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1. Introduction

Given the importance of radiation applications across in many fields, such as agriculture, industry, medicine, and
scientific research, and despite these beneficial applications, radiation causes severe harm to humans and the environment if
appropriate means of protection are not used [1], [2]. lead and lead-containing alloys are among the most important and best
materials used in radiation protection. However, the use of these materials has disadvantages such as their lack of transparency,
their large weight, and the damage caused by their toxicity. This prompted researchers to find alternatives for radiation protection
that are non-toxic, safer, transparent, lightweight, inexpensive, sustainable, and easy to shape and modify in their components
[3], [4], [5]. Many researchers have conducted studies on the gamma-ray blocking of many types of glass, such as barium borate
glass and also fly ash glass [6], Lead borate glass [7], bismuth borate glass [8], phosphate glass containing Bi2O3, PbO, and
BaO [9], lead and strontium borate glass [10], barium-bismuth-borosilicate glass [11], and silicate glass containing Bi203 [12],
PbO-Ba0-B203 glass [13], PbO-Li20-B203 glass [14], heavy metal oxide glass, silicates and borates [15], and heavy metal
oxide glass [16].

Authors have focused on using glass for shielding due to its unique properties such as transparency, electrical insulation,
thermal stability, ease of shaping and preparation in large quantities, good spatial homogeneity, modification of its physical
properties and chemical composition, and its ability to contain metal oxides such as (ZnO, Al,O3, SnO, PbO, Fe;03, Bi20s,
WO:s), making it more effective in radiation protection [17], [18], [19], [20], [21][22], [23].
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This study addressed the protective capacity against gamma rays of several samples of automotive windshields, where
manufacturers create windshields consisting of two layers of tempered glass with a thin layer of plastic in between.
The shielding parameters of the samples were studied, including: linear attenuation coefficient (LAC), mass attenuation
coefficient (MAC), half-value layer (HVL), tenth-value layer (TVL), effective atomic number (Zeff), effective electron number
(Neff), transmission Factor (TF), radiation shielding efficiency (RPE), mean free path (MFP), over a within the specified energy
range (0.060 - 0.662) MeV. To obtain the theoretical results, the Phy-X/PSD program was used and the difference with the
practical results was noted to confirm experimental results and increase confidence. This study aims to use this type of glass as
transparent, low-cost, and lead-free shields against gamma rays for radiation protection applications in industry, healthcare, and
nuclear facilities.

This study aims to provide a comprehensive review of these traditional glasses and explore their potential as lead-free,
reasonably priced al ternatives for radiation protection applications in industry, healthcare, and nuclear facilities.
2. Experiments and methodology
2.1. Materials and Sample Preparation

Four different samples of windshield glass from different car models were collected and each sample was given a
specific code, The glass was cut using a glass cutting tool containing a small solid diamond-coated wheel, into rectangular pieces
with an area of (2 X 1.5) cm? and different thicknesses as shown in Table 1. Then the surfaces were gently wiped, and each
glass slide, the glass samples were washed and cleaned with distilled water, then with ethanol, and then dried in an oven at 80
degrees Celsius to remove any remaining moisture. The chemical composition was revealed using energy-dispersive X-ray
spectroscopy (EDS) techniques of the samples and weight percentages (carbon, oxygen, sodium, magnesium, and silicon) were
obtained.

Table 1: Model and Vehicle type

. Thicknesses (cm)
Vehicle type

Chevrolet Aveo

SCANIA 112

Great Wall Deer

Opel

a. Density measurements

A principle known as "Archimedes' principle" was applied to determine the density of the samples, at laboratory
temperature using a density balance consisting of a highly sensitive balance (0.01 mg) and a density measurement kit. Using a
density scale, the samples were weighed in the air and then while submerged in water. The density was calculated using equation
[7]:

Wy
p= WA _ WB X Pwater (1)

where W,is the weight of the sample in air, Wgis the weight of the sample in distilled water, and p,,4¢er 1s the density
of the distilled water.

Taking into account an experimental error of (£0.002) g/cm?®, the measured density of the glass samples ranged between
(2.2407 - 2.3868) g/cm?, reflecting slight variations in the proportions of the elements as shown in Table 2. These density values
were also used in calculating the mass attenuation coefficients (MAC).
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Table 2. Shows the chemical composition and density of the four glass samples.

Sample . Density
code C 0] Na Mg Si p (g/cm3)

+ 0.002

S1 14.85 64.02 8.16 2.68 10.29 2.2407

S2 17.90 65.22 6.36 2.16 8.36 2.3173

S3 18.16 65.91 5.40 2.31 8.22 2.2921

S4 25.59 63.21 5.41 1.77 4.02 2.3868

b. Gamma- ray

attenuation measurements

The protection parameters of the glass samples against gamma rays were measured spectroscopy system see Figure 1.a.
The experimental setup used a Nal(T1) flash detector with dimensions of 76 x 76 mm. (Bicron, USA) connected to a multichannel
analyzer (MCA) via a preamplifier and a spectrometer. The tool is connected to a computer to analyze the data via specialized
software. The detector was placed horizontally in a specific geometric arrangement at a distance of 15 cm from the source, and
the collection time was 600 sec. The following sources were used: cesium-137 (188 kBc, half-life = 30.17 years), americium-
241 (70 kBc, half-life = 432 years), and radium-226 (2.97 kBc, half-life = 1600 years) supplied by Amersham, were used as
photon emitters. These sources provided Gamma photons within an energy range suitable for identifying the attenuation
properties for the four samples, as illustrated in Figure 1. b.
The non-collision radiation intensity (Io) was firstly recorded without any absorbing material in the beam path. Subsequently,
the transmitted radiation intensity (I) was measured for each glass segment of known thickness (x). All measurements were
performed at room temperature and under controlled background conditions.

Figure 1. (a) Gamma-ray spectroscopy system used to study the radiation protection standards for glass samples.
(b) — Standard sources of Cs-137, Am-241, and Ra-226.

The linear attenuation coefficient (LAC,u) Calculates from "Beer-Lambert's law" [24]:

I = Ioe(_p'x) (2)
Where (I.) represent the incident and (I) represent transmitted photon intensities, and (x) represent of the sample thickness.
or p = In(A/x) 3

Here, A is the attenuation ratio (I./T) [25].
Then, the mass attenuation coefficient (MAC) It is calculated from the following law[26]:

cm?.  p(cm™)
m\(— ) = 4
=5 @

To calculate the shielding parameters, the following relationships were used, which include the permeability factor
(TF%), radiation protection efficiency (RPE%), half-valued layer (HVL), mean free path (MFP), tenth-value layer (TVL) [27],
[17], [28]:



EDUSJ, Vol, 35, No: 3, 2026 (1 - 14)

HVL(cm) = ln_2 , MFP(cm) = 1 (5)
m m
TVL(cm) = 220 6)
TF(%) = le 100 (7
0
RPE = (1 —%) x 100 (8)

The effective atomic number (Zeff), where each element of the glass has a specific function [28].
2ifi A (1/p)i
T = i P )
2ifi Z (u/p);
Where (1/p);, fi, Zi and Ai are the mass attenuation coefficient, mean mole fraction, atomic number and atomic weight,

respectively, of the constituent elements.
The effective number of electrons (Neff) of the samples was calculated from the following equation (8) [29]:

Np Zesr
Negr = ?A)e (10)

where N represent Avogadro's number, and (A) = Y, f;A; is the average atomic mass of the material [30].

2.4. Phy-X Calculations

Phy-X/PSD software was used to verify the experimental data, as this software can calculate Gamma-ray interaction
coefficients such as mass attenuation coefficient (MAC), linear attenuation coefficient (LAC), half-layer value (HVL), mean
free path (MFP), one-tenth layer value (TVL), and effective atomic number (Zeff), by entering the density of the sample or
material into the program and its chemical composition [31]. The experimental and the theoretical results are present both
together in Figure .3, which showed a high degree of agreement across the photon energy range under study (0.060-0.662) MeV.
3. Results and Discussion

The results of the density measurements between the glass samples showed (S1 — S4) had a slight difference in their
density, with sample S1 showing the lowest density (2.2407 g/cm?), while sample S4 showed the highest density (2.3868 g/cm?).
The density of sample S2 is (2.3173 g/cm3) and sample S3 is (2.2921 g/cm3). The slight difference in density is due to the
proportions of elements present in the samples, Density is of great importance in radiation protection, as the efficiency of
materials in attenuation increases with higher density, especially at high energies, as shown in Figure 2.

[ sity ]

2.4 4 2.3868

N
w

Density (g/cm®)

214

204

s1 S2 S3 sS4
Figure 2. shows the density of the glass samples.

The relationship between the linear attenuation coefficient (LAC) of the glass samples (S1-S4) and the photon energy
is evident from Figure 3, where the linear attenuation coefficient for all samples decreases with increasing photon energy. The
explanation is that the photoelectric effect is the dominant mechanism in the low energy range, and the Compton effect prevails
at medium and high energies. This leads to a gradual decrease in the LAC values. There appears to be good compatibility between
the theoretical values of the Phy-x program and the experimental values for all samples, indicating the accuracy of the
experimental measurements. The slight deviations at the energies (0.060-0.186) MeV are attributed to the sensitivity of the
detector and the high experimental uncertainty. Sample S4 exhibits relatively high (LAC) values across most of the studied
energy range. This is due to its relatively higher density. In general, the values of (LAC) are similar for all samples at all energies.
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Figure 3. Theoretical and experimental values of the linear attenuation coefficient (LAC) in units of (cm™) at the studied
gamma energy range in the four glass samples.

Table 3 shows a comparison between the experimental and theoretical values of the linear attenuation coefficient (LAC). The
stander deviation between experimental and theoretical results ranged from 0.0% to 12.9%, yielding an average discrepancy of
3.05%. The RMSE value was 0.016 cm™! further supports the excellent agreement between measured and calculated attenuation
parameters, thereby validating the reliability of the experimental methodology.

Table 3. Table 2 shows the minor difference between experimental and theoretical values of the linear attenuation coefficient
(LACQ), in cm!, for glass samples.

LAC (cm™1)
E
(MeV) S1 S2 S3 S4
% % % %
Theo Exp Error Theo Exp Error Theo Exp Error Theo Exp Error

0.06 | 0463 | 0.507 | 9.5 | 0469 | 0.412 | 12.2 | 0463 | 0.465 | 04 | 0.466 | 0.468 | 04

0.186 | 0.285 | 0.248 | 129 | 0.295 | 0.296 | 0.3 | 0.291 | 0.287 1.4 | 0303 | 0.292 | 3.8

0.242 | 0.259 | 0.253 | 2.3 | 0.268 | 0.261 26 | 0265 | 0.257 | 3.0 | 0276 | 0.275 | 04

0.295 024 | 0247 | 29 | 0.249 | 0235 | 5.6 | 0.246 | 0.238 | 3.3 | 0.256 | 0.252 1.6

0.352 | 0225 | 0.219 | 2.7 | 0233 | 0225 | 3.4 0.23 0.223 | 3.0 | 0239 | 0.234 | 2.1

0.609 | 0.179 | 0.179 0 0.185 | 0.182 1.6 | 0.183 | 0.182 | 0.5 | 0.191 | 0.184 | 3.8

0.662 | 0.172 | 0.179 | 4.1 0.179 | 0.178 | 0.6 | 0.177 | 0.189 | 6.8 | 0.184 | 0.181 1.7

It is evident that (HVL), (TVL), and (MFP) respectively follow a similar behavior where they increase with increasing
photon energies for all samples (S1-S4), which means a decrease in the efficiency of the glass samples for attenuation with a
gradual increase in energy. Figures 4, 5, and 6 illustrate this. Sample S4 exhibits the lowest values for HVL, TVL, and MFP at
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most energies, indicating its high radiation attenuation efficiency. Conversely, sample S1 showed higher values for HVL, TVL,
and MFP compared to the other samples. making it the least efficient at radiation attenuation. Generally, there are slight variations
in HVL, TVL, and MFP values between the samples, attributable to their chemical composition and density within the energy
range under study.

Figure 7 compares the (MFP) values of the current glass samples under study and materials that have recently undergone
radiation protection studies, such as (12Bi203 12BaO 40SiO2 20ZnO 16Na2S04), (12Bi203 12Pb0O2 40 SiO2 20ZnO
16Na2S04), (30Bi203 30BaO 30 SiO2 5Zn0 5Na2S04) [32], (Ordinary concrete), (Basalt - magnetite), and (Ilmenite) [33].
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Figure 4. Half-value layer (HVL) for samples (S1-S4) at experimental gamma ray energies.
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Figure 5. Tenth-Value Layer (TVL) for samples (S1-S4) at experimental gamma ray energies.
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Figure 6. shows the mean free path (MFP) for samples (S1-S4) at experimental gamma ray energies.
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Figure 7. Comparison between the samples of the current study and 12Bi203 12BaO 40Si02 20ZnO 16Na2S04, 12Bi203
12Pb02 40 Si02 20ZnO 16Na2S04, 30Bi203 30Ba0O 30 SiO2 5Zn0O 5Na2S04, barite concrete, ordinary concrete, and
ilmenite.

The relationship between the effective atomic number (Zeff) of the samples (S1-S4) in the energy range (0.060-0.662) MeV is
illustrated in Figure 8, where the Zeff values of the samples show a decrease in the range (0.060-0.186) MeV. then become semi-
stable with increasing energy. This decrease and subsequent stabilization is due to the photoelectric effect that prevails at low
energy levels, which depends mainly on the atomic number of the elements contained in the samples. As the energy gradually
increases, the probability of the photoelectric effect decreasing, and the Compton effect mechanism becomes more dominant
until it is completely dominant at energy values higher than the studied energy range. The Compton effect is known to have a
small dependence on atomic number, which leads to almost perfect stability in the (Zeff) values.

Sample S1 has relatively high Zeff values because it has higher proportions of elements with higher atomic numbers compared
to the other samples, which means it features superior radiation protection capabilities. compared to the other samples. Sample
S4 exhibits the lowest The protection against radiation is relatively low, as It is characterized by lower values for (Zeff) due to
its lower content. of elements with higher atomic numbers. S1 and S2, on the other hand, show similar behavior due to their
similar chemical composition.
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Figure 8. Shows the effective atomic number (Zeff) of samples (S1-S4) in the studied energy range of experimental gamma
rays.
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Figure 9. Shows the effective number of electrons (Neff) of glass samples at experimental gamma ray energies.
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The effective number of electrons (Neff) changes with the gradual change in the energy of the incident photon in the
range of (0.060-0.662) MeV for the studied glass. A sharp decrease in the value of (Neff) is observed in the lower energy range
(0.060-0.186) MeV, as can be seen from Figure 9. This is because the probability of a photoelectric effect decreasing as the
photon energy gradually increases. At low energies, the photoelectric absorption coefficient is high, leading to higher Neff values
in this part of the spectrum. Sample S1 shows relatively high Neff values, while sample S4 shows relatively low values. This
indicates that there are differences in chemical composition and electron density between these samples.

In the higher energy range (0.186—0.662) MeV, near-perfect stability is observed in the Neff values for all samples and that is
the effect of the dominant Compton reaction in that range, the Compton effect is mainly affected by the number of free electrons
within the material., which explains the near-consistency of the Neff with increasing energy in this part of the spectrum.
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Figure 10. shows the change in the transmittance factor (TF%) of the samples with the change in experimental gamma ray
energy.
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Figure 11. illustrates the change in radiation protection efficiency (RPE%) of the samples with the change in experimental
gamma ray energy.

It is clear the percentage of transmitted radiation (TF%) through the samples (S1-S4) when the energy is changed within
the range (0.060-0.662) MeV. That there is a distinct dependence on energy, as the percentage of photon transmission increases
with increasing energy for all samples As shown in Figure 10, while figure 11 illustrates the radiation protection efficiency
(RPE%) values for glass (S1-S4) as the incident photon energy increases in the range (0.060-0.662) MeV. A gradual decrease in
RPE% is observed with a gradual increase in energy. At an energy of (0.060) MeV, RPE% ranges between (18.62-22.39) %,
while at an energy of (0.662) MeV, it decreases to approximately (8.51-9)%. These results indicate better radiation shielding
efficiency for the samples at lower energies. The increase in TF% and decrease in RPE% with increasing energy is explained by
the dominant absorption mechanism and the chemical composition and density of the samples. Sample S1 exhibits the lowest

10
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TF% and highest RPE% at low energies. As the energy increases, RPE% decreases and TF% increases compared to the other
samples, due to its relatively lower density and higher content of (Mg, Si, Na). Sample S4, on the other hand, shows a slight
increase in RPE% and a slight decrease in TF% with increasing energy compared to the other samples, due to its relatively higher
density, which improves its performance at higher energy levels compared to the other samples.

0.10 0.662 MeV [ AC

0.08 +

MAC (cm2/g)
o
P
(<]

o

o

&
L

0.02
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Figure 12. Comparison of samples (S1-S4) with a number of previous studies of several types of glass and concrete used in
radiation shielding at energy levels (0.662 MeV).

Figure 12 shows a comparison between the results of the Mass Attenuation Coefficient (MAC) for the studied glass
samples and previous studies. The MAC values for samples (S1-S4) at an energy of (0.662) MeV ranged between 0.076 and
0.082 cm?g, with all samples showing statistically similar values to other commercial and reference bottles. For example, the
MAC values for two types of glass, BTZ5 and RS253G18, were determined to be 0.075 cm?*g [34], [2],bismuth-containing
sodium silicate glass (0.090) cm?/g, lead oxide-containing sodium silicate glass (0.094) cm?*g, and barium-containing sodium
silicate glass (0.098) cm?/g [32], and similarly these values for the glass systems shown are very similar to those of ordinary
concrete (0.077 cm?/g) and barite-containing concrete (0.078 cm?/g) [35], both materials used for radiation shielding. These
results are very close to the values of the studied samples and the similar glass system in previous studies; therefore, it follows
from what has been mentioned above that the glass samples currently under study have a radiation attenuation effect similar to
that of materials used in shielding and can be used as protective shields at low energies.

4. Conclusion

It is concluded from this study that the glass samples (S1-S4) taken from of the front car windshield had their densities
determined using Archimedes’ principle and their values ranged approximately between (2.2407-2.3868) g/cm®. Using energy-
dispersive X-ray spectroscopy (EDS), the chemical composition of the glass samples was identified, revealing that they consist
of varying proportions of elements (Na, Mg, C, O, Si). Radioactive attenuation measurements were performed using gamma
sources (Cs-137, Am-241, Ra-226) to study the shielding parameters of these samples, within the energy range (0.06-0.662)
MeV.

It had relatively good radiation attenuation performance, and the chemical composition and density had a clear effect
on the experimental results, as the S4 sample, which had the highest density at most energies, showed a high value for (LAC)
and low values for (HVL), (TVL) and (MFP) compared to the other samples, indicating better performance in radiation protection
efficiency and transmission reduction. However, sample S1 showed lower (LAC) and higher (HVL), (TVL), and (MFP),
indicating lower attenuation efficiency than the other samples.

The results also showed that (Zeff) and (Neff) gradually decrease at low energies, which is explained by the dominance
of the photoelectric effect, and then almost complete stability is achieved at higher energies due to the increased occurrence of
the Compton effect. The experimental results showed good convergence of the linear attenuation coefficient with the theoretical
results of Phy-X, which increases the credibility of the experimental measurements. Comparison of the results with previous
studies of materials and glass used confirmed that the (MAC) and (MFP) values of the studied samples fall within the acceptable
range for materials used in radiation applications at low energies.

11
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The results generally indicate that the automotive glass under study exhibits good attenuation efficiency at low energies.

It confirms its potential use as suitable alternatives as transparent, lightweight, lead-free, and low-cost radiation shields, as it can
be used in many applications that require both radiation protection and transparency, such as windows in laboratories, and
transparent personal protective equipment for monitoring experiments, handling radiation sources in laboratories safely, and
radiographic imaging applications.
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