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Introduction: Bismuth efficiency in shielding superficial tissues in computed tomography (CT) scans has
been challenged due to the imbalance between image quality and dose reduction. The aim of this study is to
reduce bismuth in shields and investigate the possibility of substitution with lower atomic materials.

Material and Methods: Five different compounds, including raw polyvinyl alcohol (PVA) and four other
samples containing variable weight fractions of bismuth oxide and with a constant fraction of magnetite were
selected. Shielding factors, including linear attenuation coefficient(t), mass attenuation coefficient(y,), half-
value layer (HVL), electron density (N.), and effective atomic number (Z.), were evaluated over a wide
range of energy by precise computational methods, XCOM, and Monte Carlo N-Particle code.

Results: Increasing the bismuth oxide concentration improves the radiation attenuation and absorption
process. This effect was observed in the i, graphs to medium energies (E < 0.3560 MeV).The simultaneous
evaluation of N, and Z predicts increased absorption due to the increased and dominant photoelectric effect
(<0.1000 MeV), the raised Compton effect (0.1000 < E < 0.3560 MeV; followed by scattering owing to the
predominant Compton effect), and formation (E ~ 1.2200 MeV)and dominance of pair production
phenomenon (E > 3.0000 MeV).Also, a quantitative analysis of absorption through HVL in several used
energies showed the efficacy of these compounds in ionizing radiation absorption.

Conclusion: This study establishes the advantages of substituting bismuth with compounds having lower
atomic number materials, and the possibility of alleviating bismuth and replacing it with magnetite and PVA
in designing radiation shields in CT scans has been confirmed.
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Introduction

Ionizing radiations (including X-rays and gamma-
rays), despite their widespread and unique usages in
various industries, can be harmful to the environment,
especially to human health, and cause damage at the
cellular level and throughout the whole body [1].
Therefore, to reduce the risks of these problems, three
principles of reducing time, increasing distance, and
using radiation-absorbing materials should be applied
as much as possible [1-2].

Polymer composites have been introduced as a
new solution to construct radiation-absorbing
materials. Since they utilize polymers (so-called
matrices) in their structure and fillers for loading into
matrices [3-4], considering a variety of polymers and
choosing suitable fillers, they can represent a
desirable efficiency against ionizing radiations.
Concerns about traditional materials, such as bulk

lead in the construction of radiation-absorbing
materials, have been raised for a long time, such as
high toxicity, fragility, and high weight of products.
Therefore, it is expected that through an approach to
polymer composites, besides achieving the desired
efficiency in radiation absorption and attenuation,
many of the hazards posed by traditional materials
will also be eliminated [3].

Extensive efforts have been made to reduce and
substitute lead (Z = 82), including using high-atomic
materials such as bismuth (Z = 83) and tungsten (Z =
74) in the design of polymer composites with the ability
to absorb radiation [5-9]. Recent studies have also
shown the more desirable radiation shielding efficiency
of the mentioned fillers in smaller sizes [7-9].

However, newer challenges to absorbing materials
containing elements with high atomic numbers seem
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to show off. Computed tomography (CT) scans, which
account for the largest share of medical radiation
exposure [10-11], have been the subject of extensive
studies on radiation dose estimation to patients [12-
16]. To reduce patient exposure, absorbing materials
such as bismuth have been used to shield superficial
tissues [17]. However, a key challenge remains in
achieving an optimal balance between dose reduction
and preserving image quality [18].Numerous studies
have confirmed that using bismuth-containing shields
can lead to a detrimental reduction of clinical image
quality by creating artifacts [17, 19-21]. The
secondary radiation produced by materials with high
atomic numbers during radiation collisions can be
considered the main reason for this problem [3], to
the extent that the discouraged use of bismuth shields
has also been warned recently [22].

Hence, the approach to materials with lower
atomic numbers (such as aluminium and iron) seems
to have attracted much attention in constructing and
designing composites. The use of aluminium (Z = 13)
in the layout and fabrication of shields in space
sciences has a long history [23-24]. On the other hand,
the use and exploitation of iron (Z = 26) not only has a
much longer history in human life, but also the well-
known form of magnetite and the possibility of
manufacturing it in tiny dimensions (micro and nano)
have shown new capabilities of this element
physically and chemically [25]. Magnetite possesses
exceptional biocompatibility properties, rendering it
an exceptionally efficient contrast agent for
applications in magnetic resonance imaging (MRI)
[26], hyperthermia [27], and drug delivery [28].

Designing polymer composites by selecting
biocompatible polymers, such as polyvinyl alcohol
(PVA), can give them new capabilities. Since non-toxic
and non-carcinogenic PVA has been approved by the
US Food and Drug Administration (FDA), its
expedition for food packaging and making some
medical biomaterials (such as patella and synthetic
cartilage) has turned it into a biocompatible and
irreplaceable polymer. However, its other unique
properties, such as water solubility, high crystalline
degree at low temperatures, optimal mechanical
durability, and melting point, can make these
capabilities more valuable [29-30].

Despite all the above considerations, few studies
have been conducted on this class of polymer
composites to design and construct radiation shields.
Srinivasan et al. studied the radiation shielding
features of composites consisting of PVA/iron oxide in
a wide energy range (0.0150 -20.0000 MeV)
numerically and found that 50% of magnetite and a
similar amount of PVA could provide the highest level
of radiation shielding for composite shields compared
to pure PVA shields [31]. Hosseini et al. examined the
influence of magnetite insertion in several different
compositions using the same approach and stated that
in the range of low- and medium-energy photons, it
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could be used as a photon radiation shielding material
in medical diagnostic processes along with less
secondary radiations [32]. In an experimental study
on a new type of composite (polymer blend-Fe304) to
examine the electrical and optical features, Hashim et
al. pointed out the potency of magnetite addition and
the improvement of the shielding process against
gamma sources [33].

So far, studies on composites containing tungsten
and bismuth metals in PVA substrates have reported
satisfactory results [7-9]. However, the usefulness of
the simultaneous use of heavy and light fillers
together (such as bismuth + lighter metal elements) in
the design and construction of X-ray and gamma-ray
shielding glasses has been confirmed by experimental
and computational methods [34-35].

Therefore, given the importance and role of
polymer composites in shielding, especially in medical
diagnostic and treatment processes, the radiation
shielding features of shields consisting of PVA were
analyzed in this study in the simultaneous presence of
two magnetite and bismuth oxide fillers by different
computational methods.

Materials and Methods

Methods for Designing of Composites

This descriptive-analytical study was conducted to
investigate composites’ shielding features consisting of
PVA + magnetite + bismuth oxide against ionizing
photon sources. For this purpose, five compounds (B1-
B5) were selected according to Table 1 to start the
study. In the first three columns of Table 1, the weight
distribution of each part of the composite is given, a
sample of raw PVA (B5) is considered, and the other
four samples (B1, B2, B3, and B4) consist of a constant
30% of the magnetite weight fraction, 10%, 3%, 5%, 7%
of bismuth oxide, and the rest accounts for the PVA
weight fraction.

In the next columns of Table 1, the distribution of
elements in each composition is presented separately. In
the last column, the final density of each compound is
calculated according to the American Society for
Testing and Materials (ASTM) standard [36]

g 1
Ptheorical (Cmg) = [N 1)
P1 P2 P3

In Equation 1, W represents the weight fraction of
each composite component, and p is its corresponding
density. In order to calculate the final density for use in
the above equation, the densities of PVA, magnetite, and
bismuth oxide were considered consistent with the
reality and 1.3000, 4.9000, and 8.7000 g/cm?,
respectively.

Then, a rigorous analysis is conducted to explore
how five composite materials absorb and attenuate
radiation across a wide range of photon energy levels
from 0.01000 MeV to 10,000 MeV.
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Table 1. The composition of each composite according to the weight distribution of the present elements, along with the mean density of each

sample
Sample Weight fraction of the compound (wt%) Weight fraction of the elements (wt%) 3
name PVA Fe304 Bi203  H c o Fe Bi plg/em’)
B1 67 30 3 0.0613 0.3653 0.3293 0.21708 0.02691  1.7300
B2 65 30 5 0.0595 0.3544 0.3241 0.2171 0.04485 1.7700
B3 63 30 7 0.0577 0.3435 0.3189 0.2171 0.0628 1.8100
B4 60 30 10 0.0549 0.3272 0.3111 0.2171 0.0897 1.8800
B5 100 0 0 0.0915 0.5453 0.3632 0.00000 0.0000 0.0130
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Primary Coltimater(pb)

Figure 1. Parallel narrow geometry simulated by the MCNP code for calculating attenuation coefficients in the present study
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Figure 2. The linear fitting for determination of the linear attenuation coefficient (i) of bismuth and iron elements

To ensure precision and thoroughness, we calculated
essential parameters such as the linear attenuation
coefficient (p), mass attenuation coefficient (u,),
effective atomic number (Ze), and electron density
(Ne¢). These calculations were carefully performed
within specific energy intervals, and the subsequent
sections will provide comprehensive details on the
methodologies and outcomes.

Calculation of Radiation Factors

The radiation properties of the five composites were
extensively evaluated by analyzing several important
factors. To estimate the mass attenuation coefficient
(up), two different techniques (MCNPX and XCOM)
were employed. The first one involved using the Monte
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Carlo N-Particle X (MCNPX) code version 2.6 [37] to
simulate photon particle behavior in a setup closely
resembling real conditions. The configuration, as shown
in Figure 1, involved two lead collimators: one for
initial source narrowing (collimator 1) and another for
removing scattered radiation (collimator 2). A point
source (see Figure 1) emitting photons with a single
energy was placed 5 cm deep within the first collimator.
A rectangular cube, serving as both a target and shield,
was positioned in front of the source with varying
thicknesses. The detector, in this geometry, was a
cylindrical cell containing sodium iodide with thallium
impurities, surrounded by additional cylinders. The
geometric efficiency of the detector and material
properties can be found in reference [38].
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The radiation intensity (1) in this cell was estimated
using the F4 Tally calculation, representing particle flux
in the detector cell, with 2 x 107 particles specified at
program entry (NPS), ensuring a relative error in
statistical calculations below 1%. To calculate the mass
attenuation coefficient (up) parameter in this setup, we
calculated the intensities with and without the test
material at different thicknesses (X), enabling the use of
the Beer-Lambert formula to determine p [1-2]:

I =Ie ™™ 2)

The implementation of this formula (Eq.2) is shown
in Figure 2. Linear fitting was performed to determine
the line slope (equivalent to p) for validation using iron
and bismuth at the selected energy of 0.0590 MeV. By
dividing the determined line slope values (n) by the
density of each element (pgi = 9.7490 g/cm?, pre =
7.8470 g/cm®), mass attenuation coefficients (up) were
obtained. After validating the calculations, the mass
attenuation coefficient factor for all five composites was
extracted using the same method. The program input
utilized the element distribution and density listed in
Table 1 to define the target cell material card.

The second method employed to estimate the mass
attenuation coefficients relied on accessing the NIST-
XCOM database [39]. This database offers the ability to
calculate total and partial mass attenuation coefficients
for various states (element/compound/mixture). The
following formula is used to calculate the mass
attenuation coefficient of a composite:

o =5=2w; C); )
where w; and (%)l- represent the weight fraction

and mass attenuation coefficient of the i element in a
given composition, respectively. The attenuation
coefficients of elements (Z=1-92) were calculated based
on datasheets classified by Hubble et al., allowing
calculation within the desired energy range (0.0010-
10000.0000 MeV here) [40].

Determining key quantities (W, pp) in a composite is
crucial since they enable the derivation of other
important parameters, such as the half-value layer
(HVL, the thickness to halve radiation intensity) and the
mean free path (mfp, the mean distance between
consecutive photon collisions) using the following
equations (4, 5):

HVL =2 @)
mfp =~ 5)

Two additional fundamental parameters utilized in
this study for enhanced radiation analysis of composites
were Zes (effective atomic number) and Ne (number of
electrons in mass). These parameters have significant
implications in medical radiation dosimetry for tasks
like calculating radiation dose in radiotherapy and CT
scans [41-42]. However, Ze and N are energy-
dependent when viewed in the context of photon energy,
making them valuable for understanding processes
within materials, such as changes in the photoelectric
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effect, Compton scattering, and pair production. This
radiation analysis method in materials has applications
in diverse fields, including biological environments
[41], composites, and radiation shields [32, 42-45].

To calculate Zetr, we employed dedicated software
called Auto-Zeff, previously developed and reported in
1998 [46]. However, a direct method also exists,
allowing the calculation of Ze through updated specific
formulas. Since both methods rely on the energy-
dependent mass attenuation coefficient, using updated
data to determine this quantity more accurately through
the second method is logical. To calculate Ze via the
direct method, we first calculated two factors: atomic
cross-section level (ca) and electron (oe) using the
following equations:

Oq = tm (6)

= W
Ng Z._l
i

where Na represents Avogadro's constant, and A
represents the atomic weight of the i element in
cm?/atom. The electronic cross-section was calculated
using this formula:

_ 1 5 K fid
oo = 3 L’

()

where Z;i and f; are the atomic number and fraction
frequency of the i element, respectively, with units in
cm?/electron. Finally, Zes was calculated by dividing o,
by oe:
Jq
Zeff = U_e (8)
Another important parameter, Ne, representing the
number of electrons per mass unit, can be calculated
after determining Zes:

N, = N, —</L ©)

In the above equation, N is expressed in electrons
per gram. The total mass attenuation coefficients
required to calculate Ze and N, for the five composites
were computed using calculations and data extraction
from the NIST-XCOM database [39].

In this study, we investigated iron and bismuth
properties at 0.0590 MeV energy, calculating their mass
attenuation coefficients. Using MCNP, we found
coefficients of 1.2550 cm#/g for iron and 5.4140 cm?/g for
bismuth, closely matching reference values from NIST-
XCOM (1.2590 cm?/g for iron and 5.4630 cmg for
bismuth). The difference was less than 0.1%, affirming
method accuracy and geometry design validation.

Based on the accuracy of the primary calculations, the
trend of changes in mass attenuation coefficients regarding
energy for the five studied compounds in Figure 3 can now
be comprehendible, where the values calculated through
XCOM are shown as a continuous line, and the results
extracted from the MCNP code at several energies are
represented through dots.

Also, for better understanding, the values of mass
attenuation coefficients in selected energy (0.0590 MeV)
are given in Table 2 regarding both methods. The
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computational deviation rate (MCNP relative to XCOM) is
also calculated in the last column of this table.

A glance at Figure 3 shows that matching the two
methods in other selective energies (matching of line and
discrete points) is seen in all cases, and this consistency is
also seen in the last column of Table 2, where the
maximum difference in values between the two methods
does not exceed 1%.

The process of mass attenuation alters for the five
composites can be outlined as follows: at low-energy
ranges (E < 0.1500 MeV), the effect of adding fillers is
well visible; thus, with the gradual addition of fillers to the
raw sample (B5), a significant increase is observed in mass
attenuation curves. In this area, sudden rises in the form of
sharp energy peaks are apparent in the diagram, and the
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fingerprints of bismuth are thoroughly visible in some
energies, such as 0.0026, 0.0027, 0.0032, 0.0037, 0.0040,
0.0134, 0.0157, 0.1640, 0.0905 MeV, belonging to the
recognized edges (K, L, M) [39]. Furthermore, the K-edge
energy peak belonging to iron (at 0.0071-MeV energy)
manifested in the same range of energy, which at energies
corresponding to these edges, a significant surge in the
photoelectric effect is expected. A negligible and
inconsiderable effect can be seen in the next energy range
by adding fillers to the composites. In other words, with the
addition of the filler, no superiority was observed in the
mass attenuation coefficient. It is noteworthy that
composites with fillers exhibit increasing curves above
10.0000 MeV, as illustrated in Figure 3.
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Figure 3. The trend of changes of total mass attenuation coefficients for B1-B5 composites in a wide energy range by MCNP and XCOM methods

Table 2. The values of mass attenuation coefficients obtained for the five composites studied through XCOM and MCNP methods at the 0.059 MeV selected

energy extracted from Figure 3

Sample name py(cm?gr) MCNP p(cm?/gr) XCOM Relative error%
B1 0.5634 0.5681 0.8240
B2 0.6598 0.6626 0.4240
B3 0.7520 0.7571 0.6760
B4 0.8941 0.8988 0.5230
B5 0.1953 0.1959 0.3020
40+
»{£=00164 MeV]
- (Direct Zeff #81)
(Direct Zeff #82)
30 —= (Diroct Zot #83)
— (Direct Zeoff 284)
[Ea 0.00711 MeV| - (Direct Zeff BS8PVA)
,5 20- ~ (AutoZeff B58PVA)

L) L] L)
10! 102 103

E(MeV)
Figure 4. The trend of changes in atomic number values in terms of energy for the five studied composites.

385

Iran J Med Phys, Vol. 21, No. 6, November 2024



Fariba Baroonzadeh, et al.

Radiation Shielding of PVA/Magnetite-Bismuth

2.5%x10%=

2x10%+

1.5x1024

N, (electron/gr)
LS
==

g

L
P =
=]

. S
5x1022+f \: \{. /
s PO, - [

0 T
107 102 10"

-&- Ne# B1

® Ne# B2

Ne# B3

Ne# B4

*~ Ne# BS

eI IR BIEwN

T T T 1
10" 10? 10° 104

E(MeV)

Figure 5. The estimated values of electron per gram unit in terms of energy for the five studied composites.

The trend of Zess changes in Figure 4 and Ne in Figure 5
at similar energy ranges (Figure 3) are shown here. The
accuracy of Zeff's calculations, the consequential quantity,
is shown in Figure 4, where Ze’s results are illustrated, for
example, B5 with good consistency with both direct and
Auto-Z methods. A simultaneous review of the Ze (Figure
4) and N (Figure 5) belonging to the five composites
includes several distinguished points to better illustrate the
radiation attenuation and absorption process. As seen in the
filler-free sample (B5), the atomic number and N have the
lowest values. However, in samples containing fillers of
bismuth and iron elements, by increasing bismuth
concentration, the values of the Ze and Ne showed a
significant increase. For example, the trend of changes in
Zes values among filler-containing composites, with the
lowest (B1) and highest (B4) concentrations of bismuth
oxide, reached from 22 to 26 at 0.0071 MeV, from 26 to 37
at 0.0164 MeV, and from 10 to 20 at 0.0905 MeV.

The assessment of the trend of atomic number
variations in terms of energy in composites showed that at
low energies (approximately less than 0.0160 MeV), the
Z significantly increased; thus, the highest Zes value of
36.6000 in the B4 composite (containing the highest
concentration of bismuth filler) is shown in the diagram.
Similarly, instant surges in some of the lower energies are
illustrated in the diagram. Accordingly, it is clearly
distinguishable how the energy absorption edges played an
important role in increasing the Z«s. On the other hand, the
increase in the Ze in this region can be attributed to the
dominance of the photoelectric effect over another possible
phenomenon (Compton). Therefore, this range can be
called the absorption region [43-44].

As illustrated, with increasing energy in the next range
(0.0160 < E < 0.0905 MeV), a declining trend in the Ze is
observed, and with approaching the next adsorption edge of
bismuth (Ek = 0.0905 MeV), the reversal trend
accompanies an increase in the Zer, and then a reduction is
observed again (up to an energy of less than 0.3560 MeV).
The reason for the decline in the Zeg (after undergoing a
reversal trend) was related to the reduction of the
photoelectric and its substitution with the Compton effect
[43-44]. The radiation attenuation is estimated in this
energy region.
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By tracking energy in both diagrams, the Zes and Ne
formed the plateau region, and this trend appears to have
continued at energies less than 3 MeV. In explaining this
trend, the dominance of the Compton effect (E < 1.2200
MeV) and the subsequent formation of the pair production
effect were cited as reasons for observing this trend.
Therefore, high distribution in this region is predictable.
However, in the region of higher energies, energy
dependence in the values of the Ze and N was observed
again along with the increasing trend. The cause can be
attributed to the dominance of the pair production effect
[43-44].

The data in Table 3 shows the values of p, HVL
thickness, and mfp at various photopeak energies for
commonly used radioactive sources. These sources include
Am-241 (0.0590MeV), Tc-99m (0.1400MeV), Ba-133
(0.3560MeV), Cs-137 (0.6620MeV), and Co-60
(1.2500MeV), which are suitable for a range of medical
diagnosis and treatment studies [6-8, 32]. The data was
obtained using MCNP and XCOM methods.

It was observed that the attenuation and absorption
processes improved by increasing the concentration of
fillers. This point can be confirmed by the HVL-reduced
value in each of the specific energies. For example, at
0.0590-MeV energy (which is in the range of the mean
radiation energy in most CT scan devices), the desired
improvement in the attenuation process can be found by
decreasing the HVL values from 2.7300 cm to 0.4100 cm
in the MCNP code (very similar to XCOM). The reason for
this issue may be better explained by referring to mfp
values. In other words, as is obvious in the mentioned
energy, mfp values in the samples containing the lowest
and highest amounts of fillers decreased from 3.9400 cm to
0.6000 cm. It means that in the presence of fillers with a
higher weight percentage of bismuth oxide, the distance
between the two consecutive photon collisions is reduced,
diminishing the thickness required to halve the HVL
radiation intensity. Also, evaluating the trend of changes in
the values of Table 3 shows that with increasing the given
energies, attenuation; and absorption decrease, and with
increasing photon energy and its higher penetration depth
in composite materials, HVL also increases.
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Table 3. Estimating the linear attenuation coefficient quantities, HVL thickness, and mfp for the studied composites in several selected energies by MCNP

and XCOM code methods
| MCNP XCOM

E(MeV) Sample p(em®) HVL(cm) mfp(cm) u(cm?) HVL(cm) mfp(cm)
B1 09700  0.7100 1.0300 0.9800 0.7100 1.0200
B2 11700 05900 0.8600 1.1700 0.5900 0.8500
B3 13600 05100 0.7300 1.3700 05100 0.7300

0.0590 B4 1.6800 0.4100 0.6000 1.6900 0.4100 0.5900
B5 02500  2.7300 3.9400 0.2500 2.7200 3.9300
Bl 03900  1.7900 2.5800 0.3900 1.7800 2.5600
B2 04700  1.4900 2.1500 0.4700 1.4700 2.1200
B3 05500  1.0100 1.4600 0.5600 1.2400 1.7900

0.1400 B4 06900  1.0100 1.4600 0.7000 0.9900 1.4300
B5 02000 35300 5.0900 0.2000 3.5500 5.1200
Bl 01900  3.6000 5.1900 0.1900 3.6000 5.2000
B2 02000  3.3900 4.8900 0.2000 3.4200 4.9400
B3 02100  3.2500 4.6900 0.2100 3.2400 4.6800

0.3560 B4 02300  3.0100 4.3500 0.2300 3.0000 4.3300
B5 01400  4.9400 7.1200 0.1400 4.8900 7.0600
Bl 01400  4.8900 7.0600 0.1400 4.8900 7.0600
B2 01500  4.7600 6.8600 0.1500 4.7500 6.8600
B3 01500  4.6200 6.6700 0.1500 46100 6.6600

0.6620 B4 01600  4.4200 6.3700 0.1600 44100 6.3600
B5 01100  6.3200 9.1200 0.1100 6.34000 9.1400
Bl 01000  6.7000 9.6700 0.1000 6.7200 9.7000
B2 01100 65600 9.4700 0.1100 6.5700 9.4800
B3 01100  6.3900 9.2200 0.1100 6.4300 9.2700

12500 B4 01100  6.2300 8.9900 0.1100 6.2100 8.9500
B5 00800  8.6000 124100  0.0800 8.5900 12.4000

Discussion

Five different composites made of PVA, magnetite,
and bismuth oxide were analyzed in this study.
Numerical calculation and modeling methods were
utilized in the MCNP code, along with data from the
NIST-XCOM database, to evaluate their protective
capabilities across a broad range of energies (0.0010-
10000.0000 MeV). It appears necessary to mention a
few points here:

The first point underscores the crucial selection of
magnetite and bismuth oxide fillers in this study,
emphasizing magnetite's unique properties and well-
documented biocompatibility [25-28]. Despite the use of
magnetite in shielding non-ionizing electromagnetic
waves [47-49], it seems that the use of magnetite
properties in constructing and designing radiation
shielding materials (especially photon ionizing
radiations) is at the beginning of the road and has been
seen in only a few studies [31-33]. Instead, applying
bismuth oxide in the design and construction of polymer
composites, along with its special efficiency in
absorbing low- and medium-energy ionizing photons,
has been reported in previous studies [5-6]. Despite the
specific and clinical use of bismuth in shielding
superficial and radiation-sensitive tissues in diagnostic
processes, especially their long history in CT scans, its
efficiency has been seriously challenged in many studies
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due to the imbalance between reducing the dose in the
patient and the image quality [17, 19-21], and even the
discouragement to use it has been raised [22]. The main
reason for this challenge may be related to the
overproduction of secondary radiation after collisions,
which reduces image quality. Therefore, the approach to
materials with low atomic numbers (Low-Z) may be a
basic solution to further alleviate secondary radiation [3,
32]. Recent investigations have delved into the
substitution of bismuth with lower atomic number
materials, such as copper, yielding promising outcomes
[50-51].

The second point here is related to the usefulness,
though few, of low atomic number fillers such as
magnetite.

Srinivasan et al. numerically studied the use of
magnetite in PVL in the presence of photon sources
equal to the energies used in CT scans [31]. Hosseini et
al. also examined numerous compounds of
magnetite/polyethylene and demonstrated its efficiency
in diagnostic processes in radiology and nuclear
medicine [32].

The third point, as seen in this study, was that the
addition of magnetite fillers (with a constant weight
percentage of 30%), along with bismuth oxide (with
different percentages, 3%, 5%, 7%, and 10%) to the
matrix (PVA), could lead to a significant increase in the
radiation attenuation and absorption process. This
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superiority was well seen up to medium energies (E ~
356.0000 keV). This point was observed by examining
the trend of mass attenuation coefficients (Figure 3),
along with the emergence of sharp energy peaks
(increase in absorption at low energies [E < 0.1000
MeV]), which were consistent with the edges of energy
absorption feature of bismuth and iron elements.
Assessing the trend of alterations in the Zeff and Ne
respecting energy (Figures 4 and 5) first showed a
similar trend of changes and is consistent with previous
studies [43-44]. In the mentioned studies, also, similar
methods were used to describe the behavior of materials
in the presence of radiation (the study of the
photoelectric effect, Compton effect, and even pair
production).

The results of this study showed that at low energies
(E < 0.1000 MeV), the increase and dominance of the
photoelectric effect led to more absorption, and in the
next range (0.1000 < E < 0.3560 MeV), the Compton
effect was substituted with the photoelectric effect. The
increased probability of the Compton effect can lead to
absorption and attenuation. However, at higher energies
(E >0.3560 MeV), scattering is predicted due to the
dominance of the Compton effect (observing the plateau
and energy-independent region in the curves in Figure
4), and finally (E > 1.2200MeV), the emergence and
subsequent dominance of the pair production effect in
filler-containing composites (B1-B4) are well predicted.

Finally, a numerical analysis, p quantities, HVL, and
mfp at five selected energies of 0.0590, 0.1400, 0.3560,
0.6110, 1.2500 MeV demonstrated an improved
radiation absorption process by increasing the weight
concentrations of the bismuth oxide filler, which was
remarkable compared to the raw sample (B5). However,
with increasing energy (as a result of more photon
permeability) in samples (B1-B4), as expected, a
diminishing trend in photon absorption was observed.
The trend of alterations in mfp values and its
dependence on the material type (1) and photon energy
(E) in all composites (B1-B5) are well consistent with
the principles cited in references [1, 2].

Considering all the above-mentioned points, the
method used in this research aimed to reduce bismuth
(as a high atomic number, Z = 83) and substitute a part
of it with magnetite (with a lower atomic number, Z =
26), and PVA (as a biopolymer compatible with a low
atomic number), may be considered a novel approach to
address the needs and overcome the present challenges
in radiation shields. Since the investigated mean energy
range (0.0500-0.0800 MeV) is applied in multi-detector
CT scan (MDCT) and dual-energy CT scan devices
which correspond to 80.0000 to 140.0000 kVp [52] and,
on the other hand, a desirable behaviour was observed in
radiation absorption and attenuation, the continuation of
this study can be well justified on operational phases.

Conclusion

The attenuation and absorption of ionizing photon
radiation in five composites with varying weight
fractions of PVA, magnetite, and bismuth oxide were
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estimated and analyzed. This was achieved through
modeling and calculations utilizing the Monte Carlo
simulation code and XCOM.

In the presence of the mentioned fillers
(magnetite/bismuth  oxide), considerable radiation
absorption and attenuation were observed compared to
the filler-free sample (raw PVA). However, with
increasing the amount of the bismuth oxide filler, these
superiorities were observed in the graphs of mass
attenuation coefficients up to the medium energies. In
confirming these observations, the trend of changes in
the Zeff and Ne in different energy ranges showed
increased absorption due to the dominance of the
photoelectric effect in the low-energy region (<0.1000
MeV), attenuation due to substitution, and the increasing
trend of the Compton effect (0.1000 < E < 0.3560
MeV), and scattering at higher energies (E > 0.3560
MeV), is first due to the dominance of the Compton
effect, and finally, the emergence and dominance of the
pair production effect (E > 1.2200 MeV). This
superiority was also seen by the quantitative analysis of
the HVL, MFP, and p at several selected energies
(0.0590, 0.1400, 0.3560, 0.6110, 1.2500 MeV); thus, by
increasing the concentration of the bismuth oxide filler,
the HVLs decreased to a desirable amount; however, for
each given composite, this amount increased as the
energy increased.

The importance of the composites studied in this
research can be summarized as follows: First,
introducing new lead-free compounds to meet the
challenges of lead (such as toxicity and high weight of
products) with desirable efficiencies at the same time in
the range of low and medium energies of ionizing
photons.

The second fact that should not be overlooked is the
possibility of reducing bismuth as much as possible and
substituting it with materials with lower atomic
numbers, such as magnetite and PVA. The method used
in this study is expected to culminate in less secondary
radiation than pure bismuth. This issue can be
considered especially in designing the shielding
materials of superficial and sensitive tissues in
radiological diagnostic processes (especially CT scans)
and designing aprons. Therefore, according to the
promising results of this study, researchers strongly
recommend further studies and the beginning of the
practical phase of construction and experimental studies
of the shielding features of these composites.
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