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Urkiye AKAR TARIM ™
Abstract

Considering the negative effects on the environment and toxicity of lead, which has been widely
used for gamma shielding for a long time in nuclear technology, studies have been focused on
the development of various materials that can be used as an alternative to lead in gamma
radiation shielding. In this research, a composite material containing magnetite and boron
carbide (epoxy/magnetite/boron carbide) and gamma transmission technique which is
emphasized in nuclear applications have been used for the study of gamma ray shielding. The
radiation sources considered for this technique are the radioisotopes Am-241, Cs-137, Na-22
and Co-60, which are important in nuclear technology. The interactions between the composite
material and gammas with 59.5, 511, 661.6, 1173.2, 1274.5 and 1332.5 keV energies were
investigated separately by the Monte Carlo method, and the ability of the material to shield the
radiations at these energies was investigated. Gamma rays, one by one, followed by using cross
sections and determining the probability of interaction with the composite from the point they
are emitted until they leave the system (through escaping or absorption from the system) in the
Monte Carlo code, which is written to determine the linear attenuation coefficient, mean free
path, half value layer and tenth value layer, among the radiation shielding parameters of the
composite under investigation. The shielding parameters calculated using the simulation results
were also calculated using the data obtained from the XCOM software, and the results were
found to be compatible with each other. On the other hand, in order to better evaluate the
usability of the composite as an alternative shielding material for nuclear applications in the
studied energy range, a comparison was made with the shielding parameters of various
materials available in the literature.
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1. INTRODUCTION zero mass due to which it has the large

penetrating power [1]. They can easily entire

Gamma rays are type of electromagnetic
radiations which have high frequency i.e.
higher energy or shortest wavelength.
Interaction of these rays cannot be compared
with those of charged particles because
gamma rays are uncharged particles with

and penetrate through the human body and
may caus harm on living cells by
transposing its energy to ambient cells [2].
Therefore, attenuation or shielding of this
electromagnetic radiation by an appropriate
material is important and necessary to keep
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safe human and the environment from the
damaging effects of them.

Decrease in intensity of gamma rays occurs
due to the interaction of them with matter.
The grade of this decreasement depends on
the energy of incident gamma ray, atomic
number and density of constituent elements
in the shielding material, and the thickness
of material. For sampling and assigning the
most convenient shielding, the cost, weight,
chemical and physical durability of the
materials are main parameters taken into
account. Materials with high density and
high atomic number provide superior
attenuation to low density and low atomic
number materials. Lead, bismuth, tungsten,
iron and steel, water, borated paraffin or
polyethylene are some of the materials
commonly utilized to shield gamma rays by
several researchers. These listed materials
can be employed solo, blended into a
structural material or into a polymer, or
layered to maximize the effectiveness of
shielding for several sources of radiation [3].
The widespread use of lead which is a toxic
heavy metal generates several serious
effects on health and environment in the
long-term [2]. Thus, it incentives to find
non-toxic, light, flexible and low-cost
gamma ray shielding materials to supply as
a substitute for lead [2, 4]. Most of the recent
research works focus on composites that
feature gamma ray shielding [5-17].

In the present work, Monte Carlo simulation
which is an alternative method to the
experiment due to its advantages [18, 19],
was applied for the research on shielding
effectiveness of a composite material
containing magnetite and boron carbide
[20]. A modified code, reliability and
validation of it tested previously was used to
get the data essential in determining the
linear attenuation coefficient (n), mean free

path (MFP), half value layer (HVL) and
tenth value layer (TVL) thicknesses, which
are among the radiation shielding
parameters for gamma rays with 59.5, 511,
661.6, 1173.2, 12745 ve 13325 keV
energies. Results for radiation shielding
efficiency of boron carbide composite
approximate those of lead at medium
gamma ray energies. On the other hand,
studied composite has better shielding
properties from compared composite and
concrete samples. The conclusion can be
drawn from this study is also that the written
code is suitable to be used for preliminary
work before expensive and difficult
experiments for desinging a shielding
material.

2. MATERIAL AND METHOD

Three types of shielding materials required
for radiation workers can be described, these
are namely structural shield, optically
transparent shield, and flexible shield [21].
Recently, it is an important subject to obtain
the composite with high attenuation
properties and thereby to replace lead.
Polymer composites are considered a good
choice due to the advantages of them like
flexibility, light weight, non-toxic, and non-
corrosiveness. The concerned polymeric
composite IS a robust
epoxy/magnetite/boron carbide
(EP/Mag/B4C) composite. The constituents
where: Epoxy=15%, magnetite=75% and
boron carbide 10% [20]. Here, for proper
assessment of shielding properties of this
suggested formulation, in addition to this
filled composition, EP/Mag/B4C, epoxy
blank composition has also been concerned.
The detailed elemental compositions and
densities of the studied materials [20] are
given in Table 1.

Table 1 Elemental compositions and densities of the materials investigated in the present study

Sample

Density H B Cc N
(gem?)

0]

Na Mg Si K Ca Fe

EP

1.16 0.066 0.6745 0.0285

0.2310

EP/Mag/B4C

2.995 0.012170  0.077010  0.128500  0.004050

0.276409

0.007300  0.002300  0.057990  0.000561  0.047310

0.386400
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Experiments for such researches are often
costly and time comsuming. For this reason
Monte Carlo is an alternative method used
in recent years safely. Also, it can be applied
for testing before practical implementations.
In the application of this method for
selection a suitable shielding material,
knowledge of the type of incident radiation,
the type of interaction it undergoes with the
shield, and the secondary radiation that is
produced is fundamental. In the present
study, a simulation code for the geometry
given schematically in Figure 1, based on
Monte Carlo, has been written to deal
gamma ray attenuation by discussed
material and to decrease the uncertainty in
estimations in this simulation, a large
number of incident gamma rays were used,
set at 107,

As a preliminary, parameters for the
attenuation data for each absorber specimen
are derived from the XCOM database
developed by Berger et al. [22]. The fitted
equation to these data for the energy values
in the range of 10-2000 keV is given in Eq.
(1), where x is the natural logarithm of
energy value of tracked gamma ray.

p=exp(p, + px+ P+ pc + pxt) (1)

For each sample, the parameters (p1, p2, ps,
ps and ps) in the equation were obtained for
both  Photoelectric  absorption  and
Incoherent attenuation and presented in
Table 2.

4
Nal(TI) i
Detector
Absorber¢—1— T
h
Incoming 1
beam Y,y

N
XU
Source

Figure 1 The scheme of the geometry used in
Monte Carlo simulation

Table 2 Parameters of the fitted equation for the cross section data

Photoelectric absorption

Incohorent scattering

EP EP/Mag/B4C EP EP/Mag/B4C
pr  8.67725751 11.5389782 -3.51042698 -3.23289350
p2  -3.56588436 -2.86845988 1.29263358 1.52263871
ps  0.26850526 0.22922942 -0.27432453 -0.29858612

ps -7.29802732 10

-7.65192335 10

2.01071793 10 1.97501435 10

Ps  6.21446394 103

6.49829807 103

-6.59699882 10*  -5.40090027 10*

In the form of written code, it is assumed
that the setup is in vacuum and the gamma
rays interact only in the polymeric absorbers
and detector system, i.e.,, the runaway
gamma rays travel towards the vacuum or
optical couplant are left unfollowed. All the
incident gamma rays (lo) are directed toward
the absorbing material. In tracing procedure,
the coordinates of the gamma rays go into
the sample are appointed; the free path
length is sampled by random sampling from
the exponential distribution; coordinates of

Sakarya University Journal of Science 27(1), 159-167, 2023

the interaction point of gamma ray are
established. If the interaction point of
localized gamma is in the absorber, the
simulation is continued according to the
type of the interaction. Two main
interactions of gammas with media are
considered, namely Photoelectric absorption
and Compton scattering. If the interaction
point is not in the absorber, it is checked
whether the gamma ray arrives to the
detector system. The gamma rays that arrive
to the detector system are counted to
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determine the transmitted intensity (I). In
addition to these, it is assumed that the
energy of electrons that are arised from
interactions is deposited locally. By plotting
the natural logarithm of (lo/l) ratio versus
absorber thickness (t) as shown in Figure 2,
the slope is calculated and this obtained
value defines the linear attenuation
coefficient, as it is clear from Eq. (2).

o= () g

In(lo/1)

05

O

a c 1 c
05 9 5 10 15

Thickness (cm)

Figure 2 Plotting of In(lo/l) values versus
attenuator medium thickness (for epoxy at
energy of 59.5 keV)

Two of important quantities for gamma ray
shielding, the half value layer (HVL) and
tenth value layer (TVL) were worked out to
assess the absorbing ability of studied
materials against gamma rays with several
energies.

Half value layer is the appropriate thickness
of material to reduce the intensity of
radiation to one half of its original intensity
(provides 50% attenuation) and tenth value
layer is the appropriate thickness of material
to reduce the intensity of radiation to one
tenth of its original intensity (provides 90%
attenuation) [3]. These shielding parameters
are expressed mathematically as follows,
respectively:

HVL =22 (3)
u
TVL = lnﬂlO (4)

Sakarya University Journal of Science 27(1), 159-167, 2023

Another essential quantity, the mean free
path (MFP), is defined as the average
distance of consecutive interaction points of
a gamma ray photon and computed from
following equation

MFP = % (5)

3. RESULTS AND DISCUSSION

Appointing the most suitable shielding
material for a given gamma ray source
requires knowledge of the energy of gamma
ray, application of attenuation data from
available resources and understanding of the
basic principles of gamma ray interactions
with matter. In the present study, radiation
attenuation simulations were performed to
determine the shielding efficiency of the
designed attenuator material
(EP/Mag/B4C), formulated by Gheith et al.
[20]. Here, a Monte Carlo code has been
written out and all the presented results were
computed based on repeated random
sampling and statistical analysis.

For research the effect of high-density
magnetite and boron carbide content to the
shielding efficiency, gamma ray
transmission simulations were performed
for epoxy blank samples with thicknesses of
O(bare)-4.36-8.50-13.49-15.45-19.02  cm;
then repeated for epoxy/magnetite/boron
carbide composite samples with thicknesses
of O(bare)-4.30-8.56-13.48-15.53-20.56 cm.
By using the code output, ie transmitted
intensity of gamma rays, linear attenuation
coefficients of both materials were
determined for gamma rays with 59.5, 511,
661.6, 1173.2, 12745 and 1332.5 keV
energies and tabulated (Table 3). The
validation of written Monte Carlo code for
the investigation of shielding parameters for
composite structures has been reported by
comparison simulated data with theoretical
ones [22].
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Table 3 Monte Carlo calculated linear attenuation coefficients (u) for the investigated materials

Radioisotope Gamma-ray Linear attenuation coefficient (cm™)
energy (keV) EP EP/Mag/B4C
Am-241 59.5 0.1830 (XCOM [22]:0.2075) 1.6263 (XCOM [22]:1.7312)
Cs-137 661.6 0.0892 (XCOM [22]:0.0957) 0.2116 (XCOM [22]:0.2281)
Co-60 1173.2 0.0676 (XCOM [22]:0.0728) 0.1604 (XCOM [22]:0.1731)
1332.5 0.0632 (XCOM [22]:0.0682) 0.1533 (XCOM [22]:0.1623)
Na-22 511 0.0975 (XCOM [22]:0.1066) 0.2325 (XCOM [22]:0.2547)
1274.5 0.0648 (XCOM [22]:0.0697) 0.1570 (XCOM [22]:0.1657)

The linear attenuation coefficient depends
on the incident gamma ray energy and the
chemical composition of the absorbing
composite material. It is to be remarked
from Table 3 that, for gamma ray energy
values in a range from 59.5 keV to 1332.5
keV the values of linear attenuation
coefficient increase remarkably  with
addition the magnetite and boron carbide
and decrease in a sharp manner as the
gamma ray energy increases in this range.
EP/Mag/BsC always have higher linear
attenuation coefficients than EP at all the
studied gamma ray energies.

Tables 4-6 show the values of other dealed
shielding parameters, MFP, HVL and TVL
for each gamma ray energy studied. These
results can be used to estimate the thickness
of these shielding materials required to
achieve a desired level of attenuation. This
is clearly seen in these tables; the MFP,
HVL and TVL values of the concerned
composite are much lower than pure epoxy
especially at all studied energies of gamma
rays and filled formulation leads better
shielding properties versus pure epoxy.

Table 4 Mean free path (MFP) values calculated by using Monte Carlo simulation data

Radioisotope

Gamma-ray energy Mean free path (cm)

(keV) EP EP/Mag/BaC
Am-241 595 5.4645 0.6149
Cs-137 661.6 11.2108 4.7259
Co-60 1173.2 14.7929 6.2344

1332.5 15.8228 6.5232
Na-22 511 10.2564 4.3011

12745 15.4321 6.3694

Table 5 Half value layers (HVL) calculated by using Monte Carlo simulation data

Radioisotope

Gamma-ray energy (keV)

Half value layer (cm)

EP EP/Mag/B4C
Am-241 59.5 3.7877 0.4262
Cs-137 661.6 7.7707 3.2757
Co-60 1173.2 10.2537 4.3214
13325 10.9675 45215
Na-22 511 7.1092 2.9813
12745 10.6967 4.4150

Sakarya University Journal of Science 27(1), 159-167, 2023
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Table 6 Tenth value layers (TVL) calculated by using Monte Carlo simulation data

Radioisotope

Gamma-ray energy (keV)

Tenth value layer (cm)

EP EP/Mag/B4C
Am-241 59.5 12.5824 1.4158
Cs-137 661.6 25.8137 10.8818
Co-60 1173.2 34.0619 14.3553
13325 36.4333 15.0201
Na-22 511 23.6163 9.9036
12745 35.5337 14.6661

Definition of the tabulated values could be
that, constituents in the polymeric
composite increase the shielding properties
owing to the mangetite (F304) and boron
carbure (B4C) that have strong gamma
radiation absorption capability. Also it is
apparent that, increase in the gamma ray
energy causes an increase in the HVL and
TVL thicknesses where more thickness of
the absorber is necessary to reduce the
intensity of the incident gamma ray to one
half and one tenth of its initial value,
respectively. All the dailed shielding
parameters showed that, lower density of
epoxy blank requires thicker shielding as an
expected result and as seen in the literature
[3, 23, 24].

Furthermore, the shielding performance of
the studied formulation has been evaluated
by comparison of selected attenuation
parameter, HVL, with values for commonly
used shielding materials that are existing in
many references. Figure 3 depicts the HVL
of epoxy/magnetite/boron carbide
composite together with the materials
frequently used for gamma ray shield such
as lead and concrete [25] and some
polymeric composites [6, 26] for pointing
out of similarities/differences of these
materials at gamma ray energies of 59.5
keV, 661.6 keV and 1332.5 keV.

Sakarya University Journal of Science 27(1), 159-167, 2023

This study
[25

2
2
(6]

]
2]
6]
59.5 511

Figure 3 Comparison with literature

661.6 1173.2 12745 13325
Energy (keV)

It is obvious that 0.4262 cm of
epoxy/magnetite/boron carbide composite is
equivalent to 0.0132 cm of lead shield at
59.5 keV which is 32.29 times the thickness
of lead. However, at higher energy of 1332.5
keV, 45215 cm of this composite is
equivalent to 1.1228 cm of lead which is
only 4.03 times the thickness of lead.
Therefore, this simulation work supports
that this composite is encouraging to be
utilized as absorber for medium energy
gamma rays.

4. CONCLUSION

Attenuation or shielding of gamma radiation
is one of the most important component of
radiation safety [3] and it has become
important to develop portable, cheap and
lead-free shielding material that will provide
as much protection as lead. The main goal of
this research is to evaluate the effectiveness
of a polymeric composite, EP/Mag/B4C, as
new lead-free gamma ray shielding material
by considering the attenuation properties in
datail with Monte Carlo method as a cheap
and fast way. As evident from the data
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presented in tables and figures of this paper,
the shielding performance of filled
formulation, EP/Mag/B4C, for gamma
sources with different energies is better than
that of blank, EP, with the same thickness;
and even from concrete, polymer
composites reinforced with BaTiO3 and
CawO4 compounds and CdO/HDPE
composites. Among the materials compared,
shielding values closest to lead were found
for EP/Mag/B4C at medium gamma ray
energies.
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