Journal of Alloys and Compounds 904 (2022) 164016

Contents lists available at ScienceDirect

ALLOYS AND
COMPOUNDS

Journal of Alloys and Compounds

journal homepage: www.elsevier.com/locate/jalcom sty

Promising Th>*-doped gallium tungsten-phosphate glass scintillator: A
Spectroscopy, energy transfer and UV/X-ray sensing e

Thiago A. Lodi®, Jéssica FM. dos Santos™*, Gustavo Galleani®, Luiz G. Jacobsohn”,
Tomaz Catunda“®, Andrea S.S. de Camargo™*

4Sdo Carlos Institute of Physics, University of Sao Paulo, Av. Trabalhador Saocarlense 400, Sdo Carlos, SP, 13566-590, Brazil
b Department of Materials Science and Engineering, Clemson University, 515 Calhoun Dr, Clemson, SC, 29634, USA

ARTICLE INFO ABSTRACT

Article history:

Received 28 December 2021

Received in revised form 22 January 2022
Accepted 27 January 2022

Available online 31 January 2022

Undoped and Tb3*-doped (0.5-10 mol%) gallium tungsten-phosphate glasses, in the new compositional
system NaPOs3-Ga,03-Na,WO0,, were prepared and characterized by UV-visible absorption, photo-
luminescence excitation and emission, excited state decay measurements and X-ray excited radi-
oluminescence measurements. A detailed study of ion-ion energy transfer, based on the analysis of decay
curves by the Inokuti-Hirayama model, indicated that the energy transfer process affecting the emitting
level °D; of Tb" is related to dipole-dipole interaction. Additionally, a theoretical model was successfully
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Sciyntillators employed to establish a correlation between the emission color variation due to changes in the green to
Gallium tungsten phosphate glasses blue emission ratio (Ig/lg). The emission spectra of the undoped and Tb**-doped glasses were measured
Terbium under UV and X-ray excitation. From the viewpoint of UV-sensing, samples doped with up to 7.0 mol% Th**

do not present visible emission quenching, whereas X-ray sensing is not prone to quenching at all up to
10 mol% Th>* doping. These characteristics, associated to a relatively high density, highlight the potential of

Energy transfer

these glasses as X-ray scintillators.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

A scintillator functions as a wavelength shifter. It converts the
energy of a charged particle («a and B, for example) or high energy
photons, such as UV, X-rays and y-ray, into several low energy
photons in the visible or near-visible range of the electromagnetic
spectrum. These photons, in turn, can be more easily detected by
photodetectors such as photodiodes (PD) and photomultiplier tubes
(PMTs) 1], enabling scintillators for diverse applications such as in
industrial and medical imaging, homeland security and high energy
physics experiments [2,3]. The luminescence centers in scintillators
can be intrinsic or extrinsic in nature. Intrinsic luminescence mainly
involves ions or chemical groups composing the scintillator. Ex-
trinsic luminescence, on the other hand, originates from metallic
dopant ions, commonly involving the f-f and f-d transitions of Tb>*,
Eu®* and Ce3* [1,4,5]. Typically, scintillators are made from inorganic
single crystals with high emission efficiency and energy resolution,
such as LaBrs:Ce and BGO that are commercially available
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scintillators [6]. However, the growth of single-crystals is time-
consuming, expensive, and results in materials with limited sizes
and shapes. For this reason, increasing interest has been demon-
strated for glass scintillators, which can provide cost-effective, large-
scale production, being easily processed into complex geometries,
including optical fibers [7].

Despite the fact that many compositions have been explored for
optical applications, phosphate glasses remain, perhaps, the most
interesting materials on account of their top-notch physical prop-
erties such as high thermal expansion coefficient and easy proces-
sing due to the low melting temperature (compared to silicate
glasses) [8-11]. Besides, phosphate glasses allow for higher rare
earth (RE) ions solubility than other oxide glassy matrices such as
silicates and borates, i.e., the RE luminescence quenching usually
occurs at very high (>5 mol%) RE doping concentration. However,
these glasses have relatively poor chemical stability, which often
limits their applications. In this context, considerable work has been
carried out on improving the physical-chemical properties of phos-
phate glasses by introducing several glass formers and modifiers
such as Ca0, Mo0Os3, Ga;03, W03, Ta,03, Sb,05, etc., [12-15]. Through
the proper choice of these metal oxides, the structural network of
phosphate -based glasses can be modified to increase their chemical,
thermal and mechanical stability, their luminescence characteristics,
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Fig. 1. Partial energy level diagram of Tb>* illustrating the excitation power rate (Ry4), radiative decay rates (As;, Asz, A1, Asz, Assz), the cross-relaxation process (W%‘) and W,

which corresponds to the sum of all decay rates from °Ds.

biocompatibility, etc. The new glass system investigated in this work
is based on the composition NaPO3-Ga;03-Na,WO, (NaPGaW). The
addition of both Na,WO, [14,16] and Ga,0s [17,18] modifiers is
known to enhance mechanical, and thermal stabilities, chemical
durability of phosphate glasses and makes this glass system inter-
esting for optical applications. Moreover, the incorporation of
tungsten is responsible for increasing the glass density and possibly
for decreasing the phonon energy of the phosphate network. The
increase of the glass density can also enhance the probability of
interaction of the ionizing radiation with matter, an essential feature
for scintillators [19].

Among the RE ions that present 4-4f transitions, known to have
strong emission in the UV-visible-IR region, Tb®* is one of the most
interesting dopants with potential for application in solid state la-
sers, scintillators, biological detectors, white light generators, field
emission and other fluorescent devices [20-22]. The characteristic
emissions of this ion originating from the metastable levels °Ds
(379-456 nm) and °D,4 (487-620 nm), are susceptible to the pre-
sence of energy transfer (ET) mainly through the cross-relaxation
mechanism (WS, in Fig. 1). In this process, electronic population is
transferred from the level °Ds to °D4 [21-23], imposing a quenching
to the emission from the donor level °D; and favoring the emission
from °Dy.

Typical host media (insulators or wide bandgap semiconductors)
exert limited influence on the RE transitions due to the effective
screening of 4 f electrons by the outer shell orbitals 5p, 5d and 6s.
Since the first terbium-activated glass was reported [24], numerous
glass compositions have been proposed, such as barium silicate[25],
tungsten gadolinium borate [26] and borogermanate glasses [27].
However, to the best of our knowledge, Tb*>*-doped gallium tung-
sten-phosphate glass scintillators have not been investigated. The
high Tb concentration limit prior to quenching, associated to long
radiative lifetime values (ms) and the green emission which matches
commercial photodetectors, such as charge coupled device (CCD)
and silicon PMT, allow detection of high-energy excitation radia-
tion. [28].

In this work, we present detailed spectroscopic investigation of
these novel NaPGaW glasses with special emphasis on the energy
transfers involving Th®* ions. Because the excited states D3 and °D,
are connected via a cross relaxation mechanism, whose efficiency
depends on Tb3* concentration, a thorough characterization is im-
portant to determine the optimum range of dopant concentration for

the intended application as a scintillator glass. The fluorescence
decay curves, which carry the excited state dynamics information,
were fit using the Inokuti-Hirayama (IH) model, while the color of
the samples, associated to the ratio of green to blue emission in-
tensity Ig/Iz was modeled and correlated to the quantum efficiencies.
Last but not least, the characterization of the doped glasses intense
emission spectra upon UV and X-ray excitation is presented, which,
associated to the excellent mechanical and chemical stability, and
high density of the glasses indicates their promising use as scintil-
lators.

2. Experimental procedure

Undoped and Th** doped gallium tungsten-phosphate glasses with
composition 60NaP0O3-(20-x)Gay03-20Na,W04.2H,0-xTbCl5.6H,0
(x=0,05,1, 3,5, 7 and 10 mol%) were obtained by the melt-quenching
technique. Stoichiometric batches of the solid starting materials (>
99,9% purity) were mixed in an agate mortar and melted in a platinum
crucible, in an electric furnace at 1000-1100°C, for 1h, in air atmo-
sphere. Immediately after the quenching, the melt was poured into a
preheated stainless-steel mold at 280 °C. In order to minimize the in-
ternal mechanical stress, the glasses were annealed at 300 °C for 4 h
and then slowly cooled to ambient temperature. Finally, the glasses
were cut and optically polished with 2 mm thickness. The nominal
compositions and respective sample labeling are given in Table 1 along
with the values of volumetric density (p). The density values were
calculated according to the Archimedes principle, using distilled water
as an immersion liquid, at room temperature.

Table 1

Glass label, nominal composition (mol%) and volumetric density (p).
Glass label Nominal composition (mol%) p (g.cm™)

NaPO; Gay03 Na,WO4 ThCls

NaPGa 80 20 - - 3.04
NaPGaw20 60 20 20 0 3.62
NaPGawo0.5Tb 60 19.5 20 0.5 3.63
NaPGaW1Tb 60 19 20 1 3.63
NaPGaW3Tb 60 17 20 3 3.60
NaPGaW5Tb 60 15 20 5 3.72
NaPGaW7Tb 60 13 20 7 3.70
NaPGaw10Tb 60 10 20 10 3.82
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Fig. 2. Photographs of the undoped glass under (a) ambient light, and (b) UV excitation (326 nm). (c) Photographs of the Tb** doped glasses under UV lamp excitation (376 nm), in
ascending order of Tb-concentration (0.5, 1.0, 3.0, 5.0, 7.0 and 10.0 mol%) from left to right.

The UV-visible-NIR ground state absorption spectra of the sam-
ples were recorded using a Perkin-Elmer Lambda 1050 double-beam
spectrometer in the range 250-800 nm with a spectral resolution of
1 nm. Photoluminescence (PL) excitation and emission spectra of the
undoped and Tb**-doped glasses were recorded with a HORIBA Jobin
Yvon spectrofluorometer model Fluorolog-3, equipped with 450 W
CW Xenon arc lamp as an excitation source. The excited state life-
time values were measured in the same equipment, using a pulsed
Xe lamp. Radioluminescence (RL) measurements were recorded
with a Freiberg Instruments Lexsyg Research spectrofluorometer
equipped with a Varian Medical Systems VF-50] X-ray tube with a
tungsten target operated at 40kV and 1mA, and an Andor
Technology Shamrock 163 spectrograph coupled to an Andor
Technology DU920P-BU Newton CCD camera kept at - 80 °C.

3. Results and discussion

All the glass samples were obtained colorless and transparent
with good chemical stability under ambient conditions. Photographs
of the undoped NaPGaW and NaPGaW:Tb>* samples under ambient
light and UV lamp excitation are shown in Fig. 2.

3.1. Undoped glasses

According to Table 1, the undoped NaGaW?20 glass presented higher
density than the analog glass NaPGa without sodium tungstate. This
result is expected due to the higher molar density of Na,WO4.2 H,0 (p ~
418 g.cm™) when compared to that of NaPOs (p ~ 2.48 g.cm™). The
volumetric density value of the NaPGaW20 glass is similar to that of
the commercially available inorganic single crystal scintillator Nal:Tl
(3.67 g.cm™3) [29] and superior to the value for the °Li-glass scintillator
(Ce**-doped °Li silicate, GS20®) (2.5 g.cm™) [30].

Fig. 3 presents the absorption spectra of the NaPGa and
NaPGaW?20 samples, recorded in the wavelength range 250-800 nm.
A wide transmittance window indicates that both glasses are sui-
table for rare earth ion doping. It can also be seen that when adding
Na,WOy,, the absorption edge of the NaPGaW20 glass in the UV shifts
towards longer wavelengths (redshifts) when compared to the
NaPGa glass. This behavior can be explained by the increase of the
covalent character of the vitreous network, attributed to the inser-
tion of WO,, polyhedra. The latter link PO4 groups forming a highly
covalent three-dimensional network [31,32].

It is well known that tungsten cations present four oxidation
states from W3* to W%, and the amount of each oxidation state is
dependent on the composition and melting conditions of the glass. It
is, therefore, important to determine such oxidation states in the
glasses. The strong UV absorption band around 350 nm due to the
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Fig. 3. Ground state absorption spectra of NaPGa and NaPGaW20 glasses in the
UV-visible region.

charge transfer of hexavalent tungsten state (W®"), and the absence
of an absorption band at ~780 nm, as well as of blueish color in the
glasses, indicates the existence of mainly hexavalent oxidation state
in these glasses [16].

Fig. 4 shows the PL excitation and emission spectra of the
NaPGaW20 glass and the PL emission spectra of the NaPGa glass for
comparison. In the case of NaPGaW20, a wide emission band cen-
tered at approximately 570 nm, corresponding to the yellow emis-
sion seen in Fig. 2(b), can be observed. Scheike et al. [33] reported an
emission centered at A =530 nm in WO3-P,05-Zn0O glass. Wen et al.
[34], observed a similar emission band centered at 465 and 496 nm
in the tungsten-doped glasses (Na;WO,.2 H,0)g.91(Pb0)49.99(B203)50
and (Na;WO04.2 H;0)o 5(Pb0)49.5(B203)s0, upon excitation at 332 and
343 nm, respectively. The (WO3)g5(Si02)49.5(Naz0)25(B203)25 glass
showed a broader and stronger emission band at 520 nm under
excitation at 300 nm [34]. In crystals, such as ZnWQ4, CdWO4 and
MgWO,, the broad band at approximately 540 nm is ascribed to the
radiative decay of self-trapped excitons (STEs) at the (WOg®") com-
plex [35]. Based on these observations, the emission at about 570 nm
was ascribed to the (WOg®") ion.

In the last years, attempts have been made to explain the STE ra-
diative decay such as the model proposed by Korzhik et al. [36] and the
model proposed by Leonelli and Brebner [37]. While differing in many
aspects, one point is consensus: Luminescence seems to be associated
with defects promoted by distortions in the structure.
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Recently, a new model known as broad band model was pro-
posed. This model assumes that there are energetically distributed
states related to point defects such as oxygen vacancies. These states,
located above the valence band and below the conduction band, can
promote the captured electrons to the conduction band by photons
absorption, creating small polarons. This polarons interact with
holes trapped in the crystal defects or impurities forming STEs that
are responsible for the emission in the visible range [38,39].

The excitation spectrum of the NaPGaW20 glass monitored at
576 nm shows a broad excitation band peaked around 326 nm. In
ZnWO, crystals [40] and other forms [41], this excitation band is
assigned to charge-transfer transitions from the oxygen (0%°) to the
tungsten (W®*) ions in the WOg molecular complexes.

Besides UV excitation, the emission spectra of the undoped gal-
lium tungsten-phosphate glasses were also investigated under X-ray
excitation. The room temperature RL spectra shown as Fig. 5 pre-
sents a broadband emission band centered at 540 nm, very similar to
the band observed upon UV excitation, and which was attributed to
the radiative decay of STEs at WOg®~ complexes. Also, similar to the
case of UV excitation, the NaPGa glass did not present any lumi-
nescence in the investigated range. It is worth noticing that this
broad emission band observed under both, UV and X-ray excitation,
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Fig. 5. Radioluminescence spectra of NaPGa and NaPGaW20 glasses under X-ray
excitation.

Journal of Alloys and Compounds 904 (2022) 164016

overlaps quite well with the absorption range of CCD detectors and
silicon photomultipliers [29], allowing for the use of these glasses as
optical sensors.

3.2. Tb** doped samples

As it can be seen in Table 1, the volumetric density values of
doped glasses increased with the increasing substitution of Ga,;03 by
TbCl5.6 H,0. As well as in the NaPGaW20 glass, the volumetric
density of the Tb®* gallium tungsten-phosphate glasses is similar to
that of the commercially available inorganic single crystal scintil-
lator Nal:Tl (3.67 g.cm™) [29], and superior to Tb silicate glass
(3.03g.cm™) [42] and SLi-glass scintillator (Ce**-doped °Li silicate,
GS20°) (2.5 g.cm™) [30].

Fig. 1 shows the partial energy level diagram of Tb>* in the energy
scale up to 30 x 10° cm™ above the ground state multiplet “Fg of the 4f%
configuration. Selected radiative transitions are indicated by con-
tinuous lines whereas non-radiative relaxation processes are indicated
by dashed and curved lines. The rich energy level diagram favors det-
rimental intra- and interionic energy transfer processes. In particular,
the resonant CR efficiently depopulates the emitting level >D; at high
doping levels [21,43,44], as it will be discussed throughout this section.

UV-visible-NIR absorption spectra of the NaPGaW:Tb*" glasses are
shown in Fig. 6. The strong absorption in the 320-400 nm range is as-
sociated with the onset of the WO5 absorption band. In the UV-visible
region, four absorption bands at 351 nm, 368 nm, 377 nm and 485 nm
are assigned to the optical transitions of Tb** ("Fg — °Le, °Lyo, °D3 and
5D,), respectively. In the NIR region (inset), two absorption bands can be
observed centered around 1900 nm and 2218 nm, assigned to the tran-
sitions “Fs — “Fg123. Furthermore, it was found that all the absorption
bands intensities increased with increasing TbCl; concentration.

Fig. 7(a) shows the excitation spectrum of the NaPGaW:5.0Tb
glass measured by monitoring the green emission of Th®* jons at
542 nm. The excitation spectrum (black line) can be divided in two
regions. One is a broadband predominant at wavelengths lower than
330 nm attributed to tungsten transitions, The other is composed of
several peaks at 302, 316, 338, 350, 357, 367, 376 and 484 nm which
correspond to the excitation transitions from the ground state (’Fg)
of Tb3* to the excited states °Hg, °H7, °Ly, (°G4 + °Lg), °Gs, °Lig, °Ds
and °Dy, respectively. The other Th>*-doped NaPGaW glasses showed
identical excitation peaks position as the NaPGaW:5Tb glass sample.
The linear dependence of the integrated area of ’Fg — D5 (blue) and
"Fg — D4 (green) absorption bands on the dopant concentration is

14
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Fig. 6. Absorption spectra of NaPGaW:Tb>* glasses in the UV-visible and IR region
(inset).
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shown in Fig. 7(b) and (c), respectively. The °D; and °D, levels are
particularly important, since they are the only metastable levels of
Tb®* in the visible range.

The emission spectra of the NaPGaW:Tb**glasses were measured
with excitation at 376 nm (“Fg — D5 transition, Fig. 1) and are shown in
Fig. 8. In order to highlight the ET process and the luminescence be-
havior, each spectrum in Fig. 8 was normalized to the intensity of its
highest peak (°D4 — “Fs). The peaks in the blue spectral region, Ig (413,
435, 456 nm) are assigned to the *D3 — 7F; (J =5, 4, 3) transitions. The
peaks in the green-red region, Ig, (487, 542, 583 and 620 nm) are as-
signed to °Dy — F; (J =6, 5, 4, 3) transitions. Among these transitions,
the magnetic dipole one, corresponding to the green emission °D, — “Fs

at 542 nm, is the most intense one, satisfying the selection rule A] = + 1.
All the emissions involving the °Ds state are markedly affected by the
Tb** ion concentration. The blue to green color change of the fluores-
cence (see inset in Fig. 8) of the fluorescence is mainly due to the fol-
lowing CR mechanism [45-47]:

5D3 + 7Fg — °Dy + "Fg,

(1)

since the energy gaps between °Ds - °D, and “Fg - “F, are re-
markably similar (Fig. 1).

As discussed above, the glasses present variations of the relative
emissions intensities depending on the doping content. The CIE 1931
coordinates of the Th**-doped NaPGaW glasses were computed, as

5 7
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Fig. 8. Concentration dependence of the D3 — ’F; =5-3 (blue) and °D4 — ’F; = 6-3 (green) emission spectra under UV excitation (Aexc= 376 nm) of Tb>*- doped NaPGaW glasses.
Each spectrum was normalized to the peak intensity of the ®D, — ’Fs transition (542 nm). Inset: Non-normalized integrated area of °D3 — ’F; =5-3 (blue circles) and D4 — ’F;

=6-3 (green squares) transitions as a function of Th®" concentration.
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illustrated in Fig. 9 and Table 2. With a change in the Tb** ion con-
centration in the range of 0.5-10 mol%, the color coordinates of the
samples were tuned from (0.2606, 0.38533) to (0.3261, 0.6042),
namely, multicolor emissions could be achieved. Notably, the emit-
ting-color of the samples gradually changes from blue to green, with
an increase in the Tb>* ion content. The CIE chromaticity coordinate
of NaPGaW7.0Tb is close to commercial fluorescent powder MgA-
111019:0.67Ce**,0.33Th>* (0.3300, 0.5950), suggesting that NaP-
GaWTb can also be a potential candidate in the solid white
light field.

Fluorescence decay analysis is very helpful to understand the ET
mechanisms and quenching behavior of Tb**-luminescence. Indeed,
the fluorescence decay is determined by the addition of the radiative
decay rate (A) to nonradiative processes due to ET processes (self-
quenching, multiphonon emission (WMF), hydroxyl groups (OH") and
other impurities)[48]. Thus, the measured lifetime (z*?) can be ex-
pressed as follows

1 _ ET MP OH
W_A+W + WME 4 WOt L )

Experimental emission °D, and °D; decay under UV (376 nm)
excitation are presented in Fig. 10(a) and (b), respectively. The ef-
fective lifetimes were obtained from the fluorescent decay curves, |

(t), by:
ot 1(t) dt
fy 1t dt 3)

The °D, — "F5 emission decay curves presented in Fig. 10(a), were
well fit by a single exponential function for all doping concentrations

76Xp —

Table 2

o NaPGaWw1.0 Tb © NaPGaW?7.0 Tb
ey o NaPGaWa3.0 Tb NaPGaw10.0 Tb
S 014 o
=
=

0.01 4
0.001 1 2eng . :
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Fig. 10. Decay curves of (a) the °D4 — ’F4 emission and (b) the D3 — ’F, emission of
Tb**-doped NaPGaW glasses. Solid gray lines are given by Eq. (3).

up to 10 mol%. However, the lifetime values decrease from 2.59 to
1.61 ms when Tb>* concentration increases from 0.5-10 mol%. Such a
behavior of the °D, excited state lifetime is due to the large popu-
lation of this level, which increases the probability of energy mi-
gration. As a minor effect, it could also directly lead to losses, e.g.,
energy transfer to some other undesired impurity or defect. How-
ever, the concentration dependence is weak, similarly to what was
reported for Th>*-doped zinc phosphate [46] and fluoroborate [43]
glasses. WMP should be negligible due to the very large energy gap
(~15000 cm™) below the °Dy level, corresponding to ~ 16-phonons
considering the phonon cut-off frequency of the NaPGaW20 glass
(~950 cm™!). Therefore, we can conclude that the experimentally
observed lifetime in the Th** zero-concentration limit (£?) should
be close to °D, radiative lifetime, #f%~z£ =(2.59 + 0.05) ms. Con-
sequently, the concentration dependence of the °D, quantum effi-
ciency can be estimated by 7; = ©5*/z53?, as shown in Table 2.

The decay curves from the °D; (level 4 in Fig. 1), on the other
hand, exhibit a clear non-exponential character, as shown in
Fig. 10(b). Their effective lifetimes, 75, decrease from 0.82 to
0.07 ms, upon increasing the Tb*" concentration from 0.5m to
10 mol%. A similar behavior was observed in most Th** doped ma-
terials (crystal and glasses) and attributed to the CR process given by
Eq.(1) depicted in Fig. 1.

The decay curves can also provide some insight about the energy
transfer microscopic parameters using the Inokuti-Hirayama (IH)
model that assumes Tb>* ions are randomly distributed in the glass
structure [46,49-51]. For instance, considering °D3 - °D,4 cross re-
laxation, it is possible to obtain the critical distance Ry from the
concentration quenching data. Ry is defined as the critical separation

Tb population density (N,), concentration dependence of the blue-to-green intensity ratio under 376 nm excitation (Ig/I), the CIE chromaticity coordinates (x,y), the decay times

3P (°Da), 757 (°D3) and the *Dyfluorescence quantum efficiency, 7.

Tb** Tb** Ic/ls CIE £ (+0.04) ©P  (£003) 73
(mol) (x10"™ cm™3) (xy) ms ms ( +0.09)
05 2.90 21 0.2606, 0.3853 259 0.82 10
10 5.80 5.0 0.2909, 0.4890 227 0.62 0.88
3.0 17.4 221 03152, 0.5722 2.07 031 0.80
5.0 29.8 545 03211, 0.5916 2.03 017 0.78
7.0 4138 12 0.3238, 0.5987 1.84 011 071
10.0 61.3 a 0.3261, 0.6042 161 0.066 0.62

2 The Ig/Ip ratio was not calculated because Iz—0.



TA. Lodi, . EM. dos Santos, G. Galleani et al.

. o
} o e
£
o
S
S .
: o
o
s P .
£ 0. \
% i - N \ ‘ o
- 6 o -63) R
. T ° S 0o 0906°29°09 P,
] | : GaW: = %o
’ NaP .
T O 5
(o]
-3 T T T ‘ | | | |
-3 -2 M . 1 2 |
IHy3
Ln[t/ty ]

3
Fig. 11. Plots of experimental data In [—In (@) - %]versusln (%] relative to the
0 0 0

blue emission. Solid gray lines best fits obtained using the Inokuti-Hirayama (IH)
model (Eq.(4)).

between donor and acceptor at which the non-radiative rate equals
to the radiative rate of the internal single-ion relaxation. According
to IH model, fluorescence decay is given by [49].

3/s
I(t) = Ipexp [—sH - Q(%) ]
w A\ (4)

The first term (t/z{/") represents the emission of Tb** ions without
ET processes, Q is an ET energy transfer parameter and s determines
the nature of the involved electric multipole interaction (s = 6, 8, 10
corresponds to the electric dipole-dipole, dipole-quadrupole, and

quadrupole-quadrupole interactions, respectively). Q=TI (1 - %)%
where I' is the Gamma function, N; is the number of acceptors per
unit volume, No~! is the volume of donor’s sphere of influence and

7 is intrinsic lifetime.

Fig. 11 shows the plot of ln[—ln(%)) - i] as a function of

o
3
In (% , which from Eq. (4) should yield a straight line with a slope
0

of 1/s. From these fits, the average value of s=6.2 + 0.7 was ob-
tained, close to 6 as expected for a dipole-dipole interaction as ob-
served in most Tb>* doped glasses [43,44,46,49]. Using s = 6 we have
Q= v7yt, resulting in No =(123 + 0.06)x 10*° ions.cm™. In this
paper N; represents the Tb*" ion concentration and the N;/N ratio
indicates the number of acceptors in the donor’s sphere of influence.
Since Ny=3/(4nR3) and the donor-acceptor ET parameter
Cpa = R§jw, we obtained R, =(180+08) A and C(ps=
(4.5 + 0.5)x 1073° cm®/s. These results are similar to the values ob-
tained in Th**-doped phosphate glasses [43].

After this detailed analysis of the fluorescence decay, we can
quantitatively analyze the link between the ratio I; /Iz and the CR
process (see Table 2 and Fig. 1). The luminescence ratio is given by
L
I |iym A +Ap) \ Ny (5)
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where A;j is the radiative decay rate from levels i —j (Fig. 4) and N; is
the level i population density. So, from rate equations we obtain:

Ny _ Wi _ As+ Wi+ W

Ny~ War Wir (6)

In Eq.(6) it was assumed that CR is the only process responsible
for the concentration dependence of the fluorescence dynamics of
the °D; level (level 4 in Fig. 1), while W}; is a concentration in-
dependent term, that can be attributed to phonons, OH", host im-
purities, etc.

The concentration dependence of the fluorescence decay is
usually fitted by the empirical expression [48].

exp
exp _ T40

T4 = 7]\] P

1+ (%) 7)
where z53? represents the zero-concentration limit of 7;*” and N; the
critical concentration. The parameters N. and p are usually obtained
from the fit of the experimental data. In this paper, we assumed that
the total level 4 decay is given by Wyr = (%)~ = Ay + W, + WES.
Since WSK is the only contribution to Wy responsible for its con-
centration dependence, we can infer from Eq.7) that
W = (A4 + W33)(N,/N,)P3. It should be noticed that the level 4
fluorescence quantum efficiency can be estimated by 7, = 77, As.
Therefore, from Eqs.(4)-(6), we obtained:

Ic 3 Wiz -1 (N[ )p]
- = Baz + + Noa- |
B 1= g™ . o4 (8)

where ;5 = A43/A4 represents the branching ratio of the D3 — °Dy
transition, 7; and 7, are level 3 and 4 quantum efficiencies, re-
spectively, n,, represents the zero-concentration limit of », given
by 16, = (A4 + Wi3)[As.

In the literature of RE>*-doped materials the Judd-Ofelt (JO)
method has been applied successfully to determine the radiative
lifetime in several important cases [48]|. However, we could not
obtain reliable JO calculations in our glasses due to the strong
overlapping of the UV absorption lines with the broadband as-
sociated with the charge transfer in tungstate groups and the
glass UV edge. In fact, there are very few detailed and reliable JO
analyses in the literature of Tb®>* doped materials [50], since at
higher energies the 4f — 4f transitions are superimposed on more
intense absorption bands which arise from 4f" — 4f""'5d transi-
tions. However, Yamashita and Ohishi [21] obtained B43 ~ 0.05 for
Tb3*-doped borosilicate glasses, which is the largest 43 value we
found in the literature for Th®>* doped materials. Therefore, in
order to fit the experimental points, we assumed B43< <1, in Eq.
(8) to obtain:

1] Wi 1 (NY
3 . i~ Bz + % + 77041- (ﬁi)

9)
where (B3 + Wiz [A4) = % ‘0 represents the zero-concentration

limit of % Fig. 12 shows the concentration dependence of 75

and % fit by Eqs. (7) and (9), respectively. These fits were per-
formed imposing the same N, and p values for both fitting curves,
since our model establishes a link between these data. The curves
in Fig. 12 resulted in N, =(1.04 + 0.07)x10%° ions.cm™3, p

=(1.9 £ 0.1), 73’= (1.1 + 0.1) ms and ;—g =2.0 £ 0.4. These values
o

are in good agreement with Ng =(1.2 % 0.2) x 102° ions.cm 3, #{f'=

(1.05 £ 0.07) ms, and s/3=(2.1 £ 0.2), respectively, that were

obtained by the IH analysis (Fig. 10). Since we expect that §,; < 1
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fitted by Egs. (7) and (9), respectively.

then Wi/As~2.0, ns~[1 + Wi/As]"'~ 033 and Ag ~ nos/tey
=300s"". These results are very interesting because they allow us
to estimate 7, = As7;.

It is interesting to remark that in order to estimate 75 in Table 2,
we assumed that #*~z&P, which appears to be a reasonable as-
sumption due to the large energy gap below °D, level. However, the

above analyses of% reveals that this assumption is not valid for
o

the °Djs level since we estimated 4% ~ 3.1 75P. The main difference is
the energy gaps bellow °Dj is ~2.6 smaller than °D,. This affects not
only the phonon decay rate (WMP) but also quenching by hydroxyl.
Only two OH- vibrations are required to cover the >D; — °D, decay.
For instance, Y. Wang et.a. [52] observed a monotonic increase of Ig/
Iz with the absorption coefficient at 3500 cm™! («on). This behavior is
in agreement with Eq.(9) considering that Wj; ~WMP + WOH
where WO is supposed to increase linearly with aop. Also in sol-gel
glasses, the Ig/Ig ratio was used to monitor the fluorescence yield of
the °Djs level with the effect of drying agents (to eliminate OH") and
A" co-doping [53]. In fact several papers used I¢/Ig only as a qua-
litative parameter while this paper allows a quantitative analysis by
Eqs.(7-9).

Fig. 13 presents the RL spectra of the NaPGaW:Th3* glasses.
The shape of the characteristic emission peaks is very similar to
what was observed for excitation in the UV, as shown in Fig. 8.
Nevertheless, the interaction mechanism of X-ray excitation
differs substantially from that of UV excitation, which explains
the difference of emission quenching observed in the RL spectra.
While upon excitation with UV radiation the excitation energy is
transferred directly to the Th3* ions, in the scintillation process,
numerous steps occur before rare-earth ion emission [54]. These
steps are complex, but they are usually simplified into three
consecutive ones. In the first step, conversion, the host absorbs
the high-energy photon creating electrons and holes. In the
second step, known as migration, electrons and holes will mi-
grate through the conduction and valence bands, respectively,
and a fraction of the electrons and holes recombine at the lu-
minescence centers. This recombination can be radiative, when
scintillation occurs, or non-radiative when the energy is lost into
heat. This step is called the relaxation [2,5]|. RL intensity con-
tinuously increases for higher Tb concentrations, as shown in the
inset of Fig. 13. In the same way, as in the case of the NaPGaW20
glass, the emission of the Tb>* doped samples under UV and X-
ray excitation match well with CCD detectors and silicon pho-
tomultipliers.
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Fig.13. RL spectra of Tb>* doped gallium tungsten-phosphate glasses. The inset shows
the integrated intensity of the °D; — ’Fs emission line as a function of Tb con-
centration.

4. Conclusions

Undoped and Tb*" doped gallium tungsten-phosphate glasses
have been successfully synthesized by the conventional melt-
quenching technique with excellent chemical stability and optical
quality. Both, undoped and Tb3*-doped samples present molar
density values similar or superior to those of commercially available
glass scintillators. The undoped glass presents a broad visible
emission (400-750nm) under UV light and X-ray excitation, as-
cribed to the radiative decay of STE, characteristic of the tungstate’s
groups. The doped glasses show intense emissions in the blue-green
region and the I¢/lz depends on the Tb" concentration. The CIE
chromaticity coordinate of the Tb3*-doped NaPGaW glasses were
computed. The coordinates tuned from (0.2606, 0.38533) to (0.3261,
0.6042), with the increase of the Tb®** ion content. The chromaticity
coordinate of NaPGaW?7.0Tb is close to that of the commercial
fluorescent powder MgAl;;019:0.67Ce**,0.33Th>* (0.3300, 0.5950),
suggesting that NaPGaWTb is a potential candidate for white
lighting application. The decay curves of the °Ds level are found to be
non-exponential in nature for all the studied concentrations due to
ion-ion energy transfer through cross-relaxation. The lifetime values
are in the range 2.6-1.6 ms decreasing for higher Tb concentration.
The critical Tb-Tb distance R. =18 A was estimated using the IH-
model. It was found that the dipole-dipole interaction mechanism
dominates in this glass. This R. value is similar to values previously
reported in other Tb>* doped glasses. A simple model was applied to
correlate the Ig/Iz change with the °Ds fluorescence concentration
quenching. This model allows a quantitative estimation of the
fluorescence quantum yield of the D5 levels without the need of
Judd-Ofelt calculations, which are difficult to obtain from Tb>* doped
glasses. Despite the presence of the cross-relaxation energy transfer,
the optimum concentrations of dopant was determined to be around
7 mol% under UV excitation. From the viewpoint of scintillation, the
glasses do not present luminescence quenching (at least up to
10 mol% Tb doping). These results indicate that both, undoped and
doped glasses might be a promising alternative to current com-
mercially used glasses as an X-ray scintillator for slow rate events.
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