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Abstract–Given the lack of data on radiation shielding properties of ironoxide (magnetite) against gamma-
rays, this study addresses radiation shielding characteristics of a novel lead-free material, namely magne-
tite/high density polyethylene (HDPE/Fe3O4) nanocomposite for diagnostic radiology and nuclear medicine
purposes.Thus, radiation shielding characteristics of this nanocomposite, including mass attenuation coeffi-
cients, half-value layer (HVL) and transmittance (I/I0%) valuesat various concentrationsnamely 0, 1.16,
1.93, 3.87, 5.8, and 7.74 wt % were obtained viathe MCNPX code at low and medium energies. The simula-
tion simulation results exhibited a good agreementwith the other approaches namely XCOM and XMuDat
programs. Besides, the effective atomic number was calculated using direct-method and Auto-Zeff software.
The results showed that with an increase in the magnetite wt %, the mass attenuation coefficients underwent
an increasing trend followed by the effective atomic number.
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1. INTRODUCTION
Iron and its alloys are important elements with

many applications in various industries. Magnetite
(Fe3O4) and hematite (Fe2O3) are two known chemi-
cal forms of iron that can be synthesized in very small
physical dimensions (micro and nanometers) via dif-
ferent methods. Their high biocompatibility and their
ability to be synthesized in the mentioneddimensions
have led to a unique form of iron [1–4].

Magnetite displays high superparamagnetic prop-
erties as well as specific electrical conductivity in
nanometer dimensions ( 100 nm) [1, 3–5]. Thus,
magnetiteor its compounds have received serious
attention as contrast agents in MRI imaging to replace
conventional materials [6–8]. Accordingly, the effec-
tive use of magnetite compounds in dyeing, photoca-
talysis, drug delivery, magnetic field maintenance,
cancer treatment by hyperthermia [8–10], and the
study of nanocomposites for electromagnetic
shields account for the growing interest in this material
[11, 12].

In addition to the unique properties detailed above,
iron nanoparticles can be used to design radiation
protection nanocomposites due to their several
advantages: First, iron shows absorption and attenua-
tion properties against photon radiation from X
and gamma rays. For example, at low energy levels
( 7 keV), due to significant increases in the probabil-
ity of photoelectric interaction, radiation absorption
rate can increase greatly [13]. Besides, iron has a lower
atomic number (Z = 26) than conventional materials
such as lead and bismuth. Although the low radiation
absorption efficiency may be considered a defect at
first glance, reducing the secondary radiation due to
lower atomic numbers can be considered an advantage
for shielding materials such as markers and protective
materials for sensitive organs. These materials are
often located near the body to reduce exposure during
diagnostic processes [14–17]. As a low-Z adsorbent,
iron is expected to be effective in other respects as well.
Since the use of low-Z adsorbents (such as aluminum)
has already been proven effective in diagnostic radiol-
ogy and the presence of low-energy photon sources
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Table 1. The weight fraction values of the elements and total density (gr/cm3) for the six samples based on the initial data

Sample Contents (% Fe3O4) H C O Fe ρtotal, g/cm3

1 0 (raw HDPE) 0.144 0.856 0 0 0.952
2 1.160 0.142 0.847 0.003 0.008 0.961
3 1.930 0.141 0.840 0.005 0.014 0.967
4 3.870 0.138 0.823 0.011 0.028 0.983
5 5.80 0.135 0.807 0.016 0.042 0.999
6 7.740 0.133 0.790 0.021 0.056 1.009
[18], this class of materials can play a vital role in the
design of space shields [19–21]. Thus, despite recent
studies on radiation shields produced from materials
with high atomic numbers such as lead, bismuth and
tungsten [22–24], iron and its compounds are
expected to display unique capabilities.

Despite all the benefits detailed above, there seems
to be a long way to go before making use of iron com-
posites as X-ray and gamma adsorbents, and previous
studies have addressed only a few cases of their appli-
cations [25–31].

This being so, the present study focuses on nano-
composites protective properties, including high-den-
sity Polyethylene (HDPE) and magnetic nanoparti-
cles (Fe3O4) for protection against X-ray and gamma
rays using three MCNPX, XCOM, and XMuDat
approaches.

2. MATERIALS AND METHODS
2.1. Calculating Mass Attenuation Coefficients

This simulating work was conducted to evaluate
different aspects of HDPE and Fe3O4 to be used as
shielding materials against X-ray and gamma rays. To
consider these materials for radiation shielding appli-
cations, it is necessary to calculate various parameters,
including the mass attenuation coefficient at different
energies and the other quantities, including HVL and
TVL. High density polyethylene (thereafter called
Polyethylene) has desirable mechanical properties,
high thermal durability, and the ability to chemically
combine with different types of fillers [31, 32]. This
polymer with the general (C2H4)-n formula comes in
different grades. However, HDPEwith density of
0.985 gr/cm3 as a relative cheap polymer, is available in
large quantities. Magnetite (Fe3O4) can be prepared-
with a density of 5.1 gr/cm3 and average dimensions of
30 nm. This study focused on six compounds with dif-
ferent weight fractions of Fe3O4 including raw poly-
ethylene (0 w/w% Fe3O4), 1.2%, 1.93%, 3.9%, 5.8%,
and 7.8% Fe3O4. The reason for using these values for
the samples can be justified according to the other
investigations in the literature considering the proba-
bility of occurring agglomeration effect for the poly-
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mer nanocomposites filled with nanoparticles above
10 wt % [33–35]. Table 1 presents more details about

the properties of the samples.
MCNPX 2.6 Code with remarkable particle trans-

port simulation capability was used to investigate the
attenuation/absorption properties of the samples.
First, a validated narrow beam configuration (Fig. 1)
was used. Cesium Iodide (CsI) material with a density
of 4.51 gr/cm3 was defined as the detector in Cell 1.
The source in the code was defined as an anisotropic
and collimated point with a lead chamber and aperture
(Cell 2) that, like a gamma source (NPS = 1E+7),
produced and emitted particles into the simulation
medium. Each time the program was run, single
energy photons with energies of 15, 59, 122, 356, 511,
and 511 keV were considered low and medium energy
particles. In the program, F4 tally was used to calcu-
late the volume flux of the particles in the detector as
photon radiation intensity. Here, the air (green color)
was considered inside cell 4, and was assumed to be
void out side the universe. The energy cut-off in the
program was also equal to 1 keV.

The linear attenuation coefficients of each com-
pound were calculated at a given energy level using the
following Beer-Lambert formula [36, 37]:

(1)

where  and  are the F4 tally outputs calculated at
the termination of each run in the absence and pres-
ence of the shielding materialrespectively, and x is the
thickness of the target under analysis. In this study, the
linear fitted curve (Fig. 2) was used to calculate the
linear attenuation coefficients.

After calculating , the HVL can be measured
using the following equation:

(2)

The mass attenuation coefficient, calculated as the
linear attenuation coefficient divided by density
( / ), and the  value as a transmittance factor
[37] were used for the analysis of the attenuation and
absorption behaviors of the nanocomposites.

≈

μ 0ln( / )= ,I I
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Fig. 1. The designed geometry layout of the narrow beam
in MCNPX code, including CsI detector (cell 1), a lead
collimator (cell 2), and the target (cell 3) with a point
source surrounded by the collimator, and the environment
(cell 4).
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Fig. 2. A linear fitted curve: ln(I0/I) values in different
thicknesses (x) for raw Polyethylene. The calculated slope
(corresponding to the linear attenuation coefficient) and
the degree of linearity (R2) are shown in the curve.
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In addition to the above equations, the mass atten-
uation coefficients were calculated via two other
methods. In the first method, through online access
and definition of the mentioned compounds using
XCOM [38], the attenuation coefficient values of the
elements (Z = 1–92) were tabulated by Hall et al.
(1992) [39]. Besides, in the third method, XMuDat
software was used based on the data tabulated by
Boone et al. (1998) [40].

2.2. Calculating the Effective Atomic Number

When analyzing the attenuation rate of photons in
a substance, the effective atomic number (Zeff) and its
behavior play an important role in determining the
absorption and attenuation of radiations [41].

There are several ways to calculate the effective
atomic number (Zeff). For example, in the comparative
method, this quantity is defined as follows:

(3)

where a and e are atomic and electronic cross-sec-
tions respectively and are defined via the following
equations for a composite consisting of different ele-
ments:

(4)

(5)

where NA is the Avogadro number,  and  are the
atomic mass and the atomic number of element i,  is
the number of atoms in the molecule, and  is the
atomic fraction of the element in the composite.

Besides,  in Eq. (4) estimates the effective
molecular cross-section and is related to the total mass
attenuation coefficient ( / ) through the following
equation [41, 42]:

(6)

Finally, the effective atomic number in the interac-
tion of photons with the composite can be directly cal-
culated by the following practical formula:

(7)
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here, Ai and Zj are the atomic weight and atomic num-

ber, respectively, and  is the total mass attenua-

tion coefficient for the element, which varies depend-
ing on the photon energy. Further details about this
method can be found in [43, 44].

In the present study, the effective atomic number
values for the six composites with the properties listed
in Table 1 were calculated by two methods. Eq. (7) was
used in the first method to calculate the values, while
the mass attenuation and energy absorption coeffi-
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Fig. 3. The approximate values of mass attenuation coefficients versus photon energy: The absorption half-value layers in the
Iron-containing composites (E ~ 7 keV) are also shown for the samples understudy.
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cients were extracted from the data proposed by Boone
et al. [40]. In the other method, the Auto-Zeff soft-
ware was used to calculate the mentioned coefficients.
It should be noted that extensive energy sources can be
defined as single and multiple energies in this soft-
ware. In addition to the possibility of defining materi-
als and compounds (based on user needs), some well-
known important compounds such as bone, some
widely used polymers, etc., are defined by default
based on the software standards [45].

3. RESULTS

3.1. The Mass Attenuation Coefficients 
and Effective Atomic Number in the Composites

Figure 3 presents the approximate values of the
total mass attenuation coefficients (taking into
account the coherent scattering) for the six selected
compounds in the presence of photons at different
energy ranges (0.001–50 MeV) using XMuDat soft-
ware.

As shown in Fig. 3, raw polyethylene displays lower
attenuation values compared to other samples at all
energies. Besides, absorption/attenuation coefficients
undergo significant changesin the energy range of
1‒100 keV in other weight percentages, as shown in
the curve. Furthermore, an increase in the iron con-
centration (w/w%) increases the attenuation rate, with
sharp peaks revealed in the samples at low energy
(~7 keV), which can be attributed to Iron (Fe-26) K-edge
absorptions. In general, the data highlight an upward
trend in the attenuation coefficients in the samples.
MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 76 
Table 2 shows the values of the total mass attenua-
tion coefficients calculated at the predetermined
energy levels (15–511 keV) using the three MCNPX,
XMuDat, and XCOM approaches. As can be seen,
although there is a good agreement between the calcu-
lated values in the three methods, there is a slight dif-
ference (up to 15%) between the values obtained using
the MCNPX and XMuDat methods. This difference
can be attributed to statistical errors in the geometry
and calculations performed by Monte Carlo and the
cut-off for the photon energy. Furthermore, different
values of the mass attenuation coefficients of the ele-
ments in the data libraries of the programs can be
another reason for this discrepancy. For instance, in
composite #6 (containing 7.74% Fe3O4), there is a dif-
ference in the second digit after the decimal point
(3.933 vs. 3.924 cm2/g) in the attenuation coefficients
at the energy level of 15 keV energy calculated using
XCOM and XMuDat. However, as the energy
increases, this difference becomes almost negligible.

The changing trend of the mass attenuation coeffi-
cients shown in Fig. 3 can be explained by looking at
the effective atomic numbers curves (Fig. 4). As can be
seen, the effective atomic numbers have changed sig-
nificantly at energies less than 100 keV. For instance,
the effective atomic number has reached its maximum
at the energy level of ~7 keV, undergoing a downward
trend afterward.However, no significant difference is
remarked at the energy level above 100 keV.

Besides, the corresponding values calculated using
the two methods show some differences. However,
this difference is slightly more noticeable at low ener-
 Suppl. 1  2021



S56 HOSSEINI et al.

Table 2. The total mass attenuation coefficients estimated at five energy levels for the studied composites using three differ-
ent methods

E, keV
μ/ρ (cm2/g) by MCNP μ/ρ (cm2/g) by XMuDat μ/ρ (cm2/g) by XCOM

15 59 122 356 511 15 59 122 356 511 15 59 122 356 511

#1 0.681 0.191 0.133 0.096 0.085 0.748 0.198 0.163 0.114 0.098 0.746 0.198 0.163 0.114 0.099
#2 1.151 0.174 0.134 0.098 0.086 1.226 0.207 0.163 0.114 0.098 1.222 0.207 0.164 0.114 0.098
#3 1.460 0.211 0.134 0.098 0.085 1.542 0.212 0.164 0.113 0.098 1.538 0.213 0.164 0.114 0.098
#4 2.247 0.190 0.135 0.098 0.086 2.341 0.227 0.165 0.113 0.098 2.335 0.228 0.166 0.114 0.098
#5 3.038 0.205 0.138 0.098 0.084 3.135 0.242 0.167 0.113 0.098 3.127 0.242 0.167 0.113 0.098
#6 3.837 0.218 0.139 0.084 0.083 3.933 0.257 0.168 0.098 0.097 3.924 0.257 0.168 0.098 0.097
gies (<100 keV), which can be attributed to the differ-
ences in the attenuation coefficients of the elements at
low energies, as evident in other studies [41, 42].

3.2. Half-Value Layer (HVL) Values 
of the Nanocomposites

The curves in Figs. 5a–5e show the HVL values for
each nanocomposite at different energy levels. As
expected, at very low energies (15 keV), only a few mil-
limeters (maximum 1 cm) are necessary to halve the
radiation intensity. This trend also improved as the
weight percentage of Iron increased. For instance, at
the highest concentration (7.74%), only 0.18 cm is
needed to halve the radiation intensity, as was con-
firmed by the results obtained via the three methods.
However, HVL values continue to increase at higher
energies. Depending on the Iron oxide concentration
in the samples, the thickness required to halve the
radiation intensity is estimated as 2–4 cm at 59 keV,
MOSCOW UNIVER

Fig. 4. The effective atomic number changes for the six comp
Auto-Zeff methods.
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4.5–5 cm at 122 keV, 6–7.5 cm at 356 keV, and finally
7–8.5 cm at 511 keV (see Fig. 5 for more details).

3.3. The Transmittance Values in the Nanocomposites
To evaluate the attenuation/absorption behavior of

the samples as markers with potential applications in
radiology and nuclear medicine, the  % curve can
be examined [29], as shown in Fig. 6.

It should be noted that radiology markers, depend-
ing on the amount of radiation passing through the
material, fall under the two categories of radiopaque
(~100% absorption and close to zero percent transmit-
tance) or radiolucent (transmitting a higher percent-
age of radiation) [46].

Figures 6a–6e  show the mean transmittance val-
ues for the six nanocomposites with thicknesses of 0.1
to 5 cm at different photon energies. As shown in
Fig. 6a, the nanocomposites display good radiolucent
properties at the lowest energy (15 keV). In other
words, the first step of increasing the magnetite con-
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Fig. 5. Estimating theHVL values at different energies
including (a) 15, (b) 59, (c) 122, (d) 356, and (e) 511 keV
using three different approaches
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centration (1.16%) led to the crude polymer displaying
radiation absorption of close to 100% at a thickness of
3 cm. However, as the concentration increases, the
thickness decreases so that at its maximum concentra-
tion, the magnetite materials should be 1 cm thick for
MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 76 
almost complete absorption of photon radiation at this
energy level.

Besides, as the energy increases to 59 keV (Fig. 6b),
the nanocomposites started to display radiolucent
properties, so that the transmittance rate varies from
30% to 90% at the minimum and maximum thick-
nesses. It should be noted that as the concentration of
the filler increases, the radiation absorption at this
energy level is still considerable. However, with
increasing energy (Figs. 6c–6e), this advantage disap-
pears and becomes almost imperceptible. For exam-
ple, the transmittance rate of the all samples was
examined at 511 keV, as shown in Fig. 6e. As can be
seen, all the samples have shown almost the same
behavior at this energy level. This trend can, of course,
be predicted with the trend observed in Figs. 3 and 5.
In other words, Zeff undergoes almost similar changes
at this energy level and even higher levels in all six sam-
ples. As shown in Fig. 6e, the absorption and transmit-
tance are almost equal (~65%) in all samples at the
maximum thickness.

4. DISCUSSION

This study explored the absorption and attenuation
properties of six composites with different magnetite
and raw polyethylene concentrations at different
energy levels using the three MCNPX, XCOM, and
XMuDat approaches. The results indicated that the
mass attenuation coefficients calculated via the three
methods exhibited a good agreement. Nevertheless,
the differences at low energy levels were sometimes
significant due to the variability of library data.
Besides, the attenuation/absorption variations were in
good agreement as indicated by the effective atomic
numbers (Zeff) calculated using the two methods. The
Zeff variations for the six samples showed the attenua-
tion/absorption optimalityat energies less than
100 keV. Moreover, the samples in question exhibited
radiopaque properties at 15 keV while these properties
tended to become radiolucent at higher energies.
Since this energy range is widely used in diagnostic
processes such as mammography and general radiog-
raphy, these composites can also be considered for
manufacturing high-performance shields.

A few points deserve serious attention to under-
stand the importance of iron-containing materials as
adsorbents in radiology and nuclear medicine.
Researchers have shown a growing interest in nano-
composite materials containing iron [25–30] due to
their abundance and availability and their high com-
patibility with the environment [1–4, 9, 10]. However,
the use of these materials in radiation science still
seems to be in its infancy. As was noted in this study,
composites containing iron and raw polyethylene
showed the absorption and attenuation capabilities at
the low and medium energy ranges. Thus, they are
widely used in radiology and diagnostic nuclear med-
 Suppl. 1  2021
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Fig. 6. The transmittance values for the six samples at the photon radiation of (a) 15, (b) 59, (c) 122, (d) 356, and (e) 511 keV.
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icine, as highlighted in previous studies [27–30].
Analysis of the attenuation and absorption properties
of the nanocomposites revealed the particular shield-
ing characteristics of iron in the presence of photons.
Accordingly, since this element has K-edge at the
energy level of ~7 keV [13], it can be considered a light
and non-toxic protection in low-energy applications
(e.g., mammography and general radiology). Besides,
in cases where there are no space and cost constraints,
these composites can be used at higher photon ener-
gies, especially in diagnostic nuclear medicine and CT
scans as these materials generate lower secondary radi-
ation and have higher biocompatibility.

The second point to note is the unique properties of
Iron in absorbing and attenuating radiation compared
to other materials. Since materials such as lead, bis-
muth, and barium have high atomic numbers, and
because of their high efficiency, they have traditionally
been used to design shields for use indiagnostic radiol-
ogy and nuclear medicine [17, 22–24, 36, 37]. How-
ever, the formation of secondary radiation (often
accompanied by scattered photons) is ignored [14, 15,
17]. In other words, although Iron has a lower effi-
MOSCOW UNIVER
ciency in absorbing radiation than conventional mate-
rials due to its low Z, and consequently its lower radi-
ation absorption, it produces less secondary radiation
due to its lower atomic number [47]. For example,
Iron compounds incorporated into a polymer matrix
(with a small atomic number) as radiological markers
generate secondary radiation and subsequently reduce
the radiation dose, especially in the patient skin.
Besides, these compounds play an essential role in
maintaining image quality during the imaging proce-
dure.

The last issue of interest is using this composite to
protect sensitive organs such as the eyes, thyroid
gland, and genitals during diagnostic procedures such
as CT scans when the tube current modulation (TCM)
has been applied. Several studies have recently shown
that the use of high atomic number materials such as
bismuth to protect sensitive organs reduces image
quality, while a decrease in the unwanted dose was
reported [17, 48]. As a result, low-atomic-number
materials such as Iron can be considered suitable can-
didates to replace such materials. Hence, future stud-
ies need to further attest the mentioned points.
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5. CONCLUSIONS

This study explored the shielding properties of
HDPE/Fe3O4 nanocomposite at six different weight
percentages of the inclusions namely 0, 1.16, 1.93,
3.87, 5.8, and 7.74 wt % against the photons at low and
medium energies using the three MCNPX, XCOM,
and XMuDat computational approaches. Depending
on the magnetite concentrations, HVL values were
estimated as 2–4 cm at 59 keV, 4–5.5 cm at 122 keV,
6–7.5 cm at 356 keV, and 7–8.5 cm at 511 keV energies.
Besides, at low energy (e.g., 15 keV), radiopaque prop-
erties were observed in all samples, in addition to
radiolucent properties displayedat higher energies.

These compounds show radiolucency and radi-
opaque properties against radiation, depending on the
average photon energy and the concentration of Iron
oxide in the nanocomposites. Iron, with its low atomic
number compared to conventional materials such as
bismuth and lead, can produce less secondary radia-
tion while absorbing and attenuating the radiation.
This highlights the need for further studies on the
applications of iron-containing nanocomposites as
skin markers in medical imaging and their use as non-
toxic substances to protect sensitive organs during
diagnostic processes. Accordingly, it is recommended
to conduct further studies on iron-containing nano-
composites.

The data in this study showed that HDPE/Fe3O4
nanocomposite potentially can be used as skin mark-
ers with imaging applications and protection of sensi-
tive organs. The superiority of the nanocomposite over
high-Z materials can be found in terms of lower sec-
ondary radiations generations, taking into account the
quality of the images. Thus, these compounds can be
considered as X- and gamma-rays shielding materials-
with energies lower than 122 keV to be used in diagnos-
tic radiology and nuclear medicine.
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