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ARTICLE INFO ABSTRACT

Keywords: The proposal of this work was to produce and characterize CaSO4 crystals doped with terbium and silver
Dosimetry nanoparticles for use in thermoluminescent (TL) and optically stimulated luminescent (OSL) dosimetry. The
Thermoluminescence

crystalline structure, morphology and optical properties of the phosphors were characterized by X-ray diffraction
(XRD), Raman spectroscopy, Fourier transform infrared spectroscopy, scanning electron microscopy, and pho-
toluminescence. The viability of the slow evaporation route used in the production was confirmed. The silver
nanoparticles (Ag(NPs)) were prepared by the method proposed by Lee and Meisel and characterized by XRD and
visible absorption spectroscopy (UV-Vis). The composites were obtained from the addition of Teflon to the
phosphors. Through the analyses, it was observed that the presence of silver nanoparticles slightly increases the
intensity of the emission of the phosphor and shifts the dosimetric TL peak from 185 °C to 310 °C, at a heating
rate of 10 °C/s. The samples presented a typical exponential OSL decay curve with a very slow component (73 >
152 s) that indicates that the traps have a low photoionization cross-section for blue LEDs. CaSO4:Tb,Ag(NP)
presented a higher sensitivity to radiation than CaS04:Tb,Ag. The lowest detectable dose (LDD) and the fading of
the TL signal of the composites were also evaluated. All samples presented a luminescent signal reproducible and

Optically stimulated luminescence
Structure properties

Optical properties

CaS04:Th,Ag

linear, with TL and OSL responses proportional to the absorbed doses in the range of 169 mGy to 10 Gy.

1. Introduction

In order to measure the ionizing radiation, the use of a radiation
detector is necessary. Among the available detectors, solid-state do-
simeters are widely employed in personal, environmental and clinical
dosimetry, with use of techniques such as thermoluminescence and
optically stimulated luminescence (OSL). The calcium sulphate is one of
the most investigated thermoluminescent (TL) materials to date. It
revealed excellent TL properties, appropriate for radiation dosimetry
application, doped with several elements [1-6]. Dysprosium and
Thulium doped CaSO4 (CaSO4:Dy and CaSO4:Tm) are among the most
used materials in routine dosimetry, they present a wide range of line-
arity of TL dose response to ionizing radiation [4].

Recent studies have proposed the incorporation of new elements as
codopants of CaSO4 [7-13]. Junot et al. [10,14] observed that the
incorporation of silver into CaSO4:Eu enables more intense TL emissions
than in the silver-free material. The increase in the emission intensities
was even more expressive (about 5 times higher) when silver was
incorporated as a codopant in the form of nanoparticles (CaSO4:Eu,Ag).
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In another study, Junot et al. [6] produced CaSO4:Tb, Eu crystals and
found that this material has excellent dosimetric properties, such as high
sensitivity and minimum detectable dose in the order of micrograys.

In the last years, researches have shown that CaSO4 can also be used
in the OSL technique, which increases the importance of this material in
the field of radiation dosimetry [15-19].

Bahl et al. [20] studied CaSO4:Mn and found that this material shows
good OSL characteristics useful for the dosimetry of low doses from beta
rays and high doses from gamma radiation. Apart from its high sensi-
tivity, this material has shown excellent reusability characteristics and
the dose response was found to be linear in the employed dose ranges. In
another study, the dosimetric properties of CaSO4:Eu dosimeter were
also checked by Guckan et al. [17]; they observed a high-sensitivity OSL,
minimum detectable dose value of ~1 mGy, a reproducible luminescent
signal, fading lower than 10% for monitoring periods up of 28 days, and
appropriate thermal stability for dosimetry.

Taking into account that there are no reports of dosimetric charac-
terization of CaSO4 doped with terbium and silver, the purpose of this
work was to produce and characterize crystals of CaSO4:Tb and CaSO4:
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Tb, Ag in order to compare these materials, mainly regarding the
luminescent response through TL and OSL techniques, for application in
radiation dosimetry. Silver was incorporated into the matrix in the form
of silver oxide (Ag20) and silver nanoparticle (Ag(NP)).

2. Experiment
2.1. Sample preparation

Primarily, the preparation of the silver nanoparticles, Ag(NPs), was
performed through the synthesis process proposed by Lee and Meisel
[21], which is based on the chemical reduction of silver ions (AgNO3)
(Neon, 99.8%) using sodium citrate (NazCgHs07-2H20) (Neon, 99.6%)
as reducing and stabilizing agent.

By means of the slow evaporation route, improved by Junot et al. [6],
CaS04:Tb, CaSO4:TbAg, and CaSO4:Tb,Ag(NP) crystals were produced.
The production process was based on the mixture of calcium carbonate
(CaCO3) (Merck, 99%), sulfuric acid (H,SO4) (Vetec, 95-99%), terbium
oxide (Tb407) (Alfa Aesar, 99.9%) and silver oxide (Ag20) (Sigma-Al-
drich, 99%) or silver nanoparticles (Ag(NPs)) for samples with a second
doping. Initially, the terbium ion was incorporated into the matrix in the
proportions of 0.01 mol%, 0.05 mol% and 0.1 mol%. A concentration
optimization was carried out taking into account the most intense
TL/OSL emission, obtained for a 0.1 mol% concentration. Keeping fixed
the dopant concentration, the effect of silver oxide and silver nano-
particle as codopants was also evaluated for concentrations of 0.01 mol
%, 0.05 mol% and 0.1 mol%. The optimization resulted in concentra-
tions of 0.01 mol% and 0.1 mol% for the silver oxide and silver nano-
particle, respectively. The samples used in this work were produced with
the optimized concentrations.

For each material, the solution of CaSO4+H2SO4+dopants, resulting
from the mixture, was introduced into a volumetric flask and placed on a
heating blanket at 375 °C until all the acid evaporated. Subsequently,
crystals adhered to the wall of the flask were extracted and transferred to
a beaker, undergoing a series of washes with distilled water at room
temperature and at 100 °C, alternately, until the solution pH was around
6. The crystals were then macerated and sifted, being used the grains
with diameters between 75 pm and 150 pm. The resulting powder was
calcined for 1 h at 600 °C. After calcination, pellets were produced by
adding 50% polytetrafluoroethylene (Teflon) in mass to the CaSO4
crystals, and pressing under a uniaxial pressure of 0.5 tons during 10 s.
After pressing, they were sintered at 450 °C for 1 h. For each pellet, (40
+ 1) mg of the phosphorous + Teflon powder mixture was compacted
into a sample of 6 mm in diameter and around 1 mm in thickness. Teflon
(DuPont) is a branched polymer, whose chemical formula contains
carbon and fluorine [22]. Quite inert and stable, it does not corrode and
does not react with other chemicals, being widely used as a binder in the
production of TL dosimeters. It offers greater resistance and cohesion to
the pellets obtained as a final product. D’Amorim et al. [22] reported
that this polymer only shows a detectable TL signal for doses above 7 Gy.

2.2. Sample characterization

In order to confirm the formation of the Ag(NPs), UV-Vis absorption
analyses were performed using the spectrophotometer Agilent Cary 100
Scan (Varian), with a scanning range from 300 nm to 800 nm.

X-ray diffraction (DRX) measurements were performed at a Rigaku
diffractometer (RINT 2000/PC), using Cu Ka radiation, with the x-ray
tube operating at 40 kV and 30 mA, in the continuous scanning mode
from 20° up to 80°, in steps of 0.05°/min. Scanning electron microscopy
(SEM) images were obtained using a JEOL model JCM-5700 scanning
electron microscope. The Fourier transform infrared spectroscopy
(FTIR) absorption spectra of the composites in the 500-4000 cm™!
spectral range were obtained on a spectrophotometer FTIR-ATR model
IR Prestige-21 from Shimadzu. The IR absorption measurements were
performed using the KBr pellet technique.
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@ (b)

Fig. 1. Visual aspect of the silver nanoparticle solutions, (a) prior to the
addition of AgNOs, (b) after the addition step of the reducing agent.

Raman spectra were recorded with a model dispersive Raman spec-
trometer manufactured by Bruker® Senterra Optik®, using a diode laser
of 780 nm wavelength. For these analyses, an objective lens 20 xA, a
laser power of 100 mW and the spectral range of 200-1500 cm ™! were
used, thereby providing the main vibration modes of the composites.
The photoluminescence spectra were performed using a JASCO FP8600
spectrofluorometer.

TL and OSL analyses were performed on a Risg TL/OSL reader (Risg
National Laboratory, Denmark) immediately after the irradiations,
except for the fading measurements, in which the samples were read up
to 30 days after irradiation. In the TL/OSL reader a Hoya U-340 filter
was used with transmission peak (~80%) at 340 nm and window
centered at ~365 nm [23]. The samples were irradiated with the
905r/9%Y beta source at a dose rate of 81.6 mGy/s of the Risg TL/OSL
reader. TL emission curves were obtained using a heating rate of 10 °C/s.
In order to carry out measurements of the TL emission spectra, a
high-resolution spectrometer from Ocean Optics was coupled in place of
the photomultiplier. For the OSL measurements, the continuous wave
stimulation of blue LEDs with peak emission at 470 nm was employed.
After the TL/OSL measurements, the pellets were thermally treated at
400 °C for 2 h, for reutilization.

TL kinetic parameters and glow curve deconvolutions were obtained
by means of the Computerized Glow Curve Deconvolution (CGCD)
method, using the free GlowFit software. The GlowFit is a program for
deconvoluting first order kinetic TL glow-curves. It is based on the first
order kinetics model [24]. In the program report, a parameter describing
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Fig. 2. Absorption spectrum in the UV-Vis region of Ag(NPs) synthesized with
sodium citrate in aqueous medium.
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Fig. 3. X-ray diffraction of the silver nanoparticles used as codopant in the
CaSO4 matrix and the crystallographic pattern.
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Fig. 4. X-Ray powder diffraction of CaSO4:Tb, CaSO4:Tb,Ag(NP) and CaSO4:Tb,
Ag, presented along with the crystallographic pattern.

the fitting quality, called Figure of Merit (FOM), is presented:

FOM(%) :M*IOO%

,'yi

where y; is the content of the channel and y (x;) is the value of fitting
function in the middle of the channel.

All results in this work represent the average of at least three
different measurements aiming to minimize the uncertainties.

3. Results and discussion
3.1. Characterization of Ag(NPs)

The Ag(NPs) formation was confirmed throughout the synthesis
process by observing the change in coloration of the colorless silver

nitrate solution (Fig. 1a) to amber yellow (Fig. 1b) moments after
addition of the reducing agent. The difference in staining indicates the
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reduction of Ag™ ions to Ag® and the formation of nanoparticles [25].

The absorption spectrum in UV-Vis (Fig. 2) shows a Plasmon reso-
nance band characteristic of silver nanoparticles, with a maximum
around 425 nm, indicating the presence of spherical or approximately
spherical nanoparticles [26]. The wide wavelength range of this band
indicates a large dispersion of shape and size of the nanoparticles [27].

Fig. 3 shows the X-ray diffraction pattern of the silver powdered
nanoparticles. The X-ray diffraction peaks at approximately 38.15°,
44.32°, 64.49° and 77.55° are in accordance with the planes (111),
(200), (220) and (311) of the face centered cubic (FCC) structure of the
metallic silver, according to the Joint Committee on Powder Diffraction
Standards of N: 00-004-0783 [25]. It was confirmed that the most
intense peak located at 20 = 38.15° corresponds to diffractions of
spherical nanoparticles crystallized in the FCC structure with basal
(111) lattice plane. Using the Scherrer equation [28], the crystallite size
for the crystallographic plane was estimated as (31.5 + 2.0) nm.

3.2. Structural and morphological characterization of the CaSO4 samples

Fig. 4 shows X-ray diffraction of the prepared samples, along with the
pattern obtained from the ICSD crystallographic database. The forma-
tion of a single phase with orthorhombic symmetry of the Amma space
group and diffraction peaks and relative intensities corresponding to the
anhydride structure were observed.

The crystal surface and morphology were analyzed through the SEM
as shown in Fig. 5a. The CaSO4 samples obtained after calcination of the
compound show well grained images with quite agglomeration in the
grains. These grains have irregular morphology, sizes with particle di-
ameters from 75 pm to 150 pm, due to the grain selection process, prior
to the pellet sintering procedure. In order to analyze the behavior of the
grains after pressing and sintering of the pellets, SEM micrographs of the
surface of the compost pellets were obtained at different magnifications.
A homogeneous and cohesive surface can be observed in the SEM
micrograph shown in Fig. 5b. The pellets presented also low porosity, as
noted in Fig. 5¢ and d, which were obtained with higher magnification.
Low porosity ensures good characteristics for dosimetric applications,
since the thermal conductivity of the material increases as long as
porosity decreases.

3.3. IR and Raman spectra

The FTIR spectra of CaSO4Tb, CaSO4Tb, Ag and CaSO4:Tb,Ag(NP)
composites are exhibited in Fig. 6. Each spectrum can be divided in four
regions. The first region, between 4000 cm ™! and 3000 cm ™}, presents a
broad band centered at about 3449 cm ™! corresponding to the absorp-
tion due to stretching of OH bands [29]. The second region, between
3000 cm ™! and 2000 cm™?, shows two very low intensity bands at 2927
cm ! and 2855 cm ™! resulted from the C-H stretching, and two bands at
2244 and 2135 cm™! corresponding to the stretching mode of the
carbon-carbon triple bond [30]. It is also possible to see a doublet at
2350 cm ™! due to CO, stretch [29].

In the third region, covering the range from 2000 cm™! to 1000
em™}, it is possible to observe vibrational modes of the C=C bond
stretching centered at 1640 cm ™!, and a deformation mode of the C-H
group in 1384 cm™!. The band situated at 1555 cm™! is related to
stretching vibration of S=0 bonds and the peak at 1090 cm ™! is due to
the S-O stretching mode [30].

The sulphate bond formation in the samples is also noted in the
fourth region, ranged from 1000 cm™'-500 cm ~!, by observing the
peaks at 950, 679, 613, and 594 cm™ !, which are assigned to the
stretching and bending modes of bidentate SO4 [31].

As expected, there are no peaks assigned to silver particles as they are
not active in the middle infrared region. On the other hand, the bands
corresponding to the O-H group around 3500 cm ™! decrease with the
incorporation of silver nanoparticles, which indicates that there was a
deprotonation of the hydroxyl group. The bands at 2244 cm ™! and 2135
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Fig. 5. (a) SEM micrograph of calcined CaSO4 grains using 150X magnification, and micrographs of CaSO, pellets obtained at different magnifications (b) 30x, (c)

200X, and (d) 350X.

T T T T
——CaSO,:Tb
—— CaS0,:Th,Ag
—— CaS0,:Tb,Ag(NP)

1384

C=C stretch S-0 bend
_» ' C=C stretch A

CO,stretch CH; deformation

C-H stretch

Transmittance (%)

14
O-H bend

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 6. FTIR spectra of CaS0O4:Tb,CaSO4:Tb, Ag and CaSO4:Tb,Ag(NP).

cm ™, that represent C-C stretch of alkynes, presented an increase in the
peak with a decrease of the band intensity in the FTIR spectrum of the
CaS04:Tb,Ag(NP) samples. Other significant differences can be also
observed in these spectra at the 1640 cm ™! band, which corresponds to
C-C stretch of alkenes, and at the 1155 cm™! band, which corresponds to
the S-O stretch. The differences may be the result of the interaction of
these compounds with the NPs or with another component of the extract
itself.

The Raman spectra of the samples, showed in Fig. 7, are similar,
indicating no substantial differences among CaSO4:Tb, CaSO4:Tb, Ag
and CaSO4:Tb,Ag(NP). This indicates that there were no variations in the
chemical bonds of these samples. However, there was a reduction in the
peak intensities for the silver codoping materials. This may be associated
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Fig. 7. Room-temperature Raman spectra of CaSO4:Tb, CaSO4:Tb, Ag and
CaS04:Tb,Ag(NP) over the whole optical frequency range. The normal-mode
frequencies of the free SO4 ion are indicated on the top frequency axis by 1,
Vo, U3, and vy,

with defects found in the crystal lattice.

It is important to notice that the peaks observed in the Raman spectra
of these composites refer only to the tetrahedron vibration modes of SO4.
The strongest peak, at 1016 em™, corresponds to the v; symmetric
stretch vibration mode of SO4 tetrahedra. The less intense peaks at 419
em ! and 501 em ™ are attributed to the v, symmetric bending, and the
peaks at 612 cm ™}, 629 cm™! and 676 cm™! are attributed to v4 anti-
symmetric bending. Finally, the peaks at 1110 cm™}, 1128 em ™}, 1159
cm™! correspond to the v3 antisymmetric stretch vibration modes [32].
Thus, all of the peak assignments indicate the presence of anhydride
phases in the samples, and thus confirm the identity of the compounds,
in accordance with the XRD analyses.
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Fig. 8. The excitation (a) and emission (b) spectra of CaSO4:Tb, CaSO4:Tb, Ag
and CaSO4:Tb,Ag(NP).

3.4. 3.4. Photoluminescence studies

Fig. 8 shows the excitation and emission spectra of CaSO4:Tb, CaSO4:
Tb,Ag(NP) and CaSO4:Tb, Ag.The excitation spectra monitored at 545
nm show a broad band ranging from 200 nm to 240 nm with the
maximum at ~ 213 nm, which results from 4f-5d spin-allowed transi-
tions of the Tb* ion. Other weak absorption bands in the region of 240
nm-350 nm are attributed to 4f-4f spin-forbidden transitions [33].

The photoluminescence emission spectra when excited at 213 nm
exhibits 4f%—4f® transitions in two regions. The emissions in the green
region are assigned to the 5D4 to’F 7 (J = 6,5,4,3) transitions related to
emission peaks at 485, 545, 590 and 620 nm. In the blue region, the 5Dy
to ’F ; transitions cover the spectral range of 400-485 nm [33].

Through these spectra, it is also possible to observe that the addition
of silver to the trivalent terbium ion provided an improvement in the
photoluminescent properties, which resulted in a significant increase in
the luminescent intensity. This means that silver mainly in nanoparticle
form was able to generate structure defects more satisfactorily, possibly
acting as an energy transfer ion.
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Fig. 9. TL glow curves of samples of CaS04:Tb,CaS04:Tb, Ag and CaSO4:Tb,Ag
(NP), after irradiation of 1 Gy ®%sr+2%y). A heating rate of 10 °C/s was used.

3.5. Thermoluminescence studies

3.5.1. Thermoluminescence glow curve

Fig. 9 shows the TL glow curves of CaSO4:Tb, CaSO4:Tb,Ag, and
CaS04:Tb,Ag(NP) samples obtained after irradiation with an absorbed
dose of 1 Gy from the beta source (9OSr/90Y) of the Risp TL/OSL reader.
The CaSO4:Tb samples presented a main dosimetric peak at approxi-
mately 185 °C (resulting from the overlapping of two intense peaks
around 178 °C and 212 °C, as shown in Fig. 10, which presents the TL
glow curve deconvolution of the produced samples using the CGCD
method) and a low intensity peak around 300 °C. It is also possible to
observe a shoulder of a peak over 400 °C. Samples codoped with silver
presented peaks around 140 °C, 205 °C and 315 °C (resulting from the
overlapping of two intense peaks around 310 °C and 357 °C). It is very
clear that the codoping of the CaSO4:Tb matrix with silver changes the
TL emission of the compounds, due to the addition of recombination
centers located at deeper levels. It may also be noted from Fig. 9 that the
TL emission of CaSO4:Tb,Ag(NP) is more intense than the CaSO4:Tb, Ag
TL emission. It suggests that the nanoparticles are creating more traps
for electrons in the band gap of the material. The same behavior was
reported by Junot et al. [10] for CaSO4 samples doped with europium
and silver nanoparticles. In section 3.5.4 is presented a discussion on the
possible luminescent mechanisms resulting from the Ag insertion into
the CaSO4:Tb matrix.

Table 1 shows the TL parameters of the produced samples obtained
by means of the CGCD method, using the Glow Fit program. The pro-
gram reported FOM values of 3.50%, 1.39% and 0.77% for the fittings of
the CaSO4:Tb, CaSO4:Tb, Ag and CaSO4:Tb,Ag(NP) samples, respec-
tively. The peak temperatures (Ty,), the maximum peak intensities (I;;)
and the activation energies (E) are reported in Table 1. As can be seen,
for the CaSO4:Tb samples the greatest I, and E are found to be related to
peaks 1 and 2. On the other hand, for the CaSO4:Tb, Ag and CaSO4:Tb,Ag
(NP) samples, the greatest I;, and E are found to be related to peaks 3 and
4, with higher Ty,.

3.5.2. TL reproducibility, response and sensitivity

Fig. 11 presents the variation of the TL response (area under the
whole curve) of the samples over five cycles of irradiation, reading and
heat treatment. Each point represents the average values of the TL
readings of 5 pellets, and the bars represent their standard deviations. It
was possible to verify that the response of all samples after every cycle
was similar, with variations smaller than 8%. Therefore, it can be stated
that the TL signal from the produced samples is reproducible.
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Fig. 10. TL glow curve deconvolution of samples of CaSO4:Tb, CaSO4:Tb, Ag and CaSO4:Tb,Ag(NP) using the CGCD method.

Table 1
TL parameters of the produced samples obtained by means of the CGCD method.
SAMPLE FOM Peak T, (K) I, (arb.units) E (eV)
(%)
CaS04:Tb 3.50 1 451.77 + 2207.99 + 0.76 +
0.01 5.45 0.01
2 485.24 + 2064.69 + 0.63 +
0.07 6.18 0.01
3 540.87 + 768.82 + 0.47 +
0.22 11.44 0.01
4 700.00 + 534.14 + 4.60 0.41 +
3.98 0.02
CaSO4:Th,Ag 1.39 1 414.17 + 247.59 £ 0.34 0.59 +
0.04 0.01
2 485.79 + 611.93 + 0.86 0.71 +
0.02 0.01
3 585.72 + 1650.35 + 0.88 +
0.01 17.26 0.01
4 637.53 + 1228.99 + 0.79 +
0.54 6.15 0.01
CaS04:Th,Ag 0.77 1 414.11 + 140.15 + 0.42 0.68 +
(NP) 0.06 0.02
2 479.04 + 886.40 + 0.55 0.65 +
0.02 0.01
3 584.35 + 2917.36 + 0.85 +
0.03 33.34 0.02
4 624.95 + 2112.28 + 0.80 +
0.54 19.19 0.07

In order to investigate the linearity of TL response, the samples were
irradiated at increasing doses from 169 mGy to 10 Gy. A linear adjust-
ment was performed to verify the linearity range of the response. The
adjustments presented an almost linear correlation coefficients of 0.993
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Fig. 11. TL response (integrated area) of samples of CaSO4:Tb, CaSO4:Tb, Ag
and CaSO4:Tb,Ag(NP) after each irradiation/reading/heat treatment cycle.

for CaS04:Tb, 0.998 for CaSO4:Tb, Ag and 0.993 for CaSO4:Tb,Ag(NP)
samples. It can be observed in Fig. 12 that the dose-response curves of
the composites show a slightly linear behavior in the tested dose range.

Using the ratio between TL response and absorbed dose, it can be
observed that the samples showed TL sensitivity in the same order of
magnitude. However, the CaSO4:Tb,Ag(NP) and CaSO4:Tb composites



A.M.B. Silva et al.

] » CaSO,Tb .
. i1 4 CaSO,ThAg
w .
g 100 u CaSO4.Tb,Ag(NPT)T
g
\(E 4
p ]
) ]
C
(@]
o
g 1
5 ]
= ]
1 N ' L | v N LR B |
0.1 1 10

Absorbed dose (Gy)

Fig. 12. TL dose-response curves (integrated area) of samples of CaSO4:Tb,
CaSO4:Tb, Ag and CaSO4:Tb,Ag(NP).

Table 2
LDD of the compounds produced and their uncertainties for the TL technique.
SAMPLE B (a.u.) oy (a.u.) f. (mGy/a.u.) LDD (mGy)
CaSO4:Tb 1769.0 147.0 4.70 x 1072 10.51 + 0.06
CaS04:Tb,Ag 1828.0 333.2 8.80 x 1072 24.95 + 0.15
CaS04:Tb,Ag(NP) 1869.6 94.2 5.00 x 1072 10.86 + 0.04
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Fig. 13. Normalized TL response of CaSO4:Tb, CaSO4:Tb, Ag and CaSO4:Tb,Ag
(NP) samples, presented together with the percentage of fading in different
storage time intervals, after a previous irradiation with 1 Gy (°sr/°%Y).

presented a sensitivity about 2 times higher than the CaSO4:Tb, Ag
composite. Besides that, the CaSO4:Tb samples presented a standard
deviation about 4 times higher than the CaSO4:Tb, Ag and CaSO4:Tb,Ag
(NP) samples.
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3.5.3. Lowest detectable dose (LDD) and fading
The LDD of materials produced was obtained using the equation
proposed by Oberhofer e Scharmann [34]:

LDD = (B + 303 )f,

where B is the average of the response TL or OSL of the non-irradiated
dosimeters of each group; o6y is the standard deviation of the mea-
sures of non-irradiated dosimeters, and f, is a calibration factor that
represents the inverse of the slope of the line of TL/OSL response to
absorbed dose. Table 2 shows the lowest detectable doses by the samples
irradiated with °°Sr/°°Y, with LDDs of the order of tens of mGy.

Using the total integrated areas of the glow curves, the reduction of
the TL responses of the samples were investigated after a previous
irradiation with 1 Gy (°°Sr+°°Y) over a period of one day, 7 days, 15
days and 30 days at room temperature and under light protection.
Fading results can be seen in Fig. 13.

The dosimetric peak at approximately 185 °C of CaSO4:Tb fades up to
25.9% of the total peak intensity just on the first day of the storage
period, whereas on the seventh and fifteenth days, the TL signal faded up
to 32.9% and 49.7% of the total peak intensity, respectively. After 30
days, the glow curve showed a 60.3% fading of its original value.

In case of CaSO4:Tb, Ag phosphor, the total TL peak signal decayed
4.1% in one day, 9.6% in 7 days and 19.5% in 15 days. The decay after
30 days seemed to be faster, exhibiting a reduction of 44.8% from the
original signal. For CaSO4:Tb,Ag(NP), the TL signal decayed slowly in
the first 15 days, exhibiting a reduction of 0.6% in 1 day, 3.2% in 7 days
and 4.78% in 15 days. After 30 days, these samples exhibited a reduction
of 26.8% in their TL signal.

Samples codoped with silver presented a lower fading, mostly due to
their TL peaks at higher temperatures (210 °C and 315 °C), over the
whole storage period. High temperature TL peaks are more stable than
low-temperature peaks, because shallow traps can be released more
easily by thermal stimulation than traps with higher activation energies
[35].

3.5.4. TL emission spectra

With the purpose of determining the recombination centers that give
rise to the TL emission, the TL emission spectra of the CaSO4:Tb, CaSO4:
Tb, Ag and CaSO4:Tb,Ag(NP) samples after a previous irradiation with
a%%sr/%%Y source (100 Gy) were obtained, and they are shown in Fig. 14.
The emissions of the Tb®* ions, with the main emission at 544 nm (5D4
— 7Fs), and less intense emissions at 412 nm (°D3 — Fs), 435 nm (°D3 —
7Fy4), 488 nm (°D4 — ’Fg), 586 nm (°D4 — "F4) and 620 nm (°D4 — “F3)
can be observed for the three composites. All samples showed green
color during heating, consistent with the main emission at 544 nm. It is
clear to notice, from Fig. 14, that these spectra presented only di-
vergences in the TL emission curves, as already observed in Fig. 9.
Therefore, silver particles do not interfere in the recombination centers
of these samples, being only responsible for generating deeper capture
centers, with higher activation energies. In the CaSO4:Tb material, Ca%*
vacancies are created by the incorporation of Tb®" ion, as well as the
sulphate radical related hole traps stabilized by these vacancies.
Although the electronic configuration of Ag allows single or double
valence, Madhusoodanan et al. [36] clarified that it enters as Ag™ in the
Ca®" site of the CaSO4:Tm3Jr lattice, and it has been shown that the hole
trap in the CaSO4:Ag, RE (RE = Dy, Tm, Tb and Ce) phosphors is char-
acteristic of the Ag" ion [37]. Therefore, upon codoping with an Ag*
ion, local charge compensation occurs when Tb®* ion replaces the Ca*
ion, and the Ca?" vacancies are not created. When the samples are
thermally stimulated, recombination of the holes released from Ag™ ions
may occur in electron traps and the recombination energy excites the
Tb%" ions. This results in a TL emission characteristic of Tb®" as
observed in the emission spectra. Since a significant number of Tb®>* ions
replaced by Ag" ions occurs, there is a reduction of the Tb3* emission,
and, consequently, a less intense TL emission is observed for the CaSO4:
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Fig. 14. TL emission spectra of CaSO4:Tb, CaSO4:Tb, Ag and CaSO,4:Tb,Ag(NP) samples, after irradiation with 100 Gy ®%sr/°%Y).
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Fig. 15. Typical OSL response of CaSO4:Tb, CaSO4:Tb, Ag and CaSO4:Tb,Ag
(NP) samples, after irradiation of 1 Gy (°°Sr/°°Y).

Tb, Ag samples. However, this intensity reduction is compensated when
CaSO4:Tb is doped with Ag® particles, which may create interstitial
defects in the crystal lattice, and then more electron traps. Once the
presence of Ag shifts the CaSO4:Tb main TL peak to higher temperatures,
it should be very interesting to verify the influence of the concentration
of the silver particles in the peak displacement.

3.6. Optically stimulated luminescence studies

3.6.1. OSL decay curves

Fig. 15 presents the OSL curves of the samples produced and irra-
diated with 1 Gy, obtained in continuous mode (CW), with an integra-
tion time of 40 s. All the samples presented a typical exponential decay,
proving that the traps are being emptied during the optical stimulation.

Table 3
OSL parameters of the exponential fitted curves of the compounds produced.

SAMPLE CW-OSL Coefficient A; Decay constant t;
Component (s)

CaS04:Tb Fast 1.21 +£0.02(A;)  0.24 £ 0.01 (t;)
Medium 0.33£0.01 (Az) 1.62 + 0.05 (t2)
Slow 0.16 £0.01 (A3)  192.82 + 8.79 (t3)

CaS04:Tb,Ag Fast 0.90 +£0.06 (A;)  0.25 + 0.02 (t;)
Medium 0.18 £0.01 (Az)  3.18 + 0.35 (t2)
Slow 0.43+£0.01 (A3) 152.67 + 8.94 (t3)

CaS04:Tb,Ag Fast 0.64 £0.05(A;)  0.27 + 0.03 (t;)

(NP) Medium 0.13£0.01 (Ay)  3.93 + 0.57 (t2)

Slow 0.56 +£0.01 (A3)  313.50 + 32.02 (t3)

However, the behavior of the OSL emission curve of CaSO4:Tb differs
from the other composites. These samples present an initial predomi-
nance of a fast decay rate, which results from the direct recombination
between the electrons and holes in the luminescent centers. The OSL
signals of the CaSO4:Tb, Ag and CaSO4:Tb,Ag(NP) samples show the
predominance of slow decay rates due to the recapture of the charges
that are released from the deeper traps by shallower traps prior to
recombination. This is due to the incorporation of silver in the matrix. It
is noteworthy that the stimulation wavelength of the blue LEDs (470
nm) did not have enough energy to stimulate the traps at deeper en-
ergies (for the TL peak temperature range at 250—400 °C), resulting in a
low photoionization cross-section for samples codoped with silver. The
same behavior was observed in samples of CaSO4:Tm, Ag [38].

The decay behaviors of the experimental OSL curves were fitted
using a three-component exponential function:

Iosp=Are™™ + Aye ™/ + Aye /™

where Ipgy, is the OSL intensity; Aj, Ay, and As are constant coefficient;
and 71, T2, and 73 are the decay constants related to the different sets of
traps [39,40]. Table 3 shows the parameters obtained from an expo-
nential fitting of the OSL decay curves presented in Fig. 16. As can be
observed, the greatest value of A; (1.2188) was reached for the CaSO4:
Tb samples, confirming the predominance of the fast component (t; =
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be observed between applied fitting and experimental result.
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Table 4

LDD of the compounds produced and their uncertainties for the OSL technique.
DETECTOR B (a.u) oy (a.u.) f. (mGy/a.u.) LDD (mGy)
CaSO4:Tb 5537.8 539.8 0.0016 11.53 + 0.53
CaS04:Tb,Ag 7429.0 299.5 0.0009 31.44 + 0.29
CaS04:Tb,Ag(NP) 9527.2 320.9 0.0037 9.67 + 0.32

3.6.2. OSL response and OSL sensitivity

A slightly linear behavior of the OSL intensity of the samples studied
as a function of the absorbed dose for the range from 169 mGy to 10 Gy
is observed in Fig. 17. The linear adjustment performed presented linear
correlation coefficients of 0.996 for CaSO4:Tb, 0.992 for CaSO4:Tb, Ag
and 0.997 for CaSO4:Tb,Ag(NP).

The experimental results of the average luminescent sensibility to the
absorbed dose are shown in Fig. 18 in a semi-log plotted graph. The
evaluated samples presented OSL sensitivity in the same order of
magnitude, but the sensitivity of the CaSO4:Tb,Ag(NP) samples is 4
times higher compared to the CaSO4:Tb, Ag samples and 1.5 times
higher compared to the CaSO4:Tb samples.

Time (s)

20 30

o
-
o
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3.6.3. Lowest detectable dose (LDD)

In the present study, LDD values for all the samples were determined
as described in Section 3.5.3. They were also calculated through the OSL
measurements, and they are presented in Table 4 together with the mean
values and standard deviations of the OSL response of the non-irradiated
dosimeters and the calibration factor.

According to Table 4, the LDDs of the samples are in the same order
of magnitude of mGy. The CaSO4:Tb,Ag(NP) shows a lowest detection
limit about 3 times lower than CaSO4:Tb,Ag.

3.6.4. Correlation between the TL and OSL emissions

Fig. 19 shows the results obtained from the consecutive measure-
ments (TL— OSL and OSL — TL) of the CaSO4:Tb, CaSO4:Tb, Ag and
CaS04:Tb,Ag(NP) samples. The previous TL measurements of CaSO4:Tb,
Ag and CaSO4:Tb,Ag(NP) samples bring about the OSL signal to back-
ground levels in samples, indicating that all the OSL traps are completely
emptied after the TL emission. While the CaSO4:Tb samples showed a
low intensity OSL decay curve, indicating that part of these traps is not
completely emptied, responding to optical stimulation.

It was also observed that the previous OSL reading interferes with the
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result of the subsequent reading of the TL signal. For the CaSO4:Tb it is
possible to notice that the traps that give rise to the 185 °C peak have a
low photoionization cross section, once its TL intensity reduced only in
44%, even after the optical stimulation. For CaSO4:Tb, Ag and CaSO4:Tb,
Ag(NP) samples, it is noted that the traps that give rise to the low in-
tensity peaks, around 135 °C and 210 °C, present a higher photoioni-
zation cross section than the traps that give rise to the 315 °C peak, once
its TL intensity presented just a small decrease even after the optical
stimulation with 470 nm light from the blue LEDs. This indicates that the
fast decay of the OSL emission of these samples is mostly due to shallow
traps. Besides that, the recombination centers responsible for the OSL
emission are distinct from those centers responsible for the TL emission.

4. Conclusions

The formation of the silver nanoparticles used as codopants in the
CaSO4 matrix was confirmed by the color change throughout the syn-
thesis process. XRD analyses indicated the crystalline FCC structure of
the prepared AgNPs, estimating the mean crystallite size as (31.5 + 2.0)
nm. The UV-Vis spectrum presented a plasmon resonance band with the
maximum around 425 nm, characteristic of AgNPs. SEM images showed
irregular grain morphology and homogeneous pellets, with a cohesive
surface and a low degree of porosity. The FTIR spectra showed bands
around 1155 cm™! e 1090 cm ! and in the range of 950-594 cm ™1, that
are characteristic of those reported in the literature for sulphate ions,
which confirms the formation of a sulphate bond in the samples. The
characteristic bands around 3349 cm™! and 2350 cm ™! are attributed to
water vapor and atmospheric CO? this indicates that the prepared
sample consists of a certain amount of moisture. Other vibrational fre-
quencies observed in the spectra are attributed to hydrocarbons (alkanes
and alkynes). Raman spectra showed nine vibrational modes, corre-
sponding to SO4 tetrahedron vibrational modes. Luminescent measure-
ments revealed characteristic emissions of Tb®*. Through these spectra a
significant increase in the transition intensity was also observed adding
silver as codopant, mainly in the nanoparticle form.

The addition of silver as a codopant in the CaSO4:Tb matrix allows a
shift of the dosimetric peak to a higher temperature (310 °C), and the
presence of silver particles at the nanoscale increases the TL emission
intensity of this phosphorus, creating more traps for the electrons. This
increase in intensity may represent a greater interest in the use of CaSO4:
Tb,Ag(NP) in TL dosimetry. The TL emission spectra confirmed the
incorporation of the Tb3* ion into the calcium sulphate matrix. In the
case of the OSL response, the phosphors presented a typical exponential
decay curve, with the rapid component predominance changed to the
very slow component predominance when incorporating the silver in the
CaS04:Tb matrix; the best OSL response was that of samples without
silver incorporation. All the studied samples presented TL and OSL
signals reproducible and linear in the employed dose range and the
lowest detectable dose was of the order of mGy. CaSO4:Tb,Ag(NP) pre-
sented a higher sensitivity to radiation than CaSO4:Tb, Ag and CaSOg4:
Tb, denoting its potential use as an TL/OSL dosimeter.
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