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ABSTRACT

In the present work, we determined the gamma-ray attenuation characteristics of eight different poly-
mers(Polyamide (Nylon 6) (PA-6), polyacrylonitrile (PAN), polyvinylidenechloride (PVDC), polyaniline
(PANI), polyethyleneterephthalate (PET), polyphenylenesulfide (PPS), polypyrrole (PPy) and polytetra-
fluoroethylene (PTFE)) using transmission geometry utilizing the high resolution HPGe detector and
different radioactive sources in the energy range 81—1333 keV. The experimental linear attenuation
coefficient values are compared with theoretical data (WinXCOM data). The linear attenuation coefficient
of all polymers reduced quickly with the increase in energy, at the beginning, while decrease more slowly
in the region from 267 keV to 835 keV. The effective atomic number of PVDC and PTFE are comparatively
higher than the Zgfr of the remaining polymers, while PA-6 possesses the lowest effective atomic number.
The half value layer results showed that PTFE (C,F,4, highest density) is more effective to attenuate the
gamma photons. Also, the theoretical results of macroscopic effective removal cross section for fast
neutrons (3 r) were computed to investigate the neutron attenuation characteristics. It is found that the
>"r values of the eight investigated polymers are close and ranged from 0.07058 cm~! for PVDC to
011510 cm™! for PA-6.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays, nuclear technology is frequently used in a wide
range such as material identification, agriculture, medical applica-
tions, nuclear power plants, scientific and space exploration. Many
novel shielding materials have been developed and studied by the
researchers [1—8] to protect humans from the ionizing radiation
generated by radioactive sources. In general, the gamma-ray and
neutron attenuation coefficients characterize the radiations inter-
action with a material. As is well known, materials which contain
elements with high atomic number (such as Ba, Pb and Bi) are used
to attenuate gamma-rays, while materials which contain elements
with low atomic number are preferred in attenuating neutron
particles. However, the accurate values of the radiation attenuation
parameters of materials containing elements with low atomic
number such as C, H, O and N are very important in some medical
applications. In medical applications, materials containing low
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atomic number elements such as polymers and plastics are often
used as tissue equivalent and phantom materials. In this context, it
is very important to investigate the parameters such as mass
attenuation coefficients (p/p), linear attenuation coefficient (p),
half-value layer (HVL), tenth value layer (TVL), effective atomic
number (Zeff), and exposure buildup factor (EBF), which are the
indicator of the interaction of polymers with gamma-rays.
Furthermore, the polymers are one of the materials which can be
preferred as a neutron attenuation material. Water which contains
high amount of hydrogen elements is generally used for neutron
attenuation. However, water is liquid at room temperature and this
may be its disadvantage in some applications. Since the materials
such as polymers and plastics containing high amount of hydrogen
elements are solid at room temperature, it is a good alternative to
replace water for neutron shielding. A number of studies have been
reported in the literature regarding the interaction of polymers
with gamma-rays and/or neutrons [9—20].

Polymers also play a very important role in facilitating human-
life. Even, the human body contains polymers such as proteins,
enzymes. Polymers are widely used in everyday life such as elec-
tronics, medical applications, drug delivery system, cosmetics,
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tissue engineering, etc. In this study, Polyamide (Nylon 6) (PA-6),
polyacrylonitrile (PAN), polyvinylidenechloride (PVDC), polyaniline
(PANI), polyethyleneterephthalate (PET), polyphenylenesulfide
(PPS), polypyrrole (PPy) and polytetrafluoroethylene (PTFE) were
selected as polymer samples. PA-6 is a polymer having very low
dielectric constant, excellent mechanical performance, chemical
resistance and high melting temperature [21]. PAN is a polymer
used in applied areas such as textiles and electronics since it has an
excellent thermal stability, high electrolyte up-take and a leading
material for the production of carbon fibers [22,23]. PVDC is one of
the most preferred polymers in heavy ion irradiation studies [24].
Besides, PANI and PPy, which are conductive polymers, are used in
many application fields. PANI is generally used in energy storage
applications, while PPy has an excellent charge-storage capability
[25,26]. Rechargeable PANI batteries and high capacity PPy capac-
itors are products used in the field of electronics. PET is a material
use in biotechnology, medicine and tissue engineering. In addition,
it has a wide range of applications in microelectronics areas [27].
On the other hand, PPS and PTFE possess high thermal and chem-
ical stability and they are used actively in many applications in the
industry [28,29]. These excellent properties make polymers
important in the production of various materials for nuclear in-
dustry. Since these polymers are frequently used in industry and in
daily-life, the knowledge of their interaction with radiation will
contribute to applied sciences.

The aim of this study was to determine the gamma-ray and
neutron attenuation characteristics of the selected polymers. The
experimental and theoretical results of p, HVL, TVL, MFP and Zefs,
and theoretical results of EBF were determined to investigate the
gamma-ray attenuation characteristics. Also, the theoretical results
of macroscopic effective removal cross section for fast neutrons
were computed to investigate the neutron attenuation character-
istics. The experiments were executed in transmission geometry
utilizing the high resolution HPGe detector and different radioac-
tive sources in the energy range 81—1333 keV.

2. Theoretical background

The gamma-ray attenuation characteristics of the shielding
material can be tested by calculating different parameters such as ,
HVL, TVL, MFP, Z¢¢r and EBF. Linear attenuation coefficient, which is
defined as the probability per unit path length that a photon will
interact with the absorber, is a significant parameter in the char-
acterization of the gamma radiation in a material. This parameter
differs according to the incident photon energy, the mass density
and atomic number of the material. The linear attenuation coeffi-
cient can be determined using Beer-Lambert's law with the
following equation:

I = lpe ™ (1)

where, Ip and I are the intensities of the primary (emitted from the
radioactive source) and passing through the absorber, i is the linear
attenuation coefficient and x is the absorber thickness.

Many radiation attenuation parameters such as p/p, HVL, TVL,
MFP and Zeg can be determined by using the linear attenuation
coefficient. The p/p can be obtained mathematically by dividing the
linear attenuation coefficient to mass density of the absorber. The
required absorber thickness which reduces the initial radiation
intensity to 50% after passing through the absorber is called half
value layer and it is obtained using the following equation [30]:

HVL — @ 2)

The required absorber thickness which lowers the initial radi-
ation intensity to 10% after passing through the absorber is known
as tenth value layer and it determines using Eq. (3) [31]:

2303
In
The required absorber thickness which reduces the initial ra-

diation intensity to 36.8% after passing through the absorber is
called mean free path and it derives using Eq. (4) [32]:

TVL (3)

MFP = 1/ﬂ (4)

If a material has low HVL, TVL and MFP values, this indicates that
this material is a good shielding material.

Another useful parameter in selecting an alternative to a ma-
terial used in radiation shielding is the effective atomic number.
Because the effective atomic number depends on the photon en-
ergy, it is not the right way to identify it with a single number. The
effective atomic number, which is related to photon energy, can be
obtained by Eq. (5) [33]:

Zojr = Zlﬁ’jl(/“/ﬂ)l (5)
> ifiZ (/p);

where f; implies the ratio of ith element number to total element
number in the material, A; and Z; indicate the atomic weight and
atomic number of ith element in the material.

The determination of buildup factors is very important for cor-
recting the energy storage in different shielding materials. When
the photon penetrates into the substance, its energy decreases and
the dose buildup occurs in the material. Dose storage in the ma-
terial depends on the intensity of the photon. The gamma-ray
buildup factor is a multiplicative factor that is used to obtain the
correction factor for un collided photons containing the contribu-
tion of scattered photons. It can be defined as the ratio of the total
detector response to the un collided photons. For the present
polymer samples, we used the G-P fitting method to calculate the
EBF. This method is described in details elsewhere [17].

On the other hand, for the present polymers, the values of the
macroscopic removal cross-section (> r) can be calculated by the
next equation [7]:

sz = ;Wi@ /») (6)

i

where(> r/p)i (cm?/g) is the mass removal cross-section of the ith
constituent.

3. Experimental process

In the present work, the incident (Io) and the transmitted (I)
gamma rays intensities for PA-6, PAN, PVDC, PANI, PET, PPS, PPy and
PTF polymers were measured at photons energies emitted by*?Na
(511 and 1275 keV), >*Mn (835 keV), °’Co (122 and 136 keV), °Co
(1173 and 1332 keV), 133Ba (81, 161, 276, 303, 356 and 384 keV), and
137Cs (662 keV) radioactive point sources. The measurements were
carried out using the HPGe detector(GEM-SP7025P4-B model)
connected with high voltage source 2600 V with positive polarity,
multichannel analyzer (DSPEC-JR 2.0 V.046 model), absorber
polymer samples, collimators in a geometrical set-up and a radio-
active point source as shown given in Fig. 1. The detector window-
sample and sample-source distances were set to 28 cm and 35 cm,
respectively. Furthermore, the I and Io gamma ray intensities were
repeated three times to minimize the statistical error at each
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Fig. 1. Experimental setup.

energy value. Experimental explanations for the present mea-
surements have been given with details in previous studies [1-3].

4. Results and discussion

The linear attenuation coefficients (i) for the present polymers
(given in Table 1) were measured under narrow beam condition.
The measurements were carried out at 14 photon energies from
81 keV to 1333 keV (as discussed in the previous section). The
experimental results of p for the selected polymer samples are
listed in Table 2. For experimental verification of the p, the WinX-
COM [34] results for the present samples were also presented in
Table 2. As indicates from Table 2, the experimental p values are
very close to the theoretical WinXCOM data. The difference be-
tween experimental and WinXCOM y is in the range of 0.60—5.86%,
0.14—5.40%, 0.78—4.05%, 0.22—4.08%, 1.02—4.20%, 0.96—4.04%,
0.38—3.53% and 0.42—4.36% for PA-6, PAN, PVDC, PANI, PET, PPS,
PPy and PTFE, respectively. The experimental p results for the eight
polymers were plotted in Fig. 2. The results of i are in line with the
work carried out by Vahabi et al. [19] who used the MCNP5 code to
investigate the attenuation parameters for some polymers such as
Poly-propylene, Perspex, Teflon, Bakelite, and Nylon 6-6 between
59.5 keV and 1332.5 keV. Also, the variation in p with the energy
shown in Fig. 2 is in accordance with that found in the literature for
polycarbonate, polyvinyl alcohol, Polytetrafluoroethylene, Poly-
ethylene terephthalate and Polymethyl methacrylate [16].

As seen in Fig. 2, the p of all polymers fall quickly with the in-
crease in energy, at the beginning, due to the fast decrease with
energy of the photoelectric absorption coefficient. The curves
decrease more slowly in the region from 267 keV to 835 keV where
Compton Effect is more important [1]. From Fig. 2, it is clear that

Table 1
Abbreviation, chemical formula and the density of the selected polymers.

below 303 keV the difference between the u of the polymers is
comparatively wider and decreases progressively as the energy of
photon increases. At low energies, the p depends on both the
atomic number and the mass density of the sample and hence the
difference between the attenuation coefficients is relatively larger.
For example, for PA-6 and PPS, the difference in the experimental p
at 81 keV is 0.056, while this difference in p between the two
samples at 303 keV reduces to 0.015. But at high energies, the p is
independent of the atomic number and all polymers absorb nearly
the same amount of radiation. For instance, the difference between
ufor PA-6 and PTFE at 1333 keV is only 0.006. From Fig. 2, it is seen
that the p values of PTFE (C,F4) are comparatively higher than those
of other polymers. These high values may be due to higher density
of this polymer than others. This indicates that PTFE shows much
higher radiation absorption characteristics than the rest of poly-
mers under study.

The effective atomic number (Zeff) of the present polymers was
calculated from the determined mass attenuation coefficients. The
obtained results are exhibited graphically in Fig. 3. From Fig. 3, it is
obvious that the Z.g of PVDC and PTFE are comparatively higher
than the Z¢r of the remaining polymers. This higher value is mainly
due to Chlorine (Cl) content in PVDC, and since the hydrogen
content is negligible in PTFE and it contains fluorine (F). Also, Fig. 3
shows that the Zeg of PAN (C3H3N) and PANI (CgH4NH) are almost
the same but comparatively lower than PA-6. The Z¢ values for PA-
6 (CgH11NO) are the lowest among the polymers under study since
it contains comparatively the highest percentage of hydrogen. It is
evident from Fig. 3 that the Zf values remain almost constant for
all polymers. This trend in Zg of the eight polymers is due to the
fact that these polymers composed of elements of much close
atomic numbers (mainly H, C, N, and O). The same trend in Zeg for

Sample Abbreviation Chemical formula Density (gcm™3)
Polyamide (Nylon 6) PA-6 CgH11NO 1.13
Polyacrylonitrile PAN C3H3N 1.18
Polyvinylidenechloride PVDC CoHy(Cly 1.63
Polyaniline PANI CgH4NH 1.36
Polyethyleneterephthalate PET Cq0HgO4 1.38
Polyphenylenesulfide PPS CeHaS 135
Polypyrrole PPy C4H3N 1.48
Polytetrafluoroethylene PTFE CoF4 2.20
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Table 2
Linear attenuation coefficients (cm~') using WinXCOM and experimental for the selected polymers.
Energy (keV) PA-6 PAN PVDC PANI
Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo.
81 0.2025 + 0.0073 0.1991 0.1952 + 0.0076 0.2001 0.3847 + 0.0179 0.3911 0.2322 + 0.0062 0.2299
122 0.1749 + 0.0069 0.1774 0.1854 + 0.0079 0.1784 0.2663 + 0.0061 0.2711 0.2018 + 0.0079 0.2051
136 0.1627 + 0.0039 0.1717 0.1644 + 0.0067 0.1727 0.2605 + 0.0068 0.2529 0.2007 + 0.0093 0.1986
161 0.1539 + 0.0019 0.1635 0.1668 + 0.0027 0.1644 0.2405 + 0.0048 0.2315 0.1912 + 0.0061 0.1891
276 0.1304 + 0.0029 0.1362 0.1368 + 0.0048 0.1370 0.1871 + 0.0066 0.1819 0.1536 + 0.0065 0.1576
303 0.1326 + 0.0039 0.1317 0.1392 + 0.0064 0.1325 0.1804 + 0.0056 0.1751 0.1566 + 0.0037 0.1524
356 0.1246 + 0.0037 0.1239 0.1178 + 0.0053 0.1246 0.1585 + 0.0040 0.1638 0.1447 + 0.0054 0.1433
384 0.1230 + 0.0062 0.1203 0.1245 + 0.0033 0.1209 0.1613 + 0.0062 0.1587 0.1366 + 0.0045 0.1392
511 0.1096 + 0.0035 0.1070 0.1043 + 0.0047 0.1076 0.1416 + 0.0062 0.1405 0.1241 + 0.0042 0.1238
662 0.0976 + 0.0029 0.0956 0.1003 + 0.0039 0.0962 0.1202 + 0.0056 0.1253 0.1135 + 0.0033 0.1107
835 0.0881 + 0.0026 0.0860 0.0825 + 0.0035 0.0864 0.1096 + 0.0020 0.1124 0.1013 + 0.0025 0.0995
1173 0.0704 + 0.0018 0.0729 0.0750 + 0.0033 0.0733 0.0983 + 0.0027 0.0951 0.0871 + 0.0015 0.0843
1275 0.0675 + 0.0018 0.0698 0.0721 + 0.0029 0.0702 0.0945 + 0.0035 0.0912 0.0816 + 0.0017 0.0808
Energy (keV) PET PPS PPy PTFE
Exp. Theo. Exp. Theo. Exp. Theo. Exp. Theo.

1333 0.0664 + 0.0020 0.0682 0.0720 + 0.0022 0.0686 0.0878 + 0.0034 0.0892 0.0757 + 0.0013 0.0789
81 0.2284 + 0.0040 0.2330 0.2586 + 0.0099 0.2617 0.2465 + 0.0092 0.2485 0.3711 + 0.0059 0.3573
122 0.2030 + 0.0038 0.2065 0.2155 + 0.0088 02115 0.2181 + 0.0085 0.2215 0.3130 + 0.0058 0.3084
136 0.1949 + 0.0026 0.1997 0.2058 + 0.0078 0.2020 0.2220 + 0.0049 0.2145 0.2960 + 0.0048 0.2972
161 0.1927 + 0.0021 0.1900 0.1860 + 0.0036 0.1898 0.2048 + 0.0102 0.2042 0.2706 + 0.0039 0.2817
276 0.1608 + 0.0022 0.1581 0.1609 + 0.0068 0.1550 0.1650 + 0.0082 0.1701 0.2418 + 0.0036 0.2330
303 0.1510 + 0.0023 0.1528 0.1482 + 0.0064 0.1497 0.1596 + 0.0083 0.1645 0.2225 + 0.0039 0.2252
356 0.1373 + 0.0021 0.1437 0.1444 + 0.0062 0.1405 0.1577 + 0.0058 0.1547 0.2037 + 0.0034 0.2117
384 0.1366 + 0.0032 0.1395 0.1324 + 0.0047 0.1363 0.1529 + 0.0055 0.1502 0.2081 + 0.0052 0.2055
511 0.1294 + 0.0021 0.1242 0.1260 + 0.0053 0.1211 0.1364 + 0.0042 0.1337 0.1879 + 0.0031 0.1827
662 0.1098 + 0.0019 0.1109 0.1061 + 0.0043 0.1081 0.1235 + 0.0032 0.1195 0.1609 + 0.0027 0.1632
835 0.1034 + 0.0021 0.0997 0.0946 + 0.0040 0.0971 0.1092 + 0.0036 0.1073 0.1434 + 0.0033 0.1467
1173 0.0860 + 0.0014 0.0845 0.0847 + 0.0035 0.0823 0.0903 + 0.0023 0.0910 0.1189 + 0.0020 0.1243
1275 0.0835 + 0.0014 0.0810 0.0793 + 0.0028 0.0789 0.0894 + 0.0021 0.0872 0.1139 + 0.0022 0.1191
1333 0.0766 + 0.0013 0.0791 0.0747 + 0.0027 0.0771 0.0855 + 0.0029 0.0852 0.1186 + 0.0021 0.1164

practical applications, the samples with lower HVL are more

0,40 + effective in reducing gamma photons. Fig. 4 (a) revealed that the
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Fig. 2. The experimental linear attenuation coefficients (cm~') for the selected
polymers.

some alloys such as steel, bronze and brass was reported by El-
Kateb et al. [35].

The HVL is frequently used in the calculations of photon pene-
tration in shielding materials. HVL is the minimum thickness of a
sample at which the transmitted gamma radiation intensity is half
of that of the original intensity. The calculated HVL for the present
polymers are given in Fig. 4 (a), which shows an increasing trend of
HVL values for the all polymers with the increasing in the energy
from 81 keV to 1333 keV. The increase in HVL indicates more
photons are likely to be penetrated. It is known that the higher HVL
leads to worsen in the shielding of incoming photons, therefore, for

HVL of PTFE (CyFy) is less than the remaining polymers which
shows that this polymer is more effective to attenuate the gamma
photons. Since PTFE has a greater density than the other selected
polymer samples, its HVL values are smaller than the other sam-
ples. HVL is higher for PA-6 (C¢H11NO) and PAN (C3H3N), this means
these two polymers have worse attenuation ability among the
selected polymers.

The variation of TVL and MFP with the energy for the selected
polymers is exhibited in Fig. 4(b and c). Apparently, the trend of
variation in both TVL and MFP for all polymers with the energy is
comparable to the variation noticed by HVL (Fig. 4-a), however the
difference is in the magnitude. PTFE (C,F4, highest density) has the
lowest MFP as well as TVL, which confirms the effectiveness of this
polymer to attenuate more gamma photons.

The calculated Zeq values for the present polymers were shown
in Table S3, while the G-P fitting parameters for PA-6 (as an
example) are listed in Table S4. EBF of given polymers variation
with photon energy between 0.015 and 15 MeV were illustrated in
graphical form at fixed penetration depth values (Fig. 5a—d). The
similar trend was observed for other polymers reported in the
literature [36].

Obviously, the EBF results presented in the figure show an
increasing trend with the increment of energy up to moderate
energy zone. Besides, at 10 and 40 mfp in the moderate region of
energy, the EBF values look very large which is owing to the
Compton scattering process, where the photons are not totally
removed but their energies were reduced. The presence of these
photons is found for a long time in the sample, which results in
multiple Compton scattering, and this rise the EBF to maximum
values between 0.08 and 0.5 MeV [37]. The EBF values for all
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Fig. 4. The variation of the (a) half value layer (b) tenth value layer and (c) mean free path with the energy for the selected polymers.

polymer samples under study nearly show same values between 3
and 15 MeV, which indicates that the EBF is independent of the
composition of the polymers in this energy region. The trend in EBF
between 3 and 15 MeV is owing to that the pair production which is
the most important process at these high energies [38]. Moreover,
PANI has the highest EBF values among the selected polymers. Also,
PVDC and PPS have the lowest EBF values. The low EBF values for

both PVDC and PPS can be attributed to the high Zq for these two
polymers (PVDC contains chlorine, while PPS contains sulphur and
these two elements rise the Zqq for these two samples).

Also, it was found from Fig. 5a—d that the EBF values of the
polymers increase with the penetration depths. Lowest values for
EBF for all samples are found at 1 mfp (Fig. 5-a), while the highest
EBF values are observed at 40 mfp (Fig. 5-d). This can be ascribed to
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Fig. 5. The variation of the exposure buildup factor with the energy for the selected polymers.

multiple scattering for large penetration depths. On other words,
the increase in penetration depth leads to increase the interaction
of the photons with the sample which results in generation of large
number of low energy photons. This is in line with the previous
studies reported by Sayyed et al. [39] who reported the EBF for
some smart polymers such as Poly vinyliden fluoride, Dimethyl
sulfoxide, Polyethersulfone and Polyvinylidene chloride.

The Y r for the polymers under study was calculated and the
results are plotted in Fig. 6. It is obvious from Fig. 6 that the > r
values of the eight investigated polymers are close and ranged from
0.07058 cm™! for PVDC (density = 1.63 g cm~3) to 0.1151 cm ™! for
PA-6(density = 1.13 g cm ). This is due to the fact that most the
polymer samples contain mainly hydrogen and carbon with dif-
ferences in their weight fractions. It is well known that the light
elements (such as hydrogen) is one of the most important param-
eter that affecting the neutron attenuation for any material.
Therefore, from Table 1 we can see that PA-6 contains the largest
number of hydrogen atoms, hence this sample contains the highest
weight fraction of hydrogen and this explains the high > r value of
PA-6, while the lowest weight fraction in the polymers (If we
excluded PTFE) is found in PVDC, and this explains the low > r
value of this polymer. However, PTFE does not contain hydrogen,
butits } g is higher than some polymers such as PPS and PVDC. This
can be explained according the high density of this polymer.
Therefore, we can say that the density of the polymer also can affect
the neutron attenuation. The g values of all polymers (except
PVDC, PPS and PTFE) are higher than the > g value of ordinary
concrete reported by Bashter [40]. Also, the Y r of the present
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0,06 =
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0,02 =

y: -1
Removal cross-sections for fast neutron (cm )

0,00 . T
PA-6  PAN

L L] L] L) L L)
PVDC PANI PET PPS PPy PTFE

Polymer

Fig. 6. The removal cross section for fast neutron for the selected polymers.

polymers are slightly smaller than those reported of Poly-
ethylenimine [15] and resin 250WD [41].

5. Conclusions

The gamma-ray and neutron attenuation properties of some
selected polymers such as PA-6, PAN, PVDC, PANI, PET, PPS, PPy and
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PTFE were investigated. The neutron attenuation properties were
investigated using the macroscopic effective removal cross section
for fast neutrons parameter. The gamma-ray attenuation charac-
teristics were investigated utilizing the p, HVL, TVL, MFP, Z¢¢ and
EBF parameters. The experimental process was carried out using
transmission geometry at 14 photon energies from 81 keV to
1333 keV. The maximum p values were determined for PVDC
sample. The Zg values of PVDC and PTFE are comparatively higher
than the Zg values of the remaining polymers. Also, the HVL, TVL
and MFP results of PTFE are less than the remaining polymers
which shows that this polymer is more effective to attenuate the
gamma-rays. It is observed that the EBF values of PANI were seen
tend to be high among to chosen polymers. The EBF values of the
selected polymers increase with the penetration depths and they
were lowest for 1 mfp and highest for 40 mfp. While the maximum
=g value was observed for PA-6, the minimum =g value was ob-
tained for PVDC. In addition, the =g values of selected polymers
generally higher than the = value of ordinary concrete in neutron
shielding. Moreover, the gamma-ray attenuation parameters are
particularly useful in the field of medical applications such as tissue
equivalent and phantom materials.
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