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Definition
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. The comparison of the physicochemical properties shows that glassy materials could be a promising alternative for dosimetry
purposes.

1. Introduction
Thermoluminescent dosimetry is a science which deals with measuring doses of ionizing radiation with
the use of TL detectors. Thermoluminescence (TL) dosimetric studies have signiﬁcant impact on many
ﬁelds useful in ordinary life such as: radiotherapy
systems

[3],

[1],

nuclear medicine diagnosis

[2],

radioisotope power

radiation processing of food [4], geological and archaeological dating methods

shielding materials

[7][8].

[5][6],

radiation

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 structure 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

thermoluminescence

radiation

occurs

exposure

mainly

in

of

a

dielectrics

speciﬁc
[11]

but

wavelength.
also

in

The

organic

phenomenon
materials

[12].

of
The

thermoluminescence eﬀect was ﬁrstly observed and described in 1663 by the English physicist Robert
Boyle

[13].

Thermoluminescence was acknowledged in a diamond which had been heated to the

temperature of the human body. Then, in 1904 Maria Skłodowska-Curie observed temperature-stimulated
luminescence in ﬂuorite (CaF2)

[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
and its Applications: A Review” by K.V.R. Murthy
radiation dosimetry—A review” by A. Duragkar

[19]

[18],

“Thermoluminescence

or “Versatility of thermoluminescence materials and

[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 EA 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 disordering 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][29][30]

. For silicate, telluride or heavy metal ﬂuoride glasses, radiation defects may be also

color centers or structural vacancies

[31][32].

Therefore, when heat or light stimulate the structure of the

glass, the recombination of charges results in luminescence.

2. The parallel of highest phonon energy and ultraviolet cut-oﬀ
wavelength in different glass systems.
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][35][36][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 6Li isotope. The TL
detectors also use lithium depleted or enriched in the 6Li isotope, which corresponds to three subtypes:
MCP-N (natural abundance of lithium isotopes), MCP-6 (6Li-enriched) and MCP-7 (7Li-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 Al2O 3 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,
Al2O 3, CaF2 and CaSO4

[40][41][42]

. The comparison of the thermoluminescence glow curves for the same

radiation dose for the crystalline TL materials is presented in the Figure 1.

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 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
are widely used for optoelectronics

[45]

to low thermal expansion coeﬃcient

and optical lenses applications

[47].

[46]

[44]

. Therefore, these glasses

and also as glass cookware due

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.
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 BO4 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 incorporation of lithium ions to borate glass network, the negative charge of the boronoxygen 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-B2O 3-SiO2 system are characterized by favorable
thermoluminescent properties

[51]

. The increase in lithium ﬂuoride contribution 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 4 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 midinfrared 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 Zeﬀ of network former B2O 3 is about 7.35 which is close to

that of human tissue (Z eﬀ = 7.42) [56]. Heavy metal oxides, such as BaO, decrease the phonon 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 because of the trace iron
impurities presence (largely Fe3+ 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 Cr6+)
[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.
P2O 5 is often used in the optically active glasses due to the shift of the absorption cut-oﬀ wavelength to
the near infrared region (NIR) [62][63]. 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

[64]

. 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 solidstate lasers and light emitting diodes

[65].

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

[66]

characterize a broad TL peak at the rage of 200–300 °C

. However, lithium-doped phosphate glasses

[67]

. On the other hand, barium-doped phosphate

glasses feature at least two TL peaks, approximately at 220 and 390 °C, which are attributed to Ba2+ ions
[68]

. The observed TL peaks result from various defects generated by the modiﬁer ions (Ba 2+ 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

[69]

. 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
[70]

. 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 Ba2+ 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

[71]

.

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

[72][73]

silicate and telluride glasses have Zeﬀ signiﬁcantly diﬀerent than most human organs

. Unfortunately,
[74][75]

. 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 glassforming properties of zirconium ﬂuoride—ZrF4. 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 μm). 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.

Figure 2. The parallel of highest phonon energy and ultraviolet cut-oﬀ wavelength in diﬀerent glass
systems.
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