dE (3.2).

The absorbed dose rate, Ya, in the insulator is estimated by dividing the integrated nuclear
heating rate with the specific gravity, p, of the insulator as follows;

Ya=Ps YNH/ p ' (3.3),

where Ps 1s the effective operation period (second). The neutron damage, Yd, is estimated by
multiplying the neutron spectrum by the displacement cross-section, Zd.i(E) [3.2], as follows;

Ya= { ¢n(E) Zai(B) dE | (3.4).

Their peak nuclear properties are most critical concemn in the shielding design. The nuclear
properties in the vacuum vessel surface, the coil case surface, the winding pack surface and
the insulator surface along the poloidal slit are evaluated as their peak nuclear properties. The
calculations are done to get average values of the helium production in O to 1.1 cm depth of
the 5.5 cm-thick front wall of the vacuum vessel along the slit, and those of the nuclear
heating rate and the radiation damage in O to 1 cm depth of the coil case, the insulator and the
coil winding pack along the slit.

The weight window technique is applied as the variance reduction method. Reducing the
value of the weight window along the track of the neutron streaming from the plasma to the
target along the slit results in a large number of neutrons with low weight that reach the target
region. By assigning the target location, the optimized weight window table is automatically
generated in the MCNP-4A. To generate the table, a considerable number of neutrons must
reach the target location. An enormous number of histories and long calculation time is
required to generate the weight window table in a single step. In this process, the target
locations are sequentially moved from the plasma to the target along the slit in steps and the

weight window table for each target location is generated. The weight window table for the
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final target location, i.e. the vacuum vessel and the TF coil surface toward the plasma along
the slit is then prepared in the final step of this process.

3.3 Results and Discussions

From the Monte Carlo calculation results, the analytical representations are established
for the blanket and the vacuum vessel shield compositions of 80 % SS/20 % water and 60 %
SS/40 % water, respectively. The condition of the composition is the typical one in the
experimental reactor such as ITER.

3.3.1 Neutron flux along the slit

In the case of the 45 cm thick blanket and the 40 cm thick vacuum vessel, distributions
of the 14 MeV neutron flux and the energy-integrated total neutron flux along the slit as a
function of the distance from the blanket surface behind the plasma are shown for slit widths
of 0 to 8 cm in Figs. 3.3 and 3.4, réspectively. In the blanket without the slit, the 14 MeV
neutron flux and the energy-integrated total neutron flux in the vacuum vessel surface toward
the plasma are reduced by about four and two orders of magnitude, respectively, compared
with those at the blanket surface toward the plasma. They are also reduced by factors of 20 to
200 and 6 to 70, respectively, in the blankets with decréasing the slit width from 8 cm to 1
cm.
It is found that the energy integrated total neutron flux distribution, ¢ﬂ(x); along the 1 to
8 cm wide slits can be expressed approximately only by an exponential function of the
distance from the blanket surface, x (cm), as follows;

ofi(x) = Caiexp (- Aeff X) (3.5),

where Aeff can be defined as the effective linear attenuation coefficient. Similarly- to the
exponential attenuation of the neutron flux in the shield, the neutron flux in the blanket along
the slit may decrease exponentially. The values of Aeff are shown in Table 3.2 with the values
of Cn. The errors given in Table 3.2 are the maximum values of the ratio between the neutron
flux obtained by the analytical representation (3.5) with the values shown in Table 3.2 and
those by the Monte Carlo calculation. Disagreement of the neutron flux obtained by the
analytical representation (3.5) is 7 to 19 % compared with those by the Monte Carlo
calculation.

3.3.2 Helium productions along the slit

In the case of SS with 20 wppm boron, distributions of the helium productions in SS
along the slit as a function of the distance from the blanket surface are shown in Fig. 3.5 for
slit widths of O to 8 cm. Neutron transport calculations are first conducted for no material in
the slit, and the helium productions along the slit are calculated by multiplying the neutron
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spectrum in void by the helium production cross-section of SS existing in the slit. The helium
production in the vacuum vessel wall made of SS adjacent to the vacuum vessel shield which
is composed of SS and. water increases due to enhancement of the thermal neutron flux in the
water. In the case of the blanket without the slit, the helium production in the vacuum vessel
surface toward the plasma is reduced by a factor of about 600 compared with that at the
blanket surface toward the plasma. In the case of the blanket with the slit, they are reduced by
1 to 2 orders of magnitude with decreasing the slit width from 8 to 1 cm.

3.3.3 Helium productions in the vacuum vessel

In this Chapter, the helium productions are discussed in the vacuum vessel front wall
surface toward the plasma along the slit.

3.33.1 Dependency on the slit width

Some calculated results are shown in Table 3.3 with the statistical error for the 10 wppm
boron content, the 45 cm thick blanket and the integrated neutron wall loading of 1 MWa/m?.
Dependencies of the helium productions on the slit width are shown in Fig. 3.6 with the error
bar corresponding to the range of the statistical error for the 10, 20, S0 and 100 wppm boron
content. It was found that the helium productions along the slit increased linearly with the slit
width. The incident 14 MeV neutron flux to the slit increase linearly with the slit width,
therefore the helium productions along the slit may increase linearly with the slit width. The
analytical representation on the helium production along the slit can be given as a function of
the slit width, Xs (cm), as follows;

Yh=NP(As+Bs (Xs- 1)) (3.6),

where N and P are the neutron wall loading (MW/m?), the effective operation period (year),
respectively. The value of N * P corresponds to the integrated neutron wall loading (MWa/m?).
The values of As and Bs obtained by the least squares fitting to Eq. (3.6) are shown in Table
3.4 for various blanket thicknesses and boron contents. The values of As correspond to the
helium productions in the vacuum vessel surface along the 1 cm wide slit at the integrated
neutron wall loading of 1 MWa/m?. Disagreement of the helium productions obtained by the
analytical representation (3.6) are 3 to 7, 6 to 13 and 4 to 19 % compared with those by the
Monte Carlo calculation for the 30, 45 and 60 cm thick blankets, respectively. The values of
As and Bs increase linearly with the boron content, and they decrease exponentially with the
blanket thickness as seen in Table 3.4. Detailed discussions on the values of As and Bs are
described in Chapter 3.3.3.4.

3.3.3.2 Dependency on the boron content

Dependencies on the boron content are shown in Fig. 3.7 for the 1, 2, 4 and 8 cm wide
slits. It was found that the helium productions increased linearly with the boron content. The
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helium production in the vacuum vessel made of SS is caused from fast neutron reactions
with Ni, Fe and Cr elements, and thermal neutron reaction with boron as mentioned above.
The helium production caused from the thermal neutron reaction with elements except for
boron is negligibly small, therefore the helium production caused from the thermal neutron
reaction increases linearly with the boron content. The analytical representation on the helium
production can be given as a function of the boron content, Xbo (appm), as follows;

Yh=NP (Abo + Bbo Xbo) 3.7).

The values of Avo and Bbo obtained by the least squares fitting to Eq. (3.7) are shown in Table
3.5 for various slit widths and blanket thicknesses. The values of N P Abo and N P Bbo Xbo
correspond to the helium productions by the fast and thermal neutrons, respectively.
Disagreement of the helium productions obtained by the analytical representation Eq. (3.7)
with the values in Table 3.5 is less than 18 % compared with those by the Monte Carlo
calculation. The values of Abo and Buo increase linearly with the slit width, and they decrease
exponentially with the blanket thickness as seen in Table 3.5.

3.3.3.3 Dependency on the blanket thickness

Dependencies on the blanket thickness are shown in Fig. 3.8 for the 10, 20, 50 and 100
wppm boron content. It was found that the helium productions decreased exponentially with
the blanket thickness. Similarly to the exponential attenuation of the neutron flux in the
blanket along the slit shown in Chapter 3.3.1, the helium productions along the slit may
decrease exponentially with the blanket thickness. The analytical representation on the helium
production can be given as a function of the blanket thickness, Xb (cm), as follows;

Yh=NPAbexp(-BoXbv) (3.8),
Thb = 1n10/Bb (3.9).

The values of Ab and Bb obtained by the least squares fitting to Eq. (3.8) are shown in Table
3.6 for various boron contents and slit widths. The Bb values, 1/cm, correspond to the
effective linear attenuation coefficient of the blanket for the helium production in the vacuum
vessel front wall surface along the slit. Disagreement of the helium productions obtained by
the analytical representation Eq. (3.8) with the values in Table 3.6 is 1 to 16 % compared with
those by the Monte Carlo calculation. The values of Ab and Bb almost increase linearly with
the slit width and the boron content as seen in Table 3.6. The, values. of Twb correspond to
blanket thickness required to reduce the helium production by one order of magnitude, which
are also shown in Table 3.6. In the case of the blanket without the slit, about 17 - 18 cm thick
blanket is required to reduce the helium productions by one order of magnitude, but with
increasing the slit width from 1 to 8 cm, the values of T rapidly increase from 31 - 44 to 77
- 84 cm. The enhancement of the fast neutron flux along the slit due to the neutron streaming
through the slit is expected to be much larger than that of the thermal neutron flux along the
stit due to the neutron streaming through the slit, since the thermal neutrons are generated as a
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result of fast neutron scattering and moderation in the blanket. The values of Th/b are expected
to be enhanced by the fast neutron streaming through the slit. The smaller is the boron content
in steel, the smaller is the thermal neutron contribution in the helium production due to the

10, . ' . . . [

B(n, o) reaction and the larger is the fast neutron contribution. Therefore it is expected that
the values of Twb increase with decreasing the boron content. With decreasing the boron
content from 100 to 10 wppm, the values of Thb increase from 31 - 77 to 44 - 84 cm.

3.3.3.4 Establishment of analytical representation

Similarly to Eq. (3.7), it was found that the As and Bs values in Eq. (3.6) representing a
function of the slit width also increased linearly with the boron content as seen in Table 3.4.
The values of As and Bs can then be given approximately by a function of the boron content
Xb as follows;

As=A’s+ A’bo Xbo - (3.10),
Bs =B’s + B’bo Xbo . (3.1D).

From the analytical representation Eq. (3.6) and the formulae Egs. (3.10) and (3.11), the
analytical representation on the helium productions can be given as function of the slit width
Xstit and the boron content Xboron as follows;

Yh=NP(A’s + A’bo Xbo + (B’s + B’bo Xbo) (Xs1 — 1)) (3.12).

The values of A’s, A’vo, B’sl and B’bo obtained by the least squares fitting to Eq. (3.12) are
shown in Table 3.7 for various blanket thicknesses. Disagreements of the helium productions
obtained by the analytical representation Eq. (3.12) with the values shown in Table 3.7 are
less than 9, 14 and 20 % for the 30, 45 and 60 cm thick blankets, respectively, compared with
those by the Monte Carlo calculation.

Dependencies of the values of A’s, A’vo, B’st and B’vo on the blanket thickness are
shown in Fig. 3.9. Similarly to Eq. (3.8), it was found that the A’s, A’bo, B’sl and B’bo values
decreased exponentially with the blanket thickness as seen in Fig. 3.9. The values of A’s, A’bo,
B’s and B’bo can then be given approximately by an exponential function of the blanket
thickness Xblt as follows;

A’s=A”sexp (- A’b Xb) (3.13),
A’vo=A"boexp (- A”b Xb) (3.14),
B’s=B”sexp (- B’b Xb) ' (3.15),
B’bo=B"boexp (- B"b Xb) (3.16).

From the analytical representatibn Eq. (3.12) and the formulae Egs. (3.13) - (3.16), the
analytical representation on the helium production can be given as functions of the slit width
Xs, the boron content Xbo and the blanket thickness Xb as follows;
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Yh=NPA”sexp(-A’bXb)+ A”boexp (- A”b Xb) Xvo+ ( B”si exp ( - B’ Xb ) + B”bo exp
(-B"’bXb) Xbo) (Xs—1)) (3.17).

The values of A”s, A’b, A”bo, A”b, B”s1, B’b, B”bo, B”b obtained by the least squares fitting to
Eq. (3.17) are shown in Table 3.8. By applying the values in Table 3.8, the helium
productions can be obtained within 18 % difference by using the analytical representation Eq.
(3.17) compared with those by the Monte Carlo calculation. The analytical representation Eq.
(3.17) can be applied with good accuracy in the range of 1 to 8 cm wide slits, 0.1 to 100
wppm boron and 30 to 60 cm thick blankets.

3.3.4 Nuclear properties in the super-conductive magnet

In this Chapter, the nuclear properties such as the nuclear heating rate and the radiation
damage are discussed in the TF coil surface toward the plasma along the slit.

3.3.4.1 Dependency on slit width

In the TF coil surface along the 1 - 8 cm wide slits in the 45 cm thick blanket and the 40
cm thick vacuum vessel, some calculated results are shown in Table 3.9 with the statistical
error for the nuclear heating rate in the coil case surface, the nuclear heating rate in the
winding pack, the absorbed dose rates in the insulator, the neutron damage in the stabilizer
copper, the neutron fluence of the energy above 0.1 MeV in the winding pack. Dependencies
of these nuclear properties on the slit width are shown in Figs. 3.10 - 3.14 in the TF coil
surface along the slit in the range of the 30, 40 and 45 thick blankets, the 20, 30 and 40 cm
thick vacuum vessels. Dependencies of the nuclear heating rate in the coil case, the nuclear
heating rate in the winding pack, the absorbed dose rates in the insulator, the neutron damage
in the stabilizer copper, the neutron fluence of the energy above 0.1 MeV in the winding pack
are shown in Figs. 3.10, 3.11, 3.12, 3.13 and 3.14, respectively. Dependencies on the slit
width are shown in Figs. 3.15 - 3.19 in the range of the 45, 50 and 60 thick biankets.
Dependencies of the nuclear heating rate in the coil case, the nuclear heating rate in the
winding pack, the absorbed dose rates in the insulator, the neutron damage in the stabilizer
copper, the neutron fluence of the energy above 0.1 MeV in the winding pack are shown in
Figs. 3.15,3.16, 3.17, 3.18 and 3.19, respectively.

It was found that all nuclear properties in the TF coil along the slit increased
exponentially with the slit width in the range of 30 — 45 thick blankets as seen in Figs. 3.10 ~
3.14. The neutron flux in the blanket along the slit decrease exponentially with the blanket
thickness as mentioned in Chapter 3.3.1. It is discussed that the increase of the slit width may
corresponds to the decrease of the blanket thickness and all nuclear properties in the TF coil
along the slit may increase exponentially with the slit width. Since the 14 MeV neutrons
streaming pass directly through the slit to the vacuum vessel wall, the helium production in
the vacuum vessel wall along the slit may increase linearly with the slit width as mentioned in
Chapter 3.3.3.1. The TF coil along the slit is hidden by the vacuum vessel against the plasma,
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and the 14 MeV neutrons streaming do not pass directly through the slit to the TF coil.
Therefore the nuclear properties in the TF coil along the slit may increase exponentially with
the slit width.

On the other hand, it is found that the all nuclear properties in the TF coil along the slit
increase in proportion to the power function of the slit width in the range of 45 — 60 cm thick
blankets as seen in Figs. 3.15 — 3.19. The comparison is shown in Fig. 3.20 about the least
squares fittings for the exponential and power functions of the slit width in the 60 cm thick
blanket and 40 cm thick vacuum vessel. Fig. 3.20 shows the example of the nuclear heating
rate in the coil case. In the range of 1 ~ 10 cm wide slits, the values by the exponential
function of the slit width do not match the values by the Monte Carlo calculation code so well.
On the other hand, the values by the power function of the slit width match the values by the
Monte Carlo calculation code so well. In case the blanket thickness is more than 45 cm, the
increase of the slit width may corresponds to the decrease of the blanket thickness and further
effects. Therefore it is discussed that the nuclear properties in the TF coil along the slit may
increase in proportion to the power function of the slit width.

The analytical representation on all nuclear properties can be given as a function of the
slit width as follows;

Yc=NPCGCsexp (Ds Xs), 30 < Xb=<45, 1=<Xs=<8 (3.18),

Ye=NPCsXs D*, 45<Xb<60, 1<Xs<8 (3.19),
where Y coil are the nuclear properties such as the nuclear heating rates in the coil case and the
winding pack (mW/cm?®), the absorbed dose rates in the insulator (rad), the fast neutron
fluence of the energy above 0.1 MeV in the winding pack (n/cm?) and the neutron damage in
the stabilizer copper (dpa). The values of Cs and Ds obtained by the least squares fitting to
Eqgs. (3.18) and (3.19) are shown in Tables 3.10 and 3.11, respectively, for various blanket and
vacuum vessel thicknesses. The Ds value are factors of a dependency on the the slit width.
Disagreement of the nuclear properties obtained by the analytical representations (3.22) and
(3.23) with the values in Tables 3.9 and 3.10 are 2 to 33 and 7 to 21 %, respectively,
compared with those by the Monte Carlo calculation. The values of Cslit and Dslit decrease
exponentially with the blanket thickness and the vacuum vessel thickness as seen in Tables
3.9 and 3.10. Detailed discussions on the values of Csiit and Dslit are described in Chapter
3.34.4.

3.3.4.2 Dependency on blanket thickness

Dependencies on the blanket thickness are shown in Figs. 3.21 -3.25 in the range of the 1,
2, 3, 4 and 8 cm wide slits, the 20, 30 and 40 cm thick vacuum vessels. Dependencies of the
nuclear heating rate in the coil case, the nuclear heating rate in the winding pack, the absorbed
dose rates in the insulator, the neutron damage in the stabilizer copper, the neutron fluence of
the energy above 0.1 MeV in the winding pack are shown in Figs. 3.21, 3.22, 3.23, 3.24 and
3.25, respectively. It was found that all nuclear properties in the TF coil along the slit
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decreased exponentially with the blanket thickness. In Chapter 3.3.3.3, it is discussed that the
helium production in the vacuum vessel wall along the slit decreases exponentially with the
blanket thickness. Similarly to the dependency of the helium production on the blanket
thickness, it is discussed that all nuclear properties in the TF coil along the slit decrease
exponentially with the blanket thickness. The analytical representations on all nuclear
properties in the TF coil along the slit can be given as a function of the blanket thickness as
follows;

Yc=NP Cbexp (-DbXb) ' (3.20),
Te/b = 1n10/Db (3.21).

The values of Cb and Db obtained by the least squares fitting to Eq. (3.20) are shown in Table
3.12 for various slit widths and vacuum vessel thicknesses. The Db values, 1/cm, correspond
to the effective linear attenuation coefficient of the blanket for the nuclear properties in the TF
coil along the slit. Disagreement of the nuclear properties obtained by the analytical
representation Eq. (3.24) with the values shown in Table.3.12 is less than 25 % compared
with those by the Monte Carlo calculation. The values of Cb decrease exponentially with the
vacuum vessel thickness as seen in Table 3.11. Detailed discussions on the values of Cb and
Db are described in Chapter 3.3.3.4. The values of Teb correspond to blanket thickness
required to reduce the nuclear properties by one order of magnitude, and they are also shown
in Table 3.11. In the case of the blanket with the 1 cm wide slit, about 21 - 22 cm thick
blanket is required to reduce the nuclear properties by one order of magnitude, but with
increasing the slit width from 2 to 8 cm, the values of Te/b rapidly increase from 27 - 32 to 58
- 70 cm thickness as seen in Table 3.11.

3.3.4.3 Dependency on vacuum vessel thickness

Dependencies on the vacuum vessel thickness are shown in Figs. 3.26 - 3.30 in the range
of the 1, 2, 3, 4 and 8 cm wide slits, the 30, 45 and 60 cm thick blankets. Dependencies of the
nuclear heating rate in the coil case, the nuclear heating rate in the winding pack, the absorbed
dose rates in the insulator, the neutron damage in the stabilizer copper, the fast neutron
fluence of the energy above 0.1 MeV in the winding pack are shown in Figs. 3.26, 3.27, 3.28,
3.29 and 3.30, respectively. Similarly to dependencies on the blanket thickness, it was found
that the all nuclear properties in the TF coil along the slit decreased exponentially with the
vacuum vessel thickness. The analytical representations on all nuclear properties in the TF
coil along the slit can be given as a function of the vacuum vessel thickness, Xv (cm), as
follows;

Ye=NPCy exp( -Dv Xv) (3.22),
Tv = 1n10/Dv (3.23).

The values of Cv and Dv obtained by the least squares fitting to Eq. (3.22) are shown in Table
3.13 for various slit widths and blanket thicknesses. The Dv values, 1/cm, correspond to the
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effective linear attenuation coefficient of the vacuum vessel for the nuclear properties in the
TF coil along the slit. Disagreement of the nuclear properties obtained by the analytical
representation Eq. (3.26) with the values shown in Table 3.13 is less than 5 % compared with
those by the Monte Carlo calculation results. The values of Cv decrease exponentially with the
blanket thickness as seen in Table 3.13. Detailed discussions on the values of Cv and Dv are
described in Chapter 3.3.4.4. The values of Tv correspond to vacuum wvessel thickness

required to reduce the nuclear properties by one order of magnitude, and they are also shown
in Table 3.13. They are in the range of 16 to 20 cm. The blanket thickness required to reduce
these nuclear properties by one order of magnitude strongly depends on the slit width, while
no significant difference is found in the range of 1 to 8 cm wide slits for the vacuum vessel
thickness required. The vacuum vessel is bulk shield without the slit, and the slits exist only in
the blanket. Therefore it can be discussed that the dependency of the attenuation of the
neutron flux along the slit in the vacuum vessel on the slit width is very little. The radiation
streaming through the slit in the blanket is enhanced with increasing the slit width, and the
attenuation of the neutron flux along the slit in the blanket is weaken. Therefore it can be
discussed that the blanket thickness required strongly depends on the slit width.

3.3.3.4 Establishment of analytical representation

Dependencies of the Cb values in Eq. (3.20) on the vacuum vessel thickness are shown in
Fig. 3.31. Figure 3.31 show the example for the nuclear heating rate in the coil case. Similarly
to Eq. (3.22), it is found that all Cb values in Eq. (3.20) representing a function of the blanket
thickness also decrease exponentially with the vacuum vessel thickness as seen in Fig. 3.31.
The values of Cb can be expressed approximately by an exponential function of the vacuum
vessel thickness Xv as follows; '

Cbo=Cbivexp (- Cbiv Xv) (3.24).

The values of Cb/v and C’biv are shown in Table 3.14 for various slit widths. It is found that
the Db values in Eq. (3.20) are almost constant in the range of 20 — 40 cm thick vacuum vessel
as seen in Table 3.12. The average effective linear attenuation coefficients Do for three
vacuum vessel thicknesses of 20, 30 and 40 cm calculated by the following formula Eq. (3.25)
are also shown in Table 3.13 with the average Tb/iv calculated by the following formula Eq.
(3.26);

Db =2, Db(m) /3, m=20,30,40 (3.25),
Tbiv =1n10/ Dbry ' (3.26).

where Db(m) are the value of Db shown in Table 3.12 in the case of the m cm thick vacuum
vessel.

From the analytical representation Eq. (3.20), and the formulae Egs. (3.24) and (3.25),
the analytical representation on the nuclear properties in the TF coil along the slit can be
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given as functions of the blanket thickness Xb and the vacuum vessel thickness Xv as follows;
Ye=NPCowvexp(-CbvXv)exp(-DbowvXb) (3.27).

Disagreement of the nuclear properties obtained by the analytical representation Eq. (3.27)
with the values in Table 3.14 is less than 28 % compared with those by the Monte Carlo
calculation results.

Dependencies of the Cs values in Egs. (3.18) and (3.19) on the blanket thickness are
shown in Figs. 3.32 and 3.33, respectively, and the Ds values in Egs. (3.18) and (3.19) on the
blanket thickness are shown in Figs. 3.34 and 3.35, respectively. Figures 3.32 - 3.35 show the
example for the nuclear heating rate in the coil case. Similarly to Eq. (3.20), it was found that
all Cs values in Egs. (3.18) and (3.19) representing a function of the slit width also decreased
exponentially with the blanket thickness. On the other hand, it was found that all Ds values in
Egs. (3.18) and (3.19) increased exponentially with the blanket thickness. With increasing the
blanket thickness, the difference between the attenuation of the neutron flux in the bulk shield
and that in the slit increases. Therefore with increasing the blanket thickness, the factor of the
slit width dependency may also increases. The Ds values are factors of a dependency on the
slit width as mentioned above, therefore they are expected to be increased as the blanket
thickness is increased. The values of Cs and Ds can be expressed approximately by an
exponential function of the blanket thickness Xb as follows;

Cs=Csexp(-CbXb) : (3.28),
Ds=D’sexp(D’bXb) (3.29).

From the analytical representations Egs. (3.18) and (3.19), and the formulae Egs. (3.28) and
(3.29), the analytical representation on the nuclear properties in the TF coil along the slit can
be given as functions of the slit width Xs and the blanket thickness Xb as follows;

Ye=NPCsexp(-CoXb)exp(D’sXsexp(D’'pXb)), 30=<Xbx45, (3.30),
Ye=NP Csexp (- C'b Xp) Xs D 8 XP (Db Xb) 45 < Xb< 60, 331).

The values of C’s, C’b, D’s and D’b obtained by the least squares fitting to Egs. (3.30) and
(3.31) are shown in Tables 3.15 and 3.16, respectively, for various vacuum vessel thicknesses.
Disagreement of the nuclear properties obtained by the analytical representations Egs. (3.30)
and (3.31) with the values in Tables 3.15 and 3.16 are within 33 and 20 %, respectively,
compared with those by the Monte Carlo calculation.

Dependencies of the C’s values in Egs. (3.30) and (3.31) on the vacuum vessel thickness
are shown in Fig. 3.36. Figure 3.36 shows the example for the nuclear heating rate in the coil
case. Similarly to the Cb values in Eq. (3.20), it was found that all C’s values in Egs. (3.30)
and (3.31) representing functions of the slit width and the blanket thickness also decrease
exponentially with the vacuum vessel thickness. The C’s values can be given approximately
by an exponential function of the vacuum vessel thickness Xv as follows;
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Cs=C’siv exXp (- C”siv Xv) (3.32).

The values of C’siv and C”siv obtained by the least squares fitting to Eq. (3.32) are shown in
Table 3.17. Also similarly to Dbt values in Eq. (3.20), it is found that all C’b, D’s and D’b
values are almost constant in the range of 20 — 40 cm thick vacuum vessel as seen in Tables
3.15 and 3.16. The average values C’biv, D’siv and D’biv for three vacuum vessel thicknesses
of 20, 30 and 40 cm calculated by the following formulae Egs. (3.33) ~ (3.35) are also shown
in Table 3.17;

Cbiv=2,Cs(m)/3, m=20,30,40 : (3.33),
D’sv=2,D’s(m)/3, m=20,30,40 (3.34),
D’biv= 2 D’s(m) /3, m=20,30,40 (3.35).

where C’b(m), D’s(im) and D’b(m) are the values of C’b, D’s and D’b shown in Tables 3.15
and 3.16 in the case of the m cm thick vacuum vessel.

From the analytical representations Eqgs. (3.30) and (3.31) representing functions of the
slit width Xs and the blanket thickness Xb, the formulae (3.33) — (3.35), the analytical
representation can be given as functions of the slit width Xs, the blanket thickness Xb and the
vacuum vessel thickness Xv as follows;

Yc=NPC’sivexp (- C’sivXv)exp (- CvivXb) exp ( D’siv Xs exp ( D’viv Xb)), ‘
1=Xs<8, 30=Xb=x45 20=<Xv=<40, (3.36),

Yc=NPCsvexp (- Csiv Xv Yexp (- C’biv Xb ) Xs D’siv exp (D’biv Xb),
1<Xait<8, 45=<Xbit<60, 20=<Xvv <40, (3.37).

Disagreement of the nuclear properties obtained by the analytical representations Egs. (3.36)
and (3.37) with the values in Table 3.17 are less than 37 and 22 %, respectively, compared
with those by the Monte Carlo calculation. The representations Egs. (3.36) and (3.37) can be
applied with good accuracy in the range of 1 — 8 cm wide slits, 30 — 60 cm thick blankets and
20 ~ 40 cm thick vacuum vessels.

3.3.4 Dependencies on blanket and vacuum vessel composition

Dependency of the helium production on the blanket composition is shown in Fig. 3.37
in the vacuum vessel front wall surface toward the plasma along the slit. The horizontal axis
corresponds to the volume fraction of SS in the blanket composition. Dependencies of the
nuclear heating rate on the blanket and vacuum vessel shield composition are also shown in
Fig. 3.37 in the TF coil surface toward the plasma along the slit. It was found that the
optimized composition to minimize these nuclear properties were range from 70 % SS/30 %




JAERI-Research  2003-014

water to 90 % SS/10 % water.

The difference between the helium production obtained by the blanket composition down
to 50 % SS/50 % water and that by 80 % SS/20 % water is only 9 %. It is therefore expected
that the helium productions can also be estimated within 9 % difference for the blanket
composition in the range from 50 % SS/50 % water to 90 % SS/10 % water by using the
values in Table 3.8 based on the blanket composed of 80 % SS/20 % water.

The difference between the nuclear properties in the TF coil obtained by the blanket
composition down to 60 % SS/40 % water and that by 80 % SS/20 % water is only 23 %, and
it is therefore expected that the nuclear properties in the TF coil can also be estimated within
23 % difference for the blanket composition in the range from 60 % SS/40 % water to 90 %
SS/10 % water.

The difference between the nuclear properties in the TF coil obtained by the vacuum
vessel shield region composition down to 50 % SS/50 % water and that by 60 % SS/40 %
water is only 24 %, and it is therefore expected that the nuclear properties in the TF coil can
also be estimated within 24 % difference for the vacuum vessel shield composition in the
range from 50 % SS/50 % water to 80 % SS/20 % water.

3.4 Application to Establishment of Shielding Design Constraint
3.4.1 Helium production in the vacuum vessel

The analytical representation Eq. (3.17) for the helium production in the vacuum vessel
front wall surface toward the plasma along the slit as functions of the slit width Xs, the boron
content Xbo and the blanket thickness Xb can be applied to clarify the shielding design
constraint required to satisfy the shielding design criteria by using the following formulae;

Yh<Lh/Sh ' (3.38),

where Yh, Lh and Sh are the helium production (appm) obtained by the analytical
representation Eq. (3.17), shielding design criteria capable for rewelding and a safety factor in
the shielding calculation, respectively. Using Eq. (3.38) and the analytical representation Eq.
(3.13), the shielding design constraint can be easily selected as follows;

A”sexp(-A’bXb)+ A”boexp (- A”b Xb ) Xbo+ ( B”siexp (- B’b Xb )
+ B”bo Xboexp (-B"bXb)) (Xst—1)<Lh/(ShNP) (3.39).

The formula Eq. (3.39) is applied to the ITER shielding design with the values in Table 3.8. In
the ITER, 1 - 2 cm wide slits are to be designed, and the integrated neutron wall loading of
0.3 MWa/m?® is planned at the end-of-life. It is assumed that the rewelding of SS in the
vacuum vessel wall can be accomplished if the integrated helium production is less than 1
appm [1.3]. From the shielding experiment results for the slit streaming of the blanket by
Macekawa et al., it is expected that the calculation uncertainty by MCNP with FENDL is less
than 30 % ([3.3]. Disagreement of the helium production obtained by the analytical
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representation Eq. (3.17) is less than 18 % compared with that by MCNP with FENDL,
therefore a safety factor of 1.6, which corresponds to the value of 1.3 x 1.18, is considered in
this Chapter. The values of Lh, Sh, and N P applied to the shielding design are 1 appm, 1.6 and
0.3 MWa/m?, respectively. By inputting these values into Eq. (3.39), the shielding design
constraint for the slit width Xs, the boron content Xbo and the blanket thickness Xb required to
satisfy the shielding design criteria can be given as shown in Fig. 3.38. If a combination of the
boron content and the blanket thickness exists in the lower region of each curve, the helium
production can satisfy the criteria for the respective slit width. In the case of the 45 cm thick
blankets with 1, 1.5 and 2 cm wide slits, it is found that the required boron contents are less
than 47, 15 and 0.6 wppm, respectively, to satisfy the shielding design criteria.

3.4.2 Nuclear properties in the TF coil

Similarly to the formula (3.39), the analytical representations Eqgs. (3.36) and (3.37) for
the nuclear properties in the TF coil along the slit as functions of the slit width Xs, the the
blanket thickness Xb and the vacuum vessel thickness Xv can be applied to clarify the
shielding design constraint required to satisfy the shielding design criteria by using the
following formulae;

Ye<Lle/Se (3.40),

where Y, Lc and Sc are the nuclear properties obtained by the analytical representations Eqgs.
(3.36) and (3.37), shielding design criteria capable for soundness of the TF coil and a safety
factor in the shielding calculation, respectively. Using Eq. (3.40) and the analytical
representation Egs. (3.36) and (3.37), the shielding design constraint can be easily selected as
follows;

Clsivexp (- C'siv Xv ) exp (- C'oivXb) exp ( D'siv Xsexp (D'viv Xb)) <Lc/(SNP),

30 < Xbit < 45, (3.41),
Clsiv exp (- Csiv Xv ) exp ( - Clbiv Xp) Xs D *V &P (Dov Xblt) _y (g Ny,
45 < Xblt < 60, (3.42).

The formulae Egs. (3.41) and (3.42) are applied to the ITER shielding design for the 40 cm
thick vacuum vessel. Here, it is assumed that the nuclear wall loading and the integrated
nuclear wall loading are 0.7 MW/m’ and 0.3 MWa/m?, respectively. The assumed shielding
design criteria are shown in Table 1.1. From the shielding experiment results for the slit
streaming of the blanket by Konno et al., it is expected that the calculation uncertainty by
MCNP with FENDL is less than 40 % [3.4]. Disagreement of the nuclear properties obtained
by the analytical representations Eqgs. (3.36) and (3.37) are less than 37 and 22 %, respectively,
compared with those by MCNP with FENDL, therefore a safety factor of 1.9 and 1.7 are
considered in this Chapter. By inputting these values into Egs. (3.41) and (3.42), the shielding
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design constraint for the slit width Xs, the blanket thickness Xb and the vacuum vessel
thickness Xv required to satisfy the shielding design criteria can be given as shown in Fig.
3.39. If the combination of the slit width and the blanket thickness exists in the lower region
of each curve, the nuclear properties can satisfy the criteria. In the case of the 40 cm thick
vacuum vessel with 4 cm wide slits, it is found that the required blanket thickness is more
than 49 cm to satisfy the shielding design criteria.

3.5 Conclusion

Three dimensional Monte Carlo calculations are performed taking into account the
radiation streaming through the slit between the adjacent blanket modules.

(1) The analytical representations on the helium productions in the vacuum vessel are
established as functions of the slit width, the blanket thickness and the boron content.

(2) By using the analytical representation, the helium production can be estimated within 18
difference compared with the results by the Monte Carlo calculation in the compositions
of 80 % SS/20 % water in the blanket.

(3) The analytical representations on the nuclear properties in the TF coil such as the nuclear
heating rate and the radiation damage along the slit are established as functions of the slit
width, the blanket thickness and the vacuum vessel thickness.

(4) By using the analytical representation, the nuclear properties in the TF coil can be
estimated within 37 % difference compared with the results by the Monte Carlo
calculation in the compositions of 80 % SS/20 % water and 60 % SS/40 % water in the
blanket and the vacuum vessel shield, respectively.

(5) Dependencies of these nuclear properties along the slit on the blanket and the vacuum
vessel shield composition are also clarified. By using the analytical representation, the
helium productions can be estimated in the blanket composed of the region of 50 %
SS/50 % water to 90 % SS/10 % water within only 9 % differénce compared with that in
80 % SS/20 % water.

(6) The analytical representation is applied to clarify the shielding design constraint required
to satisfy the shielding design criteria.

(7) In case the shielding design conditions were applied to the ITER one, it was found that the
required boron contents were less than 47, 17 and 0.6 wppm in the 45 cm thick blanket
with 1, 1.5 and 2 cm wide slits, respectively.

(8) In the case of the 40 cm thick vacuum vessel with 4 cm wide slits, it was found that the
required blanket thickness were more than 49 cm to satisfy the shielding design criteria of
the TF coil.

(9) These analytical representations will be useful for the shield design of DT fusion reactors.
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Table 3.1 Calculational condition

Blanket thickness (cm) 30, 40, 45, 50, 60
Boron content in the vacuum vessel surface 0.1,0.2,03,0.5,1, 2,
(wppm)
3,5, 10, 20, 30, 50, 100
Slit width (cm) 0,1,2,3,4,6,8
Vacuum vessel thickness (cm) 20, 30, 40
Blanket composition (%) SS/H20 = 0/100, 10/90, 20/80,

30/70, 40/60, 50/50, 60/40,
70/30, 80/20, 90/10, 100/0
Vacuum vessel shield composition (%) SS/H20 = 0/100, 10/90, 20/80,
30/70, 40/60, 50/50, 60/40,
70/30, 80/20, 90/10, 100/0

Table 3.2  The value of Cn and the effective line reduction factor Aeff in the analytical
representation (3.1) on the energy integrated total neutron flux distribution along the 1 - 8 cm
wide slit as a function of the distance from the blanket surface. The blanket thickness is 45 cm,
and the blanket composition is 80% SS and 20% water. The neutron wall loading is 1

MW/m?,
Slit width (cm)  Extent (cm)* Csl Neff A Error**
1 O0<x<45 2.92 x 10" 9.40E-02 1.145
2 O<x<45 2.64x 10* 7.9_1E-02 1.122
3 O<x<45 2.43 x 10" 6.70E-02 1.194
4 1<x<45 2.37x 10" 5.95E-02 1.071
8 1<x<45 2.22x 10" 4.22E-02 1.182

Error**: Maximum values of the ratio between the helium productions obtained by the
analytically using Eq. (3.6) to those by the Monte Carlo calculation.
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Table 3.3 Calculation results for the helium production in the vacuum vessel surface with 10
wppm boron content along the slit in the 45 cm thick blanket. (Integarated neutron wall
loading: 1IMWa/m?)

Slit width Helium production Statistical error
(cm) : (appm)
1 1.26 0.0892
2 2.19 0.0481
3 3.56 0.0499
4 5.09 0.0435
8 10.01 0.0340

Table 3.4 The value of As and Bs in the analytical representation (3.6) on the helium
production in the vacuum vessel front wall surface along the slit as a function of the slit width.
The slit width is 1 to 8 cm. )

Blanket thickness (cm)

30 45
Boron content (wppm) As Bs Error* As Bs Error*
100 1.22E+01 5.06 1.068 3.63E+00 3.67 1.081
50 7.15E+00 3.28 1.058 2.23E+00 2.34 1.058
30 5.11E+00 2.57 1.048 1.67E+00 1.81 1.069
20 4.09E+00 2.22 1.040 1.39E+00 1.54 1.077
10 3.08E+00 1.86 1.031 1.12E+00 1.27 1.131

Blanket thickness (cm)

60
Boron content (wppm) As Bs Error*
© 100 9.97E-01 2.60 1.192
50 7.99E-01 1.67 1.090
30 7.19E-01 1.29 1.044
20 6.80E-01 1.11 1.048
10 6.40E-01 0.92 1.054

Error*: Maximum values of the ratio between the helium productions obtained by the
analytically using Eq. (3.6) to those by the Monte Carlo calculation.
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Table 3.5 The value of Abo and Bbo in the analytical representation (3.7) on the helium
production in the vacuum vessel front wall surface along the slit as a function of the boron
content. The blanket composition is 80 % SS and 20 % water. The boron content is 0.1 to 100

wppm.

Blanket thickness (cm)
30 45
Slit width (cm) Abo Bbo Error* Abo Bbo Error*
0 7.31E-01 7.11E-02 8.41E-02 1.10E-02
2.05E+00 9.40E-02 1.004 1.02E+00 2.34E-02 1.003
3.52E+00 1.37E-01 1.020 1.97E+00 4.85E-02 1.181
5.12E+00 1.86E-01 1.009 2.71E+00 8.55E-02 1.000
6.72E+00 2.05E-01 1.011 3.97E+00 1.13E-01 1.000
1.29E+01 3.43E-01 1.025 7.90E+00 2.11E-01 1.000

0 b~ W

Blanket thickness (cm)
60

Slit width (cm) Abo Bbo Error*

0 9.76E-03 1.66E-03
5.53E-01 6.35E-03 1.000
1.46E+00 2.01E-02 1.156
1.94E+00 4.07E-02 1.000
2.83E+00 6.07E-02 1.000
5.72E+00 1.35E-01 1.000

0 h WD

Error*: Maximum values of the ratio between the helium productions obtained by the
analytically using Eq. (3.7) to those by the Monte Carlo calculation. '
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Table 3.6 The values of Ab and Bb in the analytical representation (3.8) on the helium
production in the vacuum vessel front wall surface along the slit as an exponential function of
the blanket thickness, and the required blanket thickness Thib to reduce the helium productions
by one order of magnitude. The blanket composition is 80 % SS and 20 % water. The blanket
thickness is 30 to 60 cm.

Slit width (cm) Boron content Ab Bb Error* T
(wppm) (cm™) (cm)

0 10 7.98E+01 1.34E-01 17.2
100 3.50E+02 " 1.27E-01 18.2

1 10 1.42E+01 5.28E-02 1.046 43.6
20 2.21E+01 5.85E-02 1.064 394

30 3.10E+01 6.27E-02 1.068 36.7

50 5.06E+01 6.83E-02 1.067 33.7

100 1.06E+02 7.53E-02 1.065 306

2 10 1.40E+01 3.79E-02 1.160 60.8
20 1.97E+01 4.08E-02 1.152 56.4

30 2.56E+01 4.28E-02 1.145 53.8

50 3.77E+01 4.54E-02 1.131 50.7

100 6.96E+01 4.85E-02 1.125 47.4

3 10 2.01E+01 3.65E-02 1.092 63.1
20 2.75E+01 3.89E-02 1.077 59.1

30 3.49E+01 4.06E-02 1.065 56.8

50 5.07E+01 4.29E-02 1.053 53.7

100 9.16E+01 4.57E-02 1.041 50.4

4 10 2.15E+01 3.10E-02 1.046 74.4
20 2.82E+01 3.27E-02 1.039 70.4

30 3.47E+01 3.38E-02 1.031 68.2

50 4.86E+01 3.54E-02 1.029 65.0

100 830E+01 3.74E-02 1.012 61.6

8 10 3.59E+01 2.74E-02 1.045 83.9
20 4.44F+01 2.80E-02 1.038 82.2

30 531E+01 2.85E-02 1.034 80.8

50 7.09E+01 2.92E-02 1.032 78.9

100 1.14E+02 2.99E-02 1.023 77.1

Error*: Maximum values of the ratio between the helium productions obtained by the
analytically using Eq. (3.8) to those by the Monte Carlo calculation.



JAERI-Research 2003-014

Table 3.7 The values of A's, A'vo, B's and B'vo in the analytical representation (3.12) on the
helium production in the vacuum vessel front wall surface along the slit as functions of the slit
width and the boron content. The blanket composition is 80 % SS and 20 % water. The slit
width is 1 to 8 cm. The boron content is 0.1 to 100 wppm.

Blanket thickness As A'bo B's B'bo Error*
30 cm 2.12E+00 1.03E-01 1.50E+00 3.51E-02 1.085
45 cm 8.36E-01 2.79E-02 1.01E+00 2.66E-02 1.131
60 cm 6.00E-01 3.96E-03 7.31E-01 1.87E-02 1.193

Error*: Maximum values of the ratio between the helium productions obtained by
theanalytically using Eq. (3.12) to those by the Monte Carlo calculation.

Table 3.8 The values of A”s, A’b, A”bo, A”b, B”s, B’b, B”bo, B”b in the analytical
representation (3.17) on the helium production in the vacuum vessel front wall surface along
the slit as functions of the slit width, the blanket thickness and the boron content. The blanket
composition is 80 % SS and 20 % water. The slit width is 1 to 8 cm. The boron content is 0.1
to 100 wppm.

A's A . Ao A"b B"s B'o B';bo B"b
6.77 0.042 2.99 0.109 3.02  0.0238 0.0668 0.021

Table 3.9 (a) Calculation results for the nuclear properties in the TF coil surface with the 45
cm thick blanket and 40 cm thick vacuum vessel. (Neutron wall loading: 1MW/m?,
Integarated neutron wall loading: IMWa/m?)

Slit width Nuclear heating rate in the magnet case Statistical error
(cm) (wlem®)
1 3.69E-04 0.0605
2 7.22E-04 0.0423
3 1.15E-03 0.0325
4 1.72E-03 0.0280
8 4.93E-03 : 0.0215
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Table 3.9 (b) Calculation results for the nuclear properties in the TF coil surface with the 45
cm thick blanket and 40 cm thick vacuum vessel. (Neutron wall loading: IMW/m?,
Integarated neutron wall loading: IMWa/m?)

Slit width Nuclear heating rate in the winding pack Statistical error

(cm) - (wlem?)
1 1.20E-04 0.0748
2 2.40E-04 0.0491
3 3.76E-04 0.0399
4 5.50E-04 0.0349
6 1.00E-03 0.0308
8 1.61E-03 0.0279

Slit width Absorbed dose rate in the insulator Statistical error

(cm) (rad)
1 1.28E+08 0.0592
2 2.45E+08 0.042
3 3.99E+08 0.0339
4 6.07E+08 0.0301
6 1.10E+09 . 0.0282
8 1.74E+09 0.0246

Slit width Neutron damage in the stbilizer copper Statistical error

(cm) (dpa)
1 7.81E-05 0.0738
2 1.41E-04 0.0537
3 2.40E-04 0.0459
4 3.64E-04 0.0382
8 1.01E-03 0.0288

Slit width Fast (> 0.1 MeV) neutron fluence in the winding pack Statistical error

(cm) (n/cm?)
1 1.06E+17 0.064
2 1.86E+17 0.0483
3 3.18E+17 - 0.0402
4 4.87E+17 0.0356
8 1.40E+18 0.0285




Table 3.10 (a) The values of Cs and Ds in the analytical representation (3.18) on the nuclear
properties such as the nuclear heating density and the radiation damage in the TF coil surface
along the slit as an exponential function of the slit width. The blanket and the vacuum vessel
shield compositions are 80 % SS/20 % water and 60 % SS/40 % water, respectively. The slit

width is 1 to 8 cm.
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Vacuum vessel thickness (cm) 20 30
Blanket thickness: 30cm Cs Ds  Error* Cs Ds  Ermror*
1)* 3.19E-02 0.155 1.042 8O01E-03 0.174 1.044
2)* 1.14E-02 0.166 1.032 2.40E-03 0.191 1.025
3)* I.11E+10 0.174 1.041 242E+09 0.199 1.042
4)* 5.92E-03 0.184 1.33E-03 0.207
S5)* 9.06E+18 0.183 1.073 1.94E+18 0.200 1.066
Vacuum vessel thickness (cm) 20 30
Blanket thickness: 40cm Cs Ds  Error* Cs Ds  Error*
1)* 9.24E-03 0.256 1.111 237E-03 0.274 1.132
2)* 3.29E-03 0.263 1.107 733E-04 0286 1.146
3)* 3.19E+09 0.277 1.118 7.43E+08 0.294 1.178
4)* 1.70E-03 0.291 4.23E-04 0.298
5)* 2.55E+18 0.281 1.113 593E+17 0.293. 1.159
Vacuum vessel thickness (cm) 20 30
Blanket thickness: 45cm Cs Ds  Error* Cs Ds  Error*
1)* 5.20E-03 0.307 1.162 1.36E-03 0.326 1.222
2)* 1.81E-03 0.321 1.121 4.00E-04 0.344 1.257
3)* 1.84E+09 0.327 1.200 4.23E+08 0.347 1.247
4)* 1.02E-03 0.337 2.42E-04 0.355 '
5)% 1.48E+18 0331 1.190 3.34E+17 0349 1.226

1)*: Nuclaer heating rate on the coil case (w/cm®)

2)*: Nuclaer heating rate on the winding pack (w/cm?)
3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)
5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?/s)

Error*: Maximum values of the ratio between the nuclear properties obtained by the

analytically using Eq. (3.18) to those by the Monte Carlo calculation.
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Table 3.10 (b) The valﬁes of Cs and Ds in the analytical representation (3.18) on the nuclear
properties such as the nuclear heating density and the radiation damage in the TF coil surface
along the slit as an exponential function of the slit width. The blanket and the vacuum vessel
shield compositions are 80 % SS/20 % water and 60 % SS/40 % water, respectively. The slit
width is 1 to 8 cm.

Vacuum vessel thickness (cm) 40
Blanket thickness: 30 cm Cs Ds  Error*
1)* 2.14E-03 0.186 1.034
2)* 6.07E-04 0205 1.061
3)% 6.38E+08 0.207 1.068
4)* 3.53E-04 0214 1.077
S5)* 4.96E+17 0.207 '1.055

Vacuum vessel thickness (cm) 40
Blanket thickness: 40 cm Cs Ds  Error*
1)* 6.38E-04 0.283 1.172
2)* 1.89E-04 0297 1.212
3)* 1.93E+08 0.308 1.231
4)* 1.11E-04 0313 1.224
S)* 1.50E+17 0311 1.224

Vacuum vessel thickness (cm) 40
Blanket thickness: 45 cm Cs Ds  Ermror*
1)*. 3.41E-04 0352 1.236
2)* 1.11E-04 0356 1.325
3)* 1.16E+08 0.361 1.298
4)* - 7.04E-05 0352 1.282
5)* 9.28E+16 0357 1.258

1)*: Nuclaer heating rate on the coil case (w/cm?)

2)*: Nuclaer heating rate on the winding pack (w/cm®)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?/s)

Error*: Maximum values of the ratio between the nuclear properties obtained by the
analytically using Eq. (3.18) to those by the Monte Carlo calculation.
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Table 3.11 (a) The values of Cs and Ds in the analytical representation (3.19) on thenuclear
properties such as the nuclear heating density and the radiation damage in the TF coil surface
along the slit as an exponential function of the slit width. The blanket and the vacuum vessel
shield compositions are 80 % SS/20 % water and 60 % SS/40 % water, respectively. The slit
width is 1 to 8 cm.

Vacuum vessel thickness (cm) 20 30
Blanket thickness: 45 cm Cs Ds  Error* Cs Ds  Error*
1)* S5.10E-03 1.07 1.173 132E-03 1.14 1.164
2)* 1.78E-03 1.11 1.190 3.86E-04 1.21 1.163
3)* 1.80E+09 1.14 1.183 4.11E+08 1.22 1.168
4)* 9.94E-04 1.18 2.33E-04 1.25
5)* 1.46E+18 1.15 1.202 3.27E+17 122 1.181
Vacuum vessel thickness (cm) 20 30
Blanket thickness: 50 cm Cs Ds  Error* Cs Ds  Error*
1)* 3.12E-03 1.19 1.18 7. 79E-04 129 1.150
2)* 1.04E-03 128 1.154 234E-04 136 1.158
3)* 1.07TE+09 130 1.154 244E+08 139 1.133
4)* 592E-04 1.35 1.36E-04 1.44
5)* _ 843E+17 132 1.142 1.87E+17 141 1.136
Vacuum vessel thickness (cm) 20 30
Blanket thickness: 60 cm Cs Ds  Error* Cs Ds  Error*
1)* 1.37E-03 147 1.141° 347E-04 158 1.118
2)* 4.55E-04 1.56 1.129 1.14E-04 1.60 1.129
3)* 4.80E+08 1.58 1.097 1.16E+08 1.65 1.087
4)* 2.73E-04 1.61 6.48E-05 1.71
S5)* 3.54E+17 1.63 1.084 8.25E+16 1.71 1.070

1)*: Nuclaer heating rate on the coil case (w/cm®)

2)*: Nuclaer heating rate on the winding pack (w/cm’)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?/s)

Error*; Maximum values of the ratio between the nuclear properties obtained by the
analytically using Eq. (3.19) to those by the Monte Carlo calculation.



JAERI-Research 2003-014

Table 3.11 (b) The values of Cs and Ds in the analytical representation (3.19) on the nuclear
properties such as the nuclear heating density and the radiation damage in the TF coil surface
along the slit as an exponential function of the slit width. The blanket and the vacuum vessel
shield compositions are 80 % SS/20 % water and 60 % SS/40 % water, respectively. The slit
width is 1 to 8 cm.

Vacuum vessel thickness (cm) 40
Blanket thickness: 45 cm Cs Ds  Ermor*
1)* 3.27E-04 124 1.134
2)* 1.07E-04 1.24 1.140
3)* 1.12E+08 1.26 1.144
4)* 6.76E-05 1.24 1.155
S)y* 8.96E+16 1.26 1.178

Vacuum vessel thickness (cm) 40
Blanket thickness: 50 cm Cs Ds  Error*
1)* 2.03E-04 136 1.141
2)* 6.51E-05 137 1.162
3)* 7.08+07 139 1.109
4)* 3.92E-05 143 1.129
5)* 5.03E+16 144 1.144

Vacuum vessel thickness (cm) 40
Blanket thickness: 60 cm Cs Ds  Ermror*
1)* 9.39E-05 1.65 1.110
2)* 2.86E-05 1.68 1.122
3)* 2.97E+07 1.72 1.066
4)* 1.77E-05 174 1.103
5)* 2.34E+16 1.73 1.109

1)*: Nuclaer heating rate on the coil case (w/cm?)

2)*: Nuclaer heating rate on the winding pack (w/cm’)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?®/s) .

Error*: Maximum values of the ratio between the nuclear properties obtained by the

analytically using Eq. (3.19) to those by the Monte Carlo calculation.
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Table 3.12 (a) The values of Cb and Db in the analytical representation Eq. (3.20) on the
nuclear properties such as the nuclear heating density and the radiation damage in the TF coil
surface along the slit as an exponential function of the blanket thickness, and the required
blanket thickness Te/b to reduce the nuclear properties by one order of magnitude. The blanket
thickness is 30 - 60 cm. The blanket and the vacuum vessel shield compositions are 80 %
SS/20 % water and 60 % SS/40 % water, respectively.

Slitwidth 1cm 2 cm 3 cm
Cb Db Teib Cb Db Tev Cb Db Tev
(cm™) (cm) (cm™) (cm) (cm™) (cm)
Vacuum vessel: 20cm

1)* 7.86E-01 0.105 22.0 501E-01 0.085 272 4.07E-01 0.071 324
2)* 3.08E-01 0.108 21.4 1.91E-01 0.086 268 1.44E-01 0.070 329
3)* 2.87E+11 0.106 21.7 1.69E+11 0.082 28.0 1.32E+11 0.067 343
4)* 1.49E-01 0.105 21.9 838E-02 0.079 29.1 6.65E-02 0.064 36.1
5)* 2.77E+20 0.111 20.8 1.51E+20 0.085 27.2 1.17E4+20 0.069 334

Vacuum vessel: 30cm

1)* 2.20E-01 0.107 21.5 1.20E-01 0.082 282 9.52E-02 0.067 34.2
2)* 5.89E-02 0.104 22.1 3.43E-02 0.079 29.0 3.02E-02 0.067 345
3)* 5.78E+10 0.103 223 3.50E+10 0.078 293 2.91E+10 0.065 35.6
4)* 3.26E-02 0.104 222 1.79E-02 0.076 304 1.56E-02 0.062 36.9
5)* 5.44E+19 0.108 213 2.98E+19 0.080 287 2.51E+19 0.066 34.7

Vacuum vessel: 40cm

1)* 5.44E-02 0.106 21.7 3.10E-02 0.080 288 2.69E-02 0.067 344
2)* 1.50E-02 0.104 22.1 854E-03 0.077 299 8.24E-03 0.066 34.7
3)* 1.73E+10 0.106 21.6 843E+09 0.076 30.5 7.67E+09 0.063 36.5
4)* 8.89E-03 0.104 222 441E-03 0.073 31.7 4.26E-03 0.062 372

5)* 1.29E+19 0.105 22.0 7.10E+18 0.077 298 6.02E+18 0.063 36.4

1)*: Nuclaer heating rate on the coil case (w/cm’)

2)*: Nuclaer heating rate on the winding pack (w/cm?)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (ri/cm?/s)

Error*: Maximum values of the ratio between the nuclear properties obtained by the
analytically using Eq. (3.20) to those by the Monte Carlo calculation.
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Table 3.12 (b) The values of Cb and Db in the analytical representation Eq. (3.20) on the
nuclear properties such as the nuclear heating density and the radiation damage in the TF coil
surface along the slit-as an exponential function of the blanket thickness, and the required
blanket thickness Tc/b to reduce the nuclear properties by one order of magnitude. The blanket
‘thickness is 30 - 60 cm. The blanket and the vacuum vessel shield compositions are 80 %
SS/20 % water and 60 % SS/40 % water, respectively.

Slitwidth 4 cm 8cm
Chb Db Teb Cb Db Teb
(cm?) (cm) © (cm™) (cm)

Vacuum vessel: 20 cm

1)* 3.51E-01 0.060 383 3.48E-01 0.040 57.8
2)*. 1.29E-01 0.060 385 1.34E-01 0.040 58.2
3)* 1.23E+11 0.058 399 1.33E+11 0.038 604
4)* 6.43E-02 0.055 41.6 731E-02 0.037 63.1
5)* 1.07E+20 0.059 389 1.17E+20 0.040 58.1

Vacuum vessel: 30 cm

1)* 8.51E-02 0.056 41.0 9.90E-02 0.039 59.4
2)* 2.59E-02 0.055 420 3.32E-02 0.038 60.1
3)* 2.60E+10 0.053 43.2 3.33E+10 0.037 629
4)* 1.46E-02 0.052 44.1 1.85E-02 0.035 66.1
5)* 2.23E+19 0.055 41.6 2.779E+19 0.038 61.4

Vacuum vessel: 40 cm

1)* 227E-02 0.055 42.0 2.59E-02 0.035 65.1
2)* 6.67E-03 0.053 43.5 8.20E-03 0.035 658
3)* 6.83E+09 0.051 44.7 842E+09 0.034 67.9
4)* 3.83E-03 0.050 459 4.80E-03 0.033 703
5)* S5.08E+18 0.050 459 6.97E+18 0.035 66.7

1)*: Nuclaer heating rate on the coil case (w/ecm®)

2)*: Nuclaer heating rate on the winding pack (w/cm’)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?/s)

Error*: Maximum values of the ratio between the nuclear properties obtained by the
analytically using Eq. (3.20) to those by the Monte Carlo calculation.
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Table 3.13 (a) The values of Cv and Dv in the analytical representation Eq. (3.22) on the
nuclear properties such as the nuclear heating density and the radiation damage in the TF coil
surface along the slit as an exponential function of the vacuum vessel thickness, and the
required vacuum vessel thickness Tv to reduce the nuclear properties by one order of
magnitude. The vacuum vessel thickness is 20 - 40 cm. The blanket and the vacuum vessel
shield compositions are 80 % SS/20 % water and 60 % SS/40 % water, respectively.

Blanket: 30 cm

Slit width lcm 2 cm 3 cm

Cy Dv Ty Cv Dv Tv Cv Dv. Tv

(cm™) (cm) (cm?) (cm) (cm™  (cm)
1)* 053459 0.134 17.2 0.59153 0.132 17.5 0.66945 0.129 17.8
2)* 023535 0.146 158 0.27296 0.144 160 029688 0.139 16.6
3)*  2.08B+11 0.142 163 2.56E+11 0.141 164 2.90E+11 0.137 16.8
4%  0.11094 0.141 163 0.12909 0.137 168 0.16027 0.136 16.9
5%  1.85E4+20 0.145 159 2.12E+20 0.141 163 2.71E+20 0.142 16.2

Blanket: 45 cm

1)* 0.098083 0.139 16.5 - 0.1255 0.129 179 0.19023 0.128 18.0
2)* 0.03613 0.144 16.0 0.045702 0.132 174 0.073319 0.132 174
3)* 3.44E+10 0.14 164 493E+10 0.133 173 7.34E+10 0.131 17.6
4)* 0.016757 0.135 17.0 0.028277 0.133 173 0.041314 0.129 17.8
5)* 2.81E+19 0.141 164 4.24E+19 0.136 169 595E+19 0.131 17.5

Blanket: 60 cm

1)* 0.023513 0.136 169 0.040803 0.125 185 0.07165 0.123 187
2)* 0.008506 0.14 164 0.016291 0.13 17.7 0.033097 0.133 173
3)* 9.00E+09 0.142 16.2 1.79E+10 0.131 17.6 3.44E+10 0.131 17.6
C4)* 0.00462 0.139 16.5 0.009914 0.128 18.0 0.022433 0.134 17.2
5)* 5.67E+18 0.137 169 1.34E+19 0.13  17.7 2.87E+19 0.133 173

1)*: Nuclaer heating rate on the coil case (w/cm?)

2)*: Nuclaer heating rate on the winding pack (w/cm®)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?s)

Error*: Maximum values of the ratio between the nuclear properties obtained by the
analytically using Eq. (3.22) to those by the Monte Carlo calculation.
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Table 3.13 (b) The values of Cv and Dv in the analytical representation Eq. (3.22) on the
nuclear properties such as the nuclear heating density and the radiation damage in the TF coil
surface along the slit-as an exponential function of the vacuum vessel thickness, and the
required vacuum vessel thickness Tv to reduce the nuclear properties by one order of
magnitude. The vacuum vessel thickness is 20 - 40 cm. The blanket and the vacuum vessel
shield compositions are 80 %-SS/20 % water and 60 % SS/40 % water, respectively.

Blanket: 30 cm
Slitwidth 4cm 8cm
Cv Dv Tv Cy Dy Tv
(cm™) (cm) | (cm™) (cm)
1)* 0.81888 0.129 17.8 1.2604 0.123 18.8
2)* 0.34986 0.138 16.7 0.59723 0.133 173
3)* 3.41E+11 0.136 17.0 6.01E+11 0.132 17.5
4)* 0.18294 0.133 17.3 0.332906 0.13 17.8
5)* 3.12E+20 0.14 16.5 520E+20 0.133 173

Blanket: 45 cm
1)* 0.24986 0.124 18.5 0.61276 0.121 19.1
2)* 0.1057 0.132 17.5 0.27642 0.129 17.8
3)* 1.08E+11 0.13 17.7 2.89E+11 0.128 18.0
4)* 0.06025 0.128 18.0 0.17761 0.129 17.8
5)* 8.68E+19 0.131 17.6 249E+20 0.13 17.7

Blanket: 60 cm
1)* 0.11704 0.122 19.0 0.32977 0.116 19.8
2)* 0.048052 0.128 18.0 0.15728 0.126 183
3)* 5.08E+10 0.126 18.2 1.68E+11 0.125 184
4H*  0.029786 0.125 183 0.099323 0.124 18.6
S5)* 4.00E+19 0.126 18.2 1.35E+20 0.126 18.3

1)*: Nuclaer heating rate on the coil case (w/cm?)

2)*: Nuclaer heating rate on the winding pack (w/cm’)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?/s)

Error*: Maximum values of the ratio between the nuclear properties obtained by the
analytically using Eq. (3.22) to those by the Monte Carlo calculation.
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Table 3.14 (a) The values of Cbiv, C'biv, Dbiv and Ty in the analytical representation (3.24)
on the nuclear heating density and the radiation damage in the TF coil surface along the slit as
functions of the blanket thickness and the vacuum vessel thickness. The blanket and the
vacuum vessel shield composition are 80 % SS/20 % water and 60 % SS/40 % water,
respectively. The slit width is 1 to 8 cm.

Slit width (cm) 1
Choiv - C'oiv Db Toiv
(cm™) (cm™) (cm)
* 1.16E+01 0.134 0.106 217
2)* 6.06E+00 0.151 0.105 21.9
3)* 4.46E+12 0.140 0.105 21.9
4)* 2.41E+00 0.141 0.104 22.1
S5)* 5.76E+21 0.153 0.108 21.4
Slit width (cm) 2
Choltivv C'oltivy Dpuitrvy Tholtivy
(em™) (cm™) (cm)
1)* 7.99E+00 0.139 0.082 28.1
2)* 4.03E+00 0.155 0.081 - 285
3)* 3.30E+12 0.150 0.079 29.2
4)* 1.55E+00 0.147 0.076 304
S5)* 3.11E+21 0.153 0.081 285
Slit width (cm) 3
Chlyvv Coitivy Dblt/vv Tholtrvy
(cm™) (cm™) (cm)
1)* 5.97E+00 0.136 0.068 33.6
2)* 2.41E+00 0.143 0.068 34.0
3)* 2.21E+12 0.142 0.065 35.5
4)% 1.01E+00 - 0.137 0.063 36.7
S5)y* 2.23E+21 0.148 0.066 34.8

1)*: Nuclaer heating rate on the coil case (w/cm®)

2)*: Nuclaer heating rate on the winding pack (w/cm’)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?*/s)
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Table 3.14 (b) The values of Cbiv, C'biv, Dbiv and Tbiv in the analytical representation (3.24)
on the nuclear heating density and the radiation damage in the TF coil surface along the slit as
functions of the blanket thickness and the vacuum vessel thickness. The blanket and the
vacuum vessel shield composition are 80 % SS/20 % water and 60 % SS/40 % water,
respectively. The slit width is 1 to 8 cm.

Slit width (cm) 4
Cbiv C'biy Dbiv Toiv
(cm™) (cm™) (cm)
1)* 533E+00  0.137 0.057 40.4
2)* 2.38E+00 0.148 0.056 41.2
3)* ' 2.14E+12 0.145 0.054 42.5
4)* 1.05E+00 0.141 0.053 43.8
5)* 2.22E+21 - 0.152 0.055 42.0
Slit width (cm) 8
' Chblv C'oltv Doy Tow
(cm™) (cm™) (cm)
1)* 4.74E+00 0.130 0.038 60.6
2)* 2.19E+00 0.140 0.038 61.2
3)* 2.10E+12 0.138 0.036 63.6
4)* 1.11E+00 0.136 0.035 66.3
5)* 1.95E+21 0.141 0.037 61.9

1)*: Nuclaer heating rate on the coil case (w/cm®)

2)*: Nuclaer heating rate on the winding. pack (w/cm®)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?/s)
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Table 3.15 The values of C's, C'b, D's and D' in the analytical representations Eq. (3.28) on
the nuclear heating density and the radiation damage in the TF coil surface along the slit as
functions of the slit width and the blanket thickness. The blanket and the vacuum vessel shield
compositions are 80 % SS/20 % water and 60 % SS/40 % water, respectively. The slit widths
are 1 to 8 cm, and the blanket thicknesses are 30 to 45 cm.

Vacuum vessel thickness (cm) 20
C's C' D's D'
(cm™) (cm™) (cm™)
1)* 1.21E+00 1.21E-01 3.88E-02 4.64E-02
2)* 4.48E-01 1.23E-01 4.43E-02 4.42E-02
3)* 4.08E+11 1.21E-01 4.87E-02 4.28E-02
4y* 2.03E-01 1.18E-01 5.39E-02 4.12E-02
5)* 3.44E+20 1.22E-01 5.58E-02 3.99E-02
Vacuum vessel thickness (cm) 30
C's C'v D's D'
(cm™) (cm™) (cm™)
1)* 2.80E-01 1.19E-01 4.93E-02 4.23E-02
2)* 8.68E-02 1.19E-01 5.84E-02 3.95E-02
3)* 7.95E+10 1.17E-01 6.50E-02 3.74E-02
4)* 4.03E-02 1.14E-01 7.08E-02 3.59E-02
5)* 6.56E+19 1.17E-01 6.59E-02 3.72E-02
Vacuum vessel thickness (cm) 40 ,
C's C' D’'s D'
(ecm™) (cm™) (cm™)
1)* 8.41E-02 1.22E-01 5.19E-02 4.25E-02
2)* 1.83E-02 1.14E-01 6.82E-02 3.67E-02
3)* 1.95E+10 1.14E-01 6.71E-02 3.77E-02
4)* 9.07E-03 1.09E-01 7.81E-02 3.39E-02
S5)y* 1.44E+19 1.13E-01 6.92E-02 3.69E-02

1)*: Nuclaer heating rate on the coil case (w/cm®)

2)*: Nuclaer heating rate on the winding pack (w/cm®)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?'s)
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Table 3.16 The values of C's, C'v, D's and D'b in the analytical representations Eq. (3.29) on
the nuclear heating density and the radiation damage in the TF coil surface along the slit as
functions of the slit width and the blanket thickness. The blanket and the vacuum vessel shield
compositions are 80 % SS/20 % water and 60 % SS/40 % water, respectively. The slit widths
are 1 to 8 cm, and the blanket thicknesses are 30 to 45 cm.

Vacuum vessel thickness (cm) 20
C's C'v D's D'
(cm™) (cm™) (cm™)
1)* 2.50E-01 8.70E-02 4.14E-01 2.11E-02
2)* 9.72E-02 8.97E-02 4.20E-01 2.19E-02
3)* 8.72E+10 8.70E-02 4.43E-01 2.13E-02
4)* 4.36E-02 8.48E-02 4.73E-01 2.06E-02
5)* 9.43E+19 9.34E-02 4.13E-01 2.29E-02
- Vacuum vessel thickness (cm) 30
C's Ch D's D'
(cm™) (cm™) (cm™)
* 6.72E-02 8.81E-02 4.40E-01 2.13E-02
2)* 1.35E-02 8.00E-02 5.44E-01 1.80E-02
3)* 1.64E+10 8.29E-02 5.03E-01 1.99E-02
4y* 9.55E-03 8.36E-02 5.13E-01 2.02E-02
5)* 1.83E+19 9.04E-02 4.62E-01 2.19E-02
Vacuum vessel thickness (cm) 40
C's C'v D’ D'
(cm™) (cm™) (cm™)
D 1.30E-02 8.24E-02 5.31E-01 1.89E-02
2)* 5.27E-03 8.71E-02 5.01E-01 2.02E-02
3)* 5.90E+09 8.83E-02 4.92E-01 2.09E-02
4)* 3.39E-03 8.79E-02 4.73E-01 2.18E-02
5)* 4.38E+18 8.77E-02 4.94E-01 2.10E-02

1)*: Nuclaer heating rate on the coil case (w/cm?)

2)*: Nuclaer heating rate on the winding pack (w/cm?®)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?/s)
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Table 3.17 The values of C'siv, C"siv, C'biv, D'siv and D'viv in the analytical representations
Egs. (3.36) and (3.37) on the nuclear heating density and the radiation damage in the TF coil
surface along the slit as functions of the slit width, the blanket thickness and the vacuum
vessel thickness. The blanket and the vacuum vessel shield compositions are 80 % SS/20 %
water and60 % SS/40 % water, respectively. The slit widths are 1 to 8 cm, the blanket
thicknesses are 30 to 60 cm and the vacuum vessel thicknesses are 20 to 40 cm.

Blanket thickness (cm) 30 -45

Clsiv C'siv C'oiv D'siv D'biv

(cm™) (cm™) (cm™) (cm™)
1)* 1.67E4+01 1.33E-01 1.21E-01 4.67E-02 4.37E-02
2)* 1.08E+01 1.60E-01 1.19E-01 5.70E-02 4.02E-02
3)* 8.22E+12 1.52E-01 1.17E-01 6.03E-02 3.93E-02
4)* 445E+00 1.55E-01 1.14E-01 6.76E-02 3.70E-02
5)* 8.03E+21 1.59E-01 1.17E-01 6.36E-02 3.80E-02

Blanket thickness (cm) 45-60

Clsiv C"siv C'oiv D'siv D'biv

(cm™) (cm™) (ecm™) (cm™)
1)* 5.10E+00 1.48E-01 8.58E-02 4.62E-01 2.04E-02
2)* 1.51E+00 1.46E-01 8.56E-02 4.88E-01 2.01E-02
3)* 1.16E+12 1.35E-01 8.60E-02 4.79E-01 2.07E-02
4)* 5.17E-01 1.28E-01 &.55E-02 4.86E-01 2.08E-02
5)* 1.96E+21 1.53E-01 9.05E-02 4.56E-01 2.19E-02

1)*: Nuclaer heating rate on the coil case (w/cm®)

2)*: Nuclaer heating rate on the winding pack (w/cm®)

3)*: Absorbed dose rate in the insulator (rad)

4)*: Neutron damage in the stbilizer copper (dpa)

5)*: Fast (> 0.1 MeV) neutron fluence in the winding pack (n/cm?s)
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Helium productions in the vacuum vessel front wall surface along the slit on
the blanket composition. The blanket thickness is 60 cm, the slit width is 2 cm
and the boron content in the vacuum vessel front wall is 20 wppm.

Nuclear heating rate in the winding pack surface along the slit on the
blanket composition. The vacuum vessel shiled composition

is 60 % SS and 40 % water. The blanket and the vacuum

vessel thicknesses are 60 and 40cm, respectively, and the slit

width is 2 cm.

€ Nuclear heating density in the super-conductive magnet case surface
along the slit on the vacuum vessel shield composition.
The blanket composition is 80 % SS and 20 % water. The blanket and the vacuum
vessel thicknesses are 30 and 40cm, respectively, and the slit
width is 4 cm.




JAERI-Research 2003-014

Slit width: 1.0 cm!
== §lit width: 1.5 cm

Boron content (wppm)

= = =Slit width: 2.0 cm e~
o
: & L
i & | Condition
¢ . to satisfy
10 """ the criteria.
-
-
I |

I i f !
VAN ]| Condition .
¥ iy | tosatisfy
1 the criteria.
. !
I
|
; t :
i i
: r : .
0.1 i i | [ R

30 35 40 45 50 55 60

Blanket thickness (cm)

Fig. 3.38 Combinations of the boron content and the blanket thickness required to satisfy the shielding
design criteria. The blanket composition is 80 % SS and 20 % water. The shielding design criteria is 1 appm
for rewelding of SS, a safety factor is 1.6 and the integrated neutron wall loading is 0.3 MWa/m®. In the lower
region of each curve, the helium productions can satisfy the criteria.

Slit width (cm)

wmammes: Nuclear heating rate in the coil case
== wa @ Nuclear heating rate in the winding pack
mamaa Absorbed dose rate in the insulator
=== a Neutron damage in the stabilizer copper

===e=Neutron fluence with the energy above 0.1 MeV in the winding pack

8

LN S S B B B B B N L B B B B B B R R

Vacuum Vessel thickness: 40cm

Y

o

° P e

Blanket thickness (cm)

Fig. 339 Combinations of the slit width and the blanket thickness required to satisfy the shielding
design criteria. The blanket composition is 80 % SS and 20 % water. A safety factor is 1.6 and the
neutron wall loading and the integrated meutron wall loading are 0.7 MW/m’ and 0.3 MWa/m?,
respectively. In the lower region of each curve, the nuclear properties of the TF coil can satisfy the

criteria.




JAERI-Research 2003-014

4. Streaming through Small Circular Duct in Blanket [4.1]
4.1 Introduction

Radiation streaming through the slit between the adjacent blanket modules is
described in Chapter 3. In addition to the radiation streaming through the slit, there is a
critical concern of the shielding design about the radiation streaming through the small
circular duct in the blanket modules. In this Chapter, the radiation streaming through the small
circular duct is described.

The cooling water branch pipes are connected to each blanket module to supply and
drain the cooling water for the blanket, and they are connected to the common manifold,
which are installed inside the vacuum vessel. The small circular ducts are bored through the
face of the blanket in order to install the welding and cutting equipment for a replacement of
the blanket module. A plug is installed at the boundary between the small circular duct and the
branch pipe. The plug, which is made of stainless-steel (SS) and serves as a pressure boundary,
and the branch pipes are to be cut and rewelded during a replacement of the blanket module.

The helium productions in the plug and the branch pipe are enhanced by neutron
streaming through the small circular duct. The small circular ducts are 3 - 4 cm diameter in
the ITER design [4.2, 4.3]. As long as the helium production can fully satisfy the design limit,
it is desirable to widen the duct diameter from the view point of the maintenance process. The
helium production is therefore required to be evaluated exactly. Also, the nuclear properties in
the TF coil may be increased by neutron streaming through the small circular duct.

In this Chapter, these nuclear properties are calculated taking into account the neutron
streaming through the small circular duct by using the three dimensional Monte Carlo code,
and their analytical representations were established from the Monte Carlo results. By
changing systematically the duct diameter, the blanket thickness and the boron content in the
plug, the analytical representations of the nuclear properties along the slit are established as
functions of these parameters. The dependencies of the nuclear properties on the blanket
compositions are also clarified. The analytical formula thus-obtained is applied to clarify the
shielding design constraint required to satis{y the shielding design criteria for the DT fusion
reactor.

4.2 Calculation Method

By the same method as Chapter 3.2, the helium production and the nuclear properties in
the TF coil are calculated using the Monte Carlo code MCNP-4B ‘and the fusion evaluated
nuclear data library FENDL-1. The three dimensional Monte Carlo calculational geometry
used in the calculation is shown in Fig. 4.1 with the dimensions, and the calculational
condition is shown in Table 4.1. The cooling water branch pipes are installed inside the
blanket, and their length inside the blanket is 8 cm in ITER. Similarly to the ITER design, the
length is fixed as 8cm in the present calculation. The ITER design has been studied in the
extent of 31 to 45 cm thick blankets, 3 to 4 cm diametric ducts and 10 to 20 parts per million
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by weight (wppm) boron. In this Chapter, the Monte Carlo calculations are performed for the
conditions of the wider extent compared with the ITER conditions.

4.3 Results and Disc-ussions
4.3.1 Helium production in the cooling water pipe

In this Chapter, the helium productions are discussed in the plug of the cooling water
branch pipe along the duct. The helium productions are normalized to the integrated neutron
wall loading of 1 MWa/m?>.

4.3.1.1 Dependency on duct diameter

Some calculated results are shown in Table 4.2 with the statistical error for the 10 wppm
boron content and the 3 cm diametric duct. Dependencies on the duct diameter are shown in
Fig. 4.2 with the error bar corresponding to the range of the statistical error for boron content
in the plug of 100, 30, 10 wppm. It was found that the helium productions increased
exponentially with the duct diameter. In Chapter 3.3.4.1, it is discussed that the nuclear
properties in the TF coil along the slit increase exponentially with the slit width. Similarly to
the dependency of the nuclear properties in the TF coil along the slit on the slit width, it is
discussed that the helium productions increase exponentially with the duct diameter. The
analytical representation on the helium production along the duct can be given as a function
of the duct diameter, Xd (cm), as follows;

Yh=NPAdexp (BdXd) : 4.1).

The values of Ad and Bd obtained by the least squares fitting to Eq. (4.1) are shown in Table
4.3 for various blanket thicknesses and boron contents. The Bd values, 1/cm, are factors of a
dependency on the duct diameter. Disagreement. of the helium production -obtained by the
analytical representation (4.1) with the values in Table 4.3 is 1 to 8 % compared with those by
the Monte Carlo calculation.

4.3.1.2 Dependency on blanket thickness

Dependencies on the blanket thickness are shown in Fig. 4.3 for the 10, 30 and 100
wppm boron content. It was found that the helium productions decreased exponentially with
the blanket thickness. In Chapter 3.3.3.3, it is discussed that the helium production in the
vacuum vessel wall along the slit decreases exponentially with the blanket thickness.
Similarly to the dependency of the helium production in the vacuum vessel wall along the slit
on the blanket thickness, it is discussed that the helium production in the plug of the cooling
water branch pipe along the duct decreases exponentially with the blanket thickness. The
analytical representation on the helium production in the plug of the cooling water branch
pipe can be given as a function of the blanket thickness as follows; '
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Yh=NP Abexp (-BbXb) 4.2),
Tb = In10/Bb ' (4.3).

where Xb is the blanket thickness to the plug (cm). The values of Ab and Bb obtained by the
least squares fitting to Eq. (4.2) are shown in Table 4.4 for various duct diameters and boron
contents. The Bb values, 1/cm, correspond to the effective linear attenuation coefficient of the
blanket for the helium production in the plug of the cooling water branch pipe. Disagreement
of the helium productions obtairied by the analytical representation Eq. (4.2) with the values
in Table 4.4 is 0.1 to 7 % compared with those by the Monte Carlo calculation. The values of
Ablt and Bult almost increase exponentially with the duct diameter, and they increase linearly
with the boron content as seen in Table 4.4. The values of Tb correspond to the blanket
thickness required to reduce the helium production by one order of magnitude, and they are
also shown in Table 4.4. The larger is the boron content in steel, the larger is the thermal
neutron contribution in the helium production due to the '°B(n, o) reaction. The thermal
neutrons are generated as a result of fast neutron scattering and moderation, and the
attenuation of the thermal neutron flux in the blanket is lower compared with that of the fast
neutron flux, which may bring an increase of the Tbit values with increasing the boron
contents. Since the helium production increases with the duct diameter as shown in Chapter
4.3.1.1, in the case of the 1 cm diametric duct, about 19.0 — 19.8 cm thick blanket is required
to reduce the helium productions by one order of magnitude, but with increasing the duct
diameter to 6 cm, the values of Tbit become 21.3 — 22.9 cm.

4.3.1.3 Dependency on boron content

Dependencies on the boron content are shown in Figs. 4.4 for the 25, 35 and 45 cm thick
blankets. It was found that the helium productions increased linearly with the boron content.
The helium productions by each element are shown in Fig. 4.5 as a function of neutron energy.
The helium production caused from the thermal neutron reaction with elements except for
boron is negligibly small, therefore the helium production caused from the thermal neutron
reaction increases linearly with the boron content as mentioned in Chapter 3.3.3.2. The
analytical representation on the helium production in the plug of the cooling water branch
pipe can be given as a function of the boron content as follows;

Yr =N P (Abo + Bbo Xbo) (4.4).

The values of Avo and Bbo obtained by the least squares fitting to Eq. (4.4) are shown in Table
4.5 for various duct diameters and blanket thicknesses. Disagreement of the helium
productions obtained by the analytical representation Eq. (4.4) with the values in Table 4.5 is
less than 7 % compared with those by the Monte Carlo calculation. The values of Abo and Bbo
almost increase exponentially with the duct diameter, and they decrease exponentially with
the blanket thickness as seen in Table 4.5.
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4.3.1.4 [Establishment of analytical representation

Dependencies of the values of Ad and Bd on the blanket thickness are shown in Figs. 4.6 .

and 4.7, respectively. Similarly to Eq. (4.2), it is found that the Ad values in Eq. (4.1)
representing a function of a duct diameter also decrease exponentially with the blanket
thickness. On the other hand, it is found that the Bd values in Eq. (4.1) increase exponentially
with the blanket thickness. When the blanket becomes thicker, the difference between the
neutron flux attenuation in the bulk shield and that in the duct becomes larger, then the
dependency of helium production on the duct diameter becomes also larger. The Bd values are
factors of a dependency on the duct diameter as mentioned above, and they increase with the
blanket thickness. The Ad and Bd values can be given approximately by exponential functions
of the blanket thickness Xb as follows;

Ad=A’dexp (- Co Xb) 4.5),
Bi=B’dexp (Db Xb) (4.6).

From the analytical representation Eq. (4.1) and the formulae Egs. (4.5) and (4.6), the
analytical representation on the helium production can be given as functions of the duct
diameter Xd and the blanket thickness Xb as follows;

Yh=NPA’dexp(-CoXb)exp(B'dXdexp(DbXb)) 4.7).

The values of A’duct, Cbit, B’duct and Dbit obtained by the least squares fitting to Eq. (4.7) are
shown in Table 4.6 for boron contents of 100, 30 and 10 wppm. Disagreement of the helium
productions obtained by the analytical representation Eq. (4.7) with the values in Table 4.6 is
5 to 8 % compared with those by the Monte Carlo calculation.

Similarly to Eq. (4.4), it is found that the Ad values in Eq. (4.1) also increase linearly
with the boron content as seen in Table 4.3. The Ad values can then be given approximately as
a function of the boron content as follows;

Ad=A"d + A’bo Xbo 4.8).

On the other hand, the Bd values, which are factors of a dependency on the duct diameter,
slightly decreased with the boron content. With increasing the boron contents, the
contribution of the helium production caused from thermal neutron reaction with boron also
increases. Since the enhancement of the thermal neutron flux due to duct streaming is smaller
than that of the fast neutron flux, the dependency of helium production on the duct diameter
may decrease with increasing the boron content. Though the Bd values slightly decreased with
the boron content, they show almost constant values. The B”d values averaged for three boron
contents are then applied to all blanket thicknesses in this Chapter. From the analytical
representation Eq. (4.1) and the formula (4.8), the analytical representation on the helium
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production can be given as functions of the duct diameter Xd and the boron content Xbo as
follows;

Yh=NP (A% + A’bo Xbo) exp ( B”d Xd ) ) (4.9).

The values of A”d, A’bo and B”d obtained by the least squares fitting to Eq. (4.9) are shown in
Table 4.7 for three blanket thicknesses of 25, 35 and 45 cm. Disagreement of the helium
productions obtained by the analytical representation Eq. (4.9) with the values in Table 4.7 is
9 to 11 % compared with those by the Monte Carlo calculation.

Dependencies of the values of A”d, A’bo and B”d on the blanket thickness are shown in
Fig. 4.8. Similarly to Egs. (4.5) and (4.6), it is found that the A”d and A’bo values in Eq. (4.9)
also decrease exponentially with the blanket thickness, and the B”d values increase
exponentially with the blanket thickness. The A”d, A’bo and B”d values can be given
approximately by an exponential function of the blanket thickness Xb as follows;

A”a= A”dexp (-Cb Xb) (4.10),
A’bo= A”bo exp ( -Eb Xb ) (4.11),
B”d=B""dexp (Db Xb) (4.12).

From the analytical representation Eq. (4.9) and the formulae (4.10), (4.11) and (4.12), the
analytical representation on the helium production can be given as functions of the duct
diameter Xd, the boron content Xbo and the blanket thickness Xb as follows;

Yh=NPA”dexp(-CbXb)+ A”bo Xboexp (- EbXb))exp (B”dXdexp (Db Xb))
(4.13).

The values of A”d, C’b, A”bo, Eb, B’”d and D’b obtained by the least squares fitting to Eq.
(4.13) are shown in Table 4.8. By applying the values in Table 4.8, the helium productions
can be obtained within 8 % difference by using the analytical representation Eq. (4.13)
compared with those by the Monte Carlo calculation. The analytical representation (4.13) can
be applied with good accuracy in the range of 1 to 6 cm diametric ducts, 0.1 to 100 wppm
boron contents and 30 to 50 cm thick blankets.

4.3.2 Nuclear properties in the super-conductive magnet

Dependencies of the nuclear heating rate in the TF coil case surface along the duct on the
duct diameter are shown in Fig. 4.9 for the 35 and 45 cm thick blankets and 40 cm thick
vacuum vessel. In Chapter 3.3.4.1, it is shown that the nuclear properties in the TF coil along
the slit increase in proportion to the exponential or power functions of the slit width. On the
other hand, significant differences are not found among the 1 — 6 diametric duct for the
nuclear properties of the super conductive TF coil as seen in Fig. 4.9, though the nuclear.

— 100 —
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properties slightly increase with the duct diameter. Therefore it can be concluded that the
nuclear properties can be evaluated without taking into account the radiation streaming
through the 1 — 6 diametric duct.

4.3.3 Dependencies on the blanket composition

Dependency of the helium productions on the blanket composition is shown in Fig. 4.10.
Figure 4.10 shows the examples for the case of 45 cm thick blanket with the 3 cm diametric
duct, and the 10, 30 and 100 wppm boron contents. The horizontal axis corresponds to the
volume fraction of SS in the blanket composition. It was found that the optimized
composition to minimize the helium production in the cooling water pipe along the duct were
range from 60 % SS/40 % water to 70 % SS/30 % water. The difference between the helium
production obtained by the blanket compositions in the range from 50 % SS/50 % water to
90 % SS/10 % water and that from 60 % SS/40 % water to 70 % SS/30 % water is only 40 %.
It is therefore expected that the helium productions can be estimated within 40 % difference
for the blanket composition in the range from 50 % SS/50 % water to 90 % SS/10 % water by
using the values in Table 4.8 based on the blanket composed of 70 % SS/30 % water.

4.4 Application to Establishment of Shielding Design Constraint

The analytical representation Eq. (4.13) for the helium production as functions of the
duct diameter Xd, the boron content Xbo and the blanket thickness Xb can be applied to clarify
the shielding design constraint required to satisfy the shielding design criteria by using the
following formulae;

Yn<Lh/Sh (4.14),

where Yh, Lh and Sh are the helium production (appm) obtained by the analytical
representation Eq. (4.13), the shielding design criteria specified for rewelding and a safety
factor in the shielding calculation, respectively. Using Eq. (4.14) and the analytical
representation Eq. (4.13), the shielding design constraint can be easily selected as follows;

(A”dexp (- C'bXb) + A”bo Xboexp (- Eb Xb)) exp (B*”d Xdexp (D’b Xb) )
<Lh/(SaNP) (4.15).

The formula Eq. (4.15) is applied to the ITER shielding design with the values in Table 4.8. It
is assumed that the rewelding of SS in the cooling water branch pipe can be accomplished if
the integrated helium production is less than 3 appm. The integrated neutron wall loading of
0.5 MWa/m? is assumed in this Chapter. Similarly to Chapter 3.4.1, it is assumed that the
calculation uncertainty by MCNP with FENDL is less than 30 % for the estimation of the
helium production. Disagreement of the helium production obtained by the analytical
representation Eq. (4.13) is less than 8 % compared with that by MCNP with FENDL, then a
safety factor of 1.4, which corresponds to the value of 1.3 * 1.08, is considered in this Chapter.

— 101 —
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The values of Lh, Sh and N P applied to the shielding design are 3 appm, 1.4 and 0.5 MWa/m?,
respectively. By inputting these values into Eq. (4.15), the shielding design constraint for
combination of the duct diameter Xd, the boron content Xbvo and the blanket thickness Xb
required to satisfy the shielding design criteria can be given as shown in Fig. 4.11. If a
combination of the duct diameter and boron content exist in the lower region of each curve,
the helium production can satisfy the criteria for the respective blanket thickness. In case the 3
cm diametric duct is applied to the 25 and 35 cm thick blankets, it is found that SS with less
than 10 and 49 wppm boron contents are required to be applied, respectively. In the case of
the 45 cm thick blanket with the 100 wppm boron content, the helium production can fully
satisfy the shielding design criteria. If the SS with less than 79 wppm boron content is applied,
it is found that the duct diameter can be widen to 6 cm.

4.5 Conclusion

Three dimensional Monte Carlo calculations are performed taking into account the
radiation streaming through the small circular duct in the blanket module.

(1) The analytical representations on the helium productions in the plug of cooling water
branch pipes are established as functions of the duct diameter, the blanket thickness and
the boron content.

(2) By using the analytical representation, the helium production can be estimated within 8
difference compared with the results by the Monte Carlo calculation in the compositions
of 70 % SS/30 % water in the blanket.

(3) By using the analytical representation, the helium production can be estimated within
40 % difference compared with the results by the Monte Carlo calculation in the
compositions of 50 % SS/50 % water and 90 % SS/10 % water in the blanket.

(4) The analytical representation is applied to clarify the shielding design conditions required
to satisfy the shielding design criteria for the shielding design.

(5) Significant differences are not been found among the 1 — 6 diametric duct for the nuclear
properties in the TF coil along the duct.

(6) The analytical representation is applied to clarify the shielding design constraint required
to satisfy the shielding design criteria.

- 102 —
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Table 4.1 Calculational condition

Blanket thickness (cm) 25,35, 45
Boron content in the plug (wppm) 0.1,0.2,0.3,0.5, 1,2, 3,5, 10, 20, 30, 50, 100
Duct diameter (cm) 0,1,2,3,4,5,6
Blanket composition (%) SS/H20 = 0/100, 10/90, 20/80, 30/70, 40/60,

50/50, 60/40, 70/30, 80/20, 90/10, 100/0

Table 4.2 Calculation results for the helium production at the plug of the cooling water
branch pipe with 10 wppm boron content along the 3 cm diametric hole.

Blanket thickness Helium production Relative error
(cm) (appm)
25 4.40E+00 0.0370
35 1.38E+00 0.0391
45 4.04E-01 0.0553

Table 43  The values of Ad and Bd in the analytical representation Eq. (4.1) on the helium
production at the plug of the cooling water branch pipe along the small circular duct as a
function of the duct diameter for various blanket thicknesses and boron contents. The blanket
composition is 70 % SS and 30 % water.

Blanket thickness  Boron content Ad Bd Error*
(cm) (wppm) (appm/MWa/m?) (cm™)

25 100 1.44E+01 0.164 1.015

30 5.34E+00 0.166 1.108

10 2.58E+00 0.172 1.078

" 35 100 4.81E+00 0.176 1.032

30 1.59E+00 0.189 1.029

10 7.38E-01 0.195 1.053

45 100 1.32E+00 0.222 1.020

30 4.53E-01 0.226 1.019

10 2.01E-01 0.239 1.037

Error*: Maximum values of the ratio between the helium productions obtained by the

analytically using Eq. (4.1) to those by the Monte Carlo calculation.
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Table 44  The values of Ab and Bb in the analytical representation (4.2) on the helium
production at the plug of the cooling water branch pipe along the small circular duct as a
function of the blanket thickness for various duct diameters and boron contents, and the
required blanket thickness Tb to reduce the helium production by one order of magnitude. The
blanket composition is 70 % SS and 30 % water.

Duct diameter Boron content (wppm) Ab Bb Tb Error*
1cm 100 1.24E+02 0.116 19.8 1.045
30 4.99E+01 0.121 19.0 1.005

10 2.24F+01 0.121 19.0 1.015

3cm 100 1.60E+02 0.111 20.7 1.021
30 6.17E+01 0.114 20.1 1.024

10 3.39E+01 0.119 19.3 1.027

5cm 100 2.01E+02 0.106 21.8 1.041
30 . 7.45E+01 0.107 21.5 1.016

10 3.85E+01 0.110 21.0 1.001

6 cm 100 2.10E+02 0.101 229 1.019
30 7.59E+01 0.102 22.7 1.028

10 4.52E+01 0.108 213 1.068

Error*: Maximum values of the ratio between the helium productions obtained by the

analytically using Eq. (4.2) to those by the Monte Carlo calculation.
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Table 4.5  The values of Abo and Bbo in the analytical representation Eq. (4.4) on the
helium production at the plug of the cooling water branch pipe along the small circular duct as
a function of the boron content for various duct diameters and blanket thicknesses. The
blanket composition is 70 % SS and 30 % water.

Blanket thickness Duct diameter Abo Bbo Error*
25cm . 1cm 1.47E+00 1.55E-01 1.063
2 cm 1.82E+00 1.80E-01 1.000
3 cm 2.23E+00 2.17E-01 1.001
4 cm 2.35E+00 2.81E-01 1.001
Scm 2.96E+00 2.99E-01 1.001
. 6 cm 3.94E+00 3.43E-01 1.000
35cm lcm 3.14E-01 5.34E-02 1.004
' 2cm 3.93E-01 6.59E-02 1.063
3 cm 6.37E-01 7.45E-02 1.001
4 cm 7.35E-01 8.88E-02 1.001
Scm 8.78E-01 1.11E-01 1.001
6 cm 1.04E+00 1.26E-01 1.004
45 cm 1cm 1.01E-01 1.56E-02 1.051
A ' 2cm 1.43E-01 1.92E-02 1.010
3 cm 1.65E-01 2.41E-02 1.016
4 cm 2.49E-01 2.85E-02 1.001"
S5cm 2.92E-01 3.69E-02 1.001
6 cm 3.73E-01 4.73E-02 1.002

Error*: Maximum values of the ratio between the helium productions obtained by the

analytically using Eq. (4.4) to those by the Monte Carlo calculation.
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Table 4.6 The values of A'd, Cb, B'd and Db in the analytical representation Eq. (4.7) on the
helium production at the plug of the cooling water branch pipe along the small circular duct as
functions of the duct diameter and the blanket thickness for various boron contents. The
blanket composition is 70 % SS and 30 % water.

Boron content A'd Cb B'd Db Error*
100 wppm 1.14E+02 0.120 0.124 0.0151 1.055
30 wppm 4.38E+01 0.123 0.126 0.0155 - 1.061
10 wppm 2.28E+01 0.128 0.129 0.0165 1.080

Error*: Maximum values of the ratio between the helium productions obtained by

The analytically using Eq. (4.7) to those by the Monte Carlo calculation.

Table 4.7 The values of A"d, A'vo and B"d in the analytical representation Eq. (4.9)
on the helium production at the plug of the cooling water branch pipe along the small
circular duct as functions of the duct diameter and the boron contents for various
blanket thicknesses. The blanket composition is 70 % SS and30 % water.

Blanket thickness (cm) A'd A'bo B"d Emror*
25 1.33E+00 1.31E-01 0.167 1.098
35 2.60E-01 4.54E-02 0.187 1.104
45 8.07E-02  1.24E-02 0.234 1.107

Error*: Maximum values of the ratio between the helium productions obtained by

The analytically using Eq. (4.9) to those by the Monte Carlo calculation.

Table 4.8 The values of A”’d, C’b, A”bo, Eb, B’”d and D’b in the analytical representation Eq.
(4.13) on the helium production at the plug of the cooling water branch pipe along the small
circular duct as functions of the duct diameter, the blanket thickness and the boron contents
for various blanket thicknesses. The blanket composition is 70 % SS and30 % water.

A" C'» A"bo Eb B"d4 Db
13.3 0.14 1.01 0.118 0.126 0.0157
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Fig. 4.1 Three dimensional Monte Carlo calculational geometry used in the
study about the streaming through small circular duct in blanket.
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Fig. 4.10 Dependency of the helium production on the blanket composition at the plug of the cooling water
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3 cm, the blanket thickness is 45 cm, and the blanket thickness to the plug is 37 cm.

— 115 —




JAERI-Research 2003-014

=== Blanket thickness: 45 cm
----- Blanket thickness: 35 cm
====Blanket thickness: 25 cm
6 r g T g
N :
: \‘2 ]
SE
g \ %
: \
~~ 4 r S
£ 3 \Y
L £ )
Bt “
[ 3 :_
E 7 \
5 : \\
2 2t ]\
- E )
i \
1F A
E )
: \
o Y
Ot -t =
1 10

Boron content in plug (wppm)
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5 Nuclear Properties in the TF Coil around Large Opening Duct in
Vacuum Vessel

5.1 Introduction

Radiation streaming through the small circular duct in the blanket modules is discussed in
Chapter 4, and the nuclear properties are discussed in the blanket, the vacuum vessel and the
TF coil along the slit and duct. In addition to the small circular duct in the blanket modules,
there are large opening ducts penetrating the blanket and the vacuum vessel as shown in Figs
1.1, 2.7 and 2.8. The nuclear properties are enhanced in the TF coil adjacent to the duct by the
radiation streaming through the large opening duct in the vacuum vessel. In this Chapter, the
radiation streaming through the large opening duct in the vacuum vessel is described.

In the tokamak-type DT fusion reactor, large opening ducts are located in the confined
space between the adjacent to TF coils as mentioned in Chapter 1 [5.1 — 5.10]. These ducts are
used for the beam injection, exhausting the impurity, diagnostics, maintenance for the blanket
and divertor, and so on. Because of the space limitation due to the reactor configuration, TF
coils locate close to the duct and would be damaged by the radiation streaming through the
duct. The nuclear heating and the radiation damage in the TF coils are enhanced by the
radiation’ streaming through the duct, therefore they cause a critical concern with sound
operation of the TF coils.

In order to reduce the radiation streaming through the duct, the shield plug will be
installed inside the duct as shown in Fig. 5.1, if possible [5.9, 5.10]. The adjacent duct wall
and shield plug are separated by a few centimeter wide slits in the poloidal (vertical) and
toroidal (horizontal) directions. It is expected that the nuclear properties in the TF coil
adjacent to the duct are drastically reduced by installing the shield plug, while they are
enhanced by the radiation streaming through the slit between the duct wall and the shield plug.
Therefore in order to also reduce the radiation streaming through the slit, the step
configuration is applied to the slit, if possible [5.11, 5.12].

In this Chapter, these nuclear properties are calculated taking into account the radiation
streaming through the duct without and with the shield plug by using the three dimensional
Monte Carlo code, and their analytical representations are established from the Monte Carlo
results.

By changing systematically the calculational geometry, the peak nuclear properties in
the TF coil adjacent to the duct without the shield plug are calculated for the following
parameters;

1) the duct opening height,

'2) the duct opening width,

3) the duct wall thickness,

4) the shield thickness, which corresponds to the sum of the blanket and the vacuum vessel
thickness adjacent to the duct.

The analytical representations on the peak nuclear properties in the TF coil adjacent to the
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duct are established as functions of these parameters. Dependencies of the nuclear properties
on the duct wall and the shield compositions are also clarified. The analytical formula thus-
obtained is applied to clarify the shielding design conditions required to satisfy the shielding
design criteria for the DT fusion reactor.

Also for the duct with the shield plug, the peak nuclear properties are calculated for the
following parameters;
1) the slit width between the duct wall and the shield plug,
2) the shield plug thickness installed inside the duct opening,
3) the duct wall thickness.

The analytical representations on the peak nuclear properties in the TF coil adjacent to the
duct with the shield plug are established as functions of these parameters.

In case the step configuration is applied to the slit between the duct wall and the shield
plug, the peak nuclear properties in the TF coil adjacent to the duct are calculated for the
following parameters;

1) the step width,
2) the step thickness,
3) the step position.

Dependencies on these parameters are clarified, the effective step configuration is proposed
from view point of the shielding design.

In Chapter 5.3, the radiation streaming is described for the duct without the shield plug
inside the duct. In the case of the NBI duct, the shield plug can not be installed inside the duct
due to the direct beam injection to the plasma. In Chapter 5.4, the radiation streaming is
described for the duct with the shield plug inside the duct, and the slit between the shield plug
and the duct wall is not step configuration. In the maintenance duct, it is possible to install the
shield duct inside the duct as shown in Fig. 5.1, and the shield plug is pulled out during the
maintenance. In Chapter 5.5, the radiation streaming is evaluated for the duct with the shield
plug inside the duct, and the step configuration is applied to the slit between the shield plug
and the duct wall. Although the structural design becomes difficult in the case of application
of the step configuration, the radiation streaming through the slit is expected to be drastically
reduced.

5.2 Calculation Method

By the same method as Chapter 3.2, the nuclear properties in the TF coil are
calculated using the Monte Carlo calculation code MCNP-4B and the fusion evaluated
nuclear data library FENDL-2. The calculational geometry used in the calculation are shown
in Figs. 5.2 — 5.4. The calculational geometry is shown in Fig. 5.2 for the duct without the
shield plug. The calculational geometry is shown in Fig. 5.3 for the duct with the shield plug
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without the step configuration, and it is shown in Fig. 5.4 for the duct with the shield plug
with the step configuration. The calculational condition is shown in Table 5.1.

5.3 Duct without Shield Plug

In case the shield plug is not installed inside the duct opening, the peak nuclear
properties in the TF coil adjacent to the duct are calculated at the neutron wall loading and the
integrated one of 1 MW/m? and 1 MWa/m?, respectively, in this Chapter.

5.3.1 Dependency on duct opening height

Some calculated results are shown in Table 5.2 with the statistical error for the 50, 80,
120, 200 and 280 cm high and 80 cm wide duct openings, the 30 cm thick duct wall, and the
200 cm thick shield just adjacent to the duct. The duct wall and the shield plug are composed
of 60 % SS/40 % water and 80% SS/20 % water, respectively.

Dependencies on the duct opening height are shown in Figs. 5.5 — 5.8. Figure 5.5 shows
an example for the case of the 120 cm wide duct opening, the 20 cm thick duct wall and the
100 cm thick shield adjacent to the duct. Figure 5.6 shows an example for the case of the 160
cm wide duct opening, the 30 cm thick duct wall and the 100 cm thick shield adjacent to the
duct. Figure 5.7 shows an example for the case of the 80 cm wide duct opening, the 40 cm
thick duct wall and the 100 cm thick shield adjacent to the duct. Figure 5.8 shows an example
for the case of the 80 cm wide duct opening, the 40 cm thick duct wall and the 200 cm thick
shield adjacent to the duct. It was found that all peak nuclear properties in the TF coil adjacent
to the duct increased linearly with the duct opening height in the range of 50 — 280 cm high
duct opening. In Chapter 3.3.3.1, it is discussed that the helium productions in the vacuum
vessel wall along the slit increase linearly with the slit width between the adjacent blanket
modules due to the increase of the incident 14 MeV neutron flux to the slit. Similarly to the
dependency of the helium productions along the slit on the slit width, it is discussed that all
peak nuclear properties in the TF coil adjacent to the duct increase linearly with the duct
opening height due to the increase of the incident 14 MeV neutron flux to the duct. The
analytical representation on the nuclear properties in the TF coil adjacent to the duct can be
given as a function of the duct opening height, Xn (cm), as follows;

Ye=NP(Ch+Dh(Xn-50)) (5.1).

The values of Ch and Dh obtained by the least squares fitting to Eq. (5.1) are shown in Tables
5.3 — 5.6 for various duct opening widths, duct wall thicknesses and shield thicknesses. The
values of Cn correspond to the nuclear properties in the 50 cm high duct opening at the
neutron wall loading and the integrated one of 1 MW/m? and 1 MWa/m?, respectively.
Disagreement of the nuclear properties obtained by the analytical representation Eq. (5.1)
with the values in Tables 5.3 — 5.6 are 6 to 31, 6 to 42 and 6 to 50 % compared with those by
the Monte Carlo calculation for the 20. 30 and 40 cm thick duct walls, respeétively. The
values of Ch and Dn increase in proportion to the power function of the duct opening width,
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and they decrease exponentially with the duct wall thickness and the shield thickness adjacent
to the duct. Detailed discussions on the values of Ch and Dh are described in Chapters 5.3.2 —
53.4.

5.3.2 Dependency on duct opening width

Dependencies on the duct opening width are shown in Figs. 5.9 — 5.11. Figures 5.9 and
5.10 show the nuclear heating rate in the winding pack, the neutron damage in the stabilizer
copper, the neutron fluence of the energies above 0.1 and 1 MeV in the winding pack for the
30 cm thick duct wall, the 100 cm thick shield adjacent to the duct, and the 50 and 160 cm
high duct opening, respectively. Figure 5.11 shows the nuclear heating rate in the winding
pack for the 30 cm thick duct wall, the 200 cm thick shield adjacent to the duct, and the 50, 80
120, 200 and 280 cm high duct openings. It was found that all nuclear properties in the TF
coil adjacent to the duct increased in proportion to the power function of the duct opening
width in the range of 50 — 160 cm wide duct opening. In Chapter 3.3.4.1, it is discussed that
the nuclear prbpex’ties in the TF coil along the slit between adjacent blanket modules increase
in proportion to the power function of the slit width. Similarly to the dependency of the
nuclear properties in the TF coil along the slit on the slit width, it is discussed that the nuclear
properties in the TF coil adjacent to the duct increase in proportion to the power function of
the duct opening width. The analytical representation on the nuclear properties adjacent to the
duct can be established as a function of the duct opening width, Xw (cm), as follows;

k4

Yo= NP Cw Xw ¥ (5.2).

The values of Cw and Dw obtained by the least squares fitting to Eq. (5.2) are shown in Table
5.7 for various high duct openings, the 30 cm thick duct wall and the 100 and 200 cm thick
shields adjacent to the duct. Disagreement of the nuclear properties obtained by the analytical
representation Eq. (5.2) with the values shown in Table 5.7 is 0.6 to 9 % compared with those
by the Monte Carlo calculation.

Dependencies of the Ch and Dn values in Eq. (5.1) on the duct opening width are shown
in Fig. 5.12. Figure 5.12 shows the example of the nuclear heating rate in the winding pack
for the 20 cm thick duct wall and the 130 cm thick shield adjacent to the duct. Similarly to Eq.
(5.2), it was found that all Ch and Dn values in Eq. (5.1) also increased in proportion to the
power function of the duct opening width. The values of Ch and Dh can be given
approximately by a function of the duct opening width Xw as follows;

Ch = Chiw Xw Chiw (5-3),

Dh = Dhiw Xw 2 % (5.4).

From the analytical representation (5.1), and the formulae (5.3) and (5.4), the analytical
representation on the nuclear properties can be given as functions of the duct opening height
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Xh and the width Xw as follows;

Ye=NP ( Chiw Xow © ™ 4 Dpyw X D W (X0 =50) (5.5).

The values of Chw, C’h/w, Dhviw and D’w obtained by the least squares fitting to Eq. (5.5) are
shown in Table 5.8 for various duct wall thicknesses and shield thicknesses. Disagreement of
the nuclear properties obtained by the analytical representation Eq. (5.5) with the values
shown in Table 5.8 is 27 to 42 % compared with those by the Monte Carlo calculation.

5.3.3 Dependency on duct wall thickness

Dependency on the duct wall thickness is shown in Fig. 5.13 for various duct opening
heights, the 80 cm wide duct opening and the 130 cm thick shield adjacent to the duct. It was
found that the nuclear properties in the TF coil adjacent to the duct decreased exponentially
with the duct wall thickness. In Chapter 3.3.4.2, it is discussed that the nuclear properties in
the TF coil along the slit between the adjacent blanket modules decrease exponentially with
the blanket thickness. Similarly to the dependency of the nuclear properties in the TF coil
along the slit on the blanket thickness, it is discussed that all nuclear properties in the TF coil
adjacent to the duct decrease exponentially with the duct wall thickness. The analytical
representation on the nuclear properties can be given as a function of the duct wall thickness,
Xwa (cm), as follows;

Yc=NP Cwaexp (- DwaXwa) (5.6),
Twa = In10/Dwa (5.7).

The values of Cwa and Dwa obtained by the least squares fitting to Eq. (5.6) are shown in
Tables 5.9 for various duct opening heights, the 80 cm wide duct opening and the 130 cm
thick shield. Disagreement of the nuclear properties obtained by the analytical representation
(5.6) with the values in Tables 5.9 is 0.2 to 6 % compared with those by the Monte Carlo
calculation. The values of Twa correspond to the duct wall thickness required to reduce the
nuclear properties by one order of magnitude, and they are also shown in Tables 5.8. The Twa
values are almost constant, and they are 15 - 17 cm thickness.

Dependencies of the Ch and Dn values in Eq. (5.1) on the duct wall thickness are shown
in Fig. 5.14. Figure 5.14 shows the example of the nuclear heating rate in the winding pack
for the 80 cm wide duct opening and the 130 cm thick shield adjacent to the duct. Similarly to
Eq. (5.6), it was found that the Ch and Dn values in Eq. (5.1) also decreased exponentially
with the duct wall thickness. The values of Ch and Dn can be given approximately by an
exponential function of the duct wall thickness Xwall as follows;

Ch = Ch/wa eXp ( - C'hiwa Xwa ) (5.8),
Dh = Dh/wa exp ( - D’ hiwa Xwa ) (5.9).
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From the analytical representation Eq. (5.1), and the formulae (5.8) and (5.9), the
analytical representation on the nuclear properties can be given as functions of the duct
opening height Xn and the duct wall thickness Xwa as follows;

Ye=NP (Chwaexp (- ChwaXwa)+ Dhwaexp (-D hwaXwa)(Xnh—-50)) (5.10).

The values of Chiwa, C’hiwa, Dhiwa and D’ h/wa obtained by the least squares fitting to Eq. (5.10)
are shown in Tables 5.10 — 5.13 for various duct opening widths and the 130 and 200 cm
thick shields. Disagreement of the nuclear properties obtained by the analytical representation
Eq. (5.10) with the values shown in Tables 5.10 — 5.13 is less than 32 % compared with those
by the Monte Carlo calculation.

534 Dependency on shield thickness

Dependencies on the shield thickness are shown in Fig. 5.15 for the 80 cm wide duct
opening and the 30 cm thick duct wall. It was found that the nuclear properties in the TF coil
adjacent to the duct decreased exponentially with the shield thickness. Although most of the
peak nuclear heating rate in the TF coil winding pack adjacent to the duct are generated by the
radiation streaming through. the duct, it is expected that some of the radiation streaming
through the shield adjacent to the duct may contribute the peak nuclear heating rate. Similarly
to the dependency on the duct wall thickness shown in Chapter 5.3.3, it is expected that some
of the radiation streaming decrease exponentially with the shield thickness. Therefore, it is
discussed that the nuclear properties in the TF coil adjacent to the duct decrease exponentially
with the shield thickness. The analytical representation on the nuclear properties can be given
as a function of the shield thickness, Xsh (cm), as follows;

Yc=NP Cshexp (- Dsh Xsh ) (5.11),
Tsh = In10/Dsh (5.12).

The values of Csh and Dsh obtained by the least squares fitting to Eq. (5.11) are shown in
Table 5.14 for various duct opening heights, 80 cm wide duct opening and 30 cm thick duct
wall. Disagreement of the nuclear properties obtained by the analytical representation Eq.
(5.11) with the values shown in Table 5.14 is 0.4 to 6 % compared with those by the Monte
Carlo calculation. The Tsh values correspond to the shield thickness required to reduce the
nuclear properties by one order of magnitude, and they are also shown in Tables 5.14. The Tsh
values are 200 - 250 cm thickness. The Tsh values are much large compared with the Twa
values shown in Chapter 5.3.3 because the neutron streaming through the duct is much lower
than that through the shield adjacent to the duct as mentioned above. Therefore in order to
enhance the shielding performance, i. e. reduction of the nuclear properties in the TF coil
adjacent to the duct, it is not so effective to increase the shield thickness adjacent to the duct.
Dependencies of the Ch and Dh values in Eq. (5.1) representing on the shield thickness
adjacent to the duct are shown in Fig. 5.16. Figure 5.16 shows the example of the nuclear
heating rate in the winding pack for the 80 cm wide duct opening and the 20 cm thick duct
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wall. Similarly to Eq. (5.11), it was found that the Ch and Dn values in Eq. (5.1) also
decreased exponentially with the shield thickness. The values of Ch and Dh can be given
approximately by an exponential function of the shield thickness Xsh as follows;

Ch = Chish exp ( - C'hish Xsh ) (5.13),
Dh = Dhvsh exp (- D hish Xsh ) (5.14).

From the analytical representation Eq. (5.1), and the formulae (5.13) and (5.14), the
analytical representation on the nuclear properties can be given as functions of the duct
opening height Xh and the shield thickness Xsh as follows;

Ye=NP (Chshexp (~-C’nish Xsh )+ Dhishexp (- D’nish Xsh ) ¥ (Xh—50)) (5.15).

The values of Chish, C’wish, Divsh and D’nish obtained by the least squares fitting to Eq. (5.15)
are shown in Tables 5.15 — 5.18 for various wide duct openings, the 20 and 30 cm thick duct
walls. Disagreement of the nuclear properties obtained by the analytical representation Eq.
(5.15) with the values shown in Tables 5.15 — 5.18 is 15 to 41 % compared with those by the
Monte Carlo calculation.

5.3.5 Dependency on duct wall composition

Dependencies on the duct wall composition are shown in Fig. 5.17. Figure 5.17 shows
an example for the case of the 160 cm high and 160 cm wide duct opening, the 40 cm thick
duct wall and the 100 cm thick shield. The shield adjacent to the duct is composed of 70 %
SS/30 % water. It was found that the optimized composition to minimize the nuclear
properties were range from 60 % SS/40 % water to 80 % SS/20 % water. In Chapters 5.3.1 —
5.3.4, the analytical representations on the nuclear properties in the TF coil adjacent to the
duct as functions of the duct opening height, the duct opening width, the duct wall thickness
and the shield thickness adjacent to the duct are given for the duct wall composition of 60 %
SS/40 % water. The differences between the peak nuclear properties in the TF coil obtained
by the duct wall composition in the range from 50 % SS/50 % water to 80 % SS/20 % water
and that obtained by the duct wall composition with 60 % SS/40 % water are within 40 %. It
is therefore expected that the peak nuclear properties in the TF coil can be estimated within
40 % difference for the duct wall composition in the range from 50 % SS/50 % water to 80 %
SS/20 % water by using the established analytical representation based on the duct wall
composition in 60 % SS/40 % water.

5.3.6 Dependency on shield composition

Dependencies on the shield composition adjacent to the duct is shown in Fig. 5.18.
Figure 5.18 shows the example for the case of the 80 cm high and 80 cm wide duct opening,
the 30 cm thick duct wall and the 200 cm thick shield. The duct wall is composed of 60 % SS/
40 % water. The peak nuclear properties in the TF coil are almost constant for the shield
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composition in the range from 10 % SS/90 % water to 90 % SS/10 % water, and the
differences are within only 14 %. It can be concluded that the dependencies on the shield
composition adjacent to the duct is very little for the peak nuclear properties in the TF coil
adjacent to the duct. '

5.3.7 Application to establishment of shielding design constraint

The analytical representations Egs. (5.5), (5.10), (5.15) for the peak nuclear
properties in the TF coil adjacent to the duct can be applied to clarify the shielding design
constraint required to satisfy the shielding design criteria by using the following formulae;

Ye<lec/Sc (5.16),

Using Eq. (5.16) and the analytical representation Egs. (5.5), (5.10), (5.15), the shielding
design constraint can be easily selected as follows;

Lo/ (ScNP) = Chiw Xw C ™ 4 Dhiw (Xn =50 ) Xuwa 2 W (5.17),
Le/(ScNP)=Cwwaexp (- ChwaXwa)+ Dhiwa(Xh-50) exp (- D nwa Xwa) (5.18),
Le/(ScNP)=Chishexp (- C'hish Xsh ) + Dhish (Xh—50) exp (- D’hish * Xsh ) (5.19).

5.4 Duct with Shield Plug without Step Configuration

In case the shield plug is installed inside the duct opening with the slit between the duct
wall and the shield plug, the peak nuclear properties in the TF coil adjacent to the duct are
calculated in this Chapter.

5.4.1 Dependency on slit width

Dependencies on the slit width are shown in Figs. 5.19 — 5.21. Figures 5.19 and 5.20
show the nuclear heating rate in the winding pack, the neutron damage in the stabilizer copper,
the neutron fluence of the energies above 0.1 and 1 MeV in the winding pack for the 20 and
30 cm thick duct walls, respectively, and the 100 cm thick shield plug. Figure 5.21 shows the
nuclear heating rate in the winding pack for the 10 cm thick duct wall and the 70, 100, 130,
160 and 200 cm thick shield plugs. It was found that the peak nuclear properties in the TF coil
adjacent to the duct increased in proportion to the power function of the slit width. In Chapter
3.3.4.1, it is discussed that the nuclear properties in the TF coil along the slit between adjacent
blanket modules increase in proportion to the power function of the slit width. Similarly to the
dependency of the nuclear properties on the slit width in the TF coil along the slit, it is
discussed that the peak nuclear properties in the TF coil adjacent to the duct with the shield
plug increase in proportion to the power function of the slit width between the duct wall and
the shield plug. The analytical representation on the nuclear properties can be given as a
function of the slit width as follows;
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Ye=NPEsXs 5, (5.20).

The values of Es and Fs obtained by the least squares fitting to Eq. (5.20) are shown in Tables
5.19 — 5.22, for various duct walls and shield thicknesses. Disagreement of the nuclear
properties obtained by the analytical representations Eq. (5.20) with the values shown in
Tables 5.19 — 5.22 are 2 to 27 % compared with those by the Monte Carlo calculation. The Fs
values are almost constant, therefore the more handy analytical representation on the nuclear
properties can be given as a function of the slit width as follows;

Ye=NPE:s Xs2!, (5.21).

Disagreement of the nuclear properties obtained by the analytical representation Eq. (5.21)
with the values in Tables 5.19 — 5.22 within are 5 to 45 % compared with those by the Monte
Carlo calculation.

5.4.2 Dependency on duct wall thickness

Dependency on the duct wall thickness is shown in Fig. 5.22. Figure 5.22 shows the
nuclear heating rate in the TF coil winding pack for the 80 cm high duct opening and the 100
cm thick shield plug. It was found that the nuclear properties in the TF coil adjacent to the
duct decreased exponentially with the duct wall thickness. The analytical representation on
-the nuclear properties in the TF coil can be given as a function of the duct wall thickness as
follows;

Yc=NPEwa exXp ( - Fwa Xwa) (5.22),
Twa =1n10/Fwa \ (5.23).

The values of Ewa and Fwa obtained by the least squares fitting to Eq. (5.22) are shown in
Table 5.22 for various slit widths and the 100 cm thick shield plug. Disagreement of the peak
nuclear properties obtained by the analytical representation Eq. (5.22) with the values shown
in Table 5.23 is 0.2 to 10 % compared with those by the Monte Carlo calculation. The Twa
values correspond to the duct wall thickness fequired to reduce the nuclear properties by one
order of magnitude, and they are also shown in Table 5.23. The Twa values are almost
constant values, and they are 16 - 18 cm thickness.

Dependency of the Es values in Eq. (5.21) on the duct wall thickness is shown in Fig.
5.23. Figure 5.23 shows the example of the nuclear heéting rate in the winding pack for the 80
cm high duct opening and the 70 and 100 cm thick shield adjacent to the duct. Similarly to Eq.
(5.22), it is found that the Es values in Eq. (5.21) also decrease exponentially with the duct
wall thickness. The Es values can be given approximately by an exponential function of the
duct wall thickness Xwa as follows;
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Es = Esiwa exp ( - Fsiwa Xwa) (5.24),

From the analytical representation Eq. (521) and the formula (5.24), the analytical
representation on the nuclear properties in the TF coil can be given as functions of the slit
width Xs and the duct wall thickness Xwa as follows;

Yc=NP Esiwa exp ( - Fs'wa Xwa ) st‘l ) (5.25).

The Esiwa and Fywa values obtained by the least squares fitting to Eq. (5.25) are shown in
Table 5.24 for the 70 and 100 cm thick shield plugs. Disagreement of the peak nuclear
properties obtained by the analytical representation Eq. (5.25) with the values shown in Table
5.24 are 50 and 22 % compared with those by the Monte Carlo calculation for the 70 and 100
cm thick shield plugs, respectively.

5.4.3 Dependency on shield plug thickness

Dependencies on the shield plug thickness installed inside the duct opening is shown in
Fig. 5.24. Figure 5.24 shows the peak nuclear heating rate in the winding pack for the case of
the 80 cm high duct opening and the 10 cm thick duct wall. It was found that the peak nuclear
heating rate on the TF coil winding pack adjacent to the duct decreased exponentially with the
shield plug thickness. The analytical representation on the nuclear heating rate in the TF coil
winding pack can be given as a function of the shield plug thickness, Xp (cm), as follows;

Ye=NPEpexp(-FpXp) (5.26),
Tp =1nl10/Dp (5.27).

The values of Ep and Fp obtained by the least squares fitting to Eq. (5.26) are shown in Table
5.25 for various slit widths. Disagreement of the peak nuclear heating rate in the - TF coil
winding pack obtained by the analytical representation Eq. (5.26) with the values shown in
Table 5.25 is 0.3 to 15 % compared with those by the Monte Carlo calculation results. The Tp
values correspond to the shield plug thickness required to reduce the nuclear properties by one
order of magnitude, and they are also shown in Table 5.25. The Tp values are about 220 to
© 290 cm, and they are larger than the Twa values shown in Eq. (5.23) by more than one order of
magnitude.

Similarly to Eq. (5.26), the Es values in Eq. (5.21) also decrease exponentially with the
shield plug thickness as seen in Table 5.18. The Es values can be given approximately by an
exponential function of the shield plug thickness Xp as follows;

Es = Esip exXp (-FsipXp) (5.28).

From the analytical representation Eq. (5.26) and the formula (5.28), the analytical
representation on the nuclear heating rate in the TF coil winding pack can be given as
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functions of the slit width Xs and the shield plug thickness Xp as follows;
Ye=NPEspexp (- Fop Xp) Xso ', (5.29).

The Es/p and Fs/p values obtained by the least squares fitting to Eq. (5.29) are 1.2 x 10” and

1.12 x 10'2, respectively, in the 10 cm thick duct wall. Disagreement of the peak nuclear
heating rate in the TF coil winding pack obtained by the analytical representation Eq. (5.29)
with these values is less than 38 % compared with those by the Monte Carlo calculation.

5.5 Duct with Shield Plug with Step Configuration

In case the shield plug is installed inside the duct opening and the step configuration is
applied to the slit between the duct wall and the shield plug, the peak nuclear properties in the
TF coil adjacent to the duct are calculated in this Chapter.

5.5.1 Dependency on step width

Dependency on the step width is shown in Fig. 5.25. Figure 5.25 shows the peak nuclear
heating rate in the winding pack for the 80 cm high duct opening, the 100 cm thick shield
plug, the 20 cm thick duct wall and the 200 cm thick shield adjacent to the duct. The
horizontal axis corresponds to the ratio of the step width to the slit width. The step
configuration is installed in the middle of the shield plug, i. e. 50 cm thickness in the shield
plug, and the step thickness equals to the slit width. The nuclear properties in the TF coil
adjacent to the duct are drastically reduced by applying the step configuration to the slit. The
nuclear properties in the TF coil decrease with the step widths. It was found that the nuclear
properties in the TF coil showed constant values when the step width was more than four
times larger than the slit width. By installing the step width more than four times larger than
the slit width, the nuclear properties are reduced to be the values of about 1/30 compared with
those without step configuration in the case of 100 cm thick shield plug.

5.5.2 Dependency on step thickness

Dependencies on the step thickness are shown in Figs. 5.26 — 5.30 for the 80 cm high
duct opening, the 100 cm thick shield plug, the 20 cm thick duct wall and the 200 cm thick
shield adjacent to the duct. The step configuration is installed in the middle of the shield plug,
i. e. 50 cm thickness in the shield plug. Figures 5.26 and 5.27 show dependencies of the
nuclear heating rate in the TF coil winding pack for the 2 and 3 cm wide slits, respectively.
Figure 5.28, 5.29 and 5.30 show dependency of the neutron damage in the stabilizer copper,
that of the neutron fluence of the energy above 0.1 MeV and that above 1 MeV in the 3 cm
wide slits, respectively. These figures show the example for the step width of same width as
the slit width and that of four times of the slit width. It was found that dependencies on the
step thickness are much smaller compared with those on the step width, though the nuclear
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properties slightly increased with the step thicknesses.
5.5.3 Dependency on step position

Dependency on the step position is shown in Fig. 5.31 for the 80 cm high duct opening,
the 100 cm thick shield plug, the 20 cm thick duct wall and the 200 cm thick shield adjacent
to the duct. The step widths are 2, 3, 4 and 6 cm. The step configuration is installed in the
positions with 1/4, 1/2, 3/4 of the shield plug thickness, i. e. 25, 50, 75 cm distances from the
shield plug surface, respectively. The step widths are four times of the slit widths, and the step
thicknesses equal to the slit widths. The horizontal axis corresponds to the ratio of the shield
thickness to the step position, which is the distance from the shield plug surface to the step
position, to the shield plug thickness. The values of O and 1 correspond to the shield plug
without the step configuration in the horizontal axis, and those of 0.25, 0.5 and 0.75
correspond to the step position with 1/4, 1/2, 3/4 of the shield plug thickness, respectively.
The peak nuclear heating rates in the winding pack in the step configuration installed in the
positions with 1/2 of the shield plug thickness are lower that those with 1/4 and 3/4 of the
shield plug thickness by factors of 3 — 6. It was found that the peak nuclear properties were
minimized ones by installing the step configuration at the middle of the shield plug. It can be
concluded that applying the step at the middle of-the shield plug is optimized position from
the view point of the shielding design.

5.6 Conclusion

Three dimensional Monte Carlo calculations are performed taking into account the
radiation streaming through the large opening duct penetrating the blanket and the vacuum
vessel, and the peak nuclear properties in the TF coil adjacent to the duct are calculated.

1) For case the shield plug is not installed in the duct opening, the analytical representations
on the peak nuclear properties are established as functions of the duct opening height, the
duct opening width, the duct wall thickness and the shield thickness adjacent to the duct.

2) Dependencies on the duct wall and the shield composition adjacent to the duct are also
clarified. It was found that the peak nuclear properties were almost constant for the shield
composed of the region of 10 % SS/90 % water to 90 % SS/10 % water.

3) For case the shield plug is installed in the duct opening, the slit is installed between the
duct wall and the shield plug installed in the duct, and the step configuration is not applied
to the slit, the analytical representations on the nuclear properties in the TF coil adjacent
to the duct are established as functions of the slit width, the duct wall thickness, the shield
plug thickness. A

4) For the application of the step configuration to the slit, dependencies on the step width,
the step thickness and the step position are clarified.

5) The nuclear iaroperties are drastically reduced by applying the step configuration to the slit
between the shield plug and the duct wall.
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6) It can be concluded that applying the step configuration with the step width of four times
of the slit width at the middle of the shield plug is most effective from the view point of

the shield design.
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Table 5.1 Calculation conditions

Duct opening height (cm) 50, 60, 70, 80, 100, 120, 160, 200, 240, 280
Duct opening width (cm) 50, 80, 120, 160, 200
Duct wall thickness (cm) 10, 20, 30, 40
Shield thickness adjacent to the duct (cm) 100, 130, 200
Slit width between the shield 1,2,3,4,5,6,8
plug and the dcut wall (cm)
Shiel plug thickness installed in the duct(cm) 70, 100, 160, 130, 200
Step width in the slit (times to the slit width) - 0.5,10,1.1,13,1.5,1.7, 1.9, 2.0,
2.5,3.0,3.5,4.0,4.5,5.0,5.5,6.0
Step thickness in the slit (cm) 1,2,3,4,5,6
' Step position 0.25, 0.50, 0.75

(ratio of the thickness from the shield
plug surface to the shield plug thickness)
Duct wall composition (%) SS/H20 = 0/100, 10/90, 20/80, 30/70, 40/60,
50/50, 60/40, 70/30, 80/20, 90/10, 100/0
Shield composition adjacent to the duct(%) SS/H20 = 0/100, 10/90, 20/80, 30/70, 40/60,
50/50, 60/40, 70/30, 80/20, 90/10, 100/0
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Table 5.2 Calculation results for the nuclear properties in the TF coil surface with the 45 cm
thick blanket and 40 cm thick vacuum vessel. (Neutron wall loading: 1IMW/m?, Integrated
neutron wall loading: 1MWa/m?)

Duct opening height ~ Nuclear heating rate in the coil case  Statistical error

(cm) (w/cm?®)
50 6.97E-05 0.0763
80 1.68E-04 0.0458
120 2.90E-04 0.0315
200 5.76E-04 0.0450
280 7.11E-04 0.0321
Duct opening height Fast (> 0.1 MeV) neutron fluence  Statistical error
(cm) in the winding pack (n/cm?)
50 5.98E+16 0.0427
80 1.45E+17 0.0408
120 2.59E+17 0.0358
200 - 4.69E+17 0.0321
280 6.59E+17 0.0324
Duct opening height Fast (> 0.1 MeV) neutron fluence  Statistical error
(cm) in the winding pack (n/cm?)
50 1.12E+16 0.0530
80 2.83E+16 0.0551
120 4.43E+16 0.0420
200 8.22E+16 0.0429
280 1.06E+17 0.0410
Duct opening height ~Neutron damage in the stbilizer copper Statistical error
(cm) (dpa)
50 3.81E-05 0.0437
80 9.25E-05 0.0439
120 1.61E-04 0.0335
200 2.98E-04 0.0324
280 4.03E-04 0.0316
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Table 53 (a) The values of Ch and Dn in the analytical representation Eq. (5.1) on the
nuclear heating rate in the winding pack in the TF coil just adjacent to the duct as a function

of the duct opening height. The duct wall and the shield compositions are 60 % SS and 40 %

water and 70 % SS and 30 % water, respectively.

Duct wall thickness: 20 cm

Duct opening width (cm) Shield thickness (cm) Ch Dh Error*
50 100 3.02E-04 7.96E-06 1.122
130 2.03E-04 5.63E-06 1.194
200 8.66E-05 2.88E-06 1.242
80 100 6.32E-04 1.94E-05 1.108
130 4.54E-04 1.40E-05 1.127
200 1.77E-04 7.42E-06 1.187
120 100 1.17E-03 3.75E-05 1.145
130 8.71E-04 2.92E-05 1.138
200 3.87E-04 1.44E-05 1.128
160 100 1.96E-03 5.31E-05 1.130
130 1.67E-03 4.62E-05 1.116
200 6.46E-04 2.29E-05 1.167
Duct wall thickness: 30 cm
Duct opening width (cm) Shield thickness (cm) Ch Dnh Error*
50 100 7.29E-05 1.79E-06
130 5.21E-05 1.22E-06 1.167
200 2.31E-05 7.22E-07 1.403
80 100 1.37E-04 4.54E-06 1.084
130 1.15E-04 3.13E-06 1.235
200 5.21E-05 1.76E-06 1.226
120 100 2.93E-04 8.60E-06 1.283
130 2.39E-04 6.56E-06 1.292
200 1.42E-04 3.37E-06
160 100 3.96E-04 1.42E-05 1.053
130 3.37E-04 1.21E-05 1.068
200 1.81E-04 6.30E-06 1.136

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the

analytically using Eq. (5.1) to those by the Monte Carlo calculation.
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Table 5.3 (b) The values of Ch and Dn in the analytical representation Eq. (5.1) on the
nuclear heating rate in the winding pack in the TF coil just adjacent to the duct as a function
of the duct opening height. The duct wall and the shield compositions are 60 % SS and 40 %

water and 70 % SS and 30 % water, respectively.

Duct wall thickness: 40 cm

Error*

Duct opening width (cm) Shield thickness (cm) Ch Dn
50 130 1.09E-05 3.24E-07 1.338
200 5.92E-06 1.81E-07 1.244
80 100 3.47E-05 9.23E-07 1.245
130 2.52E-05 8.13E-07 1.245
200 1.43E-05 4.42E-07 1.142
120 100 7.06E-05 1.84E-06 1.341
‘ 130 6.41E-05 1.57E-06
200 4.08E-05 9.21E-07 1.464
160 100 1.11E-04 3.47E-06 1.067
130 1.02E-04 2.72E-06 1.230
200 5.50E-05 1.70E-06 1.061

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the

analytically using Eq. (5.1) to those by the Monte Carlo calculation.
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Table 5.4 (a) The values of Ch and Dn in the analytical representation Eq. (5.1) on the
neutron fluence of the energy above 0.1 MeV in the winding pack in the TF coil just adjacent

to the duct as a function of the duct opening height. The duct wall and the shield compositions
are 60 % SS and 40 % water and 70 % SS and 30 % water, respectively.

Duct wall thickness: 20 cm

Duct opening width (cm) Shield thickness (cm) Ch Dh Error*
50 100 3.27E+17 8.02E+15 1.166
130 1.73E+17 5.63E+15 1.095
200 6.80E+16 2.61E+15 1.137
80 100 6.60E+17 2.06E+16 1.126
130 4.50E+17 1.45E+16 1.109
‘ 200 1.59E+17 6.57E+15 1.067
120 ' 100 1.21E+18 4.18E+16 1.084
130 9.16E+17 3.04E+16 1.065
200 3.76E+17 1.41E+16 1.075
160 100 2.04E+18 5.87E+16 1.141
130 1.82E+18 4.84E+16 1.184
200 6.07E+17 2.34E+16 1.114
Duct wall thickness: 30 cm
Duct opening width (cm) Shield thickness (cm) Ch Dnh Error*
50 100 7.14E+16 1.66E+15 1.317
130 4.39E+16 1.20E+15 1.167
80 100 1.29E+17 4.45E+15 1.061
130 1.03E+17 3.12E+15 1.233
200 4.38E+16 1.51E+15 1.120
120 100 2.61E+17 9.66E+15 1.086
130 2.22E+17 6.90E+15 1.156
200 1.13E+17 3.35E+15 1.194
160 100 4.14E+17 1.55E+16 1.075
130 3.57E+17 1.27E+16 1.064
200 1.85E+17 6.00E+15 1.144

Error*: Maximum values of the ratio between the neutron fluence obtained by the analytically

using Eq. (5.1) to those by the Monte Carlo calculation.
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Table 5.4 (b) The values of Ch and Dn in the analytical representation Eq. (5.1) on the
neutron fluence of the energy above 0.1 MeV in the winding pack in the TF coil just adjacent

to the duct as a function of the duct opening height. The duct wall and the shield compositions
are 60 % SS and 40 % water and 70 % SS and 30 % water, respectively.

Duct wall thickness: 40 cm '

Duct opening width (cm) Shield thickness (cm) Ch Dn Error*
50 130 9.32E+15 3.43E+14 1.229
200 4.01E+15 1.60E+14 1.272

80 100 4.06E+16 8.53E+14 1.262
130 2.52E+16 7.47E+14 1.263

120 100 6.37E+16 2.06E+15 1.138
130 5.89E+16 1.69E+15 1.202

200 3.16E+16 9.11E+14 1.279

160 100 1.11E+17 3.61E+15 1.131
130 9.62E+16 2.69E+15 1.243

200 5.76E+16 1.58E+15 1.324

Error*: Maximum values of the ratio between the neutron fluence obtained by the analytically

using Eq. (5.1) to those by the Monte Carlo calculation.
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Table 5.5 (a) The values of Ch and Dn in the analytical representation Eq. (5.1) on the
neutron fluence of the energy above 1 MeV in the winding pack in the TF coil just adjacent to
the duct as a function of the duct opening height. The duct wall and the shield compositions
are 60 % SS and 40 % water and 70 % SS and 30 % water, respectively.

Duct wall thickness: 20 cm

Duct opening width (cm) Shield thickness (cm) Ch Dh Error*
50 100 6.89E+16 1.53E+15 1.224
130 3.52E+16 1.02E+15 1.085

200 1.46E+16 4.14E+14 1.302

80 100 1.51E+17 4.21E+15 1.130
130 1.05E+17 2.6436E+15 1.145

200 3.19E+16 1.12E+15 1.126

120 100 3.06E+17 8.24E+15 1.182
130 2.30E+17 5.78E+15 1.155

200 7.66E+16 2.40E+15 1.125

160 100 4.74E+17 1.18E+16 1.171
200 1.26E+17 4.26E+15 1.169

Duct wall thickness: 30 cm

Duct opening width (cm) Shield thickness (cm) Ch Dn Error*
50 100 1.36E+16 3.31E+14 1.285
130 8.54E+15 2.31E+14 1.239

200 3.94E+15 1.02E+14 1.413

80 100 3.01E+16 8.58E+14 1.154
130 2.36E+16 5.99E+14 1.279

200 9.32E+15 2.74E+14 1.167

120 100 5.67E+16 1.98E+15 1.067
130 5.22E+16 1.34E+15 1.248

200 2.28E+16 6.45E+14 1.140

160 100 0.42E+16 3.21E+15 1.110
130 8.43E+16 2.50E+15 1.077

200 4.05E+16 1.12E+15 1.165

Error*: Maximum values of the ratio between the neutron fluence obtained by the analytically
using Eqg. (5.1) to those by the Monte Carlo calculation.
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Table 5.5 (b) The values of Ch and Dn in the analytical representation Eq. (5.1) on the
neutron fluence of the energy above 1 MeV in the winding pack in the TF coil just adjacent to

the duct as a function of the duct opening height. The duct wall and the shield compositions
are 60 % SS and 40 % water and 70 % SS and 30 % water, respectively.

Duct wall thickness: 40 cm

Duct opening width (cm) Shield thickness (cm) Ch Dn Error*
50 130 2.47E+15 6.46E+13 1.496
200 9.44E+14 2.90E+13 1.403

80 100 8.89E+15 1.48E+14 1.388
130 6.03E+15 1.39E+14 1.343

200 2.89E+15 6.83E+13 1.382

120 100 1.40E+16 3.86E+14 1.263
130 1.24E+16 3.23E+14 1.174

200 7.56E+15 1.67E+14 1.477

160 100 2.64E+16 6.96E+14 1.298
130 2.28E+16 - 5.23E+14 1.327

200 1.23E+16 3.15E+14 1.326

Error*: Maximum values of the ratio between the neutron fluence obtained by the analytically

using Eq. (5.1) to those by the Monte Carlo calculation.
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Table 5.6 (a) The values of Ch and Dn in the analytical representation Eq. (5.1) on the

neutron damage in the winding pack stabilizer copper in the TF coil just adjacent to the duct

as a function of the duct opening height. The duct wall and the shield compositions are 60 %

SS and 40 % water and 70 % SS and 30 % water, respectively.

Duct wall thickness: 20 cm

Duct opening width (cm) Shield thickness (cm) Ch Dn Error*
50 100 2.29E-04 5.28E-06 1.164
130 1.19E-04 3.59E-06 1.100
200 - 4.50E-05 1.60E-06 1.182
80 100 4.90E-04 1.39E-05 1.130
130 3.26E-04 9.45E-06 1.093
200 1.04E-04 4.09E-06 1.090
120 100 9.39E-04 2.79E-05 1.117
130 6.97E-04 2.03E-05 1.100
200 2.51E-05 8.80E-07 1.092
160 100 1.53E-03 4.03E-05 1.147
130 1.35E-03 3.34E-05 1.152
200 4.08E-04 1.50E-05 1.120
Duct wall thickness: 30 cm
Duct opening width (cm) Shield thickness (cm) Ch Dn Error*
50 100 4.72E-05 1.12E-06 1.317
130 2.97E-05 7.78E-07 1.194
200 1.28E-05 3.60E-07 1.352
80 100 9.47E-05 2.96E-06 1.098
130 7.43E-05 2.04E-06 1.256
200 3.00E-05 9.65E-07 1.137
120 100 1.91E-04 6.51E-06 1.120
130 1.65E-04 4.60E-06 1.188
200 7.64E-05 2.18E-06 1.185
160 100 3.12E-04 1.04E-05 1.074
130 2.66E-04 8.60E-06 1.076
200 1.29E-04 3.95E-06 1.157

Emror*: Maximum values of the ratio between the neutron damage obtained by the

analytically using Eq. (5.1) to those by the Monte Carlo calculation.
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Table 5.6 (b) The values of Ch and Dh in the analytical representation Eq. (5.1) on the
neutron damage in the winding pack stabilizer copper in the TF coil just adjacent to the duct
as a function of the duct opening height. The duct wall and the shield compositions are 60 %
SS and 40 % water and 70 % SS and 30 % water, respectively.

40 cm
Duct wall thickness
Duct opening width (cm) Shield thickness (cm) Cheight Dheight Error*
50 130 6.78E-06 2.10E-07 1.252
200 2.98E-06 9.95E-08 1.348
80 100 2.85E-05 5.48E-07 1.328
130 1.86E-05 4.85E-07 1.281
200 8.47E-06 2.40E-07 1.298
120 100 4.63E-05 1.35E-06 1.213
130 3.97E-05 1.12E-06 1.159
200 2.29E-05 5.89E-07 1.371
160 100 7.89E-05 2.53E-06 1.144
130 7.10E-05 1.80E-06 1.265
200 3.96E-05 1.07E-06 1.287

Error*: Maximum values of the ratio between the neutron damage obtained by the

analytically using Eq. (5.1) to those by the Monte Carlo calculation.
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Table 5.7 The values of Cw and Dw in the analytical representation Eq. (5.2) on the nuclear
properties in the TF coil just adjacent to the duct as a function of the duct opening height.
The duct wall and the shield compositions are 60 % SS and 40 % water and 70 % SS and
30 % water, respectively.

Duct opening height (cm) Shield thickness (cm) Cw Dw Error*
Nuclear heating rate in the winding pack
50 100 1.10E-07 1.61 1.055
80 200 3.65E-08 1.82 1.038
120 200 5.66E-08 1.84 1.017
160 100 4.92E-07 1.66 1.046
200 100 4.92E-07 1.66 1.046
200 1.33E-07 1.79 1.006
280 ' 200 1.22E-07 1.86 1.039
Neutron damage (DPA) in the stbilizer copper
160 100 1.93E-07 1.78 1.060
Fast (> 0.1 MeV) neutron fluence in the winding pack
160 100 3.19E+14 1.75 1.069
Fast (> 1 MeV) neutron fluence in the winding pack
160 100 6.16E+16 1.74 1.083

Error*: Maximum values of the ratio between the nuclear properties obtained by the
analytically using Eq. (5.2) to those by the Monte Carlo calculation.
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Table 5.8 The values of Cw, C hiw, Dhw and D’ vw in the analytical representation Eq. (5.5)
on the nuclear properties in the TF coil just adjacent to the duct as functions of the duct
opening height and the duct opening width. The duct wall and the shield compositions are
60 % SS and 40 % water and 70 % SS and 30 % water, respectively.

Shield thickness (cm) Chiw C'hiw Dh/w D'hw Error*
Nuclear heating rate in the winding pack

100 . 2.00E-07 1.50 1.86E-09 1.76 1.340

200 1.61E-08 1.86 5.62E-10 1.83 1.413
Neutron damage (DPA) in the stbilizer copper

100 7.83E-08 1.630 6.12E-10 1.93 1.297
Fast (> 0.1 MeV) neutron fluence in the winding pack

100 1.74E+14 1.527 9.07E+11 1.93 1.278
Fast (> 1 MeV) neutron fluence in the winding pack

100 2.13E+13 1.652 1.50E+11 1.97 1.295

Error*: Maximum values of the ratio between the nuclear properties obtained by the
analytically using Eq. (5.5) to those by the Monte Carlo calculation.

Table 5.9  The values of Cwa and Dwa in the analytical representation Eq. (5.6) on the
nuclear heating rate on the winding pack in the TF coil just adjacent to the duct as a function
of the duct wall thicknessfor the80 cm wide duct opening and the 130 cm thick shield
adjacent to the duct, and the required duct wall thickness Twa to reduce the nuclear heating
rate by one order of magnitude. The duct wall and the shield compositions are 60 % SS and
40 % water and 70 % SS and 30 % water, respectively.

Duct opening height (cm) Cwa Dwa Twa Error*
50 8.86E-03 0.152 15.1 1.002

80 1.85E-02 0.152 15.2 1.044

120 2.58E-02 - 0.142 16.2 1.017

200 4.50E-02 0.142 16.3 1.016

280 6.26E-02 0.145 15.9 1.056

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the
analytically using Eq. (5.6) to those by the Monte Carlo calculation code.
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Table 5.10 The values of Chiwa, C'nwa, Dhiwa and D'n/wa in the analytical representation Eq.
(5.10) on the nuclear heating rate in the TF coil winding pack adjacent to the duct as functions
of the duct opening height and the duct wall thickness. The duct wall and the shield
compositions are 60 % SS and 40 % water and 70 % SS and 30 % water, respectively.

Duct opening width (cm) Shield thickness (cm) Cwwa  C'wwa  Dhiwa  D'hiwa

50 . 130 3.91E-03 0.146 9.46E-05 0.143
200 1.28E-03 0.134 4.58E-05 0.138
Duct opening width (cm) Shield thickness (cm) Ch/wa  C'wwa Dhwa  D'hiwa
80 130 © 837E-03 0.145 2.35E-04 0.142
Duct opening width (cm) Shield thickness (cm) Ch/wa  C'wwa Dhwa  D'hiwa
120 130 1.19E-02 0.130 537E-04 0.146
: 200 3.82E-03 0.112 2.18E-04 0.137

Duct opening width (cm) Shield thickness (cm) Ch/wa  C'wwa Dhiwa  D'nhwa
160 130 2.56E-02 0.140 8.05E-04 0.142
200 7.49E-03 0.123 3.12E-04 0.130

Table 5.11 The values of Chiwa, C'h/wa, Dh/iwa and D'wa in the analytical representation Eq.
(5.10) on the neutron fluence of the energy above 0.1 MeV in the winding pack in the TF coil
adjacent to the duct as the function of the duct opening height and the duct wall thickness.
The duct wall and the shield compositions are 60 % SS and 40 % water and 70 % SS and
30 % water, respectively.

Duct opening width (cm) Shield thickness (cm)  Ch/wa C'hiwa Dhiwa D'hiwa
80 130 7.95E+18 0.144 2.76E+17 0.148
120 130 1.40E+19 0.137 5.40E+17 0.144

Table 5.12 The values of Chiwa, C'wwa, Dh/wa and D'n/iwa in the analytical representation Eq.
(5.10) on the neutron fluence of the energy above 1 MeV in the winding pack in the TF coil
adjacent to the duct as the function of the duct opening height and the duct wall thickness. The
duct wall and the shield compositions are 60 % SS and 40 % water and 70 % SS and 30 %
water, respectively.

Duct opening width (cm) Shield thickness (cm)  Chiwa C'hiwa Dh/wa D'h/wa
80 130 1.79E+18 0.143 5.01E+16 0.147
120 130 4.23E+18 0.146 1.03E+17 0.144
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. Table 5.13 The values of Chiwa, C'h/iwa, Dh/iwa and D'wwa 1n the analytical representation Eq.
(5.10) on the neutron damage in the stabilizer copper on the winding pack in the TF colil
adjacent to the duct as functions of the duct opening height and the duct wall thickness. The
duct wall and the shield compositions are60 % SS and 40 % water and 70 % SS and 30 %
water, respectively.

Duct opening width (cm) Shield thickness (cm)  Ch/wa C'hiwa Dhiwa  D'hiwa
80 130 5.62E-03 0.143 1.81E-04 0.148
120 130 1.22E-02 0.143 3.64E-04 0.145

Table 5.14 The values of Csh and Dsh in the analytical representation Eq. (5.11) on the
nuclear heating rate in the TF coil winding pack adjacent to the duct as a function of the shield
thickness for the 80 cm wide duct opening and the 30 cm thick duct wall, and the required
shield thickness Tsh adjacent to the duct to reduce the nuclear heating rate by one order of
magnitude. The duct wall and the shield compositions are 60 % SS and 40 % water and
70 % SS and 30 % water, respectively.

Duct opening height (cm) Csh Dsh Tsh Error*
50 3.90E-04 1.11E-02 208 1.004
80 6.82E-04 9.46E-03 243 1.017
120 1.28E-03 9.72E-03 237 1.023
200 2.16E-03 937E-03 246 1.010
280 2.79E-03 9.37E-03 246 1.053

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the
analytically using Eq. (5.11) to those by the Monte Carlo calculation

— 143 —




JAERI-Research 2003-014

Table 5.15 The values of Chish, C'ish, Dhish and D'wsh in the analytical representation Eq.
(5.15) on the nuclear heating rate in the TF coil winding pack adjacent to the duct as functions
of the duct opening height and the shield thickness. The duct wall and the shield compositions
are60 % SS and 40 % water and 70 % SS and 30 % water, respectively.

Duct opening Duct wall Chish C'h/sh Dhish D'hish Error*
width (cm) thickness (cm)
50 20 1.04E-03 1.24E-02 2.14E-05 1.01E-02
30 231E-04 1.15E-02 4.11E-06 8.80E-03 1.408
80 20 234E-03 1.29E-02 4.94E-05 9.52E-03
30 3.90E-04 9.96E-03 1.10E-05 9.25E-03 1.253
40 8.11E-05 8.73E-03 2.06E-06 7.60E-03
120 20 3.63E-03 1.12E-02 1.00E-04 9.66E-03
30 6.10E-04 7.28E-03 2.21E-05 ©O39E-03 1.291
40 1.28E-04 5.66E-03 3.80E-06 7.04E-03
160 20 6.71E-03 1.15E-02 1.33E-04 8.70E-03
30 9.12E-04 8.02E-03 3.39E-05 8.34E-03
40 245E-04 7.34E-03  6.94E-06 7.06E-03

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the

analytically using Eq. (5.15) to those by the Monte Carlo calculation.

Table 5.16 The values of Chsh, C'tvsh, Dhish and D'wsh in the analytical representation Eq.
(5.15) on the neutron damage in the stabilizer copper on the winding pack in the TF coil
adjacent to the duct as functions of the duct opening height and the shield thickness. The duct
wall and the shield compositions are60 % SS and 40 % water and 70 % SS and 30 % water,

respectively.
Duct opening Duct wall Chish C'n/sh Dn/sh D'nish Error*
width (cm) thickness (cm)
50 30 1.66E-04 1.29E-02 343E-06 1.13E-02 1.330
80 30 3.21E-04 1.18E-02 885E-06 1.11E-02 1.178
120 30 5.22E-04 9.49E-03 1.92E-05 1.09E-02 1.214

Error*: Maximum values of the ratio between the neutron damage obtained

analytically using Eq. (5.15) to those by the Monte Carlo calculation.
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Table 5.17 The values of Chish, C'ish, Dhish and D'nsh in the analytical representation Eq.
(5.15) on the neutron fluence of the energy above 0.1 MeV in the winding pack in the TF coil
adjacent to the duct as functions of the duct opening height and the shield thickness. The duct
wall and the shield compositions are60 % SS and 40 % water and 70 % SS and 30 % water,
respectively.

Duct opening Duct wall Chish C'wish Dhissh D'h/sh Error*
width (cm) thickness (cm)
50 20 1.40E+18 1.53E-02 2.44E+16 1.12E-02
30 2.59E+17 1.32E-02 4.77E+15 1.06E-02 1.328
80 20 2.82E+18 1.43E-02 6.42E+16 1.14E-02
30 4.076+17 1.11E-02 1.28E+16 1.07E-02 1.153
120 20 4.09E+18 1.19E-02 1.25E+17 1.09E-02
30 6.42E+17 8.60E-03 2.75E+16 1.05E-02 1.217
40 1.41E+17 - 7.34E-03 4.81E+15 8.28E-03
160 20 8.16E+18 1.28E-02 1.56E+17 9.41E-03
30 9.89E+17 8.29E-03 4.25E+16 9.71E-03
40 2.22E+17 6.70E-03 7.99E+15 8.15E-03

Error*: Maximum values of the ratio between the neutron fluence obtained by the analytically
using Eq. (5.15) to those by the Monte Carlo calculation.

Table 5.18 The values of Chish, C'ish, Dhish and D'hish in the analytical representation Eq.
(5.15) on the neutron fluence of the energy above 1 MeV in the winding pack in the TF coil
adjacent to the duct as functions of the duct opening height and the shield thickness. The duct
wall and the shield compositions are60 % SS and 40 % water and 70 % SS and 30 % water,
respectively. '

Duct opening Duct wall Cwsh - C'ish Dhish D'hish Error*
width (cm) thickness (cm)

50 30 4.40E+16 1.22E-02 1.07E+15 1.18E-02 1.387

80 30 1.0SE+17 1.20E-02 2.66E+15 1.14E-02 1.211

120 30 1.61E+17 9.59E-03 5.85E+15 1.11E-02 1.185

Error*: Maximum values of the ratio between the neutron fluence obtained by the analytically
using Eq. (5.15) to those by the Monte Carlo calculation.
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Table 5.19 The values of Es and Fs in the analytical representation Egs. (5.20) and (5.21) on
the nuclear heating rate in the TF coil winding pack adjacent to the duct with the shield plug
installed in the duct as.a function of the slit width between the shield plug and the duct wall
for various shield plug thickness and duct wall thickness.

Shield plug thickness (cm) Duct wall thickness (cm) Es Fs Error* Error**
70 10 6.76E-03  2.01 1.062 1.192
20 1.66E-03  2.06 1.072 1.148
30 5.68E-04 1.91 1.271  1.566
100 10 ' 3.21E-03 2.10 1.056 1.057
20 8.62E-04  2.11 1.070  1.090
30 2.43E-04 2.08 1.071 1.080
130 10 2.46E-03 2.15 1.023 1.141
160 10 2.22E-03 2.06 1.082 1.130
200 10 1.30E-03 '2.24 1.053 1352

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the
analytically using Eq. (5.20) to those by the Monte Carlo calculation.

Error¥*: Maximum values of the ratio between the nuclear heating rate obtained by the
analytically using Eq. (5.21) to those by the Monte Carlo calculation.
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Table 5.20 The values of Es and Fs in the analytical representation Eqs. (5.20) and (5.21) on
the neutron fluence of the energy above 0.1 MeV in the winding pack in the TF coil adjacent
to the duct with the shield plug installed in the duct as a function of the slit width between the
shield plug and the duct wall for various shield plug thickness and duct wall thickness.

Shield plug thickness (cﬁl) Duct wall thickness (cm) Es Fs Error* Error**
70 10 3.78E+15 1.99 1.021 1.261

20 9.22E+14  2.05 1.116  1.143

30 242E+14  2.02 - 1.114 1.241

100 10 2.14E+15 2.01 1.065 1.249

20 421E+14 2.21 1.205 1.339

30 1.49E+14 2.08 1.080 1.104

Error*: Maximum values of the ratio between the neutron fluence obtained by the
analytically using Eq. (5.20) to those by the Monte Carlo calculation.

Error**: Maximum values of the ratio between the neutron fluence obtained by the
analytically using Eq. (5.21) to those by the Monte Carlo calculation.

Table 5.21 The values of Es and Fs in the analytical representation Egs. (5.20) and (5.21) on
the neutron fluence of the energy above 1 MeV in the winding pack in the TF coil adjacent to
the duct with the shield plug installed in the duct as a function of the slit width between the
shield plug and the duct wall for various shield plug thickness and duct wall thickness.

Shield plug thickness (cm) Duct wall thickness (cm) Es Fs Error* Error**
70 10 3.62E+14 205 1.066 1.181
20 1.01E+14  2.00 1.088
30 2.37E+13 1.98 1.196
100 10 2.43E+14 1.96 1.107 1.441
20 5.11E+13  2.11 1.266
30 1.50E+13  2.01 1.214

Error*: Maximum values of the ratio between the neutron fluence obtained by the
analytically using Eq. (5.20) to those by the Monte Carlo calculation.

Error**: Maximum values of the ratio between the neutron fluence obtained by the
analytically using Eq. (5.21) to those by the Monte Carlo calculation.
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Table 5.22 The values of Es and Fs in the analytical representation Egs. (5.20) and (5.21) on
the neutron damage in the stabilizer copper on the winding pack in the TF coil adjacent to the
duct with the shield plug installed in the duct as a function of the slit width between the shield
plug and the duct wall for various shield plug thickness and duct wall thickness.

Shield plug thickness (cm) - Duct wall Eslit Fsiit ~ Error* Error*#*
thickness (cm) '
70 10 2.09E-06 2.00 1.025 1.244
20 5.29E-07 2.04 1.100 1.174
30 1.34E-07 2.02 1.106  1.227
100 10 1.18E-06  2.02 1.056 1.252
20 2.44E-07 2.18 1.201 1.294
30 8.17E-08  2.07 1.100 1.137

Error*: Maximum values of the ratio between the neutron damage obtained by the
analytically using Eq. (5.20) to those by the Monte Carlo calculation.

Error**: Maximum values of the ratio between the neutron damage obtained by the
analytically using Eq. (5.21) to those by the Monte Carlo calculation.

Table 5.23 The values of Ewa and Fwa in the analytical representation Eq. (5.22) on the
nuclear heating rate in the TF coil winding pack adjacent to the duct with the shield plug
installed in the duct as a function of the duct wall thickness for various slit widths between the
shield plug and the duct wall, and the required duct wall thickness Twa to reduce the nuclear
properties by one order of magnitude.

Shield plug thickness (cm) Slit width (cm) Ewa Ewa Twa  Error*
100 2 539E-02 0.133 173 1.055

3 1.63E-01 0.141 16.3 1.099

4 2.50E-01 0.133 173 1.017

6 534E-01 0.131 176 1.002

8 L.I12E+00 0.137 168  1.003

10 1.97E+00 0.140 164 1.060

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the
analytically using Eq. (5.22) to those by the Monte Carlo calculation.
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Table 5.24  The values of Eslivwall and Fslivwall in the analytical representation Eq. (5.25) on
the nuclear heating rate in the TF coil winding pack adjacent to the duct as functions of the slit
width and the duct wall thickness.

Shield plug thickness (cm) - Eslitiwall Fslit/wall Error*
70 1.99E-02 0.120 1.499
100 1.38E-02 0.133 1.216

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the
analytically using Eq. (5.25) to those by the Monte Carlo calculation.

Table 5.25 The values of Cp and Dp in the analytical representation Eq. (5.26) on the
nuclear heating rate in the TF coil winding pack adjacent to the duct with the shield plug
installed in the duct as a function of the shield plug thickness for the 10 cm thick duct wall
and various the slit widths between the shield plug and the duct wall, and the required shield
plug thickness Tp to reduce the nuclear properties by one order of magnitude.

Slit thickness (cm) Cp Dp Tp  Ermor*
1 1.08E-02 8.92E-03 258 1.003
2 4.71E-02 1.04E-02 221 1.132
3 9.93E-02 9.69E-03 238 1.103
4 2.06E-01 1.02E-02 225 1.119
6 3.93E-01 9.01E-03 256 1.132
8 7.60E-01 9.07E-03 254 1.141
10 1.08E+00 8.16E-03 282 1.053

Error*: Maximum values of the ratio between the nuclear heating rate obtained by the
analytically using Eq. (5.26) to those by the Monte Carlo calculation.
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Fig. 5.1 Conceptual view of the horizontal cross section of the ITER maintenance duct
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Fig. 5.2 Three dimensional Monte Carlo calculational geometry used in the

study about the streaming through the duct without the shield plug in the
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Fig. 5.3 Three dimensional Monte Carlo calculational geometry
used in the study about the streaming through the slit between
the duct wall and the shield plug installed in the duct.
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Fig. 5.4 Three dimensional Monte Carlo calculational geometry
used in the study about the streaming through the slit with step
configuration between the duct wall and the shield plug installed in

the duct.
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Fig. 5.8 Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the duct opening
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Fig. 5.10 Dependencies of the peak nuclear properties in the TF coil adjacent to the duct on the duct opening
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Fig. 5.11 Dependencies of the peak nuclear heating in the TF coil winding pack adjacent to the duct on the
duct opening width with the error bar for the the 30 cm thick duct wall and the 200 cm thick shield adjacent to
the duct under neutron wall loading of 1 MW/m?>.

Fig. 5.12 Dependencies of the Ch and Dh values in Eq. (5.1) representing a function of the duct ope

on the duct opening width.

Ch and Dh in Eq. (5.1)

107 ¢ .
—..-Ch
5| =—a—Dh _e®
107 E ”-oé"
k ’0-’,
s
L Q-"'
104 |
107 |
10 . —
40 50 60 70 80 90100
Duct opening width (cm)

— 158 —

ning height



JAERI-Research 2003-014

2 .

10 F——=—"7T" ——Duct opening height: 50cm
o — & -Duct opening height: 80cm
g --e--Duct opening height: 120cm
E ES --&--Duct opening height: 200cm
x [ x\ - Duct opening height: 280cm
g - :
o0
£ 3
el 107 -
£ -
B
o
=
R
L
|
-
o0
£
g 10°f ;
i -
Tt
<
L
2
Z

10-5|....|....|....|;l...|

20 25 30 35 40
Duct wall thickness (cm)

Fig. 5.13 Dependencies of the peak nuclear heating in the TF coil winding pack adjacent to the duct on the duct
wall thickness with the error bar for the the 80 cm wide duct opening and the 130 cm thick shield adjacent to the
duct under the neutron wall loading of 1 MW/m’.
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Fig. 5.17 Dependencies of the nuclear properties on the duct wall composition with the error
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Fig. 5.18  Dependency of the nuclear heating rate in the TF coil winding pack adjacent to
the duct on the shield composition adjacent to the duct with the error bar for the 80 cm high
and 80 cm wide duct opening, the 30 cm thick duct wall, the 200 cm thick shield adjacent to
the duct under the neutron wall loading of 1 MW/m”. The shield is composed of SS and water.
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Fig. 524 Dependencies of the peak nuclear heating rate in the TF coil winding pack
adjacent to the duct on the shield plug thickness installed in the duct with the error bar for the
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Fig. 527 Dependency of the peak nuclear heating rate in the TF coil winding pack
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Fig. 528 Dependency of the peak neutron damage in the TF coil stabilizer copper adjacent
to the duct on the step thickness under the 3 cm wide slit, 100 cm thick shield plug, 20 cm
thick duct wall and the integrated neutron wall loading of 1 MWa/m?2.
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Fig. 529 Dependency of the peak neutron fluence in the TF oil winding pack with the
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6. Decay Gamma-ray Dose Rates around Large Opening Duct in Vacuum Vessel

6.1 Imtroduction

Many ducts are installed in the tokamak-type DT nuclear fusion reactor, and they
penetrate the blanket and the vacuum vessel as mentioned above. In Chapter 5, the nuclear
properties are discussed in the TF coil adjacent to the duct by the radiation streaming through
the large opening duct in the vacuum vessel. In this Chapter, the decay gamma ray dose rates
after shutdown are discussed in the region around the duct by the radiation streaming through
the large opening duct in the vacuum vessel. Structures around the duct will be highly
activated due to the neutron streaming through the duct. Personnel access outside the cryostat
is required for hands-on maintenance at several days after shutdown, and inside the cryostat
for rescue maintenance that can be conducted in a longer time (~ a month) after shutdown.
Therefore, it is important to minimize the decay gamma ray dose rates around the duct to
make these works possible. Dose rates at a few days to a few month are almost constant since
%Co (half-life: 70.8 days) and *Co (half-life: 5.271 years) become major contributors after
shorter half-life isotopes (**Mn in stainless steel and **Na in concrete ) decayed.

In the previous study [6.1], the decay gamma ray dose rates are evaluated by using the
two dimensional SN method with the activation code. In the case of the two dimensional
calculational geometry, the duct opening is assumed infinite in the Z direction, i. e. poloidal
direction. Consequently, the results are overestimated by about one order of magnitude at
the cryostat as shown in Chapter 2 [6.2]. Also in the previous studies [6.2 - 6.5], the fast
neutron flux is estimated by the Monte Carlo neutron transport calculation, and the decay
gamma ray dose rate was evaluated By multiplying the fast neutron flux with the constant
flux-to-dose conversion factor based on the past experiences. In this case, the uncertainty due
to the conversion factor is a critical issue [6.4 - 6.6].

In order to evaluate the decay gamma ray dose rate around the duct after shutdown with
good accuracy, the Monte Carlo decay gamma-ray transport calculation is required. The
spatial distribution of induced activity, which forms the decay gamma ray source, is needed
for the decay gamma-ray transport calculation, and it can be obtained from the neutron flux
distribution by using the activation code such as ACT-4 [6.7], FISPACT [6.8] or CINAC [6.9].
It requires a very fine (small) cell definition and huge calculation time to obtain the detailed
neutron flux distribution in the overall region of the nuclear fusion reactor, and it is not
realistic for the actual design calculation.

Valenza et al. have proposed the Monte Carlo calculation method replacing the prompt
gamma ray spectrum with the decay gamma ray spectrum to conduct the Monte Carlo decay
gamma-ray transport calculation and evaluate the decay gamma-ray dose rate after shutdown
with good accuracy [6.6, 6.10]. In this method, decay gamma ray can be generated at the
exact location where the radioisotopes are produced by the nuclear reaction induced by the
neutron, and the neutron and decay gamma-ray transport calculation can be simultaneously
conducted. This method dose not require a very fine (small) cell definition, though it may a
little fine cell definition to reduce the statistical error by the weight window importance.
However, it requires a very long calculation time to apply this method to the actual design
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calculation of the nuclear fusion reactor, and to reduce the statistical error (calculation time)
and obtain the calculated results with good accuracy is a critical concern for the application of
this method to the actual design calculation.

In order to apply this method to the actual design calculation of the tokamak-type
nuclear fusion reactor with drastically reducing the calculation time, the effective variance
reduction method is proposed by the application of the weight window technique and the
specification of the decay gamma ray generation region in this Chapter [6.11]. This method
identifies the region producing the decay gamma ray which can contribute the decay gamma
ray flux in the evaluation location, and the gamma ray transport calculation is forcibly
terminated in the region except for the identified region. This method is applied to the ITER
shielding calculation with the detailed calculational geometry simulating the overall region of
the tokamak-type nuclear fusion reactor. Decay gamma ray dose rates after shutdown are
evaluated around the maintenance and Neutral Beam Injection (NBI) ducts to demonstrate the
effectiveness of this method [6.11, 6.12].

6.2 Calculation Method
6.2.1 Decay gamma-ray transport calculation [6.10]

The Monte Carlo calculation code MCNP-4B is applied with the fusion evaluated
nuclear data library FENDL-1 in this Chapter. Figure 6.1 shows the Monte Carlo decay
gamma-ray transport calculation procedure applied in this Chapter. It is possible to conduct
the neutron and prompt gamma-ray transport calculation in the original MCNP code. By
replacing a prompt gamma ray spectrum with a decay gamma ray spectrum in the nuclear data
library and also a modest change in the original MCNP code, the neutron and the decay
gamma-ray transport calculation is conducted simultaneously in MCNP. The decay gamma
rays are generated from the radioisotopes of *!Cr, **Mn, *Fe, *Co and “’Co, which dominate
dose rates. Inside the cryostat, the decay gamma ray dose rate at 10° seconds after shutdown
(typical time point of interest concerning maintenance operation) can be determined by these
five radio isotopes [6.4 — 6.6, 6.10], whose production rates can be obtained by MCNP.

The data table in MCNP consists of the NXS array (contains various conters and flag),
the JXS array (contains pointers) and the XSS array (contains all of the nuclear data). The
sixth entry is the total number of photon production reactions in the NXS array. This value is
modified according to the number of radioactive isotopes for the isotope applied in this
Chapter. The **Ni isotope produces only one isotope of **Co via (n, p) reaction. The **Co
isotope produces three different radioactive isotopes of *Fe, *Co and *°Co via (n, p), (n, 2n)
and (n, y) reactions, respectively. In the JXS array, each entry is a pointer to same specific
location in the next array (XSS). Some of these entries are modified according to the
modification which is introduced in the XSS array. The XSS array consists of several sub-
arrays. Only those involving the gamma production data (reactions, spectrum, yield)
implementing the decay schemes are modified. The decay gamma ray spectra of “Co used in
the present MCNP calculation is shown in Table 6.1. The gamma ray spectra implemented in
this Chapter are discrete spectra, which mean that only the gamma rays with the energy
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shown in Table 6.1 are produced. For all the other isotopes, the prompt gamma production
can be turned off, switching the NXS(16) value to —-1. [6.10]

In order to differentiate the gamma rays from the five radioisotopes, the subroutine
' ACEGAMF, which is assigned to calculate the photon production, is modified. For tallying
purposes, a few tenth lines are added to control the birth time of the photon (the default value
is 0) depending on the emitting radioisotope. By doing so, it is possible to score easily the
single contribution to the total dose level using a time flag. Another modification is to
evaluate the correct gamma production probability. In a normal situation, MCNP calculates
the prompt gamma production probability as the ratio of O, ,uuction / Owra- 1his part of the
subroutine calculating the decay gamma ray production probability is modified as the
following formula;

(c(n. X) / Gtotal) PY’

where Py is decay gamma ray probability shown in Table 6.1 [6.10].

The decay gamma rays are emitted from the location where the radioisotopes are
generated by the nuclear reactions induced by the neutrons in this method. Therefore, the
location where the decay gamma ray is emitted can be exactly determined without error.
The actual activity (decay rate) of each radioisotope after shutdown is usually smaller than the
production rates, and it depends on the machine operation scenario and time after shutdown
[6.10]. The ratio of the actual activation level to the production rate is shown in Table 6.2 for
each radioisotope at 10° seconds after shutdown based on the ITER operation scenario. These
ratios are different for each radioisotope as shown in Table 6.2, therefore the contribution to
the total dose level from each other is separated using a time bins. The hypothetical birth time
of the photon is given depending on the emitting radioisotope by modifying the subroutine
ACEGAMYF in MCNP. The different time delays are given for different decay gamma ray
productions [6.10]. The decay gamma ray flux due to each radioisotope can be obtained, and
the total gamma ray flux can be obtained by multiplying each gamma ray flux with each ratio
of the actual activation level to the production rate.

6.2.2 Variance reduction method [6.11]

The Monte Carlo decay gamma ray calculation method introduced in Section 6.2.1
requires a very long calculation time to apply the method to the actual design calculation of
the tokamak-type DT nuclear f usion reactor as mentioned above. In order to apply the method
to the actual design calculation with drastically reducing the calculation time, the effective
variance reduction method is proposed in this Chapter. It is shown in Fig. 6.2. It consists of
three processes; 1) preparation of the weight window table for the neutron transport
calculation, 2) specification of the decay gamma ray generation region, 3) preparation of the
weight window table for the neutron and decay gamma-ray transport calculation based on the
information obtained by these two processes in the final process.

6.2.2.1 Weight window generation for neutron transport calculation
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The conceptual view of the vertical cross section of the fusion reactor is shown in Fig.
6.3. The 14 MeV neutron source is sampled from an isotropic neutron distribution according
to the fusion reaction distribution in the plasma region shown in Fig. 6.3. Only neutron
transport calculation is conducted in this process. It is nearly impossible to obtain the overall
spatial distribution of the neutron flux with good accuracy in realistic calculation time using
the Monte Carlo method. In this process, the neutron flux in the region around the duct
penetration, Location B shown in Fig. 6.3, is estimated using the weight window technique
[1.19] which is a space-energy-dependent splitting and Russian roulette variance reduction
procedure in order to reduce the computing time without loosing the accuracy. The generation
method is proposed to prepare the effective weight window importance for the region around
the duct penetration. This method is shown in Fig. 6.4. Reducing the value of the weight
window importance along the track of the neutron streaming from the plasma to the target in
the region around the duct, Location B shown in Fig. 6.3, results in a large number of
neutrons with low weight that reach the target region. By assigning the target location, the
reasonable weight window importance table is automatically generated in MCNP-4B [1.19].
To generate the table, a considerable number of neutrons must reach the target location. When
the designated target location is in the region around the typical duct in the fusion rector, e.g.
the NBI duct [6.13 - 6.15], an enormous number of histories and long calculation time are

required to generate the weight window table in a single step. This occurs because only 10-7

to 10-2 of neutrons born in the plasma can reach the target region. In this process, the target
locations are sequentially moved from the inlet of the duct opening, Location A shown in Fig.
6.3, to the region around the duct, Location B shown in Fig. 6.3, along the expected neutron
streaming track, a broken line shown in Fig. 6.3, in steps and the weight window importance
table for each target location is generated [6.4, 6.16]. When the neutron flux is obtained at the
target location with good statistical error, e. g. less than 10 %, the target location is moved to
the next target location. The Monte Carlo neutron transport calculation is conducted for the
next target location, and the reasonable weight window importance table is generated for the
next target location. The effective weight window importance table for the final target
location in the region around the duct is then prepared in the final step of this process. '

6.2.2.2 Specification of the decay gamma-ray generation region

Tracking each decay gamma ray that occurred from the overall region of the nuclear
fusion reactor make the calculation unpractical and time-consuming. In this process, the
region producing the decay gamma ray which can contribute the decay gamma ray flux in the
final target location, Location B shown in Fig. 6.3, are identified. The method is proposed to
identify the region producing the decay gamma ray. This method is shown in Fig. 6.5. Prior to
the decay gamma-ray transport calculation by using the method shown in Chapter 6.2.1, the
hypothetical gamma ray sources with the energy of 2 MeV, which cover the energy region for
the decay gamma ray in this Chapter, are set at the final target location, and the gamma-ray
transport calculation is conducted by MCNP with the same calculation model. The
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information of the particle collision can be obtained in each cell from the output result by
MCNP. The hypothetical gamma ray that occurred from the final target location can not reach
the cell where the particle collision density is O or negligible small. Namely, the decay gamma
ray occurred from the cell where the particle collision density is O or negligible small can not
reach the final target location. From the information of the particle collision in the calculated
results, the cells where the gamma ray occurring from the final target location are collided can
‘be identified as the cells producing the decay gamma ray which can contribute the decay
gamma ray flux in the final target location. The weight window table is set for the gamma ray
to the positive value in the identified cells. The weight window table is set for the gamma ray
to the negative value, e. g. —1, in the cells except for the idenified cells, e.g. most parts of
inboard vacuum vessel and TF coil shown in Fig. 6.3, to remove the decay gamma ray
occurring from the cells except for the identified cells. By applying the negative values to the
weight window importance table, the gamma ray transport calculation can be forcibly
terminated in the cells except for the identified cells. Only the decay gamma rays occurring
from the identified cells can be contributed to the decay gamma r'ciy flux in the final target
location.

6.2.2.3 TFinal weight window generation for neutron and decay gamma-ray transport
calculation

Based on the generated weight window table for neutron transport calculation in the
process a) shown in Fig. 6.2 and the specification of the cells for the decay gamma ray
generation region in the process b), the final weight window table is generated for neutron and
decay gamma-ray transport calculation. The generation procedure is proposed, and it is shown
in Fig. 6.6. In the specified cells for the decay gamma ray generation, the values of the weight
window table are set for the decay gamma-ray transport calculation to the same values as
those of the weight window importance table for the neutron transport calculation generated
in the process a) as the tentative values in the initial guess of this process. In the cells except
for the specified cells for the decay gamma ray generation, the values of the weight window
table are set for the decay gamma-ray transport calculation to —1 as the negative values as
mentioned above. The neutron and decay gamma-ray transport calculation is conducted by
using the initial weight window table and the algorithm generating the reasonable weight
window table, and the effective final weight window table is generated for neutron and decay
gamma-ray transport calculation in the final step of this process.

6.3 Application to ITER Shielding Design [6.11, 6.12]

6.3.1 Calculational geometry

In order to demonstrate the effectiveness of the calculation method shown in Chapter 6.2,
the actual shielding design calculation of the nuclear fusion reactor is conducted by this
method. It is applied to the shielding design of ITER maintenance and NBI ducts. The
calculational geometries used in this Chapter are shown in Figs. 6.7 — 6.9 for the maintenance
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duct, and they are shown in Figs. 6.10 — 6.13 for the NBI duct. The features of the geometries
are as follows.

(2) Maintenance duct .

1)
2)

3)

4)

5)

6)

7)

8)

9)

The 20° sector of the overall torus region is applied in toroidal (horizontal) direction.

The overall region including the upper and lower, i.e. divertor, ducts is applied in poloidal
(vertical) direction.

One maintenance duct is installed, and three shield plugs and the limiter alignment
support are installed inside the maintenance duct as shown in Figs. 6.7 — 6.9.

The 2 cm wide slits are installed between the shield plug and the blanket/vacuum vessel in
toroidal and poloidal directions.

The 20 cm thick vacuum vessel duct wall, the 20 cm thick plug flame and thel0O cm thick
cryostat duct wall are installed.

The shield plug-1, 2 and 3 are 54 — 60, 50 and 50 cm thickness, respectively.

The 15 cm wide annular gap is installed between the limiter alignment support and the
shield pllig-2. The inner and outer diameters of the annular gap are 45 and 75 cm,
respectively.

The limiter alignment support consists of two cylinder configurations. The front and rear
parts are 45 and 30 cm diameters, respectively.

A distance from the end of the front part of the limiter alignment support to the shield
plug-3 is 130 cm.

10) Compositions of the shield plug and the plug flame are 80 % SS/20 % water and 60 %

SS/40 % water, respectively.

11) The vacuum vessel duct wall consists of SS inner wall, shield part and SS outer wall.
12) The PF coil support structure with L-shape configuartion is installed at the space behind

the TF coil as shown in Fig. 6.9, and it is 15 cm width in toroidal direction.

(b) NBI duct

)
2)
3)
4
5)
6)

7)

. The 60° sector of the overall torus region is applied in toroidal direction, and the overall

region is applied in poloidal direction.

Three NBI ducts, i.e. NBI-1, NBI-2 and Diagnostic NBI (D-NBI) ducts, are installed.
The D-NBI duct is close to the NBI-1 duct.

Dimensions of the duct opening inlet of the NBI-1 and 2 ducts are about 58 cm width and
123 cm height, and those of the D-NBI duct are about 40 cm width and 40 cm height.
Each NBI duct consists of a multi-layered port wall, and the detailed dimensions are
shown in Figs. 6.11 — 6.13.

Thinnest thicknesses of the .upper and lower duct walls are about 40 and 48 cm,
respectively.

Compositions of the duct wall, cryostat wall and cryostat additional shield are 84 %
SS/16 % water, 100 % SS and 100 % SS, respectively. .

The Poloidal Field (PF) coil support structures with L-shape structure are installed at the
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space behind the Toroidal Field (TF) coils as shown in Fig. 6.11, and they are 15 cm width
in toroidal direction.

6.3.2 Evaluation results
6.3.2.1 Maintenance duct .

Neutron flux of the energy above 1 MeV in the space inside the maintenance duct and
behind the shield plug-3 are shown in Fig. 6.14 for the fusion power with 500 MW. Neutron
flux of the energy above 1 MeV in the space inside the maintenance duct and behind the
shield plug-3 are 5 x 10° to 1 x 10° neutrons-cm™>s™ as shown in Fig. 6.14, and they are
reduced by about eight orders of magnitude compared with those at the plasma region. The
decay gamma ray dose rates are shown in Fig. 6.15 at 10° seconds after shutdown based on
the ITER operation scenario by the calculation method shown in Chapter 6.2. The decay
gamma ray dose rates in the space inside the maintenance duct and behind the shield plug-3
are 6 x 10° to 2 x 10' uSv/hour at 10° seconds after reactor shutdown as shown in Fig. 6.15.
The decay gamma ray dose rates in the space outside the maintenance duct and behind the TF
coil are 6 x 10° to 2 x 10" uSv/hour, and those in the space at above or below the maintenance
duct in the poloidal direction and behind the PF coils are 5 x 10° to 1 x 10" uSv/hour. The
decay dose rates around the maintenance duct at 10° seconds after shutdown are less than the
tentative design target of 100 uSv/hour by about one order of magnitude, therefore they can
fully satisfy the design target.

6.3.2.2 NBI duct

Neutron flux of the energy above 1 MeV in the space at the equatorial plane between
three NBI ducts, and those in the space above the NBI-1 duct in the poloidal direction are
shown in Figs. 6.16 and 6.17, respectively. Neutron flux of the energy above 1 MeV in the
space between three NBI ducts are 1 x 107 to 4 x 10® neutrons:cm™s™, and they are reduced
by 5 to 7 orders of magnitude compared with those at the plasma region. The PF coil support
structure with L-shape structure works as good shield, and the neutron fluxes are reduced by a
factor of about eight as shown in Fig. 6.16. The decay gamma ray dose rates in the space at
the equatorial plane between three NBI ducts, and those in the space at above the NBI-1 duct
in the poloidal direction are shown in Figs. 6.18 and 6.19, respectively. The dose rate just
outside the wall of NBI-1 duct is very high giving the maximum around 3000 puSv/hour. The
dose rate near the cryostat is reduced by more than one order of magnitude. It is still
significantly higher than the tentative design target of 100 uSv/hour for hands-on maintenance.
The equatorial plane is not the place to access for maintenance of components, such as break
boxes of magnet system, and the space along the cryostat between these ducts and PF coil is a
place to access for the maintenance works. Figure 6.19 shows the dose rates at the place. They

are much lower than those at equatorial plane, and almost equal to the tentative design target
of 100 uSv/hour.
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In the Monte Carlo calculation, the history of a particle is tracked in a shielding system
in accordance with the probability law, so that each course that a particle passes through can
be recognized. By using the cell flagging card, the passage of particle can be recognized in
MCNP. Only the particles passing through the flagging cell are flagged, and the other
particles are not flagged. Moreover, the flagged particles and the nonflagged particles are
distinguished at specified locations. Therefore, each tracked course to the specified locations
can be recognized [6.17]. The flagging technique is applied for this Chapter to evaluate the
main passage of particle for the neutron flux of the energy above 1 MeV in the space above
the NBI-1 duct in the poloidal direction, and the result is shown in Fig. 6.20. In the cell A
shown in Fig. 6.20, the total neutron flux of the energy above 1 MeV and the neutron flux
streaming through the cell 1 are 9.4 and 8.1 x 107 neutrons-cm™s™, respectively, and the
fraction of the neutron flux streaming through the cell 1 to the total fast neutron flux in the
cell A is about 86 %. The fraction of the fast neutron flux streaming through the cell 2 to the
total fast neutron flux in the cell B is about 70 %. It is found that the neutron flux of the
energy above 1 MeV passing the cell 1 and 2 shown in Fig. 6.20 mainly contribute to the
neutron flux in the space above the NBI-1 duct in the poloidal direction. It can be concluded
that the neutron flux of the energy above 1 MeV can be drastically reduced, which results the
reduction of the decay gamma ray dose rates, by installing the thin additional shields such as
about 10 cm thick SS in the limited area around the cells 1 and 2, and it is expected that the
decay gamma ray dose rates can fully satisfy the tentative design target of 100 uSv/hour.

6.4 Discussions [6.11]

In addition to the calculated values, the values of Fractional Standard Deviation (FSD)
representing the statistical error are also shown in Figs. 6.14 — 6.20. In the MCNP code, the
values of FSD with less than 10 % are required to obtain the reliable calculated value [6.13].
The values are 3 to 10 % for the FSD at the evaluation location in the present results, and
good values can be obtained. The values of FSD can satisfy the requirement as the reliable
calculated value. It can be concluded that the calculation method proposed in this chapter can
give the reliable value for the evaluation of the decay gamma ray dose rate around the duct
penetration in the nuclear fusion reactor. '

The values of FSD for the decay gamma ray dose rate in the cell S and the cell T are
shown in Fig. 6.21 at the same history. The cell S is not target cell, but is very close to the
plasma, i.e. neutron source region. On the other hand, the cell T corresponds to the target one,
but is very far from the plasma. Although the cell T is much further from the neutron source
than the cell S, the value of FSD for the decay gamma ray dose rate in the cell T is much
better that that in the cell S. It can be concluded that the value of FSD for the decay gamma
ray dose rate in the target cell located very further from the neutron source can be improved
by the variance reduction method proposed in Chapter 6.2.2..

The comparisons between the value of FSD obtained by this method with the
specification of the decay gamma ray generation region shown in Chapter 6.2.2 and that
without the specification are shown in Fig. 6.22 for the decay gamma ray dose rates in the
space above the NBI-1 duct in the poloidal direction at the same calculation time. In this
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figure, the upper values correspond to the values of FSD by this method with the specification
of the decay gamma ray generation region, and the lower ones to those without the
specification. It is found that the values of FSD can be drastically improved by the
specification of the decay gamma ray generation region. Therefore it can be concluded that
the proposed method shown in Chapter 6.2.2 are much useful for improving the values of
FSD.

Ratios of the decay gamma ray dose rates at 10° seconds after shutdown to the neutron
flux of the enefgy above 1 MeV are obtained by dividing the values shown in Fig. 6.19 with
those in Fig. 6.17. The ratios, which are used as the constant flux-to-dose conversion factor in
the previous studies [6.2 - 6.5], are shown in Fig. 6.23, and it is found that they are 0.3 - 2.4 x
10”° uSv/hour for one fast neutron flux. In the previous studies [6.2 - 6.5], the decay gamma
ray dose rates are evaluated using the fast neutron flux obtained from the three dimensional
Monte Carlo calculation and the constant conversion ratio obtained from the two dimensional
Sn calculation with the activation calculation. The calculational sequence applied in the
previous study is shown in the flowchart in Fig. 6.24. Neutron flux distribution is obtained
using Sn calculation. Activation calculation is performed based on the operation scenario to

estimate the residual gamma ray source at 106 seconds after shutdown. Decay gamma ray
transport calculation is performed using the residual gamma ray source to determine the decay
gamma ray dose rates by the two dimensional Sn calculation. The conversion ratios of the fast
neutron flux to the decay gamma ray dose rates are obtained by dividing the the decay gamma
~ ray dose rates by the two dimensional Sn calculation with the fast neutron flux by the two
dimensional Sn calculation. The conversion ratios of fast neutron flux to the decay gamma ray
dose rate at 106 seconds after shutdown are estimated for the neutron flux of the energies

above 0.1 or 1 MeV in the previous study since *Co via (n, p) reaction of *Ni is expected to
be main residual gamma-ray source. The **Ni(n, p) cross section has a flat maximum value
(~0.63 barn) from 6 to 11 MeV and decreases to ~0.3 barn at 3 MeV. The examples of the
conversion ratios around the ITER NBI duct estimated in the previous study are shown in
Figs. 6.25 - 6.30 [6.4]. The two dimensional Sn calculational geometry is shown in Fig. 6.25,
and it includes the blanket modules, vacuum vessel, cryo'stat, biological shield, five TF coils,
one PF coil, three NBI and two standard equatorial ducts. A contour of the neutron flux of the
energy above 0.1 and 1 MeV obtained from two dimensional Sn calculation are shown in Figs.
6.26 and 6.27, respectively. A contour of the decay gamma ray dose rate is shown in Fig. 6.28

at 100 seconds after shutdown. Dividing the values shown in Fig. 6.28 with those in Figs.
6.26 and 6.27 yield the conversion ratios. The contours of the conversion ratio are shown in
Figs. 6.29 and 6.30 for the neutron flux of the energies above 0.1 and 1 MeV, respectively.
From the results in Figs. 6.29 and 6.30, it is estimated that the conversion ratios are 1.5 to 2

and 3 to 4 x 10° uSv/hour/(cmsec.™") for the neutron flux of energies above 0.1 and 1 MeV,
respectively. In the previous studies [6.2 — 6.5], these conversion ratios are applied to estimate
the decay gamma ray dose rate from the fast neutron flux obtained from the three dimensional
Monte Carlo calculation. However, it is found that the conversion ratios are varied with the
range of a factor of eight depending on the location at the space around the NBI duct from the
results shown in Fig. 6.23. Therefore it can be concluded that the calculation method proposed
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in this Chapter should be required to evaluate the decay gamma ray dose rate with good
accuracy.

The calculation method shown in Chapter 6.2.1 is experimentally validated by Morimoto
et al [6.18]. The experiment is conducted by FNS (Fusion Neutronics Source) at JAERI, and
the decay gamma ray dose rates are measured from about two days to about two weeks after
shutdown. The schematic view of the experimental set-up with the positions of the
measurement is shown in Fig. 6.31 [6.18]. An example of the time dependence of measured
and calculated tissue equivalent dose rate is shown in Fig. 6.32 [6.18]. The results by the
present calculation method agree with the experimental results with the tissue equivalent dose
meter within the experimental error (about 10 %). Therefore it can be demonstrated that this
method can be used to evaluate the dose rate with high accuracy.

6.5 Conclusion

In order to apply the decay gamma ray Monte Carlo calculation, which is the method to
conduct simultaneously the Monte Carlo neutron and decay gamma ray transport calculation
by the modification of the nuclear data library replacing a prompt gamma ray spectrum with a
decay gamma ray spectrum, to the actual design calculation of the tokamak-type nuclear
fusion reactor with drastically reducing the calculation time, the effective variance reduction
method is proposed by the application of the weight window technique and the specification
of the decay gamma ray generation region in this Chapter. Using this method, the shielding
analyses are performed for the ITER maintenance and NBI ducts. It was found that this
method was much useful for improving the statistical error. The good statistical errors can be
obtained, therefore the effectiveness of this calculation method is demonstrated for the actual
design calculation. From the calculation results, it was found that the decay gamma ray dose
rates around the maintenance duct could fully satisfy the tentative design target of 100
uSv/hour at the space required for the human access, and those around the NBI duct were
almost equal to the tentative design target. Ratios of the decay gamma ray dose rates to the
fast neutron flux are varied with the range of a factor of eight depending on the location at the
space around the NBI duct, therefore it can be concluded that the calculation method proposed
in this Chapter is required to evaluate the decay gamma ray dose rates with good accuracy.
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Table 6.1 Decay gamma ray spectra of “Co used in the present decay gamma ray MCNP
calculation

Energy (MeV) Probability (%)

0.34693 0.0038
0.82628 0.0038

. 1.17320 49.9759
1.33250 50.0160
2.15880 0.0005
2.50500 ' 1.00E-06

Table 6.2 Ratio of the actual activation level to the direct production rate for each
radioisotope at 10° seconds after shutdown based on the ITER operation scenario.

Isotope Ratio
%Co 0.0431
“Co 0.0303
*Fe 0.0460
SMn 0.0377
SICr 0.0493

— 182 —



JAERI-Research 2003-014
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Neutron and prompt gamma-ray transport calculation
in operation of fusion nuclaer reactor
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Neutron and decay gamma-ray transport calculation
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Estimation of the decay gamma ray flux by each radioisotpe

operation by each radioisotope
operation scenario

Ratio of the actual activation level at 106 seconds
ez — | after shutdown to the production rate during

based on the ITER

Multiplication of the gamma ray flux with the ratio by each radioisotope

Fig. 6.1 Monte Carlo decay gamma-ray transport

calculation procedure applied in this

Process a)

Chapter.

Process b)

Neutron transport calculation in operation of fusion reactor

Setting of the hypothetical gamma rays at the evaluation location

V

Generation of the effective weight window table for neutron transport calculation

Specification of the decay gamma ray generation region

Process ¢) v

Generation of the effective weight window table for neutron and decay gamma-ray transport calculation

Fig. 6.2 Variance reduction method proposed in this Chapter
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Fig. 6.4 Generation method to prepare the effective weight
window importance for the region around the duct penetration.
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Setting of the hypothetical gamma ray sources at the final target location

Monte Carlo gamma-ray
transport calculation

4

Information of the particle collision in each cell

Cell where the particle collision density is 0 or negligible small
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\ /
Decay gamma ray generation cell. Cell where the decay gamma ray is
Setting of the weight window not generated. Setting of the weight
imporatnce table for the gamma ray window imporatnce table for the
to the positive value. gamma ray to the negative value,

Fig. 6.5 Method to identify the region producing the decay gamma ray.
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a) Weight window generation for neutren transport calculation b) Specification of the decay gamma ray generation location

[Initial step) Weight window of neutron: same value in all cells | MCNP gamma-ray trnasport calculation by occuring the
hypothetical gamma ray source from the final target location

. Weight window generation by the
method shown in Fig. 6.4
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Fig. 6.6 Generation procedure of the final weight window table for
neutron and decay gamma-ray transport calculation
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Fig. 6.10 Bird's-eye view of the Monte Carlo
calculational geometry for the ITER NBI duct

Fig. 6.11 Horizontal cross-section view of
the Monte Carlo calculational geometry for
the ITER NBI duct
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Fig. 6.13 Vertical cross-section view of the Monte Carlo
calculational geometry for the ITER NBI duct.
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unit: x 105 n/em?/s
(fsd: %)
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5.8(5.5)
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7.4(5.5)

Fig. 6.14 Neutron flux of the energy above 1 MeV
inside the maintenance duct (Fusion power: 500 MW).
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(fsd: %)

6946

7.34.8)

Fig. 6.15 Decay gamma-ray dose rates at 106 seconds after
shutdown inside the maintenance duct
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Fig. 6.16 Neutron flux of the energy above 1 MeV in the
space at the equatorial plane between three NBI ducts
(Fusion power: 500 MW). -
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Fig. 6.17 Neutron flux of the energy above 1 MeV in the space at
above the NBI-1 duct in the poloidal direction (Fusion power:

500 MW).
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Fig. 6.18 Decay gamma-ray dose rates in the space
at the equatorial plane between three NBI ducts at

106 seconds after shutdown.

unit: pSv/hour

(s %)
86(8.4)
100(9.8)
PF coil(#3) O
IR

" Biological shield
\Cryosmt

NBL-{ ductwall  ~ ! |

. 160(6.6)
270(6.1)

Fig. 6.19 Decay gamma ray dose rates in the space above

the NBI-1 duct in the poloidal direction at 108 seconds after
shutdown.
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Fig. 6.20 Main passage of particle for the neutron
flux of the energy above 1 MeV in the space above
the NBI-1 duct in the poloidal direction.

Fig. 6.21 Values of FSD for the decay
gamma ray dose rate in the cell S and the cell
T at the same history.
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Fig. 6.22 Comparison between the value of FSD obtained
by this method with the specification of the decay gamma

ray generation region shown in Chapter 6.2.2 and that

without the specification in the space above the NBI-1 duct

in the poloidal direction at the same calculation time.
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Fig. 6.23 Ratios of the decay gamma ray dose rates at 106
seconds after shutdown to the neutron flux of the energy above
1 MeV in the space above the NBI-1 duct in the poloidal

direction.
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Fig. 6.24 Evaluation Method by conversion ratios relating fast neutron
flux to the decay gamma ray dose rates

— 205 —




This is a blank page.




JAERI-Research 2003-014

2000

iana

1600

1400

1200

iaga

(-3 =3
o o

QAXIAL DISTANCE [CM)

(=3
f=3

o

Cryostat/Biological Shield

A
Evaluation
location of the
TF Coil ' conversion
N rat1io
NBI cfuct @
Plasma PFCoi
NBI duct
NBI duct”~

b

200 400 640 800 idoa 1800

RADBIAL OISTANCE [CM)

tasa

T

“%a0

lu ¢
[} )

= 2
< I\
@50 T

pocd 3 Y 'Lg:(
2 2.428g4 B, 0 "2
gy :

[

-t

Zean

Y (.IMEV<N.FLX N/P{WALLEOCKDI+PF+HP(PLGIN.J (1.5,1-5]

Fig. 6.25 Two dimensional DOT Calculational
genmetry (rectangular model)

unit : cm'2se<:.'1

- 600 160 q0a
RAOIAL OISTANCE (CHI
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Fig. 6.27 Contour of the neutron flux of the energy above
1 MeV by 2D SN calculation code (DOT3.5)
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Fig. 6.28 Contour of the decay gamma ray dose rate at 10°
sec. after shutdown
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Fig. 6.29 Contour of the conversion ratio relating fast (> 0.1 MeV) neutron
flux to the decay gamma ray dose rate in the space along the cryostat between
adjacent NBI ducts and PF coil.
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Fig. 6.30 Contour of the conversion ratio relating fast (> 1 MeV) neutron flux
to the decay gamma ray dose rate in the space along the cryostat between
adjacent NBI ducts and PF coil.

— 211 —




This is a blank page.




JAERI-Research 2003-014

Source Reflector Shield Shield  Test region Reflector
(SS316) (SS316/H20) (SS316) (27&4”) (SS316)
il N A( Measurement
S position
1200 ¢
Hi 28 ERSEIE EELE HEEE SE3E W\
! /
D-T source Test region Reflector (S5316)

Fig. 6.31 Schematic view of experimental set-up with the positions of the

measurement

— 213 —




This is a blank page.




Shutdown dose rate {uSv/hr)

JAERI-Research  2003-014

90 35
R == FEENDL/2A] 30
I S R aae L R EEEEEAR Y !
[XoJ SETPERISRERIRCRIPRER N '
bR O S R I L T e L L L L Lt R ]

i 420
e T e T RO RRR e S ]

i =~ 1
30 foeemeeoeeeneee- \x\ 15

i %*\N\ L2 e e
L # e '-......::"_"‘:"‘" RS T )

- a ""‘“‘"---—ﬁ 110
R L 3
00 ] 1 L 1 1 1 ] 05

i OE+05 3.0E+05 5.0E+05 7.0E+05 9.0E+05 1.1IE+06 1.3E+06 1.5E+06

Cooling time (sec)

Fig. 6.32 Time dependence of measured and calculated tissue equivalent
dose rate at #A and #a

— 215 —




This is a blank page.




JAERI-Research  2003-014

7. Conclusion

There are various type slits and ducts in tokamak-type DT nuclear fusion reactor. The
helium production in the rewelding location in the blanket and the vacuum vessel, the nuclear
properties in the super-conductive TF coil, e.g. the nuclear heating rate in the coil winding
pack, are enhanced by the radiation streaming through these slits and ducts, and they are
critical concern in the shielding design of the tokamak-type DT nuclear fusion reactor. The
decay gamma ray dose rate after shutdown around the duct penetrating the blanket and the
vacuum vessel is also enhanced by the radiation streaming through the duct, and they are also
critical concern. In order to evaluate these nuclear properties with good accuracy, three
dimensional Monte Carlo calculation is necessary, which needs large computer resources. In
the present study, these nuclear properties are systematically calculated for the various type
slits and ducts by the three dimensional Monte Carlo calculation. The dependency of these
nuclear properties on the configuration of these slits and ducts are clarified. Based on the
systematically calculated results, the analytical representations on these nuclear properties are
established as functions of the parameter of the configuration of these slits and ducts, e.g. slit
width, duct opening hei ght, shield thickness, and so on. The analytical formula thus-obtained
is applied to clarify the shielding design conditions required to satisfy the shielding design
criteria for the DT fusion reactor. In addition, the calculation method is developed for the
evaluation of the decay gamma ray dose rate around the duct by the Monte Carlo calculation.

In Chapter 1, the outline of the nuclear fusion and the feature of the shielding design for
the tokamak-type DT nuclear fusion reactor are introduced, and the background and the
objective of the present study is described.

In order to evaluate the applicapability of the calculation method to the evaluation of the
radiation streaming in the tokamak-type DT nuclear fusion reactor design, the comparison is
performed for the radiation streaming by three dimensional Monte Carlo and two dimensional
Sn calculations in Chapter 2. Numerical analyses are performed to evaluate the radiation
streaming through the slit between the adjacent blanket modules, and to calculate the neutron
flux, the nuclear heating rate and the helium production in the vacuum vessel surface along
the slit. Due to ray-effect, these nuclear properties by the Sn calculation are under-estimated
by a factor of two - four compared with those by the Monte Carlo calculation. The radiation
streaming through the NBI duct, which penetrates the blanket and the vacuum vessel, is
evaluated, and the neutron flux is calculated along the NBI duct. In the two dimensional Sn
calculation, the XY slab calculation geometry is applied. The neutron fluxes by the two
dimensional Sn calculation are over-estimated compared with those by the three dimensional
Monte Carlo calculation due to approximation of calculational geometry, i.e. assumption of
the infinite continuous opening of the duct in the calculation geometry. As the duct opening
heights are lower, the over-estimations of the two dimensional Sn calculation are larger. In the
ITER condition with the about 90 cm high duct opening, the neutron flux of the energy above
0.1 MeV by the two dimensional Sn calculation is over-estimated by a factor of about eight at
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the cryostat. It can be concluded that the three dimensional Monte Carlo calculation is
required to evaluate the nuclear properties with good accuracy taking into account the
radiation streaming in the tokamak type DT nuclear fusion reactor.

In Chapter 3, the radiation streaming through the slit between the adjacent blanket
modules is evaluated by the three dimensional Monte Carlo calculation, and the nuclear
properties are systematically calculated in the vacuum vessel and the TF coil along the slit for
the various configurations. From the results, the following findings are obtained.

(1) The helium production in the vacuum vessel surface along the slit increases linearly with
the slit width, and it also increases linearly with the boron content of the trace element in
SS.

(2) The helium production in the vacuum vessel surface along the slit decreases exponentially
with the blanket thickness.

(3) As the slit width increases, the nuclear properties in the TF coil along the slit increase in
proportion to the exponential and power functions of the slit width in the range of 30 — 45
and 45 — 60 cm thick blankets, respectively.

(4) The nuclear properties in the TF coil along the slit decrease exponentially with the blanket
and the vacuum vessel thicknesses.

Based on the results, the analytical representations on the helium production in the vacuum
vessel surface along the slit are established as functions of the slit width, the boron content
and the blanket thickness. Also, the analytical representations on the nuclear properties in the
TF coil along the slit are established as functions of the slit width, the blanket thickness and
the vacuum vessel thickness. The established representations can be applied with good
accuracy in the range of 1 — 8 cm wide slits, 0.1 — 100 wppm boron contents, 30 — 60 cm thick
blankets and 20 — 40 cm thick vacuum vessels. The dependency of these nuclear properties on
the blanket and the vacuum vessel compositions are also clarified. The analytical
representation is applied to clarify the shielding design conditions required to satisfy the
shielding design criteria.

In Chapter 4, the radiation streaming through the small circular duct in the blanket
modules is evaluated, and the helium productions are systematically calculated in the blanket
cooling water pipe along the duct for the various configurations. Also, the nuclear properties
in the TF coil along the duct are calculated. From the results, the following findings are
obtained.

(1) The helium production along the duct increases exponentially with the duct diameter.

(2) The helium production along the duct increases linearly with the boron content of the
trace element in SS, and it decreases exponentially with the blanket thickness.

(3) Significant differences are not found among the 1 - 6 cm diametric ducts for the nuclear
properties in the TF coil along the duct.

Based on the results, the analytical representations on the helium production in the blanket
cooling water pipe along the duct are established as functions of the duct diameter, the boron
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content and the blanket thickness. The established representations can be applied with good
accuracy in the range of 1 — 6 cm diametric ducts, 0.1 — 100 wppm boron contents, 25 — 45
cm thick blankets. The dependency of the helium production along the duct on the blanket
compositions is clarified. The analytical representation is applied to clarify the shielding
design conditions required to satisfy the shielding design criteria.

In Chapter 5, the radiation streaming through the large opening duct in the vacuum vessel,
which penetrates the blanket and the vacuum vessel, is evaluated, and the nuclear properties
are systematically calculated in the TF coil adjacent to the duct for the various configurations.
They are calculated for the cases with and without the shield plug in the duct. In case the
shield plug is not installed in the duct, the following findings are obtained.

(1) The nuclear properties in the TF coil adjacent to the duct increases linearly with the duct
opening height.

(2) As the duct opening width increases, the nuclear properties increase in proportion to the
power function of the duct opening width.

(3) The nuclear properties decrease exponentially with the duct wall thickness.

(4) The nuclear properties decrease exponentially with the shield thickness adjacent to the
duct, which corresponds to sum of the blanket and vacuum vessel thickness adjacent to
the duct. The dependency of the nuclear properties on the shield thickness is much little
compared with that on the duct wall thickness.

Based on the results, the analytical representations on the nuclear properties in the TF coil
adjacent to the duct are established as functions of the duct opening height, the duct opening
width, the duct wall thickness and the shield thickness adjacent to the duct. The established
representations can be applied with good accuracy in the range of the 50 — 280 c¢cm high and
50 — 160 cm wide duct openings, 20 — 40 cm thick duct walls, and the 100 — 200 cm thick
shields. The dependency of the nuclear properties on the duct wall and shield compositions
are also clarified. The nuclear properties are almost constant in the range of 10 % SS/90 %
~water t0 90 % SS/10 % water in the shield composition. The analytical representation is
applied to clarify the shielding design conditions required to satisfy the shielding design
criteria.

When the shield plug is installed in the duct opening, there are a few centi-meter wide
slits between the duct wall and the shield plug. In case the shield plug is installed in the duct,
the following findings are obtained. _

(1) As the slit width increases, the nuclear properties in the TF coil adjacent to the duct
increase in proportion to the power function of the slit width between the duct wall and
the shield plug.

(2) The nuclear properties in the TF coil decrease exponentially with the shield plug and the
duct wall thicknesses.

Based on the results, the analytical representations on the nuclear properties in the TF coil

adjacent to the duct with the shield plug in the duct are established as functions of the slit

width, the duct wall thickness and the shield plug thickness. The established representations
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can be applied with good accuracy in the range of the 2 — 10 cm wide slits, 10 — 30 cm thick .
duct walls, and the 70 — 200 cm thick shield plugs.

By installing the step configuration to the slit between the duct wall and the shield plug
installed in the duct, the nuclear properties in the TF coil adjacent to the duct decrease.
Therefore the nuclear properties are systematically calculated in the TF coil adjacent to the
duct for the various step configurations, and the following findings are obtained.

(1) The nuclear properties in the TF coil adjacent to the duct are drastically reduced by
installing the step configuration to the slit. They decrease with increasing the step width.
They are almost constant value when the slit width is more than four times wider than the
slit width. The nuclear properties with the step width with more than four times of the slit
width are the values of about 1/30 compared with that without the step configuration in
the 100 cm thick shield plug.

(2) Although the nuclear properties slightly increase with increasing the step thickness, the
dependency of the nuclear properties on the step thickness is much little compared with
that on the step width.

(3) When the step configuration is installed at the middle of the shield plug thickness with the
slit, the nuclear properties show the minimum value. It can be concluded that the optimum
position to install the step configuration is the middle of the shield plug from the view
point of the shielding design.

(4) It can be concluded that applying the step configuration with the step width of four times
of the slit width at the middle of the shield plug is most effective from the view point of
the shielding design.

The evaluation method is developed for the decay gamma ray dose rate after shutdown
around the large opening duct in the vacuum vessel by the decay gamma ray Monte Carlo
calculation in Chapter 6. The neutron and decay gamma ray transport Monte Carlo calculation
is simultaneously conducted by the modification of the nuclear data library replacing a
prompt gamma ray spectrum with a decay gamma ray spectrum. In order to apply this method
to the calculation of the tokamak-type DT nuclear fusion reactor with drastically reducing the
calculation time, the effective variance reduction method is proposed by the application of the
weight window technique and the specification of the decay gamma ray generation region.
Using this method, the shielding analyses are performed for the ITER maintenance and NBI
ducts. It was found that this method was much useful for improving the statistical error. The
good statistical errors could be obtained, therefore the effectiveness of this method was
demonstrated for the shielding design calculation. From the calculation results, it is found that
the decay gamma ray dose rates around the maintenance duct can fully satisfy the tentative
design target of 100 pSv/hour at the space required for the human access, and those around
the NBI duct are almost equal to the tentative design target. Ratios of the decay gamma ray
dose rate after shutdown to the fast neutron flux are varied with the range of a factor of eight
depending on the location at the space around the duct, therefore it can be concluded that this
method applied in this Chapter is required to evaluate the decay gamma ray dose rates with
good accuracy.
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