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Abstract In this study, novel rhenium—boron neutron-
shielding  high-temperature-resistant  materials  were
designed. The considered samples, Re60—B40, Re58—B42,
Re50-B50, and Re40-B60, with different concentrations of
rhenium and boron were investigated to elucidate their
neutron-shielding performances, and compare them with
well-known neutron-shielding materials such as the 316LN
quality nuclear steel. In addition to the experimental
studies, Monte Carlo simulations were performed using the
FLUKA and GEANT4 codes, where 4.5-MeV neutrons
emitted by a **' Am-Be source were employed. Experi-
mental equivalent dose rates, simulated track lengths,
energy balances, and neutron mass absorption cross sec-
tions were discussed in detail.
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1 Introduction

In the design of nuclear power plants, piping systems
with high radiation, pressure, and temperature resistances
are of key importance. Martin and Reid studied molybde-
num-rhenium (44.5%) alloys as reactor heat pipe materials
[1]. In addition, rhenium-containing alloys have been used
in nuclear fusion applications and atom probe tomography
(APT) system components [2]. Bulk '®*“Re has been irra-
diated with accelerated protons at the Los Alamos National
Laboratory for clinical radiotherapy applications; the
results were studied by Mastren et al. [3]. Another research
revealed that the mechanical strength of steel was not
affected by the presence of rhenium, while its radiation
shielding properties improved with the increase in the
rhenium concentration in stainless steel (9Cr-2W-0.25V—
0.07Ta—0.1C). [4]. High-temperature neutron irradiation of
molybdenum-rhenium welds was studied by Krajnikov
et al. They revealed a significant increase in microrigidity
of the molybdenum-rhenium alloys at both low and high
temperatures, attributed to the neutron irradiation [5]. Corr
et al. [6] revealed that the Re-ion irradiation and He-plasma
application created a large increase in hardness of the
irradiated tungsten target. In addition, rhenium-based and
boron-containing materials were used as nuclear protection
materials, in particular, against neutrons [7, 8]. Boron-
containing and boron-based nuclear shields have been
extensively investigated, which revealed their excellent
properties.

High-technology materials with excellent heat-resistant
and neutron-shielding capacities are required for applica-
tions in nuclear technologies. They are of key importance
for fission- and fusion-based power plants. Newly fabri-
cated samples with a high level of rhenium exhibit a high-
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temperature resistance and almost perfect shielding
capacity. In addition, it has been reported that rhenium is a
perfect nuclear shield [9]. Therefore, rhenium is used as a
basic material of newly fabricated neutron-shielding sam-
ples encoded as Re60-B40, Re58-B42, Re50-B50, and
Re50-B50 according to their elemental composition.
Rhenium (Re) is the most commonly used silvery-white
refractory metal with an atomic number (Z) of 75. It is a
transition metal with excellent temperature resistance and
hardness. It is used in nuclear technologies for various
applications, from space equipment to nuclear reactor
shields. Rhenium-molybdenum alloys are frequently used
in various industrial field including nuclear medicine.
Rhenium-containing and rhenium-based alloys are
promising owing to their perfect shielding properties and
high-temperature resistance. For example, an iridium-
coated rhenium (Ir/Re) burning chamber achieves hours of
operation up to temperatures of 2200 °C. It offers the
required thermal tolerance for high-capacity long-life
radiation-cooled rockets [10]. Boron (B) is a low-Z chemi-
cal element; its compounds and minerals are widely used in
nuclear reactors for neutron moderation purposes and
boron neutron capture therapy applications.

In this study, novel high-temperature-resistant neutron-
shielding materials were designed using the FLUKA
[11, 12, 23] and GEANT4 [13, 14, 22] software packages,
which are Monte Carlo simulation codes; they can model
materials with different rhenium-boron ratios. Experi-
mental equivalent dose rates were measured. Owing to its
perfect shielding parameters, the 316LN quality nuclear
steel was chosen as a reference material for comparison.

2 Materials and methods
2.1 Geant4

GEANT4 is a widely used Monte Carlo package for the
simulation of transfer of particles through matter. It is
employed in high-energy-particle plasma physics, nuclear
applications, accelerator modelling, medical physics, cos-
mic ray physics, etc. In this code, neutrons are simulated
using four different high-precision (HP) data-driven
hadronic physics models (G4NeutronHPElastic, G4Neu-
tronHPInelastic, G4NeutronHPCapture, and G4Neu-
tronHPFission). In the GEANT4 input files, neutrons can
be defined to have an energy in the range of 0.025 eV
(thermal region) to 20 MeV (fast region). In this study, the
Geant4.10.02.p01 version of the code was used to estimate
the neutron—sample interactions.
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2.2 Fluka

FLUKA is one of the Monte Carlo codes that very
accurately model electromagnetic, cosmic, and nuclear
interactions for all materials. It is widely used in high-
energy particle physics, shielding, detector design, mod-
elling cosmic ray interactions, medical dosimetry, radio-
biology, radiation protection, etc. We used the FLUKA
Monte Carlo code to determine absorbed doses, macro-
scopic cross sections, neutron fluencies, and produced
radioisotopes by samples after neutron irradiation. In this
study, the FLUKA.2011.2b.6 version was used.

The GEANT4 and FLUKA Monte Carlo codes were
previously used in our studies on gamma and neutron
shielding [15-20]. GEANT4 and FLUKA differ from each
other in terms of neutron transport. FLUKA uses its own
cross-sectional libraries, while GEANT4 uses the hadron
physics (HP) ENDF (evaluated nuclear data file) library.
Cross-sectional models and neutron energy limits libraries
are used in the two codes.

2.3 Simulation setup

The samples were modelled using the FLUKA and
GEANT4 Monte Carlo simulation codes. GEANT4 and
FLUKA simulations were performed to estimate neutron
absorption cross sections (3 /p (cm?/g) — >y effective
removal cross section, p density of sample), total track
lengths, and energy balances. The dimensions of the sam-
ple were set to 10 x 10 x 10 mm®. Boron was added in
the rhenium sample at different weight percentages; owing
to its high neutron total macroscopic cross section 10-pCi
24! Am-Be neutrons were used in the simulations. A total of
260 neutron cross-sectional libraries are used in FLUKA;
the G4ANDL3.14 neutron cross-sectional library is selected
for the GEANT4 simulations. An image of the experi-
mental setup and illustration of the employed geometry in
the theoretical simulations are shown in Fig. 1.

2.4 Sample preparation

In this study, neutron-shielding capacities of rhenium—
boron structures were investigated. We prepared four
samples with different percentages of boron in rhenium.
All of them had a mass of 2.5 g and diameter of 2 cm.
Rhenium and boron powders were milled for 3 h. After
pelleting using the SPECAC hydraulic press equipment at
600 MPa, the disc samples were annealed at 1200 °C for
6 h. The sample names, their densities, and B—Re per-
centages are listed in Table 1. The produced samples are
shown in Fig. 2.
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Fig. 1 (Color online) Simulation geometry and experimental setup

Table 1 Names, weight compositions, and densities of the samples

Sample name Rhenium (%) Boron (%) P (g/crn3)
Re60-B40 60 40 13.55
Re58-B42 58 42 13.17
Re50-B50 50 50 11.68
Re40-B60 40 60 9.81

R60B40 R50B50 R40B60

R58B42

Fig. 2 (Color online) Produced samples
2.5 Experimental methods

In the neutron equivalent dose rate experiments, a
24 Am/Be neutron source (10 mCi) and Canberra neutron
detector were used. The *' Am/Be source emits 2—11 MeV
energetic neutrons. The conventional **'Am/Be neutron
source is a mixture of americium dioxide and beryllium
metal powders. The NP-100B detector system [boron tri-
fluoride-(BF5)-filled neutron detector] can detect over a

wide energy range, from slow to fast neutrons. Equivalent
dose rate results were obtained using the radiological
assessment display and control system (RADACS) soft-
ware on the system PC. The experimental setup comprises
a neutron source, neutron detector, and sample, as shown in
Fig. 1. The detector is placed 30 cm in front of the source.

The mass absorption cross section can be calculated
from Y /p, where > is the effective removal cross
section

a0

and p is the density of the sample [21].

)
i

3 Results and discussion
3.1 Monte Carlo simulation results

Table 2 shows the results for the two shielding param-
eters, total particle track length and energy balance after
the interactions. GEANT4 was used to estimate the total
track length (I,) after the particle—sample interactions; it is
calculated (see GEANT4 manual) as the sum of the step
lengths in the cell:

lt = Si/Wﬁ,

where s; is the collision score, w is the neutron weight, and
f; is the value of the response function. The results show
that the total track length decreases with the decrease in the
rhenium percentage in the sample, which implies that the
neutron flux decreases. The lower neutron flux implies that
the sample is a good neutron-shielding material. Therefore,
among the considered samples, Re40-B60 is the best
neutron-shielding material.

Next, energy balance is the sum of deposited energy and
energy leakage; it corresponds to the Q value of a nuclear
reaction

X+X—-y+Y+0MeV)+---

The energy balance (Q) reveals the absorbed dose in the
sample. Therefore, high-performance shielding materials
exhibit a high energy balance owing to the high absorbed
dose rate. Table 2 shows the energy balance results for all
samples. The energy balance increases with the decrease in
the rhenium percentage, which further confirms that Re40—
B60 is the best neutron-shielding sample. Table 3 shows
the neutron mass absorption cross sections, which support
the above results. The neutron-shielding capacity of the
Re40-B60 sample, which has a high neutron mass
absorption cross section (2/p), is higher than those of the
other samples.
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Table 2 Shielding parameters obtained using the Monte Carlo simulations

Sample Total track length (cm) (GEANT4) Error Energy balance (MeV) (GEANT4) Error
Re60-B40 1.127 + 0.0451 3.705 + 0.1482
Re58-B42 1.124 + 0.0449 3.710 + 0.1484
Re50-B50 1.108 + 0.0443 3.737 + 0.1495
Re40-B60 1.089 + 0.0435 3.784 + 0.1514
Table 3 4.5-MeV neutron mass absorption cross-sections of the samples

Sample Z/p (cmzlg) (GEANT4) Error Z/p (cm2/g) (FLUKA) Error Difference between codes’ results (%)
Re60-B40 0.052 + 0.0022 0.050 4+ 0.0017 271

Re58-B42 0.053 + 0.0021 0.051 + 0.0017 2.60

Re50-B50 0.059 + 0.0025 0.056 + 0.0019 4.93

Re40-B60 0.066 + 0.0027 0.064 + 0.0021 3.84

3.2 Equivalent dose rate results

According to the simulation results, four samples were
fabricated, and equivalent dose rate measurements and
Monte Carlo calculations were performed. The experi-
mental equivalent dose rate and simulation results (ab-
sorbed by the detector) (in puSv/h) are shown in Fig. 3. In
addition, the experimental equivalent dose rate results with
statistical evaluation are shown in Table 4. The fig-
ure shows that the equivalent dose rate is the lowest for
Re40-B60. A larger absorbed dose by the detector implies
a lower absorbed dose by the sample. A low equivalent
dose rate absorbed by the detector implies a high neutron-
shielding capability of the sample. Therefore, Re40-B60
exhibits the largest neutron-shielding capability. It is worth
noting that Re60-B40, Re58-B42, Re50-B50, and Re40-
B60 exhibit better neutron-shielding capacities than that of
the 316LN steel.
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Fig. 3 (Color online) Neutron equivalent dose rate measurements,
compared with FLUKA results
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4 Conclusion

Monte Carlo simulations (FLUKA and GEANT4 codes)
were performed to reveal neutron-shielding parameters of
four samples. The neutron equivalent dose rates of these
samples and 316LN quality nuclear steel were obtained by
experiments and simulations. The high density and good
neutron absorption capacity of the 316LN quality nuclear
steel, used in the nuclear industry, make it a good reference
material. The four samples (Re60-B40, Re58-B42, Re50—
B50, and Re40-B60) had higher densities and neutron-
shielding parameters, compared with those of the steel, as
shown in Tables 3 and 4 and Fig. 3. Therefore, the four
samples had excellent neutron-shielding performances. The
simulation results of the neutron-shielding parameters, total
track length and energy balance, confirmed the experi-
mental results. The best sample properties were obtained
with the lowest track length, highest energy balance,
highest mass absorption cross section, and lowest experi-
mental equivalent dose rate (absorbed by the detector).
Accordingly, the Re40-B60 sample had the highest neu-
tron-shielding capability. These findings could be useful in
nuclear engineering, radiation shielding, and nuclear safety
applications.

The neutron absorption capacity increased with the
boron percentage in the composite. Boron has a higher
neutron-shielding capacity than rhenium. Rhenium was
added to the composite, owing to its high atomic number;
rhenium addition increased the scattering cross section for
fast neutrons. Therefore, the proposed composite material
has improved neutron-shielding properties and larger neu-
tron scattering cross section [22].
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Table 4 Experimental

equivalent dose rates Sample Equivalent dose rate (uSv/h) Error Standard deviation
Re60-B40 1.096 =+ 0.1096 0.7124
Re58-B42 1.093 + 0.1093 0.3226
Re50-B50 0.999 £ 0.0999 0.6136
Re40-B60 0.986 =+ 0.0986 0.2277
316LN 1.175 + 0.1175 0.4365
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