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Abstract:

Radiation sensors are an important enabling technology in several fields, such as medicine,
scientific research, energy, defence, meteorology, and homeland security. Glass-based
scintillators have been in use for more than 50 years and offer many benefits, including their
ability to respond to different types of radiation, and to be readily formed into various shapes.
There is, however, the prospect to develop new and improved glass scintillators, with low self-
absorption, low refractive indices, and high radiative recombination rates. To investigate the
factors limiting the improvement of glass scintillator properties, this work provides insight
from atomic scale simulations of the cerium-doped lithium aluminosilicate (Si02-Al203-MgO-
Li20-Ce20:3) glass scintillator system. Three glass compositions were studied using molecular

dynamics and density functional theory to investigate the effect of the ratio Ry =

[,412—03]. (with Raym=[0.1, 0.8 and 1.2]) on the structural, electronic. For a ratio Raym > 1,
[MgO]+[Liz0]

it has been shown that glasses with increased polymerization allow for more effective
incorporation of Ce** cations. The structural analysis also showed that the bond order of Al-O
can be affected in the presence of a lithium-rich environment. Electronic density of states and
Bader charge analysis indicate a decline in the population of localized trapping states with
increasing Raym. This suggests a higher probability of radiative recombination which can
increase the photon yield of these scintillators. These findings provide valuable guidance for

optimizing Li-glasses in neutron detection systems by highlighting the intricate challenges.



I. Introduction

Silicate glasses have been known for decades as suitable hosts for rare-earth elements and have
been extensively used for the fabrication of solid-state lasers, optical amplifiers and solar
control devices '. The increasing demand for efficient low-cost materials, associated with
ease of forming and high-volume commercial production potential, has extended their range of
applications *. In nuclear instrumentation, one of the central uses of rare-earth doped silicate
glasses is within scintillators °. These offer desirable functionalities as optical materials, such
as low refractive index and high visible-light optical transmittance *. In addition, silicate glasses
are known to have high thermal stabilities and good rare-earth element solubility, which makes

¢ Glass scintillators are

them strong candidates to replace single crystal scintillators
commercially available today ’ and are used for neutron radiography, neutron spectroscopy,
and for o, ,X-rays and y detection in extreme environments *°.

One of the most widely-used series of glass scintillators used today is cerium-doped lithium
aluminosilicate glasses, which were first developed by Anderson et al. and are now owned as
a trademark by the UK-based manufacturer, Scintacor Ltd. '°. These glasses are known by
tradenames including GS2 and GS20 and have proven to be efficient scintillators with an
optimal photon yield when used for neutron detection applications °. Nevertheless, as with most
glass scintillators, long decay times with afterglow and low photon yield compared to single
crystal scintillators narrows the range of applications in which these glasses can be used .
These limitations, closely related to the presence of disorder that attenuates the transport
mechanisms of charge carriers in glasses to luminescence centres, have been extensively
studied with the intention of improving the scintillation properties of rare-earth doped silicate
glasses. Many solutions have been proposed, such as the use of sensitisers '?, application of

t 13, pre-irradiation '* and compositional modifications '°.

thermal treatmen
One of the main benefits of using glasses as scintillators is the strong relationship between the
structure of glasses and their physical properties. In particular, aluminosilicate glasses are a
glass system in which this relationship is most sensitive, which has made them important
materials in many fields '°. Introducing Al2Os into silica-based glass networks enhances
connectivity and significantly impacts upon chemical and physical properties, leading to a
mixture of tetrahedral SiO4 units and polyhedral AlOs structures !”. Depending on the network
modifier type and content, the network is disrupted, and non-bridging oxygen (NBO) and

charge compensation sites are formed due to the presence of ionic cations which stabilize the

tetrahedral coordination of aluminium'®. The presence or absence of charge compensation sites



directly influences the behaviour of AlOx units, affecting their coordination polyhedra (e.g. the

formation of 5- or 6-coordinated AI**

) and, in some cases, leading to the formation of tri-
clustered oxygen species (TO) !8. Furthermore, the ratio of aluminium to modifier
(Al/Modifier, Al/M) plays a pivotal role, showcasing non-monotonic compositional
dependence in various physical properties as compositions transition from peralkaline to

peraluminous regions '*2°.

To explore this complex relationship, this study explores the GS2 glass composition and
compares it with two novel compositions, GSR1 and GSR2, designed to highlight
stoichiometric changes from the peralkaline to the peraluminous regions from the GS2
composition. Our investigation sheds light on how these ratios can influence the physical
properties of aluminosilicate glass scintillators, providing valuable insights into their
behaviour. Atomistic simulations have emerged as invaluable tools, offering appropriate
representations of glass chemistry and structure 2!-%3. In this study, a combination of molecular
dynamics (MD) simulations and density functional theory (DFT) analyses have been utilised
to offer a new perspective on the structural and electronic properties of Li-aluminosilicate
glasses. To the best of our knowledge, this is the first such atomistic simulation of these

combined properties in multi-oxide glass scintillators.

II. Methodology & Simulation Details

The simulations presented in this work make use of classical MD simulations and DFT
calculations. The MD simulations were used to analyse large bulk glasses to avoid any size
effect bias that may appear in the bulk properties 2*. Additionally, MD was used to produce

simulation cells suitable to be used as inputs for DFT calculation of the electronic structure.

I1.1. MD Simulations

The rigid ionic model with partial charges was used to describe the partial covalency of the
silicate system by considering atoms as point charges with short range forces acting on them.
The Teter potential set was used to describe the interaction between different elements in the
system?*. Having compatible potential parameters for oxide glass components and some rare-
earth elements make Teter’s potential set one of the most widely used and tested
multicomponent oxide glass empirical potential sets **. The adopted potential has a form of

short-range Buckingham and long-range Coulombic interaction expressed as follows:
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where Ziand Z; represents the reduced charges of atoms i and j respectively. The Aij, Bijand Cj;
are empirical parameters taken from?*. Since Ce’* is the main scintillation activator in these

425 only Ce**-O interactions were considered in the models produced.

glass systems and not Ce
For the Mg-O interaction, the parameters were taken from reference °.

Two sets of atomic glass structures were produced in this work. The first set was prepared with
approximately 10,000 atoms while the second set was prepared with 200 atoms. The glass
elements were placed with random 1nitial positions in a cubic box where periodic boundary
conditions were used in the three spatial directions. By using a time step of 1 fs, equations of
motion were integrated using Verlet-velocity algorithm ?’. The short-range interaction cutoff
was set to 8.0 A while the long-range Coulombic interaction was set to 10 A 24. To avoid self-
interacting atoms in the small models, both cutoffs were set to 6 A. The calculation of the
Coulombic interaction was performed using an Ewald summation with an accuracy of 107,
The melting process was started at a temperature of 5000 K in the NVT ensemble for 500 ps
followed by another equilibration in the NPT ensemble for 500 ps to make sure that the systems
had no memory of their initial configuration 2. The next step was to cool down the system
temperature in the NPT ensemble from 5000 K to 300 K with a commonly used quenching rate
of 1 K/ps ?°. In the final stage, the obtained glass structures were equilibrated in the NPT
ensemble for 100 ps to remove any internal stress that might remain from the fast cooling *°.
Data collection have been performed every 1 ps in the NVT ensemble during the last run of
100 ps. All MD simulations and data analysis were performed using LAMMPS?® package and
OVITO 3! respectively. Table 1 shows the glass compositions with the final densities of the
glass models produced by MD.

Table 1. Composition of the Li-Aluminosilicate glasses studied in this work. The compositional details for
GS2 were taken from 2.

GS2 GSR1 GSR2

Si02 (% mol) 49.98 41.22 52.17
MgO (% mol) 32.50 6.45 7.04
A1203 (% mol) 5.89 26.70 26.53
Ce203 (% mol) 0.67 0.50 0.64
Li20 (% mol) 10.96 25.13 13.61
RaIM 0.13 0.84 1.28




p (g/cm?) 2.64 £0.01 2.61£0.01 2.58 +0.01

I1.2. DFT Calculations

From the MD simulations, 20 glass configurations for each composition were used as an input
for DFT calculations as implemented in Vienna ab-initio Simulation Package (VASP) **34. The
electronic structure was described by the generalized gradient approximation using the PBE
exchange-correlation functional *°. The calculation was considered to have converged when
the total energy changed less than 10 eV between two consecutive self-consistent iterations,
and all components of ionic force were less than 0.01 eV/ A. The k-sampling in all calculations
was restricted to the I'-point and the plane waves have been included up to 600 eV. The volume
of each glass configuration was optimized initially with a convergence threshold of 0.5 kbar
for the components of the stress tensor. The obtained glass structures were used to calculate
the electronic properties reported in this work. Table S1 shows the final densities of the
optimized glass structures found by DFT.

Conventional density functional theory (DFT) exchange-correlation (XC) functionals,
including various generalized gradient approximation (GGA) methods, often underestimate the
band gaps of insulators (Eg) due to a derivative discontinuity in energy concerning electron
number®®. To tackle this issue, various XC functionals have been developed, including hybrid
functionals®’, meta-GGA*, and SCAN*. However, their computational expenses limit their
broader use in high-throughput studies*’. The DFT+U extension*' is a popular method that is
only slightly more computationally expensive when used with LDA or GGA. The Hubbard U
correction has a selective effect on d or f states by imposing piecewise linearity in the energy
functional based on subset occupations. This correction significantly improves the estimation
of electronic energy band gaps in insulators*.

In this work, DFT+U calculations were performed with a Hubbard correction on Ce atoms

where the 4f electrons are localized. The determination of the U correction value is obtained
empirically for crystals % by adjusting its value until the energy band gap (Egap) matches
experimental results. For the glasses of interest, no empirical values of Egap were reported. The

starting point to find the correct value of U was to refer to previous studies on the systematic
effect of the U term on CeO2 and Ce203. According to Loschen et al. *?, a well-balanced choice
of U for GGA+U can be found to be around 2 to 3 eV with increasing the on-site Coulombic

interactions by 1.5-2.5 eV.



To find a reasonable value of the U term, tests were conducted for this parameter by starting
with values suggested from the literature at 2.5 eV **, and finished at a value up to 5.0 eV.
Since the glasses considered in this work have different compositions, we searched mainly for
a value of U where the Egap can show a clear trend as a function of composition. Figure la
shows the trend as a function of U values tested for our calculation. A variation in the trend of
the relative bandgap energy is observed from glass GS2 to glass GSR1 in the range of values
of U reported by the literature *?, leading to a misleading trend in the compositional effect on
the bandgap energies when the value of U < 3.5 eV. Starting from U = 3.5 eV, the Egap
difference between the individual glasses remained the same. This is more evident in Figure
1b, which shows a clear compositional dependence on the conduction band minimum (CBM)
energy level. In the conduction band, the difference between the Ecem of GSR1 glass and the
GS2 glass reaches a value at which the difference between the three systems become nearly
constant at a value of U = 3.5 eV. The analysis was used to estimate a reasonable value of 3.5

eV that was subsequently used in this study.
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Figure 1:(a) Energy band gap calculated for different glass compositions as a function of U term. The inset shows the values
of Fermi-Level energies. (b) The energies of the lowest unoccupied energy state in the conduction band for the 3 glasses.



III. Results

I11.1. Structural Analysis
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Figure 2: The total radial distribution function (RDF) of the different glass compositions. The dashed lines represent the
partial RDF of Ce’*-O for all the three glasses.

To start the structural analysis, Figure 2 shows the total and Ce**-O partial radial distribution
functions (RDFs) for the different glass compositions studied in this work. For the total RDF,
the main peak represents the main bonding building the glass network at around 1.6 A that
corresponds to the Si-O bond length 4. The fluctuation of the secondary peaks between 1.7 A
and 2.0 A shows the clear difference in composition in terms of Al-O, Li-O and Mg-O bonds
43, while the high peak above 2.0 A represents a combination of Ce**-O and O-O bonds **. The
partial RDF of Ce*"-O shows a main peak at 2.38 A, in close agreement with previous
simulations and experimental results 44,

To characterize the effect of Raym ratio on the bulk chemistry of the glass scintillator, the
clustering behaviour of Ce** in the glasses was analysed. Clustering and phase separation are
the main limiting constraints of rare-earth element concentration in silicate glasses *’. It is thus
important to ensure that Ce*" is fully incorporated within the glass network before
characterizing other properties of the glass. Figure 3 shows the percentage of cluster size for

the three glasses. We defined a cluster size in this analysis as the number of Ce*" in a connected

path of Ce**-O bonds. Figure 3 clearly demonstrates that Ce*" is well dispersed throughout all



three glasses. GSR2 exhibits the least clustering, with a value of 18.15%, followed by GSR1
with a clustering of 21.51% and GS2 with the most clustering at around 25.25 %. Large 5- and
6-membered clusters are predominantly present in glasses GSR1 and GSR2, while glass GS2
exhibits none of these clusters. The solubility of Ce** for the GSR2 glass can be related to the

glass network structure by considering that GSR1 and GS2 glasses have less polymerised

structures compared to GSR2 glass.
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Figure 3: Cluster size distribution for GS2, GSRI1 and GSR2 glasses obtained from MD simulations. The
percentages were averaged over 20 different configurations.

Next, the local environment of Ce*" was analysed in terms of coordination and bond angles.
Figure 4a shows the percentages of Ce*" coordination environment with oxygen within the
three glasses. In general, the three glasses exhibit a uniform distribution of Ce*" coordination
environment, with most cerium atoms surrounded by seven oxygen atoms. GSR2 glass is
reported to have a wider distribution of coordination states of Ce*" ranging from 4 to 9
compared to GS2 and GSR1 glasses that have a 5 to 9 distribution. Another feature of GSR2
glass is that there are more undercoordinated states (4 and 5) present in the glass network,
whereas the over-coordinated states (8 and 9) appear to be more populated in glasses GS2 and

GSR1. According to Tian et al. *° who studied cerium-doped silica glasses, Ce** coordination



distribution ranges from 3 to 8 in the simplest case of pure vitreous silica, with an average
coordination number of 5.0. By comparing these values to the work of Du et al. * on phospho-
aluminosilicate glasses, Ce*" has a wider range and a higher coordination number from 5 to 8.
The shifting to a higher coordination state of Ce*" from pure silica can be understood from the
common point between the two former mentioned systems and the GS glasses, which is the

presence of aluminium.
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Figure 4: (a) Ce®>" coordination in the three glasses, (b) and (c) Angular bond distribution of AI-O-Ce*>" and
Si-O-Cée**, respectively.

Figure 4b illustrates the effect of Ce** on the Al oxygen environment through the bond angle
distribution of the linkage Al-O-Ce**. The GS2 and GSRI1 glasses both display three main
peaks at approximately 140°, 117°, and 97°. The results suggest that the addition of Ce*" has a
significant impact on the bond angle distribution of the glasses. Conversely, GSR2 glass shows
only one sharp peak at 91° and a shoulder at around 110° with a broad tail. The absence of

distinct peaks in the GSR2 glass can be attributed to the charge compensating role of Ce** in



the oxygen environment surrounding the aluminium. This charge stabilization narrows the Al-
O-Ce** angle in the GSR2 glass. Upon inspecting individual Al-O-Ce*" angles, it was observed
that the main peak at around 95° corresponds to an Al polyhedron sharing more than one
oxygen with Ce**. This indicates a prominent charge compensating role, as seen in Figure 5a.
The two additional peaks above 110° correspond to one oxygen per Al polyhedron, which
indicates Ce*"-NBO-Al (NBO denoting Non-Bridging Oxygen) as seen in Figure 5b, where
Ce*" breaks the network and act as a modifier.

The bond angle distribution of Ce** surrounding Si is shown in Figure 4c. The distribution
reveals two main peaks at approximately 97° and 124° for the Si-O-Ce** linkage. This
distribution is similar to the one previously reported by Tian et al.*’, albeit with a less
pronounced tail. The angles between 75° and 150° were considered to be Si-BO-Ce** (BO
denoting Bridging Oxygen), while the remaining tail was attributed to Si-NBO-Ce**.

6, > 110°

Figure 5: Illustrations of different angles by which Ce’" connects with the glass network as seen from the
angular distribution function. (a) represent the case with Ce’" acts as charge compensator and (b) and
network modifier.

To study the connectivity and medium range structure of the glasses, the network of the glasses

was explored in term of Qn species. The n stands for the number of BO surrounding the glass



formers Si and Al. Figure 6 presents the percentages of each Qn type found within the three
studied glasses. In each of the glasses studied, the shape of distribution of percentages changes,
mainly due to the ratio Raym. In the case of GS2 glass with Raym <<I, the distribution is broad
and symmetric around the percentage of Q3. The depolymerizing effects of Li and Mg are
reflected in the high percentage of Q2 units, which tends to indicate regions of the glass network
where large rings can be identified 3. The presence of 28% Qu in glass GS2 represents the pure
network forming region while the presence of Qs in this glass can be regarded as an artifact
and discounted. For the GSR1 glass, where the corresponding Raym =1 satisfies charge
compensation rules for Al, the distribution becomes asymmetric with 60% of Q4 and 27% of
Qs forming the glass network. GSR2 glass has over 80% Q4 and 13% Q3, while Q2 units are

nearly absent from this glass.
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Figure 6: O, distribution in the three studied glasses.

II1.2. Electronic Properties

As discussed in the previous section, the ratio Raym can have a major effect on the structure of
the glass network. This in turn can greatly alter the electronic properties of the glass. In this
section, these properties based on the small size models produced by MD simulation are
investigated. As previously mentioned in Section II, the models produced in this work were

constrained to include cerium as only Ce** during the MD simulations. The DFT calculations,



on the other hand, were run using pseudo potentials for Ce without imposing its oxidation state.
For all the configurations used for the three glasses the magnetic moment of Ce was found to
be equal to 1 on average, which successfully validates our procedure to create unpaired
electrons and obtain Ce*".

The band gap details and the final densities obtained from the electronic structure calculations
of the 60 glass models (20 distinct structures per composition) are represented in Table S1. For
GS2 glass models, the electronic band gap ranges between 1.46 and 2.86 eV, with an average
value of 2.28 eV. The valence band maximum was found to be between 2.83 and 4.01 eV and
a conduction band energy between 5.24 and 6.30 eV. For GSR1 and GSR2 glasses, the
electronic band gap has a value on average of 2.55 eV and 2.63 eV, respectively. No published
data regarding the band gaps of these materials was found in the literature to enable direct

comparison Tyrrell et al. ¥

provided measured GS2 glass density data, which closely matches
calculated values from DFT, as indicated in Table S1.

To obtain more detail of the electronic structure of the studied glasses, the electronic densities
of states (EDOS) have been analysed. This analysis allows us to determine the defects related
to the electronic states arising from the lack of long-range order in glasses and amorphous
materials *°. Figure 7a shows the EDOS of GS2 glass model with the closest value to the
average band gap. The EDOS displays some interesting characteristics between the valence
band and the conduction band, where small sharp peaks can be observed. Two peaks are seen
near the valence band while the others are unoccupied states near the conduction band. The Ce
projected DOS in Figure 7a shows that the two peaks near the valence band correspond to 4f
orbital electrons, which represents the electronic states of the activation centres. In the
conduction band, they also constitute the first band minima. The 5d projected DOS shows that
the corresponding electronic states are mainly embedded in the conduction band and do not
contribute to the potential trapping states. Regarding the second set of peaks near the valence
band, the element projected DOS reveals that all elements present in the glass bulk chemistry
contribute to the appearance of this peak, which is considered to be potential hole traps. Figure
7d shows the partial charge density for hole trap state in the gap near the conduction band. It
can be seen from this visual representation that the trap state is localised in a few atoms. The
local environment within which this trap states resides appears to be rich in Mg and Al, which
might relate the presence of this trap state with the charge compensation role of Mg °.
Compared to the GS2 glass, GSR1 exhibits a shift towards lower energies in the valence band,
resulting in an increased band gap, as shown in Figure 7b. The electronic states of the

corresponding defects near the conduction band are located at energies lower than the occupied



4f Ce states observed at the Fermi level in the projected DOS. This type of defect that
corresponds to an electron trap also mainly originates from the disordered nature of the glass.
Figures 7e provides a snapshot of this type of defect present in GSR1 glasses. The electronic
trapping state appears to be located around Ce*" in a glass modifier-rich region. Figure 7f
shows the second type of defect in GSR1, which is a hole trap created mainly on NBO sites.
These sites, which contribute in the depolymerization of the glass network are also traps for
the charge carriers'®. In the case of GSR2 glass, Figure 7c shows an EDOS without any type
of defect in its high polymerized structure. Upon examining individual configurations, notable
trends emerge. For instance, GS2 glass exhibits potential electron traps in 95% of cases, while
40% of cases feature potential hole traps. Similarly, GSR1 glass has a higher prevalence of
potential electron traps at 80%, with only 25% of cases revealing potential hole traps. In the
case of GSR2, the inspection revealed that 75 % of configuration displayed potential electron
traps and a lower occurrence of potential hole traps at 20%. The studied glass compositions
exhibit unique trapping characteristics associated with electron and hole states, as revealed by

these statistics.
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Figure 7: the electronic densities of states for different glasses GS2 (a), GSRI (b), and GSR2 (c). (d)

provides a snapshot and a close-up view of the charge density for energy states highlighted with the



grey rectangle in (a). Similarly, (e) shows a snapshot and a close-up view of the charge density for
energy states near the conduction band, representing electron traps in the GSRI composition
highlighted with the red rectangle in (b). (f) provides a snapshot and an enlarged view of the charge
density for energy states in the grey rectangle in (b) linked to hole traps for the GSR1 composition.

To further explore the electronic properties of the studied glasses, the nature of the bonding
was investigated by calculating the bond order distribution for different bond types within the
glasses. The distribution of bond order for the glasses in this study was estimated using the
Density Derived Electrostatic and Chemical (DDEC) approach®'. The results are presented in
Figure 8. In general, for the three glasses, the bond order follows Sun’s *? single bond strength
model, with the glass former showing the strongest bond strength and the highest bond order
as expected. The Al-O bonds have a lower bond order followed by Ce*-O bond. The
distribution of bond order of ionic Mg-O and Li-O bonds is demonstrated by the low bond
order less than 0.3 and 0.2 respectively. The major observation regarding distribution of these
bonds is related to the discontinuity of the Al-O bond order spread in GSR1 glass for bond
lengths between 2.0 A and 2.6 A. This behaviour can be related to the presence of Li2O content
being similar in this glass composition to Al2O3. Compared to GS2 glass that has a higher
content of MgO than Li20, the spread of Al-O bond order smoothly continues to decrease until
it reaches the lowest values. Also, in the peraluminous region for the GSR2 glass, the Al-O
bond order decrease smoothly to zero. This may lead to the assumption that Li is affecting more
strongly the bond strength of Al-O than Mg. The insets in Figure 8 present the oxygen net
charge based on Bader charge analysis . The distribution shows two main peaks with different
charges corresponding to BO and NBO. The BOs lose more charge from their covalent
surrounding compared to NBOs, which lose less. The interplay between the composition and
the charge transfer from oxygen is also illustrated in the inset of Figure 8, where a smooth
change towards a lower charge is observed as a function of Raym. A significant contrast is
observed in the oxygen charge distribution, in the presence of a tail at around -1.6e. In this
specific range, the distribution of oxygen charge appears to be smeared for glasses GS2 and
GSR1, while a smoother tail is observed for the GSR2 glass, suggesting that the hole trapping

states are localized mostly in NBOs.
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Figure 7: Bond order distribution of covalent and ionic bonds the (a) GS2, (b) GSRI and (c) GSR2 glass.

IV. Conclusions

The use of glasses for neutron detection poses significant challenges, mainly caused by self-
absorption and low scintillation light yield. The overlap of the emission spectrum with the
absorption spectrum causes a loss of photons that reach the photon counter, thereby affecting
the overall photon yield. Additionally, disorder in the glass creates trapping states, promoting
non-radiative recombination over the desired radiative recombination. Achieving the necessary
oxidation state for activators such as Ce, vital for creating luminescence centres, proves
difficult in multi-compound glasses. To address these issues, this work explored the impact of
altering the ratio of Al203 to modifiers Li2O and MgO (Raym). Increasing this ratio was found
to enhance glass network polymerization, evidenced by the rise in the Q4 population.
Investigation of Ce** solubility was also carried out and in the case of Raym > ~1 the clustering
was around 18.15 %, while for Raym < ~1 it was over 21.51 %. Moreover, increasing Raym
reduced the population of trapping states which can promote radiative recombination. This

effect was more pronounced for hole trapping states, outnumbering electron trapping states in



all compositions. The compositional changes also affected the Al-O bond order in GSR1 glass,
highlighting the unique charge compensation role of Li compared to Mg. Bader charge analysis
indicated that hole trapping states were localized in non-bridging oxygens and free oxygens in
GS2 and GSRI1 glasses, with a smoother charge distribution observed in the GSR2 glass. This
suggested that radiative recombination could be promoted by changing the Raym from GS2 to
GSR2 glass. However, alterations in the Raym had no significant impact on optical properties,
except for a decrease in the refractive index in GSR2 glass, which can potentially help reduce
self-absorption. These findings provide valuable insight for future research and development,
guiding efforts to overcome limitations and enhance the efficiency of Li-glass-based neutron

detection systems 2.
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