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Abstract. Development of efficient neutron-shielding materials has become one of the most
important issues in radiation safety. In order to estimate shielding performances of the materials
of interest, simulations of neutron-shielding characteristics using well-proved methods are
necessary. In this work, a Monte Carlo code of Particle and Heavy Ion Transport code System
(PHITS) was used to simulate neutron-shielding properties of HDPE composites that were added
with either B2Os, Sm203, Gd203, or CdO as a filler at various contents. The energy of the
incoming neutrons was fixed at 0.025 eV with the beam direction pointing at the right angle to
the material’s surface. The results showed that Gd2O3/HDPE composites had the lowest neutron
transmission ratio compared with other fillers at the same contents, implying the highest neutron-
shielding ability. Furthermore, the simulations also showed that the values of neutron
transmission ratios of all fillers decreased with increasing filler’s contents. Other information
such as half-value-layer (HVL) and tenth-value-layer (TVL) were also simulated and reported
in this work. We encouraged further investigation of this work by comparing the simulated
results with the actual experiment in order to validate the accuracy of the simulation.

1. Introduction

Neutron technology has been utilized widely nowadays including water film thickness measurement [1],
Boron Neutron-Capture Therapy (BNCT) [2], and analysis of ancient artifacts [3]. However, despite the
benefits of neutron utilization, excessive exposure to neutrons could fatally harm users, ranging from
skin burns, vomiting, dizziness, and possible death [4, 5].

To prevent and/or to reduce risks from radiation exposure, sufficient neutron shielding is required. In
principle, good neutron shielding materials would compose of a combination of light elements such as
hydrogen (H) or helium (He) and high-neutron-absorption-cross-section (Gabs) elements such as boron-
10 (**B). Examples of such materials are B,Os/paraffin composites [6], B2Os/natural rubber (NR) [7],
and nano-B4C/high density polyethylene (HDPE) [8]. In particular, HDPE ((C;H4),) is one of common
materials used in neutron shielding applications, mainly due to its high hydrogen content, which could
effectively thermalize, i.e. reduce energy of, fast neutrons with higher efficiencies than other polymers
such as NR or low density polyethylene (LDPE) [9]. HDPE also offers exceptional strength to density
ratio and is able to withstand high temperatures (120°C).
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In addition to light elements, high-c.s elements, especially '°B, are also essential in thermal neutron
attenuation. These elements could interact with incoming thermal neutrons, creating nuclear reactions
and releasing other types of ionizing radiations such as alpha (*He*") or proton (‘H") particles that are
simpler to being shielded. One of the most commonly used elements having high 6.y is boron, of which
"B (80% abundance) has G of 0.0055 barns, while '°B (20% abundance) has Gabs of 3835 barns,
making '°B a better neutron absorber than a major isotope, ''B. However, using purified '°B as a neutron
absorber would require complicated procedures to extract '’B from natural boron ("*B), hence, it would
be much simpler and more cost effective to use "B as a neutron absorber, although the resulting Gaps
would be reduced to 767 barns. The nuclear reactions between '°B nuclei and thermal neutrons are
shown in Eq. 1 and Eq. 2, in which 94% of all nuclear reactions would produce 0.48-MeV gamma (y)
rays.

05 4 > “He" + Li% (6%) (1)

"B +n > *He* +"Li*" + v (94%) )

However, "B is not the only element that could be used as a neutron absorber, other elements such as
samarium ("*Sm), gadolinium (*'Gd), and cadmium ("'Cd) that have 6.5 of 5,922 barns, 49,700 barns,
and 2,520 barns, respectively, also have potentials to be used as effective neutron absorbers due to their
high caps. The neutron reactions between '“’Sm, *’Gd, or '"*Cd nuclei (having the highest G.bs among
their respective isotopes) and thermal neutrons are shown in Eq. 3-5.

l4gsm62+ +n 9 4Hez+ + 146Nd60+ (3)
157Gd64+ +n 9 158Gd64++ y (4)
113Cd48+ +n 9 114Cd48++ y (5)

As seen by the high 6,5 of "B, "*Sm, "*Gd, and "*'Cd, this work aimed to simulate their thermal neutron
shielding properties of their respective oxide compounds (B,03;, Smx03, Gd»03, and CdO) in HDPE
using a Monte Carlo code of Particle and Heavy lon Transport code System (PHITS) [10, 11]. Important
properties including neutron transmission ratio (I/lp), half-value-layer (HVL), and tenth-value-layer
(TVL), were thoroughly determined using the results from this simulation.

2. Experimental

PHITS is a multi-purpose Monte Carlo simulation package that could be used in various applications
including the design of spacecraft and accelerator facilities. In this work, PHITS was used to simulate
thermal neutron shielding properties of metal oxide/HDPE composites by considering their transport
and collision processes. To set up the simulation, a thermal neutron beam (0.025 eV) with 0.1-mm
diameter was pointed at a right angle to the surface of shielding materials (z axis). The sizes of all
samples were 40 cm x 40 cm with their thicknesses varied from 0.2—1.0 cm in 0.2-cm increments and
the detector with 100% detection efficiency was located at 20 cm away from the surface of the shielding
materials. The setup of the simulation is shown in Fig.1. It should be noted that all simulations were
performed in air conditions.

Shielding sample Detector Fig. 1. Setup of the simulation to determine thermal
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Contents of all metal oxides in the HPDE composites used for the simulations were 10wt%, 20wt%, and
30wt%, respectively. The neutron attenuation could be calculated using Eq. 6;
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I=TIpe™ (6)

where [, I, u, and x are transmitted neutron intensity, initial neutron intensity, linear attenuation
coefficient, and thickness of the sample. The values of HVL and TVL were determined using Eq. 7 and
Eq. 8. It should be noted that p used in the calculation of HVL and TVL was calculated using the results
of the samples with 2-mm thickness due to the least effect from build-up factors [12].

HVL = In(2)/p (M
TVL = In(10)/p (®)

3. Results and Discussion

As shown in Fig. 2, Gd,O3/HDPE composites could attenuate thermal neutrons with the highest
efficiency as seen by the lowest numbers of transmitted neutrons. This was due to the fact that "*Gd
nuclei have the highest value of oas, leading to a larger probability of neutron interactions and
absorption. Fig.3 illustrates effects of sample thicknesses to neutron shielding ability. The results
showed that, as samples became thicker, less neutron could transmit. This was mainly due to higher
numbers of metal oxides in thicker samples that could interact with neutrons, resulting in more neutron
attenuation.
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Fig.2. Results from PHITS simulation showing Fig.3. Results from PHITS simulation showing
thermal neutron transmission of (a) B,O3/HDPE, thermal neutron transmission of 10wt%
(b) CdO/HDPE, (c¢) SmyO3/HDPE, and (d) Gd,O3/HDPE composites with (a) 2 mm, (b) 4 mm,
Gd,03/HDPE composites. All samples were 10 mm  (¢) 6 mm, and (d) 8 mm thickness.

thick with 30wt% metal oxide content.

In terms of the values of neutron transmission ratios (I/Io) shown in Fig. 4 and HVL/TVL values
presented in table 1, it was obvious that GdO3;/HDPE composites had the highest neutron shielding
ability as illustrated by the lowest I/Io, HVL, and TVL values compared with other composites. Another
interesting result was that the ability to attenuate neutrons improved with increasing contents of metal
oxide. This was because, as contents of metal oxide became larger, numbers of high-cas nuclei that
could effectively absorb thermal neutrons increased, leading to more interactions and less neutron
transmission.

Table 1. Values of HVL and TVL of all HDPE composites.

Content Metal oxide
(wWt%) B20s Smz0s Gd203 CdO
HVL TVL HVL TVL HVL TVL HVL TVL
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
10 6.23 20.71 3.30 10.97 0.44 1.47 3.24 10.76
20 2.66 8.84 1.62 5.41 0.23 0.78 1.73 5.75

30 1.73 5.77 1.11 3.70 0.17 0.58 1.27 4.23
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1.0E+00 Fig.4. Neutron transmission ratios
(I/Ip) of all HDPE composites.
Note that the data are plotted in log

scale.
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4. Conclusions

PHITS was used to simulate thermal neutron shielding properties of HDPE composites that were added
with either B,O3;, Smy03, Gd,03, or CdO as a neutron absorber. The results indicated that increasing
metal oxide contents in HDPE composites led to the increases in thermal neutron shielding ability as
seen by the decreases in neutron transmission ratios (I/I), HVL, and TVL. Furthermore, the results also
showed that Gd,O3/HDPE composites had higher neutron shielding ability compared with other
composites at the same contents.
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