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Multilayer polymers have potential applications in various fields for radiation shielding. It is quite inter-
esting to investigate the shielding properties of polymer composites in a combined manner. In the present
investigations, the high-Z-doped PVA polymers such as PVA+50%Bi2O3 and PVA+50%Naz04W were
selected, and the multilayer buildup factors were calculated for various combinations of high-Z-doped
multilayer PVA polymers using the Py-MLBUF software. The PVA+50%Bi2 O3 and PVA+50%Naz;O4W
are coded, respectively, as A and B. The BA and BBA combinations have the potential to replace
a single layer of high-Z-doped PVA polymers, and these combinations can be used as gamma-ray

shields.
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1. Introduction

Tonizing radiation is used in various areas such as
medical imaging, cancer treatment, food preserva-
tion, power generation, and trace elemental anal-
ysis. These radiations can also interact with liv-
ing things by damaging tissues and DNA in genes.
Therefore, appropriate radiation shielding materials
are in demand for secure life and healthy environ-
ment. Materials such as polymers, alloys, concrete,
bricks, and glasses are used in radiation shielding
applications. Although lead and concrete are ap-
propriate materials for shielding ionizing radiation
in various fields, these two have several drawbacks,
i.e., lead is hazardous to human health and envi-
ronment, and the variation of moisture in concrete
makes it difficult to predict radiation protection [1].

It has been found recently that gamma radiation
is shielded by the addition of high-Z material to
polymers. In this direction, several researchers have
studied high-Z-doped polymers for radiation shield-
ing applications [2, 3]. The limitation of void paths
that are present in a single layer can be reduced
in multilayer radiation shielding materials. Several
layers of materials, each layer having a uniform dis-
tribution of doped materials, would create densely
packed structures without leaving pinholes in the
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composites. This is how multilayer radiation shield-
ing materials overcome this by reducing the void
paths for photons to penetrate and enhancing ra-
diation attenuation probability. Several researchers
have studied multilayer radiation shielding materi-
als as radiation shields [4-8].

From the literature survey, it has been con-
cluded that high-Z-doped polymers act as radia-
tion shields, and multilayer radiation shields over-
come void paths. However, it is interesting to
understand which combination of polymer compos-
ites has the most potential to shield gamma radia-
tion. To the best knowledge of the authors, no study
was carried out to understand which combination
of multilayer radiation shields acts as the best ra-
diation shield. In the present investigations, high-
Z-doped PVA polymers such as PVA+50%Bi2 O3
and PVA+50%NasO4W were selected [9, 10]. Dou-
ble layer and triple layer gamma ray buildup factors
for different combinations were calculated using the
Py-MLBUF [11] software. Mass attenuation coeffi-
cient (MAC), half value layer (HVL), tenth value
layer (TVL), and effective atomic number (Zsy)
were estimated for a single layer of PVA+50%Biz O3
and PVA+50%NayO4W using the Py-MLBUF soft-
ware as well. The MAC values were compared with
the values from the XCOM database in order to
validate our calculated results.
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2. Materials and methods

The  high-Z-doped  polymers, such as
PVA+50% BisO3 and PVA+50%NayO4W, were
selected in the present investigations [9, 10], and
the densities of these selected polymers are shown
in Table I. The combinations of double and triple
layers of selected high-Z-doped PVA polymers are
shown in Fig. 1. It has been observed that there
are only two combinations, namely AB, BA, for
double layer and six combinations, namely AAB,
ABA, ABB, BAA, BAB, and BBA, for triple layer
of high-Z-doped PVA polymers.

A B B A
A A B B A A

A B A B A B
A B B B B A

Fig. 1. The combinations of double and triple lay-
ers of high-Z-doped PVA polymers. Here, A de-
notes PVA+50% Bi2Os and B denotes PVA+50%
NaxO04W; X1, X2, and X3 denote penetration depth
(in units of mean free path) of first, second, and
third layer, respectively.

TABLE I

The selected high-Z-doped PVA polymers and their
density.

Samples Code Density [g/cm?]
PVA+50%Bi2 03 A 1.61
PVA+50%Na;O4W B 1.543
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Parameters: MAC, HVL, TVL, and Z.y; were
calculated for a single layer of PVA+50%Bi; O3 and
PVA+50%Nay04W, as explained elsewhere [12-20].
In the present investigations, double layer and triple
layer gamma ray buildup factors were estimated for
selected polymers using the Py-MLBUF [11] soft-
ware.

2.1. Buildup factor for single-layered shields

The buildup factors are correction factors, which
accounts for the influence of scattered radiation
and secondary particles in the materials. EBF
and EABF represent buildup factors for single-
layered shields. The computational work for EBF
and EABF was done in three steps, as given be-
low [12, 21]:

(i) Calculation of the equivalent atomic number

(Zeq)§
(ii) Calculation of the geometrical progression
(GP) fitting parameters;

(iii) Calculation of the exposure and energy ab-
sorption buildup factors.

The equivalent atomic number Z., compares
the characteristics of composite materials made of
equivalent elements to the characteristic of a sin-
gle element’s atomic number. The gamma photon
interactions with matter are generally known to
occur through photoelectric absorption, Compton
scattering, and pair creation. The Compton scat-
tering interaction process forms Z.,. However, the
buildup factor of photons in the material is mainly
caused by several Compton scattering events. Thus,
Zeq can be expressed as the Compton mass at-
tenuation coefficient ratio relative to the total
mass attenuation coefficient at the specific photon
energy,

Zy[log(R2)—log(R)|+Z [ log(R)—log(Ry))

Log=
a log(Rz)—log(R;)

)
(1)
where Z; and Z; are the atomic numbers of
the elements corresponding to the ratios R;
and Ry, respectively. The ratio R is equal to
(%)Compton / (%)total for chosen samples at the spe-
cific energy [13].

The estimation of Z., is achieved by the in-
terpolation method. Likewise, the parameters for
GP fitting associated with selected samples are
estimated using a comparable formula, described
as

Py [log(Z2)—10g(Zeq)|+P2[log(Zeq)—log(Z1)]

P= log(Z2)— log(Z1)

(2)
where P; and P, are the values of GP fitting pa-
rameters (b, ¢, a, Xj, d) corresponding to the atomic
numbers of Z; and Zs, respectively, at the specific
energy.
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Ultimately, by employing GP fitting parame-
ters (b,c,a, Xj,d) within the energy spectrum of
0.015-15 MeV and up to a penetration depth of
40 mfp, the buildup factors were calculated using
specific equations [21]

b—1

B(E,z) =14 —— (K*"-1) for K #1,
K—-1 (3)

and

B(E,z)=1+(®b-1)z for K=1. (4)

The expression K(F,x) denotes the photon dose
multiplication factor, which is determined by the
equation for z < 40 mfp

tanh (

X

yes —2) — tanh (—2)

K(B,z)=ca®+d 1 — tanh (—2)

)

(5)
where b is the accumulation factor at 1 mfp, E de-
notes the energy of the incident photon, and x refers
to the distance from the source to the detector
within the medium, measured in units of mean free
paths (mfp).

2.2. Buildup factors for double-layered shields

The double layer buildup factors (DLEABF and
DLEBF) are required for calculating the buildup
factors for double-layered shields. And double-
layered shields are the simplest case of multilay-
ered shields. M.H. Kalos was the first to pro-
pose an empirical formula derived by fitting data
based on Monte Carlo simulations for a plain-
normal source and double-layered shields composed
of lead (3 mfp) + water (3 mfp). He further in-
troduced the orientation concept, which involves
the arranging of materials from a high-Z mate-
rial source followed by low-Z material (HZFLZ),
and its opposite configuration, where materials are
arranged as follows: a low-Z material followed by
high-Z material (LZFHZ). Lin and Jiang [22] (see
also [11, 23]) improved the double layer buildup fac-
tor by introducing a modification in the correction
factor for the point-isotropic source. The equation
for estimation of DLEBF and DLEABF is shown
below

B (X1,Xs) = By (Xa) + K (X1) C (Xa)

X [Bg (X14+X5) — B (Xz)}a (6)
where
C X — e~ 1088X2 4 1138 1(—X,), HZFLZ,
=10 0 10300+ (%) e X2,  LZFHZ.
(8)

In (6), B(X1,X>) refers to DLEBF (or DLEABF)
for the double-layered shields with the first layer’s
penetration depth of X; [mfp], followed by the
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second layer’s penetration depth of X5 [mfp].
The K-parameter (photon dose multiplication fac-
tor) for double-layered shields is shown in (7). The
function C(X32) is the modified correction factor for
both orientations, as shown in (8).

2.3. Buildup factors for multilayered shields

Further, Lin and Jiang [22] (see also [11, 23])
rewrote the empirical formula to better approxi-
mate the buildup factors in multilayered shields
made from n-layered media. The generalized em-
pirical formulae used for estimating the n-layered
buildup factor are given below [11]

B(X1,Xs,... X)=B,(X,)+K (X1, Xo,... Xn_1)
i=1
B(X1,Xa,... Xno1) — 1

K (X1, X, ... Xp_1) =

b (é Xi) o)

The equation for the modified corrector factor for
the generalized n-layered is given as

o~L0SBX, | 1,138 I(—X,,), HZFLZ
C(X,)=
081(Xn)+ (%) e X,  LZFHZ,
(11)
ﬁ = (MACtotal)n / (MACtotal)nfl 9 (12)
v = (MAccomptOD)n_l / (MACcompton)n ’ (13)
Bn(X,, +1
S T
1(X,) = B X001 (1—e ™), (14)

where S and v indicate the ratios of the corre-
sponding gamma, shielding parameter for n-th and
(n—1)-th layers as shown in (12)—(13), respectively.
MAC,ota1 is the total mass attenuation coefficient,
and MAC ompton is the Compton mass attenuation
coefficient. In the present investigations, MLEBF
and MLEABF were estimated using (9) for n = 3.

3. Results and discussion

The MAC values were calculated using the Py-
MLBUF software for high-Z-doped PVA polymers
such as PVA+50%Biz O3 and PVA+50%Na,O,W
in the energy range from 0.015 to 15 MeV.
The results were compared with the XCOM val-
ues in order to validate the calculations. The
Python program for multi-layered buildup factor
is an acronym of Py-MLBUF, and it is a user-
friendly online-platform used by us to calculate
gamma ray shielding parameters in the energy range
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Fig. 2. (a)-(d) Radiation shielding properties of
PVA+50%Bi2O3 and PVA+50%Na204W.

of 0.015-15 MeV. In turn, XCOM is a database
of photo cross-sections for elements and com-
pounds and it is maintained by the National In-
stitute of Standards and Technology (NIST) [24].
Table II shows a comparison between the MAC
values of high-Z-doped PVA polymers with those
from XCOM. Good agreement between the values
predicted by Py-MLBUF and XCOM encouraged
proceeding calculations of other shielding parame-
ters. Then, HVL, TVL, and Z.7s values were calcu-
lated for PVA+50%BiyO3 and PVA+50%NasO4W
using the Py-MLBUF [11] software, and they are
also shown in Fig. 2a—d. The MAC values in the Py-
MLBUF software, which are based on the XCOM
code, have such minimal uncertainties that they
are not shown in the figures due to the high pre-
cision of the theoretical calculations based on the
XCOM code. It is important to notice from Fig. 2
that the MAC values decrease with increasing en-
ergy of gamma photons — except for the K-edge
energies of Bi and W. In the lower energy region,
the photoelectric absorption process is dominant;
in the medium energy region, Compton scattering
is dominant; in the higher energy region, the pair
production process is dominant. The HVL and TVL
values show similar shapes for selected PVA poly-
mers up to 8 MeV. Above 8 MeV, the HVL and
TVL values are lower for PVA+50%Bis O3 than
PVA+50%Nay04W. The plot of Z, ;s values versus

sin,
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Energy [MeV]

gle layer of high-Z-doped PVA polymers such as

energy of gamma photons is also shown in Fig. 2c.
In the low and high energy region, the Z.;; val-
ues of PVA+50%Bi;O3 are higher than those of
PVA+50%Nas04W.

Here, we estimate the double layer exposure
buildup factor (DLEBF) and the double layer
energy absorption buildup factor (DLEABF) for
the selected high-Z-doped polymers. The high-
7 polymer PVA+50%BiyO3 is named A, and
PVA+50%Nag0O4W is named B. DLEBF and
DLEABF were calculated at selected penetration
depths (i.e., X3 1 mfp and X5 = 1 mfp) for
combinations AB and BA, and they are shown
in Fig. 3a-b. Here, X; and X5 indicate the pen-
etration depth [mfp] of the first and second lay-
ers, respectively. Figure 3 shows that in the lower
energy region around 40 keV, both DLEBF and
DLEABF values are higher for BA combination
than AB, and in the higher energy region around
1 MeV, the DLEBF values are slightly higher for
AB than BA. However, for DLEABF, the values are
higher for AB combination than for BA. From this
data, it is interesting to note that in the BA com-
bination, the incident gamma photons first interact
with the low-Z ;¢ layer and produce a large num-
ber of Compton scattered gamma photons. These
scattered gamma photons interact with the high-
Z.¢f layer through photoelectric absorption and the
pair production processes. It is well known that
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TABLE II
MAC values of PVA+50%Bi203 and
PVA+50%Nas04W compared with XCOM values.
Energy MAC [cm2/s] MAC [cm?/g]
[MeV] for PVA+50%Bi203 |for PVA+50%Na2O4W
XCOM | Py-MLBUF | XCOM | Py-MLBUF
0.015 | 52.670 52.690 44.590 44.593
0.020 | 40.490 40.483 21.110 21.110
0.026 | 20.020 19.941 10.340 10.292
0.030 | 14.310 14.311 7.363 7.363
0.040 | 6.839 6.838 3.516 3.517
0.050 | 3.874 3.874 2.012 2.012
0.060 | 2.505 2.503 1.323 1.322
0.080 | 1.228 1.228 2.564 2.564
0.100 | 2.664 2.664 1.500 1.500
0.150 | 1.015 1.014 0.594 0.593
0.200 | 0.537 0.537 0.335 0.335
0.500 | 0.126 0.126 0.107 0.107
0.600 | 0.105 0.105 0.093 0.093
0.662 | 0.097 0.097 0.087 0.087
0.800 | 0.083 0.083 0.077 0.077
1.000 | 0.070 0.070 0.067 0.067
1.170 | 0.063 0.063 0.061 0.061
1.330 | 0.058 0.058 0.057 0.057
1.500 | 0.055 0.055 0.053 0.053
2.000 | 0.047 0.047 0.046 0.046
5.000 | 0.036 0.036 0.033 0.033
6.000 | 0.035 0.035 0.031 0.031
8.000 | 0.034 0.034 0.030 0.030
10.000 | 0.034 0.034 0.029 0.029
15.000 | 0.036 0.036 0.030 0.030

photoelectric absorption is directly proportional to
ngf and the pair production process is propor-
tional to ZZ;,. This type of similar behavior was
observed by Mann et al. (2019) [7].

Figures 4a—d and 5a—d present the plot of DLEBF
and DLEABF values versus penetration depth of
the second layer (X2) at incident energies 0.015,
0.15, 1.5, and 15 MeV; the penetration depth of
the first layer (X;) is kept constant at the value
of 1 mfp. At incident energies of 0.015 MeV, the
contribution of the DLEBF and DLEABF values is
higher for the AB combination than for BA, but
at the higher energy of the incident gamma pho-
ton, i.e., at 15 MeV, the contribution of BA is
higher than of AB. At a lower energy of 0.015 MeV,
the photons interact first with PVA+50%Bis0Os3 ,
which is a high-Z ¢ layer, and consequently most
of the photons undergo a photoelectric effect —
thus very few photons undergo Compton scatter-
ing in the second layer. As thickness increases, the
contribution of AB increases, but the BA contri-
bution decreases. However, at a 15 MeV incident
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Fig. 3. (a)-(b) Factors DLEBF and DLEABF ver-

sus photon energy of double layers of high-Z-doped
PVA polymers at selected penetration depth (X3
1 mfp, and X> = 1 mfp). Here, X1, and X, indicate
the penetration depth of the first and second layer,
respectively.

photon energy, not only the contribution of BA is
higher than of AB, but also the contribution of BA
is about 3 times higher than the AB contribution
at X5 mean free path of 40. This may be due to
the fact that in the AB combination, the first layer
is PVA+50%Bi2 O3, which is a high-Z. ; layer, and
the second layer is PVA+50%NasO4W, which is a
low-Z. ;¢ layer comparatively to PVA+50%BizOs.
In turn, in the BA combination, the first layer is
PVA+50%Nay04W, which is a low-Z, s layer, and
the second layer is PVA+50%Bi>O3, which is a
high-Z. layer. Here, gamma photons interact first
with B to produce Compton scattered gamma pho-
tons as it is a low-Z.r; material. These Compton
scattered gamma photons are absorbed in high-Z. ¢
material A through the photoabsorption process.
However, at 15 MeV of incident gamma photon,
the pair production process is dominant and, con-
sequently, the electron—positron pairs are produced
in B, and these positrons annihilate with elec-
trons to produce annihilation radiation of 1.02 MeV.
These secondary gamma photons would contribute
to the increase in the intensity of primary gamma
photons as the penetration depth increases. There-
fore, Figs. 4d and 5d show that the BA combination
has higher values of DLEBF and DLEABF than the
AB combination. It is a well-known fact that pair
production depends on Z? [23]. So, high-Z, ¢ s layers
have higher values of DLEABF, and DLEBF lower
than Z ¢y layers.

For triple layers of high-Z-doped PVA polymers,
there are six combinations, namely AAB, ABA,
ABB, BAA, BAB, and BBA. The MLEBF (multi-
layer exposure buildup factor) and MLEABF (mul-
tilayer energy absorption buildup factor) values for
triple layers of six combinations were calculated
and presented in Figs. 6 and 7 as a function of



G.B.

Hiremath et al.

X,=1 mfp
1.03 — ; : . . ~ . . . .
a 1.8
@ 0.015 MeV ® 0.15 MeV
1.7 A
E 1.02 i 1.6- -
E 1.5 i
-
=} 1.4 ]
g 101 1 13] ]
S
o
8 1.2 i
=5 Py - AB
E 1.1 BA| -
S 1.001 . T T T
‘5 0 10 20 30 40
-Q T T T T
@ 30{© j
E 1.5 MeV .
8. 25| ,.// 1
g 3
@ 20 _
.
g
3 15 -
(] g
- 10 g
3
a )
W AB
0- BA| 4
10 20 30 40
Xo[mfp] Xa[mfp]

Fig. 4. (a)-(d) Factor DLEBF versus penetration depth of double layers of high-Z-doped PVA polymers at
selected photon energy of 0.015, 0.15, 1.5, and 15 MeV. Here, X; and X indicate penetration depth of the
first and second layer, respectively.

X, =1 mfp
1.035 : , : : N . : . ;
e a 4 =
L @ 0.015 MeV 8 0.15 MeV
< 1.030 { 26
g 2.6
-
B, 1.025 | 2
1
S 2.2
S 1.020 -
S 2.0
S 1015
g 1018 { 1.8
'S 64
2 1.0101 i}
c
5 1.4
=
2 9 107
]
8 80q 1 10°]
S 704 1
> 1074
c 504 ] 1y
Q 3
5 40 { 1074
& 30] 1 10%]
% 20+ 1 10"
2 10°]
Q 0] 1,
: ; . . : 10 . . : . :
0 10 20 30 40 0 10 20 30 40
X,[mfp] Xp[mfp]

Fig. 5. (a)—(d) Factor DLEABF versus penetration depth of double layers of high-Z-doped PVA polymers
at selected photon energy of 0.015, 0.15, 1.5, and 15 MeV. Here, X; and X indicate penetration depth of the
first and second layer, respectively.

290



Investigation of Gamma Radiation Shielding Properties of. ..

12 ——— —— taa ;
oy = AAB
E . Vv e ABA
= 104 X1—X2—X3—1 mfp A ABB
= * BAA
§ ¢ BAB
13}
8 8- * * BBA
a
=
=
_g 6 | A -
o
5 i
7] A ]
g 4 * % b
5 bl ‘ ‘

®
5 t ¢ e t0e
Pl orh, ity b
= A
5 ] ‘." x’ 0.
= T LA T v T T

0.01 0.1 1 10

Energy [MeV]

Fig. 6. Factor MLEBF versus photon energy of
triple layers of high-Z-doped PVA polymers at se-
lected penetration depth (X1 = 1 mfp, Xo = 1 mfp,
and X5 = 1 mfp). Here, X1, X», and X3 indicate
the penetration depth of the first, second, and third
layer, respectively.

o T T T T T T T T

0

é 5 R X =X,=X=1 mfp 4
=

= ‘AA‘A

o A [ ]

° Jon

84 " - ’:“ o |
£y * o o gs ' °

= 3 x4 o

K .'i S oo

c 3 ® :; L4 _
2 Ae 35;" :

o

£ L] L4 2 J
2 * aAe = AAB
5 2 “r » o ABAf
3 A L @ "' A ABB
i ldtan L o]
s, s + BAB|
3 * BBA
=] T T T

= o001 0.1 1 10

Energy [MeV]

Fig. 7. Factor MLEABF versus photon energy of
triple layers of high-Z-doped PVA polymers at se-
lected penetration depth (X1 = 1 mfp, Xo = 1 mfp,
and X3 = 1 mfp). Here, X1, X», and X3 indicate
the penetration depth of the first, second, and third
layer, respectively.

the gamma photon energy at selected penetration
depths. Here, X7, X5, and X3 indicate the penetra-
tion depth [mfp] of the first, second, and third lay-
ers, respectively. Figures 6 and 7 show the MLEBF
and MLEABF values for six triple combinations of
high-Z-doped PVA polymers in the energy range
from 0.01 to 15 MeV at penetration depths of
X1 =1 mfp, Xo =1 mfp, and X3 = 1 mfp. These
figures show that among the six combinations of
triple layers, both the MLEBF and MLEABF val-
ues peak around 1 MeV. At the peak position, the
combination ABB has higher values and ABA has
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the lowest. It can be noticed from the combination
ABB that the first layer is a high-Z material and
the second and third layers are of low-Z. In the in-
termediate energy region, the Compton scattering
process plays an important role in creating multi-
ple scatterings. The multiple scattering increases
in two low-Z materials. When 1.02 MeV gamma
photons are incident on high-Z materials, they can
undergo pair-production predominantly by creating
electrons and positrons. These positrons annihilate
electrons in the materials to produce two 511 keV
gamma photons. These photons undergo Compton
scattering in two low-Z materials. Because of the
Compton scattering of 511 keV gamma photons, the
buildup factor increases for ABB at 1 MeV. How-
ever, in the case of BBA, around 1 MeV, gamma
photons first interact with low-Z material to pro-
duce the Compton scattered gamma photons. These
scattered gamma photons again interact with low-
Z materials to produce Compton scattered photons.
In high-Z materials, these Compton scattered pho-
tons undergo photoelectric absorption to produce
photoelectrons. These electrons are absorbed in the
materials, and consequently, the buildup factor de-
creases. It has already been noticed from Fig. 3a—b
that the combination BA has the lowest values
of DLEBF and DLEABF. Similarly, the combina-
tions ABA, BBA have the lowest values of MLEBF
and MLEABF. Figures 8a—d and 9a—d show a plot
of the MLEBF and MLEABF values as functions
of penetration depth [mfp] at selected energies of
0.015, 0.15, 1.5, and 15 MeV. Here, X; = 1 mfp,
Xo = 1 mfp are kept constant, but X3 is var-
ied from 0 to 40 mfp, as shown in Figs. 8a-d
and 9a—d. MLEBF and MLEABF as functions of
penetration depth show similar behavior to DLEBF
and DLEABF as functions of penetration depth.
The combinations ABA and BBA have the low-
est values of MLEBF and MLEABF at 0.015, 0.15,
and 1.5 MeV.

Figure 10a—b shows buildup factors versus photon
energy for a single and double layer of high-Z-doped
PVA polymers at selected penetration depths. Here,
for single layers (A and B): X; = 2 mfp, and
for double layers (AB and BA): X; = 1 mfp and
X5 1 mfp. Figure 10 is to understand the po-
tential of double-layered high-Z-doped PVA poly-
mers compared to single-layered high-Z-doped PVA
polymers. It is clear from Fig. 10a—b that double-
layered combination BA has lower buildup factor
values than a single-layered one. Further, it also in-
dicates that double-layer combination BA is more
suitable as radiation shields than a single-layered
PVA+50%Bi20s. Figure 11a—b shows the buildup
factors versus photon energy of a single and triple
layer of high-Z-doped PVA polymers at selected
penetration depths. Here, for single layer (A and B):
X1 = 3 mfp, and for triple layer (ABA, BAA, and
BBA): X; = 1 mfp, X5 = 1 mfp, and X3 =1 mfp.
Among six combinations, three (ABA, BAA, and
BBA) are selected because these combinations
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Fig. 11. Buildup factors versus photon energy of

single and triple layers of high-Z-doped PVA poly-
mers at selected penetration.

have lower buildup factors compared to the oth-
ers. It is clear from Fig. 11a—b that the triple layer
has slightly lower buildup factors than single layer
of PVA+50%Bi03. It indicates that a triple layer
of high-Z-doped PVA polymers has the potential
to replace single layers of high-Z-doped PVA poly-
mers.

4. Conclusions

The high-Z-doped PVA polymers such as
PVA+50%Bis O3 and PVA+50%Nas04W were se-
lected, and their buildup factors for double and
triple layers were studied using the Py-MLBUF
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software. For single layer, the mass attenuation co-
efficient MAC, effective atomic number, and half-
and tenth-layer values were estimated using the Py-
MLBUF software. MAC values of a single layer of
high-Z-doped PVA polymers were compared with
the XCOM values in order to validate calcula-
tions. Among double layers, the combinations BA
have higher DLEABF values than the combinations
AB. In the higher energy region around 1 MeV,
both the DLEBF and DLEABF values are higher
for AB combinations than for BA. Calculated re-
sults also show that the values of DLEBF and
DLEABF depend on the penetration depth of lay-
ers A and B. At a lower energy of 0.015 MeV,
the DLEBF and DLEABF values are higher for
AB combinations than for BA. However, at higher
energy at 15 MeV, BA has higher DLEBF and
DLEABF values than AB. This indicates that the
combination BA is more suitable as a radiation
shield than AB. Moreover, it is interesting to notice
that combinations may influence buildup factors.
Among the triple layers, six combinations exist, and
among these six, the combinations ABA and BBA
have lower MLEABF and MLEBF values compared
to other combinations. The BA and BBA combina-
tions have the potential to replace the single layer
of high-Z-doped PVA polymers, and these combina-
tions can be used as gamma-ray shields. Therefore,
the double- and triple-layered radiation shields not
only overcome the void paths but can potentially re-
place the single-layered radiation shields. The dou-
ble and triple layers play an important role in en-
hancing radiation shielding effectiveness.
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