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Abstract: Different types of ceramics and glass have been extensively investigated due to their
application in brachytherapy, radiotherapy, nuclear medicine diagnosis, radioisotope power systems,
radiation processing of food, geological and archaeological dating methods. This review collects
the newest experimental results on the thermoluminescent (TL) properties of crystalline and glassy
materials. The comparison of the physico-chemical properties shows that glassy materials could
be a promising alternative for dosimetry purposes. Furthermore, the controlled process of crystal-
lization can enhance the thermoluminescent properties of glasses. On the other hand, the article
presents information on the ranges of the linear response to the dose of ionizing radiation and on
the temperature positions of the thermoluminescent peaks depending on the doping concentration
with rare-earth elements for crystalline and glassy materials. Additionally, the stability of dosimetric
information storage (fading) and the optimal concentration of admixtures that cause the highest
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Dutra Zanotto 1. Introduction

Thermoluminescent dosimetry is a science which deals with measuring doses of ioniz-
ing radiation with the use of TL detectors. Thermoluminescence (TL) dosimetric studies
have significant impact on many fields useful in ordinary life such as: radiotherapy [1],
nuclear medicine diagnosis [2], radioisotope power systems [3], radiation processing of
food [4], geological and archaeological dating methods [5,6], radiation shielding materi-
als [7,8]. Due to the increasing use of ionizing radiation in technology, it seems that we
must search for better materials suitable for radiation shielding. The amorphous struc-
ture of the glass, which is characterized by exceptional chemical resistance, seems to be
ideal for this type of application. Moreover, the thermoluminescent materials are used
in measurements of terrestrial and cosmic radiation [9] or radionuclide sources [10]. The
phenomenon of thermoluminescence depends on the light emission as a result of heating a
= sample that was previously exposed to ionizing radiation. The luminescence mechanism
in this case can be considered as phosphorescence caused by increasing temperature. The
light emission can be observed directly during the first heating process. Luminescence can
also be observed again after radiation exposure of a specific wavelength. The phenomenon
of thermoluminescence occurs mainly in dielectrics [11] but also in organic materials [12].
Attribution (CC BY) license (https:// The thermoluminescence effect was firstly observed and described in 1663 by the English
creativecommons.org licenses /by / physicist Robert Boyle [13]. Thermoluminescence was acknowledged in a diamond which
10/). had been heated to the temperature of the human body. Then, in 1904 Maria Skfodowska-
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Curie observed temperature-stimulated luminescence in fluorite (CaF;) [14]. She noticed
the relationship between the exposure of natural calcium fluoride to radium radiation and
the intensity of its light emission. The practical application of the thermoluminescence
phenomenon in dosimetry was not developed until the end of the first half of the twentieth
century, when the Randall-Wilkins theory was formulated [15]. Since the discovery of the
phenomenon of thermoluminescence, many monographs and review articles containing the
physical basis of this phenomenon have been published. The books “Thermoluminescence
and Thermoluminescent Dosimetry”, by Yigal S. Horowitz [16] and “Thermoluminescence
of solids” by S.W.S. McKeever [17], are worth mentioning. In addition, many summary
reviews have been written on this subject, such as: “Thermoluminescence dosimetry and
its applications in medicine” by T. Kron [18], “Thermoluminescence and its Applications:
A Review” by K.V.R. Murthy [19] or “Versatility of thermoluminescence materials and
radiation dosimetry—A review” by A. Duragkar [20]. The purpose of the following review
article is to summarize the knowledge of the thermoluminescent properties of glassy and
glass-crystalline materials.

The vast majority of the analytical methods applied in the glow-curve analysis are
based on one recombination and one trapping level. Unfortunately, there is no ideal TL
material which can be thoroughly specified by this model. Given the degree of defect
centers and arrangement complexity in glassy networks, it is an extremely difficult case
to understand the physical principles of thermoluminescent phenomena for amorphous
systems. Therefore, the calculated values of activation energy E4 and frequency factors
f are, in fact, effective values. The glow curve shape depends on several factors, such
as: the TL material composition, kind of dopants, types of defect centers induced by
irradiation, the type of ionizing radiation and its dose level. The shape of the TL glow-
curve for glassy samples might be explained by the presence of multiple trapping points
which increase the probability of re-trapping mechanism. It is widely understood that
the shape factor of a standard first order peak is about equal to 0.42 [21]. Simultaneously,
when the value of shape factor is greater than 0.52, we are dealing with second order
kinetics mechanism, respectively. Moreover, it has been demonstrated that the various
heating rates can affect on TL glow-curve shape along with different values of trapping
parameters [22]. In general, with the increasing heating rate, the TL peak temperature
shifts to higher temperatures region. The increase in the intensity of thermoluminescence
signal with respect to a radiation dose is caused by increasing number of excited electrons.
The standard shape and position of glow TL peaks can be changed in respect to location of
trapping levels in the glassy network [23]. Primarily, when the shape of the glow curve
is asymmetric, wider at the low temperature region than at the high temperature region,
then the kinetic process of thermoluminescence is attributed to the first order [24]. It can
be equivocally expressed as no re-trapping luminescence process during which all the
charge carriers freed from the trap centers follow directly to the recombination points. The
thermally stimulated luminescence (TL) can be used to determine the optic properties of
the glasses under study with radiation doses [25].

The process of irradiation might induce the displacement of atoms or electron defects
which include the changes in the valence state of network atoms, modifier, or impurity
atoms. Moreover, the changes in the glow curve shape can be used to deduce the damage
created by the high radiation to the thermoluminescent material [26]. The extent of disor-
dering in glass network can be deduced from Urbach energy (Urbach tail) which described
the localized states present in the bandgap [27]. During irradiation, atoms are ionized
as the bound electrons interact with high energy particles. This interaction leads to the
generation of electron-hole pairs which got trapped at structure defects or glass impurities
having energy states within the forbidden band. As a result of this ionization process, the
electron-hole pairs in the glass structure are generated after exposing to ionizing radiation.
In the case of borate and phosphate glasses, radiation defects are related mainly to the
absence or excess of oxygen atoms in the amorphous glass structure [28-30]. For silicate,
telluride or heavy metal fluoride glasses, radiation defects may be also color centers or
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structural vacancies [31,32]. Therefore, when heat or light stimulate the structure of the
glass, the recombination of charges results in luminescence.

2. Materials and Methods

The thermoluminescent detector was used in ionizing radiation dosimetry for the
first time during nuclear testing as part of the Manhattan Project in the United States since
1942 [33]. Nowadays, we are observing a tremendous progress in the thermoluminescence
dosimetry from that moment [34-37]. The most commonly used material in TL detectors is
crystalline lithium fluoride. There are a several types of detectors based on this compound:
MCP detector (LiF doped Mg, Cu and P), MTS detector (LiF doped Mg and Ti) or MTT
detector (LiF doped Mg and Ti with ten times more titanium and almost three times less
magnesium in comparison with the MTS detector) [38]. The most important advantages
of these detectors are high sensitivity and a cross-section for interaction with ionizing
radiation which are similar to that of human tissues. Natural lithium contains 92.5% of
the 7Li isotope and 7.5% of the °Li isotope. The TL detectors also use lithium depleted
or enriched in the °Li isotope, which corresponds to three subtypes: MCP-N (natural
abundance of lithium isotopes), MCP-6 (°Li-enriched) and MCP-7 (”Li-enriched) [39].
MTS-N detectors are characterized by a linear thermoluminescence response to approx.
1 Gy, and the reduction in the signal at room temperature is estimated at several percent
per year. Moreover, they are characterized by good tissue similarity, therefore they are
used in environmental and individual dosimetry. The MCP-N detector is characterized
by thirty times greater sensitivity than the MTS-N detector and three times lower own
background. This allows the measurement of radiation doses at the level of 200 nGy, which
is a result 100 times lower in comparison with the MTS-N detector. The response of the
MCP-N detector is linear up to a few Gy and has good stability over time. The spontaneous
decrease in the stored radiation signal over time amounts to approx. 5% per year in the
room temperature. The MTT-N detector is more efficient than the MTS-N detector, but its
sensitivity is approximately 2.5 times lower. Therefore, the minimum measured dose is
1 mGy.

Fluorides and calcium sulphates doped Tm or Dy and Al,O3 doped carbon are also
successfully used as thermoluminescent materials [40,41]. However, in practice, they are
less often used items than crystalline doped LiF due to the different cross-section for
interaction with radiation in comparison with human tissues. The most important technical
parameters that prove the quality of thermoluminescent materials include: a wide range of
energy of the measured doses, the linearity of the response to the radiation dose, potentially
small geometric dimensions, the lack of need for power supply and chemical resistance
to environmental factors. An undesirable feature of the thermoluminescent material is
the high annealing temperature during the dose reading procedure. Thermoluminescent
detectors are usually in the form of sintered bulk ceramics or powders. The most commonly
used TL detectors are based on the doped: LiF, Al,O3, CaF, and CaSO, [40-42]. The
comparison of the thermoluminescence glow curves for the same radiation dose for the
crystalline TL materials is presented in the Figure 1.

The glass matrix with optically active dopants may also be of interest for developing
dosimetric detectors. The borate glasses have a high transparency and high solubility
for the rare-earth ions among other oxide glasses, i.e., silicates, phosphates and tellurite
glasses [43]. However, due to their multiple phases, high phonon energy and low moisture
resistance, borate glasses have some limitations to their optical gain medium. On the other
hand, the borosilicate glasses have a better thermal stability, higher value of refractive
index and lower dispersion as well as higher chemical resistance [44]. Therefore, these
glasses are widely used for optoelectronics [45] and optical lenses applications [46] and
also as glass cookware due to low thermal expansion coefficient [47]. The incorporation of
rare-earth elements to the glass matrix can induce thermoluminescence effect and produce
optical active materials [48]. These dopants act as luminescent centers what enables
radiation processes.
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Figure 1. The comparison of the thermoluminescence glow curves for various crystalline materials used
commercially as TL detectors after 10 mGy radiation dose. Data collected from the publications [38,41,42].

The incorporation of alkali ions in the borate network can reduce the risk of different
phases formation in the glass by converting BO3 triangle borate units to BOy4 tetrahedra [49].
The addition of fluoride ions to oxide glasses induces the special oxyfluoride properties
which combine the low phonon energy and value of refractive index of fluorides with
thermal stability towards devitrification of the oxide glasses. For example, after incorpo-
ration of lithium ions to borate glass network, the negative charge of the boron-oxygen
tetrahedron is compensated by lithium cations [50]. Moreover, alkali fluoride (i.e., LiF,
KF or NaF) can be introduced to borate network up to 45 mol%. The rearrangement of
lithium ions due to its small radius can likewise be caused by irradiation or glass matrix
imperfection. Therefore, it enables formation of negative point defects which play a role
of hole traps. On the other hand, oxygen vacancy formed a positive point defect which
play a role of electron traps. That explains why, after lithium oxide addition to borate
matrix, boron-oxygen triangle attaches an additional oxygen atom forming boron-oxygen
tetrahedron. The oxyfluoride glasses from the LiF-B,O3-5iO; system are characterized
by favorable thermoluminescent properties [51]. The increase in lithium fluoride contri-
bution from 20 to 40 mol% in the borosilicate glass causes efficiency enhancement of the
thermoluminescence signal. Moreover, the process of controlled crystallization based on
DSC curves can increase TL sensitivity, narrowing and shifting the main TL peak to the
lower temperatures. The glass-ceramics with 40 mol% LiF containing LiBF, optically active
phase exhibits similar level of TL signal to commercially used doped LiF materials [52].

The addition of a heavy metal oxide to the borate network increases the transmission
of light in the mid-infrared region and decreases the melting temperature and the phonon
energy [53]. Alkali-heavy metal oxide borate glasses show high UV-vis—-NIR transparency,
low melting and glass transition temperatures, low phonon energy, low thermal expansion
coefficient, good mechanical strength and chemical stability [54]. Among various glass
hosts, a borate matrix is a proven good radiation absorber with a cheap processing [55].
The effective atomic number Z.¢ of network former B,Oj is about 7.35 which is close to that
of human tissue (Z.¢ = 7.42) [56]. Heavy metal oxides, such as BaO, decrease the phonon
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energy of the glass matrix, and simultaneously increase the efficiency of luminescence [57].
It has been observed that the addition of BaO up to 25 mol% to borate glass could help
improve the thermoluminescence intensity.

In some cases, commercial borate glasses exhibit UV charge transfer absorption be-
cause of the trace iron impurities presence (largely Fe** ions) [58]. It was proved that
transition metal (TM) ions even for the ppm level in glasses could produce strong UV
absorption. Moreover, the charge transfer mechanism for glasses has been thoroughly
classified based on trace transition metal impurities content (such as Fe3* or Cr®*) [59]. The
increased absorption in the range of ultraviolet results from an electron transfer mechanism
(electron transition from the orbital of a coordinating oxygen atom to an orbital of the metal
ion). Abdelghany and ElBatal have observed charge transfer absorption bands in the UV
range for a various undoped borate glasses [60,61]. Therefore, the trace iron impurities
(largely Fe3* ions) which are present in the chemical reagents/raw materials can induce
UV absorption mechanisms in different glass systems.

The first thermoluminescent material, based on lithium borate polycrystal Li;B4O7
doped with manganese, was introduced in radiation dosimetry by J.H. Schulman in
1967 [62]. Unfortunately, the TL sensitivity of Li;B4Oy:Mn was quite low and it was
impossible to use this material for commercial purposes. Moreover, the reproducibility and
the linearity of its dose-response for high energies were insufficient for strict environmental
requirements. Subsequently, M. Takenaga significantly improved the TL sensitivity of
lithium borate phosphor by using Cu dopants instead of Mn ions [63]. Nowadays, a high
efficiency of fluorescence was obtained for borate glasses doped with europium ions [64].
The significant improvements of dosimetric features can be modified by using co-dopants
such as transition metals [65]. However, to our present knowledge, the correct mechanism
of the TL phenomenon for doped lithium tetraborate glasses is still under discussion. On
the other hand, polycrystalline probes of lithium tetraborate exhibit two well-separated
thermoluminescent peaks which are related to two different types of trapping points [66].
Electrons can be trapped by oxygen vacancies while holes are trapped by lithium vacancies
in LiB4O7 matrix. The monotonous decrease in luminescence signal intensity with higher
temperature is due to gradual release of trapped charge carriers. By the thermal energy
absorption process, the trapped holes in borate network are freed and can combine with
electrons released from the oxygen vacancies which results in emission of the light. The
symmetry factors f for lithium tetraborate glasses irradiated with various radiation dose and
measured with different heating rates are greater than 0.52, which suggests the second order
kinetic of luminescence process [64]. It is widely known that higher order of luminescence
kinetic means greater probability of re-trapping processes due to many trapping points in
glassy matrix [67]. The main type of radiation damages in lithium borate glasses are Frenkel
pairs in the form of vacancies of oxygen and boron with inter-nodal ions [68]. However,
the thermal stability of the defect points produced by ionizing radiation has always been a
topic of discussion. Unfortunately, electron and hole traps for lithium tetraborate glasses
exhibit weak thermal stability with respect to ionizing radiation [69].

The phosphate glass dosimeters are currently of particular interest due to their high
thermoluminescence (TL) yield and the simplicity of fabrication and modification for
various applications in terms of their chemical and physical properties [70]. Phosphate
glasses are often used as biomaterials because they are often similar in chemical composition
to the natural bone [71]. However, pure phosphate glasses are often not chemically stable
for practical applications [72]; they are characterized by low melting temperature, small
value of refractive index and uniquely high thermal expansion coefficient when compared
to silicate glasses. Therefore, they can be used as high-power lasers, sealing materials,
glasses for medical uses and ionizing radiation dosimetric purposes. A typical network
of phosphate glasses contains a polymeric structure dominated by linkages between the
POy tetrahedra. For vitreous P,Os, these groups are connected to adjacent units by three of
their four vertices, while one place is occupied by a terminal double-bounded oxygen atom.
The extent of glass formation in alkali and alkaline earth binary phosphates is generally
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larger than in silicates and the borates [73,74]. It is the responsibility of the phosphate rings
by the modifier ions to form phosphate chains with varying chain lengths [75].

P,0s5 is often used in the optically active glasses due to the shift of the absorption
cut-off wavelength to the near infrared region (NIR) [76,77]. The advantage of phosphate
glass is its higher solubility of rare earths in its structure in comparison with silicate glasses.
Moreover, the lithium fluoride added to phosphate glass causes a decrease in thermal fading
at the room temperature [78]. Rare-earth ions, in their trivalent state, act as fluorescence
activators when doped in the phosphate glass matrix and enhance TL emission. However,
photo and thermoluminescence properties of the RE ions are sensitive to various solid-state
hosts. They exhibit absorption bands in the near-UV to blue region and sharp emission
bands in the entire visible region of the electromagnetic spectrum, which is expected for
visible solid-state lasers and light emitting diodes [79]. The amorphous nature of the
glasses makes them susceptible to accommodate radiation-induced defects what is also
their advantage.

Pure phosphate glasses produce no TL signals [80]. However, lithium-doped phos-
phate glasses characterize a broad TL peak at the rage of 200-300 °C [81]. On the other
hand, barium-doped phosphate glasses feature at least two TL peaks, approximately at
220 and 390 °C, which are attributed to BaZ* ions [82]. The observed TL peaks result from
various defects generated by the modifier ions (Ba?* and Li*) inserted into the glass matrix.
The low temperature peak characterizes an average intensity loss of 57% after 2 days of
storage and a reduction to 9% of the initial signal after 4 months of storage. Thus, thermal
fading makes using this peak for dosimetry purposes difficult. The high temperature peak
also fades in the short term, but it eventually stabilizes at 75% of the initial value [83].
They also give a fast-decaying OSL signal correlated with the low temperature of TL peak.
The optically stimulated luminescence signal increases linearly with the received dose for
phosphate glasses containing both barium and lithium ions [84]. On the other hand, a 100-h
delay readout after irradiation shows the signal decrease to less than 50% of the initial dose
value. The content of barium ions Ba?* allows linear characteristics of the dose response in
phosphate glasses up to 100 Gy. Moreover, phosphate glass doped with barium oxide is at
least one order of magnitude more sensitive to radiation than the glass doped with lithium
oxides [85].

The article presents the thermoluminescent properties of mainly borate and phosphate
glasses due to the similar cross-section on the interaction with ionizing radiation to human
tissues [86,87]. Unfortunately, silicate and telluride glasses have Z.¢ significantly different
than most human organs [88,89]. For this reason, the use of these materials in personal
dosimetry is very difficult.

Another group are fluoride glasses, the development of which was initiated by the
discovery of the glass-forming properties of zirconium fluoride—ZrF,. These glasses are
based on heavy metal fluoride glasses (HMFG) and are characterized by—compared to
oxide glasses—low attenuation of signals in the infrared range (up to approx. 3 um). At the
same time, fluoride glasses readily accept rare-earth elements into their structure, which
makes it possible to use them as optical amplifiers in telecommunications bands operating
in the near infrared. Figure 2 shows the values of the highest phonon energy together with
ultraviolet cut-off wavelength in various glass systems.
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Figure 2. The parallel of highest phonon energy and ultraviolet cut-off wavelength in different
glass systems.

3. Discussion of the Results

Rare-earth (RE) doped glasses are characterized by promising physical and chemical
properties, inclduing: higher thermal stability [90], greater chemical durability [91], su-
perior hardness and elastic modulus than traditional glass network modified by cationic
dopants [92]. In general, the rare-earth elements are considered as network modifiers of
the glass structure [93,94]. For the phosphate glasses, they are incorporated in the voids
between [POy] tetrahedra [95]. The cationic field strength changes with atomic number
due to continuous decrease in the ionic radii for the lanthanide elements [96]. Therefore,
this phenomenon has a significant effect on the physico-chemical properties of rare-earth
doped phosphate glasses.

The thermoluminescence characteristics of various rare-earth-doped glasses for high-
dose gamma dosimetry purposes have been studied in recent years [97-111]. Scien-
tific research has mainly been focused on extending the saturation limit of dopants in
glass matrixes and improving their dosimetry features by varying their composition
and concentration.

A thermoluminescent detector should have a wide linear relationship between the
integrated TL intensity and the received radiation dose [112]. It enables greater potential
of the material for various applications. Many researchers have noticed an enhance-
ment in the TL intensity of glasses after the addition of rare-earth ions to the glass. The
ranges of the linear thermoluminescent dose response for selected glasses doped with rare-
earth elements are presented in Table 1. The rare-earth ions usually convey a significant
amount of the absorbed radiation energy as heat in the glass matrix what can stimulate
thermoluminescence effect.

Table 1. Linear regions of thermoluminescence dose response for various glass systems.

Glass System Dopant Linear Region References
sodium phosphate La,O3 <33 Gy [113]
barium borate CeO, <10 Gy [114]

zinc sodium bismuth borate PrgO11 <3 kGy [115]
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Table 1. Cont.

Glass System Dopant Linear Region References
alkali borosilicate Nd,O3 <1kGy [116]
lead aluminosilicate Nd, O3 <3 kGy [117]
phosphate Gdy03 <10 kGy [118]
alumina borophosphate TbyO3 <4 kGy [119]
sodium magnesium borosilicate ~ Dy,03 <10 kGy [120]
phosphate Dy,03 <10 kGy [118]
lead aluminosilicate Ho,03 <5 kGy [121]
zinc bismuth borate Er,O3 <3 kGy [122]
zinc lithium barium borate Erp,O3 <3 kGy [123]

For most TL detectors, the dose response is linear to about a few Gy when it becomes
super-linear or sublinear until the detector signal is saturated. The TL response as a
function of dose can be described by the function:

S(d)/d

=35m0/ @
where S(d), S(D) are the indications of the detectors for the dose d and D, respectively,
where the dose D is measured in the linear region of detector. In the dose region, where
f(d) = 1, the response of the detector is linear with the dose, where f(d) > 1 we have the
region of super-linearity and where f(d) < 1 we have sublinear region. Figure 3 shows the
linearity, super-linearity and sub-linearity of the exemplary thermoluminescence signal as
a function of the absorbed dose.
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Figure 3. An example of the linear, super-linear and sub-linear thermoluminescence signal as a
function of the absorbed dose [124].

Phosphate glass doped with 0.5 mol% of lanthanum oxide exhibits 2 luminescence
regions in the ranges of blue and red light [125]. The main thermoluminescence peaks
appear between 100 and 140 °C for the temperatures up to 300 °C. The deconvolution
process of the TL spectrum into Gaussian shape peaks in the range of 100-140 °C reveals
two emission energies at 2.01 eV and 2.70 eV (~615 and ~460 nm, respectively). After one
day of storage (24 h) in the black box, the initial TL intensity is reduced to 50.8% for the
phosphate glass doped with LayOs. It is worth noting that for a phosphate glass doped
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with yttrium oxide, the glow curves are characterized by TL peaks in the similar range
(100-140 °C) but with lower intensities [126]. These TL spectra comparison indicates that
La and Y, in contrast to other rare-earth or transition metal dopants, do not directly act as a
recombination center for phosphate glass but possibly enhance luminescence efficiency
stabilizing other point defects such as vacancies by the charge compensation mechanism.

The energy transfer processes lead to higher TL yield in Ce** /Tb** doped phosphate
glasses [127]. A new concept of energy transfer, based on nearly resonant energy migration
through a rare-earth-ion subsystem in the glass matrix followed by a single-step transfer
to an emission centre, was observed. Gadolinium ions Gd3* at a sufficiently high concen-
tration enable effective energy migration in the phosphate glasses matrices followed by
single-step energy transfer towards emission centers created by Ce®* and Tb** doping
ions. Moreover, it has been observed that strongly increasing efficiency of Ce** emission
in the Gd-containing Nag;Gd3)Ces; sample with respect to Gd-free Nag;GdoCe3 one. Fur-
thermore, an increase in the TL signal is observed by increasing the concentration of Tb>*
ions. On the other hand, a lower signal is detected by increasing the concentration of
Gd>*. The thermoluminescence measurements above room temperature show the presence
of two types of traps with concentrations strongly dependent on the glass composition.
Cerium-doped barium borate glasses exhibit both thermoluminescence (TL) and optically
stimulated luminescence (OSL) phenomenon [114]. The increase in the cerium dopant
concentration from 1 to 5 mol% causes the efficiency enhancement of TL by more than
ten times and OSL by more than one hundred times. Moreover, the process of controlled
crystallization leads to formation of the optically active BaCeByO14 phase and higher TL
and OSL signals at lower temperature. The shape of the glow curves confirms the linearity
of the recorded TL signal as a function of the increasing radiation dose [128]. Unfortunately,
barium borate glasses are not the most chemically resistant among wide variety of glass
systems. The main disadvantages include the lack of resistance to the presence of moisture
in the air. Currently, attempts are being made to increase the resistance to dissolution
of borate glasses by adding, e.g., silica SiO, [129]. As the amount of silica increases, the
chemical resistance increases, but at the expense of the amount of optically active phase,
which reduces the value of the luminescence signal. Therefore, it is crucial to choose
the optimum amount of SiO, to maintain a balance between luminescent properties and
thermal stability.

The presence of trivalent cations (dopants) results in a more stable (less hygroscopic)
glass structure in all of the glass samples. However, the solubility limit related to the overall
concentration of trivalent ions in phosphate glasses seems to be round 50 mol% [130]. The
tellurite glasses doped with praseodymium ions Pr3* exhibit reddish-orange luminescence
under blue wavelength excitation [131]. This phenomenon suggests its possible application
in tri-color white light emitting diodes as a red component. Praseodymium is also used
with success in various types of phosphors due to the efficient reddish-orange emission of
light [132]. For example, CdGeO3 phosphor exhibits long persistent luminescence (LPL)
after the short UV-irradiation. The reddish-orange photostimulated luminescence (PSL)
is also observed upon near infrared stimulation at 980 nm after per-exposure into UV
light. The light emission is caused by the presence of Pr** ions in trapped states in the
structure of the lattice. The most effective concentrations of Pr®* ions for the brightest
photoluminescence (PL) emission and the best LPL characteristic are about 3 mol% and
0.5 mol%, respectively. The incorporation of 0.3 mol% PrsO1; to germano-tellurite glasses
enhances the intensity of the thermoluminescence response, but in different ways for series
with and without GayO3 [133]. The inversion of the maxima of the main TL peaks between
both series is noticeable. The additive of Ga,Oj3 inhibits phase separation of Te-Ge oxide
network. The Ga®** ions play a role of the modifier and facilitate connection between
structural units of two glass-formers, preventing phase separation.

The zinc phosphate glass doped with Y,03:Eu®* powder is characterized by good
transparency above 90% for the range 400-700 nm [125]. The bimetallic nanoparticles
(BMNPs) of Y,03 were synthesized by evaporation method at 1100 °C with 4.3 mol%
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admixture content of Eu**. The doped glasses exhibit an intense thermoluminescence
emission, characteristic for intra-electronic transition energy levels of Eu®* ion. The main
luminescence emission wavelength is about 613 nm, which corresponds to the Dy to
’F, transition. Meanwhile, the main excitation wavelength which was observed was
approximately Aexe = 395 nm. Thus, it is possible to induce luminescence in these glasses
with a standard blue laser (400—410 nm). The chromaticity diagram (CIE) confirmed that
synthesized glasses with BMINPs have emission of light in the red range [125].

The addition of Dy,Oj3 to borate glasses acts as a network modifier which also ex-
hibits luminescence properties. The small amount of dysprosium oxide can change the
coordination number of boron atoms from 3 to 4, which results in greater number of non-
bridging oxygens [134]. It provides better efficiency of thermoluminescence processes in
the borate glasses. The presence of Dy>* ions in lithium borate network plays a crucial role
for the luminescence process due to onefold trapping point behavior [135]. As a result,
the probability of the hole-electron recombination process increases because of re-trapping
mechanisms are negligibly small. Moreover, the indirect and direct optical bandgap energy
of doped lithium borate glass decreases with higher amount of dysprosium ions [136].
Mainly, it is caused by the presence of bonding defects and increasing number of non-
bridging oxygens in the glass network. Simultaneously, the incorporation of dysprosium
oxide to the glass matrix induces the higher amount of donor energy levels and the average
value of Urbach energy increases with greater amount of Dy,O3 content. This tendency
also confirms that dysprosium ions can induce trapping defects in the glass network which
results in higher glass disordering. The minimal value of Urbach energy is obtained for
lithium borate glass with no dysprosium addition. The lack of interstitial defects in the
glass network exhibits in better alignment of the structure [137].

Borate glasses doped with erbium ions Er** have promising thermoluminescence
properties in view of high-dose radiation detectors [123]. This type of glass exhibited
a good linearity in the 0.25 kGy to 3 kGy range, with a high sensitivity of 27 thousand
counts-g~1-kGy ! and a minimum detectable dose of 0.2 kGy. After 7 days of storage, the
integrated TL intensity of erbium-doped borate glasses reduced by just 4% in comparison
with the standard response. However, the reduction was 21% and 50% of its standard
value after 15 days and 30 days, respectively. Beyond 30 days, stability was observed as the
residual signal remained almost the same even up to 90 days [137]. The erbium rare-earth
ion (Er3+) has notable emission bands in MIR, NIR, red, green, and violet light. Therefore,
erbium ions are often used in phosphate glasses as application in optical fibers, lasers, and
emission devices [138,139].

Thermoluminescence measurements for several materials show that there are mea-
surable differences between signals from materials in the powder and bulk forms [137].
For example, powdered calcium fluoride, crystalline calcite, aragonite, and Iceland Spar
have altered thermoluminescence signal in comparison with the bulk form. For example,
particle size selection of rare-earth oxides can increase thermoluminescence emission in
the doped phosphate glasses [118]. Studies have shown that the efficiency of TL is the
higher the larger particles of Gd;O3 or Dy;03. The use of 500-1000 pm Gd,O3 as well
as Dy,Oj3 particles allows a linear thermoluminescent response to doses up to 0.9 kGy.
The application of smaller particles up to 25 pm gradually reduces the luminescence ef-
ficiency. Thus, the incorporation of dysprosium or gadolinium ions into the glass matrix
affects both the structure of the electron traps energy levels in the glass matrix and TL
emission intensity with respect to particles size. The obtained phosphate glasses exhibit
good thermoluminescence properties for the high energy beta radiation dose measurement
applications [118].

The temperature of the TL peak for different glass systems is presented in the Figure 4.
The colors of the symbols, with which the appropriate dopants from the lanthanide group
are marked, correspond to the luminescence emission colors.
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Figure 4. The juxtaposition of the temperatures for the thermoluminescence peak maxima based on
various glass systems data [48,114-123,134,140,141].

The ranges of rare-earth dopant concentration for various glass systems from Figure 4
are presented in the Figure 5. The legend markings correspond to the concentration that
induces the maximum luminescence signal for a given glass.

Fading is a process during which the radiation dose information stored by thermolu-
minescent detector is lost, mainly due to the thermal influence of external environment.
The thermal stability of the stored TL signals under influence of some environmental
conditions is specified by fading parameters. Therefore, the developed TL materials are
stored in the black boxes at an ambient temperature, while all measurements are taken in
the red lighted rooms. It means that only storage time between irradiation and TL readout
can influence on the intensity of luminescence response. The characteristic parameters of
thermal fading for different glass systems doped with rare-earth elements are presented in
Table 2.

As mentioned before, there is a different TL response of the as-made glass and glass-
ceramics [51,114]. Figure 6 shows the influence of heat treatment on the intensity of
TL signal and temperature of the glow peak. The effect was studied on samples from
Ce0,-BaO-B, 03 [114] and LiF-B,03-5i0; systems [40]. Glass-ceramic materials have been
obtained by a heat treatment for 1 h at the temperatures of 720 °C and 840 °C for borate
glass, and 600 °C and 720 °C for borosilicate glass, respectively. The significant increase
in TL response was observed for glass-ceramics in both cases. Simultaneously, the glow
peaks shift to lower temperature. This was caused by crystallization of BaCeByO;¢4 and LiF
phase, respectively. As an example, the peak intensity of TL signal and temperature of TL
peak for the same heating rate were summarized for different kind of materials exposed to
10 Gy in the Table 3. It should be noted that the intensity of the thermoluminescence signal
and the shape of the glow curve depend on the sample heating rate.
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Figure 5. The ranges of rare-earth dopant concentration for various glass systems data. The legend’s markings correspond
to the concentration that induces the maximum luminescence signal for a given glass [48,114-123,134,140,141].

Table 2. Thermal fading for various glass and glass-ceramics systems.

System Dopant Dose Fading after 7 Days [%] References
sodium phosphate glass LayO3 2Gy 35 [113]

alkali borosilicate glass Nd,03 10 kGy 22 [116]

zinc lithium borate glass Tb,O7 3Gy 11 [48]
lithium magnesium borate glass Dy,03 5Gy 22 [134]
lithium sodium borate glass Dy,03 3Gy 7 [140]

zinc lithium barium borate glass Er,O3 3 kGy 4 [123]
soda-lime glass Er,O3 14 mGy 45 [141]
crystalline lithium fluoride Mg,Cu,P 10 mGy <1 [142]
crystalline lithium fluoride Mg, Ti 10 mGy <5 [142]
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Figure 6. The comparison of the thermoluminescence glow curves for glassy and glass-ceramic material. (a) 5CeO,-20BaO-
75B,03 system [114], (b) 40LiF-30B,03-30SiO; system [51].

Table 3. TL intensity at the peak and its temperature of various thermoluminescent materials for 10 Gy radiation dose

measured with the 5 °C/min. heating rate.

TL Materials Peak Intensity of TL Signal [x 10°] Temperature of TL Peak [°C]
LiF:Mg,Cu,P [38] 2.79 265
Al,O5:C [40] 1.48 180
CaSO4:Mg [41] 1.12 215
LiF:Mg,Ti [38] 0.51 205
CeO,-Ba0-B,0; glass-ceramics (treated at 840 °C) [114] 1.05 120
CeO,-BaO-B,03 glass-ceramics (treated at 720 °C) [114] 0.78 120
CeO,-BaO-B,0; glass [114] 0.76 235
LiF-B,03-5i0; glass-ceramics (treated at 720 °C) [51] 0.52 160
LiF-B,03-SiO, glass-ceramics (treated at 600 °C) [51] 0.29 175
LiF-B,03-SiO; glass [51] 0.28 200

4. Conclusions

The crystalline and amorphous materials were described and compared due to their
termoluminescence properties and their application as dosimeters for high energy radiation.
This work shows that glassy materials can be as beneficial in dosimetry as commercially
used crystalline ceramics. Especially considering lower content of active compounds
(i.e., LiF) in the glass, the amorphous materials can provide a similar intensity to the
thermoluminescent response. The temperature of the glow peak is generally lower in
glassy materials. The chemical resistance of glass to environmental conditions (and even
biocompatibility of phosphate glasses) means that they could be used in biological con-
ditions, i.e., in brachytherapy. Furthermore, the glass allows easy fabrication and im-
plementation of rare-earth elements into the more open structure then crystals and in a
wider range of concentration, thereby increasing the efficiency of the luminescence. How-
ever, it is worth noting that the transformation from glass to glass-ceramics enhance the
thermoluminescent properties.

The aim of the review article was to summarize the current knowledge about the
thermoluminescent properties of glassy and glass-crystalline materials. Unfortunately, due
to the small amount of fading data for glass-ceramic materials, it was not possible to make
a complete comparison of glassy and crystalline materials. In addition, the properties of
materials whose cross-section for interaction with radiation is similar to that of human
tissues dominated the review. It should be noted that there are many other glass systems,
such as: silicate, telluride, and germanium, which were only mentioned in the article.
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Perhaps the above-mentioned shortcomings will be the goal of another review article on
the thermoluminescent properties of solids in the near future.
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