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Abstract. A study of the low-temperature (8.6 K) luminescence of undoped LiB30s glass under excitation by
synchrotron radiation (22.2 eV and 7.1 eV) was carried out. A comparative analysis of the obtained results was
carried out with the results of studies of the low-temperature luminescence of undoped LiB30s single crystals
published by other authors. As a result, a mechanism for the emission of undoped LiB3Os glass at low
temperatures was proposed, which is associated with the formation of unrelaxed molecular-type excitons,
their migration, followed by the formation of autolocalized excitons near point defects, and with the
corresponding their annihilation.
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1.Introduction
Radiation therapy using gamma radiation has been used in medical practice for the

treatment of cancer for a long time and has been quite successful. However, in radiation
therapy for all types of radiation, the most important point is the accuracy of determining the
doses received by of the patient's body. The accuracy of dose determination depends
significantly on the material of the sensing element of the dosimeter. That is, it depends on
how close the effective atomic number Z of the dosimeter's sensing element is to the human
body. As it turned out, for the borate compound LiB30s, Zey = 7.39 [1,2], which is the closest
to the value of human body tissue - Z,y= 7.42.

The development of radiation therapy in modern medical practice requires visualizing
the spatial distribution of radiation dose in the human body's tissues. This requires new
special dosimeters to obtain information on the distribution of radiation dose both on the
surface (2D) and in the volume (3D) of the body [3-5]. Such 2D and 3D dosimeters can be
most successfully realized based on the phenomenon of optically stimulated luminescence
(OSL) or radiophotoluminescence (RPL) [6-9].

Since the efficiency of dosimeters, including those based on OSL and RPL, is determined by
the material of their working element, researchers are currently paying considerable attention to
borates in the form of polycrystals [10], single crystals [11], glass [12], and glass ceramics [13].
The most promising borate for OSL and RPL dosimetry in medical practice may be lithium
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triborate glass and glass ceramics LiB30s due to its tissue-equivalent Zgy[2,12].

The advantage of LiB30s glass is the low cost of the starting reagents Li,CO3 and H3zBO3
for synthesizing the compound and the increased tendency to form glass due to the high
content of boron oxide B;0s3. This ensures lower temperatures (in the range of 1200 -
1300 K) when producing LiB30s glass. It is also worth mentioning that in the manufacture of
glass, there are practically no concentration limits for impurities and it becomes possible to
more easily ensure their uniform distribution in the bubble volume. Our recent work [12]
also showed that silver-doped lithium triborate glass LiB30s:Ag can be very promising for y-
dosimetry in medical practice during radiation therapy of patients with cancer. Further
research is necessary to optimize the conditions for glass obtaining, the activator's
concentration, and the irradiation doses' value to obtain a glass dosimeter more sensitive to
radiation. However, for a better understanding of the effect of the dopant on the luminescent
parameters of doped LiB30s glass, it is worthwhile to study its luminescent properties in the
undoped state in more detail. This is especially interesting because a series of articles have
been published in the literature with the results of fundamental studies of the luminescent
properties of undoped LiB30s single crystals in a very wide temperature range (7 - 500 K)
[14-16]. In the following years, up to the present day, the authors have no information on the
study of undoped polycrystals, single crystals, and LiB30s glass.

This paper presents the results of studies of the absorption, excitation spectra, and
photoluminescence of undoped LiB30s glass at 8.6 K. It has also performed a comparative
analysis with the results for single crystals of LiB30s.

2.Materials and methods
High-purity lithium carbonate LiCO3 and boric acid H;BO3; were the starting materials. The

reagents were mixed in a certain proportion of LiB30s compound, and the solid-state
reaction method was used to synthesize a ceramic crucible at 973 K. As a result of the
chemical reaction:

Li2C03 + 6H3BO3 d 2LiB305 + COz + 9H20,

LiB30s charge was obtained in the form of a powder with Ty = 1107 K. LiB30s glass was
prepared by fusing for 2 hours in a platinum (Pt) crucible in an air atmosphere at a
temperature of 1200 K. After that, the melt was poured onto a metal substrate at room
temperature and a glass block was obtained from which plates of 6x7x1.5 mm were cut. The
surfaces of the samples were ground and polished.

Luminescence studies at T=8.6 K were carried out using synchrotron radiation at the
Superlumi/P66 beamline of the PETRA III synchrotron facility at DESY in Hamburg [17]. A
primary 2 m long monochromator with a spectral resolution of 4 A was used to select the
spectral range of synchrotron radiation for luminescence excitation. Luminescence spectra
were recorded and analyzed using an ANDOR Kymera monochromator with a spectral
resolution of 2 A, a Newton 920 CCD camera, and a Hamamatsu R6358 photomultiplier tube.
The Lorentzian spectral lines profile has been used for emission spectra decomposition.

3.Results and discussion
The luminescence spectra of undoped LiB3Os glass were recorded under excitation by

synchrotron radiation with an energy of 22.2eV (56 nm) and 7.1 eV (175 nm). The first
spectrum recorded at excitation Ee.= 22.2 eV, shown in Fig.1, is an intense emission
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spectrum with a maximum of 3.3 eV and covers a wide band ranging from 2.25 eV to 4.25 eV.
As can be seen from Fig. 1, this spectrum is complex and decomposes into three elementary
components with maxima at 2.6 eV, 3.1 eV, and 3.4 eV.

The second spectrum, with a maximum of 2.9 eV after excitation by photons with
Eexc=7.1€V, has a slightly different appearance (Fig. 2). It also covers a fairly wide range but
has a much lower intensity. This spectrum is also complex but has only two elementary
components with maxima at 2.9 eV and ~2.2 eV.
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Fig. 1. Emission spectra of undoped LiB30s glass recorded at Aexc = 56 nm (22.2 eV) and T=8.6 K. Black
curve - experimental spectrum, green curves - Lorentzian elementary spectral lines, red curve -
approximated spectrum.
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Fig. 2. Emission spectra of undoped LiB30s glass, recorded at Aexc=175 nm (7.1 eV) and T=8.6 K. Black curve -
experimental spectrum, green curves — Lorentzian elementary spectral lines, red curve - approximated
spectrum.
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Studies of excitation spectra showed that the 3.4 eV emission band is effectively excited
by a broad band from 5.5 to 9.0 eV with a maximum in the range of 7.0 - 8.0 eV (Fig. 3). It is
worth noting that the rapid increase in the excitation intensity (Fig. 3) coincides with the
beginning of a rapid increase in the optical absorption in undoped LiB30s glass (Fig. 4).
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Fig. 3. The luminescence excitation spectrum of undoped LiB30s glass was recorded at Amon = 376 nm
(3.3eV) and T=8.6 K.
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Fig. 4. Absorption spectra of undoped LiB30s glass at ambient temperature.

To interpret the results of our low-temperature luminescence studies of undoped
LiB30s glass under the influence of synchrotron radiation, it is worth analyzing the published
results of fundamental studies of undoped LiB30s single crystals [14-16]. To do this, it is first
necessary to conduct a comparative analysis of the structural differences of the LiB30s
compound in the ordered crystal state, where the long-range order exists, and in the
amorphous state of glass, where the long-range order is absent.

Thus, the crystalline LiB30s has an orthorhombic crystal structure with the Pna2; space
group and lattice parameters a=8.46 A, b=5.13 A, and ¢=7.38 A [18]. In the structure of
LiB30s crystal, two of the three boron atoms were threefold-coordinated by oxygen (BO3),
with B-O distances; 1) 0.13486, 0.1367, and 0.1396 nm (an average of 0.1370 nm) for one of
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the B atoms; 2) 0.13564, 0.1369, and 0.1391 nm (an average of 0.1372 nm) for the other one
B atoms. The remaining boron atoms were fourfold-coordinated by oxygen (BO4) with a B-O
distance of 0.1460, 0.1461, 0.1483, and 0.1489 nm (an average of 0.1473 nm). Thus, the
generalized average B-O distance in the (B307)> complex is 0.1405 nm. Lithium atoms were
fourfold-coordinated by oxygen (LiO4), with Li - O distances of 0.1979, 0.2005, 0.2013, and
0.2180 nm (an average of 0.2044 nm).

A completely different picture is observed when we obtain the LiB30s compound in the
form of glass. It is known that glass has no long-range order, so its main constituent
elements, boron-oxygen complexes (B307)5-, are arranged rather chaotically but completely
retain the close order between the constituent boron and oxygen atoms. However, the
absence of long-range order in the glass still slightly affects the average distances between
atoms in the (B307)5- complex. However, significant changes occur, especially with the
average distances in the LiOs; tetrahedron. This was demonstrated by the results of
experimental studies of the structure of LiB30s glasses reported in [19]. It is shown that the
structure of LiB30s glasses has an average B-O distance of 0.144 nm, which is quite slightly
higher than the generalized average value of the B-O distance in a single crystal (0.1405 nm).
This excess may be due to the peculiarities of the LiB30s glass manufacturing technology,
which requires significant melt overheating before subsequent sharp cooling, during which
the melt structure freezes. In [20], it was experimentally shown that overheating in borate
melts slightly changes the ratio of the concentrations of BO4/B0O3 complexes in favor of BO4.
Thus, it can be confidently stated that due to the covalent B-0 bonds, the structure of (B307)5-
complexes practically does not change. Significant changes in the LiO4 complex provide the
chaotic structure of the glass due to the much weaker Li-O ionic bond, which is reflected in a
significant increase in the average Li-O distance from 0.204 nm for a single crystal to
0.250 nm for glass.

These structural differences between LiB30s crystal and glass form the differences between
their electronic structures. In crystalline LiB;Os, the electronic structure is characterized by
highly localized bands with a direct gap of 7.37 eV, and the conduction band and the valence band
are formed by the electronic states B2s, B2p, 02s, and 02p of the elemental complexes BOz and
BO,, i.e,, actually formed by (B307)5- complexes [21], and, as detailed low-temperature studies of
absorption spectra in [14] have shown, the band structure of the LiB3;0s crystal can be divided
into overlapping subbands. Of course, the electronic states of Li2s and Li2p also partially
contribute to the conduction band of LiB3Os crystal.

The electronic structure of LiBzOs glasses differs significantly due to the lack of
translational symmetry. Therefore, the universal characteristics of electronic states, namely
the distribution of electron energy density, are used to describe the electronic structure of
disordered media such as glass. In this case, the long-wavelength shift of the absorption edge
of glass compared with 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
considering that direct interband transitions are prohibited, only indirect transitions and
excitons can occur [22]. Accordingly, the absorption spectrum of the LiB30s glass (Fig. 4)
differs significantly from that of a single crystal because it does not have a clearly defined
absorption edge. This is typical for glassy samples because the glass structure lacks
translational symmetry. However, due to the stability of (B307)>- complexes, it can be
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assumed that some physical properties of LiB30s single crystals, in particular, luminescent
properties, can be preserved in LiB3Os glass, in particular, the formation of excitons in the
glass structure [22] and their participation in the photoluminescence (PL).

Indeed, based on the results of studies of PL and photoexcitation, and taking into
account the peculiarities of the band structure of LiB30s crystals, authors [14-16] proposed
the following mechanism of low-temperature luminescence for the LiB3Os crystal: a
broadband PL with a maximum at 3.75-3.8 eV is due to intrinsic luminescence and occurs as
a result of annihilation with the emission of self-localized excitons (STE). This mechanism
was first proposed by the authors of [23] in 1986 to explain low-temperature luminescence
in single crystals of lithium borates.

Thus, it can be assumed with high probability that the proposed mechanism of low-
temperature luminescence in undoped LiB3Os single crystals is quite suitable for explaining
luminescence in undoped LiB30s glasses. After all, the emission spectra (Fig. 1) of undoped LiB30s
glass recorded at Aexc = 56 nm (22.2 eV) and T = 8.6 K can be decomposed into three elementary
components 2.6 eV, 3.1 eV, and 3.4 eV, similar to those obtained in [15,16] for a single crystal of
LiB30s under X-ray excitation and a temperature of 80 K, although with slightly shifted maxima
on the energy scale (3.0eV, 3.6eV and 4.2eV). A similar analogy is also observed when
comparing the PL spectra of undoped LiB30s single crystals at 9.6 K (Ee. = 6.3 eV) [16]. Undoped
LiB30s glass under photon excitation at 7.1 eV and a temperature of 8.6 K (Fig. 2). The emission
spectra are decomposed into two components in both cases. Still, if in crystals these two
components, 3.3 eV and 2.7 eV, differ in different radiation lifetimes, then for glass, the 2.9 eV
component and a very clear band with a probable maximum of ~2.2 eV are visible. The excitation
spectrum of a single crystal of LiB;0Os is in the range of 7.5 - 9.0 eV at 9.6 K [16], and the excitation
spectrum of LiB30s glass occupies a much larger range of 5.5 - 9.0 eV (Fig. 3), which is consistent
with the absorption spectrum of glass (Fig. 4) and the differences in the structure of the electronic
energy structures of the crystal and glass.

Thus, the above comparative analysis of the results of our studies with the results of
studies of undoped LiB30s single crystals allows us to propose an emission mechanism of
undoped LiB30s glass at low temperatures. When excited by photons with an energy of
22.2 eV, non-relaxed excitons of the molecular type are formed in the structure of undoped
glass LiB30s. Then, their migration occurs with subsequent autolocalization (STE formation)
near various point defects in the glass structure. The emission bands of 2.6 eV, 3.1 eV, and
3.4 eV (Fig.1) and the 2.9 eV component (Fig.2) are most likely to arise as a result of
annihilation with the emission of STE of different types, depending on the defect on which
the exciton is localized. However, the 2.2 eV band (Fig. 2) may be responsible for oxygen or
lithium vacancies in the LiO4 complex.

4.Conclusion
Lithium triborate glass LiB30s, due to its tissue-equivalent Zgg, is maybe the most promising

material for dosimetry in medical practice. This requires fundamental research of its
physical properties, in particular, luminescence. The present work studied the low-
temperature (8.6 K) luminescence of undoped LiB30s glass under excitation by synchrotron
radiation (22.2 eV and 7.1 eV).

The emission spectrum recorded at 22.2 eV is decomposed into three elementary
components: 2.6eV, 3.1eV, and 3.4eV. In comparison, the one recorded at 7.1eV is
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decomposed into only two elementary components with maxima at 2.9 eV and in the 2.2 eV
region. A comparative analysis of our results with the results of studies of the low-
temperature luminescence of undoped LiB30s single crystals allowed us to propose a
mechanism for the emission of undoped LiB3Os glass at low temperatures, which is
associated with the formation of unrelaxed molecular-type excitons, their migration,
followed by the formation of STEs near various point defects in the glass structure.
Accordingly, the emission bands of 2.6 eV, 3.1 eV, and 3.4 eV at 22.2 eV excitation are most
likely to arise due to annihilation with the emission of different STEs, depending on the
defect on which the exciton is localized. The STE formed at 7.1 eV excitation is localized on
another defect, resulting in the appearance of an emission band with a maximum of 2.9 eV.
The 2.2 eV band can be caused by oxygen or lithium vacancies in the LiO4 complex.
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Anomayis. IlposedeHo docaidxceHHs1 HusbkomemnepamypHoi (8,6 K) arominecyenyii
Hesezo8aHo20 ckaa LiB30s npu 36ydiiceHHi CUHXPOMPOHHUM BUNPOMIHIOBAHHAM (22,2 eB i
7,1 eB). IlposedeHo nopigHsAbHUU aHAAI3 OMPUMAHUX pe3y/bmamis 3 0nyb6aiKo8aHUMU
iHWuUMu asmopamu pe3yabmamamu 0ocaidxHceHb HU3bKOMeMnepamypHoi wmiHecyeHyil
He/fe208aHUX  MOHOKpucmasnaie  LiB30s. Y  pe3yabmami  3anponoHO8AHO  MEXAHI3M
8UNPOMIHIOBAHHS Hese208aH020 ckaa LiB30s npu HU3bKUX meMmnepamypax, AKull no8’s13aHull 3
YMBOPEeHHSAM HepenaKCoB8aHUX eKCUMOHI8 MOAEKYASPHO20 muny, iX miepayiecio 3 nodaabwum
YMBOpeHHAM a8Mmo/10Ka1i308aAHUX eKCUMOHI8 no6.1u3y moukosux degpekmis i ix aHiziasayiero.

Kamwwuoei cnioea: mpubopamue ckao aimiro,  @omoaioMiHecyeHyis, CUHXPOMPOHHE
B8UNPOMIHIOBAHHS, J03UMempisi
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