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Abstract. The Li2B407:Cu, Eu glass has been investigated as a potential active element in optically stimulated
luminescence (OSL) dosimetry. For this purpose, the dependence of the integrated total infrared OSL (IR-OSL)
signal on the dose of B-irradiation (the 90Sr/9Y B-source) and the IR-OSL decay curves were obtained and
analyzed. It was established that the IR-OSL intensity becomes sublinear at very high radiation doses, while the
OSL decay does not belong to the first and second-order kinetics and is described by the sum of three
exponential components.
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1. Introduction
In recent decades, the phenomenon of optically stimulated luminescence (OSL) in various

materials has been intensively studied with the prospect of its widespread application in
radiation protection dosimetry. The basis of OSL dosimeters is a working element in which
stable radiation centers are formed under X, y, B, and other types of ionizing irradiation,
which can be centers of luminescence upon optical excitation [1,2]. An interesting feature of
OSL is the possibility of its use in medical 2D and 3D dosimeters for radiotherapy [3,4],
which stimulates the active search and research of new effective crystalline and glassy (or
vitreous) OSL materials.

The borate glassy compounds are promising dosimetry materials based on
thermoluminescence (TL) and OSL phenomena [5,6]. In addition to other types of ionizing
radiation, the borate crystalline and glassy compounds are also sensitive to neutron
irradiation due to the presence of the 1°B boron isotope (natural abundance - 19.6 %) with a
large interaction cross-section that allows the manufacture of OSL dosimeters for a wide
range of radiation exposure, including neutrons [7-10]. It should be noted that using the
borate compounds for neutron OSL dosimeters is especially important. In particular, the
dosimeters can be used to monitor neutron radiation in nuclear power plants and in defense
to determine the dose of neutron exposure of military pilots during high-altitude flights [11].
Besides this, the OSL dosimeters are also very promising for monitoring various types of
cosmic radiation on orbital stations and during long-time space flights [12].
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Currently, the mechanisms of TL and OSL have not been fully investigated, even for
well-known dosimetric materials that are already in use. A key issue in the development of
materials for dosimetry is the presence after their irradiation of a high concentration of
stable radiation centers captured by structural defects (traps), which can be reproduced
repeatedly after their exposure under the influence of heat (during the TL phenomenon) or
light (during OSL phenomenon). As an example, we can cite the work [13] in which an OSL
dosimeter based on phosphate glass activated by Ag* ions is proposed to obtain 2D and 3D
images of the distribution of the absorbed dose of X-ray radiation. Although phosphate
glasses activated by Ag* ions have been used in OSL dosimetry for a relatively long time, their
intensive research is still ongoing. This indicates that phosphate glass does not solve all the
problems of OSL dosimetry and that it is necessary to continue researching the nature and
mechanisms of OSL in new, more promising materials. A number of publications are devoted
to the research of OSL in various materials in the form of polycrystalline powders, single
crystals, and nanocomposites. For example, in [3] the possibility of obtaining spectroscopic
information about the radiation field when using OSL on F,* and F3* colour centres in LiF
single crystals was considered. It turned out that 2D radiation OSL dosimeters can also be
implemented on the classical TL dosimetric material LiF:Mg, Cu, P in a powder form [4]. The
authors of [4] demonstrated a clear distribution of the dose from a ?9Sr/?°Y 3-source along
the profile of a pressed disc made of LiF:Mg,Cu, P with a diameter of 8 mm and a thickness of
0.5 mm in two mutually perpendicular directions. The OSL properties of the MgGa;04:Mn2+
phosphor were published in [14].

As was noted above, the borate (glassy and crystalline) compounds are also promising
materials for OSL dosimetry since they can be used for neutron dosimetry due to the content
of the 19B isotope. Therefore, in recent years, studies of the effectiveness of OSL in borates
have been carried out on vitreous [5,6] and polycrystalline powdered samples [7-9], as well
as on glass ceramics [10]. The articles [5-10] established the prospects of borate compounds
for OSL dosimetry. The above short list of OSL studies realized recently in various materials,
including borates, shows that such studies should be continued, particularly on the borate
glasses and glass ceramics, including glass nanoceramics (i.e., crystalline nanoparticles in
glass matrix).

Borate glasses with different basic compositions can be obtained by relatively cheap
technology and allow the addition in their structure of a higher amount of luminescent ions
in comparison with corresponding crystalline compounds. Therefore, borate glasses are
promising materials for OSL dosimetry. At present, there has been developed a very simple
technology of borate glasses with basic chemical compositions close to their well-known
crystalline analogs. As a result, a number of borate glasses with different basic compositions
doped with rare-earth elements were obtained. The local and electron structure, as well as
the spectroscopic and optical-luminescent properties of the obtained borate glasses doped
with rare-earth elements (Ce, Nd, Dy, Tb, Er, Eu, Gd, Yb, Sm, Tm), were detailed studied and
published in a series of our articles [15-26]. In the following articles [27-35], an increase (in
some cases significant) of the intensity and quantum yield of the photoluminescence (PL) of
rare-earth ions in the borate glasses was noted when they were co-doped with silver (Ag) in
the amount of 2.0 mol.%. The observed increase of the intensity and quantum yield of PL in
borate glasses co-doped with rare-earth elements and Ag is due to the excitation energy
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transfer from the Ag* impurity ions and molecular-like silver nanoclustered aggregates to
rare-earth ions and to the effects induced by the surface plasmon resonance (SPR) of the
silver (Ag®) metallic nanoparticles, which are localized in the matrix of borate glasses.

During the last years, glasses of high optical quality with Li;B407 basic composition, co-
doped with rare-earth (Eu, Sm, Er) and transition (Cu, Mn) elements in the amount of 1.0 mol.%,
have been obtained. The local structure, spectroscopic, and optical-luminescent properties of the
obtained glasses were thoroughly examined in our articles [36-40]. In particular, possible
excitation energy transfer processes Sm3*—Mn?*, Mn3+, and Mn?*-Mn3* in the Li;B407:Mn, Sm
glass and Eu3* & Mn#*, Mn3+, and Mn2?* — Mn3* in the Li;B407:Mn, Eu glass are considered in
[37,38]. The absence of characteristic Er3* photoluminescence bands in the Li;B407:Mn, Er glass
in [39] is explained by mechanisms of excitation energy transfer from Er3+ to Mn?* and Mn3* ions.
Based on the spectroscopic studies of the Li;B407:Cu, Sm glass in [40] it was shown that the
observed changes in PL intensity, shortening of the Sm3* lifetime and prolongation of the Cu*
lifetime are caused by energy transfer Sm3+ — Cu* and re-absorption of the Sm3+ emission by Cu?*
non-luminescent ions.

Let’s briefly consider the main results of structural and spectroscopic characterization of the
Li2B407:Cu, Eu glass, which is investigated in this article by the OSL technique after -irradiation.
Results of detailed XRD studies and analysis of the local structure of the Li;B407:Cu, Eu glass are
published in our article [36]. The EPR and optical absorption, emission, and photoluminescence
excitation show that the Cu impurity is incorporated into the Li;B407:Cu, Eu glass as Cu2+ (3d?)
and Cu* (3d19) ions. The Cu?* ions in Li;B407:Cu, Eu glass show characteristic EPR and optical
absorption spectra. The spin Hamiltonian parameters of the Cu2* EPR spectrum were determined
by best fitting the simulated EPR spectrum to the experimental spectrum, recorded at T = 295 K.
Optical absorption spectrum of the Li,B407:Cu, Eu glass was analyzed and interpreted. The optical
band gap and Urbach energy of the Li;B407:Cu, Eu glass were evaluated. Photoluminescence
spectra of the Li;B407:Cu, Eu glass reveal a broad blue emission band of the Cu* (3d%4s! — 3d1°0
transition) and narrow emission bands in the orange-red range of the Eu3+ (4f¢) ions belonging to
the 5Dyo = 7F; (J] = 0 - 4) transitions with characteristic decay kinetics. Two energy transfer
mechanisms in the Li;B407:Cu, Eu glass are proposed in [36]. The first mechanism is related to
UV-violet excitation energy transfer from the Eu3* ions to the Cu* ions. The second stronger
mechanism is related to energy transfer from the Eu3+ ions to the Cu2* ions.

As was noted above, the OSL in borate crystals and glasses has been relatively weakly
studied and published only in several articles, particularly in [5-10,41]. For example, in the
Li,B407:Ag single crystal irradiated by X-rays at room temperature, an OSL band with a maximum
of 270 nm was recorded under continuous excitation with a wavelength of 400nm [41].
However, until now, the OSL in the Li;B40; glass, co-doped with rare-earth and transitional
metals, has not been studied in detail. Therefore, such research should be continued to study the
nature and mechanisms of OSL in borate glasses co-doped with rare-earth and transitional
elements and evaluate their potential applications in modern OSL dosimetry. In this article firstly
are presented the results of OSL studies of the Li,B407:Cu, Eu glass after B-irradiation at room
temperature in a wide dose range.

2. Experimental details
The samples of borate glasses have been obtained using the method described in detail in

[36,42]. Optically stimulated luminescence was registered on the obtained Li,B407:Cu, Eu
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samples, which were cut and polished to a size of (10x5x2) mms3. Before the OSL
measurements, the Li;B407:Cu, Eu sample was irradiated with a 90Sr/90Y (-source with an
activity of 2.9 GBq and a dose rate of 0.069 Gy/s. The irradiation process was carried out in
the dark. The OSL registration was made using the OSL Helios reader (Zero-Rad). The reader
used integrated H7360 (Hamamatsu) photon counting modules with quartz windows. The
obtained data were collected by a dedicated electronic system, which sent them to a
computer. The reader is also equipped with an additional photosensor used to control the
emission of LEDs. The OSL measurements were performed in the continuous wave OSL
(CW-0SL) mode, where the sample is illuminated with light of constant intensity during the
measurement.

The reader was equipped with fifteen IR diodes for the infrared OSL (IR-OSL)
measurements, which stimulated the samples in the range of 840 - 870 nm (peak 850 nm).
The light emitted by LEDs was additionally filtered by the RG715 (Schott) filters with 3 mm
thickness. Luminescence detection was performed in the 300 - 600 nm range with a
maximum of about 500 nm using 2.5 mm BG39 (Schott) filters.

3. Experimental results and their analysis
3.1. Analysis of the infrared optically stimulated luminescence of the pB-irradiated

Li;B407:Cu, Eu glass

The infrared optically stimulated luminescence (IR-OSL) dose response of the B-irradiated
Li;B407:Cu, Eu glass is presented in Fig. 1. As one can see, the linear fit given by the red curve
is not appropriate in this case, and the dose response exhibits an apparent sublinear
behavior. To characterize this dependence, the observed line was fitted using the following
power law:

¥
S(D)=S5, (ﬂ) , (1
Dy
where S is a total OSL signal integrated into a given rangem and D is the dose of -radiation,
So is the integrated OSL signal measured for the Dy dose. In our case, value Do = 100 Gy.
The v coefficient specifies the nonlinearity of the observed dependence. For y < 1, the
dependence is sublinear, but for y > 1, the dependence is superlinear. Fit of the dose

response data to Eq. (1) confirms the sublinearity, which is characterized by the coefficient
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Fig. 1. The dependence of the integrated total IR-OSL signal of LizB407:Cu, Eu vs. the dose of {3-irradiation,
fitted by the linear regression (red curve) and the power law formula (blue curve).(Color online).
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v = 0.73. The obtained resulting plot is given by the blue curve in Fig. 1, which presents the
integrated total IR-OSL signal of Li;B407:Cu, Eu glass vs the dose of the B-irradiation with the
fitted power-law dependence given by Eq. (1).

3.2. Analysis of the IR-OSL decay curves (CW-OSL) for Li,B,0,:Cu, Eu glass

The long-lasting OSL decay results from the optical release of charge carriers from deep
traps. The mechanism of radiative recombination depends on various material parameters
[1]. Below, some basic mechanisms of radiative recombination are considered. The
approximate kinetic analysis is based on quasi-equilibrium conditions [1,2].

1. The simplest case is the first-order kinetic mechanism. It relates to the case of a single
active trap level when de-trapping of charge carriers due to optical stimulation takes place
without re-trapping. The luminescence intensity Jos; is directly proportional to the rate at
which the number N of charge carriers in traps decreases, given by:

Josi()=—(dN/dt). (2)
The rate of decay is proportional to the number N of charge carriers in traps remaining at
time ¢, given by:

dN/dt =-aN , 3)
where a is constant. Solving the Eq. (3) and substituting the solution into the Eq. (2) was
obtained:

]OSL(t):AeXp(_%)' (4)
where 4 and 7= 1/a are constants, particularly the r may be interpreted as a characteristic
lifetime. Therefore, by plotting In(Jos.) vs. time (t), we get a straight line. Unfortunately, the
fit does not work in our case, as shown in Fig. 2 for Li,B407:Cu, Eu glass, B-irradiated by a
dose of 200 Gy. The exponential fit defined by Eq. (4) is done in data range from 1 to 4 s. The

characteristic average lifetime value for this range is 7= 1.87 s.
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Fig. 2. The IR-OSL decay in the Li2zB407:Cu, Eu glass, B-irradiated by a dose of 200 Gy. The red line
presents the exponential fit defined by Eq. (4). (Color online).

2. The next case is the case with strong re-trapping. A charge carrier excited by the
stimulation light from a trap level to the transport band (i.e., the conduction or the valence

band) has a high probability of returning to the same trap level. In this case, the kinetic
equation is:
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‘2—’;’ — _aN? (5)

where « is constant. This is the so-called second-order equation. Solving the Eq. (5) and
substituting the solution into the Eq. (2) was obtained:

A
Josit(O)=—"", (6)
(1+6t)
where A and 6 « « are constants. Rearranging the last equation, we get the following relation:
1 1 o
=——+—Ft, 7
Jos. A VA 2

The plots of the 1/1/]05L value vs. time (t) are shown in Figs.3 and 4 for the

B-irradiation doses of 100 Gy and 200 Gy, respectively. The obtained plots are not straight
lines, so the OSL mechanism is not the second-order mechanism.
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Fig. 3. The plot to check the second-order recombination mechanism for the sample irradiated with 100 Gy.
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Fig. 4. The plot to check the second order-recombination mechanism for the sample irradiated
with 200 Gy.

3. When several trap levels are active in the same temperature and comparable time
scale, it is often considered that the luminescence decay consists of several first-order
components, i.e.:
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JOSL(t)=§1Ai exo(- ¥/ ): ®)

1

The three-exponential fit of the OSL decay is shown in Figs. 5 and 6 for the (-irradiation
doses of 100 Gy and 200 Gy, respectively. Three is the minimum number of exponential
components that gives a good quality fit. Thus, the OSL decay of the Li,B4+07:Cu, Eu glass does
not belong purely to the first and second-order recombination mechanisms and is described
by the sum of three exponential components, suggesting a continuous distribution of traps in

the investigated glass.
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Fig. 5. Three-component exponential fit for the OSL decay of the Li2B407:Cu, Eu glass irradiated with a
dose of 100 Gy. The red curves represent individual exponents. The blue curve represents the
summarized curve defined by Eq. (8). The determined lifetimes are: t1 = 0.855s, 12 = 4.0 s, and 13 = 49.2 s.
(Color online).
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Fig. 6. Three-component exponential fit for the OSL decay of the LizB407:Cu, Eu glass irradiated with a
dose of 200 Gy. The red curves represent individual exponents. The blue curve represents the
summarized curve defined by Eq. (8). The determined lifetimes are: 11 = 0.85s, 12 = 5.5, and 13 =70.2 s.
(Color online).

Based on the presented results, one can suppose that the OSL mechanisms in the
Li;B407:Cu, Eu glasses are related to Cu and Eu centers and the energy transfer between
them. The specific models and mechanisms of OSL in the Li;B407:Cu, Eu glasses need more
detailed studies, particularly the OSL studies of lithium tetraborate glasses, co-doped with

other elements of transitional and rare-earth groups.
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4. Conclusions
The OSL of B-irradiated Li;B407:Cu, Eu glass containing 1.0 mol.% CuO and Eu,0; is

investigated and analyzed. Based on the presented results, one can state the following:

e The integrated total IR-OSL signal of Li;B407:Cu, Eu glass vs dose of B-irradiation is
satisfactory fitted by a power law with the value of y coefficient equals 0.73 that is
characteristic for a sublinear dependence.

e Three basic mechanisms of radiative recombination, which can lead to long-lasting OSL
decay in the LiB407:Cu, Eu glass, are considered and analyzed. The OSL decay of the
Li;B407:Cu, Eu glass does not follow purely first and second-order kinetics and is best
described by the sum of three exponential components.

e Based on the OSL decay, a mechanism of optical release of charge carriers from deep
traps, which are continuously distributed in the glass network, is proposed.
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Anomayis. Cknao Li;B,0,:Cu,Eu 6ysn0 docaidxceHe sk nomeHYiliHUll akmueHull esnemeHm 8
dosumempii onmuyHo cmumyavosaHoi sominecyenyii (OCJI). 3 yiero memoro 6210 OmpuMaHo
ma npoaHanizo8aHo 3a/excHicms iHmezpaabHo2o cuzHay iHgpavepsoroi OC/1 (14-0C/1) gid
do3u P-onpominenns (B-dxcepeno °°Sr/°°Y), a makoxc kpusi 3azacamms I19-OCJI. Byso
ecmaHos/ieHo, wo IiHmeHcusHicmo [4-OCJ/l cmae cybaiHiliHO npu dyxce 8ucokux dosax
onpomiHeHHsi, modi sk kpusa 3azacaHHsi OCJl He Hasiexcumsb 00 KiHemMuku nepwiozo ma
dpy2020 nopsidKy i onucyemscsi CyMoH mpboX eKCNOHEeHYIAAbHUX CKAAO08UX.

Kawuoei cnoea: ckao  LiB407:Cu,Eu;  [-onpoMmiHeHHs;, Onmu4HO CMUMY/Ab08AHA
JIHOMIHecyeHYisi; 003084 3a/1excHicmb; Kpuea 3a2acaHHs.
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