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ABSTRACT

Neutron sources employed in different applications in both medicine and
industry. Due to the harmful effects of neutron particles on living organisms,
radiation shields have played a vital role in radiation protection against
neutrons. In recent decade, numerous investigations conducted on the design
and fabrication of nanocomposites as more efficient shielding materials
against fast and thermal neutrons. A range of different nanoparticles for a
spectrum of neutron energies investigated. However, there is no
comprehensive review concerning the shielding properties on these newly
proposed shielding materials against neutrons. The current review is an
attempt to gather the information provided by the published papers in this
regard. The neutron attenuation of nanocomposites and their ordinary
counterparts discussed and compared. In addition, the effect of influential
parameters, including particle size, neutron energy, particle type, and
materials composition analyzed.

Keywords: Nanomaterials, shielding, thermal neutron, fast neutron, radiation

protection.

INTRODUCTION

Shielding against neutrons has been a great
challenge for application of neutron sources in
industry and medicine. Exposure to neutron
radiation is particularly hazardous for human
health and can cause irreversible damages to
vital organs (). The biological consequences of
exposure to neutron radiation are considerably
greater than exposure to an equivalent amount
of absorbed radiation dose from beta, gamma,
and X-ray radiation 2. Neutrons widely
produced and used in fission reactors as well as
other industries. On the other hand, in some
cases, the neutrons considered as the byproduct
of the interaction of other ionizing radiations
such as protons and photons with materials.
Thus, its industrial and medical usage has
necessitated higher degree of shielding

strategies against neutrons as a hazardous
radiation to human health. For instance,
high-energy neutrons can be produced in
particle accelerators and high-energy photon
beams by (y, n) interactions. Exposure to
neutron radiation is considered highly
harmful for human health because of higher
linear energy transfer (LET) of neutrons
compared to photons and electrons which can
cause more irreversible damages to vital organs
(). Thus, shielding against neutrons plays a
critical role in establishing a safe working
condition for personnel as well as people living
around the nuclear reactor facilities.

From physical point of view, neutrons have
no electrical charge and interact with the nuclei
of materials via different ways. Neutrons
interaction with nuclei occurs via elastic and
inelastic scattering, neutron capture, nuclear
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spallation, and nuclear fission. While, photons
interact mostly with orbital electrons and
ionization of target atoms occurs following
interaction through Photoelectric, Compton, and
Pair production phenomena. Consequently, the
types of materials favored for neutron shielding
are quite different compared to materials which
are appropriate for gamma/X-rays shielding .
In other words, composites which contain high
atomic number materials such as Barium (Ba),
Lead (Pb) and Bismuth (Bi) are utilized to

absorb gamma or X-rays, while materials which
contain low atomic number elements such as
Hydrogen (H), Lithium (Li), Carbon (C), Boron
(B) and Aluminum (Al) are preferred in
absorbing neutron particles (3). Neutrons exhibit
a sophisticated absorption cross section pattern
in terms of neutron energy and atomic number
of absorber due to their interactions with nuclei.
Furthermore, in terms of Kkinetic energy,
neutrons are categorized mainly into several
groups®) tabulated in table 1.

Table 1. Neutron energy distribution ranges.

Cold Thermal | Epithermal | Cadmium | Epi-Cadmium | Slow |Intermediate| Fast
neutrons |neutrons| neutrons | neutrons

neutrons neutrons| neutrons |neutrons

Neutron

Energy (eV) 0.0- 0.025 | 0.025

0.025-0.4 | 0.4-0.5 05-1 1-10

10-1000 |>1 MeV

In general, low atomic number elements(®
with high scattering cross sections (the
probability of neutron-target interaction) are
found to be suitable for neutron attenuation and
shielding(?). Polyethylene and paraffin are often
applied as basic materials for shielding of small
size sources, while for larger sources concretes
and water are recommended shielding materials
®). In space industry as well as nuclear
protection devices more flexible and light
materials such as polymers doped by elements,
including B, Li, Samarium etc. are needed(®.
However, for establishing bunkers used for
particle accelerator facilities, high-density
concretes containing both high atomic number
material and boron-enriched materials to block
both photons and neutrons has been
recommended (10.11),

In recent years, the application of more
efficient materials and composites for radiation
shielding has attracted a considerable attention
of many radiation and nanotechnology scientists
(1213),  Traditionally, composites containing
micron-sized fillers are still most widely
employed in radiation shielding(®415). However,
since a higher weight fraction (wt %) of
micro-sized fillers was necessary to achieve
efficient neutron absorption, the application of
micro-sized fillers in neutron shields negatively
influenced the weight of the composite and its
fabrication(1®).  Several experimental and
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simulation studies have demonstrated the
application of nanoparticles (NPs) as hopeful
method to design new nano-composite radiation
shields(*7.18)., They found that the shielding
properties of nano-composites largely depended
on the type of NPs, size of NPs, NPs
concentration, radiation energy and epoxy type
19),

Looking at the electronic resources it seems
that no systematic review study done in this
field. On the other hand, there are some
discrepancies and disagreements among
published articles concerning the effect of
neutron energy, properties of NPs in shielding
power of newly proposed nano-composite
materials. Thus, to clarify the issues, this study
comprehensively reviewed and analyzed the
published studies and tried to find reliable
answers for observed differences between
published articles.

Design of systematic review

This systematic review was designed on the
basis of the standards set out in PRISMA
(Preferred Reporting Items for Systematic
Reviews and Meta Analyses) checklist (20),

Those articles that met the inclusion criteria
were included in this study. The inclusion
criteria were as follows: (a) the original,
quantitative papers, review papers, protocols
papers, thesis, meetings and ongoing papers; (b)
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the studies involved both simulation (such as
Monte Carlo methods and Geant 4) and
experimental procedures; (c) studies which
investigated the effect of NPs as filler in the
composite shield; (d) neutron radiation
shielding not photon radiation was included. The
exclusion criteria included (a) studies with
unrelated abstracts; (b) studies with incomplete
data; (c) conference paper; (d) letters to the
editor; and (e) editorials.

A literature review performed to assess all
available studies that involved the use of NPs as
a neutron radiation shielding material in
electronic databases, including PubMed/
Medline, Embase, ProQuest, Scopus, Cochrane
and Google Scholar based on Mesh key words
and suitable synonyms in titles and abstracts.
Two researchers (RM and EM) independently
and separately performed literature search. Our
search strategy in each database was established
by the following terms: ((Neutron [Title/
Abstract]) AND  ((("shielding"[Mesh]) OR
shielding material [Title/Abstract]) OR fast -
thermal neutron [Title/Abstract] OR composite
shield [Title/Abstract] OR epoxy resin [Title/
Abstract] OR polymer composite shield [Title/
Abstract]))) AND (((Nano-composites [Title/
Abstract]) OR "Nano(8particles "[Mesh]).
Database search had no limitation in time, and
our last update on search was in August 2019.
To have a comprehensive search and to find
possible relevant articles, manual search
conducted on the reference list of articles in
particularly review papers. The search was
limited to articles published in English.

The results of systematic literature search
from the database collected in Endnote X7. After
removing duplicates, the articles selected
independently by two in three stages. At first,
the titles of all articles reviewed and articles that
were not consistent with the objectives of the
study excluded from the study. In the next steps,
the abstract and the full text of the articles
considered, and the full texts of relevant articles
that involved inclusion  criteria  and
methodological quality assessment, identified
and included. For each eligible study, one
reviewer extracted the data and then a second
reviewer checked the results. Any
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inconsistencies  were  resolved  through
discussion and by consulting a third reviewer.
After the final selection of studies, the required
information extracted and summarized. The
total articles presented as a flow chart for the
selection of the included studies (figure 1).

Records identified through databases
and reference searching
(n=1389)

v
Records after duplicates removed
(n=974)

926 Articles excluded:
Abstracts not relevant

v
Articles assessed for eligibility
(n=48)

11 Articles excluded:
Photon shielding (7)
Full text not available (4)

v

A

Articles included in this systematic
review
(n=37)

| Included || Eligibility || Screening ||Identiﬁcation|

Figure 1. PRISMA flow chart diagram.

Shielding properties of nano-materials
against thermal neutrons

In order to capture moderated/thermalized
neutrons, composite shielding materials are
commonly dispersed with elements having high
cross sections for neutron capture such as
boron, gadolinium, cadmium and lithium as
fillers (21). In addition, these fillers are capable of
reducing the dose of low energy gamma rays
originated from (n, y) interaction. Among all
these materials, Gadolinium has the highest
thermal neutron absorption cross section but it
is expensive (1), Moreover, Cadmium is a toxic
material with high neutron cross section. Among
these elements, boron has an excellent
absorbing power for thermal neutrons and
neutron capture by boron produces only stable
products. Boron with a large cross section of 760
barn for thermal neutrons is used frequently in
the composition of different mixture and
materials(z2). Overall, Boron and its derivatives
have good mechanical and chemical stability as
well as high neutron capture cross sections
which make them the mostly used materials in
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neutron shielding (23.24),

There are several studies on the introduction
of new nano-composites or nano-filled materials
for neutron shielding (1025-29), In most of these
investigations, multiple factors have been
analyzed including: (1) size of filler particle, (2)
concentration of filler (fraction of weight), (3)
composite’s thickness, (4) energy of neutron
beams, (5) neutron attenuation coefficient and
(6) half and tenth values. Among the materials
used for shielding, composites loaded with
ultra-dispersed  particles provided high
shielding ability against thermal neutrons. The
studies show that the interaction probability
between thermal neutrons and the particles
increases as the particle size decreases. In this
regard, the employment of nano-sized particles
would find a superior place among the fillers
used for enhancement of shielding property of
material against thermal neutrons (10.12.2529-32),
Moderation length of thermal neutrons in
nano-structured materials closely related to
absorption and scattering cross section of
neutrons by individual nucleus. Material
porosity and the density of nuclei (atoms) of the
moderator material has a great impact on the
neutron moderation length (33). Artem et al
indicated that the size of the ultra-dispersed
particles (like Nano particles) do not greatly
influence the neutron moderation length.
However, they concluded that the moderator
material in the form of ultra-dispersed particles
could be effective for shielding of neutrons with
lower energies (0.0-0.025 eV)33), Kim etal 6%
added nano- and micro-B203 with two different
sizes of 200-300 pm and 0.1-1 um to poly vinyl
alcohol (PVA). They showed that the
macroscopic thermal neutron absorption cross
section for Nano-fillers was 12% and 13.3%
higher than larger particles for the weight
concentration of 1 and 2.5%, respectively.

Studies  have  shown  that adding
nano-materials to polymers increases their
tensile and flexural strength as well as
temperature durability (35-38), Application of
nano-sized boron and its derivatives as fillers in
shielding materials and studying its features
relative to micro-sized particles has been one of
the interesting topics in both experimental and
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simulation studies(9. For instance, Galehdari et
al. studied the thermal neutron attenuation
efficiency and mechanical properties of light
weight hybrid sandwich panels incorporating
three different particles (Boron Nano-powder,
Gd NPs and Boron Carbide NPs) as possible
construction materials for neutron shielding 8.
Figure 2 shows that thermal neutrons (energy
~0.025 ev) was absorbed effectively more than
50% by epoxy boron nano-powder 3 wt%
compared to neat epoxy. In addition, the results
demonstrated that boron Nano-powders
provides highest thermal neutron shielding
efficiency than the other sandwich composites
(Gd and Boron Carbide powders). The
advantage of nano-powder attributed to smaller
size of particles and relatively higher dispersion
ability of nano-powder into resin matrix.
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Figure 2. Neutron transmission for different epoxy based
materials (The graph was redrawn based on the provided by
the study of Galehdari and Kelkar (21)).

0.00

Boron carbide (B4C) is a cheap ceramic
material that has been extensively studied as one
of the promising neutron absorber materials.
Besides, B4C contains 1B which has a high cross
section for thermal neutron (about 3,838 barns)
(22.263940)  Soltani et al (9 conducted an
experimental and MC simulation investigation on
the effect of particle size and weight percentages
of Boron carbide on the thermal neutron
shielding properties of high density polyethylene
(HDPE) loaded with B4C as a light weight
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composite. In their study, different weight
percentages of Boron carbide 1, 2, and 5 wt%
(micron size of Boron carbide ~1um) and nano
size of less than 50 nm have been designed to
compare the effect of size and weight
percentage of filler in shielding of thermal
neutrons. The results of experimntal
measurement was shown in figure 3.

0.9

0.8 4 1pm
0.7
0.6
0.5
04
0.3

0.2

Neutron Transmission Fraction (1/10}

0.1 4

1 2 5
Weight Percentage of Boron Carbide (%)

Figure 3. Comparing neutron transmission fraction versus
weight percentage of boron carbide for filler size of 50 nm and
1 um (The graph was prepared based on the data extracted
from (29).

They showed that adding 5% boron
nano-sized filler resulted in about 40% higher
macroscopic absorption corss section relative to
micro-sized filler. Furthermore, the superiority
of nano-sized composite increased with weigth
percentage of filler. For HDPE with B4C
(1%,2%), the simulation results revealed that
the neutron transmission fraction decreased
about 25% with reduction in B4C particle size
from 1lum to 50 nm, but, in experimental
measurment for B4C (1% and 2% wt) 7.79 and
8.7% reduction was observed relative to pure
polymer. Considering this large disagreement,
we Dbelieve that the differenece between
experiments and simulations, specially in low
filler contents of 1-2%, comes from uncertinities
associated with experimental measurments
where  such subtle differences in neutron
attenuation can be obscured. Furthermore, the
homogeneity of distribution of filler inside the

Int. J. Radiat. Res., Vol. 18 No. 4, October 2020

base material could be another influecing
parameter in experimental measurements.
Figure 4 shows the schematic representation of
simulated geometery of nanocomposite
containing NPs homogenously distributed inside
HDPE matrix.

A

Figure 4. The schematic representation of geometry
simulated by Monte Carlo code. (A) A single lattice cell
surrounded by matrix in a composite. (B) The whole
composite filled with lattice elements containing Nano- or
micro-particles.

The higher attneuation of NPs was ascribed to
higher surface to volume (S/V) ratio of
nano-particles relative to micrparticles and they
recommended using B4C in nano size form to
achieve higher performance in shielding agianst
thermal neutrons. In a similar investigation, Kim
etal *1) studied the enhancement of thermal
neutron attenuation of HDPE composites by
adding nano-powder of boron carbide (B4C) and
boron nitride (BN) compared to their
microparticle counterparts. Among the studied
particles boron nitride had higher shielding
effect compared to boron carbide. Also, micro
boron nitride had better shielding effect relative
to nano boron carbide. The results showed that
neutron attenuation of studied nanocomposite
was dependent on particle size for thermal
neutrons (~0.025 eV). Additionally, neuton
absorption of the HDPE nanocomposites was
20% higher than those composites doped with
microparticles at the same densities both in
experiment and MC simulation. This study
indicated that thermal neutron attenuation was
not only dependent on the size of the boron
compound filler in the polymer, but also on the
the mass density of composites. It can be
concluded that nanometer range was the most
effective paricle size range for neuron radiation
shielding. Moreover, it is summarized that
althogh B4C and BN/HDPE nanocomposites
display geater shielding effect for thermal
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neutrons compared to their micro-sized
counterparts, but reducing the size of particles
less than 500 nm in nanocomposites does not
make a significant improvement in thermal
neutron attenuation.

In figure 5, we have gathered the MC
simulation data provided from two recent
studies %249 and have compared them with
each other. In this figure, the effect of particle
size from 0.01 um to 100 um on neutron
transmission has been depicted.

120

- - kimetal- 2.5 wt% BAC

—5— Soltaniet al- 2wi% BAC ~ |

b ---¢

et

Normalized neutron transmission fraction

100 0.01

Paticle size (micrometer)

Figure 5. The thermal neutron transmission versus particle
diameter (um) from two independent Monte Carlo simulation
studies by Kim et al. and Soltani et al. “**"?). |n addition, the

data shown with line and triangles exhibits the S/V ratio that
normalized to the S/V ratio of a particle with diameter of 100

um. (The graph drawn based of the data provided by two
different studies and the calculations of the current study).

The maxium transmittence has been
considered for particles with 100 um and other
data was normalized to its value. Also, to analyze
the effect of S/V on transmittence, the curve of
S/V ratio has been superimposed on the same
graph  assuming that the  maximum
transmittence happens for larget particle size of
100 pm. From the results of kim et al. 24, it can
be assumed two distinct parts on the graph. In
the first part from 100 um to about 1 pum, there
is a markdely markedly decrease in transmitted
nuetrons by decrease in particle size. However,
in the second part, i.e., nano-size range from 500
nanometer to 0.01 pm , no significant variation
was found for the number of transmited nuetron
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with reduction in particle size. As it can be seen
in figure 5, the finding of kim etal 29 about
particle size is a little bit different from the study
of Soltani etal 29 To be more precise, in the
case of kim et al (49 an approximately
exponential relationship was found between
neutron transmission and logarithm of particle
size, while in the results of Soltani etal an
approximately linear relationship between log of
particle size and neutron transmision was seen.
Figure 5 also shows the relationship between
log of particle size and normalized S/V to 100
um. As the figure 5 shows the S/V ratio
decreases exponentially with increasing in
particle size. Thus, if the superiosity of nano to
micro only ascibed to S/V ratio, there should be
close agreement between S/V ratio curve and
two prevoiuly mentioned MC studies in terms of
neutron transmission and particle size.
However, we see that both MC studies do not
follow the S/V curve and there is a steep
fall-down with particle size for S/V curve. As a
result, it can be suggested that S/V is not the
only effective parameter in higher absorption of
neutrons by NPs and other influencing
parameters such as particle atomic composition,
mass density, absoption and scattering
characteristics of compostion are effective in
nano-composites attenuation coefficients. Also,
it should be noted that the filling effect of NPs in
porous region of a composite structer is
prominant comapred to micro-sized fillers. It is
worth noting that the higher filling effect of
nanopartiles compared to micropartiles leads to
using lower weight percentage of nanoparticle
in the fabrication of light weight shielding
materials. In this regard, Koops 42) evaluated the
effect of particle size on shielding properties of
suitable neutron absorbing composites and
compared the result with recent experimental
findings. They theoretically showed that nano-
filler functions better than larger sized particles
with less weight penalty. It means that adding
nanometer-sized filler to composites will
increase shielding effect and keeps the weight of
absorber in its minimum value which is very
critical parameter in aerospace and aeronautics
applications.
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In an attemp to design a novel
nano-compaosite to provide dual shielding effect
against both photons and neutrons, Zhou et al
27) produced a shield composed of bismuth and
borate nano-fillers for simultaneous thermal
neutron and gamma rays. One sample was
produced using Biz0zand B203mixure with the
same mole ratio of Bismuth and Boron atoms
relative to the other sample which was
fabricated using BigB10024 NPs. The particle size
was 200 nm on average. Their results showed
that the nanoparticle-based shield had better
performance in low energy photons (less than
400 KkeV) relative to the mixture. But, for
thermal neutrons, there was no difference
between two samples. It was in agreement with
the results of Kim etal (24 where they showed
that reducing particles size from 500 nm does
not change the transmission significantly.

Rezaeian et al 23 indicated that the addition
of nanoclay to the polymer matrix leads to an
improvement in the mechanical and thermal
properties of the resultant nanocomposite. In
this study, neutron-shield materials of
polyethylene, borated polyethylene and
nano-composites of epoxy/clay/B4C and epoxy/
clay/B4C/carbon fiber were employed to
investigate the effectiveness of the neutron
shielding nanocomposites in comparison with
liquid neutron shield (ethylene glycol mixed
with water) for a dual-purpose cask (DPC) of
Bushehr's Water Reactor, nuclear-power-plant
spent fuels. According to their results, in the
case of the DPC with the neutron-shield material
made of borated polyethylene and epoxy/clay/
B4C, the dose rates from the neutron sources
were reduced by 55% and 17.5%, respectively.
Also, the overall dose rates were reduced by
16% and 11%, respectively, for borated
polyethylene and epoxy/clay/B4C in
comparison with ethylene glycol mixed with
water. In this case, we should keep in our mind
that epoxy-based nano-composites had better
mechanical and physical properties to be
employed as a shielding material in nuclear
facilities. However, their attenuation properies
was lower compared to ethylene glycol and
borated polyethylen. On the other hand, it
should be added that water could be used as an
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effective neutron shield because of its high
hydrogen content but it does not have the ability
for absorption of secondary gamma rays which
are the byproduct of water/ neutron interaction.

For thermal neutron shielding, dual or
multiple NPs should be employed to absorb both
neutrons and capture gamma rays which are the
byproduct of thermal neutron absorption. For
example, in a study (28) the shielding properties
of two different filler materials, including B4C
and PbO in epoxy nano-composites for high
energy neutron were investigated. Nano-
composites and micro-composites made of B4C
(5-10-20 wt%) with particle sizes of 500 nm and
30 um and PbO of 300 nm and 10 um (5-10-20
wt%) were used as filler materials. In fact, B4C
particles were used for absorption of thermal
neutrons while PbO particles were responsible
for attenuating gamma radiations. For thermal
neutron, the results revealed that the linear
attenuation coefficients of B4C micro- and nano-
composite against neutrons was very similar in
all used concentration of filler. Additionally,
doubling the wt% of filler caused almost 20%
increase in attenuation coeffiecint of B4C loaded
nanocompsites. Also, for gamma radiation and
Nano- and micro-composites made of PbO
similar results were found. In other words, no
particle size effect was found for both neutron
and gamma rays. The result of this study was in
contrast with the results of previously
mentioned  studies  which  reported a
considerable difference in neutron and gamma
absorption between nano- and microparticles. It
is hard to find the exact reasons for such a great
disagreement. However, we think that the study
of Lee et al was focused primarily on the
methods of nano-composite preparation by
ultrasonic  dispersion approach and the
precision of the attenuation measurement was
not stringent enough to reveal the minute
differences between Nano-and micro-states.
Also, the particle size for NPs was 500 nm which
is not comparable with NPs with size less than
100 nm which was used in other studies.

Shielding properties of nano-materials
against fast neutrons
In general, for fast neutrons (energy >0.1
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MeV), scattering interactions including elastic
and inelastic types are more likely than capture
interactions. Hydrogenous materials such as
polyethylene, water, plastics and concretes
moderate fast and intermediate energy neutron
via inelastic scattering. Neutron absorbing
materials such as boron derivatives absorb
produced thermalized neutrons. These materials
have a very high neutron absorption
cross-section and generate low energy
secondary photon radiation after the absorption
process. In this regard, Mortazavi et al. G2
designed and fabricated high-density borated
polyethylene nano-composites as fast neutron
shields. In this study, neutron attenuation of
borated polyethylene shields containing 2% and
5% weight percentage of Boron NPs compared
to the pure polyethylene. The results showed
that borated polyethylene nano-composite,
which included 5 wt% boron has the highest
attenuation both in experiment and simulation.
However, it is worth mentioning that
polycarbonate films were used to measure the
attenuation of neutrons from an Am-Be neutron
source. Thus, we think that the accuracy of
measurement by this type of dosimeter was not
sufficient to reveal the small differences of nano-
composite with 2% boron content.

In protection against high energy neutrons
originated from radioactive elements, gamma
radiations also emitted from the source. In
addition, gamma rays might be produced from
fast neutron via inelastic interactions with
matter. Furthermore, secondary gamma
radiation produced by thermalized neutron
interaction with atoms of the matter must
considered. Clearly, for a source generating
mixed rays including fast neutron radiations and
gamma rays, such as (23°Am-Be)#7) both high
atomic number atoms for fast neutron
thermalization and gamma attenuation as well
as low atomic number materials for thermal
neutron shielding are required. Moreover, to
have more effective shielding nano-composites,
the mass density of blended NPs should be as
close with each other as possible, which could
simultaneously attenuate both gamma and
neutron beams. Because it has shown that, a
large discrepancy between the densities of two
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materials causes considerable negative effect on
their compatibility and dispersion, which
reduces their mechanical and physical
performance??). In this regard, neutron
shielding properties of H-BN/Gd203/HDPE
ternary nano-composites were studied by Irim
etal. (12), In this investigation, Hydrogen based
HDPE and gadolinium oxide nanoparticle (~100
nm) were used to thermalize fast neutrons (4.5
MeV) via elastic and inelastic scattering and then
hexagonal boron nitride NPs (~100 nm)
captured the resultant thermal neutrons.
Furthermore, gadolinium oxide nano-particle
(~100 nm) applied in order to attenuate 4.4
MeV gamma radiations, which were the
byproduct of (o, n) capture reaction and 2.2 MeV
gamma radiations originated from capture
reaction during high-energy neutron
moderation. This study has considered
gadolinium oxide nanoparticle as a gamma
shielding material but the results showed that
increase of gadolinium oxide concentration from
1 wt% to 2 wt% leads to neutron shielding
enhancement. Besides, addition of 3 wt% Gd203
to neat polyethylene caused improvement of
mass attenuation coefficient up to 52% due to
the increase in neutron radiation-filler
interaction.

The use of concrete as a neutron shielding
material has been taken into account in different
studies on neutron radiation shielding #3).
Concrete is one of the most appropriate and
commonly used materials in shielding against
fast neutrons (#445), Concrete contains some
elements such as hydrogen, carbon, etc, that
makes it suitable for fast nuetron modrating and
shielding 40} and its higher density makes it
suitable for secondary gamma absorption.
Heavy concretes are shielding materials used in
radiation therapy bunkers, nuclear medicine
departments and nuclear power stations which
are obtained from addition of heavy natural
aggregates such as barite, hematite, etc. to the
ordinary concrete (4748), A study indicated the
effectiveness of a concrete containing of boron
carbide fillers depends on the concentration of
B4C added to the mixture and on the size of the
fillers (4447, High density concretes containing
sufficlent moderating materials are more
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suitable for shielding of fast neutrons. The
ordinary concrete loaded with micro and NPs
was investigated to examine its shielding
properties against fast neutrons (100-3000 keV)
(10), In this simulation study the ordinary
concrete was loaded with Pb0;,Fe;03,WO0s3, and
H4B micro and NPs. The results showed that the
attenuation coefficients of NPs was higher than
micro-particles for neutron in all doped
concerets. According to the results, the
concerete loaded with nano-sized materials had
relative higher attenuation about 7% relative to
microparticles for neutrons. However, adding
NPs to the ordinary conceret increased its
neutron attenuation up to 14% for 100 keV
neutrons. It should be noticed here that neutron
attenuation enhancement by NPs decreased
slightly by increasing neutron energy from 100
keV to 3000 keV. The data was shown in
figure 6.
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Figure 6. Variation of neutron effective removal cross section
in terms of neutron energy. The graph was depicted based on
the data published in Mesbahi and Ghiasi (10).

The authors attributed the superiority of NPs
to the higher surface/volume ratio of NPs. In
other words, a simple surface calculation of
particles shows that with reducing the radius of
particles, the total surface of particles is
increased for the same mass used in the
composition of concerete (figure 5). Increased
surface/volume ratio of composite beside more
uniform distribution of NPs can approve
increased attenuation for nanoparticle-loaded
concretes.
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Monte Carlo vurses experimental method

MC method has been used extensively in
radiation physics for the estimation of various
quantities. Generally speaking, it uses a
statistical approach to transport photons,
neutrons, and other particles to solve the
radiation-related problems. There are several
codes for MC simulation of ionizing radiation
such as MCNP, EGS, FLUKA, etc.. However, the
basic principles of this method can be found in
the literature. This method as an effective tool in
designation of nanocomposites has been used
frequently in our reviewed studies. An
important issue which should be adressed here
is the reasons behind the differences reported
between MC and experimentals studies. Figure 7
illustrates two different types of geometries that
can be utilized for Monte Carlo simulations. In
figure 7-A the NPs has been distributed in rows
and columns where there are small tunnels
between rows, which facilitate the transmission
of neurons. In contrast, in the second
configuration 7-B the tunnels have been blocked
by NPs, consequently it can be theoretically
assumed that the second configuration will
attenuate more neutrons relative to first
configuration.

(A) (8)

Figure 7. The schematic representation of nanoparticle
distribution inside the polymer or concrete matrix. (A) The
nanoparticles have been simulated in regular rows and
columns where there are tunnels that allow neutron
penetration with collisions. (B) The same nanoparticles have
been dispersed in order to fill the tunnels between rows.

Moreover, it should be added here that most
of MC simulations have used the first geometry
(figure 7-A) for nanoparticle distribution inside
the matrix (49-52), We think the results of these
simulations  could be different from
experimental measurement, because it is
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practically impossible to build such a
homogenous and regular distribution for NPs.
Therefore, the second geometry (figure 7-B) is
more likely to resemble the actual fabricated
nano-composites where the NPs are dispersed
in an irregular pattern and the space between
two adjacent NPs can be filled by other NPs.
Consequently, it can be concluded here that a
part of differences seen between MC and
experimental studies goes back to the
dissimilarities between real nanocomposite
geometric configuration and the simulated
geometry. Secondly, a constant diameter for NPs
has been considered in MC studies where in the
actual nanocomposite composition a range of
diameters are employed. Thus, this could be a
reason for the discrepancies observed between
MC and experimental results. The third reason
for disagreement between MC and experimental
results originates from the existence of
non-negligible uncertainty in the neutron flux or
dose measurements by different dosimeters. In
contrast, in MC studies the precision of
calculation can go down to as low as 1% using
higher number of neutron transportation
history in a single simulation.

CONCLUSION

This review indicates that most of shielding
materials doped with NPs including polymers
and concretes, etc. exhibit higher neutron
attenuation compared to fillers in um scale or
larger size particles. There are two important
reasons to this observed advantage of
nanoparticle-loaded shielding materials.

1) The higher S/V ratio for NPs enhances the
probability of neutron interaction with NPs
compared to micro-particles

2) The space between particles is more
efficiently filled in application of NPs as fillers
relative to micro-particles.

In short, we found that particle size plays a key

role in the enhancement of neutron attenuation

by different nano-shields. In other words,
reducing the particle size from pm to nanometer
increases the attenuation effect of composites.

As we know that at least three types of radiation
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with different cross section of materials can be
existed in neutron beams, including fast, thermal
neutrons, and capture gammas, it is
recommended to design  multi-purpose
nano-composites for fast neutron shielding.
Because the fast neutron should be thermalized
by, the first nano-filler and then the thermal
neutron should be captured by second filler,
which have higher cross section for interaction
with thermal neutrons. In addition to
neutron shielding NPs, there should be
gamma-absorbing nano-materials, which are
responsible for absorbing gamma rays that are
the byproduct of neutron interactions with
matter. Finally, the design and fabrication of
multipurpose nano-composites for effective
neutron shielding are recommended. Moreover,
application of other highly neutron absorbing
NPs such as boron carbide, samarium,
gadolinium as a nano-filler in the composition of
novel polymers and concretes are suggested.
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