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Abstract

This work presents an analysis of the effect of BaO incorporation on the gamma-ray attenuation properties of systematically
evaluated SiO,-B,0s-SrO-ZrO, glass matrices. Radiation shielding parameters determined using XCOM and EGS4 calcu-
lation codes were compared. There was an increase in glass density from 5.84 g/cm® to 6.32 g/cm® when the BaO content
rose from roughly 10% to 40%. Using sophisticated WinXCom and EGS-4 calculations, the mass attenuation values (u/p)
of BaO doped SiO,-B,0:-SrO-ZrO, glass systems (abbreviated BaSiBSZ) were found. This study systematically and thor-
oughly evaluated the effect of BaO integration on the radiation shielding capabilities of the glass system over a wide range of
gamma-ray photon energies, specifically between 59.5 keV and 1332 keV. Initially, HVL (half-value layer) and MFP (mean
free path) values were derived from the calculated mass attenuation coefficients. The evaluation of several crucial shielding
parameters, including RPE, Z g, ¥R, and ky , came next. The steady reduction of SrO oxide concentration and substitu-
tion of BaO in BaSiSBZ glass systems resulted in notable modifications in radiation protection properties. The BaSiBSZ
glass systems showed a similar decrease in both HVL and MFP at a constant energy level as the BaO doping concentration
was progressively raised. Concurrently, a notable enhancement was noted in RPE, Z g, £y, and k, coefficients. The results
demonstrate that higher BaO concentrations greatly enhance the material's radiation-shielding capabilities, enhancing both

photon and neutron attenuation and bolstering the overall performance of the glass system.
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Introduction

Borosilicate glasses are a type of glass known for their
exceptional thermal and chemical stability, as well as low
thermal expansion. Composed primarily of silica (SiO,) and
boron trioxide (B,0s), these glasses offer high resistance to
heat and chemicals, making them ideal for use in various
industrial, scientific, and domestic applications. Borosilicate
glasses are often used in laboratory equipment, kitchenware,
and high-strength glass containers. Additionally, due to their
durability and resistance to temperature fluctuations, they
are also considered suitable materials for radiation shielding
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when appropriately engineered, as seen in some specialized
glass compositions [1-4].

Systems of borosilicate glass are particularly well-suited
for use in radiation shielding (RSAs), medical technologies,
and optics due to their great optical clarity and superior
electrical insulation. Their unique combination of proper-
ties enhances their utility in environments requiring high
performance under thermal stress and chemical exposure,
further solidifying their role in advanced technological and
industrial fields. Glass materials have a clear edge over other
materials when it comes to protecting against gamma radia-
tion. They are ideal for applications where radiation protec-
tion and transparency are crucial because of their compo-
sition and structural characteristics, which enable efficient
gamma ray attenuation [5-9].

An important metric is the mass attenuation coefficient
(MAC), which measures a material's capacity to reduce the
intensity of an incoming electromagnetic radiation beam as
it travels through it. This coefficient shows the likelihood
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that a photon will interact with the material by absorption,
scattering, or a mix of the two. The incoming gamma rays'
energy levels and the attenuating material's inherent physical
and chemical characteristics both have an inherent influence
on the MAC. When the energy of the gamma rays increases,
MAC usually shows a diminishing trend for a given material.
This inverse relationship arises from the fact that higher-
energy gamma rays possess a reduced probability of inter-
acting with the atomic structure of the material, resulting in
a diminished likelihood of absorption or scattering events.
The MAC, as a critical parameter, is essential in quantify-
ing the proportion of incident gamma rays that successfully
penetrate the material versus those that are absorbed or scat-
tered, thereby providing insight into the material's radiative
shielding properties. In many areas, including industrial
radiography, medical imaging, radiation protection, and
material characterization, MAC is an important metric. It
is valuable because it can quantify the quantity of radiation
that is absorbed or transmitted through a certain material. In
radiation exposure applications, this measurement is crucial
for accurate radiation dose estimations, imaging modality
optimization, and safety requirements. The MAC is essential
to increasing the efficacy and security of radiation-based
technology because it makes accurate predictions of radia-
tion interactions possible. The XCOM algorithm was created
by Berger and Hubbell to compute MAC and photon cross
sections for atoms, compounds, and mixtures across a wide
energy range, from 1 keV to 100 GeV [10]. Gerward et al.
improved the software's usability and accessibility by intro-
ducing WinXCOM [11], a modified version of the original
program. WinXCOM retains the powerful computing power
of the original XCOM while offering a more intuitive user
interface. This development demonstrates a dedication to
facilitating advanced radiation interaction computations for
scientists and industry experts. Monte Carlo simulation is a
powerful computer technique that employs random sampling
to simulate and analyze complex systems or processes when
standard analytical solutions are hard or impossible to get.
This technique has become a vital tool in a number of fields,
including medical physics, nuclear physics, nuclear engi-
neering, radiation safety management, and reactor design.
Calculating MAC and other crucial properties has often
been done using Monte Carlo techniques, which explain
the complex behavior of gamma rays as they interact with
different materials. As a result, we now know more about
gamma-ray interactions and radiation-related analyses are
more accurate [12—15]. The energy deposited in a material
as a result of ionizing radiation is referred to in radiation
physics as kinetic energy released in materials (KERMA)
[16]. Since some energy is transferred to high-energy sec-
ondary particles, such as electrons and photons, from inter-
actions with ionizing radiation, kerma typically exceeds the
absorbed dosage. The energy is not entirely absorbed at the
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contact location since these particles might travel a consider-
able distance before depositing their energy. This results in a
discrepancy between absorbed dosage, which quantifies the
real energy deposited, and kerma, which reflects the overall
kinetic energy transmit. The absorbed dosage in relation to
kerma may be decreased if some energetic particles man-
age to leave the substance. A significant amount of research
has been conducted recently on the computation of kerma
coefficients for a variety of composite materials. The need to
better understand how ionizing radiation interacts with these
materials is the driving force behind this growing interest.
Furthermore, the development of more effective radiation
shielding methods and the improvement of dosimetry sys-
tems depend heavily on these studies [17-20]. This work
uses the Monte Carlo EGS4 algorithm and WinXCOM soft-
ware to theoretically determine the mass attenuation coef-
ficients of BaO-doped SiO,-B,03-SrO-ZrO, glass samples
throughout an energy spectrum of 59.5 to 1332 keV. Several
shielding parameters, including the HVL, MFP, radiation
protection effectiveness (RPE), effective atomic number
(Zeff), and gamma kerma coefficients ky, were computed
using the theoretical MAC values obtained from the XCOM
and EGS4 calculations. Moreover, the macroscopic effective
removal cross sections (ER, cm™') for fast neutrons were
calculated from the data. Understanding radiation shield-
ing characteristics and improving protective measures in a
variety of applications depend on these factors. The results
showed that a higher BaO doping greatly improves the glass
sample's radiation shielding capabilities, making it more
effective than other glass compositions.

Material and methods
Monte carlo simulation

Nelson and Hirayama's EGS4 (Electron Gamma Show-
ers) algorithm was used in this investigation to carry out
the required computations in order to ascertain the gamma
attenuation parameters and kerma coefficients [21]. The
response of the HPGe detector was simulated using Monte
Carlo simulations using EGS4. Using a certified random
number generator is crucial since random number creation
plays a crucial part in Monte Carlo simulations. In this con-
text, the RANLUX random number generator, which has
been demonstrated to yield superior distribution and a longer
sequence, was employed in conjunction with the EGS4 code
[22]. After dividing the computed area into 241 cells, the
form was rotated 360 degrees around the z-axis to produce
a cylindrical shape. Figure 1 shows a series of cylindrical
circular projections, each with planes called P1, P2, ..., P20
and radii called R1, R2, ..., R11.
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Fig. 1 Detector model formulated employing Monte Carlo simulations within the ESG4 code

A portion of the code was also developed for a point
radioactive source, which permits all photons to be released
along the z-axis, producing a collimated photon beam
[23-26]. Two main sources of uncertainty were taken into
account in these computations: statistical uncertainties and
uncertainties in the cross-sections that the Monte Carlo
algorithm employed. By generating 10® photons during the
simulation, statistical uncertainty was successfully reduced
to around 0.5% for all photon energy levels, which is less
than the graphs' markers. There is a 2% uncertainty related
with MAC used in the EGS4 algorithm. Gamma photons
having energy of 59.5, 122, 383, 511, 662, 1274, and 1332
keV were analyzed in order to determine these coefficients.
It was found that the simulated findings had a relative inac-
curacy of less than 1%.

Conditions for gamma attenuation

This study examined the impact of substituting BaO for
SrO in amounts ranging from 10 to 40% on the radiation
shielding capabilities of SiO,-B,03-SrO-ZrO, glass. By
gradually increasing the BaO, the densities of the examined
glass samples increased to 5.84, 5.96, 6.12, 6.20, 6.32 g/
cm’, respectively. A material's composition, thickness, and
density all affect its MAC and MFP. These factors play a
key role in analyzing how radiation penetrates, is absorbed,
and is attenuated by the material, making them essential
for understanding its effectiveness in radiation shielding.
The following equation describes how a gamma-ray beam's

intensity and attenuation through a material relate to one
another:

[ =1 tAC (1)

The linear attenuation coefficient of the material for the
specific energy of the gamma rays is LAC (in cm — 1), the
starting intensity of the beam is [, and the intensity of the
gamma-ray beam after passing through a material of thick-
ness t is denoted by /. This formula describes the exponential
drop in intensity that occurs when the material absorbs or
scatters the gamma rays.

With the following formula, the density-independent
MAC may be found y / p (cm*/g):
[ =1, e MAOP — [ ,~LACK @)

The material's thickness d may be represented in terms
of area mass (g/cm?) using the Beer-Lambert law equation.

In the energy range of 0.0595-1.332 MeV, the MAC of
the glass samples under investigation are calculated using
the MC-EGS4 simulation code and compared to WinXCOM
findings. WinXCom software was used to calculate the theo-
retical MAC of the glasses [11, 25-27].

For measuring how well materials shield against radia-
tion, Zeff is an essential metric. It takes into consideration
both the quantity and energy of the incident photons or par-
ticles and is a weighted average of the atomic numbers of
the constituent atoms inside a substance. Because it makes
it easier to compare the radiation attenuation characteristics
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of different materials, this idea is very useful in radiation
shielding applications. The Zeff values for the studied sam-
ples have been determined using the formula found in [28].

()

Zeﬁ_ fiAi H
2 7<;>i

1

where Al is the atomic weight of the i-th element, fi fi is
the weight fraction of the i-th element in the material, and
is the i-th element's atomic number [29].

The thickness of a material that reduces half of the radia-
tion entering it is called its half value layer (HVL) [28]: The
following formula can be used to get the HVL

0.693

HVL = ——
LAC “)

One important measure of the average distance a particle
or photon may travel through a material before encountering
an interaction, such as absorption, scattering, or transmis-
sion, is the mean free path (MFP). The MFP is commonly
described as the reciprocal of the linear attenuation coef-
ficient (LAC), which measures the amount of light absorp-
tion or scattering that takes place within a material per unit
length. Using the following methodology, the MFP values
in this study were obtained from the matching LAC values
[30]:
MFP =

TAC 5)

This study examined the glass samples' radiation protec-
tion effectiveness (RPE) parameter. The following formula
defines the RPE quantitatively in terms of the incoming and
transmitted photon densities: [31]:

RPE = (1—£> * 100 (6)
IO

Kerma is a quantitative indicator of the energy that is
transmitted from ionizing radiation to the material it passes
through. Kerma is defined formally as the mass of the absorb-
ing medium divided by the total initial kinetic energy of all
charged particles emitted by the incoming radiation. The
energy deposited in the target material per unit mass, on the
other hand, is represented by the absorbed dosage. This meas-
urement takes into account the charged particles' subsequent
interactions with the material, including energy loss mecha-
nisms like ionization and excitation, in addition to the original
kinetic energy that was transferred to them. Therefore, while
Kerma provides insights into the energy transfer process, the
absorbed dose offers a more comprehensive understanding
of the energy deposition within the material, highlighting the
intricacies of radiation-matter interactions.

In fact, MAC and partial interaction probabilities of vari-
ous processes can be used to calculate the kerma coefficient
(Gy.cm2/photon) for uncharged particles. The formula used to
obtain the Kerma coefficient is given below:

Hir
> @)
In this case, K stands for uncharged radiation with energy E,

the mass energy-transfer coefficient of the substance in ques-
tion, and the kerma coefficient [32]:

kB =k X | ()} B+ Fe (P B+ (/) (E = 1.022)] ®
1
KB =ky 2w | (), E+ Fe (malp)e B+ (fp)y, (E=1.022)] ®
1

Table 1 Cherpical composition Barium oxide (BaO)  Density B (0] Si Sr Zr Ba

of barium oxlqe (BaO) doped doped glasses p (g/em’)

glasses (% weight percentage)
BaSiBSZ-1 5.84 3.11 38.33 21.04 33.82 3.70 0.00
BaSiBSZ-2 5.96 3.11 37.33 21.04 25.37 3.70 9.45
BaSiBSZ-3 6.08 3.11 36.34 21.04 16.91 3.70 18.90
BaSiBSZ-4 6.20 3.11 35.34 21.04 8.46 3.70 28.35
BaSiBSZ-5 6.32 3.11 34.35 21.04 0.00 3.70 37.80

@ Springer



2023

Journal of the Australian Ceramic Society (2025) 61:2019-2029

978'C 910°¢ 678°C €v6'C S¥0'C £60°C 9691 ISL'T 8671 el Y90  19T°0 ¥¥0°0 700 G-Zsd'Sed
9¢6'C 690°¢ £€68C  966C L8I'C 901¢ 8061 018’1 90¢°1 lev'1 Y00 S0€0 £50°0 €500 y-ZS4diSed
Svo'e sele 686°C 160 [4:] 4 €91°C 8981 €L8'] S69°'1 99¢°1 19€°0  99¢°0 990°0 990°0 €-7541Sed
981°¢ (4] 3 080°¢  80I'¢ (4 4 olce 9¢6°'1 6¢6°1 SeL'l Svo'l SSr'0 €SY0 §80°0 980°0 ¢Zs4dised
8¢EL°E evee 80c 89I'°¢ LTTT £€8C°C 0€6’l 600C 269°1 (47! €850 9850 €cro o [-ZzS4rSed (dAIN) yred oa1y ueap
656'1 060°C 196°1 0v0°C LIY'1 €'l LLT'T 4! 8¢0°1 986°0 €81'0 1810 1€0°0 1€0°0 §-zSdrsed
LE0T Lele 00T  LLOT 9I¢’T 091°1 Iee'l Syl Pr0°1 Ye0'l [1T0  CITO0 9¢0°0 LEO0 y-ZS4dised
0I1r'e 91°C cL0C SITC 61¢°1 6671 S6¢’'l 66C'1 SLT'T S80°1 0sT0  ¥5T0 Sv0'0 9%0°0 £-284d1Sed
80CC 90T'C vere  vSIC oSl (U2 we'l 142! [\l Iv1'1 SIE0  vIC0 650°0 0900 ¢zZsdrsed
yieT 8YC'C 9¢1'C S61'C 440! 8¢Sl 8¢€C1 (431! €LT'T 00T'1 Y070 9010 980°0 $80°0 [-ZzS4rSed (TAH) 10Ae[ onfeA JieH
6s0'0 ¢s0°0 9¢0'0 %S00 LLOO LLOO €600 0600 Soro [11°0 8650  S09°0 evs'e 0LS°E §-zSd'Sed
¥50°0 £50°0 0’0 ¥S00 €L0°0 LLOO ¥80°0 680°0 LOT°0 801°0 0€S’0  LTSO 0€0'¢ 800°¢ y-ZS4dised
500 £50°0 9¢0'0  ¥S0°0 SLO0 9L0°0 880°0 880°0 L6070 Soro SSY'0 6v¥0 68¥'C S8¥'C €-284'Sed
¢s0°0 £50°0 Y600 ¥S0°0 €L0°0 9L0°0 980°0 980°0 960°0 010 L9E€°0  TLEO S96°1 £€ve'l ¢zsdrsed (8/;wo)d/m syusroy
1S0°0 £50°0 0’0 ¥S00 9L0°0 SLOO 880°0 $80°0 101°0 6600 €6C°0  T6C0 €8¢l 10v'1 [-ZSd'Sed -J200 uohenuane SSeN
¥SOd  IWOIDX  #SODH  INOIDX ¥SOd  IWODX  ¥SOHd  WOODX ¥SOd  NOOX  ¥SDd NODX ¥SOd  IWODX sojduwreg
A Tee] A YLTT A T99 A TIS A°Y €8¢ A CTl A ¥S°6S ASroug

dIN Pue TAH “(8/,wo) d/r sjuatoygeoo uonenuaye ssew Jo sanfea (WODX) 808210341, pue ($SOH) pare[nore) g 3|qel

pringer

As



2024

Journal of the Australian Ceramic Society (2025) 61:2019-2029

The photon kerma coefficients can be found using a variety
of techniques described in earlier research [18, 33, 34]:

A key metric in nuclear reactor analysis and neutron trans-
port theory is the fast neutron macroscopic cross-section XR
(cm — 1), which captures the interaction probability per unit
distance traveled by fast neutrons in a material medium.

The following relationship is used to get the ZR value for
neutron shielding materials.

ZR /p= Z Wi <ZR /P)i (10)
and
2i = 2 pi(Ze /p), (11

Fig.2 The dependency of the
half-value layer (HVL) on 1
photon energy in BaO-doped

—@® — EGS-4

¥ EGS-4

where the partial density of the ith element is represented
by pi (2/cm?) and the fast neutron removal cross section by
YR/p (cm*/g) [28, 35-37]: The following formula can be used
to determine the partial density of the i-th element, represented
as (pi):

pi=pXW (12)

Here, wi stands for the weight fraction of the ith element,
and p for the sample's density (g/cm?) [28]:

Results and discussion
Table 1 lists the physicochemical characteristics of glasses

doped with barium oxide (BaO). The MFP, HVL, and MAC
wp (cm? g — 1) for samples at different energies of 59.5, 122,
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E s BaO-doped BaSiBSZ glasses. The Zeff is directly impacted
% 0 —&—EGS-4 by the amounts of each element inside the glass matrix since
_ each element has a distinct atomic number. Figure 5 shows
2 == the RPE changes with photon energy for the glass samples
that are being studied. These glasses' performance in appli-
cations like radiation shielding or optical systems is influ-
00 o 02 o4 06 08 10 1o 14 enced by variations in their composition, which results in

Photon Energy (keV)

Fig.5 The variation of radiation protection efficiency (RPE) of BaO-
doped SiO,-B,03-SrO-ZrO, glass systems versus the photon energy

383, 662, and 1332 keV are displayed in Table 2. Figures 2
and 3, respectively, display photon energy dependent HVL
and MFP for BaO-doped SiO,-B,03-SrO-ZrO, glass sam-
ples. Analysis of the presented figures reveals that with an
incremental increase in BaO doping within the BaSiBSZ
glass systems, there is a concomitant reduction in both HVL
and MFP at a constant energy level. This trend suggests
that enhanced BaO concentrations significantly influence
the attenuation characteristics of the glass matrix, leading
to an increased likelihood of photon interactions. Conse-
quently, the modifications in these parameters underscore

@ Springer

variations in RPE values. Furthermore, the different alloys'
2R were computed and shown in Fig. 6. As shown in Fig. 6,
BaSiBSZ-5 had the largest ZR (cm — 1) value, whereas
BaSiBSZ-1 had the lowest. Thus, the BaSiBSZ-5 glass sam-
ple exhibits an increased total interaction cross-section (XR)
as a result of its greater density relative to the other samples.
As aresult, it is the best material for absorbing neutrons and
provides better protection from gamma radiation.

Figure 7. displays the BaO-doped SiO,-B,0:-SrO-ZrO,
glass systems' gamma kerma coefficients with photon
energy. At different energy levels, the dominating gamma-
ray interaction mechanisms have a considerable impact on
the kerma. In the low-energy domain, where the photoelec-
tric effect predominates, the kerma values exhibit a notable
increase with increasing atomic number (Z). This is because
the photoelectric effect transfers nearly all photon energy
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to electrons while imparting nearly little kinetic energy to
them, especially in materials with higher Z values. Moreo-
ver, Compton scattering contributes to this increase by
allowing partial energy transfer to the medium since it is
almost elastic at low photon energies. Higher photon ener-
gies lead to higher kerma coefficients because Compton
scattering and pair formation, which both require greater
energy transfers, become more dominant. The underlying
reason for the variations in kerma coefficients as a function
of energy is the complex interaction between the Z-depend-
ence of the mass attenuation coefficient and the dominance
of various gamma-ray interaction processes at different
energy levels. For equivalent photon energies, the kerma
coefficients of SiO,-B,0;-SrO-ZrO, glass systems clearly
show an upward trend as the BaO content increases. The
relative dominance of several mechanisms of photon inter-
action, such as the photoelectric effect, Compton scattering,

Photon Energy (MeV)

and pair production, determines the characteristics of kerma
coefficient curves with respect to gamma-ray energy. The
photon energy and the atomic number of the material being
absorbed determine how much of each of these interaction
mechanisms contributes. Compton scattering and pair crea-
tion become more dominant in the intermediate energy range
as photon energy rises, whereas the photoelectric effect falls
proportionately. The kerma coefficient significantly drops as
a result of this change.

Conclusion
The radiation shielding properties of BaO-doped SiO,-
B,0s-SrO-ZrO, glass samples were investigated in this

work throughout a gamma energy range of 59.5 to 1332
keV. Based on the MAC values, it was utilized to compute

@ Springer
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a number of shielding parameters, such as the MFP, HVL,
RPE, Zeft, and kerma. Furthermore, the various glasses R
were computed. EGS4 was used to analyze the MAC, MFP,
HVL, RPE, Zeff and kerma coefficients for the glass samples
under study at gamma ray energy of 59.5, 122, 383, 511,
662, 1274, and 1332 keV. To ensure safety, maximize mate-
rial performance, and further research in radiation shielding
technologies, it is crucial to calculate radiation protection
parameters for glass samples.

Mass attenuation coefficients are shown to significantly
decrease with increasing BaO concentration in SiO,-B,0s-
SrO-ZrO, glasses, particularly up to the first 500 keV. At a
fixed energy level, BaO-doped glass samples show a drop
in MFP and HVL. The gamma-ray kerma coefficients, Zeff
and RPE all significantly rise in tandem with this. The
results demonstrated that the BaSiBSZ-5 glass sample had
superior radiation shielding qualities when compared to
the other glass samples. It is therefore recognized that the
recently developed glasses are particularly helpful for radia-
tion shielding applications in the industrial, medicinal, and
nuclear fields. To ensure safety, maximize material perfor-
mance, and further research in radiation shielding technolo-
gies, it is crucial to calculate radiation protection parameters
for glass samples. This effort will contribute to the devel-
opment of novel, safe, and efficient glass systems that are
especially made for situations where radiation exposure is
a major issue.
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