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In this paper the goal is to optimize a shield for the americium-beryllium radioactive source,
which generates a mixed neutron and gamma-ray radiation field, using two different materi-
als designed with simultaneous moderation and absorption of neutrons and gamma-ray
shielding in mind: a new type of stainless steel and epoxy resin (C,,H,;ClO5) composite with
240 % NiO additive. For this purpose, MCNPX was used and the equivalent dose rate for
both types of radiation was calculated. After the optimization process, the shield volume
experienced a 54 % reduction while its weight, due to the use of a steel alloy, was increased by
3.56 %. At a distance of 1 m from the center of the source, the equivalent dose rate was re-
duced by 10.98 % in comparison to that of the original system.
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INTRODUCTION

Nuclear reactors are considered the most prolific
and well-known neutron sources, however, their most
important and obvious drawbacks are high cost,
safety, and non-transportability. Isotopic neutron
sources, on the other hand, because of their low cost,
flexibility, and portability can be a suitable alternative
[1]. Americium-beryllium (Am-Be) is one of the most
widely used isotopic neutron sources with different
applications in science and industry such as neutron
imaging, irradiation of samples, and neutron calibra-
tion of detectors and monitoring instruments [2].

Neutrons released by this source have a spec-
trum with a mean energy of about 4.5 MeV and maxi-
mum energy of about 11 MeV [3]. The neutron spec-
trum of this source is shown in fig. 1. The emitted
neutrons are then followed by 4.8 MeV gamma-rays.
These photons are responsible for 37.5 % of the total
activity of the source [1]. Considering their high pene-
tration power and lack of electric charge, necessary
protective measures and shielding must be provided to
ensure the safety of personnel from the harmful effects
of the radiation fields generated by these sources.
Shielding against neutrons is more complex than other
types of radiation since it involves attenuation of not
only primary neutrons but also the production and at-
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Figure 1. Am-Be neutron spectrum [1]

tenuation of secondary particles. These associated
problems include the production of photons from neu-
tron inelastic scattering, neutron slowing down and
capture of thermal neutrons which is leading to the
capture of gamma rays [4]. Shielding against neutron
sources is accomplished through three logical steps

[5]:

(1) Neutrons must be artificially produced, and when
initially formed, regardless of their origins, they
are all categorized as fast neutrons. Fast neutrons
have a very low absorption cross-section, but their
scattering cross-section is very high in many ma-
terials, especially in materials with low Z such as
hydrogen as they may lose a large fraction of their
energy in individual interactions with them. The



A. Hooshmand Fini, ef al., Americium-Beryllium Shield Container ...

Nuclear Technology & Radiation Protection: Year 2023, Vol. 38, No. 2, pp. 96-101 97

first step in shielding against neutrons is to place a
hydrogen-rich material near the source to force the
neutrons to slow down to thermal energies by in-
ducing scattering reactions.

(2) Thermal neutrons have a much higher absorption
cross-section, particularly in materials such as bo-
ron and its compounds. So the second step in neu-
tron shielding is the absorption of the moderated
neutrons by materials with a high neutron absorp-
tion cross-section.

(3) After their moderation and capture, gamma rays
are emitted, so the third step is using a certain
amount of suitable material for shielding against
gamma photons.

The drawback of this approach is that it can often
lead to an increase in the volume and weight of the
shield to the point that in some cases, because of its
weight and volume, the source is considered a fixed
one rather than a portable one. Plus, this approach
complicates the design since, for each step of the pro-
cess, a different suitable material must be chosen and
provided in sufficient quantities.

Recent years have seen a growth in the development
and application of materials with simultaneous shielding
capabilities in both neutron moderation and absorption
and gamma-ray shielding. Polymers, thanks to their flexi-
ble nature, are of particular interest in this field since some
of their properties can be enriched with the use of the right
additives. The right choice of polymer and additive can re-
sult in a composite material suitable for both neutron and
gamma attenuation. For example, the shielding perfor-
mance of epoxy resin with a 40 % tantalum additive was
tested against Am-Be 4.5 MeV neutrons and 1.25 MeV
%Co photons. The reported neutron effective removal
cross-section and gamma linear attenuation coefficient,
0.677 cm! and 0.43 cm! respectively, of this composite,
were rather high in comparison to other similar materials
[6]. As an example, the neutron effective removal
cross-section reported for epoxy resin with 5 % of B,C
was 0.345 cm™! against 4.5 MeV neutrons [7], and the re-
ported gamma linear attenuation coefficient for tungsten
powder filled epoxy resin was 0.27 cm ! against “°Co pho-
tons [8]. Advances in the science of metalworking and al-
loy development have resulted in the development of steel
alloys that can act as both neutron and gamma shields with
properties superior to that of 316LN stainless steel, an al-
loy with widespread use in nuclear applications. In fact,
316LN has low radiation absorption abilities against both
fast neutrons and gamma radiations [9].

Some research and studies have already shown the
potential of polymer compounds in gamma-ray shield-
ing. Chaitali et al., mixed epoxy resin polymer speci-
mens with four different metal chlorides (BiCl;, CdCl,,
CsCl and PbCl,) at three different weight fractions and
demonstrated improved shielding properties against
gamma-ray photons ranging from 0.05 ev up to 3 MeV
[10]. Abbas et al., loaded PVC samples with micro and
nano PbO/CuO particles at different weight fractions be-
tween 10 % up to 40 % [11]. The mass and linear attenua-

tion coefficients were measured as a function of
gamma-ray energies ranging from 59.53 keV to 1408.01
keV employing different sources. They concluded, to
minimize the use of lead as an absorber one can replace
the pure lead blocks with composites loaded with a mix-
ture of CuO and PbO nano particles [11]. In another re-
search, two batches of concrete sample shields filled by
synthesized PbO and PbO-H;BO; nano particles were
developed for gamma and mixed neutron-gamma fields,
respectively [12, 13]. Results showed that for the ordi-
nary concrete reinforced with 5 wt. % nano PbO parti-
cles, the HVL parameter was reduced by 64 % at 511 keV
and 48 % at 1332 keV [12]. For both batches, the em-
ployment of a low concentration of fillers up to 5 wt. %
was recommended [12] [13].

The main objective of current research is the im-
provement of an Am-Be beryllium shield using epoxy
resin with 40 % NiO and a new type of high alloyed
stainless steel. Both materials were developed with si-
multaneous shielding against neutrons and gamma-ray
photons in mind and both showed exceptional perfor-
mance in comparison to similar materials used for radi-
ation shielding. The main objectives are reduction in
volume, equivalent dose rate, and simplification of the
shield structural configuration. Model validation and
dose calculations were accomplished using the
MCNPX Monte Carlo code.

MATERIALS AND METHODS

Reference system

The reference system was taken from the work of
Moadab and Kheradmand Saadi [14] and consists of a
cylinder with a 23 cm height and 21.75 cmradius. At the
center of the shield is an Am-Be beryllium neu-
tron-gamma source with a 3 cm height, 2.5 cm diameter,
total activity of 5 Ci, and neutron and gamma intensities
of 1.23-107 and 7.31-10° particles per second, respec-
tively. A hollow incomplete cylinder of polyethylene
(C,H,) with a thickness of 5.5 ¢cm surrounds the source
and acts as its primary moderator. This cylinder is com-
pleted by two truncated graphite cones in the upper and
lower regions which act as neutron reflectors and have a
height of 5 cm and a radius of 6.75 cm. The secondary
moderator which surrounds the first one is another in-
complete cylinder with a thickness of 10 cm and consists
of C,H,-5%Bi. C,H,-75 %Bi with a thickness of 1.5 cm
and Mg(BH4)2 with a thickness of 2 cm act as a
gamma-ray shield and neutron absorber respectively and
are repeated in radial and axial directions [14]. Figure 2
shows the layer configuration of the shield and tab. 1
shows the composition of each layer.

Involved materials

The polymer used for this work is epoxy resin
+40 % NiO. This composite was prepared by mixing
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Figure 2. Layer configuration
of the shield

Table 1. Layer composition of the shield

Table 3. Chemical composition ratios of high alloyed

Table 2. Epoxy resin-40 %NiO chemical composition

Element wt %
C 38.5
H 3.8
Cl 5.5
0} 20.8
Ni 314

the additive, hardener (CyH,,0;), and commercially
available nickel oxide powder at a constant speed for
10 minutes at 500 rounds per minute until they were
homogeneous. The resulting mixture was then poured
into a cylindrical silicone rubber mold and dried at
room temperature. The sample was then coated with a
soudal calofer sodium silicate sealant, a sodium sili-
cate-based high-quality asbestos-free sealant used in
high-temperature environments up to 1500 °C to in-
crease its temperature resistance against high tempera-
ture. This sample has a density of 3.40 gcm™ and its
chemical composition is shown in tab. 2 [15]. This
composite will replace C,H,, C,H,-5 % Bi, and
Mg(BH,), during the optimization process.

High alloyed stainless steel was prepared using a
nano-sized powder of the elements shown in tab. 3 and

Layer number Material stainless steel [11]
1 C,H,4-75 %Bi Element wt %
2 Mg(BHa), Ni 30
3 C,H4-75 %Bi Cr 15
4 C,H,-75 %Bi Mn 1
5 Mg(BHa), C 0.5
6 CyH,-75 %Bi Mo 1
7 Graphite W 20
8 Graphite Fe 31.47
9 C,H, v 0.015
10 CoHy-5 %Bi S 0.015
11 C,H4-75 %Bi Re 1
12 Mg(BHa),
13 CoHy-75 %Bi the powder-metallurgy method. Materials were mixed

for 15 minutes. When it became homogeneous, the
mixture was heated at 350 °C and then pressurized at
600 MPa pressure. The formed sample was then an-
nealed at 1300 °C for 3 hours, then hardened by a
faster cooling process. This alloy has a density of
10.45 gem™ [11].

The three main components of this alloy are Ni,
Cr, and W. Based on the percentages of these elements,
this alloy is closer to the steels of the austenitic class.
The high content of these elements has given this steel
increased heat resistance and radiation shielding prop-
erties. Stainless steels tend to crack after welding but
this has not been observed for this new alloy [11].

Simulation

In order to calculate the total equivalent dose rate,
the MCNPX Monte Carlo code and its surface flux tally,
F2, were used. Since Am-Be beryllium generates a
mixed field of radiation, two simulations must be con-
ducted: in the first simulation, the source was consid-
ered a pure neutron source. Neutron particles were
tracked for three different energy ranges: thermal neu-
tron (0.5 eV and below), fast neutrons (0.5 MeV and
above), and epithermal neutrons between these two
ranges alongside resultant gamma-ray photons from
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Figure 3. Comparison between data available from the reference shield and simulation results

neutron interactions with different layers of the shield.
In the second simulation, the source was considered a
pure gamma source, and the photons emitted from it
were tracked. To convert the calculated flux to dose,
ANSI-6.1.1-1991 flux-to-dose conversion factors were
used [16]. To reduce the statistical errors, both simula-
tions were run for 10 million histories. Total dose is cal-
culated by summing up these three values: total neutron
dose, gamma dose from neutron interactions with dif-
ferent layers of the shield, and gamma dose emitted di-
rectly from the source itself.

RESULTS AND DISCUSSIONS

Model validation

The MCNPX input file was validated by first
simulating the reference shield from the work of
Moadab and Kheradmand Saadi [14] and then com-
paring the results with available data from the refer-
ence system. The results are shown in fig. 3.

The results are in good agreement with the avail-
able data, however, the small difference in the values
may be due to discrepancies in the neutron energy
spectrum as well as MCNPX data libraries. From these
results, one can conclude that since the highest share
of the total dose belongs to fast neutrons, the focus of
the optimization process must be on better moderation
because this fact points toward weakness in the neu-
tron moderation of the shield.

Optimization process
Previous simulation runs showed that by pre-

serving the dimensions, the best structural configura-
tion had been achieved by replacing the primary and

secondary moderators from the reference shield with a
single incomplete cylinder of epoxy resine+40 % NiO,
gamma absorber with high alloyed stainless steel, and
the neutron absorber with epoxy resine+40 % NiO
again. Table 4 shows the calculated dose rates for this
configuration and its relative difference in comparison
to the reference shield. All dose units are in uSvh'.
Figure 4 shows the structure of this new shield with
the dimensions of the reference. Layers 2, 5,9, and 11 are
made of epoxy resine+40 % NiO, and layers 1, 3, 4, 6, 10,
and 12 are made of high alloyed stainless steel described
in this paper. To reduce the volume of the shield, only the
thickness of layer 9 could be reduced. Any further reduc-
tion in the thickness of the outer layers of the shield
would compromise its ability to reduce the radiation lev-
els. Byreducing the thickness of layer 9 by 7 cm, the to-
tal equivalent dose value for this configuration was in-
creased from 11.48 uSvh' to 16.27 uSvh™', 18.65 % less
than the recommended value and 10.98 % less than the
reference system. The shield volume experienced a 54 %
reduction and went from 34164.5 cm?® to 15720.33 cm?,
while its weight, due to the use of a steel alloy instead of a
polymer-based material, was increased by 3.59 % and
went from 113.8461 kg to 117.9009 kg. The shield total
radius decreased from 21.75 cm to 14.75 cm, but its

Table 4. Dose rate comparison between the reference
shield and the new structural configuration

Lo Reference New Relative

Radiation type shield |configuration dlff[el:)ze]nce
Thermal neutrons | 0.22721 | 0.0100497 95.57
Epithermal neutrons| 0.5637 0.481299 14.61
Fast neutrons 16.2975 9.93903 39.008
Total neutron dose | 17.0867 10.4304 38.95
(n,7) 0.4865 0.738161 51.72
gamma-ray 0.7096 0.312182 56.005
Total dose 18.2828 | 11.480743 37.20




A. Hooshmand Fini, et al., Americium-Beryllium Shield Container ...

100 Nuclear Technology & Radiation Protection: Year 2023, Vol. 38, No. 2, pp. 96-101

Figure 4. New structural
configuration for the
optimization process

Equivalent dose rate components comparison of the optimized system [ Svh™]
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Figure 5. Comparison between equivalent dose rates of the reference system and optimized system

height remained at 23 cm. Figure 5 compares the equiva-
lent dose rate values of the reference system with the op-
timized one.

CONCLUSION

In this paper, a new high alloyed stainless steel
and epoxy resin polymer composite was used to opti-
mize an Am-Be beryllium shield container. Both mate-
rials were developed with the goal of simultaneous
shielding against fast neutrons and gamma-rays. Pri-
mary, secondary, and neutron absorbers of the original
system were replaced by epoxy resin+40 % NiO while
the gamma-ray absorber was replaced by high alloyed
steel. The results showed that by using these materials,
and after reducing the volume, the total equivalent
dose rate and volume were reduced by 10.98 and 54 %
respectively. However, due to the use of a steel alloy
instead of a polymer, shield weight was increased by
3.59 %. The system provides better protection and is
more mobile in this configuration.
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Am XYIIMAHA ®UHU, Moxcen KEPAJIMAH CAIU, Mutpa ATAPU AJTA®

OIITUMU3AILIMJA ITUTA AMEPULIMIYM-BEPUINJYMCKOI' KOHTEJHEPA O

HOBOI' BUCOKOJETMPAHOI' HEPBAJYREI YE/IMKA N KOMIIO3UTHUX
MATEPHUJAJIA, KOPUIITKREILEM MCNPX ITPOI'PAMA

Hawmepa je ma ce onTuMm3yje MTAT aMepULHjyM-0epUITHjYMCKOT PaJiOaKTUBHOT HU3BOPA, KOjI
CTBapa MEIIOBUTO MOJbEe HEYTPOHA U raMa 3padueka, kopucrehu nBa pazauuura MaTepujaja — HOBE BPCTE
KoMmro3uTa o Hephajyher uesnuka u enokcupne cmoue (C,,H,5ClO5) ca 40 % NiO agutuBa. Y Ty CBpXy
kopuinrthed je MCNPX nporpam n m3pauyHara je eKBUBaJICHTHA jaUrHa JJ03€ 32 00e BpcTe 3pauetha. Hakon
mpoleca ONTUMH3AIFje, 3allPEMIHA IITHTa cMamkbeHa je 3a 54 %, JIOK je Beropa TexkuHa, 300T ynorpede
yenuyHe Jerype, noBehana 3a 3.56 %. Ha ygamseHOCTH O jelHOT MeTpa oOff LEHTpa MU3BOpa, jauynHa
e€KBHBaJICHTHE 03¢ cMameHa je 3a 10.98 % y ofHOCYy Ha OpUTMHAIHY CUCTEM.

Kmwyune peuu: amepuyjym-6epusujymcku u3eop, ouitiumudayuja widuilia, 6ucokoaezupanu Hephajyhu
ueauk, eiloxcuora cmoaa, MCNPX iipozpam



