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Abstract

Technical Note

IntroductIon

Radiotherapy techniques are commonly used for the treatment 
of cancerous tissue and nonmalignant diseases such as 
pterygium, thyroid eye diseases, and pigmented villonodular 
synovitis. During a typical treatment, normal tissue is also 
exposed which is near to the treatment site, and shielding 
materials are used to avoid such unwanted exposure.[1] Lead 
is one of the commonly used shielding materials due to its 
physical properties and availability of different forms such 
as powder, glass, lead-polyethylene-boron mixture, and 
lead-impregnated rubber.[2] Conventional shielding materials 
such as mercury and lead have some limitations such as their 
toxicity, high cost, and higher density; due to these limitations, 
researchers were always interested in finding new nontoxic, 
cost-effective, and low-density shielding materials. Several 
research groups have investigated a variety of materials which  
satisfied these requirements.[1,3,4]

For high-density radiation shielding concrete, magnetite is 
the most commonly used one and it is an oxide of iron which 
is strongly magnetic. Low-cost and high-density hematite is 
also an oxide of iron which is used as gamma/X-ray shielding 
materials.[5] Magnetite with steel and magnetite concentrate 
ore, cement, and water give better radiation shielding properties 
compared with ordinary concrete.[6,7] Polymer composite has 
the advantages such as better shielding against x/gamma rays 
when mixed with high atomic number materials. Additionally, 
when mixed with hydrogen rich materials, it provides  effective 
shielding against fast neutrons. Other benefits are less 
weight, commercially available, and less secondary radiation 
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compared with pure metal shielders. It has many advantages, 
like protective enclosure for device and humans in hospitals, 
shielding spacecrafts, and nuclear power plants.[1,8,9]

Metallic polymer nanocomposite has enhanced physical 
properties compared with its counterparts in macroscale such 
as thermal, mechanical, optical, and electrical properties.[10,11] 

Polyethylene and borated polyethylene are used as neutron 
shielding materials. However, when exposed to continuous 
radiation, their mechanical properties, thermal stability and 
durability turn poor.[1] In recent years, few research groups 
have studied the shielding properties of polymer nanocomposite 
materials. Among them, Shruti Nambiar et al. studied the radiation 
shielding effectiveness of polydimethylsiloxane/bismuth oxide 
nanocomposite. Their result suggests that 44.44 wt% of bismuth 
oxide and 3.73 mm thick polydimethylsiloxane/bismuth oxide 
nanocomposite attenuated all the scattered radiations from 60 
kV X-rays.[12] Badawy et al. developed a nanocomposite based 
on the magnetite with polyvinyl alcohol (PVA). They concluded 
that the PVA/magnetite nanocomposite film showed enhanced 
radiation shielding properties. It may be due to the fact that 
saturation magnetization M

s
 is lesser than pure magnetite due 

to the presence of PVA and superconducting behavior at room 
temperature.[13]

Radiation shielding properties of many materials have 
been verified by several authors with the help of theoretical 
calculation or experiments or both, for polymers and plastics,[4,14] 

superconductors,[15] alcohols, phantom and human organs and 
tissue substitutes,[16] silicate and borate heavy metal oxide 
glasses,[2] poly boron,[17] building materials,[18] various ores,[5] and 

some alloy materials.[19] The present analysis theoretically verifies 
the radiation shielding effectiveness of PVA/magnetite-polymer 
composite with the help of relevant radiation shielding properties 
over the energy range of 15 keV–20 MeV and results are 
compared with the previously published data.

subjects and Methods

Mass attenuation coefficients (µ/ϼ) of pure elements are 
generated with the help of WinXCOM database.[20] According 

to the published literature, radiological properties such as mass 
attenuation coefficient (µ/ϼ) and gamma ray transmission 
factor (TF),[17] computed tomography number,[21] density,[22] 

effective atomic number, electron density, and the number of 
electron per gram are calculated.[23]

KERMA relative to air
Mass absorption coefficients (µ

en
/ϼ) are connected with 

kinetic energy released per unit mass (KERMA) described by 
Manohara et al.[24] and Mann et al.[25]
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are the mass energy absorption 
coefficients of composite and air, respectively, and K

a
 is the 

KERMA relative to air.

Relaxation length, half‑value layer, and tenth‑value layer
Photon mean free path is also called relaxation length. It is 
defined as the average distance between the two successive 
interactions. This can be represented by the following equation:
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where,
µ (cm-1) and x are the linear attenuation coefficient and absorber 
thickness, respectively. exp-is the exponential (2.718).

Half-value layer (HVL) and tenth-value layer (TVL) are 
defined as the attenuating material thickness required reducing 
the intensity as 1/2 and 1/10 of its original intensity.[17] It can 
be expressed as,

HVL TVL
µ µ

= =
0 693 2 3026. .

,

results

Uncertainties
Uncertainties are possibly related to the mass absorption 
coefficient (µen/ϼ) and mass attenuation coefficients (µ/ρ). 
which is <1% for elements (1 < Z < 8) at 0.03–0.1 MeV. And, 
for photon energy 0.03 > E > 0.1 MeV error was 5%–10%.   
For medium Z elements (11 < Z < 29) 1%–2% for 0.01–0.1 
MeV and 2%–3% for 1–100 MeV.[20] These errors  are not 
going to make much difference in our results.

Elemental weight fraction, effective atomic number, 

number of electrons per gram, and electron density
Our aim was to develop the nontoxic, less weight, and flexible 
biological shielding materials against gamma/X-rays. At higher 
concentration of magnetite, polymer composite may be losing 
their flexibility and the weight is increased. Hence, we studied 
only up to 0.5% of metal oxide (Fe

3
O

4
) in the PVA.

For checking the reliability of our calculation, we selected the 
well-known compound water and calculated its radiological 
properties which were in good agreement with previously 
published data (not shown in the manuscript). Table 1 shows 
calculated values of elemental weight fraction, effective 
atomic number (Z

eff
), the number of electrons per gram (n

e
), 

and electron density (ϼ
e
) for PVA/iron oxide composite with 

five different concentrations of magnetite. Z
eff

 and ϼ
e
 increased 

with increasing concentration of magnetite, and the numbers 
of electrons per gram decreased. The addition of magnetite 
increases the percentage of Fe (iron) in the polymer composite.

Mass attenuation coefficient (µ/ϼ), linear attenuation 

coefficient (µ), and computed tomography numbers 

(Hounsfield unit)
For the validation of attenuation coefficient, we performed 
the calculation for water and compared with WinXCOM 
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database [Figure 1]. We did not observe any significant 
difference. Mass attenuation coefficient (µ/ϼ) and linear 
attenuation coefficient (µ) for PVA/iron oxide polymer 
composite are shown in Figures 1 and 2 respectively. 
Both coefficients ([µ/ϼ] and [µ]) are dependent on the 
incident photon energy and chemical composition, and 
these decrease with increasing the photon energy. At lower 
energy range, (µ/ϼ) and (µ) coefficients values are higher. 
For incident photon energies up to 100 keV, the difference 
in attenuation between materials is quite evident, but it 
slowly decreased with increasing photon energy. Computed 
tomography numbers (CT) were calculated over the energy 
range of 0.15–20 MeV [Figure 3]. Magnetite with 0.5% 
concentration and 15 keV gives the  highest value of CT 
number at 11841 Hounsfield unit (HU). And also, for energies 
up to 60 keV CT numbers varied much with concentration. 
This variation was not observed in the higher energy range. 
Hence, chemical composition dependence was higher in 
lower energy.

Half‑value layer, tenth‑value layer, and transmission factor
Figures 4 and 5 show half and TVLs of the polymer composite 
with an incident photon energy range of 0.015–20 MeV, 
respectively. In the <100 keV energy range, both HVL and TVL 
show sufficient deviation with respect to the concentration of 
magnetite and in the intermediate energy range (100 keV < E < 5 

Table 1: Weight fraction of the element, number of electrons per gram, electron density, and effective atomic number of 

the polyvinyl alcohol/Fe
3
O

4
 polymer composite

Weight fraction of the compounds (Wt %) Weight fraction of the elements (Wt %) N
e
×1023eg‑1 ϼ

e
×1024 

(e.cm−3)

Z
eff

PVA Fe
3
O

4
WH WC WO WFe

0.9 0.1 0.082368 0.490766 0.354506 0.072360 3.238 1.997 10.958
0.8 0.2 0.073216 0.436237 0.345827 0.144720 3.196 2.15 13.391

0.7 0.3 0.064064 0.381707 0.337149 0.217080 3.154 2.293 15.221
0.6 0.4 0.054912 0.327178 0.328471 0.289440 3.112 2.441 16.738

0.5 0.5 0.045760 0.272648 0.319793 0.361799 3.071 2.589 18.060
PVA: Polyvinyl alcohol, N

e
: Number of electrons per gram, ϼ

e
: electron density, Z

eff
: Effective atomic number

Figure 1: Mass attenuation coefficient for different materials plotted 
against incident photon energy

MeV) no such considerable variation was observed and for 
incident photon energies >5 MeV to 20 MeV little deviation was 
observed. In the entire photon energy range (0.015–20 MeV) 
0.5% of magnetite exhibited superior behaviors compared 
with other concentrations, i.e., less thickness was enough to 
attenuate the radiation intensity to the desired level. Gamma 
ray TF for the material (0.5% of Fe

3
O

4
) was calculated for 

10 cm to 100 cm thicknesses of the polymer composite as a 
function of incident photon energy (0.15 MeV to 20 MeV). This 
is shown in Figure 6a and b. Transmittance was dependent on 
the incident photon energy and thickness of the material. It was 
higher at lower thickness of the material and higher energy of 
the photons. TF values are higher for polymer composite with 
10–50 cm compared to the 60–100 cm thickness.

Relaxation length (ƛ) and KERMA relative to air
Figure 7 represents the calculated values of relaxation length 
of polymer composite with five different concentrations of 
Fe

3
O

4
 for  the incident photon energy range of 0.015–20 MeV. 

It linearly increased with respect to photon energy up to 0.2 
MeV and also significant difference was found between the 
concentrations. 0.5% of magnetite has minimum values of 
relaxation length compared to other concentrations. KERMA 
relative to air values are calculated over the photon energy 
range of 15 keV to 20 MeV [Figure 8]. For incident photon 
energies above 0.2 MeV the values were almost unity for 
all concentrations of magnetite, and for incident photon 
energies <0.2 MeV significant variation was observed. 

Figure 2: Linear attenuation coefficient for different polymer composite  
materials plotted against incident photon energy
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Maximum values of KERMA relative to air were found for 30 
keV for 0.5% of the magnetite which was 17.55.

dIscussIon

Incident photon energy‑ and chemical composition‑ 

dependent shielding properties of polymer composite
Effective atomic numbers (Z

eff
) and electron density (ϼ

e
) of 

the PVA/iron oxide composite increased with increasing 
concentration of the magnetite; it may be due to the variation 
in the elemental weight fraction [Table 1]. Magnetite mainly 
contains iron (Fe) element with an atomic number of Z = 26; 
with increasing concentration of magnetite, the percentage 
of iron also increases in the sample.[26,27] This may be the 
reason behind the higher Z

eff
, ϼ

e
 and lower n

e
 of the polymer 

composite with respect to increasing concentration.[28] Our 
calculated Z

eff
 was in good agreement with Singh et al. within 

1.56% for PVA.[16] Another study by Manjunatha et al. also 

suggests that due to the presence of elements such as Ti, Co, 
Zn, As, and Cd in cancer tissues, they have higher Z

eff
, n

e
.[21] 

Bone equivalence was observed at 0.2% of magnetite when 
compared to Jayachandran studies according to Z

eff
 values.[29] 

Photons are attenuated in the material via three major ways 
such as photoelectric absorption, compton scatters, and pair 
production process.[23]

Radiological properties such as mass attenuation 
coefficient (µ/ϼ), linear attenuation coefficient (µ), CT 

number (HU), KERMA relative to air, HVL, and TVL show 
variations between different concentrations in the lower 
energy range (<100 keV); it may be due to the increased 
photoelectric absorption.[30] Photoelectric absorption simply 
expressed in (Z/E)3, where E is the energy and Z is the atomic 
number of the materials.[31,32] At higher concentration of 
magnetite, the Z

eff
 values were higher, it was around 18.060. 

It enables to enhance the photoelectric absorption in lower 
energies and considerable element composition dependence 
was observed. Biswas et al. developed and studied the 
shielding properties of polyboron material. They conclude 
that this material is used as a biological radiation shielding 
between the energy ranges of 0.125 MeV to 6 MeV.[17] In this 
regard, our calculated values of mass attenuation coefficient 
(PVA/iron oxide composite) was compared with their 
values and it was found to be superior to that of polyboron, 
polyethylene, and ordinary concrete [Figure 1]. Another 
study by Mann et al. studied the shielding effectiveness 
of polymers, plastics, and their result found that polyvinyl 
chloride is the best shielding material with gamma energy 
range of 10–110 keV.[25]

The purpose of presenting the HVL [Figure 4] and 
TVL [Figure 5] graphs are, choosing the appropriate 
thickness of the PVA/iron oxide polymer composite for 
shielding against particular energies of radiation (10 
keV-20 MeV).[17]  Relaxation length (ƛ) is useful for the 
easy comparison of the shielding effectiveness of different 
concentrations of Fe

3
O

4
. Radiation shielding effectiveness of 

PVA/iron oxide polymer composite was varied in the following 
order of magnetite concentration: 0.5% >0.4 > 0.3 > 0.2 > 0.1. 
For example, 0.5% of magnetite has the lower relaxation 

Figure 4: Half‑value layer for different polymer composite materials plotted 
against incident photon energy

Figure 5: Tenth‑value layer for different polymer composite materials 
plotted against incident photon energy

Figure 3: Computer tomography number for different polymer composite  
materials plotted against incident photon energy
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length compared to 0.1% concentration. Polymer composite 
possessed minimum values of relaxation length at the 
highest concentration of  magnetite [Figure 7]. Hence, we 
concluded that material which possessed minimum values 
of relaxations length offers the best shielding against gamma 
rays.[17] In intermidiate energy range, compton scattering is 
the more predominant interaction process and it is dependent 
on the electron density. Electron density for the polymer 

composite with 0.5% of Fe3O4 was 2.589x10^24 (e.cm^-3).
[14,30,33]  Hence, in this energy range due to compton scattering, 
the variation between the concentrations was not observed like 
photoelectric absorption region of energy; it may be due to 
the small variation in the electron density [Table 1].

At higher energies, > 1.02 MeV small changes were obsorbed 
between the concentration relative to intermidiate energies. It may 
be due to the pair production process and it depends on the Z^2 of 
the atomic number.[14,30] KERMA relative to air value of PVA/iron 
oxide composite (0.3%, 0.4%, and 0.5% of Fe

3
O

4
) was superior to 

that previous Mann et al.’s study of polyvinyl chloride [Figure 8]. 
This simply indicates that PVA/iron oxide composite with 
Fe

3
O

4
 concentration levels higher than 0.3% has better photon 

attenuation properties compared to polyvinyl chloride. A sharp 
peak located at 30 keV is the indication of higher kinetic energy 
released per unit mass of the composite. The presence of the 
higher percentage of iron makes the composite (0.5% Fe

3
O

4
)  

to have superior photon removal capabilities compared to other 
lower concentration of magnetite.[34]

CT number has the direct relationship with linear attenuation 
coefficient (µ) and µ gives the combined effect of density and 
materials composition (Z

eff
).[35] Polymer-doped Fe

3
O

4
 is one 

of the contrast agents in magnetic resonance imaging.[36,37] 

For exploring this into computed tomography application, we 
studied the CT numbers of the polymer composite [Figure 3]. 
CT number of the conventional contrast agent iodine and soft 
tissue and0.5% of the composite were compared. Results found 
that CT numbers were in the following order: iodine >0.5% of 
Fe

3
O

4
 polymer composite >soft tissue.

conclusIon

Radiation shielding properties of PVA/iron oxide polymer 
composite were verified with different concentrations of 
magnetite. Magnetite with 0.5% of concentration gives 
superior shielding properties according to its relative shielding 
parameters. At lower energy range of <100 keV, element 
composition dependence was more compared with other 
intermediate and higher energy level and it may be due to 
atomic number dependence of photoelectric absorption. 

Figure 8: kinetic energy released per unit mass relative to air plotted 
against incident photon energy

Figure 7: Relaxation length for concentrations of magnetite plotted against 
incident photon energy

Figure 6: (a and b) Transmission factors for different thicknesses of polymer composite with 0.5% of magnetite plotted against incident photon energy

ba
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Further studies are needed to know the flexibility of polymer 
composite with different concentration of magnetite.
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