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Abstract: In this study, thermal (2.53*10® MeV) and fast (2 MeV) neutron total macroscopic cross-
sections of paraffin, polycarbonate, and polyester matrix polymers doped with B,C, B,O3, Sm,03 and
Gd,0O3 (at weight percentages of 5%, 10%, 15%, 20%, and 25%) were computed by using Monte
Carlo simulations. Additionally, the macroscopic effective removal cross-section (¥.z) of fast neutrons
was theoretically computed based on the mass removal cross-section values { %z/g) for various
elements in polymers and additives. The obtained results show that the highest thermal neutron total
macroscopic cross-section was obtained in polycarbonate doped with Gd,Os, and the highest fast
neutron total macroscopic cross-section was observed in paraffin doped with Sm,0s. Besides, the
paraffin provided the highest fast neutron total macroscopic cross-section for all additives. The results
of this study provide a good understanding of shielding properties of paraffin, polycarbonate, and
polyester matrix polymers doped with B,C, B,O3, Sm,05; and Gd,O; against thermal and fast neutrons.
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Monte Carlo Simiilasyonu Kullanilarak B,C, B,O3, SmgOgu\/e Gd,03; Katkili Polimer
Matrisli Kompozitlerin Termal ve Hizhh Notron Zirhlama Ozelliklerinin Incelenmesi

0Oz: Bu calismada, B,C, B,0O3 Sm,0; ve Gd,O3 katkili (%5, %10, %15, %20 ve %25 agirlik
oranlarinda) parafin, polikarbonat ve polyester matrisli polimerlerin termal (2.53%10® MeV) ve hizli
(2 MeV) nétron toplam makroskopik tesir kesitleri Monte Carlo simiilasyonu kullanilarak
hesaplanmugtir. Ayrica, hizli n6étronlarin makroskopik etkin ayirma tesir kesiti (3.z), polimerlerdeki ve
katki maddelerindeki elementlerin kiitlesel ayirma tesir kesiti degerleri ( Y.gr/p) kullanilarak teorik
olarak da hesaplanmistir. Elde edilen sonuglar, en yiiksek termal nétron toplam makroskopik tesir
kesiti Gd,O; katkili polikarbonat ve en yiiksek hizli nétron toplam makroskopik tesir kesiti Sm,O3
katkili parafin ile elde edildigini gostermistir. Bunun yaninda parafinin, tiim katki maddeleri i¢in en
yiiksek hizli nétron toplam makroskopik kesitine sahip oldugu goriilmiistiir. Bu ¢alismanin sonuglari,
B4C, B,0;, Sm,0; ve Gd,0; katkil1 parafin, polikarbonat ve polyester matrisli polimerlerin termal ve
hizl1 nétronlara kars1 zirhlama 6zelliklerinin iyi bir sekilde anlasilmasini saglamigtir.
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1.Introduction

In recent years, neutron sources have been used in many applications such as neutron capture
therapy [1], neutron imaging [2,3], elemental analysis [4], and nuclear power plants [5]. Since
the radiation weighting factor of neutrons is higher than that of other types of indirectly
ionizing radiations [6], shielding is considered a significant part of protection and safety
practices for radiation workers and the public in applications involving neutron sources. For
this purpose, many shielding materials have been developed, ranging from different types of
concretes [7] to metal [8] and polymer [9] matrix composites, depending on the energy
spectrum of the neutrons as well as the specific intent of the use, and thus a large body of
similar work accordingly draws attention of the researchers worldwide.

Since neutrons are electrically neutral, they cannot be stopped by electromagnetic interactions
like charged particles. Thus, the design process of neutron shields is basically considered in
two stages: moderation and absorption [10]. Since the absorption cross-section of fast
neutrons is considerably small, that is negligible in most cases, they are first slowed down
with a suitable moderator and then are absorbed by nuclei with high absorption cross-sections
for thermal neutrons.

During moderation, the kinetic energy (Ex) that a neutron will retain as a result of an elastic
collision with an atomic nucleus is indicated by the formula,

_ 4Mm
C4(M +m)

where M is the mass of the recoil nucleus, m is the mass of the incoming neutron, and g is the
scattering angle of the nucleus with respect to the direction of the incoming neutron. The Ex
values of some isotopes when £ = 0 are given in Table 1 as a function of the nuclear mass of
the isotopes expressed in atomic mass units (amu).

Ey cos 8 1)

Table 1. Examples of neutron energy fraction as a function of recoil nuclear mass
Nucleus Mass (M inamu) E; (%)

H 1.007825 100
2y 2.014102 89
°Be 9.012182 36.2
¢ 12.000000 28.6
*0 15.994915 22.3
2gj 27.976927 13.4
*Mn 54.938047 7.1
¥ Ay 196.96654 2.0

According to Table 1, light elements are effective moderators for high-energy neutrons, and
water consequently serves as a good neutron moderator due to its higher hydrogen content.
However, the fact that water is liquid at room temperature becomes a disadvantage for
neutron shielding purposes.

Polymers are good neutron moderators because of their properties such as high hydrogen
content, solidity at room temperature, low Z, lightness, durability, shapeability, cheapness,
and stability at a wide range of temperatures and are therefore considered as alternative
shielding materials to water. While hydrogen is a good moderator, its neutron absorption
cross-section is very low as indicated by the corresponding data in Table 4. Accordingly,
many studies have been conducted to improve neutron absorption properties of polymers [11-
13] where materials with a high thermal neutron macroscopic cross-section such as boron,
cadmium, gadolinium, and samarium are usually added at varying proportions to further
reduce the necessary shield thickness of the final material by increasing absorption of thermal
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neutrons [14-18]. Woosley et al. found a 20% reduction in the thermal neutron flux after
adding boron nitride to a thermoplastic polymer at the ratio of 20% [19]. Toyen et al.
observed that by adding B,O3 to paraffin at varying ratios between 0 wt% to 35 wt%, the
thermal neutron flux decreased from 95% to 30% [16]. In another study, Soltani et al. added 1
wt%, 2 wt% and 5 wt% boron to HDPE (high density polyethylene) and found that the
macroscopic thermal neutron absorption cross-section increased from 0.29 cm™ to 1.23 cm™
[20]. Mesbahi et al. investigated the fast neutron cross-sections of polyurethane matrix of
micro and nano sized polymers doped with B4,C, BeO, WQO3, ZnO, and Gd,O3 and observed
that nanoscale doping increased the fast neutron cross-section [21]. Besides, there are studies
aiming to improve the gamma ray linear attenuation coefficient by doping polymers in the
literature [9,22].

In this study, thermal (2.53*10® MeV) and fast (2 MeV) neutron total macroscopic and
removal cross-sections of some composites formed by doping several polymers as seen in
Table 2 (paraffin, plycarbon, and polyester) with B4C, B,O3, Sm,03; and Gd,Oj3 at the ratios of
5 wt%, 10 wt%, 15 wt%, 20 wt%, and 25 wt% were calculated using the MCNP5 code
package developed to employ the Monte Carlo technique for simulating transport of radiation
particles in material media.

Table 2. Elemental weight fraction of the polymers investigated in this study
Paraffin Polycarbonate  Polyester

Element o He)[23]  (CieHiOs) [23] (CieHwOy) [24]
H 0.148605 0.055491 0.044025
C 0.851395 0.755751 0.603773
(0] - 0.188758 0.352201

2. Materials and Methods
2.1 Monte Carlo Simulations

Statistical models like the Monte Carlo technique offer good numerical alternatives for
solving physical problems when experimental conditions are either limited or difficult to
perform. The MCNP code (the Monte Carlo N-particle radiation transport code), version 5, is
a simulation program that can handle three-dimensional geometries and has wide applications
in areas such as shielding, reactor design, dose calculations, and medical imaging [25]. In the
literature, MCNP has been to calculate radiation protection performance of various materials
such as concretes [26], glasses [27], and metal composites [28]. In this study, we used the
MCNPS5 version of the code for computing thermal and fast neutron total macroscopic cross-
sections of some candidate shielding materials.

As shown in Figure 1, the simulation geometry consists of a mono-energetic point neutron
source placed in a cylindrical cavity, target material and detector (F4 Tally) to measure the
neutron flux through the material in vacuum.
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Figure 1. Geometry of the simulation setup

The target materials considered in this study were created by homogeneously mixing polymer
materials as the base matrix and various compounds with high thermal neutron cross-section
were added at different weight percentages. Paraffin (CxsHsp, density = 0.93 g/cm?),
polycarbonate (CisH1403, density = 1.2 g/cm®), and polyester (CigH1407, density = 1.12
g/cm®) were selected as matrix materials. B4C (density = 2.52 g/cm®), B,Os (density = 1.81
g/cm®), Sm,03 (density = 8.35 g/cm®), and Gd,05 (density = 7.41 g/cm®) were used as the
additives. The doping ratios for each additive were set at 5 wt%, 10 wt%, 15 wt%, 20 wt%,
and 25 wt%. The thermal neutrons were defined at 2.53*10® MeV while the fast energy
neutrons were set as having 2 MeV. In order to shorten the simulation run time, the photon
importance was set to 0 and thus no photon was created as a result of neutron interactions
with the absorbers. The distance between the neutron source and the target material, as well as
the distance between the target material and the detector were both set as 50 cm. The detector
cell and target material were designed as a cylinder. The detector flux was calculated using
the F4 tally of MCNP5, which measures average flux per cm? per source particle. Before each
simulation, the flux 1y was calculated when no target material was present, and then the flux Iy
was calculated by inserting the target material between the source and the detector. In the
simulations, 10 neutron histories were created and the statistical error was below 1%.

2.2 Calculation of Total Macroscopic Cross-Section ( Y )

As neutrons pass through a scattering or absorbing medium, they can interact in various ways
depending on their energy and the nuclei of the atoms in the material. The basic interactions
between the neutron and the nucleus include elastic scattering, inelastic scattering, neutron
capture, and nuclear fission. The microscopic cross-section (o), which refers to the total
probability of a neutron of a certain energy to interact with the atoms in the medium it passes
through by one of the above mechanisms, is defined as the sum of the microscopic cross-
sections for scattering (o) and absorption interactions (a,).

oy = 04 + 0Oy (2)

The absorption of neutrons as they pass through a matter depends not only on the microscopic
cross-section but also on the number density of the absorbing nuclei in the material. The
physical quantity containing these two parameters is denoted by ', and is called the total
macroscopic cross-section [5]

Yt =No; 3)
where N is the number of nuclei per unit volume and the unit of 3}, is cm™.
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In cases of different nuclei mixed together in a material, the total macroscopic cross-section is
calculated by the mixture formula as follows:

Xt = Nyo, + Nyo, + Neog + -+ (4)
where N,, N, and N, are the number of nuclei in elements A, B and C per unit volume.
To determine Y, of a material, the intensity of the neutron beam that gets attenuated due to
absorption and scattering when passing through a medium of material is needed, along with

the intensity of neutrons when there is no absorber. The attenuation by the medium is then
calculated by the well-known Beer-Lambert law [29]:

IX ES Ioe_th (5)

where I, and I, are, respectively, the intensity of the incoming neutrons (emitted from the
source) and the intensity of the neutrons passing through the absorber, x (cm) is the absorber
thickness, and Y. is the total macroscopic cross-section of the absorbing medium. If in this
equation, I, and I, can be determined either through measurements or simulations for a
known thickness of an absorber, Y, of the material can then be readily determined.

2.3 Calculation of Fast Neutron Effective Removal Cross-Section ( Y )

The fast neutron effective removal cross-section (called removal cross-section) ¥ (cm™2), is
the probability that a fast or fission energy neutron undergoes a first collision, which removes
it from the group of penetrating, uncollided neutrons. The removal cross-section is considered
to be approximately constant for neutron energies between 2 and 12 MeV, and may be
calculated for various elements in the compounds or mixtures by the general formula [30,31]

Sk =) pi(Se/p): ©)

where p; and (Xz/p); are, respectively, the partial density (g cm™), and the mass removal
cross-section of the ith constituent (cm?.g™), compound or simple element.

It is worth mentioning that the partial density p; is given by the product of weight
fraction W; of the ith element and the density of the sample ps as follow:

pi = Wi ps ()
The (Xzr/p) values of the elements used in this study is shown in Table 3.

Table 3. The mass removal cross-sections of elements

Element Yg/p (cm’g?)

H 0.598
B 0.0575
C 0.0502
O 0.0405
Gd 0.0119
Sm 0.0121

3. Results and Discussion

Figures 2(a-c) show the calculated thermal neutron total macroscopic cross-sections for
paraffin, polycarbonate, polyester matrix materials depending on the doping ratio of B4C,
B,03;, Sm,03, and Gd,03. While the thermal neutron total macroscopic cross-section of pure
paraffin was 2.86 cm™, it was found to increase up to 15.88 cm™ with the addition of B,C, up

494



to 6.84 cm™ with the addition of B,O3, up to 21.41 cm™ with the addition of Sm,0s, and up to
102.52 cm™ with the addition of Gd,O3. While the thermal neutron total macroscopic cross-
section of pure polycarbonate was 1.62 cm™, it was found to increase up to 15.72 cm™ with
the addition of B,C, up to 6.31 cm™ with the addition of B,Os, up to 19.31 cm™ with the
addition of Sm,05 and up to 107.23 cm™ with the addition of Gd,Os. Finally, the thermal
neutron total macroscopic cross-section of pure polyester was 1.27 cm™ and was found to
increase up to 14.87 cm™ with the addition of B4C, up to 5.82 cm™ with the addition of B,Os,
up to 18.45 cm™ with the addition of Sm,0Os; and up to 104.48 cm™ with the addition of
Gd,03. Adeli et al. [32] observed that doping polymers with 5 wt% B,4C increased the thermal
neutron cross-section from 0.076 cm™ to 0.345 cm™ depending on the particle size of B4C.
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Figure 2. Thermal neutron total macroscopic cross-sections of (a) paraffin, (b) polycarbonate and (c) polyester
matrix materials as a function of doping percentages.

The fast neutron total macroscopic cross-sections depending on the mixing ratio by weight are
shown in Figure 3 (a-c). The results reveal that paraffin matrix materials had the highest fast
neutron total macroscopic cross-section for all doping ratios and for all additives. In addition,
Aygiin and Budak examined the fast neutron cross-section of paraffin wax according to the oil
percentage and observed that the fast neutron cross-section of paraffin wax increased as the
amount of oil increased [33]. Sm,O3 turned out to have the highest fast neutron total
macroscopic cross-section for all doping raitos in all polymers. Doping with B,O3 yielded the
highest fast neutron total macroscopic cross-section for paraffin and polycarbonate at 10% by
weight and for polyester at 15% by weight. This behavior was due to the Gd, Sm and B
elements having a considerable higher thermal neutron cross-section values. In a similar
study, Tuna et al. [34] also observed that increasing the amount of B4C increased the fast
neutron absorption rate of polyester.
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Figure 3. Fast neutron total macroscopic cross-sections of (a) paraffin, (b) polycarbonate and (c) polyester
matrix materials as a function of doping percentages.

The removal cross-sections theoretically calculated according to Eqg. 6 are shown in Figure
4(a-c). In paraffin samples, doping with 25% Sm,03 resulted the highest increase as 134%,
while doping with 25% B,Oj3 resulted the lowest increase as 4%. The ) values of paraffin
and polycarbonate are higher than the Y’ value of ordinary concrete reported by Bashter [35].
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From the previous literature review, the highest removal cross section was found in paraffin
with more than 10wt% contents of Sm,03 and Gd,0O3, and polycarbonate with 25wt% content
of Sm,03 [11,12]
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Figure 4. Neutron removal cross-sections of (a) paraffin, (b) polycarbonate and (c) polyester matrix materials as
a function of doping percentages.

The thermal and fast neutron cross-section values of the elements used in our study are shown
in Table 4. The reason why Gd,O3 doping has the highest thermal neutron total macroscopic
cross-section value in all polymers can be explained by higher thermal neutron cross-section
of Gd, as can be seen in Table 4. Likewise, Sm,03 doping has the second highest thermal
neutron total macroscopic cross-section value in all polymers after Gd,Os. It has a high
thermal neutron total macroscopic cross-section due to boron content of B,C and B,03. B4,C
contains boron 80% by weight and B,O3 31% by weight. Therefore, it is seen that the lowest
thermal neutron total macroscopic cross-section in all polymers is in B,O3 doped polymers.

As can be seen in Table 1 and Table 4, the hydrogen rich polymers are effective in shielding
fast neutrons. For this reason, it stands out in fast neutron shielding with its 14% hydrogen
value in paraffin content. Although, the gadolinium has high total cross-section for fast
neutron, samarium doped materials have the high value in cross-section calculations. This is
because the density of Sm,0Os is higher than Gd,Os.

Table 4. Neutron cross-sections (barn) of the elements or isotopes included in this study

Thermal neutrons (0.0253 eV) Fast neutrons (2 MeV)
. Total bound
Isotope / Element Tota_ll Cross- Absorp_tlon Cross- scattering cross- Total cross-section [36]
section [36] section [37] .
section [37]
H 30.6011 0.3326 82.02 2.90841
B-10 3847 3835 3.1 2.15983
B-11 5.07207 0.0055 5.77 1.95305
C-12 (98.91) 4.956 0.00353 5.559 1.70921
C-13 (1.07) 5.90679 0.00137 4.84 1.64815
@) 3.91631 0.00019 4.232 1.5796
Natural Gd 48739.15 49700 180 6.682
Natural Sm 5704.971 5922 39 6.565774

4. Conclusions and Comment

This study has investigated the changes in the thermal neutron total macroscopic, fast neutron
total macroscopic and removal cross-sections of paraffin, polycarbonate, and polyester in

496



response to doping with B4C, B,O3, Sm,03, and Gd,O3 at varying proportions. The results can
be summarized as the following:

1. Paraffin yielded the highest fast neutron total macroscopic and removal cross-section
values since it has a higher hydrogen content by weight in comparison to
polycarbonate and polyester.

2. Paraffin has the highest thermal neutron total macroscopic cross-section when doped
with B4C, B,O3 and Sm,03, while the polycarbonate has the highest thermal neutron
total macroscopic cross-section when doped with Gd,Os.

3. This study has provided us with information on changes in the thermal and fast

neutron total macroscopic cross-sections depending on the content of the material
doped with polymer matrix composites and on the doping ratio. It can be concluded
that materials to be used for neutron shielding should be produced and their physical
properties should be examined considering both their thermal and fast neutron total
macroscopic cross-sections.
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