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Gamma radiation shielding features for three series of binary alloys identified as (Pb—Sn), (Pb—Zn), and
(Zn—Sn) have been investigated. The mass attenuation coefficients (u/p) for the selected alloys were
simulated using the MCNP-5 code in the energy range between 0.01 and 15 MeV. Moreover, the (i/p)
values were computed using WinXCOM database in the same energy range to validate the simulation
results. Results reveal a good agreement between the simulated and computed values. The half value
layer (HVL), mean free path (MFP), effective atomic number (Zefr) and exposure buildup factor (EBF) were
evaluated for the selected binary alloys. Results showed that the PS1, PZ1, and ZS2 alloys have the best
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BirJ:ary alloys shielding parameters and better than the commercially standard and available radiation shielding ma-
Gamma ray terials. Therefore, the investigated alloys can be used as effective radiation shielding materials against

gamma ray with energies between 0.01 and 15 MeV.
© 2021 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/).
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1. Introduction

Currently, radioactive isotopes have more attractive applications
in several technological fields such as; radiotherapy, radiology, nu-
clear medicines, industry to test the void and insertion into the inner
part of the material, and agricultural to distinguish between various
wood types. On the other hand, radiations like y-rays and neutrons
have dangerous effects on the environment, animals, and humans.
For the reasons mentioned above, several researchers are interested
in finding out better materials to be used as a promise radiation
shielding materials [1-8]. It is well known that in order to reduce the
exposure of the harmful radiation, the shielding material is planted
between the radioactive source and the workers or the environment.
The materials to be used as effective radiation shielding must be
possessed space homogeneity of composition and density.

* Corresponding author. Department of Physics, Faculty of Science, Isra Univer-
sity, Amman, Jordan.
E-mail address: dr.mabualssayed@gmail.com (M. Sayyed).
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Conventionally, many kinds of concretes are presently used for
radiation shielding purposes since they are low-cost materials and
can be molded in various shapes and sizes [9]. But concrete mate-
rials have many disadvantages; crack formation for long time
exposure to nuclear radiations, decreasing in density, and the
critical weakness of concretes that it can't make transparent to
visible light [10]. In addition, concrete materials have a mechanical
strength due to trapped water content, chemical damage, and
workers cannot monitor the inside of such structures. Thus, several
researchers have been focused on using glasses as novel radiation
shielding materials due to their high transparency in the visible
region and have the ability to absorb radiations like y-rays and
neutrons. Moreover, the physical and chemical properties of glasses
can be easily altered by choosing different additive materials (such
as heavy metal oxides) and changing the preparation methods.
Indeed, the production of glass materials is not expensive and can
easily be prepared in large sizes with high space homogeneity.

In another direction, alloys materials are formed by a combi-
nation of two or more elements (metals with metals or metals with
nonmetals) with different physical and chemical properties. The
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main target of element combination is to enhance the mechanical
properties of alloys such as tensile strength, resistance to corrosion,
and hardness. These alloys material can also be utilized as an
attractive radiation shielding materials [11—14].

In this study, gamma-rays shielding properties were investi-
gated for three binary alloys of different chemical compositions of
Pb—Sn, Pb—Zn, and Zn—Sn. This purpose was achieved by simu-
lating the mass attenuation coefficient (u/p) and other related
shielding properties using MCNP5 code between 0.01 and 15 MeV.
Moreover, the accuracy of our simulation method checked through
calculating the shielding properties theoretically using the WinX-
COM program. Furthermore, the efficiency of the studied binary
alloys for gamma-ray shielding clarified through comparing the
simulated shielding parameters with those of some commercially
available shielding materials.

2. Materials and methods
2.1. Theoretical aspects

Three groups of binary alloys (Pb—Sn, Pb—Zn, and Zn—Sn) were
selected from Ref. [15] to investigate their y-radiation shielding
properties. The chemical compositions and densities of the selected
alloys are listed in Table 1. Alloy samples were coded as; (PS1-PS4)
for the 1st group, (PZ1-PZ3) for the 2nd group, and (ZS1-ZS2) for
the 3rd group.

In radiation protection, the most critical parameter is the mass
attenuation coefficient, MAC (i/p). The MAC is used to describe the
y-ray penetration and interaction with the materials and can be
calculated theoretically through the mixture rule given as [16,17]:

K Naa¥
p Z:Wz(p), (1)

where (p/p); is the mass attenuation coefficient of the ith constit-
uent element, and wij is the weight fraction of the ith constituent
component of the alloy sample.

The half-value layer (HVL) and the Mean free path (MFP) are two
parameters that can signify the shielding competence of the alloy
samples against y-ray (the lower HVL and MFP, the higher shielding
competence and vice versa). The HVL and MFP for the studied alloys
can be calculated through equations (2) and (3):

HvL -2 (2)
U

Table 1
Chemical compositions (fractional weight) and densities (p) of the (Pb—Sn, Pb—Zn,
and Zn—Sn) alloys.

Sample code Chemical composition (%) Density p (g.cm™3)
Lead (Pb) Tin (Sn) Zinc (Zn)
Group 1
PS1 80 20 0 9.25
PS2 60 40 0 8.07
PS3 40 60 0 8.41
PS4 20 80 0 7.08
Group 2
PZ1 80 0 20 9.62
PZ2 50 0 50 7.36
PZ3 40 0 60 5.33
Group 3 0
751 0 20 80 6.67
752 0 40 60 6.57
753 0 30 70 6.87
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1
MFP =~ 3
i (3)

where () is the linear attenuation coefficient of the studied alloys.

The effective atomic number is another attractive shielding
parameter required to describe the multi-element alloys in terms of
its equivalent element and described by equation (4).

fiAi (D)
2y~ =0 (4)
2z )i

where fj Aj and Z; refer to the fractional abundance, atomic weight,
and the atomic number of the ith constituent element, respectively.

2.2. MCNP simulation

The present work deals to simulate the p/p of the selected alloy
samples using Monte Carlo N particle transport code MCNP- 5 code
[18]. MCNP is a general code that can model y/X-rays, neutrons, and
electrons with different materials. The use of the MCNP 5 Code
requires an input file that contains all information about geometry
specification, elemental composition, and density of the investi-
gated material, source specification, and tally. The geometry, as
described in Fig. 1, consists of a cylinder with a thickness of 5 cm of
lead was used to shield the geometry from outer space. Outside
geometry was considered as void with zero importance to kill the
photons in this area. The environmental filled this geometry was
air, and F4 tally was used to estimate the track length of particle flux
in each alloy sample. A monoenergetic disk source with a diameter
of 2 cm was placed at 10 cm away from the studied alloys. The
source was surrounded by a cylindrical lead collimator with a slit
diameter of 2 cm. All alloy samples were defined in the input file
using their densities and chemical compositions (see Table 1). The
simulation was carried with 10000 histories, and the mass atten-
uation coefficient for different alloy samples was reported with an
error of less than 1% [19—-21].

Additionally, the p/p for the investigated alloys was calculated
using the WinXCOM program [22] to check the accuracy of the
simulated results.

3. Results and discussion

The MAC values of three different series of binary alloys (Pb—Sn,
Pb—Zn, and Zn—Sn) simulated in the energy range between 0.01
and 15 MeV using MCNP-5 code and those calculated by WinXcom

Ananuanposars | AoGasnenwa SOLIDWORKS @7 - 3 L =

Detector (Tally F4)

Lead shielding

\ Collimator of lead

Alloy sample
A Gamma ray point source

Fig. 1. Geometry simulation used in the present study.
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are listed in Table 2 and exhibited graphically in Fig. 2a, b, and c. The
MAC of all studied alloys showed energy and chemical composition
dependence. The MAC for all alloys in the three series tends to
maximum values at low gamma-ray energy (i.e., E = 0.01 MeV)
while it tends to minimum values at high gamma-ray energy (i.e.,
15 MeV). Furthermore, the MCNP simulated results showed
agreement with the calculated data obtained by the WinXCOM
program, which ensures the accuracy of the simulated results.

Fig. 2.a depicts that the MAC of Pb—Sn alloys varied between
0.04579 and 136.7 cm?/g. It is evident from Fig. 2.a that PS4 (0.2 Pb-
0.8 Sn alloy sample) has the highest MAC (for E = 0.01 MeV). For
low gamma-ray energy (0.01 < E < 0.3 MeV), the MAC for all alloys
decreases rapidly with energy increase due to the domination of
the photoelectric interaction in low energy region [23,24]. More-
over, two peaks were observed around 0.0292 and 0.088 MeV. The
first peak is due to the K absorption edge of Sn, and its height

Table 2
The MAC of the studied alloys using MCNP and WinXcom.
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increases with an increase in the Sn ratio in the selected alloys. The
second peak is due to the K absorption edge of Pb, and it is observed
that its height decreases with a decrease in the ratio of Pb in the
selected Pb—Sn alloys (first series). In the energy range between
(0.5 < E < 3 MeV), the MAC values of all alloys decrease gradually
due to the Compton scattering. The cross-section of this phenom-
enon is directly proportional to Z [25]. The MAC for all selected
alloys has a very slight variation with the incident gamma-ray en-
ergy for (E > 3 MeV) due to the pair production cross-section, which
proportional to log E [26]. From Table 2, we can see that in general,
PS1, which contains the maximum amount of Pb, has the highest
MAC. It can be concluded that increasing the Pb ratio enhances the
shielding parameters for gamma-ray with medium and high en-
ergy. In contrast, the increase of the Sn ratio enhances the shielding
parameters for gamma-ray with low energy only (around the K
absorption edge of Sn only).

Energy (MeV) Mass attenuation coefficient (cm?/g)

PS1 PS2 PS3 PS4
MCNP WinXcom MCNP WinXcom MCNP WinXcom MCNP WinXcom

0,01 131,574 132,200 133,283 133,700 134,992 135,300 136,704 136,900
0,012 82,255 82,920 82,942 83,380 83,625 83,830 84,309 84,290
0,01304 95,595 143,100 133,283 124,300 81,767 105,500 74,851 86,640
0,015 98,325 98,590 85,388 85,600 72,451 72,610 59,511 59,630
0,0152 94,848 127,800 82,369 107,100 69,891 86,410 57,416 65,700
0,0153 125,938 125,800 105,496 105,400 85,048 85,020 64,598 64,610
0,01586 131,139 115,500 108,375 96,670 85,606 77,810 62,842 58,960
0,02 73,071 73,390 60,145 60,410 47,219 47,430 34,292 34,440
0,0292 35,970 27,550 35,775 22,600 31,048 17,650 24,104 12,710
0,03 33,985 32,500 34,273 34,680 30,363 36,860 23,963 39,030
0,05 8855 8573 10,106 9104 11,568 9636 11,735 10,170
0,08 2534 2541 2733 2663 3062 2785 3313 2907
0,088 1959 1998 2111 2086 2330 2173 2465 2261
0,1 4914 4775 3666 4000 3405 3226 2937 2451
03 0,375 0355 0,322 0308 0,260 0260 0,215 0212
0,5 0,150 0148 0,137 0134 0,123 0121 0,108 0107
0,8 0,084 0084 0,079 0080 0,075 0075 0,071 0071
1 0,066 0068 0,063 0066 0,061 0063 0,059 0061
15 0,050 0051 0,049 0050 0,048 0049 0,047 0048
5 0,041 0041 0,040 0040 0,038 0038 0,037 0037
10 0,047 0048 0,045 0045 0,043 0043 0,041 0041
15 0,054 0054 0,051 0051 0,048 0049 0,046 0046
Energy (MeV)  Mass attenuation coefficient (cm?/g)

PZ1 PZ2 PZ3 SZ1 SZ2 SZ3

MCNP WinXcom  MCNP WinXcom  MCNP WinXcom  MCNP WinXcom  MCNP WinXcom  MCNP WinXcom
0.01 150.604 151.100 195.498 195.200 192.079 192.100 214.525 214.100 195.498 195.200 205.013 204.700
0.012 94.543 95.360 121.844 122.100 120.476 121.100 134.125 134.500 121.844 122.100 127.990 128.300
0.01304 105.518 153.200 97.706 97.970 111.538 135.600 107.635 108.000 97.706 97.970 102.669 103.000
0.015 105.241 105.500 67.315 67.360 93.194 93.330 74.231 74.270 67.315 67.360 70.774 70.810
0.0152 101.524 134.500 64.979 64.990 89.937 106.400 71.662 71.660 64.979 64.990 68.320 68.330
0.0153 132.507 132.400 63.853 63.850 104.750 104.700 70.420 70.410 63.853 63.850 67.138 67.130
0.01586 137.094 121.500 57.937 57.950 103.467 95.660 63.893 63.900 57.937 57.950 60.916 60.920
0.02 76.238 76.540 30.863 30.900 56.715 56.870 34.028 34.050 30.863 30.900 32.446 32.470
0.0292 28.595 28.600 21.348 10910 20.811 20.810 19.101 11.960 21.348 10910 20.397 11.440
0.03 26.646 26.670 20.576 23.730 19.364 19.370 17.845 17.900 20.576 23.730 18.432 20.810
0.05 6.978 7.012 7.700 6.015 4937 4.952 4457 4.454 7.700 6.015 5.794 5.234
0.08 2.063 2.103 1.887 1.713 1.450 1.470 1.275 1.275 1.887 1.713 1.586 1.494
0.088 1.602 1.661 1.459 1.339 1.134 1.163 1.002 1.002 1.459 1.339 1.234 1.170
0.1 3.170 4.539 1.042 0.969 2.047 2.518 0.734 0.733 1.042 0.969 0.889 0.851
0.3 0.364 0.345 0.167 0.134 0.229 0.230 0.151 0.124 0.167 0.134 0.160 0.129
0.5 0.152 0.146 0.088 0.088 0.115 0.115 0.086 0.086 0.088 0.088 0.087 0.087
0.8 0.084 0.084 0.066 0.067 0.075 0.075 0.066 0.067 0.066 0.067 0.066 0.067
1 0.066 0.069 0.058 0.059 0.062 0.064 0.058 0.059 0.058 0.059 0.058 0.059
1.5 0.050 0.051 0.047 0.048 0.049 0.050 0.048 0.048 0.047 0.048 0.047 0.048
5 0.040 0.041 0.033 0.034 0.036 0.036 0.033 0.033 0.033 0.034 0.033 0.033
10 0.046 0.046 0.035 0.035 0.039 0.039 0.033 0.033 0.035 0.035 0.034 0.034
15 0.052 0.052 0.037 0.037 0.043 0.043 0.035 0.035 0.037 0.037 0.036 0.036
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Fig. 2. The energy dependence of MAC for (a) Pb—Sn alloys, (b) Pb—Zn alloys and (c) Zn—Sn alloys.

Fig. 2b shows the variation of the MAC for Pb—Zn alloys with the
incident energy. The MAC for Pb—Zn alloys varied between 0.04258
and 192.0793 cm?/g. The mode in which the gamma photons interact
with the Pb—Zn alloys can be discussed, like in the previous curve (i.e.,
for Pb—Sn alloys). It is observed that there is one peak at 0.088 MeV
due to the K absorption edges of Pb and its intensity increases with
increase Pb ratio for Pb—Zn alloys. No beaks observed for the Zn
element because it occurs at 0.0096 MeV, while we selected energy
range started from 0.01 MeV. Also, one can see that the MAC increases
with anincrease in the Zn ratio at low energy while in high energy, the
MAC increases with an increase in the Pb ratio.

The MAC of the Zn—Sn alloys is illustrated in Fig. 2c in which the
MAC varied between 0.03525 and 214.5249 cm?/g. The highest and
lowest MAC obtained for ZS1 alloy. As we found in Fig. 2b, only one
peak appears at 0.0292 MeV due to the K absorption edge of Sn,
while no peaks are found from the Zn element.

The simulated MAC was then used to calculate two essential
shielding parameters (HVL and MFP), which describe the penetra-
tion of the incident gamma-ray. The variation of the HVL with the
incident gamma-ray energy is illustrated in Fig. 3, which reveals
that the thinner HVL is found for PZ1 and varied between 0.000478
and 1.3913 cm, while the thicker HVL is obtained for PZ3 and varied
between 0.00068 and 3.0542 cm. Firstly, at low gamma-ray en-
ergies between (0.01< E < 0.3 MeV), the HVL for all studied alloys is
increased rapidly with the incident gamma-ray energy. Then, at
intermediate gamma-ray energies between (0.04 < E < 3 MeV), the
HVL increases gradually due to the Compton scattering. Finally, at
higher gamma-ray energy values (E > 3 MeV), the HVL has a small
variation with the incident gamma-ray energy due to the pair
production, where the cross-section of this mechanism is propor-
tional to log E [27,28].
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Fig. 3. Variation of the HVL with the incident gamma ray energy for the prepared
alloys.

The MFP of the proposed alloys is illustrated in Fig. 4, which
reveals that the lowest MFP is obtained for PZ1 alloy and varied
between 0.00069 and 2.0041 cm. It is also clear that the highest
MFP is achieved for alloy PZ3 and varied between 0.0009 and
4.4063 cm. The mechanism in which MFP changed with the inci-
dent energy is similar to the early discussed in the HVL curve.

According to the HVL and MFP curves, we can conclude that a
thinner thickness of alloy PZ1 is required for shielding against
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Fig. 4. Variation of the MFP of various prepared alloys with the incident energy.

gamma radiation for the investigated energies, while a thicker layer
of alloy PZ3 necessary for protecting against gamma radiation with
the same investigated energies.

The effective atomic number (Zef) is a shielding factor calculated
through the atomic and electron cross-section of the investigated
alloys. Fig. 5a, b, and c show the dependence of Z¢ for all studied
alloys on the incident gamma-ray energy. Fig. 5a reveals that the
Zesr for all Pb—Sn alloys varied between 74.2 and 80.3, 67.2—77.8,
60.9—-73.9, and 55.2—-66.8 for PS1, PS2, PS3, and PS4, respectively.
Also, from Fig. 5, the maximum Z ¢ values of Pb—Sn alloys are
found at low gamma-ray energy between (0.01304 and
0.01586 MeV). In contrast, the minimum values were obtained for
energy range between (0.03 and 0.088 MeV), and there is no
noticeable variation in Zeg with high energy (for E > 3 MeV). It is
worth mention that at low energy (i.e., 0.01< E < 0.01586 MeV), the
Zesr for alloys increases with increasing energy, and this can be
explained based on the K-edge absorption of Sn and L-edge ab-
sorption of Pb. Z¢r decreases with the growth of the incident energy
due to the photoelectric effect, where the cross-section is inversely
proportional to the energy (with E—3). After that, there is a sudden
jump at energy E = 0.088 MeV, which can be explained as the K-
edge absorption of Pb [29]. It also clear that the Z¢¢ decreases with a
decrease in the Pb ratio in the Pb—Sn alloys (first series).

The Zegs variation with incident gamma energy for Pb—Zn alloys
is illustrated in Fig. 5b. The Z.f for these alloys are found in the rage
of 67.5-81.0, 50.4—78.2, and 45.7-76.5 for PZ1, PZ2, and PZ3,
respectively. The minimum and maximum Z. for alloys is reported
at 0.01 MeV and for gamma-ray energy between 0.1 and 0.3 MeV,
respectively. For low gamma-ray energy (i.e., 0.01 < E < 0.01568),
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the Z.f for alloys is increased with energy, which can be explained
as the L1, L2, and L3 absorption edges of lead. Then, in the energy
range between 0.02 and 0.08 MeV, the Z. for all alloys is nearly
independent of the incident energy. After that, Z.; suddenly
increased at E = 0.088 MeV due to the K edge of Pb like that
observed for Pb—Sn alloys. Also, no significant variation in Zef is
noticed for E > 3 MeV due to the pair production cross-section.
Fig. 5b also shows that the Z.g of Pb—Zn alloys increases with
increasing the Pb ratio.

Fig. 5¢ shows that the Z.g of Zn—Sn alloys varied in the range
between 32.7 and 40.0, 35.9—44.5, and 34.2—42.6 for ZS1, ZS2, and
ZS3, respectively. The minimum values of Z.¢ were also obtained at
low energy (i.e., at 0.01 MeV) like Pb—Zn alloys but the maximum
values obtained for energy between 0.03 and 0.1 MeV. It is also
clear that the Z.fg increases with an increase in the ratio of Sn in
Zn—Sn alloys. One can conclude that the Pb and Sn additive
enhance the Zeg for Pb—Zn, Pb—Sn, and Zn—Sn alloys. Also, it is
clear that the alloy samples in the first group have higher Zqf values
than the alloys in the third group due to the high content of Pb in
these samples.

In order to examine the selected alloys for practical utilization, it
is imperative to compare the shielding properties of the studied
alloys to some standard shielding materials. Figs. 6—8 shows the
comparison of the MAC, HVL, and MFP for the investigated alloys
PS1, PZ1, and ZS2 with other commercially available radiation
shielding materials such as (ordinary concrete [30], borate glass 100
NayB407 [31], and RS-360 (F2) glass [32].

Fig. 6 displays that the MAC of the alloy samples PS1 and PZ1 is
higher than the MAC of ordinary concretes, borate glass, and RS-
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Fig. 5. The variation of Z.g for (a) Pb—Sn alloys, (b) Pb—Zn alloys and (c) Zn—Sn alloys with the incident gamma ray energy.
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Fig. 6. The MAC for PS1, PZ1 and SZ2 alloys in comparison with some different
shielding materials.

360 (F2) glass at an energy between 0.01 and 15 MeV. It is also clear
that the ZS2 alloy has MAC equal to that obtained for RS-360 (F2)
and higher than the MAC of the ordinary concrete and borate glass.

According to Figs. 7 and 8, the three alloys PS1, PZ1, and ZS2 have
a lower HVL and MFP than some commercial radiation shielding
materials.

Exposure buildup factor for the selected alloys computed be-
tween 0.015 and 15 MeV, as illustrated in Fig. 9-a for PS1, while the
EBF for the remaining alloys are included in supplementary data in
Figure S (b-j) using the geometry progression (G-P) fitting Method.
Fig. 9-a and Fig.S (b-d) refers to the exposure buildup factor variation
with the incident gamma-ray energy for the Pb—Sn alloys at
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Fig. 7. The HVL for PS1, PZ1 and SZ2 alloys in comparison with some different
shielding materials.

penetration depth between 0.5 and 40 mfp. The EBF tends to mini-
mum values at low gamma-ray energy due to the photoelectric
interaction, which removes the energy of the incident photons and
prevents its accumulation inside the shielding materials and the EBF
for all alloys is nearly constants at various penetration depth. We can
observe in Fig. 9 (a and b), two high peaks appear at 0.03 and
0.088 MeV due to the L1 and K absorption edges of the lead, which
represent about 80 and 60% of the two alloys PS1 and PS2, respec-
tively. For alloys PS3 and PS4 showed in Fig S (c and d), it is clear that
the peak of lead at 0.088 MeV disappeared, and we have one peak
with resulting from the overlapping of L1 absorption beak of lead
and K absorption peak of tin at 0.0292 MeV and the amplitude of this
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Fig. 9. The exposure buildup factor for PS1.

peak increases with increase the Sn content in the alloy samples. For
intermediate gamma-ray energy (0.03 < E < 5 MeV), the EBF for all
samples increases gradually with increase the incident gamma-ray
photons due to the Compton scattering interaction, which helps
the photon to accumulate inside the alloy samples. For high gamma-
ray energies (E > 5 MeV), we find that the EBF has an increasing trend
exceptionally high penetration depth for (30 and 40 mfp) due to the
pair production interaction, which duplicates the number of pho-
tons inside the alloy material, especially for high energies and
penetration depth.

The variation of EBF of Pb—Zn alloys with the incident gamma
photon and penetration depth showed in Fig. S (e-g). The variation
of the EBF of Pb—Zn with the incident gamma-ray energy is similar
to the EBF to Pb—Sn alloys, but there are only two differences. The
first difference, the peaks appear in Fig. S (e-g), are for the L1 and K
absorption photons of lead, and there are no absorption peaks that
appeared for Zn because of the k absorption peaks of Zn occurs at
0.009659 MeV. The parameters used for EBF calculation was found
in the energy range between 0.015 and 15 MeV the second
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difference, the EBF for Pb—Zn alloys is lower than that for Pb—Sn
alloys for all studied energies and penetration depth.

The EBF of Sn—Zn alloys with gamma photon energies at
different penetration depth illustrated Fig.S (h-j). There is no sharp
peak at low energy due to the K-absorption edges of tin at
0.0292 MeV. We can conclude that the addition of tin and zinc for
lead reduces the EBF of the Pb—Sn and Pb—Zn binary alloys. The
lowest EBF in the present study was achieved for the Sn—Zn alloys.

Finally, one can conclude that the PS1, PZ1, and ZS2 have the best
shielding parameters in this study, and also their shielding pa-
rameters are better than the commercially standard and available
radiation shielding materials, namely ordinary concrete, borate
glass (100 NaB40), and RS-360 (F2) glass. The selected alloys can
be used as effective radiation shielding materials against gamma-
ray with energies between 0.01 and 15 MeV.

4. Conclusion

In the present study, y-ray shielding properties for some binary
alloy samples of different compositions of Pb—Sn, Pb—Zn, and
Zn—Sn were investigated. The aim was achieved by simulating the
mass attenuation coefficients, MAC (/p) using MCNP-5 code, and
WinXCOM program in photon energy range 0.01—15 MeV. The
related shielding parameters (HVL), (MFP), and (Zesf) have been
evaluated and compared with some commercially available radia-
tion shielding materials. The obtained results reveal that:

1 The MAC for the Pb—Sn, Pb—Zn, and Zn—Sn alloys were found in
the range of 0.04579-136.7, 0.04258—192.0793, and
0.03525—214.5249 cm?/g.

For the first alloys series, the thinner HVL is found for PZ1 and
varied between 0.000478 and 1.3913 cm, while the thicker HVL
is obtained for PZ3 and varied between 0.00068 and 3.0542 cm.
The Zeg for all Pb—Sn alloys varied in the range 74.2—80.3,
67.2—77.8, 60.9—73.9, and 55.2—66.8 for PS1, PS2, PS3, and PS4,
respectively, while for the Pb—Zn alloys in the rage of 67.5—-81.0,
50.4—78.2, and 45.7—76.5 for PZ1, PZ2, and PZ3, respectively.
Also, the Zeff for the Zn—Sn alloys varied in the range between
32.7 and 40.0, 35.9—44.5, and 34.2—42.6 for ZS1, ZS2, and ZS3,
respectively.
4 The comparison between the radiation shielding properties for
the selected alloys showed that the MACs of the investigated
alloys PS1 and PZ1 are higher than the MAC of ordinary con-
cretes, borate glass, and RS-360 (F2) glass at gamma-photon
energy between 0.01 and 15 MeV. The ZS2 alloy has MAC
equal to that obtained for RS-360 (F2) and higher than the MAC
of the ordinary concrete and borate glass.
The EBF decreases with increase Sn and Zn concentrations for all
selected alloys
6 The Pb and Sn additive enhance the Zef for Pb—Zn, Pb—Sn, and
Zn—Sn alloys.

5

Generally, results revealed that the PS1, PZ1, and ZS2 alloys have
the best shielding parameters in this study. Their shielding pa-
rameters are better than the commercially standard and available
radiation shieldings materials such as ordinary concrete, borate
glass (100 NayB40), and RS-360 (F2) glass. Thus, the investigated
alloys can be used as effective radiation shielding materials against
gamma-ray with energies between 0.01 and 15 MeV.
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