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SUMMARY

In recent years, the United States Departments of Homeland Security (DHS) and
Customs and Border Protection (CBP) have been charged with scanning every cargo
container crossing domestic borders for illicit radioactive material. This is accomplished
by using gamma-ray detection systems capable of discriminating between nonthreatening radioisotopes, such as

137

Cs, which is often used in nuclear medicine, and

fissile material, such as 235U, that can be used to make nuclear weapons or “dirty” bombs.
Scintillation detector systems, specifically thallium-doped sodium iodide (NaI(Tl)) single
crystals, are by far the most popular for this purpose because they are inexpensive
relative to other types of detectors, but are still able to identify isotopes with reasonable
accuracy. However, increased demand for these systems has served as a catalyst for the
research and development of new scintillator materials to surpass NaI(Tl).
The purpose of the current investigation is to develop new glass-ceramic nanocomposite
scintillators with gamma-ray spectroscopy performance equivalent to that of NaI(Tl)
single crystals, but that are also sensitive to alpha-radiation. Glass-ceramics facilitate the
study of scintillator compositions that cannot be grown via single crystal methods,
producing scintillator volumes of 50cm3 or greater, and investigating novel geometries
beyond the standard cylinder. This investigation will focus on the development and
optimization of both the scintillating crystalline phase and the host glass matrix
compositions, and scaling batch sizes to produce larger volume glass-ceramic
scintillators.
xvii

INTRODUCTION

In recent years, the United States Departments of Homeland Security (DHS) and
Customs and Border Protection (CBP) have been charged with task of scanning every
cargo container crossing domestic borders for illicit radioactive material [1]. This is
accomplished by using gamma-ray detection systems capable of discriminating between
non-threatening radioisotopes, such as 137Cs, which is often used in nuclear medicine, and
fissile material, such as 235U, that can be used to make nuclear weapons or “dirty” bombs
[2]. Scintillation detector systems, specifically thallium-doped sodium iodide (NaI(Tl))
single crystals, are by far the most popular choice for this purpose because they are
inexpensive relative to other types of detectors [3], but are still able to identify isotopes
with reasonable accuracy [4]. However, increased demand for high-performance
radiation detection systems has served as a catalyst for the research and development of
new scintillator materials with potential to surpass NaI(Tl).
The focus of a majority of recent scintillator materials research has been on sintered
transparent ceramics [5], phosphor-doped organic matrices [6], [7], and development of
novel single crystal compositions [8–14]. Transparent ceramics are synthesized by
thorough mixing and hot-isostatic pressing (HIP-ing) of a variety of scintillation crystal
compositions. This method eliminates the solute segregation commonly found in NaI(Tl)
single crystals [13], [15], but variations in refractive index through the bulk can scatter
emitted photons and geometries are typically limited to cylinders or cubes. Phosphordoped organic matrices consist of nano- or micro-scale luminescent phosphor powders
1

dispersed in a liquid polymer solution, such as poly(vinyl alcohol), which is then cured to
form a solid scintillator. These scintillators can be fabricated into a wide variety of
shapes, from cones to plates, and sizes up to several hundred cubic centimeters. However,
nano-scale phosphor powders tend to agglomerate into micron-size or larger clusters, and
the mismatch in refractive index between the powders and matrix often cause photon
scattering to become significant [16], [17]. A more detailed report of the work conducted
by this group on phosphor-loaded polymer composite scintillators can be found in the
Appendix. Single crystals of novel compositions such as LaBr3(Ce) and SrI2(Eu) have
been shown to surpass the energy resolution of NaI(Tl) [18–22], but are available in
limited sizes (<15cm3) for commercial use and must be encapsulated in stainless steel,
aluminum, or other environmental isolation medium to prevent degradation due to
atmospheric moisture. Finally, some of the most promising new materials are glass
ceramic nanocomposites [23–25]. These composites are synthesized by mixing
scintillating powders such as GdF3 with and glass-formers such as silica and alumina, and
then firing to form a homogenous melt. The melt is then cast and quenched to yield a
scintillating glass, with geometries varying from cylinders to tubes or plates. The cast
glass is then re-heated to 50-150°C above the glass transition temperature to precipitate
20-50nm scintillating crystallites while inhibiting matrix devitrification. Melt casting
allows a wide variety of geometries to be investigated, and in-situ precipitation of
scintillating crystallites from a glass matrix provides environmental isolation and allows
investigation of novel compositions not typically grown as single crystals [26–30].
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A schematic of the configuration of a standard radiation detection system is shown in
Figure 1. Scintillators (item (A)) are coupled to a photomultiplier tube (PMT), item (B),
that converts the photon pulses produced by absorbed radiation energy into electrical
pulses with amplitude proportional to the number of photons in the pulse. The peak
spectral sensitivity wavelength will vary with the brand of PMT used, though the most
common models usually exhibit peak sensitivity to either 350nm or 543nm photons. The
electrical pulses are then passed to an array of signal amplifiers (C) and multi-channel
analyzers (D) that sort the pulses according to their amplitude into channels that
correspond to a particular keV energy. Because each isotope emits a characteristic series
of decay product energies, the source isotope can be identified by its pulse-height
spectrum [2], [4].

(A) Scintillator

(B) PMT

(D) Multi-channel
Analyzer

(C) Amplifier

Figure 1: Schematic of gamma-ray detection system
The accuracy with which the source isotope may be identified depends on the energy
resolution of the peaks in the pulse-height spectrum [31], which is defined by the fullwidth at half the maximum peak energy divided by the peak energy (equation (1)).
(1)
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Peak resolution increases with the number of photons produced per pulse by the
scintillator [32–34], known as the light yield, and the number of photons produced by
photoelectric interactions between the incident radiation particles and the scintillator
material. NaI(Tl) scintillators generate 50,000 photons per MeV of radiation energy
absorbed, resulting in an energy resolution of 6-7% for a 662keV incident gamma-ray
[35]. Greater energy resolution improves the accuracy of isotope discrimination [36], as

Intensity (counts/s)

shown by the distinct spectra for 137Cs and 60Co shown in Figure 2.

Channel#

Figure 2: Energy spectra for 137Cs (left) and 57Co (right) generated by a NaI(Tl) single
crystal [37]. The inset indicates the scintillator’s energy resolution at the photopeak.

The purpose of the current investigation is to develop new glass-ceramic nanocomposite
scintillators with gamma-ray spectroscopy performance comparable to that of NaI(Tl)
single crystals, and that are also sensitive to alpha-particles, unlike NaI(Tl). Studies will
focus on compositions that cannot be grown via single crystal methods, producing
scintillator volumes of 50cm3 or greater, and characterizing changes in scintillator
performance between glass systems of varying composition, with a study of varying
geometries the subject of a future investigation.
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BACKGROUND

Overview of Scintillation Process
Inorganic scintillators convert energy from incident radiation into thousands of 3-6eV
photons via the electronic excitation and relaxation scheme illustrated in Figure 3. When
the kinetic energy of the incident radiation particle (hvex) is greater than the band gap
energy of the scintillator (E2-E1), the energy is absorbed by promoting an electron from
the valence band (E1) of the scintillator to the conduction band (E2), leaving a
corresponding hole in the valence band [38]. Most scintillator band gaps are between 57eV, which allows a large number of photons to be produced per unit radiation energy
absorbed, but is not so small as to allow excitation due to thermal energy available at
room temperature [36], [39]. If the electron-hole pairs were to recombine directly from
the conduction and valence bands, the resulting photon would be far into the UV regime
and outside the spectral sensitivity of most PMTs [40]. Instead, the electron-hole pairs are
transferred to activator ions doped into the host crystal. The energy separation between
the ground (

) and excited (

) electron energy levels of the activator ion is smaller

than that of the host crystal band gap, and the wavelength of emitted photons depends on
the activator ion used [41]. For example, Ce3+ centers are used to produce 350nm photons
while Tb3+ are used to produce 543nm photons [42], [43].

5

Figure 3: Schematic of scintillation process. The narrower separation of energy levels in
the rare-earth ion allows the emitted photon energy to be within the visible regime [38]
In order for this electron transition scheme to produce an acceptably high light yield, the
scintillator must have an ordered, periodic lattice structure. This reduces the statistical
variance in electron-hole recombination modes, and ensures that a large fraction of the
relaxation processes are radiative [44]. If the lattice periodicity is disturbed due to defects
or breakdown in long-range order, new recombination or relaxation modes are
introduced, which can either produce photons outside of the desired wavelength range or
allow electrons to relax via non-radiative lattice vibrations (phonons) [35]. The strong
ionic bonding of NaI(Tl) provides an ordered crystallographic structure that minimizes
phonon relaxation modes and creates similar crystal field splitting effects in the electron
energy levels of the luminescent ion. Elements such as iodine, bromine, and lanthanum
are preferred because their high atomic number ensures that a majority of the incident
gamma-ray energy is deposited within the dimensions of the scintillator.
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The time duration of the scintillation process is usually 200ns or less, and so the PMT is
configured to collect photons in time increments slightly longer than the scintillator decay
time. Thus, any radiation energy deposited in the scintillator over this time period is
integrated into a single pulse, with the height proportional to the amount of energy
deposited [44]. The maximum achievable pulse height represents interaction events in
which the full energy of the radiation was absorbed within the scintillator either via a
single photoelectric interaction or a series of Compton interactions. Smaller pulses result
when the radiation only deposits a fraction of its energy in the form of Compton
interactions prior to escaping the scintillator, or when secondary reaction products escape
prior to full absorption [36].

Overview of Current Single Crystal Scintillators
A high-performance scintillator displays the following characteristics: 1) Efficiently
converts the absorbed incident radiation energy to detectable photons (high scintillation
efficiency), with the light yield remaining proportional to the energy deposited over a
wide energy range; 2) the scintillator is transparent to the emitted photon wavelengths to
minimize absorption; 3) the time required to convert radiation energy to photons (decay
time) is on the order of a few hundred nanoseconds or less; and 4) the material may be
fabricated to volumes of at least a few cubic centimeters [44]. No single scintillator fully
meets all of these criteria, and requires the quality of some properties to be sacrificed for
the sake of improved performance elsewhere.
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NaI(Tl) single crystals fulfill many of these requirements, though new single crystal
compositions such as LaBr3(Ce) and SrI2(Ce) developed in the last decade suggest that
energy resolution can be improved with the new compositions [10], [20], [45], [46].
However, growing large volume crystals from these compounds is difficult because their
low-symmetry crystal structures (LaBr3(Ce) is monoclinic) cause anisotropic thermal
expansion during cooling, which causes larger crystals to fracture [11]. Additionally,
limiting research efforts only to the development of new single crystal compositions
restricts scintillator geometry solely to cylinders, and eliminates potential investigations
into the effect of varied geometries on the scintillator performance. Finally, most of these
ionic salts are extremely hygroscopic, and so must be encased in stainless steel or other
isolation medium to prevent degradation due to atmospheric moisture. Alpha-particles
cannot penetrate the cover and so these hygroscopic scintillators are useful only for
gamma-spectroscopy.

Glass-Ceramic Nanocomposite Scintillators
Glass-ceramic nanocomposite scintillators are a promising alternative to single crystals
because new scintillator compositions, shapes, and sizes may be developed [23], [47–50].
Glass-ceramic nanocomposites contain nanoscale crystallites precipitated from an
amorphous host glass. Using nanoscale scintillating crystallites rather than a single
crystal monolith allows scintillator compositions such as LaBr3(Ce) to be fabricated to
larger (45cm3) volumes, and the spectroscopy performance to be directly compared to
NaI(Tl) [44]. Also, because glass-ceramic synthesis begins by casting a homogeneous
glass melt, new geometries may be fabricated and cast to near-net shape [51]. Finally, the
8

glass matrix ensures environmental isolation of the hygroscopic scintillating crystals, and
so glass-ceramic scintillators show potential to serve as viable detectors in alpha- and
neutron-spectroscopy in addition to gamma-rays [50], [52–54]. For glass-ceramics to be
successfully used as scintillators, several material properties must first be optimized. For
example, the glass matrix must have a high solubility limit of scintillating, the nucleation
and growth of crystallites must be readily controllable by varying aging temperature or
duration, and the rare-earth activator must be chosen to produce an emission wavelength
that matches the peak spectral sensitivity of the PMT used. The main properties of
interest to this study are the effect of precipitated particle size on spectroscopy
performance [31], [55–57], the relationship between the host glass matrix and the
solubility of scintillating compounds [58], [59], and the variation in emitted photon
intensity and wavelength with batch composition [39], [60], [61]. These concepts are
discussed in further detail below.

Effect of Precipitated Crystallite Size
The size of crystallites precipitated in a glass-ceramic is controlled by a process known as
ceramization [62–64] in which one crystalline phase is preferentially precipitated from an
amorphous host matrix. There is greater control over the ceramization process when the
temperature of the precipitation reaction lies between and is well separated from the glass
transition and matrix devitrification temperatures. This temperature separation allows the
desired crystalline phase to form without devitrification of the glass matrix. The size of
precipitated particles is controlled by varying the ceramization, or aging, temperature,
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with particle size typically increasing with aging temperature, as illustrated by the
micrographs in Figure 4 [54], [65].

1100°C

50nm

1200°C

50nm

1300°C

50nm

Figure 4: Transmission electron micrographs showing nanoscale crystallites precipitated
from a glass matrix. Micrographs show how crystallite size increases with aging
temperature [65]
The choice and concentration of rare-earth dopants has also been shown to affect the size
of precipitated crystallites. For example, a study performed by Bocker [55] found that
higher concentrations of ErF3 incorporated into the oxyfluoride host glass resulted in a
smaller average size of PbF2 crystallites. The precipitated particle size should be less than
50nm to minimize Rayleigh scattering and scattering due to the mismatch in refractive
index between the crystalline and amorphous phases [66], [67].

Figure 5: Relationship between rare-earth loading and mean precipitated crystallite size.
In this case, higher Er3+ concentrations result in smaller average crystallite size [55].
10

Effect of Matrix Glass Free Volume
The solubility of scintillating compounds in the host glass is limited by the free volume
available in the glass network. Oxide-based host glass matrices with large free volume
can accept a higher concentration of rare-earth halides while maintaining transparency in
the visible range [68], [69]. Glasses whose primary structure is composed of
tetrahedrally-coordinated cations (such as silica or alumina) are expected to have higher
network free volume than glasses whose cations are triangularly-coordinated (such as
borates) [69]. If the solubility limit is exceeded, the glass matrix may reject the
undissolved compounds (as shown in Figure 6), causing a crystalline phase with particle
size larger than the emitted wavelength to form and reduce transparency of the final
glass-ceramic [70], [71].

Figure 6: Variation in the morphology of a Gd2O3–doped alumino-borosilicate host
glass with Gd2O3 concentration [72]. The figure indicates compositions necessary to
form a clear glass and those that cause a gadolinium silicate or mullite phase to separate
from the melt. The red dots represent the Gd2O3 and concentrations used in a portion of
this study.
11

Dependence of Emitted Photon Intensity (Light Yield) on Composition
Arguably one of the most important properties of any scintillator is the number of
photons produced by a scintillator per unit energy of incident radiation absorbed, which is
known as the light yield. The light yield places an inherent limit to the achievable energy
resolution of a scintillator, with increasing light yield corresponding to greater energy
resolution and more accurate isotope discrimination [44]. Light yield is maximized by
ensuring a high absorption cross-section of the scintillating material and limiting the
amount of absorbed energy released via non-radiative transitions such as phonons. A
material with a high absorption cross-section will absorb the full energy of the incident
radiation within the dimensions of the detector [36], [73]. Absorption cross-section is
increased by using high density (high Z) materials [35]. The light yield is also increased
by using compounds with a smaller band gap [74], such as BaF2 [75] or Gd2SiO5 [76],
which will produce more photons per MeV of incident radiation particle energy absorbed.
However, materials with band gaps smaller than 1eV must be operated at cryogenic
temperatures to remove noise introduced by thermally excited electrons, and so
compounds with band gaps of 5-7eV, which can operate at room temperature, are
preferred [35]. Photon pulses produced within the scintillator must be transferred to a
photomultiplier tube (PMT) and converted into an electrical signal that can be processed
by the electronic multi-channel analyzer. The quantum efficiency of the PMT is a
function of photon wavelength, and so it is advantageous to tailor the wavelength of
scintillation photons to the spectral sensitivity of the particular PMT used. The most
commonly used PMTs have peak sensitivity at either 320nm or 500nm [77].
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Light yield is also affected by the concentration of the rare-earth dopant ion (Ce3+, Eu2+)
within the host crystal (GdBr3, SrI2). Undoped GdBr3 and SrI2 crystals exhibit negligible
luminescence, and so rare-earth dopant ions are needed to activate the host crystals to
produce a high light yield and match the emitted photon wavelengths to the peak spectral
sensitivity of the PMT [43]. However, the activator ion doping concentration in the host
crystal must be optimized because neighboring luminescent centers that are too closely
spaced may re-absorb emitted photons and cause concentration quenching [78]. By
contrast, if the rare-earth ion concentration is too low, the density of luminescent centers
may be too low to produce a high light yield.

Dependence of Emitted Photon Energy on Composition
The wavelength of photons emitted by the scintillating crystallites is affected by both the
composition of the crystallites and the crystal field splitting of electron energy levels in
the rare-earth ion, which is affected by the degree of order in the ion’s structural
surroundings [79–83]. During the aging/ceramization step, rare-earth ions diffuse from
the amorphous matrix into the ordered crystallites. As the rare-earth dopants move to
sites in the nanocrystals rather than the amorphous matrix, the nearest neighbor distances
and locations become more periodic, which results in fewer possible electron transitions
as splitting of outer electron orbitals in the ion is reduced [41]. This also increases the
probability of radiative transitions as phonon relaxation probabilities decrease. As the
number of possible electron transitions reduces to just a few excited and ground energy
states, the range of emission energies (wavelengths) narrows and emission intensity
increases [24]. As illustrated in Figure 7, the site that the rare-earth ion occupies in the
13

crystallite can also affect emitted photon wavelength. In this diagram, the larger
separation distance between the excited and ground states of the ion in the octahedral site
would yield higher energy photons relative to ions in the tetrahedral site.

Figure 7: Schematic of changing emission energies due to orbital splitting as luminescent
ions are incorporated into ordered crystalline structure [83]. The figure illustrates how
the ligand field surrounding the luminescent ion can change the d-orbital splitting of the
ion, which in turn affects the scintillation photon energies.
As an example, NaI adopts a rocksalt crystal structure, with thallium atoms forming a
substitutional solid solution at the sodium sites. This creates four sites per unit cell that
are theoretically available for thallium-doping. However, concentration quenching effects
become significant when the thallium doping levels exceed 0.1mol%, meaning that only
one site out of every 250 are occupied by a thallium atom. This creates a separation
distance of approximately 160nm between thallium dopant sites in the single crystal.
Finally, emitted photon wavelength will change with the charge of the rare-earth ion. For
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example, Eu2+ ions have an emission peak centered around 430nm [20], while the peak
for Eu3+ ions is closer to 600nm [84].
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PROCEDURE

Materials Selection
Potential scintillating compounds were chosen based on the method described by
Cherepy et. al. [51]. The group’s selection criteria is illustrated schematically by the
periodic table shown in Figure 8. They systematically eliminated elements that were not
suitable for use as scintillators either due to inherent radioactivity or small band gaps that
would create background noise in the energy spectrum, those that were not transparent to
scintillation photon wavelengths, and those that were not conducive to growing large
single crystals. While this project seeks to avoid single crystal growth, the behavior of
scintillating crystallites in an amorphous host matrix is not yet well-understood, and so
the list of potential scintillating materials was restricted to these compounds whose
behavior has been previously studied to isolate the effects of nanoscale scintillating
crystals and glass-ceramics on scintillator energy resolution.

Figure 8: Schematic illustrating the criteria used for selecting potential scintillating
crystal compositions [51].
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Three host glass matrices were chosen to observe the effects of the matrix structure on
scintillation. A sodium-borosilicate (NBS) system was chosen because of its low content
of refractories such as alumina and silica, and high boron content that would facilitate
relaxation of thermal stresses. The baseline ternary glass system was adapted from
Pucker [85], though inhibiting phase separation was somewhat difficult, as shown by the
large immiscibility region in the phase diagram in Figure 9 [86]. Additional CaO and
BaO were incorporated incrementally to promote mixing when phase separation proved
to be problematic in early batches.

Figure 9: Phase diagram of the ternary sodium-borosilicate system with glass forming
regions and areas of phase separation marked [86].
An alumino-borosilicate (ABS) system was chosen to increase the stability of the glass
and create a larger network free volume into which the scintillating compounds may be
dissolved. High-alumina glasses possess large network free volume because they are
composed primarily of alumina tetrahedra. The baseline composition was adapted from
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work by Li [72], who studied the solubility and partitioning of Gd2O3 in ABS glasses,
with GdBr3 and CeBr3 substituted in place of the Gd2O3. Several articles in the literature
[70], [87], [88] suggest that rare-earth constituents will preferentially partition into a
borate-rich phase when incorporated into oxide glasses. A phase diagram of the ternary
baseline glass system is shown in Figure 10 [89].

Figure 10: Phase diagram for a ternary alumino-borosilicate system [89]
A sodium-aluminosilicate (NAS) host glass was thus studied to investigate the behavior
of the rare-earth halides in the absence of a borate-rich phase. This base glass
composition was adapted from work by Chen [90], who studied the behavior of GdF3(Eu)
crystallites in a sodium-aluminosilicate host glass. The concentration of rare-earth
dopants in the glass exceeded that reported in Chen’s work in order to determine the
solubility limit in the NAS glass. The phase diagram for this baseline system is shown in
Figure 11 [91].
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Figure 11: Phase diagram for baseline ternary sodium-aluminosilicate glass system [91]

Synthesis
All samples were prepared using the same melt casting method, though processing
temperatures were altered to compensate for the varying concentration of refractory
compounds between the series (presented with associated annealing temperatures in
Table 1). High purity (>99.9%) precursor powders were used to minimize discrepancies
and defects introduced by compositional impurities. All precursor powders were supplied
by Alfa Aesar.
Efforts first focused on developing novel combinations of glass matrix and scintillating
crystal compositions. The light yield and peak emission wavelength were analyzed to
determine the composition’s viability as a large scale glass-ceramic scintillator.
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Compositions that proved promising were then scaled up to larger batch sizes useful for
radiation spectroscopy measurements and optimization of ceramization schedules.

Sodium-Aluminosilicate (NAS) System
The series of samples with NAS base glass (shown in Table 1) were synthesized to
optimize the concentration of scintillating compounds (GdBr3 and CeBr3) within the host
matrix and to optimize the concentration of activator dopant (Ce3+) within the host
scintillation crystal (GdBr3). The total concentration of GdBr3 and CeBr3 within the NAS
glass matrix was increased in 1mol% increments until transparency was lost.
Table 1: Composition (in mol%) of batches prepared to maximize the loading of
scintillating compounds into the NAS host glas.
SiO2
48.3
47.5
46.6
46.3
45.9

NaF
18.7
15.1
18.0
17.9
17.7

Al2O3
15.4
18.3
14.8
14.7
14.6

GdBr3
14.8
15.9
17.1
17.7
18.2

CeBr3
2.93
3.16
3.39
3.50
3.61

Next, the ratio of CeBr3 to GdBr3 was optimized to provide a large population of
luminescent centers while minimizing concentration quenching between neighbors. The
compositions of samples synthesized in this series are given in Table 2. The total loading
of rare-earth halides in the host glass was held constant at 19mol%.
Table 2: Composition (in mol%) of batches prepared to optimize Ce-doping in GdBr3
host crystals to maximize luminescence intensity
SiO2
49.8
48.4
48.3
48.3
48.2

NaF
19.2
18.7
18.7
18.7
18.6

Al2O3
15.8
15.4
15.4
15.4
15.3
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GdBr3
15.2
17.4
14.8
13.8
11.4

CeBr3
0
0.2
2.93
3.88
6.4

Sodium-Borosilicate (NBS) System
Sodium-borosilicate (NBS) base glasses were studied to lower processing temperatures,
and thus minimize burn off of the volatile GdBr3 and CeBr3. Batch compositions were
based on work by Bartl [86], with BaCO3 and CaO added to suppress phase separation.
The most successful glass compositions are given in Table 3. Other compositions either
devitrified or had such pronounced phase separation that additional characterization and
analysis was not useful. Only 15mol% GdBr3-CeBr3 was able to be incorporated before
phase separation in the liquid degraded the transparency of the cast glass. The Na2O was
added as a carbonate (Na2CO3) because pure Na2O reacted violently with the adsorbed
water in the GdBr3 and CeBr3. The BaO was also added as a carbonate (BaCO3) and
B2O3 as H3BO3 due to the lower melting points that provided greater flux to the silica and
alumina and the reduced cost per gram.
Table 3: Composition (in mol%) of batches prepared to maximize GdBr3(Ce) doping in
the NBS system while maintaining glass transparency.
B2O3
31.7
30.6
29.1
20.4

SiO2
36.7
35.5
33.8
42.6

Na2O
11.2
10.8
10.3
10.1

CaO
7.9
7.61
7.23
7.10

BaO
5.37
5.17
4.92
4.82

GdBr3
6.01
8.60
12.3
12.5

CeBr3
1.20
1.71
2.44
2.49

Alumino-Borosilicate (ABS) System
Alumino-borosilicate (ABS) glasses were studied to increase solubility of scintillating
compounds in the glass matrix. Similar to the NBS system, H3BO3 and Na2CO3 precursor
constituents were used to incorporate the necessary B2O3 and Na2O concentrations,
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respectively, to the glass batch. While transparent samples up to 30mol% GdBr3 – CeBr3
were achieved, samples with 20mol% scintillating compounds exhibited superior
performance and so were more extensively characterized. A batch with 10mol%
GdBr3(Ce) loading was also prepared, though was opaque and not able to be cast. The
composition of each batch is given in Table 4.
Table 4: Composition (in mol%) of batches prepared to maximize GdBr3(Ce) loading in
the ABS system while maintaining glass transparency
SiO2
34.4
30.3
26.2

B2O3
25.0
22.0
19.0

Al2O3
25.1
22.0
19.0

Na2O
6.25
5.50
4.75

GdBr3
7.63
17.4
26.1

CeBr3
1.59
2.80
4.96

Batch Processing
For batch sizes smaller than 100g, precursor powders were mixed by hand in a mortar
and pestle, and then charged into an alumina crucible. For batch sizes larger than 100g,
the precursor powders were ball-milled for two hours in a polypropylene container using
¼ inch diameter alumina milling beads, followed by a deionized water rinse to ensure
intimate mixing. The slurry was dried and the resulting material ground and charged into
an alumina crucible. The mixture was heated above the melting temperature in a
Thermolyne-Barnstead 46-200 High Temperature Muffle Furnace under an inert argon
atmosphere to homogenize the melt. For batches smaller than 100g, a graphite plate was
placed on top of the crucible to provide a reducing atmosphere, with a dwell time of two
hours at the melting temperature. For batches larger than 100g, the dwell time at the
melting temperature was extended to four hours to ensure homogeneous mixing of the
low viscosity, low melting temperature liquid and the more refractory silica and alumina
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constituents. The graphite plate would burn off before the end of the dwell, which caused
the Ce3+ to oxidize to Ce4+. To maintain a reducing atmosphere, the graphite plate was
replaced with an alumina plate and tube and a 90%:10% mixture of Ar:CO purge gas was
applied.
Once homogenized, the melt was cast into a cylindrical graphite mold preheated to
200°C, and placed into an annealing furnace to remove thermal stresses and control cool
to room temperature. Annealing temperatures varied from 450-650°C depending on the
composition of the glass batch. The cast glass was then heated to an aging temperature
(determined from DTA analysis, described below) 50-150°C above the glass transition
temperature to precipitate the scintillating crystalline phase. Multiple exothermic peaks
were visible in the DTA traces for the NAS and ABS glass systems, and so aging studies
were performed at each temperature. Shards of as-cast glass were held for 5-96 hours at
the aging temperature of interest. The aged shards were then ground for
photoluminescence and X-ray diffraction characterization studies. Samples were
compared based on the photoluminescence light yield produced by each combination of
dwell time and aging temperature. A summary of the processing temperatures used for
each glass system are summarized in Table 5.
Table 5: Processing parameters used in synthesis of samples from the NAS, NBS, and
ABS glass systems
Sample
NAS

Melting
Temperature
1450°C

Annealing
Temperature
650°C

Annealing Time
36 hours

Largest
Sample Mass
106g

ABS

1400°C

550°C

36 hours

127g

NBS

1375°C

450°C

24 hours

38g
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Batch sizes synthesized in the composition study were approximately 50g to allow for a
preliminary evaluation of quality before scaling to larger sizes. For samples used in
radiation spectroscopy measurements and ceramization studies, batch sizes were held
near 150-250g to produce a sample of similar size to single crystal scintillators currently
in use. There was significant mass loss when the carbonates decomposed to oxides and
the adsorbed water burned off of the halides, and so the final glass yield was usually less
than 130g.

Characterization

Differential Thermal Analysis (DTA)
Differential thermal analysis was performed to evaluate the characteristic glass transition,
crystal precipitation, and matrix devitrification temperatures of each glass sample. A
Linseis STA PT-1000 TG-DTA with a maximum operating temperature of 1000°C and
an alumina reference samples was used for thermal analysis of all samples. Glass samples
(140-160mg) were finely ground using a mortar and pestle and then loaded into an
uncovered alumina crucible. The samples were heated to 1000°C using a heating rate of
10°C per minute under an argon atmosphere. The dependence of ceramization
temperature on glass composition was evaluated by observing shifts in the exothermic
crystallization peak.

Photoluminescence Excitation (PLE) and Emission (PL)
Photoluminescence emission (PL) and excitation (PLE) measurements were performed to
quantify the light yield and peak emission wavelength of the glass-ceramic scintillators.
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Samples of finely ground powder (40-60mg) were loaded into the stage, and then scanned
with a Spectra-Physics BeamLok Ar-ion laser and SPEX 1681 0.22m and SPEX 1000M
Spectrometers. A 350nm excitation wavelength was used for PL measurements with a
scanning range of 370 to 500nm, a 1nm step-size, and an integration time of one second
per step. For PLE measurements, a 423nm monitor wavelength was used over a 200400nm scanning range with similar scanning rates and steps.

X-Ray Diffraction (XRD)
To observe the evolution of the crystalline phase at different aging temperatures, samples
of aged glass were finely ground in a mortar and pestle, loaded into a 1-inch diameter
powder XRD stage, and packed to form a level surface. X-ray diffraction patterns were
collected using an X’Pert PRO Alpha-1 diffractometer by PANalytical (Westborough,
MA) equipped with a Cu-Kα source (λ = 1.54

) and an ultra-fast X’Celerator. Scans

were performed over 10-70° (2θ) with a step size of 0.016° (2θ) and two seconds per
step. Resulting patterns were analyzed using MDI Jade 9 and compared to standards from
the powder diffraction database of the International Centre for Diffraction Data (ICDD).

Radiation Spectroscopy
Radiation spectroscopy measurements provide the most direct comparison between the
energy resolution of the novel glass-ceramic scintillators and current NaI(Tl) crystals.
Because energy resolution not only varies between scintillators, but also with energy of
the incident radiation, it is customary to quote energy resolution of any scintillator in
terms of its FWHM at 662keV for gamma-rays from a 137Cs source and at 5.486 MeV for
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alpha-particles from a

241

Am source. All spectroscopy tests were conducted at the

Environmental Radiation Center (ERC) at the Georgia Tech Research Institute.
Cylindrical samples with diameters ranging from 2.5-5cm, depending on the final batch
yield, were measured to mimic the geometry of NaI(Tl) crystals as closely as possible.
Samples were wrapped in Teflon tape to internally reflect emitted photons and minimize
escape. Teflon tape was not applied to the surface to be coupled to the PMT and omitted
entirely from samples during alpha-spectroscopy measurements. The sample was then
coupled to a Hamamatsu R6231-100 PMT (peak sensitivity of 350nm) using siliconbased refractive index matching grease (available from Alpha-Spectra, Inc.), and the
apparatus sealed in a shielded counting chamber. A button source of

137

Cs or

241

Am

(previously calibrated) was placed on top of the scintillator and a spectrum acquired with
a Canberra multi-channel analyzer using 1024-channels and 100-1,000 second counting
times (depending on source intensity), with a PMT gain of 400. Energy spectra produced
by the glass-ceramics were compared to those from a 5cm diameter NaI(Tl) crystal (from
Alpha Spectra, Inc.) sealed in an aluminum can and tested under identical conditions.

Electron Microscopy
Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were
performed on several samples to observe the microstructure of the as-cast glass and glassceramic samples. For SEM, shards of glass were encapsulated in a cylindrical acrylic and
then carbon sputtered to prevent charging under the electron beam. Samples were
observed at magnifications ranging from 30,000X to 150,000X using a 15kV accelerating
voltage and a 10μA beam current in a Hitachi S-4700 SEM. This instrument had limited
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capability to observe 50nm or smaller crystallites, and so a few samples (given in Table
6) were selected for TEM observation.
Table 6: Samples from the NAS and ABS glass systems chosen for TEM analysis.
Host Glass System
NAS
NAS
NAS
ABS

GdBr3(Ce)-loading
19mol%
19mol%
19mol%
20mol%

Aging Temperature/Time
Unaged
815°C – 24 hours
815°C – 48 hours
Unaged

TEM specimens were prepared by grinding the sample into a powder using a mortar and
pestle, then suspending in deionized water. A carbon-coated copper grid was dipped into
the suspension to deposit the powders, and the specimens observed using a JEOL
4000EX high-resolution TEM.
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RESULTS

Synthesis
As expected, variations in melting, glass transition, crystallite precipitation, and matrix
devitrification temperatures were observed between the three glass systems studied. The
temperature required to achieve a single phase melt was higher for the NAS (1450°C) and
ABS (1400°C) systems, which were high in alumina, than the NBS system (1350°C).
However, the large concentration of scintillating compounds in the ABS system served as
an effective fluxing agent, and allowed the ABS system to be processed at lower
temperatures than the NAS system, despite its greater alumina content.
The high alumina systems were vulnerable to thermal shock during cooling, which
caused many samples to shatter shortly after casting. Higher annealing temperatures and
longer dwell periods at the annealing temperature were used to counteract this problem.
Addition of B2O3 to the melt resulted in marked decreases in annealing temperature from
650°C for the NAS system (0mol% B2O3) to 450°C for the NBS system (41mol% B2O3).
However, due to the lower network free volume of the NBS matrix, the highest
concentration of GdBr3-CeBr3 that could be incorporated before loss of transparency was
18mol%, much lower than the over 30mol% achievable in the ABS system.
It was difficult to mix and remove bubbles from the melt because no stirring apparatus
was available for the furnace used. Especially in the larger sized batches, this caused a
high density of small bubbles to become trapped in the solidified glass, which degraded
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energy resolution. To remove bubbles, batches were held for longer dwell times at the
melting temperature, but this usually resulted in decreased light yield as the volatile
scintillating compounds began to reach their vaporization points and burnoff became a
significant problem. Cast samples were also crushed and re-melted under identical
conditions in an attempt to further reduce the bubble concentration. While this method
was fairly effective at removing some bubbles, complete elimination of bubbles was
never achieved and approximately 15g of material was lost in every firing cycle. Fining
agents (such as NaF) were also added to reduce the number of bubbles without the need
for additional firing steps, and showed reasonable success. As shown by the photographs
in Figure 12, there were far fewer bubbles in a batch containing NaF and only melted
once than the batch that did not contain NaF but was melted twice. Reducing the number
of melt/cast cycles was advantageous because roughly 12g of material was lost to the
crucible with every firing cycle.

Figure 12: Photographs illustrating the more efficient removal of bubbles when 1wt%
NaF fining agent was incorporated into samples from the ABS system (20mol%
GdBr3(Ce)). The left image shows a batch that did not contain any NaF and was melted
and cast twice. The right image shows a batch that contained 1wt% NaF and was melted
and cast once.
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Sodium-Aluminosilicate (NAS) System

Photoluminescence Excitation (PLE) and Emission (PL)
PLE/PL scans were performed to observe changes in light yield and shifts in peak
emission wavelength as glass composition and ceramization (aging) times and
temperatures were varied. Excitation (PLE) and emission (PL) behavior of glasses from
the NAS system with the concentrations of scintillating compounds varying between
18mol% and 22mol% using a monitor wavelength of 423nm is shown in Figure 13.
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Figure 13: Photoluminescence excitation (PLE) and emission (PL) spectra for glass
samples from the NAS system with concentration of GdBr3(Ce) ranging from 18mol% to
22mol% of the precursor batch.
Once the total GdBr3-CeBr3 concentration had been optimized, the doping concentration
of CeBr3 in the GdBr3 host crystals was studied. As shown in Figure 14, a CeBr3
concentration of 4mol% of the total composition produced the greatest emission intensity.
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Figure 14: PL spectra for NAS glass samples with CeBr3 concentration ranging from 06mol%, with the total GdBr3(Ce) concentration held at 19mol%
The composition NAS-19mol% GdBr3(4mol%Ce) exhibited the highest light yield from
the composition optimization study, and so a larger sample of this composition was
synthesized for the aging study. Three exothermic peaks at 750°C, 815°C, and 950°C
were barely visible above background noise in the DTA trace for this composition
(shown in Figure 15). Aging studies were carried out at all three temperatures to better
characterize the reaction occurring at each.
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Figure 15: DTA trace showing exothermic peak temperatures used for aging studies in
the NAS system. Because the peaks were severely convoluted by background noise, aging
studies were performed at each temperature to characterize the phase precipitated.
Shards from the cast boule were aged for 5, 24, and 48 hours at 750°C, and then ground
for PL/PLE study. Emission (PL) behavior of these samples is shown in Figure 16.
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Figure 16: Photoluminescence emission (PL) spectra for shards of NAS 19mol%
GdBr3(3mol%Ce) aged from 5-48 hours at 750°C
Emission behavior for samples aged for 24 and 48 hours at 815°C is shown in Figure 17.
Note that intensity initially increased with aging, but deteriorated after aging for 48
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hours. All three shards were transparent with only a slightly translucent layer visible on
the surface of the aged shards, as shown in Figure 18.
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Figure 17: PL spectra for NAS-19mol%GdBr3(3mol%Ce) aged for 24 and 48 hours at 815°C

Figure 18: Photograph of disk sectioned from 106g NAS sample. The unaged disk is
shown on the left, and after aging for 24 hours at 815°C on the right. The aged disk has a
cloudy surface layer indicating that surface crystallization was dominant in this sample.
Finally, emission behavior of the shards aged at 950°C for 4, 8, and 12 hours is shown in
Figure 19. Samples aged up to 8 hours were transparent, though the sample aged for 12
hours became opaque.
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Figure 19: PL spectra for NAS-19mol%GdBr3(Ce) aged for 4, 8, and 12 hours at 950°C

X-Ray Diffraction (XRD)
XRD scans were performed to characterize the crystalline phases precipitated during the
ceramization step. Multiple exothermic peaks were observed in the thermal analysis
spectrum of the NAS system with 19mol% GdBr3-CeBr3, and so samples were aged at
each temperature and the resulting precipitated phases were characterized. The spectra
generated by samples aged at 815°C for 24 and 48 hours are shown in Figure 20.
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Figure 20: XRD spectra of NAS-19mol% GdBr3(Ce) aged for 24 and 48 hours at 815°C

XRD spectra for the NAS shards aged at 950°C for 4, 8, and 12 hours are shown in
Figure 21. The sample aged for 12 hours was devitrified and opaque at the end of the
aging time while the others remained transparent. The composition of the precipitated
phase through the 8 hour aging time most closely corresponds to Ce0.7Gd0.3O1.85 (PDF 00046-0507), though a second, unidentified phase that seems to resemble kyanite (Al2SiO5)
begins to form at 12 hours. No phases containing bromine were identified, though a list
of the PDF reference files whose three most prominent peaks matched those found in the
XRD spectra for samples aged in this system are given in Table 7.
Table 7: PDF reference cards that exhibited peak locations similar to the three highest
intensity peaks observed in XRD spectra for the NAS system. Not all peaks for these
reference phases matched the NAS peak locations exactly.
Reference Phase
CeO2
Gd2O3
Al2SiO5

PDF Identification Number
01-073-7747
01-074-3085
01-072-1447
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Figure 21: XRD spectra of NAS-19mol% GdBr3(Ce) aged for varying times at 950°C

Radiation Spectroscopy
Batch yields from the composition optimization study of the NAS system were 50g or
less, which is prohibitively small for radiation spectroscopy measurements because the
gamma-ray range is much larger than the sample dimensions. This means that only a
small fraction of the total gamma-ray energy would be absorbed within the dimensions of
the scintillator before the gamma-ray escaped. Larger batch sizes of the 19mol%
GdBr3(Ce) composition were synthesized to observe effects of aging and scintillator size
on energy resolution. As shown in Figure 22, increasing the batch size from 48g to 106g
yields a narrower photopeak in the 137Cs spectrum, though at a lower channel number and
with a more pronounced Compton continuum, suggesting that photon scattering was
problematic at the larger batch size.
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Figure 22: 137Cs spectra generated by 48g and 106g samples of NAS-19mol% GdBr3(Ce)
In contrast, the resolution in the

241

Am alpha-spectra (Figure 23) was greatly improved

by increasing the NAS batch size. A distinct 5.5 MeV photopeak is visible with less
scattering present at the lower energy channels for the 106g sample while a photopeak
was not visible in the spectrum generated by the 48g sample.
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Figure 23: 241Am spectra from 48g and 106g samples of NAS-19mol% GdBr3(Ce)
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To determine the degree to which residual thermal stresses in the glass affected emitted
photons, the 106g scintillator was annealed at 550°C for 72 and 120 hours, with
spectroscopy measurements taken after each cycle. As shown in Figure 24, the 5.5 MeV
photopeak shifted to higher channel numbers, indicating a higher average number of
photons per pulse. It is interesting to note that there was no measureable change in
resolution, which remained 32% in both samples. The higher light yield is attributed to
reduced photon scattering rather than increased scintillation efficiency from the
luminescence centers, and the significant peak shift underscores the importance of
ensuring all thermal stresses are relaxed during the annealing step.
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Figure 24: 241Am spectra from 106g NAS sample annealed for 72 and 120 hours at
550°C to observe the effect of thermal stresses on photon scattering
Next, the 106g sample was sectioned into three 1cm disks to characterize sample
homogeneity and the effects of ceramization on spectroscopy performance. The

137

Cs

gamma-ray spectra for the three unaged sections and 106g monolith are shown in Figure
25, while the

241

Am spectra from the same three disks are shown in Figure 26. The
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variance between samples in the

137

Cs are negligible, though the shifts in peak channel

number in the 241Am spectra are of interest.

Figure 25: Gamma-ray spectra produced from three sections of NAS-19mol%
GdBr3(Ce). The monolith spectrum is included to show the change in spectroscopy
behavior after the 106g sample was sectioned into three disks.

Figure 26: Alpha spectra generated by three sections of NAS-19mol% GdBr3(Ce)
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The disks were then aged at 815°C for 24 and 48 hours, with the resulting gamma-ray
and alpha-particle spectra shown in Figure 27 and Figure 28, respectively. In the

137

Cs

spectra, resolution improved from 33% to 27% with aging up to 24 hours, though the
photopeak was completely lost in the Compton continuum after aging for 48 hours. While
the photopeak location in the alpha-spectra shifted to lower channel numbers after aging
for 24 hours, the change in resolution from 24% to 25% was not significant. Similar to
the gamma-ray spectrum, the photopeak in the alpha-spectrum became imbedded in the
background noise after aging for 48 hours.
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Figure 27: 137Cs spectra generated by NAS disks aged at 815°C for 24 and 48 hours
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Figure 28: 241Am spectra generated by NAS disks aged at 815°C for 24 and 48 hours
Alumino-Borosilicate (ABS) System

Photoluminescence Excitation (PLE) and Emission (PL)
The alumino-borosilicate base glass composition was adapted from work by Li et. al.
[72], who doped Gd2O3 into ABS glasses. Li’s work showed that there exists and a range
of gadolinium concentrations in the host glass that suppresses the formation of mullite at
its minimum and prohibits precipitation of gadolinium silicate at its maximum. Three
concentrations that fall within this range were chosen (10mol%, 20mol%, 30mol%), and
equivalent molar concentrations of GdBr3 and CeBr3 substituted for the Gd2O3. The
compositions studied are marked by the red dots in the diagram shown in Figure 5. The
PLE spectra in Figure 29 show an increase in light yield and a slight shift in peak
wavelength (from 317nm to 329nm mto 346nm) as GdBr3(Ce) concentration is increased
from 10mol% to 30mol%. The sample with only 10mol% GdBr3(Ce) was opaque
because there was in insufficient concentration of fluxing halides to reduce the melting
temperature of the more refractory constituents to within the 1450°C processing regime.
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Figure 29: PL/PLE spectra for ABS base glasses with 10mol%, 20mol%, and 30mol%
GdBr3(Ce) incorporated into the matrix. Emission intensity appears to decrease slightly
from 20 to 30mol%
A batch of ABS with 20mol% GdBr3(Ce) was sectioned into 11cm3 rectangular coupons
for the aging study. The 20mol% GdBr3(Ce) concentration was chosen to allow more
direct comparison of behavior of GdBr3(Ce) between the three glass systems. As with the
NAS system, the exothermic peaks were convoluted with background noise, and so aging
studies were performed at both temperatures. The DTA trace for a sample of an as-cast
ABS glass loaded with 20mol% GdBr3(Ce) in the precursor mixture is shown in Figure
30.
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Figure 30: DTA trace of a sample of ABS host glass loaded with 20mol% GdBr3(Ce) in
the precursor mixture. Exothermic peaks are not easily visible above the background
noise and so aging studies were performed at the two most prominent peak temperatures.
After aging, the billets were ground to powder for characterization studies. The
photoluminescence emission behavior of the samples aged at 850°C for 12-96 hours is
shown in Figure 31 and photographs of three of the samples before and after aging are
shown in Figure 32.
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Figure 31: Photoluminescence emission (PL) behavior of ABS-20mol% GdBr3(Ce) billets
aged at 850°C for 12-96 hours
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Figure 32: Photographs showing formation of surface crystallites on coupons of ABS20mol% GdBr3(Ce) during aging at 850°C
The PLE behavior of the ABS samples aged at 850°C is shown in Figure 33. There is no
discernible trend between aging time and luminescence intensity, though the sample aged
for 24 hours exhibited the highest light yield.
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Figure 33: Photoluminescence excitation (PLE) behavior of ABS-20mol% GdBr3(Ce)
aged at 850°C for 12-96 hours
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As with the NAS system, two exothermic peaks were visible at 850°C and 930°C in the
DTA trace of the ABS-20mol% GdBr3(Ce) composition, and so aging studies were
performed at both temperatures to observe the different products of reaction. The PL/PLE
behavior of samples aged at 930°C is shown in Figure 34 and Figure 35, respectively.
Note the significant decrease in luminescence intensity with increased aging time. The
inset shows a more detailed view of the emission behavior of the aged samples.
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Figure 34: PL spectra for ABS-20mol% GdBr3(Ce) aged at 930°C
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Figure 35: PLE spectra for ABS-20mol% GdBr3(Ce) aged at 930°C
X-Ray Diffraction (XRD)
XRD spectra of ABS billets (20mol% GdBr3(Ce)) aged at 850°C for 12 to 96 hours are
shown Figure 36. Scan times were increased to 12 hours, which was much longer than
the 1 hour scan times used in other specimens. Samples aged at 850°C and scanned for
only one hour did not generate XRD peaks, as shown by the spectra in the upper half of
Figure 36. The highest intensity peaks correspond to a GdBO3 phase (shown by the red
reference peaks), with the lower intensity (blue reference) peaks corresponding to
Gd0.6Ce0.4O1.70.
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Figure 36: XRD spectra of ABS-20mol% GdBr3(Ce) aged for varying times at 850°C.
The top spectrum was acquired using a scan time of 1 hour, while the lower spectra
were acquired using a scan time of 12 hours. The red PDF overlay in the lower
spectra is the GdBO3 phase (PDF 04-010-9111) and the blue overlay is the
Gd0.6Ce0.4O1.70 phase (PDF 01-073-3587)
As shown in Figure 37, the XRD spectra for samples aged at 930°C had more peaks
visible than the spectra for samples aged at 850°C. The peak locations most closely
correspond to a gadolinium borate phase (PDF 04-010-9111), although the luminescence
intensity decreases with longer aging time. The shards aged for longer than 24 hours
developed a translucent surface layer that was easily removed during lapping and
polishing of the sample. These layers illustrate the affinity for crystallites to precipitate
preferentially on the surface, which may have created a non-uniform spectroscopy
response.
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Figure 37: XRD spectra for ABS-20mol%GdBr3(Ce) samples aged at 930°C with GdBO3
(PDF 04-010-9111in red) and Gd0.6Ce0.4O1.70 phase (PDF 01-073-3587 in red) reference
peaks overlaid.

Radiation Spectroscopy
Gamma-ray spectra produced by the ABS glass system loaded with 20mol% and 30mol%
GdBr3-CeBr3 are shown in Figure 38, with the corresponding alpha-spectra shown in
Figure 39. The 20mol% GdBr3(Ce) sample produced a gamma-ray photopeak resolution
of 35% and the 30mol% sample a resolution of 38%, though with a much greater light
yield. In the alpha-spectra, the resolution from the 20mol% GdBr3(Ce) sample was 38%
while the resolution from the 30mol% samples was 89%.
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Figure 38: 137Cs spectra generated by ABS glass doped with 20mol% and 30mol% GdBr3(Ce)
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Figure 39: 241Am spectra generated by ABS glass doped with 20mol% and 30mol% GdBr3(Ce)

Three different batch sizes (54g, 68g, and 127g) were synthesized for the ABS-30mol%
GdBr3(Ce) system. Variations in the quality of the gamma-ray and alpha-particle spectra
for the three different sizes are shown in Figure 41 and Figure 40, respectively, with their
corresponding energy resolutions given in Table 8. The 68g sample exhibited finer
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energy resolution, though the 127g sample produced a higher light yield, which suggests
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that photons experience significant scatter or escaped before passing to the PMT.
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Figure 40: 137Cs spectra generated by ABS-30mol% GdBr3(Ce) of varying sizes
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Figure 41: 241Am spectra generated by ABS-30mol% GdBr3(Ce) of varying sizes
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Table 8: Photopeak energy resolution from ABS glass samples of varying size loaded
with 30mol% GdBr3(Ce)
Sample Mass
54g

241

Am Resolution
45%

137

68g

53% (peak cutoff in noise)

35%

127g

89%

38%

Cs Resolution
No peak visible

Formation of bubbles within the glass melt and their subsequent entrapment in the cooled
piece caused significant photon scattering, which resulted in a more pronounced
Compton continuum and degraded energy resolution (from 38% to 40%), as shown by
the spectra in Figure 42. This further underscores the importance of incorporating a
fining agent to eliminate bubbles.
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Figure 42: 137Cs spectra for ABS glasses loaded with 30mol% GdBr3(Ce). One of the
batches was also loaded with 1wt% NaF to act as a fining agent and reduce the bubble
concentration
Bubbles also degraded the resolution of the alpha-spectra. A majority of the spectrum
from the batch without added fining agents (seen in Figure 43) was overshadowed by the
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background noise, while a photopeak with 28% resolution emerged in the spectrum with
fining agent.
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Figure 43: 241Am spectra for ABS glasses loaded with 30mol% GdBr3(Ce) both with and
without added NaF as a fining agent
Disks sectioned from the ABS system for the aging portion of the study were not large
enough to accommodate radiation spectroscopy measurements, and so spectroscopy data
for aged samples in this system is not available.

Sodium-Borosilicate (NBS) System

Photoluminescence Excitation (PLE) and Emission (PL)
The PL/PLE behavior of scintillators from the NBS composition with GdBr3(Ce)
concentrations ranging from 7-15mol% is shown in Figure 44. There does not appear to
be an obvious relationship between GdBr3(Ce) concentration and light yield in either set
of luminescence spectra.
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Figure 44: PL/PLE behavior of NBS glass system doped with 7-15mol% GdBr3(Ce)

Radiation Spectroscopy
Batch sizes greater than 20g were not achievable in the NBS system, and samples that
were fabricated showed far inferior spectroscopy performance relative to the NAS and
ABS systems, as shown by the gamma-ray and alpha-particle spectra in Figure 48 and
Figure 49, respectively. The low solubility of scintillating compounds achievable in this
glass system and poor spectroscopy performance prohibited further investigation of this
glass system.
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Figure 45: Gamma-ray spectra produced by two samples from the NBS system. The
662keV photopeak is not visible and the Compton continuum dominates.
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Figure 46: Alpha-particle spectra produced by the NBS system. The scattering region is
pronounced with no visible photopeak
Systems Comparison

Photoluminescence Excitation (PLE) and Emission (PL)
The PLE behavior across the three glass systems is compared in Figure 47. Note the
considerably higher light yield of the ABS system compared to both the NAS and NBS
systems.
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Figure 47: PLE/PL spectra produced by 20mol% GdBr3(Ce)-doped NAS and ABS glass
systems (15mol% in NBS) under 423nm monitor wavelength for PLE and 350nm
excitation wavelength for PL and 423nm monitor wavelength for PLE

Radiation Spectroscopy
A comparison of the gamma-ray and alpha-particle spectroscopy performance of larger
volume scintillators from the three different glass systems is shown in Figure 48 and
Figure 49, respectively, with the corresponding energy resolutions given in Table 9. A
smaller achievable scintillator size (20g vs. 106g and 127g) likely contributes to the
degraded performance of the NBS system relative to the other two.
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Figure 48: Gamma-ray spectra for 137Cs generated by large volume samples

Figure 49: Alpha-particle spectra for 241Am generated by large volume samples
Table 9: Energy resolution produced by samples from each glass system
Glass System
NBS

241

Am Resolution
No peak visible

137

ABS

89%

30%

NAS

32%

34%
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Cs Resolution
No peak visible

DISCUSSION

Sodium-Aluminosilicate (NAS) Series
In the NAS system, emitted light yield increased with the concentration of scintillating
compounds (GdBr3 and CeBr3) until the loading reached 19mol% of the glass batch.
Subsequent additions reduced glass transparency and showed a slight increase in
refractive index from 1.580 to 1.588 as loading increased from 19mol% to 22mol%. Such
a trend is expected as the density of the glass increases with the higher concentration of
heavy rare-earth elements [92]. The rare-earth halides also acted as a fluxing agent to the
more refractory compounds, which reduced network connectivity and created additional
non-bridging oxygen (NBO) atoms in the glass network. A higher concentration of
NBO’s in the glass increased the polarizability, and therefore the refractive index, of the
glass network. While the higher refractive index reduced the tendency for photons to
escape the glass matrix [93], it may have also increased the probability for photon
scattering and absorption.

Figure 50: Photographs showing glass samples with A) 19mol% GdBr3-CeBr3, and B)
22mol% GdBr3-CeBr3.Transaprency began to decrease with GdBr3-CeBr3 additions past
19mol% until the glass began to turn black at 22mol% GdBr3-CeBr3.
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The increase in refractive index was accompanied by a sharp drop in light yield, as shown
in Error! Reference source not found., with a similar effect seen upon increasing the
concentration of cerium doped into the GdBr3 host crystals, shown in Figure 14. In this
case, light yield continued to increase up to a cerium concentration of 4mol%, with a
decrease in intensity starting at 6mol%. This value fits well with the 3mol% reported in
previous studies of Ce3+ additions to silicate glasses [94]. Additions past 4mol% CeBr3
mark the onset of concentration quenching as ionic separation distance between
neighboring luminescent centers becomes sufficiently small to allow cross-relaxation and
re-absorption of emitted photons [95]. Although he studied LaBr3(Ce) single crystals
rather than GdBr3(Ce) nanocomposites, Drozdowski reported a similar concentration
quenching effect while optimizing the crystal composition (Figure 51). This result is
particularly interesting because concentration quenching in a NaI(Tl) begins at 0.2mol%
thallium-doping. Segregation of the luminescent centers into the nanocrystals likely
inhibits clustering and thus reduce re-absorption of emitted photons by neighboring ions
[96].
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Figure 51: Data showing how light yield is reduced past a certain cerium concentration
in a phenomenon known as concentration quenching [31]
To ensure luminescent centers are well-separated and the concentration quenching effect
is minimized, a high density of crystal nuclei should be formed during melt quenching.
The higher nuclei density creates greater competition for precipitating compounds during
crystal growth, and thus limits precipitated particle sizes to 50nm or less [57]. The
smaller crystallite sizes are desirable because the transfer of absorbed radiation energy
from the non-radiative glass host to embedded luminescent crystals has been shown to
become less efficient as crystal size increases [67]. The decrease in efficiency is
attributed to an increased probability of trapping by non-radiative quenching sites, such
as surfaces, interfaces, or vacancies [97], or a reduced number of luminescent centers
available for energy transfer as a larger fraction of the centers are found farther into the
interior of the crystal. Thus, a uniform distribution of smaller (<50nm) crystallites may
exhibit superior performance relative to a glass-ceramic whose average crystallite size is
larger and more heterogeneously dispersed. However, a larger fraction of luminescent
ions will be located near the glass-crystal interface as crystallite size decreases, which
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would create a higher phonon environment that could quench luminescence [67], [98].
Thus, there is likely an ideal crystallite size in the range of 20-50nm.
For samples of the NAS glass (19mol% GdBr3-CeBr3) aged at 750°C (Figure 16), light
yield increased with aging time up to 24 hours, past which continued aging began to
degrade intensity. A similar effect was seen when ceramization was carried out at 815°C
(Figure 17). While variations in luminescence intensity were apparent at these aging
temperatures, there were no peaks visible in the associated XRD spectra to explain the
discrepancies. This may be because the volume fraction of the crystalline phase
precipitated at these temperatures was too low to be distinguished above the background
noise. However, the images shown in Figure 18, copied below for convenience, of the
center disk prior to aging (left) and after aging for 24 hours at 815°C (right), indicate that
surface crystallization may have been the dominant reaction in this sample [99], [100].
When a small segment is ground from this disk for powder XRD, only a small fraction of
the sample would be crystallized. An alternative explanation may be that 815°C
represents a strain point rather than a precipitation reaction, with increased light yield
resulting from decreased scattering to due variations in refractive index through the
sample bulk.
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Figure 18 (copied from above): Photograph of disk sectioned from 106g NAS sample.
The unaged disk is shown on the left, and after aging for 24 hours at 815°C on the right.
The aged disk has a cloudy surface layer indicating that surface crystallization was
dominant in this sample.
The surface crystallization argument is supported by SEM studies of the glass samples
aged at 750°C. Pieces from the sample aged for 48 hours at 750°C were mounted directly
on the SEM stage without lapping or polishing. The average crystallite size is
approximately 50nm, though this phase was not detected during powder XRD scans.

500nm
Figure 52: SEM micrograph showing surface crystallites formed in the NAS glass during
aging at 750°C. These crystallites were not detected in XRD scans and did not appear in
SEM analysis after being lapped and polished.
Aging at 950°C resulted in immediate and rapid degradation of light yield with aging
time (Figure 19), though XRD analysis identified a Ce0.7Gd0.3O1.85 phase composition.
61

Glass shards aged longer than 8 hours at this temperature became white/opaque, though
from the corresponding XRD spectra in Figure 21, it is unclear whether the size of the
Ce-Gd-O precipitated crystals caused opacity or if the second (unidentified) phase that
formed is to blame. However, the SEM images in Figure 53 show large crystals with
plate-like morphology with a second needle-like phase interspersed as well. The average
size of the plate-like crystals is clearly larger than 100nm, and so this phase was probably
the most significant contributor to loss of transparency in the glass upon aging at 950°C.
Work by Nikl [65] has shown that higher aging temperatures allow solute to diffuse over
longer distances to the growing crystal, thus producing larger precipitates. When these
precipitates begin to exceed 100nm in diameter, scattering can become significant for
both the 350nm photons emitted and visible light.

10μm
Figure 53: SEM micrograph of a sample of NAS glass (19mol% GdBr3(Ce)) aged for 12
hours at 950°C. The large, plate-like crystallites contributed to loss of sample
transparency and seem to correspond to a Al2SiO5 phase based on XRD analysis.
Although batch sizes produced during the composition optimization study were
prohibitively small

for

spectroscopy measurements,

variations

in

gamma-ray

spectroscopy behavior with increasing sample volume were intriguing. As seen in Figure
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22, when scintillator size was increased from 48g to 106g, the photopeak resolution was
somewhat degraded from 27% in the 48g sample to 34% in the 106g sample. The 662keV
photopeak also shifted to lower channels, indicating a lower light yield per pulse, and the
Compton continuum became more pronounced in the larger sample. This indicates that
photon scattering became a significant in the larger sample, and was most likely caused
by residual thermal stresses and trapped bubbles. Figure 54 shows the large number of
bubbles trapped in the 106g NAS sample. However, the photopeak resolution in the
alpha-particle spectrum produced by the 106g sample (32%) is far superior to the
spectrum produced by the 48g sample, in which a photopeak was not visible. The larger
scintillator was expected to show poorer alpha-resolution because of the increased
probability for escape of near-surface photons or photon scattering in a larger sample
[35]. The cause of this deviation is, as of yet, unclear, but will be the topic of future
investigations.

Figure 54: Photo of 106g sample of 19mol% GdBr3(Ce)-loaded NAS glass. The high
density of bubbles likely contributed to significant photon scattering
Non-uniform composition through the sample bulk can also degrade photon yield, and so
the 106g glass cylinder was sectioned and characterized to determine if such a defect
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played a significant role in this system. Three, 1cm thick disks (shown in Figure 55) were
sectioned and spectra acquired for each disk separately to characterize the uniformity in
optical response along the scintillator axis. The resulting behavior, seen in Figure 25 and
Figure 26, shows some variation in optical behavior between the three disks, with
resolution varying from approximately 28-35% in the gamma-ray spectrum and 24-25%
in the alpha-particle spectrum. However, the bottom disk (shown on the far right) had
several large bubbles trapped in the interior and showed less intense luminescence, which
likely limited the achievable energy resolution in the gamma-spectra.

Top

Middle

Bottom

Figure 55: Disks sectioned from the 106g NAS sample under ambient (upper) and UV
exposure (lower). The bottom disk (right) has two large trapped bubbles, which likely
contributed to this disks lower energy resolution.
The negligible variations in the alpha-spectra indicate that the melt and resulting cast
glass were of homogeneous composition. Two of the disks were then aged for 24 and 48
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hours at 815°C and then characterized. The gamma-ray energy resolution (Figure 25),
improved slightly from 33% to 27% in the sample aged for 24 hours, though the
photopeak shifted to lower channel numbers, which indicates decreased light yield per
pulse. The resolution for the sample aged for 48 hours was not determined because the
photopeak was reduced to a small shoulder above the Compton continuum. The alphaspectra resolution changed negligibly from 24% to 25% after aging for 24 hours, and the
decrease in light yield was also less pronounced than in the gamma-spectra. The
photopeak was again lost in the background noise of the 48 hour spectrum.
When TEM analysis was performed on samples aged for 24 and 48 hours at 815°C,
clusters of crystallites were distinctly visible in the powders aged for 48 hours (Figure
57), while very few crystallites were found in the sample aged for 24 hours (Figure 56).
This agrees with the trend seen in XRD analysis, though further study will be needed to
fully describe the kinetics of the precipitation of rare-earth crystallites in this system.

Figure 56: TEM micrograph showing mostly Figure 57: TEM micrograph showing
amorphous structure of NAS glass aged for clustered crystallites precipitated in a
24 hours at 815°C
sample of NAS glass aged for 48 hours at
815°C
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The XRD data for powders from the 48 hour aged disk (Figure 20) displayed small peaks
that seem to correspond to CeO2, though the peak intensities are too low to be certain.
However, CeO2 actually absorbs photons in the near-UV/blue region, and so
luminescence intensity would be expected to drop off drastically as the population of
Ce4+ centers increased [52]. This may explain the degradation in spectroscopy
performance of the disk aged for 48 hours. However, it is unclear why the sample aged
for 24 hours would have shown an initially higher light yield in PL/PLE if a CeO 2 phase
was being formed.
A previous study by Dantelle [101] showed that the formation of nuclei in PbF2(Er/Yb)doped oxyfluoride glass-ceramic depended strongly on the concentration of ErF3 and
YbF3 in the batch. The rare-earth halides served as seeding agents for the formation of
PbF2 nuclei, with the average crystallite size decreasing from 27nm to 11nm as the total
concentration of rare-earth halides was increased from 2-3mol%, as shown in Figure 58.

Figure 58: Data plotted from Nikl [101] showing a decrease in the average crystallite
size precipitated as rare-earth halide concentration increased
Larger concentrations of seed compounds also increased the spatial uniformity of nuclei,
though a limit appeared to be reached, beyond which further additions induce
66

uncontrolled crystallization when the melt as cast and quenched. Increased concentration
of nucleating agents also lowered the ceramization temperature [102], as shown by the
DTA traces in Figure 59. It is crucial for this reaction temperature to be well separated
from both the matrix devitrification and glass transition regions to ensure crystallite
growth is easily controlled.

Figure 59: DTA traces from study by Mortier that show how increasing the concentration
of nucleating agents reduces the ceramization reaction temperature. The variable 'y'
refers to the Yb content [49].
The 20-30mol% loading of rare-earth halides used in this study far exceeded the 13mol% used in Nikl’s study, and so similar nucleation and growth behavior was
expected. However, the characterization methods discussed previously suggest that this
was not the case. A study published by Mortier [102] reported that 16-18mol% PbF2-ErF3
loading produced nucleation and precipitation of a PbF2(Er) crystalline phase during
ceramization, which indicates that the seeding mechanism still occurs at higher halide
concentrations. A major contributor to the discrepancies may be structural nonuniformities in the glass, which can act as preferential sites for heterogeneous nucleation
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of scintillating crystals [103]. Randomly distributed defects such as bubbles and regions
of higher thermal stress could be sites of higher preference for nuclei formation. When
these nuclei grow to crystals, the inhomogeneous distribution of crystals in the glass
produces an anisotropic optical response, which may reduce light yield and degrade
energy resolution as observed.

Alumino-Borosilicate (ABS) Series
In the ABS glass system, light yield increased with the concentration of scintillating
compounds up to the maximum concentration of 30mol%, though the diagram in Figure
6 predicts that solute concentrations above 31mol% will be rejected and cause formation
of a gadolinium silicate phase [70], [72]. However, synthesis of additional batches is
required to validate this hypothesis. As GdBr3(Ce) concentration was increased, the
excitation peak increased in width and intensity, and the 350nm peak became more
prominent than the 320nm peak. The greater peak width was most likely caused by
modifications to the glass network caused by rare-earth halide additions to the matrix
[104]. Each Ce3+ was expected to create two NBO’s, which would locally modify the
structural environment surrounding the cerium luminescent center [105]. This would
introduce greater variance in the crystal field splitting because no two luminescence
centers experience the exact same structural surroundings, and thus cause inhomogeneous
broadening of the emission peaks. The higher peak intensity resulted from an increased
number of luminescent centers with additional CeBr3. The PL intensity for the sample
loaded with 20mol% GdBr3-CeBr3 was higher than the 30mol% loading, suggesting that
concentration quenching may have begun past 20mol%. However, the light yield was still
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much higher than in either of the other systems. Additional studies will be required to
determine the GdBr3-CeBr3 loading that marks the onset concentration quenching more
precisely. The 350nm excitation/absorption peak may have become more prominent as
the population of Ce4+ in the network increased. The higher oxidation state of cerium
absorbs energy via transfer of charge from neighboring oxygen atoms, with an absorption
edge of near 450nm [52]. Because these glasses were prepared in a reducing atmosphere,
the Ce3+/Ce4+ equilibrium favors the trivalent state, and so the few Ce4+ centers present
only cause a slight red shift in absorption. The higher Ce4+ population was most likely
caused solely by the increased CeBr3 concentration.
The refractive index decreased from 1.616 to 1.608 as the GdBr3-CeBr3 concentration
was increased from 20mol% to 30mol%, which was unexpected since increases in
density and number of NBO’s are usually correlated to an increase in refractive index
[92]. However, work by Li [88] showed that additions of neodymium to an ABS host
glass stabilized AlO4 tetrahedra, which increased the connectivity of the glass network
and lowered the refractive index [106]. Furthermore, rare-earth elements appear to have a
greater proclivity for partitioning into a modifier-rich borate phase than a silica-rich
phase when incorporated into a borosilicate glass network [107]. Because the
electronegativity of boron is higher than that of silicon, the rare-earth electron density is
more tightly held and thus less polarizable, resulting in a lower refractive index.
When ABS-20mol% GdBr3(Ce) was aged at 850°C, there was no discernible dependence
of the light yield on aging time. Similar behavior was seen for the samples aged at 930°C
for varying times (Figure 34), though the light yield for that series was consistently
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below that recorded for an unaged sample. Much longer XRD scan times were required
to bring peaks above the background noise for samples aged at 850°C. The highest
intensity peaks were attributed to a GdBO3 phase, with the lower intensity peaks
matching Gd0.6Ce0.4O1.70. It is possible that, for some reason, a lower fraction of cerium
incorporated into the crystalline phase than gadolinium. This would leave the cerium
luminescent centers in the high-phonon amorphous phase. Alternatively, it is possible
there was significant burn off of cerium during the melting step, and so there is a low
concentration in the overall system. Additional study, particularly regarding composition,
is required to verify either of these hypotheses. The XRD peaks in the 930°C series
closely matched Gd(BO3) with fewer second phase peaks visible. The refractive index for
each of the samples aged at 930°C exceeded the maximum available (1.640) in the set of
index matching liquids used, which may have been a product of decreased network
connectivity or increased density with a higher volume fraction crystalline phase.
As expected, the energy resolution in the gamma-ray spectrum improved with increasing
mole fraction GdBr3(Ce). A 662keV photopeak with 38% resolution was clearly visible
in the spectrum generated by a scintillator with 30mol% GdBr3(Ce). The light yield was
far lower for the sample with 20mol% loading, though the photopeak resolution was
slightly better at 35%. This behavior was reversed in the case of alpha-spectroscopy,
where the 20mol% scintillator produced a resolution of 38% at the 5.5 MeV photopeak
that was well separated from any background noise, with terrible resolution in the
30mol% sample at 89%. The density of the 30mol% GdBr3(Ce) sample was higher than
that of the 20mol% sample, imbuing the 30mol% sample with a higher stopping power.
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This caused incident alpha-particles to be absorbed over a shorter interaction distance in
the 30mol% sample, resulting in a higher fraction of photons originating from near the
glass surface [44]. Photons produced closer to the scintillator surface are more likely to
escape before reaching the PMT [16], [19], which causes incomplete light collection and
creates a more prominent scattering region in the energy spectrum. Furthermore, photons
transitioning from the high refractive index scintillator (1.6) to the lower refractive index
PMT (1.5) may experience total internal reflection [35], which reduces the light yield
transferred to the PMT within the integration time or increase the fraction of photons that
are scattered or absorbed. To mitigate this effect, higher refractive index optical coupling
grease may be used or the scintillator surface can be roughened or modified to ensure
more intimate contact at the interface.
In the ABS system, increasing scintillator size appeared to improve spectroscopy
performance. As seen in Figure 40, the 127g scintillator generated a photopeak resolution
of 38%, compared to 35% produced by the 68g sample, though the light yield increased
by roughly 50% with the increased sample size. The higher light yield was the result of
incident gamma-rays depositing a larger fraction of their total energy within the volume
of the 127g scintillator compared to the 68g, though the resolution may have been
degraded by structural defects and increased scattering within the larger volume
scintillator [108]. The opposite behavior was seen in the alpha-spectra in Figure 41,
where the smallest (54g) scintillator displayed the highest peak intensity and finest
energy resolution (45%), despite the lower light yield. The resolution from the 127g
sample was 89%, with 53% resolution achieved in the 68g sample, though a portion of
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the photopeak was imbedded in the background noise. The discrepancy is, again, most
likely caused by increased probability of photons escaping from near the surface of the
larger sample, which creates greater statistical fluctuation in photon statistics reaching the
PMT, and a larger population of near-surface photons.
The two structural defects that appear to have been most problematic in the larger
scintillators were residual thermal stresses and trapped bubbles. Residual thermal
stresses, shown in the polariscope images in Figure 60, are caused by variations in
cooling rate experienced by different regions of the glass, which result in broader
distribution of bond angles and distances throughout the network. These structural
variations locally alter the refractive index of the glass [83], and scatter incident photons.
Photons passing through regions of higher refractive index will be slowed relative to
those in a region of lower refractive index, which introduces a delay in the time it takes
for the entire photon pulse to reach the scintillator-PMT interface, in addition to the
scattering and reflection problems discussed earlier. If the arrival of the slowed photons
at the PMT interface is delayed longer than the integration time, these photons are not
included in the integrated electrical pulse, which introduces error to the energy spectrum
and degrades resolution. However, the severity of the effect of delayed photon integration
was most likely negligible since a material with a refractive index of 2.0 would impart a
2ns delay to photons traveling 30cm [35], compared to the ABS system which had a
refractive index of 1.608 and only 5cm length.
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Figure 60: Photographs of 106g NAS sample annealed for 72 hours (left) and 120 hours (right)

In addition to residual thermal stresses, bubbles formed during the melting step and
trapped in the final cast part were particularly problematic in the ABS system, with the
severity amplified at larger batch sizes. Bubbles were formed when precursor glass
powders, such as H3BO3 and Na2CO3, decomposed and released CO2 and H2O during
firing [92]. If the melt viscosity was sufficiently high, smaller bubbles became trapped
within the resulting cast glass, and caused severe photon scattering at the bubble-glass
interfaces. It is thus ideal to eliminate all or as many bubbles from the melt as possible by
the addition of fining agents, such as NaF [109]. While NaF additions did not eliminate
all bubbles from the ABS melts, the concentration of bubbles through the bulk of the
sample was greatly reduced relative to the batches without fining agent. This decreased
photon scattering and yielded a drastic improvement in spectroscopy performance
between the glass-ceramics with and without the added fining agent (see Figure 42 and
Figure 43).
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Sodium-Borosilicate (NBS) Series
The primary reason for investigating the NBS glass system was to lower the processing
temperatures required. In this sense, the glass system fulfilled its desired purpose.
However, the borate-rich system had a significantly lower solubility of scintillating
compounds relative to the other glass systems, with a maximum achievable loading of
15mol% GdBr3-CeBr3. Liquid phase separation in the melt and the cast glass also
occurred frequently. Additional precursor components, such as BaO and CaO, were
incorporated into the glass batch to encourage mixing. This method resulted in somewhat
greater melt homogeneity, though when scaling this system to larger batch sizes also
proved difficult, continued effort into the development of NBS glasses was not deemed
worthwhile. The focus of the overall investigation, therefore, turned solely to the ABS
and NAS systems.

Comparison of Radiation Spectroscopy Performance between Glass Systems
The samples from each system that exhibited the highest spectroscopy performance were
compared in Figure 48 and Figure 49. The GdBr3(Ce) doping concentrations were
15mol% in the NBS matrix, 19mol% in the NAS matrix, and 30mol% in the ABS matrix.
The ABS system produced the highest light yield in both alpha-particle and gamma-ray
spectroscopy, though the resolution at the 662keV photopeak was finer in the NAS
system (34%) compared to the ABS system (38%). However, there was a narrow
separation between the photopeak and the Compton edge in the ABS gamma-ray
spectrum, indicating that scattering and incomplete collection of photons were significant
[36]. This suggests that if processing techniques are improved to minimize structural
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defects in the ABS system, then the superior light yield should produce a finer energy
resolution compared to the NAS system due to reduced variance in photon statistics with
higher light yields . This theory is supported by a similar trend in the relative light yield
and energy resolution seen in the corresponding alpha-spectra. The light yield was again
higher in the ABS system, but structural inhomogeneities scattered photons and degraded
energy resolution to 89%, compared to the 32% achieved in the NAS system. Photon
scattering may have been exacerbated by the higher refractive index of the ABS system
(1.616) compared to the NAS (1.580), which increased photon path length through the
glass and therefore increased the probability that photons would be scattered by trapped
bubbles and other absorption centers. The refractive index of the ABS system may be
lowered by increasing the connectivity of the glass network with a higher concentration
of refractory compounds, or by substituting the sodium with a less easily polarized alkali
cation.
The ABS system also showed superior performance when a similar GdBr3(Ce) loading is
incorporated into all three glass systems, as shown by the relative luminescence light
yields in Figure 47. While the NBS system contained only 15mol% GdBr3(Ce), both the
NAS and ABS systems contained approximately equivalent (20 1mol%) GdBr3(Ce) in
the precursor batch, but showed very notably different luminescence and spectroscopy
behavior. The discrepancies in light yield between the two systems were attributed to
differences in the structure of the glass network, which can affect the radiative behavior
of rare-earth dopants [96] and the transmittance of emitted photons. For example, the
ABS system contained higher boron concentrations relative to the NAS glass, which
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probably allowed thermal stresses to be more easily relaxed during annealing of the
larger scale batches. The importance of removing thermal stresses was already illustrated
in Figure 24, which illustrates how longer annealing time improved alpha-spectroscopy
performance. Polariscope photographs of the NAS sample shown in Figure 60 further
illustrate the extent to which residual thermal stresses refract light within the larger
samples.
While the higher boron content may have improved the performance of the ABS system
relative to NAS, the NBS system, which contained the highest boron loading, showed
very poor spectroscopy performance. This suggests that the more refractory compounds
(Al2O3 and SiO2) play a very important role in ensuring that photons travel through the
glass network unimpeded. As discussed previously, Al2O3 additions strengthen the
connectivity of the SiO2 glass network by forming AlO4 groups, which create Al-O-Si
bridges that decrease the refractive index [106], and also lower the phonon relaxation
tendency of rare-earth ions in the glass [110]. Some rare-earth dopant ions, such as Yb3+,
also tend to cluster and form localized regions of high dopant concentration in silica
glasses [111] (as shown in Figure 61), and such clustering can prematurely induce
concentration quenching effects [112]. A study by Arai [113] showed that the addition of
aluminum cations will break up these rare-earth cation clusters and thereby improve
luminescence efficiency. It is possible that the Ce3+ activator used in this study caused
clustered crystallites to form, though additional TEM studies are required to be certain.
Studies by Vedda et. al. [114] showed that high-cerium concentrations doped into sol-gel
silica glasses tend to form CeO2 aggregates, which severely quench luminescence.
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Additional work is required to determine if the reducing atmospheres used in this study
were sufficient to inhibit the formation of Ce4+ and its corresponding aggregated
crystallites.

Figure 61: TEM micrographs showing how some rare-earth dopants, such as Er3+, can
encourage uniform spatial distribution of crystallites (left), while others, such as Yb3+,
cause crystallites to cluster and prematurely induce concentration quenching [101].
The scintillators compared in the gamma-ray and alpha-particle spectra shown in Figure
48 and Figure 49 were cylinders of as-cast glass. Changes in luminescent and
spectroscopy behavior upon aging the NAS and ABS glass systems suggest that the
crystalline phase precipitated from the ABS system degraded scintillation efficiency,
while that precipitated from the NAS system initially increased efficiency. From XRD
data of the ABS system (Figure 36), the gadolinium appeared to segregate into a boraterich phase during the ceramization step, with no detectable traces of cerium, which
resulted in considerable reduction of luminescence intensity (Figure 34). In contrast, a
Ce0.7Gd0.3O1.85 phase was identified in XRD analysis of aged NAS samples, and the
degradation of luminescence intensity was less pronounced. While rare-earth metaborates
are capable of exhibiting luminescence [115], it appears that segregation of the cerium
activator ions into the borate-rich phase is energetically unfavorable in the ABS system
studied. In addition, the B-O bond is more covalent in nature than the Si-O bond, which
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reduces the degree of expansion experienced by a neighboring Ce3+ electron cloud [116].
A more expanded electron cloud decreases the binding energy of the outermost electrons
via the Nephelauxetic effect, which allows them to be more easily promoted to the 5d
energy levels [107], [116], [117]. This creates a larger Stokes shift and reduces the selfabsorption tendency of the Ce3+ luminescence center, thereby increasing luminescence
efficiency in the silica-rich system. Future work should, therefore, involve determining
glass chemistry or processing techniques that will suppress segregation of rare-earth
compounds into the borate-rich phase and promote incorporation into the silica-rich
phase in order to maximize luminescent efficiency.
Li suggested [87] that the formation of the Gd(BO3) phase in an ABS system may be
inhibited by modifying the glass chemistry to saturate the borate-rich phase with
gadolinium, which would make incorporation of gadolinium into the silicate phase more
favorable. Work by Qian et. al. [71] also showed that gadolinium will preferentially
segregate into a silica-rich rather than borate-rich phase if the concentration of
gadolinium in the glass exceeds a critical threshold. However, in both cases, the solubility
limit of rare-earths in the borate phase must be exceeded before solute will begin to
segregate into the silicate phase. The drawback is that the rare-earth silicate
crystallization reaction tends to occur during melt quenching and so precipitate size is not
controllable [72], making this method undesirable. Alternative modifications of glass
composition will need to be explored to precipitate the desired phase in a controlled
manner.

78

Conclusions & Future work
While the glass-ceramics synthesized over the course of this investigation did not
produce photopeaks with energy resolution as fine as NaI(Tl), producing any discernible
photopeaks with a material other than a single crystal is a significant achievement. These
initial successes suggest that, with additional development and study, glass-ceramics may
prove to be a viable alternative to single crystal scintillators. Potential problems that may
have degraded the performance of the glass-ceramics include a lower concentration of
scintillating compounds relative to single crystals, scattering of emitted photons caused
by residual thermal stresses in the glass, and scintillator volumes slightly smaller than
typical NaI(Tl) single crystals. Future studies will work to improve glass processing to
reduce the concentration of bubbles trapped in the glass matrix and provide greater
understanding of and control over the ceramization reaction.
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Gamma Ray Scintillators via BaF2:Ce Nanopowders
M. Brooke Barta
Georgia Tech Research Institute
925 Dalney St, Atlanta, GA 30332
Introduction

Motivation for Development
According to the Security and Accountability for Every Port Act (SAFE Port Act, H.R.
4954), all cargo entering the country must be scanned for threatening radioactive
material.[1] Current scintillator detectors are fragile, hygroscopic, and unable to classify
the specific isotope emitting radiation. This research focuses on improving two main
scintillator properties: photon yield and bulk density.[2] Photon yield/production refers to
the number of photons produced per MeV of gamma ray energy absorbed,[3] while bulk
density correlates to the atomic weight of the host/dopant material. Ideal scintillators will
have a light yield of more than 5×104 photons/MeV, and high bulk density
(alkaline/actinide elements) for increased photon interaction.[3]
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The best scintillators currently in use are single crystals of NaI, doped with less than
1mol% Tl. These scintillators have a photon yield of 4.1×104 photons/MeV and a density
of 3.67 g/cm3.[2] NaI(Tl) single crystals can be grown easily and economically, but are
extremely fragile and hygroscopic, and so must be encased in a protective shell. [3] Large
single crystals of BaF2 have lower photon yields than NaI(Tl) crystals due to a higher
concentration of defects arising from more sensitive crystal growth.[3] Difficulty arises
from the need to grow large single crystals of BaF2, but if crystal size could be decreased,
photon yield and energy resolution could increase.

Inorganic Phosphor Nanopowders
Nano-scale phosphor powders (nanophosphors) offer improved photon yields compared
to single crystals by minimizing absorption and scattering due to impurities, which are a
problem in large crystal growth.[4-5]

BaF2:Ce nanophosphors in particular exhibit

properties that suggest superior performance in scintillator technology. Energy deposited
into the powder by lower energy radiation will not excite electrons in BaF2, and thus the
powder will only generate scintillation photons in the presence of high energy gammarays, thereby eliminating much noise from the energy spectrum.[6]

Direction of Work
This investigation seeks to improve scintillators by increasing scintillation material
density, and increasing photon yield by decreasing defect concentration. Past studies have
indicated that scintillator efficiency can be improved by doping a host crystal with rare
earth elements.[3]

Maintaining this assumption, BaF2:Ce nanopowders will be
81

synthesized using a method similar to the chemical precipitation synthesis of LaF3:Ce.[7]
Goals include the creation of a nanophosphor with a high bulk density and increased
photon production. Photoluminescence excitation (PLE) and emission (PL), and X-ray
diffraction (XRD) measurements will be used to characterize all powders synthesized.
Powders with high efficiency indicated by PL measurements will be encapsulated in a
UV curable polymer, and gamma ray measurements conducted to measure efficiency
upon excitation by a radionuclide source. The results will be compared to single crystal
NaI(Tl) scintillators, which are currently the most efficient.

Procedure

BaF2:Ce Nanophosphor Synthesis
BaF2:Ce with doping levels from 1-30mol% were synthesized. The molar amount of
Ba(NO3)2 powder was held at a constant 18.89mmol while the amount of Ce(NO3)3
powder was varied from 0.2-8.09mmol to achieve the desired doping level. These
powders were mixed in 80mL of deionized (DI) water in a round bottomed flask, and the
mixture stirred mechanically. In a separate flask, 1.6g NaF was mixed into 100mL of DI
water with a solution of 3.6g of oleic acid in 100mL of ethanol. This solution was heated
to 78°C using a heating mantle. The Ba(NO3)2 solution was then added drop-wise under
a nitrogen gas purge to the NaF solution, and the final mixture held and stirred at 78°C
for one hour. The solution was then centrifuged at 3000rpm for 15 minutes, then the
liquid decanted and 200mL of ethanol added to each flask. The BaF2:Ce powders were
mechanically agitated and a sample of the suspension was taken and placed into a
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scintillation vial for photoluminescence tests.

The powder was then dried in air

overnight.

BaF2:Ce Nanophosphor Characterization
Photoluminescence excitation (PLE) measurements were conducted using a Cary Eclipse
Fluorescence Spectrometer with a monitor wavelength of 353nm to find the optimal
excitation wavelength for the BaF2:Ce powders.

The sample was excited with

wavelengths ranging from 200nm to 340nm. Photoluminescence emission (PL)
measurements were conducted using a 288nm excitation beam (determined from the PLE
measurements) scanning a wavelength range from 300nm to 480nm.
Transmission electron microscopy (TEM) was used to confirm that the nanophosphors
were composed of individual particles, while X-ray diffraction (XRD) was used to
determine BaF2:Ce crystallite size. TEM analysis was conducted using a JEOL 100CX
TEM operating at 100kV. Particle size analysis was conducted with an X’Pert Pro α-1
diffractometer equipped with a Cu Kα X-ray tube emitting at 1.54

scanning a 2θ range

from 20-70°.

Scintillator Fabrication
To match the refractive indices (RI) of the powder and polymer matrix, commercially
available liquids with known RI at 589nm from Cargille Labs Inc. (Cedar Grove, NJ)
were used in conjunction with a Leica M165C optical microscope and a 400nm LED.
Two drops of RI matching liquid were added to 10mg of BaF2:Ce powder on a glass
slide.

An optical microscope was used to determine the visibility of the powder
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agglomerates under each RI liquid, which was the criterion for determining the RI of the
powder. After a matching liquid was found, a dispersion curve for the specific liquid was
acquired from the manufacturer, and the RI of the powder estimated via a polynomial fit
to the data.
A UV curable (OptiClad) polymer with a RI of 1.485 at 389nm was acquired from
Ovation Polymers (Medina, OH) and used to encapsulate the BaF2:Ce nanophosphors.
The custom made polymer was a mixture of several different monomers that imparted the
specific physical and optical properties needed for this investigation. BaF2:Ce was placed
into 10mL of the OptiClad polymer in a standard 40mm diameter by 30mm deep mold.
The suspension was homogenized using a Fisher Scientific 550 sonic dismembrator
probe to disperse the powder uniformly in the polymer, and then cured using a Lesco
Rocket Cure SuperSpot Mk II UV lamp operating with a 100W DC mercury vapor shortarc.

Gamma Ray Measurements
Gamma ray measurements were conducted using a radionuclide source placed on top of
the cylindrical scintillator sample. The sample and source were placed on a
photomultiplier tube (PMT) and the entire apparatus encased in a shield to block excess
light. Photons generated by the scintillator-gamma-ray interactions were recorded by the
PMT, and assigned a “channel number” ranging from 1-12keV depending on the energy
of the photon emitted. In this test, 1,040 channels between 1keV and 12keV were used,
with a total counting time of 6×104s.
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Results & Discussion

BaF2:Ce Synthesis
The total mass of the finished BaF2:Ce powder was kept below 5g because it was found
that extensive agglomeration would occur when the batch size exceeded 8g. Drying the
finished powder in air also introduced error because BaF2 is hygroscopic, causing the
powder to absorb moisture during the drying process. This was problematic during
encapsulation, when excess moisture had an adverse effect on the polymer curing process
and, therefore, data collected.

PL and PLE Trends
PLE data monitored at 353nm, yielded a peak at 288nm, indicating that this wavelength
would most efficiently excite the BaF2:Ce powders. A wavelength of 353nm was chosen
for PLE measurements from peak locations in a PL spectra.

Figure 1: PLE data for BaF2:Ce powders with dopant levels 1-30mol% (see legend)
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After the optimal 288nm excitation wavelength was determined, PL scans were
conducted on samples of each doping concentration. It was found that the BaF2:15%Ce
powder sample showed the greatest light intensity between 300-480nm. Reduced photon
production (concentration quenching) occurred at 15mol% Ce doping, a much higher
level than in large crystals (usually less than 1mol%). One possible explanation for this
discrepancy is that energy transfer may be regulated to the nanometer region, thus the
energy loss due to dopant-dopant transitions is less widespread and therefore less serious
of a problem.[8]

Figure 2: PL data (l=288nm) for BaF2:Ce powders with dopant levels 1-30mol% (see legend)

Via TEM observation (see Figure 3), it was concluded that the powder synthesized was
composed of individual particles. Results from the XRD analysis are shown in Figure 4,
and particle size was estimated to be between 40nm and 50nm using Debeye-Scherrer
analysis.
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Figure 3: TEM images of BaF2:15%Ce particle

Figure 4: XRD pattern of BaF2: 1%Ce nanophosphor powder

Nanopowder/polymer Composite
Using RI matching liquids, it was found that the BaF2:Ce powder should have a RI of
1.485 at 389nm. The puck of BaF2:Ce encapsulated in the OptiClad polymer was exposed
to an Am-241 radionuclide source. The counts for each channel number were summed
and normalized to counting time to generate an energy spectrum (Figure 5Figure ) from
photons generated by gamma-ray excitation of the phosphors.

These values would

ideally generate energy peaks characteristic of Am-241, which is more accurately shown
in the energy spectrum produced by a NaI(Tl) single crystal scintillator (Figure 6). It is
theorized that the low photon production and poor energy resolution were caused by
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adverse polymer-phosphor chemical interactions, which induced photon scattering rather
than transmission, causing the puck to appear a cloudy shade of yellow instead of the
desired clear.[9] The opacity may also have been caused by overheating during the
polymerization process, which is exothermic, thus creating difficulty in stabilizing the
sample temperature as polymer thickness increased. The high and unstable temperatures
may have caused monomer burn off, thus altering the optical properties of the cured
polymer. The overheating problem could be solved by placing the mold in an ice bath
during curing, or chilling the sample in a refrigerator or freezer prior to curing.
Low resolution in the energy spectrum may also be due to a lower density of scintillating
material in the composite scintillator compared to a single crystal, thus resulting in a
lower light yield.

The NaI(Tl) single crystal is composed entirely of scintillating

material, whereas the composite scintillator was only loaded with 50vol% scintillating
particles, reducing the probability of incident gamma-rays striking and interacting with
scintillating material.

This problem could be mitigated by encapsulating a higher

concentration of particles, or pressing a pellet of BaF2:Ce particles and using the polymer
as a binder. Although 1024 channels were available during the scans, no relevant peaks
were generated above channel #61, and so channels above this value are are omitted from
the spectra. Removing the superfluous channels simplified analysis of the peaks that were
generated by the scintillators under Am-241 excitation.
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Figure 5: Gamma ray data (energy spectrum) generated by BaF2:Ce encapsulated in UV curable
matrix (50vol% solids loading), measured over 6×104s under an Am-241 radionuclide source

Conclusion
While BaF2:15mol%Ce showed the greatest efficiency of the powders synthesized, if
polymer encapsulation remains the preferred method of fabricating the nanophosphor
scintillators, a polymer with a more controllable polymerization process will need to be
procured. Alternatively, particles may be pressed into a pellet and the polymer used as a
protective binder rather than an encapsulant in order to maximize density of scintillating
material.

Future Work
Future work in nanophosphor synthesis will include doping BaF2 with other lanthanide
series ions such as Eu2+ that have the potential to further increase photon production.
Doping with this ion is desirable because it exhibits greater fluorescence on the blue side
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of the light spectrum, allowing the light to pass through the polymer matrix (which
absorbs light close to UV energy).
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