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Oz

Nd,0; doped Al,03—Na,0-WO03—B,03 glasses which were
produced by melt quenching technique was studied for
determining their charged particle, neutron and gamma-ray
shielding characteristics. In this context, the radiation-
attenuating parameters were calculated by the help of
PENELOPE, Phy-X/PSD, SRIM and PAGEX codes. The effect of
neodymium on the glasses were evaluated and compared
comprehensively. The results demonstrated a linear correlation
between the shielding efficiencies of charged particles -
specifically alpha, electron, proton particles; gamma rays; and
neutrons - and the neodymium content present in the samples.
The glasses with the higher content of neodymium displayed
better protection potential. The order of mass stopping power
results of the glasses were found for the charged particles as
MSPalpha > MSPprotons > MSPpositrons > MSPelectrons. The
glass without Nd composition showed maximal range values for
charged particles, whereas the glass with higher Nd composition
demonstrated the minimal values. The largest stopping time
values were obtained in the following order: Stpositron >
Stelectron. The biggest stopping time value was observed for
the glass without Nd. The glass with higher Nd exhibits the
highest fast neutron attenuation. It can be posited that each of
the glasses in question could be employed as shields in various
application fields.

Keywords Gamma shielding; Charged particle attenuating; Neutron
attenuating; Borate glass; Nd.

Abstract

Eriyik sondirme teknigi ile Gretilen Nd,03 katkili Al,03—Na,0—
WO03-B,03 camlarinin yikli pargacik, notron ve gama isini
zirhlama 6zelliklerinin belirlenmesi amaglanmistir. Bu baglamda,
radyasyon zayiflatma parametreleri PENELOPE, Phy-X/PSD,
SRIM ve PAGEX kodlari yardimiyla  hesaplanmistir.
Neodimyumun camlar Gzerindeki etkisi ayrintih olarak
degerlendirilmis ve kapsamli bir sekilde karsilastirilmistir. Yakla
parcacik (alfa, proton ve elektron), gama isini ve nétron zirhlama
etkinliklerinin ~ neodimyum igerigiyle  orantii  oldugu
bulunmustur. Daha yiiksek neodimyum icerigine sahip camlar
daha iyi zayiflatma potansiyeli gostermistir. Camlarin kitle
durdurma giicli sonuglarinin sirasi yiikli pargaciklar igcin MSPalfa
> MSPprotonlar > MSPpozitronlar > MSPelektronlar olarak
bulunmustur. Nd bulunmayan cam, yikli pargaciklar igin
maksimum degerleri gosterirken, daha yiksek Nd igerigi olan
cam minimum degerleri gdstermistir. En biyik durdurma siresi
degerleri su sirayla elde edilmistir: Stpozitron > Stelektron. En
biyuk durdurma siiresi degeri Nd'siz cam igin gozlenmistir. Daha
yiksek Nd'li cam en yiksek hizh nétron zayiflamasini
gostermistir. TUm camlarin bircok uygulama alaninda zirhlama
malzemesi olarak kullanilabilecegi sdylenebilir.

Anahtar Kelimeler Gama zirhlama; Yiikli pargacik zirhlama; Nétron
zirhlama; Borat cami; Nd.

1. Introduction
It is of great importance to consider that medical
radiation-based  medical

personnel involved in

procedures such as fluoroscopy, mammography,

tomosynthesis and computed tomography face
occupational radiation exposure. Those engaged in the
performance of these procedures are confronted with the
possibility of adverse health consequences resulting from
exposure to ionizing radiation. It is critical to apply
effective strategies to diminish the incidence of adverse
effects of exposure to ionizing radiation for personnel
working in imaging rooms used for radiological diagnosis

and treatment methods.

Glass is a substance of considerable importance to those
engaged in scientific investigation, given the numerous
advantageous characteristics it exhibits, comprising its
corrosion hardness, optical

exemplary resistance,

characteristics, efficiency in light transmission, low

thermal and electrical conductivity, low costs of
production and versatility in processing through diverse
techniques (Kaewnum et al., 2018; Yaacob et al., 2021;
Aljewaw et al., 2022; Biradar et al., 2024, Nabil et al.,

2024).

Due to the numerous advantages, it offers, glass is one of
the most widely preferred and extensively analyzed
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materials in the field of protecting against radiation (Alsafi
et al., 2024; Yorulmaz et al., 2024, Alzahrani et al., 2024;
Biradar et al., 2024; Nabil et al., 2024; Aygun, 2023;
Karpuz, 2024). The transparency of glass represents a
crucial advantage in its utilization within the field of
radiation shielding. This quality enables the material to be
suited to particular applications, including the fabrication
of masks designed to safeguard the face and different
parts of the face throughout the radiological procedures
and the utilization of radiography rooms' fenestration and
wall surfaces (Mhareb, 2024).

The rare earth element group is a material of great
importance to a multitude of industries. These include
glass, ceramics, alloy, the laser production, metallurgical
industry, magnet production, high-tech devices, oil
catalyst etc. (Kutu, 2024; Baykal et al. 2024; Aygun, 2024;
Aygun et al., 2024; Charfi et al., 2024). The utilization of
glass doped with rare earth elements (REEs) has become
a fundamental aspect of the advancement of photonic
applications in contemporary society. In recent past
decades, a notable emphasis has been placed on the
process of synthesising materials that have been doping
with REs for incorporation into lighting technologies
(Boussetta et al., 2024; Charfi et al., 2024; Gracie et al.,
2024; Sivakumar et al., 2024; Lakshminarayana et al.,
2020; Malchukova et al., 2018). Furthermore, it is crucial
to investigate the impact of external ionizing radiation on
the microstructure of glass structures. An understanding
of the manner in which radiation interacts with glasses
provides insight into how glassy matrices respond to
radiation. Moreover, the combination of rare earth and
in the

transition metals with borosilicate results

emergence of novel properties, including those
concerned with absorption and emission. As a case in
point, neodymium trioxide (Nd,0s) is a member of the
rare earth element series. The neodymium (Nd**) ion is
employed extensively in a variety of materials, including
as a dopant in solid-state lasers and for the generation of
light. The optical properties of Nd3* have attracted the
attention of scientists owing to the high level of its
absorption range, which encompasses ultraviolet (UV)
and near-infrared (NIR) wavelengths, and extensive cross
section of emission, which optimizes laser pumping
efficiency while maintaining energy levels conducive to
high-gain host and low laser thresholds media
(Abouhaswa and Taha, 2024; Mhareb, 2024; Matos and
Balzaretti, 2024; Madhu et al., 2024). Neodymium (Nd)
displays distinctive properties that are advantageous in
shielding. Nd,Os; exhibits

relatively high density, which allows for greater radiation

the context of radiation

attenuation through increased interaction with incoming

radiation. It is noteworthy that neodymium exhibits a
remarkable capacity to attenuate neutrons, including in
its oxide form. Such characteristics are of paramount
importance in nuclear technology, where the ability to
absorb neutrons represents a critical capability (Mhareb,
2024). Tungsten oxide finds application in a number of
fields, containing gamma radiation shielding, digital
displays, optical recording systems, smart windows, and
solid-state sensors for monitoring gas, temperature and
humidity. Al203 has been found to enhance a number of
properties, including electrical conductivity, mechanical
strength, thermal stability, index of refraction and
phonon energy. The motivation of this paper is to
examine the characteristics of the interaction between
radiation and glass. In order to achieve this, it is necessary
to consider the radiation protection parameters (RPP),
which are essential for understanding the attenuating
abilities of the glasses in question. These include the
linear and mass attenuation coefficient values (LACVs and
MACVs), half value layer value (HVLV), mean free path
value (MFPV), cross section of electron (ECS) and cross
section of atom (ACS), conductivity and effective electron
density (Ceff and Neff), effective atomic number (Zeff),
buildup factors (BUF), equivalent atomic number (Zeq),
pen/p, KERMA, the mass stopping power (MSP), fast
neutron removal cross section value (FNRCSV), radiation
yield (Ry), projected range (Rp) and stopping time (St). In
this context, the RPP [(65-x) B203 - 5AI203 — 20Na20 -
10WO03 -xNd203] (x =0, 0.25, 0.50, 0.75 mol%) glasses are
evaluated by PENELOPE (Sempau et al., 2003), Phy-X/PSD
(Sakar et al., 2020), SRIM (Ziegler) and PAGEX (Prabhu et
al., 2021) codes for a variety of energy levels.

Table 1. The %mol ingredients and densities of the glasses
(Attallah et al., 2024).

sample B203 AI203 Na20 WO3 Nd203 Density(e/c
Nd1 6500 5 20 10 o0 256
Nd2 64.75 5 20 10 025 260
Nd3 6450 5 20 10 050 262
Nd4 6425 5 20 10 075 265

2. Materials and Methods

The data presented in this study regarding the glasses was
obtained from Attallah et al.,, (2024) to examine the
potential of these materials for radiation attenuation. The
glass samples with a composition of [(65-x) B203 -
5AI203 — 20Na20 - 10WO03 - xNd203] x = zero, 0.25, 0.50
and 0.75 mol% were produced using the melt quenching
technique. Table 1 illustrates the densities, molar
volumes and chemical compositions of the selected
glasses. The samples under examination are identified by
the following labels: Nd1, Nd2, Nd3 and Nd4 for x = zero,

0.25, 0.50, and 0.75 mol%, respectively.
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3. Results and Discussions

3.1. Analysis on the radiation attenuation properties of
uncharged and charged particles

The variation of the MACVs versus energies is pictured in
Figure 1(a). The MACVs demonstrated a pronounced
decline as a consequence of the photoelectric (PE) in the
low energy levels. In the mid-energy region, a minor
alteration was observed due to Compton scattering (CS).
As energy rises, there is an observable rise in the quantity
of MACVs due to pair production (PP). It can be stated
that the glasses provide effective protection, with Nd4
demonstrating slightly superior performance compared
to other results. The glasses exhibited uniform shielding
capabilities. Furthermore, the LACVs that are dependent
on photon energies are illustrated in Fig. 1(b), and the
similar protective characteristics were also observed in
the glasses. The comparison of MACVs for the glasses and
previously studied shielding materials; ordinary concrete
(OC), steel-magnetite (Steel-magn.) (Bashter, 1997) are
given in Fig. 2. It is obtained that the shielding capability
depending on MAC results for the glasses are higher than
the materials studied before particularly at energies
below 1 MeV.
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Figure 1. Changes of MACVs (a) and LACVs (b) versus energies.
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The results obtained for the HVL and MFP are presented
in Figures 3(a-b), respectively. At energies predominantly
characterized by CS, it was noticed that photons
demonstrated a markedly elevated probability of
scattering. It was thus found that thicker materials were
necessary, as they demonstrated a diminished potential
for absorption and a higher MFP for photons. In the
region of high energy, the obtained reduction in HVLVs
and MFPVs was found to improve the protective
characteristics. In the energy range of interest, it is
essential to achieve lower values for both MFP and HVL,
whereas in the lower energy region, thickness is a
determining factor. The HVL and MFP results are in the
order of Nd4 < Nd3 < Nd2 < Nd1. It is worthy of mention
that glass Nd1 has the least shielding capability because
of the high HVLVs and MFPVs, and Nd4 has the best
shielding performance due to the lowest values. The
comparison of HVLVs for the glasses and previously
studied shielding materials (Bashter, 1997; Aygun and
Aygun, 2023) is given in Fig. 4, and it is said that the
glasses have higher protection ability than the materials.
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Figure 4. A comparative evaluation of HVLVs for the glasses and
previously reported shielding materials.

It would be worthwhile to investigate the interaction
probabilities of a material in greater depth, as illustrated
by the ACS and ECS values presented in Figures 5(a-b),
respectively. The findings indicate a correlation between
the ACS and ECS values and photon energy. It may be
inferred that the highest ACS and ECS results correspond
Nd4 exhibits
substantial protection characteristics among the glass

to enhanced protection. the most

samples, as evidenced by the ECS and ACS values.

The Zeff outcomes, as illustrated in Fig. 6(a), exhibited the
gratest values due to the presence of PE at low energies.
The findings demonstrated a distinct reduction and
followed by an increase as the energy value increased,
before reaching a level of stability at higher energies. It

was observed that glass compositions containing Nd in
excess of 0.75% exhibited the highest Zeff values, thereby
exhibiting the highest degree of attenuating potantials.

Conversely, the Nd1 composition, which contains a lower
quantity of Nd, demonstrated the lowest Zeff values and
the least effective protective capacity. The Zeq values are
presented in Fig. 6(b). The data indicate that Nd4 exhibits
a greater degree of interaction, whereas Nd1
demonstrates the least interaction between radiation and
matter. It can be concluded from the presented values
that Nd4 displays a more notable effect in response to
than Nd1,

interaction between the glasses under examination. A

radiation which evinces the weakest
comparative analysis of Zeff data for the glasses and a
selection of earlier studies on shielding materials
(Bashter, 1997) are given in Fig. 7. It is obtained that the
shielding effect based on Zeff for the glasses under
examination are of a greater extent than those materials
previously documented especially at energies below 0.2

MeV.
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Figure 5. Dependence of the values for ACS (a) and ECS (b)
versus energies.

Based on the PE, CS, and PP interactions, photon-matter
interactions cause changes to the number of free
electrons within the material. The nature of the change in
question depends on the specific Neff results that are in
accordance with the quantity of conduction electrons
exist in the material in question.
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60 - obtained that the rate of photon absorption within the PP
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Figure 8. Dependence of Neff (a) and Ceff (b) values versus
photon energies.
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The uen/p values are calculated and displayed in Fig. 11
(a). The findings are in the range of 0.017830- 1508.236,
0.017961 - 1540.168, 0.018088 - 1571.536 and 0.018215
- 1602.610 for Nd1, Nd2, Nd3 and Nd4, respectively. The
findings follow this order: Nd1 < Nd2 < Nd3 < Nd4. The
values of KERMA are estimated and presented in Fig. 11
(b). The values of KERMA are minimum for low energies,
and then rise and achieve the maximum at 0.04 MeV.
Finally, they showed an abrupt decrease, subsequently
followed by a period of unremarkable behaviour. Nd4 has
the biggest KERMA at 0.04 MeV wheras Nd1 has the least.
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The neutron shielding effectiveness of the glasses is
evaluated through the analysis of their FNRCS values, as
illustrated in Fig. 12. Nd4 exhibits the highest value for
fast neutrons, while Nd1 displays the least effective
result. The FNRCS values are assessed in comparison with
a selection of shielding materials, including bizmuth (Bi20)
glass, graphite and borogypsum (BG), ytterbium (Yb2.5)
as documented in previous studies (Kaky et al. 2024;
Aygun et al. 2024; Al-Buriahi et al. 2020; Aygun and Aygun
2023).
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Figure 11. Changes of the values of uen/p (a) and KERMA (b) versus energies.
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Figure 12. FNRCS values of the glasses in comparison to other
materials studied before.

It is imperative to consider the interaction of CPs with
glasses when developing radiation therapy protocols. To
this end, the MSP values of for the glasses in question
were estimated, and the findings are graphed in the range
of 102-10° MeV and given in Fig. 13. The MSPVs of
electrons demonstrate a decline with rising energy levels,
subsequently exhibiting a gradual ascension. In this
instance, the process by which electrons lose energy is
considered. It is hypothesised that electrons undergo

bremsstrahlung and Coulomb interactions. The MSP
values for electrons (5x107°-10° MeV) are among 1.472 —
281.364, 1.469 — 279.429, 1.467 — 277.837 and 1.465 —
276.130 for Nd1, Nd2, Nd3 and Nd4, respectively. MSP
values for positrons are among 1.432 — 425.196, 1.430 —
422.537, 1.427 — 420.256 and 1.425 — 417.856 for Nd1,
Nd2, Nd3 and Nd4, respectively. MSP values for electron
and positron particles, the energy increases, the value
gradually decreases and eventually reaches the maximum
value. The MSP results of proton are among 1.742 —
506.092, 1.738 — 503.288, 1.735 — 500.484 and 1.731 —
497.780 for Nd1, Nd2, Nd3 and Nd4, respectively. For
alpha particles, the MSP value demonstrates an initial rise
in energy levels, which is followed by a subsequent
decline. The MSPVs of alpha particles are among 12.213 —
1434.29, 12.183 — 1426.281, 12.163 — 1418.415 and
12.133 - 1411.264 for Nd1, Nd2, Nd3 and Nd4,
respectively. It should be highlighted that the manner in
which alpha particles and protons behave can be
influenced by the dependency of their nuclear and
electronic energy losses. The following order of MSPVs for
the glasses are obtained for the CPs: MSPalpha >
MSPprotons > MSPpositrons > MSPelectrons..
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Figure 14. Variations of Rp of electron, positron, proton and alpha particles.

The Rp findings are determined by SRIM and PENELOPE
codes, and are displayed (0-20 MeV) in Fig. 14. For
electron, the Rp values (5x105-10° MeV) are among 1.341
— 40317, 1.325 — 39672, 1.320 — 39337 and 1.1309 -
38864 for Nd1, Nd2, Nd3 and Nd4, respectively. For
positrons, the Rp results are among 1.192 — 41405, 1.177
— 40745, 1.172 — 40404 and 1.162 — 39923 for Nd1, Nd2,
Nd3 and Nd4, respectively. For proton, the Rp results are
among 0.1545 - 2210, 0.1526 — 2180, 0.1519 — 2170 and
0.1506 — 2160 for Nd1, Nd2, Nd3 and Nd4, respectively.

For alpha, the Rp results are among 0.0963 — 196, 0.0951
—194, 0.0947 — 193 and 0.0939 — 192 for Nd1, Nd2, Nd3
and Nd4, respectively. The Rp values are placed in the
following manner: Rpalpha < Rpproton < Rpelectron <
Rppositron. In addition, for CPs, the Rp values are in the
following order: Nd1 > Nd2 > Nd3 > Nd4. It should be
stated that there is an obvious inverse relationship
between glass density and Rp value, the sample given by
the biggest density exhibiting a shorter Rp and the lowest
density sample exhibiting a greater Rp.
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The radiation yield (Ry) values for the glasses have been
determined by the PENELOPE code at the range of
energies 0.001-1000 MeV, and the results have been
displayed in a plot (see Fig. 15). In this regard, the Ry
values for electrons are among 0.00001882 - 0.8761,
0.00001894 - 0.8773, 0.00001906 - 0.8785 and
0.00001918 - 0.8796 for Nd1, Nd2, Nd3 and Nd4,
respectively. The Ry values for positrons are among
0.000002382 - 0.8782, 0.000002377 - 0.8794,
0.000002373 - 0.8806 and 0.000002368 - 0.8817 for Nd1,
Nd2, Nd3 and Nd4, respectively. Based on these findings,
it can be noted that the Ry values of glasses for electron
and positron the following sequence is given as Nd4 > Nd3
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Figure 15. The changes of Ry values of electron and positron
with energy.
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Figure 16. Changes of Zeff for electron, proton and alpha interactions versus energy.

The Zeff outcomes of the samples for the CPs are
displayed in Fig. 16. For electron, the Zeff data are
between 8.122 — 12.354, 8.170 — 12.487, 8.228 — 12.623
and 8.283 — 12.753 for Nd1, Nd2, Nd3 and Nd4,
respectively. For proton, the Zeff values are among 8.360
— 11.924, 8.394 — 11.943, 8.428 — 11.961 and 8.461 —
11.978 for Nd1, Nd2, Nd3 and Nd4, respectively. For
alpha, the Zeff results are among 8.455 — 20.540, 8.487 —
20.541, 8.519 — 20.543 and 8.551 — 20.545 for Nd1, Nd2,
Nd3 and Nd4, respectively. The Zeff data for the samples
associated with the CPs are presented in the subsequent
sequence: Nd1 < Nd2 < Nd3 < Nd4. The Zeff values for
electrons demonstrate a progressive enhancement in
tandem with the rising kinetic energy for each individual
glass. It has been evidenced that the behavior of alpha
particles and protons exhibits a non-monotonic variation

in both high and low energy contents. Moreover, Zeff
data have been observed to rise in conjunction with rising
density of glass.

Additionally, for the CPs, the glasses Neff results are
computed and illustrated in Fig. 17. For electron, the Neff
results are changed between 2.553 x 102 — 3,930 x 10%,
For proton, the Neff values are varied between
2.608x10?% — 3.761 x 10%. For alpha, the Neff values are
changed between 2.110 x 102 - 6.478 x 1053. A
comparable pattern is evident for electrons’ Neff values
as Zeff, which demonstrate a gradual increase in
correlation with the rise in kinetic energy for every
individual glass. It is notable that the Neff values for alpha
and proton exhibit non-monotonic variations in both the
low and high energies.
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Figure 17. Changes of the values of Neff for alpha, electron and proton interactions versus energy.

Also, the stopping time (St) findings of the glasses for
electrons and positrons are computed and illustrated (10
3.10% MeV) in Fig. 18. In this regard, for electrons, the St
values are among 9.575 x 101> - 9.157 x 10, 9.466 x 10
15-8.946 x 10'%°,9.971 x 107> - 8.809 x 10™° and 9.896 x
10 - 8.645 x 10° for Nd1, Nd2, Nd3 and Nd4,
respectively. The St values for positrons are among 9.933
x101°-9.246 x 10'1°,9.819 x 10°-9.033 x 1019, 9.782 x
10 — 8.896 x 10 and 9.708 x 10%> - 8.731 x 10%° for
Nd1, Nd2, Nd3 and Nd4, respectively. In light of the
results, it has been documented that the St value
increases in conjunction with an increase in energy for
electron and positrons. The largest St values follow the
following order: Stpositron > Stelectron. Also, the largest
St values of the glass is given in the following sequence:
Nd1 > Nd2 > Nd3 > Nd4.
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Figure 18. Deviations of the St of electron and positron particle
as a function of energy.

4. Conclusions

In the study, the radiation attenuation performances of
the glasses added by Nd3+ with the components of [(65-
x) B203 - 5A1203 — 20Na20 - 10W03 - xNd203] x = zero,
0.25, 0.50 and 0.75 mol% were analyzed for fast neutron,
gamma-ray and CPs by PENELOPE, Phy-X/PSD, SRIM and
PAGEX softwares. The LACVs, MACVs, MFPVs, HVLVs,
Zeff, ACS and ECS data were investigated and it was noted
that the parameters displayed a behaviour depending on
the energy, as a result of processes by which photons
interact operating across a wide range of energies. The
maximum and minimum values for the following
parameters, LACVs, MACVs, ECS, ACS, uen/p and Zeff,
were identified for Nd4 and Nd1 while those of HVLVs and
MFPVs were obtained for Nd1 and Nd4, respectively. The
glass in which the greatest FNRCS value, Nd4, was found
to exhibit the optimal neutron shielding properties. This
suggests that this is the glass by the best effective neutron
attenuating capability. The MSP findings of the samples,
ordered from highest to lowest, are as follows: alpha,
proton, positron, electron. The glass comprising the Nd1
composition exhibited maximal Rp values for CPs,
whereas the glass comprising the Nd4 composition
exhibited the minimal values. The investigation revealed
that the addition of Nd*>" to the glasses in question
resulted in an enhanced ability to shield against an array
of CPs. The findings of the study indicated that Nd4
exhibited the highest degree of shielding efficacy against
gamma rays, CPs, and neutrons whereas Nd1 exhibited
the least one. It can be postulated that the glass with a
provides enhanced

greater concentration of Nd3*
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radiation attenuation, whereas those with a lower
concentration of Nd3* offer a comparatively reduced level
of attenuation. Consequently, it can therefore be
concluded that glasses activated by Nd** and comprising
a composition of (65-x) B203 - 5AI203 - 20Na20 -
10WO03 - xNd203 are suitable as shields in a diverse array
of applications. The findings indicate that the examined
glasses with higher Nd*3 content may exhibit exceptional
radiation attenuation characteristics, rendering them a
candidate for radiation protecting applications. The
process of attenuation in REE doped glasses is an
important factor in the development of efficient

shielding, which make them suitable for use in
radiological procedures and technologies of lighting. In
the field of radiation shielding, the transparency of glass
constitutes a critical advantage, rendering the material
suitable for specific applications. These include the
fabrication of masks designed to safeguard the face and
other anatomical regions during radiological procedures,
as well as the utilisation of fenestration and wall surfaces
in radiography rooms. Therefore, it may be proposed that
Nd3*-doped glasses will be of significant benefit in

advancing materials science.
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