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Introduction

Background: Ionizing radiation is essential in medical imaging and therapy, but 
it also poses health risks to medical staff and patients. Traditional shielding 
materials like lead are effective but toxic, while concrete lacks transparency. 
Therefore, glass systems incorporating high-Z oxides offer a promising alternative 
by combining optical clarity with enhanced radiation shielding performance.

Objectives: This study aims to develop and investigate germanoborate glasses 
doped with Gd2O3, with a particular focus on their photon attenuation properties. 
The findings are intended to development of transparent, lead-free radiation 
shielding materials suitable for medical and industrial applications.

Materials and methods: The Gd2O3 added germanoborate glasses in the system 
(60-x)B2O3-GeO2-x Gd2O3 (with x=10, 20, 30 and 40 mol%) were synthesized via 
melting at 1400 oC followed by melt quenching method. The densities were 
measured by Archimedes’ method. The mass attenuation coefficients (μm), 
the effective atomic number (Zeff), the effective electron density (Neff), and 
half-value layers (HVL) were computed using the WinXCom program (NIST 
XCOM Database) to assess shielding properties. PHITS Monte Carlo simulations 
were employed to calculate the effective dose rate.

Results: The addition of Gd2O3 increased the glass density from 3.7546 gm/cm³ 
to 5.4604 gm/cm3. Replacing B2O3 with Gd2O3 enhanced the mass attenuation 
coefficients (μm), effective atomic number (Zeff) and effective electron density 
(Neff). HVL values decreased, Pb equivalent values increased, and the effective 
dose was reduced.

Conclusion: The incorporation of Gd2O3 into germanoborate glasses significantly 
enhances their gamma-ray attenuation capabilities, confirming their effectiveness 
as lead-free shielding materials. The developed glasses exhibit optimized 
radiation protection properties, highlighting their potential for transparent 
shielding applications in medical, industrial, and nuclear fields. and infliximab 
exert protective effects on liver function in acetic acid induced UC model. These 
findings suggest potential benefits of these therapies in mitigating liver damage 
associated with UC, highlighting the importance of considering liver health in UC 
management.

	 Ionizing radiation is essential in modern diagnostic 
imaging and radiation therapy. However, its use involves 
potential risks of radiation dose received by both  
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healthcare professionals and patients. Accordingly, 
the development and implementation of effective 
radiation protection methods are essential to minimize 
exposure and ensure safety in environments where 
radiation is routinely used.1 The effectiveness of a 
shielding material is largely determined by its density 
and atomic composition. Materials with high atomic 
number (Z) and high density present more electrons 
per unit volume, leading to a higher probability of photon 
interactions. In the energy range used for medical 
imaging and therapy, the dominant photon interactions 
are the photoelectric effect and Compton scattering  
High-Z, high-density materials strongly enhance  
photoelectric absorption, while Compton scattering 
depends mainly on total electron density.2 Lead (Pb) 
is a commonly used shielding material due to its high  
density, low cost, and ease of fabrication. Nevertheless, 
the toxic nature of lead poses serious environmental 
and health concerns, prompting the need for alternative, 
ecofriendly shielding materials.3 As a result, lead free 
shielding materials have gained considerable attention. 
Concrete is another traditional bulk shielding material. 
It is inexpensive, easily cast into walls or blocks, and 
has good mechanical strength. Ordinary concrete is 
effective for gamma shielding partly because it can  
incorporate heavy aggregates to raise its density.  
However, its opacity limits its use in certain medical  
applications that require visibility. 
	 Glass materials have emerged as a promising 
alternative due to their transparency, chemical versatility, 
and ability to be tailored for specific radiation shielding 
applications. By incorporating heavy metal oxides into 
the glass matrix, their density and photon attenuation 
capabilities can be significantly enhanced. Thus, by  
incorporating heavy metal oxides into transparent 
glasses, it is possible to create shields that approach 
the performance of lead while still allowing light to 
pass through.4 Borate glasses are valued as host  
materials because they form stable, dense networks 
with desirable thermal and mechanical performance. 
They exhibit high thermal stability and excellent glass 
forming ability. In practice, borate glasses can incorporate 
modifiers to further increase density and hardness 
without crystallization. These features make borate 
matrices resistant to cracking and thermal shock, and 
well suited for optical transparency.5

	 Adding GeO2 is known to improve network  
connectivity and optical transmission in borate glasses. 
GeO₂ is a relatively dense glass former (ρ = 4.25 g/cm³) 
characterized by a high refractive index and a broad 
infrared transmission window. GeO₂ doped glasses 
generally exhibit lower phonon energies (800-975 cm¹) 
compared to borate-based glasses. As a result, the 
incorporation of GeO₂ into a glass matrix effectively 
reduces the overall host phonon energy. As a result, 
germanoborate glasses can exhibit higher refractive 
index and broader optical transparency, as well as 
increased glass transition temperature, all of which 

strengthen the network.4 For radiation shielding, 
Gadolinium oxide is an especially attractive dopant 
for gamma shielding. Gd has a high atomic number 
(Z=64) and density (7.895 g/cm³), which contribute 
to enhanced photoelectric absorption and Compton 
scattering interactions with gamma photons. 
Importantly, Gd₂O₃ does not induce radiation related 
 color centers in glass. In fact, several studies have 
reported that Gd₂O₃ acts as a heavy metal modifier, 
increasing the glass density and enhancing gamma-ray 
attenuation while maintaining optical transparency.6 
Moreover, PHITS Monte Carlo simulation was employed 
to simulate radiation transport and assess absorbed 
dose distributions in the context of modern diagnostic 
imaging and radiation therapy.
	 In this work, the Gd2O3 added germanoborate 
glasses were fabricated using a melt quenching 
technique. The obtained samples were analyzed for 
their density, structure, and radiation properties. The 
photon attenuation parameters were determined using 
WinXCom software, which extracts data from the NIST 
database. WinXCom is an accepted reference for X-ray 
and gamma ray interaction coefficients and has been 
widely used in glass shielding studies.7

Materials and methods
Theoretical background
	 The gamma ray attenuation in materials follows 
the exponential Beer-Lambert law:

 0
−= xI I e µ , (1)

	 where I  and 0I   are the transmitted and incident 
intensities,µ is the linear attenuation coefficient (cm-¹), 
x and is the thickness (cm).The mass attenuation 

coefficient (  ) is calculated by normalizingµ to the 
material’s density, and provides a density independent 
measure of attenuation:

			 

( )= ∑m i i iw µµ
ρ

mµ

	 When iw  is the fractional weight, and mµ  is 
the mass attenuation coefficient of each element. 
Theoretical calculations can be performed using 
the WinXCom software, which provides tabulated 
photoncross sections based on composition and 
energy.8

	 The total atomic cross section, ( aσ ), can be 
evaluated from the values of the total mass attenuation 
coefficients by the following
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	 Similarly, the total electronic cross section, ( eσ ), 
is given by the following formula	
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the effZ , is formulated as follows.9

 			 

	 The half value layer ( HVL ), defined as the 
thickness of material required to reduce the intensity 
by half, it is given by:

						    

	 where µ  is the linear attenuation coefficient. 

in alumina crucibles by an electrical furnace for about 
3 hrs, at 1400 oC and poured into the graphite mold at 
room temperature and annealed at 500 oC for 3 hrs. All 
glass samples were cut and polished into a size about 1 
cm × 1.5 cm x 0.3 cm for more investigations.

WinXCom program
	 WinXCom is a software implementation of the 
NIST XCOM photon cross-section database. It provides 
theoretical mass attenuation coefficients and partial 
interaction cross sections (photoelectric absorption, 
Compton scattering, pair production) for any element, 
compound or mixture over a wide photon energy range 
(approximately 1 keV to 100 GeV). Users simply specify 
the material’s composition (by chemical formula or 
elemental mix) and the energy range of interest, and 
WinXCom computes the attenuation data. The output 
includes not only the mass attenuation coefficients but 
also allows derivation of composite parameters such 
as the effective atomic number and effective electron 
density, which are standard metrics for quantifying 
gamma-ray shielding effectiveness. The main advantages 
of WinXCom are its speed and versatility: it can rapidly 
generate attenuation data for a vast range of materials 
and energies, greatly aiding the design and optimization of 
novel radiation shields. For these reasons it has become 
an essential tool in shielding research.12

PHITS Monte Carlo simulation
	 To investigate the absorbed radiation dose, the 
adult male mesh-type reference computational phantom 
(MRCP-AM) was implemented in PHITS. The MRCP-AM 
dataset comprises MRCP-AM.node (nodal data), 
MRCP-AM.ele (element connectivity), MRCP-AM.cell 
(geometric configuration, spatial location, and density 
information), and MRCP-AM.material (material  
composition), as illustrated in Figure 1. The primary 
objectiv e was to evaluate the absorbed and effective 
dose rates within the MRCP-AM phantom, both prior 
to and following the inclusion of shielding glass, 
using Monte Carlo simulation techniques. The  
phantom model was imported into PHITS via the 
[Surface], [Cell], and [Materials] sections to accurately 
define the anatomical structure of the entire human 
body.13 The irradiation source and anterior-posterior 
(AP) geometry was defined within the [Source] section, 
with the source placed at coordinates (0, 0, -60). The 
shielding glass was defined using the [Surface], [Cell], 
and [Materials] sections, with dimensions of 60.0 cm × 
1.0 cm × 200.0 cm and located at (0, 0, -40). Organ-specific 
absorbed dose distributions were calculated using the 
[T-Deposit] section with a “reg” mesh, while effective dose 
rates, based on ICRP Publication 103 recommendations 
for AP irradiation geometry,14 were determined using 
the [T-Track] section with an “xyz” mesh and the “-202” 
weighting factor in the [Multiplier] section.15 A total of 
100 million primary photons were simulated to ensure 
sufficient statistical accuracy.

	 where if  and iZ  are respectively the fractional 
abundance and the atomic number of each element.
For compound materials, the effective atomic number 

1 
 

=   
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e i
i iA i

f A w
N Z

σ ,(5)

( effZ ), is defined as the ratio between the total atomic 
effective cross section and the total electronic effective 
cross section.

σ
σ

= a

el
effZ ,(6)

	 The effective electron density ( effN ) defines 
the electrons number per unit mass, which is related to 

=
∑

eff
eff A

i

i i

Z
N N w

A

,(7)

0.693HVL
µ

= ,(8)

HVL  is a practical parameter for assessing and 
comparing the shielding effectiveness of different 
materials.10

	 Lead equivalent thickne ss refers to the thickness 
of lead that would provide an identical shielding 
performance against radiation as the material under 
investigation, under the same specified conditions. 
The degree of shielding can be evaluated through 
the material’s transmission factor. For photons of a 
particular energy passing through a certain thickness 
of material or lead, the relationship between the linear 
attenuation coefficient (LAC) and thickness allows for 
the estimation of the equivalent lead thickness.11 This 
can be expressed as:

	 where pbµ  denotes the LAC of lead, pbd   
represents the calculated lead equivalent thickness, 

= ×material
material

pb
pbd dµ

µ
,(9)

materialµ   is the LAC of the material, and materiald   is the 
thickness of that material.

Sample preparations
	 The Gd2O3 added germanoborate glasses to  
radiation shielding were prepared by melt quenching 
technique in compositions of (60-x)B2O3-GeO2-xGd2O3 
(with x=10, 20, 30 and 40 mol%). Each batch was melted 
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Result and discussions
Physical properties
	 The physical properties of the Gd2O3 added 
germanoborate glass system with the composition 
(60-x) B2O3-GeO2-xGd2O3 (where x=10, 20, 30, and 40 
mol%) were systematically investigated were shown 
in Figure 2. It was observed that the glass density 
increased from 3.7546 gm/cm³ (Gd10) to 5.4604 g/cm³ 
(Gd40) as the Gd2O3 content increased. This trend is  
primarily due to the replacement of B2O3, a low-density  
component, with Gd2O3 which contains Gd atoms 
of significantly higher atomic mass (157.25 gm/mol) 
compared to B (10.81 gm/mol), thereby increasing the 
overall density of the glass network. Meanwhile, the 

molar volume increased from 30.0711 cm³/mol (Gd10) 
to 37.3287 cm³/mol (Gd30), reflecting the network 
expansion due to the formation of non-bridging oxygen 
(NBO) sites induced by Gd2O3. However, a slight 
decrease in molar volume was observed at 36.7679 
cm³/mol for Gd40, possibly indicating network 
compaction. This behavior suggests that at high  
concentrations, Gd3+ ions acting as network modifiers 
with a relatively large ionic radius may disrupt the open 
structure typically promoted by NBO formation and 
instead lead to a denser packing.17,18 These findings 
demonstrate the structural impact of Gd2O3 substitution 
on the glass network connectivity and packing in Gd2O3 
added germanoborate glasses.

Figure 1. The MRCP-AM models from PHITS.16

Figure 2. The density and mola r volume of Gd2O3 added germanoborate glasses.
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Radiations shielding properties
	 Figure 3. illustrates the dominant photon interaction 
mechanisms in germanoborate glass added with 
40 mol% Gd2O3 over the photon energy range of 
0.015-15 MeV. The interactions are categorized into 
three primary sub processes the photoelectric effect, 
Compton scattering, and pair production. In the low 
energy region (below 0.1 MeV), the photoelectric 
effect is the predominant attenuation mechanism. This 
is consistent with the increased probability of photon 
absorption in high atomic number (Z) materials such 
as gadolinium (Z=64). Notably, a distinct absorption 
edge, or K-edge, appears near the binding energy of the 
K-shell electrons of Gd, reflecting a sharp increase in 
photon attenuation efficiency in this energy region. As 
photon energy increases into the intermediate range 
(0.1-1 MeV), Compton scattering becomes the principal 
interaction, characterized by the elastic scattering of 
photons. This process is closely related to the materials 

electron density and plays a critical role in applications 
requiring intermediate energy radiation shielding, 
particularly in medical diagnostics and industrial 
radiography. At higher photon energies (>1.02 MeV), 
pair production becomes increasingly significant. In 
this process, a high energy photon is converted into an 
electron-positron pair when interacting near the nucleus. 
The rising attenuation coefficient in this region indicates 
the material’s capability to manage high energy photons, 
which is essential for shielding applications involving 
linear accelerators and other high energy radiation 
sources. Overall, the total attenuation curve represents  
the cumulative contribution of all interaction 
mechanisms, exhibiting distinct variations as a  
function of photon energy. The addition of Gd2O3
significantly improves photon attenuation efficiency 
across all energy regions, particularly at lower energies 
due to the strong influence of the photoelectric effect 
and the prominent K-edge of Gd. 

Figure 3. The partial interac tion of Gd2O3 added germanoborate glasses.

	 The mass attenuation coefficient (μm) of 
germanoborate glasses with the composition (60-x)
B2O3-GeO2-xGd2O3 (where x=10, 20, 30, 40 mol%) was 
evaluated across a photon energy range of 0.015 to 
15 MeV using the WinXCom software were present in 
Figure 4. The results revealed that μm decreases with 
increasing photon energy, consistent with the dominant 
interaction mechanisms governing photon attenuation 
namely, the photoelectric effect, Compton scattering, 
and pair production. At low photon energies (<0.2 MeV), 
the photoelectric effect is the dominant interaction, 
resulting in a high μm value that rapidly decreases as  
energy increases. A pronounced peak in μm was 
observed around 0.05024 MeV, corresponding to the K- 
absorption edge of gadolinium (Gd), where photon energy 
is sufficient to eject K-shell electrons from Gd atoms, 

significantly enhancing attenuation. Following this 
sharp rise, μm declines steadily in the intermediate 
energy range (0.2-1 MeV), where Compton scattering 
becomes the predominant interaction. 
	 In the high energy region (>1.02 MeV), pair production 
becomes the leading mechanism, characterized by 
the conversion of high energy photons into electron 
positron pairs, altering the attenuation behavior based on  
interaction probability. Comparative analysis of the 
glasses indicated that increasing the Gd2O3 content 
leads to higher μm values, especially in the low energy 
region. This enhancement is attributed to the high atomic 
number (Z=64) and density of Gd, which significantly 
increases the probability of the photoelectric effect. 
However, at higher photon energies, the influence 
of Gd content on μm becomes less significant, as the 
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dominant interactions. Compton scattering and pair 
production are less sensitive to atomic number.19 These 
findings demonstrate that germanoborate glasses added 

with higher concentrations of Gd2O3 are particularly 
effective in attenuating gamma radiation, making them 
promising candidates for radiation shielding applications.

Figure 4. The mass attenuation  coefficient of Gd2O3 added germanoborate glasses.

	 Figure 5. illustrates the variation of the effective 
atomic number (Zeff) of germanoborate glasses with 
different Gd2O3 contents (10-40 mol%) over a photon 
energy range of 0.015 to 15 MeV. The Zeff values show 
a strong dependence on photon energy, governed 
by the underlying photon interaction mechanisms. 
At lower energies (below 0.1 MeV), Zeff exhibits relatively 
high values, particularly for glasses with higher Gd₂O₃ 
content. This enhancement is due to the photoelectric 
effect, which strongly favors high atomic number 
constituents such as gadolinium (Z = 64). As a result, the 
substitution of B₂O₃ with Gd2O3 significantly elevates 
the effective atomic number in this region.  A distinctive 
peak in Zeff is observed around 0.05024 MeV, which 
corresponds to the K-absorption edge of gadolinium. 
At this energy, photons possess sufficient energy to 
eject K-shell electrons, leading to a sharp rise in the 
interaction cross section and a corresponding sudden 
rise in Zeff. This localized increase reinforces the role 
of Gd in enhancing photoelectric absorption near its 
characteristic absorption edge. Beyond the absorption 

edge, Zeff values gradually decline with increasing  
photon energy, reaching a minimum in the intermediate 
range (approximately 0.2-2 MeV). This behavior  
corresponds to the dominance of Compton scattering, 
which is less sensitive to the atomic number and more 
dependent on the electron density of the material. 
In this range, the Zeff values for different Gd₂O₃ contents 
tend to converge, reflecting the diminished influence of 
high Z elements. At higher photon energies (>1.02 MeV), 
Zeff shows a slight upward trend, attributed to the onset 
of pair production, a process that becomes increasingly 
significant at high energies and is again influenced by 
the atomic number of the absorbing material. Overall, 
the variation of Zeff across the energy spectrum closely 
aligns with the trends observed in the μm, particularly 
in the photoelectric region. The incorporation of Gd₂O₃ 
not only elevates Zeff at low energies but also enhances 
the glass’s photon interaction potential across a broad 
energy range, confirming its suitability for applications 
requiring efficient gamma ray shielding.
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	 The variation of effective electron density (Neff) 
in Gd2O3 added germanoborate glasses, as shown in 
Figure 6., generally follows a trend similar to that of Um 
and Zeff, reflecting the dominant photon interaction 
mechanisms across energy ranges. However, it is 
noteworthy that (<0.05 MeV) the Neff values   show 
inversion from the 10 mol% and 40 mol% Gd2O3 samples, 
with the 10 mol% composition exhibiting the highest 
Neff values. This behavior may result from the complex 

Figure 5. The effective atomic number of Gd2O3 added germanoborate glasses.

interplay between the increase in atomic number and the 
corresponding mass increase, which affects the electron 
density per unit mass. Furthermore, a pronounced peak 
is evident near the K-absorption edge of Gd, attributed 
to the photoelectric effect. Overall, Neff values decrease 
gradually with increasing photon energy, ranging from 
higher values at low energies to lower values at high 
energies, consistent with the energy dependent nature 
of radiation-matter interactions.19

Figure 6. The effective electron density of Gd2O3 added germanoborate glasses.



69Chanthima N. et al. Journal of Associated Medical Sciences 2026; 59(1): 62-72

Figure 7. illustrates the Half Value Layer (HVL) values 
of Gd2O3 added germanoborate glasses at a photon 
energy of 662 keV, as a function of Gd2O3 concentration 
(10-40 mol%). It is evident that HVL values decrease 
progressively with increasing Gd2O3 content, indicating 
enhanced gamma ray attenuation capability. This trend 
can be attributed to the high atomic number (Z = 64) 
of gadolinium, which significantly increases the  
probability of photon interactions particularly the  
photoelectric effect and Compton scattering within 
the glass matrix. For comparative, the HVL values of 
the Gd2O3 added glasses are plotted alongside standard 
shielding materials, including commercial window 

glass,20 ordinary concrete,21 and PbO Based Glass 
(50% PbO).22 The results clearly demonstrate that all 
Gd2O3 added compositions possess superior shielding 
performance compared to both window glass and 
ordinary concrete. However, their HVL values remain 
higher than that of the PbO based glass, which is known for 
its excellent attenuation properties due to the high atomic 
number of lead (Z=82). Notably, the germanoborate glass 
sample containing 40 mol% Gd2O3 exhibits the lowest 
HVL among the studied compositions, highlighting its 
potential as a promising lead-free gamma ray shielding 
material.

Figure 7. The Half Value Layer  (HVL) values of Gd2O3 added germanoborate glasses.

	 The Pb equivalent of Gd2O3 added germanoborate 
glasses was determined for a thickness of 0.3 cm, as 
shown in Figure 8. From the results, the Pb equivalent 
of Gd2O3 added germanoborate glasses increases 
with the addition of Gd2O3. This trend indicates an 
enhancement in the materials radiation shielding 
capability, as higher Pb equivalent values correspond 

to greater attenuation effectiveness against ionizing 
radiation. When compared to standard reference 
shielding materials. The Pb equivalent values of the 
glasses are notably higher than those of commercial 
window glass,21 but remain slightly lower than those of 
PbO-based glass compositions. 22 

Figure 8. The Pb equivalent of Gd2O3 add ed germanoborate glasses. 
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The effective dose rate simulation
	 Figure 9 illustrates the effective dose rate (μSv/h) 
from gamma ray interactions with a computational 
phantom at an energy of 0.662 MeV. Simulations were 
performed using the PHITS software under anterior-
posterior (AP) irradiation geometry to evaluate the 
shielding performance of Gd₂O₃ added glass at 
40 mol%. The simulation results demonstrate 
a reduction in effective dose rate intensity when the 
Gd2O3 glass is used as a shielding material. Specifically, 
regions depicted in white, representing higher dose 
rates, are significantly diminished in the presence of 
40 mol% Gd2O3 glass, while darker regions, indicating 

lower dose rates, become more prominent. This visual 
transition from white to deep blue or black suggests 
a decrease in gamma ray penetration, confirming the 
enhanced attenuation capability of the Gd2O3 glass. 
Figure 8(A) shows the effective dose rate distribution 
without any glass shielding material, with a maximum 
dose rate of 31.57 μSv/hr and a minimum of 0.1040 
μSv/h. While Figure 8(B) which represents Gd2O3 glass 
at 40 mol%, shows a reduction in high dose regions, 
with dose rates ranging from 0.1315 μSv/hr (minimum) 
to 29.59 μSv/hr (maximum). These results highlight 
the effectiveness of Gd2O3 added glass in reducing 
radiation exposure in medical or shielding applications.

Figure 9. The effective dose rate (µSv/h) simulation of glass in the energy range of 0.662 MeV. 
A: no glass, B: with Gd₂O₃ glasses at 40 mol%.

Conclusion
	 In this work, the radiation shielding performance 
of Gd2O3 added germanoborate glasses with the 
composition (60-x)B2O3-GeO2-Gd2O3 (x=10, 20, 30 and 
40 mol%) was systematically investigated. The glasses 
were synthesized using the conventional melt quenching 
technique. Physical characterization revealed that 
increasing Gd2O3 content led to a rise in density from 
3.7546 to 5.4604 gm/cm³, while the molar volume 
initially increased. Radiation shielding parameters, 
including the mass attenuation coefficient (μm), 
effective atomic number (Zeff), and effective electron 
density (Neff), were evaluated over the energy range of 
0.015-15 MeV using the WinXCom program. The results 
showed that all parameters followed the expected 
photon interaction mechanisms, which are dominated 
by the photoelectric effect at low energies, Compton 
scattering at intermediate energies, and pair production 
at high energies. Increasing the concentration of Gd2O3 
resulted in higher values of these parameters, indicating 
improved radiation attenuation capability. From the 
HVL results, all Gd2O3 added germanoborate glasses 
exhibit superior shielding performance compared 

to commercial window glass and ordinary concrete, 
although their performance remains lower than that 
of PbO basedglass. Pb equivalent of glasses increases 
with Gd2O3 content, is significantly higher than that of 
commercial window glass, but remains slightly lower 
than PbO-based glass compositions. For the effective 
dose rate, the incorporation of 40 mol% Gd2O3 into the 
glass led to a noticeable reduction in high dose regions. 
These findings suggest that the incorporation of Gd2O3 
significantly enhances the glass radiation shielding 
performance. Overall, the developed germanoborate 
glasses exhibit favorable physical and shielding 
properties, demonstrating strong potential for use as 
lead free transparent materials in radiation protection 
applications across medical, industrial, and nuclear fields.
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