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Abstract

This paper investigates the radiation shielding properties, such as linear and mass attenuation coefficients, half and tenth value
layers, effective atomic number and electron density, and radiation protection efficiency as a function of photon energy, of a
new composite, Pbl,-doped polyester. The mentioned polyester composite was prepared with different proportions of lead(II)
iodide (5% increments between 5 and 20%) so that impact of the dopant amount on radiation shielding could be properly
analyzed. The prepared composites were tested in 22 different energies in the energy range of 59.5-1408.0 keV with the use
of HPGe detector and eight radioactive point sources. The obtained results were further validated by comparing the results
of XCOM computer program, and negligible discrepancies were observed. It was observed that Pbl, (20%) composite is
more effective gamma radiation shielding material than other produced composites. In light of this information, it can be
said that the shielding efficiency increases with increasing lead(II) iodide amount.

Keywords Radiation shielding - Pbl,-doped polyester composite - Radiation protection efficiency - Mass attenuation
coefficient - XCOM

1 Introduction

Radiation is simply defined as transmission of energy in a

medium, but it means more than that for life. It could be
encountered in some parts of daily life needs, such as in
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medical applications or in the generation of electricity
at nuclear power plants, and so on. However, it could be
harmful as much as it could be beneficial. While intended
exposure of radiation could save lives, unwanted exposure
could cost lives. Therefore, the term of radiation shielding
takes duty at this point, which is the process of limiting the
penetration of radiations, by blocking them with a barrier
made of material attenuates radiation since unwanted expo-
sure of radiation may be hazardous to life and required to
be avoided. In this regard, to attenuate/absorb the undesired
radiation and to provide radiation shielding for occupational
or accidental hazards, researchers have used the traditional
way: heavy metals or composites containing heavy metals
[1] due to the fact that health risks associated with radia-
tion exposure could threaten to life deathly. Here, it is very
well known that heavy metal choice has further hazardous
and important consequences, such as penetrative secondary
radiations, massive gears or enormous volume of shields.
Therefore, experts have focused on composites instead of
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only heavy metal usage. Concrete is a very well-known
example of composite choice and accepted as the most
advantageous option among other choices due to its ease of
use and cost. In the past, tungsten and lead from heavy metal
family were mixed into the concrete and used to attenuate/
block undesired exposure of the radiation. Further discus-
sions and studies revealed that this choice was found to be
as disadvantageous since it has durability issue in addition
to need of enormous volume to block the radiation com-
pletely [2]. Radiation shielding materials such as lead and
concrete, which are traditionally used, are heavy because
they are quite dense. It is tired to overcome this problem
with new materials prepared by mixing heavy metals with
lighter materials such as polymers. In addition, such mate-
rials/composites have a lower cost compared to lead price
increases. In this study, a lighter and less costly new gamma
radiation shielding material by adding Pbl, into polyester
resin was obtained.

Due to these well-known facts listed above, attention
has recently been paid to production of flexible, cost-effec-
tive, lightweight and efficient radiation protection materi-
als. In this regard, significant efforts have been made by
researchers to obtain radiation protection materials with
desired and needed properties [3—15]. Numerous studies
have focused toward using polymer composites, such as
polyester and epoxies, where the attenuation of composites
is found by the combination of the structural material/s
and filler/s. Many theoretical and experimental studies
have discussed and reported the impact of these new trend
radiation shielding composites [16—20]. Ahmed et al. [21]
produced the flexible silicone/tungsten composites con-
taining in different proportions tungsten. They investigated
the gamma shielding properties of these composites and
compared their results with a composite called T-Flex.
They reported that the composite sample containing 88.1%
tungsten was a better gamma shielding material than
T-Flex. The gamma shielding feature of polyvinyl ester/
Pb,0; nanocomposite was investigated by El-Toony et al.
[22]. They obtained the some radiation shielding param-
eters such as linear and mass attenuation coefficients, half
and tenth value layers and mean free path for this com-
posite in the energy range of 60—1333 keV. Kacal et al.
[23] investigated the radiation shielding characteristics of
polyester composites reinforced with Zn at various photon

energies between 59.5 and 1408.0 keV using an HPGe
detector. They also checked the experimental results with
theoretical and simulation results. All reports presented
promising and good characteristics of polymer compos-
ites on radiation attenuation, and similar composites could
compete with massive concrete and hazardous heavy metal
blocks.

In this study, with the motivation of producing a new
composite as a well radiation attenuator, a polymer com-
posite, lead(Il) iodide (Pbl,)-doped polyester, was pro-
duced and its gamma radiation shielding properties, such
as linear (1) and mass attenuation coefficients (u/p), the
effective atomic number (Z;), effective electron density
(Ng) and radiation protection efficiency (RPE) with regard
to specifically gamma radiation energy, were investigated
since, in essence, the shielding efficiency of these compos-
ites largely depends on radiation energy and its type [24].

2 Materials and methods
2.1 Sample preparation

As motivated in “Introduction” section, polymer compos-
ites recently have been taking attention of many researches
since they offer geometric conformability, low-cost and
lightweight structure. In this regard, Pbl,-doped polyester
composite was chosen as the material of the presented
work. To obtain polyester matrix of the motivated study,
unsaturated polyester was chosen as base resin, while ini-
tiator and accelerator were used as methyl ethyl ketone
peroxide and cobalt octoate (6%), respectively. After the
production of polyester matrix with resin, initiator and
accelerator, Pbl, was added as a phase material into the
mixture at different proportions: 5, 10, 15 and 20%, so that
impact of the dopant amount on the composites’ radia-
tion shielding property could be properly analyzed. The
composites were produced in a mold with a diameter of
20 mm and a thickness of 10 mm. Table 1 further provides
the percentage content of elements in polyester composite
samples doped with different concentrations of Pbl,. More
information can be found in our previous works for the
production of doped composites [23, 25, 26].

Table 1 P er?entage content Sample Percent chemical composition p (g/cm3)

of elements in polyester

composites doped with different H C O Co I Pb

concentrations of Pbl,
Pbl, (5%) 4.4475 56.9947 34.0057 0.0271 2.4912 2.0337 1.2969
Pbl, (10%) 4.2550 54.5274 32.5336 0.0260 4.7667 3.8913 1.3122
Pbl, (15%) 4.0785 52.2649 31.1837 0.0249 6.8533 5.5948 1.3402
Pbl, (20%) 3.9160 50.1826 29.9413 0.0239 8.7737 7.1625 1.3530
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2.2 Sample analysis

The investigation on the gamma radiation shielding proper-
ties of prepared Pbl,-doped polyester composite was per-
formed experimentally at laboratory frame and theoretically
at a computer-based program. The experimental setup illus-
trated in Fig. 1 was firstly established. Here, the experimen-
tal geometry of the analysis is simply consisting of pream-
plifier, linear amplifier, high voltage source, multi-channel
analyzer (MCA), radioactive source and basic HPGe detec-
tor system. To adjust the beam shape, lead collimators were
utilized as shown in the figure in addition to usage of sand-
wich collimator encircled with Pb (1.2 mm), Fe (1.1 mm)
and Al (1.0 mm) in order to reduce possible backgrounds.
Besides all these, the experiments were conducted with the
support of liquid nitrogen to minimize the background noise
and to ensure maximum efficiency of detector system. After-
ward, the measurements of radiation intensities with the pro-
posed setup were made at 22 different photon energies using
the point sources of 22Na, *Mn, >’Co, °Co, 133Ba, 1¥7Cs,
152Ey and 2! Am, widely ranging from 59.5 to 1408.0 keV.

On the second step of the sample analysis, theoretical
calculations were constructed as a function of photon energy
using XCOM [27] computer program. The same photon
energy range with experimental work was used so that the
considered parameters for radiation attenuation determina-
tion were properly estimated and compared to the measure-
ments. The theoretical predictions were additionally served
to verify the accuracy of the experimental setup.

2.3 Analysis methodology
Using the energy peaks obtained from detector system, the cal-

culations of linear and mass attenuation coefficients, half value
layer (HVL), tenth value layer (TVL) and radiation protection

Fig.1 Overview of experimen-
tal setup

High
Voltage

efficiency were provided. u is a measure of the decrease in
radiation intensity passing through a target material and can
be calculated using Eq. 1, where radiation intensities , and /
stand for “initial” and “transmitted” measurements, respec-
tively. Both 7 and I, were obtained with the designed experi-
mental setup and used in further calculations.

I=Ie™ 1

where x defines the absorber thickness.

In order to verify the precision of the experimen-
tal setup and radiation attenuation of the composite, u/p
was further calculated using a well-known mixture rule
((1/P)comp. = X Wiu/p);)- and details of this calculation
could be found in Ref. [28]. Other considered radiation attenu-
ation parameters HVL and TVL simply define the required
thickness of the sample in order to reduce initial radiation
intensity to 1/2 and 1/10, respectively. In order to obtain the
mathematical statements of HVL and TVL, Eq. 1 can be easily
modified to In2/u and In10/y, respectively.

The effective atomic number and effective electron density
values are important radiation interaction parameters as much
as linear and mass attenuation coefficients, which should be
carefully examined before the application of any material as an
attenuator. The calculation of these parameters can be followed
by Egs. (2) and (3) [29].
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where A;, f;, Z;, N, A,y and ny,, stand for the atomic weight,
the fraction by mole of each constituent element of the pre-
pared composite, the atomic number, Avogadro number,
total atomic weight and total element number in the com-
posites, respectively. The last analysis parameter consid-
ered in this study is radiation protection efficiency (RPE).
RPE value of the prepared composite can be determined by
employing Eq. 4.

RPE = <1—L>><100 4)
IO

3 Results and discussion

As described in the section of analysis methodology, to
assess the radiation attenuator, the linear attenuation coef-
ficients were firstly obtained and plotted in a three-dimen-
sional graph given in Fig. 2. The attenuation curves show a
decrease in the coefficients exponentially by the increase in
the radiation energy and the dopant amount enhancement of
the linear attenuation property of the prepared composite.
The reason for this exponential reduction is that it is the
dominant interaction of photoelectric cross section at low
energy levels, Compton scattering cross section at medium
energy levels and pair production cross section at high
energy levels. Energy dependency of photoelectric, Comp-
ton scattering and pair production cross sections is E~>, E~!
and E, while their dependence on atomic number is Z*~>, Z
and 72, respectively. Besides, the attenuation examination
of the materials is often made with the calculation of y/p
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Fig.2 The obtained linear attenuation coefficients versus different
gamma radiation energies and Pbl, concentrations
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ratio as well since the linear attenuation depends largely on
the density of the material. In this regard, Table 2 provides
the experimental and theoretical (XCOM) u/p values of the
prepared composites, while Fig. 3 illustrates these numbers
as a function of gamma energy. A remarkable agreement
between experimental results and theoretical evaluations is
found; the maximum disagreement within all considered
energies and proportions is about 4.81%. The percentage
differences between the experimental and theoretical mass
attenuation coefficient values range from 0.45 to 4.77%, 0.31
to 4.70%, 0.26 to 4.81% and 0.20 to 4.79% for Pbl, (5%),
Pbl, (10%), Pbl, (15%) and Pbl, (20%) samples, respec-
tively. This proves the accuracy of the experimental setup,
and this setup could be safely used to evaluate the radiation
attenuation of Pbl,-doped polyester composites. In addition
to accuracy information of the setup, the results highlight
that the mass attenuation coefficient decreases exponentially
with the increase in gamma radiation energy. In other words,
shielding capability of the prepared composite is found to
be higher at low energies. Increasing Pbl, dopant amount
was found to increase the mass coefficient almost for all
considered energy ranges. This increase is higher at low
energies compared to the region of high gamma radiation
energy. The mass attenuation coefficient of the composite
with Pbl, (20%) is almost double of the value of the com-
posite with Pbl, (5%) dopant at low energies, while this dif-
ference decreases with the increase in the energy. Even, at
higher values, the coefficients are almost the same. In Fig. 4,
the mass attenuation coefficients for Pbl,-doped composites,
A-, E- and S-type glass fibers [30] and ordinary concrete
[31] samples are given comparatively. The mass attenuation
coefficient of Pbl, (5%) composite at 59.5 keV is 75%, 55%,
92% and 725 higher than that of A-glass fiber, E-glass fiber,
S-glass fiber and ordinary concrete, respectively. This is cal-
culated as 172%, 141%, 199% and 167% for Pbl, (10%) com-
posite. This trend increases with increasing Pbl, in compos-
ite, namely 261%, 219%, 297% and 254% for Pbl, (15%) and
341%, 290%, 385% and 333% for Pbl, (20%). Accordingly,
it can be said that Pbl,-doped composites are better radia-
tion shielding materials than A-, E- and S-type glass fibers,
and ordinary concrete at low energies. These percentages
decrease rapidly in high energies. The difference between
the mass attenuation coefficients of the Pbl,-doped compos-
ites and the mass attenuation coefficients of the compared
samples is around 3-7%. The reason for this rapid decline in
high energies is that the Compton cross section dominates
these energy levels. It is directly proportional to the atomic
number and inversely proportional to energy.

The HVL and TVL values should be further discussed
since both of them are a good measure to depict the shield-
ing effectiveness of a material against to gamma radiation.
As can be seen above formulas, both HVL and TVL are a
function of gamma radiation energy due to dependency of
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Table 2 Mass attenuation coefficient results for polyester composites doped with different concentrations of Pbl,

Energy (keV)  Pbl, (5%) Pbl, (10%) Pbl, (15%) Pbl, (20%)
Experimental XCOM Experimental XCOM Experimental XCOM Experimental XCOM
59.5 0.4682+0.0097  0.4768 0.7163 +£0.0151 0.7415 0.9864+0.0218  0.9828 1.1652 +0.0266 1.2015
81.0 0.3031+£0.0062  0.2943 0.4125+0.0085  0.4088 0.5354+0.0112  0.5131 0.6285+0.0132  0.6076
122.1 0.2295+0.0050  0.2399 0.3129+0.0070  0.3244 0.4097+0.0092  0.3993 0.4500+0.0106  0.4679
136.5 0.2141+£0.0096  0.2118 0.2869+0.0128  0.2745 0.3425+0.0193  0.3300 0.3935+0.0224  0.3809
276.4 0.1262+0.0044  0.1245 0.1370+£0.0047  0.1335 0.1388+0.0048  0.1414 0.1526+0.0053 0.1486
302.9 0.1137+0.0029  0.1185 0.1313+0.0031 0.1254 0.1302+0.0032  0.1315 0.1321+0.0033 0.1371
356.0 0.1077+0.0023  0.1091 0.1110+£0.0023  0.1135 0.1160+0.0024  0.1173 0.1201+0.0025 0.1207
383.9 0.1057+0.0035  0.1052 0.1117+0.0037  0.1086 0.1127+0.0038  0.1116 0.1170+£0.0036  0.1144
511.0 0.0961+0.0020  0.0918 0.0967+0.0020  0.0932 0.0967+£0.0020  0.0944 0.0933+£0.0019  0.0955
661.7 0.0820+0.0017 0.0812 0.0826+0.0017  0.0817 0.0853+0.0018  0.0821 0.0849+0.0017  0.0825
778.9 0.0764 +£0.0020  0.0751 0.0784+0.0021 0.0753 0.0718+£0.0019  0.0755 0.0747+0.0020  0.0756
834.8 0.0751+0.0018  0.0726 0.0716£0.0018  0.0727 0.0752+0.0019  0.0728 0.0698 +£0.0018  0.0728
867.4 0.0701+£0.0026  0.0713 0.0688 +0.0025 0.0713 0.0682+0.0025  0.0713 0.0728+£0.0028  0.0714
964.1 0.0674+0.0015 0.0677 0.0663 +0.0015 0.0676 0.0677+0.0015  0.0675 0.0696 +£0.0016  0.0675
1085.9 0.0614+0.0016  0.0638 0.0664 +£0.0017  0.0636 0.0614+0.0015  0.0635 0.0625+0.0016  0.0633
1112.1 0.0620+0.0013 0.0630 0.0611+£0.0013  0.0628 0.0614+0.0013  0.0627 0.0615+0.0013 0.0625
1173.2 0.0591+0.0013 0.0613 0.0613+0.0013  0.0611 0.0637+0.0013  0.0609 0.0580+0.0012  0.0608
1212.9 0.0581+0.0027  0.0602 0.0612+0.0028  0.0600 0.0602+0.0029  0.0599 0.0610+0.0031 0.0597
1274.5 0.0612+0.0013  0.0587 0.0601+£0.0013  0.0585 0.0573+£0.0012  0.0583 0.0609+0.0013 0.0581
1299.1 0.0554+£0.0022  0.0581 0.0605+0.0023  0.0579 0.0551+0.0023 0.0577 0.0574+0.0020  0.0576
13325 0.0581+£0.0012  0.0574 0.0548 +0.0011 0.0571 0.0583+0.0012  0.0569 0.0566+0.0012  0.0568
1408.0 0.0537+0.0011 0.0558 0.0581+0.0012  0.0555 0.0544+0.0011 0.0553 0.0559+0.0011 0.0552

the linear attenuation coefficient, u. After the calculation of
the linear attenuation coefficients, In2/y and In10/u formu-
las were satisfied to obtain desired parameters. Figures 5
and 6 present the outcomes of these calculations, and it is
found that both HVL and TVL increase with the increase in
radiation energy. The HVL value of the composite with Pbl,
(20%) is smaller than others, which means that this sample
shows better attenuation of radiation. The HVL and TVL
values of prepared composites at different proportions stud-
ied herewith were increased in the order as Pbl, (20%) < Pbl,
(15%) < Pbl, (10%) < Pbl, (5%).

In addition, to identify the prepared composites’ radiation
shielding property, effective atomic number and electron
density parameters are crucial knowledge. In essence, the
higher effective atomic number means the higher number of
electrons per atom; both parameters are related to each other
[32]. These parameters are calculated by following Eqs. (2)
and (3) and illustrated in Figs. 7 and 8, respectively. The
obtained results show distinctive differences for the consid-
ered composites. As expected, Z_4 and N behave the same,
and they decrease with an increase in the gamma radiation
energy for all samples. Besides, a remarkable difference
between the values of Z, for Pbl, (5%) and Pbl, (20%) was
found, where the values were increased in the order of Pbl,
(5%) < Pbl, (10%) < Pbl, (15%) < Pbl, (20%), where Z_ for

Pbl, (20%) is about two times of Z for Pbl, (5%) at low
energies and about 15% higher than Z_ for Pbl, (5%) at
high energies. Here, all evaluations for Z are valid for Ny
parameter as well. Based on the evaluation of Z 4 and N,
Pbl, (20%) indicates a better radiation attenuator property.

The last parameter investigated in this work is RPE deter-
mination of prepared composites as a function of radiation
energy. It was calculated for four different prepared com-
posites with the proportions of Pbl, (5%), Pbl, (10%), Pbl,
(15%) and Pbl, (20%). The obtained results are shown in
Fig. 9, and it is easily seen that RPE is inversely proportional
to the radiation energy. Besides, it is found that the maxi-
mum RPE value is observed with the composite consisting
of Pbl, (20%).

4 Conclusions

Pbl,-doped polyester composites were produced at different
proportions of lead iodide to depict their gamma radiation
shielding effectiveness. The prepared composites placed
into a narrow-beam geometry and the radiation intensities
have been investigated at different gamma radiation energies
ranging from 59.5 to 1408.0 keV. Based on the obtained
radiation intensities, linear attenuation coefficient, mass
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Fig.3 Comparison of theoretical and experimental mass attenuation coefficients as a function of gamma energy

attenuation coefficients, half value layer, tenth value layer,
the effective atomic number (Z ), effective electron density
(Ng) and radiation protection efficiency (RPE) parameters
were obtained to determine whether the proposed compos-
ite was applicable as radiation attenuator. The accuracy of
the experimental setup was cross-checked with theoretical
predictions computed using XCOM computer program,
and negligible discrepancies were observed. The results
confirmed the attenuation ability of Pbl,-doped polyester
composites in the considered gamma energies. Effectiveness
in radiation attenuation/absorption increases with increas-
ing the concentration of Pbl,. In addition, it was observed
that the linear and mass attenuation coefficients, effective
atomic number and electron density, and radiation protection

@ Springer

efficiency parameters decrease exponentially with increasing
photon energy, while the half and tenth value layers param-
eters increase with increasing photon energy. The increase
in half and tenth value layers parameters means that a thicker
material is needed at high energies. According to the deter-
mined radiation shielding parameters, it can be said that Pbl,
(20%) composite is a more capable gamma-ray attenuation
material than other produced Pbl,-doped composites. The
presented experimental and theoretical data will provide a
significant contribution to health physics, research in nuclear
physics, X-ray and radiation oncology units of hospitals,
radiation physics, nuclear power plants, etc.



Impact of lead(ll) iodide on radiation shielding properties of polyester composites Page70of9 301

™
o

Pbi, (5%)
= Pbl, ¢ 10%)
Pbi, ¢ 15%)
Pbl, (20%)

Tenth Value Layer (cm)
5 >

Fig.6 Three-dimensional TVL distribution for the prepared compos-
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Fig.4 Comparison of mass attenuation coefficients of produced com-

posites with that of ordinary concrete and some glass fibers

Effective atomic number

Half Value Layer (cm)

Fig. 7 The effective atomic number for prepared composite samples

Fig.5 Three-dimensional HVL distribution for the prepared compos-
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