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ABSTRACT

As our understanding of ceramic processing methods for the purpose of fabricating
polycrystalline optical materials has increased over the past few decades, the race is on to bring
ceramic technology to markets where single crystalline materials have traditionally been used. One
such market is scintillators. This Master’s thesis focuses specifically on a class of materials
attractive for use as gamma-ray scintillators. These barium based halides can potentially be
utilized in applications ranging from ionizing radiation detection in the field to high-energy physics
experimentation. Barium bromide iodide and barium chloride single crystals have already showed
high light yield, fast scintillation decay, and high energy resolution, all desirable properties for a
scintillator. This work attempts to show the likelihood of moving towards polycrystalline
scintillators to take advantage of the lower processing temperature, higher manufacturing output,
and overall reduced cost. The experiments begin with identifying appropriate sintering conditions
for hot pressed ceramics of BaBrl and BaCl,. Possible sources of optical loss in the first phase of hot
pressed samples are investigated using a wide range of characterization tools. Preliminary
luminescence and scintillation measurements are reported for a translucent sample of BaBrl.
Recommendations are made to move toward highly transparent ceramics with scintillation

properties approaching those measured in single crystal samples.
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1. INTRODUCTION

1.1 Project Motivation

This master’s thesis is centered around the effort to develop new, high-performance
scintillator materials specifically for use in gamma-ray detection. The compounds barium bromide
iodide (BaBrI) and barium chloride (BaCl;) have been chosen specifically for their high light yield in
recent studies. These materials are projected to drive the improvement of detectors used for
homeland security, high energy physics, deep well drilling, and space exploration. The Optical
Ceramics Laboratory at UCF, under the direction of Dr. Romain Gaume, is currently involved in a
multi-institutional effort with Oak Ridge National Laboratory (ORNL) and Lawrence Berkley
National Laboratory (LBNL). As part of this partnership, | have conducted the research on barium
bromide iodide at ORNL while research on BaCl;is largely confined to UCF. I routinely send
samples of ceramics to LBNL for optical characterizations outside the abilities of UCF. This
partnership has yielded a large amount of data in this first six months of work, however work by all
parties continues beyond the period of the master’s work.

The long-term goal of this work is to fabricate transparent ceramics of two potentially
bright gamma ray scintillators, BaCl; and BaBr], having similar scintillation performance to recent
results on single crystal BaCl; and BaBrl. Due to the many factors playing into the performance of
polycrystalline ceramics, it is not feasible to achieve excellent transparency and scintillation
performance in the early stages of research. Therefore, the short-term goals of this project are as
follows. First, [ aim to create fully dense ceramics of BaCl,and BaBrl. Next, | seek to understand the
phase composition and structure of the ceramics including analysis of impurity phases and defects.
Expected hydrate, hydroxide, and oxide impurities lead to scattering and thus reduced optical
quality. Additionally, deviation of the compounds from stoichiometry during processing may lead

to the formation of charged defects (color centers). For the halide materials in focus, it is believed



that the achievement of high optical quality is strongly dependent on taking adequate measures to
protect the reactive powders and samples from the ambient atmosphere during processing. This
“hygroscopic” behavior is investigated.

The other parameters affecting the optical quality of ceramics include the volume fraction of
pores, grain size, and grain orientation. In the context of the shorter term goals of this project,
these parameters are considered secondary. The reason for this distinction between primary and
secondary objectives is, first, a logical division of priorities to make the long-term goals
manageable, and second, an attempt to understand the chemical limits to optical quality. Grain size,
grain orientation, and porosity may require systematic studies in order to optimize their
contribution to optical performance. However, if the chemistry of the compounds is not under
control, the optical performance may never meet expectations. In this report, one will find these
first steps towards achieving high performance scintillator ceramics of BaCl; and BaBrl.

1.2 Overview of Scintillators

The general textbook definition of ‘scintillator’ is a material that converts ionizing radiation
into visible light. Scintillators are used in a broad range of applications including medical imaging,
high energy physics and national defense. The basic setup of a scintillator-based detector includes
the scintillation medium coupled to a photo-multiplier tube (PMT) or to a semiconductor optical
sensing element. A series of electronics is used to amplify, shape, and convert the analog signal to
the digital readout as seen in Figure 1. The energy of the light output from the scintillator is
correlated to the energy of the ionizing radiation (x-rays, y-rays, neutrons, etc.). Scintillation
wavelength as well as brightness and decay speed vary widely between different scintillator
materials, so scintillators are very application specific. Concepts related to scintillation are
introduced below and discussed in greater detail the references texts by Knoll and Lecoq.12

The basic concepts behind scintillation involve the absorption of the ionizing radiation, the

energy transfer to luminescent species and the optical emission processes.
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Figure 1: Schematic of a detector system used to characterize scintillator materials (i.e. pulse height
spectrometry)

In scintillators, ionizing radiation is absorbed by the material through the photoelectric effect and
results in the production of electrons and holes by a multiple elastic scattering process. The
electrons and holes, eventually relax to the bottom of the conduction band and to the top of the
valence band respectively, at which point they migrate and recombine radiatively. To enhance the
radiative recombination of the charge carriers, the material is often doped with an “impurity” called
activator, which traps the charges on energy levels lying within the band gap.

The terms “relaxation” and “migration” describe the basic ideas of how we are able to
observe light emission from scintillators, but the energy decay processes are in fact very complex
and highly material-specific. lonizing radiation with energy much greater than the band gap
(typically two to three times) creates electrons high in the conduction band and holes deep in the
valence band. Those high energy electrons and holes get rid of their energy by elastic scattering
and Auger processes until the excited electrons fall below the threshold energy (~2Eg) for
scattering. Electrons and holes lose further energy in the next step by a thermalization process in
which phonons are emitted. The final steps of the energy decay are what really determine the
performance of the scintillator. Electrons and holes in the thermal regime interact with the defect
structures of the material or transfer to the material’s luminescent centers, which ideally lead to the

recombination of electron/hole pairs and the emission of photons. However, defects in the



material, namely impurities and color centers, may disrupt these ideal recombinations/emissions, a
process which will be discussed later.

Table 1: Measured properties of two common commercial scintillator crystals taken from the scintillator
property database3. *Light yield is measured under 137Cs excitation at 662 keV.

Property Units TI:Nal BisGe3012 (BGO)
*Light Yield (Y) Photons/MeV 43,000 9,500
Energy Resolution (R) % 7% 9%
Density p g/cc 3.67 7.13
Decay Time(Ts) ns 230 340
. Hygroscopic but Insensitive to
Durability N/A easily encapsulated atmosphere
Emission Wavelength nm 415 480

The measurable physical properties related to scintillation performance are introduced in
Table 1. The properties of thallium doped sodium iodide and bismuth germinate are presented to
give an idea of the order of magnitude of the properties for typical commercial scintillators. The
light yield of a scintillator is defined as the number of photons of light emitted per unit energy of
ionizing radiation. The total light yield depends on the efficiencies of each of the charge creation-
migration-recombination processes described above. The light yield is notably affected by non-
radiative recombination (self-quenching), unwanted absorptions, and scattering. Fundamentally,
light yield can be expressed as a product of three factors as in Equation 1.

Y =aSQ (D)
where a is the photon to carrier conversion factor, S is the probability that carrier energy is
transferred to an emitting center (intrinsic or dopant atom), and Q is the quantum yield of
luminescent decay process. Assuming all transfer and conversion processes are perfectly efficient,
the yield can be related to the number of electrons and holes in the material as proposed by
Dorenbos.
Men = G (2)

Thus, from Equation 2 the light yield is found to be inversely proportional to the electronic bandgap

(Eg). The energy of the ionizing radiation is given by E, while 8 is a constant assumed to have an



approximate value of 2.5 MeV/ph*. Lightyield is measured experimentally by the brightness of
scintillation light produced from a scintillator excited by a monochromatic source of radiation.
Because Nal is used as the industry standard for brightness, light yields for the BaBrl and BaCl;in
this study are compared to Nal.

Energy resolution refers to the material’s ability to distinguish between different energies
of radiation. The energy resolution of a scintillator is primarily determined by photon statistics and
therefore improved resolutions are obtained with high light yield materials. There is also an
intrinsic component to the resolution which is related to the fact that the light yield is not a truly
linear function of the incident energy, particularly at energies below 100 keV. This so-called non-
proportionality of the response can be explained by the creation of electronic excitations including
photoelectrons (photon absorbed, electron emitted), Compton electrons (incident photon “knocks
loose” and electron and the two particles are scattered away at different angles), and Auger
electrons (emitted due to the filling of an empty core atomic energy level)>. The line width of the
photo-peak in the energy spectrum of a scintillator is determined by the relative numbers of these
electronic excitations created by an incident photon. Finally, the electronic noise originating from
the light detector (shot noise and Johnson noise) limit the overall resolution of the detector.
Resolution is determined experimentally by the ratio of the brightness of the scintillator output
versus its bandwidth for a monochromatic excitation source.

Stopping power can be described by the attenuation length of ionizing radiation in the
material. A material should stop all incoming photons before they reach the PMT. The attenuation
length (p) is defined as the depth at which the intensity of the ionizing radiation has dropped to 1/e
of the initial value. p can be approximated with Equation 3 by taking into account the number of

photoelectron and Compton scattering events.

ms
p(oct+ope)

U= (3)



In Equation 3, mris the formula mass, p is the mass density, and o.and op.are Compton and
photoelectric scattering cross-sections respectively. To calculate the intensity of the radiation at
any depth within the material, Beer-Lambert’s law is used, as shown in Equation 4.

I(x) = Iyexp(—x/u) (4)
Because o.and oy can be difficult to approximate, often the material’s density is the major factor
considered in stopping power.

The decay time is the time elapsed from the first elastic interaction between the ionizing
radiation and bound electrons to the sensing of a photon of light. As described above, decay takes
place in multiple steps the decay times for which may vary over several orders of magnitude. A
much slower decay component causing “afterglow” lasting seconds to hours after the initial
collision of a high energy photon can also be present. Afterglow is caused by the trapping of
electrons at lattice defects and contributes to higher background signals during measurements. In
some applications, such as high counting rate or medical Positron Emission Tomography (PET),
time resolution of the scintillator is important and afterglow is highly detrimental.

Finally, the emission wavelength of the scintillator should be well matched to the
maximum efficiency of current PMT or semiconductor detectors, which is typically between 400nm
and 500nm. The emission wavelength is fundamentally determined by the electronic band

structure of the material and measured by a spectrophotometer.
1.3 Searching for New Scintillator Materials

A wide range of scintillator materials including inorganic bulk single-crystals, glasses,
nanoparticles and organic polymers has been studied. Today, however, single crystals remain the
sole class of scintillators capable of competing with semiconductors for high-energy gamma ray
detection where high brightness and energy resolution are needed. Up until recently, the discovery
of new scintillator materials was a very slow process. Simple models, for instance Equation 2, can

predict the performance of a compound. Intuition and experience on the energy band structure



created by the addition of specific dopant ions can also be used. However, to properly test
scintillation performance, crystals were grown by labor intensive techniques. In recent years, not
only in the field of scintillator research but in many other fields as well, new materials have
increasingly been identified by both rapid fabrication methods and high-throughput computer
modelingst.

Lawrence Berkley National Lab (LBNL) made significant progress with the former approach
beginning in the late 1980s up to the current day. This approach and its findings are discussed in
detail in the literature’-9. Other national labs in the United States have launched their scintillator
research efforts to include specific classes of materials, including halides and garnets 19. At LBNL,
the first step for the rapid experimental method was the mining of crystal data from the National
Institute of Standards and Technology (NIST) database, featuring hundreds of thousands of
inorganic compounds from past scientific studies. Properties of interest in this data mining were
favorable core-valence transitions (intrinsic scintillators), high density, absence of absorptive
metals, and no intrinsic radioactivity. Once candidate materials were identified, polycrystalline
samples were obtained by either searching material archives from previous studies or synthesizing
new material. The rapid preparation and screening of 100s of viable scintillator compounds was
initially reported in the early 2000s. Stoichiometric amounts of precursor powders from
commercial vendors were batched and melted to form the compounds in accordance with available
phase diagrams. Samples were then placed in special sample holders for analysis by large batch x-
ray diffraction (16 sample automated measurement), x-ray excited luminescence (multiple sample
turret), and a pulsed x-ray system used to estimate the decay time. From this study, a shorter list of
promising scintillator materials was constructed. Research conducted on high purity crystals
followed.

Even with the improved efficiency of rapid experimental screening techniques, the

discovery of new materials by experimental methods alone is severely limited. Careful screening of



100 compounds, which has taken place over the past decade with the method described in the
previous paragraph, only takes care of a small fraction of the known compounds. For this reason,
modern approaches to problems in materials science include computational materials design. One
computational method used effectively to screen scintillator materials, among other classes of
materials (thermoelectrics, solar energy materials, etc.), is known as high throughput (HT)
computational materials design. The HT approach uses a combination of data mining, quantum
mechanics, and thermodynamics requiring lots of computing powers11.12,

First, the mining of data from the international crystal structure database (ICSD) narrows
the field of potentially good scintillators to a manageable level, much like the first step of the
experimental approach. Next, comprehensive models of electronic structure are used to predict
scintillation behavior. Models have been shown to predict the band gap somewhat accurately,
however estimation of light yield, resolution, and decay time is less trivial. Comparisons between
the experimental and calculated light yield (Y) for the well-known scintillators Nal, BGO, and YAG
shows an under-estimate in the calculations!!. The most difficult parameter of the light yield
calculation to predict is the carrier to photon conversion factor (a), which varies with temperature
and between materials. Nevertheless, the purpose of developing these models is for the discovery
of new materials, not predicting the absolute values of material properties. The HT computational
methods have provided a good basis for more detailed experimental studies that take into account
more practical aspects of materials selection such as the ability to synthesize the compounds in a

laboratory.
1.4 Polycrystalline Ceramic Scintillators

In the materials science community, a ceramic is usually defined as a man-made inorganic,
non-metallic polycrystalline material. An etched ceramic viewed under an optical microscope may
have a grain structure similar to that shown in Figure 2. Because grains are most often oriented

randomly, the mechanical and in our case optical properties encounter discontinuities at grain



boundaries. The wide use of translucent and transparent ceramics actually dates back to the 1960s,
when translucent a-alumina was used in the bulbs of high pressure sodium vapor lamps?3. Alumina
has a hexagonal crystal structure(anisotropic), but still transparencies above 70% in the visible
regime have been obtained due to low optical anisotropy.!* Other uses for transparent ceramics
include transparent body armor for military vehicles (MgAl;0Q4spinel) and laser gain media
(RE3+:Y3Al5012 yttrium aluminum garnet). Single crystal scintillators like those mentioned above
are currently the state of the art for high energy gamma ray detection. The search for new
materials certainly begins with the identification of candidate compounds. However, the high
throughput search methods preclude serious considerations about fabrication and thus the

growing of single crystals versus the sintering of ceramics.

Figure 2: Sources of scattering in transparent ceramics include a) rough
surfaces, b) 2nd phases at grain boundaries, c) porosity, d) birefringence
at grain boundaries, and e) inclusions



There are several key limitations for available crystal growth methods.

1. Processing temperature

2. Processing time

3. Reactivity with ambient atmosphere, growing vessels

4. Cost of raw materials
The first two issues may be addressed by moving towards polycrystalline ceramic materials. The
process of forming fully dense ceramics from powders, known as sintering, takes place below the
melting temperature of a compound. Where crystal growth techniques, such as Bridgman-
Stockbarger, may take weeks at the melting temperature to grow a crystal a few centimeters in
length, most sintering techniques require only a matter of hours. Single crystals are also limited in
geometry (especially diameter), while polycrystalline ceramics can be made available in larger and
more complex geometries. One other notable advantage of ceramics over single crystals is
increased control over dopant concentrations and profiles. This is extremely useful for tailoring the
properties of solid state lasers, but also has implications for improved scintillator output. Besides
differences related to processing, the resulting properties of ceramics are different than those of
their single crystal counterparts. The presence of grain boundaries in ceramics improves their
mechanical strength compared to crystals. Grain boundaries are also effective in altering other
physical properties including thermal conductivity. With these advantages come additional
challenges for achieving good optical quality in a ceramic versus a single crystal.
1.4.1 Sources of Optical Loss in Ceramics

The fabrication of polycrystalline ceramic scintillators also has its challenges. Most
importantly, the transparency of a ceramic (and ultimately light output of the scintillator) is
determined by the extent of scattering and absorption. The sources of scattering are represented in
Figure 2. First of all, the anisotropy of the refractive index (birefringence) between neighboring

grains in a polycrystalline ceramic leads to Fresnel losses. In this phenomenon, which follows
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Snell’s law, light refracts at the interface between two dissimilarly oriented grains. The angle of
refraction depends on the direction of propagation of the light ray with respect to the crystalline
orientation of the grains and to that of the grain boundary. This is quantified by the magnitude of
the difference in the refractive index (An) for this orientation. Other sources of scattering may also
exist. Incomplete densification of the ceramic results in residual porosity (nporex1), which strongly
scatters the scintillation light. Most optical materials have an index of refraction much higher than
1, so this usually has a much stronger effect than birefringence alone. For instance, at a wavelength
of 550nm Nal has n % 1.77 and BGO has n = 2.57. Several other sources of scattering is shown in
Figure 2. Basically any inhomogeneity in the refractive index will lead to scattering.

Optical absorptions can also lead to a decrease in transmission of a transparent ceramic
sample. These absorptions come from heightened concentrations of chemical and structural
defects!>16. The presence of charged defects, known as “farben centren” or color centers are
frequently observed in the halide materials of interest in this study. The F-center, an electron
trapped in an anion vacancy, is a common color center in halide materials. This trapped electron
has its own characteristic resonance in the visible frequency range.1718 This is the simplest
example of a color center, but many other types of charged defects can be formed.

1.4.2 Performance of Ceramic Scintillators

The challenges of absobers and scatterers have been largely overcome for a small set of
scintillator ceramics. Table 2 compares the properties of polycrystalline ceramic scintillators to
their single crystal counterparts. To date, ceramic scintillators often show poorer characteristics
than their single crystal counterparts due to the greater challenge of eliminating all sources of

optical loss.
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Table 2: A comparison of single crystalline and ceramic scintillator properties. References are given next to
values. * All energy resolution and light yield data points were measured under 137Cs excitation, 662keV.

. . LaBrs: .10
Material LS0: Ce | LSO: C.e 0.5%Ce LaBrs: 1 @Ce BGO crystal BGO.
crystal | ceramic ceramic ceramic
crystal
Re_f ractive biaxial biaxial uniaxial uniaxial isotropic isotropic
index
Light Yield 10600 2D
(19 (19 (20) (19 (22)
(Ph/MeV) 33000 28000 75000 42000 <10000
Energy
Resolution 9(23) 18(23) 2.9 >3 9.0521
(%)*
Decay Time | 4500 | 32809 30(24) 30025)
(ns)
Emission
Wavelength 405019 42009 356; 3879 485(25) 5002
(nm)

1.5 Barium Halide Based Scintillators

One takeaway from the recent efforts to survey broad composition spaces for potential

scintillator materials is the attractiveness of the alkaline-earth halide salts. In this body of work, I

focus specifically on the barium halides. These compounds possess simple crystal structures with

predictable scintillation decay mechanisms. Additionally, their lattices are accommodating to the

size and charge of common rare-earth elements used as activators. From the processing standpoint

(covered in more detail in chapter 2), the barium halides are readily available at relatively low raw

materials costs, have relatively low melting temperatures, and exhibit lower activities with air than

some other promising metal halide scintillator materials such as Srl; and LaBrs. The following

discussion covers the work on alkaline earth halides in the past fifty years leading up to the current

interest in barium based halides.

Publications on strontium iodide have been frequent over the past decade due to its high

light yield and the proportionality of its response. As is the case for many of the binary alkaline

earth halides, researchers have found a renewed interest over the past two decades due to

improvements in the crystal growth techniques and more recently ceramic processing. Europium
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doped Srl; crystals are now commercially viable gamma ray scintillators2é. Studies on ceramic Srl;
have revealed that its high reactivity with the ambient atmosphere (H20 and 02) is the largest
obstacle in producing samples with adequate transparency?’. To maintain a clean working
environment throughout the entire ceramic fabrication process has been a major challenge.
Nonetheless, Srl; ceramic scintillators are still an active area of research. In this work, experimental
data for Srl; is often used as a comparison for the BaCl, and BaBrl.

Other alkaline earth halides have also been studied over the years. Binary compounds are
naturally the easiest to study from a chemical and structural standpoint. The availability of
experimental data from as early as the 1930s (when scintillator materials were not at the forefront
of scientific research) is also helpful in surveying their potential as scintillators. Calcium
compounds, although the least dense of the alkaline earth halides discussed here, have found their
share of applications. Calcium fluoride has been used as an x-ray detector since the middle of the
20th century and also as a tritium detector?s. However, the stopping power and brightness of CaF;
are not sufficient for gamma ray detection applications of interest in this work. One can still learn
from the tremendous progress made on this material. Scientists in Russia have fabricated highly
transparent CaF; nano-ceramics??. Grain sizes on the order of tens of nanometers can lead to
effective optical isotropy for materials possessing non-cubic crystal structures. The method of
nano-structuring as well as other methods useful in working towards transparent non-cubic
materials, such as grain texturing, will be discussed later in the context of barium chloride ceramics.

Another binary compound, barium fluoride, was first tested as a scintillator in the 1980s. In
its pure form, BaF; has three overlapping emission bands, which can be a severe limitation to the
resolution. This is compensated by the fast decay. The ultra-fast core-valence luminescence
mechanism (typically much faster than decay in doped scintillators) is only possible in a limited
number of ions, BaZ+, Rb*, Cs*, and K* and happens to occur most rapidly in BaF,30. The band

accounting for 80% of the light output has a very slow decay time (>600ns), however the other
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emission band corresponds to a very fast decay component (<1ns), making this material attractive
for high counting rate applications3!. The slower decay components may be suppressed by adding
activators, but not without sacrificing scintillation performance in other regards32. BaF; has its
niche in high counting rate applications not requiring high light yield. Itis currently available from
industrial crystal growers mainly for use as a detector in positron emission tomography (PET
scans).

The other binary barium halides in their undoped, cerium doped, and europium doped
forms have been studied extensively3334. Ce: BaBr; and Eu: BaCl; have yielded promising
experimental results, while barium iodide shows very poor light yield. However, these materials
have yet to exceed the performance of current state of the art single crystal scintillators (i.e. Nal).
Barium chloride ceramics are a major component of this study, so this material will be treated in
more detail in the next section. The mixed halides have also been investigated. The halofluorides
(BaXF, where X is Cl, Br, or I) display poor scintillation properties due to the trapping of electrons at
intrinsic defect sites35. The reason for failure of these compounds is speculated to come from the
complexity of the structure formed from the combination of fluoride and X’ compounds. BaF;is
cubic, while the other barium halides adopt an orthorhombic crystal structure. The conditions for
the formation of an extended solid solution are not favorable and a high concentration of defects is
likely. Generally, disordered and complex crystal structures are undesirable for scintillator
applications for this reason.

In conclusion, many alkaline earth halide materials have been investigated for their optical
and scintillation properties over the years. The two materials at the focus of this work have not
been treated as extensively as many of those mentioned above. Both barium bromide iodide and
barium chloride have narrow bandgaps (5.78eV and 4.12eV respectively), meaning the theoretical
limits to their light yields according to Equation 2 are roughly 46,000 ph/MeV and 64,000 ph/MeV

respectively. The Eu2* dopant substitutes directly for the 2+ charged cations in the crystal structure
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and the energy levels of Eu? fall within the bandgap of both materials. This potential for high light
yield scintillation has been identified by a combination of computer and experimental results.
1.5.1 Barium Chloride

Barium Chloride has garnered interest at a gamma ray scintillator in recent years. It adopts
an orthorhombic PbCl;-type crystal structure (Space group 62) from room temperature all the way
up to 925°C, at which point it transforms into a cubic phase until the melting point of 962°C. Even
though the structure is orthorhombic (a~7.8654, b~4.7314, c~9.4214), the optical symmetry is
nearly biaxial with a An ~ 0.012 (n.~1.7302, n,~1.7361, n.~1.7420)36. The limit on optical quality
of BaCl; ceramics is assumed to come predominantly from the birefringence at grain boundaries.
The table below shows experimentally measured light yield, decay time, afterglow, and energy
resolution for undoped, cerium doped, and europium doped BaCl..

The x-ray luminescence (XL) spectrum of pure BaCl, shows three overlapping peaks, two of
which have been attributed to the afterglow in the sample33. The broad and overlapping XL peaks
correspond to a lower energy resolution. By contrast, the europium doped samples display only 2
overlapping peaks, one of which (406nm) originates from a 5d-4f transition in Eu2*. Furthermore,

the light yield is over 15% higher than Nal.
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Table 3: Scintillation performance of BaCl; crystals. All light yield measurements were done with a 10us
pulse shaping time. The afterglow is measured at the emission wavelength of the major fast decay

components of each sample.
. 5% Eu2+: 0.1 %Eu2+: 340.1% Ce3*: | 3419% Ce3+K*:

(29) ,
Material BaCly, BaCl, 29 BaCl, 29 BaCl, 39 BaCl, 39
Light Yield 1700+150 | 52,000 19400+1950 | 3100+300 5300+500
(phonons/MeV) | (at 10 us) (at 10us) (at 10 ps) (at 10 ps) (at 10 ps)

14+1 (10%) | 7+1 (6%)
0,
Decay Time 980+100 iggfls(lé 1/‘(’)3) 39040 9049 (40%) | 190 (11%)
(ns) (100%) 642ns ( 61(;) (100%) 1400+140 1500£150
0 (50%) (80%)

XL to afterglow | 25% at i 0.2% at 0 0
ratio (%) 475nm 4020m 8% at 370nm | 35% at 370
Energy
Resolution 17.4+1.7 3.5£0.3 8.8+£0.9 14+1.4 16.2+1.5
(%)

When activating BaCl, with Ce3+, the XL spectrum shows two overlapping peaks representative of
the ground state splitting of the 4f energy level in cerium as well as two extra peaks of lower
intensity34. Figure 3 shows the energy level diagrams for Ce3*. The decay in Ce3+ takes place from

the 5d;to either of the 4f levels and yields a blue emission. The decay in Eu2+ occurs from an energy

within the continuum of the 4f and 5d bands resulting from orbital mixing with the ligands. One

study of polycrystalline Ce:BaCl; showed the presence of the Ce3* doublet in the luminescence

spectrum upon optical excitation, but a single broad peak upon x-ray excitation, which may be a

consequence of radiation damage. Co-doping of Ce3*with K*suppresses the extra luminescence

peaks but the Ce3+ doublet remains, ultimately leading to poorer performance compared to the

europium doped material.

In addition to testing the performance of Ce3*as an activator, recent studies have found that

cerium doped in excess of 5 mol% stabilizes the cubic phase of BaCl; at room temperature. Coarse

grained ceramics quenched from a melt of anhydrous starting material held above 925 °C display

qualitatively good transparency and show minor differences in performance compared to their

single crystalline counterparts 37.
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Figure 3: Energy level diagram for 2 common activators used in scintillator materials. The absolute energies
of the levels will fall within the band gap of the material and will also be dependent on the crystal field.

The evaluation of scintillation performance in these 5% Ce3* doped BaCl; ceramics showed a light
yield of 7,200 ph/MeV, resolution of 23% and fast initial decay component of 50ns. Yttrium,
lutetium, samarium, gadolinium, and lanthanum cations have also been tested to stabilize the cubic
phase in BaCl; at room temperature3’.38. Figure 4 shows a phase diagram for a pseudo-binary
system which is not suitable for stabilizing the cubic phase. The region of solid solution between
301°C and 600°C is an indicator that the two cations can form a solid solution of the hexagonal
phase. However, a high temperature solid solution of cubic barium chloride and cubic CsCl is
required for a quenched sample to retain the cubic structure at room temperature. This is not
observed in the phase diagram.

A study of the BaCl; -LaClz phase diagram shows some uncertainty in the BaCl, -rich phases
due to a lack of data points. Studies by Edgar, et. al. suggest that a solid solution between these two
compounds should appear near the melting point and moderate cooling rates are successful in

retaining that cubic solid solution at room temperature.
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Figure 4: (a) BaCl; - LaClz phase diagram from FACT database showing the high temperature cubic phase and
(b) BaCl; - LaClz phase diagram developed by Blachnik showing high temperature solid solution39:49,

These literature results make sense in the light of the similarity of ionic size of Ba2*and La3+,

assuming 8-coordinated barium and 9-coordinated lanthanum in the cubic structure*!. The cubic
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phase was achieved in both 11% Gd3+:BaCl; and Gd3*, Ce?* co-doped BaCl,. For the lanthanum
stabilized material, the luminescence is suspected to originate from the excitement of chlorine
interstitials, trapping of electrons on lanthanum ions, and the migration of electrons to europium
centers. Thus the chemical stabilization of cubic BaCl; has its trade-offs with scintillation
performance, and is not of interest at the moment.
1.5.2 Barium Bromide lodide

Barium bromide iodide (BBI) is a more recently discovered scintillator material being
grown at LBNL and Radiation Monitoring Devices, Inc3342. BBI melts at 850 °C and adopts PbCl;
structure just like BaCl,. Due to the limited amount of experimental data available on this material,
simulations using density functional theory (DFT) have predicted additional properties43. The band
gap of BaBr], calculated by three different methods, is found to be 5.78+0.67eV on average. The
average refractive index deviation (An) between the three principle axes for BBI was found to be
approximately 0.02. The magnitude of this refractive index variation is rather large, causing
transmission to drop rapidly in a sample having an average grain size on the order of hundreds of
nanometers. This calculation for scattering by birefringence is based on Rayleigh-Gans-Debye
theory. Assuming random orientation of grains, uniform grain size distribution, no pores, no
inclusions, and no secondary phases, the relative inline transmittance is approximated by Equation

5, originally presented by Apetz*4.

2 2
RIT = (1- Rs)exp(%) (5)

Rsis a parameter based on the difference in refractive index between 2 crystallographic directions
given by Equation 6.

_ (n1—n2)2 (6)

s (ny+n3)?

For the purpose of this approximation, n; is taken to be the average refractive index of the material

and n; the average n plus the average deviation of n between the 3 principle axes. In Equation 5, r is

19



the grain size, d is the thickness of the sample and 2, is the wavelength for which transmittance is
measured. A plot showing transmittance versus grain size for a 2mm thick sample of BaBrI at

435nm is given in Figure 5.

1.0 T T T T T T Y T

RIT (fraction)

! I L ] v T ' 1
0.0 5.0x10° 1.0x107 1.5x107 2.0x107
Grain Size (m)

Figure 5: Apetz’s model for scattering due to birefringence in a ceramic having An=0.02, thickness=2mm,
Navg=1.90. This relative transmittance curve is calculated for a wavelength of 435nm.

The model predicts that a grain size on the order of nanometers will be necessary to achieve good
transparency in a 2mm thick sample of BaBrl. It is important to recognize that this model predicts
inline transmittance, which is a much more stringent measure of transparency compared to the
industry standard practice of showing pictures of thin ceramics placed on top of text. A significant
number of scattering events may occur without adversely affecting the ability to read text through a
ceramic. Scattering is not necessarily detrimental to scintillator performance as long as the
scintillator is packaged appropriately with reflecting material along its edges such that light
eventually makes its way to the photo-detector. If birefringence does surmount to a major obstacle
for adequate transparency, methods of preferentially orienting grains or nano-sizing grains will

need to be investigated.
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The two samples summarized in Table 4 were fabricated and tested by the same research group at
LBNL. The sample from reference 40 shows one of the highest light yields of any scintillator

measured to date (over 2x Nal). The light yield is also higher than that estimated by Equation 2.

Table 4: Measured scintillation properties in 2 different BaBrI single crystal samples. Light yield is measured
under 137Cs excitation. Optical excitation for decay measurements in the first sample was done at 400nm.
The 2 component decay in the second sample was measured under x-ray excitation.

Material BaBrl: 8% Eu2+, 45) BaBrl: 8% Eu?+, (8)
Light yield 91,100 81,100+£3000
Energy resolution (%) 3.4 4.8

297 (23%)
482 (77%)

Decay Time (ns) 418+21

The authors have suggested that the improvement in light yield and energy resolution over their
two publications can be attributed to the refinement of the crystal growth method for BaBrl. The
crystals are typically grown by the Bridgman method with the biggest obstacles to high quality
being the material’s high reactivity with water and the organic impurities in the commercial
starting powders (discussed later). The next chapter focuses on the experimental techniques used

in the fabrication and characterization of BaBrl and BaCl; ceramics.
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2. EXPERIMENTAL TECHNIQUES

2.1 Overview of Experiments

This project is centered on the fabrication of barium based halide ceramics and their
subsequent characterization. Starting materials are either single crystals grown by the Bridgman-
Stockbarger technique, anhydrous commercial powders, or di-hydrate commercial powders.
Powders are hot pressed into ceramics having typical densities of 98% * 2% relative to the
theoretical density. Hot pressed ceramics are subsequently hot isostatically pressed (HIPed) to
collapse any remaining closed porosity. Additional post-treatment of samples by annealing is
sometimes necessary to reverse chemical reactions that result in coloration of the samples. Basic
optical sample preparation by grinding and polishing parallel surfaces is necessary for most
characterization techniques.

Many common structural and optical characterization tools have been used for this project.
The structural characterization techniques include x-ray diffraction (XRD), micro-Raman
spectroscopy, and scanning electron microscopy. Thermogravimetric analysis (TGA) is also used to
examine the mass lost from the starting powders upon heating. The optical transmission of the
samples is measured by ultraviolet-visible spectrophotometry. The subset of scintillation
characterization techniques includes x-ray excited luminescence (XRL) to measure a sample’s
emission under low energy (1-100keV) excitation, decay time measurement using a pulsed x-ray

source, and finally light yield and resolution measurement using pulse height spectrometry.
2.2 Sample Preparation

2.2.1 Preparation of Precursor Powders
The easiest route toward transparent ceramics of barium based halides is expected to be
through the hot pressing of crushed powders derived from highly pure single crystals. Crystals of

BaBrl doped with between 3% and 6% by weight of EuCl; are grown by the Bridgman method at
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ORNL and LBNL. Anhydrous powders of BaBr», Balz, and Eul; each having purities of at least
99.99% are batched in stoichiometric amounts in an argon filled glove box maintained at <100ppm
H;0 and <50ppm 0. The batch is then sealed in a quartz ampoule and reacted under vacuum to
form the BaBrl compound at 850°C. The ORNL process for purifying BaBrl is described in Figure 6.
The process uses a glass filter with a 100um pore size, which lets the molten halide phase through

and leaves behind a black organic residue.

ampoule motion

vacuum vacuum I
[ ] [ ]
precursor I
powders I :/ I .>
glass filter
l Furnace
hot zone
1 2 3

Figure 6: Schematic of the crystal growth process [ used at ORNL 1) melting mixed precursor powders
through a quartz filter under vacuum, 2) sealing the quartz ampoule, and 3) growing a crystal by the
Bridgman method.

After purification and the formation of the BaBrl phase above 850°C, the quartz tube is sealed with
a hydrogen torch below the filter and attached to a quartz rod for suspension in the vertical
Bridgman furnace. In a typical Bridgman crystal growth, the ampoule is lowered through the
melting zone at a rate of approximately 0.04mm/h, meaning a single pass through the hot zone
takes approximately three weeks to grow a crystal several inches in length. Some systems may also
rotate the ampoule while pulling to homogenize the melted region. The Bridgman technique also
acts to purify the material. This is similar to the method of zone refining, as an ampoule is pulled
slowly through the hot-zone of a furnace, which has been set at the melting temperature of the
material. The difference in solubility of impurities in the two phases at the solid-liquid interface

will cause the impurities to either accumulate in the melt (higher solubility in melt, i.e. segregation
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coefficient k<1) or crystallize at the edge of the melt zone (lower solubility in the melt, i.e.
segregation coefficient k>1)46. In practice, in the semi-conductor industry, hundreds of cycles are
used to achieve high purity crystals. Synthesized crystals possess multiple grains in some cases but
exhibited high clarity and no visible coloration. Impurities are concentrated at one end of the

ampoule. An example of a colorless crystal grown at LBNL is shown in Figure 7.

BoBrl : 426_.‘? !
O . _

Figure 7: Colorless Eu:BaBrlI crystal grown at LBNL

Thus far in this work, a more practical route has been adopted for the preparation of BaCl..
Commercial powders of anhydrous BaCl; and the di-hydrate (BaCl.-2H,0) are directly filled into the
hot pressing die without purification. This disregards the removal of any organic residues at the
moment, but BaCl, powder preparation will employ a filtration method such as that used at ORNL in
the future. The reason for also disregarding the impurities due to water (hydrate) is the
observation in literature that BaCl; is one of few compounds whose hydration is completely
reversible?’. Thus, if anhydrous starting powder is exposed to air, it should still dehydrate
completely before sintering begins to occur. The same holds true if the starting powder is a di-
hydrate and furthermore the di-hydrate is stable and easier to handle in air. The removal of two
molecules of water from each molecule of BaCl; in the confined space of a hot press die under one
atmosphere of flowing argon may prove to be too difficult, however the pressing of di-hydrate
powders is a very easy experiment to try.

For this study, regardless of the powder preparation method, the material is crushed in
small batches (~10g) with a mortar and pestle (inside the glove box for BaCly) to achieve a particle
size on the order of a few micrometers. Anhydrous powders are ground just before loading into a

die to avoid excessive moisture absorption.
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2.2.2 Hot Pressing
Hot pressing is carried out in one of two systems: a carbon-free press built by the ORNL

team and a commercial press from Thermal Technology, Inc. at UCF.

Figure 8: Photographs of the carbon-free hot-pressing system (a) and the commercial Thermal Technology
system with data logging (b).

The carbon-free system has the advantage of quicker sample loading and provides a cleaner
environment (carbon retains water) for the sample since the powder is contained in a stainless
steel die. The commercial system uses a high-purity graphite die and plungers, which can
chemically react and reduce the samples. Dies can be transferred from the glove box and held under
vacuum in the pressing chamber in under 15 minutes. The Thermal Technology press takes more
time to load mainly due to the speed of the furnace elevator and the care taken to position the press
rams and die plungers. The advantage of this system is the ability to log data for temperature,
applied pressure, and displacement of the pressing rams in a LabView program. Although not as
precise as dedicated thermo-mechanical analysis system, the tracking of displacement in the rams
at given temperatures and pressures allows us to understand the flow of the powders and sintering

behavior of the two compounds.

25



2.2.3 Hot Isostatic Pressing

Even though hot pressing may result in ceramics with densities near 99% of the theoretical
density, it is often necessary to undergo an additional step to collapse the remaining porosity.
Calculations using the Rayleigh-Gans-Debye theory, similar to those in the first chapter, show that
even very disperse concentrations of pores may severely limit the transparency of a sample. HIPing
uses compressed argon to apply isostatic pressures as high as 33kpsi (230MPa) on heated samples.
Samples with sufficient density, in which the porosity forms a closed porosity network (i.e. p/pwm>
90%) may reach within fractions of a percent of the theoretical density deeming them virtually

pore-free.

Figure 9: Hot Isostatic Press in the Optical Ceramics Laboratory at UCF manufactured by American Isostatic
Presses and capable of 1800°C and 230MPa.

2.3 Characterization

2.3.1 Monitoring of Sintering Behavior

When working with compound for the first time, it is important to have some idea of the
appropriate sintering conditions (time, temperature, and pressure profiles). To avoid an
extraneous number of runs in the hot press before finding appropriate conditions, the hot press in
the optical ceramics laboratory at UCF is setup to record densification data. Change in
displacement of the pressing rams is monitored to the accuracy of 0.1mm over the entire sintering

run using a LabView program. In instances where the powder settles into the die under a moderate
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load, the viscoelasticity of the powder can be observed. In the constant pressure and increasing
temperature segment of a hot-pressing run, the shape of the strain rate times temperature vs.
temperature curve can be related to the activation energy for densification in the material.

In order to extract good data from the displacement curve, it is first important to have a
good baseline to account for the thermal expansion and mechanical deformation of the hot press
and die components. Only then can the expansion of the powder compact and the strain of the
ceramic sample be extracted. This procedure was used for two different hot pressed BaCl; samples,
one using anhydrous powder and one using di-hydrate powder. The first treatment of the raw data
is to normalize the baseline run and the sample run in time. The negative of the difference between
the sample compaction curve and the baseline compaction curve is taken as the height of the
powder compact. The strain rate in the sample is then calculated by Equation 7, where h is the

height of the sample and dh/dt is the first derivative of the height in time.
g =-—= (7)

p = eo~émax (8)
The density (p) is then calculated as the exponential of the normalized strain (calculated by
differentiating Equation 7) as in Equation 8. This normalization sets the maximum density at the
end of the hot pressing run at 100%. This is a reasonable assumption because the measured
density of hot pressed samples is typically 95% -99% of the theoretical density in most materials
systems. The error in measurement of the density over time is roughly 2% due to the precision of
the displacement sensor, the uncertainty in the background subtraction and the deformation of the
graphite foil (grafoil) spacers.

Nevertheless, it is also helpful to use the estimated strain in the sample to calculate the
activation energy for sintering. The general form of the sintering equation expressed as the strain

rate is given in Equation 948.
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¢ = —(PP)" (9)
D = Dye~Qa/RT (10)
G = Gye Q/RT (11)
e %emog—od)/ (12)

€’ is the strain rate of the ceramic, H and ® are constants, D is the diffusivity, P is the applied
pressure, G is the grain size (which has its own exponent), and T is temperature in Kelvin. From
Equations 10 and 11, it is apparent that both diffusion and grain growth have their own activation
energy plus both properties vary with temperature. Because the region of the densification curve
examined is at constant pressure, grain size and diffusion are the only variables. Inserting
Equations 10 and 11 back into Equation 9 results in Equation 12. Thus with a plot of In(T*¢’) vs.
1/RT, one can estimate the sum of the activation energies as the slope of the curve. If grain growth
is assumed to be minimal over the temperature range covered in the plot, the activation energy
measured approximates the activation energy for diffusion.

2.3.2 Thermogravimetric Analysis

Earlier in this report, it has been stated that possible sources of reduced optical quality in
ceramics include secondary phases and color centers. Many cautions have been taken in the
preparation of BaBrl powders to avoid contamination by the ambient atmosphere. However, given
its sensitivity to the ambient atmosphere, it is still possible for water impurities to influence the
formation of undesirable phases. TGA monitors the weight loss of a sample as a function of
temperature. The composition of the off-gas from the TGA is then analyzed with mass-
spectrometry. Secondary phases can possibly result from incomplete dehydration. Additionally,
the concentration of anion defects may increase due to loss of halogen. TGA was performed on
anhydrous powders of both BaBrl and BaCl; using a TA Instruments Q500 system operated in
flowing argon atmosphere. The heating rate was 10°C/min and each compound was taken from

room temperature to near its melting point.
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2.3.3 X-ray Diffraction

The phase of the starting powders as well as bulk ceramic samples is analyzed using x-ray
diffraction (XRD). XRD works on the principle of constructive interference of the x-ray radiation.
Waves incident at an appropriate angle to diffract from certain crystallographic planes and be
constructively interfered by the waves diffracting from the identical plane below result in spikes of
x-ray intensity. On a randomly oriented powdered or non-textured ceramic sample, monitoring the
intensity of the diffracted x-ray beam as a function of scattering angle results in a pattern showing
peaks at angles where ordered crystallographic planes occur. Each space group has a unique set of
peaks. The relative intensities of the reflections are a function of the atom occupying a particular
lattice site. With modern searchable crystallographic databases, it is easy to search for published
matches to experimental patterns.

The XRD instruments used for this study were a PANalytical system in the Correlated
Electron Materials Group at ORNL and a Rigaku D/Max system at UCF, both Bragg-Brentano
geometries in which the sample tilts at an angle of 8 from the incident x-ray beam, while the
detector arm tilts at an angle of 26 from the sample. The PANalytical system is equipped with an
array of CCD detectors to capture the intensity of multiple diffraction angles simultaneously. The
PANalytical system also has a rotating sample stage to ensure a representative orientation from all
directions in the x-y plane. Both starting powders and bulk ceramics were scanned. Because XRD is
a surface analysis technique, samples scanned in the PANalytical system were protected with a
Kapton (trade name for a Dupont polymer) sheet, which only contributes a broad background peak
at low angles. Protecting samples from the air in the Rigaku system proved more difficult, so the
patterns presented in the next section were collected from exposed surfaces.

For the purpose of this study, XRD is used for more than simple phase identification. For
instance, in a sample with texture, or preferential grain orientation, the reflections corresponding

to preferred directions (aligned perpendicular to the surface of the sample) appear more intense.
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XRD may also be used for quantitative analysis of grain size, strain, and crystallographic defects.*.
In this study, we do not undergo a full refinement of the XRD pattern by a method such as
Riedvelt#9. For the purposes of this study, it is much more efficient to do a simple analysis of the
peak broadening by the method pioneered by Scherrers°.

The Scherrer analysis uses the relationships given in Equations 13 and 14 to approximate
the contributions of grain size and strain to the integral breadth (3) of the diffraction peaks.

KA
G =—
BsizecosO

(13)

Bstrain = 4€tand (14)
The parameter G is grain size, K is the Scherrer constant (taken as 1 in this analysis), and A is the
wavelength of the x-ray beam. By rearranging Equation 13, the total broadening can be expressed

as Binst + Psize + Pstrain, Where Pinst is the instrumental broadening. To simplify the plotting and

determination of G and ¢, the entire expression is multiplied by cos8 to yield Equation 15.
[cosO = KFA + 4¢esinf (15)

Plotting 4sinB on the x versus BcosB on the y should give a linear plot for which the slope is € and G can
be calculated from the intercept, provided the contribution of the instrumental broadening is known.
An instrumental baseline is commonly found by performing a scan on coarse, strain free powders. The
linear plot of Equation 15 is known as a Williamson-Hull plot.
2.3.4 Raman Spectroscopy

Due to the limitations of XRD in identifying trace impurities and subsurface phases, micro-
Raman spectroscopy is used as an additional structural analysis tool. Raman is a form of
vibrational spectroscopy named after the scientist who first observed the effect of scattered
radiation having a wavelength shifted slightly from the incident radiation. The origin of this “Stokes
shift” is inelastic scattering, which has come to be known as Raman scattering. Raman scattering is

enabled by changes in polarizability that are induced by vibrational configurations. Scattering
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occurs at characteristic frequency shifts symmetrically distributed away from the excitation
frequency. The red-shifted frequencies (Stokes) are more intense than the blue-shifted (anti-
Stokes), and are the ones traditionally detected. Raman scattering is depicted schematically in
Figure 10. In a modern Raman system, a sample is excited below its band gap with a laser having a
power on the order of a few milliwatts. In the Renishaw micro-Raman system used for this work,
microscope objectives are used to focus the excitation on surface features typically between 1pum
and 1mm in size. The scattered light is collected and the excitation wavelength is filtered out while
the remaining light is analyzed in a spectrometer. The resulting plot shows intensity vs. Raman
shift. This differs from another popular vibrational technique, Fourier transform infra-red
spectroscopy (FTIR). In IR spectroscopy, one detects changes in the dipolar moment induced by
vibrational configurations. The vibrational modes which lead to Raman scattering do not
necessarily result in IR absorption. Therefore a distinction must be made between Raman active

and IR active vibrational modes.
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Figure 10: Schematic representation of Stokes and anti-stokes Raman scattering, where AE is the energy shift
(negative for Stokes and positive for anti-stokes)
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Nonetheless, micro-Raman was chosen primarily for the ease of sample preparation.
Polishing need not be of high optical quality to obtain good Raman spectra. Additionally, the low
transparency of the samples fabricated in the first stage of work on halide scintillators would not
have been suitable for He-Ne based FTIR spectrometry, which works best as a transmission (as
opposed to reflection) measurement. However, dispersing sample powders in potassium bromide
and then pressing results in a transparent sample which can be examined by IR spectroscopy. This
method is reserved for future work. The Renishaw micro-Raman spectrometer in the laboratory of
Dr. Nina Orlovskya at UCF is equipped with a 514nm laser excitation source and 20x objective with
anumerical aperture of 0.2. Thus, the spot size of the laser is roughly 3um, which is of the same
order as the grain size of BaCl; ceramics estimated by SEM. The laser energy used for excitation is
typically 5m], which corresponds to roughly 50% of the maximum laser energy. Lower energy is
used to make sure the samples were not damaged, because the low transmission of the sample
leads to large absorptions at this wavelength. Spectra are collected with an integration time of 30s
on a single iteration. Due to the hygroscopic nature of the samples, a thin layer of oil is maintained
on the surface to slow down the interaction with the ambient air. A spectrum of the oil is collected
as a baseline. The z-position of the laser focus is altered to collect spectra from both the surface and
the bulk just below the surface. Focusing deep within the bulk is not possible due to the limited
transparency of samples.

2.3.5 Scanning Electron Microscopy

Because the grain size of the samples fabricated by hot pressing is projected to be in the
tens of micrometers range, optical microscopy alone is not effective in imaging the surface. To
acquire high resolution images of surface features including pores, grain boundaries, and
inclusions, it is necessary to use scanning electron microscopy (SEM). Most SEM systems are
heavily engineered systems, whose operation is simple in principle, but complex from an

engineering perspective. Generating and controlling the electron beam in comparison to the beam
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of light used for optical microscopy, is orders of magnitude more difficult. Complex magnetic lenses
must be used in place of the glass lenses used to focus visible light. In the most basic terms, an SEM
images by refracting electrons off the surface of a sample. Because the wavelength of an electron is
much smaller than the wavelength of light, the resolution is greatly improved over light
microscopy. The Zeiss Ultra 55 system at UCF is capable of imaging features in the tens of
nanometers. Imaging features smaller than this (i.e. atoms and point defects) requires the use of
transmission electron microscopy (TEM). TEM was not found necessary at the current stage of this
study due to the added complications of sample preparation.
2.3.6 X-Ray Excited Luminescence

Facilities for measuring the x-ray excited luminescence spectra are located at both ORNL
and LBNL. The setup consists simply of an x-ray source positioned perpendicular to the edge of the
sample and a spectrometer located perpendicular to the sample surface. The use of pulsed x-rays
to determine the decay time of the luminescence in Eu2+:BaBrl was carried out at LBNL. Our
preliminary tests on BaCl; ceramic fabrication have not yet included europium dopant for
scintillation studies. The typical setup uses a Hamamatsu N5084 Light-Excited X-ray tube. The x-
rays are estimated to have a minimum pulse width of 31 ps (fwhm) and an energy in the range of
10-15KeVst. The light emission from the sample is converted to an electrical signal with a PMT.
Because of the short time scales in the realm of scintillation and luminescent decay, the electrical
response of the PMT and subsequent electronics must be quick in order to measure the picosecond
time scales needed.
2.3.7 Pulse Height Spectrometry

An important tool for analyzing the brightness and energy resolution of a scintillator is
multichannel pulse analysis. In this technique, a monochromatic radioactive gamma ray source is
used to build a histogram of pulse height measured in the photo-detector!. In order to achieve

representative statistics of the scintillation light, a large number of sequential measurements are
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often needed (sometimes taking hours to collect). In scintillator research terminology, the x-axis of
the spectrum is divided into discrete pulse-height bins, called channels. The plot achieved is a pulse
count for each increment of pulse height. The channel number can be related to the energy of the
detected light based on the gain of the amplifier in the system.

The interpretation of the pulse height spectrum is demonstrated using Figure 11. The
shaded peak is known as the photopeak and the position of its maximum corresponds to the
average brightness or pulse height emitted by the scintillator. The width of the photopeak relates
to the materials ability to distinguish different energies of radiation, thus a delta function is the
ideal case. The numerical value for resolution is calculated as the FWHM divided by the peak
position in percent. More to the left, the sharp rise in the spectrum is known as the Compton Edge,
named for the contribution of Compton scattering to the registration of counts at energies lower

than the energy of the incident radiation.

€ peak

€ total

N

dH

“Full—energy
peak””

AN

H

Figure 4-6 Example of the full-energy peak in a differential pulse height spectrum.

Figure 11: Figure demonstrating a pulse height spectrum taken from Knoll’s text!. The shaded region is the
photopeak from which light yield and resolution are calculated.

The experimental setup for the measurement of pulse height spectra is located at ORNL.
Optically polished samples of 5%Eu?+:BaBrI ceramic were mounted with optical coupling grease to
the face of the PMT. The radioactive gamma-ray source of either 137Cs of 133Ba is mounted above the
sample. Pulse height spectra are collected with a Hamamatsu R6231U photo-multiplier tube and

samples are wrapped with Teflon reflector materials to increase the collected light. The signals
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from the PMT anode were shaped with a Tennelec TC 244 spectroscopy amplifier and recorded
with an Amptek MCA8000-A multi-channel analyzer. The experimental setup is described in more
detail elsewhereze.

2.3.8 Optical Transmission

In order to observe the transmission of the translucent hot pressed ceramics in this study,
samples were first ground down to thicknesses between 1mm and 2mm, then polished by hand
using silicon carbide papers with ISO grit size designations of P500, P1000, and P2000. When
necessary, anhydrous mineral oil was used as a lubricant for polishing. A good quality polish is
important to reduce the contribution of scattering from the surface in the measurement of optical
transmission. In the case of both BaCl; and BaBrI, many samples were translucent to the level that
printed text could be read through a backlit sample placed flat against the paper. A standard
halogen flashlight was used for backlighting. For a more quantitative analysis of transmission, the
Varian Cary 500 spectrophotometer in UCF/CREOL was used.

The Cary spectrophotometer uses a broad spectrum xenon lamp and an optical grating to
scan through a wavelength range of 190nm - 3300nm. The instrument has a dual sample chamber,
so a background spectrum is collected at the same time as the sample spectrum acquisition. The
length of a scan is roughly 15 minutes, so hygroscopic samples were not protected from the air
during a spectral acquisition. However, they were kept in mineral oil or in the glove box until the

moment they were transferred to the spectrophotometer’s sample holder.
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3. RESULTS AND DISCUSSION

3.1 Sample Preparation

A total of 10 BaBrl samples and 5 BaCl; samples have been fabricated. In the early stages of
studying these ceramics it is important to cover a broad range of processing conditions to optimize
the densification of these materials. Appendix 1 lists all the samples fabricated for this study along
with a description of their processing conditions and characterization. The most obvious effect on
the processing of BaBrlI thus far is the exposure of the precursor powders to air. When the process
is made cleaner by working in a cleaner glove box and pre-heating the dies, the translucency of
samples pressed from the purified BaBrl powder is improved. In the case of BaCly, the biggest
effect on the first impression of sample quality is the commercial supply of powder. Lower purity
(99%) di-hydrate powders produced opaque white samples, while higher purity powders of both
the di-hydrate and anhydrous nature, sintered under similar conditions, resulted in translucent
samples. At this time the differences in manufacture and thus the sources of impurities in the three
batches of BaCl; powder are unknown.

3.2 Monitoring of Sintering Behavior

The plot of temperature, density, and applied load versus time for a BaCl, ceramic is
presented in Figure 12. This densification plot corresponds to a sample fabricated from anhydrous
powder and sintered at a temperature of 850°C for six hours. A dehydration step is added at 250°C
to ensure complete removal of water. The pressure applied to the sample is increased from1MPa to
47MPa once the dwell temperature has been reached. The densification of the sample is complete
soon after the temperature reaches its dwell of 850°C and before the pressure has reached its
maximum 47MPa. Similar behavior is seen in a sample fabricated from anhydrous starting powder

and sintered for six hours at 750°C (plot not shown).
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Table 5: Activation energies of BaCl; calculated from the densification data compared to the activation energy
calculated from high temperature conductivity data.

Calculated Q
Sample (kj/mol)
BaCl; ceramic from di-hydrate 23
BaCl; ceramic from anhydrous 27
BaCl; resistivity data 57

The calculated strain rate (¢) in the sample is used in both cases to estimate the activation energy
for mass transport (densification) according to the equations presented in the previous section.

The 1/RT versus In(T*¢’) plot for the sample hot pressed at 850°C is shown in Figure 13.
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Figure 12: A treated hot press dataset showing the density (derived from the displacement), temperature,
and applied load over time.
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Figure 13: Graphical determination of the activation energy for densification in BaCl; hot pressed at 850°C.

The estimated activation energy for the di-hydrate powder pressed at 850°C is 23K]/mol while the
same calculation for the anhydrous powder pressed at 750°C is 27K]/mol as reported in Table 5.
Activation energy should not vary with the sintering temperature or between different batches of
powder, assuming the energy corresponds to pure BaCl; and is not altered by impurities. The
results so far suggest that the sintering of the anhydrous and dehydrate powders follow a similar
mechanism after complete removal of water. However, these energy values are taken with caution,
as they can be highly dependent on the manipulation of the raw data file (i.e. background
subtraction, smoothing, and differentiating). No study of the densification of BaCl; has been found
in the literature.

Nevertheless, electrical resistivity data can be used to estimate the activation energy for
ionic diffusion assuming the ionic transport mechanisms are similar in both cases. Luckily the
resistivity of BaCl; has captured interest recently due to the large observed decrease in resistivity as
the orthorhombic form transforms to the cubic at high temperatures. Figure 14 below shows four

data points taken from an article by Hull et. al. and fitted with the typical Arrhenius relationships2.
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The activation energy calculated from the electrical resistivity values is of the same order of
magnitude as the values calculated from hot pressing data. The lower values of the activation
energy for the hot press could be explained by the presence of impurities that aid in the transport of
barium and chlorine ions during sintering. This comparison is also treated with caution because
the electrical conductivity of BaCl; at high temperatures has been reported to arise predominantly
from the migration of Cl-ions and not Ba2+ions. Conversely, the ionic transport during densification
is ambipolar. In future experiments where purifying agents may be added to the powders it will be
interesting to continue monitoring the sintering behavior. Also, as the full range of sintering
conditions is explored, especially lower temperatures, the effects of pressure may be more easily

modeled in the constant temperature/increasing pressure regime.
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Figure 14: A plot of 1/RT versus the logarithm of electrical resistivity for data points extracted from Hull’s
article.

Additionally, measurement of the grain size of fully dense ceramics following hot press runs will

allow the separation of Qg from Q.
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3.3 Hygroscopicity of Powders

The total percentage weight gain over time in air is plotted for both BaBrl and BaCl,. The

behavior of Srl; is also plotted for the sake of comparison.
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Figure 15: Weight gain of halide powders. All powders were crushed to similar particle sizes. Colorless
crystals were grown in-house.

Srl; clearly shows the highest hygroscopicity, which is in agreement with the literature?’. BaCl,
shows slightly lower weight gain than BaBrl. Based on a similar study shared privately by LBNL,
many of the halide compounds reach a saturation point above 20% weight gain. However, for the
purpose of this work, reaction in the time span of roughly 0-30 minutes, while the powder is loaded
for pressing, is the main concern. Powders studied had particle sizes of roughly 20pum. If finer
milled powders are used for the purpose of achieving smaller grain sizes in the final ceramics,
weight gain is expected to happen more quickly due to the higher surface area in contact with the
ambient air. Studies on fine powders may be necessary in the future if finer grained ceramics are
necessary to gain transparency. As mentioned earlier, the hydration of BaCl,is reported to be
reversible. This has been observed qualitatively as saturated BaCl, powders lose weight once they
are transferred back to the glove box. Further discussion of the dehydration of the barium halide

compounds is found in the thermogravimetric analysis section.
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3.4 Thermogravimetric Analysis

The TGA curve for BaBrl is presented in Figure 16. This 93mg sample of BaBrI purified
powder was measured at a heating rate of 10°C/min from room temperature to 600°C. Five distinct
regions of weight loss beginning at room temperature, 50°C, 100°C, 200°C, and 450°C are observed.
Mass spectrometry of the off-gas is not available, so identity of the species lost in each step is not
clear. One species sure to be present is water. It is known that strength of the hydrate bonds in
BaBrl is be much higher (based on the documented behavior of Srl,) than those in BaCl,27. Srl, goes
through three stages of dehydration (Srl>-6H-0, Srl>-2H;0, and Srl,-H,0), losing its final water just
before 400°C. Based on this data, BaBrl may follow a similar stepwise dehydration mechanism.
With the sample being a purified BaBrl powder which was stored in a glove box, only a small
amount of water is believed to be present. According to the TGA curve, the lost water content is just

above 1.8% by weight, assuming all water is lost by 400°C.
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Figure 16: TGA curve for BaBrl showing percent weight loss versus temperature. The derivative of the curve
easily identifies changes in slope.
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Based on the results found by Raman spectroscopy, one can project that some samples have
retained water (hydrate and -OH groups) in the bulk. Contrary to the observed dehydration
behavior of the iodides, BaCl; has been documented as a reversible process47.53. TGA data on the
hydrate will be needed to confirm this, because the method used in the literature for measuring
complete change of the phase to BaCl; from di-hydrate starting powder is XRD on a heated stage.
This technique may not be sensitive enough to detect the traces of water which are of concern to
transparent ceramics. Again, the results of Raman spectroscopy already suggest that the process is
not completely reversible.

Looking at the continued weight loss of BaBrl as temperatures move towards the melting
point (850°C), it is not expected that water will continue to be lost. The loss of iodine at these
higher temperatures has been documented for Srl, in the same study mentioned above. If one
suspects iodine vapor loss in the case of BaBrl, deviation from stoichiometry and the formation of
anion defects become a possibility. These defects can be associated with color centers, the simplest

of which is depicted in the schematic of Figure 17.

Brz, I»

Figure 17: Schematic of F-center creation due to anion vacancies created by the loss of halogen gas

3.5 X-ray Diffraction

The first pattern shown in Figure 18 was collected from a barium bromide iodide sample

using the PANalytical system. The 26 range is 15° to 70° and a step size is 0.017°. The positions of
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the peaks for the Eu2+:BaBrl ceramic sample are a good match to the reference and to a pattern
calculated using FullProf software. There is a slight shift of the ceramic pattern toward lower
angles. Considering the orthorhombic lattice belonging to space group 62, the Eu?+ ion is expected
to substitute directly for the Ba2+ion 2. An 8-coordinated Ba2+ion has an ionic radius of 1.42A
compared to 1.25A for and 8-coordinated Euz+ion4!. The presence of smaller ions in the lattice
leads to a reduction of the lattice parameters. The distortion of the lattice from its ideal shape is not
uniform, so the spacings between the refracting planes (d spacing) are not necessarily affected
uniformly. The change in the lattice parameters is estimated using Equations 16 and 17. The first
equation is just a weighted average of the of the lattice parameter calculated in the reference

refinement and the unit cell containing one Eu2+ion in place of a Ba2*ion.
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Figure 18: XRD pattern of a Eu?+*:BaBrI ceramic compared to the reference of a crushed single crystal powder
XRD pattern from the literature.

Equation estimates the change in the lattice parameter as the difference in atomic radius of Eu?+

versus Baz+,
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at%gopant X laopant + At%yes X Lyef (16)

laopant = lyef — Ar (17)
The pattern calculations based on an equal change in each of the lattice parameters due to doping is
shown in Figure 19. The other major input parameters for this calculation are the atom types,
approximate positions, and occupancies based on space group 62. The FullProf program calculates

selection rules and scattering efficiencies given the input to produce a pattern.
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Figure 19: Calculated XRD pattern of BaBrI from 26=49.5 to 54.0 showing the shift due to an increase in
doping from 3 wt% (red) to 6 wt% (blue).

The magnitude of the calculated shift varies from +0.01°+0.005° at low angles to +0.03°+0.005° at
higher angles. The reason for the increase in shift as a function of angle (26) is the non-linearity of
the sine function in Bragg’s Law. The shift is actually based Bragg’s Law (nA=2dsin8), where the d
spacings are inversely proportional to the sine of the angle of refraction (and the angle itself). Thus,
a shift towards higher 26 angles is expected for the 6% Eu?*doping concentration in the ceramic
relative to the reference, which has only 3% doping. The shift observed in Figure 18 is in the
opposite direction than would be expected for the difference in doping and also greater in
magnitude (>0.1°). For now, one may assume that the instrumental shift has not been adequately

accounted for in our experimental 6%Eu2+:BaBrI pattern.
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An additional feature of the patterns in Figure 18 is the difference in the relative intensities
of the ceramic peaks compared to those of the reference pattern. For instance, the peaks at 26~35,
41.5, and 62.5 are much more intense in the ceramic pattern versus the single crystal pattern.
Several other peaks, including that at 26~51, appear less intense in the ceramic versus the
reference. Because the reference pattern was collected from a crushed crystal, it is assumed that
diffractions from each crystallographic plane are present in equal proportions. This rise and fall of
certain peaks in the ceramic pattern relative to the identically positioned peaks in the reference
pattern suggests preferential orientation of grains. The Miller indices of the peaks appearing more
intense in the ceramic sample are shown in Figure 18. These indices correspond to the (020),
(400), and (133) planes respectively. Furthermore, the (020) plane corresponds to the cleavage
plane of the cotunnite mineral(PbCl;) , which adopts the same crystal structure as BaBrI54.
Cleavage along these closest packed planes is easily visualized in a unit cell oriented parallel to
these closest packed planes as in Figure 20. The cleavage of particles in the hot press is possible
due to the high pressures realized at particle interfaces. The preferred settling of cleaved particles
may explain the other preferred directions, (400) and (133), which are parallel or nearly parallel to
the cleavage planes. This could indicate that sheared particles have preferential directions for
settling. The evolution of texture for hot pressed barium halides is also supported by the parallel

fracture surfaces observed in an SEM image of BaCl..
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Figure 20: Looking down on the c-axis at the stacked (020) planes of a BaBrI crystal. The (100) direction is a
favorable shear direction.

Finally, the broadening of the peaks from the pattern shown in Figure 18 was analyzed by
the Scherrer method, originally devised in the early 1900s5°. The resulting analysis, described in
the Experimental Methods, showed no significant contribution of grain size or strain to peak
broadening. The grain size is not a factor because its magnitude (4um) contributes less to the
broadening than the typical instrumental broadening. The points for 17 peaks taken for the
Williamson-Hull plot did not show good linear correlation, thus the one pattern of BaBrI analyzed
does not show evidence of strain broadening. Because residual strain in hot pressed ceramics has
been observed in the past, it will be interesting to analyze future patterns for broadeningss. Strain
can affect the environment around the dopant, leading to changes in the scintillation and annealing

steps may be needed to relieve it.
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Figure 21: X-ray diffraction pattern collected on the Rigaku system for an unprotected sample of BaCl,. The
reference peak position and intensities (taken from MDI JADE database) closely match monoclinic BaCl,-2H,0
(space group 14).

The study of BaCl; ceramics by x-ray diffraction in the Rigaku system has not yet been
optimized. Kapton sheets were not available for use in protecting the sample from the air, so
cellophane was used in its place. Even so, securing the protective layer in the available sample
holders was difficult. Patterns collected from samples protected in this manner showed a high
contribution of the background and the peaks arising from the ceramic were difficult to resolve.
Patterns were also collected from unprotected samples, which had been exposed to the air for
longer than one hour prior to loading and during scanning in the XRD. These patterns showed low
signal to noise ratio and low raw intensity counts. These are typically instrumental artifacts
possibly arising from insufficient calibration and/or inappropriate positioning of the sample.
Nevertheless, the patterns show a predominant hydrate phase belonging to a monoclinic crystal
system as seen in Figure 21. Because the chemical quality of the sample surface is important in

XRD, these patterns were not representative of the bulk. Other methods of protecting the sample
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from the air during acquisitions are currently being investigated. Design of a new sample holder
based on that from the PANalytical system is also in progress.

3.6 Raman Spectroscopy

The BaCl; samples fabricated from anhydrous powders versus di-hydrate powders showed
significant differences in their Raman spectra. Figure 22 shows the spectra collected from a
ceramic made from anhydrous starting powder. The three spectra presented correspond to the oil
background, the surface, and the bulk just below the surface as described in the experimental
procedure section. Subtraction of the contribution from the oil in the spectra of the ceramics was
difficult, because the intensities of the oil peaks relative to the peaks originating from the ceramic
were different in the surface ceramic spectrum versus the bulk ceramic spectrum. The bands
occurring at frequencies below 250cm-1 are attributed to the Ba-Cl bonds in the orthorhombic
crystal. From the fitting of a calculated spectrum to experimental data in a recent article by Bohley,
the bands are assigned according to the Table 6(36). Figure 22 (b) shows the frequency range where
these modes fall. The nomenclature of the modes in the table is based on Herzberg’s formulas for
the electronic states of a given molecule, which is treated in great detail in his seminal work,
Electronic Spectra and Electronic Vibrations of Polyatomic Molecules5’. The vibrations from the
BaCl; are expected to be more intense in the bulk spectrum versus the surface spectrum, however
the combination of the high oil background and the low transparency seem to lead to only slight a
difference in the absolute intensity of these bands. The peaks present in Figure 22(b) match up

well with those reported in Table 6, with the exception of the low intensity peak at 230cm-1.
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Figure 22: (a)Raman spectra collected from a BaCl, sample fabricated from anhydrous BaCl, powder and (b)
a replot of the bulk spectrum the in frequency range of the Ba-Cl modes.

This peak falls close to a reported peak from BaBr;-H,0 (monohydrate)ss. Additionally, peaks
centered at 432cm-1and 838cm-! are observed in both Figures 22 and 23 (anhydrous and dehydrate
respectively). These are possibly attributable to Ba-O modes based on the similar positions
observed in a study of barium oxide mixturess®. At this time, none of the other features have been
assigned. For future Raman studies, it will be helpful to scan to slightly higher wavenumbers in
order to capture the vibrations of -OH. Cation to hydroxide bond vibrations have been calculated
to appear above 3300cm-! by Hermansson, Lutz, and others. Finally, molecular water vibrations are
expected to occur near 3000cm-!, which is likely a major contribution to the oil spectrum. In the
future, high purity and anhydrous oil may be used to prevent the overlap of the background on

possible features in the ceramic.
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Table 6: Tabulation of Raman vibrational frequencies in BaCl; from the Bohley publication.

TABLE II. Calculated wave numbers (values in cm ') of the

Raman-active zone-center phonon modes in orthorhombic Pama

BaCl,, BaBr;, and Bal, and the assignments to their symmetry-

adapted types. For comparison the BaCl, modes measured by Sadoc

et al.” and Pfau et al..® and the BaBr; modes measured by Monberg

et al.® and Pfau et al.® are given in parentheses (see the text). No

Raman measurements were available for Bal,.

Ae Bl‘e BZ& B-‘g
BaCl, Pnma

54 (57.55) 60 (61,60) 95 (98, —) 54 (57.55)
77 (77.76) 117 (112, —) 117 (113,113) 127 (123, —)
110 (111, —) 187 (186, —) 127 (121, —) 187 (186,186)
131 (124.125) 149 (151,152)

176 (175,175) 170 (—. —)

197 (191,200) 202 (198, —)

BaBr, Pnma

44 (47.47) 49 (50, —) 69 (74, —) 45(—,—)
62 (62.62) 76 (84, —) 86 (85, —) 84 (88, —)
78 (75.75) 126 (126, —) 99 (—.,—) 125 (114,125)
92 (85.85) 108 (—. —)

118 (115,113) 116 (125, —)

137 (134,133) 133 (135, —)

Bal, Pnma

38 (—) 46 (—) 55(—) 41 (—)
50 (—) 50 (—) 69 (—) 70 (—)

61 (—) 104 (—) 74 (—) 102 (—)
71 (—) 86 (—)

94 (—) 99 (—)

119 (—) 116 (—)

The second set of spectra, presented in Figure 23, were collected from a sample fabricated
from the di-hydrate powder. Over the collection of many spectra from 2 different samples which
started from di-hydrate powder, the conclusion is that the spectra do not consistently show
different and identifiable features to the anhydrous samples. The final spectra presented in Figure
24 shows the low frequency region of the expected vibrations of BaBrl. The BaBrI bands are in the
same frequency range to those of BaCl,, however their exact positions and relative frequencies
differ slightly due to the differences in bond length, bond angle, and atomic mass. Extensive

analysis of the BaBrl Raman spectra has not been performed at the time of publishing this report.
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Figure 23: Raman Spectra from the bulk and surface of a hot pressed BaCl; sample fabricated from
anhydrous starting powder.

As more experience is gained with both the Renishaw system and the sensitive samples,
more definitive analysis should be possible. At this point, the excitation spot size used is on the
same order of magnitude as the grain size. Because the surface is not polished, grain boundaries
are not visible and probing individual grains is not possible. Thus in this stage of the study it makes
more sense to use a lower magnification to acquire spectra which are a better average
representation of the ceramic. Another area of future interest is the identification of crystal defects
by Raman spectroscopy®?. If the concentration of defects is high enough, a signature for the
defective bonds should appear at a different frequency than the fundamental modes associate with
a ‘correct’ bond. Based on the appearance of the BaCl; and BaBrl samples and the analysis by TGA,
it has been postulated that crystal defects, i.e. color centers are present. The use of Raman

spectroscopy as a tool to identify color centers would be an added benefit of the technique.
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Figure 24: Raman spectra of a 6%Eu?*:BaBrl sample shown in the low frequency range of Ba-Br and Ba-I
vibrations.

3.7 Scanning Electron Microscopy

Images of the BaCl, di-hydrate starting powder and two different ceramic samples were
captured in the SEM. The ceramic in Figure 25 fabricated from the di-hydrate powder. The hot
pressing schedule included a dehydration step 250°C for six hours and then sintering at 800°C for 6
hours with an applied pressure of 45MPa. Figure 25 also shows the starting powder, which has
large agglomerates over 100pum in diameter. The fractured edge of the ceramic in the other image
displays a surprisingly small grain size. The intercept method was used to come up with an
estimated grain size of 3um [l 1um. Thus, the large particles seen in Figure 25 (top) are indeed
large agglomerates composed of much smaller particles. The polishing and ethanol etching of the
surface of a ceramic sample to image the grain boundaries did not yield good images. The ethanol
used to etch the polished surface reacted too vigorously resulting in a wavy surface with no clear
definition of the grain boundaries. Using other etchants or even taking advantage of the moisture in
the air to etch the surface will be investigated in the future.

The grain size for the second ceramic BaCl, sample fabricated from the anhydrous powder

was also determined with SEM. The 4um size is comparable to the size of the grains in the di-
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hydrate ceramic shown in Figure 25. This is the case even though the starting powder for the

second sample has a much smaller particle size.

100 pn Mag= 161X EMT= 1600KY  Signel A= InLens  Date 14 Jun 2013

WO = 107 mm Tavs A0 1348 w

Figure 25: SEM images of coarse BaCl, - 2H;0 starting powder (top) and a ceramic made from the powder
(bottom). The line used to count grains by the intercept method is shown.

The final picture presented shows the shearing of the grains along parallel directions in a BaCl;
ceramic. This supports the evidence of the possibility of texturing in hot pressed ceramics which
was observed in the XRD for BaBrl.

In the initial investigations of BaCl, with SEM, the energy dispersive spectroscopy (EDS)
feature on the Zeiss system was not utilized. This is an elemental analysis tool typically accurate to
roughly one weight percent. In the future, it will be interesting to probe the surface for impurities
by using this technique. EDS analyzes the energy of scattered electrons, which can be correlated to
the atomic weight of the atom from which it has been scattered. This elemental analysis will be a

good compliment to the ongoing studies using Raman spectroscopy.
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Figure 26: Shearing of grains along parallel directions observed in an SEM image of BaCl..

3.8 X-Ray Excited Luminescence

The x-ray excited emission spectrum of BBI ceramic and single crystal samples is presented
in Figure 27. The emission of the ceramic is centered at 418nm while the crystal is shifted slightly
towards lower wavelengths by approximately 4nm. The ceramic emission line is also significantly

broader than that of the single crystal.
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Figure 27: Comparison of x-ray excited emission in BBI ceramic versus single crystal. The ceramic was
measured at ORNL and the single crystal at LBNL.

The presence of one single broad emission line between 380nm and 460nm in both the x-ray

excited and optically excited (not presented here) spectra is an improvement over the first
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measurements reported from 20026162, These early measurements showed a much broader
emission consisting of at least 3 component bands. The authors attributed the multiple bands to
the occupation of the Eu2+ion at multiple Ba?+sites in the orthorhombic lattice. However, the
current understanding of the lattice identifies only one barium site with coordinates of x=0.7696,
y=0.2500, and z=-0.1247 with respect to the three lattice parameters. The atom has a multiplicity

of 4 in the lattice*2. The nature of the shift in position of the emission band is not yet known.
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Figure 28: Decay time of ceramic and single crystal BaBrl measured in the pulsed x-ray system at LBNL. tis
calculated from the fit to an exponential function.

The time response of a 6%Eu?+:BaBrl ceramic and a 6%Eu?+:BaBrl single crystal were
measured using the pulsed x-ray system at LBNL. The fitted exponential curves show a slightly
faster decay in the ceramic versus the single crystal. At this point there is no clear evidence for any
particular difference in the decay mechanisms that would explain this difference in decay time.

3.9 Pulse Height Spectra

The initial pulse height spectra collected from 6% Eu2+:BaBrI do not show a photo-peak.
This can be correlated mainly with the low transmission of the samples seen in the next section.
The scintillation light is not able to escape the sample without encountering excessive scattering
events. At this point in the study, the absence of a photo-peak is not a grave concern because the
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main tasks are to improve transparency and eliminate color centers. The addition of a dopant to
activate BaCl; and the continued work on Eu2* doped BaBrI will necessitate the continued study of

pulse height spectra to calculate light yield and energy resolution.
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Figure 29: Pulse height spectra of BaBrI using both 133Ba and 137Cs gamma ray sources.

3.10 Optical Transmission

The visual appearance of hot pressed samples after rough polishing has varied vastly in the
course of the six months of this project. The most transparent BaBrl samples achieved still have a
strong brown color as shown in Figure 30(a). Also, the birefringence of the rather large grains
(100pm as a rough estimate) is seen by the inhomogeneous color of the sample. BaCl, samples have
typically exhibited a grey color. Also of note are the darker spots on the sample in Figure 30 (b),
which appear to be present in the bulk as well as the surface. Attempts to determine structural
differences between these regions and the bulk ceramic by micro-Raman spectroscopy have been

unsuccessful. EDS may also be helpful in determining the nature of these inhomogeneities.
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Figure 30: Backlit photographs of a 1.5mm thick 5% Eu?*:BaBrl sample (a), a one inch diameter, 2Zmm thick
backlit BaCl; sample from high purity anhydrous powder (b), and a lower purity di-hydrate BaCl, sample
before and after HIPing (c)

None of the samples shown has been hot isostatically pressed. The pictures of these samples after
hot isostatic pressing have not been shown, because the improvement in transparency was only
marginal. In fact, the HIP seems to have introduced additional impurities due to the appearance of

some milky white spots in the near-surface region of the samples.
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4. CONCLUSION

The first six months of work on BaCl; and BaBrl transparent ceramics for use as gamma ray
scintillators have yielded some exciting results. First of all, the sintering conditions for both
compounds have been nearly optimized such that full density ceramics are achieved. The sintering
mechanism of BaCl; is believed to closely follow what is expected for pure BaCl,, based on the
agreement in calculated activation energies for mass transport in anhydrous powders, di-hydrate
powders, and resistivity data taken from the literature. More work is needed to confirm this claim
by understanding the contribution of grain size and impurities/additives to the sintering behavior.

Ceramic samples of both compounds are highly colored and mildly translucent.
Improvements to the handling of anhydrous BaBrI powders before hot pressing have led to
significant improvements in the transparency of samples. The only processing parameters varied
for BaCl, were the starting powders (di-hydrate versus anhydrous) and the pressing temperature.
With only a handful of samples so far, the purity and source of the starting powder seems to have
the largest effect of sample transparency. 99% purity di-hydrate powders sinter to opaque, white
samples. 99.999% purity di-hydrate powders and 99.9% purity anhydrous powders sinter to
translucent, brown colored ceramics. Selection of a good powder vendor for BaCl, is essential.

The structural analysis by XRD has confirmed the presence of the expected orthorhombic
phase in BaBrI ceramics, but has not yet been successful in confirming the phase of BaCl; due to the
difficulty in handling the hygroscopic samples. This is mainly an issue of access to an appropriate
sample holder. Further analysis of the structure of BaCl; by micro-Raman spectroscopy has
identified possible impurities of a mono-hydrate phase and barium oxide. The implications of the
TGA results are that large amounts of water (a few weight percent) are present in even the

anhydrous starting powders and it is unclear if any hydrate remains in the BaCl, or BaBrl. The
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additional source of optical loss suggested by TGA is color centers at anion vacancies created by the
loss of halogen gas.

Finally, the scintillation characterization of BaCla; has not yet been pursued because the
early priorities include identification of impurities and color centers. On the other hand, the starting
powders for BaBrI are meticulously filtered and passed through a Bridgman furnace, so europium
is added. The characterization results show that the Eu?+:BaBrI possesses a single x-ray excited
emission line and a slightly shorter decay time than a Eu?+:BaBrl single crystal. The pulse height
spectrum shows no photopeak presumably because of low transparency, so the estimation of light
yield and resolution are not yet possible. As processing steps are altered to eliminate impurities
and defects (color centers), the study of scintillation behavior in europium doped ceramics will
become a higher priority.

The immediate follow-up work to this master’s thesis will include more experiments on the
sintering and characterization of impurities and color centers. The first order of business is to
perform thermal analysis (DTA and TGA) on all of the starting powders for both BaBrI and BaCl..
This will help fill in the gaps for what impurities may be present off the shelf and what phases those
impurities may evolve into during sintering. The continued use of Raman spectroscopy on the
current set of samples will also help in identifying these impurities. Once the sources of impurities
and color centers have been more clearly identified, appropriate alteration of the processing
procedure will follow.

If continued characterization confirms that BaO is a significant impurity in BaCl2, several
processing modifications are possible. First of all, ammonium chloride (NH4Cl) may be used to
react with BaO impurities leaving behind BaCl2, ammonia gas, and water. A similar effect could
possibly be achieved by treating the powders with hydrochloric acid before sintering. Of course the
toxic nature of these exhaust gasses will need to be captured and neutralized appropriately. The

final possibility for eliminating impurity and color center formation during hot pressing is reactive
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atmosphere processing63. This is a technique used by the crystal growth industry to balance the
vapor pressure of the halogens in order to prevent the formation of high concentrations of defects.
These processing ideas will be carried out at UCF. The partnership between ORNL and LBNL
should also lead to more ideas for fabricating and charactering transparent BaCl2 and BaBrlI

ceramics for gamma ray detection.
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APPENDIX A: SAMPLE DATA
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Starting

Sample ID/date Material atmosphere T(°C) Time (h) Force Schedule notes
Barium Bromide lodide
1/15/2013 2012 3% Eu** Ar, 550 4 from RT
1/17/2013 2012 3% Eu** Ar, 550 2 from RT
1/24/2013 2012 3% Eu’* Ar, 550 w/ degas 4 from dwell ‘i?;ﬁi'j’!er'f;f
1/28/2013 | 20123%Eu* | Ar, purge 3x 520 4 from dwell Cor gy, o
1/30/2013 2012 3% Eu?* Vacuum 520 4 from dwell lighter color, translucent
1/31/2013 2012 3% Eu®* Vacuum 520 4 from dwell characterized at LBNL
2012 3% Eu**
2/5/2013 . A' ud Vacuum 550 4 from dwell black
micronise
4/10/2013 5% Eu new Vacuum 580, 470 2,6 from dwell lighter color
4/11/2013 5% Eu new Ar, 580, 470 2,6 from dwell most hormogenous
5/1/2013 5% Eu new Vacuum, astro 580 4 from dwell slightly darker than other
vac samples
5/22/2013 LBNL purified Vac, SPS 580 1 from RT opaque white, fractured
Barium Chloride
99.999% purity translucent gray, ~1mm
5/30/2013 di-hydrate N, 550 4 from dwell dark spots in bulk
99.999% it
5/31/2013 o d p;’” y N, 600 10 from dwell similarto 5/30
i-hydrate
. better translucency, still
99.9999 t
6/10/2013 /99% purity N, 750 10 from dwell macro-scale
di-hydrate inhomogeneities
[ H i .
6/12/2013 99% purity di N, 300 4 from dwell opaque & white, HIP
hydrate turns sample black
0 H i .
6/13/2013 99% purity di N, 850 4 from dwell opaque & white, HIP
hydrate turns sample black
99.9% purity translucent gray, ~1mm
6/19/2013 anhydrous N2 750 10 from dwell dark spots in bulk
99.9% purity translucent gray, ~1mm
6/21/2013 anhydrous N2 800 10 from dwell dark spots in bulk
99.9% purity translucent gray, ~1mm
6/24/2013 anhydrous N2 900 2 from dwell dark spots in bulk
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