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RESUMO

LODI, T. A. Vidros tungsténio galio-fosfato para deteccdo de radiacdo de alta energia.
115p. 2023. Tese (Doutor) — Escola de Engenharia de Sao Carlos, Universidade de S&o Paulo,
Séo Carlos, 2022.

Cintiladores sdo materiais que convertem um unico foton de radiacao ionizante de alta energia,
como raios-X, raios vy, néutrons, particulas o e B, em foétons UV-visiveis. Os detectores de
cintilacdo, que geralmente consistem em um cintilador e um fotodetector, tém desempenhado
um papel importante em aplicacdes de deteccdo de radiagdo, como em imagens industriais e
meédicas, seguranca interna e experimentos de fisica de alta energia. Para ser usado como
cintilador, um material deve conter centros luminescentes que sdo extrinsecos, quando dopados
com ions ativos, como os ions trivalentes de terras raras, ou intrinsecos, quando a emissao se
origina de centros moleculares ou defeitos de rede. Normalmente, os cintiladores sdo
monocristais inorganicos devido a sua alta densidade e excelente eficiéncia de emissdo. No
entanto, a sintese desses materiais, em tamanhos e formatos limitados, é extremamente custosa
e demorada, dificultando a producdo industrial em larga escala de mercado. Alternativamente,
materiais de baixo custo que oferecem maiores possibilidades de moldagem, como vidros, tém
sido investigados nesta aplicacdo. O vidro é um material extremamente versatil que, em geral,
proporciona uma producdo econdmica e em larga escala, sendo facilmente processado em
geometrias complexas, incluindo fibras Opticas especiais. Este projeto de doutorado teve como
foco o desenvolvimento de vidros no sistema composicional NaPO3-Ga,03-Na;WOs e sua
caracterizacdo detalhada do ponto de vista térmico, estrutural, espectroscopico e éptico, tendo
em vista sua promissora aplicagédo como cintiladores. Os vidros foram obtidos com excelente
qualidade Optica, muito boa estabilidade quimica e térmica, e foram caracterizados por
Calorimetria de Varredura Diferencial (DSC), medidas de densidade volumétrica, difracdo de
raios X, espectroscopia Raman, Ressonancia Magnética Nuclear (RMN), Infravermelho por
Transformada de Fourier (FT-IR), espectroscopia de fotoelétrons de raios-X (XPS), absor¢édo
UV-Vis, fotoluminescéncia (emissdo e excitacdo) e radioluminescéncia. A robustez dos
materiais associada a sua Gtima resposta espectroscopica, optica e radioluminescente indicam
que sdo materiais promissores para dispositivos cintilantes, merecendo mais investigagdes e

desenvolvimentos.

Palavras-chave: Vidros galio-fosfato. Tungsténio. Cintiladores. Th*". Emiss&o de banda larga.



ABSTRACT

LODI, T. A. Tungsten gallium-phosphate glasses for high energy radiation detection. 115p.
2023. Thesis (Doctor) — Séo Carlos School of Engineering, University of Sdo Paulo, Sao Carlos,
2022.

Scintillators are materials that convert a single photon of high-energy ionizing radiation, like
X-rays, y-rays, neutrons, o and B particles, into UV-visible photons. Scintillation detectors,
which usually consist of a scintillator and photodetector, have played an important role in
radiation detection applications, such as in industrial and medical imaging, homeland security
and high energy physics experiments. In order to be used as a scintillator, a material must
contain luminescent centers which are either extrinsic, when doped with active ions such as the
trivalent rare-earth ions, or intrinsic, when the emission originates from molecular centers or
lattice defects. Typically, scintillators are inorganic single-crystals due to their high density and
excellent emission efficiency. However, the synthesis of these materials, in limited sizes and
shapes is extremely costly and time-consuming, hindering industrial production in large market
scale. Alternatively, lower-cost materials which offer larger possibilities of shaping, such as
glasses, have been investigated this application. Glass is an extremely versatile material that in
general provides cost-effective, large-scale production, being easily processed into complex
geometries, including special optical fibers. This doctorate project was focused on the
development of glasses in the compositional system NaPOz-Ga>03-Na,WO4 and their detailed
characterization from the thermal, structural, spectroscopic and optical viewpoints, in view of
their promising application as scintillators. The glasses were obtained with excellent optical
quality, very good chemical and thermal stability, and they were characterized by Differential
Scanning Calorimetry (DSC), volumetric density measurements, X-ray diffraction, Raman
spectroscopy, Nuclear Magnetic Resonance (NMR), Fourier Transform Infrared (FT-IR), X-
ray photoelectron spectroscopy (XPS), UV-vis absorption, photoluminescence (emission and
excitation) and radioluminescence. The robustness of the materials associated to its optimum
spectroscopic, optical and radioluminescent response indicate that they are promising materials

for scintillating devices, worth of further investigation and developments.

Keywords: Gallium phosphate glasses. Tungsten. Scintillators. Th®". Broadband emission.
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1 INTRODUCTION

Driven by advances in diagnostic medicine, growth in the number of nuclear power
plants, as well as increasing investment in defense and national security, the development of
the field of inorganic scintillators have increased considerably worldwide. It is estimated that
the global inorganic scintillator market in 2022 will move approximately US$ 300 million, and
could reach the US$ 385 million mark by the end of 2027 [1]. The growing popularity of
inorganic scintillators can be explained by the diversity of requirements and applications
enabled by these materials. Although some scintillating materials, such as the BisGezO12 (BGO)
crystal, present excellent performance in the detection of gamma rays (y), some applications
prioritize other requirements, such as the detection of X-rays and neutrons, for example [2].

Research aimed at the development of inorganic scintillators is still mostly focused on
the use of single crystals, which present superior characteristics, such as high conversion
efficiency and energy resolution. Although a large portion of the scintillator market is occupied
by these materials, their fabrication process remains expensive, time-consuming and limiting
in terms of the size and shape of the final product [3,4]. These limitations have triggered the
interest for the development of scintillating glasses, which may constitute an alternative with
lower cost production and easier manufacturing in different sizes and shapes (fibers, for
example), in addition to allowing the incorporation of activator ions in high concentrations.
[5,6]. Despite sharing properties similar to plastic scintillators, glass scintillators can exhibit
higher densities, as well as superior thermal, mechanical, and chemical stability[7].

Intrinsic inorganic scintillators, either natural or synthetic, are those in which the
luminescence involves ions or chemical groups that compose the scintillator material. The
emission of extrinsic scintillators, on the other hand, originates from dopant ions, typically
lanthanides, involving f-f and f-d transitions, such as Tb**, Eu?" and Ce3*. This doctorate project
focused on the synthesis, structural, thermal, and optical characterization of a gallium-
phosphate glass system doped with the transition metal W®* and the lanthanide Tb**, which
meets the basic requirements for application as a scintillator material, offering an additional

alternative to monocrystalline scintillators.
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1.1 Glass and glass transition (Tg)

Glasses can be considered one of the most versatile materials for the solution of several
problems faced by humanity. The scientific progress on vitreous materials, such as the
development of new compositions and synthesis technologies, has increased even more their
applications span. Areas such as medicine, energy, and security have benefited immensely with
the advent of biocompatible glasses [3], solid-state batteries [4], and the use of glasses for the
storage of nuclear waste [5], for instance.

During the last two centuries, various definitions of glasses have been proposed and
they are constantly evolving. It is however a common sense that glasses are amorphous
materials, which do not exhibit long-range periodicity, and which present a glass transition
phenomenon [6]. The most recent definition for glass was proposed by Zanotto, E. D and
Mauro, J. C, in the article entitled The glassy state of matter: Its definition and ultimate fate [7],
in which the authors define the material as “[...] a non-equilibrium, non-crystalline condensed
state of matter that exhibits a glass transition. The structure of glasses is similar to that of their
parent supercooled liquids (SCL), and they spontaneously relax toward the SCL state. Their
ultimate fate is to solidify, i.e., crystallize”. In addition to this definition, in this work, it is also
possible to find other definitions for glassy materials.

One of the simplest ways to understand the formation and some of the main
characteristics of glasses is through the enthalpy versus temperature diagram, as shown in
Figure 1, where it is also possible to observe the difference in obtaining a crystalline and a non-
crystalline solid. Liquids, when in equilibrium, exist only above the melting temperature (Tm)
(line AB), being unable to crystallize in this region. When cooled from point B, two distinct
phenomena can occur. For a slow cooling rate, the material in the liquid state will be subject to
a crystallization process starting from the melting temperature (Tm). From this moment on, the
enthalpy undergoes a significant reduction (line BC), followed by a reduction in temperature
(line CD), resulting in a crystalline solid. If cooled at a relatively rapid rate, the material will
behave differently since the crystallization process will no longer occur below Tm. In this case,
the material passes from the liquid state to a supercooled liquid state (line BD), and as its
temperature shifts in the B — E direction, its viscosity increases. As a consequence of the
increasing viscosity, the rotational movements of the molecules become more limited until,

when reaching the glass transition range, a sudden change in the material causes these
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movements to be blocked. Both paths, EF or EG, represent a non-crystalline solid, and they

only differ from each other in terms of the cooling rate to which they will be subjected.

Figure 1. Enthalpy versus temperature diagram for crystalline and non-crystalline solid formation,
highlighting the regions of liquid, supercooled liquid, crystalline solid, and non-crystalline solid. Tg =

glass transition temperature.
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Source: Adapted from [7].

When referring to glassy materials for special applications, the chemical composition of
the material plays a pivotal role in its final properties. The precursor materials used in the
production of glasses are commonly divided into three categories: network formers, network
modifiers, and intermediate species [8]. The network formers are considered the backbone of
the network and can form glasses via common techniques. These precursors comprise the
oxides B20s, SiO2, GeO2, P20s, As20s, Sh.0s and V20s, among others. The first four are
especially important and present in the manufacturing of comercial glasses. The modifying
elements, in turn, are introduced into the glass matrix in order to modify its properties, such as
reducing the melting temperature, for example. Among the main network modifiers are Na-O,
K20, Ca0, SrO, BaO, and Ga»0s. The intermediate elements occupy the position between
formers and modifiers, namely Al>O3, BeO, ZnO, CdO, PbO, TiO2, among others [9].
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1.2 Phosphate glasses

It is very common for glasses to be classified in groups or families, defined by their
matrix composition. For instance the silicate glass family is composed of silicon dioxide (SiO3),
the borate glass family is mainly formed by boron oxide (B2Oz) and derivatives and so on for
phosphates, germanates, tellurites glasses, among others. These families differ from each other
in physical and chemical properties, offering a large variety of application possibilities.
Particularly, the phosphate family is of high technological relevance and is largely present in
medical, photonic, and nuclear applications [10,11]. With the discovery of biocompatible
glasses and glass-ceramics, systems containing phosphorus pentoxide (P20s) as a forming
element have been widely studied due to their high solubility in aqueous media which allows a
controlled degradation rate required in applications such as tissue regeneration and engineering
[12,13]. In the nuclear energy industry, phosphorus-based glasses are being studied as an
alternative to borosilicate glasses in the storage of high-level nuclear radioactive waste [5,14].

At LEMAF, the Laboratory of Spectroscopy of Functional Materials, phosphate glasses
have been studied for more than 15 years for applications that range from near-infrared laser
active media to solid-state lighting and color displays [15-18]. More recently, efforts have been
devoted to the study of these glasses as high energy radiation detectors. In addition to the very
good glass-forming ability, low glass transition and melting temperatures, and good resistance
to radiation when compared to silicate glasses, for example, phosphate glasses have desirable
optical properties, such as the capacity to incorporate higher concentrations of rare earth (RE)
ions than silicates and borates, and high transmittance in the ultraviolet (UV) region [19-23].

Phosphate glasses are organized into basic units of phosphorus tetrahedra (POa),
resulting from the formation of sp* hybrid orbitals by the external P electrons (3s? 3p®). Each
PO, tetrahedron is connected to the structure by sharing at most three of the four available
vertices, through hydrogen bonds, since a double bond (P=0) is present in the structure [22,24].
Tetrahedrons are classified, in terms of connectivity, using Q® terminology, where s can assume
the values of 0, 1, 2, and 3, according to the number of shared vertices, as seen in Figure 2. For
tetrahedra with three oxygens linked to phosphorus via a single bond, a Q® structure is formed.
If only 2 oxygens are linked by single bonds, the structure is called Q?, and so on. The oxygens
of a PO4 tetrahedron not bonded to another phosphorus are called terminal oxygens or non-
bridging oxygens (NBO, or Ong), while the P-O-P bond oxygens responsible for connecting
the tetrahedra are known as bridged or bridging oxygens (Og) [24,25].
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Figure 2. Tetrahedral phosphate units in glasses.
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Source: Adapted from [26].

In the same way that water solubility is desirable for some applications, as mentioned
above, the hygroscopicity of phosphate glasses can become a disadvantage for others. The low
chemical durability attributed to phosphate glasses is due to the hydrophilic functional group —
P = O that participates in the basic units of formation of these glasses [25,27—29]. However, the
inconvenience of the hygroscopicity of these glasses can be overcome with the introduction of
modifying and intermediate elements, which can alter the structure of the chains and drastically
change the physical and chemical properties of the glass. The improvement of the chemical
durability of phosphate glasses through the introduction of heavy metal oxides in the vitreous
network has been the subject of numerous researches [11,28,30].

As previously described, the gallium element is classified, according to Sun, K. [29], as
a network modifier. Considered a heavy metal oxide, when introduced into the glass matrix,
Ga203 can influence several physical and chemical properties, such as the refractive index, the
infrared transmission, the thermal expansion coefficient, the chemical durability, the glass
transition temperature and the volumetric density, among others.

In addition to gallium oxide, the addition of transition metals in the vitreous network
can promote interesting modifications from a technological point of view. Belonging to the 6"
period of the periodic table, tungsten (W), is also classified as a network modifier element. The
incorporation of tungsten atoms in the network confers interesting thermal, chemical,
mechanical and optical properties. De Araujo, et al [31] observed that the addition of tungsten
oxide in phosphate glasses improves the thermal stability as well as its chemical resistance.
Another class of elements that act as network modifiers, attaining special characteristics to

glasses are the lanthanide and transition metal ions, which will be discussed in the next section.
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1.3 Lanthanide and transition metal ions

The rare-earth (RE) elements, according to the IUPAC classification [32], are a group
of 15 chemical elements of the lanthanide series (elements with atomic number Z from 57 to
71), and two members of the I1IB group, Scandium and Yttrium due to their similarity in
chemical behavior. The electronic configuration of these elements is based on the Xenon noble
gas configuration [Xe]6s25d%4f" or [Xe]6s%4f", with n = 1 to 14. The most common oxidation
state for the rare earth ions is trivalent, forming the TR3* 03~ oxides. Some elements such as
cerium (Ce), praseodymium (Pr), terbium (Tb), europium (Eu), and ytterbium (Yb) can present
2+ and 4+ oxidation states, however, these states are less stable compared to the trivalent.

Among the 17 elements classified as rare earth, only 13 of them (from Ce3* to Yb®*) are
optically active, presenting absorption bands from ultraviolet (UV) to infrared (IR), due to
intraconfigurational 4f - 4f transitions. The elements scandium (Sc) and yttrium (Y) are
optically inactive, since their incomplete subshells are 3d and 4d, which can take part in
chemical bonds. On the other hand, the elements La and Lu are considered optically inactive
because they do not present electrons in the 4f subshell or have it completely filled, respectively.

Knowing that the 5s2 and 5p® layers are completely filled according to the Pauli principle
and have an average radius greater than the 4f layer, the electrons of the latter are shielded by
the external layers, causing them to have little interaction with the chemical environment around
the RE®* ions. Because of this relative insensitivity to the host matrix environment, the spectra
of RE ions translates into a “fingerprint” with very little variations in wavelength. The energy
levels of the 4f electrons of RE* ions have been conveniently presented by Carnall et al.[33].

As previously mentioned, the absorption and emission bands of RE ions come from 4f-
A4f transitions, i.e., transitions between states of the same configuration. Therefore, they are
forbidden by electric dipole mechanism, according to Laporte's rule [34]. For this reason, their
corresponding bands are narrow, of lower intensity, and the excited states present longer
luminescence decay lifetime, as compared to the allowed 4f-5d transitions. The reason they are
observed, lies in the strong spin-orbit coupling in the RE ions which relaxes the parity rule of
Laporte yielding transitions by the so-called “forced electric-dipole” mechanism [34].

Initially, spectroscopic studies of rare-earth ions were mostly carried out in crystalline
hosts, with narrow absorption and emission bands. Since the 1950°s, however, and particularly
after the 1960’s with the advent of the laser, the increased practical interest in materials of
amorphous (or glassy) nature has reversed this situation. In these materials, the embedded RE

ions present inhomogeneously broadened absorption, excitation and emission bands due to a
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distribution of different chemical environments at their siting. In other words, since glassy lack
long-range structural order and periodicity, the active ions experiencing distinct neighborhood,
undergo different perturbation of the free ion Hamiltonian, generating sets of energy levels that
are separated by small energy values, so that the observed bands result from a convolution of
such contributions. Rather than being a disadvantage, the spectral broadening actually broadens
the application of glasses in the field of photonics and optoelectronics, in broadband amplifiers,
video devices, sensors, high-density optical memory devices, light-emitting diodes (LEDs), etc.
[32]

In this project we have focused on the study of Th3* doped glasses because this ion
fulfils the technological need for intense emission in the green spectral region [35]. The most
intense emission of Tb3* is centered at approximately 545 nm (green), however, emissions in
the blue, yellow, and orange can also be observed. These four emissions are assigned to
transitions from the °D4 excited state to the lower energy lying F; states (J = 6, 5, 4, and 3). As
the °D4 — ’Fs transition is predominant over the other emissions, the luminescence of the Th3*
ion is usually green to the naked eye [15].

Another luminescent center explored in this work was tungsten. Isolated in 1781 by
Scheele and Bergmann from a mineral known as scheelite (CaWOs), the tungsten element
occurs in the scheelite and wolframite form, and their complexes, which have a formally empty
d shell yielding often intense broad-band emission in the visible region of the electromagnetic
spectrum. CaWOQyg, scheelite crystal structure is well known for its intense luminescence in the
visible region. For 75 years it was one of the most expressive commercial scintillators used in
X-ray photography as an intensifying screen. This is mainly due to its excellent ability to absorb
X-rays and convert them into radiation. However, the STWO4 crystal, which like CaWO4 has a
scheelite structure, does not exhibit luminescence at room temperature. Thus, the challenge in
developing these tungstates for applications in optoelectronic devices such as LEDs, lasers,

and/or scintillators, has become the object of study of numerous research laboratories[36].

1.4 Radiation and radiation detectors

The physical phenomenon of radiation can be understood as energy in transit, that is,
the propagation of a particle or electromagnetic wave from one point to another in space.
Radiation can be categorized in different ways, as to the source, the type (ionizing and non-

ionizing) and the effects induced by it [37].
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When interacting with matter, radiation communicates with atoms and molecules by
exchanging energy with them. This exchange can result in different phenomenon such as
scattering, absorption, excitation or ionization. When the energy is transferred in a sufficient
way to strip an electron from its original atom or molecule resulting in the creation of a pair of
ions, the energy is said to have been transferred by ionization. Energy transfer by excitation, in
turn, occurs when electrons, previously in their original arrangement, are promoted to an excited
orbital state. Both processes are explored in the construction of radiation detectors, however, as
it is more commonly used, the transfer of radiation by ionization is responsible for the term
“ionizing radiation”, often used to refer to emissions from radioactive materials [2,37].

As for the type, radiation can be classified as ionizing and non-ionizing. Non-ionizing
radiation is of low-energy and incapable of removing an electron from an atom or molecule.
This type of radiation includes radio waves, microwaves, infrared, visible, and soft ultraviolet,
which are located on the left side of the electromagnetic spectrum schematized in Figure 3, with
energies below 10% eV. lonizing radiation, in turn, has enough energy to ionize atoms and
molecules, being able to strip electrons from them. The minimum energy for this type of

radiation is approximately 10 eV.

Figure 3. Schematic electromagnetic spectrum highlighting ionizing and non-ionizing radiation. The

wavelengths and energy values scale shows approximated values.

- Non-ionizing lonizing

10 102 10 1 100 10 10° 104 10° 10 107 108 109 1070 1011 1012

Wavelengths (m) ( ( )) )
(1) IE3
3 . [] rmm B oop
% — = @ Visible -QO; SEVAN
Q= i light Energy (eV)

10¢ 10® 107 10% 10° 104 10° 102 100 1 10 102 10° 10* 10° 108

[ee]

Source: Adapted from [2].



24

The first event of detection of ionizing radiation dates from November 1895, when the
German physicist and engineer Wilhelm Réntgen, while carrying out experiments with Crookes
tubes, earlier used in the discovery of cathode rays, noticed that when using a piece of cardboard
covered with Barium platinocyanide [(BaPt(CN)4] a greenish light was observed [38,39]. This
observation rose the interest of Rontgen, who later covered the entire tube with a casing
reflective to visible light, concluding that the tube itself was responsible for the generation of a
new type of radiation, which he decided to call « X-ray". After the discovery, Rontgen started
a series of new experiments, among them replacing a fluorescent screen with a photographic
plate susceptible to X-rays. In this experiment, the physicist took what is now one of the most
interesting images in science, an image of his wife's hand (Figure 4). At this moment,
radiography was born and six years later, in 1901, Rontgen received the first Nobel Prize in
Physics for his findings [38].

Figure 4. Wilhelm Roentgen's x-ray photograph of his wife's hand in 1896.

Source: [40]

Driven by Rontgen's studies, the French physicist Antoine-Henri Becquerel, in 1896,
accidentally discovered, while studying uranium compounds, that the rays emitted by the
element were able to penetrate and be detected by photographic plates. It was later understood
that this phenomenon was not caused by the newly discovered X-ray, but by another type of
radiation, gamma radiation (y). Based on these discoveries, investigations began for the
development of devices capable of detecting those new forms of radiation [2].

Radiation detection generally occurs through the loss of energy to the detector material,
i.e. a high energy particle must interact with the material used for detection, transferring energy

to it. This same mechanism supports the principles of gas detectors, semiconductors, organic
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and inorganic detectors [41]. As previously mentioned, ionizing radiation has enough energy to
strip electrons from atoms and molecules, and as long as this energy exceeds the ionization
potential of a given gas, it can be used as a detector of ionizing radiation.

Gas detectors respond to radiation by passing electrical currents induced by ionization.
A typical gas detector consists of a volume of gas contained between two electrodes (cathode
and anode) that have a voltage difference between them. Under normal circumstances, the gas
acts as an insulating material, however, when irradiated, it causes electrons generated by
ionization to be attracted to the anode and ionized atoms to the cathode. This phenomenon
results in a momentary flow of electric current that is capable of providing information about
the analyzed radiation, such as energy and intensity [42]. Among the main gas, detectors are
ionization chambers, proportional counters, and Geiger-Muller (GM) counters [42,43]. In
general, gas detectors have proved to be extremely useful in numerous applications, however,
some factors limit their applications. The GM counter, developed around 1913 by Hans Geiger
and later improved by Geiger and Walther Mdller, for example, is a simple, robust and
inexpensive detector, however, nowadays, for most applications, they are replaced by other
types of detectors, once they have low detection efficiency for X and vy rays [42].

Featuring a detection mechanism similar to that of a gas detector, liquid detectors make
use of liquid noble gases and have some advantages over gas detectors, such as good energy
absorption due to high density, high spatial resolution, and the possibility of being used in large
volumes, resulting in a relatively low cost [2,41].

Another class of detectors for ionizing radiation detectors is semiconductor-based.
Because the solid materials used in this type of detector have a density of up to 5000 times
greater than that of gases, semiconductor detectors exhibit high stopping power, which makes
them very efficient in detecting X-rays and y-rays. The main representatives of this class of
detectors are silicon (Si) and germanium (Ge).

By way of comparison, semiconductor-based detectors are not only more efficient in
absorbing radiation, but also in producing an electrical output signal ten times greater than a
gas detector. Despite their advantages, semiconductor detectors have disadvantages that may
limit their use, such as the presence of a background signal from the electric current induced by
room temperature and the presence of impurities that disturb the arrangement of atoms in the
matrix [2,42].
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1.5 Scintillation detectors

As previously mentioned, radiation detector devices can make use of mainly two distinct
mechanisms, ionization or excitation. Unlike the detectors mentioned above, in some materials
subjected to the absorption of radiation, part of the energy can be released in the form of visible
light in the decay process. These materials are called scintillators, and detectors built based on
them are commonly called scintillation detectors or just scintillators [37].

The process of detecting radiation through scintillation involves complex mechanisms

but it can be generally simplified into four basic steps outlined in Figure 5 [2,44]:

i. Interaction of radiation with matter, that is, with the scintillating material;
ii. Energy transfer to the luminescent center;
iii.  The luminescent center relaxes from the excited state to the ground state, resulting
in the emission of photons;

iv. The signal is detected by a photodetector.

When the high-energy particle interacts with a scintillating material, it can generate an
electron-hole pair. The multiplication of these electrons and holes occurs through radiative
decay (secondary X-rays), non-radiative decay (Auger processes), in addition to electron-
electron inelastic scattering. This first stage is known as Absorption/multiplication. When the
electrons and holes generated in the previous step dissipate their kinetic energy through
interactions with the lattice or with other electrons, they thermalize to the lower part of the
conduction band and upper part of the valence band, respectively.

In the second stage, known as Transport, the energy of the carriers must migrate before
the recombination or being transferred to the luminescent center, since the radiation absorption
site, in most cases, does not coincide with the dopant site.

The third and final stage is called relaxation/emission when the luminescent center,
already in its excited state, releases its energy through non-radiative processes, or in the form
of a low-energy photon [44,45]. In the case of intrinsic scintillators, the direct recombination
of electron-hole pairs (excitons) is responsible for the emission, while the extrinsic scintillator
depends on an activator that induces an impurity energy level located at the band gap of the

host lattice.
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Figure 6 shows an illustration of a typical scintillation detector. In general, an ionizing
radiation with an energy of the order of keV - MeV reaches the scintillator material, which in
turn absorbs the radiation converting it into several visible photons. These photons are detected

by a photodetector and later converted into an electrical signal [46].
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The conversion efficiency of a scintillator is not a very efficient one in the order of 10
to 15%. However, this low conversion efficiency is overcome through the use of high-count

photodetectors, such as photomultiplier tubes (PMTs) and photodiodes [2].

Figure 6. lllustration of a typical scintillation detector.
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Source: Adapted from [46].

In general, scintillating materials must meet the following requirements:

i. Convert the energy of charged particles into detectable light;

ii.  The conversion must be linear, that is, the emitted light must be proportional to the
deposited energy;

iii.  The material must be transparent at the emission wavelength;

iv. The luminescence decay time must be relatively short;

v. The material must have good optical quality and allow fabrication in various shapes
and sizes;

vi. Present a refractive index close to that of silicate glasses (1.5) in order to allow a

good coupling between the scintillator material and the photodetector [43].

None of the scintillator materials can satisfy simultaneously all the criteria, and the
choice of the ideal material for a given application must take these and other factors into
account. Although scintillator materials can come in different forms and types, they are
generally divided into two large groups: organic and inorganic scintillators.

Organic scintillators can be solid, liquid or gaseous, which is considered one of their
greatest advantages, allowing them to be produced in any geometry and therefore customized

for specific applications [2,41].
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The fluorescence process in organic scintillators is the result of transitions in the energy
levels of a single molecule and can be observed from a given molecular species, regardless of
its physical state. This contrasts, for example, with inorganic crystalline scintillators (discussed
below), which require a regular crystal lattice as the basis for the scintillation process.

Organic scintillators may also be available in three different forms: plastic, liquid, and
crystalline scintillators. Plastic scintillators, one of the main representatives of the organic class,
are explored for a variety of applications, mainly in those that require fast decay time.

In addition, because they are considered relatively inexpensive, plastic scintillators are
chosen when a large volume of detectors is required. These materials are commercially
available in a wide selection of sizes and shapes [43], are chemically stable, and exhibit high
optical quality. However, among its main disadvantages are non-linearity in light emission,
mechanical instability, and vulnerability to radiation damage [2].

Most inorganic scintillators are crystalline, significantly denser, and have higher atomic
numbers when compared to organic scintillators, which makes them attractive for applications
that require high stopping power of incident radiation. In addition, these materials, in general,
exhibit greater light emission when affected by ionizing radiation [19].

For each application served by inorganic scintillators, different requirements may be
desired. However, in general, an ideal scintillator should have fast decay (<100 ns), a high
luminous yield (> 40,000 photons/MeV), a high volumetric density (> 6g/cmq), be easily
produced in large volumes and variable shapes, as well as having a low production cost [44].

Table 1 shows the properties of some of the most commonly used inorganic scintillators,
two representative glass scintillators (Li (Ce) and Glass:Tb Glass), and a plastic scintillator, for

comparison purposes.
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Table 1. Properties of some inorganic scintillators, and an organic (plastic) scintillator for comparison.
Adapted from [43].

o Density L emission  Refractive Lifetime Yield
Scintillator )
(g.cm™®) (nm) index (us) (photon/MeV)
Nal:Tl 3,67 415 1,85 0,23 38000
BGO 7,13 480 2,15 0,30 8200
CdWO4 6,1 420 1,94 11 15000
GSO (Ce) 6,71 440 1,85 0,056 9000
LaBrs (Ce) 5,29 380 2,1 0,026 63000
Vidro Li (Ce) 2,64 400 1,59 0,05-0,1 3500
Glass:Th 3,03 550 1,5 3000 - 5000 50000
Plastic
Scintillator 1,03 423 1,58 0,002 10000
(NE102A)

The thallium-doped sodium iodide crystal [Nal(TI)] is the main representative of the
inorganic scintillator detector class. This status is mainly due to its high light output
(approximately 40,000 photon/MeV), emission in the blue region, low cost production and
availability in large crystals. These characteristics enable its use in numerous applications such
as diagnostic medicine, physics, and environmental sciences. However, the Nal:Tl crystal is
highly hygroscopic, requiring that the detector device necessarily be built in a sealed structure,
that is, protected from humidity [2].

The B4Ges012 crystal, commonly abbreviated as BGO, has a high density (7.13 g.cm™)
and higher absorption efficiency when compared to other scintillating crystals devoted to
detection of y radiation. Furthermore, the BGO crystal does not have the drawback of
hygroscopicity presented by Nal:Tl. However, its luminous efficiency is only 10-20%
compared to the latter [2,43].

The Ce-doped GSO (Gd»SiOs) and LaBr3 crystals share properties such as fast decay,
however, they have lower light yield and are relatively more expensive than Nal:Tl. It is also
worth mentioning that LaBrz has a higher hygroscopicity than Nal: Tl [2,47].
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It is possible to observe that even the most commercially used scintillators exhibit at
least one undesirable property. Nal:Tl is highly hygroscopic and has a low density. BGO and
GSO exhibit low light output. Despite these shortcomings, each of these scintillators discussed
above has achieved large commercial success, which highlights the breadth of requirements
and variety of applications these materials can meet.

The majority of inorganic scintillators are produced using crystal growth techniques
such as Bridgman and Czochralski. Both methods are based on melting the precursor reagents
followed by pulling the melt (Czochralski) or slow cooling (Bridgman) [48]. The major
disadvantage of these methods is the slowness since the crystal pulling rate does not exceed a
few millimeters per hour, making the final product very expensive [37]. It is in this regard that

the more facile, lower cost production of glasses comes at hand.

1.6 Glass scintillators

The interest in glasses as a scintillating material dates back to the late 1950s, when
independent works began to be developed by researchers Anderson [49] in the United Kingdom,
Ginther [50][51] in the USA, among others. The main objective of most of these studies was
the detection of thermal neutrons. To this end, numerous silica-based glasses, as well as several
dopants were studied, until reaching a composition based on SiO2, MgO, Al.Oz and LiO>, doped
with Ce203, which exhibited a reasonable luminous yield, ten times greater than a previously
developed phosphate glass doped with the same Ce3* content [19]. These preliminary studies
triggered the development of numerous commercial glass scintillators, such as the GS1/2/3 and
GS10/20/30 series, commercialized by the largest scintillator materials industries.

Another series of commercially available scintillating glasses is the KG1/2/3, which was
based on the work of Coceva [52]. As with the GS series, the glasses studied by Coceva belong
to the silicate glass family, however, they do not contain aluminum and magnesium and have
higher concentrations of lithium.

Although scintillating glasses were initially developed for the detection of neutrons, the
research soon expanded to include detection of other types of ionizing radiation, such as X-rays
and y-rays. For several years, research on scintillating glasses focused on borosilicate glasses
[53-55], however, due to low luminous efficiency and additional disadvantages as radiation-
induced photodarkening [56], recent research has focused on the improvement and discovery

of new compositions. The growing and constant interest in these devices is a result of the need,
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mainly, for materials in the form of fibers (e.g. for nuclear trace detectors) and economical
detectors capable of being produced in large volumes and scales [19]. These considerations
bring us back to phosphate compositions, which have been considered very promising hosts for
scintillation detectors, due to the before mentioned advantages of low melting temperatures, the
ability to incorporate higher RE ion concentration, and high emission efficiency [56].

Among the main RE active ions used as emitting centers are Ce®*, Eu?*, Eu®**, Dy** and
Tb®". Currently, Ce®* is considered the main emitting center of inorganic scintillators due to its
wide emission band in the visible region attributed to the 5d-4f transition and its lifetime in the
order of nanoseconds. However, Ce®* may exhibit the phenomenon of self-suppression of
luminescence that occurs when trivalent cerium is oxidized to Ce**. The occurrence of this
phenomenon causes a high reduction in the light output of the scintillator. Unlike Ce®*, Th**
does not exhibit this phenomenon, since the oxidation of Th3* to Tb*" is thermodynamically

less favored [57]. For this reason, this ion was chosen as a dopant in this doctorate study.
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OBJECTIVES

The general objective of this doctorate research project was the development and

characterization of novel tungsten gallium-phosphate glasses doped with Tb** ions in different

concentrations for application as scintillators in high-energy radiation detectors. The following

steps were set as goals to be achieved:

Development of glasses based on the (NaPOs)so- x (Ga203)20 (Na2WOa4)x composition
with high chemical stability and optimum optical properties.

Structural characterization of the glasses via DSC, FT-IR, Raman and solid state NMR
techniques seeking for the understanding of the former and modifier elemental roles.
Determination of the best NaPGaW matrix compositions for posterior Th**-doping,
based on the structural analysis.

Photophysical characterization of the glasses through UV-vis absorption, and steady-
state and time resolved excitation and emission.

Evaluation of the potential of the undoped and doped NaPGaW glasses as intrinsic and

extrinsic scintillator, when subjected to ultraviolet and X-ray excitations.

OUTLINE

This thesis reports an exploratory investigation of the NaPGaW vitreous system from

the point of view of its thermal, structural, spectroscopic, and optical properties for potential

application of these materials as vitreous scintillators. The obtained results are exposed in the

text in the form of a collection of articles published during the development of the project,

which is divided into the following three main parts:

i. Study of the thermal and structural properties of new gallium tungsten-
phosphate glasses. The first part of the research reports the thermal and structure
properties of the new tungsten gallium-phosphate glass composition synthesized by
the traditional melt-quenching technique. Solid-state NMR studies were carried out
in collaboration with Prof2 Silvia Helena Santagneli, Prof. Marcos de Oliveira Jr. e
Prof. Hellmut Eckert. The compilation of these studies was published in the J. of

Non-Crystalline Solids, under the title Preparation, Characterization, and
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Structural Studies of New Sodium Gallium Tungstate Phosphate Glasses (DOI:
10.1016/j.jnoncrysol.2022.122100).

Evaluation of the intrinsic emission of undoped gallium tungsten-phosphate
glasses for application as a scintillator detector. In this part of the research, the
broadband emission of the tungsten complexes in the undoped glasses was reported.
A new series of NaPGaW glasses were synthesized to study the influence of the
Na,WOj4 content on the intrinsic scintillator properties. Furthermore, the emission
dependence on temperature was evaluated to determine de capacity of the NaPGaw
to be explored as a cryogenic scintillator. This work was published in the J. of Non-
Crystalline Solids under the title Tungsten gallium-phosphate glasses as promising
intrinsic scintillators (DOI: 10.1016/j.jnoncrysol.2022.122097).

Study of Th3* doped tungsten gallium-phosphate as an extrinsic scintillator. In
the last part of the research, NaPGaW glasses were doped with Tb** aiming to study
the optical and structural properties of these glasses, as well as to evaluate their
potential for application as slow-event scintillators. A manuscript with the results
obtained were published in the J. Alloys and Compounds, under the title Promising
Th3*-doped gallium tungsten-phosphate glass scintillator: Spectroscopy, energy
transfer and UV/X-ray sensing (DOI: 10.1016/j.jallcom.2022.164016).
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ABSTRACT

A new glass forming region in the quaternary system Na,O-P20s-WQO3-Ga;0Oz along the
composition line (NaPO3)go-x(Ga203)20(Na2WOs)x (X = 0, 5, 10, 15, 20 and 25 mol%) has been
prepared and characterized by X-ray diffraction, Differential Scanning Calorimetry (DSC),
Raman scattering and 3'P, 2Na and "*Ga nuclear magnetic single and double resonance NMR
techniques. The partial substitution of the NaPOs component by Na,WO, produces a significant
increase of molar volume (decreased oxygen packing density), whereas the glass transition
temperatures Tq pass through a shallow maximum near x = 10 to 15. While in the x = 0 sample
the structure is dominated by Q! units linked to gallium in four-, five- and six-coordination, the
gradual substitution of phosphate by tungstate effects significant network reconstruction,
eliminating P-O-P linkages the concentration of which is found to be greatly diminished above
the x = 10 level. While the structure of these glasses is dominated by Q° units, connected to
both gallium and tungstate species, "*Ga{3'P} REDOR data suggest significant decreases in the
extent of gallium-phosphorus connectivity with increasing Na;WOs content. Finally,
monotonic changes in both 2Na chemical shifts and 2Na-3'P second moment values, Mzna-p),
indicate that the anionic surroundings of the sodium ions evolve from a pure phosphate to a

mixed phosphate/tungstate environment.
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4.1 Introduction

Over the past centuries, glasses have been applied extensively in several areas of
knowledge due to their wide versatility. Their excellent mechanical and chemical stability
combined with their unique optical properties has been explored to design many advanced
technological applications, in areas as diverse as such as nuclear waste storage, smartphone
screens, light source design, optical sensors, bioglass implants for skin and bone regeneration,
drug delivery, self-cleaning and bactericidal surfaces, etc [1-4]. The alkaline/alkaline-earth
phosphate glasses are particularly interesting due to their low melting and glass transition
temperatures, high thermal expansion coefficients, biocompatibility, and wide transmission
region from the UV to the far-IR range [5,6]. However, the high hygroscopicity of phosphate
glasses may be a disadvantage depending on the final application. One way to overcome this
problem is to include intermediate oxides such as Al.Oz and Ga>Oz [5].

Recently, gallium-phosphate glasses have attracted attention due to their thermal,
chemical and mechanical stability. In the binary (Ga20z)x - (NaPOz)1x System, the incorporation
of Ga;0s leads to a dramatic increase of the glass transition temperature (Tg), albeit in a non-
linear fashion [7]. Gallium phosphate based glasses are also promising for accommodating
luminescent rare-earth and transition metal dopants, for sensors, lasers and white-light
generation. The design of optimal glass compositions relies on structure/property correlations
elucidated by detailed structural studies. For the system (NaPO3);—« (Ga203)x, Ren and Eckert
[7] were able to study the structural organization by a number of complementary solid-state
NMR techniques, highlighting the role of the intermediate oxide Ga>Os both as a network
former and as a network modifier in the structural organization of phosphate glasses [7,8]. Hee
et al. [6] reported that while there is considerable similarity between the structural and property
characteristics of gallo- and aluminophosphate glasses, the incorporation of gallium has certain
advantages that can be profitably used in optical applications. Specifically, the substitution of
the AI** by the larger Ga®* can open the glass network to better accommodate the rare-earth
ions, which is pivotal for photonic applications. Also, the higher hyperpolarizability of Ga®*
compared to AIP* may also increase the possibility of accessing non-linear optical properties
[6].

The addition of different modifiers has been investigated in order to create a synergy
between thermal/chemical stability, structural and optical properties. In this context, tungsten

oxide-containing phosphate glasses are of great interest due to their superior chemical stability
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compared to alkali phosphate glasses, their ability to incorporate high concentrations of rare-
earth ions, and because of their special photochromic and electrochromic properties [9,10]. For
example, de Araujo et al. [9] reported for the NaPOs - WO3 glass system, that the addition of
tungsten to NaPOs creates P-O-W linkages that initially crosslink between the one-dimensional
metaphosphate chains, and at higher concentrations transform the structure into a three-
dimensional network based on interlinked PO4 tetrahedral units and WOs polyhedra. This
system is characterized by a strong increase in glass transition temperature as a function of WO3
content. On the other hand, binary glass of composition 0.5LiPO3-0.5Na;WOQO4 show only a
moderately increased Tg value (353 °C) in comparison to pure LiPOs glass (325 °C) (Figure
S1). Finally, the addition of tungsten oxide to phosphate glasses can provide interesting
properties for applications as scintillators, as the higher atomic number element in the
formulation effects increased density. Concerning the optical properties, tungsten containing
glasses generally present a broad emission band in the visible range, which can be explored for
single-phase white lighting [11].

To date, the structural consequences of imparting the above functional characteristics to
phosphate glasses by the combined presence of tungsten and gallium oxide remain unknown.
Here we report the results of a systematic structural study of a new gallium tungsten-phosphate
glass system with composition (NaPOz3)so-x(Ga203)20(Na2WOs)x, via Raman scattering and
multinuclear solid-state NMR techniques.

4.2. Experimental section

Glass synthesis. The starting powdered materials were sodium hexametaphosphate, NaPOs3
(Aldrich 65-70% P20s basis), gallium oxide, Ga203 (Aldrich 99.99% pure) and Na2WQO4.2H20
(Aldrich 99% pure). All the (NaPO3)so-x(Ga203)20(Na2WOa)x (X = 0, 5, 10, 15, 20 and 25 mol%)
glasses were prepared by conventional melt-quenching methods. Stoichiometric batches of the
solid starting materials were melted in a platinum crucible at 1000-1100 °C (depending on the
composition), for 1h, under air atmosphere. Immediately after the quenching, the melt was
poured into a preheated stainless-steel mold at 280 °C. To minimize the thermal and mechanical
stresses, the glasses were annealed at 300 °C for 4 h and then slowly cooled to ambient
temperature. The annealing temperature chosen for this purpose was high enough to permit

thermal relaxation to remove mechanical stresses, but low enough to avoid crystallization.
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Glass characterization. The amorphous state of each sample was confirmed by X-ray
diffraction, using a RIGAKU Rotaflex RU200B (Cu Ka, A= 1.54434 A) X-ray diffractometer.
Differential scanning calorimetry (DSC) measurements were conducted with a TA Instruments
model 2910 calorimeter on 25 + 5mg glass pieces within aluminum pans, using a heating rate
of 10°C min, under N2 atmosphere, with a maximum error of + 2 °C for Tg and At. Glass
densities were measured using the Archimedes principle using distilled water as the immersion

fluid. The oxygen molar volume (Vo) for all glasses was calculated using the relation,

v M ( 1 ) M )
o= — =
p \Xx;n; P (3 X Xnapo, + 3 X Xga,0, + 4 X Xnaywo,)

These values were used to calculate the oxygen packing density (OPD), which is a measure of
tightness of packing of the oxide network, using the expression,

p
OPD = 1000C — 2
o @

where C is the number of oxygen atoms per formula unit and M is the molecular weight.

The Raman spectra were obtained using a LabRam HR spectrometer, Horiba-Jobin Yvon, at
room temperature. The 632 nm line from an He/Ne laser was focused on the samples by an
optical microscope using a long work distance 50x objective.

Solid-state NMR. Solid state *!P and 2Na NMR studies were carried out on a Bruker Avance
I11 spectrometer operating at 400 MHz (magnetic flux density 9.4 T), equipped with a 4 mm
magic-angle spinning (MAS) probe. 3P MAS NMR spectra were recorded at a spinning
frequency of 14.0 kHz using n/2 pulses of 3.3 ps length and a relaxation delay of 240 s. Double-
guantum (DQ-) filtered spectra were obtained in a separate set of measurements, using the 1-D
refocused INADEQUATE method, resulting in the selective detection of only those 3P nuclei
that are involved in a P-O-P linkage (Q!, Q? or Q2 units). In this experiment, the two-bond
indirect 3P - 3P spin—spin coupling involving the covalently linked *!P nuclei is used to create
a double-quantum coherence, which is subsequently reconverted to detectable magnetization.
The latter can then be detected selectively, because of its special coherence pathway [12,13],
while the signals of Q° units not involved in P-O-P linkages are suppressed by appropriate
receiver phase cycling. Experimental conditions were: spinning speed 14.0 kHz, =/2 pulse

length 3.0 ps and a relaxation delay of 60 s. The mixing time for DQ coherence creation was
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16.6 ms, corresponding to a value of the indirect coupling constant 2J(3P-3!P) of 30 Hz.
Chemical shifts were referenced against 85% HsPOa4. Na MAS-NMR spectra were recorded
using short pulses of 1 us length at a spinning speed of 14.0 kHz and a relaxation delay of 2 s.
Chemical shifts are reported relative to a 1 M NaCl aqueous solution (0 ppm). ®Na{*!P}
rotational echo double resonance (REDOR) experiments were done at 9.4 T, at a MAS
frequency of 14.0 kHz using the sequence of Gullion and Schaefer [12]. The optimum = pulse
lengths for the decoupling channel were obtained by maximizing the REDOR difference signal
AS at a fixed dephasing time. Optimum values were 2.6 and 6.0 us for 2*Na and 3P,
respectively. XY-4 phase cycling was used for the 3'P recoupling n-pulses. Approximate second
moments M2(Na-P) were obtained by applying a parabolic fit to the REDOR data within the
range AS/So < 0.2, according to the expression [13].

AS 4 ,
= Wf(NTR) My (Na-p) (3)

So
where the calibration factor f depends on the experimental conditions applied and can be
determined by conducting the experiment on a crystalline reference compound with similar spin
dynamics, for which the M2 values can be computed from the crystal structure. 3'P{**Na}
Rotational Echo Adiabatic Passage Double Resonance (REAPDOR) experiments [14] were
carried out using a typical value for 3P w-pulse duration of 6.0 ps and a spinning frequency of
14.0 kHz. A recycle delay of 60 s was applied in combination with a pre-saturation train of 10
/2 pulses. Dipolar recoupling was achieved by 2Na pulses applied at a nutation frequency of
96 kHz (measured directly on the samples) and for a duration of 1/3 of the rotor period. "*Ga
MAS-NMR spectra were measured on a Bruker Avance Neo spectrometer (magnetic flux
density 14.1 T), using a 1.3 mm probe operated at a spinning speed of 60.0 kHz. Spectra were
acquired with a rotor synchronized tp- ~-2t, Hahn echo-type pulse sequence. The pulse length tp
was optimized by maximizing echo intensity. 80000 scans were accumulated with a relaxation
delay of 0.25 s. Chemical shifts are referenced to 1M Ga(NOs3)s solutions, using solid GaP (307
ppm) as a secondary reference [15] "*Ga{3'P}REDOR measurements were done on the same
spectrometer, using a 2.5 mm triple resonance probe, operated at a spinning speed of 15.0 kHz,
using *!P and "*Ga nutation frequencies of 125 and 132 kHz, respectively. Parabolic fitting to

eg. (1) was used in an analogous way to determine Mx(Ga-P) values.
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4.3 Results, data analysis, and interpretation

Glass Properties. All prepared glasses are colorless, transparent, and bubble-free, as
shown in Fig. S2. Densities and molar volumes are listed in Table 1.

Figure 1 shows that the density increases with the increasing Na;WO4 content from 3.05
to 3.74 g.cm™, owing to the concomitant molecular weight increase. The molar volumes, Vm,
also increase from 39.05 to 47.03 cm®.mol ™ when the Na,WO4 content rises from 0 to 25 mol%.
Concomitant increases of density and molar volumes as a function of composition have been
reported earlier [16,17], and can be attributed to changes in oxygen packing density, caused by

profound structural changes to be addressed in detail below [18].

Figure 1. Composition dependence of the density and the molar volume of (NaPOs)so-
«(Gaz03)20(Na,WO4)x (x = 0, 5, 10, 15, 20 and 25 mol%) glasses and fits using a linear function,
describing the linear increase of density and molar volume with Na;WO,4 molar content in glass.
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Table 3. Physical and thermal properties of (NaPO3)so-x(Ga203)20(NazWO4)x (X = 0, 5, 10, 15, 20 and

25 mol%) glasses.

sample X p Vi Vo OPD Ty Tx AT
(mol %) (g.cm®)  (g.moll) (cm¥mol) (mol/L) (°C) (°C) (°C)

NaPGa 0 3.05 39.05 13.02 76.83 396 512 116
NaPGaw5s 5 3.17 41.08 13.47 74.24 400 490 90
NaPGaw10 10 3.35 42.39 13.67 73.14 407 511 104
NaPGaw15 15 3.51 43.63 13.85 72.19 411 521 110
NaPGaw20 20 3.62 45.42 14.19 70.46 401 515 114
NaPGaw25 25 3.74 47.03 14.47 69.10 394 512 118

X-ray diffraction data of all the glass samples are presented in Figure S3. The absence
of sharp peaks over the range 26 = 5° to 80° confirms the non-crystalline state of all the prepared
glass samples. The partial substitution of NaPO3s by Na;WO4 does not affect the amorphous
state of the samples, but alters the appearance of the diffraction pattern, signifying the strong

effect of the electron-rich tungstate component on the scattering pattern.

Differential Scanning Calorimetry (DSC). Figure 2 (a) shows the effect of Na;WO34
content (mol %) on the glass transition temperature (Tg) and the evolution of the thermal
stability against crystallization (AT = Tx — Tg). With successive substitution of NaPOsz by
Na,WOyg, the Tq values stay nearly constant, passing through a shallow maximum near 10-15%
mol of Na,WOs, and decrease at higher Na;WOs levels. Similar behavior was observed by
Manzani et al. [19] in the NaPO3-WO3-Bi203 glass system and by Poirier et al, [10] in the (80-
0.8x) NaPOs - (20-0.2x) BaF2-xWOs ternary system. Finally, we note that the sample containing

5% Na,WO4 shows a higher propensity for crystallization than the other glass samples.
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Figure 2. (a) Compositional dependence of Ty and AT measured for (NaPO3)so-«(Ga203)20(Na2WOs)y (X
=0, 5, 10, 15, 20 and 25 mol%) glasses as a function of Na,WO, concentration. (b) DSC of NaPGaw20

glass (representative sample), showing the Tgand Tx determination procedure.
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Raman spectra are depicted in Fig. 3. Peak assignments and associated references are
listed in Table 2. Each Raman spectrum was deconvoluted using Gaussian functions to obtain
the position of the bands (Figure S4). However, these deconvolutions only have qualitative
character and the observed areas can only be compared on a relative basis between samples.
The Raman spectra can be divided into two regions: (1) 200 - 700 cm™ and (I11) 700 - 1400 cm"
! For the x = 0 glass (NaPGa), scattering peaks in region (1) are mainly attributed to different
gallium-containing units. The band located near 340 - 350 cm™ is assigned to vibrations
involving six-coordinate gallium (GaOg units), [20] while the bands located at 500 and 630 cm ™
are attributed to bending [21] and stretching vibrations involving four-coordinate gallium
(GaOs units). The GaOs vibrations appear in the same range as some torsional modes involving
P-O-P linkages making it difficult to identify the latter in the spectra of Ga containing glasses
[22]. Furthermore, in the low frequency region (1), bending modes involving W-O linkages [23]
contribute to the spectra and become dominant with increasing Na,WO. content. In the region
(11) the band around 750 cm™ is attributed to stretching vibrations of P-O-P linkages of Q! units
[21]. With the gradual substitution of NaPO3z by Na>WOs, numerous spectral changes are
observed, mainly in the region (1), starting with the disappearance of the band centered at 750
cmL. Furthermore, in NaPGaWS5 a sharp band at approximately 910 cm™ appears, which may
be attributed to (W=0 or W-0) bond vibrations associated with either 4-, 5-, or 6-coordinate
W atoms [9,23]. The assignment favored in the literature is to WO4% groups, given that this

band is present in the Raman spectra of crystalline reference compounds containing
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tetrahedrally coordinated W atoms, such as M2WO4 (M=Li, Na, spinel structure) or CaWO4
(scheelite structure) but not in the spectrum of octahedrally coordinated WO3 [10, 23-25]. As
the Na2WO4 concentration is increased the band broadens and shifts towards higher wave
numbers (930 cm™); in addition, a band near 865 cm™ appears. The band at 1000-1050 cm?,
attributed to the symmetric vibration of the terminal P-O bonds in POs (Q%) units gradually
decreases with the successive substitution of NaPO3s by Na,WQO4. On the other hand, the band
around 1100 cm®, which was attributed by Velli et al. to the asymmetric stretching mode of Q*

groups, appears to persist up to the highest Na;WO4 content studied (25 mol%) [26].

Figure 3. Raman spectra of (NaPO3)so-x(Ga203)20(NazWO4)x (X = 0, 5, 10, 15, 20 and 25 mol%) glasses.
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Table 4. Identified Raman bands observed in (NaPOs3)go-«(Gaz03)20(Na;WO4)x (X = 0, 5, 10, 15, 20 and

25 mol%) glasses and their assignments.

Wa\(/srr:flr; ber Vibrational mode assignments Ref.
280 - 300 WOg bending vibrations [23]
340 - 350 GaOe vibration mode [20]

500 GaOs bending vibrations [21]
630 GaOs stretching vibrations [21]
750 P—O-P stretching vibrations [21]
870-910 (W=0 or W-0) bond vibrations, WO4? groups [9,23]
1000-1050 POs% symmetric stretching vibrations of Q* units [26]
1100 POs% asymmetric stretching vibrations of Q! units [26]
1200 PO, symmetric stretching vibrations of Q? units or P=0O vibration [26]

3P MAS NMR and 3P REFOCUSED INADEQUATE EXPERIMENTS

Figure 4 shows the results from single-pulse 3P MAS NMR experiments for all the
NaPGaW glasses studied in this work. The spectra are broad and poorly resolved, suggesting a
wide distribution of local environments. To facilitate the deconvolutions 1D refocused
INADEQUATE data (Figure 5) were measured for some representative glasses. This
experiment detects only those phosphorus species involved in P-O-P bonds, thereby producing
useful constraints for peak deconvolutions.

For the W-free 80 NaPOs — 20 Gay0s glass, the P MAS NMR spectrum looks very
close to the one published by Ren and Eckert [7] who had also previously suggested a
deconvolution based on a Refocused INADEQUATE experiment. However, as indicated in the
Supporting Materials Section the Refocused INADEQUATE spectrum of our present sample
looks slightly different, suggesting a different deconvolution model (Figure S5). Assisted by
the Refocused INADEQUATE experiment, the present spectrum could be deconvoluted into
seven components at 10, 5, 3.3, -1.1, -5.3, -11.2 and -17.8 ppm. The components at 10, 3.3 and
-1.1 ppm belong to Q° species, whereas the resonances at 5, -5.3, -11.2 and -17.8 ppm have P-
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O-P connectivity and can be attributed to Q! species linked to different numbers of gallium
neighbors (i.e., Q%ca, Q'16a, Q2ca Units) and Q? species linked to one gallium neighbor.

Spectra of samples containing Na;WOQ4 present increased complexity and decreased
resolution. This must be attributed to additional lineshape components arising from the
appearance of new phosphate species, having W atoms in the second coordination sphere. The
deconvolutions shown in Figure 5 must be considered tentative. They were constrained by the
parameters obtained from the Refocused INADEQUATE experiments, however, because of the
limited resolution only estimates of the overall fractional areas of the Q° and the Q* species can
be given. Table 3 summarizes the corresponding lineshape parameters and the Q! and Q°
fractional areas (in %). As, with increasing x, NaPOg is substituted by Na,WOQ4 there is a clear
trend towards decreasing P-O-P connectivity, indicating successive depolymerization of the
phosphate network, leading to a dominance of Q%mw,ca Units (see also Figure S6). In the glasses
with x> 15 Q1162 and Q24 Units are almost completely absent. The Refocused INADEQUATE
spectra show mostly a minor component near +3 ppm, which most likely arises from P,07*
dimers of Qloca species, and a weak shoulder near -8 ppm, which may be attributed to a Q*
component interacting with both gallium and tungsten oxide units.

The compositional evolution observed in the 3P MAS-NMR spectra in the present
system is analogous to the ones observed in the binary systems NaPO3s-Ga»O3, [7] and NaPOs-
WOs3 [9] where it reflects the conversion of P-O-P into P-O-Ga (or P-O-W) linkages eventually
resulting in the Q@mw / Q@nca units that are also found in crystalline NawO2PO4 [27],
Ga(POs)s [7], and GaPO4[7].



Figure 4. 3P MAS NMR spectra of (NaPO3)so-x(Ga203)20(Na;WO,)x (x = 0, 5, 10, 15, 20 and 25 mol%)

glasses under study, showing the proposed deconvolution model into Gaussian line shape components.
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Figure 5. a-f: Single pulse 3P MAS NMR spectra (a, ¢ and e) and Refocused INADEQUATE spectra
(b, d, f), of (NaPOz3)sox(Ga203)20(Na2WOs4)x (x = 0, 5, 10 mol%) glasses. The spectra were deconvoluted
using the appropriate number of Gaussian line shape components. Q°, Q* and Q? units are depicted in
blue, red and green colors, respectively. g, h: experimental single-pulse (black) and Refocused
INADEQUATE (red) spectra of (NaPOz3)sox(Ga203)20(Na2WO4)x (x = 15 and 25 mol%) glasses.
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Table 3. 3P NMR spectral fitting parameters of (NaPO3)s0.<(Ga203)20(Na;WO,)x (x = 0, 5, 10, 15,
20 and 25 mol%) glasses.

Jiso"> FWHM Area
X Phosphorus
Sample . (ppm) (ppm) (mol%)
(mol %) species
+0.05ppm +0.3 2%

NaPGa 0 Q%ca 10.0 7.7 4
Q! 5.0 8.5 4
Q%ca 3.1 6.0 14
Q%ca -1.1 6.5 15
Ql1ca 5.3 7.5 39
Q'2ca -11.2 8.0 20
Q%ca -17.8 8.0 4

NaPGaw5s 5 Q%ca 10.0 6.6
Q%caQca 3.1 6.9 34
Q%ca -1.1 7.4 16
Qica -4.0 75 34
Q'2ca -10.0 8.0 12
NaPGaw10 10 Q%ca 8.6 8.9 10
Q%ca 3.6 5.8 22
Q%m(Garw), 1.5 8.0 33
Q' m(Ga+w) -1.5 8.0 22
Q*m(Ga+w) 6.3 8.0 12
Q' m(Ga+w) -10.7 8.0 1
NaPGaw15 15 Q%ca 8.6 8.9 12
Q%ca 3.6 5.8 25
Qloca 2.7 6.9 17
Q%m(Ga+w) -1.5 8.0 42
Qm(carw) -8.7 7.2 4
NaPGaw?20 20 Q%ca 7.9 8.9 16
Q%ca 3.6 5.8 36
Qloca 2.4 7.3 8
Q m(Ga+w) -1.1 7.4 35

Qlm(Garw) -7.5 8.0 5
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NaPGaW25 25 Q%ca 8.4 8.9 17
Q%ca 3.9 5.8 37

Qoca 3.7 6.9 7

QPm(Ga+rw) -0.4 7.4 35

Q' m(Ga+w) -5.8 8.0 4

ZNa MAS NMR and ®Na{3'P} REDOR. Representative ?Na MAS NMR spectra are shown
in Figure 6. All the NaPGaW glasses exhibit a single broad *Na resonance with a maximum

near —12 ppm. The line shape shows the characteristic asymmetric form arising from a wide

distribution of quadrupolar coupling constants, influencing the signal of the central m = 1/2 —

m=— 1/2 transition of the quadrupolar 2Na nucleus as described by second-order perturbation

theory. The average isotropic chemical shifts (<dis;®>) obtained from Czjzek line shape fits are
listed in Table 4; in addition, the average magnitudes of the quadrupolar coupling constants,
(<|Cq|>), deduced from the distribution width of the Czjzek model, are given [28]. Generally,
these data are consistent with only slight changes in the sodium environment. They show
consistently that the average >Na quadrupolar coupling constant is independent of composition,
while there is a definitive (albeit weak) trend of increasing chemical shift with increasing
Na,WO;4 content. This latter result is consistent with a random anion distribution, in which the
anionic environment of the sodium ions changes gradually from a pure phosphate to a mixed

phosphate/tungstate coordination.
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Figure 6. Na MAS NMR spectra of representative (NaPO3)so.<(Ga203)20(Na;WOs)x (x = 0, 5, 10, 15,

20 and 25 mol%) glasses and simulations based on the Czjzek distribution model.
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Table 4. Na isotropic chemical shifts <&ix®> and average magnitudes of quadrupolar coupling
constants (|Cq|) obtained by Czjzek fits [28] of the Na MAS NMR spectra, and second moments
Mana-p) and Myca-p) measured via #2Na{®'P} and "Ga{*'P} REDOR, respectively, of (NaPOs)so-
«(Ga203)20(Na2WO4)x (X = 0, 5, 10, 15, 20 and 25 mol%) glasses. The reported values for Myxa-p) are
uncorrected whereas the Maca.-r) measured by Ga{*'P}REDOR are corrected using the calibration
factor f = 0.68, obtained by comparison of the experimental data for a polycrystalline Ga(POs)s sample
and the calculated value based on the crystal structure [29], using the Van Vleck equation [30]. Values

marked by asterisks are from reference 7. n.m.- not measured.

<diso">> {|Cql) M2(Na-p) M2(Ga-p)
Sample (ppm) (MHz) (10° rad? s 2) (10° rad? s 2
0.5 ppm +0.2 MHz +10% + 10%)
Ga(POs3)3 - - - 11.1
NaPOs -2.0(-1.6%) 1.3 (2.0%) (3.7%) -
NaPGa -2.9(-4.3%) 1.3(1.9%) (3.0)(3.3%) 11.4
NaPGaws5 3.2 1.3 (2.9) 11.4
NaPGaw10 n.m n.m n.m 9.2

NaPGaw15 -3.8 1.3 (2.6) n.m
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NaPGaw?20 n.m n.m n.m 8.1
NaPGaW?25 -3.9 1.2 (2.2) 6.1

This hypothesis can be tested more rigorously on the basis of 2Na/*'P magnetic dipole-
dipole interactions via the ZNa{*'P} REDOR measurements shown in Figure 7. The 4S/So
values were obtained by integrating the entire line shape and the approximate second moments
M2na-p) Were obtained by applying a parabolic fit to the REDOR data within the range 4S/Sg <
0.2, according to Eq. 3. The corresponding dipolar second moments extracted from these
measurements, Mxna-p), are listed in Table 4. In principle the values have to be corrected by
calibrating the method with a model compound. As in the present study only compositional
trends were of interest, only uncalibrated Mzna-r) values are listed. Clearly, Mz(na-p) shows the
expected linear decrease with increasing Na;WO4 content (decreasing P/Na ratio), consistent
with a random anion distribution. Thus, as tungstate content increases the WO ions contribute
increasingly to the second coordination sphere of the sodium ions, leading to a diminished
strength of Na/P interactions. On the other hand, qualitative 3:P{**Na} REAPDOR data (Figure
8) indicate that the second coordination sphere of phosphorus with the sodium cations remains

unaltered within experimental error in this compositional series.

Figure 7. 2Na{*'P} REDOR dephasing curves of representative (NaPO3)sox(Ga203)20(Na;WO,)x (x = 0,
5, 15 and 25 mol%) glasses. Solid curves show parabolic fits to the REDOR data within the range 4S/So
<0.2, according to Eq. 3.
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Figure 8. 3P{#Na} REAPDOR dephasing curves of vitreous NaPO3 and representative (NaPOs)so-
x(Ga203)20(NazWO4)x (x = 0, 5, 15 and 25 mol%) glasses.
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IGa MAS NMR and "*Ga{3'P} REDOR. Figure 9 shows the results from "*Ga MAS-NMR.
The spectrum observed for the x = 0 sample agrees very well with the one published earlier [7].
All the glasses exhibit three different signals with peak maxima near 100, 10, and -50 ppm,
which can be assigned to four-, five- and six- coordinate gallium species. The relative
quantification of these distinct sites is not possible in the present case, as owing to strong
anisotropic quadrupolar broadening and a distribution of electric field gradient components, the
signals are asymmetrically broadened and show significant spectral overlap with each other and
with the spinning sidebands. Qualitatively, the data suggest that with increasing x the Ga(VI)
concentration decreases initially, passes through a minimum at x = 10 and then increases again.
This result correlates well with the 3P MAS-NMR data, which indicate a significant re-building

of the structure at the x = 10 % composition.
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Figure 9. *Ga MAS NMR spectra of the central transition region of (NaPOs)go-x(Gaz03)20(NazWO4)x (X
=0, 5, 10, 15, 20 and 25 mol%) glasses.
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Figure 10 shows results from "*Ga{3'P} REDOR experiments. Only average Mzca-p)
values according to the parabolic fit to the REDOR data, eg. (3) are estimated by integrating
the whole "*Ga central transition signal, as the individual Ga(lV), Ga(V), and Ga(VI)
contributions are impossible to separate, owing to the overlap of MAS central peaks with one
another and with spinning sidebands arising from the anisotropic second-order quadrupolar
broadening effects. However, dipolar *!P recoupling did not affect the overall lineshape
appearance (data not shown), indicating that the *Ga->!P dipolar interactions are of comparable
strengths for the gallium species in all three of their different coordination states.

For the x = 0 glass a MyGap) value of 11.4x10° rad?s was determined, which is in
good agreement with the values previously reported by Ren and Eckert [7]. They report a value
of 8.4x108 rad?s2, which can be corrected to 11.2x10° rad?s?, estimating a calibration factor f
= 0.75 based on the experimental values reported by them for the Ga(POz)s crystalline
compound. With increasing Na;WOs content, Maca-p) decreases significantly (Table 4),
indicating that the "*Ga-3'P dipole coupling is significantly decreased as other atoms (tungsten
and/or gallium) are appearing in appreciable numbers in the second coordination sphere of Ga®*.

A similar observation has been made in binary Ga>Os-NaPOs glasses, where a drop in MaGa-p)
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at high Ga contents could be related to the onset the formation of clusters forming Ga-O-Ga
linkages [7].

Figure 10. *Ga{*'P} REDOR dephasing curves of representative (NaPO3)sox(Ga203)20(Na;WO)x (X =
0, 5, 10, 20 and 25 mol%) glasses. Solid curves show parabolic fits to the REDOR data within the range
AS/Sp < 0.2, according to Eq. 3.
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4.4 Discussion

The NMR results discussed above reveal that the successive replacement of NaPOs by Na,WO,
in the (NaPO3)sgo-«(Gaz03)20(Na,WOa4)x system leads to a progressive reduction of the number of P-O-P
linkages. While the average Ga coordination number remains virtually unchanged, the REDOR data
indicate significant changes in the local Ga connectivity and sodium coordination, while the effect of on
the glass transition temperature is only moderate. To understand the behavior displayed in Figure 2a, a
discussion in connection with previous results obtained on the base glass system (100-y)NaPOs;—yGa,Os
[7], is instructive. In that system the gallium species are present in four-, five-, and six-coordination,
forming Ga*, Ga® and Ga® units with the second coordination sphere dominated by meta-, pyro, and
orthophosphate species, Q?, Q, and Q°, respectively. The structure of glasses with y < 15 is dominated
by Q% and Q* species, and Ga is dominantly six-coordinated, while in glasses with y > 15 Q° species
dominate and a higher fraction of gallium is four-coordinated [7].

As shown in reference 7 the value of the glass transition temperature in this binary glass system
is strongly correlated with the fraction [BO] of oxygen atoms that are bridging between network former

units. Ty increases steeply within the concentration range 0 < y < 15, as the cross-linking of
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metaphosphate chains by six-coordinate gallium produces increasing amounts of Ga-O-P linkages with
increasing Ga;Os content. In contrast, within the interval 15 <y <20 Tg4 remains virtually constant, i.e.
independent of y. This is the region for which the ?Ga NMR data indicate the dramatic reduction in
average Ga coordination number mentioned above. The latter effect balances the increase in [BO] due
to the increased Ga>03/NaPOs; ratio in a way that [BO] remains more or less constant in this interval [7].
At y-values > 20 (corresponding to Ga,O3/NaP Qs ratios > 0.25) the Ga coordination change is completed
and [BO] keeps increasing again, along with an analogous trend in the Ty values. The composition y =
20 (Ga,03/NaPO; ratio of 0.25), forms the base glass of the present ternary system, (NaPOs)so-
«(Gaz03)20(Na,WOs4)x. Here the partial replacement of the NaPOs component by Na,WO, implies an
effective increase in the Ga,O3/NaPOs ratio to 20/(80-x), ranging from 0.27 (x = 5) to 0.36 (x = 25).
Thus, the increase of T as a function of x seen in Figure 2 can be explained again in terms of an increase
in [BO]. The subsequent decrease of T, for the samples with x = 0.2 and 0.25 cannot be rationalized in
this fashion. We speculate that in this concentration range the tungstate species, assumed to be WO,*
ions become structurally increasingly relevant, contributing not only to an increase in molar volume but
also to a decrease in thermal stability. Finally. the good chemical stability of these glasses can be
attributed to the depletion of P-O-P linkages, which are known to be hydrolytically sensitive.

4.5 Conclusions

In summary the results of the present study indicate that in the glass system (NaPOs3)so-
«(Ga203)20(NazWQa)x (x = 0, 5, 10, 15, 20 and 25 mol%) the partial substitution of the NaPO3
component by Na,WO4 results in significant network reconstruction, resulting in an increase of
molar volume (decreased oxygen packing density), accompanied by a slight increase in Ty
values, which pass through a shallow maximum near x = 10 to 15. Q! units, containing P-O-P
linkages are successively depleted and found to be in low concentrations above the x = 10 level.
While the structure of these glasses is dominated by Q° units, connected to both gallium and
tungstate species, *Ga{3'P} REDOR data suggest significant decreases in the extent of gallium-
phosphorus connectivity with increasing Na;WOs content. Finally, monotonic changes in both
3Na chemical shifts and Mya-p) Values indicate that the anionic surroundings of the sodium

ions evolve from a pure phosphate to a mixed phosphate/tungstate environment.
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ABSTRACT

Tungsten gallium phosphate glasses with composition NaP0O3-20Ga>;03-xNa;WO4 (x =0, 1, 3,
5 and 10% mol) were synthesized by the melt-quenching technique with high chemical stability
and excellent optical properties and evaluated as potential scintillators. Fourier-transform
infrared measurements showed a decrease in the amount of OH groups for increasing
Na>WOs contents, while X-ray photoelectron spectroscopy revealed the presence of sole
WS5* species. Optical transmission measurements showed a high level of transmittance of ~90%
over a broad spectral range from 400 to 2500 nm. Luminescence was found to correspond to a
broad emission characteristic of the WO4? complex that can be excited by ultraviolet and X-
rays with average lifetimes ranging from 32 to 20 ms. At cryogenic temperatures, the NaPGawW

glasses showed a significant increase in the luminescence emission.
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5.1 Introduction

lonizing radiation, such as X-rays, is present in medical, scientific and security
applications such as radiography, crystallography, elemental identification and surveillance [1].
Particularly, the materials science research has been greatly benefited opening a new era of X-
rays imaging analysis [2]. In order to ensure effective and safe use of X-rays, proper handling,
detection, and dose determination are paramount. In terms of X-ray detection, most of the
detectors are based on the scintillation phenomenon which consists in the conversion of the
ionizing radiation into ultraviolet (UV)-visible light [3]. Scintillation can be categorized as
either extrinsic when optically active ions are doped into the scintillator host material, or
intrinsic when functional groups within the structure of the material are responsible for the light
emission. Whichever the mechanism, the emission from the scintillator is collected and
converted into an electrical signal by highly sensitive photomultiplier tubes (PMT) [2,4].

Traditional crystalline scintillators present optimum performance but the manufacturing
methods of single crystals are usually complex, costly, time-consuming and limited with respect
to obtaining large size materials, hindering widespread commercial use of scintillators. The
advantages of the chemical stability, lower fabrication cost, already-in-place high-volume
industrial fabrication of glasses, in various sizes and shapes are strong incentives for the
development of new glass scintillators [5]. Glass compositions containing tungsten oxy-anionic
complexes such as [WOs]® and [WO4]* can be a particularly promising alternative for
monocrystalline intrinsic scintillators. Their emission generates a high number of photons over
a broad spectral region possibly resulting in superior signal-to-noise ratios and short integration
times. To the best of our knowledge, tungsten gallium-phosphate glasses have not been
investigated as scintillators. In this work, we report on the fabrication and characterization of
glasses in the compositional system NaPOz - Ga>03 - Na;WO4 with variable concentration of

tungsten as potential scintillators for X-ray detection.

5.2 Experimental procedure

Tungsten gallium-phosphate glasses, hereafter abbreviated as NaPGaW, were prepared
via the melt-quenching technique according to the stoichiometric compositions (80 - X) NaPOs
- 20 Ga203- x Na2WO4 (x=0, 1, 3, 5 and 10% mol) as summarized in Table 1. The powders of

the raw materials were thoroughly mixed in an agate mortar and melted in a platinum crucible
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in a furnace at 1000 - 1050 °C, depending on the Na,WOQ4 content. Approximately 8 x 8 mm?
and 2.5 mm thick polished plates of the NaPGaW glasses were used for the optical
transmittance, absorption, Fourier-transform infrared (FTIR) absorption, photoluminescence
excitation (PLE) and emission (PL) measurements at room temperature. For the photophysical
characterization, we secured that all the studied samples had the same dimensions. For the X-
ray photoelectron spectroscopy (XPS) and radioluminescence (RL) measurements, the glasses

were powdered and used in powder form.

Table 5. Glass label and nominal composition (mol%) of NaPGa and NaPGaW glasses.

Nominal composition (mol%)

Glass label
NaPOs3 Gaz03 Na, WOy
NaPGa 80 20 -
NaPGaw1l 79 20 1
NaPGaw3 77 20 3
NaPGaw5s 75 20 )
NaPGaw10 70 20 10

FTIR analysis was carried out with an Agilent Cary 630 FTIR operating in attenuated
total reflection (ATR) mode. XPS analysis was performed with a spectrometer ScientaOmicron
ESCA+ XPS equipped with a high-performance hemispherical analyzer (EAC2000) with
monochromatic Al Ka radiation (hv = 1486.6 eV) as the excitation source. XPS spectra were
recorded at constant pass energy of 20 eV with 0.05 eV per step for the high-resolution spectra
and the data were analyzed using the CASA XPS software. The optical transmission and
absorption measurements were carried out using a UV-Vis-NIR Perkin-Elmer double-beam
spectrometer model Lambda 1050 in the range 250-2500 nm, with a spectral resolution of 1
nm. The PLE and PL spectra of NaPGaW glasses were recorded with a HORIBA Jobin Yvon
spectrofluorometer model Fluorolog-3 equipped with a 450 W CW Xenon arc lamp as the
excitation source. The excited state lifetime values were measured in the same
spectrofluorometer using a pulsed Xe lamp, and the decay curves were analyzed using the
DAS6 software. Temperature-dependent experiments (80-300 K) were carried using the same

spectrometer (Fluorolog-3) coupled to a temperature controller model Linkam THMS600. RL
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measurements were recorded with a Freiberg Instruments Lexsyg Research spectrofluorometer
using a Varian Medical Systems VF-50J X-ray tube with a tungsten target as the X-ray source.

More details can be found in [6].

5.3 Results and discussion

Figure 1(a) shows a photograph of a representative NaPGaW glass in ambient light
highlighting its high optical transmittance, and 1(b) shows the luminescence of the whole series
of glasses under UV excitation where the glasses were placed in ascending order of Na;WO4
content (left to right). The first glass shown on the left in Figure 1(b) does not have Na;WOs in

its composition. All NaPGaW glasses are colorless, transparent, and are non-hygroscopic.

Figure 1. Photographs of the NaPGa and NaPGaW glass samples: (a) a representative glass in ambient

light and (b) the whole series of luminescent glasses under UV light (300 nm).

Fourier Transform Infrared (FTIR). FTIR spectra of NaPGa and NaPGaW glasses

in the frequency region between 4000 and 700 cm™ are presented in Figure 2. A broad band
centered at approximately 3300 cm™ (a) can be observed, which is attributed to symmetric
stretching of O-H groups in H20 molecules present in the glass structure [4]. In the inset, a
magnified view of this region is presented, evidencing the decrease in this band as a function
of Na2WO4 content. This indicates the increase in chemical stability of the NaPGaWw glasses
for increasing Na;WO4 contents. The band located between 2300 and 2200 cm™, observed in
the spectra of all glasses, is assigned to molecular CO> present in the atmosphere [7]. The band
centered at 1640 cm™ (b) is assigned to the bending vibration mode of OH groups [4,8]. The
low relative intensity of the OH- related bands indicates the excellent quality of the NaPGawW
glasses. In the frequency range 1300 to 650 cm™, four bands can be observed. The band at 1150
cm (c), evident in the spectra of the NaPGa, NaPGaw5 and NaPGaW10 samples, is attributed
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to the asymmetric vibration of PO units. The band at 1050 cm™ (d) is attributed to symmetric
stretching modes of tetrahedral Q° groups (PO4)* [9], while the band at 870 cm™ is assigned to
P-O-P asymmetric bending vibrations. These last three bands do not change significantly with
increasing Na,WO; content. A different behavior can be noticed at 750 cm™, a band attributed
to the presence of symmetric stretching modes of the bridging oxygen (Og) bonded to a
phosphorus atom in a Q2 phosphate tetrahedron [10]. This band disappears when Na,WOj is
added, indicating that the addition of Na,WO4 favors the depolymerization of the phosphate

network.

Figure 2. FTIR spectra of representative glasses. The inset shows a magnified view of the region where

the stretching mode of OH is located.
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X-ray photoelectron spectroscopy (XPS). Seeking for a better comprehension of the
origin of the broadband emission of NaPGaW glasses (discussed below), an investigation of
the samples by high-resolution XPS was carried out. Figure 3 shows the W 4f (a), Ga 2p (b),
and P 2p (c) XPS spectra of the representative glass NaPGaWs5. In the XPS spectrum of W 4f
level, two peaks centered at 37.7 and 35.6 eV are fitted by Lorentzian-Gaussian and are
attributed to the W 4fs; and W 4f7, levels of the WS ion, respectively. The presence of other

oxidation states of W was not observed, confirming that the broadband observed in the visible
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region is attributed to hexavalent tungsten. Furthermore, Figures 3 (b) and (c) presents the XPS
spectra of the Ga 2p and P 2p core levels, respectively. For the Ga 2p core level, two peaks
centered at 1145.2 and 1118.3 eV can be observed, which are, respectively, the binding energy
(Ep) of electrons in the 2p1/2 and 2pa2 levels of gallium in the Ga®* valence state [11]. The XPS
spectrum of the P 2p core level (see Fig 11c), in turn, is decomposed into two peaks with Ep =
134.2 and 133.1 eV and with an energy difference between these peaks AE, = 0.9 eV, AEp
characteristic of 2p1y2 and P 2ps2 [12]. The binding energies of these elements for all glass
samples can be found in Table 2, which clearly shows that there are no significant changes as
a function of the Na,WQj4 content. Interestingly, we did not observe any significant change in
the W 4f spectrum of the NaPGaw10 glass that could corroborate our hypothesis of the
presence of different W species in this glass in comparison to the other glasses with lower
concentrations of Na,WOs. We tentatively attribute this to the small concentration of the other

W species coupled to the sensitivity of the XPS detection system.

Figure 3. XPS high-resolution spectra of a) tungsten 4f, b) gallium 2p, and c) phosphor 2p of the
NaPGaWs glass.
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Table 2. Peak positions (in eV) obtained from curve fitting of the P 2p, Ga 2p, and W 4f XPS spectra
of the NaPGa and NaPGaW glasses.

Peak position (eV)

Glass label
W 4f Ga 2p P2p
NePG © Imeo 139
NaPGaw1 e 1e 1350
NaPGaWw3 ol e 1250
NaPGaws ggg ﬁ‘l‘gﬁ ﬁgi
NaPGaW10 oY e 1350

Optical Transmission Spectroscopy. Figure 4 shows the transmission spectra of
NaPGaWx (x = 0, 1, 3, 5 and 10 mol%) glasses. All the samples exhibit high transparency (=
90%) in the 400 to 2500 nm range, indicating that these glasses can be absorption free hosts for
various rare-earth ions. By increasing the content of Na;WO,, the absorption edge of the
NaPGaW glasses shifts towards longer wavelengths (cf. Fig. 4). This shift can be explained by
the increase of the covalent character of the vitreous network, which is attributed to the insertion
of WO, polyhedra between PO4 units of the phosphate network [13]. Since the optical energy

gap arises from the electronic transitions from the conduction band to the valence band, it can
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be inferred that the progressive incorporation of Na,WOs in the vitreous network reduces the
optical energy gap between these bands.

Figure 4. (a) Transmittance spectra of the NaPGaW glasses in the UV, visible, and near-infrared ranges

and (b) redshift in function of tungsten content.
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Photoluminesce excitation and emission. The photoluminescence excitation and
emission spectra of NaPGa and NaPGaW glasses at room temperature are shown in Figure 5.
It is noted that the excitation spectra obtained by monitoring the emission at 570 nm could only
be collected starting at 280 nm due to limitations of the spectrofluorometer detector.
Consequently, only the excitation spectrum of the NaPGaWs5 glass is presented for illustrative
purposes.
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Figure 5. PLE excitation spectrum of NaPGaW5 monitoring the emission at 570 nm (dashed green ling),

and PL emission of NaPGa and NaPGaW glasses measured under excitation at 290 nm (solid lines).
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In phosphors, crystals, and films of tungstates like CaWQOs4, BaWOs, SrWO4, and
PbWO4 [14-16], the excitation band covers a broad range within the 200 ~ 350 nm spectral
region, peaking at about 280 nm. This excitation band is ascribed to the charge transfer band
(CTB) from the oxygen 2p orbitals to one of the empty tungsten 5d orbitals within the WO4*
groups. This is consistent with our results shown in Fig. 5.

The emission spectra of the NaPGa and NaPGaW glasses were collected upon excitation
at 290 nm (solids lines in Fig. 6). The glass without Na;WO34 (black line) does not present
emission in this region, confirming the emission observed in the other glasses to be related to
the tungstate groups. The NaPGaWx glasses with x = 1, 3, 5, and 10 mol% Na,WO4 present a
broad emission in the spectral range from 420 to 800 nm. The origin of the broad visible
emission band presented by tungstates, as well as molybdates, is quite polemical in the
literature. It is generally accepted, however, that the emission of tungstates and molybdates like
Na;WOQ4, CaWO., and CaMoOas with scheelite structure results from the radiative
recombination of self-trapped excitons (STEs) localized at WO4>~ molecular ions [16-18]. It is
also known that NazWOy is built up by isolated tetrahedral WO4>~ units and that all the bonds
in the structure are terminal (i.e., two W=0 and two W-0O"[19]), as schematized in Figure 6. As
indicated in the energy level diagram of Fig. 6, when excited by short wavelength radiation (*A1

— 1T1,1T, transitions) the WO4? complex yields two emissions at 460 nm and at 520 nm. The
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blue emission (°T, — 1A transition) is attributed to the WO, tetrahedron while the green one
(T1 — Ay) is attributed to WO3 defect centers associated with oxygen vacancies, however,
sometimes it is attributed to intrinsic transitions in the WO42 complex [20]. These two
emissions are clearly present in the spectra of NaPGaW glasses. Furthermore, a component
between 600 - 650 nm also seems to be convoluted in the spectra of Figure 5, which has been
previously observed and is believed to originate from the transitions in a WO3 group or higher
tungstate complexes, which once again indicates the presence of a variety of tungsten species
in the glasses [15,20].

Figure 6. Left: Structure of Na,WO, and WO.? tetrahedra. Right: Schematic energy level diagram (not

to scale) of the emission processes in the WO, complex in the scheelite structure.
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Another interesting aspect shown in Fig. 5 is the fact that the intensity of the broad

emission band increases with the increasing concentration of Na;WO4 up to 5 mol%, and then
decreases for higher concentrations. We hypothesize that for higher tungsten concentrations,
the formation of additional anionic species such as the complex W0~ is highly probable and
the variations in intensity are related to the relative contributions of these different species.

To evaluate the colorimetric performance of the NaPGaW glasses, the emission colors
were analyzed using the Commission Internationale de I'Eclairage (CIE, 1931) chromaticity
coordinates (x, y). For the most emissive NaPGaWs5 glass, the CIE coordinates are shown in
Figure 7. They are x = 0.38 and y = 0.46 while the correlated color temperature (CCT) equals
4300 K. The other glasses showed no significant differences in the values of chromaticity

coordinates and color temperature and thus are not shown in Figure 7.



73

Figure 7. CIE 1931 diagram of the representative NaPGaWs5 glass.
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Motivated by an increasing number of applications of scintillators at low temperatures,
like cryogenic experiments searching for rare events [21-23], we investigated the luminescence
of NaPGaW glasses over a wide temperature range, as the luminescence resulting from STEs
is a process that exhibits strong temperature dependence. Figure 8(a) shows the variation of the
PL emission response of NaPGaWs5 glass over the 80-300 K temperature range. At lower
temperatures, the lack of thermal energy favors radiative recombination and higher emission
intensities are expected. Figure 8(b) shows the integrated emission intensity as a function of the
temperature for the NaPGaWws5 glass. At 80 K, the integrated intensity is about 16x higher than
at room temperature. In Fig. 8(c), it is possible to observe that a progressive inhomogeneous
broadening of the band on the high energy side takes place for temperatures above 80 K

indicating vibronic coupling [24].
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Figure 8. (a) Temperature dependence of the emission of representative glass NaPGaWw5 in the 300 —
80 K temperature range under 290 nm excitation. (b) Integrated area of the broad emission band of the
NaPGaWs5 glass as a function of temperature (80-300 K). (c) Normalized PL emission of the NaPGawW5

glass as a function of the temperature.
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Luminescence decay lifetime. The luminescence decay curve of the NaPGaWs5 glass
measured at room temperature is shown in Figure S1 along with the curve of the pulsed laser
decay (at 290 nm). Considering that the broad emission has contributions from more than one
luminescence center, the lifetime decay curves were interpreted as a distribution of decay times.
The decay curves were fitted with three exponentials and taking into account the different
weights, with the resulting lifetime values ranging from 32 to 20 us being considered as average
values (Fig. 9). Overall, the average lifetime decreases for higher Na;WOs contents, in
agreement with previous reports in the literature for tungstate glasses and crystals [25,26].
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Notably, a good compromise between emission intensity and a short lifetime is achieved by the
NaPGaWs glass.

Figure 9. Average lifetime values as a function of the Na,WO, content. The dash-dotted line in the
figure is a guide for the eyes.
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Radioluminescence. To evaluate the capability of NaPGaW glasses to detect X-rays,
RL spectra of all samples were obtained at room temperature, as shown in Figure 10. A broad
band centered at approximately 550 nm was observed, similar to the one observed upon UV
excitation. As discussed in the UV case, the NaPGa glass did not present emission in this
spectral region. Contrary to the case of the PbWO, scintillator, in which the emission
mechanism arises from Pb?* and WO4?% ions and energy transfer mechanisms between radiating
centers lead to a fast decaying but low intensity scintillation at room temperature, in the case of
the present glasses the emission originates from the radiative recombination of self-trapped
excitons (STEs) localized at WO4>~ ions [27,28]. The emission intensity increases with
increasing concentration of tungsten oxide up to 5 mol% and then decreases for higher
concentrations, as also observed for UV excitation. Whatever the excitation mechanism, UV or
X-rays, the emission bands of the NaPGaWw glasses match very well with the spectral sensitivity
region of Si photodetectors and photomultipler tubes, being in the same spectral region of the
emission of the well and long known scintillators BisGe3O1. (BGO) and CdWO4 [28,29].
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Figure 20. Radioluminescence spectra of the NaPGaW glasses under X-ray excitation.
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Although it is not the aim of this work to propose our glasses as promising substitutes
for well established commercial scintillator crystals as BGO, a comparison of emission
intensities of samples with very similar dimension and under the same experimental conditions
(Fig. S2) indicates that the emission of the glasses are incomparably lower than the crystal,
which is not surprising, given the different compositions and nature of the materials. Still, this
result indicates that, given the previously mentioned cost and production constraints of crystal
obtainment, there are many opportunities for the development of glass scintillators with, so far,
very few reports in the literature. As to the new tungsten gallium-phosphate glasses, they might

find use in specific applications not requiring high levels of intensity.

5.4 Conclusions

Tungsten gallium-phosphate glasses were successfully synthesized by the melt-
quenching technique with high stability and excellent optical quality aiming at application in
scintillating detectors. The synthesized glasses present high optical transparency (~ 90%) in the
300-2000 nm region enabling their use in a wide spectral region. XPS analysis indicate the sole

or predominant presence of W®*, in agreement with luminescence results suggesting WO4>
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complexes as the luminophore. The NaPGaW glasses present a broad visible emission under
UV and X-ray excitation ascribed to the radiative decay of self-trapped excitons characteristic
of the WO4> complexes. When at cryogenic temperatures, the NaPGaW glasses showed
enhanced luminescence. The average luminescence decay lifetime for the NaPGaW glasses is
the order of 20-32 us, compatible with applications demanding a fast response. In summary,
the results suggest the NaPGaW glasses to have potential as a glass scintillator, including at

cryogenic temperatures.
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ABSTRACT

In view of their promising application as UV and X-ray scintillators, undoped and Th**-doped
(0.5 — 10 mol%) gallium tungsten-phosphate glasses, in the new compositional system NaPOs-
Ga203-Na;WOs4, have been prepared and characterized by UV-vis absorption,
photoluminescence excitation and emission, and excited state decay 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 °Ds of Tb%* is
related to dipole-dipole interaction. Additionally, a theoretical model was successfully
employed to establish a correlation between the emission color variation due to changes in the
green to blue emission ratio (Ic/lg). The emission spectra of the undoped and Tb**-doped
glasses were measured under UV and X-ray excitation. From the viewpoint of UV-sensing,
samples doped with up to 7.0 mol% Tb®" do not present visible emission quenching, whereas
X-ray sensing is not prone to quenching at all. These characteristics, associated to the high
density, chemical and mechanical stability of the glasses evidence their promising use in

scintillating devices.
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6.1 Introduction

A scintillator functions as a wavelength shifter. It converts the energy of a charged
particle (o 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 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 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. Extrinsic
luminescence, on the other hand, originates from metallic dopant ions, commonly involving the
f-f and f-d transitions of Tb**, Eu?* and Ce®*" [1,4,5]. Typically, scintillators are made from
inorganic single crystals with high emission efficiency and energy resolution, such as LaBr3:Ce
and BGO that are commercially available 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 demonstrated for glass scintillators, which can
provide cost-effective, large-scale production, being easily processed into complex geometries
such as 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 properties such as high thermal expansion coefficient and easy processing due to the
low melting temperature (compared to silicate glasses) [8-11]. Besides, phosphate glasses allow
higher rare earth (RE) ions solubility than other oxide glassy matrices such as silicates and
borates, i.e., the RE luminescence quenching phenomenon 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 phosphate glasses by introducing
several glass formers and modifiers such as CaO, MoO3, Ga>,03, WOs3, Ta.03, Sh203, 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, biocompatibility, etc. The new glass system investigated in this
work is based on the composition NaPOs-Ga,03-Na:WO4 (NaPGaW). The addition of both

Na;WO4 [14,16] and Ga203 [17,18] modifiers is known to enhance mechanical, and thermal
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stabilities, chemical durability of phosphate glasses and makes this glass system interesting 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 4f-4f transitions, known to have strong emission in the
UV-Vis-IR region, Tb®" is one of the most interesting dopants with potential for application in
solid state lasers, 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 °D3 (379-456 nm) and °D4 (487-620 nm), are susceptible to the presence of
energy transfer (ET) mainly through the cross-relaxation mechanism (W,Sf, 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 °Ds and favoring the emission from °Da.

Typical host media (insulators or wide bandgap semiconductors) exert limited influence
on the RE transitions due to the effective screening of 4f electrons by the outer shell orbitals
5p, 5d and 6s. Since the first that 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, Th**-doped gallium
tungsten-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 radiation [28].

In this work, we present detailed spectroscopic investigation of these novel NaPGawW
glasses with special emphasis on energy transfer studies of the Th®" doped samples. Because
the excited states °Ds and °D4 are connected via a cross relaxation mechanism, whose efficiency
depends on Th®*" concentration, a thorough characterization is important 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 by the
Inokuti-Hirayama (IH) model, and the color of the samples, associated to the ratio of green to
blue emission intensity ratio Ic/lIs 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 scintillators.
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Figure 1. Partial energy level diagram of Th®* illustrating the pump power rate (Ri4), radiative decay
rates (As1, As2, Aa, A, Ass), the cross-relaxation process (W,SR) and W,5 which corresponds to the

sum of all independent decay rates from °Ds.
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6.2 Experimental procedure

Undoped and Tb®" doped gallium tungsten-phosphate glasses with composition
60NaPO3—(20-x)Ga203-20Na;W04.2H,0—xThCl3.6H20 (x = 0, 0.5, 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 atmosphere. Immediately after the quenching,
the melt was poured into a preheated stainless-steel mold at 280 °C. In order to minimize the
internal 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) which were calculated according to the Archimedes
principle, using distilled water as an immersion liquid, at room temperature.

The UV-Vis-NIR ground state absorption spectra of the samples were recorded using a
Perkin-Elmer Lambda 1050 double-beam spectrometer in the range 250-800 nm with a spectral
resolution of 1 nm. The photoluminescence (PL) excitation and emission spectra of the undoped

and Tb*'-doped glasses were recorded in a HORIBA Jobin Yvon spectrofluorimeter model
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Fluorolog-3, equipped with 450 W CW Xenon arc lamp as an excitation source. The excited
state lifetime values were measured in the same spectrofluorimeter, using a pulsed Xe lamp.
Radioluminescence (RL) measurements were recorded in a Freiberg Instruments Lexsyg
Research spectrofluorometer equipped with a Varian Medical Systems VF-50J X-ray tube with
a tungsten target. These measurements were performed in collaboration with the Jacobsohn

research group at the University of Clemson, in the USA.

Table 1. Glass label, nominal composition (mol%) and volumetric density (p).

Nominal composition (mol%)

Glass label @ /gmg)
NaPO3 Ga203 Na2WO4 ThCl3

NaPGa 80 20 i - 3.04
NaPGaw20 60 20 20 0 3.62
NaPGawo0.5Tb 60 195 20 0.5 3.63
NaPGaW1Th 60 19 20 1 3.63
NaPGawW3Tb 60 17 20 3 3.60
NaPGaWw5Thb 60 15 20 ) 3.72
NaPGaW7Th 60 13 20 7 3.70
NaPGaw10Th 60 10 20 10 3.82

6.3 Results and discussion

All the glass samples were obtained colorless and transparent with good chemical
stability under the ambient atmosphere. Photographs of the undoped NaPGaw and

NaPGaW:Th** samples under ambient light and UV lamp excitation are shown in Figure 2.
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Figure 2. Photographs of the undoped glass under (a) ambient light, and (b) UV excitation (326 nm).
(c) Photographs of the Th®" doped glasses under UV lamp excitation (376 nm), in ascending order of
Th-concentration (0.5, 1.0, 3.0, 5.0, 7.0 and 10.0 mol%) from left to right.
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Undoped glasses

According to Table 1, the undoped NaGaW?20 glass presented higher density than the
analogue glass NaPGa without sodium tungstate. This result is expected due to the higher molar
density of Na;WO4.2H,0 (p ~ 4.18 g.cm™3) when compared to that of NaPOs (p ~ 2.48 g.cm™3).
The volumetric density of the NaPGaW?20 glass is similar to commercially available inorganic
single crystal scintillator Nal:T1 (3.67g/cm?®) [29] and superior to the Li-glass scintillator (Ce3*-
doped °Li silicate, GS20®) (2.5 g/cm?®) [30].

Figure 3 presents the absorption spectra of the NaPGa and NaPGaWw20 samples,
recorded in the wavelength range 250-800 nm. A wide transmittance window indicates that
both glasses are suitable for several rare earth doping. It can also be seen that when adding
Na,WOg, the absorption edge of the NaPGaWw20 glass in the UV shifts towards longer
wavelengths (redshift) 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 insertion of WO,
polyhedral, which link PO4 forming a highly covalent three-dimensional network [31,32].

It is well known that tungsten cations present four oxidation states, W3 to W®*, and the
amount of each state is dependent on the composition and melting conditions of the glass. The
strong UV absorption band around 350 nm due to the 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 tungsten in the studied glasses [16].
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Figure 3. Ground state absorption spectra of NaPGa and NaPGaW20 glasses in the UV-Vis region.
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Figure 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 centered at approximately 570 nm, corresponding to the yellow emission seen
in Fig. 2(b), can be observed. Scheike et al. [33] reported an emission centered at A = 530 nm
in WO3-P20s-Zn0O glass. Wen et al.[34], observed a similar emission band centered at 465 and
496 nm in the tungsten-doped glasses (NaxW0Oa4.2H20)0.01(PbO)ag.99(B203)s0 and
(Na2W04.2H20)0.5(PbO)49.5(B203)s0, upon excitation at 332 and 343 nm, respectively. The
(WO3)0.5(Si02)495(Na20)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 MgWO4, the broad
band at approximately 540 nm is ascribed to the radiative decay of self-trapped excitons (STEs)
at the (WO4%") complex[35]. Based on these observations, the emission at about 570 nm was
ascribed to the (WO4%") ion.

In the last years, attempts were made to explain the STE radiative 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.

Recently, a new model known as broadband model was proposed. 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
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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 ZnWO4 crystals[40] and other forms[41], this
excitation band is assigned to charge-transfer transitions from the oxygen (O?) to the tungsten

(W®*) ions in the WOs molecular complexes.

Figure 4. Photoluminescence excitation and emission spectra of NaPGa (black spectrum) and
NaPGaW?20 (red spectra) glasses.

NaPGa
E‘ Excitation Emission —— NaPGawz20
T 1.0- NaPGaw20
S
o [\ hege = 326 NM
[
L hon= 574 NM
=
‘®
c
9
=
5 051
[1}]
N
©
£
(o)
=
0.0 sl

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Besides UV excitation, the emission spectra of the undoped gallium tungsten-phosphate
glasses were also investigated under X-ray excitation. The room temperature RL spectra shown
as Figure 5 presents 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 STESs at WOg®"
complexes. Also, similar to the case of UV excitation, the NaPGa glass did not present any
luminescence in the investigated range. It is worth noticing that this broad emission band
observed under both, UV and X-ray excitation, overlaps quite well with the absorption range
of CCD detectors and silicon photomultipliers [29], allowing for the use of these glasses as

optical sensors.



89

Figure 5. Radioluminescence spectra of NaPGa and NaPGaW20 glasses under X-ray excitation.
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Tb3* doped samples

As it can be seen in Table 1, the volumetric density values of doped glasses increase
with the increasing substitution of Ga>Os by ThClz.6H20. 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 scintillator Nal:TI (3.67g/cm®") [29], and
superior to Th silicate glass (3.03 g/cm®) [42] and ®Li-glass scintillator (Ce**-doped °Li silicate,
GS20®) (2.5 g/cm?®) [30].

Figure 1 shows the partial energy level diagram of Th3* in the energy scale up to 30 x
10% cm™ above the ground state multiplet 'Fs of the 4f® configuration. Selected radiative
transitions are indicated by continuous lines whereas non-radiative relaxation processes are
indicated by dashed and curved lines. The rich energy level diagram favors detrimental intra-
and interionic energy transfer processes. In particular, the resonant CR efficiently quenches the
SDs-fluorescence at high doping levels [59-61], as it will be discussed throughout this section.

UV-Vis-NIR absorption spectra of the NaPGaW:Th** glasses are shown in Figure 6. In
the UV-Vis region, four absorption bands at 351 nm, 368 nm, 377 nm and 485 nm are assigned
to the optical transitions of Th®* ("Fé — °Lo, °L1o, °D3 and °Ds), respectively. The broad UV-



90

absorption band overlapped in the range 320 - 400 nm is associated with tungsten absorption.
In the NIR region (inset), two absorption bands can be observed centered around 1900 nm and
2218 nm, assigned to the transitions ‘F¢ — ‘Fo.1.23, as indicated. Furthermore, it was found that

all the absorption bands intensities increased with increasing ThCls concentration.

Figure 6. Absorption spectra of NaPGaW:Th3" glasses in the UV-vis and IR region (inset).
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Fig. 7(a) shows the excitation spectrum of the NaPGaW:5.0Tbh glass measured by
monitoring the green emission of Tb** ions 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
("Fe) of Th®" to the excited states °He, °Hz, 5L7, (°Ga4 + °Lg), °Gs, °L1o, °D3 and °Dy, respectively.
The other Tb**-doped NaPGaW glasses showed identical excitation peaks position as the
NaPGaW:5Tb glass sample. The linear dependence of the integrated area of 'Fs — °Ds (blue)
and "Fs — °D4 (green) absorption bands on the dopant concentration is shown in Fig. 7(b) and
(c), respectively. The °Ds and °Ds levels are particularly important, since they are the only

metastable levels of Tb3* in the visible range.
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Figure 7. (a) Excitation spectrum of NaPGaW:5.0Tb glass, Aem = 542 nm. (b)-(c) The dependence of the

Th®* concentration on °D3 and °D4 absorption bands (integrated area).
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The emission spectra of the NaPGaW: Tb** glasses were measured with excitation at 376
nm ("Fe — °Dj transition, Fig. 1) and are shown in Fig. 8. In order to highlight the ET process
and the luminescence behavior, each spectrum in Fig. 8 was normalized to the intensity of its
highest peak (°Ds — Fs). The peaks in the blue spectral region, 1B, (413, 435, 456 nm) are
assigned to the °D3 — ’F; (J = 5, 4, 3) transitions. The peaks in the green-red region, IG, (487,
542, 583 and 620 nm) are assigned to °Ds — 'F; (J = 6, 5, 4, 3) transitions. Among these
transitions, the magnetic dipole one, corresponding to the green emission °Ds — Fs at 542 nm,
1s the most intense one, satisfying the selection rule AJ =+ 1. All the emissions involving the
SDj state are markedly affected by the Th®* ion concentration. The blue to green color change
of the fluorescence (see inset in Fig. 8) of the fluorescence is mainly due to the following CR
mechanism [45-47]:

D3 + 'Fo — °Dg + Fe, 1)

since the energy gaps between °D3 - °D4 and “Fe - 'Fo are remarkably similar (Fig. 1).
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Figure 8. Concentration dependence of the °Ds — ’F;=5-3 (blue) and °Ds— ’F; = 6-3 (green) emission
spectra under UV excitation (hex.= 376 nm) of Th**- doped NaPGaW glass. All spectra were normalized
by the peak of the °Ds— ’Fs transition (542 nm). Inset: °Dsz — ’F; = 3-5 (blue circle) and °Ds — "Fj= 3-

6 (green square) non-normalized integrated area as a function of Th®* concentration.
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As discussed above, the glasses present variations of the relative emissions intensities
depending on the doping content. The CIE 1931 coordinates of the Tb**-doped NaPGaw
glasses were computed, as illustrated in Fig. 9 and Table 2. With a change in the Tb*" ion
concentration 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 emitting-color of the samples gradually changes from blue to green, with an
increase in the Th3" ion content. The CIE chromaticity coordinate of NaPGaW7.0Tb is close to
commercial fluorescent powder MgAl11019:0.67Ce3*,0.33Th%* (0.3300, 0.5950), suggesting
that NaPGaWTb can also be a potential candidate in the solid white light field.
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Table 2. Tb population density (N:), concentration dependence of the blue-to-green intensity ratio under

376 nm excitation (I3 /1), the CIE chromaticity coordinates (x,y), the decay times 75 7 (°Da), 75 (°Ds)

and the °D4-fluorescence quantum efficiency, ns.

o> o I6/1 CIE 1%24 Ij(;q:)s s
(mol)  (x10%cm) clie (x,y) (* m's ) (@ m's ) (£ 0.09)
0.5 2.90 2.1 0.2606, 0.3853 2.59 0.82 1.0
1.0 5.80 5.0 0.29009, 0.4890 2.27 0.62 0.88
3.0 174 22.1 0.3152, 0.5722 2.07 0.31 0.80
5.0 29.8 54.5 0.3211, 0.5916 2.03 0.17 0.78
7.0 41.8 112 0.3238, 0.5987 1.84 0.11 0.71
10.0 61.3 * 0.3261, 0.6042 1.61 0.066 0.62

*The lg/lg ratio was not calculated because 1z—0.

Figure 9. CIE 1931 chromaticity diagram for Tb**-doped NaPGaW glasses under UV (376 nm)

excitation.

520

CIE 1931

Fluorescence decay analysis is very helpful to understand the ET mechanisms and

quenching behavior of Th**-luminescence. Indeed, the fluorescence decay is determined by the

addition of the radiative decay rate (A) to nonradiative processes due to ET processes (self-
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quenching, multiphonon emission (WMP), hydroxyl groups (OH") and other impurities)[48].
Thus, the measured lifetime (t®®) can be expressed as follows

= A+ WET f WMP 4 WOH 4 ... | )

Texp

Experimental emission °D4 and °D3 decay under UV (376 nm) excitation are presented
in Fig. 10(a) and (b), respectively. The effective lifetimes were obtained from the fluorescent

decay curves, | (1), by:

_ J t1(t) dt
ST dt

7exp

®)

The °D4 — "Fs emission decay curves presented in Fig. 10(a), were well fit by a single
exponential function for all doping concentrations up to 10 mol%. However, the lifetime values
decrease from 2.59 to 1.61 ms when Th®" concentration increases from 0.5-10 mol%. Such a
behavior of the °D4 excited state lifetime is due to the large population of this level, which
increases the probability of energy migration. 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. w*? should be negligible due to the very large
energy gap (~15000 cm™2) below the D4 level, corresponding to ~ 16-phonons considering the
phonon cut-off frequency of the NaPGaW20 glass (~950 cm—1). Therefore, we can conclude
that the experimentally observed lifetime in the Th3+ zero-concentration limit (z5,") should be
close to °D4 radiative lifetime, 7594~ 15,7 = (2.59 £ 0.05) ms. Consequently, the concentration
dependence of the °D4 quantum efficiency can be estimated by n; = 57 /¢53F, as shown in
Table 2.

The decay curves from the °Ds (level 4 in Fig. 1), on the other hand, exhibit a clear non-
exponential character, as shown in Fig. 10(b). Their effective lifetimes, z;*", decrease from
0.82 to 0.07 ms, upon increasing the Th3" concentration from 0.5 m to 10 mol%. A similar
behavior was observed in most Tb®" doped materials (crystal and glasses) and attributed to the
CR process given by Eq.(1) depicted in Fig. 1.
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Figure 10. Decay curves for (a) the °Ds — "Fsemission and (b) for the °D; — "F4emission of Th**-doped

NaPGaW glasses. Solid gray lines are given by Eq.(3).
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The decay curves can also provide some insight about the energy transfer microscopic
parameters using the Inokuti-Hirayama (IH) model that assumes Th*" ions are randomly
distributed in the glass structure [46,49-51]. For instance, considering °Ds - °Ds Cross-

relaxation, it is possible to obtain the critical distance RO from the concentration quenching

data. Ro is defined as the critical separation 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].

t
1(6) = lyexp —TW—Q(

0

The first term (/757 represents the emission of Th®* 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 —2) % where I' is the Gamma
0

e\ s
T

(4)
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function, Nt is the number of acceptors per unit volume, N, is the volume of donor’s sphere of
influence and ) is intrinsic lifetime.

1()

3
1 ) - TILH] as a function of In (T,LH) , Which from
0 0 0

Figure 11 shows the plot of In [—ln(

Eq.(4) should yield a straight line with a slope of 1/s. From these fits, the average value of s =

6.2 £ 0.7 was obtained, close to 6 as expected for a dipole-dipole interaction and observed in
most Th®* doped glasses [43,44,46,49]. Using s = 6 we have Q= \/E% resulting in No = (1.23+
0

0.06) x10%° 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

6
the donor-acceptor ET parameter Cp, = RO/TO, we obtained Ro=(18.0+0.8) Aand Cp, = (4.5

+ 0.5) x107° cm®/s. These results are similar to the values obtained in Th**-doped phosphate

glasses [43].

3
Figure 11. Plots of experimental datain [—ln (Ig—t))—r,%] versus ln (T,LH) relative to the blue
0 0 0

emission. Solid gray lines are Inokuti—Hirayama (IH) curves fit given by Eq(4).
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After this detailed analysis of the fluorescence decay, we can quantitatively analyze the
link between the ratio Ic/lg and the CR process (see Table 2 and Fig. 1). The luminescence ratio

is given by

Ig
Ig

(et
A4-1+A4-2 . N4-

lum

where Ajj is the radiative decay rate from levels i —; (Figure 4) and N; is the level i population

density. So, from rate equations we obtain:

N3 _ Wiz _ Agz+Wis+ Wi (6)

Ny  Wsr War

In Eq.(6) it was assumed that CR is the only process responsible for the concentration
dependence of its fluorescence dynamics °Ds (level 4 in Fig. 1), while W, is a concentration
independent term, which can be attributed to phonons, OH", host impurities, etc.

The concentration dependence of the fluorescence decay is usually fitted by the

empirical expression [48]
Ty O

where 7,,” represents the zero-concentration limit of z,”” 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 W, = (‘L’pr)_l =A,+ W5+
WEE. Since WSR is the only contribution to W, responsible for its concentration dependence,
from Eq.(7) we can infer that W,ER = (4,4 + W,3)(N,/N.)P/3. It should be noticed that level 4
fluorescence quantum efficiency can be estimated by n, = 7, 7. A,. Therefore, from Eq.(4)-
(6), we obtained:

€ = [,343 Wis =+ Noa. (ﬁi)p] @)

g 1- ﬁ4
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where B3 = A,3/A, represents the branching ratio of the °Dsz —°Dx transition, n3 and 7, are
level 3 and 4 quantum efficiencies, respectively, n,, represents the zero-concentration limit of
14 given by ngy = (A4 + Wy3)/A,.

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 associated 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 transitions. However,
Yamashita and Ohishi [21] obtained B 43 ~ 0.05 for Th*"-doped borosilicate glasses, which is
the biggest B 43 value we found in the literature for Th** doped materials. Therefore, in order to

fit the experimental that we assumed P43 << 1, in Eq.(8) to obtain:

Wy, N
—~ Byz +——+ 154 (Nt> 9
4 [

where (43 + Wy5 / Ay) = i represents the zero-concentration limit of Flgure 11 shows

the concentration dependence of 7, ? and flt by Egs. (7) and (9), respectively. These fits

were performed imposing the same N, and p values for both fit curves, since our model
establish a link between these data. The fit curves in Fig. 12 resulted in N, = (1.04 + 0.07)x10%

ions.cm®, p = (1.9+£0.1), 7,5 = (1.1 £0.1) ms and j—G
Blo

= 2.0 £ 0.4. These values are in good

agreement with No = (1.2+ 0.2) x 10%° cm? = (1.05 + 0.07) ms, and s/3 = (2.1 + 0.2),
respectively; obtained previously by IH anaIyS|s (Fig.10). Since we expect that 8,5 <« 1 then

W5/ Ag~2.0,nga~[1 + Wy5/A4]7 1~ 0.33 and As~ng4lt5," =300 s™. These results are very

interesting because allow us to estimate n, = A, 7, " .
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Figure 12. 1/t (black square) and (l¢/lg)hs (red circle) Th concentration dependence fitted by Eq. (7)
and (9), respectively.
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It is interesting to remark that in order to estimate n; in Table 2, we assumed that

3%~ 7507, which appears to be a reasonable assumption due to the large energy gap below

Dy level. However, the above analyses of ;—G reveals that this assumption is not valid for the
Blo

°Ds level since we estimated 74 ~ 3.1 7,,7. The main difference is the energy gaps bellow
D3 is ~2.6 smaller than °Da. This affects not only the phonon decay rate (W™?) but also
quenching by hydroxyl. Only two OH- vibrations are required to cover the °D3 — °Da decay.
For instance, Y. Wang et.al. [52] observed a monotonic increase of Ig/lg with the absorption
coefficient at 3500 cm™ (cwon). This behavior is in agreement with Eq.(9) considering that
Wy ~WMP 4+ WwOH where WOH is supposed to increase linearly with oon. Also in sol-gel
glasses, the Ic/lg ratio was used to monitor the fluorescence yield of the °D3 level with the effect
drying agents (to eliminate OH") and AI¥* co-doping [53]. In fact several papers used Ic/Ig only
as a qualitative parameter while this paper allows a quantitative analysis by Eq.(7-9).

Figure 13 presents the XEL spectra of the NaPGaW:Th®" glasses. The shape of the
characteristic emission peaks is very similar to what was observed for excitation in the UV, as
shown in Figure 7. Nevertheless, the interaction mechanism of X-ray excitation differs

substantially from that of UV excitation, which explains the difference of emission quenching
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observed in the XEL spectra. While upon excitation with UV radiation the excitation energy is
transferred directly to the Tb®* ions, in the scintillation process, some steps occur before the
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 particle creating
electrons and holes. In the second step, known as migration, electrons and holes will migrate
through the conduction and valence bands and a fraction of excited electrons and holes
recombine at the luminescence 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 continuously 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 Th3+ doped
samples under UV and X-ray excitation match well with CCD detectors and silicon

photomultipliers.

Figure 13. RL spectra of Th®" doped gallium tungsten-phosphate glasses. The inset shows the integrated

intensity of the °D4 — “Fs emission line as a function of Tb concentration.
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6.4 Conclusions

Undoped and Tb3* 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 Th**-doped samples present molar density values that
are similar or superior to those of commercially available scintillators. The undoped glass
presents a broad visible emission (400-750 nm) under UV light and X-ray excitation, ascribed
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 Ic/Is depends on the Th** concentration. The
CIE chromaticity coordinate of the Th®*-doped NaPGaW glasses were computed. The
coordinates tuned from (0.2606, 0.38533) to (0.3261, 0.6042), with an increase in the Th®" ion
content. The chromaticity coordinate of NaPGaW?7.0Tb is close to that of the commercial
fluorescent powder MgAIl11010:0.67Ce%*,0.33Tb** (0.3300, 0.5950), suggesting that
NaPGaWThb is a potencial 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 to 1.6 ms
decreasing for higher Tb concentration. The critical Tb—Tb distance Rc= 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 Is/lg change with the °Ds fluorescence concentration
guenching. This model allows a quantitative estimation of the fluorescence quantum yield of
the °Ds levels without the need of Judd-Ofelt calculations, which are difficult to obtain in Th3*
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 as an X-ray scintillating for slow events.
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7 CONCLUSION

All glasses studied in this work were successfully synthesized by the melting-quenching
technique with high stability and excellent optical quality. The structural studies indicate that
the partial substitution of the NaPOz by Na,WOQ4 results in significant network reconstruction
resulting in an increase in molar volume as well as a decreased oxygen packing density. An
increase in Tg values is observed peaking for the compositions with x up = 10 to 15 while the
thermal stability decreases when Na;WO; is added at first and then increases with increasing
Na;WOQ, content. The solid-state NMR results indicate that the Q! units are successively
depleted and found to be absent for the glasses with x above 10, and that the network is
dominated by Q° units, connected to both gallium and tungstate species. The glass series
synthesized to evaluate the intrinsic emission presented high optical transparency. The XPS
analysis confirmed that the broad band emission observed for these samples in the visible region
is attributed to the hexavalent tungsten of the WO4? complexes.When exposed to cryogenic
temperatures, the emission intensity of these NaPGaW glasses is enhanced. The Tb** doped
NaPGaW glasses presented volumetric density values similar or superior to those of
commercially available scintillators and show intense emissions in the blue-green with
chromaticity coordinate of NaPGaW?7.0Tbh very close to that of the commercial fluorescent
powder MgAl11019:0.67Ce%,0.33Tb% (0.3300, 0.5950). These findings suggest that
NaPGaWTb can also be a promising candidate for white lighting application. The lifetime
values are in the range 2.6 to 1.6 ms decreasing for higher Th** dopant concentrations. Overall,
the results indicate that undoped NaPGaW glasses are promising for application as extrinsic
and cryogenic scintillators, while the Th* doped glasses constitute a promising alternative for

slow events X-ray scintillators.
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APPENDIX

Supporting Materials Section of: Preparation, characterization, and structural studies of new

sodium gallium tungstate phosphate glasses

Figure S3. DSC spectrum of 0.5LiPO3-0.5Na,;WO4 glass.
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Figure S2. Photographs of of (NaPO3)so-x(Ga203)20(Na2WO4)x (X = 0, 10 and 25 mol%) glass.

under ambient light.
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Figure S3. X-ray diffraction pattern of of (NaPO3)sox(Ga203)20(Na;WO4)x (x = 0, 5, 10, 15, 20 and 25

mol%) glasses.
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Figure S4. Tentative deconvolution of the Raman spectra of (NaPQO3)s-x(Ga203)20(Naz;WO4)x (X = 0, 5,
10, 15, 20 and 25 mol%) glasses.
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Figure S5. Deconvolution of the 3'P Refocused INADEQUATE spectrum of (NaPOs)sox(Gaz03)20 glass

with the parameters published in reference 7 and with the new set of parameters proposed in the present
study.

31P Refocused. INAD o
(NaPO3)go. (Ga;03)
Reference 7

30 20 10 0 -10 -20 -30 -40

31P Refocused. INAD
NaPGa
This work

30 20 10 0 -10 -20 -30 -40
P (ppm)

Figure S6. Percentage of Q* units in function of Na,WO, content.
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Supporting Materials Section of: Tungsten Gallium-phosphate glasses as a promising intrinsic

scintillator

Figure S1. Decay curves of the NaPGaWs5 (representative glass) and the pulsed laser (290 nm) at room

temperature.
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Figure S2. Comparison between the emission intensity of BGO crystal and NaPGaW5 glass.
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