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Shielding benchmarking study of the current data and method applied to
the Fusion Experimental Reactor (FER) was performed. First, neutron and

gamma ray fluxes were calculated by the one~dimensional S, code using

N
various cross section libraries and the continuous energy Monte Carlo code.
The results were compared in terms of the SN/MC ratio. The worst ratios
are about 0.5 and 0.25 for neutron flux and gamma ray flux, respectively.
Next, the analytical calculations of the iron sphere transmission experi-
ment of 14 MeV neutrons were performed to examine the accuracy of cross
section data of iron, which is the most important material of shield. The
E/C ratio is larger than 2 even if the continuous energy Monte Carlo code
was used. Thirdly, the influence of geometrical representation of the
shield was investigated by comparing the homogeneous model and the
heterogeneous model (alternating layers of S5316 and water). As a result,
it was made clear that the homogeneous model underestimates neutron flux by
a factor of 2. Finally, the necessity of benchmark experiment and improve-

ment of cross section library was pointed out as the further R&D issues.

Keywords: Accuracy, Shielding Design, Fusion Experimental Reactor, Nuclear
Data, Kerma Factor, Discrete Ordinate, Monte Carlo, Benchmark

Calculation, Nuclear Heat Deposition, Hetrogeneity
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1. Introduction

Optimization (mirimization) of shield configuration (shield thickness)
especially at the torus inboard region has been required in the course of
the design for the Fusion Experimental Reactor (FER) because the shield

(1,(2) .

thickness has a large impact on the reactor size and the cost
is necessary, therefore, to evaluate calculation errors caused by the
current methods and data used in the shielding design in order to validate
the optimization study. Various causes which generate calculation errors

in shielding design process are illustrated in Fig. 1.1. Error analyses
must be carried out systematically to clear effect of each cause on
calculation accuracy separately. Alsmiller et.al. discussed the uncertainty
of the shielding reponses of toroidal field coil due to the cross section

(3)

» and Furuta et.al., discussed the accuracy of the multi-

(4)

group transport calculation . In the design of FER, accuracy of the

uncertainties

shielding calculation has been discussed from the viewpoints of the geomet-
rical representation and the multi-group transport calculation(S)’(6).

This study includes three major items (benchmark calculations);

1) uncertainty due to multi-group approximation; 2) uncertainty due to
cross section data, 3) uncertainty due to geometrical representation. In
the first benchmark calculation accuracy of the discrete ordinates (SN)
transport calculation using multi-group constants was discussed by
comparing the results with those by the continuous energy Monte Carlo
calculation. Influences of using different nuclear data files and
differently processed data libraries on the calculated results were also
investigated in this study.

In the second benchmark calculations, the selected benchmark experi-
ments with iron sphere using 14 MeV neutron source were analyzéd with the
current methods and data, and calculated results were compared with the
measured values.

In the third benchmark calculation, influence of heterogeneous repre-
sentation of the shield structure was investigated. Two kinds of the one-
dimensional model were analyzed; one is the homogeneous mixture of
structural material and water, another is the alternating layers of
structure material and water.

The conclusions of the study will be used to provide predicted
shielding properties with design margin (or safety factor) when the

current methods and data are applied to the shield design.
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2. Accuracy Evaluation of Multi-Group SN Calculation

2.1 Calculation method

The multi-group transport calculations were performed by using the

(7

one—-dimensional discrete ordinates code ANISN which is used most

frequently in the design of FER. The calculation used an Sz symmetric
angular quadrature set and a Ps; Legendre expansion {P; for VITAMIN-C) for

the scattering cross section. Main features of the several cross section

(8)-(14)

libraries used in the SN calculations are summarized in Table 2.1
(13)*

(12)

All the libraries except the FSXJ3TI based on the JENDL-3T library

are neutron and gamma ray coupled sets. All the neutron cross sections

(8)

is used most often at present for

(1)

are for infinite dilution. The GLCXZ0
fusion reactor design widely in Japan, and the GICXFNS is used for ana-
lytical study of 14 MeV neutron experiments at FNS{(the fusion neutronics
source at JAERI). The GICX4OV4(8> and the GICXSO(lg), however, have not
been used often so far and propriety of theilr application has not been
assured yet. Another 171 neutron, 36 gamma ray group cross section library
was generated from the DLC&l/VITAMIN—C'1ibrary(14).

The infinite cylindrical model as shown in Fig. 2.1 was used in the
first benchmark calculation. Atomic densities of the materials are shown
in Table 2.2.

The continuous energy Monte Carle calculation by the MCNP code(ls) was
performed. The point-wise cross sections used in MCNP are based on the

(9)

ENDF/B-1IV data file The same geometrical model as the one-dimensional

SN calculation was used in the Monte Carlo calculations. 1In this case,
however, a pair of reflecting surfaces were assumed for the base planes of
the cylinder. Track length estimators and surface crossing estimators
were emploved to calculate the shielding responses.

An isotropic and uniformly distributed 14,1 MeV monoenergetic neutron
source was assumed in the plasma region. In the multi-group calculations,
however, neutron source energy ranges 15-13.72 MeV for GICX40, GICX40V4 and
GICX50; 14.218-13.967 MeV for GICXFNS; 14.10-13.88 MeV for FSXJ3TI; 14.19-

13.84 MeV for VITAMIN-C.

% JENDL-3T is a temporary file for testing the evaluated data of JENDL-3.
The data in JENDL-3T will be partly revised in JENDL-3.

....3_
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2.2 Calculation results

2,2.1 S8S53l6/water shield
(D Neutron and gamma ray flux

Neutron fluxes and gamma ray fluxes are compared in Fig. 2.2 to Fig.
2.5 and Table 2.3 between the multi-group SN calculations and the con-
tinuous energy Monte Carlo calculations in terms of ANISN to MCNP ratio
(SN/MC ratio). Neutron fluxes calculated by ANISN are smaller than those
by MCNP. Discrepancies between ANISN and MCNP results increase with depth
into the shield. The SN/MC ratios seem to increase at the outer surface
of the shield. This is because the flux calculated by ANISN is given at
the midpoint of the interval (i.e. 0.5 cm from the surface). Although the
discrepancies partly originate from the difference in nuclear data fliles
in the case of GICX40 and FSXJ3Tl, they are mainly due to the multi-group
approximation, e.g., the window effect of the resonance cross section min-
ima, when the same nuclear data file (ENDF/B-IV) as MCNP are used. The
worst SN/MC ratios in the total neutron fluxes are about 0.5 for GICX40 and
around 0.7 for GICXFNS, GICX40V4, GICX50, FSXJ3T1 and VITAMIN-C.

The gamma ray flux calculated using GLCX40 is much smaller than that
of MCNP., The worst SN/MC ratio is around 0.25. While, the gamma ray flux
calculated using GICXFNS, GICX40V4, and GICX50 are much larger than that
of MCNP., The worst ratio is around 2. Large difference is observed over
all the thickness, even in the first wall region. The gamma ray flux
calculated with VITAMIN-C shows much better agreement with that of MCNP,
and the worst ratio is about 0.76.

The SN/MC tatios in neutron and gamma ray fluxes at the position 60 cm
from the first wall are summarized in Table 2.3, Accuracy of neutron
fluxes seem to be improved by using the libraries based on the ENDF/B-IV
and JENDL-3T files instead of the ENDF/B-TII file. While, the secondary
gamma ray fluxes shew large disagreement between these results. Only
VITAMIN-C gives the reasonable values.

The secondary gamma ray production cross sections were used in the SN
calculation and the Monte Carlo calculation. Insufficiencies in the
production data, therefore, affect the accuracy of the calculation of the
gamma ray flux. As stated in the next section, the accuracy of the
secondary gamma ray flux was evaluated by the integral energy balance
(16), witich is not affected by the insufficiency in the production

data, in terms of the total energy deposition.
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{2) Nuclear heat deposition

The SN/MC ratios of the nuclear heat deposition by neutron and gamma
ray are shown in Fig. 2.6 and Fig. 2.7, respectively. The ANISN calcula-
tion using GICX40 underestimates both neutron and gamma ray heating.
Discrepancies in neutron heating are relatively small and the worst ratio
is about 0.77. Discrepancies in gamma ray heating are rather large and the
worst ratio is about 0.36. This tendency is the same as that of neutron
and gamma ray fluxes mentioned above.

In order to check the accuracy of the calculation of nuclear heating,
we have also calculated total heat deposition in the shield using the
integral energy balance method. The total nuclear heat deposition din

the shield, Ht'can be calculated by the following equation:

H =H  +7I Rile_j + 7 RijEij - LE - LgE (1)
where,
in’ Neutron energy incident on the first wall from plasma, 14,1 MeV
Rij: Reaction rate in shield for reaction i of element j
Qij: Q value for reaction i of element j
Eij: Energy deposited per reaction i in element j from radicactive
decay of the residual nucleus
n Net neutron energy transported out of shield
LgE Net gamma ray energy transported out of shield

Here, neglecting the third, fourth and fifth terms because these are much

smaller than the other terms, the equation (1) becomes;

Ht = Ein + i RijQij ‘ (2)

Table 2.4 shows the results of neutron, gamma ray and total nuclear
heat deposition per one DT neutron calculated by the different methods
and data. From these results, the following observations can be drawn;

1) Results of the neutron heating do not differ much between the differnt
methods and data.

2) Results of the gamma ray heating show large disagreement between the
results. Results of GICX40 is smaller than those of MCNP and the
integral energy balance method.

3) Total heating calculated using the libralies generated by the NJOY
code based on the ENDF/B-IV file is > 30 MeV per one DT neutron

—5—
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and this is clearly too high.
4) The result calculated by the integral energy balance method agrees well

with the those of MCNP using the ENDF/B-IV file.

(3) Neutron energy spectrum

Neutron energy spectra at the position 50 cm from the first wall cal-
culated by ANISN and MCNP are compared in Fig. 2.8. 1In the energy range
of several MeV, results by ANISN/GICX40 is much smaller than the other
results. This is attributed to the difference of iron cross sections be~
tween ENDF/B-IIT and ENDF/B-IV as shown in the mnext chapter. Large varia-
tien of the magnitude of the group flux around 5 MeV by MCNP is owing to
the poor statistics of the particle history. Below 1 MeV fluxes calculated
by ANISN are lower than the flux by MCKP. This is partly due to neglecting
the resonance self-shielding effect in the ANISN calculations in addition

to the difference of nuclear data file in the case of GICX40,

(4) Effect of thermal neutron

Thermal neutron is not important in the shield design from the view-
points of material irradiation damage. It plays, however, an important
role - to produce secondary gamma ray and therefore, it may affect on
nuclear heat deposition.

Table 2.5 shows the thermal neutron flux and the secondary gamma ray
flux in the shield calculated by MCNP. Case 1 is the normal MCNP run
without special treatment of thermal neutron. Case 2 is the run of the
more accurate treatment of thermal neutron (i.e. free-gas thermal treatment
was applied). In Case 3, the energy cutoff was done at the neutron energy
of 0.215 eV in order to examine the contribution of the thermal neutron.
The maximum discrepancy of the thermal neutren flux between Case 1 and
Case 2 1is about 50 %. The thermal fluxes by the thermal treatment run are
larger than those by the normal run except at the end of the shield (60 -
70 cm). In the rear part of the shield, however, the difference is not
significant because of the large statistical 'errors. The gamma ray fluxes
of the two cases do not differ much. From the results of Case 3, we can
learn that the fraction of the gamma ray flux produced by the thermal
neutron (here, E < 0.215 eV} varies from 10 % at the first wall to 40 % at
the end of the shield.

Table 2.6 shows the gamma ray heat deposition in the shield. The
results by the normal run and the thermal treatment run is almost the same

(Case ! and Case 2). The fractions of the gamma ray heat deposition

—f—
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originated from the thermal neutron are about 25 % over the whole shield

and over 50 % at the end of the shield (60 - 70 em). TFrom these results

it is concluded that large error in the secondary gamma ray flux and heat
deposition can be generated if the treatment of thermal neutron is not

correct in the multi-group SN calcutation.

2.2.2 Tungsten/water shield
(1) Neutron and gamma ray flux

Neutron fluxes and gamma ray fluxes are compared in Fig. 2.9 to Fig.
2.12 bétween the multi-group SN calculations and the continuous energy
Monte Carlo calculations in terms of ANISN to MCNP ratio. ANISN calcula-
tions using GICX40V4 and GICX50 were performed instead of GICXFNS and
FSXJI3T1 because these liblaries do not include tungsten data. Neutron
fluxes calculated by ANISN are smaller than those by MCNP, which is the

‘similar tendency as the 55316 /water case. In the tungsten/water case,
however, discrepancies in 14 MeV neutron fluxes are larger than those in
total neutron fluxes. The worst SN/MC ratios in the total neutron fluxes
are around 0.8 for GICX40, GICX40V4 and GICX50, and around 0.6 for VITAMIN-
C, while those in the 14 MeV neutron fluxes are around 0.8 for GICX40 and
0.6 for GICX40V4, GICX50 and VITAMIN-C.

The gamma ray fluxes calculated using GICX40 are much smaller than
those of MCNP. The worst SN/MC ratio is around 0.4. While, the gamma ray
fluxes calculated using GICX40V4 and GICXS50 are much larger than that of
MCNP. The worst ratios are arcund 3 and 4, respectively. Large difference
is observed over all the thickness, even in the first wall region. Those
calculated with VITAMIN-C are somewhat improved and the ratio is around
0.5,

The SN/MC ratios in neutron and gamma ray fluxes at the position 40 cm
from the first wall are summarized in Table 2.7. Accuracy of neutron
fluxes does not seem to be improved by using the libraries based on the
ENDF/B-1V instead of the ENDF¥F/B-I11 file. The secondary gamma ray fluxes

show large disagreement between these results.

{2) DNuclear heat deposition

The ANISN to MCNP ratios of the volume averaged nuclear heéating rate by
neutron and gamma ray are shown in Fig. 2.13 and Fig. 2.14, respectively,
In this calculation, an additional zone of 55316 was placed behind W/water
shield in order to evaluate heat deposition in $S316. The ANISN calculation
using GICX40 underestimates gamma ray heating. Discrepancies in neutron

heating are relatively small and the SN/MC ratio is around 1.0.
_7_
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Discrepancies in gamma ray heating is rather large and the worst ratio is

around 0.5. While, the calculation using GICX40V4 overestimates gamma ray

heating by a factor of 3, This tendency is the same as that of neutron

and gamma ray fluxes mentioned above. Total heat deposition in the shield

calculated by various methods and data are summarized in Table 2.8,

From these results, the following observations can be drawn;

1} Results of the neutron heating do not differ much between the different
methods and data.

2) Results of the gamma ray heating show large disagreement between the
results. Results of GICX40 is smaller than those of MCNP by a facto of
2.

3) Total heating calculated using the libraries generated by the NJOY code
based on the ENDF/B-IV file is 2z 50 MeV per one DT neutron and this is

clearly too high.

2.3 Conclusions

Main conclusicns obtained from the analyses were summarized as follows;

(l) As for the SS5316/H,0 shield, accuracy of neutron flux calculations
was Improved by using END¥/B-IV and JENDL-3T instead of ENDF/B-III.

{2) The accuracy will be improved further if resonance self-shielded cross
section data set is used.

(3) Gamma ray fluxes calculated with VITAMIN-C shows relatively good
agreement with those of MCNP, They are, however, still underestimated
and are consistent with the neutron flux calculations.

(4) As for the W/H:20 shield, no significant improvement was observed be-
tween ENDF/B-11I and ENDF/B-IV in both neutron and gamma ray flux
calculations.

(5) GICX40V4, GICX50 and GICXFNS accompany large errors (overestimation)
in the gamma ray calculation and nuclear heat deposition. So atten-
tion should be paid when these are used in shielding design.

(6) GICX40 and VITAMIN-C can be applied to the shielding design. No kerma
factors are, however, provided in VITAMIN-C at present. Correction
against the underestimation of neutron and gamma ray flux must be done
when using these libraries. Table 2.9 summarizes the correction

-factors.

(7) Secondary gamma ray cross section data and kerma factors are not in-

cluded in FSXJ3T1(JENDL-3T) and therfore it can not be applied to the

-ghielding design at present.
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(8) 1If thermal neutron is not properly treated, large error can be

generated in the secondary gamma ray flux and the heat deposition.
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Table 2.2 Number Densities of Materials used for
Shielding Benchmark Calculations

Number Density

Material Element (n/cm?)
Plasma 2y 1.0 xi1pt®
Mo [ 1.255x1021
Cr 1.575%10%%
31685 Ni 9.848x1021
Fe | 5.909x10%2
H,0 H [ 6.686x10%2
0 [ 3.343x10
182y ([ 1.720x1022
W 183y 9,254x10°t
18hy 1.976x102%2
188y 1.821x1072

_llhﬁ
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Table 2.3 Comparison of the Neutron and Gamma Ray Fluxes
Calculated with the Different Cross Section
Libraries (normalized to the results of MCNP)
at the Position 60 cm from the First Wall

(85316 /H,0 shield)

Methods MCNP ANTSN
(ENDF /B-1V) GICX40 | GICX40V4L | GICX50 (| GICXFNS|FSXJ3TL VITéMIN
14 MeV Neutron 1 1.31 0.814 1.04 1.03 0.938 0.831
Fast Neutron
(E> 0.1 MeV) 1 0.562 0.586 0.721 | 0.760 0.714 0.766
Total Neutron 1 0.540 0.482 0.645 | 0.708 0.716 0.729
Thermal Neutron 1 0.469 = 0.379 0.285 | 0.759 @ 0.772 1.12
Gamma Ray 1 0.258 1.04 1.57 2.30 — 0.763
Neutron Heat 1 0.732 0.625 0.867 | 0.627 —_ —
Deposition
(60~70 cm)
Gamma Heat 1 0.299 0.728 1.01 1.44 —_— —_—
Deposition ;
(60~70 cm) i

14 MeV Neutron Energy
15(14.1)=13.72 MeV

14.218 -13.967 MeV for GICXFNS
14.1 -13.88 MeV for FSXJ3T1
14.19 -13.84 MeV for VITAMIN-C

Thermal Energy

<0.215 eV for MCNP, GICX40, GICX40V4, GICX50, GICXFNS

<0.3244 eV for FSXJI3TI
<0.414 eV for VITAMIN-C

for (MCNP), GICX40, GICX40V4, GICXS50

Table 2.4 Nuclear Heat Deposition in SS8316/H,0 Shield Calculated
by Various Method (MeV/DT Neutrom)

Methods MCNP ANTSN IEBM*
(ENDE/B-LV) | ¢1ex40 | GICX40V4 | GICX50 | GICKENS

Neutron Heating 4.12 4.21 5.41 4.14 3.80 —

Gamma Heating 16.4 10.4 . 23.6 39.6 25.1 —_—

n+ g 20.5 14.6 29,0 43.7 28.9 | 19.7

* Integral Energy Balance Method

(Using the neutron flux calculated by GICX40V4)

+ %~ IR..Q (2)

H =E, .
t in 1]

i

(see the text)

— 12_
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Table 2.5 Comparison of Thermal Neutron Flux and Gamna
Ray Flux with/without Thermal Treatment in
MCNP and Contribution of Thermal Neutron to
Secondary Gamma Ray Production

(1) Thermal Neutron Flux
Distance
from Case 1 Case 2
First Wall (Without thermal treatment) (With thermal treatment)
(cm}
0 2.02-4" (0.019)"" 2.42-4 (0.023)
10 1,484 (0.014) 1.81-4 (0.019)
20 7.08-5 (0.020) 8.58-5 (0.025)
30 2.65-5 (0.035) 3.23-5 (0.039)
40 8.28-6 (0.058) 9.50-6 (0.063)
50 2.20-6 (0.097) 2.60-6 (0.111)
60 6.71-7 (0.207) 6.20-7 (0.184)
70 4.21-8 (0.389) 2.82-8 (0.413)
(2)  Gamma Ray Flux
Di;izzce (Withgiietiermal (Witsaiﬁeimal Case 3
Fir?Em?all treatment) treatment) (Energy Cutoff at 0.215eV)
0 6.34-3 (0.007) |6.33-3 (0.008) 5.47-3 (0.008), 11%***
10 2.73-3 (0.,007) 2.77-3 (0.008) 2.21-3 (0.009), 20%
20 9.75=4 (0.011) 9.89-4 (0.013) 7.30-4 (0.015), 26%
30 3.11-4 (0.019) 3.18-4 (0.021) 2.13-4 (0.026), 33%
40 9.91-5 (0.032) 1.02-4 (0.039) 6.71~5 (0.050), 34%
50 2.70-5 (0.054) 2.61-5 (0.066) 1.77-5 (0.089), 32%
60 7.70-6 (0.106) | 8.00-6 (0.134) 4.81-6 (0.149), 407
70 6.08-7 {0.179) | 9.00-7 (O.244)i‘ 5.65-7 (0.238), 37%
*  Read as 2.02 x 107%
#%  (fractional standard deviation)

k%

Contribution ratio of thermal neutron
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Table 2.6 Comparison of Gamma Ray Heat Deposition with/without
Thermal Treatment in MCNP and Contribution Ratio of
Thermal Neutron teo Gamma Ray Heat Deposition

‘ Case 1

, . .Case 2 Case 3
J (Wlthoiie;i$:Ei§ (WItEIEZi;Eii) Energy cutoff at 0.215 eV
0 - 10: 9.55™ (0.004) 9.60 (0.004) 7.66 (0.004), 207**
10 - 20| 4.27 {0.006) 4.33 {0.006) 3.01 (0.007), 30%
20 - 30 1.68 (0.010) 1.70 (0.010) 1.07 (0.012), 37%
30 - 40 0.585 (0.017) 0.593 (0.017) 0.354 - (0.021), 40%
40 - 50| 0.197 (0.031) 10,191 (0.031) ; 0.113 (0.037), 41%
50 - 60 0.0639 (0.055) t0.0563 (0.057) 0.0344 (0.067), 39%
60 - 70 0.0147 (0.106) 0.0173 (0.108) 0.00848 (0.136), 51%
0 - 70 16.36 MeV i 16.49 MeV k 12.25 MeV s 26%

* Heat deposition per one DT neutron

*%  Contribution ratio cf thermal neutron

Table 2.7 Comparison of the Neutron and Gamma Ray Flux

Calculated with the Different Cross Section
Libraries (normalized to the results of MCNP)
at the Position 40 cm from the First Wall
(W/H-,0 Shield)

Methods MCNP ANISN
(ENDE/B=IV) | 610X 40 | GTCX4OV4 | GICXSO | VITAMIN-G

14 MeV Neutron 1 0.859 0.687 0.693 0.598
Fast Neutron (E>0.1MeV) 1 (0.960 0.986 0.955 0.648
Total Neutron 1 0.871 0.976 0.892 0.604
Gamma Ray 1 0.409 1.22 0.783 0.535
Neutron Heat

Deposition (40-50cm) 1 0.974 0.826 0.966
Camma Heat

Deposition (40-50cm) 1 i Of47l 1.18 0.8339
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Table 2.8 Nuclear Heat Deposition in W/H,0 shield
Calculated by the Various Methods
{MeV/DT Neutron)

Methods MCNP ANISN
(ENDF /3-1V) | |
GICX40 . GICX40V4 | GICX50

Neutron Heating 1.50 1.57 0.%69 1.52
Gamma Heating | 18.8 10.3 | 48.4 63.6
n+g 20.3 11.9 49.4 | 65.1

Table 2.9 Correction Factors for Calculation Error due to
Multi-Group Sy Methods Applied te the Inboard
Shielding Properties (Shield Thickness ~60 cm)

S$8316/H,0 W/H,0

GICX40 i VITAMIN-C GEICX40 VITAMIN-C

Neutron flux 2 1.4 1.3 2
Gamma ray flux 4 1.4 3 2
Neutron heating 1.4 —_— ~ 1 5 —_—

Gamma ray heating 4 S 2.4 —_—
Total heat deposition
. . 1.4 e 1.7 L
in shield |
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Shield
SS316 or Tungsten 85%
H,0 15%

Fig. 2.1 Infinite Cylindrical Model for the First
Benchmark Calculation
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3. Accuracy Evaluation of Iron Cross Section Data

3.1 Method of Evaluation

Transmission experiment using 14 MeV neutron source through iron
sphere was analyzed using the current cross section data and the results
were compared with the measured values, because iron is the most basic
element In the shield. The experiment analyzed is that performed by
Hertel et.al.(l7).

shown in Table 3.1 and Table 3.2.

Geometry, dimensions and material compositions are

Analytical calculations were performed by ANISN using GICX40, GICXFNS,
FSXJ3T]1 and VITAMIN-C, and by MCNP using ENDF/B-IV and JENDL-3T. All
calculations were performed using the one-dimensional sphere model with the
isotropic and monoenergetic neutron source region in its center as shown in
Fig. 3.1. The ANISN calculation used the Ps5s (P3 for VITAMIN-C) - Sig
approximation. Surface crossing estimator was used in the MCNP calcula-
tions to evaluate leakage neutron from the sphere. Measured and calculated
results were compared in terms of the number of leakage neutron and
leakage mneutron energy spectra.

The measured value per one source neutron is related to the calculated

(18)

value by the following equation H

m
4Td2J $(d,E,8) cosde2r sinfdb
2

6, = — (3)
J Q(E) dE
0
= 4md® o <d,E>/{ Q(E) dE 4
0
where,
d _ : Radius of sphere (cm)
¢{d,E,8) : Angular flux on the sphere surface (n/cmleeV/Sr)

o3
J Q(E) dE: Number of neutrons emitted from the source target
0

¢t(d,E) : Net neutron current om the sphere surface (n/cm? /MeV)

_3.2 Calculation Results

The measured and calculated leakage nmeutron spectra are compared in
Fig. 3.2. The calculated results were not smoothed by the detector
efficiency. The results by ANISN/GICX40 is much smaller than the other
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calculated results and the measurement in the energy range of 3 - 10 MeV.
Other three calculted results (ANISN/GICXFNS, FSXJ3Tl and MCNP) agree well,
but they are still smaller than the measurements in almost all the energy
range, especially below 5 MeV,

The number of neutron leakage from the sphere as calculated and
measured is tabulated in Table 3.3. They show good agreement above 10
MeV. In the range of 5 - 10 MeV, the calculations underpredict the
measurements, although the disagreement is not larger than the experi-
mental errer except the results by GICX40. The calculated results are
much smaller than the measurements below 5 MeV. Consequently calculated
total neutron leakage above 1 MeV underpredict the measurement by a

factor of »2 for MCNP and by a factor of 3 to 4 for ANISN.

3.3 Conclusions

Main conclusions obtained from the analysis were summarized as follows;

(1) The E/C ratlo was improved by the MCNP calculation compared to the
ANISN calculations. The calculations grossly underestimate the
measurements. The E/C ratio is smaller than 0.5 for the fast neutron
with the energy greater than 1 MeV.

(2) ENDF/B-IV and JENDL-3T give almost the same results. ENDF/B-TIT gives
the larger discrepancy.

(3) Since the experimental error is also rather large, other similar
experiments should be analyzed to conclude the accuracy of the
current data.

(4) Since this experiment is not for the purpose of shielding benchmark,
it is necessary to perform shielding benchmark experiment. It
should include thicker test material (70 ~ 100 em), actual shielding
material/configuration (S$316, tungsten, water) and measurment of low

energy neutron and secondary gamma ray.

_.29_
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Table 3.1 Physical Properies of the Iron Spherical
Shell of Hertel's Experiment(17)

Outer radius (cm) 38.10
Inner radius (cm) 7.65
Density (g/cm*) 7.87
Number density (nuclei/b »cm) 0.0849
Shell thickness (mfp)
2-MeV neutrons 6.9
14-MeV neutrons 6.5

Table 3.2 Atomic Number Densities for Iron
of Hertel's Experiment

Element Weight fraction (%) Atomic compositions
' (atoms /cm?)
Fe 99.3046 8.4280 x 10%%
C 0.21 8.21 x 1020
Mn 047 4.05 Ye 1020
0.013 1.99 x 10'°
Density 7.87g./ cm’ _
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Material

R (outer radius)

Material Source(RS) R R

Iron 1.03 7.63 38.1

Fig. 3.1 Calculational Model for One-Dimensional
Geometry {(unit: cm)
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4. Uncertainty Due To Structural Heterogeneity

4.1 Calculation Method

Influence of the heterogeneous representation of the shield structure
was invetigated by comparing with the homogeneous representation. The one-
dimensional homogenecus model is shown in Fig. 2.1. The one-dimensional
heterogeneous model of alternating lavers of SS316 and water, which is
closer to the actual mechanical design, is shown in Fig. 4.1. Calculation
parameters for ANISN using GICX40 are the same as the homogeneous case as

desecribed in the section 2.1.

4.2 Calculation Results

Neutron and gamma ray fluxes at the end of the shield calculated by
ANISN using the heterogeneous model and the homogeneous one are compared in
Table 4.1. Attenuation of the 14 MeV neutron flux is not affected by the
geometrical representation. The fast and total neutron fluxes by the
heterogeneous model are larger than those by the homogeneous model by a
factor of ~2...:".T'he thermal neutron flux by the heterogeneoﬁs medel ig much
smaller than that by the homogeneous model, but it is strongly dependent
on the gecemetry. The gamma ray £lux by the heterogenecus model is smaller
than by the homogeneous model by about 10 %, but it is also geometry
dependent .

Heat deposition in the shield calculated by ANISN using the two models
are compared in Table 4,2. The heat deposition in 85316 by the heterogene-—
ous medel is smaller than the homogeneous one by 10 %. While, heat
deposition in water is larger by a factor of 2. The total heat depositions
in the shield (SS316-85 7, water-15 7) do not differ much. Thé discrepancy
is smaller than 2 %, though the neutron heating by the heterogeneocus model
is larger by 20 % and the gamma heating is smaller by 10 %.

The similar comparison of the MCNP results 1s summarized in Table 4.3,
Although the statistics of the particle history is poor, the same tendency

as the ANISN results is observed.

4.3 Conclusions

Main conclusions obtained from the analysis were summarized as follows;
{1) The homogeneous model underpredicts the fast neutron flux at the end
of the shield by a factor of 2, Therefore, attention should be paid

when using the homogeneous medel in the shielding design.



(2)

(3

JAERI-M 88—-103

Destribution of thermal neutron and secondary gamma ray in shield is
strongly dependent on the material configuration in particular in
water region. Though it may not affect the shielding performance,
it may affect neutronics performances, such as tritium production
rate, which is not the subject of this report.

Further investigation should be required for the other shield con-

figuration and combination of materials to define the heterogeneous

effect.
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Table 4.1 Comparison of Neutron and Gamma Ray Fluxes
between the Homogeneous Model and the
Heterogeneous Model at the Position 69.5 cm

from the First Wall (8S316/H,0)

Hetero. /Homo.
Ratio
14 MeV Neutron Flux 1.01
Fast Neutron Flux 2.07
Thermal Neutron Flux 0.0279
Total Neutron Flux 1.70
Gamma Ray Flux 0.894

The calculation was performed by ANISN/GICX40.

Table 4.2 Comparison of Neutron and Gamma Ray Heat Deposition per One
DT Neutron in S5S316/H,0 Shield between the Homogeneous
Model and the Heterogeneous Model
Material Hetero. (MeV) Homo. (MeV) Hetero, /Homa. Ratio
Neutron 2.43 2.75 0.884
55316 Gamma Ray 8.91 10.2 0.874
Total 11.34 12.95 0.876
Neutron 2.57 1.46 1.76
H,0 Gamma Ray 0.430 0.212 2.03
Total 3.0 1.672 C1.79
. . 1.1
$S316 /1,0 Neutron 5.0 4,21 9
. . 0.898
Mixture Gamma Ray 9.34 10.4 9
Total 14.34 14.6 0.982

The calculation was performed by ANISN/GICX40.
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Table 4.3 Comparison of Neutron and Gamma Ray Fluxes at the
OQuter Surface of $8316/H,0 Shield and Heat Deposition
in the Shield between the Homogeneous Model and the
Heterogeneous Model (MCNP Results)

Hetero. Homo. Hetero.(Homo.
Ratio
Total Neutron Flux (fsd) 7.47~10(0.121) | 4.64-10(0.184) 1.61
Gamma Ray Flux (fsd) 2.03-10(0.219) | 3.00-10(0.244) 0.677
Neutron Heat Deposition | 4,87 4,12 1.18
55316 | 2,17
Hs0 2.71
Gamma Ray Heat Deposition 14.99 16.48 0.910
g$s3le 14.36
H,0 0.63
Total Heat Depositien 19.86 20.6 0.964
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5. Concluding Remarks

Required accuracy of the shielding properties is around a factor of 2
at a superconducting magnet behind about 70 em thick shield. The calculated
values agrees with each other with discrepancies below a factor of 2 if
relatively new data are used, as shown in the chapter 3. Regarding to the
comparison with the experimental data, the E/C ratio is about 2 for the
much thinner system than the actual reactor shield even if the currently
most accurate method (i.e. continuous energy Monte Carle) is used. If this
E/C ratio is taken into account, though this experiment is not for the
actual shield configuration, uncertainty of the current calculation will be
much more than a factor of 4, and it is too large compared with the
required accuracy.

Another important point to be stressed is the need for an improvement
of caiculation of nuclear heat deposition. This includes the improvement
of the secondary gamma ray production cross section and neutron and gamma
kerma factors. Energy balance must be examined in generating cross section
library. '

Further R&D issues are summarized as follows;

{1} Shielding benchmark experiment

- Actual shield configuration ——— S$5316, tungsten, water, etc.
~ Thickness ——= 50 - 100 cm
-~ Measurement ——— Neutron (incl. low energy)} and

gamma ray
- To define E/C ratio
(2) To revise cross section library for shielding design

- Neutron and gamma ray coupled library with kerma factors

— Number of groups ——— the same as GICX40
- Weighting function ——— to be investigated
- Nuclear data file -—- e,g. JENDL-3

(3) Sensitivity analysis
- To clear Important material and reaction type for each shielding
responses of superconducting magnet (e.g. copper dpa, nuclear heat
deposition)
- To assess the current uncertainty level of each cross section data
to be used in shield design
(4) To further investigate the effect of geometrical representation of the

shield
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