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Abstract: Some of the nickel borate-based glasses, containing lead and lanthanum cations as gamma-ray shielding, were
prepared using traditional melting method. XRD patterns confirm the non-crystallinity of the samples. According to FTIR,
with lead entering the structural network, the structural groups of BO, and PbO, increased, and the structural network
became more stable and able to absorb gamma rays. Theoretical studies showed agreement with the experimental, and the
attenuation parameters of these samples proved that they are capable of absorbing gamma rays with a thickness lighter than

ordinary concrete.
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1 Introduction

With the increased use of gamma-ray active isotopes in
industry, medicine, and agriculture, it has become
necessary to investigate the shielding ability in a variety of
materials of technological and biological importance [1],
[2]. Shielding materials for nuclear radiation situations
must be continuously developed [2]. This is because
shielding materials are so large that a detailed
understanding of radiation flux propagation in shielding
materials is required for shield design. For example, in
order to calculate the attenuation coefficients, the water
content in concrete layers must be taken into account.
Concrete layers are also opaque to visible light, which adds
further uncertainty to the attenuation coefficient
calculations. This has been made possible by the invention
of theoretical tables and a computer software (XCOM) for
calculating mass attenuation coefficients [3], [4].

It is important that the material used in shield design be
homogeneous in terms of density and composition. Glass is
one of the most promising materials for use as radiation
shields because of qualities such as ease of preparation,
light transparency, and doping ability, which allow it to

become an excellent absorbing material [5]. Glass is a

transparent shielding material that can be improved by
using heavy elements like Mo, Bi, La, and Pb. Medical
rooms, X-ray facilities, nuclear research centers, and other
institutions that employ radiation can all benefit from using
glass shields [6]. Many manufacturers have studied glass
such as Si and B for their optical and shielding qualities,
and nuclear engineers have created a variety of glasses that
enable vision while also absorbing radiation such as gamma
rays and neutrons, such as adding heavy metal oxides
(HMO) to the glass, and this enhances the attenuation
effectiveness of the glass matrix [5]. Lanthanum oxide
glasses have very high refractive indices and low
dispersion. These eyeglasses are used in complex lenses for
cameras, binoculars and military instruments for the
purpose of correcting spherical and chromatic aberrations.
Rare-earth oxides are often added to molten glass in order
to produce special glass [7].

Certain research have recently addressed the effect of
nickel oxide additions to a range of modified borate glasses
[8]-[11], where they verified the existence of Ni ions in
borate glasses as a network former. More than one valence
state in borate glasses doped with transition metal ions
gives them excellent optical and electrical characteristics
[9], [10]. Radiation shielding [9], [12], solar collectors,
broadband amplifiers, phosphors, and tunable lasers [8],
[10] have all seen increased interest in NiO doping with
modified borate glasses.
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The purpose of this work is to prepare the glass
compound PbO - B,O; - LayO; - NiO as gamma-ray
protective shields. X-ray and FTIR were used to investigate
the composition. The attenuation parameters will calculate

theoretically and compare them with practical
measurements.
2 Experimental Procedures:

Lanthanum Nickel Lead Borate glasses of

compositions 80 B,0s— 4 La,05— (12+x) PbO —(4-x) NiO,
(x = 0,1,2,3 or 4) were set up by melt quenching method.
The stoichiometric quantities of nickel oxide, lanthanum
oxide, boric acid, lead monoxide is completely blended and
structured in porcelain crucibles. The samples were placed
in the oven at room temperature, then gradually increased
to 1200°C. The samples were melted for about two hours
until a bubble-free liquid formed, and the melt was
occasionally properly mixed. The resultant dissolve was
immediately poured into two treating steel sheets and
tightened to 300 °C in order to eliminate warm strains. The
creation of the glass tests utilized in the current
examination is arranged in Table (1).

Table 1: Chemical compositions of [80 B,Os— 4 La,03—
(12+x) PbO —(4-x) NiQ].

Sample Composition mole fraction (mol %)
code B,O; La,0 PbO | NiO
Pb12 80 4 12 4
Pb13 80 4 13 3
Pb14 80 4 14 2
Pb15 80 4 15 1
Pb16 80 4 16 0

The case of amorphous glass was examined by the method
of X-ray diffraction, using Philips PW (1140)
diffractometer at RT with copper target (K,=1.54 A°). For
several glass samples, KBr pellet technique was used on a
Perkin—Elmer 467 IR spectrometer to create the vibration
spectra from 400 to 4000 cm™. The standard Archimedes
principle was used to determine the densities of the glass
samples. These data were determined utilizing a single pan
balance and xylene as an inundation liquid. ®°Co and **'Cs
(10 pCi) point sources were used to excite the targets (show
Figure 1). Gamma-ray intensity was measured using Nal
(Tl) 2 x 2 scintillation detector. The mass attenuation
coefficient (MAC) which indicates how easily gamma rays
can penetrate a certain material and given by [1], [13] :

MAC- u/p (L)

where, g is the linear attenuation coefficient and pis
the material density. x4 is calculated from Beer—Lambert
law of formula [14]:

I == IO e_'uL.x (2)

where, X is the distance, over which the attenuation takes
place. By Knowing p_ the mean free path (MFP) can be
calculated which is the average distance travelled by a
photon between collisions (MFP = 1/ ). Half value layer
(HVL) is the thickness of the material in which half of the
radiation has been attenuated (HVL= Ln (2) / n). The
active atomic number (Zg ) plays a major role in the
evaluation of the energy-related variable as an alternative
material. The interaction such as gamma ray absorption
depend on the Z of the composite and the photon energy.
Generally high Z.; materials are powerful absorbing
material. The Z. can be calculated using the following
formula [13]. We can calculate the Z. with the following:

ZifiAi(%)i

Zif%(%)i

Lopr = (3)

where, each constituent element, f; represent the mole
fraction, A; the atomic weight and Z; the atomic number of
the ith constituent element, respectively. Energy-dependent
effective electron density (Ne). is also calculated as

follows:
Zeff Na Xing
N, jp="H 221 4
efs YifiAi @
where Xni is the total number of elements in the
material[13].
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Fig. 1: Radiation measurements setup.

3 Results and Discussion

3.1 XRD Analysis and Density Measurements

The X-ray diffraction (XRD) profiles of both 12.0 and 16.0
percent mol PbO are shown in Figure 2. The current
samples can be described as a glassy (amorphous) material.
Amorphous materials' behavior is characterized by the
absence of sharp peaks and the presence of only two wide
edges in each sample[15].

Figure 3 shows that the density of the examined glass
samples increases as the amount of lead oxide increases.
Because the density of NiO (6.67 g/cm®) is much lower
than that of PbO (9.53 g/cm’) in the samples under
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investigation, this behavior appears logical.
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Fig. 2: XRD Charts for 12.0 and 16.0 % mol PbO.
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Fig.3: Variety of density of Lanthanum Nickel Lead Borate
glasses with the PbO content.

3.2 FTIR Measurement:

In order to explore and study the structure of a
material, an FTIR spectrometer is an important tool in
material research. The infrared spectrum has the ability to
identify molecules and provide comprehensive information
on the presence or absence of functional groups in a
substance [16]. The FTIR spectrum of the present glassy
system is shown in Figure 4. The absorbed bands in the first
spectral range (400-600 cm™) are responsible for metal
cation vibration and particular deformation patterns [16]
Within this range, two weak bands with varying intensities
are detected at 454 and 542 cm™; the first is typically
attributed to the PbO symmetric expansion vibration bonds
in PbO, and/or the LaOg metallic vibrations [17], while the
second is attributed to particular Ni-O and La-O bonds
[12]. The intensity of these two bands varied depending on
the amount of PbO present, which reflects the role of Ni*
ions in breaking down the bonds that form the lattice and
also explains the role of Pb ions in making Pb-O
connections, where it is clear that Pb ions enter the reticular
structure of the samples, causing a change in the network
structure.

It has been determined that B—-O-B bending vibrations

are responsible for the bands between 600 and 800 cm™.
BO, unit stretching vibrations are responsible for the
absorption bands between 800 and 1200 cm® [18][19][15].
B-O stretching vibrations of trigonal BO; units cause
absorption bands in the 1200-1600 cm™ range [19][20]
[21]. There are bending vibrations in the H-O-H system
that are responsible for the absorption bands at 1640 cm™
[22]. With the addition of PbO, the intensity of the BO;
vibration band grew, suggesting the replacement of trigonal
units (BOs) by tetrahedral (BO,) units, and decreased non-
bridle oxygens (NBO's), at the cost of Ni* ions, reflecting
structural changes caused by Pb* ions entrance.
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Fig. 4: FTIR spectrum of the investigated materials.
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Fig. 5: MAC of glass samples vs. incident photon energy.

3.3 Gamma Radiation Shielding

Characterizations

The shielding qualities of the glass samples were
verified using Microsoft XCOM software to determine
mass attenuation coefficients (MAC) at different photon
energies[23], which were also measured experimentally.
The theoretical results computed using the XCOM program
at various gamma ray energies and PbO concentrations are
plotted and presented in Figure 5. The onset graph in Figure
5 shows that MAC has a high energy dependence in the low
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energy region, where it decreases rapidly with increasing
energy photon for all samples. They do, however,
demonstrate a weak energy dependence at higher energies.
Because the method of interaction between gamma-rays
and matter is dependent on the energy of the incident
photon, this can be clarified. The photoelectric effect
dominates at low energies, but Compton scattering and pair
production dominate at higher energies. Figures 6, 7 show
the change of theoretical and experimental MAC in contrast
to conventional concrete at 0.356 MeV and 0.662 MeV,
respectively. The experimental and theoretical values are in
good agreement. The increase in MAC with increasing PbO
concentrations can be explained by the fact that PbO has a
higher absorption coefficient than NiO, and that lead has
entered the lattice structure of the samples, resulting in a
higher absorption for lead, as well as an increase in the
density of glass samples with increasing PbO content. At
both energies of 0.356 MeV and 0.662 MeV, the MAC
value for all PbO ratios in Lanthanum Nickel Lead Borate
glasses is greater than that of ordinary concrete. Figures 8,
9 depicts the half value layer (HVL) of the present glasses
and its variation across gamma ray energy and PbO mol
percent concentrations at 0.356 MeV and 0.662 MeV
respectively.
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Fig. 6: Experimental and theoretical MAC vs PbO ratio in
the glass system at 356 kev, as well as the concrete MAC
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Fig. 7: Experimental and theoretical MAC vs PbO ratio in
the glass system at 662 kev, as well as the concrete MAC
value.
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Fig.8: Concrete HVL value as well as experimental and
theoretical HVL vs PbO ratio in samples at 356 keV.
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Fig. 9: Concrete HVL value as well as experimental and
theoretical HVL vs PbO ratio in samples at 662 kev.

According to Figures 8, 9 the HVL values drop as the PbO
level increases. Lower HVL values indicate that the
material has a greater ability to interact with the incident
gamma ray photon, which is a good thing. It is reported that
the sample with the highest percentage of lead Pb16 is the
best sample that has been prepared, as it has the lowest
HVL, the highest mass attenuation coefficient, and the
highest density, indicating that it has better shielding
properties. As shown in Figure 10, the MFP increase by
increasing the photon energy and by decreasing PbO ratio
as the sample’s density decrease. The sample Pbl6 gives
the smallest MFP.

For all prepared glass samples both Z. values decrease with
increasing photon energy. Figure 11 illustrates that the
values of Zg increase along with PbO concentration for
different energies of gamma radiation. Z has a high energy
dependence in the low energy region, where it decreases
rapidly with increasing energy photon for all samples, which
approximately shows the same behavior to that of MAC as a
function of energy and concentration of PbO.
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Fig. 10: MFP of glass samples vs. photon energy.
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Fig.11: Z¢ of glass samples vs. incident photon energy.
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Fig. 12: N of glass samples vs. incident photon energy.

Figure 12 indicates the values of N it is seen that the
formation of free electrons in the region dominated by
photoelectric absorption is higher than in other regions.
Because the photons in this region have low energies and
higher wavelengths, they are more likely to interact with
target material electrons. This high probability leads to
more photon absorption by electrons, resulting in more free
electrons. illustrates that the values of Ny decrease by

increasing of the photon energy for all PbO concentration
increase, the Pb16 sample had the highest N value.

4 Conclusions

Glass samples were prepared from [B,Os— La,Os— PbO-
NiO], which are transparent to visible light. X-rays were
used to confirm the amorphous condition of the glass.
MAC, HVL, MFP, and Zs, were determined in order to
understand the photon attenuation abilities of the studied
samples. It can be concluded that MAC and Z values
increase as PbO percent increases. In addition, they
decrease exponentially as the gamma ray photon energy
increases. On the other hand, HVL and MFP values
decrease as the PbO percent increases. There was good
agreement between the experimental results and theoretical
calculations the present work. This composition of glass
could absorb gamma rays with a thickness lighter and less
than ordinary concrete when compared, as it has higher
MAC value, lower HVL and MFP than ordinary concrete

The results proved that the mass attenuation coefficient
is high and the HVL is low, which proves that this
composition of glass could absorb gamma rays with a
thickness lighter and less than ordinary concrete when
compared. FTIR revealed that lead entered the vitreous
structure of the samples, which contributed to the higher
gamma absorption. Also, the intensity and absorption of
gamma rays increase with the increase in the percentage of
lead, and therefore 16 Pb is the one that we recommend
using as a shield, especially at low gamma radiation energy.
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