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In this research, using Geant4 Monte Carlo simulation tool, we have investigated the shielding
properties of aluminum oxide, magnesium fluoride, aluminum fluoride, titanium dioxide, magnesium
diboride, magnesium silicide, calcium disilicate, and Fluental in the energy range of 0.015 to 10 MeV.
In this review, we have calculated and analyzed the linear attenuation coefficient (LAC) and mass
attenuation coefficients (MAC), half-value layer (HVL), tenth value layer (TVL), mean free path (MFP),
and effective atomic number, effective electron density, equivalent atomic number and buildup factor.
In the continuation of the work, we have compared the calculated results of mass attenuation
coefficient by Geant4 Monte Carlo simulation tool with the experimental results of others and with
the simulation data by XMuDat code, and they have a very low relative error and are in good
agreement with each other. Finally, the results obtained for the selected materials are shown in

1. Introduction

Significant advances in nuclear technology have led to
the continued development of nuclear power plants, nuclear
medical facilities, and research facilities in industry and
agriculture. In the field of radiation, despite the numerous
advantages of radiation in the field of medicine, industry,
agriculture and other research areas, the efforts of radiation
scientists are to cut back the harmful aftereffects of
radiation as much as possible. Reducing the effects of
radiation requires understanding the type of radiation, the
dose people receive, and the radiation protection
equipment used to reduce the effects of radiation. Due to the
high sensitivity of gamma radiation, it is necessary to
protect against its dangerous ionizing effects [1].

Shields are used to protect patients, staff, physicians,
radiologists, and the public from radiation exposure in
nuclear medicine and radiation tests. Designing a suitable
radiation shield has the maximum impact on reducing
radiation damage. For this reason, scientists are directed to
analyze materials that have radiation protection properties.
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In the last few years, aluminum, copper, iron and other high
atomic number materials were applied as radiation shields.
Due to their heavy weight and high cost, various materials
are being studied to reduce gamma rays and reduce
problems with previous equipment [2].

Lead can be used as a radiation shield in lots of places,
including imaging, radiation therapy, research centers that
use radioisotopes, and industrial applications. This material
is widely used in radiation protection because of its density,
high atomic number, and high mass coefficient. Lead can be
harmful if inhaled or swallowed, or if remaining lead passes
to humans [3].

Therefore, new lead-free materials were tested. While the
benefits of lead-free materials outweigh lead-based
materials, the new materials are non-toxic, flexible, and
high-performance, eliminating concerns about harming the
environment and it was certainly an economical alternative
to the materials used in the past [4,5]. Consequently, various
kinds of lead-free gamma ray shielding which can be safe
and environmentally friendly have now been developed to
replace it. In this region, many researchers have done plenty
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of research work in the field of radiation protection without
lead [6-16].

In addition, bismuth borate glass and bismuth
borosilicate glass, for example, have now been developed as
transparent gamma-ray shielding materials [17]; or iron
sulphate composite materials have been developed as
elastic materials [18]. Therefore, due to the increasing
demand for better and safer gamma ray shielding materials,
many different materials are being used for this purpose. A
brief description of how to extract the compounds used is
needed to guide our subsequent calculations. As we all
know, magnesium fluoride is an inorganic compound with
the formula MgF2. This compound can be ready from
magnesium oxide with a supply of hydrogen fluoride such
as for instance ammonium bifluoride [19]:

Mg + (NH,)HF, — MgF, + NH; + H,0 (D
Additional metathesis reactions are also possible.

The second study will be aluminum fluoride. All
aluminum fluorides can be synthesized by treating
aluminum oxide with hydrogen fluoride at 700 °C [20];
Additionally, hexafluoro silicic acid can also be used as
aluminum fluoride [21]. Briefly, below shows how to
prepare or produce aluminum fluoride:

H,SiFg + Al,0; + 3H,0 — 2AlF; + Si0, (2)

+ 4H,0

Additionally, aluminum fluoride is produced as a result
of the thermal decomposition of ammonium hexafluoro
aluminate [22]. For small laboratory preparations, the
mixture can also be prepared by treating aluminum
hydroxide or aluminum oxide with hydrogen fluoride.

The third compound examined is aluminum oxide, which
is a mixture of aluminum and oxygen, with the formula
Al20s. It is the most common material of many aluminum
oxides and is better known as aluminum oxide. It’s often
called to as alumina and might be referred to as aloxite, or
alundum with respect to the type or application. It naturally
occurs in its crystalline polymorphic phase a — Al,0; as the
mineral corundum, the kind that forms ruby and sapphire
gemstones [23].

The fourth investigated compound is titanium oxide
which is an inorganic compound with the chemical formula
TiO2. Extraction of TiOz is completed by reacting iron sand
with H2S04 using high temperatures. Right after the physical
separation of iron sand, its compounds and elements are
identified using XRD and XRF. Theoretically, a chemical
reaction occurs between ilmenite compounds and sulfuric
acid during washing. The process is the following [24]:

Digestion: FeTiO; (s) + 2H,S0, (aq) — 3)
FeSO, (s) + TiOSO, (aq) + 2H,0

Precipitation: Ti0SO, (aq) + 2H,0 (1) - 4)
TiO,.H,0 (s) + H,S0, (aq)

Calcination: TiO,.H,0 (s) — TiO, (s) + (5
H,0 (g)

The fifth compound under consideration is magnesium
silicide with the chemical formula Mg,Si. Magnesium
silicide is a well-studied binary of Mg and Si due to its
potential technological applications like infrared photonic
and thermoelectric. This intermetallic compound is
typically formed during the aluminum alloy casting process.
This is a thermodynamically stable phase formed during
solidification in situ. Mg,Si is amazingly suitable as a
reinforcement for aluminum matrix composites, because

Mg,Si includes a very high hardness of 4.5 x 10°Nm™2, a
high melting temperature of 1085°C, a high elastic modulus
of 120 GPa, a lower density of 1.99 g/cm3 [25].

The sixth compound under consideration is Magnesium
diboride with the chemical formula MgB,. Magnesium
diboride is wusually an intermetallic material whose
structure includes stacked magnesium sheets alternating
with boron sheets all over the c-axis. Each page is ordered
more than a 2D hexagonal grid. Even though this mix has
been known since 1950. It's superconductivity was
discovered in 2001. Its critical temperature is T, = 39 K and
it exposes a high critical current density (J, = 106 A/cm? at
10 K in zero fields for bulk materials) [26].

The seventh compound under consideration is
calcium disilicide which is an inorganic compound with the
chemical formula CaSi,. Synthesis approaches of calcium
disilicide, such as for instance soft exfoliation chemicals in
solid-state exfoliation solution and chemical vapor reaction
have been applied to synthesize stable two-dimensional Si-
based nanostructures from CaSi,. For these synthetic
processes, metal or chlorine-related chlorides materials
were mainly used as calcium extraction agents. Various Si-
based composites with excellent modified optical
properties have been synthesized by solid-state reactions of
CaSiz and metal chlorides [27]; these Si-based composites
can be synthesized by heating a mixture of CaSi2 and metal
chlorides (MSiy; M: Ni, Fe or Mn) in a sealed stainless-steel
tube [27].

The purpose of the present work is to investigate the
protective properties of the two-element composite
materials, Al,05, MgF,, AlF;, TiO,, CaSi,, MgB,, Mg,Si, and
fluental, through the calculation of the attenuation
coefficient and other quantities affecting the performance of
the gamma shield.

2. Materials and Methods

For the better understanding of the reader, a theoretical
background of the usual formulas for protection against
gamma radiation is given in the appendix. Geant4 programs
are briefly explained here.

Nuclear medicine is a branch of medicine that uses
radiation to provide diagnostic information on the function
of body organs or to treat them, each of these two areas has
a specific energy spectrum. The diagnostic medical energy
range is approximately from 0.015 to 0.5 MeV and the
therapeutic medical energy range is approximately from
0.5 to 15 MeV. In order to show the difference in the type
and thickness of the shields of different energy ranges, the
energy of both diagnostic and therapeutic areas has been
investigated in this study.

Simulation with GEANT4 Tool

Geant4 is a C++ based tool, so it is an object-oriented
simulation toolbox that is widely used in many fields,
including nuclear physics, medical physics, high-energy
physics, etc. This simulation tool, Geant4 Toolkit, enables
the user to select many advanced options in terms of the
chemical composition of the studied samples and the type
of radiation (gamma, electron or...) with a very wide range
of energies. This useful simulation program allows the user
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to define materials, create detector geometry, generate
particles and beams, collect data from interactions, select
which physical processes are used. The importance and
validity of Geant4 simulation is given in [28]. Different
gamma photons are tuned for energy spectrum from 0.015
to 10 MeV. To achieve the required goal, an input file was
created. A collimator was installed between the source and
the sample to parallelize the rays coming out of the source.
For more details on simulation methods, our previous
works can be seen [29, 30]. In the simulations, the material
was considered as a cube. The dimensions of the cube are
10x 10 x 1 cm respectively in x, y and z coordinates. Figure
1 shows the three-dimensional view of the MAC for
selected samples via Geant4 Monte Carlo tool. Schematic
representation of the transmission geometry of the narrow
beam and a cross-sectional view showing 500 gamma
photons passing through the polymer sample. In Figure 1,
the green lines inside the cube are traces of gamma rays.
The attenuation of photons is determined by simulating all
possible physical processes for photons (such as
photoelectric effects, Compton scattering, Rayleigh
scattering, pair production) and bremsstrahlung,
ionization, and positron annihilation for electrons and
positrons. These processes are simulated using physics
models for electromagnetic processes in
G4EMStandardphysics-option (1-4). These physics models
are based on the electromagnetics package, which uses
evaluated data libraries that provide data to calculate cross
sections when modeling the interaction of photons and
electrons with matter. In order to increase the accuracy of
the results, each simulation was performed for 1 million
gamma photons and with option 4 of electromagnetic
physics. Finally, the method for calculating the generation
factors can easily be found elsewhere [31].

Fig. 1. Schematic of configuration of shielding in Geant4 tool.

3. Results and discussion

The characteristics of the composites, including the
weight fraction of the constituent elements and the density
of the composites, are shown in Table 1.

For all materials, the sample thickness is decided to be
one centimeter. It is worth mentioning that according to
Table 1, the MACs of every sample were performed by
Geant4 simulation and these results are compared with the
XMuDat program and the experimental results in the
photon energy range of 15 Kev to 10 MeV [32].
Experimental and calculated values (i/p) of two-element
compounds are given in Table 2. We have shown them in
Table 2. As is visible, the calculated results for the

investigated materials show excellent agreement. The
calculated values (u1/p) were calculated based on the law of
mixtures, where the cross section of isolated atoms is
considered and molecular bonding and chemical
environment effects are neglected. It is evident from Table
2 that the experimental values agree with the calculated
values Geant4 tool and (XMuDat) within experimental
errors. It is worth noting that the total relative error
between Geant 4 simulation results and XMuDat code with
experimental values ranged from 0.04% to 0.79%. This
error may be attributed to the effects of chemical,
molecular and thermal environments on (p/p). It can also
be clear from Table 2 that the MAC values for MgB2 are the
littlest and the values of TiO: are bigger than other
materials, where the effect of density shows itself well. For
other materials, the obtained values by Geant4 and XMuDat
code are near to each other. Also, other parameters are
evaluated as important features of gamma-ray shielding
using LAC and MAC.

In Figure 2, the changes in the linear attenuation
coefficient and photon interaction methods with selected
materials are plotted based on the energy. Actually, the
values of pwith the photon energy of 0.015-10 MeV
obtained from values of Geant4 are plotted. It can be seen
that the LAC depends on the energy and the kind of
material. LAC decreased more steeply at low energy and
the slope decreases with increasing energy. It can be seen
that the total amount of LAC mainly depends on the density
of the material. Here, due to the closeness of the density of
the materials, the results are not very obvious, however,
the material with high density includes a higher LAC. Also,
the respective magnification-in photon energy regions of
0.05-0.06 MeV is exhibited as inset.
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Fig.2. Linear attenuation coefficient in the materials listed above.

The photoelectric aftereffects of Compton scattering
and pair generation processes can be characterized by
photon interactions with the specified materials [33, 34].
There are three energy ranges for photons: the first range
is E<0.1 MeV, the second range is 0.1 < E <5 MeV, and the
third range is E > 5 MeV. In the first range of energy, the
outcomes of the LAC/MAC from the chosen materials
decrease at a very large speed. In the second range of
energy, that’s, between 100 and 5000 keV/, the values of the
LAC/MAC decrease step by step. The increase of photon
energy and the variance between the results of the
LAC/MAC becomes about zero, which can become the
dominant interaction in Compton scattering and is because
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of the fact that the cross-section of the Compton scattering
process. Itis inversely linked to photon energy and changes
linearly with nuclear number Z. Finally, in the third energy
range, i.e. much more than 5000 keV, the MAC increases
gradually and this region of energy remains constant,
couple the production process begins to rule that the cross-
sectional area is proportional to the atomic number Z2 [35,
36]. This finding means that high-density materials can
effectively absorb gamma photons and is appropriate for
many different industrial and medical applications [37].
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Fig.4. Mass attenuation coefficient for TiO,, CaSi,, MgB, and Mg,Si.

Itis clearly seen from Figure 3, (i/p) depends on photon
energy and chemical content. As is visible in Figures 3 and
4, the variations of MAC of the materials in terms of photons
energy are plotted separately. Actually, to improve the
quality of the presentation of the present work, the Figures
are extracted from the calculations of the XMuDat code. As
may be seen in Figures 3 and 4, the mass attenuation
coefficient depends on the energy and the type of material.
Also, in these figures, a number of peaks related to
materials can be seen. All these peaks correspond to an
interaction in physics that was represented as a peak.

In Figures 3 and 4, for the low energy region, the
obtained results of selected materials, decrease rapidly
with increasing the photon energy. The observed peaks are
due to the photoelectric effect around the edge absorption
of Ly. Ly. L3.M;.Mand K for Cesium element (at
0.0057143, 0.0053594, 0.0050119, 0.0012171, 0.001065
and 0.0359846 MeV, respectively), edges absorption K of
aluminum element at 0.001559 MeV, edge absorption of K
for silicon element at 0.0018389 MeV, edge absorption of K
for titanium element at 0.0049664 MeV and edge-
absorption of K for magnesium element at 0.001305 MeV.
Usually, the rapid decrease of MAC can also be caused by
the photoelectric cross-section in this area.

Another important parameter for evaluating photon

shielding characteristics is the MFP; quite simply, MFP is
just a completely effective parameter that determines
radiation shield function. A quantity determined by the
photon energy, which can be observed in Figure 5,
increasing the gamma photon energy escalates the MFP of
the material. Its changes are displayed in the energy range
0of 0.015 to 10 MeV. It might be seen that the MFP at lower
energies of 1 MeV increases slightly with the slope; while at
energies more than 1 MeV, the slope increases more
strongly. The attenuation performance improved for the
bigger sample density.
Figure 6 shows the values of HVL for samples in the
production range of 0.015 to 10 MeV. HVL is the thickness
of material that attenuates exactly 50% of the intensity of
incoming photons. Furthermore, as we understand, when
the value of HVL is low, the radiation protection is
adequate. Figure 6 shows that the values of HVL increase
with increasing energy, however for TiO, this increase is
completely different, because it has a larger density
compared to the other three materials.

Tablel: Chemical compounds of Al, 05, MgF,, AlF;, Pb, TiO,, CaSi,, MgB,, Mg, Si and Fluental.

Weight Fractions %

Material Density
(8/cm?) Al Mg F 0 Pb Li Ti Ca Si B
Al,0; 3.95 053 - - 0.47 - - - - - -
MgF, 3.15 - 039 0.61 - - - - - - -
AlF, 2.88 032 - 0.68 - - - - - - -
Fluental 3 0.5217 - 0.4756 - - 0.0027 - - - -
Ti0, 4.23 - - - 0.4007 - - 0.5993 - - -
CaSiz 2.5 - - - - - - - 04164  0.5836 -
MgB: 2.57 - 0.5292 - - - - - - - 0.4708
Mg,Si 1.99 - 0.6338 - - - - - - 0.3662 -
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Table2. Mass attenuation coefficients in terms of photon energy for Al,05, MgB,, Mg,Si, CaSi,, TiO,, MgF,, AlF; and Fluental.
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three samples, so that at energies more than 100 Kev, it
has a stronger increase with respect to the other
54 materials and the value of thickness increases
dramatically in both forms.
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Fig. 6. The half-value layer in the materials listed above.

Another important parameter to judge the photon
energy attenuation of samples can be the tenth value
layer (TVL), which provides good information. Figure 7
exhibits the values of TVL for different studied samples

atomic number (Z¢ff) and is another important shielding
parameter that gives details about the photon
attenuation capability of materials simply because they
contain different elements within their chemistry. The
effective atomic number can be calculated using various
methods. In Figure 8, the changes in the photon energy
range of 0.015-10 MeV have previously been obtained
for all materials. It could be recognized that initially, for
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all the chosen materials, the values of Z,¢¢ changes are
equal to the highest value in the low energy region so
that Ti0O, has the maximum decrease in comparison to
other materials. And then the changes in energies 0.1
MeV and later are constant, but also for AlF;, MgF,,
Mg,Si, CaSi,, the effective atomic number is completely
different and it goes almost linearly.

The effective electron density (Ner)values versus
photon energy for all of samples in the range 10-0.015
MeV is shown in Figure 9. From the same figure trend of
Zefras a function of energy indicates that Zesralmost tends
to be constant as a function of energy. This is due to the
linear Z-dependence of incoherent (Compton)
scattering, which is the most dominant process at
present energies. Values of Zefr are also observed almost
equal to the mean atomic number. Here, we have the
ability to see that the fluctuations in values of N, are
much such as the trends identified for the obtained
values of Z,¢¢ also based on A (average atomic mass),
where Z represents the number of protons or electrons
in each sample. The values of N, are almost the same
for all of samples. But, for fluental, Ti0,, MgB, increases
strongly at energies lower than 0.1 MeV and starts to
increase at energies higher than 1 MeV.
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—— Mg, §i
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Fig. 8. The effective atomic number, Zx in the materials listed
above.
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Fig. 9. The effective electron density, Nes, in the materials listed
above.

The equivalent of the atomic number is calculated
with equation (A-11) in the appendix. And its graph is
shown in Figure 10. It might be seen that all the
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materials move almost linearly up to the energy of 1
MeV, but in energy 1 MeV, some materials have some
decrease and after that, it goes linear again. According to
the Figure, it can be seen that for TiO,, MgB,, Mg,Si in
energy 1 MeV, it decreases with a large slope and then
proceeds almost linearly, while for Fluental, it proceeds
completely linearly in all energies.

—a— AL,

—8— gl
20 —d— Fluental
——all,
——Mglt,
—— Mg, Si
—B—asi,
—8—Ti0),

144

Equivalent atomic number

Photon Energy(MeV)
Fig. 10. The equivalent atomic number in the materials listed
above.

The buildup factors have been reported by different
codes by several researchers and the gamma-ray
formation factors have been investigated in different
materials [38-40]. These investigations show Geometric
Progression (G-P) fitting technic is applied to obtain
buildup factors that discuss multiple scattering. In
reality, it is obtained using the ways of interpolation
from the equivalent atomic number (Z.,). Exposure
buildup factors (EBF) by different codes by several
researchers have investigated the various factors that
cause gamma rays, the material has been attributed and
reported [41, 42].
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Fig. 11. The value of the buildup factor in the listed materials.

Figure 11 shows that the value of the buildup factor
for these materials reaches its maximum value at
0.1MeV. The changes in the buildup factor of the two-
element compounds studied against the photon energy
(MeV) are shown in Figure 11. It provides a comparison
of the effect of two-element compounds on the buildup
factor depending on the incident photon energy at 1 mfp.
The lowest buildup factor was found for TiO2 and CaSiz,
which have the highest Zesr value, while other samples
having the lowest Zes, have a high buildup factor.
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Initially, the buildup factor usually increases with
increasing photon energy of two-element compounds,
and a peak is observed in the low-energy environment.
In addition, each of the compounds evaluated by itself
increases as the amount of Zesr increases, so the peaks of
the samples become higher. It can be seen from Figure
11 that photoelectric absorption and pair generation
processes increase the buildup factor for compounds in
low and high photon energy regions, respectively. At
moderate photon energies, Compton scattering is the
main cause of the buildup factor increase. Finally, after
0.5 MeV, the buildup factor decreases faster with
increasing photon energy than at intermediate energies.

4. Conclusion

In this study, we investigated the properties of ionizing
radiation shielding of selected binary compounds in the
photon energy range of 0.015 to 10 MeV. We obtained our
results with Geant4 tool and XMuDat code, and compared
them with the results of experimental which are in good
agreement with each other. This feature shows the relative
superiority of these binary compounds that the obtained
results showed that by increasing the density even to small
values, the radiation attenuation is better. In fact, the values
of HVL, TVL and MFP for the selected materials showed that
as the photon energy increases, these materials effectively
attenuate low energy photons better. The results showed
that the ability to attenuate photons in binary compounds,
the best potential for gamma ray attenuation occurs for
TiOz2.
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Appendix A. Theoretical background

The basic formulas related to radiation protection and
dosimetry are written as follows:

Linear attenuation coefficient (LAC) is given as below:
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