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/ Structural characteristics of undoped and gadolini%
doped melt-derived samples of SiO,-B,0; oxide system, as
well as thermoluminescence (TL) properties and kinetic
parameters of the sample with 40SiO,59.5B,030.5Gd,0;
composition were investigated in the present study. The
gadolinium doped sample showed bright TL signal
following irradiation with 6 Gy, good repeatability (under
10% deviation from the unit), linear dose dependence for the
tested dose range (0.75 Gy — 9 Gy) and a minimum
detectable dose of 34 mGy for instantaneous
measurements. The kinetic parameters associated with the
glow curves of 40Si0,59.5B,030.5Gd.0; sample followed
second order kinetics, while the value of the average
activation energy was 0.88 eV. Both undoped and

gadolinium doped samples were characterized by similar
structural features.

/ In acest studiu au fost investigate caracteristi%
structurale ale unor probe obtinute prin metoda subracirii
topiturilor in sistemul SiO,-B,0; atat nedopat, cét si dopat
cu gadoliniu, precum si proprietatile termoluminescente
(TL) si parametrii cinetici ai probei cu compozitia
40Si0,59.5B,05-0.5Gd,0;. In urma iradierii cu 6 Gy, proba
dopata cu gadoliniu a fost caracterizata de un semnal TL
luminos, repetabilitate buna (deviatia de la unitate sub
10%), depedenta liniard intre dozd si raspuns pentru
intervalul de doze investigat (0,75 Gy — 9 Gy) si o doza
minima detectabila de 34 mGy pentru masuratori imediate.
Parametri cinetici asociati curbelor de stralucire a probei
40Si0,-59.5B,030.5Gd,0; au respectat cinetica de ordin 2,
iar valoarea medie a energiei de activare a fost de 0,88 eV.

Atat proba nedopata, cat si cea dopatd au prezentat
proprietati structurale similare.
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1. Introduction

Accurate determination of radiation doses
employed in various fields, such as nuclear
installations, radiotherapy, environmental radiation
physics and personal monitoring of ionizing
radiation is an important and complex process,
which continuously needs improving. Thus, new
materials are now being developed in order to
achieve high precision dosimeters characterized by
thermo-luminescence (TL) sensitivity and linearity
over a broad range of doses. The dosimetric
properties of luminescent materials are related to
the kinetic parameters which quantitatively describe
the trap and recombination centers involved in the
thermoluminescent emission of light and they can
be determined using different techniques such as
initial rise method, heating rate methods, isothermal
decay analysis methods or Chen's peak shape
method [1].

* Autor corespondent/Corresponding author,
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Rare-earth doped luminescent materials play
a significant part as radiation detectors due to the
fact that incorporating rare-earths as dopants into
the host may improve the stability and/or enhance
the sensitivity of the dosimeter [2, 3]. Numerous
studies have explored the suitability of silicates,
alkali  silicates, alkali aluminosilicates and
borosilicates doped with rare-earth ions and
transition metal ions in radiation dosimetry
applications [2, 4-10]. Compared to other
amorphous materials, borosilicate glasses exhibit
superior properties in terms of thermal stability,
chemical durability, mechanical resistance, cost
and availability, while doped with especially high
concentration of Gd203 borosilicates are attractive
materials in luminescent field [11]. Borosilicate
glasses are characterized by four types of traps:
network microstructure defect (E'-defect), non-
bridging oxygen hole centers, multivalent ion
centers, and network modifier defects [7].
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The dissolution mechanism of gadolinium in
borosilicate glasses revealed that gadolinium first
partitions to the borate-rich environment in the form
of Gd-metalborate-like structure at low Gd203
concentrations and then to the silicate-rich
environments causing the breaking of Si-O-Si
bonds and the forming of non-bridging oxygen at
high Gd203 concentrations [12].

In the present study, the thermoluminescence
characteristics of 40Si02-59.5B203-0.5Gd203
vitroceramic system were investigated in terms of
TL intensity, repeatability, dose dependence, and
minimum detectable dose along with its kinetic
parameters using the Chen’s peak shape method.
The compound was also structurally
characterized by thermal analysis (TGA/DTA), X-
ray diffraction (XRD) and infrared spectroscopy
(FT-IR) both before and after adding Gd3* ions in
the host material.

2. Materials and methods

2.1. Vitroceramic preparation

The investigated vitroceramic sample, with
408Si02-59.5B203-0.5Gd203 mol% nominal
composition, was prepared by  melting
mechanically homogenized mixtures of H3BOs,
SiO2 and Gd20s analytical reagents of p.a. purity at
1400°C for 15 minutes followed by fast
undercooling to room temperature. The value
chosen for the ratio between SiO2 and B203 aimed
to reduce the phase separation tendency
governing the binary SiO2-B203 glass system in the
silica rich composition range [13, 14].

2.2. Thermal and structural characterization
techniques

Thermal analysis (DTA and TGA) was
conducted on a Shimadzu derivatograph DTG-60H
at a heating rate of 10°C/min, from room
temperature up to 1100°C. Alumina open crucibles
and a-alumina powder as reference material were
used, and the measurements were performed in a
dynamic nitrogen and air atmosphere at a flow rate
of 70 ml/min.

The X-ray diffraction (XRD) investigations
were conducted with a Shimadzu XRD-6000
diffractometer, using Cu-Kq radiation (A = 1.5418
A), with Ni—filter. The XRD patterns were recorded
in the 20 scan range 10-80°, with a scan speed of
2°/min, using quartz powder as calibrating material.
The operating power of the X-ray source was 40
kV at 30 mA intensity.

Fourier transform infrared (FTIR) spectra
were recorded in reflection configuration in the
range 4000-400 cm-' with a resolution of 4 cm-
using a Jasco FT-IR-6200 Spectrometer and KBr
pellet technique.

2.3. Thermoluminescence measurements
All measurements were performed with a Risg

of gadolinium doped borosilicate vitroceramic system

TL/OSL Luminescence Reader model TL/OSL-DA-
20. Irradiations were performed using the built-in
08r-20Y beta source delivering 0.145 Gy/s
(absorbed dose rate in quartz). TL signals were
registered up to 500°C, using a controlled heating
rate of 5°C/s and no initial thermal treatments were
applied. The Iluminescence emissions were
measured using a Dbialkali EMI 9235QA
photomultiplier tube through a Hoya U-340 filter
(270-370 nm). The vitroceramic sample was
measured in the form of powder and after
investigations each aliquot was weighed for mass
normalization.

3. Results and discussion

3.1. Thermal analysis (TGA/DTA)

Figure 1 shows the differential thermal (DTA)
and thermogravimetric (TGA) curves obtained for
the undoped and gadolinium doped borosilicate
sample.
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Fig. 1 - TGA and DTA curves of the undoped and gadolinium
doped borosilicate vitroceramic system. Curbele TGA
si DTA ale sistemului vitroceramic borosilicat nedopat
si dopat cu gadoliniu.

The DTA and TGA analyses point out that in
DTA runs a major endothermic event, close to
110°C, accompanied by mass loss due to removal
of physically adsorbed water. By further heating, a
mass loss assigned to dihydroxylation is recorded.
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The weak thermal events observed in DTA
traces up to 1000°C could evidence slight
rearrangements in the local structure of the
samples. The endothermic event recorded around
1010°C denotes softening and the beginning of
melting process. The thermal behavior of the
undoped and gadolinium doped samples is very
similar, except the endothermic event at 1010°C,
which in the case of gadolinium doped borosilicate
system has a larger extent. This disparity denotes
the gadolinium contribution in breaking the bonds
of the borosilicate matrix.

3.2. X-ray diffraction (XRD)

A high similarity of the diffractions patterns
of undoped and gadolinium doped borosilicate
sample both before and after irradiation is
observed (see Fig. 2). The diffraction peaks
occurring at 26 angles 14.6, 27.8, 30.6 and 40.0°
are typical for B2Os crystalline phase (ICCD PDF #
06-0297). The aforementioned crystalline phase
can be developed during sample cooling due to a
weak, partial crystallization easily achievable in the
binary borosilicate melts wherein glass-in-glass
phase separation is very likely [15, 16].
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Fig. 2 - X-ray diffractograms of the undoped borosilicate and

gadolinium doped borosilicate both before and after
beta irradiation with 9 Gy. Difractogramele de raze X
ale borosilicatului nedopat si dopat cu gadoliniu, atéat
inainte, cat si dupa iradierea cu 9 Gy folosind sursa
beta.

Nevertheless, it can be seen that the Gd20s
addition leads to an increased disorder degree, as
denoted by the large bump in 26 range 20-35°,
and to smaller crystallites size, as denoted by the
wider diffraction lines. The crystallite size
determined with Scherrer equation, based on line
width at half maximum intensity, is 46.6 nm for the
undoped sample and 20.4 nm for the gadolinium
doped sample. This result is due to Gd203 ability to
promote the silicate network polymerization. Also,
weakly higher crystallte size of 27.9 nm is
observed for the gadolinium doped sample after
irradiation related to the improvement of B203
crystallinity. Usually the high dose radiation

induces an increase in silicate network
polymerization [17]. Increase of crystallinity after
low dose irradiation was reported for polymers,
and explained by shorting of polymer chain and
increasing in mobility that favors the crystallites
growth in the amorphous regions [18]. An increase
of crystallinity after irradiation was reported also for
amorphous alloy thin films y-irradiated with 25-100
kGy doses [19].

3.3. Infrared spectroscopy (FTIR)

The infrared spectra of undoped and Gd
doped borosilicate are depicted in Figure 3. The
absorption band at 3221 cm is assigned to
vibrations of molecular water, which may also
contribute to the 1650 cm' shoulder, while the
bands around 2513, 2364 and 2262 cm are
assigned to vibrations of silicon bonds, carbon
dioxide contamination, and Si-O-Si stretching
vibrations, respectively [20, 21]. The dominant
band at 1465 cm-' and the shoulder at 1383 cm™"
are attributed to bending and stretching vibrations
of B-O-B in (BO3) units, while the band at 1060
cm-! to Si-O-Si stretching. The band at 787 cm' is
attributed both to Si-O-Si stretching and B-O-B
bending vibrations in (BO4) units, the shoulder at
736 cm-' to B-O-B bending in (BO3) units, 644 cm-"
to O-B-O and Si-O-B, 541 cm' to Si-O-B, and 449
cm?' to Si-O-Si, 0-Si-O and B-0-B bending
vibrations [17, 22-24]. The narrow infrared band at
885 cm' could be assigned to vibrations of
tricoordinated boron atoms partly bound to the
network, and to which a hydroxyl group is attached
[25, 26]. In agreement with XRD results, the FTIR
analysis indicates that the small amount of Gd203
added to the borosilicate matrix sensibly affects
the 1060 cm-! band which may be related to silica
vitreous phase. After irradiation the intensity of
1060 cm™ band is diminished due to the slight
increase in sample crystallinity.
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Fig. 3 - FTIR spectra of the undoped borosilicate and

gadolinium doped borosilicate both before and after
beta irradiation with 9 Gy. Spectrele FTIR ale
borosilicatului nedopat si dopat cu gadoliniu, atat
inainte, céat si dupd iradierea cu 9 Gy folosind sursa
beta.
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3.4. Thermoluminescence glow curves and

repeatability

TL glow curves of three aliquots consisting
of 40Si02-59.5B203:0.5Gd203 mol% were recorded
after beta irradiation with 6 Gy using a controlled
heating rate (5°C/s) and without applying prior
preheat treatments. Following irradiation, the
aliquots showed similar glow curves in terms of TL
signal intensity, position and shape of the glow
peak. The obtained TL glow curves are depicted in
Figure 4.
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ig. 4 - TL glow curves of three aliquots consisting of
408i0,-59.5B,03:0.5Gd,0;3 mol% measured after
irradiation with 6 Gy. TL glow curves are
normalized to a mass of 10 mg of sample. Curbele
de stralucire a trei alicote constand in
40Si0259.5B,030.5Gd,0;3 %mol masurate dupa
iradierea cu 6 Gy. Curbele de stralucire sunt
normalizate la 0 masa de 10 mg de proba.

Therefore, the glow curves of the samples
were composed by two overlapping peaks, with the
maximum TL intensity of the dominant peak
ranging between approximately 8,000 and 10,500
counts for 10 mg of sample, while the peaks
position was placed around 100-110°C. The
repeatability of the TL signals was also
investigated. As such, two aliquots of the
vitroceramic system were subjected to five
irradiation-readout cycles using a constant dose of
6 Gy and the signals were instantly measured after
irradiation. The signal obtained in each
measurement cycle was then normalized to the
initial response, corresponding to the first
irradiation-readout cycle. Both aliquots where
characterized by a slight sensitization, with less
than 10% deviation from the first readout.

3.5. Thermoluminescence growth curves and
MDD

The TL dose dependence of
40Si02:59.5B203:0.5Gd203 vitroceramic system
was investigated using the single aliquot
regeneration protocol, which was applied on three
aliquots. After measuring the native signal of the
samples, their growth curves were raised by
irradiating the aliquots with five increasing doses
(0.75, 1.5, 3, 6, 9 Gy) and subsequently measuring
the TL response by ramp heating to 500°C.

of gadolinium doped borosilicate vitroceramic system

The selected region of interest for integrating
TL signals was 60-300°C. The obtained results
indicated a linear dose response of the samples in
the investigated dose range (see Fig. 5), with an
average sensitivity or specific luminescence, which
is given by the slope of the growth curves, of
~106,000 counts for a mass of 10 mg.
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Fig. 5 - TL dose response growth curves of three aliquots
consisting of 40Si0,-59.5B,03:0.5Gd,03 mol% for the
selected region of interest (60-300°C). Mass
normalization has been carried out for each aliquot.
Curbele TL de crestere a semnalului in functie de
doza a trei alicote constand in
40Si0259.5B,030.5Gd,03 %mol pentru intervalul de
interes (60-300°C). Normalizarea la masé& a fost
efectuata pentru fiecare alicota.

The minimum detectable dose (MDD) was
estimated as the dose for which the signal is three
times the standard deviation of the native signal.
The Gd doped borosilicate was characterized by a
MDD value of 34 mGy for instantaneous
measurements.

3.6. Kinetic parameters

The kinetic parameters (order of kinetics (b),
activation energy (E), frequency factor (s)) of the
40Si02:59.5B203:0.5Gd203 vitroceramic system
were determined using Chen’s method [27]. This
technique is based on the general geometry of the
generated peak in the TL glow curve, considering
the total half intensity width (@ = T2-T1), the high-
temperature half width (6 = T2-Tm) and the low-
temperature half width (7= Tm-T1), where Tm is the
peak temperature at the maximum TL intensity, T4
(rising end) and Tz (faling end) are the
temperatures on either side of Tm, corresponding
to the half intensity of the glow peak.

Chen’s method does not require knowledge of
the kinetic order, which is determined by using the
geometry factor (ug) from the peak shape. When

Ug " 0.42, the recombination process follows first

order kinetics, while the kinetics are second order
when pg 7 0.52. The following equation is used for

determining the order of kinetics:
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Table 1

Kinetic parameters of the deconvoluted peaks obtained for 40Si0O,-59.5B,05-0.5Gd,03 vitroceramic system determined by applying
Chen’s peak shape method. Parametri cinetici ai sistemului vitroceramic 40SiOz 59.5B,03 0.5Gd,O3 obtinuti prin aplicarea metodei lui
Chen dupa deconvolutia componentelor din curbele de stralucire ale alicotelor.

Tm u b Ev.o E1 EG Eaverage s
(K) ° (eV) (eV) (eV) (eV) (s”)
Alig 1 372 0.52 2.00 0.848 0.821 0.864 0.844 8.95x101"
414 0.52 2.00 0.899 0.899 0.893 0.897 2.33x10"
Aliq 2 371 0.52 2.00 0.859 0.860 0.852 0.857 1.47x10™
409 0.52 2.00 0.894 0.893 0.888 0.891 2.73x10'°
378 0.52 2.00 0.881 0.897 0.862 0.879 1.74x10"
Alig 3 416 0.52 2.00 0.960 0.965 0.949 0.958 1.20x10"
Tr,—T,, -
Bg =70 (1) observed, whereas the minimum detectable dose
T,—-T, for instantaneous measurements was 34 mGy.

Based on the value of the kinetic order, the
activation energy is determined using the following
equation:

— KTm
E, = ¢, (_)_bﬂ:’ [E’ICij (2)

x
where a corresponds to 1, 6 and w, respectively,
and k is the Boltzmann constant (k = 8.6x10 eV.K-
). The expressions for ¢, and b, are summarized
below:

¢, =1.51 +3(p, — 0.42),

2.1
b, = 1.58 + 4.2(u, — 0.42) =1
¢ = 0976 + 7.3(p, — 0.42),
(2.2)
bé' =0
c, = 2.52+ 10.2(p, — 0.42),
23
by = 1 (2.3)
The frequency factor is given by the following
relationship:
BE E 2kT, 17t
s=- :exp(k 2)[14— (b— 1]—m]
T, T: E 3)

where gis the linear heating rate (8 = 5°C.s™).

After the glow curve deconvolution of the
investigated Gd doped borosilicate aliquots, the
kinetic parameters were determined for each
composing peak of the glow curves depicted in Fig
4. The results are presented in Table 1.

4. Conclusions

In this work, the structural characteristics,

thermoluminescence  properties and  kinetic
parameters of 408Si02:59.5B203:0.5Gd203
vitroceramic system containing B20s

nanocrystallites were analyzed. A slight crystallites
growth was observed after beta irradiation with 9
Gy. The TL glow curves of beta irradiated samples
were composed by two overlapping peaks, with the
maximum TL intensity of the dominant peak
ranging between approximately 8,000 and 10,500
counts for 10 mg of sample, while the peaks
position was placed around 100-110°C. Moreover,
a good repeatability and high linearity for the
investigated dose range (0.75-9 Gy) were

After glow curve deconvolution, the Kkinetic
parameters of the composing peaks were
determined using Chen's peak shape method. All
gadolinium doped borosilicate glow curves
followed second order kinetics and their activation
energy average values varied between 0.844 and
0.958 eV.
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