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ARTICLE INFO ABSTRACT

Keywords: Researches on advanced composites to protect environment health towards radioactive pollution have drawn
FLUKA attention with the rising use of radioactive elements. From this point, polymer micro composites are quite
GEANT4

encouraging in terms of multifunctional properties in mechanical, electrical, thermal, as well as nuclear
shielding. The present study has explored the efficacy of micro lead (Pb) loaded polymer composites for radio
protective applications such as a fabrication of protective enclosures. High energetic photon shielding experi-
ments have been applied through gamma spectrometer equipped with HPGe detector and various radioactive
point sources namely 137¢s, 22Na, 152Ey, 13%Ba, 2" Am and %7°°Co which are widely used in several medical and
industrial applications. The results demonstrated that mass attenuation coefficients of the composites at different
photon energies are proportional to the filler loading. The validation of FLUKA and GEANT4 Monte Carlo
software has been performed in the simulation of transmission experiments as well as WinXCOM software. The
tests of the Pb (20%) micro composite for the nuclear radiation shielding reveal that it has high attenuation
coefficients for photon radiation.
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1. Introduction

Availability of effective radiation shielding materials enables the safe
usage of the applications containing ionizing radiation especially
gamma-rays and radioactive sources. In this context, advancements in
efficacious radiation shielding materials have gained a significant
importance, which motivates the researchers working in the field of
nuclear radiation to continuously search and fabricate new radiation
shields that are alternative to conventional radiation shields (Aldhu-
haibat et al., 2021; More et al., 2021). Some of these studies are focused
on developing composite materials by incorporation of various filler
materials in various matrices so that the various properties of these

materials will be merged and one effective composite radiation shield
will be formed. In this regard, polymers could be given as an example:
highly valued matrix materials in order to advance light weight, durable
and flexible y-ray shields. In addition, polymer composites have merits
over metals such as its superiority in workability, flexibility, low cost,
chemical stability, volume diminishment after use etc. (Aldhuhaibat
et al., 2021; Alavian and Tavakoli-Anbaran, 2020; Afshar et al., 2019;
Bedar et al., 2019). Furthermore, polymeric materials may be conve-
nient for neutron scatters in which contains high numbers of H, and
amalgamating this property with use of some additives such as high
atomic number materials, polymers could become an appropriate
candidate for shielding of y- and X-rays (Kacal et al., 2019; Azman et al.,

* Corresponding author. Bingol University, Vocational School of Social Sciences, Department of Property Protection and Security, Program of Occupational Health

and Safety, 12000, Bing6l, Turkey.
E-mail address: fakman@bingol.edu.tr (F. Akman).

https://doi.org/10.1016/j.radphyschem.2022.110039

Received 20 June 2021; Received in revised form 28 November 2021; Accepted 16 February 2022

Available online 21 February 2022
0969-806X/© 2022 Elsevier Ltd. All rights reserved.


mailto:fakman@bingol.edu.tr
www.sciencedirect.com/science/journal/0969806X
https://www.elsevier.com/locate/radphyschem
https://doi.org/10.1016/j.radphyschem.2022.110039
https://doi.org/10.1016/j.radphyschem.2022.110039
https://doi.org/10.1016/j.radphyschem.2022.110039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radphyschem.2022.110039&domain=pdf

O. Kilicoglu et al.

Accerelator (Co-6)

& Hardener |
. (MEKP) ‘

Unsaturated
Polyester Resin

Polymer
Matrix

Radiation Physics and Chemistry 194 (2022) 110039

Filler
Material Polymer
(Phase Composite

Material)

Fig. 1. Schematic representation of the sample production process.

Table 1
The elemental compositions and densities of the Pb doped polymer composites.
Sample Compositions (%) p (g/em®)
H C (0] Co Pb
Pb (5%) 4.4475 56.9947 34.0057 0.0271 4.5249 1.3903
Pb (10%) 4.2550 54.5274 32.5336 0.0260 8.6580 1.4015
Pb (15%) 4.0785 52.2649 31.1837 0.0249 12.4481 1.4233
Pb (20%) 3.9160 50.1826 29.9413 0.0239 15.9363 1.4652

2013). All of these outstanding properties have made polymer com-
posites crucial in execution of radiation-shielding.

The polymer matrix for the present investigation was chosen as un-
saturated polyester resin (UPR), and lead (Pb) was used as a filler ma-
terial. Here, it should be noted that UPR is gaining utmost attention by
virtue of wide range of applications in land transportation industries,
marine, construction, aerospace, electronic devices, waterlines and
automotive due to its superior properties such as good thermal stability,
low cost, ease of fabrication, and high-performance properties which
makes it versatile and significant material (Abu-Jdayil et al., 2019;
Ambika et al., 2017). Additionally, UPR is an extraordinary multipur-
pose thermoset material used as polymer matrix in composites. On the
other hand, there are various studies on the radiation attenuation fea-
tures of Pb-doped some materials to minimize the damage of lead and to
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increase the shielding properties of the studied materials (Tekin et al.,
2019; Singh et al., 2004; Kumar et al., 2020; Mansy et al., 2021; Hassan
et al., 2015). A brief motivation for choosing Pb as a filler could be
introduced with following studies. An earlier investigation on compos-
ites reported that lead monoxide (PbO) is a good filler with its incor-
poration in concrete and polymer matrices (Ozdemir et al., 2018). In
other words, y-ray attenuation properties of concrete were improved by
the addition of PbO nanoparticles into the concrete (Ozdemir et al.,
2018). In another study, the ethylene propylene diene terpolymer
(EPDM) was examined and used as polymeric matrix along with PbO
nano particles and bismuth oxide particles for different weight ratios as
radiation shielding functional materials (Harish et al., 2012). y-ray
shielding capabilities of isophthalic resin (ISO) composites incorporated
with three types of lead oxides (PbO, PbO,, and Pb304) at various weight
fractions were evaluated, and it was concluded that the ISO composites
filled with PbO were more effective for radiation shielding than their
counterparts (Harish et al., 2012). Similarly, Belgin et al. (2015) re-
ported a study in which different ratios of powdered PbO and WO3 were
incorporated in linear low density-polyethylene to form an effective
composite material and attenuate ionizing electromagnetic radiation.
On another study, unsaturated polyester composites containing 5 wt%
nano clay and different wt% of PbO particles were tested and the results
showed that they were better than the other composites in y-ray
shielding at low energies (Bagheri et al., 2018). Other studies investi-
gated the composites of PbO infused unsaturated polyester for their
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Fig. 2. Schematic diagram of experimental setup.
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Fig. 3. The theoretical values of the linear attenuation coefficient as a function
of photon energy.

y-ray protection efficiency and found these materials to be a good
alternate candidate for radiological protection (Harish et al., 2009,
2010).

In short, the present study aims to develop cost-effective, durable,
low-weight polymer composite radiation shields by incorporation of
different amounts (5, 10, 15 and 20 wt%) of Pb micro particles. The
experiments have been executed using HPGe detector and different
radioactive sources in the energy range of 59.5-1408.0 keV. Mass
attenuation coefficient (j/p) of the investigated samples were obtained
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using this experimental geometry. This measured attenuation coefficient
data is further used to determine other radiological parameters
including linear attenuation coefficient (), effective atomic and elec-
tron number (Z¢¢r and Ng), mean free path (MFP), half value layer (HVL),
tenth value layer (TVL) and radiation protection efficiency (RPE). The
experimental results of these parameters have been validated by the
theoretical values based on WinXCom, FLUKA and GEANT4 Monte Carlo
simulation codes. KERMA factor has also evaluated and its variation
with energy has been reported. Energy absorption and exposure buildup
factors (EABF and EBF) of the chosen samples have been computed using
geometric progression (G-P) fitting method.

The methodology of this article is as follows: The theoretical context
of photon-matter interactions is provided in Section 2. Section 3 reviews
the experimental details and its validation with WinXCom, FLUKA and
GEANT4 simulation data. The comparisons between the experimental,
theoretical and simulated results are outlined in Section 4. Section 5
concludes the performed investigation.

2. Theoretical context

The theoretical framework used to calculate y-rays shielding pa-
rameters have been outlined as follows.

2.1. Linear attenuation and mass attenuation coefficients

The linear attenuation coefficient is the probability of interaction
between radiation and matter per path length while the mass attenua-
tion coefficient is the fundamental parameter used to determine other
radiological parameters such as effective atomic number and electron
density, half value layer, tenth value layer and mean free path.
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Fig. 4. Experimental, WinXCOM, FLUKA and GEANT4 mass attenuation coefficients obtained for the fabricated micro-composites.
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Fig. 7. Effective atomic number (Z.¢) values as a function of photon energy and
Pb-content of the samples.
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Fig. 8. Effective electron density (Ng) values as a function of photon energy
and Pb-content of the samples.
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2.3. Mean free path
Mean free path, which is also known as relaxation length (A), is the
mean excursion between two successive interactions of photons and it is

denoted by the expression,

MFP—) (5)
H

2.4. Effective atomic number and electron density

Effective atomic number of polymer composites is given by relation,

Radiation Physics and Chemistry 194 (2022) 110039

o-ﬂ
Zyg=—
Ol

(6)

where 6, and o, are total atomic cross-section and total electronic cross-
section, respectively and these are computed by the following equations,

1
a =3 WA
0= 3 A ) @)
1 fiAi
o0 =g 37 ) ®
The effective electron density (Ng) is related to the Z as;
Zeﬁ
Ng =N, 9
Ay

where f; = n;/ ) n; is the fractional abundance of ith element with
respect to the number of atoms such that > ['f; = 1; A;, and Z; are the
atomic weight, and the atomic number of ith element in a matter (More
et al., 2020b).

2.5. Radiation protection efficiency

The radiation protection efficiency is an important parameter which
determines effectiveness of a shielding material and is given as follows:

RPE= (1 _I£> x 100 (10)
0

2.6. KERMA relative to air (Ky)

Kerma (kinetic energy released per unit mass) is non-stochastic
quantity which is applicable to photons (X-, y-rays, etc.) and neutrons.
The expression for kerma is given as:

K=y(u,/p) an

where y and (u,, /p) are the energy fluence of mono-energetic photons
and mass energy coefficient, respectively. Kerma relative to air of a
material is given by relation below (Manohara et al., 2008):
K, = Hen! P 12)
(ﬂen /p)air

The values of mass energy-absorption coefficients for air and
elemental constituents of materials have been taken from the compila-
tion of NIST data (Hubbell and Seltzer, 1995).

2.7. Energy absorption and exposure buildup factors

Buildup factor, a significant parameter in gamma ray shielding cal-
culations, that determines corrected response to uncollided photons by
including the contribution of any scattered and secondary photons
(Singh et al., 2014; Vahabi and Zafarghandi, 2020). Exposure build-up
factor (EBF) and energy absorption build-up factor (EABF) have been
determined using well known G-P fitting method which has been dis-
cussed in detail in ref (More et al., 2021).

3. Experimental details and its validation
3.1. Production of composites

In this study, polipol 314 filling type polyester resin and methyl,
ethyl, ketone and peroxide (MEKP) having 1.113 and 1.17 g/cm® were
used respectively. Due to some advantages such as fast gelation, curing
feature and at room temperature, it is quite convenient to obtain the
curing resins in combination with MEKP and Cobalt Octoate (6%)
accelerator with 0.885 g/cm?®. Initially, the polymer matrix has been
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Table 3
Experimental and theoretical Z. results of Pb doped polymer composites.
Energy (keV) Pb (5%) Pb (10%) Pb (15%) Pb (20%)
Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo.

59.5 10.0101 + 0.2065 9.7108 13.9487 + 0.2903 14.3198 17.5871 + 0.3730 18.2769 21.4689 + 0.4706 21.8685
81.0 7.4398 + 0.1530 7.1549 9.3801 + 0.1932 9.7019 11.6179 + 0.2402 12.0213 13.8292 + 0.2874 14.2420
122.1 8.3740 + 0.1922 8.6262 11.8816 + 0.2775 12.4702 15.8740 + 0.3748 15.8456 18.2832 + 0.4370 18.9715
136.5 7.4610 + 0.3478 7.7499 11.3826 + 0.5894 10.8629 14.1474 + 0.8129 13.6537 16.9219 + 0.8021 16.2874
276.4 5.1900 + 0.1834 5.2379 6.3595 + 0.2053 6.0520 6.7127 + 0.2410 6.8285 7.6087 + 0.2698 7.6056
302.9 5.1148 + 0.1236 5.1192 5.7737 £ 0.1395 5.8170 6.7736 + 0.1649 6.4846 7.1519 + 0.1847 7.1547
356.0 4.7932 + 0.0998 4.9617 5.1738 + 0.1077 5.5043 6.1751 + 0.1292 6.0254 6.3272 + 0.1315 6.5507
383.9 4.7939 + 0.1539 4.9058 5.6294 + 0.1823 5.3929 5.7536 + 0.1797 5.8615 6.5099 + 0.2141 6.3344
511.0 4.8966 + 0.1004 4.7624 5.2593 £ 0.1080 5.1063 5.5795 + 0.1147 5.4384 6.0300 + 0.1239 5.7747
661.7 4.5917 + 0.0945 4.6905 4.8244 + 0.0990 4.9628 5.4136 + 0.1112 5.2262 5.5561 + 0.1142 5.4935
778.9 4.7850 + 0.1249 4.6616 4.9932 + 0.1311 4.9048 5.0121 + 0.1313 5.1402 5.1134 + 0.1342 5.3794
834.8 4.6100 + 0.1145 4.6519 4.8816 + 0.1203 4.8854 5.1975 + 0.1290 5.1114 5.3431 + 0.1319 5.3410
867.4 4.5587 + 0.1736 4.6471 4.9288 + 0.1846 4.8757 4.9318 £+ 0.1680 5.0970 5.5839 + 0.2034 5.3219
964.1 4.4168 + 0.0981 4.6355 4.6364 + 0.1029 4.8523 4.8657 + 0.1083 5.0624 5.0663 + 0.1123 5.2759
1085.9 4.4627 + 0.1168 4.6248 4.7964 + 0.1224 4.8310 5.0921 + 0.1322 5.0309 5.1572 + 0.1318 5.2341
1112.1 4.6898 + 0.1008 4.6231 4.6656 + 0.1001 4.8275 4.9517 £+ 0.1064 5.0256 5.0714 £+ 0.1090 5.2271
1173.2 4.6074 + 0.0972 4.6197 5.0821 + 0.1071 4.8206 5.1525 £+ 0.1087 5.0152 4.9734 + 0.1049 5.2132
12129 4.7959 + 0.2330 4.6180 5.0453 + 0.2666 4.8169 4.7758 + 0.2315 5.0097 5.1778 + 0.2409 5.2058
1274.5 4.5421 + 0.0946 4.6159 4.6698 + 0.0971 4.8125 4.9508 + 0.1031 5.0030 5.4137 + 0.1129 5.1968
1299.1 4.5060 + 0.1669 4.6153 5.0783 £+ 0.1938 4.8111 4.8066 + 0.1817 5.0010 5.2148 + 0.2085 5.1941
1332.5 4.7649 + 0.0994 4.6145 4.9409 + 0.1027 4.8096 5.1152 + 0.1064 4.9986 5.3723 + 0.1118 5.1908
1408.0 4.7647 + 0.0977 4.6136 4.7546 + 0.0975 4.8073 4.7863 + 0.0982 4.9951 5.0194 + 0.1030 5.1860
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Fig. 9. Radiation protection efficiencies (RPEs) as a function of photon energy
and Pb-content of the samples.

formed by doping hardener additive to fulfill the reaction and organic
peroxide (Cobalt Octoate (6%) as an accelerator into the unsaturated
polyester resin. Then, this matrix has been mixed at regular intervals to
avoid the phase material collapse in the polymer matrix due to its high
unit weight and a homogeneous mixture was tried to obtain. After that,
the composites have been fabricated by adding phase material (Pb) with
various proportions to the polymer matrix. After curing under suitable
conditions (air environment and room temperature) for 28 days, the
synthesized polymer composites have been tested to the check their
radiation shielding property. The production steps of the Pb polymer
composites have been demonstrated in Fig. 1. Table 1 summarizes the
chemical compositions and mass densities pertaining to each sample.
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Fig. 10. Mean free path (MFP) values as a function of photon energy.

3.2. Experimental process

The gamma radiation shielding capabilities of the prepared Pb-doped
polyester composite were investigated both experimentally and theo-
retically using the software programs mentioned in section 3.3. First, the
experimental setup shown in Fig. 2 was created. Preamplifier, radioac-
tive source, multi-channel analyzer, high voltage source, linear ampli-
fier, and basic HPGe detector system make up the experimental
geometry of the study. Lead collimators were used to alter the beam
shape, as indicated in the picture, as well as a sandwich collimator
surrounded with Pb, Fe, and Al to decrease potential backgrounds. Aside
from that, the trials were carried out with the help of liquid nitrogen to
reduce noise and maximize the detection system’s performance. After
that, radiation intensities were measured using the suggested setup at 22
distinct photon energies range between 59.5 and 1408.0 keV. To
experimentally assess ionizing radiation shielding performance of the
fabricated polymer-based composites through mass attenuation



O. Kilicoglu et al.

Table 4
Equivalent atomic numbers of the Pb doped polymer composites for various
energy values ranging from 0.015 to 15 MeV.

Energy (MeV) Pb (5%) Pb (10%) Pb (15%) Pb (20%)
0.015 11.377 13.524 15.045 16.276
0.02 13.464 16.219 18.157 19.702
0.03 14.283 17.202 19.233 20.823
0.04 14.876 17.897 19.974 21.604
0.05 15.340 18.441 20.558 22.205
0.06 15.720 18.879 21.026 22.695
0.08 16.314 19.571 21.774 23.476
0.1 26.026 31.675 35.505 38.465
0.15 27.628 33.495 37.443 40.479
0.2 28.608 34.594 38.599 41.664
0.3 29.823 35.941 40.012 43.111
0.4 30.558 36.752 40.861 43.975
0.5 31.049 37.287 41.408 44.536
0.6 31.364 37.641 41.780 44.908
0.8 31.712 38.030 42.185 45.317
1 31.828 38.156 42.326 45.467
1.5 25.163 32.937 37.906 41.589
2 14.240 20.796 26.190 30.569
3 10.181 13.790 17.112 20.165
4 9.361 12.245 14.943 17.453
5 9.027 11.625 14.048 16.322
6 8.850 11.283 13.560 15.697
8 8.668 10.931 13.056 15.054
10 8.585 10.771 12.827 14.761
15 8.512 10.635 12.632 14.516

coefficients (j/p), it has been carried out gamma spectrometer equipped
with a high purity Germanium (HPGe) detector. The experimental
layout of the test setup is shown in Fig. 2. In addition to having a res-
olution of 0.380 keV at 5.9 keV, 0.585 keV at 122 keV and 1.8 keV at
1330 keV full width at half maximum (FWHM), the HPGe detector has
25 mm active crystal length and a diameter of 70 mm. The HPGe de-
tector was kept at liquid nitrogen that has a temperature of —196 °C
during the experiment and the energy calibration for spectrometer was
applied through a mixed calibration. 21 am, 1525y, 137cs, 13%Ba, %°Co,
57Co, >*Mn and 22Na radioactive point sources with photo-peak energies
between 59.5 and 1408.0 keV can be utilized (Manohara et al., 2008).
The details on gamma spectrometer can be given from previous
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publications (Ozkalaym et al., 2020; Kacal et al., 2020; Akman et al.,
2021; Turhan et al., 2020). The detected photo-peaks in data acquisi-
tions are analyzed using an MAESTRO software (Agar et al., 2017). Also,
the areas belonging to photo-peak are checked via the least-squares
fitting method through the Origin 7.5 program (demo version).

The following relation is considered for determining the experi-
mental uncertainties in the shielding tests (Akman et al., 1036):

1 [/AIN*  [AL)? I\ ? /Apx\ 2
A”mM () +(5) +u(z) G (2
where p specifies the density, Alp and Al represent the uncertainties of
original (Ip) and attenuated (I) counts, respectively.

3.3. Theoretical expectations and Monte Carlo simulations

Theoretical calculations derived from photon energy were produced
using the WinXCOM software in the second phase of the sample analysis.
The relevant parameters for radiation attenuation assessment were
accurately calculated and compared to the measurements using the
same photon energy range as the experimental study. The theoretical
predictions were also used to confirm the actual setup’s accuracy.
Theoretical expectations and Monte Carlo (MC) simulations are good
supportive techniques to experimental results. Even, they sometimes
become very useful tools in lack of experimental apparatus. Therefore,
their proper usage makes vital contributions to every kind of researches.
Recently, there are numerous types of theoretical calculation tool and
MC simulations, which serve for different purposes. In this work, theo-
retical expectations are obtained using WinXCOM (Gerward et al., 2004)
code while FLUKA (Bohlen et al., 2014) and GEANT4 (Agostinelli et al.,
2003) programs are chosen simulation tools, which are very commonly
used techniques in the research and development of radiation shielding
materials.

WinXCOM code uses predefined elemental tables (coded by the
program developers) and elemental weights of the materials in order to
calculate gamma radiation mass attenuation coefficients of the proposed
radiation shielding attenuators in unit of cm?/g. Additionally, the
desired radiation energy is required to be encoded into the program.
There is no need to provide density or thickness of the considered

Table 5
G-P energy absorption and exposure build-up factor parameters of the Pb (20%) for various energy values ranging from 0.015 to 15 MeV.
Energy (MeV) EABF EBF
a b c d Xk a b c d Xk

0.015 0.279 1.015 0.323 —0.180 13.976 0.298 1.016 0.322 —0.257 13.190
0.02 0.282 1.019 0.334 —0.199 11.591 0.212 1.018 0.397 —0.102 11.326
0.03 0.239 1.052 0.356 —0.153 13.734 0.220 1.053 0.372 —0.149 14.258
0.04 0.230 1.107 0.366 —0.124 13.866 0.238 1.108 0.356 —0.131 13.359
0.05 0.232 1.186 0.371 —0.134 14.292 0.221 1.175 0.389 —0.124 14.088
0.06 0.209 1.278 0.412 -0.121 14.736 0.200 1.245 0.431 —0.112 14.211
0.08 0.170 1.496 0.493 —0.095 15.398 0.165 1.383 0.510 —0.091 14.429
0.1 0.282 1.238 0.321 —0.149 15.126 0.260 1.189 0.349 —0.140 13.783
0.15 0.279 1.514 0.336 —0.157 14.041 0.167 1.269 0.508 —0.087 14.377
0.2 0.314 2.287 0.315 —0.196 14.017 0.170 1.479 0.521 —0.098 14.275
0.3 0.166 2.316 0.544 —0.100 14.024 0.084 1.561 0.720 —0.044 14.451
0.4 0.118 2.568 0.681 —0.092 13.899 0.045 1.664 0.864 —0.036 14.169
0.5 0.080 2.584 0.788 —0.071 13.890 0.025 1.718 0.942 —-0.028 14.239
0.6 0.060 2.554 0.847 —0.060 13.748 0.012 1.738 0.990 —0.021 13.971
0.8 0.037 2.436 0.922 —0.046 13.647 —0.001 1.751 1.041 —0.015 14.051
1 0.025 2.319 0.961 —0.038 13.527 —0.007 1.739 1.063 —-0.013 13.430
1.5 —0.011 1.941 1.094 —0.015 13.329 —-0.030 1.627 1.162 0.001 7.428
2 —0.016 1.837 1.104 —0.008 9.999 —0.021 1.682 1.122 —0.004 9.429
3 —0.005 1.687 1.050 —0.010 11.966 —-0.011 1.640 1.070 —0.007 13.201
4 0.011 1.592 0.988 —-0.018 12.699 0.008 1.581 1.002 —0.015 10.768
5 0.018 1.511 0.963 —0.026 14.824 0.013 1.515 0.979 —0.017 12.458
6 0.021 1.446 0.951 —0.029 15.287 0.019 1.469 0.957 —0.021 13.709
8 0.036 1.360 0.912 —0.031 11.815 0.029 1.389 0.928 —0.028 13.657
10 0.038 1.298 0.906 —0.034 13.618 0.038 1.330 0.907 —0.034 13.345
15 0.035 1.197 0.922 —0.035 14.404 0.050 1.235 0.883 —0.047 13.217
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Fig. 11. Energy absorption buildup factors (EABF) against photon energies at various mfp.

material. On the other hand, FLUKA and GEANT4 are the simulation
tools to calculate the number of transmitted gamma numbers through
the chosen radiation attenuator, which are useful inputs to calculate
linear attenuation coefficient as defined mathematically earlier. In both
simulation tools, with thickness, density and elemental weight of the
materials, the proposed radiation attenuator was modeled and bom-
barded with 10 000 000 gamma particles. User should also define the
considered gamma radiation energy in order to have the gamma atten-
uation coefficients. In WinXCOM, FLUKA and GEANT4 codes, the
gamma energy points were appointed as the same with the experimental
choices, which let us to have fruitful comparison between experimental,
theoretical and simulation sides.

4. Results and discussions

The linear attenuation coefficients were first calculated and graphed
in a three-dimensional graph in order to evaluate the radiation attenu-
ator as indicated in the section on analytical methods (Fig. 3). The
attenuation curves reveal that the coefficients fall exponentially when
dopant amount enhancement of the produced composite’s linear
attenuation property and the radiation energy grow. At low energy
levels, photoelectric cross section is the dominant process with E~°
energy dependency and Z*~° atomic number dependency while at mid-
levels of energy Compton scattering is the dominant process with E~1
energy dependency and Z atomic number dependency. At high energy
levels, an exponential decline occurs due to the pair production cross
section with energy dependency of E and atomic number dependency of

72, Since the linear attenuation is dependent on material density, ma-
terial attenuation is typically estimated using the 4 /p ratio. Fig. 4 reports
u/p values of the selected samples as a function of energy. To confirm the
experimental results, the WinXCOM, FLUKA, and GEANT4 programs
were used. The elemental compositions of the composites at various
energies ranging from 59.5 to 1408.0 keV were utilized to estimate the
theoretical and simulation findings and the obtained results were given
in Table 2. As can be seen from Table 2, the results of u/p for the chosen
samples are consistent, and they may be used in subsequent calculations
to investigate gamma interaction features. This validates the experi-
mental setup’s accuracy, indicating that it might be utilized to assess the
Pb-doped polyester composites’ radiation attenuation. In addition to the
setup’s precision, the results show that the p/p drops exponentially as
the gamma energy increases. In other words, the produced composite’s
shielding capacity is shown to be higher at low energies. Increasing the
Pb dopant quantity increases the mass attenuation coefficient (Fig. 4).
This increase is stronger at low energies than the increase at high gamma
radiation energies.

At low energies, j1/p of the composite with Pb (20%) dopant is twice
of the composite with Pb (5%) dopant, but this difference reduces as the
energy increases. The coefficients are almost the same for larger levels as
well. The TVL and HVL values were also studied since they were both
useful indicators of a material’s gamma radiation shielding ability. Due
to the dependence of the linear attenuation coefficient (), both TVL and
HVL are a function of gamma radiation energy, as shown in the calcu-
lations above. To acquire the appropriate values, the In2/p and In10/p
formulae were fulfilled after the linear attenuation coefficients were
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Fig. 12. Exposure buildup factors (EBF) against photon energies at various mfp.
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Fig. 13. The change of kerma relative to air against photon energies.

calculated. Figs. 5 and 6 show the results of these computations that
show both HVL and TVL increase as radiation energy increases. The HVL
value of the samples containing Pb (20%) is lower than the others,
indicating that this sample exhibits superior radiation attenuation (Kara
et al., 2020a; Kilicoglu, 2019).

The TVL and HVL values of prepared composites were raised in the
sequence as Pb (20%) <Pb (15%) < Pb (10%) < Pb (5%). Furthermore,
knowing the electron density (Ng) and effective atomic number (Z.gf)
characteristics are essential for determining the radiation shielding
capability of the produced composites. In essence, a high effective
atomic number corresponds to a large number of electrons per atom; the
two factors are intertwined. Egs. (6) and (9) are used to compute these
parameters and the Z¢¢ and N are plotted as shown in Figs. 7 and 8,
respectively.

The observed results reveal major disparities among the composites
under consideration. As predicted, Z.s and Ng act similarly, and
decrease with increasing gamma radiation energy in all samples.
Furthermore, there was a significant difference in Zg values for Pb (5%)
and Pb (20%), with the values increasing in the sequence of Pb (5%) <Pb
(10%) < Pb (15%) < Pb (20%). In addition, Table 3 gives both the
theoretical and experimental Z.g values of the selected samples. That
means, the findings of theoretical and experimental Z.¢ values for the
chosen samples are consistent with each other. In this case, all Zg as-
sessments are also valid for the N parameter. According to Zeg and N,
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Pb (20%) has a superior radiation attenuator property.

The determination of RPE of prepared samples as a function of en-
ergy is an essential parameter investigated in this work. It was estimated
for four distinct composites with varied amounts of Pb (5%), Pb (10%),
Pb (15%) and Pb (20%). Fig. 9 shows the collected data, which clearly
illustrate that RPE is inversely proportional to radiation energy.
Furthermore, it was discovered that the composite comprised of Pb had
the highest RPE value (20%). The MFP parameter is important in terms
of exposing the attenuation performance of any material under inves-
tigation in order to reduce radiation dosage to an acceptable level for
environmental health. Any composite material with a lower MFP value
has a more effective shield absorber. The MFP findings for Pb doped
polyester composites are shown in Fig. 10. As shown in the figure, the
MEFP results are linearly dependent on photon energy for the produced
composites. The highest and lowest MFP values are Pb (5%) and Pb
(20%), respectively, with densities of 1.3903 and 1.4652 g/cm®
(Table 1). The MFP parameter is simply inferred to be connected to
material densities, and hence the ratio of shielding effectiveness to
density is proportional.

The five-parameter geometric progression (G-P) fitting approach was
used to calculate EBF and EABF for penetration depths up to 40 mfp in
the energy ranges from 0.015 MeV to 15 MeV. Table 4 lists the Zq of Pb
doped-polymer-composites with energies ranging from 0.015 to 15
MeV. Table 5 also includes G-P exposure, EBF and EABF values for Pb
(20%) between 0.015 and 15 MeV energies. It can be noticed that the
EBF and EABF values are initially modest, but they rapidly grow as
photon energy increases. Low, medium, and high-level energy areas are
commonly used to scale energy levels, each with a different dominant
incident and effects. In the low energy area, the photoelectric effect
becomes the dominant incident, resulting in an inversely proportional
effect with E>. Because the samples of the selected composites absorb
the largest number of low-energy photons, these photons are not
allowed to accumulate. Compton scattering becomes dominant incident
in the intermediate energy region, resulting in high EBF and EABF values
for all selected composites. These high EBF and EABF values aren’t due
to the MFP, but rather various scattering processes. The pair production
process is dominant in the high-energy area, and the EBF and EABF
values drop with incident photon energy. Pb (20%) has the highest Z¢,
value and the lowest EBF and EABF values. Furthermore, as shown in
Figs. 11 and 12, the EBF and EABF are inversely related to Zq, with the
lowest Zq value yielding the largest EBF and EABF value. Furthermore,
it should be observed that selected composites (i.e. Pb 5%) with the
lowest Z yield the highest EABF and EBF, whereas selected composites
with the highest Zq (i.e. Pb 20%) yield the lowest EABF and EBF. That is,
Pb (20%) is a more effective gamma-ray shielding composite than Pb
(5%). For example, the greatest values of EABF and EBF occur at various
level in Pb (5 percent) (the sample’s lowest Zeg). Similarly, the lowest
values of EABF and EBF occur at varied levels in Pb (20%) (which is the
greatest Zeq in the sample).

Fig. 11 shows EABF values for Pb doped-polymer-composites with
incoming photon energies of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 10, 15, 20, 25, 30,
35, and 40 mfp. In addition, EBF values of Pb (5%, 10%, 15%, 20%)
doped-polymer-composites were presented in Fig. 12 for penetration
depths of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 10, 15, 20, 25, 30, 35, and 40 mfp
between 0.015 and 15 MeV energies (Kara et al., 2020b; Kilicoglu et al.,
2021). EABF and EBF values for Pb doped-polymer-composite materials
exhibit various characteristic at different energies, as shown in Figs. 11
and 12. The largest values of EABF and EBF are found in the medium
energy zone (Compton scattering region). In addition, at 40 mfp,
build-up factors reached their highest levels. Fig. 11 shows that
EABF-values at 40 mfp indicate a peak at 0.5 MeV for Pb (5%) (229.06),
at 0.5 MeV for Pb (10%) (145.58), at 0.8 MeV for Pb (15%) (101.48) and
at 1.5 MeV for Pb (20%) (83.89). Fig. 12 shows that EBF-values at 40
mfp indicate a peak at 0.6 MeV for Pb (5%) (116.99), at 0.8 MeV Pb
(10%) (77.29), 1.5 MeV for Pb (15%) (65.22) and at 1.5 MeV Pb (20%)
(65.11). Pb (5%) has the highest EBF-EABF values in the medium
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energies in all penetration-depths.

Fig. 13 shows the change of kerma relative to air (K,) in Pb doped-
polymer-composite samples with photon energies ranging from 1 keV
to 20 MeV. In the whole energy range of 1 keV-20 MeV, the K, values of
the Pb (5%) are the lowest among all the Pb doped-polymer-composite
samples. The variation in K, values with energy reflect changes in Zegs
due to partial photon interaction processes such as photo-absorption,
Compton scattering, and pair production. In the photon energy range
of 1-20 keV, the K, values of all the Pb doped-polymer-composite
samples are in the range of 0.848-1.255. In the energy range 1-20
keV, however, the K, values of Pb (5%) were 0.848-1.053.

5. Conclusions

Despite some disadvantages, Pb is still the most effective shielding
material and thus, a small amount of Pb has been added to the fabricated
polymer composites to shield X- and gamma ray radiation in various
applications. In order to confirm the consistency of experimental data,
the obtained mass attenuation coefficient values were compared with
those estimated by the WinXCOM program as well as FLUKA and
GEANT4 simulation codes. There was a good agreement among the
experimental measurements, theoretical (WinXCOM) and simulation
(FLUKA and GEANT4) calculations. The evaluation of the fabricated
composites has studied regarding mass attenuation coefficient, linear
attenuation coefficient, HVL, TVL, MFP, Z.¢, Ng, RPE, EBF, EABF and K.
The results show that the prepared polymer-based composites are very
good at attenuating photons and the best material among the prepared
samples is Pb (20%) polymer-based composite. Thanks to having this
new material to attenuate photons, we introduce a new nuclear shield-
ing absorber through minimized lead content in the micro-composite
prepared.
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