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In order to confirm accuracy of radiation transport codes, a neutron streaming experiment was conducted. An
iron-polyethylene multi-layer shielding assembly was fabricated, and neutron dose distribution was measured.
The shielding assembly has a three-legged rectangular duct of which the total length is 750 mm. An
encapsulated Cf-252 source was set in front of the entrance of the duct to irradiate the neutron detector, and
the dose along the duct was measured by the bubble detectors placed inside. The neutron dose was also
calculated by the Monte Carlo codes, PHITS and MCNPS, using various nuclear data libraries, JENDL-4.0,
ENDEF/B-VIL.1 and JEFF-3.1. The difference depending on nuclear libraries is not significant. The
calculations agree well with the experiments in both cases where PHITS and MCNPS5 are used.
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1. Introduction

Multi-layer shielding which consists of hydrogen and
medium-heavy nuclides is quite effective in a mixed
neutron gamma radiation field, for example, transport
casks [1] and interim storage facilities [2]. However, in
the cases where cooling ducts or slits penetrate the
shielding, neutron streaming occasionally becomes a
problem [2]. Therefore, for the purpose of confirming
calculation accuracy, comparison of experiments with
calculations was designed.

PHITS [3], which can simulate particles and heavy
ions transportation in three dimensions, was adopted to
calculate neutron dose. There are many benchmark data
in high energy region [4] because PHITS was originally
developed for high energy particle transportation [5].
However, there are few benchmark studies in low
energy region using nuclear data libraries. Therefore,

validation experiment using fission neutrons is important.

Furthermore, there is a work [6] which shows
calculation results of PHITS differ from that of MCNP5
[7]. Therefore, MCNPS5, which is widely used to
calculate particle transportation, was also chosen for the
sake of comparison. Three modern nuclear data libraries,
JENDL-4.0 [8], ENDF/B-VIL.1 [9], and JEFF-3.1 [10]
were used in each calculation.

The aim of this study is validation of PHITS code and
intercomparison of Monte Carlo codes for multi-layer
shielding assembly having streaming structure like
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modular type interim storage facilities [2].

2. Experiment
2.1. Geometry

An iron-polyethylene multi layer shielding assembly
with a three-legged rectangular duct was fabricated.
Figure 1 shows the plan and side view of the assembly.
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Figure 1. Plan view and side view of the shielding assembly.

This assembly is constructed with iron plates and
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polyethylene plates of which the length, width and
thickness are 1100 mm, 1100 mm, and 50 mm
respectively. These plates have a rectangle notch, and
the streaming duct is made by these notches and small
plates. The cross section of the duct is 10,000 mm? (50
mm X 200 mm) and its whole length is 750 mm.

2.2. Neutron source

An encapsulated Cf-252 spontaneous neutron source
was used. A Cf oxide pellet is enclosed in an argon

welding stainless capsule and an aluminum cylinder case.

The source is stored in the bottom of a pit made with
iron and polyethylene, and is lifted up to floor surface
during irradiations. The encapsulation of the source is
shown in Figure 2, and its arrangement within the
experimental geometry is shown in Figure 3. The source
neutron intensity was 2.37x107 s’! at the time of the
experiment.
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Figure 2. Source casing and capsule.
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Figure 3. Sectional view of the assembly and neutron source.

2.3. Detectors

The size of neutron detector should be small enough
to fit in the streaming duct. Therefore, bubble detectors
(Bubble Technology Industries, BD100R-PND) were
used for neutron detection.

The shape of BDI0OR-PND is a cylinder 120 mm
long and 15 mm in diameter, and its sensitive volume is
15¢ x 45 mm. Energy-dose response of the bubble
detector [11] is similar to that of the effective dose [12].
These response curves are shown in Figure 4. Although
BD100R-PND is a temperature compensation type, its
response changes slightly with temperature. Then the
irradiation room temperature was kept at 24 degrees
Celsius, and the response of BD100R-PND increased by
10% from the nominal value in this environmental
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Figure 4. Energy-dose response curve of the bubble detector
[11] and dose conversion coefficients [12].

condition [13].

Reading errors should be considered since the
bubbles were counted by eye. To decrease such errors,
average counts and standard deviations (reading errors)
were obtained with the following procedures: we
conducted neutron irradiation twice per each measuring
point, and the number of bubbles were counted ten times
for each detectors. In addition, because the process in
which the bubble is generated is stochastic, the statistical

error is estimated by the square root of the number of
bubbles.

3. Calculation

The experimental geometry in Figure 1 was modeled
three dimensionally. The calculation geometry model
consists of the irradiation room, shielding assembly, and
bubble detector. Figure 5 shows the irradiating room
model. The thickness of the room wall was 1000 mm,
and typical concrete composition [14] was used.
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Figure 5. Irradiation room and source pit model.

The bubble detector was modeled as a 15¢ x 45 mm
cylinder filled with polyacrylamide (1.6 g/cm?). A track
length estimator tally was set at the volume instead of
pulse height tally because the leakage of secondary
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particles is negligible in bubble detectors. Not the
effective dose conversion factor given in ICRP
publication 74 but the response curve of the bubble
detector shown in Figure 4 was applied in the Monte
Carlo simulation for the purpose of comparison of the
experiment with calculations.

The Maxwell fission energy spectrum was used as the
energy distribution of neutron source for the comparison
of MCNP and PHITS because PHITS does not support
Watt fission spectrum. The source neutron spectrum Bis
expressed as follows;

B(E)=CE1/2€—E/T (1)
where E: energy, C: normalization factor and T:
temperature = 1.42 MeV for Cf-252 spontaneous fission
neutron source [15].

Dose distribution was calculated using PHITS and
MCNPS5. Three nuclear data libraries, JENDL-4.0,
ENDEF/B-VII.1, and JEFF-3.1 were tested for each code.

4. Results and discussion

The dose distribution was measured by the bubble
detectors. To avoid mutual shielding of the detectors,
only one detector was set in the duct at once on each
irradiation duration. The results are listed in Table 1 and
shown in Figure 6. Large numbers of bubbles lead to
large reading errors. Therefore, irradiation duration was
adjusted so that about 100 bubbles are generated
whenever practicable. As a result, both the reading error
and statistical error were around 10% in most measuring
points.

Table 1. Measured dose and experimental error.

Dist. Dose  Relative Dist. Dose Relative
(cm)  (uSv/h) error (cm)  (uSv/h) error
33 1.17E+4 0.16 48.3 4.27E+2 0.09
83  7.23E+3 0.21 533 2.86E+2 0.10
133 541E+3 0.17 58.3 1.59E+2 0.08
18.3  4.95E+3 0.14 63.3 8.00E+1 0.10
233  2.23E+3 0.13 68.3 3.41E+1 0.13
283  1.41E+3 0.20 73.3 2.45E+1 0.17
333  9.28E+2 0.12 78.3  1.44E+1 0.20
383  7.62E+2 0.13 83.3 8.23E+0 0.25

433  5.51E+2 0.09 - - -
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Figure 6. Neutron dose distribution along the duct.

The calculation results are compared with the
measured doses in Figures 7 and 8. The solid black lines
in the figures represent range of C/E within lo
experimental error described in Section 2.3. All the
statistical errors of Monte Carlo calculation are less than
1%, and omitted in the figures. It is remarked that the
influence using different libraries is insignificant.

The Maxwellian energy spectrum was adopted in the
calculations while the Watt spectrum was more adequate
for Cf-252 spontaneous fission spectrum. However, it
has been confirmed that the doses changed by only
about 1% in the Ist leg when the Watt fission spectrum
source was used.

1.5

—— ENDF/B-VIL1 (PHITS)

L e ~=—JENDL-4.0 (PHITS) |~~~ ]
3 F-——2c—-——-F-———-————- —=— JEFF-3.1 (PHITS) -+ - _~<
. — Experimental error /
12 ¢~ = B
1.1
ST
o b
0.9
0.8
0.7
(O el i it Mt

0.5
0 10 20 30 40 50 60 70 80
Distance from duct entrance (cm)

Figure 7. C/Es (Calculation/Experiment) by PHITS.
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Figure 8. C/Es (Calculation/Experiment) by MCNPS5.

The experimental errors become larger in the first-leg
and third-leg, and C/Es are apart from 1.0 there. The
experimental errors increase in the point where the
numbers of bubble are too many or too few. In the
experiment, minimum irradiation duration is required
because source capsule manipulation takes a certain time.
Even though less sensitive detectors were set in the first
leg, the number of bubbles and then its reading error
became larger. Conversely, the number of bubbles
became smaller around the exit of the duct, and thus the
experimental statistical error was increased in the
third-leg.

The discrepancy between calculation and experiment
in the first-leg is also possibly caused by excessive
amount of bubbles because the experimental doses are
biased by counting losses of the bubbles. Moreover, the
contribution of the neutrons scattered by the structures in
the irradiation room are likely underestimated in the
calculations because there exist other large equipments,
for example racks and cranes, that are difficult to be
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modeled. This influence is significant in the third-leg
because the doses there are relatively small. Therefore in
the first-leg and 3rd-leg, the C/Es tend to deviate from
1.0. Both codes generally reproduce the experimental
results within the range of 2-sigma, and C/E is 0.7 even
in the worst case.

Figure 9 shows the calculated dose ratios of PHITS
to MCNP. In each calculation, the total number of
histories was adjusted so that the fractional standard
deviation (FSD) becomes 1%. Therefore, the
synthesized FSD of MCNP/PHITS ratio was 1.14%
constantly. Figure 9 shows MCNP/PHITS ratios are
oscillating within the range of synthesized FSD, that
means, both results are statistically equivalent.
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Figure 9. Calculated dose ratio, MCNP/PHITS.

5. Conclusion

Neutron dose distribution along the duct was
measured in the multi-layer shielding assembly. The
doses calculated by the Monte Carlo radiation transport
codes and that measured by the bubble detectors agreed
generally within the range of errors. Difference of
nuclear data libraries had little influence on the results.
PHITS code was also in agreement as well as the MCNP
code.
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