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Abstract: Polymers are often used in medical applications, therefore, some novel polymers and
their interactions with photons have been studied. The gamma-ray shielding parameters for Poly-
methylpentene (PMP), Polybutylene terephthalate (PBT), Polyoxymethylene (POM), Polyvinylidene-
fluoride (PVDF), and Polychlorotrifluoroethylene (PCTFE) polymers were determined using the
Geant4 simulation and discussed in the current work. The mass attenuation coefficients (j./p) were
simulated at low and high energies between 0.059 and 1.408 MeV using different radionuclides. The
accuracy of the Geant4 simulated results were checked with the XCOM software. The two different
methods had good agreement with each other. Exposure buildup factor (EBF) was calculated and
discussed in terms of polymers under study and photon energy. Effective atomic number (Z)
and electron density (N.4) were calculated and analyzed at different energies. Additionally, the
half-value layer (HVL) of the polymers was evaluated, and the results of this parameter showed that
PCTFE had the highest probability of interaction with gamma photons compared to those of the
other tested polymers.

Keywords: Geant4 simulation; radiation shielding; polymers; attenuation coefficients; XCOM soft-
ware; exposure buildup factor and effective atomic number

1. Introduction

Nuclear technology is widely used in fields such as agriculture, medical applications,
nuclear power plants, material identification, science, and space exploration. Researchers
have developed and studied several new shielding materials [1-4] to safe humans from
the hazards of ionizing radiation that originates from radioactive sources. Generally, the
attenuation coefficients of gamma-rays characterize the interaction of radiation with the
materials. It was observed that the absorption materials containing elements with high Z,
or atomic numbers (such as Pb, Bi, and Ba) are utilized to attenuate the photons. However,
medical applications often use materials containing low Z (such as H, C, N, and O).

Substances containing low Z (such as plastics and polymers) are commonly used
as phantom materials and tissue equivalents in medical applications. In this case, linear
attenuation coefficient, mass attenuation coefficient, effective atomic number, exposure
buildup factor, and half- and tenth-value layers must be studied because they serve as
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indicators of the interactions of polymers with photons. The literature reports on the
interaction between polymers with neutrons and/or gamma rays [5-9].

Polymehtylpentene (PMP) has useful properties, including excellent electrical insula-
tor, extremely low water absorption, and good chemical resistance. In addition, it has high
transparency, with a light transmittance of over 90%, which is equivalent to that of acrylic
and glass. PMP also has a relatively high melting point of about 230 °C [10]. The second
most important commercial polyester is Polybutylene terephthalate (PBT). PBT can easily
be thermoformed and molded. Depending on the molding process and the cooling rate, it
can be amorphous or semi-crystalline. PBT has some attractive properties, such as high
durability and strength, heat resistance, good abrasion, excellent dimensional stability, and
good chemical resistance, especially when reinforced with glass fiber [11].

Polyoxymethylene (POM), also called Acetal, is the most important Polyacetal. The
crystalline thermoplastic is known for its high tensile and flexural strength, hardness, low
creep under stress, and stiffness. It also has a low friction coefficient, excellent fatigue prop-
erties, and excellent chemical resistance, but has moderate thermal stability. Polyvinylidene
fluoride (PVDF) is a highly inert specialty thermoplastic with a melting point of about 175 °C.
It is produced by the radical polymerization of 1,1-difluoroethylene (CH2 = CF2) [10,11].
Polychlorotrifluoroethylene (PCTFE) is a transparent, non-flammable, semi-crystalline high-
performance thermoplastic with excellent moisture resistance and high thermal resistance
and chemical stability. It provides a balance of chemical, mechanical, and electrical properties,
which is not available in any other engineered thermoplastics [10,11].

These characteristics of polymers make them important in the radiation industry.
Understanding the interaction of these polymers with radiation will help applications
that utilize radiation. The purpose of the current work is to evaluate the gamma-ray
attenuation properties of the present polymers. Using a Geant4 simulation and the XCOM
program [12,13], the shielding parameters of the polymers were determined to evaluate
their attenuation characteristics against gamma-rays.

2. Materials and Methods
2.1. Shielding Parameters

The linear attenuation coefficient (i) is a key factor for evaluating the effect of gamma
radiation of appropriate energy with the studied material and can be deduced from Beer-
Lambert Law [14] as follows in Equation (1):

§= 111,1(10) _ 1ln<Areuwithout> 1)
X I X Areayy,

The initial and transmitted intensities are Iy and I respectively, across a target material
of thickness x. I and I were determined by evaluating the area under the photopeak in
without the polymer absorber Areayiyq,+ and with the polymer sample Area,;;, respectively.

The ability of the considered polymers to be checked as radiation protecting materials
by calculating the mass attenuation coefficient (y1/p) by dividing the calculated linear
attenuation coefficient (i) of a particular polymer by its density (p). Theoretically, (4 /p)
can be evaluated using Equation (2) [15]:

s xels), g

where w; and (y/p); was the weight fraction and the mass attenuation coefficient of the ith
constituent element in the polymer material, respectively.

The half, tenth value layers or HVL and TVL are two important parameters in design-
ing a suitable radiation shielding material. These parameters are defined as the attenuator
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thicknesses needed to decrease the y-ray intensity to 50% and 10% of its initial value and
estimated using Equations (3) and (4), respectively [16]:

In2

HVL=—= 3)
Iz
TVL = ln;o (4)

Due to the interaction of gamma rays with the polymer sample, the mean-free path
(MFP) is known as the medium distance traveled by a photon between two successive
reactions is defined as and described in Equation (5) [17,18]:

1
MFP = = @)
Iz

The MFP is also, practically, the attenuator distance which decreases the initial photon
intensity of 36.8% when passing across the polymer absorber. The (Z.) is another useful
radiation interaction factor used to discuss the attenuating properties of the mixtures or
compounds in terms of pure elements and depends on the incoming photon energy. Z
values for the studied polymers can be obtained using Equation (6) [18]:

Y fiAi (%) )
— (6)
Ef %(%)]‘

where f;, Z; and A;, refer to the molar fraction, atomic number and atomic weight of the ith
constituent element in the selected polymer, respectively.

The effective electron density (Neﬁ), measured in electrons/g, defined as the number
of electrons per unit mass of the polymer material and is derived using the calculated Zg
according to Equation (7) [19]:

Zoff =

N4Z,
Negs = —a7 )

where (A) =} fiA; represents the mean atomic mass of the polymer, and N4 is Avogadro’s

number. Wheln choosing a shielding material, the exposure buildup factor (EBF) must be
considered to edit the absorption calculations resulting from buildup of secondary photons
resulting from Compton scattering [20]. To determine the EBF for the selected polymers,
the Geometric-Progression fitting method (GP) was employed, and the computations were
determined according to the three following steps [7]:

The (Z,,), which is an energy-dependent parameter describing the properties of the
investigated polymers in terms of their equivalent elements, was first calculated using the
next formula [21,22]:

Z1(log Ry —logR) + Z>(log R —log Ry)
log Ry — log Ry

Zog = ®)
where Ry and R; are the (pcomp/ tiotar) Tatios corresponding to the elements with atomic
numbers Z;1 and Z», respectively, and R is the (ycomp/ tiotar) ratio for the selected polymer
at a specific energy, which lies between the ratios R; and R;.

The computed Z,,; values of the investigated polymers were then used to interpolate
the GP fitting EBFs (b, ¢, a, Xk, d) in the range of energy 0.015-15 MeV using the interpolation
formula [22] (9):

Ci(log Zy —1og Zeg) + Ca(log Zeg — log Z1)

C= log Z; —log Z4 ©)
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where C; and C; are GP fitting parameters, taken from the ANSI/ANS-6.4.3 standard
database [23], corresponding to Z; and Z, between which Z,, of the selected polymer lies.
As an example, the GP fitting parameters and the Z,; for PMP (CgHyy) in the energy range
0.015-15 MeV are listed in Table 1.

Table 1. The (Z.) and GP fitting parameters for PMP (CgHi) in the range 0.015-15 MeV.

Energy (MeV) Zeyg b c a Xk d
0.015 5.488 1.553 0.610 0.121 14.66 —0.059
0.02 5.494 2.240 0.842 0.051 15.20 —0.029
0.03 5.494 4.085 1.400 —0.070 13.62 0.029
0.04 5.495 6.053 1.985 —0.156 14.25 0.068
0.05 5.499 7.443 2.371 —0.195 14.40 0.085
0.06 5.501 7.862 2.652 —0.221 14.45 0.097
0.08 5.505 7.391 2917 —0.244 14.54 0.106
0.1 5.506 7.007 2.884 —0.239 15.18 0.100
0.15 5.510 5.111 2.966 —0.251 14.72 0.106
0.2 5.512 3.832 2.942 —0.254 14.64 0.114
0.3 5.514 3.151 2.652 —0.236 14.21 0.110
0.4 5.516 2.852 2.397 —0.216 13.06 0.095
0.5 5.516 2.667 2.179 —0.195 13.49 0.091
0.6 5.516 2.545 1.994 —0.173 13.64 0.080
0.8 5.517 2.334 1.784 —0.149 13.61 0.075
1 5.517 2.222 1.604 —0.122 13.66 0.062
1.5 4.779 2.090 1.408 —0.091 13.62 0.053
2 4.762 1.978 1.229 —0.054 14.18 0.031
3 4.754 1.803 1.073 —0.019 12.81 0.012
4 4.749 1.697 0.980 0.005 15.34 —0.003
5 4.747 1.609 0.933 0.018 15.48 —0.010
6 4.745 1.551 0.900 0.027 14.82 —0.015
8 4.744 1.455 0.868 0.036 14.27 —0.020
10 4.742 1.396 0.834 0.048 13.62 —0.025
15 4.726 1.291 0.823 0.050 13.58 —0.024

Finally, the EBF for the selected polymers were then estimated with the help of the
obtained GP fitting parameters, using the following relations [24,25]:

B(E,x):1+%(1<x—1),1<7£1 (10)
and
B(E,x)=1+(b—1)x, K=1 (11)
where

tanh(x/Xg — 2) — tanh(—2)
1 —tanh(—2)

where E is incident y-ray energy and x is the penetration depth in terms of mfp.

K(E,x) =cx"+d

forx < 40 mfp (12)
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2.2. Geant4 Simulation

Geant4 toolkit is a universal Monte Carlo code that can be used to study the history
of the electron, neutron and photon or their coupling within a medium. With its huge
cross-section database, Geant4 can simulate the interaction between these particles and
energies from 1 keV to 100 MeV [26]. The input of the detector form will be explained
as a Monte Carlo symbol and the calculated physical quantity. Geant4 was divided into
different sizes, and the largest was called the "universal size". The simulation is set up
inside this folder.

Within the large volume “world”, the design and construction of the detector, attenuat-
ing material, and radioactive source are shown in Figure 1. The detector was modeled with
a Nal crystal, which was cylindrical and surrounded by aluminum housing (0.5 mm), and
the reflective material was modeled with magnesium oxide. For the attenuation material,
it was modeled by using different attenuation materials in the simulation process, and
different polymer materials with a constant thickness were placed between the source and
the detector. There are two methods for modeling radioactive sources: the first method
is to use radionuclides, which is necessary to understanding the decay scheme of each
radioactive source, and the second method is the method used in a recent article, [27], using
monoenergetic gamma-ray photons in each simulation.

...... PN Radioactive
Source

20cm

t.- - Polymer sample
- (8.2 cm x 1.2 cm)
4 cmt
Nal Detector
(7.62 cm x7.62 cm)

Figure 1. Sketch of the used Geant4 simulation geometry set-up.

For this purpose, the Gaussian distribution of the parameters (standard deviation
o and mean x) obtained from the analytical data was utilized to the deposition energy
Eg [27-29]. First, the full width at half maximum (FWHM) on the energy deposited (Eg)
was evaluated. The second step was to create random energy or (E;) by using a Gaussian
distribution with mean <x> = Ej and o = 2.356 * FWHM (Ey)). If it was a random in the
interval (Eg £ 2.96 0), then the peak value was energy Eg. In the ROOT analysis framework,
an algorithm written in C++ was used to process the Gaussian distribution spectrum [30].
The algorithm performed a peak search process and calculated the area under the peak
using the same mathematical algorithm as in Genie2000 [31] (see Figure 2). The weighted
peak area with and without attenuating material at different energies was obtained (see
Table 2) and used in Equation (1) to calculate the attenuation coefficient of present polymer
materials. To reduce the error within 1%, no less than 2 x 10”7 events were used in each
simulation, otherwise, the error would increase as the number decreased.
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Figure 2. The energy spectra from shielded and unshielded simulations at different two energies (a) at 81 and (b) 1173 keV.

Table 2. Comparison between mass attenuation coefficients for the polymer materials using XCOM software online [32]
and Geant4 code at various photon energies.

Mass Attenuation

Sample E&Z‘;%y wliAt;eoau ¢ Uncert. Area with Uncert. Lineé:’:}gsir;l:tion C(g:;fzﬁ;ij];t
Geantd (em ™) Geantd XCOM A%
59.53 1.50 x 10° 6.71 x 10? 1.09 x 10° 5.72 x 10? 0.15866 0.19047 0.18880 0.88%
80.99 1.67 x 10° 7.07 x 107 1.24 x 10° 6.10 x 10% 0.14755 0.17713 0.17690 0.13%
121.78 1.71 x 10° 7.17 x 107 1.31 x 10° 6.26 x 10% 0.13428 0.16120 0.16070 0.31%
PMP 244.69 1.52 x 10° 6.76 x 10% 1.22 x 10° 6.05 x 10% 0.10924 0.13114 0.13040 0.56%
344.30 1.19 x 10° 5.98 x 10% 9.80 x 10* 5.46 x 10% 0.09583 0.11504 0.11520 —0.14%
661.66 5.98 x 10* 4.24 x 10? 5.17 x 10* 420 x 10? 0.07317 0.08784 0.08802 —0.21%
778.90 5.08 x 10* 3.91 x 10? 4.44 x 10* 3.65 x 10? 0.06759 0.08114 0.08174 —0.74%
964.13 4.09 x 10* 3.51 x 10? 3.62 x 10* 3.30 x 10? 0.06185 0.07425 0.07387 0.51%
1173.23 3.33 x 10* 3.17 x 10? 2.98 x 10* 3.23 x 10? 0.05577 0.06695 0.06708 —0.19%
1332.50 3.02 x 10* 3.01 x 10? 2.72 x 10* 2.86 x 10? 0.05273 0.06330 0.06283 0.75%
1408.01 2.78 x 10* 2.89 x 10? 251 x 10* 2.75 x 10? 0.05101 0.06123 0.06107 0.27%
59.53 1.50 x 10° 6.71 x 10? 9.42 x 10* 8.20 x 10? 0.23234 0.17873 0.17750 0.69%
80.99 1.67 x 10° 7.07 x 107 1.08 x 10° 5.77 x 10% 0.21465 0.16512 0.16420 0.56%
121.78 1.71 x 10° 7.17 x 107 1.16 x 10° 591 x 10% 0.19281 0.14831 0.14860 —0.19%
PBT 244.69 1.52 x 10° 6.76 x 10% 1.11 x 10° 6.19 x 10% 0.15771 0.12132 0.12040 0.75%
344.30 1.19 x 10° 5.98 x 10? 9.01 x 10* 5.67 x 10? 0.13814 0.10626 0.10640 —0.13%
661.66 5.98 x 10* 424 x 10? 4.83 x 10* 431 x 10? 0.10656 0.08197 0.08128 0.84%
778.90 5.08 x 10* 3.91 x 10? 417 x 10* 3.54 x 102 0.09886 0.07604 0.07548 0.74%
964.13 4.09 x 10* 351 x 10? 3.42 x 10* 3.21 x 10? 0.08948 0.06883 0.06823 0.88%
1173.23 3.33 x 10* 3.17 x 10? 2.83 x 10* 3.38 x 10? 0.08114 0.06242 0.06195 0.75%
1332.50 3.02 x 10* 3.01 x 10? 2.60 x 10* 3.29 x 10? 0.07504 0.05772 0.05803 —0.54%

1408.01 2.78 x 10* 2.89 x 10? 2.40 x 10* 2.86 x 10? 0.07338 0.05644 0.05641 0.06%
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Table 2. Cont.
. . Mass Attenuation
Sample E(ﬁg%y w?tf\eoau ¢ Uncert. Area with Uncert. Lme(a:gggsil;l;hon C(Z);fzﬂ;iflr;t
Geantd (em ™) Geant4 XCOM A%

59.53 1.50 x 10° 6.71 x 10? 8.95 x 10* 5.42 x 10? 0.25771 0.18277 0.18180 0.53%
80.99 1.67 x 10° 7.07 x 10? 1.04 x 10° 6.54 x 10? 0.23569 0.16716 0.16690 0.15%
121.78 1.71 x 10° 7.17 x 107 1.12 x 10° 5.79 x 10% 0.21264 0.15081 0.15040 0.27%

POM 244.69 1.52 x 10° 6.76 x 10% 1.07 x 10° 5.68 x 102 0.17199 0.12198 0.12180 0.14%
344.30 1.19 x 10° 5.98 x 10% 8.75 x 10* 5.70 x 10% 0.15292 0.10845 0.10760 0.78%
661.66 5.98 x 10* 4.24 x 10% 4.74 x 10* 4.12 x 10% 0.11603 0.08229 0.08222 0.08%
778.90 5.08 x 10* 3.91 x 10? 4.09 x 10* 3.67 x 10? 0.10849 0.07694 0.07636 0.76%
964.13 4.09 x 10* 3.51 x 10? 3.37 x 10* 3.18 x 10? 0.09693 0.06875 0.06903 —0.41%
1173.23 3.33 x 10* 3.17 x 10? 2.80 x 10* 2.90 x 10? 0.08779 0.06226 0.06266 —0.64%
1332.50 3.02 x 10* 3.01 x 10? 2.56 x 10* 2.97 x 10? 0.08290 0.05879 0.05871 0.14%
1408.01 2.78 x 10* 2.89 x 10? 2.37 x 10* 2.67 x 10? 0.08084 0.05733 0.05706 0.47%
59.53 1.50 x 10° 6.71 x 10? 8.01 x 10* 5.55 x 10? 0.31363 0.17620 0.17600 0.11%
80.99 1.67 x 10° 7.07 x 10? 9.44 x 10* 5.33 x 10% 0.28375 0.15941 0.15830 0.70%
121.78 1.71 x 10° 7.17 x 107 1.03 x 10° 5.57 x 10% 0.25233 0.14176 0.14150 0.18%

PVDF 244.69 1.52 x 10° 6.76 x 10% 1.01 x 10° 5.81 x 10% 0.20345 0.11430 0.11420 0.09%
344.30 1.19 x 10° 5.98 x 10% 8.27 x 10* 5.80 x 10% 0.18075 0.10155 0.10090 0.64%
661.66 5.98 x 10* 424 x 10? 455 x 10* 421 x 10? 0.13717 0.07706 0.07710 —0.05%
778.90 5.08 x 10* 3.91 x 10? 3.93 x 10* 3.43 x 10? 0.12829 0.07207 0.07161 0.64%
964.13 4.09 x 10* 3.51 x 10? 3.24 x 10* 3.36 x 107 0.11622 0.06529 0.06473 0.86%
1173.23 3.33 x 10* 3.17 x 10? 2.71 x 10* 2.85 x 10? 0.10403 0.05844 0.05877 —0.56%
1332.50 3.02 x 10* 3.01 x 10? 248 x 10* 2.73 x 10? 0.09828 0.05522 0.05507 0.26%
1408.01 2.78 x 10* 2.89 x 10? 230 x 10* 2.96 x 10? 0.09495 0.05334 0.05353 —0.35%
59.53 1.50 x 10° 6.71 x 10% 5.46 x 10* 4.44 x 10% 0.50455 0.24026 0.23990 0.15%
80.99 1.67 x 10° 7.07 x 107 7.85 x 10* 5.47 x 10% 0.37610 0.17910 0.17830 0.44%
121.78 1.71 x 10° 7.17 x 107 9.40 x 10* 5.31 x 10% 0.29980 0.14276 0.14280 —0.03%

PCTFE 244.69 1.52 x 10° 6.76 x 10% 9.51 x 10* 5.34 x 10% 0.23285 0.11088 0.11050 0.34%
344.30 1.19 x 10° 5.98 x 107 7.89 x 10* 5.16 x 10? 0.20456 0.09741 0.09729 0.12%
661.66 5.98 x 10* 4.24 x 10? 4.38 x 10* 3.88 x 10? 0.15624 0.07440 0.07420 0.27%
778.90 5.08 x 10* 391 x 10? 3.80 x 10* 3.38 x 10? 0.14501 0.06905 0.06891 0.21%
964.13 4.09 x 10* 3.51 x 10? 3.15 x 10* 3.23 x 10? 0.13135 0.06255 0.06229 0.41%
1173.23 3.33 x 10* 3.17 x 10? 2.63 x 10* 3.04 x 10? 0.11807 0.05622 0.05655 —0.58%
1332.50 3.02 x 10* 3.01 x 10? 242 x 10* 2.90 x 10? 0.11104 0.05288 0.05301 —0.25%
1408.01 2.78 x 10* 2.89 x 10% 2.24 x 10* 2.99 x 10% 0.10836 0.05160 0.05154 0.12%

3. Results and Discussion

The Geant4 MC code was utilized to estimate the mass attenuation coefficients (y/p)
of the five polymer samples at energies between 0.05 and 1.4 MeV. Table 2 lists the results
from Geant4 and the XCOM program and the corresponding relative differences. It is
evident from Table 2 that under the selected y-ray energy, the simulated u/p results of the
polymer samples were quite close to the theoretical results of the XCOM code at all energy
regions. Therefore, the estimated y/p value of the polymer showed the same dependence
on y-ray energy. The relative deviation RD (%) between XCOM and Geant4 values was
computed using Equation (13):

(1/0)xcom — (H/0) Geanta
RD(%) = 100 13
(%) (V/P)XCOM . (1%
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The p/p values obtained using the XCOM online database of photon interaction
cross-sections are plotted in Figure 3 relative to the Geant4 data with y-ray energy in the
range of 0.059-1.408 MeV. This figure clarifies that PCTFE’s value of u/p was the highest at
low energies and the lowest at high energies. In addition, it can be seen that among all the
polymer types, the maximum p/p value occurred at low energies, while the lowest u/p
occurred at high energies.

.26 —+————————————+——
0.24 PMP (Xcom) ||
i ] " PMP(Geantd) |-
oo 0221 —— PBT (Xcom) |
E  0.20- = PBT (Geantd) |
:g 018 1 POM (Xcom) |1
2 " ] POM (Geantd) |
% 0.16 — PVDF (Xcom) |-
S 0144 =  PVDF (Geantd) |]
g 4 — PCTFE (Xcom) |.
€ 0121 = PCTFE (Geantd)|
= 0.10- ]
2 ] .
< 0.08- -
172}
2 0.064 ]
= ] ]
0.04 — ' ' —— ' '

) I I I v
600 800 1000 1200 1400 1600
Photon Energy (keV)

T T
0 200 400

Figure 3. Mass attenuation coefficients of PMP, PBT, POM, PVDE, and PCTFE polymers as a function
of photon energy from XCOM and Geant4.

It is obvious from Figure 4 that as the photon energy increased, the p value dropped
sharply. This behavior can be attributed to the probability of interaction at low energy,
where the predominant interaction is the photoelectric effect and its cross-section approx-
imately increasing with E=3°. The dominant phenomenon at the medium y-ray energy
region is known Compton scattering and its cross-section changes with E~! and Z. While, in
the high-energy, Compton scattering and the pair production process have a mixed effect.

The variation of HVL and TVL values of the present polymers as a function of photon
energies is depicted in Figure 5. According to Figure 5, PCTFE had the lowest HVL value,
ranging from 2 to 6 cm, while PMP had the highest HVL value, ranging from 4.5 to 13.55 cm.
These results imply that the higher the polymer density, the lower the HVL value, which
enhances the shielding ability of the chosen polymer. Figure 5 also demonstrates that all
the polymer samples had the lowest HVL results at low y-ray energies. This trend may be
due to the advantage of the photoelectric effect in this energy region. As the photon energy
increased to the medium-energy region, the HVL value could be observed to gradually
increase. This increase occurred because of the dominance of Compton scattering in this
region. The little increase in HVL results at higher energy could be attributed to the
dominance of the pair production process at these energies.
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Figure 4. Geant4 linear attenuation coefficients of the present polymers as a function of
photon energy.
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Figure 5. The variation of (a) half-value layer and (b) tenth-value layer with photon energy for the investigated polymers.

Figure 6 shows that the MFP values of the investigated polymer varied with y-ray
energy in the range of 0.059-1.408 MeV. From Figure 6, the y-ray energy dependence of the
MFP value was similar to the HVL trend, so the same discussion about photon interactions
applies. The MFP values decreased from POM to PCTFE, which indicates that compared to
other polymers, photons in this energy range could penetrate POM to the greatest extent.



Materials 2021, 14, 5051

10 of 15

MFP (cm)

0 —t 7 <t
0 200 400 600 800 1000 1200 1400 1600
Photon Energy (keV)
Figure 6. The variation of mean-free path with increasing photon energy for the

investigated polymers.

The Z4 of the studied materials was evaluated from the calculated (3/p). The results
were obtained and are shown in Figure 7. Figure 7 shows that the Z.¢ of PCTFE was greater
than that of other discussed polymers. This high value was mainly due to the contents of
fluorine (F) and chlorine (Cl) in PCTFE, besides the hydrogen content, which was negligible.
Similarly, Figure 7 shows that Z.4 of PBT and POM were nearly the same, but relatively
lower than that of PVDFE. Among the studied polymers, POM had the lowest Z.g value
because of the high hydrogen content in this polymer. It is obvious from Figure 7 that Z4
values for all polymers remained almost constant. The Z4 trend of these five polymers was
occurring because the present polymers were composed of elements very close in atomic
numbers (such as H, C, O, and N). The changes of Z,7 and N,y with photon energy are
shown in Figures 7 and 8, respectively.
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Figure 7. The variation of Z,z with photon energy for the investigated polymers.
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Figure 8. The variation of N with y-ray energy for the investigated polymers.

Figure 9 shows the calculated Zeq values for these polymers. The GP fitting parameters
of PCTEFE are tabulated in Table 1. The EBF of a given polymer varied between 0.015 and
15 MeV with photon energy. Additionally, Figure 10 illustrates the EBF of the samples at a
fixed penetration depth. A similar trend has been studied for different samples reported in
the reference [33]. The EBF values in the form demonstrate that as the energy increased,
the values increased up to the medium-energy area. In addition, in the medium-energy
region, at 10 and 40 mfp, the EBF value appeared to be very large. This result was due to
the Compton scattering process at this energy. In this region, the y-ray photons are not
completely extracted, but their energies are reduced. These photons existed in the sample
for a long time, causing multiple Compton scattering interactions, which raised the EBF to
a higher value between 0.08 and 0.2 MeV.

15 — T —— T ——

144 —=—PMP

E —eo— PBT
13 4 —4a—POM
124 —v—PVDF

1 ——PCTFE

—
< o
PRI B |

N ®
L 1
4
<
4
<
<
<
<
<
<
<
<
<
<

Equivalent atomic number (Zeq)
(=) o
a1 [

!

4 T T T T—TTT T
0.01 0.1 1 10
Photon Energy (MeV)

Figure 9. Z.q variation with different energy of photons for the investigated polymers.
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Figure 10. The variation of EBF with y-ray energy for the investigated polymers at (a) 1 mfp, (b) 10 mfp, (c) 20 mfp, and

(d) 40 mfp.

The EBF results for all the studied polymer samples had approximately the same
value between 4 and 15 MeV, indicating that EBF had no relationship with the composition
of the discussed samples in this region. The EBF trend between 4 and 15 MeV was due to
the pair production process, a very important photon interaction phenomenon at these
high energies. Additionally, among the selected polymers, POM had the highest EBF value.
Likewise, PCTFE had the lowest EBF value. The lower EBF values for PCTFE could be
attributed to the higher Zeq of this polymer. Moreover, it was found from Figure 10 that
the EBF value of the polymer increased with increasing penetration depth. The lowest EBF
value for all the samples was found at 1 mfp (Figure 10a), while the highest EBF value
at 40 mfp (Figure 10d). This result can be attributed to multiple dispersions at a large
penetration depth. In other words, an increase in the depth of penetration led to an increase
in the photon interaction with the sample (see Figure 11), which led to the generation of
low-energy photons. Finally, the mass attenuation coefficients of the present polymers
were compared to those from some recent reports on HDPE [3] and natural rubber [34].
The comparison is shown in Figure 12 and shows a difference between them in the low
energies, while the results are similar in the high energies.
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4. Conclusions

The photon attenuation characteristics of various studied polymers (such as PMP,
PBT, POM, PVDE and PCTFE) were studied using factors such as HVL, MFP, Zeff, and
EBF. A Geant4 simulation was used to determine these parameters at energies between
59 and 1408 keV. The maximum linear attenuation coefficient was determined for the
PCTFE polymer. PCTFE’s Z,5 was found to be relatively higher than that of other polymers.
The HVL and MFP value of PCTFE were also lower than the value for other polymers,
which indicates that this polymer attenuated gamma-rays more effectively. The results
demonstrated that out of the present polymers, PMP’s EBF values tended to be high while
PCTFE’s EBF tended to be low. The EBF values of the present polymers increased with
penetration depth, being highest for 40 mfp and lowest for 1 mfp. This paper concludes
that the current polymers can be used alone in low-energy or in combination with other
high-Z materials for high-energy gamma-ray shielding.
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