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Abstract

In this work, the Styrene-butadiene rubber (SBR)/lead oxide and the Styrene-butadiene rubber
(SBR)/lead nitrate composites were prepared as gamma-radiation shielding materials. The inves-
tigated materials were prepared with three different weight percentage of lead oxide and lead ni-
trate (30, 50 and 70 wt%). The mass attenuation coefficients (un) for all composite samples were
measured experimentally at 511 and 661.6 keV photon energies. The measurements were made
by performing transmission experiments with a 3" x 3" Nal (TI) scintillation detector, which had
an energy resolution of 7% at 0.662 MeV for the gamma-rays from the decay of 137Cs. The effective
atomic numbers (Z,;) and the effective electron densities (Ney) were determined experimentally.
Also they were determined theoretically using the obtained u,, values for the studied composites
samples by WinXCom program. The obtained results show that the experimental values of the
composites are found to be in a good agreement with the theoretical values. It is recognized that
the mass attenuation coefficient (un), effective atomic numbers (Z,;) and the effective electron
densities (N) are increased in the composite samples which contain lead oxides than which con-
tain lead nitrates. Finally, the Styrene-butadiene rubber (SBR)/lead oxide is better than Styrene-
butadiene rubber (SBR)/lead nitrate polymer as gamma radiation shielding.
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1. Introduction
With the extensive use of gamma-active isotopes in medicine, industry and agriculture, the study of absorption
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of gamma rays in the composite materials has become an interesting and exciting field of research. The photon
mass attenuation coefficient, effective atomic number and electron density are the basic quantities required in
determining the penetration of gamma photons in matter and energy deposition in shielding, biological and other
dosimetric materials. The main purpose of a gamma ray shield is to protect the operating personnel from injury
which may be caused by receiving a dangerous dose of radiation [1].

Berger and Hubbell developed the theoretical tables and computer program (XCOM) for calculating attenua-
tion coefficients for elements, compounds and mixtures for photon energies from 1 keV to 100 GeV [2].

Recently, this well-known and much used program was transformed to the Windows platform by Gerward et
al. 2004 [3] and the Windows version is being called WinXCom.

As effective atomic numbers and electron densities are useful in many technological applications, several in-
vestigators have made extensive studies of effective atomic numbers in variety of composite materials like al-
loys, polymers, compounds, mixtures, thermo luminescent diametric compounds, semiconductors and super-
conductors [4]-[16].

For a compound or mixture, the atomic number of a material exhibits a strong and fundamental relationship
with the nature of radiation interactions within that medium. There are numerous mathematical descriptions of
different interaction processes that are dependent on the atomic number, Z. When dealing with composite media
(i.e. a bulk material composed of more than one element), one therefore encounters the difficulty of defining Z.
An effective atomic number in this context is equivalent to the atomic number but is used for compounds and
mixtures of different materials. This is of most interest in terms of radiation interaction with composite materials.
Several investigators have contributed to find the effective atomic numbers in different composite [17]-[20].

2. Theory Background

The measured intensity | of the transmitted X-ray or y -ray through a layer of material of thickness x is related to
the incident intensity I according to the inverse exponential power law that is usually referred to as Beer-Lam-

bert law [1].
in ['Tj @

where: u represents the linear attenuation coefficient, 1o and | are incident and transmitted intensities, respec-
tively.

The mass attenuation coefficient is written as [21]

In(1,/1
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where: p is the density of material (g/cm?), t is the thickness of absorber.

Theoretical values of the mass attenuation coefficients of mixture or compound have been calculated by
WinXCom, base on mixture rule [22]

Hoy = ZW (4w ), ®)

where: (,um )i is mass attenuation coefficient for individual element in mixture, and w; is the weight fraction
of element in mixture,

The cross section is a fundamental parameter to describe the photons interaction with matter; it is defined as
the probability of a photon interaction for a given reaction. The total cross section of a photon interaction is de-
fined as the sum of the partial cross sections for each type of reaction (photoelectric absorption, coherent scat-
tering, scattering incoherent and pair production) [23]

Ga = O_ph + Gcoh + O-inco

b+ K +K, (4)

where: g, is the total atomic cross section of a photon, (o) is the photoelectric cross-section, (ocon) is the cohe-
rent scattering cross-section, (oincon) IS the incoherent scattering cross section, K, is the pair production in nuclear
field cross section and K. is the pair production in electron field cross-section.

The value of mass attenuation coefficients can be used to determine the total atomic cross-section (o,) by the

following relation [22]
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where N, is Avogadro’s humber, A; is atomic weight of constituent element of mixture.
Also the total electronic cross-section ( o, ) for the element is expressed by the following formula [21]
1 & fA
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where: f; is the number of atoms of element i relative to the total number of atoms of all elements in mixture, Z;
is the atomic number of the i element in mixture.

Total atomic cross-section and total electronic cross-section are related to effective atomic number (Z.) of the
mixture through the formula [22]

Zp =—- (7

The effective electron number or electron density (Ng) (number of electrons per unit mass) can be given by
the formula [23]:

N, = (lu/p)mixture (8)
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3. Experimental Procedure
Sample Preparation

The composition materials which are control, lead oxide and lead nitrate samples were prepared with three dif-
ferent percentage of lead oxide and lead nitrate (30, 50 and 70 wt%), where shown in Table 1. They were pre-
pared by mixing Styrene-Butadiene Rubber powder-1502 (SBR) with metal oxides. SBR was commercial prod-
uct and purchased from Egyptian Petroleum Company. Lead oxide (PbO), lead nitrate Pb(NO3),, ZnO at con-
stant ratio 5 pphr at all compound and Stearic acid were obtained from the British Drug Houses (BDH Labora-
tory Chem. Ltd.), Poole, England. The linear attenuation coefficients of the investigated samples were measured
for gamma rays of energies 511 and 661.6 keV photon energies which have been obtained from *’Na point
source and *¥'Cs point source. The experiments has been performed using gamma ray spectrometer which con-
sists of 3" x 3" Nal (TI) Scintillation detector, amplifier and 16 k multi-channel analyzer at Egyptian Nuclear
and Radiological Regulatory Authority. For each sample, the gamma ray spectrum was recorded as a function of
the thickness of the material. And the area under the photo peak of the spectrum is used to evaluate the intensity
(I) of the transmitted beam by using the initial intensity (l,) which is the area under the photo peak obtained
without any sample between detector and source.

Table 1. Different concentration ratios of the materials content for each samples.

Concentration ratios (pphr)

Samples
SBR Stearic acid ZnO PbO Pb(NO3),

Control 100 1 5 -

PbO-30 100 1 5 30

PbO-50 100 1 5 50

PbO-70 100 1 5 70
Pb(NO3),-30 100 1 5 - 30
Pb(NO3),-50 100 1 5 - 50
Pb(NO3),-70 100 1 5 - 70
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The diagram of experimental setup for mass attenuation coefficient determination is shown in Figure 1. The
source and absorber system were mounted on a composite of adjustable stands. This setup can move in the
transverse direction for proper beam alignment. The **¥'Cs and *Na radioactive sources have activity of 5 pCi.
The incident and transmitted gamma-rays intensities were measured for a fixed preset time in each experiment
by recording the corresponding counts, using the 3" x 3" Nal (TI) detector having an energy resolution of 7% at
662 keV (oxford model), with CANBERRA photomultiplier tube base model. The spectra were recorded using
a CANBERRA PC-based multi-channel analyzer. In this experiment, the validity of the mass attenuation mea-
surement was confirmed by measuring a lead slab.

4. Results and Discussion

The experimental mass attenuation coefficients have been determined at the photon energies 511 keV and 662
KeV. Both experimental values and calculated values using computer code of XCOM of ulp are displayed in
Figure 2. It is clear that the mass attenuation coefficients decrease with the increase in photon energies. This
may be attributed to the interaction mechanism of photons with the matter and it is differ for different photon
energies [24]. Also it is observed that the mass attenuation coefficients of the investigated samples for all con-
centration of PbO are higher than that of Pb(NOs),.

The total cross sections o, and electronic cross sections g have been calculated with respect to the experi-
mental and calculated mass attenuation coefficients at energy 511 KeV and 662 KeV; the results given in the
Figure 3 and Figure 4. The experimental values of total cross sections o, and electronic cross sections o, are
matched with the theoretical values. The small difference between the experimental and theoretical values might
be from experimental setup, counting and efficiency errors in comparison to the calculated results of present work.
The values of total cross sections o, and electronic cross sections o for composite material contains lead oxide
are more than composite material contains lead nitrate because the composite material contains lead oxide had a
great contribution in various interaction with gamma-ray than composite material contains lead nitrate due to the
weight fraction of Pb element is more in lead oxide than lead nitrate at the same weight. i.e the number of lead
atoms in composite material contains lead oxide is more than in composite material contains lead nitrate. So
electrons of lead in the last shell are fewer bands to the nucleus; this point increases the interaction probabilities
for these atoms. The values of total cross sections o, and electronic cross sections o for all composite material
at 511 KeV are higher than the values at 662 KeV may be due to the probability of absorption reduces with in-
creasing incident photon energies.

The calculation of effective atomic number Z. and electron density (Ne) becomes possible after finding the
cross-section of the investigated samples Table 2. It is recognize that the effective atomic numbers is constant at
different energies for all studied composite materials. This may be due to the dominance of photoelectric effect
and Compton effect in their respective energy regions [1] [23]. Z value for a composite material is a very useful
parameter for some applications such as physical, technological and engineering. Z represented with a number
provides many characteristics of a material. Z. value can provide estimation of the chemical composition of the
material and it can be also utilized in the computation of absorbed dose in radiation therapy etc.

Figure 5 gives a plot of Z¢ versus Wy for the incident photon energy. As clearly seen that Wy increases li-
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Figure 1. Experimental setup for mass attenuation coefficient determination.
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Figure 2. The theoretical and experimental value of mass attenuation coefficient (u,) for all samples at selected energies.
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Figure 3. The calculated and experimental total atomic cross-section o and the total electronic cross-section o for samples
at energy 511 KeV.

nearly with increasing Ze. Figure 6 gives a plot of Z versus o, for the incident photon energy and shows that
g, increases linearly with increasing Ze. This work was carried out for low photon energies. Photons in the keV
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Figure 4. The calculated and experimental total atomic cross-section o and the total electronic cross-section o for samples
at energy 662 KeV.
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Table 2. The calculation of effective atomic number Z and electron den-
sity (Ng) for the investigated samples.

Samples Zes, Nei x 107
Control 2.766 3.984
Pb(NO:),-30 3.277 3.821
Pb(NO:),-50 3.589 3.821
Pb(NO:),-70 4.054 3.821
PbO-30 3.4188 3.893
PbO-50 3.800 3.893

PbO-70 4.359 3.893
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Figure 6. The relation between total atomic cross section (g, x 10%°) and effective atomic number (Z) for the
investigated composite materials at 511 and 622 KeV.

range are important in radiation biology as well as in medical diagnostics and therapy [25]. In the composite
materials, the interaction (such as absorption and scattering) of y-rays is related to Z.; value of composite mate-
rials and the energy of incident photons. At low photon energies, the photoelectric interaction is the main photon
interaction process and it depends on atomic number.

As shown in Table 2, there are slight differences in the Ng values for all composite materials as well as the
N values of all composite materials contain the different concentration of PbO and Pb(NOs), are constant at the
selected energies. The N, values of all composite materials contain the different concentration of PbO are higher
values than the N values of all composite materials contain the different concentration of Pb(NOs),. The higher
values of the electron density indicate an increased probability of a photon-electron energy transfer and an
energy deposition into the material.

It has been found that the effective atomic numbers were increased with PbO content. The mass attenuation
coefficient and effective atomic number increase with concentration of PbO. From the increasing of these para-
meters, we obtained the photon interaction probability is increase with higher PbO content and lead to the
transmission of gamma rays were decrease with increasing the amount of lead oxide.

5. Conclusions

1) PbO composite samples are able to absorb and scatter gamma ray better than Pb(NQOs3), composite samples.

2) The obtained experimental results of the investigated shielding parameters are in a good agreement with
the theoretical results which calculated by WinXCom.

3) Although both mass attenuation coefficient and effective atomic number depends upon the photon energies,

the electron density does not significantly depend upon photon energy.
4) All studied shielding parameters are increase with PbO content. Moreover, these results show that the PbO
is more better used in radiation shielding materials than Pb(NOs),.
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