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Cover Letter

Please publish the article "Radiophotoluminescence of silver-doped lithium triborate
glass™ in the journal Materials Science and Engineering: B. These results are of
considerable interest, given that for LiB3;Os the absorption coefficient Zes = 7.39 is
close to Zess = 7.42 of human body tissues, LiB3Os:Ag glass is very promising in the
development of a new effective cheap dosimetric material for y-dosimetry in medical
practice. Studies conducted at the Oncology Regional Medical and Diagnostic
Center have demonstrated the possibility of its use for dosimetry in the range of 1-3
Gray. This dose range corresponds to the range of single radiation doses during the
gradual accumulation of the full dose of several tens of Gray (for example, 50-60
Gy) prescribed by an oncologist for a specific cancer tumor. Due to the presence of
lithium isotopes Li(6) and boron B(10), LiB3Os:Ag glass is highly sensitive to
neutrons, which makes it possible to manufacture individual neutron dosimeters for

use in a new field of radiation therapy - neutron therapy.



Highlights (for review)

- It was found that LiB;Os:Ag glass is promising for y-dosimetry in medical
practice

- It was found high sensitivity of LiB3Os:Ag glass for dosimetry in the range 1 —
3 Gy

- Ability to manufactur e neutron dosimeters for the neutron therapy



Manuscript Click here to view linked References %

Radiophotoluminescence of silver-doped lithium triborate glass

Volodymyr Adamiv®*, Yaroslav Burak?, Natalia Volod’ko"¢, Ulyana Dutchak®, Taras

Izo®, Ihor Teslyuk? Andriy Luchechko®

20.G. Vlokh Institute of Physical Optics, 23 Dragomanov St., Lviv, 79005, Ukraine.

©CO~NOOOTA~AWNPE

10 teslyuk@ifo.lviv.ua

12 b Department of Oncology and Radiology, Faculty of Postgraduate Education, Danylo Halitsky
15 Lviv National Medical University, 69 Pekarska St., Lviv, 79010, Ukraine.

17 Kaf_onkology FPGE@meduniv.lviv.ua

¢ Department of radiation therapy, Lviv Oncology Regional Medical and Diagnostic Center, 2a
22 Yaroslav Hashek St., Lviv, 79058, Ukraine. anialul4@ukr.net

24 d Faculty of Electronics and computer technologies, Ivan Franko National University, 50

27 Drahomanov St., Lviv, 79005, Ukraine. andriy.luchechko@Inu.edu.ua

32 *Corresponding author: adamiv@ifo.lviv.ua

38 Abstract

41 The paper presents the results of studies of the radiophotoluminescence (RPL) of
44 LiB3Os:Ag glass after irradiation with y-rays in the dose range of 1-3 Gray on the
47 remote y-therapeutic apparatus "TERAGAM" Co(60) at the Lviv Oncology Regional
50 Medical and Diagnostic Center. A clear dependence of the intensity of the RPL (Amax
53 = 300 nm) on the dose value when excited by light Aexc = 220 nm was found. The
6 mechanism of RPL in y-irradiated LiB3;Os:Ag glass is proposed as a consequence of
o8 radiation annihilation with the emission of relaxed exciton-like electronic excitations

61 with the participation of impurity defects (Ag®) in the glass structure.


mailto:adamiv@ifo.lviv.ua
https://www2.cloud.editorialmanager.com/msb/viewRCResults.aspx?pdf=1&docID=54573&rev=0&fileID=1085366&msid=29bf4004-0c5c-45a2-a758-e0989229937f
https://www2.cloud.editorialmanager.com/msb/viewRCResults.aspx?pdf=1&docID=54573&rev=0&fileID=1085366&msid=29bf4004-0c5c-45a2-a758-e0989229937f

=
QOWO~NOUAWNE

DO UIUIUTTUUIUIVCIUURNDADNRNRNDNARNDNWWWWWOWWWWWWNNNNNNNNNNRPRPRRRRRPRR
OARANPRPOOOVNONROMNROOOVYOUNRWNROOONONRONROOONNOUNRWNROOO~NOUONWNER

Keywords: radiophotoluminescence, LiB3;Os glass, y-irradiation, lithium isotopes

Li(6), boron isotopes B(10), dosimeter.

1. Introduction.

In recent decades, intensive research has been conducted on optically stimulated
luminescence (OSL), or in other words, radiophotoluminescence (RFL), the name
depends on the excitation spectrum, because of their prospects for application in
ionizing radiation dosimetry [1], especially in those areas related to medical practice
[2, 3]. In particular, this applies to radiation therapy of patients with cancer [4] using
almost all types of radiation, which stimulates relevant research. For example, here are
some recent publications on the results of studies of OSL caused by the following types
of radiation: gamma rays [5], beta radiation [6], protons (proton therapy) [7], neutrons

(neutron therapy) [8], and ions [9].

The main component of OSL - RFL dosimeters is the working element, in which their
own luminescence centers are excited or stable centers of luminescence are formed
during radiation exposure. This means that the efficiency of working elements of such
dosimeters is mainly determined by the material from which they are made [10, 11].
Therefore, at present, intensive searches and studies of various materials are ongoing,
especially materials promising for the manufacture of 2D (or even 3D) dosimeters [12-

14].

In our opinion, borate compounds can be a promising material for OSL-RPL dosimetry.

In particular, there are reports on the study of OSL in Ag-doped Li,B4O- single crystals
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[15,16] and in Li,B4O; nanoscale crystals doped Cu, Ag, and co-doped Cu, Ag [17].
And the OSL of Ce®* and Li* co-doped magnesium borate glass ceramics
MgB4O;:Ce,Li has already been proposed for use in gamma and neutron dosimetry
[18, 19]. However, the growth of borate single crystals is a complex and time-
consuming process, which increases their cost [20, 21]. An additional problem of
borate single crystals is their resistance to doping, which severely limits the ability to
control the concentration of luminescent impurities. Therefore, it is worth paying
attention to borate glasses as a material for OSL-RPL dosimeters. As it turned out,
borate glasses of different compositions with different impurities exhibit quite intense
photoluminescence (PL). For example, intense FL was observed in tetraborate glasses
doped with one impurity: Li,B4O7:Eu [22], Li,B4O7:Er [23], Li,B4O7:Tm [24],
Li,B4O7:Sm [25], Li.B,O;:Sm and Li,B,07:Yb [26], Li,B,O;:Tb and Li,B4O7:Dy [27],
Li,B4O7:Cu [28], as well as doped with two impurities: Li,B4O7:Er,Ag [29],
Li,B4O7:Eu,Ag [30], Li,B4O7:Sm,Ag [31], Li.B4,O7:Tm,Ag [32], and Li,B407:Gd,Ag
[33]. Moreover, it was found that co-doped Ag increases the intensity of some emission
bands of rare earth impurities [23,24,26,27]. The authors did not ignore doped borate
glasses of other compositions, in particular: LiB3Os:Eu [34], LiCaBO3:Nd,
CaB,07:Nd, Li,B407:Nd [35], CaB,O7:Tb [36]. However, the authors are not aware of
any reports on the study of RFL in lithium triborate (LiB3Os) glasses. At the same time,
LiB3Os may be very interesting for X-ray dosimetry in medical practice. After all, the
value of a tissue-equivalent absorption coefficient Z is very important for dosimetric
material in radiotherapy [37]. And for LiB3Os compound, Zes = 7.39, which is the
closest to Ze = 7.42 of human body tissue and allows obtaining more accurate dose

values without introducing additional coefficients [38]. The advantage of LiB3Os glass
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Is also the low cost of the starting reagents Li,CO3; and H3BOj3 for the synthesis of the
compound, an increased tendency to glass transition due to the high content of boron
oxide B,Os in its composition, a low melting point Ty = 1107 K and, accordingly,
lower glass boiling temperatures, as well as the absence of concentration restrictions
during doping. In addition, LiB3Os glass allows the formation of crystallized glass, i.e.
pyroceramics, by special annealing. It has been found that Ag-doped LiB3Os
pyroceramics are promising for thermoluminescence (TL) dosimetry, i.e., for the

manufacture of individual dosimeters [39].

Increased sensitivity to neutrons due to the presence of lithium isotopes Li(6) and boron
B(10) with high neutron capture cross-section of interaction with thermal neutrons o
(945 and 3840 barn, respectively) makes LiB3Os glass promising for the manufacture
of neutron dosimeters, similar to what was proposed for Ag-doped Li,B,O; single
crystal [16]. If boric acid (H3sBO3) enriched with B(10) and B(11) isotopes is used to
make LiB3Os glass, it allows to obtain glasses of the corresponding isotopic
composition Li*°B3;0s and Li*'B30s. The simultaneous use of two glasses with different
isotopic compositions as a working body makes it possible to determine the neutron
component of the dose in the presence of other types of radiation by the difference in
their luminescence intensity measurements. This option has been demonstrated for
solar neutron detection using Li,'°B,0; and Li,*B4O7 single crystals on the 1SS [40].
Thus, LiB3Os glass may prove to be a promising material for the manufacture of X-ray

dosimeters for various types of radiation used in medical practice.

Therefore, the aim of this study was to investigate, with the participation of practicing

radiation therapy specialists, the RPL of Ag-doped LiB3Os glass after irradiation with
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y-quanta in the dose range of 1-3 Gy, since this is the range of a single dose, and for
the set the radiation dose prescribed by a doctor for a specific cancer tumor in several
tens of Gy (e.g., 50-60 Gy), the exposure is divided into the appropriate number of

stages [41].

2. Material and methods

The solid-state reaction method was used for the synthesis of LiB3Os compound. High
purity lithium carbonate Li,CO3; and boric acid HsBO3; were used as the starting
materials. The reagents were mixed in a certain proportion according to the phase
diagram of borate compounds [42]. The mixture was loaded into a ceramic crucible
and heated slowly in a resistive furnace to a temperature of 700°C (973 K) to ensure

the successful completion of the reaction

Li,CO; + 6 H;BO; — 2 LiB30s + CO, + 9 H,0.

As a result, LiB3Os powder with Tryeir = 1107 K was obtained. The doping was carried
out by adding AgNOs to this powder at the rate of 0.1 mol%. The mixtures of the
respective compositions were thoroughly ground and mixed in an agate mortar. The
glass was prepared by fusing in a platinum crucible (Pt) in an air atmosphere at a
temperature of 1170 K. To obtain a homogeneous distribution of components, the melt
was kept for at least 1 hour. After that, the melt was poured onto a metal substrate at
room temperature. The resulting glass block was used to cut out plates of ~ 6x7x1.5

mm in size, and their surfaces were ground and polished.
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Absorption spectra were recorded on Perkin Elmer Lambda 25 and Ava Spec - 2048-
USB2 spectrophotometers. A CM 2203 spectrofluorometer was used to study the
spectroscopic properties and optically stimulated luminescence. The use of two double
monochromators ensures minimal noise and high measurement accuracy. A 150 W
pulsed xenon lamp is used as an excitation source. The device is controlled by a
personal computer. The spectral range of measurements in the spectrofluorimeter mode
Is from 220 to 820 nm with a minimum spectral scanning step of the excitation and

registration monochromators of 0.1 nm.

The samples were irradiated with y-rays under real conditions of radiation therapy
using a remote y-therapy apparatus "TERAGAM" Co(60) at the Lviv Regional

Oncology Treatment and Diagnostic Center.

3. Results and discussion

Fig. 1 shows the RPL spectra of LiB30s:Ag glass samples under excitation with 220
nm light: unirradiated - curve 1, y-irradiated with a dose of 1.5 Gy - curve 2 and a dose
of 3.0 Gy - curve 3. As can be seen from the figure, the luminescence curves are in the
region of 300 nm, have a rather pronounced Gaussian shape and their intensity clearly
depends on the y-irradiation dose. It should be noted that there is a slight shift in the
maximum luminescence intensity with increasing y-dose: Amax = 299.2 nm for the
unirradiated sample, Amax = 296.5 for the y-irradiated sample with a dose of 1.5 Gy and

Amax = 294.6 nm with a dose of 3.0 Gy.
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Fig.1l. RPL spectra of LiB3Os:Ag glass under excitation by 220 nm light: 1 -

unirradiated; 2 - y-irradiation dose of 1.5 Gray; 3 - gamma-irradiation dose of 3.0 Gray.

In order to understand the mechanism of RPL in LiB30s:Ag glass, it is first necessary
to determine the location of the Ag impurity in the glass structure. To do this, it is first
worth recalling the crystal structure of LiB3Os and its luminescent properties in the
single crystal version. Crystalline LiB3Os has an orthorhombic crystal structure with
the Pna21 space group and lattice parameters a = 8.46 A, b =5.13 A, and c = 7.38 A
[43]. Its crystal structure is a framework of boron-oxygen complexes (B3O7)*. These
complexes consist of three boron atoms, which are all in non-equivalent positions, and
seven oxygen atoms in five non-equivalent positions. In particular, two of the three
non-equivalent boron atoms have a flat three-coordinated BO3 bond structure, and the
third boron atom has a tetrahedral four-coordinated BO, bond structure. Lithium ions
Li* are located in open voids between (B3O7)°> complexes in a distorted oxygen
tetrahedron, with all Li* positions equivalent. Later refinements showed that the

LiB3Os unit cell consists of 36 atoms, which are divided into four groups of nine atoms
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and are best described as spirals of fully bonded (B3O;)*> groups separated by Li*

cations [44].

The study of the absorption, excitation, and photoluminescence spectra of pure oriented
single crystals of LiB3Os in a wide spectral range of 1.2-10.5 eV has shown that the
broadband luminescence of LiB3Os single crystals in the region of 3.5-4.5 eV (354-275
nm) is effectively excited by photons with energy above 7.5 eV (165 nm), which is at
the edge of the fundamental absorption. This luminescence occurs due to radiation
annihilation of relaxed exciton-like electronic excitations that can be formed either

directly or as a result of recombination involving the main lattice defects [45].

Since there is no information on luminescence studies of doped LiB3;Os:Ag single
crystals, it is also worth paying attention to the results of studies of Li,B4O;:Ag single
crystals similar in composition [15, 46-49]. The authors of these works convincingly
proved that in a single crystal of Li,B4O7:Ag, an Ag* impurity can be found in two
positions: as a substitution impurity at Li* positions and in the interstices. Completely
similar results were obtained by the authors of [50] for LiB3Os:Cu single crystals,
where it was proved that a copper impurity in the form of a Cu™ ion can be located in

two positions in the crystal lattice - to replace Li*, or to be located in the interstices.

To understand what position the Ag impurity occupies in the structure of LiB3Os:Ag
glass, it is necessary to consider in more detail what structural changes occur during
the formation of LiB3Os glass, in addition to disturbances of the long-range order. It is
known that the triborate oxygen complex in the (B30;)° crystal consists of 2(BO3)* +
(BO4)*, and since the average B-O bonding distance in BOz is 0.137 nm and in BO; is

0.147 nm, the average B-O bonding distance in the entire complex is 140 nm. At the
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same time, an X-ray structural investigation showed that the average B-O bond
distance in glass is 0.144 nm [51]. This may indicate that the ratio of concentrations of
triangular and tetraborate complexes in LiB3Os glass slightly changes in favor of the
latter. The situation with the Li - O bonds is somewhat different. After all, the Li* ion
is located in a single crystal of LiB3Os in a distorted oxygen tetrahedron with an
average Li - O distance of 0.204 nm, while in glass it increases to 0.250 nm [51]. Thus,
it can be unequivocally concluded that LiB3Os glass not only lacks the long-range
order, but also significantly distorts the short-range order compared to the single
crystal. Thus, given the difference in the ionic radii of Ag* (1.13 nm) and B3* (0.21
nm), it can be confidently stated that Ag* cannot occupy the places of B3* in BO3 and
BO, elemental complexes of LiB3;0s:Ag glass, but only can occupy the places reserved
for Li*, because there are no positions in the glass that can be interpreted as interstices.
Moreover, in contrast to the crystalline state, in LiB3Os glass, we should not mention
the distorted oxygen tetrahedron around Li*, but rather talk about the coordination
numbers of its oxygen environment. And, as the experience of studying glasses of
various lithium borates has shown, the coordination numbers of the oxygen

environment of Li* in them can vary from 4 to 6, as shown, for example, in [28, 51].

Accordingly, the absorption spectrum of LiB3;Os glass (Fig. 2) differs significantly
from that of a single crystal because it does not have a clearly defined absorption edge.
This is typical for glassy samples, since the glass structure lacks translational
symmetry. Therefore, to describe the electronic structure of such disordered media as
glass, universal characteristics of electronic states, namely the distribution of electron

energy density, are used. In this case, the long-wavelength shift of the absorption edge
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of glass compared to single crystals can be explained by the blurring of the electronic
density of states. Moreover, the energy band model can still be applied to glass, but
taking into account the fact that direct interband transitions are prohibited, and only

indirect transitions via phonons and excitons can occur [52].
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Fig. 2. Absorption spectra of LiB3Os glass: 1 - doped with 0.1 mol.% Ag; 2 - pure.

The luminescence of LiB3Os:Ag glass in the region of 3.54 - 4.9 eV (350 - 250 nm) is
effectively excited by photons with energy of 5.64 - 5.16 eV (220 - 240 nm), as shown
by the luminescence excitation spectrum in the 300 nm region (Fig. 3). As can be seen
from Figure 3, this excitation spectrum has a fairly wide range, which is explained
precisely by the structural features of the glass and, accordingly, by the
inhomogeneities in the coordination numbers of the oxygen environment of Ag. The
very mechanism of luminescent emission of LiB3Os:Ag glass is most likely similar to
the process proposed in [45] for LiB3Os single crystals, i.e., it occurs due to radiation
annihilation of relaxed exciton-like electronic excitations (i.e., the so-called self-
trapped excitons) that can be formed with the participation of defects in the glass
structure. Such defects in the structure of LiB3Os:Ag glass can be impurity Ag® atoms

formed due to electron capture from a neighboring defective boron oxide complex.
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Indeed, due to the much higher work of yield (ionization potential) of Ag® atoms (7.57
eV) compared to Li° (5.39 eV), Ag* ions in the structure of LiB3Os glass can capture
free electrons quite actively to form a neutral Ag® atom. This property of Ag* ions is
actively used for the formation of silver nanoparticles in glasses, in particular borate

glasses [53].
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Fig. 3. The excitation spectrum of the LiB3;Os:Ag glass. Registration of radiation at 310

nm.

Let us now consider the process of luminescent emission in LiB3Os:Ag glass not
irradiated by y-radiation. When LiB3Os:Ag samples are irradiated with light at a
wavelength of 220 nm (5.64 eV), Ag® atoms transition to the excited state Ag* with
the formation of a small-radius polaron upon interaction with a hole on a neighboring
(BO4)* complex, followed by the formation of an excited state self-trapped exitons
[45]. The subsequent radiative annihilation of this self-trapped exitons leads to
luminescent emission in the region of 250 - 350 nm (4.9 - 3.54 eV) with a maximum

at about 300 nm (4.13 eV).
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Under y-irradiation of LiB3Os:Ag glass samples, a large number of electron-hole pairs
(e + h*) are formed in its structure, some of which are rapidly annihilated, and some
electrons are captured by Ag* ions to form additional neutral Ag° atoms, i.e., the
process Ag* + e — AgC. Thus, under y-irradiation, the concentration of neutral Ag°
atoms in LiB3Os:Ag glass increases. The holes, respectively, migrate through the boron
oxide complexes and are captured by defective boron oxide complexes, which contain
an extra complex (BO,)*, defective in relation to the triborate complex, located near
the Ag® impurity, i.e., the process occurs: (BO4)> + h* — (BO4)*. Due to this, the
subsequent excitation of the y-irradiated LiB3;Os:Ag glass sample with 220 nm light
leads to an increase in the intensity of the RPL radiation, which increases in proportion
to the received dose of y-irradiation, as shown in Fig. 1. Thus, LiB;Os:Ag glass may
be promising for use in dosimetry in medical practice during radiation therapy of

patients with cancer.
4. Conclusion.

The conducted RPL studies of silver-doped lithium triborate glass LiB;Os:Ag after y-
ray irradiation with the TERAGAM Co(60) remote y-therapy apparatus at the Lviv
Regional Cancer Treatment and Diagnostic Center demonstrated the possibility of its
use for dosimetry in the range of 1 - 3 Gray. This dose range corresponds to the range
of single radiation doses during the gradual accumulation of the full dose of several
tens of Gray (e.g., 50-60 Gy) prescribed by an oncologist for a specific cancer tumor.
Considering that LiB3Os has an absorption coefficient of Z¢s = 7.39, which is the
closest to Zess = 7.42 of human body tissue, LiB3Os:Ag glass can be very promising for

y-dosimetry in medical practice. The increased sensitivity of LiB;Os:Ag glass to
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neutrons due to the presence of lithium isotopes Li(6) and boron B(10) allows the
manufacture of individual neutron dosimeters for applications in the new field of

radiation therapy - neutron therapy.
References

[1] E.G. Yukihara, S.\W.S. McKeever, M.S. Akselrod, Radiat. Meas. 71 (2014) 15-

24. https://doi.org/10.1016/j.radmeas.2014.03.023

[2] E.G. Yukihara, S.W.S. McKeever, Phys. Med. Biol.53 (2008) R351-R379.

https://doi.org/10.1088/0031-9155/53/20/R01

[3] E.G. Yukihara, T. Kron, Radiation Protection Dosimetry 192 (2020) 122-138.

https://doi.org/10.1093/rpd/ncaa213

[4] Rani M. Al-Senan, Mustapha R. Hatab, Medical Physics 38 (2011) 4396-4405.

https://doi.org/10.1118/1.3602456

[5]. N. Matsubayashi, N. Hu, T. Takata, A. Sasaki, H. Tanaka, Radiat. Meas. 161

(2023) 106900. https://doi.org/10.1016/j.radmeas.2023.106900

[6] V. Altunal, M. Jain, S. Hayat, V. Guckan, Z. Yegingil // Radiat. Meas. 158 (2022)

106852. https://doi.org/10.1016/j.radmeas.2022.106852

[7] J.B. Christensen, M. Togno, K.P. Nesteruk, S. Psoroulas, D. Meer, D.Ch. Weber,
T. Lomax, E.G. Yukihara, S. Safai, Phys. Med. Biol 66 (2021) 085003.

https://doi.org/10.1088/1361-6560/abe554

[8] J.M. GOmez-Ros, R. Bedogni, C. Domingo, Radiat. Meas. 161 (2023) 106908.

https://doi.org/10.1016/j.radmeas.2023.106908


https://doi.org/10.1016/j.radmeas.2014.03.023
https://doi.org/10.1088/0031-9155/53/20/R01
https://doi.org/10.1093/rpd/ncaa213
https://doi.org/10.1118/1.3602456
https://doi.org/10.1016/j.radmeas.2023.106900
https://doi.org/10.1016/j.radmeas.2022.106852
https://doi.org/10.1088/1361-6560/abe554
https://doi.org/10.1016/j.radmeas.2023.106908

©CO~NOOOTA~AWNPE

[9] JA. Pogue, R. DeWitt, Radiat. Meas. 154 (2022) 106758.

https://doi.org/10.1016/j.radmeas.2022.106758

[10] E.G.Yukihara, A.J.J.Bos, P.Bilski, S.W.S.McKeever, Radiat. Meas. 158 (2022)

106846. https://doi.org/10.1016/j.radmeas.2022.106846

[11] E.G. Yukihara, J.B. Christensen, M. Togno, Radiat. Meas. 152 (2022) 106721.

https://doi.org/10.1016/j.radmeas.2022.106721

[12] F. Ahmed, S.A.Eller, E. Schnell, S. Ahmad, M.S. Akselrod, O.D. Hanson,
E.G. Yukihara, Radiat. Meas. 71 (2014) 187-192.

https://doi.org/10.1016/j.radmeas.2014.01.009

[13] C. Wouter, V. Dirk, L. Paul, D. Tom, Phys. Med. Biol. 62 (2017) 8441-8454.

http://dx.doi.org/10.1088/1361-6560/aa8de6

[14] M.F. Ahmed, N. Shrestha, S. Ahmad, E. Schnell, M.S. Akselrod, E.G Yukihara,

Radiat. Meas. 106 (2017) 315-320. https://doi.org/10.1016/j.radmeas.2017.04.010

[15] B.E. Kananen, E.S. Maniego, E.M. Golden, N.C. Giles, JW. McClory, V.T.
Adamiv, Ya.V. Burak, and L.E. Halliburton, J. Lumin. 177 (2016) 190-196.

https://doi.org/10.1016/j.jlumin.2016.04.032

[16] G.D. Patra, S.G. Singh, B. Tiwari, A.K. Singh, D.G. Desai, M. Tyagi, S. Sen, S.C.
Gadkari, Rad. Meas. 88 (2016) 14-19.

http://dx.doi.org/10.1016/j.radmeas.2016.03.002



https://doi.org/10.1016/j.radmeas.2022.106758
https://doi.org/10.1016/j.radmeas.2022.106846
https://doi.org/10.1016/j.radmeas.2022.106721
https://doi.org/10.1016/j.radmeas.2014.01.009
http://dx.doi.org/10.1088/1361-6560/aa8de6
https://doi.org/10.1016/j.radmeas.2017.04.010
https://doi.org/10.1016/j.jlumin.2016.04.032
http://dx.doi.org/10.1016/j.radmeas.2016.03.002

©CO~NOOOTA~AWNPE

[17] Ritesh Hemam, L. Robindro Singh, Amresh I. Prasad, Pallabi Gogoi, Munish
Kumar, M.P. Chougaonkar, S. Dorendrajit Singh, R.N. Sharan, Rad. Meas. 95 (2016)

44-54. https://doi.org/10.1016/j.radmeas.2016.11.003

[18] E.G. Yukihara, B.A. Doull, T. Gustafson, L.C. Oliveira, K. Kurt, E.D. Milliken,

J. Lumin. 183 (2017) 525-532. https://doi.org/10.1016/j.jlumin.2016.12.001

[19] Y. Kitagawa, E.G. Yukihara, S.Tanabe, J. Lumin. 232 (2021) 117847.

https://doi.org/10.1016/j.jlumin.2020.117847

[20] V.T. Adamiv, Ya.V. Burak, I.S. Girnyk, Ya. Kasperczyk, I.M. Tesljuk, Func. Mat.

4 (1997) 415 — 418.

[21] S. Zhao, C. Huang, H. Zhang, J. Crys. Growth. 99 (1990) 805-810.

https://doi.org/10.1016/S0022-0248(08)80030-9

[22] I.1. Kindrat, B.V. Padlyak, Opt. Mat. 77 (2018) 93-103.

https://DOI:10.1016/j.0ptmat.2018.01.019

[23] B. Padlyak, R. Lisiecki, W. Ryba-Romanowski, Opt. Mat. 54 (2016) 126-133.

https://doi.org/10.1016/j.0ptmat.2016.02.025

[24] 1.I. Kindrat, B.V. Padlyak, R. Lisiecki, V.T. Adamiv, J. Non-Cryst. Solids 521

(2019) 119477. https://doi.org/10.1016/j.jnoncrysol.2019.119477

[25] B. Padlyak, I. Kindrat, R. Lisiecki, V. Adamiv, I. Teslyuk, Adv. Mater. Letters 8

(2017) 723-734. https://doi.org/10.5185/amlett.2017.1436


https://doi.org/10.1016/j.radmeas.2016.11.003
https://doi.org/10.1016/j.jlumin.2016.12.001
https://doi.org/10.1016/j.jlumin.2020.117847
https://doi.org/10.1016/S0022-0248(08)80030-9
https://DOI:10.1016/j.optmat.2018.01.019
https://doi.org/10.1016/j.optmat.2016.02.025
https://doi.org/10.1016/j.jnoncrysol.2019.119477
https://doi.org/10.5185/amlett.2017.1436

©CO~NOOOTA~AWNPE

[26] B.V. Padlyak, W. Ryba-Romanowski, R. Lisiecki, V.T. Adamiv, Ya.V. Burak,
I.M. Teslyuk, A. Banaszak-Piechowska, Optica Applicata 40 (2010) 427-438.

https://opticaapplicata.pwr.edu.pl/article.php?id=2010200427

[27] B. Padlyak, W. Ryba-Romanowski, R. Lisiecki, B. Pieprzyk, A. Drzewiecki, V.
Adamiv, Ya. Burak, |I. Teslyuk, Optica Applicata 42 (2012) 365-379.

https://opticaapplicata.pwr.edu.pl/article.php?id=2012200365

[28] B. Padlyak, W. Ryba-Romanowski, R. Lisiecki, O. Smyrnov, A. Drzewiecki, V.
Adamiv, Ya. Burak, I. Teslyuk, J. Non-Cryst. Solids 356 (2010) 2033-2037.

https://doi.org/10.1016/j.jnoncrysol.2010.05.027

[29] I. Kindrat, B. Padlyak, R. Lisiecki, V. Adamiv, I. Teslyuk, Opt. Mater. 85 (2018)

238-245. https://doi.org/10.1016/j.0ptmat.2018.08.052

[30] I. Kindrat, B. Padlyak, B. Kuklinski, A. Drzewiecki, V. Adamiv, J. Lumin. 204

(2018) 122-129. https://doi.org/10.1016/}.jlumin.2018.07.051

[31] LI. Kindrat, B.V. Padlyak, B. Kuklinski, A. Drzewiecki, V.T. Adamiv, J. Lumin.

213 (2019) 290-296. https://doi.org/10.1016/j.jJlumin.2019.05.045

[32] I.I. Kindrat, B.V. Padlyak, R. Lisiecki, V.T. Adamiv, J. Lumin. 225 (2020)

117357. https://doi.org/10.1016/}.jlumin.2020.117357

[33] B.V. Padlyak, A. Drzewiecki, T.B. Padlyak, V.T. Adamiv, I.M. Teslyuk, Opt.

Mater. 79 (2018) 302-309. https://doi.org/10.1016/j.optmat.2018.03.050

[34] D.S. Kumar, K. Boobalan, T. SwarnaPriya, Miguel A.Vallejo, Pablo Ceron
Ramirez, Ricardo Navarro, V. Jayaramakrishnan, Modesto A. Sosa, 19 (2019) 5932-

5936. https://doi.org/10.1166/jnn.2019.16562


https://opticaapplicata.pwr.edu.pl/article.php?id=2010200427
https://opticaapplicata.pwr.edu.pl/article.php?id=2012200365
https://doi.org/10.1016/j.jnoncrysol.2010.05.027
https://doi.org/10.1016/j.optmat.2018.08.052
https://doi.org/10.1016/j.jlumin.2018.07.051
https://doi.org/10.1016/j.jlumin.2019.05.045
https://doi.org/10.1016/j.jlumin.2020.117357
https://doi.org/10.1016/j.optmat.2018.03.050
https://doi.org/10.1166/jnn.2019.16562

©CO~NOOOTA~AWNPE

[35] Bohdan Padlyak, Radoslaw Lisiecki, Taras Padlyak, Volodymyr Adamiv, J.

Lumin. 198 (2018) 183-192. https://doi.org/10.1016/j.jlumin.2018.02.046

[36] R. Hemam, L.R. Singh, S.D. Singh, R.N. Sharan, J. Lumin. 197 (2018) 399-405.

https://doi.org/10.1016/j.jlumin.2018.01.062

[37] B. Tiwari, R.K. Chaudhary, A. Srivastava, R. Kumar, M. Sonawane, Radiat. Meas.

151 (2022) 106704. https://doi.org/10.1016/j.radmeas.2022.106704

[38] A.A. Saray, P. Kaviani, D. Shahbazi-Gahrouei, Radiat. Meas. 140 (2021) 106502.

https://doi.org/10.1016/j.radmeas.2020.106502.

[39] V.T. Adamiv, Ya.V. Burak, I.M. Teslyuk, O.T. Antonyak, I.E. Moroz, S.Z.
Malynych, Ukr. J. Phys. Opt. 20 (2019) 159-167.

https://doi.org/10.3116/16091833/20/4/159/2019

[40] N. Benker, E. Echeverria, R. Olesen, B. Kananen, J. McClory, Ya. Burak, V.
Adamiv, I. Teslyuk, G. Peterson, B. Bradley, E.R. Wilson, J. Petrosky, B. Dong, J.
Kelber, J. Hamblin, J. Doumani, P.A. Dowben, A. Enders, Radiat. Meas. 129 (2019)

106190. https://doi.org/10.1016/j.radmeas.2019.106190

[41] D.H.Brand, A.C.Tree, Int. J. Rad. Onc., Biol., Phys. 114 (2022) 108-110.

https://doi.org/10.1016/j.ijrobp.2022.05.031

[42] B.S.R. Sastry, F.A. Hummel, J. Am. Ceram. 42 (1959) 216-218.

https://doi.org/10.1111/§.1151-2916.1959.tb15456.x

[43] Von Konig H., Hoppe R., Z. Anorg. Allg. Chem., 439 (1978) 71-79.

https://doi.org/10.1002/zaac.19784390107.



https://doi.org/10.1016/j.jlumin.2018.02.046
https://doi.org/10.1016/j.jlumin.2018.01.062
https://doi.org/10.1016/j.radmeas.2022.106704
https://doi.org/10.1016/j.radmeas.2020.106502
https://doi.org/10.3116/16091833/20/4/159/2019
https://doi.org/10.1016/j.radmeas.2019.106190
https://doi.org/10.1016/j.ijrobp.2022.05.031
https://doi.org/10.1111/j.1151-2916.1959.tb15456.x
https://doi.org/10.1002/zaac.19784390107

©CO~NOOOTA~AWNPE

[44] T.T. Tran, H. Yu, J.M. Rondinelli, K.R. Poeppelmeier, P.S. Halasyamani, Chem.

Mater. 28 (2016) 5238. https://doi.org/10.1021/acs.chemmater.6b02366.

[45] 1. N. Ogorodnikov, A. V. Kruzhalov, E. A. Radzhabov, L. I. Isaenko, Phys. Solid

State, 41, (1999) 197-201. https://doi.org/10.1134/1.1130754.

[46] A.T. Brant, D.A. Buchanan, JW. McClory, V.T. Adamiv, Ya.V. Burak, L.E.
Halliburton, N.C. Giles, J. Lumin. 153 (2014) 79-84.

https://doi.org/10.1016/j.jlumin.2014.03.008.

[47] T. D. Gustafson, B. E. Kananen, N. C. Giles, B. C. Holloway, V. T. Adamiv, I.
M. Teslyuk, Ya. V. Burak, L. E. Halliburton, J. Appl. Phys. 131 (2022) 175106.

https://doi.org/10.1063/5.0088122.

[48] D.A. Buchanan, M.S. Holston, A.T. Brant, JW. McClory, V.T. Adamiv, Ya.V.
Burak, and L.E. Halliburton, J. Phys. Chem. Solids 75 (2014) 1347-1353.

https://doi.org/10.1016/j.jpcs.2014.07.014.

[49] A.T. Brant, B.E. Kananan, M.K. Murari, JW. McClory, J.C. Petrosky, V.T.
Adamiv, Ya.V. Burak, P.A. Dowben, L.E. Halliburton, J. Appl. Phys. 110 (2011)

093719. https://doi.org/10.1063/1.3658264

[50] B.E. Kananen, J.W. McClory, N.C. Giles, L.E. Halliburton, J. Lumin 194 (2018)

700-705. https://doi.org/10.1016/}.jlumin.2017.09.039

[51] B.V. Padlyak, S.I. Mudry, Y.O. Kulyk, A. Drzewiecki, V.T. Adamiv, Ya.V.
Burak, .M. Teslyuk, Mater. Sci.-Pol. 30 (2012) 264-273.

https://doi.org/10.2478/s13536-012-0032-1


https://doi.org/10.1021/acs.chemmater.6b02366
https://doi.org/10.1134/1.1130754
https://doi.org/10.1016/j.jlumin.2014.03.008
https://doi.org/10.1063/5.0088122
https://doi.org/10.1016/j.jpcs.2014.07.014
https://doi.org/10.1063/1.3658264
https://doi.org/10.1016/j.jlumin.2017.09.039
https://doi.org/10.2478/s13536-012-0032-1

©CO~NOOOTA~AWNPE

[52] Y. Moustafa, A. Hassan, G. EI-Damrawi, N. Yevtushenko, J. Non-Cryst. Solids

194 (1996) 34 — 40. https://doi.org/10.1016/0022-3093(95)00465-3

[53] [I.M. Bolesta, 0.0. Kushnir, LI. Kolych, LI.Syvorotka, V.T. Adamiv,
Ya.V.Burak, [.M. Teslyuk, Adv. Sci., Eng. Med. 6 (2014) 326-332.

https://doi.org/10.1166/asem.2014.1498


https://doi.org/10.1016/0022-3093(95)00465-3
https://doi.org/10.1166/asem.2014.1498

Figure Click here to access/download;Figure;Fig1.TIF %

Intensity, a.u.



https://www2.cloud.editorialmanager.com/msb/download.aspx?id=1085123&guid=56cf6022-9a3a-430d-8441-259ce93cbc23&scheme=1
https://www2.cloud.editorialmanager.com/msb/download.aspx?id=1085123&guid=56cf6022-9a3a-430d-8441-259ce93cbc23&scheme=1

Figure Click here to access/download;Figure;Fig2.TIF =

2,5

N
o
T

-
O
|

Intensity, a.u.
P
1

0,5 F

0,0 L~ - . ' ' :
200 300 400 500 600 700

A, M



https://www2.cloud.editorialmanager.com/msb/download.aspx?id=1085124&guid=0ee45644-5b9e-4f1d-bd4d-45c85700755a&scheme=1
https://www2.cloud.editorialmanager.com/msb/download.aspx?id=1085124&guid=0ee45644-5b9e-4f1d-bd4d-45c85700755a&scheme=1

Figure

20

15
=
©
2 10
w
=
o
£

Click here to access/download;Figure;Fig3.TIF =

220

230

240
A, M

250

260


https://www2.cloud.editorialmanager.com/msb/download.aspx?id=1085125&guid=2cdc87d8-ff91-4dc7-b949-ccc8715a3d40&scheme=1
https://www2.cloud.editorialmanager.com/msb/download.aspx?id=1085125&guid=2cdc87d8-ff91-4dc7-b949-ccc8715a3d40&scheme=1

Declaration of Interest Statement

Declaration of interests

XiThe authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[OThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:



